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The Use of Fragment-Based Lead Discovery Towards the Design and Development 
of Metalloenzyme Inhibitors  

 
 
 

by 

Jessica L. Sardo 

Doctor of Philosophy in Chemistry 

 

 

University of California, San Diego, 2013 

Professor Seth Cohen, Chair 

 

 The use of fragment-based lead discovery (FBLD) for the design and development 

of metalloenzyme inhibitors is examined. This thesis will first discuss the method of 

FBLD and compare it to more traditional drug discovery approaches, such as high-

throughput screening (HTS). After establishing the concepts behind FBLD, the 

applications of utilizing a FBLD approach towards the development of inhibitors for 

select metalloenzymes is discussed.  

 A study into the use of a chelator fragment library (CFL) to identify new metal-

binding groups (MBG) for metalloprotein inhibitors is discussed. The results of screening 

this library against a number of metalloenzymes identified important trends between 
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classes of chelators in addition to the identification of numerous metalloenzyme specific 

MBGs. Furthermore this study provides evidence that the CFL can be used as useful tool 

in metalloenzyme inhibitor design.  

 A second probes the types of key interactions a metal-binding inhibitor must 

posses to effectively inhibit the dinuclear metalloenzyme HIV-1 integrase (HIV-1 IN). A 

small library of compounds varying only in composition of their MBG was prepared. The 

activity of this series of compounds was also compared to a similar HIV-1 IN FDA-

approved drug. Screening this library of compounds led to the identification of a 

potentially unique and more potent scaffold (hydroxypyrone-based compounds) for HIV-

1 IN inhibitors. Additionally, a small sublibrary of compounds was developed to explore 

the effects of manipulating the pKa of the chelator. The results of the systematic 

examination of the role the MBG contributes to HIV-1 IN inhibition are discussed.  

 Lastly, the discovery of two novel metal-binding scaffolds for the development 

Pseudomonas aeruginosa elastase (LasB) inhibitors is discussed. Further use of the above 

mentioned CFL, helped to identify the first nonpeptidic small molecule inhibitors of 

LasB. These compounds, in addition to displaying selective antagonism for LasB against 

a panel of similar metalloenzymes, also confirmed the role the enzyme plays in the 

swarming behavior of this organism.  
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1. A. Introduction 

 A growing number of pathologies and an increased resistances to current 

therapeutics has lead to the need for new and innovative treatments. For new drug 

discovery to be successful, thoughtful choices must be made in the selection of 

therapeutic targets. One avenue that holds great potential is to target metalloenzymes. 

These metal containing proteins are ubiquitous, both in humans and in pathogens. A 

number of metalloenzymes are associated with various pathologies, including a variety of 

bacterial and viral infections. Additionally, a number of vital processes in the human 

body require close regulation of metalloenzymes to maintain homeostasis. As such, there 

is a need for investigative tools and therapeutics to study and regulate metalloenzymes. 

Efficient, rational design and understanding of how compounds interact with their target 

is essential for effective drugs to be discovered. To avoid promiscuity and off-target side 

effects a drug must be selective and tailored to its respective target. This chapter will 

explore emerging new routes for drug discovery and their relevance to the field of 

metalloenzyme inhibitor design. To this point, select metalloenzymes will be discussed 

for their potential as worthwhile targets for metalloenzyme drug discovery.  

1. B. 1 Fragment Based Lead Discovery A Strategy for Inhibitor Design 

 At its most simplified level, drug discovery is a process by which novel and/or 

improved therapeutics are found, via targeting specific proteins or enzymatic pathways. 

The method by which this process occurs can vary and in many cases a blend of 

numerous strategies yields the best results. One such strategy, fragment-based lead 

discovery (FBLD), has grown in importance as a viable approach to drug design.1,2 Drug 

discovery from a FBLD approach is an alternative to more established methods, such as 
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high-throughput screening (HTS). Drug development via FBLD begins with small 

fragment compounds. Typically compound libraries consist of a few hundred small 

(typically < 300 Da), low-affinity (10 µM-mM) fragments.3 Fragment hits are assessed 

for how they interact with the target to guide further development and optimization of the 

most promising fragments into full-length inhibitors.1,4 In contrast HTS requires the 

screening of enormous catalogs of large drug-like compounds to identify the most potent 

molecules. With such large screenings the hit rates for HTS investigations are usually 

quite low. For those that do advance, optimization can often diminish the initial drug-like 

characteristics of the compound, decreasing the potential for achieving a successful 

optimized drug candidate.  

 Some of the earliest FBLD ideas arose in the early 1980s. Jencks and coworkers 

proposed that drug-like compounds were merely the sum of their functional group parts.5 

Therapeutics could be thought of as the combination of two or more individual binding 

fragments. Utilizing these concepts FBLD began in earnest with studies conducted by 

Fesik and coworkers at the Abbott laboratories in the mid 1990s.6 Coining the phrase 

“SAR by NMR,” researchers developed the method of using heteronuclear single 

quantum coherence (HSQC) NMR to monitor and measure fragment molecules binding 

to proteins. With advancements in techniques and technology, it became possible to 

conduct a type of high throughput NMR screening. Numerous fragments could be 

screened simultaneously for their binding to a target of interest.7 The driving principal of 

this approach was to identify small molecule fragments that have specific affinities to 

different areas within a protein. These fragments could then be connected or integrated 

into a single larger drug-like molecule.  
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 FBLD is a more efficient method of drug discovery when compared with HTS 

approaches. Smaller fragments have a better probability of fitting into a cleft of a target 

protein-binding site than full-sized, drug-like compounds. Additionally, functional groups 

on fragments are not constrained to a predetermined size and shape like those in a drug-

like compound (Figure 1.1).8 FBLD has advantages over to HTS particularly when it 

comes to exploration of chemical space. If rationally designed, a library consisting of a 

relatively small number of fragments can cover a larger amount of chemical space than a 

HTS library comprised of many more compounds.2,9 Since the number of possible 

molecules increases exponentially with molecular weight, a HTS library with drug-sized 

molecules will, by necessity, be larger than a small library of low molecular weight 

fragments that can represent a higher proportion of the available chemical space.10 In 

principle, fragments are quite sufficiently simple and can be obtained commercially or 

require minimal synthetic efforts. When compared to FBLD, the larger and more 

complex HTS molecules have a greater synthetic requirement, even prior to optimization. 

In FBLD, synthetic labor focused after an initial hit is identified towards the desired 

target. Likewise, the larger, more elaborate compounds found in HTS libraries have a 

greater potential to encounter steric hindrance within the protein-binding site.8 The 

smaller fragments have more free range of motion, which allows for binding to occur in 

the most energetically favorable arrangement. Therefore binding is free from any possible 

strain caused by an unaccommodating, pre-formed scaffold, as shown to occur in 

HTS.8,11 
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Figure 1.1 Example of a FBLD versus HTS hit. Protein-binding pocket shown in green 

and yellow stars denote protein-ligand interactions. The red fragments have free range of 

motion, allowing for the highest number interactions with the protein. The constrained 

full-length inhibitor in blue is limited in number of functional groups as well as linker 

space between each group. 

1. B. 2 Library Screening Techniques 

 Hits rates of fragment screenings are typically higher than those observed in HTS 

investigations.8 These fragment hits are generally very efficient with high relative binding 

affinity per atom; however, compared to a HTS hit the absolute potency of fragments are 

still quite low.6,12 There are a number of techniques that can be used to identify weak 

binding fragments.2 The methods must be sensitive enough to detect low affinity binders 

with Kd values in the in the high millimolar to micromolar range. NMR, first employed 

for FBLD by Fesik, is just one of many techniques that can be used to screen fragment 

libraries.6,13,14 Additionally, the use of X-ray crystallography,7,15 in vitro bioassays,16 

surface plasmon resonance (SPR), and virtual screening can be utilized to screen 

fragment libraries.17 

 Each of the aforementioned methods has its own strengths and shortcomings.18. 

Through NMR screening, information pertaining to the affinity and binding modes of 

fragments can be gained. This is achieved through monitoring the shifts associated with a 
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fragment binding to different sites in the 15N-labled target protein.14 Relatively small 

amounts of materials are required for these screenings and numerous fragments can be 

screened simultaneously.6,13 

 X-ray crystallography can be used as a method of fragment screening in which the 

identification of hits as well as important structural information can be gained.7,15 This 

technique allow for multiple fragments to be soaked into a crystal into a protein 

simultaneously, providing for relatively rapid screening. However, crystallography can 

also have significant drawbacks. A crystal structure is a static snapshot of a protein and 

therefore cannot account for the dynamics of a protein in solution. Crystallography often 

requires large amounts of protein, which can be quite laborious and time-consuming to 

obtain. Furthermore, not every protein target readily crystallizes or is amenable to 

fragment soaking.7  

 In contrast, in silico docking is a completely virtual screenings method. It requires 

no physical material, protein, or fragments. The labor and resource requirements are 

significantly less; and can provide critical structural information.17 A virtual screening 

can identify hits as well as predict the mode of binding of the fragments; However the 

predictive capabilities can be limiting. Docking programs have made significant 

advancements and can usually be quite accurate in predicting possible protein-ligand 

interactions. However, calculating metal-ligand interactions, necessary to predict the 

binding of metal-chelating inhibitors, is still an underdeveloped area.19-21 

 The biosensor screening technique known as Surface Plasmon Resonance (SPR) 

can yield important data about fragments binding to target proteins. This binding data 

(Kd, Kon, Koff) is obtained by immobilizing the target protein on the surface of an optical 
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sensor and passing solutions of the fragments over the thin layer of the stationary protein. 

As accumulation of the fragment occurs, due to protein-ligand binding, shifts in the 

refractive index of the surface sensor are measured.22,23 Competition assays like this are 

helpful in reducing the number of false positives due to off-target effects. Similar to 

NMR, low concentrations of materials are required to achieve detection of low affinity 

binders.24 SPR is limited by the ability to immobilize the protein on the surface sensor 

with out compromising enzymatic function in a way that will change the measured 

binding constants.22 

 In vitro biological assays can be used to measure inhibitory activity against a 

protein target.16 In general, the types of resources and equipment required to perform 

biological assays are less expensive and more available than other screening methods 

such as X-ray crystallography. Unlike NMR and other biophysical techniques, in which 

the screening is typically conducted on a truncated enzyme (usually only containing the 

catalytic or active domain) and not in the presence of substrate or other important 

macromolecules, bioassays offer a more physiologically relevant environment.25 These 

assays have limitations as well; biological assays are not as sensitive as other techniques 

discussed, therefore the assays must be adapted to perform with high concentrations of 

the fragments (up to 1 mM) in order to elicit an observable response from low affinity 

fragments.26 Such high concentrations can limit fragment solubility and fragment 

aggregation can occur leading to false positives through non-selective inhibition.27 

Additionally, no structural information is obtained from these types of assays.18  
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1. B. 3. Hit to Lead Development 

 Unlike HTS, fragment hits are generally of very low molecular weight and far 

from a lead compound. The process to take a fragment hit to a full-length drug candidate 

can be intensive. Once a target is selected, hit generation begins with an initial screen of 

fragment libraries to identify hits. To generate a general scaffold for the compound, hits 

are assessed and sometimes grouped based on structural similarities before being 

developed. These larger drug-like leads are then further optimized; typically a lead is 

designed to mimic the profile of other successful clinical candidates. Criteria include 

activity, selectivity and the absorption/administration, distribution, metabolism and 

excretion (ADME) characteristics of the compound.1,18,28 Lead optimization is performed 

with the goal of creating a compound that can be moved into clinical trials as a drug 

candidate.  

 Fragment development typically utilizes one (or a combination of) the following 

strategies: merging, growing, linking and in situ assembly.1,2,5,18,29 For example, a 

merging approach would be implemented in a scenario where two fragments are capable 

of occupying the same space within the active site. One possible option would be to 

merge the potent functional groups of two compounds into a new single fragment. 

Ideally, contributions from both parent fragments have a constructive effect and the 

newly merged compound will have increased potency (Figure 1.2).2  
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Figure 1.2 Generic representation of the fragment merging strategy. Protein-binding 

pocket shown in green and yellow stars denote protein-ligand interactions. a) Two 

fragments capable of occupying the same binding site but contribute two different 

protein-ligand interactions. b) A newly merged fragment containing both functionalities.  

 

 A linking strategy would be employed in a case where data indicates that two 

fragments bind to a protein in separate areas within an active site (Figure 1.3). A 

synthetic linker is designed to bridge the two fragments forming a new compound. As 

such, a linking strategy can turn two small fragments into one larger compound with 

multiple functional groups capable of making several binding interactions 

simultaneously.1,5  

 



 

 

10 

 

Figure 1.3 Generic representation of the fragment linking strategy. Protein-binding 

pocket shown in green and yellow stars denote protein-ligand interactions. a) Two 

fragments occupying nearby binding sites. b) A new compound that consists of the two 

fragments linked together. 

 

 In a situation where only a single binding fragment is identified, a more classical 

SAR medicinal chemistry strategy may be implemented in hopes of growing the small 

molecule to further exploit the active site of the target (Figure 1.4). Step-wise exploration 

of the biding site occurs by slightly changing the original binding fragment via chemical 

synthesis in order to probe the active site for more potent ligand-protein interactions. 

These elaborations of the binding fragment are then re-screened. Those which are most 

potent are further advanced to improve compound potency.1,30 
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Figure 1.4 Generic representation of the fragment growing strategy. In a), a single 

fragment is identified to bind to the protein active site. b) Additions are made to the 

fragment in a step-wise fashion to determine optimal interactions, which yield c) a grown 

fragment of a) that now occupies multiple binding sites.  

 

 The above methods of fragment optimization discussed require additional 

chemical synthesis such as 1) merging two fragments into one, 2) linking nearby 

fragment hits together, and 3) growing a fragment to increase interactions in a protein-

binding site. In situ fragment assembly is a creative alternative to these methods. As 

illustrated in Figure 1.5, two smaller fragments with complementary appendages can 

react, forming a potent molecule within the confines of the binding site. This approach 

integrates two fragments in adjacent binding pockets by its own self-formed linker. For 



 

 

12 

this method, structural knowledge regarding the positioning and binding modes of the 

fragments involved is essential to identifying the appropriate complementary functional 

groups.30  

 

 

Figure 1.5 Representation of the fragment development strategy of in situ fragment 

assembly. Two fragments with complementary functional groups (for example an azide 

and alkyne) can react, forming a singular new molecule within the confines of the 

binding site. 

 

 Often fragment progression requires at least one fragment to remain constant in its 

mode of binding, throughout the evolution of the compound. This point of binding is 

consistent while other protein-ligand interactions are explored, allowing hits to develop, 

evolve, and increase in affinity specific to the target.1,2,30 The ability of each fragment to 

bind and interact with a protein at differing areas can lead to a more potent and tailored 

lead compound. In the cases of linking and merging strategies structural data (i.e. 

crystallographic, virtual, or NMR) is necessary for efficient fragment development. 

Growing can be a more forgiving approach. Specifically, this strategy has the ability to 

probe the site around the bound fragment with small step-wise synthetic advancements. 
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This allows for subtle discovery about the different types of interactions capable in the 

protein.2  

1. B. 4. Zelboraf: A FBLD Clinical Success Story  

 FBLD is still considered a newer approach for drug discovery, having only been 

actively pursued since the 1990s. Due to its infancy, FBLD received its first significant 

validation as a drug discovery approach when the drug Zelboraf was approved in 2011.31 

Remarkably, the time span from the first fragment investigations to approval was only six 

years. Zelboraf, also known as Vemurafenib or PLX4032 (Figure 1.6) is a kinase 

inhibitor for the V600E allele of B-Raf. The V600E allele is known to have activity that 

is linked with decreased response to chemotherapy in human tumors particularly 

associated with malignant melonoma.32,33 In what is described as a “structure-guided 

discovery approach,” 20,000 fragments were screened against a panel of kinases and 

approximately 200 fragment hits were selected for crystallization structure studies. Based 

off the resulting structural data, 7-azaindole was revealed to be a promising fragment hit. 

This starting fragment had an IC50 value of approximately 200 µM against a generic 

screening kinase, Pim-1. Through the use of a growing strategy, a 3-aminophenyl group, 

which further increased kinase inhibition, was introduced. Subsequent hit-to-lead 

development identified that substituents appended to the 3- and 5-positons of the 

azaindole provided the most potent compounds.32,33 After numerous iterations, the 

original 7-azaindole fragment was finally optimized to include a difluoro-containing 

sulfonamide (3-positon) and a chlorophenyl group at the 5-postion. The final compound 

PLX4032 was found to have an IC50 value of ~30 nM against the B-RafV600E target 

(Figure 1.6).31-33  
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Figure 1.6 Structures and IC50 values of selected compounds involved in the fragment-

based discovery of FDA-approved Zelboraf (Vemurafenib). 

 

 Zelboraf is an extraordinary compound shown to block proliferation and cause 

tumor regression in patients by exhibiting potency and selectivity achieved through the 

development of a simple 7-azaindole fragment. Moreover, the success of this drug goes 

beyond a new treatment for malignant melanoma; it marks the first successful FBLD 

drug candidate. In the past decade, approximately ten FBLD-based leads have been 

introduced into clinical phase trials.31  

 Drug discovery for inhibitors of metalloenzymes holds a unique opportunity for 

utilizing FBLD. The metal itself becomes the ideal candidate to direct initial binding 

efforts. Basic metal binders, or chelators, are fragments that represent the fundamental 

motif necessary to result in a covalent interaction with a metal.12,34-36 The mode of 

binding for many chelators are either historically documented or can be modeled when 

applying basic principles of inorganic chemistry. Furthermore, the metal ions in these 

proteins are typically associated with catalytic activity and therefore fragments and/or 

developed lead compounds bound at the metal will likely lead to competitive 

inhibitors.37-40  



 

 

15 

 High concentration biological assays were used to screen fragment libraries 

against metalloenzymes in the studies described in Chapters 2, 3 and 4. With this 

technique a few educated assumptions are being made to facilitate the hit identification 

process. These assays will not yield structural data, but with appropriate controls to 

minimize false positives, a hit generated from a chelator fragment library against a 

metalloenzyme can be biased as binding to the metal ion. Initial studies focused primarily 

on mononuclear metalloenzymes, these proteins contain only one catalytic metal ion in 

their active site. Many of the enzymes chosen for these studies were based on factors 

such as active site metal identity, availability of structural data, and clinical/therapeutic 

interest. 

1. C. 1. Metalloenzymes of Interest: Mononuclear Proteins 

 Metalloenzymes comprise more than a third of all known proteins. These 

metalloproteins, containing an essential metal ion cofactor, are vital to many life 

processes.41,42 Metal cofactors serve roles in electron transport, and the catalysis of 

essential enzymatic processes, and can also contribute to structural integrity and stability 

of some proteins. The most abundant of these metals in the human body are iron and 

zinc.43 Iron is well known for its role in respiration (hemoglobin, myoglobin) but it is also 

associated with nearly all homeostatic functions in the body including electron transport, 

immune response and inflammation.43,44 Zinc is also essential in many fundamental 

processes, such as cell life cycle regulation, metabolism, pH balances, and 

inflammation.35,45 Metals are not only essential to humans’, bacterial and viral organisms 

who require metals to catalyze vital functions.  
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1. C. 1a. Matrix Metalloproteinases 

 Matrix metalloproteinases (MMPs), are a Zn(II) dependent class of proteolytic 

enzymes.39 The different isoforms of this family can be classified and divided into sub-

groups based on their substrate specificity dictated by the pockets surrounding the active 

site. These include collagenases, gelatinases, stromelysins, and membrane-type 

enzymes.46,47 All MMPs contain a catalytic Zn(II) ion in the active site of the enzyme. 

This Zn(II) ion is coordinated to three histidine residues, along with an additional fourth 

bond to a labile water molecule (Figure 1.7). The majority of MMP inhibitors (MMPi) 

are designed with a zinc-binding group (ZBG) to chelate the catalytic metal ion and have 

backbones that can interact with the amino acids in the pockets. Targeting for the S1' 

pocket has provided the foundation of selectivity for numerous MMPi.47,48 This pocket 

can be classified based on size to provide a way to make isoform-specific MMPis. 

Generally, it is thought that the S1' pockets of MMP-1 and MMP-7 are shallow compared 

to the deep pockets of MMPs -3, -8, and -12. Lastly, the S1’ pocket of MMP-2, -9, and -

13 are typically considered to be intermediate in size.46,49 



 

 

17 

 

Figure 1.7 a) Representative illustration of a MMP active site with the Zn(II) metal ion 

coordinated by three histidine residues and an axial water. b) Crystal structure of MMP-2 

active site (PDB: 1QIB). A yellow sphere represents the Zn(II) ion and coordinating 

histidine residues are shown in blue.  

 

 This family of over 20 endopeptidases is involved in numerous physiological and 

pathogenic processes. MMPs are responsible for the degradation and remodeling of the 

extracellular matrixes (ECM) for the purpose of angiogenesis, immune response, 

apoptosis, cell proliferation and signaling.49,50 Due to such a wide variety of roles within 

the body, regulation of MMP activity must be strictly regulated. In healthy systems, 

MMPs are closely kept in balance by four endogenous proteins called tissue inhibitors of 
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MMPs (TIMPS). Additionally, MMPs are secreted in their pro-enzyme form. These 

regulations require the upregulation and activation of MMPs to occur prior to function; 

typically it is a TIMP that will inhibit an activated MMP in order to halt degradation 

processes.51 Misregulation and over expression of MMPs has been associated with 

numerous health issues and diseases.52,53 A loss of balance between MMPs and TIMPs 

has been implicated in cancer, arthritis, cardiovascular disease, osteoarthritis (MMP-13), 

chronic obstructive pulmonary disease (COPD, MMP-12), and destruction of the blood 

brain barrier in the wake of ischemia after strokes (MMPs -2 and -9).54 Due to the 

association with such a wide variety of pathologies MMPs have become a prominent 

therapeutic target in drug design. There are two proposed routes to the inhibition of 

MMPs: downregulation by controlling TIMPs within a system or the creation of small-

molecule inhibitors of MMPs.  

 Historically many MMPi have fallen short of their potential, and in clinical trials, 

numerous pharmaceutical companies have suffered significant losses due to late stage 

attrition in the clinic.50,55 As should be expected with a class of ubiquitous enzymes, 

broad-range MMPi yielded undesirable side effects, most likely due to non-specific MMP 

inhibition.50 As a result, renewed efforts were directed towards the development of MMP 

isoform specific MMPi. This has proven to be a more daunting task than initially 

proposed. In order to be considered a significantly selective inhibitor, there should be at 

least a factor of 103 difference in potency between the targeted MMP and others, 

especially those that share the same substrate sub-group.55 

 Hydroxamic acids have classically been the most widely used ZGB for MMPi 

development. This ZBG has been closely related to MMPs from when the enzyme was 
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first discovered.35,36 The hydroxamate moiety is a bidentate ligand to the Zn(II) ion, 

utilizing both oxygen donor atoms (Figure 1.8).55,56 Despite some hydroxamate-based 

MMPis achieving potency in the low nanomolar range, all inevitably fell short in clinical 

trials. Metabolic instability of this ZBG and promiscuity are two probable contributors to 

the failure of this set of inhibitors to achieve clinical success.57  

 

 

Figure 1.8 a) The structure of hydroxamate-based MMP-3 inhibitor with bidentate ZBG 

highlighted in red. b) Structure of MMP-3 active site with bound hydroxamte inhibitor 

(PDB: 1B3D).58 A yellow sphere represents the Zn(II) ion, coordinating histidine 

residues in red and bound inhibitor shown in blue. 
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1.C. 1b. Anthrax Lethal Factor 

 Another mononuclear Zn(II) dependent metalloenzyme is the endopeptidase lethal 

factor (LF). There are some structural similarities between LF and MMPs beyond the use 

of the same metal ion cofactor. Two histidines (instead of three as in MMPs), as well as a 

glutamic acid, comprise the zinc-binding motif of LF. Additionally, similar to MMPs, a 

catalytic water coordinates axially to the zinc and plays a crucial role in the hydrolysis of 

peptides (Figure 1.9).59,60 While MMPs are inherently vital for healthy biological 

processes, LF is part of a virulence factor of a foreign invading metalloenzyme that preys 

upon cell-signaling pathways in order to protect bacteria from the immune response of 

the host.61 LF is one of three constituents comprising the exotoxin known as anthrax 

toxin, secreted by Bacillus anthracis, which causes anthrax.61,62 Drawing national 

attention in 2001, anthrax toxin was responsible for the widespread panic and subsequent 

deaths of five people as a result of coming in contact with letters containing active 

anthrax spores that were distributed to members of the media and U.S. Senate.61   
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Figure 1.9 a) Representative illustration of a LF active site with the Zn(II) metal ion 

coordinated by two histidine and one glutamic acid residues. b) Protein crystal structure 

of LF active site (PDB: 1YQY). A grey sphere represents the Zn(II) ion, coordinating 

histidine residues are shown in blue and glutamic acid in yellow. 

 

 Anthrax toxin consists of three proteins: a cell-binding component called 

protective antigen (PA), and two other proteins called edema factor (EF) and LF.63 The 

host typically contracts anthrax toxin through physical contact, by inhalation and/or 

ingestion of B. anthracis spores.62 Unlike spores of fungi, these bacterial spores are a 

survival mechanism of the organism when conditions are too harsh to support 

propagation. The dormant bacterium can survive for decades prior to resuscitation, a 

reaction triggered by introduction to a more auspicious environment.59 The individual 
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portions of the complex are not toxic. Thus, neither PA, EF, or LF will cause damage, but 

when combined these enzymes cause the dangerous effects of anthrax that culminate in 

cell death.62,63 Upon entering a host, PA will bind to the surface of a macrophage and is 

then cleaved by the host proteases. This cleavage initiates the activation of the protein, 

which oligimerizes to form the beginnings of a pore for the insertion of either EF or LF. 

Again facilitated by the host, PA undergoes endocytosis causing a cascade of reactions 

resulting in a fully formed membrane insertion canal.64 EF and LF are then transported 

via the newly formed pore into the cytosol, where they begin forming their respective 

toxins. EF releases a toxin causing general edema, hindering immune response and aiding 

in further promotion of the bacteria. LF cleaves mitogen-activated kinase kinases 

(MAPKK), via a Zn(II) catalyzed process at the N-terminal, disrupting cell signaling, and 

resulting in cell death.59,62,63  

 LF inhibitor design has mirrored MMPi and typically contain hydroxamic acid 

ZBGs. A number of LF inhibitors have been reported, but few have reached 

submicromolar potencies, and many lack the necessary cell and animal studies necessary 

to pursue the compounds as drug candidates.65-67 Current treatment for anthrax rely 

heavily on the use of antibiotics, but the toxins and their effects can persist even after the 

eradication of the bacteria.65 These factors make LF a desirable therapeutic target with a 

need for selective and potent inhibitors.  

1. C. 1c. Pseudomonas aeruginosa Elastase 

 Pseudomonas aeruginosa is a Gram-negative bacterium found in many damp 

environments including soil, plants, and animal tissue. This bacterium is considered to be 

very versatile and adaptive and has become one of the top sources of opportunistic human 
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infections.68 P. aeruginosa is a leading cause of hospital-acquired pneumonia as well as 

bacteraemia in burn victims. Antibiotic resistance has become a hallmark of this 

bacterium. The versatility of P. aeruginosa is attributed to its large genome, containing 

genes for many virulence factors.68,69 To further promote infection in the host, P. 

aeruginosa secretes a number of virulence factors, which help the pathogen to adapt and 

change to specific environments. Similar to anthrax LF, these virulence factors are crucial 

in the invasion of the host as well as in evading and suppressing the immune response of 

the host. Such adaptability is believed to be a contributing factor to mounting resistance 

to conventional antibiotic treatments by P. aeruginosa.69,70  

 P. aeruginosa is a triple threat because of high incidence rates, severe infections 

and growing resistance. As such there is a dire need for new and alternative strategies to 

treat these infections.69 One vein of interest is to target the pathogenic virulence factors. 

Of particular relevance is the third metalloenzyme investigated, P. aeruginosa elastase 

(LasB). LasB is a metalloproteinase thought to be responsible for the tissue damaging 

effects during infection.71 In addition to the ability of this enzyme to degrade elastin and 

collagen, LasB can demonstrate cytotoxic effects like damaging cell membranes. This 

Zn(II) dependent metalloenzyme is also thought to contribute to the formation of biofilms 

which are associated with swarming and antibiotic resistance via impermeability.72,73 

Infection models in which LasB has been knocked out presented less severe infections.74 

As such, LasB presents an opportunity to explore not only the development of new 

inhibitors but also investigate the validity of targeting virulence factors as treatments in 

infection. This relatively new target has had little success with investigations into the 

application of non-peptidic inhibitors that exhibit antagonism against secreted LasB.75,76 
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Inhibition of LasB activity by various proteinase inhibitors including plasma ∝2-

macroglobulin and phosphoamidone has been reported.77-80 The crystal structure of LasB, 

elucidated by Thayer and coworkers in 1991 depicts an active site very similar to the 

well-studied enzyme thermolysin.81 The single catalytic Zn(II) is coordinated by two 

histidines and a glutamic acid (Figure 1.10). The “active site cleft” in the hinge region of 

LasB is drastically wider and more open than the thermolysin counterpart. Implications 

of such a variation could include differences in preference and binding constants of 

inhibitors (Figure 1.10). This would suggest that with proper inhibitor design, selectivity 

for LasB over thermolysin could be achieved despite both enzymes having remarkably 

similar overall tertiary structures.81   
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Figure 1.10 a) Representative illustration of LasB active site with Zn(II) metal ion 

coordinated by two histidine and one glutamic acid residue. b) Structure of thermolysin 

Zn(II) ion shown in blue. c) Structure of LasB Zn(II) ion shown in blue. 81 

 

1. C. 1d. 5-Lipoxygenase 

 5-Lipoxygenase (5-LO) is a non-heme iron metalloenzyme implicated in the 

inflammatory response.82 All enzymes in the lipoxygenase family contain iron cofactors, 
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typically bound to their respective active sites by histidine residues (Figure 1.11). Various 

lipoxygenases differ in what role during the process of dioxygenation they play. In 

mammals, 5-LO is essential for the synthesis of leukotrienes.83 Leukotrienes are a class 

of inflammatory regulators associated with immune response.84 The primary steps in the 

process of changing arachidonic acid (AA) into subsequent leukotiens are mediated by 5-

LO (Figure 1.11). AA is first converted into hydroperoxyeicosatetraenoic acid (HPETE) 

and further evolved into leukotriene A4. The resulting epoxide in leukotrine A4 is 

unstable and will rapidly undergo additional conversion by either leukotrine-specific 

hydrolase or synthases. Many of the resulting molecules are known as cysteinyl 

leukotrines, which promote the stimulation of mucosal secretions and participate as 

bronchoconstrictors.82  
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Figure 1.11 a) Representative illustration 5-LO active site, activated with the Fe(III) 

metal ion coordinated by three histidines. b) FDA approved 5-LO inhibitor Zileuton, this 

compound utilizes a reverse hydroxamic MBG which chelates to the iron cofactor of 5-

LO. c) Biosynthetic pathway for the formation of leukotrienes.82 

 

 As with many iron-containing enzymes, the cofactor in 5-LO is utilized in 

electron transport. The entire process is catalyzed by hydroperoxides, oxidizing the iron 

from Fe(II) to Fe(III). The resulting redox chemistry acts as an electron shuttle during the 

reaction.82 These lipid mediators of inflammation are typically associated with numerous 

cardiovascular and respiratory pathologies; as such, leukotrienes and the enzymes 

associated with their regulation and synthesis are of great therapeutic interest. Much 



 

 

28 

attention has been given to 5-LO inhibitors as treatments for asthma, COPD, and allergic 

reactions associated with inflammation.85 Currently, the most widely known inhibitor of 

5-LO is Zileuton, which is used in the treatment of asthma related inflammation (Figure 

1.11). This compound inhibits 5-LO activity by chelating to the iron cofactor and thus 

hinders the electron transport processes.86 Unlike Zileuton, inhibitors designed to disrupt 

the redox process in 5-LO have been shown to have numerous detrimental off target-

effects. Most notably would be the negative interactions with another abundant iron-

containing enzyme in the human body, hemoglobin. Many of these inhibitors can oxidize 

the hemoglobin iron to Fe(III) resulting in toxicity.87 With few successes in 5-LO 

inhibitors (achieving both potency as well as non-toxicity), investigations into molecules 

that interact with the enzyme’s metal ion cofactor may lead to advancements in 5-LO 

inhibitor design. 

1. C. 2. Metalloenzymes of Interest: Dinuclear Proteins 

 Another class of metalloenzymes contain two metal ion cofactors. These enzymes 

present a new dynamic to explore when designing and screening MBG fragments. The 

presence of two metals offers multiple sites of chelation. The binding environments 

between the two metals may differ, altering the type of metal-binding interactions 

preferred.  

1. C. 2a. Tyrosinase 

 Tyrosinase (TY) is a dinuclear metalloenzyme often linked with pigmentation, 

due to its role in the melanin biosynthetic pathway. This Cu(II)-containing enzyme is the 

rate limiting step for two oxidation processes in the formation of melanin.88,89 This 

pigment is found in most living organisms and mutations in the TY gene can cause 
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albinism in humans and animals.90 TY oxidizes phenols like tyrosine with O2 to form 

diphenols (Figure 1.12). Subsequent conversions of these diphenols result in various 

forms of melanin.91 The process is frequently observed in the browning of fruit, such as 

bananas or the production of melanin in the tanning of human skin. In humans substrate 

specificity is quite pronounced, and only the L-form of the monophenol dopamine (L-

DOPA) is used in melanogenesis.89 

 

 

Figure 1.12 a) Representative illustration of TY active site with dinuclear Cu(II) metal 

ions coordinated by histidines (Oxy-tyrosinase form). b) Biosynthetic pathway of TY 

used to oxidize monophenols, like tyrosine, into L-DOPA and subsequently oxidize the 

formed diphenols into quinines, like Dopaqunione.  
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 The structure of TY varies greatly between forms; to date there has been no 

observation of a universal TY structure. Even with such a wide variety of shapes the 

tertiary structure of TY can possess, all forms of TY have one aspect in common the 

dinuclear copper active site.92 The two Cu(II) metal ions in the active site of TY are 

categorized as a type-3 copper center.93 Due to the reactivity and proximity of the two 

copper ions, TY can exist as three different isoforms (Figure 1.13).94 The inactive form, 

met-tyrosinase consists of a singular oxygen bridging the two Cu(II) ions. Both the 

deoxy- and oxy-tyrosinase forms are involved in enzyme activity with mono and 

diphenols.95 It is important to note that only the oxy-tyrosinase isoform (in which the two 

Cu(II) ions are bound to a bridging dioxygen) interacts with the potent inhibitor tropolone 

(IC50 value = ~400nm).95,96 Because this enzyme is involved in such a ubiquitous process, 

inhibitors of TY have applications in a wide variety fields including agriculture, 

cosmetics, and therapeutics. One advantage to the different forms of TY having no 

common overall structure is the potential to develop inhibitors that will only be specific 

to the target isoform of TY. This could be particularly beneficial to the application of TY 

inhibitors as food preservative, where selective TY inhibition between human and plant 

TY would be vital.  
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Figure 1.13 Representative illustrations of the three isoforms of the TY active site with 

the copper ions coordinated to histidines (top). Protein crystal structure of the active site 

is of the deoxy-tyrosinase isoform of TY (PDB: 2ZMX). Purple spheres represent the 

copper metal ions and the coordinating histidine residues are shown in blue (bottom). 

 

1. C. 2b. Human Immunodeficiency Virus-1 Integrase 

 Human Immunodeficiency Virus (HIV) is a retrovirus that causes the disease 

known as acquired immunodeficiency syndrome (AIDS). Currently there is no cure for 

AIDS, although advancements in therapeutic treatments have drastically improved 

quality of life.97-99 These powerful antiretroviral drugs, when administered early in 

pregnancy, have even helped to reduce the potential to pass the virus from mother to 

child.100 HIV-1 integrase (HIV-1 IN) is one of three essential enzymes for HIV-1 

replication (along with HIV-1 reverse transcriptase and protease). The metalloenzyme 
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performs two functions, the first is known as 3'-processing (3P). HIV-1 IN generates 

reactive CpA 3′- hydroxyl ends (cytosine–adenosine overhangs) by specifically cleaving 

two nucleotides from the viral cDNA. The second function, known as strand transfer (ST) 

occurs upon translocation to the nucleus where HIV-1 IN uses the hydroxyl ends to 

integrate the viral DNA into the host genome.101,102 Due to the above functions, HIV-1 IN 

is the ‘point of no return’ in infection of a host cell.103 

 The active site of HIV-1 IN contains a dinuclear magnesium center, in which the 

metal ions are coordinated by the carboxylate ligands of two aspartic acids and one 

glutamic acid (Figure 1.14). The catalytic Mg(II) ions are essential to HIV-1 IN function. 

Additionally, substitution of any of the three metal-binding residues (DDE) abolishes 

HIV-1 IN activity, suggesting that metal-binding is necessary for HIV-1 IN function.104  

 Due to solubility issues crystallization of full length HIV-1 IN has been very 

difficult. Recently however, a crystal structure of an integrase from the prototype foamy 

virus (PFV) bound to its cognate DNA was successfully characterized (Figure 1.14). 

Complex crystal structures with known inhibitors of HIV-1 IN, including the FDA-

approved Raltegravir were also obtained. It has been proposed that the mode of action for 

Raltegravir is to inhibit via binding to both Mg(II) (Figure 1.15).105 Raltegravir consists 

of a 5-hydroxy-3-methylpyrimidin-4(3H)-one (HMPO) MBG, effective at binding to the 

binuclear metal site in HIV-1 IN. The HMPO chelating group was discovered by HTS 

efforts and was found to possess suitable metal-binding activity and pharmacokinetics. 
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Figure 1.14 Crystal structure of PFV-IN (PDB 3OYA) complex with the FDA-approved 

HIV-1 IN inhibitor raltegravir. The tan ribbon represents the protein and viral DNA, grey 

spheres represent the Mg(II) ions and Raltegravir is shown as the green rods.  

 

 As illustrated in figure 1.15, the MBG of raltegravir (the HMPO chelator) consists 

of a three-oxygen donor atom triad. Shown in figure 1.14, this triad aligns in a coplanar 

fashion to bind and bridge between the two Mg(II) metal ions in HIV-1 IN. Other 

promising HIV-1 IN inhibitors such as Elvitegravir and GSK364735 also depend on 

donor atom triads to effectively inhibit the enzyme. It is important to note however, that 

the metal-binding atom triad in each of these inhibitors is unique. Unlike raltegravir, 

GSK364735 has a pyridyl-nitrogen atom forming a N,O,O donor set. Elvitegravir has an 

O,O,O donor atom similar to raltegravir yet the combination of carbonyl and phenolic 

oxygen atoms is different.106,107 Due to these adjustments and variations in the donor 

atom sets these compounds do not share identical binding modes or bond angles between 

the donor atoms. This potential for a variety of different types of successful inhibitors 

implies that different MBGs capable of forming a number of different chelating 
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orientations have the capacity to inhibit HIV-1 IN at the same active site.108 However, 

very few studies have conducted the necessary systematic studies to examine the various 

features of these MBGs.109 

 

Figure 1.15 Structures of Raltegravir and other select potent HIV-1 IN inhibitors. The 

donor atoms highlighted in red comprised the MBG of each compound. Boxed off is an 

illustration of Raltegravir bound to the Mg(II) metal ions in the HIV-1 IN active site. 

 

 To date there is only one HIV-1 IN inhibitor approved by the FDA. This 

compound, Raltegravir (Figure 1.15), was only introduce in 2007 and there is already an 

emergence of resistant HIV-1 strains. HIV-1 is notorious for its ability to rapidly mutate 

and adapt to new drugs. One way to combat resistance is to use combinational cocktails 

of drugs targeting various portions of the virus known as highly active anti-retroviral 

therapy (HAART). Another method for developing treatments resilient to resistance is to 
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target essential functions or areas that the virus cannot afford to mutate. As mentioned 

before the catalytic Mg(II) metals ions are essential to the enzyme for activity and as such 

cannot be occluded or removed. Importantly, of the Raltegravir-resistant mutants 

characterized thus far, none appear to alter the metals or the binding motif.110 It would 

stand to reason that if a very potent metal binder of HIV-1 IN were to be discovered, the 

efficacy achieved by the MBG could outweigh any potential new mutations of the 

enzyme. 

1. C. 2c. Methionine Aminopeptidase (MetAP) 

 Methionine aminopeptidase (MetAP) is a dinuclear metalloenzyme capable of 

being reconstituted in an active form by a number of metal ions.111 MetAPs serve to 

remove the N-terminal methionine residue from proteins and peptides of at least three 

residues in length.112 The removal of this methionine residue is crucial to the maturation 

of proteins allowing for proper function in all forms of life.113 Two types of MetAP exist, 

Type I and Type II, they vary in the addition of an extra catalytic domain in MetAP2. In 

bacteria, eukaryotes contain both types of MetAP, where as eubacteria and archaea only 

have one, MetAP1 and MetAP2, respectively. In mammals, homologs of both classes are 

necessary for cell proliferation.112,113 All forms of the MetAP possess a dinuclear active 

site with two metal ions that catalyze activity.111 Inhibitors of this enzyme are of interest 

for their potential as anticancer and antibacterial agents. MetAP in bacteria is encoded by 

a single gene and is essential for bacterial survival; deletion of this gene in Escherichia 

coli and Salmonella typhimurium have shown to be lethal.112,113 It is proposed that a 

majority of bacteria rely on MetAP to modify nascent proteins and thus the development 

of inhibitors could produce novel broad-spectrum antibiotics. 
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 MetAP can be activated by numerous metals including: Cu(II), Co(II) Ni(II), 

Mn(II) and Fe(II). With such a range of metals there has been much debate in regards to 

which metal ion(s) is/are physiologically relevant in bacteria.111,112 Traditionally, Co(II) 

has been used for in vitro studies as this metal has proven to highly activate purified apo-

MetAP. Recently it has been suggested that using Co(II) for inhibitor discovery assays 

may be the wrong choice. Many instances have occurred in which potent in vitro 

inhibitors (in the presence of Co(II)), show little to no efficacy when evaluated in cell-

based assays.114,115 The work of Ye and coworkers strongly suggest that Fe(II) may be the 

physiologically relevant metal in E.coli MetAP-I.115 Using a HTS approach Ye was able 

to identify metalloform specific scaffolds exclusive to either Co(II), Mn(II) or Fe(II) 

forms.  

 

 

Figure 1.16 Structures and IC50 values of the metalloform specific inhibitors of 

EcMetAP-1. From top to bottom selective scaffolds for Co(II), Mn(II) and Fe(II).115  
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Table 1.1 IC50 Values of Metalloform-Selective Inhibitors of EcMetAP-1.115 

 

 

 As illustrated in Figure 1.16 and Table 1.1, the three unique metal-binding 

scaffolds are selective for different metalloforms of EcMetAP-1, allowing researchers to 

pinpoint which form(s) are found in the naturally occurring bacteria. The selective 

scaffolds were introduced to E.coli systems and bacterial growth was monitored. It was 

observed that only bacteria grown in the presence of the Fe(II) specific scaffolds 

demonstrated a loss in bacterial growth.114-116 Such results indicate that the 

physiologically relevant metal of this enzyme is the Fe(II) form. As suspected, this may 

be the root cause of many failed attempts to create potent in vivo MetAP inhibitors, 

particularly when those studied in vitro were conducted on the Co(II) form.118 This HTS 

approach led to the discovery of both potent and selective inhibitors of MetAP. 

Additionally, work by the Ye group illustrates the structural similarities between two of 

the metalloforms (Co(II) and Mn(II)). Even though the two metalloforms have near 

identical active site environments, compound 4 is >600-fold more potent towards the 

Mn(II), while compound 1 is ~800-fold more selective for the Co(II) form. Further 

studies will need to be conducted to fully comprehend the basis for the selectivity of 

IC50 Values (µM) Inhibitor Co(II) Mn(II) Fe(II) 
1 0.067 53 46 
2 0.28 108 118 
3 0.073 54 65 
4 154 0.24 182 
5 69 0.96 >200 
6 73 0.063 195 
7 198 14 >200 
8 193 19 >200 
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these compounds. It is quite apparent though, that the metal ion cofactor plays an 

important role in dictating the types of potent inhibitors. 

1. D. Conclusions 

 This Chapter sought to introduce the concepts and processes by which FBLD can 

be employed to develop new drugs. While this strategy is relatively new and does not 

compete with the volume of successful compounds to come out of more traditional drug 

discovery methods such as HTS, there are distinct advantages to FBLD. Better use of 

chemical space, more efficient screening compounds and the ability to be adapted to 

research labs of all sizes (in respect to capacity and resources) are just a few of the 

advantages of FBLD. The screening methods and fragment development techniques 

utilized in a FBLD approach were also discussed. A synopsis of a FBLD clinical success 

story helped to validate the claims that this approach is a viable method to drug 

discovery. The properties that make metalloenzymes ideal for FBLD targets were also 

presented. The metal ion cofactors in these enzymes are essential to enzymatic activity 

and present an ideal tethering point for fragments. Lastly, a number of metalloenzymes, 

which can be used to investigate potential fragments for inhibitor design were presented. 

The function, structure, current inhibitors and potential applications for the design of new 

inhibitors were discussed.  
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2. A. Introduction 

 As described in Chapter 1, metalloenzymes makeup at least one-third of all 

proteins and utilize a wide variety of metal ion cofactors for many critical roles.41 

Inhibitors of these enzymes are useful for mechanistic studies, pesticides, preservatives, 

cosmetics, as well as a wide range of therapeutics.117-121 Pathogenic metalloenzyme 

activity has been linked to a number of disease states including cancer, inflammatory, 

infectious, cardiovascular, and neurodegenerative diseases.45,50,61,122-130 The presence of a 

metal ion cofactor in these enzymes has frequently been exploited for the development of 

synthetic inhibitors, typically as a point to anchor compounds to the active site and 

thereby block catalytic activity.34 Metalloenzyme inhibitor discovery has resulted in the 

identification of metal-binding groups (MBGs) for these inhibitors. The ultimate goal of 

fragment studies of MBGs is to explore how the MBGs can influence potency, selectivity 

and stability in inhibitors to better utilize these functional groups in drug design.34,46,131,132 

The work presented in this chapter describes the first steps in the identification of MBGs 

for use as metalloenzyme chelating inhibitors. 

 Fragment-based lead discovery (FBLD) is a drug design approach where low 

molecular weight compounds (fragments) are evaluated against drug targets of interest. 

Binding fragments are further developed to generate potent leads, these leads should have 

good ligand efficiencies (LE); a measurement used to compare compound potency as a 

function of molecular size. LE is defined by the formula: LE = -RT(ln[IC50])/HAC, in 

which IC50 is the fragment concentration at which enzyme activity is reduced 50% and 

HAC is the heavy atom (or non-hydrogen atom) count.12,133 Several studies have applied 
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FBLD to the development of metalloenzyme inhibitors; however, variations in the MBG 

scaffold have rarely been the focus of such investigations.134,135  

 Simple metal chelators are well suited to be employed as fragments for FBLD. 

Several have known binding affinities to a number of metal ions, (typically with Kd 

values in the micro- to milli-molar range), and are commercial available and/or easy to 

synthesize. Fragments that have micromolar binding constants would be readily detected 

using bioassays, making chelator fragments more easily screened then other fragments 

that have been used in FBLD.1 Furthermore, the binding mode of chelators may be 

modeled by synthetic complexes that mimic metalloenzyme active sites or may be 

inferred from available crystallographic data of the chelator bound to the metal of 

interest.37,38,40,136 Because of the availably of such structural data, other structural analysis 

(e.g. macromolecular cyrstallography or NMR), may not be as essential when developing 

inhibitors from a chelator fragment. In this Chapter, the use of FBLD to identify new 

MBGs for metalloenzyme inhibitors will be described. An initial chelator fragment 

library (CFL-1.1) of 96 metal chelators (Figure 2.1) was assembled and screened against 

a panel of metalloenzymes in order to probe its use as a tool to generate new MBGs for a 

wide range of metalloenzymes. This Chapter also demonstrates the advancement of a hit 

from the library to produce focused libraries against MMP-2 based on an 8-

hydroxyquinoline-fragment scaffold. Lastly, Chapter 1 introduces the study of CFL-1.1 

against the dinuclear metalloenzyme, methionine aminopeptidase (MetAP), an enzyme 

that will allow for numerous metal ion cofactors to be explored in the same enzymatic 

environment. The findings presented show that chelator fragment libraries are a viable 

approach to the discovery of metalloprotein inhibitors. 
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2. B. Design and Evaluation of CFL-1.1 

 Initial designs for the library consisted of fragments with low molecular weights, 

(<200 amu) that possessed 2-4 nitrogen, oxygen, and/or sulfur donor atoms.12 This 

chelator fragment library (CFL-1, not shown) was amended, to the current version, CFL-

1.1 (Figure 2.1). While the overall structure and design of the two libraries remains 

constant, 5 compounds (6b, 10b, 7e, 7f, and 2h) were switched out to form CFL-1.1. 

These alterations were primarily to correct for solubility and stability issues observed in 

the CFL-1 compounds.137 CFL-1.1 contains a total of 96 fragments representing six 

metal-binding classes including picolinic acids, quinolines, pyrimidines, hydroxypyrones, 

hydroxypyridinones, salicylic acids, and 24 miscellaneous compounds. All the fragments 

are soluble up to 50 mM in dimethyl sulfoxide (DMSO) and are commercially available 

or readily synthesized.38,46,138-142 

 CFL-1.1 was initially screened against MMP-1, MMP-2, MMP-3, MMP-8, 

MMP-9, anthrax lethal factor (LF), 5-lipoxygenase (5-LO), mushroom tyrosinsase (TY), 

and nitric oxide synthase (iNOS) to identify potent fragments against each enzyme. Later, 

two metalloforms of E. coli methionine aminopeptidase type 1 (EcMetAP-1 metalated 

with Co(II) and Mn(II)) were investigated to determine if fragments had a preference 

towards a specific metal ion under identical enzymatic conditions. The screenings 

consisted of treating the enzymes with 1 mM (50 µM in EcMetAP-1) of each fragment 

and monitoring the percent enzymatic activity to determine inhibition. Results of the 

screenings are depicted in heat plots representing the percent inhibition of the fragments 

against the respective metalloenzyme (Figure 2.2, Figure 2.8, and Figure 2.9). Hits were 

arbitrarily defined as fragments that inhibit a specific enzyme activity by greater than 
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50% of enzyme activity at 1 mM of fragment. After the initial screening, IC50 values of 

certain hits were determined (for MMP-2, LF, 5-LO, and TY) and the corresponding LEs 

were calculated (Table 2.1). 
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Figure 2.2 Heat plot representing the results from the screens of CFL-1.1 against the 

listed metalloenzymes. Cells are color-coded by percent inhibition: black (0-25%), red 

(25-50%), orange (51-75%), and yellow (76-100%). Gray cells indicate compounds that 

interfered with the assay and were not used for data analysis. 
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2. C. 1. CFL-1.1 Results Against MMPs   

 CFL-1.1 produced a significant number of hits against MMP-1, MMP-2, MMP-3, 

MMP-8, and MMP-9 (Figure 2.2). The percent of fragments identified as hits (hit rate) 

ranged from 29-43% for the various MMPs. The 3-hydroxypicolinic acids decreased the 

activity of MMP-1, MMP-2, MMP-3, and MMP-8 by approximately 50%. Derivatives of 

8-hydroxyquinoline (2b, 7b, 8b, and 9b) strongly inhibited all five MMPs. In particular, 

8-hydroxyquinoline (7b) was found to have an IC50 value of 130 µM against MMP-2. 

Two other quinolines stood out as MMP hits: 8-hydroxyquinoline–N-oxide (5b) and the 

sulfonamide quinoline (10b).  

 Two pyrimidines (4c and 5c) were broad-spectrum MMP hits, with compound 4c 

having an IC50 value of 121 µM against MMP-2. The sulfur-containing 

hydroxypyrothiones (2d and 5d) completely inhibited all MMPs tested, while most of the 

hydroxypyrones (1d, 7d-11d) showed approximately 50% inhibition. The IC50 value of 

hydroxypyrothione 2d against MMP-2 was found to be 76 µM. The sulfur-containing 

hydroxypyridinethiones (2e, 7e, 9e, 11e and 12e) also completely inhibit all the MMPs 

screened. Among the hydroxypyridinones only 1e and 10e, both of which are based on a 

1,2-hydroxypyridinone core, exhibit an inhibition of greater than 50%. Within the 

miscellaneous fragment group two, tropolone fragments, 11g and 12g, were identified as 

hits. The remainder of the library did not produce any hits against the MMPs.  

 By comparing the inhibition of MMPs across a chelator class, information about 

binding mode can be inferred. The most potent quinolines (2b, 7b-9b) are all substituted 

with a hydroxyl group at the 8-position. The similarities in structures and activities of 

these compounds support a conserved binding mode with the quinoline nitrogen and the 
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hydroxyl oxygen atoms chelating to the Zn(II) ion. Consistent with prior reports, ligands 

with O,S donor atoms (2d, 5d, 2e, 7e, and 9e) are more potent against MMPs than their 

structural analogs with O,O donor atoms (1d, 4d, 1e, and 8e).12,34,38,136 This can partially 

be attributed to the hard-soft acid-base interactions between the metal and the ligands.143 

For example, when compared with a harder Lewis acid metal, like Mg(II) in of HIV-1 IN 

(discussed in Chapter 3), the Zn(II) ion is a comparatively softer Lewis acid and hence 

prefers softer donor atoms like sulfur. As illustrated in Figure 2.2, compounds 1d and 8e 

(both contain O,O donor atoms) are weaker inhibitors of MMPs compared to their softer 

O,S donor ligand analogs (2d and 9e respectively). 

 Overall the library did not produce any highly specific hits for a given MMP; 

fragments found a hit for one MMP were typically potent against all the MMPs tested. 

One notable exception was the activity of some picolinic acids against MMP-3. In 

general, the picolinic acids were not very active against the MMPs with the exception of 

MMP-3. MMP-3 was inhibited by six picolinic acids (1a, 4a, 5a, 8a, 9a, 10a and 12a), 

and of these only 5a and 12a were found to show any significant activity against other 

MMPs. It should be noted that the enzymatic activity of MMP-3 is optimal at pH 6, 

where as most other MMPs, operate best at pH 7.4. This change in pH may be one factor 

that contributes to the difference in potency of the picolinic acids against this particular 

MMP. Compound 1a, which does not come up as a hit against MMP-1, MMP-2, MMP-8, 

or MMP-9, was previously reported to have an IC50 value of 181 µM against MMP-3.34 

The identification of this isoform-specific MBG has potential to be developed into a 

selective inhibitor for MMP-3 antagonism. MMP-3 targeted compounds could be used as 

chemical probes to aid in elucidating the role MMP-3 plays in various illnesses, as well 



 

 

56 

as a potent therapeutic, possibly with fewer side-effects that are implicated for broad-rage 

MMPi.  

 As noted, most compounds found to be a hit against one MMP isoform tended to 

inhibit all of the MMPs tested (Figure 2.2). For small fragments this is not surprising, as 

the active site around the Zn(II) ion is highly conserved within the MMP family. Thus a 

small fragment with good binding affinity to the Zn(II) cofactor would not be likely to 

show selectivity for one MMP over another. Upon lead optimization of these fragments 

MMP specificity might be obtained.46  
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Table 2.1 Calculated IC50 values, heavy atom count, and ligand efficiency (LE) values 

for select hits from CFL-1.1.  

Enzyme Compound IC50 Value (µM) HAC LE (kcal/mol) 

7b 130±28 11 0.50 

4c 121±37 8 0.70 

2d 76±1 8 0.73 

1g 15,000 5 0.52 

11g 146±71 9 0.61 

MMP-2 a 

3h 389±134 11 0.44 

2d 204 67 8 0.63 LF b 

1g 11,400 67 5 0.53 

5d 11±2 9 0.75 5-LO b 

9f 75±5 11 0.51 

6a 159±28 10 0.52 

5d 3.8±0.5 9 0.82 

1f 100±9 10 0.55 

TY b 

11g 0.4 96 9 0.97 

a Ligand efficiency calculated at 37 °C; b Ligand efficiency calculated at 25 °C. 



 

 

58 

2. C. 2. Hits Against Other Metalloenzymes  

 CFL-1.1 was screened against several other metalloenzymes; these enzymes were 

chosen for their structural and functional diversity, as well as for their biomedical 

importance. The results are summarized in Figure 2.2, which indicate that there are 

enzyme-specific scaffolds from which it would be possible to develop metalloenzyme-

specific inhibitors. 

 Screening of CFL-1.1, at a fragment concentration of 1 mM, against LF yielded 

22 hits, giving a hit rate of 24%. In contrast to the MMPs, several of the picolinic acid 

fragments (1a-3a, 5a, 9a-11a) inhibited LF activity ~50%. Three picolonic acids (6a-8a) 

inhibited LF >70%, all of which are substituted at the 6-position. Because both MMPs 

and LF contain Zn(II) in their active site, the picolinic acid hits further illustrates that a 

MBG can be specific to a given metalloenzyme even if they contain the same active site 

metal ion. Quinoline compounds 2b, 5b, 7b, and 9b were hits against LF. The 

hydroxypyrothiones (2d and 5d) completely inhibit LF at 1 mM, while the 

hydroxypyridinethiones (7e, 9e, 11e and 12e) inhibit LF activity ~50%. Fragment 2d was 

previously reported to have an IC50 value of 204 µM against LF, consistent with the 

screening results obtained here.67 

 The hit rate of CFL-1.1 against the non-heme iron protein 5-LO was 49%. Again, 

the 8-hydroxyquinoline fragments (2b, 7b-9b) including 8-hydroxyquinoline-N-oxide 

(5b) hit against 5-LO. The calculated IC50 values of 5d and 9f were 11 and ~75 µM 

respectively. Unlike the Zn(II)-dependent enzymes (LF and MMPs) a number of 

pyrimidine, hydroxypyrone and hydroxypyridinone derivatives showed significant 

inhibition against 5-LO. Only some of these compounds contain a thiol at the 2-position. 



 

 

59 

5-LO was inhibited by both O,O and O,S chelators. 5-LO shows no preference between 

the two donor atom sets, reflecting Fe(III) resting oxidation state of 5-LO. The hard 

Lewis acid Fe(III) ion is also strongly inhibited by other hard Lewis base fragments such 

as catechols derivatives 8g and 4h.143  

 CFL-1.1 has a very high hit rate of 60% against Cu-dependent TY. One factor that 

may account for the indiscriminate potency of the chelators against TY is the dinuclear 

active site of this metalloenzyme.144 MBG fragments may find more coordination modes 

that result in effective enzyme inhibition when two metal ions are available for binding. 

Several of the chelators identified from the screening of CFL-1.1 have been previously 

reported as inhibitors of TY including kojic acid (7d, IC50 23 µM)96 1,2-

hydroxypyridinone (7e, IC50 1.2 µM)145 and L-mimosine, an amino acid derivative of 

3,4-hydroxypyridinones (3e-5e).144 The IC50 values of maltol (4d) and several other 

hydroxypyridinones against TY have also been reported.146 These reported compounds 

serve as internal standards for CFL-1.1. Confirmation of these fragments as hits against 

TY validates CFL-1.1 as a tool for the identification of potent MBGs of target enzymes. 

Interesting new chelator hits included some thiopyrones (2d and 5d) and thiopyridinones 

(2e, 7e, 9e, 11e and 12e). Compound 5d was found to have an IC50 value of ~4 µM 

against TY. Similar to the MMPs, the pyrones and pyridinones with O,S donor atoms are 

more potent against TY than the corresponding compounds with O,O donor atoms. 

However, like 5-LO, many O,O donor atom chelators did exhibit some inhibition against 

TY. 

 Finally, the screening of CFL-1.1 against the heme-iron protein iNOS yielded the 

lowest hit rate, 4% (only 3 out of 73 fragments). Several compounds had to be excluded 
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due to insolubility in the assay buffer. There are only 6 compounds that inhibit iNOS 

greater than 40% and these fragments cover nearly all the metal-binding classes 

represented in CFL-1.1. Overall, CFL-1.1 did not reveal specific patterns or new insight 

into the types of fragments that would hit against iNOS. A slight preference for oxygen 

containing binders was observed.  

2. D. 1. 8-Hydroxyquinoline Sublibrary: Synthesis and Screening   

 In order to demonstrate: a) an ability to optimize and develop novel hits from 

CFL-1.1, and b) the versatility offered by new chelator scaffolds, a sublibrary of 

fragments was developed based on a single hit from CFL-1.1. The 8-hydroxyquinoline 

fragment 7b, was selected as a MBG scaffold for the development of a small sublibrary 

in an effort to increase potency against MMP-2 (Figure 2.2). To the best of our 

knowledge, hydroxyquinolines have not been previously reported for use as a MBG in 

MMP inhibitors.35,136,147 A focused library of 16 fragments based on 8-hydroxyquinoline 

was prepared by derivatizing this scaffold around the ring at positions 2-, 4-, 5-, and 7-. 

These four positions were selected in order to place substituents around the entire ring 

system, as well as for the synthetic accessibility of these particular sites. At each of the 

four positions an amine group was installed that was coupled with one of four different 

sulfonyl chlorides to generate sulfonamide derivatives (Figure 2.3). Substituents were 

loosely selected based on efficacy of previously reported MMP inhibitors.6,148 The 

structure of one fragment (72b) was verified by X-ray crystallography (Figure 2.4 Table 

2.2). 
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Figure 2.3 Synthesis of the 8-hydroxyquinoline sublibrary. Substituents were appended 

to four different positions (2-, 4-, 5-, and 7-positions) around the hydroxyquinoline ring. 

Phenyl (a), p-fluorophenyl (b), biphenyl (c), and thiophene (d) backbones were examined 

for a total of 16 fragments. 
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Figure 2.4 Crystal structure of 4-fluoro-N-(8-hydroxyquinolin-2-yl)benzenesulfonamide 

(72b). 

 

Table 2.2 Crystal data and structure refinement for 4-fluoro-N-(8-hydroxyquinolin-2- 

yl)benzenesulfonamide (72b) crystal. 

 

 The 8-hydroxyquinoline focused sublibrary was initially screened against MMP-2 

(as a representative metalloprotein target) at a concentration of 25 µM. The assay results 

Empirical Formula C16H19NO5S Crystal Size 0.5 x 0.3 x 0.1mm3 
Temperature 100 K Theta range for data 

collection 
1.47 to 25.84° 

Crystal System Triclinic Reflections collected 11303 
Space Group P-1 Independent reflections 3071 

Data/restraints/paramete
rs 

3071 / 3 / 220 

Goodness of fit on F2 1.044 

Unit Cell 
Dimensions 

a = 7.506 Å 
b = 7.910 Å 
c = 13.911 

Å 
α = 86.552° 
β = 88.865° 
γ = 79.661° 

Final R indiceies I > 2 R1 = 0.0545 
wR2 = 0.1395 

Volume 811.0 Å3 R indicies (all data) R1 = 0.0598 
wR2 = 0.1453 

Z 2 
Density (calculated) 1.382 mg/m3 

Largest diff peak and 
hole 

0.545 and -0.649 e Ǻ-3 
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clearly show that the derivatives substituted at the 2- and 4-positions (72a-d and 74a-d) 

are ineffective against MMP-2 (only 72c has an IC50 value of ~48 µM). In contrast, the 

compounds substituted at the 5- and 7-positions (75a-d and 77a-d) all showed greater 

than 65% inhibition of MMP-2, regardless of the specific R-group (Figure 2.5). The IC50 

values of these compounds against MMP-2 were found to be in the low micromolar 

range. The best hit from this sub-library, 77b, has an IC50 value of approximately 3 µM, 

representing a greater than 40-fold improvement over fragment 7b (Table 2.3). This 

improvement clearly demonstrates that hits from CFL-1.1 can be readily developed by 

derivatization into more lead-like compounds. In addition, it is important to note that 

effective inhibition in this focused library is highly dependent on the position of the 

substituent, identifying at least two positions for substitution and hence two possible 

subclasses of lead structures. Furthermore, the position of the substituent appears to be 

more important than the nature of the substituent at this stage of fragment growth; i.e. 

none of the backbone substituents results in effective MMP-2 inhibition at all positions 

on the hydroxyquinoline ring. This shows both the versatility and promise presented by 

identifying new chelator leads from a fragment library – one hit fragment can generate 

more than one subsequent focused fragment (in this case both 75a-d and 77a-d 

fragments).  
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Figure 2.5 Results of 8-hydroxyquinoline sublibrary screening against MMP-2 at 25 µM. 

Only compounds with substituents at the 5- and 7-positions gave significant inhibition 

activity.  

 

Table 2.3 IC50 values, heavy atom count (HAC), and ligand efficiency (LE) for 75a-d 

and 77a-d fragments. All LE values were calculated at 37 ºC. 

Compound IC50 Value (mM) HAC LE (kcal/mol) 

75a 8.8±0.6 21 0.34 

75b 7.2±1.0 22 0.33 

75c 10.8±0.4 27 0.26 

75d 8.4±0.3 20 0.36 

77a 5.6±1.9 21 0.36 

77b 3.0±0.5 22 0.36 

77c 3.9±0.4 27 0.28 

77d 4.3±0.2 20 0.38 
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2. D. 2. Docking Studies of Sublibrary Hits  

 To elucidate the mode of binding for the hydroxyquinoline derivatives, ligand-

receptor docking studies and pKa calculations were conducted. Docking studies were 

performed on fragments 72b and 77b, for which the 4-fluorophenyl backbone of each 

compound is directly adjacent to one of the metal coordinating atoms. The 2-position 

substituted compound results in a non-hit while the 7-postion substituted compound is a 

potent fragment. The 4- and 5-postion compounds were omitted from this study to 

simplify the comparisons being made. Both the 4- and 5-postion compounds yielded 

numerous sets of binding modes to the Zn(II) as well as varied positions of the 4-

fluorophenyl backbone (not shown). Comparison of the 2-and 7-position coffered the 

opportunity to directly compare two structural isomers that appear to contribute identical 

protein-ligand interactions, yet experimentally are shown to be drastically different in 

respective potencies. All calculations were preformed using a molecular modeling suite 

from Schrödinger (Maestro v9.0; Schrödinger, Inc.). Fragment 72b generated a pose for 

MMP-2 (PDB: 1QIB) with an acceptable coordination geometry at the Zn(II) ion and the 

4-fluorobenzyl group resting in the S1' pocket (Figure 2.6). This low energy pose gave a 

Glide XP score of -11.12 kcal/mol. Fragment 77b also generated a satisfactory pose with 

coordination to the Zn(II) ion. The 4-fluorobenzyl group of 77b also enters the S1' pocket 

(Figure 2.5) gave a docking score of -10.63 kcal/mol. The docked structures of both 72b 

and 77b Zn-O and Zn-N bond distances are ≤2.1 Å and ≤1.9 Å, respectively. Only two 

notable differences are observed between the docked structures of 72b and 77b: a) the 

orientations of the ZBG in the active site are flipped ~180° relative to one another, so that 

with each fragment the backbone group can interact with the S1' pocket, and b) the 
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sulfonamide linking group in 77b makes hydrogen bonding contacts with residues L154 

and A165, which is not observed with 72b. 
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Figure 2.6 Docking results of 72b (top) and 77b (bottom) in the active site of MMP-2 

(PDB: 1QIB). The Zn(II) ion is shown in cyan, the fragments are represented as the green 

colored rods. In both cases the 4-fluorobenzyl group is buried in the S1' pocket. 

Hydrogen bonding depicted as dashed lines between 77b and residues L154 and A165 

can be seen in the bottom figure.  
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 Initial inspection of the docked structures of 72b and 77b does not explain the 

notable difference in potency observed for these two fragments; therefore, additional 

parameters were examined in order to provide a possible explanation for the disparity in 

observed activity. Indeed, the metal-binding ability of the fragments appears to be the key 

factor that discriminates between the two structural isomers. A ‘metal state penalty’ was 

calculated for each fragment, which accounts for the energetic cost of ionizing the 

fragment (in this case the 8-hydroxy proton) in order to bind to the Zn(II) ion. The 

calculated metal state penalties for 72b and 77b were +2.46 kcal/mol and +0.66 kcal/mol, 

respectively. When the penalty for each fragment is used to adjust the calculated Glide 

docking score, 72b has a final value of -8.66 kcal/mol, while 77b has a final value of -

9.97 kcal/mol. The greater potency of 77b over 72b is consistent with this 1.3 kcal/mol 

difference in the adjusted docking score. 

 To confirm that the metal state penalty was the likely origin of the difference in 

activity between the 2- and 7-substituted hydroxyquinoline derivatives, quantum 

mechanical calculations were conducted using Jaguar (Jaguar pKa v7.6; Schrödinger, 

Inc.) to determine the pKa of each isomer. The metal state penalty used in the docking 

procedure is essentially the energetic cost associated with deprotonation (ionizing) of the 

ligand and hence should be reflected in the pKa value of each isomer. Indeed, the 

calculated pKa value for the hydroxyl group on the 72b fragment is approximately 10.0, 

versus a value of 8.4 for the 77b isomer. Under the conditions of the assay (50 mM 

HEPES, pH 7.5) the 77b fragments would be more readily deprotonated than the 72b 

fragments, resulting in better inhibition of the metalloenzyme under these conditions. In 

summary, the results found by both the docking and pKa calculations indicated that the 
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77b fragment is a better hit when compared to fragment 72b due to an appropriate pKa 

value for metal binding at physiological pH.  

2. E. Screening CFL-1.1 Against Different Metalloforms: Methionine 

Aminopeptidase (MetAP) 

 The screening of CFL-1.1 against a metalloenzyme panel demonstrated the use of 

the fragment library as a tool to seek out new scaffolds for metalloenzyme inhibitors. 

While a majority of the enzymes screened contain Zn(II) metal ions, the iron and copper 

containing metalloenzymes have illustrated that the metal ion can dictate a preference for 

a type of metal-binding scaffold. It is difficult to make a direct comparison between metal 

ions when each is in a different and unique enzyme environment. Methionine 

aminopeptidase (MetAP) is a metalloenzyme capable of being reconstituted in an active 

form by a number of metal ions.111 Screening of CFL-1.1 against various metalloforms of 

this enzyme allows for an investigation into the preferences of each metal ion in identical 

protein environments.  

 The ability of an enzyme to be activated by numerous metals poses both a 

challenge as well as a unique chance to utilize the chelator fragment library. Evidence 

suggests that there are minimal conformational changes to the active site with respect to 

the varied metalloforms.111,115 Thus, there is an opportunity to screen the chelators in a 

protein environment where the only significant change occurring is the metal they bind 

to. CFL-1.1 was screened against Type I MetAP (EcMetAP-1) using a fluorescence-

based assay adapted from a literature procedure.114 Two metalloforms, Co(II) and Mn(II), 

have been screened to date. The results of these assays are illustrated in the heat plots 

below (Figures 2.8, 2.9). 
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Figure 2.8 Heatplot representing results of CFL-1.1 screened at 50 µM against Co(II) 

EcMetAP-1. Fragments are color-coded by percent inhibition: black (0-25%), red (26-

50%), orange (51-75%) and yellow (76-100%). Gray indicates a fragment that gave 

inconsistent results due to interference with the assay.  
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Figure 2.9 Heatplot representing results of CFL-1.1 screened at 50 µM against Mn(II) 

EcMetAP-1. Fragments are color-coded by percent inhibition: black (0-25%), red (26-

50%), orange (51-75%) and yellow (76-100%). Gray indicates a fragment that gave 

inconsistent results due to interference with the assay. 

 

 The screening of Co(II)-loaded EcMetAP-1 against CFL-1.1 showed more than 

half of the library inhibited the enzyme by >50% (Figure 2-8). Overall a majority of the 

quinoline-based compounds, particularly those containing an 8-hydroxyquinoline motif 

appear to have strong MetAP inhibitory activity. The pyrimidines (1c-12c) and salicylic 

acids (1f-12f) preformed the worst overall. Some notable comparisons can be made 

between select hydroxypyridnones. The thione containing compounds 11e and 12e 

exhibit strong inhibitory activity, where as their oxygen analogs (4e and 5e) show little to 
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no inhibition. The difference in activity between hydroxypyrone analogues 1d and 2d, 

also shows a preference for the thione containing chelator. In contrast to the Co(II) 

metalloform, Mn(II)-reconstituted EcMetAP-1 resulted in a lower overall hit rate when 

screened against CFL-1.1, with roughly only one-third of the library resulting in hits 

(inhibition >50%). Again the 8-hydroxyquinolines preformed moderately well, as well as 

a select few hydroxypyrones. With respect to the hydroxypyrones it should be noted that 

this metalloform appears to have a slight preference for the fragments containing O,O 

donor atoms sets as opposed the thione fragments (Figure 2.9). Future studies will focus 

on screening CFL-1.1 against two additional metalloforms of ECMetAP-1 (Ni(II) and 

Fe(II)). 

2. F. Conclusions 

 This work describes the development and evaluation of a fragment library based 

on metal chelators. A diverse collection of ligands is presented in order to offer 

alternatives to the common metal-binding motifs found in most metalloenzyme 

inhibitors. CFL-1.1 produced high hit rates against MMPs, LF, 5-LO, TY and EcMetAP-

1 Co(II) but not against the heme-dependent iNOS and EcMetAP-1 Mn(II). Many of the 

chelators identified as new MBGs have the potential to be elaborated at multiple 

positions, as demonstrated by the preparation of a small, focused sublibrary based on an 

8-hydroxyquinoline fragment for MMP-2 inhibition. This focused library showed that 

substitution at either the 5- or 7-positions of the 8-hydroxyquinoline gave potent leads 

against MMP-2, while derivatives at the 2- and 4-positions did not. The ability to 

elaborate these MBG fragments into more advanced hits and eventually lead compounds 

is essential for inhibitor development. Unlike hydroxamic acids, many of the chelators 
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from CFL-1.1 may be modified at more than one position due to their cyclic structures. 

Having multiple sites of substitution demonstrates that one hit from CFL-1.1 can actually 

produce multiple sublibraries and advanced hits of different connectivity. Sublibraries 

can also be developed with fragments bearing more than one substituent on these cycle 

scaffolds. Computational studies indicate that differences in ligand acidity may contribute 

significantly to the range of activity observed for these focused fragment sublibraries. 

Overall this study shows the value of chelator libraries as a tool in FBLD against 

metalloprotein targets, and should open up a wide-variety of new scaffolds from which 

new inhibitors can be devised. 
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2. G. Experimental 

 Unless otherwise noted, starting materials were purchased from commercial 

suppliers (Sigma-Aldrich, ChemBridge, Acros Organics) and were used without further 

purification. Flash silica gel chromatography was performed using Merck silica gel 40-63 

µm mesh. 1H NMR spectra were recorded on one of several Varian FT-NMR 

spectrometers, property of the Department of Chemistry and Biochemistry, University of 

California San Diego. Mass spectrometry was performed at the Small Molecule Mass 

Spectrometry Facility in the Department of Chemistry and Biochemistry, University of 

California San Diego. Microwave reactions were performed in 10 mL vials using a CEM 

Discover S-class microwave reactor. For all assays, IC50 values were obtained for select 

fragments that showed ≥50% inhibition. IC50 values of hits were obtained by preparing 

serial dilutions of DMSO stock solutions for each compound. IC50 values were calculated 

from the plotted dose response curve using GraphPad Prism 5 software. 

 

Chelator Fragment Library 1 (CFL-1.1) – Synthesis and Characterization  

 CFL-1.1 was assembled from 76 commercially available compounds the 

remaining of the fragments were synthesized: 13 compounds (10b, 1d-3d, 5d, 8d-12d, 

8e-10e and 6g) were prepared according to literature precedent. Compounds 3e-5e, 7e, 

11e and 12e were prepared according to the general procedure illustrated below with the 

respective starting materials of maltol (4d), thiomaltol (5d) and ethylmaltol (6d) and 

thioethylmaltol – synthesis also listed below when reacted with methylamine and 

ethylamine. Compounds were stored as solids or in DMSO stock solutions at a 

concentration of 50 mM. 
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 Fragment 10b N-(quinolin-8-yl)methanesulfonamide: To a solution of 8-

aminoquinoline (200 mg, 1.39 mmol) in 3 mL of pyridine, was added methanesulfonyl 

chloride (162 µL, 2.08 mmol). The solution was irradiated in a microwave synthesizer for 

3 min at 130 °C at maximum power.149 The reaction mixture was poured over 10 mL of 

cold H2O. The resulting precipitate was isolated by vacuum filtration. The product was 

purified by recrystallization in EtOH, the precipitated product filtered and collected to 

yield 210 mg, 945 mmol. Yield: (68%). 1H NMR (500 MHz, DMSO-d6): δ 9.34 (s, br, 

1H), 8.90 (dd, J = 4.0, 1.7 Hz, 1H), 8.40 (dd, J = 8.6, 1.7 Hz, 1H), 7.70 (m, 2H), 7.62 (q, 

J = 4 Hz, 1H), 7.57 (t, J = 8 Hz, 1H), 3.12 (s, 3H). ESI-MS(+): m/z 223.22 [M+H]+. 13C 

NMR (125 MHz, DMSO-d6): δ 149.9, 139.3, 137.1, 134.7, 128.7, 127.3, 123.3, 122.9, 

117.2. 

 Thioethylmaltol (precursor for the preparation of 11d): To a solution of 

Ethylmaltol (2.5 g, 17.8 mmol) in 100 mL toluene, was added P4S10 (1.43 g, 3.2 mmol) 

and hexamethyldisiloxane (HMDO) (4.8 g, 30.4 mmol). The solution was heated to 

reflux at 100 °C overnight under nitrogen. The solution was cooled to room temperature 

and filtered and the filtrate was concentrated in vacuo to yield a brown oil. The oil was 

purified via flash silica chromatography using 1:1 CH2Cl2 to hexane as an eluent to yield 

product as a solid (2.28 g, 14.6 mmol). Yield = 82%. 1H NMR (400 MHz, CDCl3): δ 1.28 

(t, J = 7.2 Hz, 3H), 2.83 (q, J = 7.2 Hz, 2H), 7.32 (d, 5.2 Hz, 1H; ArH), 7.61 (d, J = 4.8 

Hz, 1H; ArH), 7.79 (s, 1H; ArOH). APCI-MS(-): m/z 155.00 [M-H]-. 

 General synthesis of 3e, 4e, 5e, 7e, 11e and 12e: To a solution of the starting 

pyrone (500 mg, 3-4 mmol) in 5 mL dilute HCl (0.38 M), 2.2 equivalents of the 

appropriate amine was added. The solution was irradiated in a microwave synthesizer at 
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165 °C for 1-10 minutes. The solvent was evaporated and the crude was purified by silica 

column chromatography using 0-6% MeOH in CH2Cl2 as an eluent. The product was 

collected and concentrated down in vacuo to yield a solid.  

 3e (2-ethyl-3-hydroxy-1-methylpyridin-4(1H)-one): 3e was synthesized 

according to the above procedure starting from ethylmaltol (6d, 500 mg, 3.57 mmol) and 

methylamine (244 mg, 7.85 mmol). The product was purified by silica chromatography 

on silica using 0-3% MeOH in CH2Cl2 as the eluent to yield the product as a solid (114 

mg, 0.75 mmol). Yield: 20%. 1H NMR (400 MHz, DMSO-d6): δ 7.53 (d, J = 7.6 Hz, 1H; 

ArH), 6.08 (d, J = 7.6 Hz, 1H; ArH), 3.67 (s, 3H), 2.70 (q, J = 7.2 Hz, 2H), 1.11 (t, J = 

7.2 Hz, 3H). ESI-MS(+): m/z 154.28 [M+H]+. 

 4e 1-ethyl-3-hydroxy-2-methylpyridin-4(1H)-one: 4e was synthesized 

according to the above procedure starting from maltol (4d, 500 mg, 3.97 mmol) and 

methylamine (393 mg, 8.72 mmol). The precipitate was filtered, rinsed with water, and 

dried under vacuum. The product was purified via silica column chromatography using 0-

5% MeOH in CH2Cl2 an eluent to yield product as a solid (42 mg, 0.281 mmol). Yield = 

7.1%. 1H NMR (400 MHz, CDCl3-d1): δ 7.23 (d, J = 6.4 Hz, 1H), 6.39 (d, J = 7.6 Hz, 

1H), 4.75-4.25 (br, 1H), 3.95-3.89 (q, J = 7.6 Hz, 2H), 2.39 (s, 3H), 1.38 (t, J = 7.6 Hz, 

3H). ESI-MS(+): m/z 154.2 [M+H]+. 

 5e (1,2-diethyl-3-hydroxypyridin-4(1H)-one): 5e was synthesized according to 

the above procedure starting from ethylmaltol (6d, 500 mg, 3.57 mmol) and ethylamine 

(354 mg, 7.85 mmol). The precipitate was filtered, rinsed with water, and dried under 

vacuum. The product was purified via silica column chromatography using 0-3% MeOH 

in CH2Cl2 an eluent to yield product as a solid (95 mg, 0.571 mmol). Yield: 16%. 1H 
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NMR (400 MHz, CDCl3): δ 7.22 (d, J = 7.6 Hz, 1H), 6.40 (d, J = 6.4 Hz, 1H), 4.75 (s, br, 

1H), 3.93 (q, J = 7.2 Hz, 2H), 2.79 (q, J = 7.2 Hz, 2H), 1.41 (t, J =7.2 Hz, 3H), 1.23 (t, J 

= 7.2 Hz, 3H). ESI-MS(+): m/z 168.20 [M+H]+. 

 7e (3-hydroxy-1,2-dimethylpyridine-4(1H)-thione): 7e was synthesized 

according to the above procedure starting from thiomaltol (5d, 500 mg, 3.53 mmol) and 

methylamine (241 mg, 7.8 mmol). The precipitate was filtered, rinsed with water, and 

dried under vacuum. The product was purified via silica column chromatography using 0-

6% MeOH in CH2Cl2 an eluent to yield product as a solid (503 mg, 3.24 mmol). Yield: 

92%. 1H NMR (400 MHz, CDCl3-d1): δ 8.74 (s, 1H), 7.45 (d, J = 6.4 Hz, 1H), 7.11 (d, J 

= 6.8 Hz, 1H), 3.78 (s, 3H), 2.49 (s, 3H).  ESI-MS(+): m/z 156.21 [M+H]+. 

 11e (1,2-diethyl-3-hydroxypyridine-4(1H)-thione): 11e was synthesized 

according to the above procedure starting from thioethylmaltol (400 mg, 2.56 mmol) and 

ethylamine (254 mg, 5.63 mmol). The precipitate was filtered, rinsed with water, and 

dried under vacuum. The product was purified via silica column chromatography using 0-

3% MeOH in CH2Cl2 an eluent to yield product as a solid (173 mg, 0.947 mmol). Yield: 

37%. 1H NMR (400 MHz, CDCl3): δ 8.75 (s, 1H; ArOH), 7.50 (d, J = 6.4 Hz, 1H; ArH), 

7.11 (d, J = 6.8 Hz, 1H; ArH), 4.07 (q, J = 7.2 Hz, 2H), 2.81 (q, J = 7.2 Hz, 2H), 1.49 (t, 

J = 7.6 Hz, 3H), 1.28 (t, J = 7.2 Hz, 3H). ESI-MS(+): m/z 184.19 [M+H]+. 

 12e (1-ethyl-3-hydroxy-2-methylpyridine-4(1H)-thione): 12e was synthesized 

according to the above procedure starting from thiomaltol (5d, 500 mg, 3.53 mmol) and 

ethylamine (350 mg, 7.8 mmol). The precipitate was filtered, rinsed with water, and dried 

under vacuum. The product was purified via silica column chromatography using 0-5% 

MeOH in CH2Cl2 an eluent to yield product as a solid (206 mg, 1.12 mmol). Yield: 32%. 
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1H NMR (400 MHz, CDCl3-d1): δ 8.74 (s, 1H), 7.45 (d, J = 7.6 Hz, 1H), 7.13 (d, J = 6.8 

Hz, 1H), 4.06 (q, J = 7.2 Hz, 2H), 2.49 (s, 3H) 1.45 (t, J = 7.2 Hz, 3H). ESI-MS(+): m/z 

170.16 [M+H]+. 

Hydroxyquinoline Sublibrary Synthesis and Charazterization  

 N-(8-Hydroxyquinolin-2-yl)benzenesulfonamide (72a): 2-Amino-8-

hydroxyquinoline (100 mg, 0.624 mmol) and benzenesulfonyl chloride (236 µL, 1.87 

mmol) were dissolved in 3 mL of pyridine. The reaction mixture was irradiated in a 

microwave synthesizer at 130 °C for 6 min. The reaction was quenched with 10 mL of 

water and then extracted with 10 mL of CH2Cl2. The organic layer was dried over 

MgSO4, filtered, and dried to yield a white powder. This white powder is the intermediate 

2-(phenylsulfonamido)quinolin-8-yl benzenesulfonate, which contains a sulfonamide 

moiety at the 2-position as well as a sulfonate ester group at the 8-position of the ring. To 

remove the sulfonate ester, the intermediate was dissolved in 3 mL of MeOH, followed 

by addition of 3 mL of 2 M NaOH drop-wise, after which the mixture was heated to 

reflux for 5 h under nitrogen. After heating, the solution was allowed to cool to room 

temperature and the MeOH was removed under vacuum. To the aqueous solution was 

added 1M HCl drop-wise until a precipitate formed. The precipitate was filtered, rinsed 

with water, and purified by flash chromatography on silica with 0-3% MeOH in CH2Cl2 

as the eluent. The solid was isolated. Yield: 40 mg (21%). 1H NMR (400 MHz, DMSO-

d6): δ 12.12 (s, br, 1H), 11.04 (s, br, 1H), 8.18 (d, J = 9.2 Hz, 1H), 7.89 (s, br, 2H), 7.59-

7.53 (m, 3H), 7.29-7.22 (m, 2H), 7.12 (d, J = 6.4 Hz, 1H), 7.06 (d, J = 10 Hz, 1H). ESI-

MS (+): m/z 301.26 [M+H]+. 13C NMR (125 MHz, DMSO-d6) δ 143.3, 141.9, 132.6, 

132.6, 126.3, 125.3, 118.7, 115.4. 



 

 

79 

 4-Fluoro-N-(8-hydroxyquinolin-2-yl)benzenesulfonamide (72b): 72b was 

synthesized according to the procedure described for 72a starting from 2-amino-8-

hydroxyquinoline (100 mg, 0.624 mmol) and 4-fluorobenzene-1-sulfonyl chloride (364 

mg, 1.87 mmol). Purification of this compound did not require column chromatography. 

Yield: 74 mg, 0.023 mmol, 37%. 1H NMR (400 MHz, DMSO-d6): δ 12.17 (s, br, 1H), 

11.05 (s, br, 1H), 8.19 (d, J = 9.2 Hz, 1H), 7.95 (s, br, 2H), 7.38 (t, J = 8.8 Hz, 2H), 7.30-

7.23 (m, 2H), 7.13 (d, J = 7.2 Hz, 1H), 7.08 (d, J = 9.6 Hz, 1H). 13C NMR (125 MHz, 

DMSO-d6) δ 165.3, 163.3, 129.2, 125.4, 118.7, 116.6, 116.4. ESI-MS (+): m/z 319.24 

[M+H]+. Anal. Calcd for C15H11FN2O3S: C, 56.60; H, 3.48; N, 8.80. Found C, 56.99; H, 

3.82; N, 8.74. 

 N-(8-Hydroxyquinolin-2-yl)-[1,1'-biphenyl]-4-sulfonamide (72c): 72c was 

synthesized according to the procedure described for 72a starting from 2-amino-8-

hydroxyquinoline (100 mg, 0.624 mmol) and [1,1'-biphenyl]-4-sulfonyl chloride (473 

mg, 1.87 mmol). The crude material was purified using column chromatography on silica 

with 0-3% MeOH in CH2Cl2 as the eluent. The solid was isolated. Yield: 26 mg (11%). 

1H NMR (400 MHz, DMSO-d6): δ 12.19 (s, br, 1H), 11.07 (s, br, 1H), 8.19 (d, J = 9.2 

Hz, 1H), 7.95 (d, J = 5.6 Hz, 2H), 7.83 (d, J = 8 Hz, 2H), 7.69 (d, J = 7.6 Hz, 2H), 7.48 

(t, J = 7.6 Hz, 2H), 7.41 (t, J = 6.8 Hz, 1H), 7.30-7.22 (m, 2H), 7.13 (d, J = 7.6 Hz, 1H), 

7.08 (d, J = 10 Hz, 1H).  ESI-MS (+): m/z 377.28 [M+H]+. 13C NMR (125 MHz, DMSO-

d6) δ 139.1, 129.5, 128.8, 127.7, 127.5, 125.3, 118.7, 118.7. 

 N-(8-Hydroxyquinolin-2-yl)thiophene-2-sulfonamide (72c): 272c was 

synthesized according to the procedure described for 72a starting from 2-amino-8-

hydroxyquinoline (100 mg, 0.624 mmol) and thiophene-2-sulfonyl chloride (342 mg, 
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1.87 mmol). The crude material was purified using column chromatography on silica 

with 0-3% MeOH in CH2Cl2 as the eluent. The solid was isolated. Yield: 30 mg (16%). 

1H NMR (400 MHz, CD3OD): δ 8.17 (d, J = 9.2 Hz, 1H), 7.72 (m, 2H), 7.29 (m, 2H), 

7.15 (dd, J = 5.6, 2.8 Hz, 1H), 7.10 (m, 2H). ESI-MS (+): m/z 307.30 [M+H]+. 13C NMR 

(125 MHz, DMSO-d6) δ 148.8, 142.5, 132.1, 130.7, 127.8, 125.5, 118.7, 115.7. 

 4-Amino-8-hydroxyquinoline•HBr: 4-Amino-8-hydroxyquinoline was prepared 

according to a literature procedure starting from 4-amino-8-methoxyquinoline (100 mg, 

0.57 mmol). Yield: 130 mg (84%).150 1H NMR (400 MHz, D2O): δ 7.77 (d, J = 6.4 Hz, 

1H), 7.10 (d, J = 6.4 Hz, 2H), 6.93 (dd, J = 6.8, 2.4 Hz, 1H), 6.40 (d, J = 7.2 Hz, 1H). 

ESI-MS(+): m/z 161.33 [M+H]+. 13C NMR (125 MHz, DMSO-d6) δ 149.9, 139.3, 137.1, 

134.7, 128.7, 127.3, 123.3, 122.9, 117.2. 

 N-(8-Hydroxyquinolin-4-yl)benzenesulfonamide (74a): 4-Amino-8-

hydroxyquinoline•HBr (50 mg, 0.21 mmol) and benzenesulfonyl chloride (29 µL, 0.23 

mmol) were dissolved in 3 mL of pyridine. The reaction mixture was irradiated in a 

microwave synthesizer at 130 °C for 6 min. The reaction was quenched with 10 mL of 

water and then extracted with 10 mL of CH2Cl2. The product was purified by 

recrystallization in EtOH, the precipitated product filtered and collected. The organic 

layer was dried with MgSO4, filtered, and dried to yield a white solid. Yield: 16 mg 

(25%). 1H NMR (400 MHz, CD3OD): δ 8.05 (d, J = 6 Hz, 1H), 7.98 (d, J = 8.4 Hz, 1H), 

7.82 (d, J = 8.4 Hz, 2H), 7.57 (q, J = 6.4 Hz, 2H), 7.42 (t, J = 8 Hz, 2H), 7.35 (t, J = 8Hz, 

1H), 6.53 (d, J = 5.6 Hz, 1H). ESI-MS(+): m/z 301.05 [M+H]+. 13C NMR (125 MHz, 

DMSO-d6) δ 167.6, 163.4, 160.6, 150.4, 148.8, 134.9, 134.5, 129.7, 128.7, 122.4, 119.8, 

103.4. 
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 4-Fluoro-N-(8-hydroxyquinolin-4-yl)benzenesulfonamide (74b): 74b was 

synthesized according to the procedure described for 74a starting from 4-amino-8-

hydroxyquinoline•HBr (100 mg, 0.41 mmol) and 4-fluorobenzene-1-sulfonyl chloride 

(126 mg, 0.65 mmol). Synthesis of this compound required 20 min of microwave 

irradiation. The product was purified by recrystallization in EtOH, the precipitated 

product filtered and collected. A white solid was isolated. Yield: 52 mg (40%). 1H NMR 

(400 MHz, CD3OD) δ 8.49 (s, 1H), 8.04, (t, J = 9.2 Hz, 1H), 7.87-7.84 (m, 2H), 7.59 (d, 

J = 6.9 Hz, 1H), 7.40 (t, J = 7.4 Hz, 1H), 7.16 (t, J = 6.9 Hz, 2H), 6.58 (d, J = 3.4 Hz, 

1H).  ESI-MS(+): m/z 319.02 [M+H]+. 13C NMR (125 MHz, DMSO-d6) δ 166.48, 

164.46, 160.9, 131.9, 131.8, 131.8, 127.9, 127.8, 122.2, 116.7, 116.5, 114.4, 114.2, 102.9. 

 N-(8-Hydroxyquinolin-4-yl)-[1,1′-biphenyl]-4-sulfonamide (74c): 74c was 

synthesized according to the procedure described for 74a starting from 4-amino-8-

hydroxyquinoline•HBr (100 mg, 0.41 mmol) and [1,1'-biphenyl]-4-sulfonyl chloride (157 

mg, 0.62 mmol). Synthesis of this compound required 10 min of microwave irradiation. 

The product was purified by recrystallization in EtOH, the precipitated product filtered 

and collected. A white solid was isolated. Yield: 30 mg (20%). 1H NMR (400 MHz, 

CDCl3): δ 8.30 (s, 1H), 7.00 (d, J = 8.6 Hz, 2H), 7.69 (d, J = 6.9 Hz, 1H), 7.61 (d, J = 8.0 

Hz, 2H), 7.55 (t, J = 8.5 Hz, 3H), 7.47 (t, J = 6.3 Hz, 2H), 7.40 (t, J = 7.4 Hz, 1H) 7.32 (t, 

J = 8.0 Hz, 1H), 6.49 (s, 1H). ESI-MS(+): m/z 377.09 [M+H]+. 13C NMR (125 MHz, 

DMSO-d6) δ 146.2, 138.5, 134.7, 129.6, 129.4, 129.3, 128.6, 127.7, 127.6, 127.6, 127.5, 

122.3, 103.3. 

 N-(8-Hydroxyquinolin-4-yl)-thiophene-2-sulfonamide (74d): 74d was 

synthesized according to the procedure described for 74a starting from 4-amino-8-
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hydroxyquinoline•HBr (100 mg, 0.41 mmol) and thiophene-2-sulfonyl chloride (112 mg, 

0.61 mmol). The product was purified by recrystallization in EtOH, the precipitated 

product filtered and collected. A white solid was isolated. Yield: 54 mg (44%). 1H NMR 

(400 MHz, CD3OD): δ 8.09 (d, J = 5.2 Hz, 1H), 8.01 (d, J = 8.6 Hz, 1H), 7.79 (d, J = 5.2 

Hz, 1H), 7.61 (d, J = 3.4 Hz, 1H), 7.57 (d, J = 8.0 Hz, 1H), 7.38 (t, J = 8.0 Hz, 1H), 7.02 

(t, J = 8.6 Hz, 1H), 6.55 (d, J = 5.8 Hz, 1H). 13C NMR (125 MHz, DMSO-d6) δ 151.6, 

150.6, 144.9, 142.0, 136.4, 136.0, 134.4, 127.8, 122.5, 122.1, 121.6, 120.1, 103.0. ESI-

MS(+): m/z 307.03 [M+H]+. Anal. Calcd for C13H10N2O3S2: C, 50.97; H, 3.29; N, 9.14. 

Found C, 50.68; H, 3.64; N, 9.10. 

 N-(8-Hydroxyquinolin-5-yl)benzenesulfonamide (75a): 5-Amino-8-

hydroxyquinoline•2HCl (100 mg, 0.429 mmol) and benzenesulfonyl chloride (81 µL, 

0.644 mmol) were dissolved in 3 mL of pyridine. The reaction was allowed to stir 

overnight under N2. The reaction was quenched with 10 mL of water and extracted with 

10 mL of CH2Cl2. The organic layer was dried over MgSO4 and purified by flash silica 

chromatography in 0-3% methanol in CH2Cl2. Yield: 22mg (17%). 1H NMR (400 MHz, 

DMSO-d6): δ 9.98 (s, 2H), 8.80 (d, J = 4 Hz, 1H), 8.26 (d, J = 8.4 Hz, 1H), 7.59 (d, J = 8 

Hz, 3H), 7.51-7.45 (m, 3H), 6.94 (s, 2H). 13C NMR (125 MHz, DMSO-d6) δ 152.7, 

148.2, 139.4, 138.4, 132.7, 132.1, 129.1, 126.8, 126.5, 126.4, 122.4, 121.6, 110.5. ESI-

MS (+): m/z 301.19 [M+H]+. Anal. Calcd for C15H12N2O3S: C, 59.99; H, 4.03; N, 9.33. 

Found C, 59.88; H, 4.40; N, 9.70. 

 4-Fluoro-N-(8-hydroxyquinolin-5-yl)benzenesulfonamide (75b): 75b was 

synthesized according to the procedure described for 75a starting from 5-amino-8-

hydroxyquinoline•2HCl (100 mg, 0.429 mmol) and 4-fluorobenzenesulfonyl chloride 
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(125 mg, 0.644 mmol). The product was purified by flash silica chromatography in 0-3% 

MeOH in CH2Cl2. Yield: 24 mg (21%). 1H NMR (400 MHz, DMSO-d6): δ 10.03 (s, br, 

2H), 8.81 (dd, J = 4, 1.6 Hz, 1H), 8.26 (dd, J = 8.8, 1.6 Hz, 1H), 7.63 (dd, J = 8.8, 5.2 Hz, 

2H), 7.49 (dd, J = 8.4, 4Hz, 1H), 7.34 (t, J = 8.8 Hz, 2H), 6.95 (s, 2H). ESI-MS (+): m/z 

319.24 [M+H]+. 13C NMR (125 MHz, DMSO-d6) δ 163.2, 152.8, 148.3, 148.3, 138.4, 

135.8, 132.1, 129.9, 129.8, 126.7, 126.4, 122.2, 121.7, 116.35, 116.2, 110.5. 

 N-(8-Hydroxyquinolin-5-yl)-[1,1'-biphenyl]-4-sulfonamide (75c): 75c was 

synthesized according to the procedure described for 75a starting from 5-amino-8-

hydroxyquinoline•2HCl (100 mg, 0.429 mmol) and [1,1'-biphenyl]-4-sulfonyl chloride 

(163 mg, 0.644 mmol). The product was purified by recrystallization in EtOH, the 

precipitated product filtered and collected. Yield: 60 mg (37%). 1H NMR (400 MHz, 

DMSO-d6): δ 10.03 (s, br, 1H), 9.99 (s, br, 1H), 8.79 (dd, J = 4, 1.6Hz, 1H), 8.31 (dd, J = 

8.4, 1.2 Hz, 1H), 7.79 (d, J = 8.4 Hz, 2H), 7.68 (dd, J = 13.2, 7.2 Hz, 4H), 7.50-7.43 (m, 

4H), 6.98 (q, J = 8 Hz, 2H). 13C NMR (125 MHz, DMSO-d6) δ 152.7, 148.2, 144.0, 

138.4, 138.3, 132.2, 129.1, 128.6, 127.5, 127.2, 127.0, 126.5, 126.4, 122.4, 122.4, 121.6, 

110.5. ESI-MS (+): m/z 377.16 [M+H]+. Anal. Calcd for C21H16N2O3S: C, 67.00; H, 4.28; 

N, 7.45. Found C, 66.77; H, 4.66; N, 7.45. 

 N-(8-Hydroxyquinolin-5-yl)thiophene-2-sulfonamide (75d): 75d was 

synthesized according to the procedure described for 75a starting from 5-amino-8-

hydroxyquinoline•2HCl (100 mg, 0.429 mmol) and thiophene-2-sulfonyl chloride (118 

mg, 0.644 mmol). The product was purified by flash silica chromatography in 0-3% 

MeOH in CH2Cl2 followed by recrystallization in EtOH, the precipitated product filtered 

and collected. Yield: 21 mg (16%). 1H NMR (400 MHz, CD3OD): δ 8.77 (dd, J = 4, 1.6 
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Hz, 1H), 8.33 (dd, J = 8.4, 1.6 Hz, 1H), 7.71 (dd, J = 4.8, 1.6 Hz, 1H), 7.43 (dd, J = 8.4, 4 

Hz, 1H), 7.33 (dd, J = 4, 1.6 Hz, 1H), 7.10 (d, J = 8.4 Hz, 1H), 7.03 (dd, J = 5.2, 3.6 Hz, 

1H), 6.98 (d, J = 8 Hz, 1H). 13C NMR (125 MHz, DMSO-d6) δ 153.3, 148.7, 140.3, 

138.8, 133.7, 132.8, 132.4, 128.1, 127.2, 126.9, 122.6, 122.2, 110.9. ESI-MS (+): m/z 

307.21 [M+H]+. Anal. Calcd for C13H10N2O3S2: C, 50.97; H, 3.29; N, 9.14. Found C, 

50.82; H, 3.60; N, 9.48. 

 5-Chloro-8-hydroxy-7-nitroquinoline: 5-Chloro-8-hydroxy-7-nitroquinoline 

was prepared according to a literature procedure. Yield: 1.6 g (66%).151 1H NMR (400 

MHz, DMSO-d6): δ 9.10 (d, J = 4.4 Hz, 1H), 8.61 (d, J = 9.2 Hz, 1H), 8.21 (s, 1H), 7.95 

(dd, J = 8.4, 4.4 Hz, 1H). ESI-MS(-): m/z 223.35 [M-H]-. 13C NMR (125 MHz, DMSO-

d6) δ 150.9, 150.5, 140.4, 134.2, 132.8, 129.0, 126.4, 122.4, 118.4. 

 7-Amino-8-hydroxyquinoline: 7-Amino-8-hydroxyquinoline was prepared 

according to a literature procedure. Yield: 406 mg (95%).151 1H NMR (300 MHz, DMSO-

d6): δ 10.16 (s, br, 1H), 8.77 (d, J = 7.5 Hz, 1H), 8.71 (d, J = 5.7 Hz, 1H), 8.34 (d, J = 

3Hz, 1H), 7.66 (d, J = 8.7 Hz, 1H), 7.48 (t, J = 5.4 Hz, 1H), 7.39 (d, J = 8.7 Hz, 1H).  

ESI-MS(+): m/z 161.32 [M+H]+.  13C NMR (125 MHz, DMSO-d6) δ 145.3, 142.7, 131.0, 

123.2, 122.5, 122.2, 121.2, 117.1, 115.8. 

 N-(8-Hydroxyquinolin-7-yl)benzenesulfonamide (77a): 77a was synthesized 

according to the procedure described for 74a starting from 7-amino-8-hydroxyquinoline 

(100 mg, 0.625 mmol) and benzenesulfonyl chloride (78 µL, 0.618 mmol). The product 

was purified by flash silica chromatography in 0-3% MeOH in CH2Cl2 followed by 

recrystallization in EtOH. Yield: 11 mg (6%). 1H NMR (400 MHz, DMSO-d6): δ 9.81 (s, 

br, 2H), 8.76 (s, 1H), 8.24 (d, J = 8.4 Hz, 1H), 7.74 (d, J = 6.8 Hz, 2H), 7.56-7.51 (m, 
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1H), 7.47 (d, J = 7.6 Hz, 4H), 7.31 (dd, J = 8.8, 2.8 Hz, 1H). ESI-MS (+): m/z 301.19 

[M+H]+. 13C NMR (125 MHz, DMSO-d6) δ 148.9, 146.2, 141.2, 138.8, 136.5, 133.0, 

129.4, 127.0, 126.8, 125.2, 121.8, 121.1, 117.5. 

 4-Fluoro-N-(8-hydroxyquinolin-7-yl)benzenesulfonamide (77b): 77b was 

synthesized according to the procedure described for 77a starting from 7-amino-8-

hydroxyquinoline (100 mg, 0.625 mmol) and 4-fluorobenzene-1-sulfonyl chloride (120 

mg, 0.618 mmol). The product was purified by recrystallization in EtOH, the precipitated 

product filtered and collected. Yield: 52 mg (26%). 1H NMR (300 MHz, DMSO-d6): δ 

9.84 (s, br, 1H), 8.78 (dd, J = 3.6, 0.9 Hz, 1H), 8.27 (dd, J = 8.4, 1.8 Hz, 1H), 7.77 (dd, J 

= 9, 5.7 Hz, 2H), 7.51-7.46 (m, 2H), 7.36-7.28 (m, 3H).  ESI-MS (+): m/z 319.03 

[M+H]+. 13C NMR (125 MHz, DMSO-d6) δ 148.9, 146.7, 138.8, 137.5, 136.5, 130.1, 

130.0, 127.0, 125.9, 121.9, 120.8, 117.6, 116.6, 116.4. 

 N-(8-Hydroxyquinolin-7-yl)-[1,1'-biphenyl]-4-sulfonamide (77c): 77c was 

synthesized according to the procedure described for 77a starting from 7-amino-8-

hydroxyquinoline (100 mg, 0.625 mmol) and [1,1'-biphenyl]-4-sulfonyl chloride (156 

mg, 0.618 mmol). The product was purified by flash silica chromatography in 0-3% 

MeOH in CH2Cl2. Yield: 30 mg (13%). 1H NMR (400 MHz, DMSO-d6): δ  9.93 (s, br, 

2H), 8.81 (m, 1H), 8.29 (dd, J = 8.4, 2 Hz, 1H), 7.83 (q, J = 8 Hz, 4H), 7.71 (d, J = 6.4 

Hz, 2H), 7.57 (dd, J = 8.8, 3.6 Hz, 1H), 7.51-7.47 (m, 3H), 7.44 (dd, J = 8, 3.2 Hz, 1H), 

7.38 (dd, J = 8.8, 3.2 Hz, 1H). 13C NMR (125 MHz, DMSO-d6) δ 148.5, 145.7, 143.9, 

139.6, 138.4, 138.3, 136.0, 129.1, 128.5, 127.3, 127.1, 127.0, 126.3, 124.8, 121.3, 120.7, 

117.1. ESI-MS (+): m/z 377.10 [M+H]+. Anal. Calcd for C21H16N2O3S: C, 67.00; H, 4.28; 

N, 7.45. Found C, 66.78; H, 4.68; N, 7.28. 
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 N-(8-Hydroxyquinolin-7-yl)thiophene-2-sulfonamide (77d): 77d was 

synthesized according to the procedure described for 77a starting from 7-amino-8-

hydroxyquinoline (100 mg, 0.625 mmol) and thiophene-2-sulfonyl chloride (113 mg, 

0.618 mmol). The product was purified by flash silica chromatography in 0-3% MeOH in 

CH2Cl2 followed by recrystallization in EtOH. Yield: 27 mg (14%).  1H NMR (400 MHz, 

DMSO-d6): δ 9.97 (s, br, 1H), 8.80 (d, J = 4.4 Hz, 1H), 8.28 (d, J = 8 Hz, 1H), 7.83 (d, J 

= 3.6 Hz, 1H), 7.49 (d, J = 9.2 Hz, 4H), 7.35 (d, J = 8.8 Hz, 1H), 7.06 (t, J = 4.4 Hz, 1H).  

ESI-MS (+): m/z 306.98 [M+H]+. 13C NMR (125 MHz, DMSO-d6) δ 148.5, 146.5, 141.1, 

138.4, 136.1, 132.9, 131.8, 127.4, 126.6, 125.4, 121.5, 120.2, 117.1. 

Procedures for in vitro assays  

 Fluorometric Screening against MMPs. CFL-1.1 was screened against MMP-1, 

-2, -3, -8, and -9 at a concentration of 1 mM for each fragment. The assay was carried out 

in white NUNC 96-well plates as previously described.152 Each well contained a total 

volume of 90 µL including buffer (50 mM HEPES, 10 mM CaCl2, 0.05% Brij-35, pH 

7.5), human recombinant MMP (ENZO Life Sciences); 15.3 U MMP-1, 1.16 U MMP-2, 

2 U MMP-3, 1.84 U MMP-8, or 0.9 U MMP-9), and the fragment solution (1 mM final 

concentration). After a 30 min incubation period at 37 °C, the reaction was initiated by 

the addition of 10 µL of the fluorogenic MMP substrate (4 µM final concentration, Mca-

Pro-Leu-Gly-Leu-Dpa-Ala-Arg-NH
2
·AcOH, ENZO Life Sciences). Fluorescence 

measurements were recorded using a Bio-Tek Flx 800 fluorescence plate reader every 

minute for 20 min with excitation and emission wavelengths at 320 and 400 nm, 

respectively. The rate of fluorescence increase was compared for samples versus negative 

controls (no inhibitor, arbitrarily set as 100% activity). Eighteen compounds from CFL-



 

 

87 

1.1 were omitted from the screening due to excessive background fluorescence that 

interfered with the assay readings. A separate buffer (50 mM MES, 10 mM CaCl2, 0.05% 

Brij-35, pH 6.0) was used for all experiments with MMP-3. The 8-hydroxyquinoline 

sublibrary was screened against MMP-2 using the procedure described above with a final 

fragment concentration in each well of 25 µM. 

 Colorimetric Screening against MMPs. Due to excessive background 

fluorescence, 18 compounds from CFL-1.1 were screened in a colorimetric assay against 

MMP-1, -2, -3, -8, and -9 at a concentration of 1mM for each fragment. The assay was 

carried out in clear Costar® 96-well, half area, flat bottom assay plates. Each well 

contained a total volume of 90 µL including buffer (50 mM HEPES, 10 mM CaCl2, 

0.05% Brij-35, 1 mM DTNB, pH 7.5), human recombinant MMP (ENZO Life Sciences), 

and the fragment solution (1 mM final concentration). After a 30 min incubation period at 

37 °C, the reaction was initiated by the addition of 10 µL chromogenic MMP substrate 

(500 µM final concentration, Ac-Pro-Leu-Gly-[2-mercapto-4-methyl-pentanoyl]-Leu-

Gly-OC2H5, BIOMOL International). Absorbance was monitored at 405 nm using a Bio-

Tek FLx 808 colorimetric plate reader and measurements were recorded every minute for 

20 min. The rate of absorbance increase was compared for samples versus negative 

controls (no inhibitor, arbitrarily set as 100% activity). A separate buffer (50 mM MES, 

10 mM CaCl2, 0.05% Brij-35, 1 mM DNTB, pH 6.0) was used for all experiments with 

MMP-3.   

 Screening against LF. CFL-1.1 was screened against LF at a concentration of 

1mM for each fragment. The assay was carried out in white NUNC 96-well plates as 

previously described.12 Each well contained a volume of 90 µL including buffer (20 mM 
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HEPES, pH 7.4), recombinant LF (10 nM final concentration, List Biological 

Laboratories), and the fragment solution (1 mM final concentration). After a 20 min 

incubation period at 25 °C, the reaction was initiated by the addition of 10 µL fluorogenic 

LF substrate (2 µM final concentration, MAPKKide DABCYL/FITC, List Biological 

Laboratories). Fluorescence measurements were recorded using a Bio-Tek Flx 800 

fluorescence plate reader every minute for 20 min with excitation and emission 

wavelengths at 485 and 528 nm, respectively. The rate of fluorescence increase was 

compared for samples versus negative controls (no inhibitor, arbitrarily set as 100% 

activity). During this screen four compounds (10b, 11b, 10c and 5e) and/or their results 

were excluded from the assay due to either precipitation, excessive fluorescence, 

presence of functional groups known to react with assay components or the compound 

significantly increased the fluorescence of the assay relative to the control with no 

inhibitor.   

 Screening against 5-LO. CFL-1.1 was screened against 5-LO at a concentration 

of 1 mM for each fragment. The assay was performed according to a literature procedure 

at room temperature.153 Each well contained a volume of 80 µL including buffer (50 mM 

Tris, 2 mM EDTA, 2 mM CaCl2, pH 7.5), human recombinant 5-LO (0.2 U, Cayman 

Chemicals), reporter dye (2',7'-dichlorofluorescin diacetate; H2DCFDA, 10 µM, 

Invitrogen), fragment solution (1 mM), arachidonic acid (AA, 3 µM, Fischer Scientific), 

and adenosine triphosphate (ATP, 10 µM, Sigma-Aldrich). H2DCFDA and 5-LO were 

incubated for 5 min prior to the addition of the fragment solution. This was followed by a 

second incubation for 10 min. The reaction was initiated by the addition of a substrate 

solution containing AA and ATP. The reaction was monitored using a Bio-Tek Flx 800 
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fluorescence plate reader. Fluorescence measurements were recorded every minute for 20 

min with excitation and emission wavelengths at 485 and 528 nm, respectively. The rate 

of fluorescence increase was compared for samples versus negative controls (no inhibitor, 

arbitrarily set as 100% activity). The 5-LO screen of CFL-1.1 resulted in nine compounds 

(3b, 4d, 6d, 10d, 10e, 8f, 1g, 10g and 12g) that significantly increased the fluorescence of 

the assay relative to the control with no inhibitor.  The origin of this interference was not 

identified and these compounds were excluded from further examination with respect to 

5-LO. 

 Screening against TY. CFL-1.1 was screened against TY at a concentration of 

1mM for each fragment. The assay was performed according to a literature procedure at 

room temperature.96 Each well contained a volume of 100 µL including buffer (50 mM 

phosphate, pH 6.8), mushroom TY (30 U, Sigma-Aldrich), fragment solution (1 mM), 

and L-dopamine (0.5 mM, Sigma-Aldrich). Mushroom TY and the fragment solution 

were incubated for 10 min. A background absorbance reading at 475 nm was recorded 

using a Bio-Tek FLx 808 colorimetric plate reader. L-Dopamine was added to initiate the 

reaction, which was allowed to proceed for 10 min before a second absorbance reading at 

475 nm was taken. After subtracting the background absorbance, the remaining 

absorbance of the negative controls (no inhibitor) was arbitrarily set as 100% activity. 

The ratio of absorbance between inhibitor and control wells was defined as percent TY 

activity. Several compounds from CFL-1.1 (6b-10b, 6g-9g and 3h) interfered with the 

TY assay, resulting in an increase in absorbance relative to the negative control. The 

origin of this interference was not identified and these compounds were excluded from 

further examination with respect to TY. 
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 Screening against iNOS. CFL-1.1 was screened against iNOS at a concentration 

of 1 mM for each fragment. iNOS assays were performed at 37 °C using a commercially 

available colorimetric assay kit purchased from Calbiochem. Murine recombinant iNOS 

protein (0.1 U, Calbiochem), substrate L-arginine (80 µmol, Sigma-Aldrich), and 

inhibitor fragments (80 µmol) were incubated in assay buffer (Calbiochem, Catalog No. 

482702) at a total volume of 60 µL for 5 min. A nitrate reductase solution (prepared as 

directed by supplier) was added (10 µL) followed by 10 µL of a freshly made stock of 

1mM NADPH to initiate the reaction. After 40 min incubation the reaction was stopped 

by heat inactivation of the iNOS (incubation for 30 s in boiling water). In order to destroy 

excess NADPH, 10 µL of a lactate dehydrogenase (LDH) solution and 10 µL of an LDH 

cofactor solution were added followed by 20 min incubation. Following this incubation, a 

background reading of absorbance was taken at 540 nm using a Bio-Tek ELx 808 

colorimetric plate reader. Griess Reagent 1 (1% sulfanilamide in 5% phosphoric acid) 

was added (50 µL) to each well followed by 50 µL of Griess Reagent 2 (0.1% N-(1-

Naphthyl)ethylenediamine•2HCL in water). The reagents were allowed to develop for 10 

min prior to collecting a second absorbance measurement at 540 nm. After subtracting 

the background absorbance, the remaining absorbance of the negative controls (no 

inhibitor) was arbitrarily set as 100% activity. The ratio of absorbance between inhibitor 

and control wells was defined as percent iNOS activity. 

 Screening against MetAP. This procedure has been adapted from a previously 

reported assay.114 Unless otherwise stated all solutions are diluted into the buffer (50 mM 

MOPs at 7.5 pH). In a 96-well polystyrene plate, each well is plated with 10 µL of apo-

MetAP at 12.5 µM. To this 60 µL of 50 mM MOPS buffer at pH 7.5 is added. Lastly, 10 
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µL of 200 µM metal solution is added. The wells are allowed to incubate for 20 min at 

room temperature. The metal solution is dependent to the metalloform being investigated 

(CoCl2, MnCl2, etc.). Afterwards, 10 µL of the chelator fragments at a final concentration 

of 50 µM was added to the wells. Again the plate is set aside to incubate at room 

temperature for 10 minutes. The reaction was initiated by the addition of 10 µL of Met-

AMC substrate (Enzo Life Sciences) at 1 mM. Fluorescence measurements were 

recorded using a Bio-Tek Flx 800 fluorescence plate reader every minute for 40 min with 

excitation and emission wavelengths at 360 and 460 nm, respectively. As the enzyme 

proceeds to cleave the methionine it releases 7-amido-4-mentylcoumarin (AMC), which 

can be monitored at room temperature by fluorescence. In total each well contained a 

final volume of 100 µL including: MOPS buffer 50 mM, EcMetAP1 1.25 µM, metal 

solution 20 µM (8-times excess relative to enzyme), 50 µM fragment solution and Met-

AMC 100 µM (all final concentrations). The rate of fluorescence increase was compared 

for sample verses a negative control (no inhibitor, set as 100% activity). 

Computational Studies   

 The coordinates for the X-ray crystal structure of MMP-2 were taken from the 

RCSB Protein Data Bank (entry 1QIB) and prepared using the Protein Preparation 

Wizard, which is part of the Maestro software package (Maestro v9.1; Schrodinger, Inc.). 

The Protein Preparation Wizard was used to add bond order assignments and formal 

charges for heterogroups (amino acid residues, metal-ligand bonds) and hydrogen atoms 

to the system. To optimize the hydrogen bonding network, histidine tautomers and 

ionization states were predicted, and manual corrections were made when necessary to 

ensure correct coordination with the Zn(II) ion. Proper assignment of Asn and Gln 
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sidechains (due to ambiguity of electron density between oxygen and nitrogen) was 

assessed by rotating 180° around the terminal χ angle of these residues while adding 

hydrogen atoms to sample the hydrogen bonding network around the residues; to 

determine if the oxygen and nitrogen atoms were assigned properly.  All water molecules 

in the structure were removed. 

The 3-dimensional structures of fragments 72b and 77b in the appropriate 

ionization state (i.e. deprotonated 8-hydroxyl group) were prepared using LigPrep v2.3. 

(LigPrep v2.3; Schrödinger, Inc.) This was achieved using ‘add metal binding states’ 

option during the ligand preparation. This option generates different ionization states of 

the ligand that might be suitable for metal ion binding; only select ionization states were 

then used for docking (i.e. where the 2-hydroxyl group was deprotonated giving the 

ligands an overall -1 charge). Additionally, it is in this step that the metal binding penalty 

is calculated.  Ligand-receptor docking of 72b and 77b was performed using Glide XP 

v5.5 (Glide v5.5; Schrödinger, Inc.), with a maximum of ten scoring poses saved for each 

fragment. The top scoring poses for each fragment were assessed for their distance and 

positioning of the ZBG relative to the active site zinc(II) ion. The top scoring poses for 

each fragment were found to possess the expected binding mode (e.g. bidentate not 

monodentate ligation) with reasonable metal-ligand bond distances based on 

crystallographically characterized zinc-hydroxyquinoline complexes. Of the final poses, 

those with the best overall scores were examined and compared. The final docking score 

was a combination of the Glide XP score and the Metal State Penalty obtained during 

preparation of the ligand, the latter of which accounts for the energy required to obtain 

the correct protonation state of the chelator. 
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In order to verify the metal state penalty from the docking experiments, quantum 

mechanical pKa calculations were conducted on truncated versions of 72b and 77b 

(where the 4-fluorobenzyl group was replaced with a methyl group) using Jaguar v7.6 

(Jaguar pKa v7.6; Schrödinger, Inc.; B3LYP/6-31G* for geometry optimization; 

B3LYP/cc-pVTZ(+) for single-point energies at each optimized geometry). 
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3. A. Introduction 

 Human Immunodeficiency Virus-1 (HIV-1) as discussed in Chapter 1, is a 

retrovirus that causes the disease known as Acquired Immunodeficiency Syndrome 

(AIDS).154,155 While no cure for HIV/AIDS has been discovered, significant 

advancements have been made in treatment and management, greatly improving the 

quality and longevity of the lives of those with the disease.156 Without a cure or vaccine 

new HIV infections continue to occur, and as such HIV/AIDS is still considered a major 

health problem with the disease classified as a pandemic by the World Health 

Organization (WHO).157  

 As discussed in Chapter 1, HIV-1 Integrase (HIV-1 IN) is one of the components 

vital to HIV replication, representing the ‘point of no return’ in infection. HIV-1 IN 

culminates in the insertion and integration of the viral DNA into that of the host. This 

irreversible infection via insertion is carried out in two steps. First is 3'-processing (3P), 

where HIV-1 IN generates reactive CpA 3′-hydroxyl ends (cytosine–adenosine “sticky 

ends”) by cleaving two nucleotides from the viral DNA. A second event, termed strand 

transfer (ST), involves the translocation to the nucleus, where HIV-1 IN uses the 

hydroxyl ends to integrate the viral DNA into the host genome.158,159 
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Figure 3.1 Schematic representation of FDA-approved drug raltegravir bound to the 

Mg(II) metal ions of the HIV-1 IN (left). Structure of PFV-IN (PDB 3OYA) complex 

with raltegravir. The tan ribbon represents the protein and viral DNA, grey spheres 

represent the Mg(II) ions and raltegravir is shown as the green rods (right).  

 

 Raltegravir is a small molecule inhibitor of HIV-1 IN via disruption of the strand 

transfer process, but mutational resistance has already been reported (Figure 3.1).108,160,161 

Since the approval of raltegravir in 2007, new strains of the virus have begun to develop 

resistance.105,108,162 As such there is an ever present need to further understand the key 

interactions necessary for an effective and potent HIV-1 IN inhibition. The concepts of 

fragment-based lead discovery (FBLD) can be used to gain a better understanding of the 

essential metal-ligand interactions involved in competitive HIV-1 IN inhibition. In this 

Chapter a series of compounds based on the structure of raltegravir (raltegravir chelator 

derivatives = RCDs) were synthesized and evaluated. RCD compounds were screened 

against HIV-1 IN to determine which metal-binding groups (MBGs) produced inhibitors 

with comparable or better activity than an abbreviated raltegravir derivative (RCD-1). As 
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discussed in Chapter 1 (Figure 1.14), many HIV-1 IN inhibitors in development employ 

different MBGs, this study sought to systematically examine these groups while the 

remainder of the inhibitor structure is left unaltered.163 The results show that several 

RCDs have comparable ST inhibitory activity to RCD-1 and two derivatives, containing 

a hydroxypyrone MBG, were more effective at inhibiting strand transfer. Computational 

docking studies of RCDs in the active site of the analog enzyme prototype foamy virus 

integrase (PFV-IN) have been performed to shed light on the key features required to 

achieve effective metal chelation to the HIV-1 IN active site.  

3. B. 1. Design and Synthesis 

 Raltegravir is noticeably similar to many previously reported metalloenzyme 

inhibitors prepared in our laboratory (Figure 3.2).12,46,65 These small molecule inhibitors 

contain MBGs found in the chelator fragment library (CFL-1.1) discussed in Chapter 2. 

All the RCD compounds are identical to a core portion of raltegravir and vary only in the 

nature of the MBG (Figure 3.3); all contain a MBG scaffold attached to an amide-linked 

p-fluorobenzyl group backbone.108,164  
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Figure 3.2 Comparison of the structural similarities between raltegravir and two 

metalloenzyme inhibitors previously designed in our lab. The three compounds have 

identical p-fluorophenyl backbones appended to varying MBG scaffolds. In addition, all 

of the compounds share identical metal-binding donor atom triads to chelate to the 

catalytic metal ions (highlighted in red). 

 

 As discussed in Chapter 1, the size of a fragment is generally proportional to its 

binding affinity. These larger lead-like RCD compounds should be more potent than un-

decorated MBGs. Ideally the enhanced binding afforded by the p-fluorobenzyl group will 

highlight successful MBG-protein interactions. Additionally, the structural similarity of 

the RCD compounds to raltegravir will allow for more direct comparisons to be drawn 

between the screened compounds and the FDA approved drug. The oxodiazole 

substituent of raltegravir was not maintained in the RCD compounds to simplify the 

synthesis of the RCD compounds and so that differences in potency could be directly 

attributed to metal binding.161  
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Figure 3.3 List of RCD compounds and parent compound raltegravir. 
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 The MBGs utilized in the RCD compounds cover a wide range of chemical space, 

including hydroxypyridinones (RCD-2, RCD-3, RCD-7), hydroxypyrones (RCD-4, 

RCD-5, RCD-6), catechols (RCD-8, RCD-9), p-dicarboxycatechols (RCD-10, RCD-

11), hydroxyquinolines (RCD-12, RCD-13, RCD-14), and several others. A total of 21 

initial RCDs were prepared, each with a unique MBG, covering approximately ten 

chemically distinct chelating motifs. In order to provide a suitable benchmark for 

comparison for these RCD compounds, the reported raltegravir derivative RCD-1 was 

prepared.165 As with the other RCD compounds, RCD-1 is an abbreviated raltegravir 

derivative that lacks the oxodiazole substituent, but still shows good activity against HIV-

1 IN (IC50 value ~60 nM against the strand transfer reaction of HIV-1 IN, Figure 3.3 

Table 3.1).165 The reduced activity of RCD-1 when compared to raltegravir is attributed 

to the loss of π-π stacking interaction between the omitted oxadiazole substituent and the 

Tyr143 active site residue.110,162,166 

3. B. 2. RCD Activity Screening 

 Most HIV-1 IN inhibitors, including raltegravir, target the ST reaction of HIV-1 

IN.159 All 21 RCD compounds were screened for inhibition activity against the 3P and ST 

reactions using published protocols.108,110 Compounds were initially screened for activity 

at higher concentrations (100-300 µM) and compounds that showed any significant ST 

inhibition were then further examined to determine an IC50 value. The results of the 

assays with the RCD fragments are listed in (Table 3.1). 
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Table 3.1 Results of RCD compounds against 3P and ST processes of HIV-1 IN. 

Information also listed include inhibition of viral replication and the size of the rings 

formed during chelation to the Mg(II) ions based off their proposed modes of binding, for 

clarity, the metal ions were arbitrarily labeled MgA and MgB.  

 

Compound Chelate Ring 
(MgA, MgB) 

3'-
Processing 
IC50 (µM) 

Strand 
Transfer 
IC50 (µM) 

Antiviral 
Activity 

IC50 (µM) 
RCD-1 5-,6- >100 1.0 ±0.3 1.5 
RCD-2 5-,6- >100 >100 ND 
RCD-3 5-,6- >100 >100 ND 
RCD-4 5-,6- >100 0.96±0.3 ND 

RCD-4S 5-,6- >100 11.5 ±0.9 ND 
RCD-4S2 5-,6- 64 ±6 7.3 ±0.6 ND 

RCD-5 5-,6- 59.5 ±1.4 0.55 ±0.1 1.0 
RCD-6 5-,6- >100 56.0 ±7.0 ND 
RCD-7 5-,6- >100 19.7 ±1.6 ND 
RCD-8 5-,6- >100 39.4 ±4.0 ND 
RCD-9 5-,6- >100 >100 ND 

RCD-10 5-,6- >200 1.5 ±0.2 4.0 
RCD-11 5-,6- >300 1.7 ±0.2 ND 
RCD-12 5-,6- >100 14.5 ±2.2 2.3* 
RCD-13 5-,6- >100 >100 >100 
RCD-14 6-,6- 40.5 ±2.0 3.8 ±0.3 0.5* 
RCD-15 6-,NA >100 >100 ND 
RCD-16 6-,6- 21.4 ±3.0 9.2 ±1.3 ND 
RCD-17 6-,6- >300 >100 >100 
RCD-18 6-,6- >300 >300 >100 
RCD-19 6-,6- >300 >300 ND 

NA not applicable; ND not determined. *Compounds showed cytotoxicity above 10 µM. 
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 As predicted, RCD-1 shows effective activity against the ST reaction, with an 

IC50 value of ~1 µM. This value is higher than the reported value of 60 nM165; however, 

under our assay conditions raltegravir also produces a higher IC50 value of ~50 nM.164 

Compound RCD-1 also shows selectivity for the ST versus 3P reaction, consistent with 

previous findings.108 Indeed, examination of the in vitro assay results immediately reveals 

that all of the RCD compounds, with a few exceptions (RCD-14, RCD-16), are highly 

selective for ST versus 3P, suggesting a common mode of action. 

 Of the compounds prepared, four RCD inhibitors showed activity comparable or 

better than RCD-1. These include RCD-4, RCD-5, RCD-10, and RCD-11, with ST 

inhibition IC50 values of 0.96, 0.55, 1.5, and 1.7 µM, respectively. Importantly, these 

compounds fall into only two distinct classes of MBG chelators: compounds RCD-4 and 

RCD-5 contain hydroxypyrone chelators, while RCD-10 and RCD-11 are modified 2,3-

dihydroxyterephthalic acids. This similar grouping clearly highlights the role of the MBG 

in inhibitor efficacy, whereby only two of at least ten distinct MBGs results in good ST 

inhibition activity. Other compounds showed modest activity, including RCD-4S, RCD-

4S2, RCD-7, RCD-12, RCD-14, and RCD-16 with IC50 values in the 4-20 µM range. 

Finally, two compounds, RCD-6 and RCD-8, showed lower activity with IC50 values less 

than 40 µM. All of the remaining RCD compounds showed poor inhibition, with little or 

no activity at concentrations >100 µM. 

 In conjunction with vitro assay screenings, six RCD compounds were examined 

in cell-based HIV-1 IN infection screening (Table 3.1).165 An assortment of RCD 

compounds, with different MBGs that were active (RCD-1, RCD-5, RCD-10, RCD-12, 

RCD-14) or inactive (RCD-13) in vitro, were examined. Infected P4R5 cells were treated 
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with the selected RCDs,165 after which infectivity was assessed and percent neutralization 

was calculated (percent neutralization = [(1 – no. of infected cells with inhibitor) / (no. of 

infected cells without inhibitor)] × 100). A direct correlation between ST activity and 

P4R5 infection was observed. As listed in Table 3.1, RCD-1, RCD-5, RCD-10, RCD-12 

and RCD-14, all of which have ST IC50 values below 15 µM, were shown to have P4R5 

infection IC50 values of greater than 4.0 µM. In contrast, RCD-1, which performs poorly 

in vitro (ST IC50 >100 µM), also showed weak activity in the cell-based infection assay 

(IC50 ~120 µM). In summary, the cell-based infectivity assay is wholly consistent with 

the in vitro ST activity, suggesting that the mechanism of action for the RCD compounds 

in HIV-1 IN inhibition. 

3. B. 3. Computational Docking Studies 

 To elucidate the binding modes of the various RCD compounds, ligand-receptor 

docking studies were conducted. As previously described, the structure of the PFV-IN in 

complex with raltegravir shows that the O,O,O donor triad binds to the active site Mg(II) 

ions, with the central oxygen atom acting as a bridge between the two metal centers 

(Figure 3.1). The coordinates for PFV-IN (PDB: 3OYA) were used for computational 

docking of RCD compounds.167,168 As a test of our docking procedure raltegravir was 

docked into the PFV-IN structure, resulting in a pose consistent to that seen in the crystal 

structure complex (not shown, RMSD 0.19 Å). RCD-1 was docked into PFV-IN using 

the same procedure and gave a binding pose identical to that found for raltegravir (RMSD 

0.25 Å, Figure 3.4). 
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Figure 3.4 Comparison of the computational docking of RCD-1 (pink) versus the 

reported crystal structure of raltegravir (green) bound in the PFV IN (blue) (PDB: 

3OYA). The Root-Mean Square Difference (RMSD) between the inhibitors is 0.25 Å. 

 

 The O,O,O donor atom triad of raltegravir and RCD-1 bind to the Mg(II) ions 

forming 6- and 5-membered chelate rings (Figure 3.5). The hydroxyl oxygen and the 

amide-linked carbonyl oxygen together form the 6-membered ring while the same 

hydroxyl oxygen and the exocyclic carbonyl oxygen atom of the MBG make up the 5-

membered ring. In both compounds, the deprotonated, anionic hydroxyl oxygen atom 

binds in a bridging fashion between the two metal ions in the active site.  

 The p-fluorobenzyl substituent of raltegravir and RCD-1 both rest in an identical 

pocket. It has been proposed that this pocket is formed by an induced fit mechanism upon 

displacement of an adenine residue (A17) from the nucleic acid substrate. The 

displacement of this nucleotide and the resulting pocket allow the p-fluorobenzyl group 
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to tightly fit inside and interact with bases from the invariant CA dinucleotide, guanine 4 

as well as a highly conserved proline residue (P214). The placement of this group is 

pivotal to the impairment of HIV-1 IN activity as it causes the viral DNA to be displaced 

from the active site.162 This docking exercise with raltegravir and RCD-1 validated our 

assumption that the only difference in binding between these compounds is the omitted 

oxadiazole moiety, and that the omission of this group has little or no effect on the 

binding of the MBG or placement of the p-fluorobenzyl component of the compound. 

 Satisfied with the validity of the docking procedure and parameters, the remaining 

RCD compounds were docked in a similar manner. Docking experiments showed that the 

other RCD compounds formed one of several chelate ring patterns (Figure 3.5): i) a 6-

membered chelate ring with MgB and a 5-membered chelate ring with MgA (RCD-1 to 

RCD-12); ii) two 5-membered chelate rings (RCD-13); iii) two 6-membered chelate 

rings (RCD-14, RCD-16, RCD-17, RCD-18, RCD-19), or iv) only a single 6-membered 

chelate ring with MgA (RCD-15). In addition, for all RCD compounds, the p-

fluorobenzyl substituent was bound in the same pocket as described for the raltegravir 

and RCD-1. 
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Figure 3.5 MBG numbering system and modes of metal binding for raltegravir and RCD 

compounds: heteroatoms in red are contributing to the coordination to the Mg(II) ions in 

the active site. For clarity the metal ions were arbitrarily labeled MgA and MgB; their 

respective chelate rings and size are colored blue and green. Raltegravir and RCD-1 are 

identical, except that RCD-1 lacks the oxadiazole substituent (shown in pink). 
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3. C. 1. Unique Features of MBG Motifs 

 Inspection of the in vitro ST inhibition data in conjunction with the computational 

docking experiments reveals several interesting trends about the MBG requirements for 

this series of HIV-1 IN inhibitors. One feature that is clearly important is the size of the 

chelate rings formed upon binding of the inhibitor (Figure 3.5). Most of the active 

compounds form a 6-membered chelate ring with MgB and a 5-membered chelate ring 

with MgA (RCD-1, RCD-4, RCD-5, RCD-6, RCD-7, RCD-8, RCD-10, RCD-11, RCD-

12). Compounds that form two, 5-membered chelate rings (RCD-13), two 6-membered 

chelate rings (RCD-17, RCD-18, RCD-19), or only a single chelate ring (RCD-15) were 

generally inactive (Figure 3.6). RCD-14 and RCD-16 appear to be exceptions to this 

trend, as they both form two 6-membered chelate rings upon binding (Figure 3.7) and still 

exhibit moderate inhibition. These compounds both possess highly Lewis acidic N-oxide 

donors and form dianionic chelators upon metal binding, which would result in a strong 

electrostatic attraction between the inhibitors and active site Mg(II) ions. These features 

may explain the enhanced activity of RCD-14 and RCD-16 despite what appears to be a 

non-optimal coordination arrangement. The preferred 6-,5-membered chelate ring 

binding arrangement found for most of the active RCD compounds is also formed by 

raltegravir upon binding, and is also possible for compound GSK364735.162 However 

elvitegravir appears to utilize a 6-,4-membered chelate ring arrangement indicating that 

other productive binding modes are possible (Figure 3.8). 
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Figure 3.6 Computational docking results of atypical chelate ring patterns for RCD 

compounds. Compounds RCD-13, RCD-18 and RCD-15. Compound RCD-13 forms 

two 5-membered chelate rings, RCD-18 forms two 6-membered chelate rings, and RCD-

15 is a case where only a single ring forms. The inhibitor is shown in sticks (colored by 

atom), the enzyme as a blue ribbon, and the Mg(II) ions as orange spheres. 
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Figure 3.7 Computational docking results of atypical chelate ring patterns for RCD 

compounds. Compounds RCD-14 and RCD-16 form two 6-membered chelate rings. 

Unlike the compounds in Figure 3.6, these compounds show moderate inhibition (~40 

µM and ~20 µM respectively). The inhibitor is shown in sticks (colored by atom), the 

enzyme as a blue ribbon, and the Mg(II) ions shown as orange spheres 
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Figure 3.8 Structures of Raltegravir and other select potent HIV-1 IN inhibitors. The 

donor atoms highlighted in red comprise the MBG of each compound. The binding 

modes, IC50 values, and chelate ring sizes for each inhibitor are shown. 

 

 The bridging donor atom for RCD-5 is the 3-hydroxyl oxygen. In contrast, for 

RCD-6 the bridging atom is the 4-carbonyl oxygen (Figure 3.9). This subtle change in 

the donor atom triad arrangement contributes to the notable loss in activity between 

RCD-5 and RCD-6. The anionic hydroxyl group is a stronger Lewis base donor than the 

neutral carbonyl and will serve as a stronger bridging donor atom between the Mg(II) 

ions.169 This argument is supported by the activity of RCD-4 (Figure 3.10), which also 

contains a hydroxypyrone MBG with a p-fluorobenzyl group on the 2-position of the ring 

(it lacks a 6-methyl group found in RCD-5 and RCD-6). Like RCD-5, RCD-4 presents 

the anionic hydroxyl atom as the bridging donor atom and similarly shows good ST 

inhibition. 
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Figure 3.9 Computational docking results of compounds RCD-5 and RCD-6. The 

location of the p-fluorobenzyl group was calculated to have a RMSD of ~0.3 Å 

difference between the two compounds. Discrepancies in potency can be attributed to the 

p-fluoro-benzyl group’s position relative to the MBG. The inhibitor is shown in sticks 

(colored by atom), the enzyme as a blue ribbon, and the Mg(II) ions as orange spheres. 
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Figure 3.10 Computational docking results of RCD-4 in PVF (PDB: 3OYA). RCD-4 

lacks the methyl group present in RCD-5 and RCD-6 (Figure 3.9). The inhibitor is 

shown in sticks (colored by atom), the enzyme as a blue ribbon, and the Mg(II) ions as 

orange spheres. 

 

 Compounds RCD-5 and RCD-6 both contain methyl groups at the 6-postion of 

the MBG rings (Figure 3.5). In addition to the change in the arrangement of the donor 

atom triads discussed above, the difference in the position of the amide-linked p-

fluorobenzyl group results in these methyl groups occupying different locations in the 

protein active site. The orientation of the methyl group upon docking of RCD-5 in PFV-

IN does not result in any significant contacts with the protein. In contrast, the same 

methyl group, upon docking of RCD-6, results in a steric clash with Pro124 in the PFV-

IN active site (Figure 3.9). Binding site residue Pro124 is one of the few conserved 

residues in the IN active site loop that is directly involved in separating the viral DNA 

strands, and both raltegravir and elvitegravir make intimate Van der Waals interactions 

with this residue.162 Therefore, the steric clash between Pro124 and the methyl group of 



 

 

118 

RCD-6 also likely contributes to the loss of activity for this compound. In addition to the 

steric clash with Pro124, the methyl group in RCD-6 lies adjacent to the amide-linked p-

fluorobenzyl substituent, resulting in a slight torsion of the p-fluorobenzyl group when 

compared to other RCD compounds like RCD-5 and RCD-4. This intramoleular torsion 

results in an energetically unfavorable internal strain of RCD-6 that is ~2 kcal/mol higher 

than that found for RCD-5, and may further contribute to its lowered activity relative to 

RCD-5 and RCD-4.  

 The potential problems posed by the 6-methyl group in RCD-6 are further 

supported by the poor activity of hydroxypyridinones RCD-2 and RCD-3. The N-methyl 

group protruding from the MBGs in RCD-2 and RCD-3 is located in the same position 

as the 6-methyl group in RCD-6 (Figure 3.5). Indeed, docking experiments confirm a 

steric clash with Pro124 and intramolecular strain, as observed for RCD-6. Importantly, 

unlike RCD-6, RCD-2 and RCD-3 contain the preferred bridging hydroxyl group found 

in RCD-4 and RCD-5, suggesting that the steric problems posed by the methyl 

substituent may be the more significant factor when considering the loss in activity of 

RCD-2, RCD-3, and RCD-6. The comparisons between these compounds suggest that a 

combination of both the ordering of the donor triad as well as steric interactions (intra- or 

inter-molecular) can have a drastic affect of the potency of these inhibitors. 

 The dependence on the position of the amide p-fluorobenzyl substituent is also 

observed when comparing RCD-12 and RCD-13, both of which contain an 8-

hydroxyquinoline MBG with identical O,O,N donor atom sets (Figure 3.11). RCD-13, 

which contains the amide group at the 2-position, is essentially inactive at ~100 µM 

while RCD-12, containing the amide substituent attached at the 7-position, shows good 
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activity with an IC50 value of ~14 µM. As with RCD-5 and RCD-6, RCD-12 and RCD-

13 have the same molecular formula, overall composition, and MBG that provides an 

identical donor atom set (one hydroxyl oxygen atom O, one amide oxygen atom O, and 

one quinoline nitrogen atom N). Conversely, the position of the p-fluorobenzyl affects the 

overall arrangement of the donor atoms upon binding to the active site metal ions. As 

confirmed by docking studies, the position of the substituent in RCD-12 versus RCD-13 

is a result of a significant change in the arrangement of the donor atom triad for these two 

compounds. As shown in Figure 3.11, for RCD-13 the donor set will be arranged as 

O,N,O while for RCD-12 the arrangement will be O,O,N. As alluded to earlier, the donor 

atom arrangement for RCD-12 results in the formation of 6-membered and 5-membered 

chelate rings, with a bridging hydroxyl atom with the same arrangement that is found in 

raltegravir and the other active RCD compounds identified here.  

 In contrast, when the p-fluorobenzyl amide group is attached to the 2-postion of 

the scaffold as in RCD-13, the chelator is forced to adopt two 5-membered chelate rings, 

with the quinoline nitrogen atom serving as the bridging ligand. As is well-established in 

structural inorganic chemistry, such endocyclic nitrogen atoms do not readily engage in 

bridging modes of metal ion coordination;167 furthermore, the quinoline nitrogen atom is 

positioned too far from the Mg(II) ions (> 3.7 Å) to form strong interactions. Despite the 

similar arrangement of the donor triad in RCD-12, this compound is still less potent than 

RCD-4 and RCD-5, which is likely due to the preference of the hard Mg(II) ions for the 

harder oxygen atom donor set found in the hydroxypyrone compounds. Hard Lewis base 

donors such as anionic oxygen atoms are classically characterized by their small size, 

high charge state, and weak polarizability.169 Comparing these compounds clearly shows 
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that a heteroatom triad is not sufficient for good inhibition, the correct or optimal atom 

arrangement of the triads is essential along with the optimal matching of the Lewis acid 

character of the donor atoms. 

 

 

Figure 3.11 Computational docking results of RCD-12 (top) and RCD-13 (bottom). The 

inhibitor is shown in sticks (colored by atom), the enzyme as a blue ribbon, and the 

Mg(II) ions as orange spheres. 

 

 The comparison between RCD-4/RCD-5 and RCD-12 highlights another trend 

related to the nature of the MBG donor atoms. The preference for certain donor atoms 
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was explored by converting the O,O,O donor RCD-4 to two different sulfur analogs. As 

stated above, the catalytic Mg(II) ions are hard Lewis acids and hence should bind more 

tightly to harder Lewis base donor atoms. The introduction of softer, more polarizable 

Lewis base sulfur atoms to the donor triad were expected to lower the efficacy of the 

compounds. Isostructural hydroxypyrothione analogs, termed RCD-4S and RCD-4S2 

(Figure 3.3) provide O,O,S and S,O,S donor atom sets, respectively. Both RCD-4S and 

RCD-4S2 show a significant loss in activity when compared to RCD-4. The weaker ST 

inhibition by RCD-4S and RCD-4S2 is likely due to a hard-soft mismatch between the 

hard Lewis acid Mg(II) ions and the soft Lewis base sulfur donor atoms. This conclusion 

is consistent with the improved performance of sulfur compounds like RCD-4S2 against 

metalloenzymes that are dependent on the relatively softer Lewis acids like the Zn(II) 

ion, such as Lethal Factor (LF) discussed in Chapter 2. In the case of LF, RCD-4S2 is a 

better inhibitor than RCD-4, due to the soft Lewis base nature of the sulfur.170,171 In order 

to design an effective HIV-1 IN inhibitor the MBG must contain the appropriate Lewis 

acid characteristics. Hence careful selection in the use of the donor atoms is critical for 

obtaining optimal inhibition of HIV-1 IN. 

3. C. 2. MBG Scaffolds Novel to HIV-1 IN   

 In this body of work, we identified two novel MBG types that appear to be 

promising new scaffolds for the development of HIV-1 IN inhibitors. The first MBG is 

the hydroxypyrone group found in RCD-4 and RCD-5, shows good in vitro activity and 

RCD-5 also displays good cell-based activity. The hydroxypyrone MBGs found in these 

compounds derive from the FDA-approved food additive maltol (3-hydroxy-2-methyl-
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4H-pyran-4-one), studied extensively, which may facilitate the preparation of even more 

potent inhibitors based on this scaffold.172-174  

 The second class of compounds that warrants additional investigation are those 

based on the 2,3-dichydroxyterephthalic acid MBG (RCD-10 and RCD-11). Four 

compounds were examined that are nominally based on a catechol MBG: RCD-8, RCD-

9, RCD-10, and RCD-11. RCD-8 contains a catecholamide MBG and shows modest ST 

inhibition with an IC50 value of 39 µM. Not surprisingly, RCD-9 shows a complete loss 

of activity due to methylation of one of the phenol groups resulting in reduced donor 

ability. In contrast, the addition of a second carboxyamide group in RCD-10 and RCD-

11 produces a significant improvement (greater than 20-fold) in activity with IC50 values 

less than 2 µM. One possible explanation for the improved activity of RCD-10 and 

RCD-11 over RCD-8 would be additional interactions between the protein active site and 

the added carboxyamide substituents; however, RCD-10 and RCD-11 have very 

different substituents (methyl versus p-fluorobenzyl, Figure 3.3), and essentially identical 

ST inhibition IC50 values (1.5 and 1.7 µM, respectively). With this observation in mind, 

we attribute the origin of the improved activity of RCD-10 and RCD-11 over RCD-8 to 

the reduced pKa of the MBG. In order to obtain optimal binding to the Mg(II) ions, the 

MBGs should be deprotonated. Catechol is a strong, hard Lewis donor, but it is also quite 

basic (pKa1 = 9.2, pKa2 ~13)175 making deprotonation under physiological conditions 

more difficult.  

 Addition of electron-withdrawing groups, such as the carboxyamide groups used 

in the RCD compounds described here, are known to significantly reduce the pKa of the 

catechol ligand.175 Therefore, the addition of a second carboxyamide group will result in 
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an inhibitor that more readily achieves deprotontion of both phenolic groups in the 

catechol ligand, producing a dianionic (2-) ligand with a strong electrostatic attraction 

between the MBG and the active site metal ions. Further evidence for electron-

withdrawing groups having a potency-enhancing effect on catechol-containing HIV-1 IN 

inhibitors can be seen in the compounds discovered by Zhao and coworkers.176,177 This 

study revolves around 2,3-dihydro-6,7-dihydroxy-1H-isoindol-1-one-based compounds 

(Figure 3.12). This warhead, similar to RCD-8, utilizes an identical set of donor O, O, O 

atoms including a catechol moiety in the MBG. The design of compound 3.a resulted 

from attempts to take a HIV-1 IN inhibitor showing poor cellular activity against the 

target and achieve cell-based efficacy. Compound 3.a1 was reported to have a 3P IC50 

value of greater than 200 µM and a ST IC50 value of ~10 µM. Through SAR a 4-fluoro,3-

chlorobenzyl appendage (3.a1) was found to be the most potent (IC50 value ~0.16 µM).177 

The addition of electron-withdrawing sulfonamides (3.a2) lowered potency by an order 

of magnitude (IC50 value ~0.05 µM).176 As mentioned above, due to the conditions of the 

assay used to screen the RCD library resulting in higher than previously reported 

values178 it is difficult to compare the relative potency between the RCDs and 2,3-

dihydro-6,7-dihydroxy-1H-isoindol-1-one analogs (no comparison was made to 

raltegravir). It is clear within each study that the addition of electron withdrawing groups 

benefits the potency of catechol containing HIV-1 IN inhibitors. 
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Figure 3.12 Structures and IC50 values of 2,3-dihydro-6,7-dihydroxy-1H-isoindol-1-one-

based HIV-1 IN inhibitors. 

 

 We are currently testing this hypothesis by preparing other, more acidic catechol-

derived inhibitors to determine if they also show efficacy against HIV-1 IN. A limited 

series of catechol ligands were synthesized to explore the effects of appending electron-

withdrawing groups to the MBG scaffold of RCD-8 (Figure 3.13 and Table 3.2). The 

addition of the small halogens makes the catechol moiety more acidic, thereby facilitating 

deprotonation and the ability of the chelator to bind the active site Mg(II) ions at 

physiological pH. Bromination at the 3-position effectively lowers the IC50, but the 

potency is still within the same order of magnitude as the parent compound RCD-8. The 

combined effect of two bromine atoms at the 3- and 4-positions (RCD-Br2) drastically 

improves potency, comparable to RCD-10 and RCD-11 (Table 3.2). Similar trends can 

be seen with both the chloro- and nitro-derivatives (RCD-8Cl and RCD-8NO2 

respectively). Because the potency of RCD-10 and RCD-11 was still competitive, it is 

possible that the larger amide bound substituent is tolerated in the active site and that a 

combination of the dibromo compound and RCD-10 would cooperatively work together 

to produce an even more potent molecule.  
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Figure 3.13 Structures of compound RCD-8 analog sublibrary. Compounds RCD-8, 

RCD-10 and RCD-11 included (top) for reference. 

 

Table 3.2 Assay results for RCD-8 analog sublibrary against 3P and ST reactions of 

HIV-1 IN. The chelate ring sizes formed upon metal biding also included. RCD-8, RCD-

10 and RCD-11 included for reference.  

Compound 
Chelate 

Ring Size 
(MgA, MgB) 

3'-Processing 
IC50 (mM) 

Strand 
Transfer 

IC50 (mM) 

RCD-8 5-, 6- >100 39.4 ±4.0 
RCD-10 5-, 6- >200 1.5 ±0.2 
RCD-11 5-, 6- >300 1.7 ±0.2 

RCD-8Br 5-, 6- >100 25±5.0 
RCD-8Br2 5-, 6- 6.4±0.5 1.3±0.2 
RCD-8F 5-, 6- >100 16±4.0 
RCD-8Cl 5-, 6- >300 45±12.0 

RCD-8NO2 5-, 6- >100 4.3±1.0 
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 Further work needs to be conducted to validate this claim, but there is perhaps 

potential that future HIV-1 IN inhibitors will display antagonism to both processes. This 

dual action is a result at least in part, to the extra bromine in the 3-position. Additional 

compounds are needed to further investigate the electron-withdrawing effects on catechol 

MBGs. To identify the affect of multiple sites of halogenation it will be necessary to 

make both the doubly substituted chloro and fluoro compounds. Increased potency 

appears to generally follow increased electronegativity, based off of this small sample. In 

light of the work conducted by Zhao and coworkers, sulfonamide analogs of RCD-8 

could potentially be very strong inhibitors.176,177  

3. D. Conclusions 

 This direct assessment of different MBGs on the activity of HIV-1 IN inhibitors 

was an evaluation of how MBGs affect inhibitor potency. While numerous inhibitors 

have been prepared and studied few to none have systematically dissected and evaluated 

the contribution and structure-activity relationship around the MBGs in these 

compounds.108,159,179,180 By preparing and evaluating the RCD compounds reported here, 

we have identified a number of important features of the MBG for use in HIV-1 IN, 

including:  a) the heteroatom triad should consist of hard Lewis base donor atoms to 

match the hard Lewis acid character of the active site Mg(II) ions; b) the triad should 

possess a geometry that results in the formation of adjacent 6- (MgB) and 5- (MgA) 

membered chelate rings; and c) the hardest, anionic donor atom should be located in the 

middle of the triad to provide a sufficiently electron-donating ligand in the m-bridging 

position between the metal ions.181  
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 These experiments also lead to the identification of at least two new and distinct 

MBGs, hydroxypyrones (RCD-4 and RCD-5) and 2,3-dihydroxyterephthalic acids 

(RCD-10 and RCD-11) that may prove to be promising scaffolds for next-generation 

HIV-1 IN inhibitors. Furthermore, data on the catechol MBG suggests it may be possible 

to tune inhibitor activity by optimizing the pKa of the chelator. Overall, these studies 

provide direct evidence that subtle variations in the MBG can substantially affect the 

activity of an HIV-1 IN inhibitor. This suggests that by identifying rational approaches to 

strengthen the metal-ligand interactions potent inhibitors can be identified that help 

mitigate the need for other active site interactions and hence overcome rising resistance 

against raltegravir. 
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3. E. Experimental 

General. Starting materials were purchased from commercial suppliers (Sigma-

Aldrich, ChemBridge, Acros Organics, TCI America) and were used without further 

purification. Chromatography was preformed using a CombiFlash Rf 200 from 

TeledyneISCO. 1H NMR were recorded on one of several Varian FT-NMR 

spectrometers, property of the Department of Chemistry and Biochemistry, University of 

California San Diego. Mass spectrometry was performed at the Small Molecule 

Spectrometry Facility in the Department of Chemistry and Biochemistry, University of 

California San Diego. Compounds RCD-2, RCD-3, RCD-4, RCD-4S, RCD-4S2, RCD-

5, RCD-7, 15a and 14a were all synthesized as previously described.65,182,183  

 Methyl 5-hydroxy-2-methyl-6-oxo-1,6-dihydropyrimidine-4-carboxylate: 

Synthesis adapted from literature procedure.184 To a solution of (E)-N'-

hydroxyacetimidamide (500 mg, 6.75 mmol) in 8 mL of MeOH, was added 900 µL 

dimethyl but-2-ynedioate (DMAD). After 1 h at room temperature, 6 mL of xylenes was 

added and the MeOH was removed in vacuo. The solution was then refluxed at 135 °C 

for 16 h. The solution was cooled to 60 °C, and 3 mL of MeOH was added with stirring. 

After 30 minutes, 8 mL of methyl t-butyl ether (MTBE) was added drop wise and the 

solution was kept at 0 °C for 16 h. The black precipitate was filtered off, rinsed with cold 

10% MeOH/MTBE and collected. Yield = 44%. 1H NMR (400 MHz, CDCl3, 25 °C): δ = 

2.51 (s, 3H), 4.04 (s, 3H), 10.73 (br, 1H; NH). ESI-MS(+) m/z 184.9 [M+H]+.  

N-(4-Fluorobenzyl)-5-hydroxy-2-methyl-6-oxo-1,6-dihydropyrimidine-4-

carboxamide (RCD-1): Synthesis adapted from literature procedure.185 A solution of 

5,6-Dihydroxy-2-methyl-pyrimidine-4-carboxylic acid methyl ester (100 mg, 0.54 mmol) 
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and (4-fluorophenyl)methanamine (FPMA 124 µL, 1.1 mmol) in 3 mL DMF, was  

refluxed at 90 °C for 16 h. The reaction was then cooled to room temperature, and 1M 

HCl was added until precipitate formed. The solution was cooled further to 0 °C for 30 

minutes. The resulting precipitate was filtered and rinsed with ether and collected to yield 

product as a dark brown solid (57 mg, 0.205 mmol). Yield= 38%. 1H NMR (400 MHz, 

d6-DMSO, 25 °C): δ = 2.23 (s, 3H), 4.42 (d, J= 4.0 Hz, 2H), 7.13 (t, J=8.0 Hz, 2H; ArH), 

7.35 (t, J=6.0 Hz, 2H; ArH), 9.33 (brt, J=8.0 Hz, 1H; NH). ESI-MS(+) m/z 278.0 

[M+H]+. Anal. Calcd for C13H12FN3O3: C, 56.32; H, 4.36; N, 15.16. Found: C, 56.31; H, 

4.38; N, 15.11. 

5-hydroxy-2-methyl-4-oxo-4H-pyran-3-carboxylic acid: To a solution of ethyl 

5-hydroxy-2-methyl-4-oxo-4H-pyran-3-carboxylate (250 mg, 1.26 mmol) in 5 mL of 

H2O, was added 3 mL of a 6M NaOH solution. The mixture was stirred for 3 hr at room 

temperature under nitrogen. The reaction was evaporated in vacuo and the acid product 5-

hydroxy-2-methyl-4-oxo-4H-pyran-3-carboxylic acid was extracted with CH2Cl2 and 6 M 

HCl. The organic phase was collected, dried over anhydrous MgSO4, and concentrated in 

vacuo to yield product as a mustard yellow solid (150 mg, 0.88 mmol). Yield = 70%. 1H 

NMR (400 MHz, DMSO-d6, 25 °C): δ = 2.29 (s, 2H; CH3), 8.05 (s, 1H; ArH), 9.36 (s, 

1H; ArOH). ESI-MS(-)  m/z 169.22 [M-H]-. 

4-fluorobenzyl 5-hydroxy-2-methyl-4-oxo-4H-pyran-3-carboxylate (RCD-6): 

To a solution of 5-hydroxy-2-methyl-4-oxo-4H-pyran-3-carboxylic acid (60 mg, 0.35 

mmol) in 10 mL of dry CH2Cl2, was added, 1-ethyl-3-(3-dimethylaminoptopyl) 

carbodiimide (EDCI 81 mg, 0.42 mmol), hydroxybenzotriazole (HOBt 57 mg, 0.42 

mmol) and FPMA (48 µL, 0.42 mmol). The mixture was stirred overnight at room 
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temperature under nitrogen. The reaction mixture was extracted with 1M HCl and 

CH2Cl2. The organic phase was collected, dried over anhydrous MgSO4, and 

concentrated in vacuo to a yellow solid. The crude solid was purified via silica column 

chromatography using 0-5% MeOH/CH2Cl2 as an eluent to yield product as a yellow 

solid of RCD-6 (28 mg, 0.10 mmol). Yield = 29%. 1H NMR (500 MHz, DMSO-d6, 25 

°C):  δ = 2.31 (s, 3H; CH3), 5.64 (d, J = 2.8 Hz, 2H; CH2), 7.08 (dd, J = 9.2, 2.8 Hz, 2H; 

ArH), 7.35 – 7.37 (m, 2H; ArH), 7.99 (s, 1H; ArH), 7.20 (brt, 1H; CONHCH2). ESI-MS(-

) m/z 276.25 [M-H]-. Anal. Calcd for C14H12FNO4: C, 60.65; H, 4.36; N, 5.05. Found: C, 

61.04; H, 4.76; N, 5.13. 

2,3-Bis(benzyloxy)benzoic acid: To a solution of dihydroxybenzoic acid (500 

mg, 3.24 mmol) in 30 mL of DMF, was added benzyl chloride (1.33 mL, 11.6 mmol) and 

K2CO3 (1.71 g, 12.4 mmol). The mixture was then heated to reflux at 120 ˚C and stirred 

overnight under nitrogen. The resulting mixture was filtered and the filtrate was 

evaporated in vacuo to obtain a brown oil. The crude oil was purified via a silica plug in 

CH2Cl2 as an eluent to yield product as a clear oil (1.36 g, 3.12 mmol). Yield = 96%. To 

a solution of this oil (1.32 g, 3.11 mmol) in 10 mL of MeOH, was added 6 mL of a 6M 

NaOH solution. The mixture was stirred overnight at room temperature under nitrogen. 

The reaction solution was evaporated in vacuo and the pure acid product was extracted 

into CH2Cl2 and 6M HCl. The organic phase was collected, dried over anhydrous 

MgSO4, and evaporated in vacuo to yield a pure white solid (1.03 g, 3.11mmol). Yield = 

100%. 1H NMR (400 MHz, CDCl3-d1, 25 °C):  δ =  5.20 (s, 2H; CH2), 5.27 (s, 2H; CH2), 

7.17 (t, J = 8.0 Hz, 1H; ArH), 7.27 - 7.50 (m, 10H; ArH), 7.73 (dd, J = 7.6, 1.6 Hz, 1H; 

ArH). ESI-MS(-)  m/z 332.92 [M-H]-. 
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2,3-Bis(benzyloxy)-N-(4-fluorobenzyl)benzamide: To a solution of 2,3-

bis(benzyloxy)benzoic acid (500 mg, 1.49 mmol) in 15 mL of dry CH2Cl2, was added 

EDCI (343 mg, 1.79 mmol), HOBt (242 mg, 1.79 mmol) and FPMA (204 µL, 1.79 

mmol). The mixture was stirred overnight at room temperature under nitrogen. The 

reaction mixture was extracted with 1M HCl and CH2Cl2. The organic phase was 

collected, dried over anhydrous MgSO4 and concentrated in vacuo to a brown oil. The oil 

was purified via silica column chromatography using 0-1% MeOH/CH2Cl2 as an eluent to 

yield the product as a white solid (381 mg, 0.864 mmol). Yield = 58%. 1H NMR (400 

MHz, CDCl3-d1, 25 °C):  δ =  4.42 (d, J = 5.6 Hz, 2H; NHCH2), 4.99 (s, 2H; CH2), 5.09 

(s, 2H; CH2), 6.93 (t, J = 8.6 Hz, 2H; ArH), 7.14 - 7.18 (m, 5H; ArH), 7.23 (d, J = 7.0 

Hz, 2H; ArH), 7.27 (d, J =7.6 Hz, 1H; ArH), 7.31 (t, J = 7.4 Hz, 2H; ArH), 7.37 – 7.43 

(m, 2H; ArH), 7.47 (d, J = 7.6 Hz, 2H; ArH), 7.81 (dd, J = 6.0, 3.2 Hz, 1H; ArH), 8.42 

(t, J = 5.4 Hz, 1H; CONHCH2). ESI-MS(+)  m/z 441.91 [M+H]+, 464.01 [M+Na]+. 

N-(4-Fluorobenzyl)-2,3-dihydroxybenzamide (RCD-8): 2,3-bis(benzyloxy)-N-

(4-fluorobenzyl)benzamide (372 mg, 0.84 mmmol) was stirred in 25 mL of a 1:1 solution 

of HCl:HOAc at room temperature for three days under ambient conditions. The resulting 

turbid mixture was filtered under and the formed precipitate was collected and dried 

under vacuum to yield product, RCD-8 as a white solid (186 mg, 0.71 mmol). Yield = 

85%. 1H NMR (400 MHz, DMSO-d6, 25 °C):  δ  4.45 (d, J = 6.0 Hz, 2H; NHCH2), 6.65 

(t, J = 8.0 Hz, 1H; ArH), 6.89 (d, J = 7.6 Hz, 1H; ArH), 7.12 (t, J = 8.8, Hz, 2H; ArH), 

7.29 (d, J = 8.4 Hz, 1H; ArH), 7.33 (dd, J = 8.4, 2.8 Hz, 2H; ArH), 9.31 (t, J = 6.0 Hz, 

1H; CONHCH2). APCI-MS(+)  m/z 262.11 [M+H]+. Anal. Calcd for C14H12FNO3•0.5 

H2O: C, 62.22; H, 4.85; N, 5.18. Found: C, 62.36; H, 5.09; N, 5.23. 
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2-(Benzyloxy)-3-methoxybenzoic acid: To a solution of 3-methoxysalicylic acid 

(500 mg, 2.97 mmol) in 10 mL of DMF, was added, benzyl chloride (880 µL, 7.63 

mmol) and K2CO3 (1.16 g, 8.41 mmol). The mixture was heated to reflux at 120 ˚C and 

stirred overnight under nitrogen. The reaction was vacuum filtered and the filtrate was 

concentrated to a dark brown oil. The crude oil was purified via a silica plug in CH2Cl2 as 

an eluent to yield an off-white oil (763 mg, 2.19 mmol). Yield = 74%. To a solution of 

the oil (763 mg, 2.19 mmol) in 5 mL of MeOH, was added 3 mL of a 6M NaOH solution. 

The mixture was stirred overnight at room temperature under nitrogen. The reaction was 

evaporated in vacuo and the acid product was extracted with CH2Cl2 and 6M HCl. The 

organic phase was collected, dried over anhydrous MgSO4 and concentrated in vacuo to 

yield product as an off-white solid (566 mg, 2.19 mmol). Yield = 100%. 1H NMR (300 

MHz, CDCl3-d1, 25 °C):  δ = 3.97 (s, 3H; OCH3), 5.27 (s, 2H; CH2), 7.19 (d, J = 3.6 Hz, 

1H; ArH), 7.36 - 7.41 (m, 5H; ArH), 7.43 (d, J = 2.1 Hz, 1H; ArH), 7.68 (dd, J = 6.3, 3.0 

Hz, 1H; ArH). ESI-MS(+)  m/z 259.11 [M+H]+, 276.10 [M+NH4]+. 

2,3-Bis(benzyloxy)-N-(4-fluorobenzyl)benzamide: To a solution of 2-

(Benzyloxy)-3-methoxybenzoic acid (566 mg, 2.19 mmol) in 15 mL of dry CH2Cl2, was 

added EDCI (504 mg, 2.63 mmol), HOBt (335 mg, 2.63 mmol) and FPMA (301 µL, 2.63 

mmol). The mixture was stirred overnight at room temperature under nitrogen. The 

reaction was extracted with 1M HCl and CH2Cl2. The organic phase was collected, dried 

over anhydrous MgSO4 and concentrated in vacuo to a yellow oil. The crude oil was 

purified via silica column chromatography using 0-2% MeOH/CH2Cl2 as an eluent to 

yield product as an off-white solid (383 mg, 1.05 mmol). Yield = 48%. 1H NMR (400 

MHz, CDCl3-d1, 25 °C):  δ = 3.92 (s, 3H; OCH3), 4.41 (d, J = 5.6 Hz, 2H; NHCH2), 4.99 
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(s, 2H; CH2), 6.91 (t, J = 8.8 Hz, 2H; ArH), 7.07 (dd, J = 8.0, 1.6 Hz, 1H; ArH), 7.11 

(dd, J = 8.4, 5.2 Hz, 2H; ArH), 7.16 (t, J = 8.2 Hz, 1H; ArH), 7.22 (dd, J = 7.2, 1.6 Hz, 

2H; ArH), 7.29 - 7.37 (m, 3H; ArH), 7.74 (dd, J = 7.6, 1.6, Hz, 1H; ArH), 8.31 (brs, 1H; 

CONHCH2). ESI-MS(+)  m/z 366.27 [M+H]+, 388.25 [M+Na]+. 

N-(4-Fluorobenzyl)-2-hydroxy-3-methoxybenzamide (RCD-9): 2,3-

Bis(benzyloxy)-N-(4-fluorobenzyl)benzamide (300 mg, 0.82 mmol), was stirred in 10 

mL of a 1:1 solution of HCl:HOAc at room temperature for 5 days under ambient 

conditions. The reaction was evaporated to dryness in vacuo and the residue was co-

evaporated with 3x5 mL MeOH. The resulting solid was dried overnight under vacuum to 

yield product, RCD-9 as a light yellow solid (163 mg, 0.59 mmol). Yield = 72%. 1H 

NMR (500 MHz, DMSO-d6, 25 °C):  δ = 3.74 (s, 3H; OCH3), 4.43 (d, J = 6.3 Hz, 2H; 

NHCH2), 6.78 (t, J = 8.0 Hz, 1H; ArH), 7.07 (d, J = 7.4 Hz, 1H; ArH), 7.11 (t, J = 8.9, 

Hz, 2H; ArH), 7.31 (dd, J = 8.6, 3.4 Hz, 2H; ArH), 7.41 (dd, J = 8.0, 1.1 Hz, 2H; ArH), 

9.32 (t, J = 6.0 Hz, 1H; CONHCH2). 13C NMR (125 MHz, DMSO-d6, 25 °C): 42.1 

(CH2), 56.2 (OCH3), 115.5 (ArC), 115.6 (ArC), 115.9 (ArC), 118.4 (ArC), 119.1 (ArC), 

129.7 (ArC), 129.8 (ArC), 135.5 (ArC), 148.9 (ArC), 151.2 (ArC), 169.8 (C=O). ESI-

MS(+)  m/z 276.20 [M+H]+. Anal. Calcd for C15H14FNO3: C, 65.45; H, 5.13; N, 5.09. 

Found: C, 65.76; H, 5.51; N, 5.12. 

Dimethyl 2,3-bis(benzyloxy)terephthalate: To a solution of dimethyl 2,3-

dihydroxyterephthalate (1 g, 4.4 mmol) in 20 mL, DMF was added K2CO3 (2.43 mg, 17.6 

mmol) and benzyl bromide (120 µL, 10 mmol). The mixture was refluxed for 10 h at 85 

°C under nitrogen. The insoluble salts were filtered off via vacuum filtration. To the 

filtrate, approximately 10 mL of cold H2O was added. The resulting off-white precipitate 
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was collected and dried under vacuum to yield product (1.06 g, 3.96 mmol). Yield = 

90%. 1H NMR (400 MHz, CDCl3, 25 °C): δ = 4.49 (d, J=8.0 Hz, 4H), 6.86 (t, J= 8.0 Hz, 

4H; ArH), 7.16 (t, J=6.0 Hz, 4H; ArH), 7.99 (t, J=8.0 Hz, 1H; ArH), 8.32 (d, J=8.0 Hz, 

2H; ArH), 8.37 (brt, J=8.0 Hz, 2H; NH). ESI-MS(+) m/z 381.99 [M+H]+. 

2,3-Bis(benzyloxy)terephthalic acid: To a solution of Dimethyl 2,3-

bis(benzyloxy)terephthalate (1.1 g, 2.7 mmol) in 60 mL THF was added, 20 mL of 4% 

KOH/H2O. The solution was stirred for 4 h at room temperature under nitrogen. The 

reaction was quenched with 40 mL of cold H2O. The reaction mixture was washed with 

EtOAc. The aqueous phase was acidified with 6M HCl until precipitate formed. The solid 

was filtered and collected and dried over night under vacuum to yield product as a white 

solid (928 mg, 2.45 mmol). Yield = 91%. 1H NMR (400 MHz, d6-DMSO, 25 °C): δ = 

5.02 (s, 4H), 7.33 (m, 6H; ArH), 7.39 (m, 4H; ArH), 7.48 (s, 2H; ArH). ESI-MS(-) m/z 

376.83 [M-H]-. 

(2,3-Bis(benzyloxy)-1,4-phenylene)bis((2-thioxothiazolidin-3-yl)methanone): 

Synthesis adapted from literature procedure.186 Starting from 2,3-

bis(benzyloxy)terephthalic (800 mg, 2.11 mmol) and producing a yellow solid product 

(1.08 g, 1.87 mmol). Yield = 89%. 1H NMR (400 MHz, CDCl3, 25 °C): δ = 2.95 (t, J=8.0 

Hz, 4H), 4.31 (t, J= 8.0 Hz, 4H), 5.07 (s, 4H), 7.20 (s, 2H; ArH), 7.35 (m, 10H; ArH). 

ESI-MS(+) m/z 580.74 [M+H]+. 

2,3-Bis(benzyloxy)-N1-(4-fluorobenzyl)-N4-methylterephthalamide: To a 

solution of 2,3-Bis(benzyloxy)-1,4-phenylene)bis((2-thioxothiazolidin-3-yl)methanone) 

in 120 µL of CH2CL2, was added FPMA (80 µL, 0.7 mmol). The mixture was stirred for 

3 h under nitrogen. The reaction mixture was evaporated to dryness in vacuo. The 
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resulting residue was partially purified via silica plug using 5% MeOH/CH2CL2 as an 

eluent. To a solution of this material in 12 mL of CH2Cl2, was added 800 mL of CH3NH2 

(40% aqueous solution). The reaction was stirred for 30 minutes under nitrogen. The 

reaction mixture was evaporated to dryness under vacuo. The residue was purified via 

silica column chromatography using 0-5% MeOH/CH2CL2 as eluent to yield product as a 

white solid (343 mg, 0.69 mmol). Yield = 98%. 1H NMR (400 MHz, CDCl3, 25 °C): δ = 

2.82 (d, J=4.0 Hz, 3H), 4.44 (d, J= 8.0 Hz, 2H), 5.08 (d, J=4.0 Hz, 4H), 6.93 (t, J=8.0 

Hz, 2H; ArH), 7.20 (m, 12H; ArH), 7.66 (brt, J=8.0 Hz, 1H; NH), 7.93 (q, J=8.0 Hz, 2H; 

ArH), 8.10 (brt, J=8.0 Hz, 1H; NH). ESI-MS(+) m/z 498.90 [M+H]+. 

N1-(4-Fluorobenzyl)-2,3-dihydroxy-N4-methylterephthalamide (RCD-10): 

2,3-Bis(benzyloxy)-N1-(4-fluorobenzyl)-N4-methylterephthalamide (340 mg, 0.68 

mmol) was stirred in 18 mL of a 1:1 solution of HCl:HOAc at room temperature for 3 

days under ambient conditions to obtain a turbid mixture. Addition of 8 mL of cold H2O 

resulted in precipitation of a white solid. The solid was isolated by filtration, washed with 

water and dried under vacuum to yield product RCD-10, as a white solid (159 mg, 0.5 

mmol). Yield = 73%. 1H NMR (400 MHz, d6-DMSO, 25 °C): δ = 2.80 (d, J=4.0 Hz, 3H), 

4.47 (d, J=8.0 Hz, 2H), 7.15 (t, J= 8.0 Hz, 2H; ArH), 7.33 (d, J=8.0 Hz, 2H; ArH), 7.36 

(t, J=8.0 Hz, 2H; ArH), 8.87 (brt, J=4.0 Hz, 1H; NH), 9.36 (brt, J=4.0 Hz, 1H; NH). ESI-

MS(+) m/z 318.96 [M+H]+. Anal. Calcd for (C16H15FN2O4): C, 63.39; H, 4.91; N, 5.69. 

Found: C, 62.54; H, 4.79; N, 5.89. 

2,3-Bis(benzyloxy)-N1,N4-bis(4-fluorobenzyl)terephthalamide: To a solution 

of dimethyl 2,3-bis(benzyloxy)terephthalate (300 mg, 0.79 mmol) in 100 mL, was added 

FPMA (108 µL, 0.95 mmol). The reaction was stirred at room temperature overnight 
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under nitrogen. The solvent was removed in vacuo. The crude product was purified via 

silica column chromatography using CH2Cl2 as an eluent to yield product as a white solid 

(252 mg, 0.427 mmol). Yield = 54%. 1H NMR (400 MHz, CDCl3, 25 °C): δ = 4.42 (d, 

J=10.0 Hz, 4H), 5.05 (s, 4H), 6.95 (t, J= 8.0 Hz, 4H; ArH), 7.14 (m, 10H; ArH), 7.29 (t, 

J=8.0 Hz, 4H; ArH), 7.35 (s, 2H; ArH), 8.06 (brt, J=8.0 Hz, 2H; NH). ESI-MS(+) m/z 

592.95 [M+H]+. 

N1,N4-Bis(4-fluorobenzyl)-2,3-dihydroxyterephthalamide (RCD-11): 2,3-

Bis(benzyloxy)-N1,N4-bis(4-fluorobenzyl)terephthalamide (250 mg, 0.42 mmol) was 

stirred in 16 mL of a 1:1 solution of HCl:HOAc at room temperature for 3 days under 

ambient conditions, to obtain a turbid mixture. Addition of 6 mL H2O resulted in 

precipitation of a white solid. The solid was isolated by filtration, washed with water and 

dried under vacuum to yield product RCD-11, as a white solid (143 mg, 0.35 mmol). 

Yield = 83%. 1H NMR (400 MHz, CDCl3, 25 °C): δ = 4.62 (d, J=4.0 Hz, 4H), 7.05 (t, J= 

8.0 Hz, 4H; ArH), 7.14 (s, 2H; ArH), 7.20 (brt, J=6.0 Hz, 2H; NH), 7.33 (t, J=6.0 Hz, 

4H; ArH), 10.74 (brs, 2H, OH). ESI-MS(+) m/z 412.96 [M-H]+. Anal. Calcd for 

(C22H18F2N2O4): C, 72.69; H, 5.10; N, 4.73. Found: C, 73.17; H, 5.45; N, 4.89. 

8-(Benzyloxy)quinoline-7-carboxylic acid: To a solution of 8-hydroxyquinoline-

7-carboxylic acid (500 mg, 2.64 mmol) in 10 mL of DMF, was added, benzyl chloride 

(782 µL, 6.78 mmol) and K2CO3 (1.03 g, 7.47 mmol). The reaction mixture was heated to 

reflux at 120 ˚C stirred overnight under nitrogen. The reaction was filtered and the filtrate 

was concentrated in vacuo to a reddish-brown oil. The crude oil was purified via a silica 

plug in CH2Cl2 as an eluent to yield product as an orange oil (585 mg, 1.58 mmol). Yield 

= 60%. To a solution of this oil (585 mg, 1.58 mmol) in 5 mL of MeOH, was added 3 mL 
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of a 6M NaOH solution. The solution was stirred overnight at room temperature under 

nitrogen. The solvent was removed in vacuo and the acid product was extracted with 

CH2Cl2 and 6M HCl. The organic phase collected, dried over anhydrous MgSO4, and 

concentrated in vacuo to yield product as a yellow solid (444 mg, 1.58 mmol). Yield = 

100%. 1H NMR (400 MHz, DMSO-d6, 25 °C):  δ = 5.43 (s, 2H; CH2), 7.33 (d, J = 7.2 

Hz, 2H; ArH), 7.37 (t, J = 7.2 Hz, 2H; ArH), 7.58 (d, J = 6.8 Hz, 2H; ArH), 7.63 (dd, J = 

8.4, 4.4 Hz, 1H; ArH), 7.77 (d, J = 2.4 Hz, 1H; ArH), 8.42 (dd, J = 8.4, 1.4 Hz, 1H; 

ArH), 9.01 (dd, J = 4.4, 2.0 Hz, 1H; ArH). ESI-MS(-)  m/z 278.32 [M-H]-. 

8-(Benzyloxy)-N-(4-fluorobenzyl)quinoline-7-carboxamide: To a solution of 8-

(Benzyloxy)quinoline-7-carboxylic acid (400 mg, 1.43 mmol) in 15 mL of dry CH2Cl2, 

was added EDCI (329 mg, 1.72 mmol), HOBt (232 mg, 1.72 mmol) and FPMA (197 µL, 

1.72 mmol). The mixture was stirred overnight at room temperature under nitrogen. The 

reaction was extracted with 1M HCl and CH2Cl2. The organic phase was collected, dried 

over anhydrous MgSO4 and concentrated in vacuo to a yellow oil. The crude oil was 

purified via silica column chromatography using 0-2% MeOH/CH2Cl2 as an eluent to 

yield product as a yellow solid (171 mg, 0.44 mmol). Yield = 31%. 1H NMR (400 MHz, 

CDCl3-d1, 25 °C):  δ = 4.43 (d, J = 5.6 Hz, 2H; NHCH2), 5.51 (s, 2H; CH2), 6.92 (t, J = 

8.8 Hz, 2H; ArH), 7.13 (dd, J = 6.4, 3.0 Hz, 2H; ArH), 7.32 (d, J = 5.2 Hz, 5H; ArH), 

7.48 (dd, J = 8.4, 4.0 Hz, 1H; ArH), 7.64 (d, J = 8.4 Hz, 1H; ArH), 8.18 (dd, J = 8.4, 2.0, 

Hz, 1H; ArH), 8.28 (d, J = 8.8 Hz, 1H; ArH), 8.60 (brt, 1H; CONHCH2), 8.99 (dd, J = 

4.0, 1.6 Hz, 1H; ArH). ESI-MS(+)  m/z 387.11 [M+H]+. 

7-((4-fluorobenzyl)amino)quinolin-8-ol (RCD-12): 8-(Benzyloxy)-N-(4-

fluorobenzyl)quinoline-7-carboxamide (154 mg, 0.40 mmmol) was stirred in 10 mL of a 
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1:1 solution of HCl:HOAc at room temperature for 5 days under ambient conditions. The 

solution was evaporated to dryness in vacuo and the resulting residue was co-evaporated 

with 3x5 mL of MeOH. The resulting solid was dried overnight under vacuum to yield 

product RCD-12, as a yellow solid (101 mg, 0.34 mmol). Yield = 85%. 1H NMR (500 

MHz, DMSO-d6, 25 °C):  δ =  4.54 (d, J = 4.6 Hz, 2H; NHCH2), 7.13 (t, J = 8.6 Hz, 2H; 

ArH), 7.38 (t, J = 6.0 Hz, 2H; ArH), 7.57 (d, J = 9.1, Hz, 1H; ArH), 7.85 (brt, 1H; ArH), 

8.17 (d, J = 8.6 Hz, 1H; ArH), 8.67 (d, J = 8.0 Hz, 1H; ArH), 9.00 (brs, 1H; ArH), 9.75 

(brt, 1H; CONHCH2. 13C NMR (125 MHz, DMSO-d6, 25 °C): 42.4 (CH2), 113.6 (ArC), 

115.5 (ArC), 115.7 (ArC), 117.7 (ArC), 124.4 (ArC), 126.1 (ArC), 130.0 (ArC), 131.4 

(ArC), 135.4 (ArC), 148.2 (ArC), 155.9 (ArC), 160.7 (ArC), 162.7 (ArC), 168.8 (C=O). 

ESI-MS(+)  m/z 297.12 [M+H]+. Anal. Calcd for C17H13FN2O2•2.25 H2O: C, 60.62; H, 

5.24; N, 8.32. Found: C, 60.53; H, 4.83; N, 8.33. 

2-((4-fluorobenzyl)amino)quinolin-8-ol (RCD-13): To a solution of 8-

hydroxyquinoline-2-carboxylic acid, (400 mg, 2.1 mmol) in 20 mL of CH2Cl2, was added 

EDCI (487 mg, 2.5 mmol), HOBt (343 mg, 2.5 mmol), and FPMA (290 µL, 2.5 mmol). 

The resulting mixture was stirred at room temperature for 16 h under nitrogen. The 

mixture was washed with 1M HCl and brine. The organic phase was collected, dried over 

anhydrous MgSO4 and concentrated in vacuo to a crude product. The crude solid was 

purified via silica column chromatography in using 0-5% MeOH/CH2Cl2 as an eluent to 

yield product RCD-13, as a pale yellow solid (383 mg 1.3 mmol) Yield = 61%. 1H NMR 

(400 MHz, d6-DMSO, 25 °C): δ = 4.59 (d, J=8.0 Hz, 2H), 7.17 (t, J= 8.0 Hz, 2H; ArH), 

7.19 (d, J=8.0 Hz, 1H; ArH), 7.40 (t, J=4.0 Hz, 2H; ArH), 7.46 (d, J=8.0 Hz, 1H; ArH), 

7.55 (t, J=8.0 Hz, 1H; ArH), 8.15 (d, J=8.0 Hz, 1H; ArH), 8.49 (d, J=8.0 Hz, 1H; ArH), 
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10.14 (brt, J=8.0 Hz, 1H; NH). ESI-MS(+) m/z 297.09 [M+H]+. Anal. Calcd for 

(C17H13FN2O2): C, 68.91; H, 4.42; N, 9.45. Found: C, 68.96; H, 4.79, N, 5.91. 

7-((4-Fluorobenzyl)carbamoyl)-8-hydroxyquinoline 1-oxide (RCD-14): This 

compound was prepared from 7-((4-fluorobenzyl)amino)quinolin-8-ol from an adapted 

literature procedure.65 To a mixture of 1.8 mL TFA and 230 µL of 30% H2O2 was added 

to 7-((4-fluorobenzyl)amino)quinolin-8-ol (183 mg, 0.5 mmol). The solution was 

refluxed at 80 °C for 16 h. The reaction was cooled to room temperature. Approximately 

9 mL of water was added and the resulting brown precipitate was isolated via filtration. 

The solid was dried under vacuum to yield product RCD-14 as a light brown solid (55 

mg, 0.175 mmol).Yield = 35%. 1H NMR (400 MHz, CDCl3, 25 °C): δ = 4.72 (d, J=8.0 

Hz, 2H), 7.05 (t, J= 8.0 Hz, 2H; ArH), 7.39 (m, 3H; ArH), 7.61 (dd, J=8.0 Hz, J=4.0 Hz, 

1H; ArH), 8.17 (d, J=8.0 Hz, 1H; ArH), 8.24 (d, J=8.0 Hz, 1H), 8.27 (br, 1H; NH), 8.89 

(d, J=4.0 Hz, 1H). ESI-MS(+) m/z 296.97 [M-O-]+. Anal. Calcd for (C17H13FN2O3): C, 

65.38; H, 4.20; N:8.97. Found: C, 63.42; H, 4.85; N, 8.17. 

N-(4-Fluorobenzyl)-2-hydroxybenzamide (RCD-15): To a solution of 2-

hydroxybenzoic acid (500 mg, 3.6 mmol) in 20 mL of CH2Cl2, was added EDCI (833 

mg, 4.3 mmol), HOBt (585 mg, 4.3 mmol), and FPMA (495 µL, 4.3 mmol). The mixture 

was stirred at room temperature for 16 h under nitrogen. The reaction was rinsed with 1M 

HCl and brine. The organic phase was collected, dried over anhydrous MgSO4 and 

concentrated in vacuo to a solid residue. The crude product was purified via flash silica 

column chromatography in CH2Cl2 as an eluent to yield product RCD-15, as a white 

solid (302 mg, 1.2 mmol). Yield = 34%. 1H NMR (400 MHz, d6-DMSO, 25 °C): δ = 4.48 

(d, J=4.0 Hz, 2H), 6.88 (t, J= 8.0 Hz, 2H; ArH), 7.13 (t, J=8.0 Hz, 2H; ArH), 7.38 (m, 
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3H; ArH), 7.86 (d, J=8.0 Hz, 1H; ArH), 9.34 (brt, J=8.0 Hz, 1H; NH). ESI-MS(+) m/z 

245.99 [M+H]+. Anal. Calcd for (C14H12FNO2): C, 68.56; H, 4.93; N, 5.71. Found: C, 

68.18; H, 5.35; N, 5.87. 

 6-((Benzyloxy)carbonyl)picolinic acid: To a solution of pyridine-2,6-

dicarboxylic acid (2.0 g, 12 mmol) in 40mL DMF, was added NaHCO3 (1.18 g, 14.4 

mmol) and benzyl bromide (1.7 mL, 14.4 mmol). The reaction mixture was heated to 60 

°C for 16 h under nitrogen. The solution was cooled to room temperature. To the reaction 

mixture, 40 mL cold H2O was added. The aqueous solution was acidified to pH 3 with 

1M HCl. The solution was extracted with EtOAc, the organic phase was collected, dried 

over anhydrous MgSO4, and concentrated in vacuo to yield product as a white solid (493 

mg, 1.75mmol). Yield = 16%. 1H NMR (400 MHz, d6-DMSO, 25 °C): δ = 5.41 (s, 2H), 

7.45 (m, 5H; ArH), 8.22 (m, 3H; ArH). ESI-MS(-) m/z 255.92 [M-H]-. 

N-(4-Fluorobenzyl)-6-(2-phenylacetyl)picolinamide: To a solution of 6-

((Benzyloxy)carbonyl)picolinic acid (400 mg, 1.56 mmol) in 15 mL of dry CH2Cl2, was 

added EDCI (347 mg, 1.80 mmol), HOBt (240 mg, 1.80 mmol) and FPMA (205 µL, 1.80 

mmol). The mixture was stirred overnight at room temperature under nitrogen. The 

reaction mixture was extracted with 1M HCl and CH2Cl2. The organic phase was 

collected, dried over anhydrous MgSO4 and concentrated in vacuo to a brown oil. The oil 

was purified via silica column chromatography using 0-1% MeOH/CH2Cl2 as an eluent to 

yield the product as a white solid (54 mg, 0.157 mmol). Yield = 10%. 1H NMR (400 

MHz, CDCl3, 25 °C): δ = 4.65 (d, J=8.0 Hz, 2H), 5.43 (s, 2H), 7.02 (t, J= 8.0 Hz, 2H; 

ArH), 7.36 (m, 7H; ArH), 8.01 (t, J=8.0 Hz, 1H; ArH), 8.22 (d, J=8.0 Hz, 1H; ArH), 8.40 

(d, J=8.0 Hz, 1H; ArH), 8.54 (brt, J=8.0 Hz, 1H; NH). ESI-MS(+) m/z 364.90 [M+H]+.  
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6-((4-fluorobenzyl)carbamoyl)picolinic acid: To a solution of N-(4-

Fluorobenzyl)-6-(2-phenylacetyl)picolinamide (300 mg, 0.82 mmol) in 20 mL MeOH, 

was added KOH (157 mg, 2.8 mmol). The reaction mixture was heated to 85 °C for 4 h 

under nitrogen. The reaction was neutralized with HCl. Solvent was removed in vacuo 

and the resulting solid was dissolved in 5% MeOH/DCM. Insoluble particles were hot 

filtered and the solution was dried in vacuo to yield product as a white solid (202 mg, 

0.73 mmol). Yield= 90%. 1H NMR (400 MHz, CDCl3, 25 °C): δ= 4.32 (d, J=4.0 Hz, 2H), 

6.72 (t, J= 8.0 Hz, 2H; ArH), 7.01 (t, J=6.0 Hz, 2H; ArH), 7.54 (brt, J=6.0 Hz, 1H; NH), 

7.87 (d, J=8.0 Hz, 1H; ArH), 7.95 (d, J=4.0 Hz, 1H), 8.82 (brt, J=6.0 Hz, 1H; NH). ESI-

MS(-) m/z 272.90 [M-H]-.  

2-Carboxy-6-((4-fluorobenzyl)carbamoyl)pyridine 1-oxide (RCD-16): 

Synthesis adapted from literature procedure.65 To a mixture of 1.5 mL TFA and 220 µL 

of 30% H2O2 was added to 6-((4-fluorobenzyl)carbamoyl)picolinic acid (100 mg, 0.55 

mmol). The solution was refluxed at 80 °C for 16 h. The reaction was cooled to room 

temperature. Approximately 7 mL of water was added and the resulting brown precipitate 

was isolated via filtration. The solid was dried under vacuum to yield product RCD-16 as 

a light brown solid (30 mg, 0.104 mmol). Yield = 19%. 1H NMR (400 MHz, CDCl3, 25 

°C): δ = 4.67 (d, J=4.0 Hz, 2H), 7.06 (t, J= 8.0 Hz, 2H; ArH), 7.35 (t, J=6.0 Hz, 2H; 

ArH), 7.82 (t, J=8.0 Hz, 1H; ArH), 8.60 (dd, J=8.0 Hz, J=4.0 Hz, 1H; ArH), 8.74 (dd, 

J=8.0 Hz, J=4.0 Hz, 1H; ArH), 10.29 (brt, J=8.0 Hz, 1H; NH). ESI-MS(-) m/z 288.65 

[M-H]-. Anal. Calcd for (C14H11FN2O4): C, 57.93; H, 3.82; N, 9.65. Found: C, 58.19; H, 

4.10; N, 9.37. 
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N2,N6-Bis(4-fluorobenzyl)pyridine-2,6-dicarboxamide: To a solution of 

pyridine-2,6-dicarboxylic acid (400 mg, 2.4 mmol) in 15 mL of CH2Cl2, was added EDC 

(1 g, 5.3 mmol), HOBt (712 mg, 5.3 mmol), and FPMA (620 µL, 5.3 mmol). The mixture 

was stirred at room temperature for 16 h under nitrogen. The reaction was then washed 

with 1M HCl and brine. The organic phase was collected, dried over anhydrous MgSO4 

and concentrated in vacuo to a crude reside. The crude product was purified via silica 

column chromatography in 0-5% MeOH/CH2Cl2 as an eluent to yield the product as a 

beige solid (594 mg, 1.50 mmol). Yield = 65%. 1H NMR (400 MHz, CDCl3, 25 °C): δ = 

4.49 (d, J=8.0 Hz, 4H), 6.86 (t, J= 8.0 Hz, 4H; ArH), 7.16 (t, J=6.0 Hz, 4H; ArH), 7.99 

(t, J=8.0 Hz, 1H; ArH), 8.32 (d, J=8.0 Hz, 2H; ArH), 8.37 (brt, J=8.0 Hz, 2H; NH). ESI-

MS(+) m/z 381.99 [M+H]+. 

2,6-Bis((4-fluorobenzyl)carbamoyl)pyridine 1-oxide (RCD-17): Synthesis 

adapted from literature procedure.65 To a mixture of 3.2 mL TFA and 450 µL of 30% 

H2O2 was added to N2,N6-Bis(4-fluorobenzyl)pyridine-2,6-dicarboxamide (580 mg, 1.5 

mmol). The solution was refluxed at 80 °C for 16 h. The reaction was cooled to room 

temperature. Approximately 9 mL of cold H2O was added and the resulting in a crude 

brown precipitate. The crude product was isolated via filtration and purified via silica 

column chromatography using 0-5% MeOH/CH2Cl2 as an eluent to yield product RCD-

17 as a light brown solid (59 mg, 0.15 mmol). Yield: 10%. 1H NMR (300 MHz, CDCl3, 

25 °C): δ = 4.63 (d, J=6.0 Hz, 4H), 7.03 (t, J= 9.0 Hz, 4H; ArH), 7.33 (t, J=7.5 Hz, 4H; 

ArH), 7.62 (t, J=6.0 Hz, 1H; ArH), 8.60 (d, J=6.0 Hz, 2H; ArH), 10.93 (br, 2H; NH). 

ESI-MS(+) m/z 397.98 [M+H]+. Anal. Calcd for (C21H17F2N3O3): C, 63.47; H, 4.31; N, 

10.57. Found: C, 63.10; H, 4.40; N, 10.72. 
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(2-Methoxy-1,3-phenylene)bis((2-thioxothiazolidin-3-yl)methanone): 

Synthesis adapted from literature procedure.186 To a solution of 2-methoxyisophthalic 

acid (2.7 g, 13.8 mmol) in 120 mL of DCM, was added Thiazolidine-2-thione (3.3 g, 28 

mmol), a catalytic amount of DMAP, and N,N-Dicyclohexylcarbodiimide (DCC) (5.7 g, 

28 mmol). The mixture was stirred for 5 h at room temperature under nitrogen. The 

solution was filtered and the solvent was removed from the filtrate in vacuo. The 

compound was purified via silica column chromatography in CH2Cl2 as an eluent to yield 

product as a bright yellow solid (1.6 g, 3.9 mmol). Yield = 29%. 1H NMR (400 MHz, 

CDCl3, 25 °C): δ = 3.42 (t, J=8.0 Hz, 4H), 3.90 (s, 3H), 4.60 (t, J=8.0 Hz, 4H), 7.14 (t, 

J=8.0 Hz, 1H; ArH), 7.43 (d, J=4.0 Hz, 2H; ArH). ESI-MS(+) m/z 398.67 [M+H]+. 

N-(4-Fluorobenzyl)-2-methoxy-3-(2-thioxothiazolidine-3-

carbonyl)benzamide: Synthesis adapted from literature procedure.187 To a solution of 

(2-Methoxy-1,3-phenylene)bis((2-thioxothiazolidin-3-yl)methanone) (300 mg, 0.73 

mmol) in 100 mL of DCM, was added FPMA (29 µL, 0.24 mmol). The reaction mixture 

was stirred overnight at room temperature under nitrogen. The solvent was then removed 

in vacuo and the resulting crude compound was purified via silica column 

chromatography in CH2Cl2 as an eluent to yield product as a bright yellow solid (259 mg, 

0.642 mmol). Yield = 88%. 1H NMR (400 MHz, CDCl3, 25 °C): δ = 3.43 (t, J=6.0 Hz, 

2H), 3.75 (s, 3H), 4.60 (d, J=4.0 Hz, 2H), 4.65 (t, J= 8.0 Hz, 2H), 7.02 (t, J=8.0 Hz, 2H; 

ArH), 7.21 (t, J=8.0 Hz, 1H; ArH), 7.25 (t, J=4.0 Hz, 2H; ArH), 7.33 (d, J=8.0 Hz, 1H; 

ArH), 7.80 (brt, J=8.0 Hz, 1H; NH), 8.15 (d, J=8.0 Hz, 1H; ArH). ESI-MS(+) m/z 404.81 

[M+H]+. 
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N1-(4-Fluorobenzyl)-2-methoxy-N3-methylisophthalamide: To a solution of 

N-(4-Fluorobenzyl)-2-methoxy-3-(2-thioxothiazolidine-3-carbonyl)benzamide (150 mg, 

0.37 mmol) in 4 mL, DCM was added 230 µL of 40% aq. CH3NH2. The solution mixture 

was stirred vigorously for 30 minutes at room temperature under nitrogen. The solution 

was washed with water. The organic phase was collected, dried over anhydrous MgSO4 

and concentrated in vacuo to crude residue. The crude product was purified via silica 

column chromatography using 0-10% MeOH/CH2Cl2 as an eluent to yield product as 

yellow solid (89 mg, 0.281 mmol). Yield = 76%. 1H NMR (400 MHz, CDCl3, 25 °C): δ = 

2.93 (d, J=4.0 Hz, 3H), 3.69 (s, 3H), 4.55 (d, J= 4.0 Hz, 2H), 6.99 (t, J=8.0 Hz, 2H; 

ArH), 7.22 (t, J=8.0 Hz, 1H; ArH), 7.29 (t, J=8.0 Hz, 2H; ArH), 7.75 (brt, J=8.0 Hz, 1H; 

NH), 7.94 (d, J=8.0 Hz, 1H; ArH), 7.98 (d, J=9.0 Hz, 1H; ArH). ESI-MS(+) m/z 317.0 

[M+H]+. 

N1-(4-fluorobenzyl)-2-hydroxy-N3-methylisophthalamide (RCD-18): To a 

solution of N1-(4-Fluorobenzyl)-2-methoxy-N3-methylisophthalamide (85 mg, 0.26 

mmol) in 15 mL DCM was added, BBr3 (140 µL, 0.21 mmol) under nitrogen at 0 °C. The 

mixture was allowed to warm to room temperature and was stirred for 3 days under 

nitrogen. The reaction was quenched with 8 mL MeOH and diluted with 10 mL of water. 

The solution was boiled until the yellow color dissipated and water volume was reduced 

by half. The solution was cooled to room temperature and MeOH was added to induce 

precipitation. The precipitate was isolated via filtration and dried under vacuum to yield 

product as a white solid (30.6 mg, 010 mmol) Yield = 36%. 1H NMR (400 MHz, CDCl3, 

25 °C): δ = 3.01 (d, J=4.0 Hz, 3H), 4.61 (d, J= 4.0 Hz, 2H), 6.87 (t, J=8.0 Hz, 1H; ArH), 

7.01 (t, J=8.0 Hz, 2H; ArH), 7.30 (t, J=6.0 Hz, 2H; ArH), 7.61 (br, 1H; NH), 7.90 (d, 
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j=8.0 Hz, 1H), 8.05 (d, J=8.0 Hz, 1H; ArH), 8.29 (br, 1H; NH). ESI-MS(+) m/z 302.95 

[M+H]+. Anal. Calcd for (C16H14FNO4): C, 63.57; H, 5.00; N, 9.27. Found: C, 63.32; H, 

5.10; N, 9.28. 

N1,N3-Bis(4-fluorobenzyl)-2-methoxyisophthalamide: To a solution of (2-

Methoxy-1,3-phenylene)bis((2-thioxothiazolidin-3-yl)methanone) (300 mg, 0.75 mmol) 

in 100 mL DCM  was added, FPMA (215 µL, 1.87 mmol). The reaction was stirred at 

room temperature overnight under nitrogen. The solvent was removed in vacuo. The 

crude product was purified via flash silica column chromatography using CH2Cl2 as an 

eluent to yield product as a bright yellow solid (71 mg, 0.172 mmol). Yield = 23%. 1H 

NMR (400 MHz, CDCl3, 25 °C): δ = 3.43 (t, J=6.0 Hz, 2H), 3.75 (s, 3H), 4.60 (d, J= 8.0 

Hz, 2H), 4.64 (t, J=6.0 Hz, 2H), 7.03 (t, J=8.0 Hz, 2H; ArH), 7.24 (t, J=8.0 Hz, 1H; 

ArH), 7.31 (t, J=8.0 Hz, 2 H; ArH), 7.41 (d, J=8.0 Hz, 1H; ArH), 7.76 (brt, J=8.0 Hz, 

1H; NH), 8.16 (d, J=8.0 Hz, 1H; ArH). ESI-MS(+) m/z 404.79 [M+H]+. 

N1,N3-Bis(4-fluorobenzyl)-2-hydroxyisophthalamide (RCD-19): To a solution 

of N1,N3-Bis(4-fluorobenzyl)-2-methoxyisophthalamide (70 mg, 0.17 mmol) in 15 mL 

DCM was added, BBr3 (142 µL, 0.23 mmol) under nitrogen at 0 °C. The mixture was 

allowed to warm to room temperature and was stirred for 3 days under nitrogen. The 

reaction was quenched with 8 mL MeOH and diluted with 10 mL of water. The solution 

was boiled until the yellow color dissipated and water volume was reduced by half. The 

solution was cooled to room temperature and MeOH was added to induce precipitation. 

The precipitate was isolated via filtration and dried under vacuum to yield product as 

white solid (14 mg, 0.035 mmol). Yield = 21%. 1H NMR (400 MHz, CDCl3, 25 °C): δ = 

4.64 (d, J=4.0 Hz, 4H), 6.97 (t, J= 8.0 Hz, 1H; ArH), 7.04 (t, J=8.0 Hz, 4H; ArH), 7.33 
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(t, J=6.0 Hz, 4H; ArH), 7.70 (br, 2H; NH), 7.97 (d, J=8.0 Hz, 2H). ESI-MS(+) m/z 

396.93 [M+H]+. Anal. Cacld for (C22H18F2N2O3): C, 66.66; H, 4.58; N, 7.07. Found: C, 

66.54; H, 4.98; N, 6.86. 

Computational Docking Studies: The coordinates for the X-ray crystal structure 

of PFV-IN were taken from the RCSB Protein Data Bank (entry: 3OYA) and prepared 

using the Protein Preparation Wizard, which is a part of the Maestro software package 

(Maestro v9.1; Schrodinger, Inc.). The Protein Preparation Wizard was used to add bond 

order assignments and formal charges for heterogroups (amino acid residues, metal-

ligand bonds) and hydrogen atoms to the system. To optimize the hydrogen bonding 

network histidine tautomers and ionization states were predicted, and manual corrections 

were made when necessary to ensure correct coordination with the two Mg(II) ions. 

Proper assignment of Asn and Gln side chains was assessed by rotating 180º around the 

terminal χ angle of these residues while adding hydrogen atoms to sample the hydrogen 

bonding network around the residues; to determine if the oxygen and nitrogen atoms 

were properly assigned. All water molecules in the structure were removed.  

Three-dimensional structures of the RCD fragments and raltegravir were prepared 

using LigPrep (LigPrep v2.4 Schrodinger, Inc.) with Epik (Epik v2.1 Schrodinger, Inc.) 

to generate multiple protonation and tautomeric states for the ligands at pH values of 

7.0±2.0. The metal binding state (i.e. deprotonated hydroxyl groups) of the RCD 

compounds were docked flexibly into the active site of the prepared PFV-IN structure. 

Docking was performed with Glide 5.5 (Glide v5.5; Schrodinger, Inc.) with the standard 

precision scoring function to estimate protein-ligand binding affinities. A maximum of 

ten scoring poses were saved for each fragment. The top scoring poses for each fragment 
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were found to possess the most reasonable and expected binding modes with reasonable 

metal-ligand bond distances based on the 3OYA crystal complex.  

To calculate the RMSD of the various compounds, the superposition tool within 

Maestro was used. The two compounds in question would be selected and an RMSD 

property would be created upon manually selecting the atom pairs to be compared. The 

calculations were conducted using the ‘in place’ option, which omits a post-docking 

minimization of the compounds, which is designed to move the structures in order get the 

lowest possible RMS difference between the two superimposed fragments. 
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4 Antagonism of P. aeruginosa Elastase Using Unique Metal-Chelating Scaffolds 
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4. A. Introduction 

 Pseudomonas aeruginosa elastase (LasB), is a Zn(II) dependent enzyme 

responsible for degradation of a wide variety of substrates including elastin, fibrin, 

immunoglobulins, complement factors and cytokines.71,188 As discussed in Chapter 1, 

LasB is a virulence factor of P. aeruginosa, a pathogenic bacterium that is of concern due 

to acquired drug resistance.188 Infections in immunocompromised patients result in the 

degradation of damaged tissues and can be fatal when vital organs such as the lungs and 

kidneys become colonized. This opportunistic bacteria is responsible for nearly 15% of 

all hospital-acquired infections including respiratory tract, eye, urinary and 

gastrointestinal tract infections.69,189 The emergence of antibiotic resistance to nearly all-

available antimicrobial agents is a real threat to public health. Therefore, there is a need 

to develop alternative antibacterial approaches. One approach is to target pathogenic 

virulence factors. This relatively new tactic has been regarded as a “second generation” 

antibiotic approach.190-192 While the merit of investigating such targets remains to be 

seen, inhibitors that interfere with toxin function and delivery, and thus regulate virulence 

factor expression, have been reported with promising in vivo effects.191,192 From an 

inhibitor design standpoint, the presence of the Zn(II) cofactor in LasB is an attractive 

tethering point for interactions between the enzyme and potential inhibitors.  

 An overriding theme of the work presented thus far has been the investigation of 

interactions of small molecule inhibitors against metalloproteases, with the goal of 

designing specifically tailored and potent therapeutics. Explored in Chapters 2, fragment 

libraries have been designed as tools to effectively identify novel metal-binding groups 

(MBGs) for inhibitors of therapeutic targets such as: matrix metalloproteinases 
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(MMPs),193,194 anthrax lethal factor (LF),171 HIV-1 integrase (HIV-1 IN)195 and 

others.137,196 Historically, LasB inhibitor development has generally focused on peptide-

based molecules and to date there is a lack of effective, non-peptidic small molecule 

inhibitors.77,78,80 Currently no studies have successfully attempted to systematically 

identify small molecule inhibitors via metal chelation specific to LasB.197-199 In this 

Chapter the chelator fragment library (CFL-1.1) and subsequent sublibraries were used 

for the identification of chelating scaffolds for the development of novel, potent and 

selective LasB inhibitors.  

4. B. Discovery and Design of LasB Inhibitors Via CFL-1.1 Screening  

 In a previous study, a library of over 300 hydroxamic acid containing compounds 

were screened using an established fluorescence assay based on a LasB-cleavable FRET 

peptide substrate.80 Of this set of compounds, eight hits showed ~100% inhibition at a 

concentration of 50 µM. Importantly, only two of these eight compounds inhibited LasB 

in a dose-dependent fashion, compounds 1 and 2, which had IC50 values of 13.6 µM and 

16.4 µM, respectively. Live cultures of P. aeruginosa were then exposed to the 

compounds 1 and 2 in order to determine if either would display antagonistic activity 

towards LasB, both compounds failed, showing no in vivo activity against LasB. Thus, in 

a screening of >300 hydroxamic acid small molecules, not one compound resulted in a 

lead that was effective against the pathogen (Figure 4.1).  
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Figure 4.1 Structures and select in vitro IC50 values for hydroxamic acid containing small 

molecules against LasB. Percent inhibition when screened at 50 µM. 

 

 The majority of initial investigations for the inhibition of Zn(II) metalloenzymes 

often begin and end with hydroxamic acids. As noted earlier, this motif has been 

implicated in various unwanted side effects and exhibit poor oral viability. Additionally, 

under physiological conditions, the hydroxamate moiety is known to be unstable and will 

readily hydrolyze generally rendering the MBG weakened or ineffective.57,200 In order to 

identify better MBGs, and hence better leads for LasB inhibition, CFL-1.1 was screened 

and was found to yield several dose-dependent fragment hits (Figure 4.2). 
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Figure 4.2 Fragment hits from screening of CFL-1.1 at 1 mM against LasB. Percent 

inhibition and select IC50 values are shown.  

 

 In this group of fragments, two sets of chelating scaffolds, the 3,4-HOPTO and 

tropolone moieties (7e, 11e, 12e and 11g, 12g respectively), were of particular interest. 

Factors in deciding to further explore these specific fragments stem from their potential 

to be readily functionalized and thus perform exhaustive structure activity relationship 

(SAR) studies in the development of a hit to a lead. Moreover, compounds based off of 

11g (tropolone) have the potential to generate novel LasB inhibitors. Tropolone has not 

been previously explored as a LasB inhibitor scaffold.201 The work described herein is to 

date the first example of non-peptidic small molecule antagonists of LasB.78  

4. C. 1. 3-Hydroxy-1-alkyl-2-methylpyridine-4(1H)-thione Inhibitors 

 The first set of fragments explored contained a MBG consisting of an O,S donor 

atom pair. Compounds 7e, 11e and 12e, all of which contain the 3-hydroxy-1-alkyl-2-

methylpyridine-4(1H)-thione (3,4-HOPTO) scaffold, have been identified as inhibitors of 

other Zn(II) metalloproteases.137,202,203 A sublibrary of 3,4-HOPTO compounds, initially 
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designed for use in the development of LF inhibitors,170 was screened for in vitro LasB 

antagonism (Figure 4.3).  

 

Figure 4.3 3,4-HOPTO sublibrary screened against LasB with select compounds IC50 

values given. 

 From this sublibrary screen, only 4 compounds (TM2/8a, TM4, TM7, and 

TM8/8b) showed any significant increase in potency when compared to the CFL-1.1 

fragments initially screened. In the most potent compounds, the varied substituents on the 

3,4-HOPTO scaffold contained biphenyl or napthyl groups. The most potent of these 3,4-

HOPTO compounds, TM2/8a and TM8/8b (both containing biphenyl groups), showed 
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approximately a 30-fold increase in potency over the parent fragments from CFL-1.1 (7e, 

11e, 12e).  

 In an attempt to further develop these two fragments into a potent lead compound, 

decoration of the biphenyl backbone ring was undertaken. The types of functional groups 

appended on to the backbone were varied; unfortunately none of the compounds designed 

resulted in increased potency (Figure 4.4). This may be due to the positioning of the 

biphenyl functional group when inside the active site. It is plausible to suggest that the 

MBG is dictating a specific binding mode, and thus the biphenyl can only point in one 

direction towards the substrate binding pocket. As such, steric clashing with the protein 

wall will not tolerate further development upon the biphenyl ring.  

 

 

Figure 4.4 Structures and corresponding IC50 values for analogs of 3,4-HOPTO hit 

TM8/8b. 

 

 With two potent in vitro leads TM2/8a and TM8/8b, it was necessary to 

determine whether these compounds would be active in a cell-based assay. It is at this 
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juncture, that all of the hydroxamic acid-based hits failed to progress. None of the 

previously studied hydroxamate compounds were capable of showing antagonism against 

LasB when studied in P. aeruginosa. The achievement of such a compound would go 

beyond confirming a new scaffold in LasB inhibitor design; it would further validate the 

use of CFL-1.1 as a tool for the identification of significant scaffolds for metalloenzyme 

inhibitor design via systematic exploration of MBGs. 

 As described in Chapter 1, LasB is a virulence factor associated with swarming 

and biofilm formation. Both of these functions are known to contribute to bacterial 

resistance to antibiotics.204 Studies have shown that knockout mutants of LasB cause 

severe defects in the formation of these biofilms and thus the ability of P. aeruginosa to 

swarm. It has been proposed that a study of a swarming ability can be used as a model for 

examining antibiotic resistance from biofilm formation.204  

 As shown in Figure 4.5, the swarming motility of P. aeruginosa was investigated 

under control and inhibitor conditions. Figure 4.5a depicts the swarming of P. aeruginosa 

in the presence of 25 µM DMSO (control), the dendritic swarming pattern typically seen 

in normal P. aeruginosa is observed. Conversely, Figure 4.5b shows the same strain of P. 

aeruginosa treated with TM8/8b (left) and TM2/8a (right), in which the ability of the 

bacteria to swarm has drastically decreased. The results clearly illustrate swarming 

antagonism by compounds TM2/8a and TM8/8b. This experiment successfully 

demonstrates that the small molecule inhibitors TM2/8a and TM8/8b are capable of 

showing efficacy against LasB not only in vitro, but in vivo environments as well. 
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Figure 4.5 Swarming of P. aeruginosa strain PA14 in the presence of 25 µM of each of 

the following: a) DMSO; b) TM8/8b (left) TM2/8a (right). 

 

4. C. 2. 5-Amino-2-hydroxycyclohepta-2,4,6-trienone-based Inhibitors  

 When CFL-1.1 was screened against LasB, numerous fragments were identified 

as MBGs of interest (Figure 4.2). In addition to the 3,4-HOPTO-based compounds, the 

small molecule 2-hydroxycyclohepta-2,4,6-trienone (tropolone, 11g) was also identified 

as a potent fragment. Investigations into the ability of tropolone to chelate to Zn(II) has 
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been shown in model complexes mimicking the active site metal in MMPs.40,136 Although 

further development of tropolone compounds did not yield more potent MMP inhibitors, 

this work did help to establish tropolone as a potential MBG for metalloenzyme 

inhibition. 

 Tropolone and its related natural products are a unique class of compounds with a 

distinctive seven-member aromatic ring. In 1942, British scientists isolated a compound 

they referred to as stipitatic acid containing eight carbon atoms, six hydrogen atoms, and 

five oxygen atoms. The structure of this new fungal metabolite eluded researchers for 

years. It was not until Michael Dewar proposed an entirely novel type of non-benzene-

based aromatic configuration that the structure of stipitatic acid would be solved.205,206 

The ring of seven carbons, which displayed aromatic properties similar to benzene, would 

be known as tropolone. Dewar’s accomplishments broke ground for new theories and 

fundamental principals about aromaticity. While tropolone itself does not occur naturally, 

there are numerous natural products that contain this distinctive structure.201 It was only 

recently the biosynthetic pathway from which fungi produce tropolone was elucidated.207  

 Over the past half-century, tropolone-based compounds have been the core of 

numerous therapeutics, particularly antifungal and antimicrobial treatments.208 It is 

proposed that some plant troponoids, such as those found in the essential oils of the 

Cupressaceous tree are a part of the natural defenses this tree uses against invading 

fungus.201,209 Historically, some of the most sought after tropolone-based therapeutics 

have been the α, β, and γ-thujaplicins, such as puberulic acid, a promising 

antimalarial.207,210 Examples of α-hydroxytropolones as effective therapeutics can be 

seen in the recent developments towards an α-hydroxytropolone-based inhibitor of HIV-
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1 IN.211 One area of interest, particularly with regard to this work, is the ability of 

tropolone to bind metals. Studies have shown that this class of compounds, particularly β-

thujaplicn, can inhibit numerous metalloenzymes.201 In addition, this tropolone-based 

compound has been shown to have a cytoprotective role by promoting the production of 

metallothionein, a protein responsible for zinc homeostasis and heavy metal 

detoxification.212 Few drug candidates have resulted from a direct tropolone scaffold; this 

may be due in part to the desire to seek out natural product candidates rather than a true 

lack of activity of tropolone.201 

 The inhibitory abilities of tropolone are perhaps most widely known in connection 

with tyrosinase (TY). Chapters 1 and 2 highlight how potent this small molecule is 

against the dinuclear copper enzyme. Recently, a study out of the Netherlands was able to 

produce a co-crystal structure of mushroom TY with tropolone.213-215 The structure shows 

that tropolone is bound to the protein wall via Van der Waals interactions and is not 

bound to the active site metal ions. However, the crystal structure is of the deoxy-

tyrosinase isoform of the enzyme. As discussed in Chapter 1, TY can exist as three 

different isoforms met-, oxy-, and deoxy-tyrosinase. Only the oxy-tyrosinase form, where 

both Cu(II) ions are bound to a bridging dioxygen, is inhibited by tropolone.215 

 In the initial screening of CFL-1.1, tropolone (11g) and a tropolone-based natural 

product, β-thujaplicin (12g) showed moderate potency against LasB (Figure 4.2 and 

Figure 4.6). The potential to develop a simple tropolone-scaffold inhibitor for a Zn(II) 

dependent metalloenzyme was intriguing.216 
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Figure 4.6 List of tropolone and tropolone-like fragments with corresponding IC50 values 

against LasB.  

 Before progressing with fragment development, a simple proof of concept 

compound (3) was designed to illustrate the vital contribution the MBG makes to the 

potency of the molecule. Shown in Figure 4.6, when compared to tropolone, compound 3 

is significantly less potent. The acetylated phenolic oxygen located on C2 blocks the 

metal-binding ability of the MBG, and thus affects binding and inhibition. It is 

understood that the carbonyl and hydroxyl groups in the scaffold are crucial to metal 

binding.217 Studies of other metalloenzyme interactions with tropolone and ß-thujaplicin 

have indicated that at least a portion of the ability of these compounds to inhibit stem 

from metal chelation between the hydroxyl and carbonyl groups.218 The decrease in 

activity between 11g and 3 highlights the significance of the interactions between the 

metal cofactor and the small molecule.  

 5-Amino-2-hydroxycyclohepta-2,4,6-trienone (5-aminotropolone), compound 4 

(Figure 4.6), was an appealing starting scaffold for hit development. It offered a 

functional handle for further synthetic chemistry to be explored. The lower IC50 value of 

4 compared to 11g indicated that not only would functionalization in this direction be 

tolerated but that there was the possibility of protein-ligand hydrogen bonding from the 

amine. A library of tropolone compounds was made via one-step condensation with 
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isocyanates under microwave irradiation. From this sublibrary (Figure 4.7, Table 4.1), 

nine compounds were discovered to be at least as potent as the 3,4-HOPTO small 

molecule inhibitors TM2/8a and TM8/8b. The most potent tropolone compound (4.a) 

exhibited an IC50 value of 1.16 µM. In addition, using Michaelis-Menten kinetics 4.a was 

found to be a competitive inhibitor of LasB with a Ki of ~336 nM (Figure 4.8). 
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Table 4.1 Table of tropolone sublibrary IC50 values against LasB. 
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Figure 4.8 Competitive inhibition curve to determine Ki of 4.a to be 336 ± 24 nM.  

 

 The compounds of the tropolone sublibrary (Figure 4.7) all contain a urea group 

that acts as a linker between the MBG and the backbone. This functionality contains two 

potential hydrogen bond donors. Control compounds 5 and 6, both of which contain an 

amide linkage were synthesized to determine the importance of this urea linker. A 

significant loss in activity is observed in both control compounds. Compound 5 is an 

exact analog of the most potent compound, 4.a, but one of the amides has been 

eliminated. Control compound 5 is a weaker inhibitor when compared to 4.a by nearly an 

order of magnitude. Compound 6 is also missing the urea and the linker length was 

shortened. The reduction in activity for this compound (IC50 value ~56 µM) suggests the 

spacing between the napthyl group and the MBG, in addition to the urea linkage, 

contributes to the potency of the compound. An unrelated control compound, 7, is an 

acetylated version of 4.a. Identical to the results seen between 11g and 3 (Figure 4.7 and 

Table 4.1), the acetylated MBG results in ~50-fold loss of potency; further suggesting 

that coordination to the metal cofactor is critical to the activity of these tropolone-based 

inhibitors. 
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 In vitro, the tropolone compounds preformed as well as the 3,4-HOPTO-based 

inhibitors. Identical to the procedure used for the 3,4-HOPTO compounds, P. aeruginosa 

was grown on agar plates in the presence of either DMSO or 4.a (Figure 4.9). The 

inhibitory activity of compound 4.a was verified in the cellular assay. To further prove 

the necessity for an inhibitor with a MBG, compound 7 was also plated with P. 

aeruginosa in the same manner as described above (Figure 4.9). The acetylated 

compound showed a decrease in antagonism towards P. aeruginosa swarming. 

Compound 7 still showed some reduction in swarming when compared with the DMSO 

control sample (Figure 4.9a). This observation is attributed to hydrolysis of 7 to the 

potent unprotected 4.a compound. 
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Figure 4.9 Swarming of P. aeruginosa strain PA14 in the presence of 25 µM a) DMSO 

or b) 4.a (left) 7 (right). 

 

4. D. Comparison of Small Molecule LasB Inhibitors: Cross-Inhibition Screen 

 All of the lead inhibitors of LasB identified in this Chapter (TM2/8a, TM8/8b, 

4.a) have comparable activity (1.16 µM - 3.34 µM). However, the 3,4-HOPTO motif is 

known to inhibit numerous Zn(II) metalloenzymes.137,170,202 Indeed, the sublibrary of 

compounds screened (Figure 4.3) were adapted from previous studies against other 

Zn(II)-dependent targets.170,202 In order to determine if either of the MBG scaffolds could 
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improve selectivity, 3,4-HOPTO compound TM8/8b and tropolone compound 4.a were 

tested against a panel of metalloenzymes.  

 The primary focus of this cross-inhibition study was to illustrate selectivity for an 

enzyme with a specific Zn(II) cofactor. As such, three Zn(II) mediated enzymes (MMP-2, 

MMP-9 and human carbonic anhydrase II (hCAII)) and one Cu-dependent enzyme, 

mushroom TY, were selected. The last enzyme in the panel was selected specifically for 

the tropolone-based compounds as TY is strongly inhibited by troplone.219 In order to 

validate the selectivity of these advanced fragments, certain criteria need to be met. First, 

a highly selective compound will discriminate against other enzymes that utilize the same 

metal ion cofactor as the target. Secondly, any advanced compound containing a 

fragment known to be potent to an enzyme other than the target needs to diminish in 

efficacy with respect to the off-target protein. The selectivity screening was conducted 

via a series of in vitro assays. Each enzyme was treated with 50 µM of either TM8/8b or 

4.a and monitored for percent enzyme activity (Figure 4.10). 
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Figure 4.10 Cross-inhibition screening results of TM8/8b and 4.a against MMPs -2, -9, 

hCAII and TY at 50 µM. Positive control for MMP-2 and MMP-9 was CGS 27023A 

(IC50 values 20 and 8 nM respectively)220, for hCAII was acetazolamide (IC50 value 12 

nM)221 and for tyrosinase was tropolone (11g, IC50 value 400 nM).95 

 

 It is important to note that the cross-inhibitory screen was conducted at a 

relatively high concentration (50 µM); as such non-specific, off-target inhibition should 

be observed. The results of the MMP enzymes indicate that TM8/8b is a strong inhibitor 

of these Zn(II) endopeptidases, as previously reported.170,202 The 3,4-HOPTO compound 
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TM8/8b completely inhibited MMP activity, whereas 4.a reduced MMP activity by < 

50%. Both TM8/8b and 4.a showed some activity against hCAII, but overall neither 

compound gave considerable inhibition. Lastly, neither compound demonstrated 

substantial antagonism towards TY (Figure 4.10). What is significant about this result is 

the lack of efficacy in the tropolone-based compound (4.a). It would appear that the hit 

optimization of the tropolone parent fragment has altered the inherent affinity of the 

tropolone MBG for TY, thus allowing 4.a to be selective for LasB. These results are quite 

significant. The cross-inhibitory screen illustrates that by developing tropolone towards a 

lead compound, a highly selective inhibitor can be obtained. The tropolone-base 

compound is no longer potent towards TY or any of the other metalloenzymes screened. 

This is unlike the results seen with the HOPTO-based compounds that remain 

promiscuous to many other Zn(II) dependent enzymes even after hit development. This 

study gives further evidence that target-specific metalloenzyme inhibitors can be 

achieved through a FBLD approach. 

4. E. Conclusions 

 In conclusion, this study successfully identified the first, non-peptidic inhibitors 

of LasB that showed activity in a pathogen-based assay.78 Using MBG fragments, with 

hit optimization, resulted in the discovery of potent small molecule inhibitors of LasB, 

with evidence for Zn(II) ion cofactor chelation. The tropolone-based compounds, in 

particular 4.a, illustrate not only potency against the target enzyme but also selectivity 

against a panel of similar metalloenzymes. Through the use of cell-based assays, these 

compounds were shown to have anti-swarming activity. It is important to note that 

traditionally swarming antagonism has only been studied with general virulence factor 
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expression and bacterial adhesion inhibitors; as such, these compounds are also the first 

targeted compounds to show direct swarming antagonism.57,213,222,223 These selective 

compounds will be incredibly valuable for gaining a greater knowledge regarding the part 

LasB has in contributing to antibiotic resistance in P. aeruginosa swarms. There is 

potential for further investigations into the use of these novel small molecule LasB 

inhibitors in P. aeruginosa infection models to study the influence this virulence factor 

has in promoting bacterial potency. Ultimately, it may be possible to use a combination 

of a LasB inhibitor with traditional antibiotics as a new treatment for multi-drug resistant 

P. aeruginosa.  

 The wider scope of this study illustrates two key concepts. The discovery and 

study of these small molecule virulence factor inhibitors will help evaluate the impact of 

targeting bacterial virulence factors as a viable approach for the development of new 

antibiotics. Secondly, the use of fragment libraries and sublibraries swiftly identified the 

key functional features required for potency and more importantly selectivity. The use of 

CFL-1.1 to identify not one, but two potential leads is further validation that a FBLD 

approach to the identification and design of metalloenzyme inhibitors is effective.  
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4. F. Experimental 

 General. Reactions were carried out under standard atmospheric conditions. 

Yields refer to purified, isolated compounds, unless otherwise stated. All reactions were 

conducted in a CEM Discover® Microwave Reactor and were monitored by thin-layer 

chromatography (TLC) carried out on silica gel plates using UV-light (254 nm). THF was 

dried and stored over molecular sieves. Flash chromatography separations were 

performed using a CombiFlash® Rf automated chromatography system by Teledyne 

Isco. All compounds were confirmed to have ≥95% purity by HPLC (254 or 280 nm). 

NMR spectra were recorded on a Bruker or Varian 300 or 400 MHz spectrometers at 25 

°C and calibrated using a solvent peak as an internal reference. The following 

abbreviations are used to indicate the multiplicities: s, singlet; d, doublet; t, triplet; q, 

quartet; m, multiplet; br, broad.  

 Data measurement and analysis: All fluorescence readings were measured in 

black 96-well microtiter plates with clear bottoms (Corning Costar) on a SpectraMax 

M2e Microplate Reader (Molecular Devices). GraphPad Prism version 5.0a for Mac OS 

X (GraphPad Software, www.graphpad.com) was used for all IC50 and Ki analyses. 

 Materials: LasB was purchased from Elastin Products Company and used as 

received. The LasB pro-fluorescent substrate, Abz-Ala-Gly-Leu-Ala-p-Nitro-Benzyl-

Amide (SAG-3905-PI), was purchased from Peptides International and used as received. 

Molecular biology grade DMF and DMSO were purchased from Sigma Aldrich and used 

as received.  
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Synthesis and Characterization for 3,4-HOPTO Compounds 

 General. 3-Hydroxy-2-methyl-4H-pyran-4-thione (thiomaltol,) (1.0 equiv) and 

amine (2.0 equiv) were added to a round-bottom flask and dissolved in toluene (0.8 M). 

The resulting mixture was heated to 110−115 °C to boil off all solvent. After ~5 min of 

additional heating, the contents were cooled to 25 °C and dissolved in a minimal amount 

of EtOAc. Compounds TM1-TM23 and TM8a-TM8g were then obtained via 

recrystallization from EtOAc and hexanes or silica column chromatography to yield 

yellow powders. Compounds TM1-TM23 were from previously reported 

compounds.170,202 Compounds TM8a, and TM8c-TM8g are reported below.  

 1-((3',4'-Difluoro-[1,1'-biphenyl]-4-yl)methyl)-3-hydroxy-2-methylpyridine-

4(1H)-thione (TM8/8a): The pure product was obtained via silica column 

chromatography using 0-4% MeOH in DMC as an eluent to yield product as a beige solid 

(82 mg, 0.239 mmol). Yield: 67%. 1H NMR (400 MHz, DMSO, 25 °C):  δ 2.34 (s, 3H), 

5.51 (s, 2H), 7.23 (d, J = 8.1 Hz, 2H), 7.42 (d, J = 6.6 Hz, 1H), 7.46 (dd, J = 8.4, 6.3 Hz, 

2H), 7.73 (d, J = 8.2 Hz, 2H), 7.78 (t, J = 5.9 Hz, 1H), 7.88 (d, J = 6.7 Hz, 1H), 8.76 (s, 

1H). 13C NMR (400 MHz, DMSO, 25 °C):  δ 13.25, 57.90, 116.32, 116.50, 118.56, 

118.73, 124.07, 124.17, 125.59, 127.86, 128.10, 128.95, 134.25, 135.93, 138.34, 153.36, 

170.34. ESI-MS(+) m/z 344.09[M+H]+. 

  1-(4-(Benzo[d][1,3]dioxol-5-yl)phenethyl)-3-hydroxy-2-methylpyridine-

4(1H)-thione (TM8c): The pure product was obtained via silica column chromatography 

using 0-3% MeOH in DMC as an eluent to yield product as a brown solid (103 mg, 0.282 

mmol). Yield: 63%. 1H NMR (400 MHz, DMSO, 25 °C):  δ 2.35 (s, 3H), 5.48 (s, 2H), 
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6.05 (s, 2H), 6.99 (d, J = 8.1 Hz, 1H), 7.13 (dd, J = 8.1, 1.6 Hz, 1H), 7.18 (d, J = 8.1 Hz, 

2H), 7.24 (d, J = 1.4 Hz, 1H), 7.41 (d, J = 6.6 Hz, 1H), 7.63 (d, J = 8.2 Hz, 2H), 7.87 (d, 

J = 6.7 Hz, 1H), 8.76 (s, 1H). 13C NMR (400 MHz, DMSO, 25 °C):  δ 13.26, 57.96, 

101.86, 107.74, 109.37, 120.96, 125.56, 127.71, 127.74, 128.97, 134.22, 134.30, 134.77, 

140.31, 147.69, 148.67, 153.34, 170.24. ESI-MS(+) m/z 352.01[M+H]+. 

 1-(2-(4'-Fluoro-[1,1'-biphenyl]-4-yl)ethyl)-3-hydroxy-2-methylpyridine-

4(1H)-thione (TM8d): The pure product was obtained via silica column chromatography 

using 0-3% MeOH in DMC as an eluent to yield product as a dark brown solid (45 mg, 

0.132 mmol). Yield: 39%. 1H NMR (400 MHz, DMSO, 25 °C):  δ 2.34 (s, 3H), 5.51 (s, 

2H), 7.23 (d, J = 8.1 Hz, 2H), 7.42 (d, J = 6.6 Hz, 1H), 7.52 (d, J = 4.1 Hz, 2H), 7.72 (d, 

J = 8.2 Hz, 2H), 7.77 (d, J = 4.8 Hz, 1H), 7.88 (d, J = 8.3 Hz, 2H). 13C NMR (400 MHz, 

DMSO, 25 °C):  δ 13.25, 54.76, 103.48, 112.40, 135.09, 137.49, 139.99, 142.97, 143.59, 

140.31, 147.69, 148.69, 153.65, 170.24, 172.11. ESI-MS(+) m/z 325.34[M+H]+. 

 3-Hydroxy-2-methyl-1-(2-(4'-methyl-[1,1'-biphenyl]-4-yl)ethyl)pyridine-

4(1H)-thione (TM8e): The pure product was obtained via recrystalization from 1:2 

EtOAc/Hexanes, the precipitate isolated via vacuum filtration. The product was dried 

under vacuum to yield a beige solid (82 mg, 0.244 mmol). Yield: 67%. 1H NMR (400 

MHz, CDCl3, 25 °C):  δ 7.60 (m, 4H), 7.48 (d, 2H, J = 7.0 Hz), 7.23 (m, 2H), 7.08 (d, 

2H, J = 7.0 Hz), 5.25 (s, 2H), 2.48 (s, 3H), 2.42 (s, 3H). HRMS (ESI-TOF) m/z calcd for 

C20H19NOS [M+H]+ 322.1260, found 322.1254. 

 3-Hydroxy-1-(2-(4'-methoxy-[1,1'-biphenyl]-4-yl)ethyl)-2-methylpyridine-

4(1H)-thione (TM8f): The pure product was obtained via silica column chromatography 

using 0-6% MeOH in DMC as an eluent to yield product as a brown solid (91 mg, 0.259 



 

 

177 

mmol). Yield: 88%. 1H NMR (400 MHz, CDCl3, 25 °C):  δ 7.60 (m, 4H), 7.48 (d, 2H, J 

= 7.0 Hz), 7.23 (m, 2H), 7.08 (d, 2H, J = 7.0 Hz), 5.25 (s, 2H), 2.48 (s, 3H), 2.42 (s, 3H). 

HRMS (ESI-TOF) m/z calcd for C20H19NOS [M+H]+ 322.1260, found 322.1254. 

 1-(2-(4'-Chloro-[1,1'-biphenyl]-4-yl)ethyl)-3-hydroxy-2-methylpyridine-

4(1H)-thione (TM8g): The pure product was obtained via recrystalization from 1:2 

EtOAc/Hexanes, the precipitate isolated via vacuum filtration. The product was dried 

under vacuum to yield a dark solid (59 mg, 0.166 mmol). Yield: 60%. 1H NMR (400 

MHz, CDCl3, 25 °C):  δ 7.57 (d, 2H, J = 7.0 Hz), 7.55 (d, 2H, J = 7.0 Hz), 7.48 (d, 1H, J 

= 6.8 Hz), 7.23 (d, 1H, J = 6.8 Hz), 7.08 (d, 2H, J = 7.0 Hz), 6.96 (d, 2H, J = 7.0 Hz), 

5.25 (s, 2H), 3.81 (s, 3H), 2.42 (s, 3H). HRMS (ESI-TOF) m/z calcd for C20H19NO2S 

[M+H]+ 338.1209, found 338.1214. 

Synthesis and Characterization for Tropolone Compounds 

 7-Oxocyclohepta-1,3,5-trien-1-yl acetate (3): To a solution of tropolone (11g, 

300 mg, 2.45 mmol) in 5 mL acetic anhydride, was added 4 drops of concentrated 

sulfuric acid. The reaction was left to stir for 4 h at room temperature under nitrogen. The 

reaction mixture was quenched with 30 mL of ice. Excess acetic anhydride was 

evaporated in vacuo. The crude mixture was dissolved in DCM and extracted with water. 

The organic fractions were collected, dried over anhydrous MgSO4 and concentrated in 

vacuo to a crude residue. The crude solid was purified via silica column chromatography 

using 0−7% MeOH in DCM as an eluent to yield product 3, as a white solid (125 mg, 

0.726 mmol). Yield: 31%. 1H NMR (400 MHz, DMSO-d6):  δ 7.31−7.23 (m, 5H), 2.26 

(s, 3H). 13C NMR (200 MHz, DMSO-d6):  δ 175.5, 161.5, 148.1, 139.7, 138.4, 131.0, 

128.1, 124.2, 30.1. ESI-MS(-) m/z 163.12, found for C9H7O3 [M-H]-. 
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 2-Hydroxy-5-nitrosocyclohepta-2,4,6-trienone: To a solution of tropolone (5.0 

g, 41 mmol) in 14.5 mL H2O, was added an acetic acid (12 mL, 210 mmol) and sodium 

nitrite (3.1 g, 45 mmol) mixture. The reaction solution was then stirred at room 

temperature for 3 h under nitrogen. The resulting brown solid was isolated via filtration 

over a frit and washed with 50 ml of cool water. The solid was collected and dried under 

vacuum to yield 5-nitrosotropolone as a light brown solid (3.8 g, 25.16 mmol). Yield: 

62%. 1H NMR (400 MHz, DMSO-d6):  δ 8.85 (d, J = 40.0 Hz, 2H), 7.58 (dd, J = 12.2, 

1.5 Hz, 2H). 13C NMR (200 MHz, DMSO-d6):  δ 185.7, 184.2, 152.3, 139.7, 130.3, 

128.1, 124.2. ESI-MS(-) m/z 150.12, found for C7H4NO3 [M-H]-. 

5-Amino-2-hydroxycyclohepta-2,4,6-trienone (4): The synthesis of 4 was adapted 

from previous procedures.224225 In a large Parr bottle, to a solution of 2-hydroxy-5-

nitrosocyclohepta-2,4,6-trienone (2.2 g, 14.6 mmol) in 100 mL of ethanol, was added 

palladium on carbon (10%, 0.029 g, 0.028 mmol). The bottle was placed in a 

hydrogenator and purged three times with hydrogen gas before being set to shake for 18 h 

at 22 psi. The reaction mixture was filtered over celite and the filtrate was collected and 

evaporated to dryness in vacuo. The resulting dark orange residue was dissolved in 50 

mL of boiling ethyl acetate, and the turbid mixture was hot filtered. The filtrate was 

reduced in volume to 35 mL, and allowed to cool. The resulting golden precipitate was 

isolated via filtration. The solid was collected and dried under vacuum to yield product 4, 

as a golden solid (1.66 g, 12.11 mmol) Yield: 83% yield. 1H NMR (400 MHz, DMSO-

d6):  δ 7.11 (d, J = 12.1 Hz, 2H), 6.72 (d, J = 12.1 Hz, 2H), 6.27 (s, 2H). 13C NMR (200 

MHz, DMSO-d6):  δ 185.7, 184.2, 161.1, 139.7, 156.5, 120.1, 124.2. ESI-MS(-) m/z 

136.11, found for C7H6NO2 [M-H]-. 
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 General procedure for aminotropolone derivatives. To a solution of 5-

Aminotropolone (4, 100 mg, 0.73 mmol) in THF (4 mL), was added an isocyanate (1.1 

mmol, 1.5 equiv). The reaction mixture irradiated on the microwave synthesizer for 120 

minutes at 95 °C with the following settings: maximum pressure 250 psi, 300 watts, and 

medium stirring. The mixture was transferred to a round-bottomed flask and concentrated 

in vacuo. Compounds (4.a-4.af) were purified via hot filtration with boiling MeOH and 

recrystallization or via silica column chromatography using 0−8% MeOH in DCM as an 

eluent to yield solid product. 

 1-(4-Hydroxy-5-oxocyclohepta-1,3,6-trien-1-yl)-3-(naphthalen-1-yl)urea (4.a): 

The pure product was obtained via silica column chromatography using 0-6% MeOH in 

DMC as an eluent to yield product as a white solid (96 mg, 0.313 mmol). Yield: 31%. 1H 

NMR (400 MHz, DMSO-d6):  δ 9.26 (s, 1H), 8.88 (s, 1H), 8.12 (d, J = 8.4 Hz, 1H), 7.95 

(t, J = 7.5 Hz, 2H), 7.69−7.65 (m, 3H), 7.61−7.56 (m, 2H), 7.50 (d, J = 7.6 Hz, 1H), 7.27 

(dd, J = 12.2, 0.9 Hz, 2H). 13C NMR (200 MHz, DMSO-d6):  δ 173.9, 173.9, 153.7, 

144.9, 140.6, 137.9, 136.9, 133.2, 128.3, 126.1, 126.0, 125.2, 124.4, 121.6, 119.8, 118.8, 

108.1, 106.2. ESI-MS(-) m/z 304.94, found for C18H13N2O3 [M-H]-.  

 Butyl 4-(3-(4-hydroxy-5-oxocyclohepta-1,3,6-trien-1-yl)ureido)benzoate (4.b): 

The pure product was obtained via silica column chromatography using 0-4% MeOH in 

DMC as an eluent to yield product as a gray solid (39 mg, 0.109 mmol). Yield: 14 %. 1H 

NMR (400 MHz, DMSO-d6):  δ 9.23 (s, 1H), 9.01 (s, 1H), 7.89 (d, J = 8.6 Hz, 2H), 7.58 

(dd, J = 10.6, 4.3 Hz, 4H), 7.23 (d, J = 12.2 Hz, 2H), 4.24 (t, J = 6.5 Hz, 2H), 1.67 (dd, J 

= 14.4, 6.6 Hz, 2H), 1.42 (dd, J = 15.0, 7.3 Hz, 2H), 0.93 (t, J = 7.4 Hz, 3H). 13C NMR 



 

 

180 

(200 MHz, DMSO-d6):  δ 169.7, 166.0, 153.0, 144.6, 139.9, 131.0, 128.8, 125.6, 123.7, 

118.2, 61.0, 50.9, 14.9. ESI-MS(+) m/z 357.39, found for C19H21N2O5 [M+H]+.  

 1-(2-(Benzo[d][1,3]dioxol-5-yl)ethyl)-3-(4-hydroxy-5-oxocyclohepta-1,3,6-

trien-1-yl)urea (4.c): The pure product was obtained via recrystalization from EtOAc, 

the precipitate isolated via vacuum filtration. The product was dried under vacuum to 

yield a brown solid (103 mg, 0.134 mmol ). Yield: 32%. 1H NMR (300 MHz, DMSO-d6):  

δ 9.22 (s, 1H), 8.99 (s, 1H), 7.89 (s, 1H), 7.56 (dd, J = 10.7, 4.3 Hz, 4H), 7.21 (d, J = 12.1 

Hz, 2H), 4.22 (t, J = 6.5 Hz, 2H), 1.66 (dt, J = 14.1, 6.9 Hz, 2H), 1.40 (dd, J = 15.0, 7.3 

Hz, 2H). 13C NMR (150 MHz, DMSO-d6):  δ 174.7, 172.9, 154.9, 150.9, 148.4, 146.7, 

137.8, 136.4, 131.3, 121.5, 120.7, 119.7, 110.0, 109.1, 108.0, 51.1, 49.1. ESI-MS(+) m/z 

328.98, found for C17H17N2O5 [M+H]+.  

 1-(4-Hydroxy-5-oxocyclohepta-1,3,6-trien-1-yl)-3-(2-phenoxyphenyl)urea 

(4.d): The pure product was obtained via silica column chromatography using 0-3% 

MeOH in DMC as an eluent to yield product as a beige solid (64 mg, 0.184 mmol). 

Yield:  24%. 1H NMR (400 MHz, DMSO-d6):  δ 9.47 (s, 1H), 8.56 (s, 1H), 8.25 (d, J = 

8.2 Hz, 1H), 7.59 (d, J = 12.3 Hz, 2H), 7.43 (t, J = 8.0 Hz, 2H), 7.24 (d, J = 12.2 Hz, 2H), 

7.18 (td, J = 7.4, 1.1 Hz, 1H), 7.15−7.10 (m, 1H), 7.07 (dd, J = 7.7, 1.0 Hz, 2H), 

7.01−6.97 (m, 1H), 6.85 (dd, J = 8.1, 1.2 Hz, 1H). 13C NMR (200 MHz, DMSO-d6):  δ 

169.0, 156.8, 152.5, 145.4, 139.8, 131.0, 127.5, 125.3, 124.1, 123.8, 122.8, 120.0, 118.5. 

ESI-MS(+) m/z 348.88, found for C20H17N2O4 [M+H]+.  

 Ethyl 4-(3-(4-hydroxy-5-oxocyclohepta-1,3,6-trien-1-yl)ureido)benzoate (4.e): 

The pure product was obtained via silica column chromatography using 0-6% MeOH in 

DMC as an eluent to yield product as a pale yellow solid (81 mg, 0.247 mmol). Yield: 
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34%. 1H NMR (400 MHz, DMSO-d6):  δ 9.08 (s, 1H), 8.92 (s, 1H), 8.16 (t, J = 1.9 Hz, 

1H), 7.65 (d, J = 8.1 Hz, 1H), 7.58 (d, J = 12.2 Hz, 3H), 7.43 (t, J = 7.9 Hz, 1H), 

7.24−7.21 (m, 2H), 4.31 (q, J = 7.1 Hz, 2H), 1.32 (t, J = 7.1 Hz, 3H). 13C NMR (200 

MHz, DMSO-d6):  δ 169.7, 166.0, 153.0, 144.6, 139.9, 131.0, 128.8, 125.6, 123.7, 118.2, 

61.0, 14.9. ESI-MS(-) m/z 326.99, found for C17H15N2O5 [M-H]-. 

 1-(4-Hydroxy-5-oxocyclohepta-1,3,6-trien-1-yl)-3-(4-(methylthio)phenyl)urea 

(4.f): The pure product was obtained via silica column chromatography using 0-5% 

MeOH in DMC as an eluent to yield product as a white solid (76 mg, 0.251 mmol). 

Yield: 34%. 1H NMR (400 MHz, DMSO-d6):  δ 8.89 (s, 1H), 8.82 (s, 1H), 7.57 (dd, J = 

11.0, 1.3 Hz, 2H), 7.44−7.41 (m, 2H), 7.24−7.21 (m, 4H), 2.44 (s, 3H). 13C NMR (400 

MHz, DMSO-d6):  δ 169.4, 153.2, 140.4, 137.6, 131.1, 128.4, 128.2, 125.7, 119.9, 16.5. 

ESI-MS(-) m/z 300.87, found for C15H13N2O3S [M-H]-. 

 (S)-1-(4-hydroxy-5-oxocyclohepta-1,3,6-trien-1-yl)-3-(1-phenylethyl)urea 

(4.g): The pure product was obtained via silica column chromatography using 0-3% 

MeOH in DMC as an eluent to yield product as a beige solid (101 mg, 0.355 mmol). 

Yield: 36%. 1H NMR (400 MHz, DMSO-d6):  δ 8.67 (s, 1H), 7.53 (d, J = 12.3 Hz, 2H), 

7.34 (d, J = 4.4 Hz, 4H), 7.24 (q, J = 4.4 Hz, 1H), 7.17 (d, J = 12.3 Hz, 2H), 6.80 (d, J = 

7.8 Hz, 1H), 4.80 (t, J = 7.3 Hz, 1H), 1.39 (d, J = 6.9 Hz, 3H). 13C NMR (400 MHz, 

DMSO-d6):  δ 169.0, 154.9, 145.5, 141.4, 129.0, 128.3, 127.4, 126.5, 126.0, 121.3, 49.5, 

23.6. ESI-MS(-) m/z 283.05, found for C16H15N2O3 [M-H]-.  

 1-(4-Hydroxy-5-oxocyclohepta-1,3,6-trien-1-yl)-3-(2-

(trifluoromethyl)phenyl)urea (4.h): The pure product was obtained via silica column 

chromatography using 0-4% MeOH in DMC as an eluent to yield product as a white solid 
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41 mg, 0.126 mmol). Yield: 17%. 1H NMR (400 MHz, DMSO-d6):  δ 9.19 (d, J = 0.5 Hz, 

1H), 9.03 (s, 1H), 8.01 (s, 1H), 7.59−7.50 (m, 4H), 7.33 (d, J = 7.7 Hz, 1H), 7.23 (d, J = 

10.8 Hz, 2H). 13C NMR (200 MHz, DMSO-d6):  δ 174.8, 171.3, 166.5, 137.6, 134.6, 

133.9, 130.1, 129.0, 128.2, 127.5, 125.7, 123.6, 120.3, 119.9. ESI-MS(+) m/z 324.96, 

found for C15H12F3N2O3 [M+H]+.  

 1-([1,1'-Biphenyl]-2-yl)-3-(4-hydroxy-5-oxocyclohepta-1,3,6-trien-1-yl)urea 

(4.i): The pure product was obtained via silica column chromatography using 0-3% 

MeOH in DMC as an eluent to yield product as a beige solid (59 mg, 0.117 mmol). 

Yield: 23%. 1H NMR (400 MHz, DMSO-d6):  δ 9.21 (s, 1H), 7.88 (d, J = 8.2 Hz, 1H), 

7.78 (s, 1H), 7.54-7.49 (m, 4H), 7.42 (td, J = 8.0, 1.4 Hz, 3H), 7.34 (dd, J = 8.2, 7.3 Hz, 

1H), 7.24−7.15 (m, 4H). 13C NMR (200 MHz, DMSO-d6):  δ 169.4, 153.4, 140.6, 139.1, 

135.9, 133.8, 131.1, 129.8, 129.5, 128.5, 128.2, 128.0, 125.8, 124.4, 123.6. ESI-MS(+) 

m/z 333.76, found for C20H17N2O3 [M+H]+.  

 1-(3,5-Bis(trifluoromethyl)phenyl)-3-(4-hydroxy-5-oxocyclohepta-1,3,6-trien-

1-yl)urea (4.j): The pure product was obtained via recrystalization from 1:1 

EtOAc/Hexanes, the precipitate isolated via vacuum filtration. The product was dried 

under vacuum to yield a brown solid (72 mg, 0.184 mmol). Yield: 24%. 1H NMR (400 

MHz, DMSO-d6):  δ 9.52 (s, 1H), 9.19 (s, 1H), 8.14 (s, 2H), 7.67 (s, 1H), 7.57 (d, J = 

12.1 Hz, 2H), 7.23 (d, J = 12.0 Hz, 2H). 13C NMR (200 MHz, DMSO-d6):  δ 169.5, 

169.9, 153.2, 140.4, 138.5, 128.4, 127.7, 127.6, 127.5, 126.9, 126.1, 125.8, 119.4, 119.2. 

ESI-MS(-) m/z 390.92, found for C16H9F6N2O3 [M-H]-. 

 1-(3-Chlorophenyl)-3-(4-hydroxy-5-oxocyclohepta-1,3,6-trien-1-yl)urea (4.k): 

The pure product was obtained via silica column chromatography using 0-8% MeOH in 
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DMC as an eluent to yield product as a beige solid (65 mg, 0.224 mmol). Yield: 15%. 1H 

NMR (400 MHz, DMSO-d6):  δ 9.05 (s, 1H), 9.00 (s, 1H), 7.71 (d, J = 2.1 Hz, 1H), 7.58 

(d, J = 12.4 Hz, 2H), 7.31 (d, J = 6.9 Hz, 2H), 7.24 (d, J = 12.2 Hz, 2H), 7.06 (dd, J = 

5.1, 3.6 Hz, 1H). 13C NMR (200 MHz, DMSO-d6):  δ 174.0, 172.9, 145.5, 137.2, 136.2, 

134.6, 131.2, 129.8, 125.7, 125.3, 124.9, 124.2, 122.0, 119.3. ESI-MS(+) m/z 291.03, 

found for C14H12ClN2O3 [M+H]+.  

 Methyl 4-(3-(4-hydroxy-5-oxocyclohepta-1,3,6-trien-1-yl)ureido)benzoate 

(4.l): The pure product was obtained via silica column chromatography using 0-4% 

MeOH in DMC as an eluent to yield product as a beige solid (88 mg, 0.280 mmol). 

Yield: 38%. 1H NMR (400 MHz, DMSO-d6):  δ 9.23 (s, 1H), 9.01 (s, 1H), 7.90 (d, J = 

8.7 Hz, 2H), 7.60−7.56 (m, 4H), 7.23 (d, J = 12.3 Hz, 2H), 3.81 (s, 3H). 13C NMR (200 

MHz, DMSO-d6):  δ 169.7, 166.0, 153.0, 144.6, 139.9, 131.0, 128.8, 125.6, 123.7, 118.2, 

52.8. ESI-MS(-) m/z 312.89, found for C16H13N2O5 [M-H]-.  

 1-(2,3-Dihydro-1H-inden-5-yl)-3-(4-hydroxy-5-oxocyclohepta-1,3,6-trien-1-

yl)urea (4.m): The pure product was obtained via silica column chromatography using 0-

3% MeOH in DMC as an eluent to yield product as a beige solid (48 mg, 0.162 mmol). 

Yield:  22%. 1H NMR (400 MHz, DMSO-d6):  δ 8.86 (s, 1H), 8.66 (s, 1H), 7.60−7.56 (m, 

2H), 7.37 (s, 1H), 7.24−7.21 (m, 2H), 7.16−7.11 (m, 2H), 2.81 (dt, J = 14.0, 7.2 Hz, 4H), 

2.00 (quintet, J = 7.4 Hz, 2H). 13C NMR (200 MHz, DMSO DMSO-d6):  δ 169.7, 166.0, 

153.0, 146.0, 144.6, 143.8, 139.7, 137.6, 133.3, 129.5, 124.0, 121.4, 120.4, 120.0, 43.2, 

43.1, 20.1. ESI-MS(-) m/z 294.92, found for C17H15N2O3 [M-H]-. 

 1-(2,6-Dichlorophenyl)-3-(4-hydroxy-5-oxocyclohepta-1,3,6-trien-1-yl)urea 

(4.n): The pure product was obtained via recrystalization from EtOAc, the precipitate 
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isolated via vacuum filtration. The product was dried under vacuum to yield a tan solid 

(109 mg, 0.336 mmol). Yield: 46%. 1H NMR (400 MHz, DMSO-d6):  δ 9.20 (s, 1H), 8.38 

(s, 1H), 7.57 (dd, J = 14.3, 10.3 Hz, 4H), 7.33 (t, J = 8.1 Hz, 1H), 7.22 (d, J = 12.3 Hz, 

2H). 13C NMR (200 MHz, DMSO-d6):  δ 169.4, 158.2, 157.3, 156.3, 140.5, 135.9, 130.6, 

128.4, 125.8, 123.5, 120.9, 120.4, 118.4. ESI-MS(-) m/z 322.83, found for C14H9Cl2N2O4 

[M-H]-. 

 1-(3-Acetylphenyl)-3-(4-hydroxy-5-oxocyclohepta-1,3,6-trien-1-yl)urea (4.o): 

The pure product was obtained via silica column chromatography using 0-5% MeOH in 

DMC as an eluent to yield product as a pale yellow solid (64 mg, 0.214 mmol). Yield: 

29%. 1H NMR (400 MHz, DMSO-d6):  δ 9.04 (s, 1H), 8.95 (s, 1H), 8.08 (s, 1H), 7.67 

(dd, J = 8.0, 1.1 Hz, 1H), 7.61−7.57 (m, 3H), 7.45 (t, J = 7.9 Hz, 1H), 7.23 (d, J = 12.2 

Hz, 2H), 2.56 (s, 3H). 13C NMR (200 MHz, DMSO-d6):  δ 171.2, 169.0, 154.9, 149.5, 

136.5, 136.0, 133.4, 129.0, 128.3, 127.4, 126.5, 126.0, 23.6. ESI-MS(-) m/z 296.98, found 

for C16H13N2O4 [M-H]-.  

 Ethyl 3-(3-(4-hydroxy-5-oxocyclohepta-1,3,6-trien-1-yl)ureido)benzoate (4.p): 

The pure product was obtained via silica column chromatography using 0-4% MeOH in 

DMC as an eluent to yield product as a beige solid (81 mg, 0.247 mmol). Yield: 34%. 1H 

NMR (400 MHz, DMSO-d6):  δ 9.08 (s, 1H), 8.92 (s, 1H), 8.16 (t, J = 1.9 Hz, 1H), 7.65 

(d, J = 8.1 Hz, 1H), 7.58 (d, J = 12.2 Hz, 3H), 7.43 (t, J = 7.9 Hz, 1H), 7.24−7.21 (m, 

2H), 4.31 (q, J = 7.1 Hz, 2H), 1.32 (t, J = 7.1 Hz, 3H). 13C NMR (200 MHz, DMSO-d6):  

δ 169.7, 166.0, 153.0, 144.6, 141.0, 139.9, 137.3, 131.0, 128.8, 125.6, 123.7, 118.2, 79.1, 

31.1. ESI-MS(-) m/z 326.99, found for C17H15N2O5 [M-H]-. 
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 1-(2-Chlorophenyl)-3-(4-hydroxy-5-oxocyclohepta-1,3,6-trien-1-yl)urea (4.q): 

The pure product was obtained via silica column chromatography using 0-3% MeOH in 

DMC as an eluent to yield product as a white solid (89 mg, 0.306 mmol). Yield: 40%. 1H 

NMR (400 MHz, DMSO-d6):  δ 9.59 (s, 1H), 8.41 (s, 1H), 8.12 (d, J = 8.4 Hz, 1H), 7.60 

(d, J = 12 Hz, 2H), 7.48 (d, J = 7.9 Hz, 1H), 7.31 (t, J = 8 Hz, 1H), 7.24 (d, J = 12 Hz, 

2H), 7.06 (t, J = 7.4 Hz, 1H). 13C NMR (200 MHz, DMSO-d6):  δ 174.8, 171.3, 152.5, 

137.6, 134.6, 132.7, 130.1, 129.0, 128.2, 127.5, 125.7, 123.6, 120.2, 119.6. ESI-MS(+) 

m/z 292.00, found for C14H12ClN2O3 [M+H]+.  

 1-([1,1'-Biphenyl]-4-yl)-3-(4-hydroxy-5-oxocyclohepta-1,3,6-trien-1-yl)urea 

(4.r): The pure product was obtained via silica column chromatography using 0-4% 

MeOH in DMC as an eluent to yield product as a white solid (96 mg, 0.298 mmol). 

Yield: 40%. 1H NMR (400 MHz, DMSO-d6):  δ 8.93 (d, J = 8.1 Hz, 2H), 7.65−7.54 (m, 

8H), 7.44 (s, 2H), 7.31 (t, J = 7.4 Hz, 1H), 7.24 (d, J = 12.3 Hz, 2H). 13C NMR (200 

MHz, DMSO-d6):  δ 174.8, 172.9, 152.5, 145.5, 140.6, 139.4, 138.4, 137.9, 137.0, 129.2, 

128.2, 127.9, 127.6, 125.8, 121.5, 119.7 (only 16 of 20 carbons found). ESI-MS(-) m/z 

330.94, found for C20H15N2O3 [M-H]-. 

 1-(4-Hydroxy-5-oxocyclohepta-1,3,6-trien-1-yl)-3-(4-phenoxyphenyl)urea 

(4.s): The pure product was obtained via silica column chromatography using 0-6% 

MeOH in DMC as an eluent to yield product as a tan solid (50 mg, 0.143 mmol). Yield: 

20%. 1H NMR (400 MHz, DMSO-d6):  δ 8.89 (s, 1H), 8.81 (s, 1H), 7.58 (d, J = 12.3 Hz, 

2H), 7.47 (d, J = 8.9 Hz, 2H), 7.36 (d, J = 0.9 Hz, 2H), 7.23 (d, J = 12.3 Hz, 2H), 7.09 (t, 

J = 7.4 Hz, 1H), 6.97 (dd, J = 10.0, 8.5 Hz, 4H). 13C NMR (200 MHz, DMSO-d6):  δ 
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169.4, 158.2, 153.3, 151.6, 140.5, 135.9, 130.6, 128.4, 125.8, 123.5, 120.9, 120.4, 118.4. 

ESI-MS(-) m/z 346.98, found for C20H15N2O4 [M-H]-. 

 1-(9H-Fluoren-2-yl)-3-(4-hydroxy-5-oxocyclohepta-1,3,6-trien-1-yl)urea (4.t): 

The pure product was obtained via recrystalization from 1:1 EtOAc/Hexanes, the 

precipitate isolated via vacuum filtration. The product was dried under vacuum to yield a 

pale yellow solid (63 mg, 0.183 mmol). Yield: 25%. 1H NMR (400 MHz, DMSO-d6):  δ 

8.92 (d, J = 15.4 Hz, 2H), 7.80 (d, J = 8.2 Hz, 3H), 7.60 (d, J = 12.3 Hz, 2H), 7.54 (d, J = 

7.4 Hz, 1H), 7.41 (dd, J = 8.2, 2.0 Hz, 1H), 7.35 (t, J = 7.3 Hz, 1H), 7.27−7.22 (m, 3H), 

3.90 (s, 2H). 13C NMR (200 MHz, DMSO-d6):  δ 174.7, 172.7, 154.1, 153.0, 145.5, 

143.4, 143.1, 141.1, 140.0, 137.9, 135.5, 129.1, 126.8, 125.8, 121.6, 120.3, 119.9, 117.3, 

115.9, 105.3, 36.5. ESI-MS(-) m/z 342.94, found for C21H15N2O3 [M-H]-. 

 Methyl 3-(3-(4-hydroxy-5-oxocyclohepta-1,3,6-trien-1-yl)ureido)benzoate 

(4.u): The pure product was obtained via silica column chromatography using 0-4% 

MeOH in DMC as an eluent to yield product as a gray solid (88 mg, 0.280 mmol). Yield: 

38%. 1H NMR (400 MHz, DMSO-d6):  δ 9.09 (s, 1H), 8.94 (s, 1H), 8.21 (s, 1H), 7.63-

7.56 (m, 4H), 7.44 (t, J = 7.9 Hz, 1H), 7.22 (d, J = 11.7 Hz, 2H), 3.85 (s, 3H). 13C NMR 

(400 MHz, DMSO-d6):  δ 169.7, 166.0, 153.0, 145.8, 142.1, 138.8, 137.3, 131.0, 128.8, 

125.6, 123.7, 118.2, 55.9. ESI-MS(-) m/z 312.93, found for C16H13N2O5 [M-H]-.  

 1-(4-Hydroxy-5-oxocyclohepta-1,3,6-trien-1-yl)-3-(3-

(trifluoromethyl)phenyl)urea (4.v). (67 mg, 0.206 mmol). Yield: 27%. 1H NMR (400 

MHz, DMSO-d6):  δ 9.53 (s, 1H), 8.18 (s, 1H), 7.89 (d, J = 8.2 Hz, 1H), 7.71−7.58 (m, 

4H), 7.31 (t, J = 7.6 Hz, 1H), 7.25−7.22 (m, 2H). 13C NMR (200 MHz, DMSO-d6):  δ 
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169.3, 133.0, 129.0, 128.7, 126.4, 126.2, 125.8, 125.6, 124.1. ESI-MS(+) m/z 326.01, 

found for C15H11F3N2O3 [M+H]+. 

 1-(4-Hydroxy-5-oxocyclohepta-1,3,6-trien-1-yl)-3-(4-methoxyphenyl)urea 

(4.w): The pure product was obtained via silica column chromatography using 0-5% 

MeOH in DMC as an eluent to yield product as a beige solid (90 mg, 0.314 mmol). 

Yield: 21%. 1H NMR (300 MHz, DMSO-d6):  δ 8.84 (s, 1H), 8.62 (s, 1H), 7.58 (d, J = 

12.4 Hz, 2H), 7.37-7.35 (m, 2H), 7.23 (d, J = 12.2 Hz, 2H), 6.90-6.87 (m, 2H), 3.72 (s, 

3H). 13C NMR (150 MHz, DMSO-d6):  δ 169.4, 153.2, 140.4, 137.6, 132.2, 128.4, 127.0, 

125.7, 119.9, 35.7. ESI-MS(+) m/z calcd for C15H14N2O4 287.21 [M+H]+.  

 1-(4-Hydroxy-5-oxocyclohepta-1,3,6-trien-1-yl)-3-(p-tolyl)urea (4.x): The pure 

product was obtained via recrystalization from EtOAc, the precipitate isolated via 

vacuum filtration. The product was dried under vacuum to yield a brown solid (93 mg, 

0.317 mmol). Yield: 47%. 1H NMR (400 MHz, DMSO-d6):  δ 8.70 (s, 1H), 7.55 (dd, J = 

12.2, 0.8 Hz, 2H), 7.19 (dd, J = 12.2, 0.8 Hz, 2H), 6.32 (t, J = 5.7 Hz, 1H), 3.04 (q, J = 

6.5 Hz, 2H), 1.45 (dt, J = 14.5, 7.2 Hz, 2H), 0.87 (t, J = 7.4 Hz, 3H). 13C NMR (200 

MHz, DMSO-d6):  δ 173.3, 172.7, 151.5, 145.9, 139.9, 138.0, 136.1, 128.0, 127.0, 126.2, 

121.6, 119.1, 26.1. ESI-MS(+) m/z 271.50, found for C15H15N2O3 [M+H]+.  

 1-Benzyl-3-(4-hydroxy-5-oxocyclohepta-1,3,6-trien-1-yl)urea (4.y): The pure 

product was obtained via recrystalization from EtOAc, the precipitate isolated via 

vacuum filtration. The product was dried under vacuum to yield a white solid (30 mg, 

0.111 mmol). Yield: 15%. 1H NMR (400 MHz, DMSO-d6):  δ 8.84 (s, 1H), 7.57 (d, J = 

11.9 Hz, 2H), 7.36−7.18 (m, 7H), 6.80 (t, J = 3.5 Hz, 1H), 4.30 (d, J = 5.6 Hz, 2H). 13C 

NMR (200 MHz, DMSO-d6):  δ 173.8, 172.6, 151.3, 146.8, 143.7, 140.1, 137.9, 132.9, 
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128.9, 128.1, 122.0, 119.8, 44.1 (only 13 of 15 carbons found). ESI-MS(-) m/z 269.02, 

found for C15H13N2O3 [M-H]-. 

 1-(4-Hydroxy-5-oxocyclohepta-1,3,6-trien-1-yl)-3-phenylurea (4.z): The pure 

product was obtained via silica column chromatography using 0-7% MeOH in DMC as 

an eluent to yield product as a yellow solid (75 mg, 0.293 mmol). Yield: 40%. 1H NMR 

(400 MHz, DMSO-d6):  δ 8.85 (d, J = 40.0 Hz, 2H), 7.58 (dd, J = 12.2, 1.5 Hz, 2H), 7.45 

(d, J = 8.1 Hz, 2H), 7.31−7.21 (m, 4H), 6.99 (t, J = 7.4 Hz, 1H). 13C NMR (200 MHz, 

DMSO-d6):  δ 169.9, 157.8, 142.7, 127.3, 126.0, 120.3, 120.3, 120.2, 115.5, 113.9, 105.2. 

ESI-MS(+) m/z 257.22, found for C14H13N2O3 [M+H]+. 

 1-Cyclohexyl-3-(4-hydroxy-5-oxocyclohepta-1,3,6-trien-1-yl)urea (4.aa): The 

pure product was obtained via silica column chromatography using 0-4% MeOH in DMC 

as an eluent to yield product as a white solid (30 mg, 0.114 mmol). Yield: 15% yield. 1H 

NMR (400 MHz, DMSO-d6):  δ 8.56 (s, 1H), 7.52 (d, J = 12.3 Hz, 2H), 7.17 (d, J = 12.3 

Hz, 2H), 6.22 (d, J = 7.8 Hz, 1H), 3.43 (dd, J = 6.8, 2.9 Hz, 1H), 1.77 (d, J = 12.1 Hz, 

2H), 1.66−1.62 (m, 2H), 1.52 (d, J = 12.1 Hz, 1H), 1.30 (t, J = 11.2 Hz, 2H), 1.20−1.11 

(m, 3H). 13C NMR (200 MHz, DMSO-d6):  δ 168.9, 154.8, 141.7, 127.3, 126.0, 48.5, 

48.5, 48.4, 33.5, 25.9, 25.0. ESI-MS(-) m/z 261.06, found for C14H17N2O3 [M-H]-. 

 1-(4-Hydroxy-5-oxocyclohepta-1,3,6-trien-1-yl)-3-(4-nitrophenyl)urea (4.ab): 

The pure product was obtained via silica column chromatography using 0-5% MeOH in 

DMC as an eluent to yield product as a beige solid (30 mg, 0.099 mmol). Yield: 15%. 1H 

NMR (400 MHz, DMSO-d6):  δ 9.53 (s, 1H), 9.09 (s, 1H), 8.18 (d, J = 9.2 Hz, 2H), 7.68 

(d, J = 9.3 Hz, 2H), 7.55 (dd, J = 12.1, 1.1 Hz, 2H), 7.23−7.20 (m, 2H). 13C NMR (200 
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MHz, DMSO-d6):  δ 174.2, 172.9, 154.3, 145.7, 145.3, 141.7, 137.5, 132.0, 125.8, 124.1, 

121.6, 119.9. ESI-MS(-) m/z 299.8, found for C14H17N2O3 [M-H]-. 

 1-(2,4-Dichlorophenyl)-3-(4-hydroxy-5-oxocyclohepta-1,3,6-trien-1-yl)urea 

(4.ac): The pure product was obtained via silica column chromatography using 0-3% 

MeOH in DMC as an eluent to yield product as a white solid (180 mg, 0.555 mmol). 

Yield: 76%. 1H NMR (400 MHz, DMSO-d6):  δ 9.59 (s, 1H), 8.47 (s, 1H), 8.15 (d, J = 

9.0 Hz, 1H), 7.63−7.57 (m, 3H), 7.39 (dd, J = 9.0, 2.5 Hz, 1H), 7.25−7.22 (m, 2H). 13C 

NMR (200 MHz, DMSO-d6):  δ 169.5, 153.2, 140.4, 139.5, 134.6, 129.6, 128.4, 127.7, 

127.5, 126.8, 125.8, 119.4, 119.2. ESI-MS(-) m/z 322.9, found for C14H9Cl2N2O3 [M-H]-. 

 1-(2-Bromo-4,6-difluorophenyl)-3-(4-hydroxy-5-oxocyclohepta-1,3,6-trien-1-

yl)urea (4.ad): The pure product was obtained via recrystalization from EtOAc the 

precipitate isolated via vacuum filtration. The product was dried under vacuum to yield a 

yellow solid (71 mg, 0.192 mmol). Yield: 26%. 1H NMR (400 MHz, DMSO-d6):  δ 9.23 

(s, 1H), 8.20 (s, 1H), 7.60−7.57 (m, 3H), 7.50−7.44 (m, 1H), 7.22 (d, J = 12.2 Hz, 2H). 

13C NMR (200 MHz, DMSO-d6):  δ 174.9, 172.9, 166.6, 152.4, 145.5, 139.2, 137.9, 

129.7, 125.8, 125.8, 124.5, 121.2, 116.5, 103.9. ESI-MS(-) m/z 368.71, found for 

C14H8BrF2N2O3 [M-H]-.  

 1-(2,6-Difluorophenyl)-3-(4-hydroxy-5-oxocyclohepta-1,3,6-trien-1-yl)urea 

(4.ae): The pure product was obtained via silica column chromatography using 0-3% 

MeOH in DMC as an eluent to yield product as a tan solid (66 mg, 0.226 mmol). Yield: 

31%. 1H NMR (400 MHz, DMSO-d6):  δ 9.18 (s, 1H), 8.28 (s, 1H), 7.60−7.57 (m, 2H), 

7.37−7.30 (m, 1H), 7.24−7.14 (m, 4H). 13C NMR (200 MHz, DMSO-d6):  δ 169.4, 158.2, 
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157.3, 156.3, 140.5, 135.9, 134.6, 128.4, 125.8, 124.4, 120.9, 120.4, 119.6. ESI-MS(+) 

m/z 293.10, found for C14H11F2N2O3 [M+H]+. 

 1-(4-Hydroxy-5-oxocyclohepta-1,3,6-trien-1-yl)-3-propylurea (4.af): The pure 

product was obtained via silica column chromatography using 0-4% MeOH in DMC as 

an eluent to yield product as a white solid (66 mg, 0.293 mmol). Yield: 31%. 1H NMR 

(400 MHz, DMSO-d6):  δ 8.65 (s, 1H), 7.55 (dd, J = 12.2, 0.8 Hz, 2H), 7.19 (dd, J = 12.2, 

0.8 Hz, 2H), 6.32 (t, J = 5.7 Hz, 1H), 3.04 (q, J = 6.5 Hz, 2H), 1.45 (dt, J = 14.5, 7.2 Hz, 

2H), 0.87 (t, J = 7.4 Hz, 3H). 13C NMR (200 MHz, DMSO-d6):  δ 169.4, 158.2, 156.3, 

140.5, 135.9, 50.5, 30.2, 26.8. ESI-MS(+) m/z 223.70, found for C11H15N2O3 [M+H]+.  

 N-(4-hydroxy-5-oxocyclohepta-1,3,6-trien-1-yl)-2-(naphthalen-1-yl)acetamide 

(5): To a solution of 4 (250 mg, 1.8 mmol) in 20 mL of DMF, was added triethylamine 

(280 µL, 2.0 mmol) EDC (419 mg, 2.2 mmol), HOBt (335 mg, 2.2 mmol), and 2-

(naphthalen-1-yl)acetic acid (407 mg, 2.2 mmol). The mixture was stirred for 18h at 

room temperature under nitrogen. The solvent was removed in vacuo and reaction was 

extracted with H2O and DCM. The organic phase was collected, dried over anhydrous 

MgSO4 and concentrated in vacuo to a pale yellow residue. The residue was purified via 

silica column chromatography using 0-3% MeOH in as an eluent to yield 5 as a pale 

yellow solid (70 mg, 0.230 mmol). Yield: 13% yield. 1H NMR (400 MHz, DMSO-d6):  δ 

10.48 (s, 1H), 8.14 (d, J = 8.1 Hz, 1H), 7.97 (d, J = 8.2 Hz, 1H), 7.90−7.87 (m, 1H), 7.72 

(d, J = 12.1 Hz, 2H), 7.60−7.51 (m, 4H), 7.24 (d, J = 11.7 Hz, 2H), 4.19 (s, 2H). 13C 

NMR (200 MHz, DMSO-d6):  δ 173.9, 173.9, 153.7, 144.9, 140.6, 137.9, 136.9, 133.2, 

128.3, 126.1, 126.0, 125.2, 124.4, 121.6, 119.8, 118.8, 108.1, 106.2, 43.8. ESI-MS(-) m/z 

304.08, found for C19H14NO3 [M-H]-. 
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 N-(4-hydroxy-5-oxocyclohepta-1,3,6-trien-1-yl)-1-naphthamide 6: Compound 

(6) was prepared as described for 5, substituting 1-naphthoic acid for 2-(naphthalen-1-

yl)acetic acid to yield product as a beige solid (82 mg, 0.292 mmol). Yield: 15%. 1H 

NMR (400 MHz, DMSO-d6):  δ 8.83 (d, J = 8.4 Hz, 1H), 8.27 (dd, J = 17.3, 7.7 Hz, 2H), 

8.07 (d, J = 8.0 Hz, 1H), 7.70−7.63 (m, 3H), 7.25 (d, J = 12.0 Hz, 2H), 7.08 (s, 2H). 13C 

NMR (200 MHz, DMSO-d6):  δ 169.7, 168.2, 161.2, 153.7, 137.6, 136.4, 136.1, 134.7, 

133.9, 132.7, 131.1, 130.0, 126.1, 121.6, 120.5, 120.3, 119.8, 105.8. ESI-MS(-) m/z 

289.89, found for C18H12NO3 [M-H]-. 

 4-(3-(Naphthalen-1-yl)ureido)-7-oxocyclohepta-1,3,5-trien-1-yl acetate (7): To 

a solution of 4.a (125 mg, 0.41 mmol) in acetic anhydride (3.0 mL, 32 mmol), was added 

sulfuric acid (22 µL, 0.41 mmol). The reaction was stirred for 24 h at room temperature 

under nitrogen. The reaction was quenched with 20 mL of ice and extracted with DCM. 

The organic phase was collected, dried over anhydrous MgSO4 and concentrated in vacuo 

to a white residue. The crude product was purified via silica column chromatography 

using 0−7% MeOH in DCM as an eluent to yield 7 (125 mg, 0.359 mmol). Yield: 31%. 

1H NMR (300 MHz, DMSO-d6):  δ 9.57 (s, 1H), 8.99 (s, 1H), 8.06 (d, J = 6.3 Hz, 1H), 

7.91 (t, J = 6.0 Hz, 2H), 7.67 (d, J = 6.0 Hz, 1H), 7.60−7.52 (m, 4H), 7.46 (t, J = 6.0 Hz, 

1H), 7.30 (d, J = 9.0 Hz, 2H), 2.20 (s, 3H). 13C NMR (150 MHz, DMSO-d6):  δ 168.7, 

153.3, 145.8, 134.4, 134.1, 129.1, 127.0, 126.7, 126.6, 126.5, 124.6, 122.1, 119.2, 21.1. 

ESI-MS(+) m/z 348.98, found for C20H17N2O4 [M+H]+. 

Enzymatic Assays 

 Assay Protocol. Fluorescence Assay for LasB Activity, this assay was adapted 

from that previously reported.80 To the wells of a 96-well microtiter plate 
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(Corning®Costar®; black with clear bottom), add 91 µL Buffer B, 2 µL of each inhibitor 

stock and 2 µL LasB solution (2 µg/mL final) (in this order). It should be noted that: 1) 

positive control: 2 µL DMSO in place of inhibitor and 2) negative control: 4 µL DMSO 

in place of LasB and inhibitor stock. The plates were incubated at 37 °C for 30 min, 

while incubating, the fluorescence plate reader was turned on and set up: λex = 340 nm, 

λem = 415 nm, 37°C, read on kinetic setting over 30 min. After 30 min incubation at 37 

°C, 5 µL of LasB substrate solution (250 µM final) was added to each well. After which 

the plate was directly transferred to the fluorescence plate reader and measured 

fluorescence. For an inhibitor, decreased fluorescence signal will be observed in 

comparison to the positive control 

Assay Buffers: 

 A: 50 mM Tris-HCl, 2.5 mM CaCl2 (pH 7) 

  To prepare: 25 mL Tris-HCl (1 M solution), 475 mL H2O, 139 mg CaCl2 

 B: 50 mM Tris-HCl, 2.5 mM CaCl2, 1% DMF (pH 7) 

To prepare: 25 mL Tris-HCl (1 M solution), 475 mL H2O, 139 mg CaCl2, 

5 mL DMF (molecular biology grade) 

Assay Stock Solutions: 

LasB: 0.1 mg/mL in Buffer A  

LasB substrate: 5 mM in DMF (molecular biology grade)  

To prepare: 3 mg (MW: 583.64 g/mol), 1 mL DMF 

Inhibitor Stock Solutions: 

 10 mM, 5 mM, 2.5 mM, 500 µM, 250 µM, 50 µM, 25 µM in DMSO 

Note: 2 µL of each stock used in the assay 
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  Stock   Assay Final Concentration ( µM) 

  10 mM   200  

  5 mM   100 

  2.5 mM  50 

  500 µM  10 

  250 µM  5 

  50 µM   1 

  25 µM   0.5 

Cross-Inhibition Assays 

 Assay for MMP-2 and MMP-9. The assay was carried out in white NUNC* 96-

well opaque round-bottomed plates as previously described.137 For the assay, each well 

contained a total volume of 90 µL including buffer (50 mM HEPES, 10 mM CaCl2, 

0.05% Brij-35, pH 7.5), human recombinant MMP (ENZO Life Sciences; 1.16 U MMP-2 

and 0.9 U MMP-9), and compound 7 (50 µM final concentration). After a 30 min 

incubation period at 37 °C, the reaction was initiated by the addition of 10 µL of the 

fluorogenic MMP substrate (4 µM final concentration, Mca-Pro-Leu-Gly-Leu-Dpa-Ala-

Arg-NH
2
·AcOH, ENZO Life Sciences). Fluorescence measurements were recorded using 

a Bio-Tek Flx 800 fluorescence plate reader every minute for 20 min at excitation and 

emission wavelengths of 320 and 400 nm, respectively. The rate of fluorescence increase 

was compared for samples and negative controls (no inhibitor, arbitrarily set as 100% 

activity).  

 Assay for Mushroom Tyrosinase (TY). The assay was carried out as previously 

described.219 The assay was performed in black 96-well clear flat-bottomed plates with 
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each well containing a total volume of 100 µL. This included buffer (50 mM phosphate, 

pH 6.8), mushroom TY (30 U, Sigma-Aldrich), inhibitor (50 µM), and L-dopamine (0.5 

mM, Sigma-Aldrich). Mushroom TY and inhibitor were pre-incubated in the buffer 

solution at room temperature for 10 min. A background absorbance reading at 475 nm 

was recorded using a Bio-Tek ELx 808 colorimetric plate reader. L-Dopamine was added 

to initiate the reaction, which was allowed to proceed for 10 min before a second 

absorbance reading at 475 nm was taken. After subtracting the background absorbance, 

the remaining absorbance of the negative controls (no inhibitor) was arbitrarily set as 

100% activity. The ratio of absorbance between inhibitor and control wells was defined 

as percent TY activity. 

 Assay for Human Carbonic Anhydrase II (hCAII). hCAII activity was measured 

in 50 mM Tris (pH 8) using an esterase activity assay with 4-nitrophenyl acetate as the 

substrate. Conversion of 4-nitrophenyl acetate to 4-nitrophenol by hCAII is observed as 

an increase in absorbance at 405 nm, which was read on a BioTek ELx808 plate reader. 

Protein (100 nM, final concentration, expressed as previously described226 in was 

incubated with inhibitor (50 µM) for 10 min at room temperature followed by addition of 

substrate (in DMSO, 500 µM final concentration). The total well volume (clear, flat-

bottom, 96-well plates) was 100 µL and contained 5% DMSO. Initial linear rates were 

compared to both negative (inhibitor-free) and positive (100% inhibition with 50  µM 

benzenesulfonamide)227 controls in order to determine percent inhibition. 

P. aeruginosa Cell-based Assays 

 P. aeruginosa Swarming Assay. A swarming motility assay using P. aeruginosa 

strain PA14 was executed as previously described.228 Overnight cultures of PA14 strain, 
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prepared in Tryptic soy broth (TSB) at 37 °C (250 rpm), were washed (3×) with 

phosphate-buffered saline buffer (pH 7.4). The washed culture was then diluted with the 

same buffer to an OD600 of ~3.0. Swarm agar medium was a modified M9 agar medium 

and contained: 20 mM NH4Cl, 12 mM Na2HPO4, 22 mM KH2PO4, 8.6 mM NaCl, 1 mM 

MgSO4, 1 mM CaCl2•2 H2O, 11 mM dextrose, 0.5% casamino acids (Difco) and Bacto-

agar (Difco). The medium was autoclaved, and upon cooling was diluted with filter-

sterilized MgSO4 and CaCl2•2H2O. ~20 mL of swarm agar medium containing compound 

TM2/8a, TM8/8b, 4.a, or 7 (25 µM) was poured into 100×25 mm Petri dishes housed in 

a laminar flow cabinet and dried for 1 h. 5 µL of the bacterial culture (OD600 of ~3.0) was 

spotted onto each plate followed by incubation at 30 °C for 18 h.  
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