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ABSTRACT 

 

Design, Synthesis, and Evaluation of 5-Lipoxygenase Inhibitor Prodrugs for 

Alzheimer’s Disease 

 

Rong Fan, 

 

Doctor of Philosophy, Temple University 

 

Doctoral Advisory Committee Chair: Wayne E. Childers, PH.D. 

 

          Pharmacologic blockade of 5-Lipoxygenase (5-LO) through its inhibitor, zileuton 

(Zyflo®), has been shown to reduce both gamma secretase-catalyzed misprocessing of 

amyloid precursor protein and over-phosphorylation of tau protein (two hallmarks of 

Alzheimer’s disease (AD)) in transgenic mice (3xTg, Tg2576).  However, zileuton suffers 

from low potency, liver toxicity, gastrointestinal side effects, and a suboptimal metabolism 

profile that hamper its development as a viable disease-modifying treatment for AD 

patients, who are usually older.  Prodrugs of zileuton that deliver therapeutic concentrations 

of the parent molecule to the brain at low plasma concentrations could overcome these 

problems. In addition, other 5-LO inhibitors (ABT-761, BWA4C) with similar structure 

but greater potency might also be amenable to facilitate the discovery of the best prodrug 

for AD.  

     A prodrug is a biologically inactive compound that is metabolized in the target tissue to 

release the parent drug.  Prodrug strategies for Central Nervous System (CNS) delivery 

include masking polar groups with lipophilic moieties that promote brain penetration, 

Chemical Delivery Systems (CDS) that trap prodrugs in the brain and incorporating brain 
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nutrients which engage Blood Brain Barrier (BBB) nutrient transporters.  We have pursued 

all three strategies to enhance CNS delivery of the prototype hydroxyurea 5-LO inhibitor 

analog zileuton (Figure 1). 

Figure 1. Prodrug Strategy to Enhance CNS Delivery of 5-LO Inhibitors. 

     To accomplish this task we synthesized and characterized 48 5-LO prodrugs for zileuton 

that falls into all three prodrug categories, and several lipophilic and CDS prodrugs for the 

other two 5-LO inhibitors (22 for ABT-761 and 22 for BWA4C,). The prodrugs were tested 

in a battery of in vitro assays that included solubility, plasma/simulated gastrointestinal 

fluid/microsomal stability, cell toxicity, and 5-LO inhibition assays. The promising 

compounds then went to the second tier of screening by equilibrium dialysis with 

plasma/brain homogenate/microsomes, and in vivo pilot pharmacokinetics study and full 

pharmacokinetics studies. As a consequence of this work, we identified six zileuton 

prodrugs (RF14, RF15, RF75, RF77, RF87, and RF88) with reasonable solubility, 

stability, safety, protein/lipid binding, and no 5-LO inhibitory activities and advanced them 
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to the in vivo pilot pharmacokinetics studies. The most lipophilic prodrug RF58 was also 

tested in vivo as a comparator to RF14 and RF15 despite its fast metabolism in plasma. 

However, none of them demonstrated better CNS delivery of parent drug compared to 

administration of the parent itself.  

     For the lipophilic prodrugs, two carbamate prodrugs (the racemic mixture of RF14 and 

RF15, RF58) were tested in the in vivo pilot study. The racemic mixture of RF14 and 

RF15 (RF14/15) with slightly increased lipophilicity (CLogP = 2.81 compared to 2.48 of 

zileuton) didn’t demonstrate a better brain penetration (Brain/Plasma = 0.06 in RF14/RF15 

compared to 0.5 for zileuton). In addition, the carbamate linker was relatively stable in the 

brain, which resulted in a low zileuton brain-to-plasma ratio (0.03). The very lipophilic 

RF58 (CLogP = 6.51) demonstrated a large brain-to-plasma ratio (Brain/Plasma = 21.7), 

however, it suffered from rapid metabolism and extremely slow conversion to zileuton. 

The conclusions from this category of prodrug were that an increase in CLogP could 

increase the brain penetration, but the carbamate linker was too stable in the brain to ensure 

reasonable conversion to zileuton. RF14/15 had less brain penetration possibly because its 

rotatable bonds were doubled compared with zileuton (rotatable bond = 3). The large 

increase of entropy offseted the small increase of CLogP. 

     For the CDS prodrugs, distal ester prodrugs were unstable in the in vitro screening, 

while two distal amide prodrugs with trigonelline and dimethoxy-dihydroquinoline 

promoieties RF75 and RF77, respectively, showed reasonable in vitro data and advanced 

to pilot in vivo pharmacokinetics studies.  Both of them demonstrated a better zileuton 

brain-to-plasma ratio (0.726 for RF75, 1.98 for RF77 compared to zileuton 0.5), which 

indicated a CNS-targeted effect. However, RF75 suffered from rapid peripheral 
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elimination and RF77 suffered from low brain penetration (Brain/Plasma = 0.008), which 

led to a very low zileuton concentration in the brain and thus both prodrugs did not advance 

to full pharmacokinetics study. The low level of RF75 was probably due to its fast 

oxidization to the charged pyridinium intermediate which then suffered from rapid 

elimination. Similarly, a rapid oxidization would also cause RF77 to show low brain 

penetration (although p-glycoprotein efflux cannot be ruled out since it was not measured). 

The conclusions from this approach are that CDS is a good CNS targeted delivery system 

for zileuton and the distal amide linker is tolerable in this system although the brain 

conversion (approximately 10%) is slower than the plasma conversion (approximately 

30%). The dihydroquinoline CDS system was more stable than the trigonelline CDS 

system. The low brain penetration of dihydroquinoline system should be investigated and 

additional substituted dihydrquinoline CDS analogs should be synthesized to continue this 

investigation.  

     For the transporter-mediated prodrugs, esters were not stable while one glucose 

prodrugs RF87 with a glycosidic bond and one lysine prodrugs RF88 with carbamate bond 

were advanced to in vivo pilot pharmacokinetics study.  Similar with RF75, although RF87 

demonstrated better zileuton brain-to-plasma ratio (0.79), it suffered from rapid peripheral 

metabolism that prevented its further development. RF88 demonstrated limited brain 

penetration (Brain/Plasma = 0.013) which indicates either that RF88 was a weak substrate 

for LAT1 or that this prodrug was more a LAT1 inhibitor than a substrate. However, 

encouraged by its high plasma concentration at 30 min, it was possible that at a later time 

the brain concentration of zileuton could be higher. So the full pharmacokinetics studies 
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were performed. However, this prodrug did not provide better zileuton exposure than 

zileuton itself throughout a 6 hour time period. 

     Although the current prodrugs did not provide better brain zileuton exposure compared 

to administering the parent drug itself, the project could be further investigated with the 

parent drugs ABT-761 and BWA4C. In addition, analogs that are less stable in plasma than 

the ones advanced in the screening triage, CDS promoieties with different substitution 

patterns to modulate oxidative potential; and transporter-mediated promoieties containing 

different amino acids and sugars could be further investigated to pursue the discovery of 

better prodrugs of 5-LO inhibitors for Alzheimer’s disease. The key to success in future 

efforts will be the identification of a reliable in vitro screening assay to measure the ability 

of the prodrugs to be converted to parent drug in the brain. 
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CHAPTER 1 

BACKGROUND AND INTRODUCTION 

1.1 Alzheimer’s Disease 

     Alzheimer's disease (AD) is the most common form of dementia related to aging. 1 It is 

defined post mortem by brain atrophy, extracellular deposits of amyloid-β proteins known 

as Aβ plaques, and intracellular accumulations of the hyperphosphorylated tau protein 

known as neurofibrillary tangles (NFTs). 2 This pathology of AD starts from the entorhinal 

cortex, and spreads throughout the brain as the disease progress. Prefrontal cortex and the 

hippocampus, which are involved in learning, memory and other complex mental activities, 

are the most seriously affected areas. 3 Patients with AD suffer from cognitive deficit, 

progressive, irreversible memory impairment, and personality/behavior changes. 4 The 

diagnosis of AD often happens after the symptoms appear, where the underlying pathology 

has already developed for years and significant cognitive impairment has already occurred. 

The mean life expectancy of AD patients after diagnosis is approximately three to nine 

years, 5 and their deaths are usually a result of complications such as pneumonia that arise 

from the inability to care properly for themselves and weakened body defense mechanisms. 

6  The precise etiology of AD has not yet been elucidated but is known to be complex and 

multifactorial. 7 The leading risk factors for AD are age (> 95% over 65 years old), 8 9 10 11 

gender (female > male), 12 family history (3-5 times higher risk with first-degree AD 

relatives), 13 14 genetics (APOE4, SORL1, APP, PSEN1, PSEN2), 15 16 17 18 19 and 

environmental factors (stress, diet, pollutant, exercise, education, disease state). 8 20 21 22 23      

     AD is the sixth leading cause of death in the US, and kills more people than breast and 

prostate cancers combined. 24 The total number of individuals with AD worldwide is 
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estimated to be over 44 million, which would generate an annual economic burden of over 

600 billion dollars. As the Baby Boom generation grows older and more individuals than 

ever reach the age of risk, the patient number could triple by 2050, which represents a 

tremendous public health challenge. 25 The current pharmacologic treatments for AD 

approved by the U.S. Food and Drug Administration (FDA) are cholinesterase inhibitors 

(CIs) and N-methyl-D-aspartate receptor (NMDAR) antagonists. These drugs improve AD 

symptoms temporarily by modulating the level and activities of the neurotransmitters, 

acetylcholine 26 or glutamate, 27 in the brain (Table 1). However, these treatments have less 

than 20% patient responders, and none of them stop the brain damage that eventually makes 

the disease fatal. 28 Future AD treatment should involve better symptomatic treatments, but 

more importantly disease-modifying drugs that can slow down or halt the disease 

progression.  

Table 1. FDA Approved Drugs for AD.  

Drug Name Structure Mechanism  Year 

Tacrine 

(Cognex®) 
 

AChEI 1993-2013* 

Donepezil 

(Aricept®) 
 

AChEI 1996 

Rivastigmine 

(Exelon®)  

AChEI/BChEI 2000 
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Table 1, continued 

Drug Name Structure Mechanism  Year 

Galantamine 

(Razadyne®) 
 

AChEI (nicotinic 

receptor modulator) 

2001 

Memantine 

(Namenda®) 
 

NMDAR antagonist 2003 

Donepezil & 

Memantine 

(Namzaric®)    

AChEI & NMDAR 

antagonist 

2014 

*Withdraw because of liver toxicity 

AChEI=acetylcholinesterase inhibitor; BChEI=butyrylcholinesterase inhibitor. 

 

     Numerous research efforts have been expended seeking a cure for AD since its first 

description in 1907 by Dr. Alois Alzheimer 29 . The pathways involved in the disease are 

complex, but amyloid and tau pathologies are common features of both familial and 

sporadic AD. 5 30 Since the Aβ pathology starts at the early stages of the disease, the 

amyloid hypothesis has dominated AD research, and has guided efforts to find treatments. 

The Aβ cascade hypothesis explains the formation of Aβ plaques in the AD brain. 31 32 

According to this hypothesis, amyloid precursor protein (APP) is misprocessed by β-

secretase and γ-secretase, leading to an over-production of sticky Aβ peptides, Aβ40 and 

Aβ42. These Aβ peptides aggregate to produce neurotoxic oligomers, fibrils, and finally 

insoluble plaques. 33 Proposed treatments targeting this Aβ cascade include β-secretase 

inhibitors, γ-secretase inhibitors, anti-aggregation agents, and immunotherapy directed at 

Aβ, especially Aβ plaques (Table 2). However, these treatments have all suffered from 
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massive clinical development failure for a number of reasons, including poor brain 

penetration, lack of efficacy, and toxicity issues. Also, perhaps, treatment is started too 

late.34 While there are still compounds in clinical trials targeting Aβ and the pending 

clinical results should further test and develop the current Aβ hypothesis, the overwhelming 

conclusion to date is that Aβ might not be the best therapeutic target, or that targeting Aβ 

pathology alone is not sufficient. 

Table 2. Drug Candidates Targeting Aβ Pathology That Entered in Clinical Trials for AD. 

Mechanism of Action Drug Candidates 

Decrease Aβ production 

Beta-secretase 

inhibitors 

LY2886721, LY2811376, CNP520, JNJ54861911, E2609, 

AZD3293, MK-8931, CNP520, LY3202626, JNJ-54861911 

Gamma-secretase 

modulators 

Tarenflurbil, Semagacestat, Avagacestat, Begacestat, 

NGP555, NIC5-15 

M1 muscarinic receptor 

agonists 35 
AF-267B, Talsaclidine, AF-102B 

Protein kinase C 

modulator  
Bryostatin 1 

Anti-Aβ aggregation  
  Scyllo-inositol, Tramiprosate, PBT2, ALZ801, PQ912 

Facilitate Aβ clearance 

RXR agonist Bexarotene 

Oligosaccharide binds 

to Aβ  
GV-971 

Granulocyte colony 

stimulator 
GM-CSF 

Passive immunization (Antibodies) 

Monoclonal antibodies 

Bapineuzumab, Solanezumab, Gantenerumab, Aducanumab, 

Crenezumab, BAN2401, MEDI1814, KHK6640, 

LY3002813, SAR228810, LY2599666 + Solanezumab, Aβ 

antibody Fab PEG 

Polyclonal antibodies Immunoglubin (IVIG), Albumin +  IVIG 
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Table 2, continued 

Mechanism of Action Drug Candidates 

Active immunization (Vaccines) 

AN1792, Lu AF20513, CAD106, MER 5101, UB-311, ACI-24 

 Data obtained from www.clinicaltrial.org. Red ink failed in clinical development.  

     Recently, the focus for finding disease-modifying AD drugs has switched to tau 

pathology since NFTs show stronger correlations with neuron death and cognition deficit 

than amyloid plaques. 36 NFTs are comprised of hyperphosphorylated tau proteins. Tau is 

a microtubule-associated protein, and its primary function is to modulate the stability of 

axonal microtubules. Normal tau protein phosphorylation status is balanced by the tau-

specific kinases and phosphatases. Interruption of this balance by over-phosphorylation of 

tau protein results in tau dissociation from the microtubule, which causes microtubule 

disorientation and disruption of axonal transport. 37 Also, the dissociated tau protein 

aggregates into neurotoxic forms and eventually results in deposits inside of neurons 

known as NFTs. Cells will eventually die due to perturbed cellular trafficking and reduced 

synaptic functions. 38 Therapeutic strategies that have been pursued to reduce tau-mediated 

neurodegeneration include tau-specific kinase inhibitors, microtubule stabilizers, tau 

fibrillation inhibitors, and immunotherapy (Table 3). 39 Unfortunately, to date many tau-

targeting clinical drugs candidates have also failed. Thus, a similar conclusion to that 

realized with Aβ modulators could be drawn for these clinical trials: that targeting tau 

pathology alone is probably not sufficient to halt the progression of AD. 
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Table 3. Drug Candidates Targeting Tau Pathology Entered in Clinical Trials for AD. 

Mechanism of Action Drug Candidates 

Reduce tau phosphorylation 

Glycogen synthase kinase 3 

(GSK3) inhibitors Tideglusib, Lithium chloride 

Sodium ion channel inhibitor and 

modulator of γ-aminobutyric acid 

(GABA) that also reduces tau 

phosphorylation 

Sodium valproate 

Microtubule stablization 

Microtubule stabilizer TPI-287, BMS-241027 

Neuroprotective peptide  Davunetide 

Anti-tau aggregation  

Tau aggregation inhibitors Methlene blue, TRx0237  

Passive immunization 

(Antibodies) 
 

Monoclonal antibody  C2N 8E12 

Active immunization (Vaccines)   

  ACI-35, AADvac1 

Data obtained from www.clinicaltrial.org. Red ink failed in clinical development.  

     Because of the disappointing clinical results seen with drugs that target Aβ and tau 

pathologies alone, researchers investigated other targets to improve the symptoms and cure 

the disease. These treatments include neurotransmitter based drugs, drugs involved in 

glucose metabolism, lipid lowering drugs, antihypertensive drugs, neurotrophic agents, 

metabolic enhancers, neuroprotective agents, anti-inflammatory/anti-oxidative stress 

agents, stem cell therapy, anti-psychotic agents and others with unknown mechanisms that 

show encouraging results in animal models of AD (Table 4). For example, oxidative stress 

is a strong risk factor for developing sporadic AD due to oxidative modification of 

important intracellular molecules; 40 41 and inflammation is linked to increased production 

of Aβ and tau phosphorylation. 42 43 Many of these drugs are under clinical development, 

although some have failed, especially early attempts to modulate oxidative and 
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inflammatory pathways (Table 4). 44 45 46 47 48 The causes cited for the failures were lack of 

efficacy, significant adverse effects, and poor brain penetration. 49 However, these anti-

inflammatory and anti-oxidative stress approaches are still thought to be promising due to 

the high inflammatory and oxidative burden in AD brain. Initial clinical trials with such 

drugs involved patients where AD symptoms had already become prominent (many years 

after biochemical and pathological changes are thought to have begun). Early 

administration of these drugs has not been tested and could be beneficial if patients could 

be identified. 50 The upcoming results from these clinical trials will further the 

understanding of AD and guide the research efforts toward better AD treatments.  

Table 4. Drug Candidates Targeting Other Pathologies Entered in Clinical Trials for AD. 

Mechanism of Action Drug Candidates 

Neurotransmitter based 

ACh signaling  

Phenserine, Encenicline, Ladostigil, Posiphen, 

Bisnorcymserine, CPC-201, MK-7622, PRX-3140, SUVN-

D4010, ANAVEX™ Plus 

Glutamate signaling 
ALKS 7119, DAOIB, AVP-923, S47445, Riluzole, ABT-

957 

GABA signaling Lorazepam, PXT00864, Allopregnanolone 

Dopamine signaling Sembragiline, Methylphenidate 

Adrenergic signaling Atomoxetine, ORM-12741, Formoterol A&B 

Mixed  
SUVN-502, SAM 760, Lu AE58054, AVN322, AVN101, 

RVT-101, AVP-786, AX-05, BI 409306, Piromelatine 

Glucose metabolism 

PPAR agonist  T3D-959, Pioglitazone 

Insulin Insulin glulisine, Insulin detemir, Insulin aspart 

Insulin sensitizer Metformin, MSDC-0160 

GLP-1 agonists Liraglutide, Exenatide 

HSD11B1 inhibitor ASP3662 

Increase glucose usage Benfotiamine 

Lipid lowering Drugs 

HMG-CoA reductase 

inhibitor 
Simvastatin, SLAT 
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Table 4, continued 

Mechanism of Action Drug Candidates 

Hypertension drugs 

Angiotensin receptor 

blocker 
Telmisartan, Candesartan 

Angiotensin converting 

enzyme inhibitor 
Lisinopril, Perindopril 

Calcium channel blocker  Nilvadipine 

 Beta-blocker Carvedilol 

Neurotrophic agents 

  

Sagramostim, Cerebrolysin, Growth hormone releasing 

hormone,  T-817MA 

Metabolic enhancers  
Ketogenic ABBV-67, AC-1204 

Metabolic enhancer ATP 

Mitochondrial enhancer  OAA 

Neuroprotective  
Sigma-1 receptor agonist ANAVEX2-73 

Estrgen receptor beta 

agonist 
S-Equol 

TGF-beta agonist TGF-beta agonist 

Phosphodiesterase 3 

inhibitor 
Cilostazol 

MAO inhibitor Rasagiline 

Type 4 cyclic nucleotide 

phosphodiesterase 

inhibitors 

BPN14770 

Reduce production of 

cortisol  
Xanamem 

Fyn Kinase inhibitor  AZD0530 

Sigma-2/PGRAMC1 

inhibitor 
CT1218 

Anti-inflammatory 

NSAIDS Ibuprofen, Indomethacin, Piroxicam, Neproxen 

Microglial modulator GC021109, CSP-1103  

Tyrosine kinase inhibitor Masitinib, Saracatinib 

lipoprotein-associated 

phospholipase A2 

inhibitor 

Rilapladib 

p38 mitogen-activated 

protein kinase inhibitor 
VX-745 
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Table 4, continued 

Mechanism of Action Drug Candidates 

Anti-inflammatory  

Multipal pro-inflammatory 

GPCRs blocker 
RPh201 

BET protein inhibitor Apabetalone 

Anti-oxidative stress agents 

  Vitamin E, Resveratrol, Curcumin  

Stem cell therapy 

  hUCB-MSCs  

Anti-psychotic  
  Pimavanserin, Aripiprazole, Brexpiprazole 

Unknown mechanism 

  

E 2027, PF-05251749, PF-06648671, PF-06751979, 

ALZT-OP1a/b, LY3202626, AGB101 

 Data obtained from www.clinicaltrial.org. Red ink failed in clinical development 

     Based on the multifactorial nature of AD and the results of clinical studies to date, it 

seems likely that a successful disease-modifying therapy would be a cocktail therapy or a 

multi-faceted drug that can reduce not only the Aβ accumulation, but also tau pathology as 

well as other aspects of the disease such as inflammation. 

 

1.2 5-Lipoxygenase (5-LO) as a Therapeutic Target for AD 

     The 5-lipoxygenase enzyme (5-LO, encoded by gene ALOX5) is a non-heme iron 

containing dioxygenase that catalyzes the conversion of arachidonic acid (AA) to 5-

hydroxy-peroxy-eicosatetraenoic acid (5-HPETE) and subsequently to leukotriene A4 

(LTA4) with the aid of 5-lipoxygenase activating protein (FLAP). 51 LTA4 is an unstable 

epoxide, which can be further metabolized to different leukotrienes (LTB4, LTC4, LTD4, 

and LTE4) that mediate immune and inflammatory responses. 52 5-LO is widely expressed 
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in endothelial and neuronal cells and plays an important role in pathological vascular and 

brain aging. 53 The CNS expression of 5-LO levels is particularly enriched in cortex and 

hippocampus, areas responsible for memory and cognitive skills. 54  

     Several lines of evidence suggest that 5-LO plays a role in AD. Post-mortem studies in 

patients with AD have shown that 5-LO is upregulated in hippocampus and cortex. 55 

Genetic deletion of ALOX5 in Tg2576 mice (which show Aβ pathology) and 3xTg mice 

(which display both Aβ and tau pathology) decreases Aβ deposition, tau phosphorylation, 

and memory deficits. 56 57 In contrast, ALOX5 gene transfer or pharmacological activation 

of 5-LO worsens memory, amyloid burden, and tau brain pathologies in 3xTg mice. 58 In 

addition, pharmacological inhibition of 5-LO with its selective inhibitor zileuton prevents 

memory impairment and reverses Aβ and tau pathology in 3xTg mice. 59 The process by 

which 5-LO mediates these effects has been partially elucidated by both in vitro and in vivo 

experiments. The 5-LO inhibition-mediated reduction in tau phosphorylation results from 

a significant decrease in the level and activity of cyclin-dependent kinase-5 (CDK5). 60 The 

5-LO inhibition-mediated reduction of Aβ is a consequence of reduced activity of β-

secretase and γ-secretase, which are regulated by the leukotriene metabolites. 61  

Intriguingly, interruption of Notch processing, a known toxic off-target effect of many γ-

secretase inhibitors, is not observed with 5-LO inhibitors despite their effect on γ-secretase. 

62 This differentiation further establishes 5-LO as an attractive and viable therapeutic target 

for AD. 63 64 In conclusion, 5-LO inhibition is a multi-faceted target for AD, which not only 

reduces inflammation but also Aβ and tau pathology.  
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1.3 5-LO Inhibitors as Potential AD Drug Candidates 

     A recent review by Pergola and Werz 65 summarizes the state of the field of 5-LO 

inhibitors (Figure 2). 5-LO inhibitors exert their pharmacological action by either 

reducing/chelating the active site iron or interfering with AA binding through allosteric 

modulation. 66 Zileuton (Zyflo®) is the only 5-LO inhibitor on the market and is used for 

the treatment of asthma. The hydroxyurea portion of the molecule chelates the non-heme 

iron in the active site of 5-LO and keeps the iron in the ferrous state to effectively uncouple 

the catalytic cycle of the enzyme. Zileuton has already been shown to be effective in 

reducing Aβ and tau pathology in AD mice models, albeit at high dosage in animal studies. 

67 68 69 The hydroxyurea moiety in the molecule would be expected to limit brain penetration. 

70 The vast majority of other published 5-LO inhibitors possess relatively poor 5-LO 

inhibitory potency (relative to zileuton, whose 5-LO IC50 = 0.4 µM for LTB4 production in 

human leukocytes), low metabolic stability or physicochemical properties that do not 

predict good CNS penetration, especially high molecular weight and high topological polar 

surface area (TPSA). The exceptions are BWA4C and ABT-761.  

     BWA4C and ABT-761 belong to the same iron-chelating/reducing category as zileuton 

but are more potent 5-LO inhibitors (IC50 = 0.14 µM and 0.023 µM, respectively compared 

to 0.4 µM for zileuton). 71 72 73 Since they share the same inhibitory mechanism and 

pharmacophore as zileuton, BWA4C and ABT-761 would be expected to show similar 

anti-AD properties and limited brain penetration. AA-861 is a redox 5-LO inhibitor. This 

drug acts by keeping the catalytic iron in its reduced state and has proved to be effective 

for AD in vitro. 68 More in vivo studies need to be performed to confirm the anti-AD activity 

of this 5-LO inhibitor category. 74 CJ13610 and setileuton are non-redox and non-iron-
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chelating 5-LO inhibitors, which act by allosterically modulating the catalytic binding site. 

It is not clear at this point, how these mechanistic differences would affect the anti-amyloid 

and anti-tau-phosphorylation activity although there is some evidence showing that at least 

some non-redox, non-chelating 5-LO inhibitors display different inhibitory potencies for 

5-LO in cellular models depending on the redox state of the cell. 75  

Figure 2. Known 5-LO Inhibitors That Entered Clinical Trials. 

     The results from the above analysis beg the question of examining the iron-

chelating/reducing 5-LO inhibitor zileuton, a marketed drug for the treatment of asthma, 

in clinical trials for AD. Zileuton is a racemic mixture of two enantiomers, which have 

approximately same 5-LO inhibitory activity. The (S)-enantiomer is metabolically cleared 

49 – 76% faster than the (R)-enantiomer. Therefore, the (R)-enantiomer is considered to 

essentially be the active component of the racemic mixture. 
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Table 5. The physicochemical properties of 5-LO inhibitors and the statistical range for 

CNS penetration. 76 77 78 79 (Values are obtained from SciFinder, Dotmatics, Chemdraw, and 

ChemAxon) 

 CNS Range Zileuton BWA4C ABT-761 AA-861 CJ13,610 Setileuton 

MW* 319 

(151-655) 

236.29 283.32 318.37 326.43 393.50 463.38 

CLogP 3.43 

(0.16-6.59) 

2.48 4.10 3.26 4.12 2.65 2.87 

TPSA** 40.5 

(4.63-108) 

66.6 49.8 66.6 54.37 67.9 92.5 

LogD*** 1.7 

(1-4) 

1.99 2.96 3.72 5.39 3.02 3.64 

PKa <8 

(7.5-10.5) 

8.84 8.22 8.46 13.6 7.0 9.2 

* MW: molecular weight, **TPSA: topological polar surface area, *** LogD: pH 7.4 

     While zileuton possesses many of the physicochemical properties thought to be 

desirable for a CNS drug (Table 5), several lines of evidence argue against examining 

zileuton itself in AD clinical trials. Despite favorable CLogP and TPSA values, zileuton’s 

potency as a 5-LO inhibitor is moderate at best (IC50 = 0.4 µM) and its half-life is short 

(mean elimination half-life (t1/2) =2.3 h in human). 80 Higher doses of zileuton have been 

associated with an increased risk of elevated liver enzymes and gastrointestinal side effects. 

The risk of elevated alanine aminotransferase was particularly higher for females age 65 

or older. Zyflo® IR (immediate release formulation, 600 mg) was removed from the US 

market in 2008. The recommended dose of Zyflo® CR (continuous release formulation) is 

1,200 mg, twice daily, which is still a very high dosage. 81 82 In addition, zileuton is a 

mechanism-based inhibitor of CYP1A2 and alters the pharmacokinetics of theophylline, 

warfarin, and propranolol, which are commonly used drugs in seniors, 83 thus its chronic 

use in the majority late-onset AD patients would not be recommended. A prodrug of 

zileuton that selectively delivers high concentrations of the parent molecule to the brain 

and at a lower plasma concentration could overcome these problems. Another 
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consideration is one of intellectual property. Zileuton’s composition of matter patent 

expired on December 10, 2010. It is unlikely that an industrial collaborator such as a large 

pharmaceutical company would be willing to fund the costly clinical trials in the face of 

the pending lack of exclusivity.  

 

     1.4 Prodrugs and the Parent Drug Selection 

     A “prodrug” is an inactive compound that can be metabolized in the target organ or 

tissue to produce the pharmacologically active drug. The active drug produced from 

prodrug metabolism is often referred to as the “parent drug”. By adding the promoiety to 

the parent drug, the prodrug can often overcome various physicochemical, pharmaceutical, 

biopharmaceutical, and pharmacokinetic limitations of the parent drug. 84 In our case, we 

want to use a prodrug strategy to deliver high concentrations of the parent molecule to the 

brain and at a lower plasma concentration. The N-hydroxy group is a good handle for 

derivatization and the physicochemical properties of zileuton are well within the ranges 

where structural modification should yield products that still possess physicochemical 

properties predicted to promote good CNS penetration. In addition, the moderate molecular 

weight of zileuton (236) allow room for the addition of mass to arrive at prodrugs whose 

molecular weights are still within the range predicted to promote good CNS penetration. 

     In addition to zileuton, the more potent 5-LO inhibitors, BWA4C and ABT-761, should 

also be pursued in parallel for this prodrug strategy. The reasons are following. Firstly, 

both compounds have the same N-hydroxy group for derivatization and there is room for 

addition of extra mass without compromising the desirable CNS physicochemical 

properties. Secondly, increased drug potency usually means that a lower dosage is required 
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to achieve an effect (assuming that pharmacokinetics properties are similar). A parent drug 

with increased potency would only enhance the chances of success for our prodrug 

approach. In addition, prodrugs of BWA4C and ABT-761 might overcome the issue of fast 

oxidative and glucuronidation metabolism seen with zileuton (half-life are 2.8 h and 14.5 

h, respectively compared to 0.4 h for zileuton in monkey 85 86). Lastly, enzymes responsible 

for prodrug cleavage may show different affinities and rates of hydrolysis for different 

chemical scaffolds.  Additional chemical scaffolds could be good backups in the event that 

suitable zileuton prodrugs cannot be identified.  

     AA-861 is excluded in prodrug approach because it belongs to another category of 5-

LO inhibition and its in vivo efficacy needs further elucidation. Also, the quinone nucleus 

of AA-861 demonstrates non-selective redox chemistry, which could be a problem for 

chemical derivatization. CJ13,610 and setileuton were not pursued in our prodrug strategy 

because their physicochemical properties are at the upper limit of the CNS penetration 

range and there is not much space for chemical derivatization (both in terms of molecular 

weight and CLogP/TPSA). Also, CJ13,610 has no amenable chemistry handles to  

derivatize with promoieties, and the only handle in setileuton, a tertiary hydroxyl group, is 

problematic because the steric hindrance would makes derivatization difficult and 

enzymatic hydrolysis unlikely. 

     Therefore, zileuton, BWA4C, and ABT-761 were selected as parent drugs for our CNS 

prodrug strategy. The resulting prodrugs of these parent molecules are expected to have 

better brain penetration, metabolic and toxicity profiles.   
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1.5 Summary 

     AD is a devastating and rapidly growing disease, which places enormous social and 

economic burden on patients, care givers and society. There is currently no disease-

modifying treatment for AD despite of decades of research. Targeting the two hall marks 

of AD, Aβ and NFT, separately have not produced successful disease-modifying drugs. 

Cocktail therapy or a multi-faceted regent that will reduce not only the Aβ accumulation, 

but also tau pathology and other aspects of the disease may succeed where therapies 

targeting single mechanisms have failed. 5-LO is such a multi-faceted AD target. Its 

inhibition reduces not only inflammation but also Aβ and tau pathology. Iron-

chelating/reducing 5-LO inhibitors were chosen as parent drugs for prodrug strategy 

because of their potency, their good physicochemical properties and because of the 

literature precedent showing that this class of compound beneficially modulates Aβ and 

tau pathology in vitro and in vivo, effects which improve cognitive deficits in animal 

models of AD. Prodrugs of these 5-LO inhibitors are expected to deliver high 

concentrations of the parent molecule to the brain and at a lower plasma concentration to 

overcome the toxicity and metabolism problems of the parent drugs themselves.  



17 

 

CHAPTER 2 

SPECIFIC AIMS, HYPOTHESES, PRODRUG DESIGN AND SYNTHETIC 

ANALYSIS 

2.1 Specific Aims and Hypotheses of This Study Include: 

     Specific Aim 1. Design CNS prodrugs for selected 5-LO inhibitors using three 

approaches:  a) traditional lipophilic prodrug approach; b) chemical delivery system 

approach; c) transporter-mediated delivery system approach.   

     Hypothesis 1: Prodrugs with higher lipophilicity will partition more rapidly and to a 

greater extent into the brain compared to the parent drugs. 

     Hypothesis 2: Prodrugs using a chemical delivery system will deliver more parent drug 

into the CNS compared to administration of the parent drug.  

     Hypothesis 3: Transporter-mediated prodrugs will deliver more parent drug into the 

CNS compared to administration of the parent drug. 

     Specific Aim 2. Develop efficient synthetic routes to the proposed prodrugs. 

     Specific Aim 3. Profile the synthesized prodrug candidates in a battery of in vitro assays 

and use those data to select a small number of prodrugs for in vivo pharmacokinetics studies.  
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2.1.1 Specific Aim 1. Design CNS prodrugs for selected 5-LO inhibitors using three 

approaches:  a) traditional lipophilic prodrug approach; b) chemical delivery 

system approach; c) transporter-mediated delivery system approach 

     Prodrugs have been used successfully to solve problems in drug development. For this 

project, we were expecting to obtain CNS prodrugs with improved brain penetration, 

metabolic stability and toxicity profiles. Successful examples of such prodrugs are 

numerous in the literature (Figure 3). In terms of increased brain penetration, good 

examples include prodrugs of morphine, 87 benzylpenicillin, 88 ketoprofen, 89 and 

dopamine.90 In the case of morphine, a simple acetyl group modification (heroin) increased 

the brain concentration of the parent molecule by 100-fold. Likewise, rapid drug 

metabolism can be fixed by prodrug strategies. 84 In the case of the β2-agonist terbutaline, 

masking the metabolically labile phenol group to give bambuterol reduced the first pass 

metabolism from 69% to 35%. 91 Moreover, prodrugs can reduce the toxicity by sustained 

release of the parent drug or targeted delivery. In the case of the hepatitis B drug adefovir, 

masking the phosphoric acid with substituted cyclic phosphonatel ester (pradefovir) 

decreased the toxicity by targeted liver delivery. 92  
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Figure 3. Representative Successful Examples of Prodrugs That Increase Metabolic 

Stability, Improve Toxicity Profile and Enhance Brain Penetration. (red structure indicates 

the promoiety; black structure indicates the parent drug). 

 

     To realize similar beneficial results with 5-LO inhibitors, three different kinds of 

prodrugs were designed (Figure 4): 1) traditional lipophilic prodrugs with increased 

lipophilicity; 2) chemical delivery system (CDS) prodrugs with increased lipophilicity and 

brain-targeting effect, and 3) transporter-mediated prodrugs that use BBB transporters to 

facilitate brain penetration. The common site for modification was the hydroxyl group of 

the iron-binding functionality (hydroxamic acid/hydroxyurea). In this way, the polar 

pharmacophore will be masked and the toxic metabolic pathway associated with N-

dehydroxylation should be attenuated because the N-hydroxyl group is no longer available 

for metabolism. 81  

     The first two prodrug strategies are designed to enhance passive diffusion into the brain 

by increasing lipophilicity. The physicochemical values from statistical analysis of 

marketed CNS drugs will be used as a guideline for the prodrug design. Once in the brain, 

the CDS prodrug have the extra advantage of being  “locked-in” to the CNS because the 

prodrug is enzymatically oxidized into a charged species, which remains trapped in the 
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CNS until the parent drug is released by a subsequent enzymatic reaction. The transporter-

mediated prodrugs take advantage of active uptake by BBB transporters to get inside the 

brain. The prodrug design should follow the structure-activity relationships (SAR) for the 

corresponding transporters. Once the prodrugs enter the brain, they need to be 

enzymatically or chemically hydrolyzed back to parent drugs. Since the cleaved prodrug 

moiety will be produced, the potential biological activity and toxicology of that byproduct 

should also be considered. Therefore, nontoxic promoieties, such as acetyl esters, glucose 

and amino acid derivatives, will be pursued first. 

Figure 4. Mechanisms of Three Proposed Prodrug Strategies.  

     Prodrug cleavage can also take place in the periphery.   Selective and rapid conversion 

to the parent drugs in CNS would be optimal (and is the basis for the chemical delivery 

system), but even slow peripheral cleavage is potentially acceptable as long as a significant 

level of prodrug penetrates into the brain and releases the parent drug.   An optimal prodrug 

should yield therapeutically suitable brain concentrations of parent drug with plasma 

concentration that are significantly lower than that needed when the parent drug itself is 

dosed.   
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2.1.1.1 Hypothesis 1: Prodrugs with higher lipophilicity will partition more rapidly 

and to a greater extent into the brain compared to the parent drugs 

     The lipophilicity of the parent drugs can be increased by making ester, amide, carbonate 

and carbamate prodrugs. The increased lipophilicity should increase CNS penetration. This 

approach has been successfully applied to some poorly CNS penetrant compounds, 

including morphine, ketoprofen, 93 tacrine, 94 AZT, 95 and amphetamine 96 (Figure 5). Ester, 

amide, carbonate, and carbamate groups were used to incorporate the lipophilic 

promoieties. Thus, the same moieties should be used in our prodrug design. Esterases are 

capable of hydrolyzing these moieties, with the relative stability of these groups usually 

being amides > carbamates > carbonates > esters. 97 98 Priority was given to promoieties 

for which published reports show some success. However, it must be noted that enzymatic 

cleavage can be significantly affected by structural variation of the parent drug. An 

approach that has been successfully applied to morphine, for example, may not apply to 

zileuton.  Therefore we used an empirical approach wherein data was employed to inform 

subsequent prodrug design and synthesis in an iterative manner.  

 

Figure 5. Successful Lipophilic Prodrugs with Different Types of Linkers (ester, amide, 

carbonate, carbamate). (red structure indicates the promoiety and the black structure 

represents the parent drug). 
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     Some exploratory work in this project had already been performed.  Preliminary data 

from some early lipophilic prodrugs of racemic zileuton (Table 6) provided from Dr. 

Benjamin Blass showed a trend that carbamate prodrugs (MC120019 - MC1200013) were 

more stable than carbonate prodrugs (MC120011 - MC120003) in mouse plasma and in 

simulated gastrointestinal fluid (Table 7). In fact, the carbonate prodrugs of zileuton were 

very labile in plasma, while structurally similar carbamates were stable in plasma, 

simulated gastric fluid and simulated intestinal fluid (an important finding since any drug 

that would eventually come out of this work would have to be orally bioavailable).  Two 

conclusions were made from these results:  1) that carbamates likely represented the best 

functional group for designing our lipophilic prodrugs, and 2) that, while using racemic 

zileuton to design prodrugs was probably a reasonable strategy for an initial idea of prodrug 

stability, it would be critical to subsequently prepare and study promising prodrug analogs 

of the (R)- and (S)-enantiomers. 

 

Table 6. Prototype Lipophilic Carbonate and Carbamate Prodrugs of Zileuton Previously 

Synthesized by Dr. Benjamin Blass.  (MW, CLogP, TPSA were obtained from DotMatics 

and Chemdraw; pKa and LogD at pH = 7.40 were obtained from ChemAxon.) 

 

 

Cpd ID 
Structure 

MW pKa CLogP LogD TPSA 
R/S R 

MC120011 R 
 

294.33 14.85 2.81 2.77 81.9 

MC120007 R 
 

308.35 14.92 3.22 3.13 81.9 

MC120009 S 
 

308.35 14.92 3.22 3.13 81.9 
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Table 6, continued 

Cpd ID 
Structure 

MW pKa CLogP LogD TPSA 
R/S R 

MC120008 R  
 

322.38 14.97 3.67 3.65 81.9 

MC120010 S 
 

322.38 14.97 3.67 3.65 81.9 

MC120004 R 
 

338.38 14.88 2.7 2.72 91.1 

MC120003 S 
 

338.38 14.88 2.7 2.72 91.1 

MC120019 R 
 

305.35 0.63 2.35 2.8 77.1 

MC120020 S 
 

305.35 0.63 2.35 2.8 77.2 

MC120005 R 
 

385.44 11.93 3.82 3.90 93.9 

MC120006 S 
 

385.44 11.93 3.82 3.90 93.9 

MC120012 R 
 

365.4 13.12 2.38 2.02 111 

MC120013 S 
 

365.4 13.12 2.38 2.02 111 

 

Table 7. In Vitro Stability of Prototype Zileuton Prodrugs by Dr. Benjamin Blass in Plasma, 

SGF, and SIF.   

 

Cpd ID 
Structure 

Sol., 

PBS 

1h plasma 

stability 
1h SGF* 3h SIF** 

R/S R µM % remaining % remaining % remaining 

MC120011 R 
 

200 8 ND ND 

MC120007 R 
 

200 0 ND ND 

MC120009 S 
 

200 1 ND ND 

MC120008 R 

 

163 3 ND ND 

MC120010 S 

 

200 4 ND ND 

MC120004 R 

 

199 8 ND ND 

MC120003 S 

 

190 11 ND ND 
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Table 7, continued 

Cpd ID 
Structure 

Sol., 

PBS 

1h plasma 

stability 
1h SGF* 3h SIF** 

R/S R µM % remaining % remaining % remaining 

MC120019 R 
 

200 100 102.92 89.2 

MC120020 S 
 

135 100 101.21 106.6 

MC120005 R 
 

9.49 106 ND ND 

MC120006 S 
 

7.73 96 ND ND 

MC120012 R 
 

200 100 102.18 85.6 

MC120013 S 
 

123 100 99.872 80.3 

* SGF = Simulated Gastric Fluid; **SIF = Simulated Intestinal Fluid.  

      

     To more fully explore the potential of lipophilic zileuton prodrugs we elected to design 

and test ester/amide prodrugs and additional carbamate prodrugs (Table 8). In addition, we 

extrapolated the approach of ester, amide, carbonate and carbamate prodrugs to other 

scaffolds (BWA4C, ABT-761) by synthesizing similar prodrugs (Table 9 - 10).  Like 

zileuton, ABT-761 is chiral.  Our strategy was to first prepare and test prodrug candidates 

of racemic zileuton and ABT-761 and then extrapolate any encouraging results to the two 

enantiomers of each scaffold. 
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Table 8. Designed Lipophilic Prodrugs of Zileuton and Their Calculated Physicochemical 

Properties.  (MW, CLogP, TPSA were obtained from DotMatics and Chemdraw; pKa and 

LogD (pH = 7.40) were obtained from ChemAxon). 

 

 

Cpd ID 
Structure 

MW pKa CLogP LogD TPSA 
R/S R 

RF01 R/S 
 

278.33 14.98 2.99 2.15 72.6 

RF12 R 
 

279.31 14.62 2.24 1.82 98.7 

RF13 S 
 

279.31 14.62 2.24 1.82 98.7 

RF14 R 
 

293.34 14.58 2.81 2.04 84.7 

RF15 S 
 

293.34 14.58 2.81 2.04 84.7 

RF16 R 
 

307.37 15.04 3.06 2.26 75.9 

RF17 S 
 

307.37 15.04 3.06 2.26 75.9 

RF18 R 
 

307.37 14.41 3.34 2.4 84.7 

RF19 S 
 

307.37 14.41 3.34 2.4 84.7 

RF20 R 
 

335.42 15.14 4.11 2.98 75.9 

RF21 S 
 

335.42 15.14 4.11 2.98 75.9 

RF32 R 
 

349.4 14.95 3.53 2.04 85.1 

RF33 S 
 

349.4 14.95 3.53 2.04 85.1 

RF34 R 
 

334.44 6.85 3.97 2.00 79.1 

RF35 S 
 

334.44 6.85 3.97 2.00 79.1 

RF46 R 
 

393.46 13.14 3.19 3.12 111 

RF47 S 
 

393.46 13.14 3.19 3.12 111 

RF48 R 
 

441.5 13.12 4.51 3.89 111 

RF49 S 
 

441.5 13.12 4.51 3.89 111 

RF56 R/S 
 

441.59 14.02 6.51 4.73 84.7 
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Table 8, continued 

Cpd ID 
Structure 

MW pKa CLogP LogD TPSA 
R/S R 

RF57 R 
 

441.59 14.02 6.51 4.73 84.7 

RF58 S 
 

441.59 14.02 6.51 4.73 84.7 

RF61 R/S 
 

418.42 8.09 3.08 3.31 142.5 

RF62 R/S 
 

460.5 14.26 3.76 3.83 109.6 

RF63 R/S 
 

544.53 14.16 2.05 3.12 160.8 

RF64 R/S 
 

417.44 8.01 1.95 2.36 145.4 

RF66 R/S 
 

453.53 12.03 3.06 1.60 128.0 

RF67 R/S 
 

395.45 11.93 2.67 2.29 111.0 

RF68 R/S 
 

411.49 10.17 1.69 1.24 113.8 

RF69 R/S 
 

439.55 12.39 2.11 2.36 111.0 

RF70 R/S 
 

438.56 11.89 1.65 1.63 113.8 

RF71 R/S 
 

454.62 15.00 5.20 4.49 81.9 

RF72 R/S 
 

453.64 12.07 4.34 3.85 84.7 

 

 

Table 9. Designed Lipophilic Prodrugs of Racemic ABT-761 and Their Calculated 

Physicochemical Properties.  (MW, CLogP, TPSA were obtained from DotMatics and 

Chemdraw; pKa and LogD (pH = 7.40) were obtained from ChemAxon) 

 

Cpd. ID R MW pKa CLogP LogD TPSA 

RF02  360.4 14.45 3.77 3.89 72.6 

RF03 
 

376.4 14.35 4.65 4.51 55.8 

RF05 
 

390.43 14.44 3.87 4.87 81.9 

RF06 
 

404.46 14.51 4.40 5.39 81.9 
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Table 9, continued 

Cpd. ID R MW pKa CLogP LogD TPSA 

RF07 
 

420.45 14.44 3.64 4.47 91.1 

RF22 
 

361.39 14.02 3.01 3.56 98.7 

RF23 
 

375.42 14.01 3.59 3.78 84.7 

RF24 
 

389.44 14.56 3.37 4.01 75.9 

RF25 
 

389.44 13.84 4.11 4.14 84.7 

RF26 
 

417.5 14.70 4.43 4.72 75.9 

RF36 
 

431.48 14.52 4.04 3.79 85.1 

RF37 
 

444.52 6.85 4.49 3.75 79.1 

RF40 
 

437.92 13.68 4.18 4.51 84.7 

RF41 
 

423.89 13.35 4.51 4.45 84.7 

RF44 
 

467.51 11.92 5.12 5.64 93.9 

RF50 
 

447.48 12.65 4.16 3.77 111.0 

RF51 
 

475.53 12.70 4.86 4.86 111.0 

RF52 
 

523.58 12.74 5.35 5.63 111.0 

RF59 
 

523.66 13.63 7.29 6.48 84.7 

 

Table 10. Designed Lipophilic Prodrugs of BWA4C and Their Calculated 

Physicochemical Properties.  (MW, CLogP, TPSA were obtained from DotMatics and 

Chemdraw; pKa and LogD (pH = 7.40) were obtained from ChemAxon). 

 

Cpd. ID R MW pKa CLogP LogD TPSA 

RF03 
 

325.36 ND 4.65 3.17 55.8 

RF08 
 

341.36 ND 4.22 3.79 65.1 
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Table 10, continued 

Cpd. ID R MW pKa CLogP LogD TPSA 

RF09 
 

355.38 ND 4.75 4.14 65.1 

RF10 
 

369.41 ND 5.28 4.67 65.1 

RF11 
 

385.41 ND 4.64 3.74 74.3 

RF27 
 

326.35 14.63 4.36 2.83 81.8 

RF28 
 

340.37 14.53 4.47 3.06 67.9 

RF29 
 

354.4 ND 4.25 3.28 59.1 

RF30 
 

354.40 ND 5.00 3.67 67.9 

RF31 
 

382.45 ND 5.30 4.00 59.1 

RF38 
 

396.44 ND 5.06 3.06 68.3 

RF39 
 

409.48 6.85 5.62 3.02 62.3 

RF42 
 

388.84 13.65 5.06 3.72 67.9 

RF43 
 

402.87 14.02 5.39 3.78 67.9 

RF45 
 

432.47 11.93 6.47 4.92 77.1 

RF53 
 

412.44 12.89 5.18 3.04 94.2 

RF54 
 

440.49 12.92 5.90 4.14 94.2 

RF55 
 

488.53 12.93 6.38 4.91 94.2 

RF60 
 

488.62 13.87 8.16 5.75 67.9 

RF65 
 

464.47 13.65 3.90 3.38 128.6 

 

     Simple ethyl ester (RF01 - RF03) promoieties were installed on zileuton, ABT-761 and 

BWA4C to test the feasibility of esters as prodrugs and also to determine if the structure 

of the parent drug would influence hydrolysis rate. 

     Preliminary data indicate that the carbonate prodrugs of zileuton are labile to plasma 

hydrolysis.  Compounds RF04 - RF11 were prepared to determine if the structural 

variation of the parent molecules ABT-761 and BWA4C, respectively, could affect the rate 
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of carbonate hydrolysis.  Compounds RF07 and RF11 included an additional facet.  

CYP2D6-catalyzed O-demethylation of the distal methoxy group in the brain might free 

the hydroxyl group, which could in theory assist in the hydrolysis of the carbonate group 

(Figure 6). 99 100 

 

Figure 6. Chemical Mechanisms for Prodrugs with Distal Methoxy Group to Release of 

Parent Drugs. 

 

     Compounds RF12 - RF21 were prepared to examine the effect of modifying the alkyl 

group on the carbamate prodrug moiety from the prototype zileuton series.  Both (R)- and 

(S)-enantiomers of the parent drug were examined.  A similar exercise was executed with 

RF22 - RF31 for the ABT-761 and BWA4C prodrugs series.  Primary, secondary and 

tertiary carbamates were examined to understand the effect of steric bulk on hydrolysis of 

the prodrug moiety. 

     Compounds RF32 - RF33 were prepared to test the effect of incorporating a heteroatom 

into the prodrug group.  Compounds RF34 - RF35 were designed to test the effect of 

incorporating a heteroatom as well as lowering the pKa of the promoiety group.  Similar 

analogs were designed and prepared in the ABT-761 series (compounds RF36 - RF37) and 

the BWA4C series (RF38 - RF39). 

     Use of the 4,5-dihydrooxazole substituent, a cyclic carbamate (MC120019, MC120020, 

Table 7), provided analogs that were stable to plasma hydrolysis. Our attempts to install 

the same functionality onto ABT-761 and BWA4C were not successful. However, we did 
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examine the precursor chloride analogs RF40 - RF43 since the presence of a chlorine atom 

provides both a bulky lipophilic group and a weak hydrogen bond acceptor. 

     Since aryl carbamates were stable to plasma hydrolysis (MC120005, MC120006, Table 

7), we examined the same promoiety in the ABT-761 and BWA4C series (RF44 - RF45). 

The 2-methoxyphenyl group was chosen as the prototype promoiety because 2-

methoxyphenylaniline is known to be well tolerated in humans. 101, 102 

     Prototype zileuton carbamate prodrugs that incorporated a protected glycine 

(compounds MC120012, MC120013, Table 7) were stable to hydrolysis.  Thus we elected 

to examine other protected amino acids such as valine (compounds RF46 - RF47) and 

phenylalanine (RF48 - RF49). The reasoning for this was two-fold.  Firstly, hydrolysis of 

the terminal ester groups in plasma might provide prodrugs that could enter the brain 

through active transport via amino acid transporters.  Secondly, the presence of amino acid 

moieties on the intermediate might make these compounds substrates for enzymes in the 

brain that might otherwise not act upon the other lipophilic substrates proposed above.  

Since structural variation can affect susceptibility to the enzymatic reaction, we tested the 

hypothesis in the ABT-761 and the BWA4C series (compounds RF48 - RF55) as well as 

the zileuton series.  

     In most prodrug strategies, the prodrug moiety is designed to be an inert species that is 

devoid of pharmacological activity so that its release will not cause side effects or adverse 

events.  However, such a strategy provides the potential for delivering two therapeutic 

agents.  We tested this possible scenario by designing prodrugs that incorporated known 

anti-AD agents as the promoiety.  For example, compound RF56 combined racemic 

zileuton with the marketed cognitive enhancer drug memantine (Namenda®) through a 
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carbamate moiety.  A positive result might provide a drug that treats both the cognitive 

symptoms as well as halt further progression of AD. (R)- and (S)-enantiomers (RF57 - 

RF58) were examined to test the influence of stereochemistry on hydrolysis rate. A similar 

strategy was examined for ABT-761 (RF59) and BWA4C (RF60).  

     Racemic zileuton was also combined with other small natural products reported to 

provide benefit in animal models of Alzheimer’s disease.  We combined racemic zileuton 

with gallic acid a polyphenol compound reported preventing the progression of 

neurodegenerative pathologies. 103, and some of its derivatives through extended ester or 

extended amide bonds (RF61 - RF64). An amide version of this prodrug strategy was 

applied to BWA4C (RF65).  

     Similarly, we prepared compounds RF66 - RF70, which combined racemic zileuton 

with cysteine derivatives such as N-acetylcysteine. These cysteine derivatives are 

supposedly beneficial in Alzheimer’s disease by virtue of their conversion to the 

antioxidant glutathione. 104 Moreover, we also prepared compound RF71 - RF72, which 

links the neuronal protective agent α-lipoic acid 105 to the parent drug.  Since these natural 

products all possess carboxylic acid groups rather than nucleophilic substituents, they 

needed to be coupled through their respective carboxylic acid groups.  We employed a 

“methylene” linker strategy, which is further described in the synthesis section. 
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2.1.1.2 Hypothesis 2: Prodrugs using a chemical delivery system will deliver more 

parent drug into the CNS compared to administration of the parent drugs 

The concept of a “Chemical Delivery System” (CDS) was first introduced by Nicolas 

Bodor (1987) 106. The concept of this approach is that if a lipophilic compound enters the 

brain and is enzymatically converted into a charged molecule, it will become “locked in” 

to the brain and achieve the CNS-targeted delivery. The same oxidative conversion can 

also happen in the periphery; however, the increase of the hydrophilicity of the charged 

molecule would result in rapid peripheral elimination. The charged molecule in the brain 

can serve as the reservoir of active parent drug. Enzymatic hydrolysis and subsequent 

chemical decomposition of these charged molecule will release the parent drugs over time.  

     The most useful and exploited promoiety for CDS is the 1,4-dihydrotrigonelline ↔ 

trigonelline (coffearine) system, 107 in which the lipophilic 1,4-dihydrotrigonelline prodrug 

form is converted in vivo to the hydrophilic quaternary charged form by the ubiquitous 

NAD(P)H ↔ NAD(P)+ coenzyme system. 108 This CDS system has been shown to be 

nontoxic since no reactive radical intermediates are generated 109 and the trigonellinate ion 

formed after enzymatic cleavage is an endogenous biochemical (nicotinamide/nicotinic 

acid) and undergoes rapid elimination from the brain (Figure 7). 110  
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Figure 7. Mechanism of Chemical Delivery System. 

 

     This approach has been successfully applied to a wide variety of drug classes such as 

steroids, antibacterials, antivirals, anticonvulsants, antidepressants, antioxidants, 

anticancer and NSAIDs. 111 112 Among these drugs, an estradiol-CDS prodrug advanced to 

Phase I and II clinical trials (Figure 8). 113 One disadvantage of the dihydrotrigonelline 

approach is chemical instability, which includes covalent hydration at C5 and C6 of 1,4-

dihydrotrigonelline promoiety and a propensity for the dihydropyridine to air-oxidize to 

the pyridinium form. 114  To circumvent this problem, the Foucout group 115 recently 

described a modification of this approach that results in enhanced chemical stability. They 

replaced the dihydropyridine grouping with the 6,7-dimethoxy-1,4-dihydroqinoline moiety. 

This group functions in the same way as the dihydropyridine moiety (being enzymatically 
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oxidized to the pyridinium form in the brain) but is more chemically stable. This scaffold 

was successfully applied to enhance CNS penetration of gamma-aminobutyric acid 

(GABA) in mice without toxicity.  

 

Figure 8. Examples of Successful CDS Prodrugs for Brain Delivery. 

 

     We targeted both 1,4-dihydrotrigonelline and dihydroquinoline prodrugs of zileuton, 

ABT-761, and BWA4C. The oxidation rate can be modified by different substituents on 

the dihydrotrigonelline motif, and branched linker groups can be introduced to control the 

rate of enzymatic hydrolysis.  The timing of the metabolic sequence is critical for 

successful delivery. Oxidation of the 1,4-dihydrotrigonelline or dihydroquinoline 

promoieties cannot be so fast that most of the prodrug is oxidized before it penetrates into 

the brain. On the other hand, the oxidation should happen before the hydrolytic cleavage, 

so that the prodrug can be concentrated in the brain. The oxidized form should be more 

susceptible to enzymatic hydrolysis, partly because the charged trigonelline moiety makes 

the prodrug a substrate for enzymes that are known to be at high levels in the brain, but 

also because the positively charged pyridinium group, which is electron-withdrawing, 

should make the carbonyl carbon more susceptible to hydrolysis. 116  
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     The CDS prodrugs that were originally proposed to test out this approach are shown in 

Table 11 - 13.  As in the case of the natural product-coupled prodrugs, our initial studies in 

this approach used racemic zileuton as the parent drug. Since the carboxyl group of the 

trigonelline/dihydroquinoline group must be intact, we needed to use a methylene spacer 

to connect the parent drug to the CDS promoiety. We designed the Bodor trigonelline ester 

(RF73 - RF74) and amide (RF75) analogs as well as the Foucout dihydroquinoline 

derivatives RF76 - RF77. RF78 - RF79 were designed to study the necessity of dimethoxy 

group in Foucout dihydroquinoline derivatives. Similar amide prodrugs were prepared for 

ABT-761 (RF80 - RF82) and trigonelline ester prodrugs were prepared for BWA4C 

(RF83). Also, RF84 was designed to install a methyl group at the methylene linker to test 

the effect of steric bulk on the hydrolysis rate. RF85 was designed by linking parent drug 

with a quinoline promoiety that would be metabolized to a known acetylcholinesterase 

inhibitor.  As with compounds RF58 - RF60, the thought was to tailor the prodrug 

approach (in this case, the CDS approach) to deliver both the disease-modifying parent 

drug and a promoiety that is also an anti-AD drug.   Since three of the four currently 

approved drugs for AD are acetylcholinesterase inhibitors, 117 we selected a promoiety that 

both resembles the Foucout dihydroquinoline promoiety and is known to display potent 

acetylcholinesterase inhibition. 117 A similar prodrug will be prepared for BWA4C (RF86).   
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Table 11. Designed CDS Prodrugs for zileuton and Their Calculated Physicochemical 

Properties.  (MW, CLogP, TPSA were obtained from DotMatics and Chemdraw; pKa and 

LogD (pH = 7.40) were obtained from ChemAxon). 

 

Cpd ID 
Structure 

MW pKa CLogP LogD TPSA 
R/S R 

RF73 R 

 

387.46 15.6 3.04 3.20 85.11 

RF74 S 

 

387.45 14.89 3.36 3.20 85.1 

RF75 R/S 

 

386.47 12.6 2.38 2.23 87.90 

RF76 R/S 

 

497.56 14.77 4.32 4.40 103.6 

RF77 R/S 

 

496.58 11.98 4.20 3.44 106.4 

RF78 R/S 

 

437.51 14.80 4.39 4.71 85.1 

RF79 R 

 

436.53 12.23 3.83 3.75 87.9 

RF84 R/S 

 

482.6 11.92 4.78 3.67 89.3 

RF85 R/S 

 

524.59 14.78 4.47 4.44 114.6 
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Table 12. Designed CDS Prodrugs for ABT-761 and Their Calculated Physicochemical 

Properties.  (MW, CLogP, TPSA were obtained from DotMatics and Chemdraw; pKa and 

LogD at pH = 7.40 were obtained from ChemAxon). 

 

Cpd. ID R MW pKa CLogP LogD TPSA 

RF80 

 

468.54 11.80 4.1 3.98 87.9 

RF81 

 

578.65 11.65 5.06 5.18 106.4 

RF82 
 

518.6 11.82 5.13 5.5 87.9 

 

Table 13. Designed CDS Prodrugs for BWA4C and Their Calculated Physicochemical 

Properties.  (MW, CLogP, TPSA were obtained from DotMatics and Chemdraw; pKa and 

LogD at pH = 7.40 were obtained from ChemAxon). 

 

Cpd. ID R MW pKa CLogP LogD TPSA 

RF83 O

O

N

 

434.48 ND 4.6 4.22 68.3 

RF86 O

O

N O N

O

 

571.62 ND 5.71 5.45 97.8 
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2.1.1.3 Hypothesis 3: Transporter mediated prodrugs will deliver more parent drug 

into the CNS compared to administration of the parent drug 

     A drug design strategy for enhancing CNS penetration that has received attention in 

recent years is to engage active transporters. There are over 20 transporters identified at the 

BBB that mediate brain uptake of various essential nutrients, vitamins, peptides, and 

hormones. 118  The most widely studied transporters are the glucose transporter GLUT1 

and the L-amino acid transporter LAT1. Numerous examples of transporter mediated 

prodrugs have been described in the literature (Table 14). GLUT1 (SLC2A1) is a sodium-

independent transporter that transports D-glucose into the brain for energy metabolism. It 

is ubiquitously expressed throughout body, 119 but because the high capacity of this glucose 

transporter it is highly expressed at the BBB and has been exploited for brain delivery of 

drugs. 120 In fact, GLUT1 has been shown to mediate brain delivery of a broad range of 

glucose containing prodrugs, including ketoprofen 121, indomethacin, 89 paclitaxel, 89 

dopamine, 122 chlorambucil, 123, 124 and opioid peptides. 125 The SAR of this transporter has 

been studied, and substitution at the glucose C1 is best for GLUT1 recognition and 

transport. 124 Therefore our glucose-conjugated prodrugs were designed with C1 

substitution. LAT1 (SLC7A5) is a sodium-independent System L transporter that transports 

essential large neutral/basic L-amino acids into the brain for protein synthesis. It is 

expressed in brain, spleen, placenta, and bone marrow. 126 While amino acid-conjugated 

prodrugs are usually taken up from the intestinal tract by the pepT1 transporter. 127 LAT1 

is thought to be critical for brain delivery because of its broad substrate specificity for 

relatively large molecules. 128 LAT1 has been successfully exploited for brain delivery of 

valproic acid, 129 levodopa, 130 baclofen, 123 gabapentin, 131 dopamine, 90, 132 



39 

 

mechlorethamine, 133 and 7-chlorokynurenic acid. 134 The SAR of the substrate-binding and 

transport activity for LAT1 has been well explored. The charged α-carboxyl and α-amino 

groups are essential for ionic interaction with LAT1 while the amino acid side chains are 

critical for hydrophobic interaction with the transporter protein residues. 135 The most 

successful amino acids used as promoieties to date are lysine and phenylalanine. 90, 136   We 

started with these two amino acids to prepare a set of LAT1-mediated prodrugs with free 

α-carboxyl and α-amino groups. Once the prodrugs are transported into the brain, they are 

expected to be hydrolyzed by β-glucosidase (in the case of glucose prodrugs) and 

esterases/amidases in the case of the amino acid prodrugs. We started by preparing D-

glucose, L-lysine and L-phenylalanine prodrugs of racemic zileuton.  If encouraging results 

were obtained, we would extrapolate the approach to ABT-761 and BWA4C. 

     In addition to the GLUT1 and LAT1 transporters, TauT (taurine transporter)-specific 

complex systems at BBB may also serve as another good transporter system. Its substrates, 

taurine and homotaurine are “very essential” 137 amino acids for brain function and serve 

as promising candidates for both primary and secondary prevention of AD. 138 139 We 

investigated taurine-coupled 5-LO inhibitors as potential prodrugs that deliver a second 

therapeutic agent in the form of the released promoiety. Ideally, the best assays to 

determine the transporter-binding and BBB-permeation of these prodrugs would be in situ 

rat brain perfusion. However, this technique was not available to us. We therefore 

substituted in vivo pharmacokinetics pilot studies. 

     Unlike the first two prodrug approaches which are dependent on passive diffusion for 

CNS penetration, there are no general physicochemical property statistics/rules (e.g., 

Lapinski “rule of 5”) for transporter-mediated drug design. Transporter-mediated drug 
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delivery is controlled more so by transporter recognition (SAR) than by lipophilicity and 

TPSA. However, molecular weight of the parent drug can be a determining factor on how 

efficiently a transporter promoiety will affect transport. We analyzed a small set of 

successful transporter mediated prodrugs to provide guidance to our efforts (Table 14). 

From this set of prodrugs, it is apparent that nutrient ligands can carry a parent molecule 

that has over 2-44-fold higher molecular weight than the ligand itself. 140 The pKa values 

ranged from 4 to 13 and did not show any noticeable trend. The lipophilicity (CLogP and 

LogD) values ranged from -1 to 4. The TPSA values for these prodrugs were all very large 

(>100), owing to the presence of several heteroatoms. 

 

Table 14. Physicochemical Properties of Successful Transporter-Mediated Prodrugs. (MW, 

CLogP, TPSA are obtained from Chemdraw, pKa and LogD (pH = 7.4) are obtained from 

ChemAxon). 

 

Prodrugs 
MW 

pKa CLogP LogD TPSA 
Parent Ligand Ratio 

 

254.28 180.15 1.4/1 11.4 1.47 1.35 133.52 

 

357.78 180.15 2/1 11.4 1.85 1.42 145.99 

 

153.17 180.15 0.85/1 9.6 -1.01 -1.2 168.94 
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Table 14, continued 

Prodrugs 
MW 

pKa CLogP LogD TPSA 
Parent Ligand Ratio 

 

304.21 180.15 1.7/1 11.4 2.23 1.67 119.69 

 

853.91 194.18 4.4/1 12.8 3.00 4.00 323.61 

 

153.17 165.19 1:1 3.8 1.15 -0.71 132.88 

 

254.28 146.19 1.7/1 4.1 2.4 0.68 109.49 

 

     Targeted transporter-mediated prodrugs are shown in Table 15.  RF87 was prepared to 

assess the potential of the glucose transporter as a means to deliver zileuton to the CNS.  

Since the majority of successful glucose-linked prodrugs in the literature employ a linker 

between the parent drug and the glucose promoiety, we will do the same by incorporating 

a methylene linker.  

     Compound RF88 - RF90 were designed to test whether or not a lysine/phenylalanine-

linked prodrug of racemic zileuton can be transported into the CNS (presumably via LAT1).  
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We appended zileuton to the side chain amine of lysine via a carbamate group and to 

phenylalanine with an extended ester moiety. 

      

Table 15. Potential Transporter-Mediated Prodrugs for 5-LO Inhibitors and Their 

Calculated Physicochemical Properties.  (MW, CLogP, TPSA were obtained from 

DotMatics and Chemdraw; pKa and LogD (pH = 7.40) were obtained from ChemAxon). 

 

 

Cpd ID Structure MW pKa CLogP LogD TPSA 

RF87 

 

428.46 12.21 -0.37 0.03 154.9 

RF88 

 

408.47 2.00 -0.52 -0.31 148 

RF89  

RF90  

457.5 1.56 0.48 1.14 145.2 

RF91 
 

390.45 1.68 2.64 0.69 98.9 

RF92 
 

404.48 1.98 3.09 -0.5 98.9 

RF89 and RF90 are diastereomers. The absolute structures were not determined.  

      

     Compound RF91 - RF92 were designed to examine the potential of using TauT to 

enhance CNS penetration of zileuton. It should be noted that the physicochemical 

properties of our targeted transporter-mediated prodrugs (Table 15) all fall into the ranges 

seen for the successful transporter-mediated prodrugs reported in the literature (Table 14). 
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2.1.2 Specific Aim 2. Develop efficient synthetic routes to the proposed prodrugs 

     We used five types of linkers to couple our parent drugs with promoieties. The different 

types of linkers and the corresponding synthetic analyses are provided in Scheme 1. Simple 

esters, carbonates, and carbamates prodrugs can be prepared by coupling parent drugs with 

thionyl chlorides, carbamoyl chlorides, carbamate chlorides and isocyanates under basic 

conditions. Extended esters can be prepared by extending the parent drug with 

chloromethyl methyl sulfide, and then coupling with appropriate carboxylic acid 

promoieties. 141 Extended amides can be prepared by extending the carboxamide 

promoieties with benzotriazole methanol (BtMeOH), and then coupling with the parent 

drugs. 142 143  Several promoieties required synthesis, which was accomplilshed using 

literature procedures. Appropriate modifications to the reaction conditions were made 

according to the specific situation.  

Scheme 1. General Retrosynthetic Analyses for Targeted Prodrugs. 
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2.1.3 Specific Aim 3. Profile the synthesized prodrug candidates with a battery of in 

vitro assays and in vivo pharmacokinetics studies. 

     The prodrugs designed and synthesized according to Specific Amis 1 and 2 were 

evaluated in a battery of in vitro assays and triaged to arrive at a small set of prodrugs that 

were studied in in vivo pharmacokinetics studies (Scheme 2). The kinetic solubility was 

determined, up to a maximum of 200 µM. Representative prodrugs with the solubility 

greater than 10 µM were selected to undergo further evaluations. Stability assays in mouse 

plasma, rat liver microsomes and simulated gastric and intestinal fluids were performed to 

identify relatively stable prodrugs that could survive and the gastrointestinal tract following 

oral administration. In addition, the prodrugs were assessed for 5-LO inhibitory activity to 

insure that any efficacy seen in later studies was due to parent drug release and not from 

the prodrug itself. Protein binding and microsomal partitioning were performed using 

equilibrium dialysis, to predict the free, unbound fraction and the volume of distribution of 

prodrugs advancing to in vivo pharmacokinetics studies. Compounds that met the criteria 

for advancement in these in vitro assays advanced to pilot in vivo pharmacokinetic 

screening using C57BL/6 mice and a 30 min time point for both plasma and brain exposure 

to predict brain-to-plasma ratio. The results from the pilot studies guided prodrug selection 

for the final full pharmacokinetics study. A successful result would be to identify a prodrug 

that provides a higher parent drug exposure (AUC) in the brain than the parent drug 

administration itself.  
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Scheme 2. Screening Scheme for Assessing Prodrugs.  
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CHAPTER 3 

SYNTHESIS AND METHOD DEVELOPMENT 

3.1 Parent Drugs Preparations 

     Zileuton was purchased from WuXi AppTec®, the (R)-(+) and (S)-(-) isomers were 

separated by Lotus Separation® on a ChiralPak AD HPLC column using supercritical fluid 

chromatography. The optical rotations ([α]) were determined on a JASCO P-1010 

Polarimeter with a continuous Na lamp (λ =589nm) at 22.2○C. The (R) isomer has an 

optical rotatory power ([α]) of + 47.4540 deg·cm2·g-1. The (S) isomer has an optical 

rotatory power ([α]) of - 44.7111 deg·cm2·g-1. The values were in agreement with literature 

reports. 144 

     BWA4C was prepared based on a synthetic route reported by WP-Jackson et.al,145 but 

with one less step by using the modified Knoevenagel reaction to make the (E)-α,β-

unsaturated ester. 146  The detailed reaction procedures were based on other published 

reports with modifications. 147, 148, 149, 150, 151  (Scheme 3). In brief, Knoevenagel reaction of 

3-phenoxybenzaldehyde and malonic half ester under modified conditions (10 mol% 

pyridine, 10 mol% piperidine, 50°C) afforded (E)-α,β-unsaturated ester 3, which was 

reduced (4) and then brominated to give intermediate 5. Substitution of 5 with 

tetrahydropyran (THP)-protected hydroxylamine 2 gave the monoalkylated hydroxylamine 

6.  Deprotection of 6 yield hydroxylamine 7, which was acetylated to intermediate 8. 

Selective O-deacetylation of 8 by NaOH gave BWA4C with a total yield of 27% (9 steps).  

Intermediate 2 was prepared from hydrolysis of THP protected N-hydroxyphthalimide 1, 

which was obtained from N-hydroxyphthalimide. 
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Scheme 3. Synthesis of Parent Drug BWA4C. 

 

     Abbott Laboratories first synthesized ABT-761 in 2006, 152 then two more routes to 

prepare ABT-761 were subsequently reported. 153, 154  These synthetic routes differ mainly 

in the butynol substrates used for the Sonogashira couplings as shown in Scheme 4. We 

performed exploratory experiments on the Sonogashira coupling to determine which 

method would be optimal.  Route 1 (in red) is reported to be the preferred procedure.  

However, the Sonogashira coupling did not work in our hands. Attempts to use other 

palladium catalysts such as 10% Pd/C, Pd(PPh3)2Cl2, Pd(Ph3)4, and Pd(OAc)2 with various 

ligands, co-catalysts, and bases also failed. Routes 2 (in black) and 3 (in blue) were then 

pursued. The Sonogashira reaction in route 2 worked when the published conditions were 

used, but with a poor yield (18%) to the desired product. 155 We were able to increase the 

yield to 98% in 1 hour by changing the solvent (DMF to isopropyl acetate) and the catalyst 

ratios (increase in PPh3 and decrease in (CH3CN)2PdCl2). The Sonogashira reaction in 
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route 3 did not work in our hands when the published reagents were used; however, 

switching the palladium catalyst from (CH3CN)2PdCl2 to Pd(PPh3)2Cl2 provided the 

desired alkyne intermediate, which was ready for the conversion to ABT-761. The 

Sonogashira reaction worked in both route 2 and 3. However, Route 2 was selected for our 

synthesis since it provide ABT-761 directly and route 3 requires one more step to the final 

product and the use of the potentially explosive dehydrogenating reagent diethyl 

azodicarboxylate (DEAD), which was not ideal.  

     For our initial studies we prepared only racemic ABT-761, with the intention of later 

synthesizing the eutomer using (S)-(−)-3-butyn-2-ol when potential ABT-761 prodrug 

candidates were identified. Our total synthesis of racemic ABT-761 is summarized in 

Scheme 4. 2-Bromothiophene and 4-fluorobenzyl chloride were treated under standard 

Grignard conditions (I2, Mg, CuCl) to give 9. Iodonization of 9 with I2 provided 

intermediate 10. Mesylation of 3-butyn-2-ol with methanesulfonyl chloride and 

triethylamine gave 11, which was then converted to hydroxylamine 12 with 50% aqueous 

hydroxylamine solution. Treatment of 12 with potassium isocyanate formed 13 in 

quantitative yield. Intermediates 10 and 13 then underwent the route 2 Sonogashira reaction 

to provide racemic ABT-761 with a total yield of 30.45% (6 steps).  
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Scheme 4. Synthesis of Racemic ABT-761. 

 

3.2 Lipophilic Prodrug Synthesis 

     The acetate prodrugs RF01 - RF03 were synthesized by treating the parent drugs with 

acetyl chloride and triethylamine (Table 16).  
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Table 16. Synthesis of Acetate Prodrugs. 

 

Cpd ID Parent Yield (%)* 

RF01 Zileuton 70 

RF02 BWA4C 78.3 

RF03 ABT-761** 76 

*Isolated yield; ** Racemic.  

 

     The carbonate prodrugs RF04 - RF11 were synthesized by treating the parent drugs 

with appropriate alkyl chloroformates and triethylamine (Table 17). 156   

 

Table 17. Synthesis of Carbonate Prodrugs.  

 

Cpd ID Parent R Yield (%)* 

RF04 ABT-761** Me 50 

RF05 ABT-761** Et 50 

RF06 ABT-761** n-Pr 48 

RF07 ABT-761**  50.5 

RF08 BWA4C Me 84.4 

RF09 BWA4C Et 81.7 

RF10 BWA4C n-Pr 77.2 

RF11 BWA4C  78.7 

*Isolated yield; ** Racemic.  
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     The carbamate prodrugs RF12 - RF55 were synthesized by treating the parent drugs 

with either alkylcarbamoyl chlorides 157 or alkyl/aryl isocyanates in the presence of a base 

(triethylamine (TEA), N-methylmorpholine, N,N-diisopropylethylamine (DMAP), sodium 

hydride, or n-butyllithium (n-BuLi)) at 0°C followed by warming to room temperature and 

stirring overnight. (Table 18).  The usual solvent was dichloromethane (DCM).  In the case 

of prodrugs containing no substituents on nitrogen (RF12, RF13, RF22, RF27), 

trimethylsilyl carbamoyl chloride was used as the carbamoylating agent.  The trimethylsilyl 

carbamates were first produced but were hydrolyzed to the unsubstituted carbamates upon 

aqueous workup. 

 

Table 18. Synthesis of Carbamate Prodrugs. 

 
 

Cpd ID Parent R R’ Base Yield (%)† 

RF12 (R)-Zileuton 
(CH3)3Si* 

(H) - 
 

85 

RF13 (S)-Zileuton 
(CH3)3Si* 

(H) - 
 

76.4 

RF14 (R)-Zileuton Me - Et3N 23.6 

RF15 (S)-Zileuton Me - Et3N 58 

RF16 (R)-Zileuton - Me DMAP 51.5 

RF17 (S)-Zileuton - Me DMAP 58 

RF18 (R)-Zileuton Et - Et3N 80 
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Table 18, continued 

Cpd ID Parent R R’ Base Yield (%)† 

RF19 (S)-Zileuton Et - Et3N 75.5 

RF20 (R)-Zileuton - Et DMAP 87.9 

RF21 (S)-Zileuton - Et DMAP 76.8 

RF22 ABT-761‡ 
(CH3)3Si* 

(H) - 
 

16 

RF23 ABT-761‡‡ Me - TEA 43 

RF24 ABT-761‡ - Me TEA 29 

RF25 ABT-761‡ Et - 
 

35 

RF26 ABT-761‡ - Et TEA 61.4 

RF27 BWA4C 
(CH3)3Si* 

(H) - TEA 22.8 

RF28 BWA4C Me - TEA 77 

RF29 BWA4C - Me DMAP 56.3 

RF30 BWA4C Et - 
 

85.3 

RF31 BWA4C - Et TEA 63.5 

RF32 (R)-Zileuton - 

 

DMAP 83.7 

RF33 (S)-Zileuton - 

 

DMAP 67.3 

RF34 (R)-Zileuton - 

 

n-BuLi 2 

RF35 (S)-Zileuton - 

 

n-BuLi 2.3 
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Table 18, continued 

Cpd ID Parent R R’ Base Yield (%)† 

RF36 ABT-761‡ - 

 

TEA 19 

RF37** ABT-761‡ - 

 

NaH 5 

RF38 BWA4C - 

 

DMAP 95.3 

RF39 BWA4C - 

 

NaH 14 

RF40 ABT-761‡  - TEA 68 

RF41 ABT-761‡  - TEA 85 

RF42 BWA4C  - 
 

4.4 

RF43 BWA4C  - 
 

80.4 

RF44 ABT-761 

 

- TEA 73 

RF45 BWA4C 

 

- 
 

11 

RF46 (R)-Zileuton 

 

- Et3N 73 
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Table 18, continued 

Cpd ID Parent R R’ Base Yield (%)† 

RF47 (S)-Zileuton 

 

- Et3N 72 

RF48 (R)-Zileuton 

 

- Et3N 22.8 

RF49 (S)-Zileuton 

 

- Et3N 40 

RF50 ABT-761‡ 
 

- TEA 17.6 

RF51 ABT-761‡ 

 

- TEA 78.5 

RF52 ABT-761‡ 

 

- TEA 68.6 

RF53 BWA4C 
 

- 
 

66.4 

RF54 BWA4C 

 

- 
 

61.3 

RF55 BWA4C 

 

- 
 

73.6 

†Isolated Yield; *Converted to H after workup; ‡Racemic; **solvent is THF (RF37). 
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     Carbamates RF56 - RF60 containing memantine as the promoiety were obtained 

through a published procedure by first activating memantine with 4-nitrophenyl 

chloroformate (4-NPC) followed by reaction with the parent drug (Table 19). 158  

 

Table 19. Synthesis of Memantine Carbamate Prodrugs.  

 

Cpd ID Parent Yield (%) 

RF56 Zileuton 70 

RF57 (R)-Zileuton 40.6 

RF58 (S)-Zileuton 24.3 

RF59 ABT-761 14 

RF60 BWA4C 66 

 

     The 1H NMR data of RF57 suggested that the memantine added to the terminal urea 

nitrogen of the molecule instead of the N-hydroxy group. The proposed mechanism for this 

unexpected result is shown in Figure 9. The reason for this regioselectivity is not clear but 

may have to do with steric hindrance. The resulting amide anion has better access to the 4-

NPC protected menmantine. We decided to keep this compound and test it in case this new 

prodrug had an encouraging in vitro and in vivo profile.  
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Figure 9. Proposed Mechanism to The Formation of RF57.  

      

     Our preliminary results suggested that direct ester prodrugs of zileuton were too labile 

to plasma hydrolysis.  Some of the prodrugs using natural compounds as promoieties such 

as gallic acid and its derivatives, N-acetylcysteine and its derivatives, and α-lipoic acid 

possessed carboxylic acids that had to be incorporated into ester or amide bonds.  We 

therefore elected to design prodrugs (referred to subsequently as “distal ester prodrugs”) 

using these promoieties with alkyl linker groups between the parent drug and the promoiety 

in the hope that the linker/promoiety ester would be more stable in plasma. To synthesize 

these distal ester prodrugs we first installed the linker onto the parent drug (Scheme 5). 141 

Briefly, parent drugs were treated with chloromethyl methyl sulfide to afford the methyl 

sulfide intermediates (14, 15, 16). The methyl sulfides were then transformed into chloride 

intermediates (17, 18) with sulfuryl chloride, which were then coupled with the carboxylic 

acid group of the promoieties.  We were able to obtain the methyl sulfide intermediate (16) 

of ABT-761. However, the conversion of 16 to the corresponding chloromethyl 

intermediate could not be accomplished probably because the ABT-761 scaffold is unstable 

to sulfuryl chloride.  
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Scheme 5. Synthesis of Parent Drug-Methylene Linker Conjugates 17 and 18.  

                                                

     Some of the natural product promoieties possessed reactive functional groups that had 

to be protected before coupled to the parent drugs (Scheme 6).  The phenolic hydroxyl 

groups on Gallic acid were protected as acetates (19) 159 or (tert-butyldimethylsilyl) ethers 

(20) 160 before being coupled to zileuton.  Similarly, the side chain thiol group of L-cysteine 

and the -amine were protected as an acetates (21).  

 

 

Scheme 6. Synthesis of carboxylic acid derivatives 19, 20, 21.  

 

          These protected carboxylic acids were then coupled with zileuton derivative 17 

(Table 20). For RF61 (the unsubstituted gallic acid prodrug), removal of the TBDMS 

protecting groups was accomplished with tert-butylammonium fluoride (TBAF). 161 

 

  



58 

 

Table 20. Synthesis of Natural Product-Linked Prodrugs. 

 

Cpd ID Structure RCOOH Yield (%) 

RF61* 

 

20 56 

RF62 

 
 

45 

RF63 

 

19 40 

RF66 

 

21 43 

RF67 

 

 
80 

RF69 

 

 

14.7 
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Table 20, continued 

Cpd ID Structure RCOOH Yield (%) 

RF71 

 

 

40 

* The reaction was performed in EtOAc, deprotection of the silyl ether with TBAF (6.7 

equives.) in THF at 0 ○C for 30 min gave RF61. The yield is for two steps reactions. 

 

     In addition to distal ester prodrugs, we explored distal amide prodrugs of zileuton and 

BWA4C. Their synthesis required a different strategy. The amide group that would 

ultimately be enzymatically hydrolyzed to release the parent drug was first installed on the 

promoiety (Scheme 7), 162 and the “methylene” linker and suitable leaving group were then 

added to the promoiety amide using an acid-catalyzed substitution reaction with 

benztriazole-1-methanol. 142, 143 The synthesis started with various commercially available 

carboxylic acids. The carboxylic acids were firstly converted to amides either directly or 

through corresponding methyl esters (22, 26). The resulting amides (23, 27, 29, 31) were 

then reacted with benztriazole-1-methanol to form the distal amides pro-mieties (24, 28, 

30, 32).  

 



60 

 

Scheme 7. Synthesis of Distal Amide Promoieties 24, 28, 30 and 32. 

 

     Replacement of the benztriazole leaving group with parent drug under basic conditions 

and suitable deprotection steps afforded the desired extended amide prodrugs shown in 

Table 21. 163  
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Table 21. Synthesis of Distal Amide Prodrugs.  

 

Cpd ID Structure 
 

Parent 
Yield 

(%) 

RF64* 

 

30 Zileuton 27 

RF65* 

 

30 BWA4C 20 

RF68** 

 

28 Zileuton 14.6 

RF70 

 

24 Zileuton 61.9 

RF72 

 

32 Zileuton 11 

*Deprotection of 34, 35 with TBAF (4 equiv.) affords RF64 (17.4% yield) and RF65 (20% 

yield) respectively; **Deprotection of 33 with dithiothreitol (DTT, 3 equivs.) afford RF68 

(22.5% yield). 164, 165 
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3.3 CDS Prodrug Synthesis 

     The synthetic methodology for the CDS prodrugs was similar to that described for the 

distal ester and distal amide lipophilic prodrugs. Some of the required promoiety carboxylic 

acids were commercially available (pyridine-3-carboxylic acid, quinoline-3-carboxylic 

acid).  Other carboxylic acid precursors had to be synthesized as shown in Scheme 8. The 

required 6,7-dimethoxyquinoline-3-carboxlic acid 40 was prepared by a [3+3] approach 

involving Combes methodology. 166 Briefly, condensation of 3,4-dimethoxyaniline with 

3,3-dimethoxy-2-formyl-propanenitrile sodium salt (chemical equivalent of a 1,3-diformyl 

derivative) afforded Schiff base 37,  which was transformed into 6,7-dimethoxyquinoline-

3-carbonitrile 38 after acid-catalyzed ring closure. 38 was hydrolyzed to the desired 

carboxylic acid 40 under basic conditions. The required carboxylic acid 44 was prepared 

following a literature procedure. 117 Briefly, 7-hydroxyquinoline-3-carboxylic acid 41, 

which was obtained from its corresponding commercially available methyl ether, was 

reacted with benzyl bromide to afford benzyl ether 42. Then, 42 was reacted with 

dimethylcarbamic chloride to give 43, which was hydrogenated over Pd/C to provide the 

desired carboxylic acid 44.  
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Scheme 8. Synthesis of Substituted Quinoline Carboxylic Acid Promoieties 40 and 44. 

 

          The “methylene” linker preinstalled parent drugs (A; 17, 18) were then coupled with 

quinoline- and pyridine-based carboxylic acids (B) using previously described chemistry. 

The resulting intermediates (C) were then methylated either with methyl iodide or methyl 

triflate, and reduced with sodium dithionite to provide prodrugs RF73 - RF74 and RF76, 

RF78, RF83 and RF85 - RF86. (Table 22). 115  
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Table 22. Synthesis of Ester-Based CDS Prodrugs. 

 
 

Cpd ID 
Structure 

A B C Condition 
Yield* 

(%) 

RF73 

 

(R)-17 

 

52 b, c 25.3 

RF74 

 

(S)-17 
 

53 b, c 18.9 

RF83 

 

18 
 

57 b, c 9.65 

RF78 

 

17 
 

55 a, d 16.8 

RF76 

 

17 40 56 a, d 83.7 

RF85 

 

17 44 54 a, d 16.5 

RF86 
 

18 44 58 a, d 3.03 

* Two steps reactions.      
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     Preparation of the amide-based CDS prodrugs took advantage of the benzotriazole 

chemistry previously described for distal amide lipophilic prodrugs (Scheme 9). The 

amides of pyridine-3 carboxylic acid and quinoline-3-carboxylic acid (45 and 46, 

respectively) were coupled to the methylene linker and benztriazole leaving group by 

refluxing them with benztriazole-1-methanol in acetic acid to provide promoiety-linker 

conjugates 47 and 50, respectively. 6,7-dimethoxyquinoline-3-carboxamide (39) was 

prepared by hydrolysis of nitrile 38. The “methylene” linker/benzotriazole leaving group 

was installed as previously described to afford 48.  The sterically hindered promoiety/linker 

conjugate 49 was synthesized by reacting 1-(1-benztriazoyl)ethanol 36 (prepared from 

benztriazole and acetaldehyde) with amide 39 under acid catalysis.     

Scheme 9. The Synthesis of Amide Promoiety/Linker Conjugates 47-51.  
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     The promoiety/linker conjugates 47, 49 and 50 were coupled with parent drugs, 

methylated with methyl triflate and reduced with sodium dithionite to give the amide-based 

CDS prodrugs RF75, RF77, RF79, FR80, FR82 and FR84.   Interestingly, the methylation 

and reduction reactions on intermediate 48 when used in the context of the parent drug 

ABT-761 did not work well (poor yield), so an alternative synthetic approach was devised 

(Scheme 9).  Amide 39 was first methylated with methyl triflate to provide the 1-

methylquinolinium intermediate, which was then treated with benztriazole-1-methanol 

followed by reduction to provide the methylated 1,4-dihydroquinoline intermediate 51.  

Intermediate 51, which was already methylated and reduced, was then reacted directly with 

zileuton to afford RF81. 

 

Table 23. Synthesis of Distal Amide CDS Prodrugs.  

 

Cpd ID Structure Parent A B 
Yield* 

(%) 

RF75 

 

Zileuton 50 62 14.6 

RF79 

 

(R)-Zileuton 47 59 26.6 
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Table 23, continued 

RF77 

 

Zileuton 48 60 1.04 

RF84 

 

Zileuton 49 61 1.20 

RF80 

 

ABT-761 50 64 5.46 

RF82 

 

ABT-761 47 63 16.8 

RF81 

 

ABT-761 51 - 8.60 

*Two steps reactions. 

 

3.4 Transporter-Mediated Prodrug Synthesis 

     Syntheses of the transporter-mediated prodrugs are shown in Scheme 10 - 13. The D-

glucose linked prodrug RF87 was synthesized as shown in Scheme 10. Acetobromo-α-D-

glucose was transformed to intermediate 65 via a Koenigs-Knorr reaction, 167 which was 
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then reacted with zileuton in the presence of sodium hydride to give intermediate 66. 

Compound 66 was deacetylated with sodium methoxide to yield RF87. 

 

Scheme 10. Synthesis of GLUT1 Targeted Prodrug RF87. 

 

     The L-lysine-based prodrug RF88 was prepared as shown in Scheme 11.  The amino 

acid group of L-lysine will first be protected as a boron complex with 9-BBN (67). 168 Then 

the complex was reacted with zileuton using triphosgene (68).  Decomposition of the boron 

complex with HCl afforded the desired final product. 

 

Scheme 11. Synthesis of LAT1 Targeted Prodrug RF88.  
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     The L-phenylalanine- linked prodrugs RF89-90 were synthesized in a manner similar 

to that for RF88 (Scheme 12).  The required L-(3’-carboxyphenyl)alanine is not 

commercially available, but could be synthesized in two steps from the available L-(3’-

cyanophenyl)alanine. Protection of the amino acid, coupling with racemic zileuton and 

deprotection afforded a diastereomeric mixture that was separated by reversed phase 

chromatography to give diastereomeric prodrugs RF89 and RF90.  

 

 

Scheme 12. Synthesis of LAT1 Targeted Prodrugs RF89 and RF90.         

 

     Taurine- and homotaurine-linked prodrugs RF91 and RF92 were synthesized by a 

sequence that involved Boc protection of the terminal amino group, conversion of the 

sulfonic acid to a sulfonic chloride, esterification with BWA4C, and deprotection to yield 

the desired prodrugs (Scheme 13). 169   
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Scheme 13. Synthesis of TauT Targeted Prodrugs RF91 - RF92. 
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CHAPTER 4 

RESULTS AND DISCUSSION 

     The specific aims of the present study were to design a series of CNS targeted 5-LO 

inhibitors prodrugs (Aim 1) by using three approaches:  1) traditional lipophilic prodrug 

approach; b) chemical delivery system approach; c) transporter-mediated delivery system 

approach. In order to accomplish these goals, efficient synthetic routes to the proposed 

prodrugs were developed (Aim 2) and the target compounds were evaluated in a battery of 

in vitro assays Those data were used to select a small number of prodrugs for in vivo 

pharmacokinetics studies (Aim 3). The criteria we envisioned for compounds advancing to 

in vivo studies is shown in Table 24.  Ideally, a brain homogenate stability assay would 

have been employed to identify compounds that would be rapidly metabolized in the brain. 

However, we were not able to establish a reliable in vitro brain homogenate stability assay. 

The reason for this failure is not clear.  Other than a general lack of reactivity toward brain 

enzymes, one possibility is that there is a high protein content in the brain homogenate.  

The relatively high protein binding for our prodrugs (see Table 29, 32, 35) may have 

protected them from degradation.  

Table 24. In Vitro Physicochemical/ADME Criteria for Advancement. 

Assay Criteria for Advancement 

Solubility (pH 7.4) ≥ 10 µM 

Plasma Stability ≥ 50% remaining (Mouse plasma 1 h) 

Simulated GI Tract Stability ≥ 50% remaining (SGF 1 h; SIF 3 h) 

Microsomal Stability t1/2 ≥ 14.5 minutes (Rat liver microsomes) 

Toxicity (N2A cell) ≥ 70% viability @ 50 – 100 µM 

5-LO Inhibitory Activity IC50 ≥ 10 µM 

Plasma Protein Binding Adequate to deliver therapeutically relevant free 

  concentrations (optimally, ≤ 85%) 
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     The comparative in vitro solubility and stability data for the parent drugs are 

summarized in Table 25. All of them showed good solubility and stability in plasma and 

simulated gastrointestinal fluid. Zileuton also showed good rat liver microsome stability, 

although these data do not take into account glucuronidation, which accounts for the more 

rapid metabolism of (S)-zileuton in vivo. 170 All of the zileuton data are consistent with 

literature reports. However, ABT-761 and BWA4C, which have a long reported half-life 

in monkey liver microsomes, showed moderate rat liver microsomal stability in our hands. 

It’s possible that species differences play an important role in the metabolism of these two 

scaffolds Literature data are not available since all published studies on microsomal 

stability of these two 5-LO inhibitors involve the use of monkey and/or human liver 

microsomes. For this reason we set the lower rat microsomal stability criteria to the level 

of BWA4C (half-life ≥ 14.5min).   

 

Table 25. Parent Drug Solubility and Stability Data. 

Cpd ID Structure 
Solubility 

(µM) 

Stability 

1 h 

Plasma 

1 h 

SGF 

3 h 

SIF 
RLM t1/2 

(min)  

 (% remaining PBS) 

Zileuton 

 

200 114 >100 >100 59.4  

MC120001 (R)-Zileuton 200 122 >100 >100 >60  

MC120002 (S)-Zileuton 200 105 >100 >100 50.2 
 

 

ABT-761 
 

68.0 102 >100 >100 28.4  

BWA4C  

 
181 100 >100 >100 14.5  
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     To understand the exposure advantage of our prodrugs we first needed to obtain the 

pharmacokinetic profile for our parent drugs in mice, something that has not been reported 

previously (brain pharmacokinetics profile). The pharmacokinetic profile of zileuton is 

shown in Figure 10 and Table 26. Zileuton displayed a surprisingly high brain-to-plasma 

ratio (BAUC/PAUC = 0.5), which set a high hurdle for prodrugs to overcome.  As it turned 

out, none of the AB-761 or BWA4C prodrugs successfully passed all of the in vitro 

screening criteria to advance to in vivo pharmacokinetic studies so the pharmacokinetic 

profiles of ABT-761 and BWA4C were not determined. 

 

Figure 10. Plasma and Brain Concentrations of Zileuton Following Intravenous 

Administration at 20 µmol/kg Zileuton in C57BL/6 Mice (▲, Plasma Concentration; ○, 

Brain Concentration).  
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Table 26. Noncompartmental Pharmacokinetic Parameters Following Intravenous 

Administration of Zileuton at 20 µmol/Kg. 

Parameter Zileuton (Plasma) Zileuton (Brain) 

AUC (0-t) (μmol•h/L) 35.6 17.8 

AUCE% (μmol•h/L) 0.0473 0.139 

ke (h
-1) 0.553 0.274 

Vss (L/kg) 0.876 2.68 

CL (L/h/kg) 0.535 0.965 

Terminal half-life (h) 1.25 2.53 

 

     For our prodrugs to provide higher brain zileuton exposure, the BAUC/PAUC ratio of the 

parent drug zileuton (derived from corresponding prodrugs) had to be greater than 0.5. To 

accomplish this goal, the prodrug would have to have one of two possible profiles:  high 

penetration to the brain and moderate to rapid brain enzymatic conversion, or moderate 

penetration to the brain and rapid brain enzymatic conversion.       

 

     The following results and Discussion section addresses the aims and hypotheses stated 

in Chapter 2 and presents data that support or argue against the stated hypotheses.  

- Hypothesis 1: Prodrugs with higher lipophilicity will partition more rapidly and to a 

greater extent into the brain compared to the parent drugs.  

- Hypothesis 2: Prodrugs using a chemical delivery system will deliver more parent drug 

into the CNS compared to administration of the parent drug.  

- Hypothesis 3:  Transporter-mediated prodrugs will deliver more parent drug into the CNS 

compared to administration of the parent drug. 
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4.1 Test of Hypothesis 1: Prodrugs with higher lipophilicity will partition more 

rapidly and to a greater extent into the brain compared to the parent drugs 

4.1.1 Results and Discussion 

     The synthetic routes discussed in Chapter 3 allowed us to prepare several series of alkyl, 

aryl, and heteroalkyl lipophilic prodrugs that permitted the testing of this hypothesis. The 

lipophilicities (CLogP) of 5-LO inhibitors (zileuton, ABT-761, BWA4C) were altered by 

incorporating lipophilic promoieties through different linkers (ester, carbonate, carbamate, 

extended ester/amide). In vitro assays were performed to profile prodrug solubility, 

stability in plasma, simulated gastric fluid and simulated intestinal fluid and stabilility in 

liver microsomes.  In addition, prodrug toxicity was assessed in N2A cells and potential 5-

LO inhibitory activity of the prodrugs was studied in an in vitro biochemical 5-LO assay. 

The screening scheme is shown below Scheme 14 and data are provide in Table 27.   

 

Scheme 14. Stepwise Screening Scheme for Assessing Prodrugs.  

 

     The compounds (RF01 - RF72) were first tested for kinetic solubility since poor 

solubility could give a false sense of stability both in plasma and in microsomes. Most of 
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the lipophilic prodrugs displayed good-to-excellent aqueous solubility (≥ 20 µM).   The 

exceptions to this trend were RF06, RF10, RF40, RF57 - RF60 and RF71, which showed 

maximum kinetic solubility in the range of 2 – 10 µM.  In particular, the highly lipophilic 

memantine prodrugs RF57 - RF60 displayed low aqueous solubility, which is not 

surprising considering that their CLogP values are all ≥ 5.  Therefore, we concluded that 

while solubility of most of the lipophilic prodrugs should not affect the subsequent in vitro 

stability results (where test compound concentration was limited to 1 µM), any data 

suggesting that the poorly soluble lipophilic prodrugs identified above were stable to 

metabolism or hydrolysis needed to be scrutinized carefully to insure that the stability was 

being overestimated due to the compound’s low solubility. 

     The lipophilic prodrugs were then tested for stability in mouse plasma at 37○C for up to 

1 hour. Compounds RF12 - RF21, RF25 - RF26, RF30, RF35, and RF43 displayed 

suitable stability in plasma, with more than 50% remaining after 1 hour.  Despite their low 

solubility, most of the extremely lipophilic prodrugs discussed in the previous paragraph 

were labile to plasma hydrolysis.  The one exception was RF57, the memantine prodrug of 

(R)-zileuton where the memantine promoiety attached to the terminal urea nitrogen rather 

than the hydroxyurea oxygen, however, it was not stable in the mouse liver microsomes. 

The majority of the compounds that passed the cutoff for plasma stability were substituted 

carbamates, the exceptions being the unsubstituted carbamate prodrugs of zilueton RF12 

and RF13.  All three parent drugs were represented in the prodrugs advancing from the 

plasma stability assay, although the majority of the prodrugs that displayed suitable plasma 

stability contained either racemic zileuton or one of the zileuton enantiomers as the parent.  

Prodrugs RF46 - RF55 contained an amino acid ester as the promoiety.  All of them were 
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labile in plasma, but it was not determined if the degradation was due to hydrolysis of the 

carbamate bond or the ester bond of the amino acid ester promoiety.  Likewise, most of the 

prodrugs derived from natural nutrients and natural products and containing a methylene 

linker between parent and promoiety (RF61 - RF72) were not stable enough in plasma to 

meet the criteria for advancement.  The exceptions were the gallic acid carbonate of 

zileuton RF61 (one of the only carbonates that displayed suitable plasma stability), the 

gallic acid carbamate of BWA4C (RF65), and the zileuton-based carbamate prodrug with 

N-acetyl-S-methyl-(L)-cysteine (RF70).  As seen with the other classes of lipophilic 

prodrugs prepared for this project, most of the compounds that were suitably stable in 

plasma to advance contained zileuton as the parent drug.   

     Therefore, the following lipophilic prodrugs displayed at least 50% stability in mouse 

plasma for 1 hour and were examined for stability in simulated gastric fluid (SGF), 

simulated intestinal fluid (SIF) and mouse liver microsomes:  RF12 - RF21, RF25 - RF26, 

RF30, RF35, RF43, RF47, RF57, RF61, RF65 and RF70.  The concentration of the test 

compound in these assays was 1 µM.  All of the prodrugs tested displayed good stability 

in SGF, showing > 50 % remaining after 1 hour at 37○C.  Most of the ones tested were 

completly stable to SGF under these conditions. When tested in SIF, the unsubstituted 

carbamates RF12 and RF13 were found to be highly unstable.  Likewise, RF30, RF43, 

RF47, RF61 and RF65 were labile to SIF.  Two structural trends were noticed.   Firstly, 

all of the tested prodrugs containing BWA4C as the parent drug were labile to SIF.  

Secondly, all of the tested prodrugs containing gallic acid as the promoiety were labile to 

SIF.  Since these compounds were stable in the acidic environment of the SGF (pH = 1.2), 

it is not likely that these compounds were sensitive to the pH of the SIF assay (pH = 6.8).  
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A more reasonable explanation for the sensitivity of these compounds to SIF is that the 

BWA4C and unsubstituted gallic acid moieties make the compounds favorable substrates 

for the pancreatin (a mixture of intestinal digestive enzymes) contained in the assay.  

       Most of the advancing lipophilic prodrugs showed poor stability in rat liver 

microsomes in the presence of an NADPH generating system (t1/2 < 10 minutes).  The 

degradation was probably due to oxidative metabolism since all of the compounds tested 

were stable to microsomes in the absence of NADPH.  Two prodrugs showed acceptable 

stability to microsomal metabolism:  the methylcarbamate prodrug of (R)-zileuton RF14 

and the methylcarbamate prodrug of (S)-zileuton RF15.  These two candidate prodrugs 

were therefore advanced to the next tier of testing, namely toxicity in neuronal N2A cells 

and in vitro inhibition of 5-LO. 

Table 27. Lipophilic Prodrug Solubility and Stability Data.  

Cpd 

ID 
Structure 

Solubility 

(µM) 

Stability 

1 h 

Plasma 

1 h 

SGF 

3 h 

SIF 

RLM t1/2 (min) 

& 

(% remaining 

no NADPH) 
(% remaining PBS) 

RF01 

 

200 5.70     

RF02 

 

88.0 2.50     

RF03 

 

52.0 1.90     
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Table 27, continued 
 

Cpd 

ID 
Structure 

Solubility 

(µM) 

Stability 

1 h 

Plasma 

1 h 

SGF 

3 h 

SIF 

RLM t1/2 (min) 

& 

(% remaining 

no NADPH) 
(% remaining PBS) 

RF04 

 

79.4 0     

RF05 

 

27.0 0     

RF06 

 

8.37 0     

RF07 

 

82.5 0     

RF08 
 

67.6 0     

RF09 

 

30.7 0     

RF10 

 

<2 0.20     

RF11 

 

70.0 0     
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Table 27, continued 
 

Cpd 

ID 
Structure 

Solubility 

(µM) 

Stability 

1 h 

Plasma 

1 h 

SGF 

3 h 

SIF 

RLM t1/2 (min) 

& 

(% remaining 

no NADPH) 
(% remaining PBS) 

RF12 

 

204 103 102 0.60   

RF13 

 

198 97.0 101 0.50   

RF14 

 

200 70.0 99.5 91.7 31.6 (110) 

RF15 

 

200 76.0 110 92.3 17.4 (103) 

RF16 

 

170 61.0 108 108 3.60 (95.0) 

RF17 

 

199 91.0 122 111 3.30 (95.0) 

RF18 

 

199 91.0 96.3 106 9.70 (99.0) 

RF19 

 

189 86.0 105 117 8.10 (115) 
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Table 27, continued 
 

Cpd 

ID 
Structure 

Solubility 

(µM) 

Stability 

1 h 

Plasma 

1 h 

SGF 

3 h 

SIF 

RLM t1/2 (min) 

& 

(% remaining 

no NADPH) 
(% remaining PBS) 

RF20 

 

212 96.0 113 145 <2 (121) 

RF21 

 

188 112 101 139 <2 (103) 

RF22 

 

59.3 0     

RF23 

 

20.0 21.0     

RF24 

 

149 39.3     

RF25 

 

39.0 129 83.6 112 8.90 (106) 

RF26 

 

21.0 55 109 109 2.20 (99.0) 

RF27 
 

177 ND     
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Table 27, continued 
 

Cpd 

ID 
Structure 

Solubility 

(µM) 

Stability 

1 h 

Plasma 

1 h 

SGF 

3 h 

SIF 

RLM t1/2 (min) 

& 

(% remaining 

no NADPH) 
(% remaining PBS) 

RF28 

 

144 3     

RF29 

 

85.4 46.7     

RF30 

 

97.2 71.8 129 6.4   

RF31 

 

29.9 6.6     

RF32 

 

199 1     

RF33 

 

208 27     

RF34 

 

158 0     

RF35 

 

151 51 109 114 6.90 (104) 
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Table 27, continued 
 

Cpd 

ID 
Structure 

Solubility 

(µM) 

Stability 

1 h 

Plasma 

1 h 

SGF 

3 h 

SIF 

RLM t1/2 (min) 

& 

(% remaining 

no NADPH) 
(% remaining PBS) 

RF36 

 

137 17.8     

RF37 

 

138 31.0     

RF38 

 

92.9 10.0     

RF39 

 

196 3.70     

RF40 

 

6.94 0.50     

RF41 

 

16.8 7.80     

RF42 

 

52.3 0     

RF43 

 

200 114 109 20.7   
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Table 27, continued 
 

Cpd 

ID 
Structure 

Solubility 

(µM) 

Stability 

1 h 

Plasma 

1 h 

SGF 

3 h 

SIF 

RLM t1/2 (min) 

& 

(% remaining 

no NADPH) 
(% remaining PBS) 

RF44 

 

29.1 1.5     

RF45 

 

14.0 NDb     

RF46 

 

198 19.0     

RF47 

 

186 90.0 100 2.00   

RF48 

 

19.6 4.00     

RF49 

 

38.0 6.00     
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Table 27, continued 
 

Cpd 

ID 
Structure 

Solubility 

(µM) 

Stability 

1 h 

Plasma 

1 h 

SGF 

3 h 

SIF 

RLM t1/2 (min) 

& 

(% remaining 

no NADPH) 
(% remaining PBS) 

RF50 

 

19.4 1.00     

RF51 

 

33.0 2.00     

RF52 

 

8.43 0.20     

RF53 

 

74.8 0     

RF54 

 

62.5 0     

RF55 

 

64.6 NDb     

RF56 

 

11.0 8.00    
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Table 27, continued 
 

Cpd 

ID 
Structure 

Solubility 

(µM) 

Stability 

1 h 

Plasma 

1 h 

SGF 

3 h 

SIF 

RLM t1/2 (min) 

& 

(% remaining 

no NADPH) 
(% remaining PBS) 

RF57 
 

5.00 72.0 26.6 157 4.6 (66)  

RF58 

 

3.00 2.00     

RF59 

 

<2 17.0     

RF60 

 

6.30 29.0     

RF61 

 

200 109 101 28.5   

RF62 

 

29.0 0     
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Table 27, continued 
 

Cpd 

ID 
Structure 

Solubility 

(µM) 

Stability 

1 h 

Plasma 

1 h 

SGF 

3 h 

SIF 

RLM t1/2 (min) 

& 

(% remaining 

no NADPH) 
(% remaining PBS) 

RF63 

 

163 5.00     

RF64 

 

175 7.00     

RF65 

 

143 66.0 72.4 26.0   

RF66 

 

200 1.00     

RF67 

 

200 0     

RF68 

 

195 567a     
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Table 27, continued 
 

Cpd 

ID 
Structure 

Solubility 

(µM) 

Stability 

1 h 

Plasma 

1 h 

SGF 

3 h 

SIF 

RLM t1/2 (min) 

& 

(% remaining 

no NADPH) 
(% remaining PBS) 

RF69 

 

189 0.40     

RF70 

 

200 138 >100 >100 7.70 (105) 

RF71 

 

6.00 6.00     

RF72 

 

56.0 40.1     

a. unstable in PBS buffer; b. no MS method available. c. mouse microsome 

     N2A cells are a stable mouse neuroblastoma cell line often used as an in vitro cellular 

measure of CNS toxicity.  The results of the N2A toxicity assessment are summarized in 

Figure 11. The parent drug zileuton and both prodrugs RF14 and RF15 showed no 

appreciable toxicity to N2A neuronal cells at concentrations up to and including 100 µM.  
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Figure 11. N2A Cells Treated with Various Concentrations of Zileuton and Prodrugs RF14 

and RF15 for 24 hours and assayed using ATP detection (CellTiter-Glo® Assay).  

 

     Since the ultimate goal is to identify one or more compounds that could be tested for 

efficacy in animal models of AD, we wished to assess the 5-LO inhibitory activity of the 

advancing prodrugs to avoid any confusion in the interpretation of the 

pharmacokinetics/pharmacodynamics results.  We assessed the 5-LO inhibitory activity of 

RF14 and RF15 in a biochemical 5-LO assay developed in our labs and compared the data 

to that of zileuton.  The results are summarized in Table 28. Surprisingly, both RF14 and 

RF15 demonstrated 5-LO inhibitory activity toward 5-LO that was in the same potency 

range as that seen with zileuton.  However, further examination revealed that under the 

assay conditions both prodrugs decomposed to a significant extent to give the parent drug 

zileuton, which could account for the 5-LO inhibitory activity.   The question of whether 

or not RF14 and RF15 possess 5-LO inhibitory activity remains to be answered (unlikely 
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since the hydroxyl group known to participate in the iron chelation is blocked) but we chose 

to advance RF14 and RF15 to in vivo pharmacokinetic studies. 

Table 28. 5-LO Inhibition Assay and Stability Data for Zileuton and RF14 - RF15.  

Compound IC50 (µM) Zileuton Conversion (% control, n=2) 

Zileuton 1.15 138* 

RF14 2.36 89.6 

RF15 1.17 70.3 

* 100% of drug in assay detected as parent zileuton. 

     Before moving to the pilot in vivo pharmacokinetics study, in vitro plasma protein 

binding, brain homogenate binding and partitioning into microsomes were evaluated for 

the racemic mixture of RF14 and RF15 and zileuton to better understand the data that 

would be obtained from the pharmacokinetics experiment (Table 29).  The racemic mixture 

of RF14 and RF15 was used in these advanced studies because at the time of their 

performance we had exhausted our supply of the separate enantiomers of zileuton and were 

forced to use the available racemic parent drug.  The protein binding data provides an 

estimate of the free, unbound fraction in plasma and brain.  Microsomal partitioning 

provides an estimate of expected partitioning into lipid membranes.  Taken together these 

two parameters can be used to estimate the volume of distribution. Brain homogenate 

binding includes contributions from both proteins and lipids.  To further understand how 

drug lipophilicity influences these parameters, the most lipophilic prodrug in this series, 

RF58 with memantine as the promoiety (CLogP = 6.51), was used as a comparator. The 

plasma protein binding of RF14/RF15 (the racemic mixture was used in the in vivo for 

preliminary pilot pharmacokinetics study) was slightly higher than that seen with the parent 

drug zileuton, as was the microsomal partitioning. These results make sense given the 
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greater lipophilicity of the prodrugs (CLogP = 2.81 compared to that of zileuton (CLogP = 

2.48).  This trend (higher lipophilicity translates to higher plasma protein binding and 

higher microsomal partitioning) was confirmed by the very low free, unbound fractions of 

the lipophilic RF58 seen in these assays.  We were surprised to a lower degree of binding 

in brain homogenate with RF14/15 than either the parent drug zileuton or the lipophilic 

molecule RF58.  The reasons for this were not apparent, but the results boded well for the 

potential of RF14 and/or RF15 since a higher free, unbound fraction should translate into 

a more bioavailable molecule. 

Table 29. Mice Plasma, Microsome, Brain Protein Binding Data for Zileuton, Prodrugs 

RF14/15 (racemic) and RF58.  

Compound 
fu (Free, unbound fraction) 

Plasma Microsome Brain 

Zileuton 0.144 0.633 0.0196 

RF14/15 (racemic) 0.107 0.532 0.317 

RF58 <0.06 <0.06 <0.06 

Microsome (0.5mg/mL protein); Brain (brain homogenate with equal volume of plasma) 

     Pilot in vivo pharmacokinetics studies were performed for the racemic mixture of 

RF14/15, and the comparator RF58 (Figure 12). Compounds were administered to mice 

i.v. through the tail vein. Thirty minutes later blood samples were taken and then the 

animals were euthanized and their brains harvested.  Total prodrug and parent drug (in this 

case, zileuton) concentrations were then measured in plasma and brain.  Equimolar 

amounts of RF14/15 and RF58 (compared to the amount of zilueton) were administered 

for a direct comparison.  As described before, a 20 µmol/kg i.v. dose of zileuton provided 

a brain-to-plasma ratio of 0.5 at 30 min based on concentration (Figure 12A).  An 

equimolar dose of RF14/15 (Figure 12B) provided a somewhat lower brain-to-plasma 

zileuton ratio based on this single dose and single time point (B/P = 0.06 for RF14/15 vs. 
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0.5 for zileuton).  While the presence of zileuton was evident in plasma following 

administration of RF14/15, the concentration of zileuton derived from RF14/15 in brain 

was low.  It is not clear at present whether these results represent rapid conversion of 

RF14/15 to zileuton in the blood stream or demonstrate that RF14/15 gets into the CNS 

but is converted to zileuton in the brain only slowly.  By comparison, the lipophilic 

memantine-based prodrug RF58 partitioned well into the brain (Figure 12C), giving a B/P 

ratio of 21.7.  This was somewhat surprising given the high CLogP value of RF58 (6.51).  

Unfortunately, like RF14/15, the brain levels of zileuton derived from administration of 

RF58 were also extremely low < 0.1 µM, at the lower limit of detection), indicating that 

there was relatively little conversion of the prodrug to the parent drug in the brain.  Some 

peripheral conversion of RF58 to zileuton was apparent.  Based on these data, full 

pharmacokinetics studies were not performed on RF14/15 or RF58. 
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Figure 12. Brain and Plasma Concentration of Zileuton, RF14/15 and RF58 Following 

Tail Vein Injection of 20µmol/Kg in C57BL/6 mice at 30min.  (A) Plasma and brain 

concentration of zileuton following administration of zileuton; (B) Plasma and brain 

concentration of RF14/15 and zileuton following administration of RF14/15; (C) Plasma 

and brain concentration of RF58 and zileuton following administration of RF58.  (▲, 

zileuton plasma concentration; ●, zileuton brain concentration; ▲, RF14/15 plasma 

concentration; ●, RF14/15 brain concentration; ▲RF58, plasma concentration; ●, RF58 

brain concentration). 
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4.1.2 Conclusions 

     Hypothesis 1: Prodrugs with higher lipophilicity will partition more rapidly and to a 

greater extent into the brain compared to the parent drugs. 

 The hypothesis is partially true.   

 Two carbamate prodrugs of zileuton displayed the solubility, in vitro stability and 

safety profile. The racemic from RF14/15 was advanced to a pilot in vivo 

pharmacokinetics study.  The highly lipophilic mimantine-based prodrug of 

zileuton RF58 was also used as a comparator to better understand the role of 

lipophilicity. 

  Compound RF58 (CLogP = 6.51) demonstrated a much higher B/P ratio compared 

to and equimolar dose of zileuton (CLogP = 2.48). 

 Compound RF14/15 (CLogP = 2.81) demonstrated a somewhat lower B/P ratio 

compared to an equimolar dose of zileuton (CLogP = 2.48). 

 The topological polar surface areas of the compounds does not seem to play a 

significant role in CNS penetration since they are similar for zileuton, RF14/15 and 

RF58 (TPSA for all three compounds falls in the range = 85 – 93). 

 This study did not identify a lipophilic 5-LO prodrug that delivered equivalent or 

higher levels of the parent drug to the brain in a pilot in vivo pharmacokinetics study. 
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4.2 Test of Hypothesis 2: Prodrugs using a chemical delivery system will deliver 

more parent drug into the CNS compared to administration of the parent drug 

4.2.1 Results and Discussion 

     The synthetic routes discussed in Chapter 3 allowed us to prepare trigonelline and 

dihydroquinoline CDS prodrugs that permitted the testing of this hypothesis. In the present 

section, the lipophilicities (CLogP) of 5-LO inhibitors (zileuton, ABT-761, BWA4C) were 

altered through lipophilic CDS promoieties with extended ester or amide bonds. The CDS 

prodrugs were expected to have similar or better brain penetration compared to the parent 

drugs.  In addition, once in the brain the promoieties of the CDS prodrugs are expected to 

be enzymatically oxidized to become “locked” in the brain until they can be enzymatically 

hydrolyzed to produce parent drug.  This should provide better parent drug exposure.  As 

with the lipophilic prodrugs described in Section 4.1, in vitro assays were used to prioritize 

prodrugs with reasonable solubility, stability, as well as without toxicity and 5-LO 

inhibitory effect.  The screening scheme presented in Scheme 14 was followed and the data 

are shown in Table 30. 

     The compounds (RF73 - RF86) were first were first tested for kinetic solubility.  All of 

the compounds displayed suitable aqueous solubility and passed the solubility criteria ( ≥ 

10 µM). Again, this is an important consideration because compounds with poor solubility 

could appear more stable in the in vitro stability assays (plasma, microsomes) than they 

really are.  Since these assays use 1 µM compound concentration and the lowest aqueous 

solubility seen for our CDS prodrugs (RF82) is 24 µM, we believe that the in vitro stability 

data is reliable. 
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     Since all of the synthesized compounds met the criteria for aqueous solubility, they were 

then tested for stability in mouse plasma at 37○C for 1 hour. Compounds RF75, RF77, 

RF79 - RF81, and RF84 were relatively stable as shown in Table 30. In general, CDS 

prodrugs with extended amides linkers were more stable the extended esters. Prodrugs 

containing zileuton and ABT-761 were among the compounds that passed the criteria for 

plasma stability. Interestingly, the prodrug that would be predicted to be the most stable 

(RF84, with the sterically hindered methylene linker) was the least stable in plasma.  The 

reason for this is not clear.  The compounds that met the criteria for advancement were then 

tested for stability in SGF, SIF and rat liver microsomes.  

Table 30. CDS Prodrug Solubility and Stability Data. 

Cpd 

ID 
Structure 

Solubility 

(µM) 

Stability 

1 h 

Plasma 

1 h 

SGF 

3 h 

SIF 

RLM t1/2 (min) 

& 

(% remaining 

no NADPH) 
(% remaining PBS) 

RF73 

 

186 2.00     

RF74 

 

200 4.00     

RF75 

 

154 95.0 >100 >100 60 (124)  

RF76 

 

105 11.0     
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Table 30, continued 

Cpd 

ID 
Structure 

Solubility 

(µM) 

Stability 

1 h 

Plasma 

1 h 

SGF 

3 h 

SIF 

RLM t1/2 (min) 

& 

(% remaining 

no NADPH) 
(% remaining PBS) 

RF77 

 

86.0 97.9 >100 >100 >60 (112)  

RF78 

 

131 231 5.84 39.1   

RF79 

 

69.0 89.2 98.0 114 25.3 (52)  

RF80 

 

62.0 98.0 >100 >100 >60 (101)  

RF81 

 

124 89.0 >100 >100 >60 (90)  

RF82 

 

24.4 122 >100 >100 10 (79)  

RF83 

 

76.0 50.0 45.1 8.94   
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RF84 

 

172 80.0 >100 >100 57.4 (77)  

RF85 

 

133 8.00     

RF86 

 

68.0 20.0     

 

     All of the advancing compounds were found to be stable in SGF and SIF.  In addition, 

all of the compounds displayed suitable stability in rat liver microsomes with the exception 

of the ABT-761 CDS prodrug RF82 whose half-life in rat liver microsomes was only 10 

minutes.  Interestingly, the compounds that did display some degradation in rat liver 

microsomes (RF79, RF82, RF84) also displayed a degree of instability when NADPH was 

excluded, indicating hydrolysis or some other mechanism as one source of the metabolism.  

These results suggest that there could be hydrolytic enzymes in the liver but not in the 

plasma that can metabolize some members of this class of prodrug. 

     Based on the in vitro stability data, compounds RF75, RF77, RF79, RF80, RF81 and 

RF84 were then assessed for neurotoxicity in N2A neuronal cells.  The data are shown in 

Figure 13.  The parent drugs zileuton and ABT-761 were included as negative controls.  

All of the CDS prodrugs (and parent drugs zileuton, ABT-761) displayed no toxicity in 

N2A cells at concentrations from 50 – 100 µM.  
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Figure 13. N2A Cells Treated with Various Concentrations of Zileuton/ABT-761 and CDS 

Prodrugs for 24 hours and assayed using ATP detection (CellTiter-Glo® Assay).  

 

The six CDS prodrug candidates were then examined for their inhibitory effects on 5-

LO in our biochemical assay.  The data from our 5-LO inhibition assay for CDS prodrugs 

is summarized in Table 31. RF75 and RF77 showed little inhibitory activity toward 5-LO 

(and no conversion to zileuton in the assay medium), and thus were advanced to in vivo 

pilot study. The rest of the prodrugs showed some inhibitory activity toward 5-LO were 

not advanced further because the following reasons: 1) RF75 and RF77 contain the 

trigonelline and dihydroquinoline promoieties, respectively, and would provide a good 

evaluation of how these two CDS-based systems affect CNS delivery of zileuton; 2) RF79 

and RF84 showed 5-LO inhibitory activity, at least some of which can be attributed to 

degradation of the prodrug back to zileuton in the assay condition. These two compounds 

were not advanced further since they belong to the same class with RF77; 3) RF80 and 

RF81 showed reasonably potent inhibitory activity toward 5-LO. The reason was not 

investigated, but could have involved, to a certain extent, degradation back to the parent 
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drug. Since the two prodrugs represent a different class (ABT-761 as the parent) they were 

tabled for later investigation. 

Table 31. 5-LO Inhibition Assay and Stability Data for Zileuton, ABT-761 and CDS 

prodrugs.   

Compound IC50 (µM) Zileuton Conversion (% control, n=2)* 

Zileuton 1.15 138 

RF75 12.3 1.30 

RF77 14.0 1.00 

RF79 7.32 6.30 

RF84 5.10 45.9 

ABT-761 0.20 ND 

RF80 6.17 ND 

RF81 1.10 ND 

* Percent conversion of prodrug to parent drug. 

     Before moving to the in vivo pilot study, plasma protein and brain homogenate binding 

as well as microsome partitioning was obtained for RF75 and RF77 using the standard 

equilibrium dialysis protocol.  Data are summarized in Table 32. The protein binding data 

provide an estimate of the free, unbound fraction in plasma while the brain homogenate 

binding data inform as to the free, unbound fraction of drug in the brain.  Microsomal 

partitioning provides an estimate of expected partitioning into lipid membranes.  Taken 

together these two parameters can be used to estimate the volume of distribution.  Brain 

homogenate binding includes contributions from both proteins and lipids.    

     Both prodrugs RF75 and RF77 demonstrated higher microsomal partitioning compared 

to zileuton, indicating that they are more lipophilic. This result makes sense for RF77 based 

on its higher CLogP (4.20) compared to that of zilueton (2.48). However, the CLogP for 

RF75 (2.38) is similar to that of zileuton.  The protein binding results, however, are 

contrasting.  RF75 is much less bound to plasma protein compared to zileuton or the more 
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lipophilic RF77.  These data emphasize the importance of actually generating in vitro 

results rather than relying on in silico predictors alone. There was also a higher free, 

unbound fraction of both RF75 and RF77 in brain homogenate compared to zileuton, an 

encouraging result since only free, unbound prodrug is available to partition into cells and 

become accessible to the enzymes needed to oxidize the CDS promoieties and ultimately 

free the parent drug.  

Table 32. Mice Plasma, Microsome, Brain Protein Binding Data for Zileuton, Prodrugs 

RF75 and RF77.  

Compound 
fu (free fraction) 

Plasma Microsome Brain 

Zileuton 0.144 0.633 0.0196 

RF75 0.461 0.307 0.0667 

RF77 0.168 0.233 0.0759 

Microsome (0.5mg/ml protein); Brain (brain homogenate with equal volume of plasma) 

     As with the advanced lipophilic prodrugs (Chapter 4.1), RF75 and RF77 were 

examined in a pilot in vivo pharmacokinetics study at one time point (30 minutes) using 

one i.v. equimolar dose given via the tail vein. (Figure 14). To recall, zileuton displayed a 

B/P ratio of 0.5 at 30 min (Figure 14A). RF75 displayed a lower overall CNS penetration 

than parent zileuton but had a higher prodrug B/P ratio (B/P = 1.41).  In addition, the B/P 

ratio for the parent drug zileuton following administration of RF75 (0.726) was slightly 

higher than that seen with administration of zileuton itself (Figure 14B). However, the 

plasma concentration of both RF75 and parent drug zileuton are also fairly low.  The most 

logical explanation for these results is that RF75 is rapidly oxidized to the pyridinium 

intermediate in the periphery before it has a chance to partition into the brain.  The 

pyridinium intermediate was rapidly eliminated from the body. From the pilot 

pharmacokinetics data it also appears likely that the RF75 that does partition into the brain 
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is converted to zileuton but at a fairly low rate.  The pilot pharmacokinetics results suggest 

that approximately 10% of the RF75 making it into the brain was converted to zileuton.  In 

contrast, roughly 30% of the RF75 seen in plasma was converted to zileuton.  It is not clear 

from these data whether the rate limiting step in both the periphery and the CNS is the 

oxidation of RF75 to the pyridinium intermediate or the final hydrolysis of the pyridinium 

species and decomposition of the methylene linker to parent drug.  Because of these 

disappointing results RF75 was not advanced to a full in vivo pharmacokinetics study.  

     RF77 demonstrated a very low B/P ratio (B/P = 0.008, Figure 14C). The result is 

contrary to what we expected based on its higher lipophilicity.  Compared to RF75, high 

levels of RF77 were detected in plasma and the conversion of RF77 to zileuton was 

extremely slow (roughly 1%).  The variability of the data make it difficult to arrive at a 

conclusive observation, but it does appear that a reasonable amount of the RF77 that made 

it into the CNS might have been converted to zileuton.  The apparent B/P ratio of parent 

drug zileuton following administration of RF77 was 1.98.   Nevertheless, the low level of 

zileuton realized from treatment with RF77 precluded advancing this prodrug to full in 

vivo pharmacokinetics studies.   

     It should be noted that one issue that make interpretation of these data difficult is the 

fact that we were not able to develop an LC/MS/MS method that differentiated between 

the unoxidized RF75 and RF77 and their respective oxidized pyridinium intermediates.  

The uncharged molecules oxidized in the MS source.  It is not clear whether the RF75 and 

RF77 that we were measuring in plasma and brain were the unoxidized prodrugs, the 

oxidized intermediates or a mixture of the two.   



103 

 

 

Figure 14. Brain and Plasma Concentration of Zileuton, RF75 and RF77 After Tail Vein 

Injection of 20µmol/kg in C57BL/6 mice at 30min. (A) Plasma and brain concentration of 

zileuton following administration of zileuton; (B) Plasma and brain concentrations of RF75 

and zileuton following administration of RF75; (C) Plasma and brain concentrations of 

RF77 and zileuton following administration of RF77.  (▲, zileuton plasma concentration; 

●, zileuton brain concentration; ▲, RF75 plasma concentration; ●, RF75 brain 

concentration; ▲RF77, plasma concentration; ●, RF77 brain concentration). 
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4.2.2 Conclusions 

     Hypothesis 2: Prodrugs using a chemical delivery system will deliver more parent drug 

into the CNS compared to administration of the parent drug. 

 The hypothesis is false for prodrugs RF75 and RF77. 

 Both ompounds RF75 and RF77 produced better B/P ratios of parent drug zileuton 

(0.73 and 1.98, respectively) compared to administration of zileuton itself (0.5). 

 Both the trigonelline and dimethoxy-dihydroquinoline CDS prodrugs failed to 

deliver superior levels of parent drug zileuton to the brain compared to 

administration of zileuton itself when given in equimolar amounts. 

 The driving force for the failure of the trigonelline system may have been rapid 

peripheral oxidation and rapid elimination of the charged intermediate. 

 The driving force for the failure of the dimethoxy-dihydroquinoline CDS system is 

not clear, but poor CNS penetration of the prodrug appears to play a role. 

 

4.3 Test of Hypothesis 3: Transporter-mediated prodrugs deliver more parent drug 

into the CNS compared to administration of the parent drug 

4.3.1 Results and Discussion 

     The third prodrug approach was designed to take advantage of active transporters to 

concentrate the prodrugs in the CNS, where they would be enzymatically hydrolyzed to 

the parent drug.  To test the hypothesis we linked our parent drug\zileuton to glucose (to 

target the glucose transporter Glut1), lysine and phenylalanine (to target the amino acid 

transporter LAT1) and to taurine and homotaurine (to target the taurine transporter TauT).  
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The synthetic routes discussed in Chapter 3 allowed us to prepare glucose, amino acid and 

taurine/homotaurine prodrugs that the literature suggested should be substrates for the 

respective transporters.  As with the lipophilic and CDS prodrugs, the transporter-mediated 

prodrugs were profiled for in vitro properties according to the screening scheme to 

prioritize optimal candidates for pilot in vivo pharmacokinetics studies.  These data are 

presented in Table 33. 

     The compounds (RF87 - RF92) were first tested for kinetic aqueous solubility and 

found to display acceptable to excellent solubility (20 – 200 µM). When tested for stability 

in plasma, only prodrugs RF87 (a glucose prodrug of zileuton) and RF88 (a lysine prodrug 

of zileuton) were found to be stable in plasma. The rest of the available prodrug candidates 

decomposed rapidly in plasma, probably due to the presence of the unavoidable carbonate 

and sulfonate groups in the molecule.  The two prodrugs (one with a glycosidic bond and 

one with a carbamate bond linker) were stable in plasma and were advanced to the second 

tier of in vitro screening. Both RF87 and RF88 were found to be stable in SGF, SIF and 

rat liver microsomes (in the presence and absence of NADPH).  These promising 

candidates were then advanced to the toxicity assay in neuronal N2A cells and the 5-LO 

inhibition assays.  
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Table 33. Transporter-Mediated Zileuton Prodrug Solubility and Stability Data.  

Cpd 

ID 
Structure 

Solubility 

(µM) 

Stability 

1 h 

Plasma 

1 h 

SGF 

3 h 

SIF 

RLM t1/2 (min) 

& 

(% remaining 

no NADPH) 
(% remaining PBS) 

RF87 

 

200 87.0 >100 >100 >60 (102)  

RF88 

 

200 68.0 >100 >100 >60 (95)  

*RF89
*RF90 

 

130 2.00     

 

141 2.00     

RF91 
 

20.6 14.9     

RF92 
 

84.9 0     

*RF89 and RF90 are diastereomers isolated with reversed phase chromatography, and 

their absolute structure were not determined.  
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     The data of from the N2A toxicity assay are summarized in Figure 15. Parent drug 

zileuton and its prodrugs RF87 - RF88 were nontoxic to N2A cells up to and including 

concentrations of 100 µM.  

 

Figure 15. N2A Cells Treated with Various Concentrations of Zileuton and Prodrugs RF87 

- RF88 for 24 hours and assayed using ATP detection (CellTiter-Glo® Assay).  

 

The data from the 5-LO inhibition assay for RF87 and RF88 are summarized in Table 

34. RF87 and RF88 showed no activities toward 5-LO despite showing some small degree 

of conversion to zileuton under the assay conditions.  These results raise the possibility that 

the more potent 5-LO inhibition seen with some of the lipophilic and CDS prodrug (Tables 

27 and 30) could have resulted from the prodrugs themselves rather than the conversion to 

the parent drug.  That being said, having a prodrug that is a 5-LO inhibitor as a precursor 

to a parent drug that is a 5-LO inhibitor could be therapeutically beneficial.   The 

encouraging results with RF87 and RF88 qualified them for advancement to the pilot in 

vivo pharmacokinetics studies. 
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Table 34. 5-LO Inhibition Assay and Stability Data for Zileuton, ABT-761 and CDS 

prodrugs. 

Compound IC50 (µM) Zileuton Conversion (% control, n=2) 

Zileuton 1.15 138 

RF87 >30 6.6 

RF88 >30 13.6 

 

     As with the other two approaches, before moving to the in vivo pilot study, in vitro 

plasma protein and brain homogenate binding as well as microsome partitioning were 

evaluated  for RF87 and RF88 using the equilibrium dialysis assays (Table 35). As 

expected both prodrugs showed less binding to plasma protein than zileuton, likely due to 

their lower lipophilicity (CLogPs:  RF87: 0.37; RF88: – 0.52; zileuton:  2.4).  Both 

prodrugs displayed lower binding in brain homogenate (higher free fraction).  Surprisingly 

though, the prodrugs demonstrated higher microsomal partitioning than zileuton, which 

was unexpected based on the CLogP values. One possible explanation for the microsomal 

partitioning result could be that there are active transporters on the microsomes and that 

the compounds were being transported into them but this was not investigated further. The 

brain homogenate binding results were, again, encouraging since they suggested that there 

would be more free, unbound prodrug in the brain to be transported into cells and undergo 

enzymatic hydrolysis to release the parent drug. 

Table 35. Mice Plasma, Microsome, Brain Protein Binding Data for Zileuton, Prodrugs 

RF87 and RF88. 

Compound 
fu (free fraction) 

Plasma Microsome Brain 

Zileuton 0.144 0.633 0.0196 

RF87 0.303 0.393 0.140 

RF88 0.232 0.219 0.122 

Microsome (0.5mg/ml protein); Brain (brain homogenate with equal volume of plasma) 
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     Pilot in vivo pharmacokinetics studies were then performed for RF87 and RF88 (Figure 

16).  To recall, administration of zileuton itself provided a B/P ratio of 0.5 at 30 min (Figure 

16A). The brain concentrations of both RF87 and RF88 at the 30 minute time point were 

poor (approximately 1 µmol/L). For RF87, a higher than expected B/P ratio of parent drug 

zileuton was observed (B/P = 0.79, Figure 16B) based on the B/P ratio of the prodrug, 

suggesting that at least some of the prodrug was being transported into the brain and getting 

converted to zileuton within the 30 minute time period.  However, the zileuton 

concentration did not approach or exceed that when the parent drug itself was administered. 

Given the relatively low plasma concentration of RF87, a likely reason for this is either 

rapid metabolism or, more likely, rapid elimination from the periphery.  For this reason, 

prodrug RF87 was not studied further.  

     For RF88 (Figure 16C) the plasma concentration following prodrug administration was 

high and the levels of parent drug in the periphery were low, indicating that the prodrug is 

fairly stable in the periphery.  The brain-to-plasma ratio of zileuton was not as high as that 

for administration of the parent itself (B/P = 0.137 for RF88 vs. 0.5 for zileuton alone) but 

the actual concentration of zileuton in brain was more encouraging (approximately 5 

µmol/L).  The data suggested that RF88 might be serving as a reservoir for zileuton in the 

brain and was slowly releasing the parent drug.  It is possible that a more favorable B/P for 

parent drug might be seen at later time points if the hydrolysis step in the brain was slow.  

Therefore we elected to examine RF88 in a full in vivo pharmacokinetics study. 
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Figure 16. Brain and Plasma Concentration of Zileuton, RF87, and RF88 After Tail Vein 

Injection of 20µmol/kg in C57BL/6 mice at 30min. (A) Plasma and brain concentration of 

zileuton following administration of zileuton; (B) Plasma and brain concentration of RF87 

and zileuton following administration of RF87; (C) Plasma and brain concentration of 

RF88 and zileuton following administration of RF88.  (▲, zileuton plasma concentration; 

●, zileuton brain concentration; ▲, RF87 plasma concentration; ●, RF87 brain 

concentration; ▲RF88, plasma concentration; ●, RF88 brain concentration). 
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Figure 17. Concentrations-Time Profile of Zileuton and RF88 Following Intravenous 

Administration at 20 µmol/kg Zileuton or RF88 in C57BL/6 Mice (▲, Zileuton Plasma 

Concentration; ○,  Zileuton Brain Concentration; ▲, RF88 Plasma Concentration; ●, 

RF88 Brain Concentration). 

 

Table 36. Noncompartmental Pharmacokinetic Parameters Following Intravenous 

Administration of Zileuton or RF88 at 20 µmol/Kg. 

Parameter 

Zileuton   RF88 

Plasma Brain 
 Zileuton 

(Plasma) 

Zileuton 

(Brain) 
RF88 

(Plasma) 
RF88 

(Brain) 

AUC (0-t) (μmol•h/L) 35.6 17.8  10.4 0.738 420.43 3.80 

AUCE% (μmol•h/L) 0.0473 0.139  0.146 0.181 0.232 0.171 

ke (h
-1) 0.553 0.274  0.316 0.263 0.297 0.332 

Vss (L/kg) 0.876 2.68  0.00508 0.0824 0.000123 0.0132 

CL (L/h/kg) 0.535 0.965  0.00165 0.0222 3.65x10-5 0.00436 

Terminal half-life (h) 1.25 2.53  2.19 2.64 2.33 2.09 

 

     The full pharmacokinetics study for RF88 is shown in Figure 17 and data are 

summarized in Table 36. Unfortunately, the B/P ratios of both the prodrug and the parent 

drug zileuton following administration of RF88 were consistent across a 6 hour time period. 

Neither the zileuton B/P ratio nor the brain concentration of zileuton following prodrug 

administration achieved or exceeded that seen with the parent drug was itself.  
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4.3.2 Conclusions 

     Hypothesis 3: Transporter-mediated prodrugs deliver more parent drug into the CNS 

compared to administration of the parent drug.  

 The hypothesis is false for prodrugs RF87 and RF88. 

 RF87 suffered from limited brain penetration and fast peripheral elimination, 

which limited its further pursuit. Possible reasons for the limited brain penetration 

include: 1) RF87 binds to a BBB transporter but is not transported into the brain 

very efficiently; 2) RF87 is a weak binder for a BBB transporter but cannot 

effectively compete with the endogenous sugar substrate.  

 The higher B/P ratio of the parent drug zileuton (approximately 0.79) compared to 

the B/P ratio of the prodrug RF87 (approximately 0.07) suggests that once the 

prodrug does get into the brain it is being converted to the parent.  This might be 

causing an underestimation of the brain concentration of the prodrug at the 30 

minute time point. 

 Based on the overall lower concentration of both prodrug and zileuton in both 

plasma and brain compared to that when zileuton is administered itself, we did not 

advance RF87 to a full in vivo pharmacokinetics study. 

 RF88 concentrations in plasma were high following i.v. administration, indicating 

slower elimination or reduced metabolism compared to RF87. RF88 

concentrations in brain were low. 

 The B/P ratio of zileuton following prodrug RF88 administration (approximately 

0.137) was higher than the B/P ratio of the prodrug (approximately 0.05), 
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suggesting that once the prodrug got into the brain some of it was being converted 

to zileuton. 

 Based on the high plasma levels of RF88 and the better B/P ratio of the parent drug 

in brain compared to plasma in the pilot pharmacokinetics study, we examined 

RF88 in a full in vivo pharmacokinetics study.  Unfortunately, B/P ratio for the 

parent drug zileuton following administration of RF88 remained constant across 

the 6 hour time period and did not provide a brain concentration of zileuton that 

approached or exceeded that resulting from administration of an equimolar dose of 

the parent drug itself. 

 RF88 was not selected for further development. 

  

4.4 Summary and Future Direction 

     The work in this thesis presents an effort to discover 5-LO inhibitor prodrugs as AD 

disease modifying agents. We synthesized and evaluated 92 prodrugs belonging to three 

classes: a) 72 traditional lipophilic prodrugs linking a lipophilic promoiety to the parent 

drug through a carbamate, carbonate, amide or ester bond (both directly appended to the 

parent drug and possessing a methylene linker between the parent drug and the promoiety); 

b) 14 prodrugs employing a chemical delivery system (CDS) wherein the promoiety is 

oxidized to a charged species once in the brain, locking the prodrug in the CNS; 3) 6 

prodrugs using a transporter-mediated delivery system approach. One lipophilic prodrug 

RF58 with increased lipophilicity did shown improved brain penetration (B/P = 21.7), but 

the prodrug was not hydrolyzed rapidly enough in the brain to deliver sufficient levels of 

zileuton, precluding further development. One CDS prodrug, RF75, demonstrated a better 
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zileuton brain-to-plasma ratio (1.41 compared to 0.5 in zileuton), but the plasma and CNS 

levels of both prodrug and resulting parent drug (zileuton) were lower than that obtained 

by administration of zileuton itself, indicating rapid elimination. Two transporter-mediated 

prodrugs RF87 and RF88 were examined in vivo in pharmacokinetics studies.  Brain levels 

of the glucose-based prodrug RF87 were low at 30 minutes following i.v. administration, 

but the CNS levels of zileuton were higher than expected, suggesting that the prodrug was 

being hydrolyzed in the brain.  RF88 had limited brain penetration (Brain/Plasma = 0.013).  

However, RF88 had high plasma concentrations at 30 minutes post-administration and it 

was possible that brain zileuton levels might be higher at a later time. For this reason, a full 

pharmacokinetics study demonstrated that the B/P ratio of RF88 remained essentially 

constant for the 6 hour time period examined.  Neither transporter-mediated prodrug 

provided higher CNS concentrations of the parent compared to administration of an 

equimolar amount of the parent drug itself. 

     To effectively pursue this project in the future it will be imperative to identify 

prodrugs/prodrug systems that are efficiently hydrolyzed in the brain.  An in vitro system 

for screening brain hydrolysis needs to be developed.  We were not able to develop a viable 

brain homogenate stability assay and, indeed, much of the published CNS-targeted prodrug 

literature involves “brute-force” in vivo screening of all synthesized compounds.  One 

strategy for avoiding such an approach would be to develop in vitro assays for some of the 

major hydrolyzing enzymes known to be present in high levels the brain (e.g., 

carboxylesterases) and to use these assays as a step in the screening scheme.  Since most 

of these enzymes are not commercially available they would have to be purified and in-

house assays developed. 



115 

 

     Another future direction would be to further examine some of the triaged lipophilic 

prodrugs that had short-to-moderate half-lives in plasma.  Rapid CNS distribution might 

still produce high CNS levels of the prodrug even though it is metabolized relatively 

quickly in the periphery.  For example, heroin’s half-life is only 8 minutes in plasma but it 

rapidly distributes to the brain and produces, upon hydrolysis, high CNS levels of morphine.  

However, without knowing whether or not a prodrug is rapidly hydrolyzed in the brain this 

approach would become something of a “fishing expedition”. 

     Other potential future directions that would directly build upon these results would be:   

1) Tune the oxidative potential for CDS prodrugs to slow down their oxidization rate and 

provide more time for brain penetration. Electron withdrawing and electron donating 

substitution on the trigonelline and dihydropyridine rings would be one approach to pursue 

this strategy; 2) pursue different amino acids/peptides/sugars in the transporter-mediated 

prodrug approach to identify systems that would transport drugs into the brain better and 

be hydrolyzed at a more efficient rate.  Again, in vitro screening assays for transport and/or 

brain hydrolysis would significantly increase the chances of success for this future 

approach; 3) focus on a different parent drug or a different parent drug class.  Despite the 

presence of a hydroxyurea group, the B/P ratio of zileuton was reasonable.  That B/P of 0.5 

is still not sufficient to provide efficacious CNS levels without producing peripheral levels 

that would be expected to produce adverse events.  However we were not able to identify 

a suitable prodrug system for zileuton.  ABT-761 is significantly more potent as a 5-LO 

inhibitor than zileuton, thus requiring (in theory) less exposure to elicit an efficacious effect.  

However, most of the prodrugs of ABT-761 were found to be unstable in plasma.  The one 

exception was the CDS prodrugs of ABT-761 RF80 and RF81.  They were excluded from 
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pharmacokinetics studies because they demonstrated some potency at inhibiting 5-LO in 

our biochemical assay.  Future work should examine these two compounds in vivo to 

determine the pharmacokinetic profile both of the prodrug and the parent.   
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CHAPTER 5 

EXPERIMENTAL SESSION 

General.  Reagents were purchased from commercial suppliers and used without further 

purification.  Unless stated otherwise, reactions were run in the presence of normal 

atmospheric conditions. 1H-NMR and 2D COSY NMR data were collected on a Bruker 

400 mHz Avance III spectrometer at ambient temperature in the identified solvent.  HSQC 

data was collected on a Bruker 600 mHz Avance III spectrometer at University of 

Pennsylvania.  The tested Peak positions are given in parts per million downfield from 

tetramethylsilane as the internal standard.  LC-MS analysis was performed on an Agilent 

Technologies 1200 series LC system coupled to a 6130 quadrupole MS. Silica gel 

chromatography was performed using a Teledyne Isco Combiflash® Rf system with a 

gradient of 0-100% EtOAc/Hexs or MeOH/DCM. Reversed phase chromatography was 

performed on a Gilson 281 automated HPLC system using a Phenomenex 5µm Gemini®  

C-18 column and a gradient of 10-100% acetonitrile in water with 0.1% trifluoroacetic acid 

or 0.1% formic acid. The optical rotations ([α]) were determined by JASCO P-1010 

Polarimeter with a continuous Na lamp (λ =589nm) at 22.2 °C. The tissue samples were 

homogenized with Polytron® PT 2100 homogenizer. The in vitro and in vivo assays 

analysis were conducted using Waters® Aquity UPLC in tandem with Waters® Xevo TQ-

S mass spectrometer in electrospray positive or negative mode. The fluorescence intensity 

was read with Molecular Devices® Spectramax Plus microplate reader or Luminescent 

Promega® plate reader.  
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5.1 Chemistry Synthesis 

 

2-(Tetrahydro-2H-pyran-2-yloxy)isoindoline-1,3-dione (1) 

With gentle heating N-hydroxyphthalimide (50 g, 307 mmol) was dissolved in dry DCM 

(350 mL) and dioxane (400 mL). Dihydropyran (51 mL, 559 mmol) and p-toluenesulfonic 

acid monohydrate (1 g, 2% by weight) were then added to the mixture. The mixture was 

stirred for two hours at room temperature under N2. The mixture was then washed 

successively with saturated NaHCO3 and brine. The organic phase dried over Na2SO4 and 

concentrated to afford 74 g target molecule as a white solid (98% yield). 1H NMR (400MHz, 

CDCl3) δ 7.83 (t, J = 3.1Hz, 1H), 7.82 (d, J = 3.1Hz, 1H), 7.73 (t, J = 3.0Hz, 1H), 7.72 (d, 

J = 3.0Hz, 1H), 5.42 (broad d, J = 1.12, 1H), 4.52 (td, J = 11.08, 3.36Hz, 1H), 3.69-3.63 

(m, 1H), 2.12 (dd, J = 1.6, 13.84Hz, 1H), 2.00-1.91 (m, 1H), 1.88-1.79 (m, 1H), 1.78-1.62 

(m, 1H); MS (ESI) (m/z) 270.0 (M+Na)+.  

 

O-(Tetrahydro-2H-pyran-2-yl)-hydroxylamine (2) 

1 (74 g, 300 mmol) was dissolved in 200 mL toluene and the resulted liquid was heated 

80 °C. To the mixture, monomethylhydrazine (16 mL, 300 mmol) was added. The mixture 
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was allowed to stir at 80 °C for 20 min. The mixture was filtered and the filtrate was 

concentrated. The residue was purified by vacuum distillation (The fraction came out at 80 

○C with Heidolph rotovapor vacuum pump) to afford 20g target molecule as a clear liquid, 

which solidified at 4°C (57% yield). 1H NMR (400MHz, CDCl3) δ 5.48 (s, 2H), 4.71 (t, J 

= 3.12, 1H), 3.91 (td, J = 3.04, 11.2Hz, 1H), 3.62-3.55 (m, 1H), 1.80-1.70 (m, 1H), 1.64-

1.50 (m, 1H); MS (ESI) (m/z) 118 (M+H)+. 

 

(E)-Ethyl 3-(3-phenoxyphenyl)acrylate (3) 

DMAP (924 mg, 7.56 mmol) and piperidine (0.79 mL, 7.9 mmol) were dissolved in 100 

mL DMF. To this mixture, 2-(ethoxycarbonyl)acetic acid (13.4 mL, 113 mmol) and 3-

phenoxybenzaldehyde (12.9 mL, 74.6 mmol) were added. The resulting mixture was stirred 

at 50 °C overnight followed by extraction with Et2O. The organic layer was washed 

successively with NH4Cl, water, NaHCO3, and water. The organic phase was then dried 

over Na2SO4. The mixture was filtered and concentrated to afford 19 g target molecule as 

a light yellow liquid (94% yield). 1H NMR (400MHz, CDCl3) δ 7.62 (d, J = 16Hz, 1H), 

7.34 (q, J = 7.2Hz, 3H), 7.25 (d, J = 7.2Hz, 1H), 7.18-7.10 (m, 2H), 7.08-6.98 (m, 3H), 

6.37 (d, J = 16Hz, 1H), 4.25 (q, J = 6.8Hz, 2H), 1.32 (t, J = 6.8Hz, 3H); MS (ESI) (m/z) 

269.1 (M+H)+.  
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(E)-3-(3-Phenoxyphenyl)prop-2-en-1-ol (4) 

To a -78 °C solution of 3 (7 g, 26 mmol) in THF (70 mL), DIBAL (1M in THF, 80mL) 

was added over a period of 30 min. the mixture was stirred at -78 °C for 30min. The mixture 

was then quenched with 6N HCl (200 mL). The excess THF in the mixture was evaporated 

and the remaining liquid was extracted with EtOAc. The organic phase was combined and 

dried over Mg2SO4.  The mixture was filtered and concentrated to give 5.5 g target 

molecule as yellow liquid (94% yield). 1H NMR (400MHz, CDCl3) δ 7.38-7.25 (m, 3H), 

7.16-7.08 (m, 2H), 7.03-6.98 (m, 3H), 6.90 (ddd, J = 0.76, 2.4, 8.12, 1H), 6.57 (d, J = 16Hz, 

1H), 6.35 (dt, J = 5.64, 16Hz, 1H), 4.31 (dd, J = 1.52, 5.64Hz, 2H); MS (ESI) (m/z) 227.1 

(M+H)+. 

 

1-((E)-3-Bromoprop-1-enyl)-3-phenoxybenzene (5) 

To an ice-cold solution of PBr3 (14.47 mL, 79 mmol) in dry ether (150ml), a solution 4 (15 

g, 66 mmol) in dry ether (10 mL) was added slowly. The mixture was allowed to stir at 

0 °C for 30 min and then was poured into ice-cold water. The mixture was then extracted 

with Et2O, washed with saturated sodium bicarbonate solution, and dried over Mg2SO4. 

The resultant liquid was concentrated to afford 15 g target molecule as yellow liquid (78% 
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yield). 1H NMR (400MHz, CDCl3) δ 7.4-7.25 (m, 3H), 7.15-7.08 (m, 2H), 7.00-6.97 (m, 

3H), 6.92 (ddd, J = 0.8, 2.36, 8.12Hz, 1H), 6.59 (d, J = 15.6Hz, 1H), 6.41-6.30 (dt, J = 15.6, 

7.8Hz, 1H), 4.13 (dd, J = 7.8, 0.84Hz, 2H); MS (ESI) (m/z) 228.15 (M-61)+. 

 

(E)-N-(3-(3-Phenoxyphenyl)allyl)-O-(tetrahydro-2H-pyran-2-yl)hydroxylamine (6) 

2 (6 g, 51.2 mmol) was dissolved in DMF (14 mL), a solution 5 in DMF (26 mL) was 

added into the solution dropwise. The mixture was allowed to stir at room temperature for 

3 hours and quenched with water (400 mL). The mixture was then extracted with diethyl 

ether. The diethyl ether fractions were combined and washed with brine. The organic liquid 

was then dried over Mg2SO4, concentrated and purified by normal phase chromatography 

(25% EtOAc/Hexanes) to afford 4.5g target molecule as yellow wax (80% yield). 1H NMR 

(400MHz, CDCl3) δ 7.38-7.24 (m, 3H), 7.15-7.07 (m, 2H), 7.05-6.97 (m, 2H), 6.89 (ddd, 

0.76, 2.36, 8.08Hz, 1H), 6.53 (d, J = 15.92Hz, 1H), 6.28 (dt, J = 15.92, 6.52Hz, 1H), 5.76 

(broad s, 1H), 4.82 (dd, 5.28, 3.4Hz, 1H), 4.00-3.90 (m, 1H), 3.73 (d, J = 6.44, 2H), 3.6-

3.54 (m, 1H), 1.79-1.68 (m, 2H), 1.58-1.49 (m, 6H); MS (ESI) (m/z) 326.2 (M+H)+. 

 

(E)-N-(3-(3-Phenoxyphenyl)allyl)hydroxylamine (7) 
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6 (4.5 g, 41 mmol) was dissolved in MeOH (140 mL) and cooled in an ice bath. 

Concentrated HCl (14 mL) was then added dropwise and the reaction mixture was stirred 

overnight at room temperature. The reaction was then quenched with saturated NaHCO3 

solution. The excess MeOH was evaporated and the residue was extracted with. The EtOAc 

fractions were combined, dried with Mg2SO4 and concentrated to afford 6.7g (E)-N-(3-(3-

phenoxyphenyl)allyl)hydroxylamine as yellow wax (100% yield). 1H NMR (400MHz, 

CDCl3) δ 7.4-7.10 (m, 3H), 7.15-7.07 (m, 3H), 7.1-6.98 (m, 4H), 6.89 (ddd, J = 0.92, 2.36, 

8.08Hz, 1H), 6.55 (d, 15.88Hz, 1H), 6.28 (dt, J = 15.88, 6.56Hz, 1H), 3.69 (dd, J = 6.6, 

1.24Hz, 2H); MS (ESI) (m/z) 240.2 (M-1)+. 

 

(E)-N-Acetoxy-N-(3-(3-phenoxyphenyl)allyl)acetamide (8) 

7 (7 g, 29 mmol) and triethylamine (12 ml, 87 mmol) were dissolved in DCM (150 mL). 

Acetyl chloride (2.1 mL, 29 mmol) was added to the mixture and stirred at 0 °C for 30 min. 

The reaction was quenched with 3N HCl until the turbid solution became clear. The organic 

phase was washed with Saturated NaHCO3 and dried over Mg2SO4. The mixture was 

filtered and concentrated to afford 9 g target molecule as yellow wax (96% yield). 1H NMR 

(400MHz, CDCl3) δ 7.40-7.25 (m, 3H), 7.15-7.07 (m, 2H), 7.04-6.98 (m, 3H), 6.89 (dd, J 

= 8.08, 1.68Hz, 1H), 6.50 (d, J = 15.8Hz, 1H), 6.12 (dt, J = 15.8, 6.56Hz, 1H), 4.44 (d, J = 

6.36, 2H), 2.17 (s, 3H), 2.05 (s, 3H); MS (ESI) (m/z) 326.1 (M+H)+. 
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(E)-N-Hydroxy-N-(3-(3-phenoxyphenyl)allyl)acetamide (BWA4C) 

8 (4.5 g, 13.7 mmol) was dissolved in MeOH (71.6 mL). 19M NaOH (7.16 mL) was added 

to the mixture dropwise. The reaction was stirred at room temperature for 2 hours. The 

reaction was quenched with 3N HCl (50ml), extracted with EtOAc three times and dried 

over Na2SO4. The organic liquid was concentrated and purified by normal phase 

chromatography (50% EtOAc/Hexanes) to afford 2 g target molecule as a yellow solid (51% 

yield). 1H NMR (400MHz, CDCl3) δ 8.32 (broad s, 1H), 7.40-7.25 (m, 3H), 7.15-7.1 (m, 

2H), 7.05-6.97 (m, 3H), 6.91 (dd, J = 1.6, 8.04Hz, 1H), 6.53 (d, J = 15.84Hz, 1H), 6.17 (dt, 

J = 15.84, 5.72Hz, 1H), 4.37 (d, J = 5.48Hz, 2H), 2.15 (s, 3H); MS (ESI) (m/z) 284.1 

(M+H)+. 

 

2-(4-Fluorobenzyl)thiophene (9) 

This reaction was performed in oven-dried glassware under a nitrogen atmosphere. Mg 

(2.4 g, 100 mmol), I2 (14.6 mg, 0.057 mmol), and dry THF (30 mL) were added to a 250 

mL 3-neck round bottom flask. Then the mixture was heated to reflux. 2-Bromothiophene 

(8.5 mL, 87.6 mmol) was dissolved in dry THF (30 mL), in which 4ml was added slowly 

to the mixture to initiate the reaction. The remaining 2-bromothiophene was added 
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afterward, and the reaction was allowed to reflux for 2 hours. The reaction was cooled 

down to room temperature, and CuCl (0.22 g, 2.2 mmol) was added. The mixture was then 

heated to reflux and 1-(chloromethyl)-4-fluorobenzene (7 mL, 58.4 mmol) was added to 

the mixture dropwise. Then the reaction was allowed to cool down to the room temperature 

and allowed to stir for 2 hours. The reaction was quenched with saturated NH4Cl solution 

(75 mL), and the excess THF was evaporated. The remaining liquid was extracted with 

EtOAc 3 times and washed with 10% Na2S2O3 solution once. The organic phase was dried 

over Mg2SO4 and concentrated by vacuum distillation. 6.36 g clear liquid came out at 

170 °C with Heidolph rotovapor vacuum pump (54% yield). 1H NMR (400MHz, CDCl3) 

δ 7.14 (d, J = 5.4Hz, 1H), 7.11 (d, J = 5.4Hz, 1H), 7.08 (dd, J = 5.16, 1.16Hz, 1H) 6.91 (t, 

J = 6.52Hz, 2H), 6.85 (dd, J = 5.16, 3.4Hz, 1H), 6.71 (dd, J = 3.4. 1.04Hz, 1H), 4.05 (s, 

2H).   

 

2-(4-Fluorobenzyl)-5-iodothiophene (10) 

9 (4.4 g, 22.9 mmol), HIO3 (0.97 g, 5.5 mmol), I2 (2.55 g, 10 mmol), acetic acid (4 mL), 

and concentrated H2SO4 (0.4 mL) were dissolved in EtOAc (35 mL). The mixture was 

allowed stir at 45 °C overnight. The mixture was then washed with saturated NaCl (30 mL), 

NaOH/Na2S2O3 solution (2.3 g NaOH, 3.3 g Na2S2O3 in 27 mL water), and saturated 

NaHCO3 solution (30 mL). The organic phase was dried and concentrated to afford THE 

targeted molecule as a dark brown liquid (92% yield). 1H NMR (400MHz, CDCl3) δ 7.11 
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(d, J = 5.4Hz, 1H), 7.08 (d, J = 5.4Hz, 1H), 6.97 (d, J = 3.6Hz, 1H), 6.91 (t, J = 8.64Hz, 

2H), 6.39 (d, J = 3.6Hz, 1H), 4.09 (s, 2H).  

 

1-(But-3-yn-2-yl)-1-hydroxyurea (13) 

3-Butylnol (4.2 mL, 50 mmol) and Et3N (9 ml, 64.6 mmol) were dissolved in 50 mL DCM. 

The mixture was cooled in the ice bath. Methanesulfonyl chloride (4.6 mL, 59.4mmol) was 

added dropwise to the mixture and kept the temperature below 10°C. The reaction was 

allowed to stir at 0 °C for 1.5 hours, and TLC showed starting material disappeared, and 

new spot with a higher Rf appeared. The reaction was then quenched with 0.5 N HCl 

solution (30 mL). The organic layer was washed with saturated NaCl solution (2x15mL) 

and dried over Na2SO4. The organic phase was concentrated to afford a yellow liquid, 

which was then dissolved in MeOH (50 mL). 50% hydroxylamine (35 mL) was added to 

the mixture dropwise, and the reaction was allowed to stir at room temperature for 16 hours. 

The MeOH was evaporated and the remaining liquid was adjusted to pH = 9 with 40% 

NaOH. The mixture was then extracted with EtOAc (5x30ml). The organic fraction was 

combined and cooled with an ice-bath.  A solution of potassium isocyanate (8.1 g KOCN, 

15 mL H2O) was added to the cooled solution dropwise. Then concentrated HCl (10 mL) 

was added to the mixture and kept the temperature below 10 ○C. The resulting mixture was 

allowed to stir for 1 hour, and the organic layer was extracted with EtOAc (5x40ml), and 

the combined solution was dried to 15 mL. n-Heptane (60 mL) was added slowly to the 
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residue liquid and stirred vigorously for 1 hour. The solid was filtered and washed with n-

heptane to afford 4 g target molecule as light yellow solid (62% yield). 1H NMR (400MHz, 

DMSO-d6) δ 9.24 (s 1H), 6.50 (s, 2H), 4.86 (qd, J = 7, 2.28Hz, 1H), 3.05 (d, J = 2.28Hz, 

1H), 1.25 (d, J = 7Hz, 3H); MS (ESI) (m/z) 129.1 (M+H)+. 

 

1-(4-(5-(4-Fluorobenzyl)thiophen-2-yl)but-3-yn-2-yl)-1-hydroxyurea (Racemic ABT-761) 

13 (2 g, 15.6 mmol) was suspended in isopropyl acetate (120 mL) and sonicated for 5 min 

to dissolve most of the compound. 10 (3.5 g, 11 mmol), Pd(CH2CN)2Cl2 (138 mg, 0.2 

mmol), PPh3 (277.6 mg, 1 mmol), and CuI (104 mg, 0.55 mmol) were added in one portion. 

To this mixture, di-isopropylamine (7.8 mL, 56 mmol) was added dropwise. The mixture 

was allowed to stir at room temperature under N2 for 1 hour. Saturated NH4Cl solution (55 

mL) was used to quench the reaction. The organic layer was separated, filtered, and 

concentrated down to 70 mL. n-Heptane (140 mL) was then added to the residue and the 

resulting mixture was allowed to stir vigorously for 30 min to yield a suspension. The 

suspension was filtered to afford 3.4 g target molecule as a yellow solid (98% yield). 1H 

NMR (400MHz, DMSO-d6) δ 9.32 (s, 1H), 7.30 (d, J = 5.6Hz, 1H), 7.28 (d, J = 5.6Hz, 

1H), 7.14 (t, J = 8.92Hz, 2H), 7.07 (d, J = 3.6Hz, 1H), 6.81 (d, J = 3.6Hz, 1H), 6.54 (s, 2H), 

5.10 (q, J = 7.04Hz, 1H), 4.12 (s, 2H), 1.32 (d, J = 7.04Hz, 3H); MS (ESI) (m/z) 319.1 

(M+H)+. 

 



127 

 

General procedure 1: procedures to make esters prodrugs (RF01 - RF03) 

The starting parent drugs (1 equiv.) and triehtylamine (2 equiv.) were dissolved/suspended 

in dry DCM. Acetyl chloride (1.1 equiv.) was added to the mixture dropwise. The mixture 

was allowed to stir at room temperature for 10 min. Then the reaction was quenched by 

saturated NH4Cl solution and extracted with EtOAc three times. The organic phases were 

combined, dried over Na2SO4, and concentrated.  The residue could be purified by normal 

phase chromatography (0-100% EtOAc/Hexanes).  

 

1-Acetoxy-1-(1-(benzo[b]thiophen-2-yl)ethyl)urea (RF01) 

Following general procedure 1. White solid (70% yield); 1H NMR (400MHz, DMSO-d6) 

δ 8.00 (d, J = 8.56Hz, 1H), 7.90 (d, J = 8.56Hz, 1H), 7.5-7.4 (m, 3H), 6.95 (s, 2H), 5.79 (q, 

J = 6.92Hz, 1H), 2.23 (s, 3H), 1.60 (d, J = 6.92Hz, 3H); MS (ESI) (m/z) 579.1 (2M+Na)+. 
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1-acetoxy-1-(4-(5-(4-fluorobenzyl)thiophen-2-yl)but-3-yn-2-yl)urea (RF02) 

Following general procedure 1. Yellow wax (76% yield); 1H NMR (400MHz, DMSO-d6) 

δ 7.31 (d, J = 5.72, 1H), 7.29 (d, J = 5.72, 1H), 7.14 (t, J = 8.96Hz, 2H), 7.09 (d, J = 3.6Hz, 

1H), 6.94 (s, 2H), 6.83 (d, J = 3.6Hz, 1H), 5.20 (q, J = 6.92Hz, 1H), 4.12 (s, 2H), 2.16 (s, 

3H), 1.30 (d, J = 6.92Hz, 3H); MS (ESI) (m/z) 743.2 (2M+Na)+. 

 

(E)-N-Acetoxy-N-(3-(3-phenoxyphenyl)allyl)acetamide (RF03) 

Following general procedure 1. Yellow wax (78.3% yield); 1H NMR (400MHz, DMSO-

d6) δ 7.43-7.30 (m, 3H), 7.22 (d, J = 7.76Hz, 1H), 7.15 (t, J = 7.4Hz, 1H), 7.09 (s, 1H), 

7.01 (d, J = 8.72Hz, 2H), 6.90 (dd, J = 7.56, 1.8Hz, 1H), 6.58 (d, J = 15.Hz, 1H), 6.24 (d, 

J = 15Hz, 1H), 4.38 (m, 2H), 2.18 (s, 3H), 1.99 (s, 3H); MS (ESI) (m/z) 673.3 (2M+Na)+. 
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General procedure 2: procedures to make carbonate prodrugs (RF04 - RF11) 

The starting parent drugs (1 equiv.) and triehtylamine (1.5 or 1.2 equiv.) were 

dissolved/suspended in dry DCM.  Alkyl chloroformates (1.5 or 1.2 equiv.) was added to 

the mixture dropwise at 0 °C. The mixture was allowed to warm to room temperature. The 

reaction was allowed to stir overnight. Then the reaction was quenched by saturated NH4Cl 

solution and extracted with EtOAc three times. The organic phases were combined, dried 

over Na2SO4, and concentrated.  The residue could be purified by normal phase 

chromatography (RF04-07; 0-80% EtOAc/Hexanes) or reversed phase chromatography 

(RF08-11; 0.1% formic acid modified acetonitrile/water; 10min gradient 10% to 100% 

acetonitrile/water).  

 

1-(4-(5-(4-Fluorobenzyl)thiophen-2-yl)-2λ3-but-3-yn-2-yl)-1-((methoxycarbonyl)-

oxy)urea (RF04) 

Following general procedure 2. ABT-761 (50 mg, 0.16 mmol), triethylamine (33 µL, 

0.24mmol), and methyl chloroformate (18.3 µL, 0.24 mmol) in DCM (1 mL) gave the 

target molecule as yellow wax (19.4 mg, 50% yield); 1H NMR (400MHz, CDCl3) δ 7.19 

(dd, J = 8.72, 5.36Hz, 2H), 7.03-6.98 (m, 3H), 6.65 (dd, J = 2.72, 0.88Hz, 1H), 5.38 (q, J 

= 7Hz, 1H), 5.16 (s, 2H), 4.08 (s, 2H), 3.94 (s, 3H), 1.53 (d, J = 7Hz, 2H); MS (ESI) (m/z) 

377.1 (M+2)+. 
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1-((Ethoxycarbonyl)oxy)-1-(4-(5-(4-fluorobenzyl)thiophen-2-yl)-2λ3-but-3-yn-2-yl)urea 

(RF05) 

Following general procedure 2. ABT-761 (50 mg, 0.16 mmol), triethylamine (33 µL, 0.24 

mmol), and ethyl chloroformate (22.5 µL, 0.24 mmol) in DCM (1 mL) gave the target 

molecule as yellow wax (32.3 mg, 50% yield); 1H NMR (400MHz, CDCl3) δ 7.19 (dd, J = 

8.36, 5.28Hz, 2H), 7.04-6.98 (m, 3H), 6.65 (d, J = 3.52Hz, 1H), 5.38 (q, J = 7Hz, 1H), 5.16 

(s, 2H), 4.34 (q, J = 7.12Hz, 2H), 4.07 (s, 2H), 1.53 (d, J = 7Hz, 2H), 1.34 (t, J = 7.12Hz, 

3H); MS (ESI) (m/z) 391.1 (M+2)+. 

 

1-(4-(5-(4-Fluorobenzyl)thiophen-2-yl)-2λ3-but-3-yn-2-yl)-1-((propoxycarbonyl)-

oxy)urea (RF06) 

Following general procedure 2. ABT-761 (50 mg, 0.16 mmol), triethylamine (33 µL, 0.24 

mmol), and propyl chloroformate (26.5 µL, 0.24 mmol) in DCM (1 mL) gave the target 

molecule as yellow wax (30.1 mg, 48% yield); 1H NMR (400MHz, CDCl3) δ 6.95 (dd, J = 

8.64, 5.32Hz, 2H), 6.80-6.73 (m, 3H), 6.40 (d, J = 3.64Hz, 1H), 5.14 (q, J = 6.96Hz, 1H), 
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4.92 (s, 2H), 4.00 (t, J = 6.72Hz, 2H), 3.84 (s, 2H), 1.49 (quin, J = 7.12Hz, 2H), 1.28 (d, J 

= 7Hz, 3H), 0.72 (t, J = 7.44Hz, 3H); MS (ESI) (m/z) 405.1 (M+2)+. 

 

1-(4-(5-(4-Fluorobenzyl)thiophen-2-yl)-2λ3-but-3-yn-2-yl)-1-(((2-methoxyethoxy) 

carbonyl)-oxy)-urea (RF07) 

Following general procedure 2. ABT-761 (40 mg, 0.13 mmol), triethylamine (21 µL, 0.15 

mmol), and 2-methoxyethyl chloroformate (17.5 µL, 0.15 mmol) in DCM (1 mL) gave the 

target molecule as yellow wax (26.7 mg, 50.5% yield); 1H NMR (400MHz, MeOD) δ 7.29-

7.24 (m, 2H), 7.06-7.02 (m, 3H), 6.74 (d, J = 3.52Hz, 1H), 5.29 (q, J = 6.92Hz, 1H), 4.37 

(broad s, 2H), 4.16 (s, 2H), 3.64 (broad s, 2H), 3.30 (s, 3H), 1.46 (d, J = 6.96Hz, 3H); MS 

(ESI) (m/z) 421.1 (M+2)+. 

 

(E)-N-((Methoxycarbonyl)oxy)-N-(3-(3-phenoxyphenyl)allyl)acetamide (RF08) 

Following general procedure 2. BWA4C (70 mg, 0.25 mmol), triethylamine (41 µL, 0.3 

mmol), and methyl chloroformate (22.7 µL, 0.3 mmol) in DCM (1 mL) gave the target 

molecule as yellow wax (70.7 mg, 84.4% yield); 1H NMR (400MHz, CDCl3) δ 7.40-7.34 



132 

 

(m, 2H), 7.29 (t, J = 7.88, 1H), 7.15-7.11 (m, 2H), 7.04-7.00 (m, 3H), 6.92 (ddd, J = 8.12, 

2.4, 0.72Hz, 1H), 6.55 (d, J = 15.88Hz, 1H), 6.18 (dt, J = 15.88, 6.6Hz, 1H), 4.49 (d, J = 

6.6Hz, 2H), 4.0 (s, 3H), 2.13 (s, 3H); MS (ESI) (m/z) 342.1 (M+H)+. 

 

(E)-N-((Ethoxycarbonyl)oxy)-N-(3-(3-phenoxyphenyl)allyl)acetamide (RF09) 

Following general procedure 2. BWA4C (75.9 mg, 0.27 mmol), triethylamine (43 µL, 0.3 

mmol), and ethyl chloroformate (30.6 µL, 0.32 mmol) in DCM (1 mL) gave the targeted 

compound as yellow wax (77.9 mg, 81.7% yield); 1H NMR (400MHz, CDCl3) δ 7.40-7.34 

(m, 2H), 7.29 (t, J = 7.88, 1H), 7.15-7.11 (m, 2H), 7.04-7.00 (m, 3H), 6.92 (ddd, J = 8.04, 

2.32, 0.68Hz, 1H), 6.55 (d, J = 15.84Hz, 1H), 6.18 (dt, J = 15.84, 6.64Hz, 1H), 4.49 (d, J 

= 6.64Hz, 2H), 4.32 (q, J = 7.12Hz, 2H), 2.12 (s, 3H), 1.36 (t, J = 7.12Hz, 3H); MS (ESI) 

(m/z) 356.1 (M+H)+. 

 

(E)-N-(3-(3-Phenoxyphenyl)allyl)-N-((propoxycarbonyl)oxy)acetamide (RF10) 

Following general procedure 2. BWA4C (71.7 mg, 0.25 mmol), triethylamine (42 µL, 0.3 

mmol), and propyl chloroformate (33.86 µL, 0.3 mmol) in DCM (1 mL) gave the target 

molecule as yellow wax (71.7 mg, 77.2% yield); 1H NMR (400MHz, CDCl3) δ 7.40-7.34 
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(m, 2H), 7.29 (t, J = 7.88, 1H), 7.15-7.11 (m, 2H), 7.04-7.00 (m, 3H), 6.92 (ddd, J = 8.08, 

2.36, 0.72Hz, 1H), 6.55 (d, J = 15.84Hz, 1H), 6.18 (dt, J = 15.84, 6.64Hz, 1H), 4.49 (d, J 

= 6.64Hz, 2H), 4.22 (t, J = 6.68Hz, 2H), 2.12 (s, 3H), 1.71 (sex, J = 6.8Hz, 3H), 0.95 (t, J 

= 7.4Hz); MS (ESI) (m/z) 370.1 (M+H)+. 

 

(E)-N-(((2-Methoxyethoxy)carbonyl)oxy)-N-(3-(3-phenoxyphenyl)allyl)acetamide (RF11) 

Following general procedure 2. BWA4C (69.5 mg, 0.25 mmol), triethylamine (41 µL, 0.3 

mmol), and 2-methoxyethyl chloroformate (22.7 µL, 0.3 mmol) in DCM (1 mL) gave the 

target molecule as yellow wax (70.7 mg, 78.7% yield);  1H NMR (400MHz, CDCl3) δ 7.40-

7.34 (m, 2H), 7.29 (t, J = 7.88, 1H), 7.14-7.10 (m, 2H), 7.04-7.00 (m, 3H), 6.92 (ddd, J = 

8.08, 2.32, 0.72Hz, 1H), 6.55 (d, J = 15.8Hz, 1H), 6.18 (dt, J = 15.8, 6.6Hz, 1H), 4.49 (d, 

J = 6.6Hz, 2H), 4.4 (t, J = 4.52Hz, 2H), 3.62 (t, J = 4.52Hz, 2H), 3.36 (s, 3H), 2.12 (s, 3H); 

MS (ESI) (m/z) 386.2 (M+H)+.  

 

General procedure 3: procedures to make carbamate prodrugs (RF12 - RF55) 

The starting parent drugs (1 equiv.) and bases (1.5 equiv.) were dissolved/suspended in dry 

DCM.  Isocyanates or carbamoyl chlorides (1.2 equiv.) was added to the mixture dropwise 

at 0 °C. The mixture was allowed to warm to room temperature. The reaction was allowed 

to stir overnight. Then the reaction was quenched by 0.5N HCl solution. The organic phase 
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was concentrated and purified by reverse phase chromatography (mobile phase: 0.1% 

formic acid modified acetonitrile/water; 10min gradient 10% to 100% acetonitrile/water).  

 

(R)-1-(1-(Benzo[b]thiophen-2-yl)ethyl)-1-(carbamoyloxy)urea (RF12) 

Following general procedure 3. (R)-zileuton (40 mg, 0.17 mmol), N-methylmorpholine 

(34.4 µL, 0.3mmol), and (trimethylsilyl)isocyanate (27.5 µL, 0.2 mmol) in DCM (1 mL) 

gave the targeted molecule as a white solid (40.1 mg, 85% yield) after reversed phase 

chromatography.  1H NMR (400MHz, DMSO-d6) δ 7.89 (d, J = 8.92Hz, 1H), 7.79 (d, J = 

8.64Hz, 1H), 7.40-7.30 (m, 3H), 6.97 (s, 2H), 6.66 (s, 2H), 5.64 (q, J = 6.72Hz, 1H), 1.55 

(d, J = 7.04Hz, 3H); MS (ESI) (m/z) 303.0 (M+Na)+.   

 

(S)-1-(1-(Benzo[b]thiophen-2-yl)ethyl)-1-(carbamoyloxy)urea (RF13) 

Following general procedure 3. (S)-zileuton (40 mg, 0.17 mmol), N-methylmorpholine 

(34.4 µL, 0.3 mmol), and (trimethylsilyl)isocyanate (27.5 µL, 0.2 mmol) in DCM (1 mL) 

gave the target molecule as a white solid (36.1 mg, 76.43% yield) after reversed phase 
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chromatography. 1H NMR (400MHz, DMSO-d6) δ 7.89 (d, J = 8.92Hz, 1H), 7.79 (d, J = 

8.64Hz, 1H), 7.35-7.30 (m, 3H), 6.94 (s, 2H), 6.64 (s, 2H), 5.64 (broad s, 1H), 1.55 (d, J = 

7.08Hz, 3H); MS (ESI) (m/z) 303.0 (M+Na)+. 

 

(R)-1-(1-(Benzo[b]thiophen-2-yl)ethyl)-1-((methylcarbamoyl)oxy)urea (RF14) 

Following general procedure 3. (R)-zileuton (40 mg, 0.17 mmol), triethylamine (39 µL, 0.3 

mmol), and methyl isocyanate (12.5 µL, 0.2 mmol) in DCM (1 mL) gave the target 

molecule as a white solid (11.7 mg, 23.56% yield) after reversed phase chromatography. 

1H NMR (400MHz, DMSO-d6) δ 7.90 (d, J = 7.44Hz, 1H), 7.79 (d, J = 8.36Hz, 1H), 6.72 

(s, 2H), 5.67 (s, 1H), 2.60 (s, 3H), 1.53 (d, J = 7.08Hz, 3H); MS (ESI) (m/z) 316.0 (M+Na)+. 

 

(S)-1-(1-(Benzo[b]thiophen-2-yl)ethyl)-1-((methylcarbamoyl)oxy)urea (RF15) 

Following general procedure 3. (S)-zileuton (40 mg, 0.17 mmol), triethylamine (39 µL, 0.3 

mmol), and methyl isocyanate (12.5 µL, 0.2 mmol) in DCM (1 mL) gave the target 

molecule as a white solid (26.1 mg, 58% yield) after reversed phase chromatography. 1H 
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NMR (400MHz, DMSO-d6) δ 7.68 (d, J = 7.16Hz, 1H), 7.56 (d, J = 6.56Hz, 1H), 7.18-

7.07 (m, 4H), 6.49 (s, 2H), 5.45 (broad s, 1H), 2.37 (s, 3H), 1.30 (d, J = 7.04Hz, 3H); MS 

(ESI) (m/z) 316.0 (M+Na)+. 

 

(R)-1-(1-(Benzo[b]thiophen-2-yl)ethyl)-1-((dimethylcarbamoyl)oxy)urea (RF16) 

Following general procedure 3. (R)-zileuton (40 mg, 0.17 mmol), triethylamine (39 µL, 0.3 

mmol), 4-dimethylaminopyridine (4 mg, 0.033 mmol), and dimethylcarbamyl chloride (19 

µL, 0.2 mmol) in DCM (1 mL) gave the target molecule as a white solid (26.8 mg, 51.5% 

yield) after reversed phase chromatography. 1H NMR (400MHz, DMSO-d6) δ 7.90 (d, J = 

7.20Hz, 1H), 7.79 (d, J = 7.19Hz, 1H), 7.40-7.30 (m, 3H), 6.70 (s, 2H), 5.70 (broad s, 1H), 

2.87 (s, 6H), 1.48 (broad s, 3H); MS (ESI) (m/z) 330.1 (M+Na)+. 

 

(S)-1-(1-(Benzo[b]thiophen-2-yl)ethyl)-1-((dimethylcarbamoyl)oxy)urea (RF17) 

Following general procedure 3. (S)-zileuton (40 mg, 0.17 mmol), triethylamine (39 µL, 0.3 

mmol), 4-dimethylaminopyridine (4 mg, 0.033 mmol), and dimethylcarbamyl chloride (19 



137 

 

µL, 0.2 mmol) in DCM (1 mL) gave the target molecule as a white solid (34.7 mg, 58% 

yield) after reversed phase chromatography. 1H NMR (400MHz, DMSO-d6) δ 7.92 (d, J = 

7.52Hz, 1H), 7.79 (d, J = 8.60Hz, 1H), 7.35-7.31 (m, 3H), 6.72 (s, 2H), 5.75 (broad s, 1H), 

2.88 (s, 6H), 1.49 (broad s, 3H); MS (ESI) (m/z) 330.1 (M+Na)+. 

 

(R)-1-(1-(Benzo[b]thiophen-2-yl)ethyl)-1-((ethylcarbamoyl)oxy)urea (RF18) 

Following general procedure 3. (R)-zileuton (40 mg, 0.17 mmol), triethylamine (39 µL, 0.3 

mmol), and ethyl isocyanate (18 µL, 0.2 mmol) in DCM (1 mL) gave the target molecule 

as a white solid (43.1 mg, 80% yield) after reversed phase chromatography. 1H NMR 

(400MHz, MeOD) δ 7.81 (d, J = 6.96Hz, 1H), 7.76 (d, J = 6.92Hz, 1H), 7.35-7.30(m, 3H), 

5.77 (broad s, 1H), 4.61 (s, 1H), 3.24-2.80 (m, 2H), 1.68 (d, J = 7.00Hz, 3H), 1.00 (broad 

s, 3H); MS (ESI) (m/z) 330.1 (M+Na)+. 
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(S)-1-(1-(Benzo[b]thiophen-2-yl)ethyl)-1-((ethylcarbamoyl)oxy)urea (RF19) 

Following general procedure 3. (S)-zileuton (40 mg, 0.17 mmol), triethylamine (39 µL, 0.3 

mmol), and ethyl isocyanate (18 µL, 0.2 mmol) in DCM (1 mL) gave the target molecule 

as a white solid (39.3 mg, 75.5% yield) after reversed phase chromatography. 1H NMR 

(400MHz, DMSO-d6) δ 7.91-7.87 (m, 1H), 7.80-7.78 (m, 1H), 7.52 (s, 1H), 7.40-7.31 (m, 

2H), 6.70 (s, 2H), 5.66 (s, 1H), 3.01 (broad s, 2H), 1.54 (d, J = 7.04Hz, 3H), 0.97 (broad s, 

3H); MS (ESI) (m/z) 330.1 (M+Na)+. 

 

(R)-1-(1-(Benzo[b]thiophen-2-yl)ethyl)-1-((diethylcarbamoyl)oxy)urea (RF20) 

Following general procedure 3. (R)-zileuton (40 mg, 0.17 mmol), triethylamine (39 µL, 0.3 

mmol), 4-dimethylaminopyridine (4 mg, 0.033 mmol), and diethylcarbamyl chloride (26 

µL, 0.2 mmol) in DCM (1 mL) gave the target molecule as a white solid (50 mg, 87.9% 

yield) after reversed phase chromatography. 1H NMR (400MHz, DMSO-d6) δ 7.90 (m, 

1H), 7.78 (m, 1H), 7.36-7.31 (m, 3H), 6.65 (s, 2H), 5.74 (s, 1H), 3.17 (broad s, 4H), 1.51 

(broad s, 3H), 1.03 (broad s, 3H); MS (ESI) (m/z) 693.2 (2M+Na)+. 
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(S)-1-(1-(Benzo[b]thiophen-2-yl)ethyl)-1-((diethylcarbamoyl)oxy)urea (RF21) 

Following general procedure 3. (S)-zileuton (40 mg, 0.17 mmol), triethylamine (39 µL, 0.3 

mmol), 4-dimethylaminopyridine (4 mg, 0.033 mmol), and diethylcarbamyl chloride (26 

µL, 0.2 mmol) in DCM (1 mL) gave the target molecule as a white solid (43.7 mg, 76.8% 

yield) after reversed phase chromatography. 1H NMR (400MHz, DMSO-d6) δ 7.90 (d, J = 

7.32Hz, 1H), 7.78 (d, J = 6.96Hz, 1H), 7.38-7.26 (m, 3H), 6.66 (s, 2H), 5.71 (s, 1H), 3.15 

(broad s, 4H), 1.51 (broad s, 3H), 1.04 (broad s, 3H); MS (ESI) (m/z) 693.2 (2M+Na)+. 

 

1-(Carbamoyloxy)-1-(4-(5-(4-fluorobenzyl)thiophen-2-yl)-2λ3-but-3-yn-2-yl)urea (RF22) 

Following general procedure 3. ABT-761 (50 mg, 0.157 mmol), (trimethylsilyl)isocyanate 

(32 µL, 0.24 mmol), and N-methylmorpholine (26 µL, 0.24 mmol) were dissolved in DCM 

(1 mL). The resulting mixture was allowed to stir for 2 hours at room temperature. The 

reaction was quenched with 0.5N HCl and purified by reversed phase chromatography to 

afford 9.1 mg product as light yellow powder (16% yield). 1H NMR (400MHz, MeOD) δ 
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7.18 (dd, J = 8.64, 5.4Hz, 2H), 6.98-6.93 (m, 3H), 6.65(d, J = 3.64Hz, 1H), 5.21 (q, J = 

7.12Hz, 1H), 4.03 (s, 2H), 1.43 (d, J = 7.00Hz, 3H); MS (ESI) (m/z) 362.1 (M+H)+.  

 

 

1-(4-(5-(4-Fluorobenzyl)thiophen-2-yl)-2λ3-but-3-yn-2-yl)-1-((methylcarbamoyl)-

oxy)urea (RF23) 

Following general procedure 3. ABT-761 (40 mg, 0.126 mmol), methyl isocyanate (9.3 µL, 

0.15 mmol), and triethylamine (26.3µL, 0.19 mmol) were dissolved in DCM (1 mL). The 

resulting mixture was allowed to stir overnight at room temperature. The reaction was 

quenched with 0.5N HCl solution and purified by reversed chromatography to afford 20.1 

mg white solid as product (43% yield). 1H NMR (400MHz, MeOD) δ 7.26 (dd, J = 5.64, 

8.24Hz, 2H), 7.06-7.01 (m, 3H), 6.73 (d, J = 3.52Hz, 1H), 5.28 (q, J = 6.84Hz, 1H), 4.11 

(s, 2H), 2.76 (s, 3H), 1.46 (d, J = 6.96Hz, 3H); MS (ESI) (m/z) 376.1 (M+H)+.  
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1-((Dimethylcarbamoyl)oxy)-1-(4-(5-(4-fluorobenzyl)thiophen-2-yl)-2λ3-but-3-yn-2-

yl)urea (RF24) 

Following general procedure 3. ABT-761 (40 mg, 0.13 mmol), triethylamine (36 µL, 0.26 

mmol), and dimethylcarbamyl chloride (19 µL, 0.2 mmol) were dissolved in DCM (1 mL) 

and stirred at 60 °C overnight gave the target molecule as a yellow wax (14.4 mg, 29% 

yield) after reversed phase chromatography. 1H NMR (400MHz, MeOD) δ 7.28 (dd, J = 

8.56, 5.48Hz, 2H), 7.03 (td, J = 7.32, 2.20Hz, 3H), 6.74 (d, J = 3.52Hz, 1H), 5.29 (q, J = 

6.84Hz, 1H), 4.12 (s, 2H), 3.06 (s, 3H), 2.97 (broad s, 3H), 1.46 (d, J = 5.20Hz, 3H); MS 

(ESI) (m/z) 390.1 (M+1)+. 

 

1-((Ethylcarbamoyl)oxy)-1-(4-(5-(4-fluorobenzyl)thiophen-2-yl)-2λ3-but-3-yn-2-yl)urea 

(RF25) 

Following general procedure 3. ABT-761 (70 mg, 0.22 mmol), ethyl isocyanate (34.6 µL, 

0.44 mmol), and N-methylmorpholine (49 µL, 0.44 mmol) were dissolved in dry THF (1 

mL). The resulting mixture was allowed to stir at room temperature overnight to afford 
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29.7 mg yellow wax as product (35% yield). 1H NMR (400MHz, MeOD) δ 7.15 (dd, J = 

8.52, 5.44Hz, 2H), 6.93 (td, J = 6.76, 4.40Hz, 3H), 6.64 (s, 1H), 5.18 (q, J = 6.76Hz, 1H), 

4.00 (s, 2H), 3.51-3.35 (m, 8H), 1.34 (d, J = 6.76Hz, 3H); MS (ESI) (m/z) 432.1 (M+1)+. 

 

1-((Diethylcarbamoyl)oxy)-1-(4-(5-(4-fluorobenzyl)thiophen-2-yl)-2λ3-but-3-yn-2-

yl)urea (RF26) 

Following general procedure 3. ABT-761 (50 mg, 0.16 mmol), diethylcarbamoyl chloride 

(30 µL, 0.24 mmol), triethylamine (33 µL, 0.24 mmol), and 4-dimethylaminopyridine (3 

mg, 0.016 mmol) were dissolved in DCM (1 mL). The resulting mixture was allowed to 

stir at room temperature overnight. The reaction was quenched with 0.5N HCl and purified 

by reversed phase chromatography to afford 40.1 mg yellow wax as product (61.4% yield). 

1H NMR (400MHz, MeOD) δ 7.18 (dd, J = 8.56, 5.48Hz, 2H), 7.02-6.99 (m, 3H), 6.64 (d, 

J = 3.60Hz, 1H), 5.42 (q, J = 6.96Hz, 1H), 4.07 (s, 2H), 3.41 (broad s, 4H), 1.50 (d, J = 

6.88Hz, 3H), 1.26 (t, J = 6.96, 3H), 1.14 (s, 3H); MS (ESI) (m/z) 418.1 (M+1)+. 
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(E)-N-(Carbamoyloxy)-N-(3-(3-phenoxyphenyl)allyl)acetamide (RF27) 

Following general procedure 3. BWA4C (70 mg, 0.25 mmol), triethylamine (70 µL, 0.5 

mmol) were dissolved in DCM (1 mL). The resulting mixture was allowed to stir at 40 °C 

overnight. The reaction was quenched with saturated NH4Cl solution, extracted with 

EtOAc, concentrated, and purified with reversed phase chromatography to afford 15.6 mg 

white solid as product (22.8% yield). 1H NMR (400MHz, CDCl3) δ 7.27-7.25 (m, 2H), 

7.19-7.17 (m, 1H), 7.05-7.03 (m, 2H), 6.94-6.93 (m, 3H), 6.82 (dd, J = 7.44, 1.64Hz, 1H), 

6.43 (d, J = 15.84Hz, 1H), 6.09 (dt, J = 15.84, 6.12Hz, 1H), 4.95 (broad s, 2H), 4.38 (d, J 

= 6.12Hz, 2H), 2.02 (s, 3H); MS (ESI) (m/z) 327.1 (M+H)+. 

 

(E)-N-((Methylcarbamoyl)oxy)-N-(3-(3-phenoxyphenyl)allyl)acetamide (RF28) 

Following general procedure 3. BWA4C (40 mg, 0.126 mmol), methyl isocyanate (10.5 

µL, 0.15 mmol), and triethylamine (26.3 µL, 0.19 mmol) were dissolved in DCM (1 mL). 

The resulting mixture was allowed to stir overnight at room temperature. The reaction was 

quenched with 0.5N HCl solution and purified by reversed chromatography to afford 37.1 

mg yellow wax as product (77% yield). 1H NMR (400MHz, CDCl3) δ 7.27-7.25 (m, 2H), 
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7.19-7.17 (m, 1H), 7.05-7.03 (m, 2H), 6.94-6.93 (m, 3H), 6.82 (dd, J = 7.44, 1.64Hz, 1H), 

6.43 (d, J = 15.84Hz, 1H), 6.09 (dt, J = 15.84, 6.12Hz, 1H), 4.95 (broad s, 2H), 4.38 (d, J 

= 6.12Hz, 2H), 2.02 (s, 3H); MS (ESI) (m/z) 341.1 (M+H)+. 

 

(E)-N-((Dimethylcarbamoyl)oxy)-N-(3-(3-phenoxyphenyl)allyl)acetamide (RF29) 

Following general procedure 3. BWA4C (67.5 mg, 0.24 mmol), N,N-

diisopropylethylamine (61 µL, 0.36 mmol), and dimethylcarbamyl chloride (33 µL, 0.36 

mmol)  were dissolved in DCM (1 mL) gave the target molecule as a yellow wax (47.1 mg, 

56.3% yield) after reversed phase chromatography. 1H NMR (400MHz, CDCl3) δ 7.18-

7.13 (m, 2H), 7.11-7.09 (m, 1H), 6.95-6.91 (m, 2H), 6.85-6.80 (m, 3H), 6.73 (ddd, J = 6.44, 

2.24, 0.60Hz, 1H), 6.34 (d, J = 15.84Hz, 1H), 6.02 (dt, J = 15.84, 5.72Hz, 1H), 4.28 (d,  J 

= 5.72Hz, 2H), 1.90 (s, 3H); MS (ESI) (m/z) 355.1 (M+H)+. 

 

(E)-N-((Ethylcarbamoyl)oxy)-N-(3-(3-phenoxyphenyl)allyl)acetamide (RF30) 

Following general procedure 3. BWA4C (70.7 mg, 0.25 mmol), ethyl isocyanate (20 µL, 

0.25 mmol), N-methylmorpholine (55µL, 0.5 mmol) were dissolved in dry THF (1 mL). 

The mixture was stirred overnight at room temperature. The reaction was then quenched 
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with saturated NH4Cl solution, extracted with EtOAc, concentrated and purified by normal 

phase chromatography (40% EtOAc/Hexs) to afford product as light yellow wax (74.6 mg, 

83.5% yield). 1H NMR (400MHz, CDCl3) δ 7.35 (dd, J = 5.12, 8.56Hz, 1H), 7.29 (dd, J = 

10.68, 7.88Hz, 1H), 7.15-7.11 (m, 2H), 7.03-7.00 (m, 3H), 6.92 (ddd, J = 8.12, 2.40, 0.8Hz, 

1H), 6.52 (d, J = 15.84Hz, 1H), 6.18 (dt, J = 15.84, 6.52Hz, 1H), 5.04 (q, J = 4.24, 1H), 

4.46 (d, J = 5.76, 2H), 2.88 (d, J = 4.88Hz, 3H), 2.10 (s, 3H); MS (ESI) (m/z) 341.1 (M+H)+. 

 

(E)-N-((Diethylcarbamoyl)oxy)-N-(3-(3-phenoxyphenyl)allyl)acetamide (RF31) 

Following general procedure 3. BWA4C (70 mg, 0.25 mmol), diethylcarbamoyl chloride 

(47 µL, 0.37 mmol), triethylamine (63.5 µL, 0.37 mmol), and N,N-Diisopropylethylamine 

(63.5 µL, 0.37 mmol) were dissolved in DCM (1 mL). The resulting mixture was allowed 

to stir at room temperature overnight. The reaction was quenched with 0.5N HCl and 

purified by reversed phase chromatography to afford 60 mg yellow wax as product (63.5% 

yield). 1H NMR (400MHz, CDCl3) δ 7.27-7.25 (m, 2H), 7.19-7.17 (m, 1H), 7.05-7.03 (m, 

2H), 6.94-6.93 (m, 3H), 6.82 (dt, J = 8.04, 0.64Hz, 1H), 6.43 (d, J = 15.84Hz, 1H), 6.09 

(dt, J = 15.84, 5.44Hz, 1H), 4.39 (d, J = 5.44Hz, 2H), 3.26-3.19 (m, 4H), 1.99 (s, 3H), 1.06 

(t, J = 7.00, 6H); MS (ESI) (m/z) 383.2 (M+H)+. 
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(R)-1-(1-(Benzo[b]thiophen-2-yl)ethyl)-1-((morpholine-4-carbonyl)oxy)urea (RF32) 

Following general procedure 3. (R)-zileuton (40 mg, 0.17 mmol), triethylamine (39 µL, 0.3 

mmol), 4-dimethylaminopyridine (4 mg, 0.033 mmol), and 4-morpholinecarbonyl chloride 

(24 µL, 0.2 mmol) in DCM (1 mL) gave the target molecule as a white solid (50 mg, 83.7% 

yield) after reversed phase chromatography. 1H NMR (400MHz, CDCl3) δ 7.82 (d, J = 

7.48Hz, 1H), 7.75 (d, J = 8.72Hz, 1H), 5.94 (broad s, 1H), 5.01 (s, 2H), 3.67-3.50 (m, 8H), 

1.71 (d, J = 5.56Hz, 3H); MS (ESI) (m/z) 721.2 (2M+Na)+. 

 

(S)-1-(1-(Benzo[b]thiophen-2-yl)ethyl)-1-((morpholine-4-carbonyl)oxy)urea (RF33) 

Following general procedure 3. (S)-zileuton (40 mg, 0.17 mmol), triethylamine (39 µL, 0.3 

mmol), 4-dimethylaminopyridine (4 mg, 0.033 mmol), and 4-morpholinecarbonyl chloride 

(24 µL, 0.2 mmol) in DCM (1ml) gave the target molecule as a white solid (40.2 mg, 67.3% 

yield) after reversed phase chromatography. 1H NMR (400MHz, CDCl3) δ 7.82 (d, J = 
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7.48Hz, 1H), 7.75 (d, J = 8.72Hz, 1H), 5.94 (broad s, 1H), 5.01 (s, 2H), 3.67-3.50 (m, 8H), 

1.71 (d, J = 6.24Hz, 3H); MS (ESI) (m/z) 721.2 (2M+Na)+. 

 

(R)-1-(1-(Benzo[b]thiophen-2-yl)ethyl)-1-((4-methylpiperazine-1-carbonyl)oxy)urea 

(RF34) 

Following general procedure 3. (R)-zileuton (100 mg, 0.42 mmol) was suspended in DCM 

(2 mL) and the mixture was cooled in acetone/dry ice bath. 2.5M n-butyllithium in hexanes 

(0.5 mL, 1.25 mmol) was added to the mixture followed by 4-methyl-1-piperazinecarbonyl 

chloride hydrochloride (126 mg, 0.63 mmol). The resulting mixture was allowed to stir at 

room temperature overnight. The reaction was quenched with saturated NH4Cl solution 

and extracted with EtOAc. The organic phases are combined, concentrated, and purified 

by reversed chromatography to afford the target molecule as a yellow wax (3 mg, 2% yield). 

1H NMR (400MHz, DMSO-d6) δ 8.24 (s, 2H), 7.84 (d, J =6.56Hz, 1H), 7.78 (d, J = 6.56, 

1H), 7.38-7.77 (m, 3H), 5.80 (broad s, 1H), 3.60 (s, 3H), 2.78-2.59 (m, 6H), 2.17 (s, 2H), 

1.68 (broad s, 3H); MS (ESI) (m/z) 363.1 (M+H)+. 
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(S)-1-(1-(Benzo[b]thiophen-2-yl)ethyl)-1-((4-methylpiperazine-1-carbonyl)oxy)urea 

(RF35) 

Following general procedure 3. (S)-zileuton (100 mg, 0.42 mmol) was suspended in DCM 

(2 mL) and the mixture was cooled in acetone/dry ice bath. 2.5M n-butyllithium in hexanes 

(0.5 mL, 1.25 mmol) was added to the mixture followed by 4-methyl-1-piperazinecarbonyl 

chloride hydrochloride (126 mg, 0.63 mmol). The resulting mixture was allowed to stir at 

room temperature overnight. The reaction was quenched with saturated NH4Cl solution 

and extracted with EtOAc. The organic phases are combined, concentrated, and purified 

by reversed phase chromatography to afford the target molecule as a yellow wax (3.6 mg, 

2.3% yield). 1H NMR (400MHz, DMSO-d6) δ 8.27 (s, 2H), 7.83 (d, J =6.56Hz, 1H), 7.78 

(d, J = 6.56, 1H), 7.38-7.77 (m, 3H), 5.80 (broad s, 1H), 3.58 (s, 3H), 2.78-2.54 (m, 6H), 

2.17 (s, 2H), 1.69 (broad s, 3H); MS (ESI) (m/z) 363.1 (M+H)+. 
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1-(4-(5-(4-Fluorobenzyl)thiophen-2-yl)-2λ3-but-3-yn-2-yl)-1-((morpholine-4-carbonyl)-

oxy)-urea (RF36) 

Following general procedure 3. ABT-761 (50 mg, 0.16 mmol), triethylamine (27.5 µL, 

0.24 mmol), and 4-morpholinecarbonyl chloride (33 µL, 0.24 mmol) in DCM (1 mL) gave 

the target molecule as a yellow wax (13 mg, 19% yield) after reversed phase 

chromatography. 1H NMR (400MHz, MeOD) δ 7.15 (dd, J = 8.52, 5.44Hz, 2H), 6.93 (td, 

J = 6.76, 4.40Hz, 3H), 6.64 (s, 1H), 5.18 (q, J = 6.76Hz, 1H), 4.00 (s, 2H), 3.51-3.35 (m, 

8H), 1.34 (d, J = 6.76Hz, 3H); MS (ESI) (m/z) 432.1 (M+1)+. 

 

1-(4-(5-(4-Fluorobenzyl)thiophen-2-yl)-2λ3-but-3-yn-2-yl)-1-((4-methylpiperazine-1-

carbonyl)oxy)urea (RF37) 

Following general procedure 3. ABT-761 (50 mg, 0.16 mmol), 4-methyl-1-

piperazinecarbonyl chloride (32 µl, 0.24 mmol), and NaH (60% dispersed in mineral oil, 

4.5 mg, 0.2 mM) were dissolved in dry THF (1 mL). The resulting mixture was allowed to 
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stir at 40 °C overnight. The reaction was quenched with 0.5N HCl solution and purified by 

reversed phase chromatography to afford 3.4 mg yellow wax as product (5% yield). 1H 

NMR (400MHz, CDCl3) δ 7.19-7.08 (m, 2H), 6.94-6.90 (m, 3H), 6.58 (s, 1H), 5.32-5.30 

(m, 3H), 4.37 (broad s, 4H), 3.99 (s, 2H), 3.67 (broad s, 4H), 3.27 (s, 3H), 1.40 (d, J = 

6.64Hz, 3H); MS (ESI) (m/z) 445.2 (M+H)+. 

 

(E)-N-((Morpholine-4-carbonyl)oxy)-N-(3-(3-phenoxyphenyl)allyl)acetamide (RF38) 

Following general procedure 3. BWA4C (79.2 mg, 0.28 mmol), N,N-

diisopropylethylamine (71.8 µL, 0.42 mmol), and 4-morpholinecarbonyl chloride (49 µL, 

0.42 mmol) in DCM (1 mL) gave the target molecule as a yellow wax (105.7 mg, 95.3% 

yield) after reversed phase chromatography. 1H NMR (400MHz, CDCl3) δ 7.38-7.35 (m, 

2H), 7.32-7.10 (m, 1H), 7.14-7.12 (m, 2H), 7.04-7.00 (m, 3H), 6.94 (ddd, J = 6.44, 2.40, 

1.68Hz, 1H), 6.53 (d, J = 15.84Hz, 1H), 6.21 (dt, J = 15.84, 6.48Hz, 1H), 4.48 (d,  J = 

6.48Hz, 2H), 3.65 (broad s, 4H), 3.52-3.50 (m, 4H), 2.10 (s, 3H); MS (ESI) (m/z) 397.2 

(M+H)+. 
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(E)-N-((4-Methylpiperazine-1-carbonyl)oxy)-N-(3-(3-phenoxyphenyl)allyl)acetamide 

(RF39) 

Following general procedure 3. To a suspension of NaH (60% dispersed in mineral oil, 8.4 

mg, 0.21 mmol) in dry THF (0.23 mL) was added BWA4C (40 mg, 0.14 mmol) and 4-

methyl-1-piperazinecarbonyl chloride (24 µL, 0.21 mmol). The mixture was allowed to 

reflux for 4 days. The reaction was quenched with saturated NH4Cl, extracted with EtOAc, 

concentrated, and purified by reversed phase chromatography to afford 8.1mg yellow wax 

as product (14% yield). 1H NMR (400MHz, CDCl3) δ 7.29-7.25 (m, 2H), 7.22-7.18 (m, 

1H), 7.06-7.02 (m, 2H), 6.94-6.92 (m, 3H), 6.82 (dd, J = 8.16, 1.64Hz, 1H), 6.42 (d, J = 

15.84Hz, 1H), 6.10 (dt, J = 15.84, 6.44Hz, 1H), 4.29 (d, J = 6.04Hz, 2H), 3.97 (t, J = 5.04Hz, 

2H), 3.34 (t, J = 5.12Hz, 2H), 3.28 (t, J = 7.24Hz, 2H), 3.10 (t, J = 8.44Hz, 2H), 2.68 (s, 

3H), 2.09 (s, 3H); MS (ESI) (m/z) 410.2 (M+H)+. 
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1-(((2-Chloroethyl)carbamoyl)oxy)-1-(4-(5-(4-fluorobenzyl)thiophen-2-yl)-2λ3-but-3-yn-

2-yl)urea (RF40) 

Following general procedure 3. ABT-761 (40 mg, 0.126mmol), 2-chloroethyl isocyanate 

(40 µL, 0.46 mmol), and triethylamine (33 µL, 0.24 mmol) were dissolved in DCM (1 mL). 

The resulting mixture was allowed to stir at 60 ○C overnight. The reaction was quenched 

with 0.5N HCl solution and purified by normal phase chromatography (EtOAc/Hexs) to 

afford 36.2 mg product as yellow wax (68% yield). 1H NMR (400MHz, MeOD) δ 7.26 (dd, 

J = 8.72, 5.48Hz, 2H), 7.24-7.01 (m, 3H), 6.73 (d, J = 3.6Hz, 1H), 5.29 (q, J = 6.96Hz, 1H), 

4.11 (s, 2H), 3.59 (t, J = 5.96Hz, 2H), 3.47-3.44 (m, 2H), 1.48 (d, J = 6.96Hz, 3H); MS 

(ESI) (m/z) 424.1 (M+1)+. 
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1-(((3-Chloropropyl)carbamoyl)oxy)-1-(4-(5-(4-fluorobenzyl)thiophen-2-yl)-2λ3-but-3-

yn-2-yl)urea (RF41) 

Following general procedure 3. ABT-761 (40 mg, 0.126 mmol), 3-chloropropyl isocyanate 

(48 µL, 0.46 mmol), and triethylamine (33 µL, 0.24 mmol) were dissolved in DCM (1 ml). 

The resulting mixture was allowed to stir at 60 °C overnight. The reaction was quenched 

with 0.5N HCl solution and purified with normal phase chromatography (0-100% 

EtOAc/Hexs) to afford 46.9 mg product as yellow wax (85% yield). 1H NMR (400MHz, 

MeOD) δ 7.14 (dd, J = 8.68, 5.48Hz, 2H), 6.94-6.90 (m, 3H), 6.62 (d, J = 3.52Hz, 1H), 

5.18 (q, J = 6.88Hz, 1H), 4.00 (s, 2H), 3.49 (t, J = 6.48Hz, 2H), 3.16-3.15 (m, 2H), 1.81 (t, 

J = 6.60Hz, 2H), 1.35 (d, J = 6.92Hz, 3H); MS (ESI) (m/z) 438.1 (M+1)+. 

 

(E)-N-(((2-Chloroethyl)carbamoyl)oxy)-N-(3-(3-phenoxyphenyl)allyl)acetamide (RF42) 

Following general procedure 3. BWA4C (70 mg, 0.25 mmol), 2-chloroethyl isocyanate 

(26.4 µl, 0.25 mmol), N-methylmorpholine (55 µl, 0.5 mmol) were dissolved in dry THF 

(1 ml). The mixture was stirred overnight at room temperature. The reaction was then 
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quenched with saturated NH4Cl, extracted with EtOAc, concentrated, purified with normal 

phase chromatography (45% EtOAc/Hexs) and reversed chromatography (10-100% 

acetonitrile/water)to afford 5 mg product as light yellow wax (4.4% yield). 1H NMR 

(400MHz, CDCl3) δ 7.38-7.35 (m, 2H), 7.30-7.28 (m, 1H), 7.15-7.12 (m, 2H), 7.05-7.02 

(m, 3H), 6.92 (ddd, J = 8.12, 1.60, 0.72Hz, 1H), 6.53 (d, J = 15.84Hz, 1H), 6.18 (dt, J = 

15.84, 6.6Hz, 1H), 5.50 (broad s, 1H), 4.47 (d, J = 6.44Hz, 2H), 3.60 (s, 4H), 2.11 (s, 3H); 

MS (ESI) (m/z) 413.1 (M+Na)+. 

 

(E)-N-(((3-Chloropropyl)carbamoyl)oxy)-N-(3-(3-phenoxyphenyl)allyl)acetamide (RF43) 

Following general procedure 3. BWA4C (70 mg, 0.25 mmol), 3-chloropropyl isocyanate 

(30 µL, 0.25 mmol), N-methylmorpholine (55 µL, 0.5 mmol) were dissolved in dry THF 

(1 mL). The mixture was stirred overnight at room temperature. The reaction was then 

quenched with saturated NH4Cl, extracted with EtOAc, concentrated, purified by normal 

phase chromatography (45% EtOAc/Hexs) to afford 5 mg product as light yellow wax 

(80.4% yield). 1H NMR (400MHz, CDCl3) δ 7.12-7.21 (m, 2H), 7.19-7.15 (m, 1H), 7.00-

6.97 (m, 2H), 6.89-7.87 (m, 3H), 6.78 (ddd, J = 8.12, 1.60, 0.72Hz, 1H), 6.38 (d, J = 

15.84Hz, 1H), 6.05 (dt, J = 15.84, 6.6Hz, 1H), 5.01 (broad s, 1H), 4.32 (d, J = 6.36Hz, 2H), 

3.36 (t, J = 6.16Hz, 2H), 3.29 (q, J = 6.4Hz, 2H), 1.96 (s, 3H), 1.85 (quin, J = 6.36Hz, 3H); 

MS (ESI) (m/z) 404.1 (M+H)+. 
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1-(4-(5-(4-Fluorobenzyl)thiophen-2-yl)-2λ3-but-3-yn-2-yl)-1-(((2-methoxyphenyl)-

carbamoyl)-oxy)urea (RF44) 

Following general procedure 3. ABT-761 (50 mg, 0.16 mmol), 2-methoxyphenyl 

isocyanate (25 µL, 0.24mmol), and triethylamine (33 µL, 0.24mmol) were dissolved in dry 

DCM (1 mL) to afford 29.1mg product as yellow wax (73% yield) after normal phase 

chromatography. 1H NMR (400MHz, MeOD) δ 7.73 (d, J = 7.56Hz, 1H), 7.10-6.81 (m, 

8H), 6.56 (s, 1H), 5.23 (q, J = 6.92Hz, 1H), 3.95 (s, 2H), 3.74 (s, 3H), 1.41 (d, J = 6.92Hz, 

3H); MS (ESI) (m/z) 468.1 (M+1)+. 

 

(E)-N-(((2-Methoxyphenyl)carbamoyl)oxy)-N-(3-(3-phenoxyphenyl)allyl)acetamide 

(RF45) 

Following general procedure 3. BWA4C (70 mg, 0.25 mmol), 2-methoxyphenyl isocyanate 

(33 µL, 0.25mmol), N-methylmorpholine (55 µL, 0.5mmol) were dissolved in dry THF (1 

mL). The mixture was stirred overnight at room temperature. The reaction was then 
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quenched with saturated NH4Cl, extracted with EtOAc, concentrated, purified by normal 

phase chromatography (35% EtOAc/Hexs) and reversed chromatography to afford 12mg 

product as white yellow wax (11% yield). 1H NMR (400MHz, CDCl3) δ 7.96 (d, J = 7.84Hz, 

1H), 7.42 (s, 1H), 7.27-7.24 (m, 2H), 7.19-7.17 (m, 1H), 6.94-6.92 (m, 3H), 6.91-6.89 (m, 

4H), 6.83-6.81 (m, 2H), 6.47 (d, J = 15.84Hz, 1H), 6.16 (ddd, J = 5.24, 2.40, 1.68Hz, 1H), 

4.45 (d, J = 5.24Hz, 2H), 3.80 (s, 3H), 2.06 (s, 3H); MS (ESI) (m/z) 433.2 (M+H)+. 

 

Methyl (((1-((R)-1-(benzo[b]thiophen-2-yl)ethyl)ureido)oxy)carbonyl)-L-valinate (RF46) 

Following general procedure 3. (R)-zileuton (40 mg, 0.17 mmol), triethylamine (39 µL, 0.3 

mmol), and methyl (S)-(−)-2-isocyanato-3-methylbutyrate (31 µL, 0.2 mmol) in DCM (1 

mL) gave the target molecule as a white solid (65 mg, 73% yield) after reversed phase 

chromatography. 1H NMR (400MHz, DMSO-d6) δ 7.67-7.54 (m, 3H), 7.13-7.06 (m, 3H), 

6.46 (s, 2H), 5.40 (broad s, 1H), 3.65 (s, 1H), 3.42 (s, 3H), 1.75 (s, 1H), 1.32 (d, J = 6.20Hz, 

3H), 0.57 (s, 3H); MS (ESI) (m/z) 416.1 (M+Na)+. 
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Methyl (((1-((S)-1-(benzo[b]thiophen-2-yl)ethyl)ureido)oxy)carbonyl)-L-valinate (RF47) 

Following general procedure 3. (S)-zileuton (40 mg, 0.17 mmol), triethylamine (39 µL, 0.3 

mmol), and methyl (S)-(−)-2-isocyanato-3-methylbutyrate (31 µL, 0.2 mmol) in DCM (1 

mL) gave the target molecule as a white solid (48 mg, 72% yield) after reversed phase 

chromatography. 1H NMR (400MHz, DMSO-d6) δ 7.67-7.54 (m, 3H), 7.13-7.06 (m, 3H), 

6.46 (s, 2H), 5.41 (broad s, 1H), 3.65 (s, 1H), 3.42 (s, 3H), 1.75 (s, 1H), 1.32 (d, J = 6.20Hz, 

3H), 0.57 (s, 3H); MS (ESI) (m/z) 416.1 (M+Na)+. 

 

Methyl (((1-((R)-1-(benzo[b]thiophen-2-yl)ethyl)ureido)oxy)carbonyl)-L-phenylalaninate 

(RF48) 

Following general procedure 3. (R)-zileuton (40 mg, 0.17 mmol), triethylamine (39 µL, 0.3 

mmol), and methyl (S)-(−)-2-isocyanato-3-phenylpropionate (37 µL, 0.2 mmol) in DCM 
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(1 ml) gave the target molecule as a white solid (17 mg, 22.8% yield) after reversed phase 

chromatography. 1H NMR (400MHz, DMSO-d6) δ 7.95 (d, J = 5.8Hz, 1H), 7.79 (d, J = 

7.2Hz, 1H), 7.68 (d, J = 7.08Hz, 1H), 7.30-7.00 (m, 8H), 6.50 (s, 2H), 5.47 (broad s, 1H), 

4.24 (t, J = 7.56Hz, 1H), 3.47 (s, 3H), 2.90-2.70 (m, 2H), 1.26 (broad s, 3H); MS (ESI) 

(m/z) 464.1 (M+Na)+. 

 

Methyl (((1-((S)-1-(benzo[b]thiophen-2-yl)ethyl)ureido)oxy)carbonyl)-L-phenylalaninate 

(RF49) 

Following general procedure 3. (S)-zileuton (40 mg, 0.17 mmol), triethylamine (39 µL, 0.3 

mmol), and methyl (S)-(−)-2-isocyanato-3-phenylpropionate (37 µL, 0.2 mmol) in DCM 

(1 mL) gave the target molecule as a white solid (40 mg, 40% yield) after reversed phase 

chromatography. 1H NMR (400MHz, DMSO-d6) δ 7.85 (s, 1H), 7.69 (d, J = 7.4Hz, 1H), 

7.58 (d, J = 7.28Hz, 1H), 7.20-7.00 (m, 8H), 6.34 (s, 2H), 5.41 (q, J = 6.76Hz, 1H), 4.16 

(q, J = 7.44Hz, 1H), 4.06 (broad s, 1H), 2.83-2.66 (m, 2H), 1.28 (d, J = 6.88Hz, 3H); MS 

(ESI) (m/z) 464.1 (M+Na)+. 
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Ethyl (((1-(4-(5-(4-fluorobenzyl)thiophen-2-yl)-2λ3-but-3-yn-2-yl)ureido)oxy)carbonyl)-

glycinate (RF50) 

Following general procedure 3. ABT-761 (40 mg, 0.126 mmol), ethyl isocyanatoacetate 

(26 µL, 0.231 mmol), and triethylamine (33 µL, 0.24 mmol) were dissolved in DCM (1 

mL). The resulting mixture was allowed to stir at 60 °C overnight. The reaction was 

quenched with 0.5N HCl solution and purified by normal phase chromatography 

(EtOAc/Hexs) to afford 9.9 mg product as light yellow solid (17.6% yield). 1H NMR 

(400MHz, MeOD) δ 7.26 (dd, J = 8.44, 5.36Hz, 2H), 7.06-7.01 (m, 3H), 6.73 (d, J = 3.56Hz, 

1H), 5.29 (q, J = 7.00Hz, 1H), 4.21 (q, J = 6.36Hz, 2H), 4.11 (s, 2H), 3.91 (broad s, 2H), 

1.51 (d, 6.88Hz, 3H), 1.28 (t, J = 7.12Hz, 3H); MS (ESI) (m/z) 448.1 (M+1)+. 
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Methyl (((1-(4-(5-(4-fluorobenzyl)thiophen-2-yl)-2λ3-but-3-yn-2-yl)ureido)oxy)carbo-

nyl)-L-valinate (RF51) 

Following general procedure 3. ABT-761 (40 mg, 0.126 mmol), methyl (S)-(−)-2-

isocyanato-3-methylbutyrate (35 µL, 0.46 mmol), and triethylamine (33µL, 0.24 mmol) 

were dissolved in DCM (1 mL). The resulting mixture was allowed to stir at 60 °C 

overnight. The reaction was quenched with 0.5N HCl solution and purified by normal 

phase chromatography (EtOAc/Hexs) to afford 47.1 mg product as yellow wax (78.5% 

yield). 1H NMR (400MHz, MeOD) δ 7.26 (dd, J = 8.24, 5.44Hz, 2H), 7.03 (td, J = 6.28, 

3.20Hz, 3H), 6.73 (s, 1H), 5.30 (q, J = 7.00Hz, 1H), 4.17 (d, J = 5.44Hz, 1H), 4.10 (d, J = 

7.48Hz, 2H), 3.72 (s, 3H), 2.20-2.13 (m, 1H), 1.49 (d, J = 6.96Hz, 3H), 0.98-0.90 (m, 6H); 

MS (ESI) (m/z) 476.1 (M+1)+. 
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Methyl (((1-(4-(5-(4-fluorobenzyl)thiophen-2-yl)-2λ3-but-3-yn-2-yl)ureido)oxy)carbonyl) 

-L-phenylalaninate (RF52) 

Following general procedure 3. ABT-761 (40 mg, 0.126 mmol), methyl (S)-(−)-2-

isocyanato-3-phenylpropionate (43 µL, 0.46 mmol), and triethylamine (33 µL, 0.24 mmol) 

were dissolved in DCM (1 mL). The resulting mixture was allowed to stir at 60 °C 

overnight. The reaction was quenched with 0.5N HCl solution and purified with normal 

phase chromatography (EtOAc/Hexs) to afford 45.3 mg product as yellow solid (68.6% 

yield). 1H NMR (400MHz, MeOD) δ 7.29-7.22 (m, 7H), 7.05-6.99 (m, 3H), 6.72 (t, J = 

3.52Hz, 1H), 5.22 (q, J = 6.40Hz, 1H), 4.58-4.47 (m, 1H), 4.10 (s, 2H), 3.67 (s, 3H), 3.21-

3.15 (m, 1H), 3.00-2.94 (m, 1H), 1.42-1.23(m, 3H); MS (ESI) (m/z) 524.2 (M+1)+. 
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Ethyl (E)-(((N-(3-(3-Phenoxyphenyl)allyl)acetamido)oxy)carbonyl)glycinate (RF53) 

Following general procedure 3. BWA4C (70 mg, 0.25 mmol), ethyl isocyanatoacetate (28 

µL, 0.25 mmol), N-methylmorpholine (55 µL, 0.5 mmol) were dissolved in dry THF (1ml). 

The mixture was stirred overnight at room temperature. The reaction was then quenched 

with saturated NH4Cl, extracted with EtOAc, concentrated, purified by normal phase 

chromatography (35% EtOAc/Hexs) and reversed phase chromatography to afford 68.38 

mg product as light yellow wax (66.39% yield). 1H NMR (400MHz, CDCl3) δ 7.37-7.33 

(m, 2H), 7.31-7.27 (m, 1H), 7.14-7.10 (m, 2H), 7.04-7.00 (m, 3H), 6.91 (ddd, J = 8.04, 

2.28, 0.64Hz, 1H), 6.54 (d, J = 15.84Hz, 1H), 6.18 (dt, J = 15.84, 6.56Hz, 1H), 5.64 (t, J = 

5.04Hz, 1H), 4.47 (d, J = 5.8Hz, 2H), 4.23 (q, J = 7.12Hz, 2H), 4.00 (d, J = 5.48Hz, 2H), 

2.12 (s, 3H), 1.30 (t, J = 7.12Hz, 3H); MS (ESI) (m/z) 435.1 (M+Na)+. 

 

Methyl (E)-(((N-(3-(3-phenoxyphenyl)allyl)acetamido)oxy)carbonyl)-L-valinate (RF54) 

Following general procedure 3. BWA4C (70 mg, 0.25 mmol), methyl (S)-(−)-2-

isocyanato-3-methylbutyrate (45 µL, 0.25 mmol), N-methylmorpholine (55 µL, 0.5 mmol) 
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were dissolved in dry THF (1 mL). The mixture was stirred overnight at room temperature. 

The reaction was then quenched with saturated NH4Cl, extracted with EtOAc, concentrated, 

purified by normal phase chromatography (35% EtOAc/Hexs) and reversed phase 

chromatography to afford product as light yellow wax (67.5 mg, 61.3% yield). 1H NMR 

(400MHz, CDCl3) δ 7.37-7.33 (m, 2H), 7.28 (t, J = 8.12Hz, 1H), 7.15-7.10 (m, 2H), 7.01 

(dd, J = 8.8, 1.16Hz, 3H), 6.91 (ddd, J = 8.04, 2.36, 0.68Hz, 1H), 6.53 (d, J = 15.84Hz, 1H), 

6.19 (dt, J = 15.84, 6.64Hz, 1H), 5.60 (d, J = 9.04Hz, 1H), 4.46 (qd, J = 20.56, 6.36Hz, 2H), 

4.30 (dd, J = 9.04, 4.64Hz, 1H), 3.75 (s, 3H), 2.24-2.15 (m, 1H), 2.11 (s, 3H), 0.93 (d, J = 

6.84Hz, 2H), 0.87 (d, J = 6.84, 3H); MS (ESI) (m/z) 463.2 (M+Na)+. 

 

Methyl (E)-(((N-(3-(3-phenoxyphenyl)allyl)acetamido)oxy)carbonyl)-L-phenylalaninate 

(RF55) 

Following general procedure 3. BWA4C (70 mg, 0.25 mmol), methyl (S)-(−)-2-

isocyanato-3-phenylpropionate (45 µL, 0.25 mmol), N-methylmorpholine (55 µL, 0.5 

mmol) were dissolved in dry THF (1 mL). The mixture was stirred overnight at room 

temperature. The reaction was then quenched with saturated NH4Cl, extracted with EtOAc, 

concentrated, purified by normal phase chromatography (50% EtOAc/Hexs) and reversed 

phase chromatography to afford product as light yellow wax (99.4 mg, 73.6% yield). 1H 
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NMR (400MHz, CDCl3) δ 7.37-7.33 (m, 2H), 7.31-7.25 (m, 4H), 7.14-7.07 (m, 4H), 7.10-

6.99 (m, 3H), 6.91 (dd, J = 8.08, 1.68Hz, 1H), 6.50 (d, J = 15.84Hz, 1H), 6.11 (dt, J = 15.84, 

6.6Hz, 1H), 5.51 (d, J = 8.24Hz, 1H), 4.67 (q, J = 6.08Hz, 1H), 4.41 (d, J = 5.96Hz, 2H), 

3.76 (s, 3H), 2.01 (s, 3H), 3.13 (dd, J = 32.76, 5.36Hz, 2H), 2.02 (s, 3H); MS (ESI) (m/z) 

511.1 (M+Na)+. 

 

1-(1-(Benzo[b]thiophen-2-yl)-1λ3-ethyl)-1-((((1R,3R,5S,7R)-3,5-dimethyladamantan-1-

yl)carbamoyl)oxy)urea (RF56) 

Memantine (305 mg, 1.7 mmol) was dissolved in dry THF (15 mL) and DCM (10 mL). 

Then triethylamine (237.2 µL, 1.7 mmol) was added and the resulting mixture was allowed 

to cool down in ice bath for 15 min. 4-Nitrophenyl chloroformate (4-NPC) (343 mg, 1.7 

mmol) in THF (5 mL) was added to the mixture dropwise. The mixture was allowed to stir 

at 0 °C for 30 min, then 4 hours at room temperature to afford the crude solution of 4-

nitrophenzyl ((1r,3R,5S,7r)-3,5-dimethyladamantan-1-yl) carbamate. NaH (60% 

dispersion in mineral oil, 11 mg, 0.27 mmol) was suspended in dry THF (1 mL). Zileuton 

(52 mg, 0.22 mmol) was added to the NaH suspension and stirred at 0 °C for 30 min. Then 

crude solution of 4-nitrophenzyl ((1r,3R,5S,7r)-3,5-dimethyladamantan-1-yl)carbamate (9 

mL, 0.51 mmol) was added to the zileuton solution. The resulting mixture was allowed to 
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stir for 1 hour. The reaction was quenched with water and extracted with DCM/EtOAc. 

The organic phases were combined, dried over Na2SO4, and purified by normal phase 

chromatography to afford the target molecule as white solid (65.2 mg, 70% yield).  1H 

NMR (400MHz, CDCl3) δ 7.77 (d, J = 8.00Hz, 1H), 7.64 (d, J = 8.00Hz, 1H), 7.24-7.16 

(m, 3H), 5.65 (q, J = 7.20Hz, 1H), 2.03 (t, J = 2.80, 1H), 1.74 (s, 2H), 1.64-1.54 (m, 7H), 

1.22-1.18 (m, 4H), 1.05 (s, 2H), 0.76 (s, 6H); MS (ESI) (m/z) 465.1 (M+Na)+. 

 

1-((R)-1-(Benzo[b]thiophen-2-yl)ethyl)-1-hydroxy-3-(((1R,3R,5S,7R)-3,5-

dimethyladamantan-1-yl)carbamoyl)urea (RF57)  

The procedure was the same as that for RF56 but was purified by reversed phase 

chromatography. White solid (37.9 mg, 40.6% yield); 1H NMR (400MHz, CDCl3) δ 7.73 

(d, J = 8.80Hz, 1H), 7.64 (d, J = 8.80Hz, 1H), 7.29 (broad s, 3H), 5.70 (q, J = 6.40Hz, 1H), 

5.49 (s, 2H), 1.82 (t, J = 6.40Hz, 1H), 1.61 (d, J = 6.80Hz, 3H), 1.20-0.60 (m, 12H), 0.51 

(broad s, 6H);  MS (ESI) (m/z) 465.1 (M+Na)+. 
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1-((S)-1-(Benzo[b]thiophen-2-yl)ethyl)-1-((((1R,3R,5S,7S)-3,5-dimethyladamantan-1-

yl)carbamoyl)oxy)urea (RF58) 

The procedure was the same as that for RF56 but was purified by reversed phase 

chromatography. White solid (22.7 mg, 24.3% yield); 1H NMR (400MHz, CDCl3) δ 7.72 

(d, J = 8.00Hz, 1H), 7.67 (d, J = 8.80Hz, 1H), 8.28 (broad s, 3H), 5.69 (broad s, 2H), 5.53 

(broad s, 1H), 1.61 (s, 1H), 1.60 (d, J = 7.20Hz, 3H), 1.16-0.51 (m, 18H); MS (ESI) (m/z) 

465.1 (M+Na)+. 

 

1-((((1R,3R,5S,7R)-3,5-Dimethyladamantan-1-yl)carbamoyl)oxy)-1-(4-(5-(4-

fluorobenzyl)-thiophen-2-yl)-2l3-but-3-yn-2-yl)urea (RF59) 

The procedure was similar to that for RF56. NaH (6.8 mg, 0.17 mmol), ABT-761 (50 mg, 

0.16 mmol), and 4-nitrophenzyl ((1R,3R,5S,7R)-3,5-dimethyladamantan-1-yl)carbamate 
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(6 mL, 0.34 mmol) were used. The product was purified by normal phase chromatography 

to afford 11.5 mg yellow wax (14% yield); 1H NMR (400MHz, CDCl3) δ 7.11-7.08 (m, 

2H), 6.97 (d, J = 3.20Hz, 1H), 6.92-6.87 (m, 2H), 6.58 (d, J = 2.80Hz, 2H), 5.976 (s, 1H), 

5.30 (broad s, 2H), 3.98 (s, 2H), 1.70-1.60 (m, 1H), 1.49 (s, 5H), 1.41 (d, J = 2.80Hz, 3H), 

1.10 (s, 6H), 0.95-0.85 (m, 1H), 0.65 (s, 6H); MS (ESI) (m/z) 524.3 (M+H)+. 

 

N-((((1R,3R,5S,7R)-3,5-Dimethyladamantan-1-yl)carbamoyl)oxy)-N-((E)-3-(3-phenoxy-

phenyl)allyl)acetamide (RF60) 

The procedure was similar to that for RF56. NaH (10 mg, 0.25 mmol), BWA4C (50 mg, 

0.176 mmol), and 4-nitrophenzyl ((1R,3R,5S,7R)-3,5-dimethyladamantan-1-yl)carbamate 

solution (6 mL, 0.34 mmol) were used. The product was purified by normal phase 

chromatography to afford 56.8 mg yellow wax (66% yield); 1H NMR (400MHz, CDCl3) δ 

7.40-7.20 (m, 3H), 7.14 (d, J = 6.40Hz, 2H), 7.04-7.00 (m, 3H), 6.91 (dd, J = 8.40, 2.40Hz, 

1H), 6.52 (d, J = 45.60Hz, 1H), 6.18 (dt, J = 15.6, 6.80Hz, 1H), 4.82 (s, 1H), 4.44 (d, J = 

6.00Hz), 2.16 (t, J = 3.20Hz, 1H), 2.08 (s, 2H), 1.75 (d, J = 2.00Hz, 3H), 1.59 (s, 2H), 1.55 

(s, 3H), 1.34-1.25 (m, 4H), 1.15 (s, 2H), 0.85 (s, 6H); MS (ESI) (m/z) 489.3 (M+H)+. 
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General procedure 4: procedures to synthesize (methylthio)methoxy intermediates 

(14, 15, 16) 

NaH (60% dispersed in mineral oil, 1.78 equiv.) was suspended in dry THF. The mixture 

was stirred at room temperature for 10 min and at 0 °C for 5 min. Zileuton (1 equiv.) was 

added to the suspension portion wise and stirred at 0 °C for 30 min. Chloromethyl methyl 

sulfide (5.7 equiv.) was added to the mixture dropwise, and the resulting mixture was 

allowed to stir for 3 hours. Then the reaction was quenched with water, and extracted with 

EtOAc 3 times. The organic phase was concentrated and purified with Gilson (10% to 100% 

ACN/water) to afford the intermediates. 

 

1-(1-(Benzo[b]thiophen-2-yl)ethyl)-1-((methylthio)methoxy)urea (14) 

Following general procedure 4. NaH (60% dispersed in mineral oil, 150 mg, 3.75 mmol), 

zileuton (500 mg, 2.1 mmol), chloromethyl methyl sulfide (1 mL, 12 mmol), and dry THF 

(10 mL) were used to afford 389mg as a yellow solid (26.2% yield). 1H NMR (400MHz, 

CDCl3) δ 7.70 (d, J = 8.68Hz, 1H), 7.66 (d, J = 6.88Hz, 1H), 7.30-7.10 (m, 3H), 5.62 (q, J 

= 6.96Hz, 3H), 4.68 (s, 2H), 2.15 (s, 3H), 1.62 (d, J = 6.92Hz, 3H); MS (ESI) (m/z) 319.0 

(M+Na)+. 
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(E)-N-((Methylthio)methoxy)-N-(3-(3-phenoxyphenyl)allyl)acetamide (15) 

Following general procedure 4. NaH (60% dispersed in mineral oil, 14.2 mg, 0.35 mmol), 

BWA4C (50 mg, 0.18 mmol), chloromethyl methyl sulfide (26 µL, 0.3 mmol), and dry 

THF (5 mL) were used to afford 25.8 mg product as a yellow solid (42.5% yield). 1H NMR 

(400MHz, CDCl3) δ 7.26-7.10 (m, 3H), 7.04-7.02 (m, 2H), 6.94-6.83 (m, 3H), 6.82 (dd, J 

= 8.04, 1.64Hz, 1H), 6.45 (d, J = 15.8Hz, 1H), 6.15 (dt, J = 15.8, 6.32Hz, 1H), 4.85 (s, 2H), 

4.36 (d, J = 6.32Hz, 2H), 2.19 (s, 3H), 2.14 (s, 3H); MS (ESI) (m/z) 344.1 (M+H)+. 

 

1-(4-(5-(4-Fluorobenzyl)thiophen-2-yl)but-3-yn-2-yl)-1-((methylthio)methoxy)urea (16) 

Following general procedure 4. NaH (60% dispersed in mineral oil, 12.6 mg, 0.32 mmol), 

ABT-761 (50 mg, 0.16 mmol), chloromethyl methyl sulfide (79 µL, 0.96 mmol), and dry 

THF (1 mL) were used to afford 6.7 mg product as a yellow solid (11.3% yield). 1H NMR 

(400MHz, CDCl3) δ 7.22-7.11 (m, 2H), 6.91-6.80 (m, 3H), 6.57 (d, J = 3.6Hz, 1H), 5.20 

(q, J = 6.72Hz, 1H), 5.08 (s, 2H), 3.99 (s, 2H), 2.26 (s, 3H), 1.40 (d, J = 6.88Hz, 3H); MS 

(ESI) (m/z) 379.1 (M+H)+. 
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General procedure 5: procedures to synthesis chloromethoxy intermediates (17, 18) 

(Methylthio)methoxy intermediate (15, 16, 1 equiv.) was suspended in dry DCM and 

cooled in dry ice/acetone bath. Sulfuryl chloride (1 equiv.) was added to the mixture 

dropwise and the resulting mixture was allowed to stir at -78 ○C for 30min and overnight 

at 0 ○C. The reaction mixture was concentrated to give the crude product, which can be 

used directly into the next step or after normal phase chromatography.  

 

1-(1-(Benzo[b]thiophen-2-yl)ethyl)-1-(chloromethoxy)urea (17) 

Following general procedure 5. 14 (68 mg, 0.22 mmol), sulfuryl chloride (18 µL, 0.22 

mmol), and DCM (1 mL) were used to afford the 63 mg crude product as a yellow solid 

(100% yield). 1H NMR (400MHz, CDCl3) δ 7.67 (d, J = 8.80Hz, 1H), 7.66 (d, J = 6.00Hz, 

1H), 7.30-7.15 (m, 3H), 5.69 (q, J = 6.80Hz, 1H), 5.41 (d, 6.80Hz, 1H), 5.22 (s, 1H), 1.61 

(d, J = 6.84Hz, 3H); MS (ESI) (m/z) 308.0 (M+Na)+. 
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(E)-N-(Chloromethoxy)-N-(3-(3-phenoxyphenyl)allyl)acetamide (18) 

Following general procedure 5. 15 (24.7 mg, 0.072 mmol), sulfuryl chloride (5.8 µL, 0.072 

mmol), and DCM (0.5 mL) were used to afford 18.5 mg product as yellow wax after normal 

phase chromatography (78% yield). 1H NMR (400MHz, CDCl3) δ 7.29-7.25 (m, 2H), 7.21 

(t, J = 7.88Hz, 1H), 7.06-7.02 (m, 2H), 6.96-6.92 (m, 3H), 6.83 (dd, J = 2.36, 8.08Hz, 1H), 

6.47 (d, J = 15.88Hz, 1H), 6.12 (dt, J = 15.88, 6.44Hz, 1H), 5.59 (s, 2H), 4.39 (dd, J = 6.40, 

1.16Hz, 2H), 2.14(s, 3H); MS (ESI) (m/z) 332.1 (M+H)+. 

 

3,4,5-Triacetoxybenzoic acid (19) 

Gallic acid (1 g, 5.88 mmol) was suspended in acetic anhydride (3.34 mL, 35.3 mmol) at 

0 °C, then pyridine (0.6 mL, 7.6 mmol) was added. The mixture was stirred at room 

temperature for 2 min and the mixture was solidified. The reaction was then worked up 

immediately with ice water, and 6N HCl (1.5 mL) was added to adjust the pH to 2. The 

mixture was then extracted with DCM, and concentrated to give 1.56 g white solid as 

intermediate acetylated gallic acid (90% yield). 1H NMR (400MHz, CDCl3) δ 7.79 (s, 2H), 

2.24 (s, 9H); MS (ESI) (m/z) 319.0 (M+Na)+. 
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3,4,5-Tris((tert-butyldimethylsilyl)oxy)benzoic acid (20) 

Gallic acid (1.5 g, 8.28 mmol), TBDMSCl (6.3 g, 42 mmol), and imidazole (6 g, 88.2 mmol) 

were dissolved in DMF (22 mL). The resulting mixture was allowed to stir at room 

temperature for 48 hours. The precipitate was filtered and washed with water and then 

dissolved in THF (127 mL) and AcOH/H2O (3:1, 170 mL) and the resulting mixture was 

allowed to stir at room temperature overnight. The resulting mixture was extracted with 

EtOAc, dried over Mg2SO4, and concentrated to afford 4.13 g white solid as product (91% 

yield). 1H NMR (400MHz, DMSO-d6) δ 11.69 (s, 1H), 7.12 (s, 2H), 0.96 (s, 9H), 0.90 (s, 

18H), 0.22 (s, 12H), 0.12 (s, 6H). 

 

N,S-Diacetyl-L-cysteine (21) 

NaOH (2.13 g, 53.3 mmol) was dissolved in water (14 mL) and cooled in an ice bath. To 

this cooled solution, L-cysteine hydrochloride was added, followed by acetic anhydride 

(3.46 mL, 34 mmol). The resulting mixture was allowed to stir for 30 min at 0 °C, and then 
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6N HCl (4 ml) was added to the mixture to adjust the pH to 2. The mixture was extracted 

with EtOAc, purified by reversed phase chromatography, and concentrated on a GeneVac 

EZ2 evaporator to afford 3.68 g white solid as product (94% yield). 1H NMR (400MHz, 

CDCl3) δ 6.55 (d, J = 6.44Hz, 1H), 6.48 (s, 1H), 4.65 (q, J = 4.36Hz, 1H), 3.32 (dd, J = 4.4, 

6.80Hz, 2H), 2.32 (s, 3H), 1.99 (s, 3H); MS (ESI) (m/z) 206.00 (M+H)+. 

 

General procedure 6: procedures to make compounds with distal ester bond (RF61 - 

RF63, RF66 - RF67, RF69, RF71, 52-59) 

To a mixture of 17 (1 equiv.) and various carboxylic acids (1 equiv.) in DMF or EtOAc, 

Et3N (1.5 to 3.5 equivs.) was added dropwise. The mixture was allowed to stir at 50 ○C for 

1-5 hours or room temperature for 0.5-1.25 hours. The reaction was worked up with 

saturated ammonium chloride solution and purification with normal or reversed phase 

chromatography.  

 

((1-(1-(Benzo[b]thiophen-2-yl)-1λ3-ethyl)ureido)oxy)methyl 3,4,5-trihydroxybenzoate 

(RF61) 
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Following general procedure 6. 17 (50 mg, 0.17 mmol), 20 (108.6 mg, 0.21 mmol), EtOAc 

(1 mL), and Et3N (40 µL, 0.27 mmol) were used in this reaction. The reaction was 

completed after 5 hours at 50 °C. The compound was purified with 10% EtOAc/Hexs. The 

fraction was combined, concentrated, and dissolved into 2 mL THF. The mixture was 

cooled in ice bath. TBAF hydrate (363 mg, 1.14 mmol) was added and the mixture was 

stirred at 0 °C for 30 min. The reaction was then quenched with saturated NH4Cl solution 

and extracted with EtOAc. The organic phases were combined and dried over Mg2SO4. 

The mixture was then purified with Gilson and got 36 mg white solid (56% yield). 1H NMR 

(400MHz, DMSO-d6) δ 9.40 (s, 2H), 9.15 (s, 1H), 7.95 (d, J = 7.36Hz, 1H), 7.83 (d, J = 

7.88Hz, 1H), 7.84-7.82 (m, 3H), 7.06 (s, 2H), 6.70 (s, 2H), 5.74 (s, 1H), 5.59 (q, J = 7.00Hz, 

1H), 5.44 (s, 1H), 1.64 (d, J = 7.00Hz, 3H); MS (ESI) (m/z) 441.0 (M+Na)+.  

 

((1-(1-(Benzo[b]thiophen-2-yl)-1λ3-ethyl)ureido)oxy)methyl 3,4,5-trimethoxybenzoate 

(RF62) 

Following general procedure 6. 17 (36.4 mg, 0.13 mmol), eudesmic acid (27.2 mg, 0.13 

mmol), DMF (0.5 mL), and Et3N (63 µL, 0.45mmol) were used in the reaction. The 

reaction completed in 15 min at 50 °C and purified by reversed phase chromatography to 

afford 22.6 mg white solid (45% yield). 1H NMR (400MHz, CDCl3) δ 7.82 (d, J = 6.80Hz, 
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1H), 7.75 (d, J = 6.40Hz, 1H), 7.35-7.29 (m, 3H), 5.77 (q, J = 7.60Hz, 1H), 5.59 (broad s, 

2H), 3.94 (s, 3H), 3.91 (s, 6H), 1.75 (d, J = 6.80Hz, 3H); MS (ESI) (m/z) 483.1 (M+Na)+.  

 

5-((((1-(1-(Benzo[b]thiophen-2-yl)-1λ3-ethyl)ureido)oxy)methoxy)carbonyl)benzene-

1,2,3-triyl triacetate (RF63) 

Following general procedure 6. This intermediate 17 (52 mg, 0.176 mmol), 19 (50 mg, 

0.176 mmol), DMF (1 mL), and Et3N (37 µL, 0.264 mmol) were used in the reaction. The 

reaction was completed after 1 hours at 50 °C Purification by normal phase chromatography 

(50% EtOAc/Hexs) to afford 38.1 mg white solid (40% yield). 1H NMR (400MHz, CDCl3) 

δ 7.72 (d, J = 6.00Hz, 1H), 7.66 (d, J = 6.00Hz, 1H), 7.26-7.23 (m, 3H), 5.67 (q, J = 6.80Hz, 

1H), 5.52 (s, 2H), 1.63 (d, J = 7.20Hz, 3H); MS (ESI) (m/z) 567.1 (M+Na)+. 

 

((1-(1-(Benzo[b]thiophen-2-yl)ethyl)ureido)oxy)methyl N,S-diacetyl-D-cysteinate (RF66) 
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Following general procedure 6. 17 (100 mg, 0.35 mmol), 21 (79. 4mg, 0.39 mmol), DMF 

(1 mL), and Et3N (74 µL, 0.53 mmol) were used in this reaction. The reaction completed 

in 1.25 hours at room temperature. The compound was purified by reversed phase 

chromatography to afford 69.1 mg white solid (43% yield). 1H NMR (400MHz, CDCl3) δ 

7.72 (d, J = 6.80Hz, 1H), 7.66 (d, J = 6.80Hz, 1H), 7.26-7.22 (m, 3H), 6.28 (d, J = 26.4Hz, 

1H), 5.64 (q, J = 6.80Hz, 1H), 5.45 (d, J = 6.80Hz, 1H), 5.31 (d, J = 6.40Hz, 1H), 4.54 (m, 

1H), 3.24-3.21 (m, 2H), 2.28 (s, 3H), 1.93 (d, J = 3.20Hz, 3H),  1.61 (t, J = 7.20Hz, 3H); 

MS (ESI) (m/z) 476.1 (M+Na)+. 

 

((1-(1-(Benzo[b]thiophen-2-yl)ethyl)ureido)oxy)methyl (4S)-2-oxothiazolidine-4-

carboxylate (RF67) 

Following general procedure 6. 17 (27.8 mg, 0.1 mmol), L-2-oxothiazolidine-4-carboxylic 

acid (14.4 mg, 0.1 mmol), DMF (0.5 ml), and Et3N (13.6 µL, 0.1 mmol) were used in this 

reaction. The reaction was completed after 0.5 hour at room temperature. The product was 

purified with normal phase chromatography (80% EtOAc/Hexs) to afford 21.5 mg yellow 

wax (55.7% yield). 1H NMR (400MHz, CDCl3) δ 7.70 (d, J = 8.00Hz, 1H), 7.66 (d, J = 

8.40Hz, 1H), 7.26-7.19 (m, 3H), 5.64 (q, J = 6.96Hz, 1H), 5.48-5.35 (m, 3H), 4.24-4.20 

(m, 1H), 3.57-3.49 (m, 2H), 1.61 (d, J = 6.88Hz, 3H); MS (ESI) (m/z) 419.1 (M+Na)+. 
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((1-(1-(Benzo[b]thiophen-2-yl)ethyl)ureido)oxy)methyl acetyl-D-methioninate (RF69) 

Following general procedure 6. 17 (12 mg, 0.042 mmol), N-acetyl-L-methionine (8 mg, 

0.046 mmol), DMF (0.2 mL), and Et3N (8.6 µL, 0.063 mmol) were used in this reaction. 

The reaction was completed in 1 hour at 50 °C. The compound was purified by reversed 

phase chromatography to afford 2.7 mg white solid (14.7% yield). 1H NMR (400MHz, 

CDCl3) δ 7.82 (d, J =6.88Hz, 1H), 7.76 (d, J = 6.20Hz, 1H), 7.40-7.31 (m, 3H), 6.13-6.06 

(m, 1H), 5.75 (q, J = 7.04Hz, 1H), 5.55 (d, J = 6.72Hz, 1H), 5.39 (broad s, 1H), 4.68-4.60 

(m, 1H), 2.54-2.53 (m, 2H), 2.16-2.12 (m, 1H), 2.11 (s, 3H), 2.04 (s, 3H), 2.02-1.94 (m, 

1H), 1.70 (t, J = 7.68Hz, 3H); (ESI) (m/z) 462.0 (M+Na)+. 
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((1-(1-(Benzo[b]thiophen-2-yl)ethyl)ureido)oxy)methyl 5-((R)-1,2-dithiolan-3-yl)-

pentanoate (RF71) 

Following general procedure 6. 17 (50 mg, 0.176 mmol), α-lipoic acid (36.3 mg, 0.176 

mmol), DMF (1 ml), and Et3N (37 µL, 0.27 mmol) were used in this reaction. The reaction 

was completed in 2 hours at 50 °C. The product was purified with reversed phase 

chromatography to afford 27.7 mg yellow solid (40% yield). 1H NMR (400MHz, CDCl3) 

δ 7.57 (d, J = 8.80Hz, 1H), 7.51 (d, J = 8.80Hz, 1H), 7.12-7.07 (m, 3H), 5.49 (q, J = 7.20Hz, 

1H), 5.11 (s, 2H), 4.94 (s, 2H), 3.33 (sext, J = 6.40Hz, 1H), 2.92-2.89 (m, 2H), 2.23 (sext, 

J = 6.80Hz, 1H), 2.10 (t, J = 7.60Hz, 2H), 1.72-1.60 (m, 1H), 1.46-1.40 (m, 6H), 1.25-1.22 

(m, 3H); MS (ESI) (m/z) 477.1 (M+Na)+. 

 

Methyl acetyl-L-methioninate (22) 

N-acetyl-L-methionine (500 mg, 2.6 mmol) was dissolved in dry MeOH (7 mL). Then 

thionyl chloride (227.8 µL, 3.14 mmol) was added dropwise. The reaction was allowed to 
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stir at room temperature for 1.5 hours. Then the reaction was extracted with EtOAc and 

concentrated to afford 450 mg clear liquid as product (78% yield). 1H NMR (400MHz, 

DMSO-d6) δ 8.27 (d, J = 7.44Hz, 1H), 4.38-4.32 (m, 1H), 3.63 (s, 3H), 2.51-2.44 (m, 3H), 

2.04 (s, 3H), 2.04-1.83 (m, 5H).  

 

N-Acetyl-S-(tert-butylthio)-L-cysteine (25) 

NaOH (40 mg, 1 mmol) was dissolved in H2O (1 mL) and cooled in ice bath. S-tert-

butylmercapto-L-cysteine (100 mg, 0.48 mmol) was added and the mixture, followed by 

acetic anhydride (90 µL, 1 mmol). The mixture was allowed to stir for 30 min at 0 °C. The 

reaction was quenched with 6N HCl and extracted with EtOAc to afford 109.2 mg product 

as white solid (91% yield). 1H NMR (400MHz, DMSO-d6) δ 12.84 (broad s, 1H), 8.28 (d, 

J = 7.96Hz, 1H), 4.49-4.43 (m, 1H), 3.10-3.06 (m, 1H), 2.98-2.92 (m, 1H), 1.86 (s, 3H), 

1.30 (s, 9H); MS (ESI) (m/z) 252.1 (M+H)+. 
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Methyl N-acetyl-S-(tert-butylthio)cysteinate (26) 

25 acid (50 mg, 0.2 mmol) was dissolved in MeOH (0.7 ml). SOCl2 (17.4 µL, 0.24 mmol) 

was added to the mixture. The resulting mixture was allowed to stir at room temperature 

for 1.5 hours. The mixture was concentrated, extracted with brine and EtOAc. The organic 

phases were combined, dried over Na2SO4, concentrated to afford 51.2 mg product as white 

solid (97% yield). 1H NMR (400MHz, DMSO-d6) δ 8.42 (d, J = 7.68Hz, 1H), 4.56-4.51 

(m, 1H), 3.64 (s, 3H), 3.08-2.94 (m, 2H), 1.86 (s, 3H), 1.30 (s, 9H); MS (ESI) (m/z) 288.0 

(M+Na)+. 

 

General procedure 7(a): procedures to convert carboxylic acid to amides (23, 27) 

The carboxylic acids needs to convert to corresponding methyl ester as stated previously 

(22, 26). Then the methyl esters were suspended and stirred in a mixture of toluene and 

NH4OH solution for 3 to 5 hours. The mixture was concentrated to afford the targeted 

amides. 
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(S)-2-Acetamido-4-(methylthio)butanamide (23) 

Following general procedure 7(a). 22 (448 mg, 2.2 mmol) was suspended in toluene (2 mL) 

and NH4OH solution (28% NH3 in water, 2mL). The resulting mixture was allowed to stir 

for 3 hours. Then the mixture was concentrated and dried over P2O5 to afford 416 mg white 

solid as product (100% yield). 1H NMR (400MHz, CDCl3) δ 6.37 (broad s, 2H), 5.53 (s, 

1H), 4.57 (q, J = 6.92Hz, 1H), 2.55-2.47 (m, 2H),  2.06-2.01 (m, 4H), 1.96-1.87 (m, 4H).  

 

2-Acetamido-3-(tert-butyldisulfanyl)propanamide (27) 

Following general procedure 7(a). 26 (56.4 mg, 0.21 mmol) was suspended in toluene (0.2 

mL) and NH4OH solution (28% NH3 in water, 0.2mL). The mixture was allowed to stir for 

5 hours. Then the mixture was concentrated to afford the crude product 53.2 mg as white 

solid (100% yield). 1H NMR (400MHz, DMSO-d6) δ 8.12 (d, J = 8.28Hz, 1H), 7.45 (s, 1H), 

7.16 (s, 1H), 4.45-4.37 (m, 1H), 3.09-3.04 (m, 1H), 2.92-2.86 (m, 1H), 1.85 (s, 3H), 1.29 

(s, 9H); MS (ESI) (m/z) 273.1 (M+Na)+. 

 

General procedure 7(b): alternative procedures to convert carboxylic acid to amides 

(29, 30) 

The carboxylic acid (1 equiv.) was dissolved in THF and cooled in ice bath for 5 min. Ethyl 

chloroformate (2.38 equiv.) and Et3N (2.6 equiv.) were added dropwise. The resulting 
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mixture was allowed to stir at 0 ○C for 10 min, and the precipitate was filtered. 0.5M NH3 

in dioxane (5 equiv.) was added to the filtrate and the mixture was stirred at room 

temperature for 1 hour. The precipitate was filtered, and the filtrate was concentrated to 

afford the corresponding amide.  

 

3,4,5-Tris((tert-butyldimethylsilyl)oxy)benzamide (29) 

Following general procedure 7(b). 20 (100 mg, 0.2 mmol), ethyl chloroformate (44 µL, 

0.46 mmol), Et3N (70.6 µL, 0.5 mmol), 0.5M NH3 in dioxane (2 mL, 1.0 mmol), and THF 

(2 mL) were used to afford 40 mg white solid as product after reversed phase 

chromatography (40% yield). 1H NMR (400MHz, CDCl3) δ 6.98 (s, 2H), 5.86 (s, 2H), 1.01 

(s, 9H), 0.97 (s, 18H), 0.25 (s, 12H), 0.15 (s, 6H); MS (ESI) (m/z) 512.3 (M+H)+. 

 

(R)-5-(1,2-Dithiolan-3-yl)pentanamide (30) 

Following general procedure 7(b). α-Lipoic acid (100 mg, 0.48 mmol), ethyl chloroformate 

(109 µL, 1.15 mmol), Et3N (175.4 µL, 1.26 mmol), 0.5M NH3 in dioxane (5 mL, 2.5 mmol), 

and THF (2 mL) were used to afford 100 mg yellow solid as product (100% yield). 1H 

NMR (400MHz, CDCl3) δ 5.39 (s, 3H), 3.53-3.48 (m, 1H), 3.20-2.98 (m, 2H), 2.39 (sext., 
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J = 6.46Hz, 1H), 2.17 (t, J = 7.20Hz, 2H),1.84 (sext., J = 6.92Hz, 1H), 10.67-1.57 (m, 4H), 

1.45-1.39 (m, 2H); MS (ESI) (m/z) 206.1 (M+H)+. 

 

General procedure 8(a): procedure to synthesize distal amide promoieties with 

benzotrazole as a leaving group (24, 28, 47-50) 

Amides (1 equiv.) and benzotriazole derivatives (1 equiv.) were dissolved into acetic acid. 

The mixture was refluxed for 1-12 hours. The mixture was then concentrated and purified 

with normal/reversed phase chromatography or recrystallization.  

 

(S)-N-((1H-Benzo[d][1,2,3]triazol-1-yl)methyl)-2-acetamido-4-(methylthio)butanamide 

(24) 

Following general procedure 8(a). 23 (500 mg, 2.63 mmol) and 1H-benzotriazole-1-

methanol (400 mg, 3.5 mmol) were suspended in acetic acid (6 mL). The resulting mixture 

was allowed to reflux for 2 hours. The mixture was concentrated and purified with reversed 

phase chromatography to afford 150 mg white powder as product (17.8% yield). 1H NMR 

(400MHz, CDCl3) δ 7.97 (d, J = 8.40Hz, 1H), 7.77(d, J = 8.36Hz, 1H), 7.66 (t, J = 6.88Hz, 

1H), 7.45 (t, J = 7.08Hz, 1H), 7.32 (t, J = 7.00Hz, 1H), 6.11 (d, J = 8.00Hz, 1H), 6.03 (t, J 
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= 7.12Hz, 2H), 4.52 (q, J = 7.04Hz, 1H), 2.45-2.31 (m, 1H), 2.31-2.24 (m, 1H), 2.01-1.81 

(m, 8H); MS (ESI) (m/z) 322.1 (M+H)+. 

 

N-((1H-Benzo[d][1,2,3]triazol-1-yl)methyl)-2-acetamido-3-(tert-butyldisulfanyl)-

propanamide (28) 

Following general procedure 8(a). 27 (773 mg, 3.1 mmol) and 1H-benzotriazole-1-

methanol (462 mg, 3.1 mmol) were suspended in AcOH (8.8 mL) and refluxed for 2 hours. 

The acetic acid was evaporated out and the residue was purified with reversed phase 

chromatography to afford 274 mg product as yellow solid (23% yield). 1H NMR (400MHz, 

CDCl3) δ 8.30 (broad s, 1H), 7.93 (d, J = 8.24Hz, 1H), 7.81 (d, J = 8.40Hz, 1H), 7.43 (t, J 

= 8.28Hz, 1H), 7.29 (t, J = 8.36Hz, 1H), 6.55 (d, J = 7.40Hz, 1H), 6.08-5.96 (m, 2H), 4.73 

(q, J = 6.32Hz, 1H), 3.04-2.93 (m, 2H), 1.92 (s, 3H), 1.15 (s, 9H); MS (ESI) (m/z) 282.1 

(M+H)+. 

 

General procedure 8(b): alternative procedures to synthesize distal amide 

promoieties with benzotrazole as a leaving group (31, 32) 

Amides (1 equiv.), 1H-benzotriazole-1-methanol (1 equiv.), and p-toluenesulfonic acid 

(0.1 equiv.) were suspended in dry toluene and the resulting mixture was stirred at 100 °C 

oil-bath for 1.5 hours. Quench the reaction with 5% KOH solution and extracted with 
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EtOAc. The organic phases were combined, concentrated and purified by reversed phase 

chromatography.  

 

N-((1H-Benzo[d][1,2,3]triazol-1-yl)methyl)-3,4,5-tris((tert-butyldimethylsilyl)oxy)-

benzamide (31) 

Following general procedure 8(b). 29 (40 mg, 0.078 mmol), 1H-benzotriazole-1-methanol 

(11.7 mg, 0.078 mmol), and p-toluenesulfonic acid (1.5 mg, 0.008 mmol), and toluene (1 

mL) were used to affo rd 45 mg yellow wax as product after DCM and water extraction 

(90% yield). 1H NMR (400MHz, CDCl3) δ 74.83 (d, J = 8.40Hz, 2H), 7.33 (t, J = 7.60Hz, 

1H), 7.18 (t, J = 7.60Hz, 1H), 6.88 (t, J = 6.80Hz, 1H), 6.73 (s, 2H), 6.08 (d, J = 6.80Hz, 

2H), 0.76 (s, 12H), 0.73 (s, 15H), 0.00 (s, 12H), -0.15 (s, 6H).  

 

(R)-N-((1H-Benzo[d][1,2,3]triazol-1-yl)methyl)-5-(1,2-dithiolan-3-yl)pentanamide (32) 

Following general procedure 8(b). 30 (35 mg, 0.17 mmol), 1H-benzotriazole-1-methanol 

(25.5 mg, 0.17 mmol), p-toluenesulfonic acid (3.3 mg, 0.017 mmol), and toluene (2.5 mL) 

were used to afford 55 mg yellow wax as product (95.7% yield). 1H NMR (400MHz, 

CDCl3) δ 7.94 (d, J = 8.40Hz, 1H), 7.85 (d, J = 8.36Hz, 1H), 7.45 (t, J = 7.00Hz, 1H), 7.32 
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(t, J = 7.04Hz, 1H), 6.96 (t, J = 6.44Hz, 1H), 6.04 (d, J = 6.84Hz, 2H), 3.43-3.36 (m, 1H), 

3.08-2.96 (m, 2H), 2.30 (sext., J = 6.52Hz, 1H), 2.19 (t, J = 7.40Hz, 2H), 1.75-1.72 (m, 

1H), 1.61-1.51 (m, 4H), 1.40-1.26 (m, 2H); MS (ESI) (m/z) 337.1 (M+H)+.  

 

General procedure 9: procedures to couple parent drugs with distal amides 

promieties (33-35, RF70, RF72, 59-64) 

NaH (60% dispersed in mineral oil, 1.3 equiv.) was suspended in dry THF. Parent drug (1 

equiv.) was added to the mixture and stirred for 5 min. To this mixture, benzotriazole amide 

derivatives (1 equiv.) was added to the mixture and the reaction was allowed to stir for 

30min. the reaction was quenched with saturated NH4Cl solution, extracted with, dried 

over Mg2SO4, and concentrated under vacuum. The residue could be purified with normal 

phase chromatography, prep TLC, or reversed phase chromatography to afford the 

corresponding linked compound.   
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(2S)-2-Acetamido-N-(((1-(1-(benzo[b]thiophen-2-yl)ethyl)ureido)oxy)methyl)-3-(tert-

butyldisulfanyl)propanamide (33) 

Following general procedure 9. NaH (60% dispersed in mineral oil, 21 mg, 0.53 mmol), 

THF (2 mL), zileuton (82.5 mg, 0.35 mmol), 28 (133.2 mg, 0.35 mmol) were used in this 

reaction. The reaction was quenched with saturated ammonium chloride solution, extracted 

with EtOAc, concentrated, and purified by reversed phase chromatography to afford 25.4 

mg yellow wax as product (14.6% yield). 1H NMR (400MHz, CDCl3) δ 7.72-7.65 (m, 2H), 

7.30-7.20 (m, 3H), 6.53 (d, J = 6.00Hz, 2H), 5.62 (q, J = 6.68Hz, 1H), 4.65 (t, J = 6.28Hz, 

3H), 3.02-2.91 (m, 2H), 2.00 (s, 3H), 1.61 (d, J = 6.36Hz, 3H), 1.25-1.24 (m, 9H); MS (ESI) 

(m/z) 499.3 (M+H)+. 
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N-(((1-(1-(Benzo[b]thiophen-2-yl)ethyl)ureido)oxy)methyl)-3,4,5-tris((tert-

butyldimethyl-silyl)oxy)benzamide (34) 

Following general procedure 9. NaH (60% dispersed in mineral oil, 11 mg, 0.27 mmol), 

zileuton (51 mg, 0.21 mmol), 30 (90 mg, 0.2 mmol), and dry THF (1 mL) was used to do 

the reaction. The residue was purified with normal phase chromatography (30% 

EtOAc/Hexs) and prep-TLC to afford 39.6 mg product as white solid (27% yield). 1H NMR 

(400MHz, CDCl3) δ 7.79-7.73 (m, 2H), 7.35-7.29 (m, 3H), 6.88 (s, 2H), 6.74 (s, 1H), 5.78 

(q, J = 6.80Hz, 1H), 4.70 (broad s, 2H), 1.68 (d, J = 6.80Hz, 3H), 0.97 (s, 9H), 0.93 (s, 

18H), 0.21 (s, 12H), 0.12 (s, 6H).  

 

(R)-3,4,5-Tris((tert-butyldimethylsilyl)oxy)-N-(((N-(3-(3-phenoxyphenyl)allyl)-

acetamido)oxy)methyl)benzamide (35) 

Following general procedure 9. NaH (60% dispersed in mineral oil, 9 mg, 0.22 mmol), 

BWA4C (50 mg, 0.17 mmol), 30 (74.3 mg, 0.16 mmol), and dry THF (1 mL) were used to 
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do the reaction. The residue was purified by reversed phase chromatography to afford 25.9 

mg product as white solid (20% yield). MS (ESI) (m/z) 899.0 (M+4Na)+. 

 

(2R)-2-Acetamido-N-(((1-(1-(benzo[b]thiophen-2-yl)ethyl)ureido)oxy)methyl)-4-

(methylthio)butanamide (RF70) 

Following general procedure 9. NaH (6.1 mg, 0.15 mmol), THF (1 mL), zileuton (41 mg, 

0.13 mmol), 24 (30 mg, 0.13 mmol) were used in the reaction. The mixture was worked up 

with saturated NH4Cl solution and purified by reversed phase chromatography to afford 

34.6 mg yellow wax as product (61.9% yield). 1H NMR (400MHz, CDCl3) δ 9.03 (q, J = 

7.60Hz, 1H), 8.14 (t, J = 5.20Hz, 1H), 7.89 (d, J = 7.20Hz, 1H), 7.79 (d, J = 7.60Hz, 1H), 

7.36-7.29 (m, 3H), 6.91 (broad s, 2H), 5.53 (q, J = 6.80Hz, 1H), 4.71 (broad s, 2H), 4.32 

(broad s, 1H), 2.44-2.40 (m, 2H), 2.02-1.701 (m, 8H), 1.60 (broad s, 3H); MS (ESI) (m/z) 

461.1 (M+Na)+.  
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N-(((1-(1-(Benzo[b]thiophen-2-yl)ethyl)ureido)oxy)methyl)-5-((R)-1,2-dithiolan-3-

yl)pentanamide (RF72) 

Following general procedure 9. NaH (60% dispersed in mineral oil, 9.4 mg, 0.24 mmol), 

THF (3 ml), zileuton (28 mg, 0.12 mmol), and 32 (40 mg, 0.12 mmol) were used in this 

reaction. The mixture was purified twice by reversed phase chromatography to yield 5.8 

mg yellow wax as product (11% yield). 1H NMR (400MHz, CDCl3) δ 7.74 (d, J = 7.08Hz, 

1H), 7.68 (d, J = 8.68Hz, 1H), 7.31-7.22 (m, 3H), 6.41 (s, 2H), 5.64 (q, J = 6.72Hz, 1H), 

4.57 (broad s, 2H), 3.50-3.45 (m, 1H), 3.11-3.00 (m, 2H), 2.41-2.30 (m, 1H), 2.20-2.10 (m, 

2H), 1.85-1.80 (m, 1H), 1.62-1.57 (m, 4H), 1.38-1.36 (m, 2H); MS (ESI) (m/z) 476.1 

(M+Na)+. 
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N-(((1-(1-(Benzo[b]thiophen-2-yl)-1λ3-ethyl)ureido)oxy)methyl)-3,4,5-

trihydroxybenzamide (RF64) 

34 (28.4 mg, 0.037 mmol) was dissolved in THF (1 mL) and stirred at 0 °C for 5 min. 

TBAF hydrate (39 mg, 0.015 mmol) was dissolved in THF (0.4 ml) and added to the 

mixture. The mixture purified by reversed phase chromatography to afford 2.7 mg product 

as clear wax (17.4% yield). 1H NMR (400MHz, CDCl3) δ 7.70 (d, J = 6.80Hz, 1H), 7.63 

(d, J = 6.80Hz, 1H), 7.24-7.10 (m, 3H), 6.89 (s, 1H), 6.78 (s, 2H), 5.65 (q, J = 6.80Hz, 1H), 

4.68 (broad s, 2H), 1.59 (broad s, 3H); MS (ESI) (m/z) 440.1 (M+Na)+. 

 

(R)-3,4,5-Trihydroxy-N-(((N-(3-(3-henoxyphenyl)allyl)acetamido)oxy)methyl)benzamide 

(RF65) 

35 (25.9 mg, 0.032 mmol) was dissolved in THF (1 mL) and stirred at 0 °C for 5 min. 

TBAF hydrate (33.2 mg, 0.13 mmol) was dissolved in THF (0.4 mL) and added to the 
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mixture. The mixture was stirred for 5 min and quenched with saturated NH4Cl and 

NaHCO3 solution. The mixture was then extracted with EtOAc and purified by reversed 

phase chromatography to afford 3 mg product as clear wax (20% yield). ). 1H NMR 

(400MHz, CDCl3) δ 7.23-7.12 (m, 3H), 7.10-6.96 (m, 2H), 6.95-6.84 (m, 3H), 6.75-6.73 

(m, 1H), 6.70 (s, 2H), 6.40 (d, J = 15.84Hz, 1H), 6.11-6.05 (m, 1H), 5.34 (s, 3H), 4.99 (d, 

J = 6.72Hz, 2H), 4.28 (d, J = 6.12Hz, 2H), 1.99 (s, 3H); MS (ESI) (m/z) 465.1 (M+H)+. 

 

(2R)-2-Acetamido-N-(((1-(1-(benzo[b]thiophen-2-yl)ethyl)ureido)oxy)methyl)-4-

mercapto-butanamide (RF68) 

33 (25.4 mg, 0.05 mmol) was dissolved in isopropanol (1 mL). The resulting solution was 

sonicated for 1min, and flushed with N2.  To this mixture, dithiothreitol (DTT, 23.6 mg, 

0.15 mmol) and triethylamine (17.7 µL, 0.13 mmol) were added. The resulting mixture 

was allowed to reflux for 24 hours. The reaction was concentrated and purified by reversed 

phase chromatography to afford 4.7 mg clear wax as product (22.5% yield). 1H NMR 

(400MHz, CDCl3) δ 7.94-7.64 (m, 2H), 7.27-7.21 (m, 3H), 6.49-6.47 (m, 3H), 5.60 (q, J = 

6.92Hz, 1H), 4.66-4.57 (m, 3H), 2.97-2.91 (m, 1H), 2.71-2.64 (m, 1H), 2.01 (s, 3H), 1.62-

1.54 (m, 4H); MS (ESI) (m/z) 433.0 (M+Na)+. 
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1-(1H-Benzo[d][1,2,3]triazol-1-yl)ethan-1-ol (36) 

Benzotriazole (1 g, 8.4 mmol) was dissolved in ether (40 mL) and cooled down to -78 °C. 

Then acetaldehyde (1.88 mL 33.6 mmol) was added to the mixture. The mixture was then 

sealed in a bottle and refluxed at 40 °C for 30 min. The reaction was cooled down to room 

temperature and concentrated to afford 699 mg white solid as product (51% yield). 1H 

NMR (400MHz, DMSO-d6) δ 15.69 (s, 1H), 9.66 (d, J = 2.88Hz, 1H), 7.92 (s, 2H), 7.46-

743 (m, 2H), 2.13 (d, J = 2.88Hz, 3H). 

 

(Z)-3-((3,4-Dimethoxyphenyl)amino)-2-formylacrylonitrile (37) 

To a suspension of NaH (60% dispersed in mineral oil, 0.4 g, 9.9 mmol) in dry ether (12 

mL) was added 3,3-dimethoxy-propionitrile (1 mL, 8.27 mmol) and methyl formate (1 ml, 

16.54 mmol). The mixture was stirred at room temperature for two days under nitrogen. 

The precipitate was filtered, washed with ether, and dried to afford 1.06 g yellow solid as 

intermediate 3, 4-dimethoxy-2-formyl-propionitrile sodium salt (78% yield). This 

intermediate and 3,4-dimethoxyaniline (0.8 g, 5.17 mmol) was then dissolved in MeOH 
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(20 mL), and 12N HCl (1.3 mL) was added dropwise. The mixture was stirred at 90 °C for 

2 hours. The yellow precipitate was filtered, washed with cold MeOH, and dried to afford 

1.0g yellow solid as the targeted intermediate (83% yield). 1H NMR (400MHz, DMSO-d6) 

δ 11.17 (s, 1H), 9.41 (s, 1H), 8.71 (s, 1H), 7.29 (s, 1H), 7.15 (d, J = 3.6Hz, 2H), 3.95 (s, 

3H), 3.90 (s, 3H); MS (ESI) (m/z) 233.10 (M+H)+. 

 

6,7-Dimethoxyquinoline-3-carbonitrile (38) 

37 (1.0 g, 4.3 mmol) was suspended in toluene (34 mL). To this mixture, p-toluenesulfonic 

acid monohydrate (0.82 g, 4.3 mmol) was added and the resulting mixture was refluxed for 

16 hours. The reaction was quenched with NaHCO3 solution and purified by reversed phase 

chromatography to afford 710 mg yellow solid as product (77% yield). 1H NMR (400MHz, 

DMSO-d6) δ 9.08 (d, J = 2.00Hz, 1H), 8.90 (d, J = 2.00Hz, 1H), 7.60 (d, J = 12Hz, 2H), 

4.12 (s, 3H), 4.07 (s, 3H); MS (ESI) (m/z) 215.1 (M+H)+. 

 

6,7-Dimethoxyquinoline-3-carboxamide (39) 

38 (780 mg, 3.64 mmol) was suspended in EtOH (17 mL). 25% NaOH solution (0.5 mL) 

was then added and the mixture was allowed to reflux for 2 hours. The reaction was 
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quenched with 1N HCl solution. The precipitate was filtered and the filtrate was extracted 

with EtOAc. The organic phases were dried over Na2SO4 and combined with the precipitate. 

The mixture was then concentrated to afford 752 mg product as yellow solid (88% yield). 

1H NMR (400MHz, CDCl3) δ 9.01 (d, J = 2.00Hz, 1H), 8.45 (d, J = 2.00Hz, 1H), 7.39 (s, 

1H), 7.05 (s, 1H), 5.53 (q, J = 1.6Hz, 1H), 4.52  (broad s, 2H), 4.00 (s, 3H), 3.97 (s, 3H); 

MS (ESI) (m/z) 233.1 (M+H)+.  

 

6,7-Dimethoxyquinoline-3-carboxylic acid (40) 

38 (780 mg, 3.64 mmol) was suspended into EtOH (17 mL) and 25% NaOH solution (0.5 

mL). The mixture was refluxed for 20 hours. The reaction was quenched with 1N HCl 

solution (12 mL) at 0 °C. The precipitate was filtered recrystallized with EtOH/water (1:1) 

to afford 270 mg product as yellow solid (32% yield). 1H NMR (400MHz, DMSO-d6) δ 

9.11 (d, J = 2.00Hz, 1H), 8.77 (s, 1H), 7.57 (s, 1H), 7.46 (s, 1H), 3.98 (s, 3H), 3.93 (s, 3H); 

MS (ESI) (m/z) 234.1 (M+H)+. 
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7-Hydroxyquinoline-3-carboxylic acid (41) 

7-methoxyquinoline-3-carboxylic acid (100 mg, 0.5 mmol) was suspended into 40% HBr 

aqueous solution (1.5 mL). The mixture was refluxed for 12 hours. The precipitate was 

filtered, washed with water, and dried to afford 80 mg brown power as product (100% 

yield). 1H NMR (400MHz, DMSO-d6) δ 13.27 (s, 1H), 10.71 (s, 1H), 9.19 (d, J = 2.12Hz, 

1H), 8.85 (d, J = 1.88Hz, 1H), 8.05 (d, J = 8.88Hz, 1H), 7.32-7.25 (m, 2H); MS (ESI) (m/z) 

190.0 (M+H)+. 

 

Benzyl 7-hydroxyquinoline-3-carboxylate (42) 

To a solution of 41 (200 mg, 1mmol) in DMF (1 mL) was added KHCO3 (120 mg, 1.2 

mmol). After 5 min stirring, benzyl bromide (143 µL, 1.2 mmol) was added and the mixture 

was stirred at 40 ○C overnight. Cool down the reaction to room temperature and the 

suspension was filtered to afford 114 mg yellow solid as product (57% yield). 1H NMR 

(400MHz, DMSO-d6) δ 10.69 (s, 1H), 9.21 (d, J = 2.40Hz, 1H), 8.87 (d, J = 1.6Hz, 1H), 

8.07 (d, J = 8.80Hz, 1H), 7.54-7.25 (m, 6H), 5.43 (s, 2H); MS (ESI) (m/z) 280.1 (M+H)+. 
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Benzyl 7-((dimethylcarbamoyl)oxy)quinoline-3-carboxylate (43) 

To a solution of 42 (114 mg, 0.4 mmol) in dry THF (20 mL) was added NaH (60% 

dispersed in mineral oil, 18 mg, 0.44 mmol) portion wise. The mixture was allowed to stir 

at room temperature for 1 hour. Dimethylcarbamoyl chloride (40 µL, 0.44 mmol) was 

added to the mixture and the resulting mixture was refluxed for 5 hours. The reaction was 

quenched with saturated NH4Cl solution, extracted with EtOAc, dried over Na2SO4, 

concentrated, and purified by normal phase chromatography to afford 78 mg yellow wax 

as product (54% yield). 1H NMR (400MHz, DMSO-d6) δ 9.35 (d, J = 2.00Hz, 1H), 9.07 

(d, J = 2.00Hz, 1H), 8.27 (d, J = 8.80Hz, 1H), 7.56-7.38 (m, 6H), 5.46 (s, 2H), 3.12 (s, 3H), 

2.96 (s, 3H); MS (ESI) (m/z) 351.1 (M+H)+. 

 

7-((Dimethylcarbamoyl)oxy)quinoline-3-carboxylic acid (44) 

To a solution of 43 (78 mg, 0.22mmol) in ethanol (4 mL) and THF (1.5 mL) was added 5% 

Pd/C (7.4 mg). The resulting mixture was stirred at 1 atm H2 for 9 hours. The resulted grey 

suspension was filtered under vacuum, washed with methanol and EtOAc. The filtrate was 
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concentrated and purified by reversed phase chromatography to afford 47 mg yellow solid 

as product (82% yield). 1H NMR (400MHz, DMSO-d6) δ 9.30 (d, J = 1.60Hz, 1H), 8.98 (s, 

1H), 8.22 (d, J = 9.20Hz, 1H), 7.81 (d, J = 2.00Hz, 1H), 7.53 (dd, J = 8.80, 2.00Hz, 1H), 

3.11 (s, 3H), 2.96 (s, 3H); MS (ESI) (m/z) 261.1 (M+H)+. 

 

Quinoline-3-carboxamide (45) 

Follow the general procedure to convert carboxylic acid to amides. 2-Naphthoic acid (100 

mg, 0.58 mmol), ethyl chloroformate (130.7 µL, 1.36mmol), Et3N (209 µL, 1.5mmol), 

0.5M NH3 in dioxane (6 mL, 3 mmol), and THF (12 mL) were used to afford 97.4 mg 

white solid as product (98% yield). 1H NMR (400MHz, DMSO-d6) δ 9.44 (d, J = 2.04Hz, 

1H), 8.92 (s, 1H), 8.23 (d, J = 8.12Hz, 1H), 8.17 (d, J = 8.44Hz, 1H), 7.94 (t, J = 7.36Hz, 

1H), 7.77 (t, J = 7.32Hz, 1H); MS (ESI) (m/z) 367.0 (2M+Na)+. 

 

Nicotinamide (46) 

Follow the general procedure to convert carboxylic acid to amides. Nicotinic acid (123 mg, 

1mmol), ethyl chloroformate (226.6 µL, 2.38mmol), THF (10 mL), Et3N (362 µL, 

2.6mmol), and 0.5 M NH3 in dioxane (10.4 mL) were used in this reaction. Then the 
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mixture was concentrated to afford 122 mg white solid as the amide intermediate (100% 

yield). 1H NMR (400MHz, DMSO-d6) δ 8.79 (d, J = 1.56Hz, 1H), 8.46 (dd, J = 4.72, 

1.40Hz, 1H), 7.98-7.91 (m, 2H), 7.35 (s, 1H), 7.27-7.24 (m, 1H); MS (ESI) (m/z) 123.1 

(M+H)+. 

 

N-((1H-Benzo[d][1,2,3]triazol-1-yl)methyl)quinoline-3-carboxamide (47) 

Follow the general procedure 8(a). 45 (132.4 mg, 0.77 mmol), benzotriazole methanol 

(114.7 mg, 0.77 mmol), acetic acid (3.85 mL) were used in this reaction. The mixture was 

refluxed for 1 hour and stirred at room temperature overnight. The mixture was then 

concentrated, extracted with CHCl3 and 10% Na2CO3 solution. The organic phases were 

combined, dried, concentrated, recrystallized with ethanol to afford 76.1 mg white crystal 

as product (32.6% yield). 1H NMR (400MHz, DMSO-d6) δ 10.36 (t, J = 5.56Hz, 1H), 9.41 

(d, J = 2.20Hz, 1H), 9.00 (d, J = 2.24Hz, 1H), 8.22-8.16 (m, 4H), 8.01-7.97 (m, 1H), 7.80 

(t, J = 7.12Hz, 1H), 7.72 (t, J = 7.16Hz, 1H), 7.54 (t, J = 7.32Hz, 1H), 6.41 (d, J = 1.56Hz, 

1H); MS (ESI) (m/z) 304.1 (M+H)+.  

 

 



200 

 

 

N-((1H-Benzo[d][1,2,3]triazol-1-yl)methyl)-6,7-dimethoxyquinoline-3-carboxamide (48) 

Follow the general procedure 8(a). 39 (220 mg, 0.95 mmol), 1H-Benzotriazole-1-methanol 

(141.3 mg, 0.95 mmol), and AcOH (3 mL) were used in this reaction. The mixture was 

refluxed for 2 hours. The AcOH was evaporated and the residue was extracted with CHCl3 

and 10% Na2CO3 solution. The organic phase was dried over MgSO4 and concentrated to 

yield 280 mg product as yellow solid (81.4% yield). 1H NMR (400MHz, CDCl3) δ 10.39 

(s, 1H), 9.10 (d, J = 2.20Hz, 1H), 8.72 (d, J = 2.16Hz, 1H), 8.11 (d, J = 8.44Hz, 1H), 8.05 

(d, J = 8.40Hz, 1H), 7.59 (t, J = 6.96Hz, 1H), 7.41-7.36 (m, 3H), 6.28 (s, 2H), 3.95 (s, 3H), 

3.91 (s, 3H); MS (ESI) (m/z) 364.1 (M+H)+. 

 

N-(1-(1H-Benzo[d][1,2,3]triazol-1-yl)ethyl)-6,7-dimethoxyquinoline-3-carboxamide (49) 

Follow the general procedure 8(a). 39 (313 mg, 1.35 mmol), 36 (220 mg, 1.35 mmol) were 

suspended in AcOH (1 mL) and refluxed for 1 hour. The AcOH was evaporated and the 

residue was purified by reversed phase chromatography to afford 120 mg product as brown 

solid (23.6% yield). 1H NMR (400MHz, DMSO-d6) δ 9.96 (d, J = 7.80Hz, 1H), 9.08 (d, J 

= 2.16Hz, 1H), 8.68 (d, J = 2.00Hz, 1H),8.10-8.03 (m, 2H), 7.59 (t, J = 0.96Hz, 1H), 7.43-
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7.40 (m, 3H), 7.11 (t, J = 7.00Hz, 1H), 3.96 (s, 3H), 3.91 (s, 3H), 2.03 (d, J = 6.72Hz, 3H); 

MS (ESI) (m/z) 378.2 (M+H)+. 

 

N-((1H-Benzo[d][1,2,3]triazol-1-yl)methyl)nicotinamide (50) 

Follow the general procedure 8(a). 46 (122 mg, 1 mmol), 1H-benzotriazole-1-methanol 

(178.8 mg, 1.2 mmol), and AcOH (3 mL) were mixed in this reaction. The mixture was 

then allowed to reflux for 12 hours, concentrated, and purified by reversed phase 

chromatography to afford 114.2 mg white solid as the product (45% yield). 1H NMR 

(400MHz, DMSO-d6) δ 9.24 (s, 1H), 8.84 (t, J = 6.16Hz, 1H), 8.76 (d, J = 4.68Hz, 1H), 

8.44 (dt, J = 8.08, 1.76Hz, 1H), 8.00 (d, J = 8.36Hz, 1H), 7.96 (d, J = 8.44Hz, 1H), 7.5855-

7.5527 (m, 1H), 7.49 (t, J = 7.32Hz, 1H), 7.35 (t, J = 7.00Hz, 1H), 6.29 (d, J = 6.60Hz, 2H); 

MS (ESI) (m/z) 254.1 (M+H)+. 
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(R)-((1-(1-(Benzo[b]thiophen-2-yl)ethyl)ureido)oxy)methyl nicotinate (52) 

Follow the general procedure 6. (R)-17 (22.7 mg, 0.08 mmol) and nicotinic acid (11.8 mg, 

0.1 mmol) were dissolved in EtOAc (1 mL), Et3N (16.7 µL, 0.12 mmol) was added and 

stirred at 30 °C for 2 days. The reaction was quenched with 1N HCl, extracted with EtOAc, 

and concentrated to afford 11.1 mg light yellow wax as the targeted intermediate (37.5% 

yield). 1H NMR (400MHz, CDCl3) δ 9.13 (s, 1H), 8.72 (s, 1H), 8.18 (d, J = 7.56Hz, 1H), 

7.88-7.64 (m, 2H), 7.34-7.22 (m, 4H), 5.68 (q, J = 6.92Hz, 3H), 5.54 (s, 2H), 1.64 (d, J = 

7.04, 3H); MS (ESI) (m/z) 372.1 (M+H)+. 

 

(S)-((1-(1-(Benzo[b]thiophen-2-yl)ethyl)ureido)oxy)methyl nicotinate (53) 

Follow the general procedure 6. (S)-17 (16.6 mg, 0.06 mmol) and nicotinic acid (11.8 mg, 

0.07 mmol) were dissolved in EtOAc (1 mL), Et3N (12.2 µL, 0.09 mmol) was added and 

stirred at 30 °C for 2 days. The reaction was quenched with 1N HCl, extracted with EtOAc 

3 times, and concentrated to afford 10 mg light yellow wax as the intermediate (46% yield). 
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1H NMR (400MHz, CDCl3) δ 9.12 (s, 1H), 8.71 (s, 1H), 8.17 (d, J = 7.56Hz, 1H), 7.87-

7.63 (m, 2H), 7.33-7.21 (m, 4H), 5.68 (q, J = 6.92Hz, 3H), 5.54 (s, 2H), 1.63 (d, J = 7.04, 

3H); MS (ESI) (m/z) 372.1 (M+H)+. 

 

(R)-((1-(1-(Benzo[b]thiophen-2-yl)ethyl)ureido)oxy)methyl 7-((dimethylcarbamoyl)oxy)-

quinoline-3-carboxylate (54) 

Follow the general procedure 6. (R)-17 (44 mg, 0.15 mmol) and 44 (47 mg, 0.18 mmol) 

was dissolved in DMF (2 mL). Et3N (32 µL, 0.23 mmol) was added into the mixture and 

stirred at 50 °C for 1.5 hours. Purification by reversed phase chromatography to afford 31.4 

mg yellow wax as intermediate (97% yield). 1H NMR (400MHz, CDCl3) δ 9.39 (d, J = 

2.00Hz, 1H), 8.76 (s, 1H), 7.91-7.88 (m, 2H), 7.78 (d, J = 6.8Hz, 1H), 7.70 (d, J = 8.80Hz, 

1H), 7.51 (dd, J = 8.80, 2.00Hz, 1H), 7.33-7.29 (m, 2H), 5.79 (q, J = 6.80Hz, 1H), 5.68 (d, 

J = 5.80Hz, 1H), 5.46 (s, 2H), 3.21 (s, 3H), 3.09 (s, 3H), 1.75 (d, J = 7.20Hz, 3H); MS (ESI) 

(m/z) 509.1 (M+Na)+. 
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((1-(1-(Benzo[b]thiophen-2-yl)ethyl)ureido)oxy)methyl quinoline-3-carboxylate (55) 

Follow the general procedure 6. 17 (36.4 mg, 0.13 mmol) and 3-quinolinecarboxylic acid 

(22.2 mg, 0.13 mmol) were dissolved in DMF (0.5 mL). Et3N (27 µL, 0.264 mmol) was 

added and the resulting mixture was allowed to stir at 50 °C for 15 min. The reaction was 

then quenched with saturated NH4Cl solution and purified by reversed chromatography to 

afford 18.1 mg light yellow intermediate (33.3% yield). 1H NMR (400MHz, DMSO-d6) δ 

9.50 (s, 1H), 8.95 (s, 1H), 8.31 (d, J = 8.00Hz, 1H), 8.01-7.98 (m, 2H), 7.78-7.75 (m, 2H), 

7.67-7.65 (m, 1H), 7.32 (s, 1H), 7.25-7.23 (m, 2H), 5.78 (q, J = 6.40Hz, 1H), 5.70 (s, 2H), 

1.76 (d, J = 7.20Hz, 3H); MS (ESI) (m/z) 422.1 (M+H)+. 
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((1-(1-(Benzo[b]thiophen-2-yl)ethyl)ureido)oxy)methyl 6,7-dimethoxyquinoline-3-

carboxyl-ate (56) 

Follow the general procedure 6. 17 (56 mg, 0.2 mmol) and 40 (55 mg, 0.24 mmol) were 

dissolved in DMF (2 mL). Et3N (41 µL, 0.3 mmol) was added and the resulting mixture 

was allowed to stir at 50 °C for 1.5 hours. The reaction was quenched with NH4Cl solution, 

extracted with EtOAc, and concentrated to afford 84.4 mg yellow solid as the targeted 

intermediate (89% yield). 1H NMR (400MHz, DMSO-d6) δ 8.92 (s, 1H), 8.50 (s, 1H), 7.66 

(s, 1H), 7.53 (s, 1H), 7.32-7.29 (m, 2H), 7.08-7.05 (m, 3H), 6.86 (s, 2H), 5.5.-5.4 (m, 3H), 

3.84 (s, 3H), 3.79 (s, 3H), 1.44 (d, J = 6.80Hz, 3H); MS (ESI) (m/z) 482.1 (M+H)+. 

 

(E)-((N-(3-(3-Phenoxyphenyl)allyl)acetamido)oxy)methyl nicotinate (57) 

Follow the general procedure 6. To a solution 18 (40 mg, 0.12 mmol) and nicotinic acid 

(17.8 mg, 0.14 mmol) in DMF (1.5 mL) was added triethylamine (25.2 µL, 0.18 mmol). 

The resulting mixture was allowed to stir at 50 °C overnight. The reaction was quenched 
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with 1N HCl, extracted with EtOAc, concentrated, purified by reversed phase 

chromatography to afford 9.2 mg yellow wax as the intermediate (18% yield). 1H NMR 

(400MHz, CDCl3) δ 9.18 (s, 1H), 8.75 (s, 1H), 8.21 (d, J = 7.96Hz, 1H), 7.29-7.25 (m, 2H), 

7.16 (d, J = 7.88Hz, 1H), 7.04 (t, J = 7.40Hz, 2H), 6.97-6.91 (m, 4H), 6.81 (dd, J = 8.00, 

2.32Hz, 1H), 6.38 (d, J = 15.88Hz, 1H), 6.11 (dt, J = 15.84, 6.40Hz, 1H), 5.74 (s, 2H), 4.36 

(d, J = 6.36Hz, 2H), 2.10 (s, 3H); MS (ESI) (m/z) 419.1 (M+H)+. 

 

(E)-((N-(3-(3-Phenoxyphenyl)allyl)acetamido)oxy)methyl 7-((dimethylcarbamoyl)oxy)-

quinoline-3-carboxylate (58) 

Follow the general procedure 6. 18 (50 mg, 0.15 mmol) and 44 (47 mg, 0.18 mmol) in 

DMF (2ml) was added Et3N (31 µL, 0.23 mmol). The mixture was stirred overnight at 

50 °C. The reaction was quenched with 0.5N HCl, extracted with EtOAc, concentrated, and 

purified by reversed phase chromatography to afford 7.7 mg yellow wax as the targeted 

intermediate (9% yield). 1H NMR (400MHz, DMSO-d6) δ 9.36 (d, J = 2.00Hz, 1H), 8.74 

(d, J = 1.60Hz, 1H), 7.83-7.79 (m, 2H), 7.43 (dd, J = 8.8, 2.00Hz, 1H), 7.28-7.24 (m, 3H), 

7.10-7.03 (m, 2H), 6.92-6.91 (m, 3H), 6.86 (t, J = 1.6Hz, 1H), 6.80 (dd, J = 7.60, 2.00Hz, 

1H), 6.40 (d, J = 15.60Hz, 1H), 6.13 (dt, J = 15.60, 6.40Hz, 1H),  5.79 (s, 2H), 4.38 (d, J = 

6.40Hz, 2H), 3.11 (s, 3H), 3.00 (s, 3H), 2.12 (s, 3H); MS (ESI) (m/z) 556.2 (M+H)+. 
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(R)-N-(((1-(1-(Benzo[b]thiophen-2-yl)ethyl)ureido)oxy)methyl)quinolone-3-carboxamide 

(59) 

Follow the general procedure 9. NaH (60% dispersed in mineral oil, 4.2 mg, 0.1 mmol), 

THF (0.5 mL), zileuton (23.1 mg, 0.1 mmol), and 47 (25 mg, 0.08 mmol) were used in this 

reaction. The mixture was concentrated and purified by normal phase chromatography to 

afford 22.2 mg white solid as the targeted intermediate (64% yield). 1H NMR (400MHz, 

CDCl3) δ 9.17 (s, 1H), 8.50 (s, 1H), 8.10-8.03 (m, 1H), 7.87-7.76 (m, 3H), 7.65-7.54 (m, 

3H), 7.21-7.17 (m, 3H), 5.66 (q, J = 6.80Hz, 1H), 4.87 (broad s, 2H), 1.57 (d, J = 6.40Hz, 

3H); MS (ESI) (m/z) 421.0 (M+Na)+. 
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N-(((1-(1-(Benzo[b]thiophen-2-yl)ethyl)ureido)oxy)methyl)-6,7-dimethoxyquinoline-3-

carboxamide (60) 

Follow the general procedure 9. NaH (60% dispersed in mineral oil, 18.7 mg, 0.47 mmol), 

THF (2 mL), zileuton (100 mg, 0.42 mmol), and 48 compound (153 mg, 0.43 mmol) were 

used in this reaction. The reaction was purified by reversed phase chromatography to afford 

11.7 mg product as yellow solid (6 % yield). 1H NMR (400MHz, DMSO-d6) δ 9.83 (s, 1H), 

9.08 (s, 1H), 8.67 (s, 1H), 8.16 (s, 1H), 7.89-7.87 (m, 1H), 7.78-7.76 (m, 1H), 7.44-7.30 

(m, 5H), 7.02 (broad s, 2H), 5.57 (q, J = 6.44Hz, 1H), 4.97 (broad s, 2H), 3.96 (s, 3H), 3.93 

(s, 3H), 2.07 (s, 3H); MS (ESI) (m/z) 481.1 (M+H)+. 
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N-(1-((1-(1-(Benzo[b]thiophen-2-yl)ethyl)ureido)oxy)ethyl)-6,7-dimethoxyquinoline-3-

carboxamide (61) 

Follow the general procedure 9. NaH (60 % dispersed in mineral oil, 6.8 mg, 0.17 mmol), 

THF (1ml), zileuton (37.5 mg, 0.16 mmol) and 49 (58 mg, 0.16 mmol) were used in this 

reaction. The mixture was purified by reversed phase chromatography to afford 15.9mg 

yellow wax as product (20% yield). MS (ESI) (m/z) 495.2 (M+H)+. 

 

N-(((1-(1-(Benzo[b]thiophen-2-yl)ethyl)ureido)oxy)methyl)nicotinamide (62) 

Follow the general procedure 9. NaH (60% dispersed in mineral oil, 4.2 mg, 0.11 mmol), 

THF (0.5 mL), DCM (1 mL), zileuton (37.5 mg, 0.16 mmol) and  50 (22.2 mg, 0.09 mmol) 

were used in this reaction. The mixture was purified by reversed phase chromatography to 

afford 16.6 mg yellow wax as product (51% yield). 1H NMR (400MHz, CDCl3) δ 8.92 
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(broad s, 1H), 8.69 (broad s, 1H), 8.02 (s, 1H), 7.71 (d, J = 6.92Hz, 1H), 7.64 (d, J = 8.60Hz, 

1H), 7.34-7.21 (m, 4H), 5.67 (q, J = 6.88Hz, 1H), 4.74 (broad s, 2H), 1.62 (broad s, 3H); 

MS (ESI) (m/z) 371.1 (M+H)+. 

 

N-(((1-(4-(5-(4-Fluorobenzyl)thiophen-2-yl)but-3-yn-2-yl)ureido)oxy)methyl)quinoline-

3-carboxamide (63) 

Follow the general procedure 9. NaH (60% dispersed in mineral oil, 2.4 mg, 0.08 mmol), 

THF (0.5 mL), ABT-761 (32 mg, 0.1 mmol) and 47 (30 mg, 0.08 mmol) were used in this 

reaction. The mixture was concentrated and purified by reversed phase chromatography to 

afford 23.2 mg yellow solid as the targeted intermediate (56% yield).  1H NMR (400MHz, 

CDCl3) δ 9.22 (d, J = 2.00Hz, 1H), 8.59 (d, J = 1.60Hz, 1H), 8.06 (d, J = 8.00Hz, 2H), 

7.80-7.40 (m, 2H), 7.54 (t, J = 8.00Hz, 1H), 7.10-7.04 (m, 2H), 6.92-6.89 (m, 3H), 6.54 (d, 

J = 3.60Hz, 1H), 5.26-5.20 (m, 3H), 3.97 (s, 2H), 1.39 (d, J = 6.40Hz, 3H); MS (ESI) (m/z) 

503.1 (M+H)+. 
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N-(((1-(4-(5-(4-Fluorobenzyl)thiophen-2-yl)but-3-yn-2-l)ureido)oxy)methyl)-

nicotinamide (64) 

Follow the general procedure 9. NaH (60% dispersed in mineral oil, 5 mg, 0.13 mmol), 

DCM (1 mL), ABT-761 (37.65 mg, 0.12 mmol) and 50 (26.2 mg, 0.1 mmol) were used in 

this reaction. The mixture was concentrated and purified by normal phase chromatography 

to afford 16.6 mg white wax as the conjugate intermediate (51% yield). 1H NMR (400MHz, 

CDCl3) δ 9.27 (s, 1H), 8.79 (s, 1H), 8.73 (d, J = 3.44Hz, 1H), 8.59 (d, J = 7.88Hz, 1H), 

7.70 (t, J = 5.76Hz, 1H), 7.12-7.08 (m, 2H), 6.94-6.89 (m, 3H), 6.56 (d, J = 3.92Hz, 1H), 

5.22-5.14 (m, 3H), 3.98 (s, 2H), 1.40 (d, J = 5.44Hz, 3H); MS (ESI) (m/z) 453.1 (M+H)+. 

 

General procedure 10: procedures for methylation and reduction (RF73 - RF80, 

RF82 - RF86, 51) 

The above intermediates 52-64 (1 equiv.) was dissolved in DCM, then methyl triflate (1 

equiv.) was added inside. The reaction was allowed to stir for 30min and concentrated to 

afford the methylated intermediate. This intermediate was then dissolved in MeOH/water 

(1:1). Then sodium bicarbonate (5 equiv.) and sodium hydrosulfite (6 equiv.) were added. 

The mixture was allowed to stir under nitrogen for 1.5 hours and the same amount of salts 
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were added. The reaction was allowed to stir over the weekend. Purification by normal 

phase chromatography or reversed phase chromatography would afford the targeted 

compounds. 

 

 

(R)-((1-(1-(Benzo[b]thiophen-2-yl)ethyl)ureido)oxy)methyl 1-methyl-1,4-

dihydropyridine-3-carboxylate (RF73) 

Follow the general procedure 10. To a solution of 52 (11.1 mg, 0.03 mmol) in EtOAc (1 

mL) was added methyl iodide (19 µL, 0.3 mmol). The mixture was stirred at 60 °C 

overnight and concentrated to dryness. The residue was then dissolved in EtOAc (0.5 mL) 

and water (0.5 mL) and cooled in ice bath. Then NaHCO3 (17 mg, 0.2 mmol) and Na2S2O4 

(85%, 28 mg, 0.16 mmol) were added to the mixture and the resulting mixture was stirred 

at 0 °C for 1 hour. The organic phases were separated.  The organic layer was dried over 

anhydrous Mg2SO4 and concentrated.  The desired product was isolated by preparative 

TLC to afford 5.1mg yellow wax as product (67.5% yield). 1H NMR (400MHz, CDCl3) δ 

7.72 (d, J = 8.40Hz, 1H), 7.66 (d, J = 6.40, 1H), 7.27-7.22 (m, 3H), 6.95 (s, 1H), 5.64 (q, J 

= 6.80Hz, 1H), 5.54 (d, J = 8.00Hz, 1H), 5.21 (s, 2H), 4.75 (m, 1H), 2.97 (s, 2H), 1.62 (d, 

J = 6.80Hz, 3H); MS (ESI) (m/z) 410.1 (M+Na)+. 
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(S)-((1-(1-(Benzo[b]thiophen-2-yl)ethyl)ureido)oxy)methyl 1-methyl-1,4-

dihydropyridine-3-carboxylate (RF74) 

Follow the general procedure 10. To a solution of 53 (10 mg, 0.03 mmol) in EtOAc (1 mL) 

was added methyl iodide (19 µL, 0.3 mmol). The mixture was stirred at 60 °C overnight 

and concentrated to dryness and cooled in ice bath. Then NaHCO3 (17 mg, 0.2 mmol) and 

sodium hydrosulfite (85%, 28 mg, 0.16 mmol) were added to the mixture and the resulting 

mixture was stirred at 0 °C for 1 hour. The organic phases were separated.  The organic 

layer was dried over anhydrous Mg2SO4 and concentrated.  The desired product was 

isolated by preparative TLC to afford 5.1 mg yellow wax as product (41.1% yield). 1H 

NMR (400MHz, CDCl3) δ 7.72 (d, J = 8.40Hz, 1H), 7.66 (d, J = 6.40, 1H), 7.27-7.22 (m, 

3H), 6.95 (s, 1H), 5.64 (q, J = 6.80Hz, 1H), 5.54 (d, J = 8.00Hz, 1H), 5.21 (s, 2H), 4.75 (m, 

1H), 2.97 (s, 2H), 1.62 (d, J = 6.80Hz, 3H); MS (ESI) (m/z) 410.1 (M+Na)+. 
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N-(((1-(1-(Benzo[b]thiophen-2-yl)ethyl)ureido)oxy)methyl)-1-methyl-1,4-

dihydropyridine-3-carboxamide (RF75) 

Follow the general procedure 10. 62 (16.6 mg, 0.018 mmol), DCM (1 mL), methyl triflate 

(2 µL, 0.018 mmol), MeOH/H2O (1:1, 1 mL), NaHCO3 (9 mg, 0.108 mmol) and Na2S2O4 

(15 mg, 0.072 mmol) were mixed and allowed to stir at room temperature under N2 for 1 

hour. Then the same amount of NaHCO3 and Na2S2O4 were added again and stirred for 

another hour. The mixture was filtered, concentrated and purified by normal phase 

chromatography. The fractions contained the desired product were concentrated under N2 

to afford 6 mg yellow wax as targeted molecule (28.6% yield).  1H NMR (400MHz, CDCl3) 

δ 7.72 (d, J = 7.48Hz, 1H), 7.65 (d, J = 7.48Hz, 1H), 7.28-7.20 (m, 3H), 6.93 (d, J = 1.28Hz, 

1H), 5.91 (broad s, 1H), 5.66 (q, J = 6.84Hz, 1H), 5.59 (dd, J = 8.00, 1.60Hz, 1H), 4.69-

4.65 (m, 3H), 2.99 (broad s, 2H), 2.86 (s, 3H),1.60 (broad s, 3H); MS (ESI) (m/z) 387.1 

(M+H)+. 
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((1-(1-(Benzo[b]thiophen-2-yl)ethyl)ureido)oxy)methyl 6,7-dimethoxy-1-methyl-1,4-

dihydroquinoline-3-carboxylate (RF76) 

Follow the general procedure 10. 56 (120 mg, 0.25 mmol) was dissolved in DCM (2 mL). 

Then methyl triflate (27 µL, 0.25 mmol) was added. The resulting solution was allowed to 

stir at room temperature for 2 hours and concentrated to afford the methylated intermediate 

(100% yield). This intermediate was then suspended in MeOH (4 mL) and water (4 mL). 

Then NaHCO3 (84 mg, 1 mmol) and Na2S2O4 (171 mg, 0.835 mmol) were added to the 

suspension. This resulting mixture was allowed to stir under nitrogen at room temperature 

for 2 hours. The same amount of sodium bicarbonate and sodium hydrosulfite were added 

again and stirred for 1 more hour. Then the reaction mixture was extracted with EtOAc, 

dried over MgSO4, and concentrated to afford 117mg product as orange solid (94% yield). 

1H NMR (400MHz, CDCl3) δ 7.72 (d, J = 6.96Hz, 1H), 7.67 (d, J = 6.60Hz, 1H), 7.28-7.21 

(m, 3H), 6.50 (s, 1H), 6.29 (s, 1H), 5.66 (q, J = 7.20Hz, 1H), 5.26 (s, 2H), 3.80 (s, 3H), 

3.77 (s, 3H), 3.61 (s, 2H), 3.17 (s, 3H), 1.63 (d, J = 6.96Hz, 3H); MS (ESI) (m/z) 520.2 

(M+Na)+. 
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N-(((1-(1-(Benzo[b]thiophen-2-yl)ethyl)ureido)oxy)methyl)-6,7-dimethoxy-1-methyl-

1,4-dihydroquinoline-3-carboxamide (RF77) 

Follow the general procedure 10. 60 (49.4 mg, 0.1 mmol), DCM (1 mL), methyl triflate 

(11.3 µL, 0.1 mmol), MeOH/water (1:1, 1 mL), sodium bicarbonate (50.4 mg, 0.6 mmol) 

and sodium hydrosulfite (85%, 102.3mg, 0.5mM) were mixed in this reaction. The 

resulting mixture was stirred under nitrogen for 1 hour, concentrated and purified by 

reversed phase chromatography. The fraction was extracted with EtOAc, dried and 

concentrated to afford 8.6mg yellow solid as product (17.3% yield). 1H NMR (400MHz, 

CDCl3) δ 8.45 (s, 1H), 7.90 (d, J = 6.56Hz, 1H), 7.79 (d, J = 7.44Hz, 1H), 7.34-7.26 (m, 

6H), 6.61 (s, 1H), 6.49 (s, 1H), 5.55 (q, J = 6.64Hz, 1H), 4.77 (t, J = 7.12Hz, 1H), 3.76 (s, 

3H),  3.69(s, 3H), 3.57 (s, 2H), 3.21 (s, 3H), 1.60 (s, 3H); MS (ESI) (m/z) 497.2 (M+H)+. 

 



217 

 

 

((1-(1-(Benzo[b]thiophen-2-yl)ethyl)ureido)oxy)methyl 1-methyl-1,4-dihydroquinoline-

3-carboxylate (RF78) 

Follow the general procedure 10. 55 (18.1 mg, 0.04 mmol) was  dissolved in DCM (0.5 

mL). Methyl triflate (4.5 µL, 0.04 mmol) was added and the resulting mixture was allowed 

to stir at room temperature overnight and then concentrated to afford crude methylated 

intermediate that was used directly in the next step. The methylated intermediate was 

suspended into MeOH (0.75 mL) and water (0.75mL). Then NaHCO3 (12.8 mg, 0.153 

mmol) and Na2S2O4 (85%, 26 mg, 0.13 mmol) were added to the mixture, and the mixture 

was allowed to stir under nitrogen for 2 hours. Then same amount of NaHCO3 and Na2S2O4  

were added to the mixture again and stirred for another 2 hours. The mixture was extracted 

with EtOAc and purified by normal phase chromatography to afford 5.6 mg yellow solid 

as product (50.4% yield). 1H NMR (400MHz, DMSO-d6) δ 7.72 (d, J = 7.20Hz, 1H), 7.66 

(d, J = 7.70Hz, 1H), 7.24-7.20 (m, 4H),  7.12-7.00 (m, 1H), 6.96-6.89 (m, 2H), 6.68 (d, J 

= 8.00Hz, 1H), 5.66 (q, J = 6.80Hz, 1H), 5.27-5.22 (m, 2H), 3.66 (s, 2H), 3.15 (s, 3H), 1.63 

(d, J = 7.20Hz, 3H); MS (ESI) (m/z) 438.1 (M+H)+. 
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(R)-N-(((1-(1-(Benzo[b]thiophen-2-yl)ethyl)ureido)oxy)methyl)-1-methyl-1,4-dihydro-

quinoline-3-carboxamide (RF79) 

Follow the general procedure 10. 59 (22.2 mg, 0.064 mmol), DCM (0.5 mL),  methyl 

triflate (8.9 µL, 0.064mmol), MeOH/water (1:1, 2ml), sodium bicarbonate (27.2mg, 

0.32mM) and sodium hydrosulfite (55.3mg, 0.27mM) were mixed in this reaction. The 

mixture was purified by normal phase chromatography afford 10.3 mg yellow wax as 

product (41.5% yield). 1H NMR (400MHz, CDCl3) δ 7.73 (d, J = 6.80Hz, 1H), 7.66 (d, J 

= 6.80Hz, 1H), 7.27-7.25 (m, 3H), 7.17 (s, 1H), 7.08 (t, J = 8.80Hz, 1H), 6.95-6.86 (m, 

2H), 6.67 (d, J = 8.00Hz, 1H), 6.06 (broad s, 1H), 5.689 (q, J = 6.80Hz, 1H), 4.35 (broad 

s, 1H), 4.32 (broad s, 1H), 3.60 (s, 2H), 3.15 (s, 3H),  1.59 (broad s, 3H); MS (ESI) (m/z) 

437.2 (M+H)+. 
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N-(((1-(4-(5-(4-Fluorobenzyl)thiophen-2-yl)but-3-yn-2-yl)ureido)oxy)methyl)-1-methyl-

1,4-dihydropyridine-3-carboxamide (RF80) 

Follow the general procedure 10. 64 (16.6 mg, 0.07 mmol), DCM (1 mL), methyl triflate 

(2 µL, 0.02 mmol), MeOH/water (1:1, 1 mL), NaHCO3 (20.16 mg, 0.24 mmol) and 

Na2S2O4 (32.75 mg, 0.16 mmol) were mixed. The reduction time was 30min.  The mixture 

was extracted with EtOAc, dried over Na2SO4, filtered through a plug of silica and 

concentrated, to give 2 mg yellow wax as product (10.7% yield). 1H NMR (400MHz, 

CDCl3) δ 7.22-7.18 (m, 2H), 7.07-6.99 (m, 4H), 6.67 (s, 1H), 6.18 (t, J = 7.16Hz, 1H), 5.70 

(d, J = 8.04Hz, 1H), 5.34-5.30 (m, 2H), 5.14-5.12 (m, 2H), 4.81-4.76 (m, 1H), 4.09 (s, 2H), 

3.15 (s, 2H), 2.97 (s, 3H), 1.46 (broad s, 3H); MS (ESI) (m/z) 469.1 (M+H)+. 
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N-(((1-(4-(5-(4-Fluorobenzyl)thiophen-2-yl)but-3-yn-2-yl)ureido)oxy)methyl)-1-methyl-

1,4-dihydroquinoline-3-carboxamide (RF82) 

Follow the general procedure 10. 63 (23.2 mg, 0.045 mmol), DCM (0.5 mL), methyl triflate 

(7.6 µL, 0.07 mmol) MeOH/water (1:1, 2 mL). Then NaHCO3 (9.4 mg, 0.11 mmol) and 

Na2S2O4 (19.2 mg, 0.1 mmol) were added to the mixture. The mixture was allowed to stir 

at room temperature under N2 for 1 hour. Then the same amount of NaHCO3 and Na2S2O4 

were added and stirred for another hour. The mixture was filtered and purified with normal 

phase chromatography. The fraction was dried over N2 to afford 2.9 mg product as yellow 

wax (30% yield). 1H NMR (400MHz, CDCl3) δ 7.21 (s, 1H), 7.13-7.07 (m, 3H), 6.95-6.90 

(m, 5H), 6.69 (d, J = 8.08, 1H), 6.58 (broad s, 1H), 6.31 (t, J = 6.72Hz, 1H), 5.25 (q, J = 

6.00Hz, 1H), 5.09 (broad s, 2H), 4.00 (s, 2H), 3.74 (s, 2H), 3.42 (s, 2H), 3.17 (s, 3H), 1.40 

(broad s, 3H); MS (ESI) (m/z) 517.2 (M-H)+. 
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(E)-((N-(3-(3-Phenoxyphenyl)allyl)acetamido)oxy)methyl 1-methyl-1,4-dihydropyridine-

3-carboxylate (RF83) 

Follow the general procedure 10. 57 (9.2 mg, 0.022 mmol) and methyl iodide (13.6 µL, 

0.22 mmol) were dissolved in EtOAc (1 mL) and stirred at 60oC overnight. The mixture 

was then concentrated and dissolved in water (0.3 mL) and EtOAc (0.2 mL). The mixture 

was cooled in ice bath. NaHCO3 (11 mg, 0.13 mmol) and Na2S2O4 (85%, 18 mg, 0.088 

mmol) was added portion wise. The resulting mixture was stirred under nitrogen for 1 hour 

and purified by prep-TLC plates to afford 5.1 mg light yellow wax as product (53.6% yield). 

1H NMR (400MHz, CDCl3) δ 7.28-7.24 (m, 2H), 7.19 (t, J = 7.76Hz, 1H), 7.05-7.01 (m, 

2H), 6.97-6.91 (m, 4H), 6.81 (ddd, J = 8.12, 2.40, 0.84, 1H), 6.42 (d, J = 15.88Hz, 1H), 

6.12 (dt, J = 15.88, 6.40Hz, 1H), 5.54 (dq, J = 6.40, 1.68Hz, 1H), 5.48 (s, 2H), 4.74 (dt, J 

= 8.04, 3.52Hz, 1H), 4.33 (dd, J = 6.48, 0.96Hz, 2H), 3.02 (q, J = 1.52Hz, 2H), 2.84 (s, 

3H), 2.08 (s, 3H); MS (ESI) (m/z) 457.2 (M+Na)+. 
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N-(1-((1-(1-(Benzo[b]thiophen-2-yl)ethyl)ureido)oxy)ethyl)-6,7-dimethoxy-1-methyl-

1,4-dihydroquinoline-3-carboxamide (RF84) 

Follow the general procedure 10. 61 (49.4 mg, 0.1 mmol), DCM (1 mL), methyl triflate 

(11.3 µL, 0.1 mmol), MeOH/H2O (1:1, 1mL), NaHCO3 (50.4 mg, 0.6 mmol) and Na2S2O4 

(102.3mg, 0.5mmol) were used in this reaction. The mixture was allowed to stir at room 

temperature under N2 for 1 hour. Then the same amount of NaHCO3 and Na2S2O4 were 

added and stirred for another hour. The mixture was filtered and purified with reversed 

phase chromatography. The fraction was dried over N2 to afford 3mg product as yellow 

wax (6% yield). MS (ESI) (m/z) 511.1 (M+H)+. 
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(R)-((1-(1-(Benzo[b]thiophen-2-yl)ethyl)ureido)oxy)methyl 7-((dimethylcarbamoyl)oxy)-

1-methyl-1,4-dihydroquinoline-3-carboxylate (RF85) 

Follow the general procedure 10. 54 (31.4 mg, 0.15 mmol) was dissolved into DCM (1 

mL), then methyl triflate (7 µL, 0.15 mmol) was added and stirred for 2 hours. Purification 

by reversed chromatography afford 17 mg methylated intermediate (53% yield). The 

methylated intermediate was dissolved in DCM (1.5 ml) and water (1.5 ml) and reduced 

with Na2S2O4 (35 mg, 0.16 mmol) and NaHCO3 (11 mg, 0.103 mmol). Purification with 

prep-TLC with 10% MeOH/DCM afford 2.3 mg yellow wax as product (17% yield). 1H 

NMR (400MHz, CDCl3) δ 7.63 (m, 1H), 7.66 (s, 1H), 7.23-7.21 (m, 3H), 7.17 (s, 1H), 6.93 

(d, J = 8.24Hz, 1H), 6.65 (dd, J = 8.16, 2.24Hz, 1H), 6.46 (d, J = 2.16Hz, 1H), 5.68-5.63 

(m, 3H), 5.27-5.25 (m, 2H), 3.62 (s, 2H), 3.12 (s, 3H), 3.00 (s, 3H), 3.93 (s, 3H), 1.62 (d, 

J = 7.20Hz, 3H); MS (ESI) (m/z) 523.1 (M-H)+. 
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(E)-((N-(3-(3-Phenoxyphenyl)allyl)acetamido)oxy)methyl 7-((dimethylcarbamoyl)oxy)-

1-methyl-1,4-dihydroquinoline-3-carboxylate (RF86) 

Follow the general procedure 10. 58 (7.7 mg, 0.014 mmol) was then dissolved in DCM 

(0.5 mL), and methyl triflate (2 µL, 0.014 mmol) was added. The reaction was stirred at 

room temperature for 2 hours and concentrated afterwards to afford the crude methylated 

intermediate. This resulting intermediate was then dissolved in EtOAc (0.5 mL) and water 

(0.5 mL). Then NaHCO3 (6.8 mg, 0.08 mmol) and Na2S2O4 (85%, 11.8 mg, 0.06 mmol) 

were added to the mixture and the resulting mixture was stirred at 0 ○C for 1 hour, then 

repeat this procedure for 2 times to drive the reaction to complete. The organic phases were 

separated with prep-TLC plates to afford 2.6 mg yellow wax as product (33.7% yield). 1H 

NMR (400MHz, DMSO-d6) δ 7.30-7.22 (m, 4H), 7.03-7.00 (m, 2H), 6.92-6.89 (m, 5H), 

6.79-6.71 (m, 1H), 6.47 (d, J =15.96, 1H), 6.15 (dt, J = 15.94, 6.44Hz, 1H), 5.52 (s, 2H), 

4.34 (d, J = 6.00Hz, 2H), 3.67 (s, 2H), 3.11 (s, 3H), 3.03 (s, 3H), 2.94 (s, 3H), 2.09 (s, 2H); 

MS (ESI) (m/z) 572.3 (M+H)+. 
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N-((1H-Benzo[d][1,2,3]triazol-1-yl)methyl)-6,7-dimethoxy-1-methyl-1,4-

dihydroquinoline-3-carboxamide (51) 

Follow the general procedure 10. To a suspension of 39 (100 mg, 0.43 mmol) in acetonitrile 

(1 mL) was added 5.2 µL of methyl triflate. The mixture was stirred overnight. The mixture 

was evaporated to dryness and re-suspended in 5 mL AcOH. To this mixture, 1H-

benzotriazole-1-methanol (66 mg, 0.43 mmol) was added and the resulting mixture was 

refluxed overnight. The mixture was concentrated and purified by reversed phase 

chromatography to afford 112mg intermediate 3-(((1H-benzo[d][1,2,3]triazol-1-

yl)methyl)carbamoyl)-6,7-dimethoxy-1-methylquinolin-1-ium trifluoromethanesulfonate.  

The above intermediate (56.9 mg, 0.15 mmol) was dissolved in acetonitrile (1 mL) and 

water (1 mL). Then NaHCO3 (75.6 mg, 0.9 mmol) and Na2S2O4 (123 mg, 0.6 mmol) were 

added to the mixture. The mixture was allowed to stir at room temperature under N2 for 

5min. Then the organic phase was concentrated to afford 46 mg product as yellow wax 

(80.7% yield). 1H NMR (400MHz, DMSO-d6) δ 7.97 (d, J = 4.04Hz, 1H), 7.95 (d, J = 

4.04Hz, 1H), 7.44 (t, J = 8.04Hz, 1H), 7.30 (t, J = 8.08H z, 1H), 7.22 (s, 1H), 6.45 (s, 1H), 

6.37 (t, J = 6.80Hz, 1H), 6.25 (s, 1H), 6.17 (d, J = 6.84Hz, 2H),  3.79 (s, 3H), 3.74 (s, 3H), 

3.63 (s, 2H), 3.16 (s, 2H), 2.03 (d, J = 6.72Hz, 3H); MS (ESI) (m/z) 378.10 (M-H)+. 
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N-(((1-(4-(5-(4-Fluorobenzyl)thiophen-2-yl)but-3-yn-2-yl)ureido)oxy)methyl)-6,7-

dimethoxy-1-methyl-1,4-dihydroquinoline-3-carboxamide (RF81) 

Follow the general procedure 9. NaH (60% dispersed in mineral oil, 5.3 mg, 0.13 mmol) 

was suspended in DCM (2 mL). Then ABT-761 (32 mg, 0.1 mmol) was added. The 

resulting mixture was allowed to stir for 10min. Then 51 (57 mg, 0.15 mmol) was added 

to the solution and stirred for 10 min under nitrogen. The reaction mixture was then dry 

under N2 and purified by reversed chromatography to afford 5 mg yellow wax as product 

(8.6% yield). MS (ESI) (m/z) 579.2 (M+H)+. 

 

(2R,3R,4S,5R,6R)-2-(Acetoxymethyl)-6-hydroxytetrahydro-2H-pyran-3,4,5-triyl 

triacetate (65) 

Acetobromo-α-D-glucose (534.3 mg, 1.3 mmol) was dissolved in acetone (8 mL) and water 

(90 µL). Then silver carbonate (54.5 mg, 0.2 mmol) was added to the mixture at 0 ○C with 

minimum exposure to light. The reaction was stirred for 1 hour and stored in the fridge 
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overnight. The mixture was filtered and the filtrate was concentrated to afford 425.3 mg 

white solid as β anomer (93.97% yield). 1H NMR (400MHz, CDCl3) δ 5.19 (t, J = 8.25Hz, 

1H), 5.02 (t, J = 9.88Hz, 1H), 4.83 (t, J = 8.20Hz, 1H), 4.68 (t, J = 7.48Hz, 1H), 4.21-4.06 

(m, 2H), 3.71-3.66 (m, 2H), 2.03 (s, 3H), 2.03 (s, 3H), 1.97 (s, 3H), 1.96 (s, 3H). 

 

(2R,3R,4S,5R,6S)-2-(Acetoxymethyl)-6-(((1-(1-(benzo[b]thiophen-2-

yl)ethyl)ureido)oxy)-methoxy)tetrahydro-2H-pyran-3,4,5-triyl triacetate (66) 

17 (227 mg, 0.8 mmol) and 65 (237.4 mg, 0.68 mmol) were dissolved in DMF (3 mL) and 

stirred at -20oC for 5 min.Then NaH (60% dispersed mineral oil, 33 mg, 0.82 mmol) was 

added portion wise. The reaction was stirred at -10 ○C for 40 min, and then 0 ○C for 10 min. 

The reaction was diluted with EtOAc (16 mL) and extracted with water and saturated 

sodium chloride solution. The organic phase was concentrated and purified by reversed 

phase and then normal phase chromatography (70% EtOAc/Hexanes) to afford 360.05mg 

clear liquid as product (75.6% yield). 1H NMR (400MHz, CDCl3) δ 7.74-7.64 (m, 2H), 

7.28-7.17 (m, 3H), 5.66 (q, J = 6.84Hz, 1H), 5.36 (q, J = 1.089.84Hz, 1H), 5.17-4.82 (m, 

4H), 4.30-3.90 (m, 3H), 1.97-1.91 (m, 12H), 1.621.57 (m, 3H); MS (ESI) (m/z) 619.2 

(M+Na)+. 
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1-(1-(Benzo[b]thiophen-2-yl)ethyl)-1-((((2S,3R,4S,5S,6R)-3,4,5-trihydroxy-6-(hydroxyl-

methyl)tetrahydro-2H-pyran-2-yl)oxy)methoxy)urea (RF87) 

MeONa (945 mg, 17.5 mmol) was suspended into MeOH (37.5 mL). This suspension was 

then added to 66 (360 mg, 0.6 mmol) and the resulting mixture was allowed to stir for 1 

hour. The reaction was quenched with DOWEX® 50WX8 resin beads, concentrated, and 

purified by reversed phase chromatography to afford 180.6 mg yellow wax as product 

(70.16% yield). 1H NMR (400MHz, MeOD) δ 7.72-7.61 (m, 2H), 7.25-7.18 (m, 3H), 5.54 

(q, J = 7.00Hz, 1H), 5.14-4.94 (m, 2H), 4.67-4.36 (m, 1H), 3.74-3.30 (m, 5H), 1.61-1.53 

(m, 3H); MS (ESI) (m/z) 451.1 (M+Na)+. 
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(1R,4'S,5S)-4'-((3-Aminopropyl)thio)-9λ4-boraspiro[bicyclo[3.3.1]nonane-9,2'-

[1,3,2]oxaza-borolidin]-5'-one (67) 

L-lysine (146.19 mg, 1 mmol) was suspended into 0.5M 9-BBN in THF (2.2 mL). The 

bubbling mixture was then microwaved at 120 ○C for 20 min. The mixture was filtered and 

concentrated to afford 259.7 mg clear wax as product (97.5% yield). ). 1H NMR (400MHz, 

DMSO-d6) δ 6.20 (t, J = 7.88Hz, 1H), 5.59 (t, J = 8.52Hz, 1H), 2.32 (broad s, 1H), 1.55-

1.14 (m, 22H), 0.30 (s, 1H), 0.25 (s, 1H); MS (ESI) (m/z) 267.2 (M+H)+. 

 

1-(1-(Benzo[b]thiophen-2-yl)ethyl)-1-((((4-((1R,4'S,5S)-5'-oxo-9λ4-boraspiro[bicycle-

[3.3.1]nonane-9,2'-[1,3,2]oxazaborolidin]-4'-yl)butyl)thio)carbonyl)oxy)urea (68) 

67 (26.6 mg, 0.1 mmol) and Et3N (27.8 µL, 0.2 mmol) were suspended in DCM (0.5 mL). 

To this mixture, triphosgene (30 mg, 0.1 mmol) in DCM (0.5 mL) was added dropwise. 

Then Et3N (10 µL, 0.1 mmol) was added to the solution. The resulting mixture was stirred 

at room temperature for 5 min until resulting a clear solution. TLC shows the isocyanate 
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intermediate. To this reaction mixture, zileuton (23.6 mg, 0.1 mmol) was added, followed 

by Et3N (20 µL, 0.15 mmol). The mixture was stirred at room temperature for 10 min. The 

reaction was concentrated and purified by reversed phase chromatography to afford 12 mg 

white solid as product (22.7% yield). 1H NMR (400MHz, DMSO-d6) δ 7.90 (d, J = 7.08Hz, 

1H), 7.79 (d, J = 8.16Hz, 1H), 7.57-7.33 (m, 3H), 6.740 (s, 2H), 6.40 (broad s, 1H), 5.74-

5.67 (m, 2H), 3.43 (broad s, 1H), 2.99 (broad s, 1H), 1.77-1.74 (m, 7H), 1.59-1.54 (m, 10H), 

1.54-1.41 (m, 6H), 0.52 (s, 1H), 0.47 (s, 1H); MS (ESI) (m/z) 551.2 (M+Na)+. 

 

Trifluoroacetic acid salt of N6-(((1-(1-(benzo[b]thiophen-2-yl)ethyl)ureido)oxy)carbonyl)-

L-lysine (RF88) 

67 (12 mg, 0.02 mmol) was dissolved in 4M HCl in dioxane (0.5 mL). The resulting 

mixture was allowed to stir for 4 hours. The reaction mixture was concentrated and purified 

by reversed phase chromatography to afford 5mg white solid as product (54% yield). 1H 

NMR (400MHz, MeOD) δ 7.70 (d, J = 7.20Hz, 1H), 7.65 (d, J = 8.44Hz, 1H), 7.25-7.20 

(m, 3H), 5.67 (broad s, 1H), 1.56 (d, J = 6.96Hz, 3H), 1.19 (broad s, 6H), 0.80-0.78 (m, 

3H); MS (ESI) (m/z) 409.1 (M+H)+. 
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(S)-2-((tert-Butoxycarbonyl)amino)-3-(3-cyanophenyl)propanoic acid (69) 

3-Cyano-L-phenylalanine (190 mg, 1 mM) was suspended in 1,4-dioxane (5 mL) and water 

(2.5 mL). Then di-tert-butyl dicarbonate (240 mg, 1.1 mmol) was added to the suspension 

at 0 ○C, followed by 1N NaOH (1 mL) to adjust the pH to 10. The reaction was allowed to 

stir at room temperature overnight. The reaction was worked up with 5% KHSO4(10 mL), 

extracted with EtOAc, dried over sodium sulfate, and concentrated to afford 273.8 mg 

white solid as product (94.3% yield). 1H NMR (400MHz, MeOD) δ 12.83 (s, 1H), 7.82-

7.81 (m, 2H), 7.72 (d, J = 7.84Hz, 2H), 7.63 (d, J = 7.56Hz, 1H), 7.30 (d, J = 7.60Hz, 1H), 

4.29-4.23 (m, 1H), 3.22-3.20 (m, 1H), 3.01-2.94 (m, 1H), 1.42 (s, 9H); MS (ESI) (m/z) 

313.0 (M+Na)+.  

 

Hydrochloric acid salt of (S)-3-(2-amino-2-carboxyethyl)benzoic acid (70) 

69 (273.8 mg, 0.94 mmol) was suspended in 6N HCl (6 mL) and the mixture was refluxed 

overnight. The mixture was filtered and the precipitate was washed with cold water to 

afford 117 mg white solid as product (50.6% yield). 1H NMR (400MHz, DMSO-d6) δ 14.03 
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(broad s, 1H), 13.12 (broad s, 1H), 8.46-8.45 (m, 3H), 7.98 (d, J = 7.84Hz, 2H), 7.64-7.59 

(m, 2H), 4.36 (broad s, 1H), 3.30 (d, J = 6.12Hz, 2H); MS (ESI) (m/z) 210.1 (M+Na)+.  

 

3-(((1R,4'S,5S)-5'-Oxo-9λ4-boraspiro[bicyclo[3.3.1]nonane-9,2'-[1,3,2]oxazaborolidin]-

4'-yl)methyl)benzoic acid (71) 

70 (21 mg, 0.1 mmol) was dissolved in ammonium hydroxide solution (37% ammonia in 

water, 0.5 mL) and the resulting mixture was allowed to stir at room temperature for 6 

hours. The mixture was concentrated and suspended in 0.5M 9-BBN in THF (0.22 mL). 

To this mixture, MeOH (0.3 mL) was added and the reaction was stirred at 60 ○C for 1 

hour. The reaction mixture was concentrated to afford 33mg white solid as crude product 

(100% yield) and used directly to the next step.  

 

((1-(1-(Benzo[b]thiophen-2-yl)ethyl)ureido)oxy)methyl 3-(((1R,4'S,5S)-5'-oxo-9l4-

boraspiro-[bicycle[3.3.1]nonane-9,2'-[1,3,2]oxazaborolidin]-4'-yl)methyl)benzoate (72) 
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17 (28.4 mg, 0.1 mmol) and 71 (33mg, 0.1mmol) were suspended in DMF (1 mL). Et3N 

(21 µL, 0.15 mmol) was added to the mixture and the reaction was allowed to stir at room 

temperature for 1 hour. The reaction was extracted with EtOAc and water, concentrated, 

and purified by reversed phase chromatography to afford 57.7 mg white solid as product 

(36.4% yield). 1H NMR (400MHz, CDCl3) δ 7.73-7.71 (m, 2H), 7.54-748 (m, 2H), 7.23-

7.20 (m, 2H), 7.11-6.99 (m, 3H), 5.77-5.72 (m, 2H), 5.44 (q, J = 6.84Hz, 1H), 5.12 (broad 

s, 2H), 3.75-3.70 (m, 1H), 3.21-3.18 (m, 1H), 3.30 (broad s, 1H), 1.58-1.47 (14H).  

 

Trifluoroacetic acid salt of (S)-2-amino-3-(3-((((1-((R)-1-(benzo[b]thiophen-2-yl)ethyl)-

ureido)oxy)methoxy)carbonyl)-phenyl)propanoic acid  (RF89, the absolute structure was 

not determined) 

71 (21 mg, 0.04 mmol) was dissolved in 4M HCl in 1,4-dioxane (1 mL). The resulting 

mixture was allowed to stir for 3 hours. The reaction was concentrated and purified by 

reversed phase chromatography to afford 6.9 mg as clear wax as isomer 1 (33.3% yield). 

1H NMR (400MHz, CDCl3) δ 7.82 (broad s, 3H), 7.67-7.60 (m, 2H), 7.37 (broad s, 1H), 

7.26-7.22 (m, 3H), 6.33 (broad s, 1H), 5.51 (broad s, 2H), 4.85 (broad s, 4H), 4.15 (s, 1H), 

3.23 (broad s, 1H), 3.15 (broad s, 1H), 1.58 (broad s, 3H); MS (ESI) (m/z) 458.1 (M+H)+.  
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Trifluoroacetic acid salt of (S)-2-amino-3-(3-((((1-((S)-1-(benzo[b]thiophen-2-yl)ethyl)-

ureido)oxy)methoxy)carbonyl)-phenyl)propanoic acid (RF90, the absolute structure was 

not determined) 

71 (21 mg, 0.04 mmol) was dissolved in 4M HCl in 1,4-dioxane (1 mL). The resulting 

mixture was allowed to stir for 3 hours. The reaction was concentrated and purified by 

reversed phase chromatography to afford 4.9 mg as clear wax as isomer 2 (23.6% yield). 

1H NMR (400MHz, CDCl3) δ 7.81 (broad s, 3H), 7.67-7.60 (m, 2H), 7.37 (broad s, 1H), 

7.26-7.22 (m, 3H), 6.30 (broad s, 1H), 5.51 (broad s, 2H), 4.81 (broad s, 4H), 4.15 (s, 1H), 

3.23 (broad s, 1H), 3.15 (broad s, 1H), 1.58 (broad s, 3H); MS (ESI) (m/z) 458.1 (M+H)+.  
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Tetrabutylammonium 3-((tert-butoxycarbonyl)amino)propane-1-sulfonate (73) 

Homotaurine (1.39 g, 10 mmol) was dissolved in water (10 mL), then 40% 

tetrabutylammonium hydroxide (6.5 mL, 10mmol) was added. Di-tert-butyl dicarbonate 

(2.18 g, 10 mmol) in acetone (30 mL) was added dropwise. The reaction was allowed to 

stir at room temperature overnight. The acetone was evaporated and the remaining mixture 

was extracted with DCM. The organic phases were combined, dried over Mg2SO4, and 

concentrated to afford 5 g yellowish clear liquid as product (100% yield). 1H NMR 

(400MHz, CDCl3) δ 5.21 (s, 1H), 3.33-3.28 (m, 10H), 2.87 (t, J = 7.16Hz, 2H), 2.01 (quin., 

J = 6.76Hz, 2H), 1.70-1.62 (m, 8H), 1.49-1.41 (m, 17H), 1.02 (t, J = 7.44Hz, 12H). 

 

Tetrabutylammonium 2-((tert-butoxycarbonyl)amino)ethane-1-sulfonate (74) 

Taurine (1.25 g, 10 mmol) was used for this reaction and the rest of the procedure was done 

as above. 4.7 g yellowish liquid was obtained as product (100% yield). 1H NMR (400MHz, 

CDCl3) δ 6.16 (s, 1H), 3.55 (t, J = 5.24Hz, 2H), 3.31-3.26 (m, 8H), 2.93-2.89 (m, 2H), 

1.67-1.62 (m, 8H), 1.45-1.30 (m, 17H), 1.00 (t, J = 7.28Hz, 12H). 
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tert-Butyl (2-(chlorosulfonyl)ethyl)carbamate (75) 

74 (559.8 mg, 1.2 mmol) was dissolved in DCM (5 mL) and DMF (10 µL). Then 

triphosgene (397.8 mg, 1.4 mmol) was added to the mixture and stirred for 30 min. The 

mixture was then concentrated, suspended in EtOAc/Hexs (1:1), filtered through a pad of 

silica, concentrated the filtrate to afford 113.6 mg white solid as product (38% yield). 1H 

NMR (400MHz, CDCl3) δ 5.03 (s, 1H), 3.85-3.82 (m, 2H), 3.74-3.69 (m, 2H), 1.38 (s, 9H). 

 

tert-Butyl (3-(chlorosulfonyl)propyl)carbamate (76) 

73 (1.28 mg, 2.66 mmol) was dissolved in DCM (10 mL) and DMF (47.5 µL). Then 

triphosgene (884 mg, 3 mmol) was added to the mixture and stirred for 45 min. The workup 

is as 72 and 152 mg white solid was yield as product (22% yield). 1H NMR (400MHz, 

CDCl3) δ 4.65 (s, 1H), 3.70-3.66 (m, 2H), 2.21-2.13 (m, 2H), 1.38 (s, 9H). 
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tert-Butyl (E)-(2-(((N-(3-(3-phenoxyphenyl)allyl)acetamido)oxy)sulfonyl)ethyl)-

carbamate (77) 

BWA4C (50.4 mg, 0.18 mmol) was dissolved in DCM (0.5 mL), then Et3N (27 µL, 0.2 

mmol) was added to the mixture and stirred for 5 min at 0 ○C. To this mixture, 75 (67.1 mg, 

0.275 mmol) in DCM (1 ml) was added and the resulting mixture was allowed to stir at 

room temperature for 2 hours. The mixture was concentrated and purified by reversed 

phase chromatography to afford 66.1 mg yellow wax as the product (75.8% yield). 1H 

NMR (400MHz, CDCl3) δ 7.28-7.18 (m, 3H), 7.06-7.01 (m, 2H), 6.95-6.93 (m, 3H), 6.83 

(dd, J = 7.48, 1.68Hz, 1H), 6.49 (d, J = 15.88Hz, 1H), 6.10 (dt, J = 15.88, 6.36Hz, 1H), 

5.20 (s, 1H), 4.48 (d, J = 6.28Hz, 2H), 3.63-3.59 (m, 2H), 3.48-3.44 (m, 2H), 2.17 (s, 3H), 

1.35 (s, 9H); MS (ESI) (m/z) 513.2 (M+Na)+. 

 

tert-Butyl(E)-(3-(((N-(3-(3-phenoxyphenyl)allyl)acetamido)oxy)sulfonyl)propyl)-

carbamate (78) 

BWA4C (50 mg, 0.18 mmol) was dissolved in DCM (0.5 mL), then Et3N (27 µL, 0.2 mmol) 

was added to the mixture and stirred for 5 min at 0 ○C. To this mixture, 76 (65.1 mg, 0.275 
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mmol) in DCM (1 mL) was added and the resulting mixture was allowed to stir at room 

temperature for 2 hours. The mixture was concentrated and purified by reversed phase 

chromatography to afford 63.8 mg yellow wax as the product (71.7% yield). 1H NMR 

(400MHz, CDCl3) δ 7.29-7.19 (m, 3H), 7.06-7.02 (m, 2H), 6.96-6.92 (m, 3H), 6.84 (dd, J 

= 8.04, 0.60Hz, 1H), 6.49 (d, J = 15.88Hz, 1H), 6.10 (dt, J = 15.88, 7.64Hz, 1H), 4.71 (s, 

1H), 4.47 (d, J = 6.24Hz, 2H), 3.29 (t, J = 7.48Hz, 2H), 3.20 (q, J = 7.56Hz, 2H), 2.17 (s, 

3H), 2.06 (quin. J = 6.60Hz, 2H), 1.36 (s, 9H); MS (ESI) (m/z) 527.2 (M+Na)+.  

 

Trifluoroacetic acid salt of (E)-N-(((2-aminoethyl)sulfonyl)oxy)-N-(3-(3-phenoxyphenyl)-

allyl)acetamide (RF91) 

77 (66.1 mg, 0.13 mmol) was dissolved into 4M HCl in dioxane (2.8 mL) and stirred at 

room temperature for 1 hour. The reaction mixture was concentrated, purified by reversed 

phase chromatography, and washed with chloroform to afford 14.2 mg white solid as 

product (21% yield). 1H NMR (400MHz, DMSO-D6) δ 7.99 (broad s, 3H), 7.42-7.37 (m, 

3H), 7.31 (d, J = 7.84Hz, 1H), 7.18-7.13 (m, 2H), 7.01 (dd, J = 8.72, 1.08Hz, 2H), 6.92 (dd, 

J = 7.32, 1.60Hz, 1H), 6.64 (d, J = 15.96Hz, 1H), 6.38 (dt, J = 15.96, 6.32Hz, 1H), 4.60-

4.58 (m, 2H), 3.87 (t, J = 7.07Hz, 2H),  2.26 (s, 3H); MS (ESI) (m/z) 391.1 (M+H)+. 
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Trifluoroacetic acid salt of (E)-N-(((3-aminopropyl)sulfonyl)oxy)-N-(3-(3-

phenoxyphenyl)-allyl)acetamide (RF92) 

78 (63.8 mg, 0.13 mmol) was dissolved into 4M HCl in dioxane (2.8 mL) and stirred at 

room temperature for 1 hour. The reaction mixture was concentrated, purified by reversed 

phase chromatography, and washed with chloroform to afford 6 mg white solid as product 

(9% yield). 1H NMR (400MHz, DMSO-D6) δ 7.64 (broad s, 3H), 7.33-7.26 (m, 3H), 7.27 

(d, J = 7.80Hz, 1H), 7.08-7.04 (m, 2H), 6.92 (dd, J = 8.76, Hz, 2H), 6.82 (dd, J = 8.16, 

1.60Hz, 1H), 6.53 (d, J = 16.00Hz, 1H), 6.27 (dt, J = 16.00, 6.12Hz, 1H), 4.45 (broad s, 

2H), 3.63 (t, J = 8.20Hz, 2H), 2.87-2.85 (m, 2H), 2.14 (s, 3H); MS (ESI) (m/z) 391.1 

(M+H)+. 
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5.2 Biological Studies 

5.2.1 Solubility Assay  

     The kinetic solubility of test compounds was determined by adapting Millipore® 

application note protocol AN1730EN00.  Liquid handling was performed using 

PerkinElmer® Verispan and MDT work stations. Test compounds (2% DMSO in universal 

buffer) are added at a theoretical concentration of 200 µM and then incubated for 90 min 

at room temperature before vacuum filtration in 96 well polypropylene collection plates 

using a Millipore® filtration manifold.  Standard curves were generated with five 

concentrations of test compounds.  Absorbance at 280, 300, 320, 340 and 360 nM was read 

using a Molecular Devices® Spectramax Plus microplate reader with Softmax Pro v. 5.4.5 

software where absorbance readings is summed to generate the signal.  Compounds were 

tested in triplicate and the sample concentrations were interpolated from linear standard 

curves using GraphPad® Prism v 5.04.  

 

5.2.2 Plasma Stability Assay 

     The assay was conducted at 37oC in single time point mode (60 min incubation) in 

triplicate. Test compounds or procaine were tested at a final concentration of 1 µM in either 

2.5 % DMSO/97.5 % mouse plasma (Bioreclamation cat # MSEPLNAHP-C57-M; pooled 

filtered plasma from male C57BL/6 mice; sodium heparin as anticoagulant; pH adjusted to 

7.4 with 2N HCl on day of use) or 2.5 % DMSO/97.5% phosphate buffered saline (pH = 

7.4 PBS: 136.9 mM NaCl; 2.68 mM KCl; 8.1 mM Na2HPO4; 1.47 mM KH2PO4; 0.9 mM 

CaCl2; 0.49 mM MgCl2).  Samples were analyzed with a Waters® Aquity UPLC (BEH C18 
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1.7 µm, 2.1 x 50 mm column) in tandem with Waters® TQ MS mass spectrometer. 5 µL 

sample was injected with a 3 min linear 5 to 95 % acetonitrile/water gradient in 0.1 % 

formic acid with a 0.5 mL/min flow rate.  Compound electrospray mode, capillary voltages, 

cone voltages, MRMs (one per compound) and quantization were optimized and 

determined using Waters® QuanOptimize software with propafenone as an internal 

standard.  Standard curves (six concentrations from 0-1000 nM) were generated with room 

temperature PBS or plasma.  In order to identify plasma-dependent stability effects, 

stability was expressed as % compound remaining (PBS).  The reference compound 

procaine typically was 100 % stable in PBS but was > 95 % degraded in plasma.  

 

5.2.3 SGF (simulated gastric fluid) and SIF (simulated intestinal fluid) stability assays 

     These assays were conducted in a manner similar to that run for the plasma stability 

assays except that SGF (containing 3.2 mg/ml pepsin from porcine gastric mucosa; > 2500 

U/mg, pH 1.2) or SIF (containing 10 mg/ml pancreatin from porcine pancreas; 8x USP 

specification, pH 6.8) were used. 5 µM test compound was incubated with SGF for 1 hour 

or SIF for 3 hours.  Stability was expressed as % compound remaining after the designated 

time period compared to the amount remaining in PBS. 

 

5.2.4 Rat Liver Microsome Stability Assay 

          Compounds were assessed for their microsomal stability by incubating them at 37oC 

in the presence of rat liver microsomes and an NADPH regenerating system according to 

standard procedures. 171 Test compounds (1 µM) were incubated at 37 °C in 100 mM 
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potassium phosphate buffer (pH 7.4) or 0.5 mg/ml pooled liver microsomes (male Sprague-

Dawley rat microsomes (BD Genetest cat # 452501) for 60 minutes.  A control reaction 

(lacking NADPH) was incubated for 60 min at 37°C to demonstrate NADPH-dependency 

of compound loss.  Cytochrome P450s require NADPH for activity, so NADPH-

independent compound loss is non-Cyp mediated (due other enzymatic activity and/or 

compound instability).  Verapamil was used as a positive control reference compound 

(typical t1/2 = 3 min).  Standard curves for test compounds were generated using 5 

concentrations in duplicate that were processed as above but with zero incubation time.  

Samples were analyzed with a Waters® Aquity UPLC (BEH C18 1.7 µM, 2.1 x 50 mm 

column) in tandem with Waters® TQ MS mass spectrometer. A 5 µL sample was injected 

with a 3 min linear 5 to 95 % acetonitrile/water gradient in 0.1 % formic acid with a 0.5 

ml/min flow rate.  Compound electrospray mode, capillary voltages, cone voltages, MRMs 

(one per compound) and quantization were optimized and determined using Waters® 

QuanOptimize software with propafenone as an internal standard. GraphPad® Prism v 5.04 

was used for nonlinear fitting of time course data to generate t1/2 values.  

 

5.2.5 Toxicity Assay 

     This is based on the quantitation of ATP, which is associated with metabolically active 

cells. Neuronal N2A cells were seeded at 1 × 104 cells/well in a 96-well plate and allowed 

to proliferate for 24 hours before test compound treatment. DMEM culture medium was 

used. Untreated control wells contained medium as described. Cells were treated with 

compounds in triplicate at seven concentrations (highest 100µM, 30% dilution) for 24 

hours. The CellTiter-Glo® buffer and substrate were mixed, and 50ul of the solution was 
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added to each cell well. The plates were then read through a luminescent Promega® plate 

reader. Toxicity was expressed as % cell alive (control). 

 

5.2.6 in vitro 5-LO Inhibitory Assay 

     This assay was used to generate IC50s for test compounds and was conducted in 96 well 

plates.  In a final volume of 100 µL, the reactions contained 50 mM potassium phosphate 

(pH = 7.4), 0.1 mM EDTA, 0.3 mM CaCl2, 0.4 mM ATP, 8 U/ml human recombinant 5-

lipogenase (Cayman product # 60402) and 10 µM arachadonic acid (20:4, n-6). Test 

compound in DMSO (11 point half-log dilutions for IC50s) were spotted into the assay plate. 

The enzymatic reactions were initiated by the addition of 24 µL of a 41.7 µM solution of 

arachadionic acid in 50 mM potassium phosphate buffer.  Reactions were terminated by 

the addition of 250 µL of stop solution (acetonitrile containing 1 µM chloramphenicol).   

Samples were analyzed with a Waters® Aquity UPLC (BEH C18 1.7 µM, 2.1 x 50 mm 

column) in tandem with Waters® TQ MS mass spectrometer in electrospray negative mode 

for 5(S)-HpETE ((5S,6E,8Z,11Z,14Z)-5-hydroperoxy-6,8,11,14-icosatetraenoic acid), the 

major product of 5-LO’s metabolism of arachadonic acid.. 5 µL sample was injected with 

a 3 min linear 5 to 95 % acetonitrile/water gradient in 0.1 % formic acid with a 0.5 ml/min 

flow rate.  Because 5(S)-HpETE (monoisotopic MW = 336.2) loses a water molecule upon 

cone voltage ionization, the 317.2 > 203.2 precursor > product ion transition was measured.  

5(S)-HpETE concentrations of samples were quantitated using Waters® TargetLynx 

software with chloramphenicol as the internal standard. GraphPad® Prism v 5.04 was used 

for nonlinear fitting of inhibition curves to generate IC50 values for test compounds.   
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5.2.7 Equilibrium Dialysis Assay 

     The assay was performed using a 96-well equilibrium dialyzer with MW cutoff of 5K 

(Harvard Apparatus, Holliston, MA) and placed in dual-plate rotator set to maximum speed 

(Harvard Apparatus, Holliston, MA) located in a 37°C incubator with 10% CO2 

atmospheric environment. Frozen mouse plasma was thawed. 495μL mouse plasma, or 

brain homogenate (50% in dialysis buffer, 0.1M phosphate buffer containing 3mM MgCl2 , 

pH =7.4), or mouse microsome (0.5mg/ml protein) were spiked with 5 μL of 200 μM 

compounds solutions. 200 μL of plasma samples and buffer were added to the respective 

sides of the 96-well dialysis plate, wells were capped. The plate was then placed in the 

rotator and incubator and allowed to dialyze for 6 h. Following 6 h of dialysis, 25 μL of 

buffer and plasma were removed from each side of dialysis plate and mixed with 25 μL of 

the opposite matrix. Samples were then precipitated with 100 μL acetonitrile containing 

0.1 µM propafenone as internal standard. After centrifuge, the supernatant were analyzed 

with a Waters® Aquity UPLC (BEH C18 1.7 µM, 2.1 x 50 mm column) in tandem with 

Waters® TQ MS mass spectrometer. 5 µL sample was injected into LC-MS/MS with a 3 

min linear 5 to 95 % acetonitrile/water gradient in 0.1 % formic acid with a 0.5 mL/min 

flow rate.  Compound electrospray mode, capillary voltages, cone voltages, MRMs (one 

per compound) and quantization were optimized and determined using Waters® 

QuanOptimize or TargetLynx software with propafenone as an internal standard. The 

results will be reported as free fraction using the equation fu = Cbuffer/Cmedium.  
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5.2.8 In Vivo Pilot Pharmacokinetic Study 

     C57BL/6 mice (n=3) were given a single dose of a test compound (20µmol/Kg, 4mM 

solution in a mixture of saline and N-methylpyrrolidone) by intravenous route (i.v. via tail 

vein). Blood and brain were collected at 30 minutes after injection. Blood sample was 

centrifuged to afford plasma. Brain was homogenized with an equal amount of mouse 

plasma, and centrifuged to afford the supernatant. 50µL of the plasma or brain supernatant 

was precipitated with 100 μL acetonitrile containing 0.1µM propafenone as internal 

standard. After centrifuge, the supernatant were analyzed with a Waters® Aquity UPLC 

(BEH C18 1.7 µM, 2.1 x 50 mm column) in tandem with Waters® TQ MS mass 

spectrometer. 5 µL sample was injected with a 3 min linear 5 to 95 % acetonitrile/water 

gradient in 0.1 % formic acid with a 0.5 mL/min flow rate.  Compound electrospray mode, 

capillary voltages, cone voltages, MRMs (one per compound) and quantization were 

optimized and determined using Waters® QuanOptimize or TargetLynx software with 

propafenone as an internal standard. The results will be reported as compound 

concentration in plasma or brain, as well as brain-to-plasma ratio.  

 

5.2.9 Full Pharmacokinetics Study 

     C57BL/6 mice were given a single dose of a test compound (20µmol/Kg, 4mM solution 

in a mixture of saline and N-methylpyrrolidone) by intravenous route (i.v. via tail vein). 

Blood and brain were collected at 5, 10, 30, 60, 90, 120, 240, 360 minutes after injection. 

Three mice were used for each time point. Blood samples were centrifuged to afford plasma. 

Brain was homogenized with an equal amount of mouse plasma, and centrifuged to afford 
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the supernatant. 50 µL of the plasma or brain supernatant was precipitated with 100 μL 

acetonitrile containing 0.1 µM propafenone as internal standard. After centrifuge, the 

supernatant were analyzed with a Waters® Aquity UPLC (BEH C18 1.7 µM, 2.1 x 50 mm 

column) in tandem with Waters® TQ MS mass spectrometer. 5 µL sample was injected 

with a 3 min linear 5 to 95 % acetonitrile/water gradient in 0.1 % formic acid with a 0.5 

mL/min flow rate.  Compound electrospray mode, capillary voltages, cone voltages, 

MRMs (one per compound) and quantization were optimized and determined using 

Waters® QuanOptimize or TargetLynx software with propafenone as an internal standard. 

The results will be reported as compound concentration-time profile.  
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