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ABSTRACT 

 

MENTOR:  JOHN R. FALCK, Ph.D, DIC 

 

 

 

This work is comprised of three projects: a) the development of antiarrhythmic analogs of 

17(R),18(S)-epoxyeicosatetraenoic acid for the treatment of atrial fibrillation, b) the development 

of potent inhibitors of QseC mediated virulence gene expression, and c) studies toward a 

biomimetic total synthesis of nigricanoside A. 

Antiarrhythmic analogs of 17(R),18(S)-epoxyeicosatetraenoic acid (17(R),18(S)-EEQ): 

Arrhythmias such as atrial and ventricular fibrillation are a leading cause of death in the United 

States of America. However, the available drugs for the treatment of these deadly conditions can 

paradoxically induce proarrhythmic effects, amongst other side effects, and are individually 

insufficient for treatment. Through a neonatal rat cardiomyocyte assay, 17(R),18(S)-EEQ was 

found to possess negative chronotropic effects, a characteristic of antiarrhythmic activity. My 

work on this project led to the development of potent and metabolically robust analogs of 



 

viii 

17(R),18(S)-EEQ, which are currently being developed by OMEICOS Therapeutics GmbH, an 

early stage drug development company, for the treatment of atrial fibrillation. 

Inhibitors of QseC mediated virulence gene expression: 

Quorum sensing E. coli regulator C (QseC), a membrane-bound histidine sensor kinase, mediates 

the expression of various virulence genes in Gram-negative bacteria such as Escherichia coli 

(EHEC), Salmonella typhimurium, and Francisella tularensis which are pathogenic to humans.  

Therefore, QseC is a potential target of anti-virulence antibacterial strategies. In collaboration 

with the Sperandio laboratory, my work on this project led to the development of novel inhibitors 

of QseC mediated virulence gene expression. Some of the analogs synthesized in this project are 

currently being investigated by GlaxoSmithKline as anti-virulence agents. 

Studies toward a biomimetic total synthesis of nigricanoside A: 

Nigricanoside A, a novel ether-linked glycoglycerolipid with 7 unassigned stereocenters, was 

reported to possess potent (IC50 ≈ 3 nM) antimitotic activity against MCF-7 and HCT-116 cancer 

cell lines. However, the rarity of the natural product precluded further structural and biological 

studies. With the aid of biomimetic hypotheses and literature precedents, the Falck laboratory 

reduced the stereochemical uncertainty associated with the structure elucidation of the 

nigricanosides. Furthermore, one of the biomimetic hypotheses inspired the development of a 

novel stereocontrolled distal epoxidation of conjugated dienols. Armed with this methodology, 

my work on this project led to the syntheses of the three major fragments of a nigricanoside. 
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CHAPTER 1 

ANALOGS OF 17(R),18(S)-EPOXYEICOSATETRAENOIC ACID (EEQ) AS 

ANTIARRHYTHMIC AGENTS:  CONJUGATES AND CARBOXYLIC ACID 

BIOISOSTERES 

1.1 Abstract 

The cytochrome P450 metabolite of eicosapentaenoic acid (EPA), 17(R),18(S)-

epoxyeicosatetraenoic acid (EEQ), is a potent arterial vasodilator and a potential antiarrhythmic 

agent. Previous structure-activity relationship (SAR) studies established that a cis-Δ11,12 -olefin 

and a 17(R),18(S)-epoxide were required for the maximum antiarrhythmic effect of 17,18-EEQ. 

Subsequent progress towards a structurally simpler analog of 17,18-EEQ identified oxamide 1.01 

as a potent, non-chiral, and more robust analog of 17,18-EEQ. In this chapter, a series of 

conjugates and carboxylic acid bioisosteres of 1.01 was synthesized and evaluated as negative 

chronotropes in an in vitro arrhythmia model and for soluble epoxide hydrolase (sEH) inhibition. 

Compounds 1.11 and 1.12 possessed potent negative chronotropic effects at 30 nM with little 

inhibition of sEH at 1μM. The robustness and potency of these analogs should enable future in 

vivo and mechanism of action studies. 
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1.2 Introduction 

Heart disease is the major global cause of death with about 17.3 million deaths each year.1 In the 

United States of America, sudden cardiac death (SCD) is a leading cause of death with a survival 

rate of 10% and sustained ventricular fibrillation (VF), a type of tachyarrhythmia, is the most 

common cause of SCD.2 Ventricular fibrillation occurs when abnormal electrical impulses in the 

lower chambers of the heart prevent proper contraction and blood flow out of the heart. This 

often leads to organ damage and eventual fatality. On a molecular basis, dysfunctional ion 

channels and pumps are implicated in VF. The current treatments for VF and other kinds of 

arrhythmias are antiarrhythmic drugs and defibrillators (external and implantable) individually or 

in combination. However, the side effects and the propensity of the current antiarrhythmic drugs 

(pages 8-11) to cause future arrhythmias suggest the need for more effective treatments.3 Omega-

3- polyunsaturated fatty acid (ω-3-PUFA) therapy4 has previously been suggested as a simpler 

and less invasive supplement to current treatments for VF. The ingestion of ω-3-PUFAs is 

associated with a plethora of cardiovascular benefits, inter alia, anti-inflammatory, anti-

 

Figure 1.1 

17(R),18(S)-EEQ and analogs. 
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thrombotic, vasodilatory,5 and lipid homeostatic6 effects. Although the active principle (or 

principles) responsible for the cardio-protective effects of ω-3-fatty acids remains elusive, a large 

body of data suggests that enzymatic metabolites of PUFAs are involved.7  Most biologically 

active metabolites of PUFAs are transient and highly labile autacoids, which complicates in vitro 

and in vivo biological studies. Thus progress in this area of eicosanoid research is dependent on 

the development of stable analogs with similar or more potent biological activities with respect 

to the endogenous metabolites, as well as validated biological assays and relevant animal models 

of diseases. Therefore, the Falck group and collaborators have established a medicinal chemistry 

program focused on the design and synthesis of chemically and metabolically robust 

pharmacological tools and novel drug candidates based upon PUFA metabolites. We previously 

showed that the cytochrome P450 metabolite of EPA, 17(R),18(S)-EEQ, is 1000-fold more 

potent as a negative chronotrope than the parent EPA.7 Furthermore, preliminary SAR studies 

identified analog 1.01 as a potent, non-chiral negative chronotrope in in vitro assays. With 1.01 

as a lead compound, modifications to the carboxylic terminal were examined to: 1) increase 

hydrophilicity, 2) obviate β-oxidation, 3) avoid esterification, and 4) provide mechanistic 

information on the possible mode of action of the analogs. Reported in this section is the 

development of second generation analogs of 1.01 and their evaluation in a neonatal rat 

cardiomyocyte arrhythmia assay, as well as a sEH inhibition assay. 

1.3 Literature Review 

Polyunsaturated fatty acids (PUFAs) are important small molecules that constitute the cellular 

lipid membranes present in all organisms. The two main classes of PUFA namely, the n-6 (ω-6) 

and the n-3 (ω-3), are derived biosynthetically from linoleic acid (LA, 18:2n-6) and α-linolenic 
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acid (ALA, 18:3n-3) respectively. Elongation and desaturation of LA by elongase and desaturase 

enzymes forms arachidonic acid (AA, 20:4n-6) and docosapentaenoic acid (DPA, 22:5n-6), 

while similar enzymatic action on ALA forms eicosapentaenoic acid (EPA, 20:5n-3) and 

docosahexanoic acid (DHA, 22:6n-3) (Figure 1.1). Furthermore, in the leaves of certain plants, 

algae, and phytoplankton, LA can be converted to ALA.4 The major dietary sources of n-6 

PUFAs are vegetable and seed oils such as primrose oil, canola oil, and sunflower seed oil, while 

n-3 PUFAs are mostly obtained from fish oil and flax seed oil. 

 

Apart from their role as structural components, energy stores, and protective media against 

electrical and chemical signals, PUFAs are important second messengers. PUFAs, like their 

saturated (SFA) and monounsaturated (MFA) relatives, are esterified to glycerol-phosphates and 

thus make up the glycerophospholipids (Figure 1.2) of cellular membranes. Upon signal 

stimulation (by hormones, growth factors, transcriptional factors, etc.) of a receptor (e.g., a G-

 

Figure 1.2 

The two classes of essential PUFAs. 
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protein coupled receptor, GPCR), a series of signal cascading events lead to activation of 

phospholipases (PLA1 or PLA2) that excise the acyl ester bonds of phospholipids releasing the 

esterified fatty acids. In the case of PUFAs, subsequent enzymatic conversions by 

cyclooxygenases (COX-1, COX-2), lipoxygenases, and cytochrome P450s (epoxygenases and 

hydroxylases) form biologically active autacoids that mediate myriad biological processes. In 

some cells, the PUFAs can be metabolized in their esterified state, or re-esterified after 

subsequent enzymatic metabolism.8 Rapid inactivation of the PUFA metabolites by enzymes 

such as soluble epoxide hydrolases (sEH) and peroxisomal enzymes prevents persistence of these 

highly active metabolites. Thus, the biological activities of PUFAs in various cells/tissues/organs 

are highly dependent on the signals, the PUFA membrane-composition, and the presence of 

releasing/attaching and metabolic enzymes.  

 

1.3.1 The Human Heart 

The human cardiovascular system is composed of the heart, blood, and the blood vessels that 

transport blood around the body. The human heart is composed of two upper chambers (right and 

left atria) and two lower chambers (right and left ventricles). The right atrium receives 

deoxygenated blood from the superior and inferior vena cava and passes it through the right 

atrioventricular valve into the right ventricle.  The blood then passes through the pulmonary 

 

Figure 1.3 

Glycerolipids and sites of phospholipase activity. 
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semilunar valve and the pulmonary artery to the lungs. Upon reoxygenation of the blood by the 

lungs, the blood passes through the pulmonary vein to the left atrium, and moves through the 

mitral valve to the left ventricle where it is pumped to the rest of the body via the aorta.9 A 

normal heart rate is between 60-90 beats/min, and a rate faster than 100 beats/min is considered 

tachycardia.10 Efficient pumping of blood through the body is highly dependent on a rhythmic 

relaxation and contraction of the heart chambers. This rhythmic process is maintained by a 

unidirectional action potential. In the heart, action potentials originate from the sinoatrial node 

(SAN) in the right atrium and travel through the His-Purkinje network to the atrioventricular 

node (AV node). Conduction from the AV node to the ventricles causes ventricular contraction 

and blood flow. There are five major phases11 of a cardiac action potential (Figure 1.4).  

In phase 4, the resting membrane potential, most contractile cells (non-pacemaker cells) maintain 

a membrane potential of about -85 to -95 mV. This potential is maintained through active 

transport by ion exchange pumps such as the Na+-K+ (sodium-potassium) ion exchange pump, 

the Na+-Ca2+ (sodium-calcium) exchanger current, and the Ik1 inwardly rectifying K+ current. 

Furthermore, the cells are said to be polarized with a high extracellular concentration of Na+ ions 

and a high intracellular concentration of K+ ions. Pacemaker cells on the other hand, 

spontaneously depolarize slowly due to increased inward Na+ and Ca2+ currents and a slowly 

decreasing K+ outward current until a threshold potential (around -40 mV) is reached and an 

action potential is initiated. 12 
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The stimulus for this gradual rise in potential often comes from the parasympathetic and 

sympathetic branches of the autonomous nervous system. In phase 0, rapid membrane potential 

depolarization occurs due to Na+ influx via fast Na+ channels resulting in a positive membrane 

potential. In pacemaker cells, however, influx of Ca2+ ions through the L-type calcium channels 

rather than Na+ ions is responsible for phase 0.11 Phase 1 of the action potential is characterized 

by initial repolarization due to an inactivation of the fast Na+ channels (L-type Ca2+ channels in 

the case of pacemaker cells) and an outward flow of K+ and Cl- ions. Phase 2 is characterized by 

equilibrium between the inward movement of Ca2+ through L-type calcium channels, and the 

outward movement of K+ through the slow delayed rectifier K+ channel. The resulting large 

concentrations of intracellular calcium lead to the contraction of contractile cells. Note that this 

phase is absent in pacemaker cells. Phase 3 of the action potential, the rapid repolarization phase, 

 

 

Figure 1.4 

Non-pacemaker cardiac action potential (taken from Grigoriy Ikonnikov and Eric Wong, 

2013).13 
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is characterized by a closure of the L-type Ca2+ channels, and the opening of K+ channels. Once 

the membrane potential is restored, the K+ channels close, and the sodium-calcium exchanger 

and sodium-potassium pumps restore ion concentrations to the previous polarized state, which 

leads to a relaxation of contractile cells. Cardiovascular disease often develops from 

interruptions of blood flow to the heart by atherosclerotic plaques.10 Prolonged ischemia of the 

heart results in cell death, and an interruption of the rhythmic process of the heart. Omega-3 

PUFAs are believed to prevent and help treat cardiovascular disease through their actions on the 

heart cells, blood vessels, blood cells, and inflammation.5  

1.3.2 Antiarrhythmic Drugs 

There are five major classes of antiarrhythmic drugs according to the Vaughan Williams 

classification:14 

Class I agents (Figure 1.5) interfere with ion transport through the Na+ channel, which can result 

in a lengthening of the action potential (Class Ia agents), a shortening of the action potential 

(class Ib drugs), or a decrease in the rate of depolarization without an overall change in the 

length of the action potential (class Ic drugs).15 Class I agents are used to treat ventricular 

arrhythmias, prevent paroxysmal recurrent fibrillation, and treat Wolff-Parkinson-White 

syndrome. Examples of class I agents include procainamide (class Ia), disopyramide (class Ia), 

lidocaine (class Ib), and flecainide (class Ic). 

 

Figure 1.5 

Class I antiarrhythmic drugs. 
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Class II agents (Figure 1.6) are inhibitors of catecholamine mediated actions at β1-adrenergic 

receptors. Also, they decrease the slope of the pacemaker potential (phase 4) of the cardiac 

action potential. Of note is a recent report on the importance of class II agents for the suppression 

of the pro-arrhythmic effects of class 1 and 3 agents.16 Class II agents are used to treat 

myocardial infarction and tachyarrhythmias. Examples of class II agents include atenolol, 

propranolol and metoprolol. 

 

Class III agents (Figure 1.7) prolong the repolarization phase (phase 3) of the action potential by 

interfering with ion transport through the K+ channel. This prevents re-entrant (looping signal) 

arrhythmias since a re-entrant rhythm is less likely to depolarize refractory cells. Class III agents 

are used to treat ventricular tachycardias, atrial fibrillation, and Wolff-Parkinson-White 

syndrome. Examples include amiodarone, sotalol, and dofetilide.17 

 

Figure 1.6 

Class II antiarrhythmic drugs. 
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Class IV agents (Figure 1.8) are calcium channel antagonists, which decrease conduction through 

the AV node18 and influence phase 2 of the cardiac action potential. These agents are 

inappropriate for conditions such as heart failure, since they decrease the contractility of the 

heart. Class IV agents are used to prevent recurrence of paroxysmal supraventricular tachycardia, 

and to reduce ventricular rate in patients with atrial fibrillation. Examples of class IV agents are 

verapamil and diltiazem. 

 

 

Figure 1.7 

Class III antiarrhythmic drugs. 

 

Figure 1.8 

Class IV antiarrhythmic drugs. 
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Class V agents (Figure 1.9) consist of drugs with mechanisms of action that do not fit any of the 

classes discussed above. Examples include digoxin (reduces conduction through AV node), 

adenosine (treatment of supraventricular tachycardias)19 and magnesium sulfate (prevents atrial 

fibrillation and supraventricular arrhythmias).20   

1.3.3 Antiarrhythmic Effects of PUFAs 

Reports about the lower incidence of cardiac mortality of Greenland Eskimos despite the high fat 

contents of their diets pioneered interests in the potential benefits of n-3 PUFAs on cardiac 

health.21 In 1989, Burr and co-workers reported the first clinical cardiovascular trial to determine 

the effects of dietary fat, fish, or fiber on the prevention of myocardial infarction (MI).22  At the 

end of the trial, there was a 29% reduction in mortality in men on the fish diet as compared to 

those on the other diets, although more non-fatal arrhythmias occurred in this group. This 

beneficial effect was attributed to a reduction in arrhythmic deaths.4 Other clinical trials such as 

the GISSI-Prevenzione trial23 and a review of the Physicians’ Health Study24 have reported 

reductions in cardiac deaths of 45% and 52%, respectively, due to n-3 PUFA consumption. 

Together these reports suggest a beneficial effect of n-3 PUFA consumption on the prevention of 

sudden cardiac death and overall cardiac mortality.  

 

Figure 1.9 

Class V antiarrhythmic drugs 
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In 1994, Leaf and Kang published a neonatal rat cardiomyocyte (NRCM) assay developed to 

study the biochemical and physiological antiarrhythmic actions of n-3 PUFA. In this assay, 

individual cardiac myocytes from rats are cultured on a microscope coverslip for 48 h, after 

which the cells are adherent in spontaneously beating monolayer clumps. An inverted 

microscope is then used to monitor the amplitude and rate of contraction of individual myocytes 

in several clumps during perfusion with various media.25 EPA and DHA (2-10 μM) containing 

media significantly reduced the contraction rate of the cells within 3 min of perfusion without 

major changes in the amplitude of contractions. Importantly, this negative chronotropic effect 

could be reversed by perfusing the cells with delipidated bovine serum albumin (BSA) within 2 

min, which suggests a non-covalent mode of action of these PUFAs. Furthermore, EPA and 

DHA were able to “prevent and terminate tachyarrhythmias induced by high extracellular 

calcium concentrations or ouabin,” in a similar fashion as the antiarrhythmic drug lidocaine.25 

Additional studies26-28 in a dog animal model of sudden cardiac death further confirmed these 

preventive and therapeutic effects of EPA and DHA. Through a series of experiments,29-32 Leaf 

and coworkers proposed that the n-3 PUFAs prevent fatal arrhythmias by inhibiting the fast, 

voltage-dependent sodium current and the L-type calcium currents. This inhibition prevents 

further transduction of an arrhythmic signal by a shift of the steady state inactivation curve to 

more hyperpolarized potentials.4  

While there is obviously a significant effect of n-3 PUFA on Na+ and Ca2+ channels of heart 

cells, the molecular mediators of this effect are currently unknown. A leading hypothesis 

suggests the involvement of n-3 PUFA metabolizing enzymes and distinct receptors for the 

metabolites.33,34 In support of this hypothesis, recent studies have shown that 1) a switch in the 
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lipid composition from n-6 PUFAs to n-3 PUFAs could occur in certain organs and tissues such 

as the kidney, lung, liver, and left ventricle with a n-3 PUFA rich diet, 2) n-3 PUFAs compete 

favorably for metabolism by n-6 PUFA metabolizing enzymes,7 3) 8,9-epoxyeicosatrienoic acid 

(8,9-EET, a cytochrome P450 metabolite of arachidonic acid) modulates Na+ channel activity of 

rat cardiomyocytes in vitro,35 and 4) the omega-3 PUFA metabolite binding sites and biological 

activities are different than those of the n-6 PUFAs.36 Furthermore, the long-term beneficial 

effects of n-3 PUFAs could be a cumulative effect from other components of the cardiovascular 

system (i.e. blood vessels and blood components). EETs have been shown to modulate vascular 

tone and homeostasis.37,38 It would be interesting to compare the effects of n-3 and n-6 PUFA 

metabolites in various cardiac diseased states involving these components. 

Recent studies by the Schunck group7 showed that various isoforms of cytochrome P450 

metabolized EPA predominantly into 17,18-epoxyeicosatetraenoic acid (17,18-EEQ) in various 

organs. 17,18-EEQ was found to possess antiarrhythmic properties at low nanomolar 

concentrations in the NRCM assay. 17(R),18(S)-EEQ was identified as the negative chronotrope, 

while its enantiomer was mostly inactive. Furthermore, preliminary SAR studies in collaboration 

with the Falck laboratory using 17(R),18(S)-EEQ as a lead identified analog 1.01 as a non-chiral, 

yet potent negative chronotrope in in vitro assays. Analog 1.01 does not inhibit sEH at 5 μM, 

which eliminates a mechanism of action involving any direct effect on sEH metabolism of 

endogenous 17,18-EEQ. With 1.01 as a lead compound, modifications to the carboxylic terminal 

were examined to, 1) increase the hydrophilicity, 2) obviate β-oxidation, 3) avoid esterification, 

and 4) provide mechanistic information on the possible mode of action of the analogs.  
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1.4 Results and Discussion 

The structure of 1.01 can be divided into 4 functional regions namely: 1) a carboxylic terminus, 

2) a lipophilic region, 3) a cis-Δ11,12–olefin, and 4) an oxamide epoxide bioisostere near the 

terminus (Figure 1.10). The Falck group had previously established the importance of the 

carboxylic acid, the cis-Δ11,12 –olefin, and the oxamide (or other epoxide bioisostere) for 

antiarrhythmic activity.7 In subsequent studies, I focused my attention on the carboxylic 

functional group. Conjugation of various polar moieties was examined with the aim of increasing 

the hydrophilicity of this class of analogs.  

 

As shown in Table 1.1, the more robust analogs oxamide 1.01, the related urea 1.02, and the 3-

oxa analog 1.03 showed higher potency than the labile natural ligand 17(R),18(S)-EEQ. On the 

other hand, the more hydrophilic triethyleneglycol esters (1.04-1.06) and glycine conjugate 

(1.07) displayed similar activities as 17(R),18(S)-EEQ, although 1.04 showed a slight increase in 

sEH inhibition. LC‒MS analysis of the 1.06/assay prep incubate showed the presence of the 

hydrolyzed carboxylic acid 1.03, which suggests that 1.04-1.06 are hydrophilic prodrugs that are 

converted to the active carboxylic acid in situ. A likely role for enzymatic conversion is further 

suggested by the moderate activity of tertiary amide 1.08 and the weakly active alanine 

 

Figure 1.10 

Functional regions of 1.01. 
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conjugate 1.09. An increase in steric congestion which curtails amidase hydrolysis could prevent 

efficient conversion to the parent acids, hence the decreased activity. Alternatively, a weak 

binding of the intact analogs to the appropriate receptor due to sterics could explain the result. 

However, the high potency of 1.10 suggests that increased acidity at the carboxylate terminus 

could override steric effects, which is consistent with previous observation39 on the favorable 

influence of increased acidity at the carboxylate terminus on the biological activity of this class 

of analogs. Importantly, analogs 1.01-1.10 showed minor effects on sEH inhibition at the 

concentration (30 nM) used for the NRCM assay. Comparison of the bioactivity and sEH 

inhibition of the pair 1.01/1.02 and 1.04/1.05 suggested that oxamides might be better epoxide 

bioisosteres than ureas and have less untoward effect on sEH, thus, subsequent studies focused 

on oxamide analogs.  

Next, the effect of replacing the carboxylic terminus with established bioisosteric groups was 

evaluated. Delightfully, heterocyclic isosteric analogs such as tetrazole 1.11 (-30.9±5.5 bpm) and 

oxathiadiazole 1.12 (-24.3±1.3 bpm) displayed strong potency and were more active than 

17(R),18(S)-EEQ (-21.3±0.9 bpm). The biological activity decreased by more than 50% with 

oxadiazole 1.13 (-11.0±1.2 bpm), which might be partially due to its reduced acidity vs. 1.12, 

and rebounded with benzothiazole 1.14 (-21.1±1.1 bpm). On the other hand, phenolic thio-ether 

1.15 (-7.5±4.5 bpm) was the least active carboxylic isostere examined in this series. We 

speculate that the decreased activity of 1.15 could be the result of rapid metabolism of the 2-

hydroxythiophenol ether moiety, and/or the lower acidity39 of the phenol. Sodium sulfonate 

(1.16) and phosphonate (1.17) were as active as 17(R),18(S)-EEQ and, thus, allows one to 

discount esterification or incorporation into phospholipids as a necessary step for suppression of 
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the beating rate. Inclusion of the Δ11,12–olefin into an ortho-substituted phenyl as demonstrated in 

1.18 and 1.19 retained a significant part of the biological activity. These results re-enforce the 

presumed hairpin binding motif36 of these analogs at the binding site, and suggests the presence 

of sufficient room in the lipophilic pocket for substitution at the cis-olefin. Unlike in the 

carboxylic series, conjugation (esterification) of the phosphonate (1.20-1.22) gave a more modest 

reduction in potency. Possibly, enzymatic and/or non-enzymatic hydrolysis of the phosphonate 

esters could be faster than that of the carboxylic conjugates resulting in a rapid conversion of 

1.20-1.22 to the parent 1.17 (or mono ester); hence, a minor decrease in activity when compared 

with the carboxylic conjugates 1.04, 1.05, 1.07, 1.08, and 1.09 relative to 1.01 and 1.02.  

Table 1.1 Chronotropic effects of 17,18-EEQ analogs on NRCMs and inhibition of soluble 

epoxide hydrolase (sEH) 

 

Compound Structure 
Change 

(beats/min)a 

sEH inhibition (%)b at 

1 μM                   10 μM                           

17(R),18(S)-

EEQ 

 

-21.3±0.9 NA NA 

1.01 

 

-33.7±1.3 -4.1±2.9 -8.3±6.3 

1.02* 

 

-27.0±1.2 4.7±1.7 23.4±2.9 

1.03 

 

-31.2±3.0 NA NA 

1.04* 

 

-19.8±1.0 26.5±2.5 76.6±3.0 

1.05 

 

-19.3±1.4 NA NA 
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1.06 

 

-24.7±0.9 NA NA 

1.07* 

 

-21.1±1.4 0.9±6.0 19.2±5.0 

1.08* 

 

-15.6±4.3 -0.6±3.8 17.8±4.0 

1.09* 

 

-1.1±1.5 1.9±5.7 18.7±3.4 

1.10* 

 

-23.1±1.2 -3.2±5.0 1.1.0±2.7 

1.11 

 

-30.9±5.5 -1.3±4.6 1.9±4.6 

1.12 

 

-24.3±1.3 -0.2±4.0 10.0±3.1 

1.13 

 

-11.0±1.2 -5.0±3.5 -9.2±4.1 

1.14 

 

-21.1±1.1 17.0±3.1 61.8±2.8 

1.15 

 

-7.5±4.5 0.4±4.1 1.5±3.8 
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1.16 

 

-20.7±0.9 5.2±1.8 0.0±3.8 

1.17 

 

-21.3±1.0 6.8±3.2 37.7±2.9 

1.18* 

 

-24.5±0.8 -1.0±5.5 -2.2±2.2 

1.19* 

 

-21.8±1.0 1.3±5.8 1.8±2.6 

1.20* 

 

-23.5±1.0 5.1±2.1 38.4±6.7 

1.21* 

 

-16.2±0.9 5.4±2.8 18.6±3.6 

1.22 

 

-18.0±0.9 5.0±1.7 6.4±2.7 

1.23 

(AUDA) 
 

n.d. 98.4±0.1 n.d. 

aNegative chronotropic effect of 17,18-EEQ analogs. n = 18-24 cardiomyocyte clusters 

originating from at least three independent NRCM preparations. Compounds were tested at a 

final concentration of 30 nM. Data presented as mean ± SD. bInhibition tested with 14,15-EET as 

substrates for recombinant human sEH. Data represent mean ± SD; n = 4. AUDA, a highly 

potent sEH inhibitor is shown for comparison. Under the assay conditions, AUDA produced 84.6 

± 1.0% inhibition at 100 nM. NA = not available. *denotes analogs prepared by postdoctoral 

students. 

 

With respect to the mechanism of action, it is noteworthy that esterification of the analogs, e.g., 

into cellular phospholipids as has been suggested might not be required for NC activity, since 
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non-carboxylate analogs were sufficiently active. Furthermore, the rapid onset of activity 

supports a non-conjugative mechanism. Although a different mechanism of action could exist for 

carboxylate and non-carboxylate analogs, the similarity in the electrocardiograms for these two 

classes of compounds suggests a similar mechanism of action. Competition/antagonism 

experiments should be performed to further confirm this hypothesis. Importantly, it can be 

inferred from our data that sEH inhibition had negligible influence on the antiarrhythmic action 

of all the analogs. Our current proposal for the mechanism of action for this class of 

antiarrhythmic compounds is that they bind to a receptor that modulates the activities of ion 

channels or pumps. Alternatively, direct interaction with ion channels or pumps could be 

responsible for the observed biological activity. 17(R),18(S)-EEQ is known to dilate rat cerebral 

arteries and stimulate large-conductance K+ (BK) channels.40 Perhaps the antiarrhythmic action 

of the 17(R),18(S)-EEQ analogs could result from an overall modulation of K+ channels like 

other class III antiarrhythmic agents. Future work will focus on exploring this mechanistic 

possibility. In light of the fatal proarrhythmic side effects of some of the currently available 

antiarrhythmic drugs, a major question which remains to be engaged is the arrhythmic induction 

potential of the 17(R),18(S)-EEQ analogs. In the absence of comprehensive in vivo data, the fact 

that treatment of arrhythmic cells with 17(R),18(S)-EEQ or the analogs restored the beating rate 

to basal levels and not below, at the concentrations tested in vitro is promising. Hopefully, 

further studies would shed some light on the mechanism behind this effect.  

1.4.1 Chemistry 

A general synthetic scheme for the compounds tested in this study is shown in scheme 1.1. 
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Access to sufficient quantities of the analogs for animal studies was hindered by the linear nature 

of the synthetic route in Scheme 1.1. Therefore, a more convergent synthetic route was 

developed. The synthesis of 1.11 is representative of the new synthetic route (un-optimized) 

(Scheme 1.2). 

 

Scheme 1.1 

Linear/divergent synthesis of analogs.  
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As shown in Scheme 1.2, 1.11 can be obtained from 1.37 through a tandem addition, cyclization 

process with NaN3. Retrosynthetic disconnection at the olefin of 1.37 gives vinyl iodide 1.45 and 

the hydroboration product of 1.48. In the synthetic direction, a Suzuki-Miyaura couplinig of both 

fragments furnished 1.37. Cyanide 1.48 was synthesized in two steps from commercial 8-nonen-

1-ol (1.46) through bromide 1.47, while Vinyl iodide 1.45 was prepared in five steps 

commencing with phthalimide Mitsunobu substitution of commercial 5-hexyn-1-ol to give 1.41 

from which iodo-alkyne 1.42 was obtained via treatment with N-iodosuccinimide with silver 

nitrate catalysis. Sequenctial stereospecific reduction of 1.42, deprotection of the phthalimide 

group in the resultant cis-vinyl iodide 1.43, and amidation with oxamide 1.31 resulted in 1.45. 

With the above synthetic route, hundreds of milligrams of 1.11 were synthesized in 

 

Scheme 1.2 

Convergent synthesis of analogs. 
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approximately half the time compared with the linear synthetic scheme. Further pre-clinical in 

vitro and in vivo studies with 1.11 are currently ongoing. 

1.5 Conclusion 

Various conjugates and carboxylic acid bioisosteres of 17,18-EEQ were synthesized and 

evaluated as negative chronotropes in an in vitro arrhythmia model, and for soluble epoxide 

hydrolase (sEH) inhibition. Heterocyclic bioisosteres 1.11 and 1.12 showed potent negative 

chronotropic effects at 30 nM with little inhibition of sEH at 1μM, and are instructive on the 

potential mechanism of action of these analogs. Phosphonate analogs and conjugates were also 

potent negative chronotropes and will be further evaluated as “backup” scaffolds. Finally, a 

robust and convergent synthetic route to the analogs was developed, which should enable future 

in vivo and mechanism of action studies. 

1.6 Experimental 

General Methods and Materials. Proton and carbon nuclear magnetic resonance spectra (1H 

and 13C NMR) were recorded at 500 MHz and 126 MHz, respectively, or at 400 MHz and 101 

MHz, respectively, in CDCl3 with TMS as internal standard, unless otherwise stated. 1H NMR 

data are reported as follows: chemical shift (ppm), multiplicity (s = singlet, br s = broad singlet, 

d = doublet, t = triplet, q = quartet, app q = apparent quartet, qn = quintet, app qn = apparent 

quintet, m = multiplet), and coupling constant (Hz). Melting points were measured using an 

automated melting point apparatus and are uncorrected. Analytical thin layer chromatography 

(TLC) used EMD Chemicals TLC silica gel 60 F254 plates (0.040-0.063 mm) with visualization 

by UV light and/or phosphomolybdic acid (PMA) solution followed by heating. 
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Chromatographic purifications utilized preparative TLC or flash chromatography using pre-

packed SiO2 columns on an automated medium pressure chromatograph. Unless otherwise noted, 

yields refer to isolated, purified material with spectral data consistent with assigned structures or, 

if known, were in agreement with published data. All reactions were conducted under an argon 

atmosphere in oven-dried glassware with magnetic stirring. Reagents were purchased at the 

highest commercial quality and used without further purification. Reaction solvents were dried 

by passage through a column of activated, neutral alumina under argon and stored under argon 

until use.  

 

Synthesis of tert-butyldiphenyl[15-(tetrahydro-2H-pyran-2-yloxy)pentadec-5-yn-1-

yloxy]silane (1.26) 

n-Butyllithium (2.5M in hexanes, 3.89 mL, 9.72 mmol, 1.2 equiv) was added dropwise to a -78 

°C solution of tert-butyl(hex-5-yn-1-yloxy)diphenylsilane41 (2.70 g, 8.10 mmol) in THF (20 mL) 

and anhydrous hexamethylphosphoramide (HMPA, 10 mL). The reaction (blood red) was stirred 

at -78 °C for 30 min and at 0 °C for 2 h. The reaction was cooled to -78 °C and 2-(9-

bromononyloxy)tetrahydro-2H-pyran42 (2.50 g, 8.10 mmol) in THF (16.2 mL) was added slowly 

to the reaction via cannula. The reaction was stirred at -78 °C for 40 min and then allowed to 

gradually warm to rt overnight (18 h). The reaction was quenched with sat. NH4Cl solution, 

diluted with water and extracted with EtOAc (3 × 20 mL). The combined organic extracts were 

dried over Na2SO4, filtered through a fritted funnel, and concentrated in vacuo. The crude 
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product was purified via SiO2 column chromatography with 2% EtOAc/hexanes to give the title 

compound (4.04 g, 88% yield) as a colorless oil. 

1H NMR (500 MHz, CDCl3) δ 7.67 (dt, J = 7.9, 1.7 Hz, 2H), 7.39 (ddd, J = 14.1, 7.6, 6.0 Hz, 

3H), 4.57 (dt, J = 4.7, 2.4 Hz, 1H), 3.87 (ddd, J = 10.8, 7.6, 2.7 Hz, 1H), 3.78 – 3.64 (m, 2H), 

3.56 – 3.45 (m, 1H), 3.38 (dq, J = 9.3, 6.6 Hz, 1H), 2.22 – 2.07 (m, 2H), 1.90 – 1.39 (m, 8H), 

1.39 – 1.23 (m, 9H), 1.04 (s, 5H), 0.92 – 0.81 (m, 2H); 13C NMR (126 MHz, CDCl3) δ 135.8 (2), 

134.3, 129.8, 127.8 (2), 99.1, 99.06, 80.7, 80.2, 77.6, 77.3, 67.9, 67.89, 63.7, 62.6, 62.56, 45.4, 

32.9, 32.0, 31.1, 30.02, 30.0, 29.75, 29.73, 29.66, 29.63, 29.41, 29.39, 29.1, 29.09, 27.1, 26.5, 

26.47, 25.8, 25.77, 20.0, 19.5, 19.0, 18.8. 

 

Synthesis of 15-(tetrahydro-2H-pyran-2-yloxy)pentadec-5-yn-1-ol (1.27) 

A solution of  tert-butyldiphenyl[15-(tetrahydro-2H-pyran-2-yloxy)pentadec-5-yn-1-yloxy]silane 

(6 g, 10.42 mmol) and tetra-n-butylammonium fluoride (3.14 g, 12.5 mL of a 1 M solution in 

THF, 12.5 mmol) in THF (150 mL) was stirred at rt under an argon atmosphere. After 5 h, the 

reaction mixture was quenched with saturated aqueous NH4Cl (5 mL), washed with water (100 

mL) and brine (75 mL). The aqueous layer was back-extracted with ether (2 × 75 mL). The 

combined organic extracts were dried over Na2SO4, concentrated under reduced pressure, and the 

residue was purified by SiO2 column chromatography, using 5-10% EtOAc/hexanes as eluent to 

give the title compound (3.17 g, 80%) as a colorless oil. TLC: 40% EtOAc/hexanes, Rf ~ 0.4. 

1H NMR (500 MHz, CDCl3) δ 4.57 (dd, J = 4.5, 2.8 Hz, 1H), 3.87 (ddd, J = 11.0, 7.5, 3.2 Hz, 

1H), 3.72 (dt, J = 9.5, 6.9 Hz, 1H), 3.67 (t, J = 6.4 Hz, 2H), 3.53 – 3.46 (m, 1H), 3.37 (dt, J = 

9.5, 6.7 Hz, 1H), 2.19 (tt, J = 6.9, 2.4 Hz, 2H), 2.13 (tt, J = 7.1, 2.4 Hz, 2H), 1.83 (qd, J = 7.9, 
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3.6 Hz, 1H), 1.75 – 1.63 (m, 3H), 1.62 – 1.48 (m, 6H), 1.48 – 1.40 (m, 2H), 1.39 – 1.22 (m, 7H); 

13C NMR (126 MHz, CDCl3) δ 99.0, 80.7, 80.0, 67.9, 62.5, 62.4, 32.0, 30.9, 29.9, 29.6, 29.3 (2), 

29.0, 26.4, 25.7, 25.6 (2), 19.8, 18.9, 18.7. 

 

Synthesis of (Z)-15-(tetrahydro-2H-pyran-2-yloxy)pentadec-5-en-1-ol  (1.28) 

NaBH4 (141 mg, 3.70 mmol, 0.8 equiv) was added to a solution of Ni(OAc)2 (690 mg, 2.77 

mmol, 0.6 equiv) in anhydrous EtOH (10 mL) in a two-necked flask under a H2 atmosphere (1 

atm). After 25 minutes, ethylenediamine (EDA, 0.93 mL, 13.9 mmol, 3 equiv) was added to the 

flask, followed by 15-(tetrahydro-2H-pyran-2-yloxy)pentadec-5-yn-1-ol (1.5 g, 4.62 mmol) in 

anhydrous EtOH (10 mL). After completion as judged by TLC analysis (2 h), the reaction was 

filtered through a column of silica gel and eluted with ethyl acetate. The filtrate was concentrated 

in vacuo to give the crude product (1.48 g, 98%) as a colorless oil. TLC: 20 % EtOAc/hexanes, 

Rf ~ 0.35. 

1H NMR (500 MHz, CDCl3) δ 5.43 – 5.28 (m, 2H), 4.61 – 4.53 (m, 1H), 3.87 (ddd, J = 11.0, 7.6, 

3.2 Hz, 1H), 3.73 (dt, J = 9.6, 7.0 Hz, 1H),  3.65 (t, J = 6.6 Hz, 2H), 3.55 – 3.45 (m, 1H), 3.38 

(dt, J = 9.6, 6.7 Hz, 1H), 2.06 (app q, J = 7.0 Hz, 2H), 2.01 (app q, J = 6.7 Hz, 2H), 1.83 (tdd, J = 

11.9, 7.1, 3.6 Hz, 1H), 1.71 (ddt, J = 12.0, 8.5, 3.1 Hz,1H), 1.63 – 1.48 (m, 8H), 1.46 – 1.38 (m, 

2H), 1.38 – 1.24 (m, 12H); 13C NMR (126 MHz, CDCl3) δ 130.5, 129.6, 99.0, 67.9, 62.8 (2), 

62.5, 32.6, 30.9, 29.9, 29.8 (2), 29.7, 29.5, 27.4, 27.2, 26.4, 26.1, 25.6, 19.8. 
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Synthesis of (Z)-2-(15-azidopentadec-10-enyloxy)tetrahydro-2H-pyran (1.29) 

Diisopropyl azodicarboxylate (DIAD, 1.04 g, 5.15 mmol, 1.2 equiv) was added dropwise to a 

solution of triphenylphosphine (TPP, 1.35 g, 5.15 mmol, 1.2 equiv) in anhydrous THF (20 mL) 

at -20 °C. After 10 min, (Z)-15-(tetrahydro-2H-pyran-2-yloxy)pentadec-5-en-1-ol dissolved in 

THF (2.8 mL) was added dropwise to the reaction, and the resultant yellow suspension was 

stirred for 30 min at -20 °C. The reaction was warmed to 0 °C and diphenylphosphoryl azide 

(1.15 mL, 1.2 equiv) was added dropwise. The reaction was allowed to warm to rt overnight (16 

h) and quenched with H2O (11 mL). The organic layer was separated and the aqueous phase was 

extracted with Et2O (4 × 20 mL). The combined organic fractions were dried over Na2SO4, 

filtered through a fritted funnel, and concentrated in vacuo. The crude product was purified via 

SiO2 column chromatography using 2% EtOAc/hexanes to give a yellow oil (1.3 g, 86%). An 

analytical sample was purified by TLC to give the title compound as a colorless oil. TLC: 10% 

EtOAc/hexanes, Rf ~ 0.4. 

1H NMR (400 MHz, CDCl3) δ 5.43 – 5.28 (m, 2H), 4.59 – 4.56 (m, 1H), 3.91 – 3.84 (m, 1H), 

3.77 – 3.69 (m, 1H), 3.54 – 3.46 (m, 1H), 3.41 – 3.35 (m, 1H), 3.27 (t, J = 6.8 Hz, 2H), 2.10 – 

1.95 (m, 4H), 1.88 – 1.78 (m, 1H), 1.76 – 1.68 (m, 1H), 1.65 – 1.48 (m, 8H), 1.46 – 1.38 (m, 

2H), 1.38 – 1.24 (m, 12H); 13C NMR (101 MHz, CDCl3) δ 130.9, 129.0, 99.0, 67.8, 62.4, 51.5, 

31.0, 29.9, 29.8, 29.7, 29.6 (2), 29.5, 28.6, 27.4, 26.9, 26.8, 26.4, 25.7, 19.9. 
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Synthesis of (Z)-15-(tetrahydro-2H-pyran-2-yloxy)pentadec-5-en-1-amine (1.30) 

A mixture of the above azide (1.1 g, 3.13 mmol) and TPP (1.07 g, 4.07 mmol, 1.3 equiv) in THF 

(23 mL) was stirred at rt. After 2 h, H2O (0.2 mL) was added and the reaction was continued 

overnight (20 h). The reaction was diluted with EtOAc, poured into brine (10 mL) and extracted 

with EtOAc (4 × 15 mL). The combined organic extracts were dried over Na2SO4, filtered 

through a fritted funnel, and concentrated in vacuo. The crude product was carried on to the next 

reaction without further purification. TLC: 5% MeOH/DCM, Rf ~ 0.1. 

 

Synthesis of (Z)-N1-methyl-N2-(15-(tetrahydro-2H-pyran-2-yloxy)pentadec-5-

enyl)oxalamide (1.32) 

A mixture of the above crude (Z)-15-(tetrahydro-2H-pyran-2-yloxy)pentadec-5-en-1-amine (3.25 

g, 10.0 mmol) and ethyl 2-(methylamino)-2-oxoacetate43 (1.31, 1.57 g, 12.0 mmol) in anhydrous 

EtOH (50 mL) was refluxed for 8 h. The reaction was cooled to rt and concentrated in vacuo. 

The crude product was purified via SiO2 column chromatography with 20-30% EtOAc/hexanes 

to give the title compound as a white solid (2.92 g, 71%; mp, 69.9-70.2 °C). TLC: 50% 

EtOAc/hexanes, Rf ~ 0.65.  

1H NMR (500 MHz, CDCl3) δ 7.50 (br s, 2H), 5.42 – 5.28 (m, 2H), 4.59 – 4.56 (m, 1H), 3.91 – 

3.84 (m, 1H), 3.77 – 3.69 (m, 1H), 3.54 – 3.46 (m, 1H), 3.41 – 3.35 (m, 1H), 3.32 (q, J = 7.0 Hz, 

2H), 2.91 (d, J = 5.5 Hz, 3H), 2.05 (app q, J = 7.0 Hz, 2H), 2.00 (app q, J = 7.0 Hz, 2H), 1.88 – 
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1.78 (m, 1H), 1.76 – 1.68 (m, 1H), 1.64 – 1.47 (m, 8H), 1.44 – 1.22 (m, 14H); 13C NMR (126 

MHz, CDCl3) δ 160.8, 159.9, 130.9, 129.1, 99.1, 67.9, 62.6, 39.8, 31.0, 29.9(2), 29.8, 29.7(2), 

29.5, 29.0, 27.5, 27.1, 26.9, 26.5, 26.4, 25.7, 19.9. 

 

Synthesis of (Z)-N1-(15-hydroxypentadec-5-enyl)-N2-methyloxalamide (1.33) 

p-Toluenesulfonic acid monohydrate (PTSA, 71.4 mg, 0.375 mmol) was added to a solution of 

the above THP-ether (1.0 g, 2.43 mmol) in anhydrous methanol (71.4 mL). The reaction was 

monitored by TLC every hour and was concentrated under vacuum after 2 h. The concentrate 

(white solid) was re-dissolved in EtOAc and passed through a pad of SiO2 to give the title 

compound as a white solid (0.721 g, quantitative yield; mp, 115.9-116.0 °C). TLC: 50% 

EtOAc/hexanes, Rf ~ 0.25.  

1H NMR (500 MHz, CDCl3) δ 7.45 (br s, 2H), 5.42 – 5.28 (m, 2H), 3.64 (q, J = 6.5 Hz, 2H), 

3.32 (q, J = 6.5 Hz, 2H), 2.91 (d, J = 5.0 Hz, 3H), 2.06 (app q, J = 7.0 Hz, 2H), 2.00 (app q, J = 

7.0 Hz, 2H), 1.61 – 1.52 (m, 6H), 1.44 – 1.23 (m, 12H); 13C NMR (126 MHz, CDCl3) δ 160.8, 

159.9, 130.9, 129.1, 63.3, 39.8, 33.0, 29.8, 29.7, 29.6(2), 29.4, 29.0, 27.4, 27.1, 26.9, 26.4, 25.9. 

 

Synthesis of (Z)-N1-(15-bromopentadec-5-enyl)-N2-methyloxalamide (1.36) 

Carbon tetrabromide (CBr4, 0.942 g, 1.2 equiv) was added to a solution of TPP (0.745 g, 1.2 

equiv) and (Z)-N1-(15-hydroxypentadec-5-enyl)-N2-methyloxalamide (0.740 g, 2.37 mmol) in 

anhydrous DCM (120 mL) and the mixture was stirred at rt for 24 h. The reaction was 
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concentrated in vacuo and the crude product was purified via SiO2 column chromatography with 

20-25% EtOAc/hexanes to give the title compound as a white solid (0.596 g, 67% yield; mp, 

77.5-77.6 °C). TLC: 50% EtOAc/hexanes, Rf ~ 0.7.  

1H NMR (400 MHz, CDCl3) δ 7.45 (br s, 2H), 5.42 – 5.27 (m, 2H), 3.40 (t, J = 6.8 Hz, 2H), 3.31 

(q, J = 6.8 Hz, 2H), 2.91 (d, J = 5.6 Hz, 3H), 2.09 – 1.96 (m, 4H), 1.85 (qn, J = 7.2 Hz, 2H), 1.62 

– 1.52 (m, 2H), 1.47 – 1.37 (m, 4H), 1.37 – 1.23 (m, 10H); 13C NMR (101 MHz, CDCl3) δ 160.8, 

159.9, 130.9, 129.1, 39.8, 34.3, 33.0, 29.9, 29.6(2), 29.5, 29.0, 28.9, 28.4, 27.4, 27.1, 26.9, 26.4. 

 

Synthesis of (Z)-dimethyl 15-(2-(methylamino)-2-oxoacetamido)pentadec-10-

enylphosphonate (1.22) 

Trimethyl phosphite [P(OMe)3, 16 mL] was added to a solution of (Z)-N1-(15-bromopentadec-5-

enyl)-N2-methyloxalamide (0.375 g, 1.1 mmol) in THF (16 mL). The reaction was refluxed (120 

°C) in a sealed tube and monitored by TLC everyday over 3 days. After reaction completion as 

judged by TLC analysis, excess P(OMe)3 was distilled off and the crude material (white paste) 

was subjected to the next reaction without further purification (0.250 g, crude yield ~ 54%.). An 

analytical sample was purified by TLC to give 1.22 as a low melting solid. TLC: 50% 

EtOAc/hexanes, Rf ~ 0.2.  

1H NMR (500 MHz, CDCl3) δ 7.48 (br s, 2H), 5.39 – 5.26 (m, 2H), 3.72 (d, J H-P = 10.7 Hz, 6H), 

3.30 (app q, J = 7.0 Hz, 2H), 2.90 (d, J = 5.0 Hz, 3H), 2.04 (app q, J = 7.5 Hz, 2H), 1.98 (app q, 

J = 7.5 Hz, 2H), 1.81 – 1.67 (m, 2H), 1.63 – 1.51(m, 4H), 1.43 – 1.21 (m, 14H); 31P NMR (202 

MHz, methanol-d4, H3PO4 external standard) δ 36.48 (s); 13C NMR (126 MHz, CDCl3) δ 160.7, 
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159.9, 130.6, 129.0, 52.3 (d, 2J C-O-P= 6.5 Hz), 39.6, 30.7 (d, 2J C-C-P= 16.8 Hz), 29.8, 29.5, 29.4, 

29.3, 29.1, 28.9, 27.3, 27.0, 26.8, 26.3, 24.7 (d, 1J C-P= 140.2 Hz), 22.4 (d, 3J C-P= 5.3 Hz). 

 

Synthesis of disodium (Z)-15-(2-(methylamino)-2-oxoacetamido)pentadec-10-

enylphosphonate (1.17) 

TMSBr (10 equiv, 0.5 mL) was added dropwise to a solution of (Z)-dimethyl 15-(2-

(methylamino)-2-oxoacetamido)pentadec-10-enylphosphonate (0.250 g, 0.371 mmol) in DCM at 

0 °C. After 75 min, the reaction was quenched with methanol and concentrated in vacuo. The 

crude product was triturated with DCM and decanted. The residue (mp, 130.6-130.7 °C) was 

dissolved in 1M aq. Na2CO3 (20 mL). Bio-Beads™ SM-2 absorbent (Bio-Rad, 20-50 mesh) was 

added to the solution and gently stirred for 30 min. The Bio-Beads™/compound mixture was 

collected on a Buchner fritted glass funnel and washed with water (3 × 20 mL). The product was 

eluted from the beads with methanol, and the eluent was concentrated to give 1.17 as a white 

solid (48.4 mg, 30%; mp, 240 °C [dec]). 

Sodium salt:1H NMR (500 MHz, methanol-d4) δ 5.42 – 5.29 (m, 2H), 3.26 (t, J = 7.0 Hz, 2H), 

2.82 (s, 3H),  2.13 – 1.97 (m, 4H), 1.87 – 1.75 (m, 2H), 1.69-1.43 (m, 4H), 1.42-1.23 (m, 14H); 

13C NMR (101 MHz, DMSO-d6) δ 161.02, 160.15, 129.92, 128.81, 38.97, 31.86 (d, 2JC-P = 18.0 

Hz), 30.95, 29.65, 29.45, 29.41, 29.33, 29.30, 29.0, 27.6 (d, JC-P = 169.0 Hz), 26.6, 26.4, 24.9, 

24.6 (d, 3JC-P = 3.9 Hz). 
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Synthesis of (Z)-N1-(15-cyanopentadec-5-enyl)-N2-methyloxalamide (1.37) 

Potassium cyanide (KCN, 0.480 g, 7.35 mmol, 5 equiv) was added to a solution of (Z)-N1-(15-

bromopentadec-5-enyl)-N2-methyloxalamide (0.550 g, 1.47 mmol) in anhydrous DMSO (30 mL) 

and the mixture was stirred overnight at rt. After completion as judged by TLC analysis, the 

reaction was diluted with H2O (50 mL) and extracted with Et2O (3 × 25 mL). The combined 

organic extracts were washed with H2O (2 × 10 mL) and brine (15 mL). The organic phase was 

dried over anhydrous Na2SO4, filtered through a fritted funnel, and concentrated in vacuo. The 

crude product was purified via SiO2 column chromatography with 20-25% EtOAc/hexanes to 

give the title compound as a white solid (0.467 g, 99%; mp, 88.8-88.9 °C). TLC: 50% 

EtOAc/hexanes, Rf ~ 0.55.  

1H NMR (400 MHz, CDCl3) δ 7.43 (br s, 2H), 5.44 – 5.23 (m, 2H), 3.31 (q, J = 6.8 Hz, 2H), 

2.91 (d, J = 5.2 Hz, 3H), 2.34 (t, J = 7.2 Hz, 2H), 2.09 – 1.96 (m, 4H), 1.71 – 1.60 (m, 2H), 1.61 

– 1.49 (m, 5H), 1.49 – 1.36 (m, 3H), 1.36 – 1.22 (m, 8H); 13C NMR (101 MHz, CDCl3) δ 160.8, 

159.9, 130.8, 129.1, 120.1, 39.8, 29.8, 29.6, 29.5, 29.4, 29.0, 28.9, 28.8, 27.4, 27.1, 26.9, 26.4, 

25.6, 17.3. 
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Synthesis of (Z)-N1-(15-(1H-tetrazol-5-yl)pentadec-5-enyl)-N2-methyloxalamide (1.11) 

NaN3 (30.3 mg, 0.466 mmol, 1.5 equiv) and a solution of ZnBr2 (105 mg, 1.5 equiv) in H2O (2.8 

mL) were added to a solution of (Z)-N1-(15-cyanopentadec-5-enyl)-N2-methyloxalamide (100 

mg, 0.311 mmol) in EtOH (1.7 mL). The reaction was refluxed in a sealed tube for 3 days. The 

reaction was cooled to rt and acidified with 10% HCl to bring the pH to 1. The reaction was 

diluted with H2O (10 mL) and extracted with EtOAc (4 × 10 mL). The organic extracts were 

dried over Na2SO4, decanted, and concentrated in vacuo. The crude product was purified by TLC 

(eluent: 10% MeOH/DCM) to give 1.11 as a white solid (24.7 mg, 21%; mp, 127.3 °C). 

1H NMR (400 MHz, methanol-d4) δ 5.42 – 5.25 (m, 2H), 3.23 (t, J = 7.2 Hz, 2H),  2.90 (t, J = 

7.6 Hz, 2H), 2.80 (s, 3H), 2.09 – 1.95 (m, 4H), 1.81 – 1.69 (m, 2H), 1.60 – 1.47 (m, 2H), 1.41 – 

1.22 (m, 12H); 13C NMR (101 MHz, methanol-d4) δ 162.1, 161.3, 160.4, 130.2, 129.1, 39.18, 

29.7, 29.5, 29.4, 29.3, 29.2, 29.16, 29.0, 28.7, 27.0, 26.9, 26.6, 25.1, 24.8, 22.8. 

 

Synthesis of (Z)-N1-((5Z,16Z)-16-amino-16-(hydroxyimino)hexadec-5-enyl)-N2-

methyloxalamide (1.38) 

A mixture of (Z)-N1-(15-cyanopentadec-5-enyl)-N2-methyloxalamide (100 mg, 0.311mmol), 

NH2OH·HCl (108 mg, 1.56 mmol, 5 equiv), and Na2CO3 (181 mg, 1.71 mmol, 5.5 equiv) in 

anhydrous methanol (2 mL) was refluxed in a sealed tube for 2 days. The reaction was filtered 
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and the residue was washed with MeOH. Concentration of the filtrate gave a solid that was 

sequentially washed with water (10 mL) and DCM (3 × 10 mL). The solid (white) residue (76.0 

mg, 69%; mp, 118.1-118.5 °C) was used in the next reaction without further purification. An 

analytical sample was purified by TLC (5% MeOH/DCM, Rf ~ 0.35). 

1H NMR (400 MHz, methanol-d4) δ 5.42 – 5.29 (m, 2H), 3.25 (t, J = 7.1 Hz, 2H), 2.82 (s, 3H), 

2.12 – 1.98 (m, 4H), 1.90 (s, 1H), 1.56 (p, J = 7.3 Hz, 6H), 1.44 – 1.26 (m, 16H); 13C NMR (101 

MHz, methanol-d4) δ 161.2, 160.4, 156.5, 130.1, 129.1, 39.2, 30.6, 29.6, 29.4, 29.4, 29.3, 29.1, 

29.0, 28.7, 27.1, 26.9, 26.85, 26.6, 25.1. 

 

Synthesis of (Z)-N1-methyl-N2-(15-(2-oxido-3H-1,2,3,5-oxathiadiazol-4-yl)pentadec-5-en-1-

yl)oxalamide (1.12) 

Thionyl chloride (SOCl2, 20 µL, 0.273 mmol, 1.3 equiv) dissolved in DCM (1 mL) was added 

slowly to a solution of crude N1-((5Z,16Z)-16-amino-16-(hydroxyimino)hexadec-5-enyl)-N2-

methyloxalamide (74 mg, 0.210 mmol) and pyridine (43.6 µL, 0.546 mmol, 2.6 equiv) in THF (4 

mL) at 0 °C. The reaction was continued at 0 °C for 1h 40 min and then concentrated in vacuo. 

The concentrate was diluted with water (5 mL) and extracted with EtOAc (5 × 5 mL). The 

combined organic extracts were dried over Na2SO4, decanted, and concentrated in vacuo. The 

crude product was purified by TLC to give 1.12 as a white solid (54.8 mg, 63%; mp, 92.7-92.9 

°C). TLC: 5% MeOH in DCM, Rf ~ 0.6.  
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1H NMR (500 MHz, CDCl3) δ 8.38 (s, 1H), 7.50 (s, 2H), 5.41 – 5.28 (m, 2H), 3.41 – 3.21 (m,  

2H), 2.91 (d, J = 5.2 Hz, 3H), 2.62 (t, J = 7.7 Hz, 2H), 2.06 (app q, J = 7.0 Hz, 2H), 2.01 (app q, 

J = 6.8 Hz, 2H), 1.69 (p, J = 7.7 Hz, 2H), 1.63 – 1.55 (m, 4H), 1.46 – 1.24 (m, 12H); 13C NMR 

(101 MHz, CDCl3) δ 160.7, 159.9, 152.9, 130.9, 129.2, 40.0, 29.4, 29.3, 29.2, 29.1, 29.0, 28.97,  

28.9, 27.1 (2), 26.9, 26.6, 26.5, 24.0.  

 

Synthesis of (Z)-N1-methyl-N2-(15-(5-oxo-4,5-dihydro-1,2,4-oxadiazol-3-yl)pentadec-5-en-1-

yl)oxalamide (1.13) 

1,8-Diazabicyclo[5.4.0]undec-7-ene (DBU, 51 µL, 0.340 mmol, 1.2 equiv) was added via syringe 

to a mixture of  crude N1-[(5Z,16Z)-16-amino-16-(hydroxyimino)hexadec-5-enyl]-N2-

methyloxalamide (100 mg, 0.280 mmol) and 1,1′-carbonyldiimidazole (55 mg, 0.340 mmol, 1.2 

equiv) in anhydrous dioxane (1 mL). The reaction was stirred at rt for 30 min and at 100 °C for 

10 min. The reaction was cooled to rt and concentrated in vacuo. The concentrate was directly 

purified by TLC to give 1.13 as a white solid (19.8 mg, 18%; mp, 125.6 °C). TLC: 5% 

MeOH/DCM, Rf ~ 0.65.  

1H NMR (400 MHz, CDCl3) δ 8.10 (s, 1H), 7.68 (s, 1H), 5.47 – 5.26 (m, 2H), 3.33 (q, J = 7.0 

Hz, 2H), 2.93 (d, J = 5.1 Hz, 3H), 2.57 (app t, J = 7.6 Hz, 2H), 2.05 (dt, J = 12.9, 6.7 Hz, 4H), 

1.69 (p, J = 7.7 Hz, 2H), 1.64 – 1.51 (m, 2H ), 1.46 – 1.16 (m, 14H); 13C NMR (101 MHz, 

CDCl3) δ 1.63.4, 161.4, 160.0, 159.4, 130.8, 129.2, 39.9, 39.8, 29.8, 29.2, 29.15, 29.1, 29.03, 

29.0, 28.94, 28.92, 28.5, 27.1, 26.88, 26.85, 26.0, 25.3. 
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Synthesis of (Z)-N1-(15-iodopentadec-5-en-1-yl)-N2-methyloxalamide (1.34) 

Iodine crystals (I2, 1.75 g, 6.91 mmol,1.20 equiv) were added to a solution of (Z)-N1-(15-

hydroxypentadec-5-enyl)-N2-methyloxalamide (1.80 g, 5.76 mmol), TPP (1.81 g, 1.2 equiv) and 

imidazole (0.784 g, 11.5 mmol, 2 equiv) in THF (180 mL) at 0 °C. The reaction was allowed to 

slowly warm to rt overnight. After the reaction was completed as judged by TLC analysis, the 

reaction was quenched with sat. aq. NaHSO3 (10 mL) and concentrated in vacuo. The residue 

was diluted with water (70 mL), and extracted with EtOAc (3 × 20 mL). The combined organic 

extracts were dried over Na2SO4, filtered through a funnel, and concentrated in vacuo. The crude 

product was purified via SiO2 column chromatography with 20-25% EtOAc/hexanes to give the 

title product (1.76 g, 70%; mp, 81.7 °C). TLC: 50 % EtOAc/hexanes, Rf ~ 0.65.  

1H NMR (500 MHz, CDCl3) δ 7.43 (br s, 2H), 5.42 – 5.27 (m, 2H), 3.31 (q, J = 6.9 Hz, 2H), 

3.19 (t, J = 7.0 Hz, 2H), 2.91 (d, J = 5.2 Hz, 3H), 2.05 (app q, J = 7.2 Hz, 2H), 2.00 (app q, J = 

7.0 Hz, 2H), 1.82 (p, J = 7.2 Hz, 2H), 1.61 – 1.52 (m, 2H) 1.44 – 1.33 (m, 4H), 1.28 (d, J = 4.8 

Hz, 10H); 13C NMR (126 MHz, CDCl3) δ 160.8, 160.0, 130.9, 129.1, 39.8, 33.8, 30.8, 29.9, 29.7, 

29.6, 29.5, 29.1, 28.8, 27.5, 27.3, 27.1, 26.9, 26.4, 7.7. 
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Synthesis of sodium (Z)-15-(2-(methylamino)-2-oxoacetamido)pentadec-10-ene-1-sulfonate 

(1.16) 

A mixture of (Z)-N1-(15-iodopentadec-5-en-1-yl)-N2-methyloxalamide (0.2 g, 0.460 mmol), 

Na2SO3 (0.231 g, 1.83 mmol, 4 equiv), ethanol (3 mL), cyclohexene (0.932 mL, 9.20 mmol, 20 

equiv) and water (1.5 mL) was heated at 85 °C in a sealed tube for 4 days. The reaction was 

cooled to rt and concentrated in vacuo. The titled product (51.0 mg, 27%, mp: 202-210 °C [dec]) 

was isolated via Bio-Beads™ SM-2 absorbent (Bio-Rad, 20-50 mesh) extraction. 

1H NMR (500 MHz, DMSO-d6) δ 8.87 – 8.56 (m, 2H), 5.44 – 5.18 (m, 2H), 3.16 – 3.01 (m, 2H), 

2.65 (d, J = 5.2 Hz, 3H), 2.39 – 2.28 (m, 2H), 2.03 – 1.88 (m, 4H), 1.59 – 1.36 (m, 4H), 1.35 – 

1.13 (m, 14H); 13C NMR (101 MHz, DMSO-d6) δ 161.3 , 160.5, 130.3, 129.9, 52.2, 39.2, 29.8, 

29.6, 29.3, 29.1, 29.0, 27.3, 27.1, 26.9, 25.8. 

 

Synthesis of (Z)-N1-(15-((2-hydroxyphenyl)thio)pentadec-5-en-1-yl)-N2-methyloxalamide 

(1.15) 

 To a suspension of (Z)-N1-(15-iodopentadec-5-en-1-yl)-N2-methyloxalamide (400 mg, 0.920 

mmol) and KHCO3 (111 mg, 1.10 mmol, 1.2 equiv) in anhydrous DMF (3.50 mL) was added 

commercial 2-mercaptophenol (116 mg, 1 equiv) dropwise. The reaction was stirred overnight at 

rt.  Note: The reaction went from a white suspension to a clear solution by the next day. After 
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completion by TLC, the reaction was quenched with water, extracted with EtOAc (3 × 30 mL), 

dried over anhydrous Na2SO4, filtered through a Buchner fritted funnel, and concentrated under 

vacuum. The crude product was purified using a Teledyne Isco Combiflash® Rf chromatographic 

system (12 g SiO2 column eluted with 15-20% EtOAc/hexane) to give 1.15 as a yellow solid 

(317 mg, 79%; mp, 62.4-62.7 °C). TLC: 50% EtOAc/hexanes, Rf ~ 0.65. 

1H NMR (500 MHz, CDCl3) δ 7.46 (dd, J = 7.5, 1.5 Hz, 2H ), 7.43 (br s, 1H), 7.29 – 7.22 (m, 

1H), 6.98 (dd, J = 8.3, 1.3 Hz, 1H), 6.87 (td, J = 7.5, 1.3 Hz, 1H), 6.78 (s, 1H), 5.42 – 5.26 (m, 

2H), 3.31 (q, J = 6.9 Hz, 2H), 2.91 (d, J = 5.2 Hz, 3H), 2.68 (app t, J = 7.5 Hz, 2H), 2.05 (app q, 

J = 7.2 Hz, 2H), 1.99 (app q, J = 6.8 Hz, 2H), 1.62 – 1.49 (m, 4H), 1.44 – 1.23 (m, 14H); 13C 

NMR (CDCl3, 126 MHz) δ 160.7, 159.8, 157.0, 135.9, 130.9, 130.7, 129.0, 120.7, 119.4, 114.8, 

39.7, 36.8, 29.8, 29.7, 29.52, 29.51, 29.3, 29.2, 28.9, 28.7, 27.3, 27.0, 26.8, 26.3. 

 

Synthesis of (Z)-N1-(15-(2-acetamidobenzo[d]thiazol-7-yloxy)pentadec-5-en-1-yl)-N2-

methyloxalamide (1.14) 

A mixture of (Z)-N1-(15-iodopentadec-5-en-1-yl)-N2-methyloxalamide (0.200 g, 0.458 mmol), 

N-(4-hydroxybenzo[d]thiazol-2-yl)acetamide44 (0.122 g, 0.458 mmol), and K2CO3 (0.095 g, 

0.687 mmol, 1.5 equiv) in DMF (3 mL) was heated in a sealed tube at 85 °C for 6 h. The reaction 

was cooled to rt, diluted with H2O (20 mL), and extracted with EtOAc (3 × 20 mL). The 

combined organic extracts were dried over Na2SO4, decanted, and concentrated in vacuo. The 

crude product was purified via SiO2 column chromatography with 50-60% EtOAc/hexanes to 

give 1.14 (68.6 mg, 29%). TLC: 50% EtOAc/hexanes, Rf ~ 0.2. 
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1H NMR (500 MHz, CDCl3) δ 11.34 (br s, 1H), 7.85 (br s, 1H), 7.59 (br s, 1H), 7.40 (d, J = 8.0 

Hz, 1H), 7.24 (t, J = 8.0 Hz, 1H), 6.90 (d, J = 8.0 Hz, 1H), 5.40 – 5.26 (m, 2H), 4.13 (t, J = 6.5 

Hz, 2H), 3.32 (q, J = 7.0 Hz, 2H), 2.89 (d, J = 5.0 Hz, 3H), 2.24 (s, 3H), 2.05 (app q, J = 7.2 Hz, 

2H), 1.96 (app q, J = 7.0 Hz, 2H), 1.84 (p, J = 6.9 Hz, 2H), 1.56 (p, J = 7.3 Hz, 2H), 1.50 – 1.35 

(m, 4H), 1.34 – 1.17 (m, 10H); 13C NMR (126 MHz, CDCl3) δ 169.2, 160.9, 160.1, 158.2, 151.6, 

138.3, 133.7, 131.0, 129.1, 125.5, 125.0, 124.3, 113.6, 113.3, 108.2, 105.0, 69.0, 39.9, 29.8 (2), 

29.7 (2), 29.5 (2), 29.0, 27.4, 27.1, 26.9, 26.5, 26.3, 23.6. 

 

Synthesis of 2-(hex-5-yn-1-yl)isoindoline-1,3-dione (1.41) 

Following literature precedent,45 a solution of 5-hexyn-1-ol (1.39) (5.00 g, 50.9 mmol, 1 equiv) 

and diisopropyl azodicarboxylate (DIAD, 10.5 g, 52.0 mmol, 1.02 equiv) in anhydrous THF (30 

mL) was slowly added via cannula to a 0 °C solution of phthalimide (1.40, 7.50 g, 51.0 mmol) 

and triphenylphosphine (TPP, 13.4 g, 1 equiv) in anhydrous THF (50 mL). The flask and cannula 

were washed with an additional portion of dry THF (20 mL) to ensure complete addition. The 

reaction was allowed to gradually warm to room temperature overnight. After a total of 18 h, all 

volatiles were evaporated and the residue was purified using a Teledyne Isco Combiflash® Rf 

chromatographic system (80 g SiO2 column eluted with hexanes, 2 min; 0-20% EtOAc/hexanes, 

12 min; 20% EtOAc/hexanes, 6 min) to give 1.41 (8.30 g, 72%) as a white solid whose spectral 

values were identical to those reported.46 
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Synthesis of 2-(6-iodohex-5-yn-1-yl)isoindoline-1,3-dione (1.42) 

Following literature precedent,47 N-iodosuccinimide (NIS, 7.4 g, 1.5 equiv) was added in one 

portion to a rt solution of 2-(hex-5-yn-1-yl)isoindoline-1,3-dione (5.00 g, 22.0 mmol) and 

AgNO3 (0.93 mg, 0.25 equiv) in anhydrous THF (120 mL). The reaction head space was flushed 

with argon and the reaction mixture was protected from light with an aluminum foil wrap. After 

4 h, the reaction mixture was poured into H2O (200 mL) and extracted with Et2O (2 × 50 mL). 

The ethereal extracts were washed with brine (3 × 60 mL) (note: biphasic mixture turned brown). 

The combined aqueous phases were re-extracted with Et2O (2 × 50 mL). The combined ethereal 

extracts were dried over Na2SO4, filtered, and concentrated on a rotary evaporator. The residue 

was purified using a Teledyne Isco Combiflash® Rf chromatographic system (80 g SiO2 column 

eluted with hexanes, 2 min; 0-40% EtOAc/hexanes, 8 min; 40% EtOAc/hexanes, 10 min; 40-

100% EtOAc/hexanes, 5 min; 100%, EtOAc, 3 min) to give the title compound (7.79 g, 97%; 

mp, 132.5-132.7 ºC) as a white solid. 

1H NMR (500 MHz, CDCl3) δ 7.85 (ddd, J = 5.4, 3.0, 1.0 Hz, 2H), 7.72 (ddd, J = 5.5, 3.0, 1.0 

Hz, 2H), 3.71 (t, J = 7.1 Hz, 2H), 2.42 (t, J = 7.0 Hz, 2H), 1.83 – 1.73 (m, 2H), 1.61 – 1.51 (m, 

2H); 13C NMR (100 MHz, CDCl3) δ 168.6, 134.1, 132.3, 123.4, 94.0, 37.6, 27.9, 25.9, 20.6, -6.3. 
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Synthesis of 2-(6-iodohex-5(Z)-en-1-yl)isoindoline-1,3-dione (1.43) 

Following literature precedent,48 neat 2-methyl-2-butene (4.20 mL, 2.80 equiv) was added over 5 

min to a 0 °C solution of BH3·Me2S (2.0 M in THF, 9.20 mL, 1.3 equiv) in THF (3 mL). After 1 

h, the reaction mixture was warmed to room temperature and stirred for 90 min. After re-cooling 

to 0 °C, a solution of 2-(6-iodohex-5-yn-1-yl)isoindoline-1,3-dione (5.00 g, 1 equiv) in THF (30 

mL) was added slowly over 5 min. Upon complete addition, the cold bath was removed and the 

reaction mixture was stirred at rt. After 2 h, the reaction was cooled again to 0 °C whereupon 

glacial AcOH (8.50 mL) was added slowly over 5 min (caution: gas evolution). After stirring 

overnight (14 h), the reaction mixture was diluted with H2O (20 mL), then carefully poured into 

a stirring, saturated sodium bicarbonate solution (40 mL).  The biphasic mixture was extracted 

with ether (2 × 40 mL) and the combined ethereal extracts were washed with water, brine, dried 

over anhydrous MgSO4, filtered, and concentrated in vacuo. The residue was purified using a 

Teledyne Isco Combiflash® Rf chromatographic system (40 g SiO2 column eluted with 0-20% 

EtOAc/hexanes, 8 min; 20% EtOAc/hexanes, 6 min) to give a mixture (4.52 g) of 1.43 and 

borane side-product. Further purification was postponed until the next step. 

 

Synthesis of 6-iodohex-5(Z)-en-1-amine (1.44) 

Following literature precedent,49 40% wt MeNH2 in H2O (15 mL) was added to a rt solution of 

crude 2-(6-iodohex-5(Z)-en-1-yl)isoindoline-1,3-dione (4.52 g) in EtOH (20 mL). After stirring 
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overnight (18 h), the reaction mixture was poured into ice water (100 mL) and extracted with 

Et2O (30 mL × 2). The combined ethereal extracts were washed with cold 1N HCl solution (20 

mL × 2). The combined aqueous washes were adjusted to pH 8 with dilute, aq. NaOH. The 

solution was extracted with Et2O (30 mL × 2), dried over anhydrous Na2SO4, filtered, and 

concentrated in vacuo to give the crude title product (1.12 g) as a brown oil that was used in the 

next step without further purification. 

1H NMR (500 MHz, CDCl3) δ 6.29 – 6.08 (m, 2H), 2.71 (tt, J = 7.0, 1.8 Hz, 2H), 2.16 (app q, J 

= 6.5 Hz, 2H), 1.78 – 1.52 (m, 2H). 

 

Synthesis of N1-(6-iodohex-5(Z)-en-1-yl)-N2-methyloxalamide (1.45) 

Following literature precedent,50 a solution of 6-iodohex-5(Z)-en-1-amine (1.12 g, 4.98 mmol), 

ethyl 2-(methylamino)-2-oxoacetate (1.31)42 (0.620 g, 1.2 equiv), and triethylamine (0.83 mL, 

1.2 equiv) in anhydrous ethanol (10 mL) was heated at 60 °C. After 20 h, the brown solution was 

cooled to rt and concentrated in vacuo. Purification of the residue using a Teledyne Isco 

Combiflash® Rf chromatographic system (25 g SiO2 column eluted with 0-50% EtOAc/hexanes, 

10 min; 50% EtOAc/hexanes, 10 min) gave 1.45 (0.930 g, 60%, mp: 99.7-99.8 °C) as a white 

solid. 

1H NMR (500 MHz, CDCl3) δ 7.46 (br s, 2H), 6.32 – 6.02 (m, 2H), 3.34 (app q, J = 6.9 Hz, 2H), 

2.91 (d, J = 5.3 Hz, 3H), 2.18 (dt, J = 7.5, 7.0 Hz, 2H), 1.68 – 1.59 (m, 2H), 1.54 – 1.42 (m, 2H); 

13C NMR (100 MHz, CDCl3) δ 160.5, 159.7, 140.4, 83.1, 39.4, 34.1, 28.6, 26.2, 25.1. 
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Synthesis of 9-bromonon-1-ene (1.47) 

Carbon tetrabromide (CBr4, 3.03 g, 9.14 mmol, 1.3 equiv) was added to a solution of TPP (2.40 

g, 1.3 equiv) and commercial non-8-en-1-ol (1.46, 1.00 g, 7.03 mmol) in anhydrous DCM (90 

mL). The mixture was stirred at rt for 24 h and then concentrated in vacuo. The crude product 

was re-dissolved in hexanes (30 mL), cooled to 0 °C and filtered through a Buchner fritted 

funnel. The residue was washed with cold hexanes (2 × 20 mL) and the combined filtrate was 

concentrated in vacuo to give the title product (1.3 g, 90%) as a colorless oil whose 1H NMR 

data were consistent with those reported.51 

1H NMR (500 MHz, CDCl3) δ 5.81 (ddt, J = 16.9, 10.2, 6.7 Hz, 1H), 5.06 – 4.89 (m, 2H), 3.41 

(t, J = 6.9 Hz, 2H), 2.10 – 2.00 (m, 2H), 1.93 – 1.80 (m, 2H), 1.47 – 1.21 (m, 10H). 

 

Synthesis of dec-9-enenitrile (1.48) 

Potassium cyanide (KCN, 1.65 g, 25.3 mmol, 4 equiv) was added to a solution of 9-bromonon-1-

ene (1.47, 1.30 g, 6.34 mmol) in anhydrous DMSO (90 mL) and the mixture was stirred 

overnight at rt. After completion as judged by TLC analysis, the reaction was diluted with H2O 

(180 mL) and extracted with Et2O (2 × 120 mL). The combined organic extracts were washed 

with brine (2 × 100 mL). The organic phase was dried over anhydrous Na2SO4, filtered through a 

Buchner fritted funnel, and concentrated in vacuo. The crude product was purified via SiO2 

column chromatography with 0-20% EtOAc/hexanes to give the title product52 as a colorless oil 

(0.845 g, 88%). TLC: 20% EtOAc/hexanes, Rf ~ 0.55. 
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1H NMR (500 MHz, CDCl3) δ 5.80 (ddt, J = 16.9, 10.1, 6.7 Hz, 1H), 5.05 – 4.89 (m, 2H), 2.33 

(t, J = 7.1 Hz, 2H), 2.12 – 1.98 (m, 2H), 1.72 – 1.60 (m, 2H), 1.50 – 1.26 (m, 8H). 

 

Synthesis of (Z)-N1-(15-cyanopentadec-5-enyl)-N2-methyloxalamide (1.37) 

To an oven-dried flask containing dec-9-enenitrile (J) (358 mg, 2.37 mmol, 1.5 equiv) was added 

a solution of 9-BBN (0.5 M in THF, 3.00 equiv, 9.50 mL). After stirring at rt for 3 h, an aqueous 

solution of Na2CO3 (2.0 mL of 2 M soln prepared from argon sparged H2O) was added. After 5 

min, Pd(PPh3)2Cl2 (55.5 mg, 5 mol%) was added followed by 1.45 (490 mg, 1.58 mmol). The 

resulting red solution was protected from light and the reaction was continued overnight (14 h) at 

rt, then at 50 °C for 1 h. After cooling to rt, the reaction mixture was concentrated in vacuo and 

the residue was purified using a Teledyne Isco Combiflash® Rf chromatographic system (24 g 

SiO2 column eluted with 0-20% EtOAc/hexanes, 5 min; 20% EtOAc/hexanes, 6 min; 20-50% 

EtOAc/hexanes, 5min; 50% EtOAc/hexanes, 8 min) to give ether 1.37 as an off-white solid. Re-

purification on a 12 g column and eluting with 0-20% EtOAc/hexanes, 8 min; 20% 

EtOAc/hexanes, 4 min; 20-50%, 8 min gave the pure title product as a white solid (440 mg, 86%; 

mp, 88.8-88.9 °C). TLC: 50% EtOAc/hexanes, Rf ~ 0.55.  

1H NMR (400 MHz, CDCl3) δ 7.43 (br s, 2H), 5.44 – 5.23 (m, 2H), 3.31 (q, J = 6.8 Hz, 2H), 

2.91 (d, J = 5.2 Hz, 3H), 2.34 (t, J = 7.2 Hz, 2H), 2.09 – 1.96 (m, 4H), 1.71 – 1.60 (m, 2H), 1.61 

– 1.49 (m, 5H), 1.49 – 1.36 (m, 3H), 1.36 – 1.22 (m, 8H); 13C NMR (101 MHz, CDCl3) δ 160.8, 

159.9, 130.8, 129.1, 120.1, 39.8, 29.8, 29.6, 29.5, 29.4, 29.0, 28.9, 28.8, 27.4, 27.1, 26.9, 26.4, 

25.6, 17.3. 
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Synthesis of (Z)-N1-(15-(1H-tetrazol-5-yl)pentadec-5-enyl)-N2-methyloxalamide (1.11) 

A mixture of NaN3 (350 mg, 5.40 mmol, 3.9 equiv), NEt3·HCl (860 mg, 4.6 equiv) and dioxane 

(8 mL) was heated at 120 °C in a sealed tube for 4 days. The reaction was cooled to rt and 

acidified with 10% HCl to bring the pH to 1. The reaction was diluted with H2O (10 mL) and 

extracted with EtOAc (4 × 10 mL). The combined organic extracts were dried over Na2SO4, 

decanted, and concentrated in vacuo. The crude product was purified using a Teledyne Isco 

Combiflash® Rf chromatographic system (12 g SiO2 column eluted with 0-100% EtOAc/hexanes, 

10 min; DCM, 2 min; 0-10% MeOH/DCM, 10 min; 10%, 8 min) to give 1.11 as a white solid 

(195 mg, 37%; mp, 127.3 °C). 

1H NMR (400 MHz, methanol-d4) δ 5.42 – 5.25 (m, 2H), 3.23 (t, J = 7.2 Hz, 2H),  2.90 (t, J = 

7.6 Hz, 2H), 2.80 (s, 3H), 2.09 – 1.95 (m, 4H), 1.81 – 1.69 (m, 2H), 1.60 – 1.47 (m, 2H), 1.41 – 

1.22 (m, 12H); 13C NMR (101 MHz, methanol-d4) δ 162.1, 161.3, 160.4, 130.2, 129.1, 39.18, 

29.7, 29.5, 29.4, 29.3, 29.2, 29.16, 29.0, 28.7, 27.0, 26.9, 26.6, 25.1, 24.8, 22.8. 

 

Synthesis of ethyl 2-(oct-7-en-1-yloxy)acetate (1.51) 

Following literature precedent,53 commercial 6-hepten-1-ol (1.92 g, 1.2 equiv) was added neat to 

a rt suspension of In(OTf)3 (1.57 g, 20 mol%) in anhydrous toluene (20 mL). Ethyl diazoacetate 

(1.60 g, 14 mmol) was added slowly under an argon atmosphere over 5 min (caution: 

exothermic) to give a yellow solution. After 2 days, the reaction mixture was concentrated in 
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vacuo and the residue was purified using a Teledyne Isco Combiflash® Rf chromatographic 

system (25 g SiO2 column eluted with 0-10% EtOAc/hexanes, 5 min; 10% EtOAc/hexanes, 8 

min) to give 1.51 (2.72 g, 97%) as a colorless oil. 

1H NMR (500 MHz, CDCl3) δ 5.80 (ddt, J = 16.9, 10.2, 6.6 Hz, 1H), 5.08 – 4.84 (m, 2H), 4.22 

(q, J = 7.1 Hz, 2H), 4.06 (s, 2H), 3.52 (t, J = 6.7 Hz, 2H), 2.13 – 1.96 (m, 2H), 1.72 – 1.52 (m, 

2H), 1.48 – 1.33 (m, 4H), 1.28 (t, J = 7.1 Hz, 3H); 13C NMR (100 MHz, CDCl3) δ 170.7, 139.0, 

114.5, 72.0, 68.5, 60.9, 33.8, 29.5, 28.8, 25.6, 14.3. 

 

Synthesis of ethyl 2-((13-(2-(methylamino)-2-oxoacetamido)tridec-8(Z)-en-1-yl)oxy)acetate 

(1.52)  

To an oven-dried flask containing ethyl 2-(oct-7-en-1-yloxy)acetate (1.51) (220 mg, 1.2 equiv) 

was added a solution of 9-BBN (0.5 M in THF, 2.4 equiv, 4.40 mL). After stirring at rt for 3 h, 

an aqueous solution of Na2CO3 (1.5 mL of 2 M soln prepared from argon sparged H2O) was 

added. After 5 min, Pd(PPh3)2Cl2 (33 mg, 5 mol%) was added followed by G (284 mg, 0.92 

mmol). The resulting red solution was protected from light while another portion of aq. Na2CO3 

(0.5 mL of 2 M soln) was added. The reaction was continued overnight (14 h) at rt, then at 50 °C 

for 4 h. After cooling to rt, the reaction mixture was concentrated in vacuo and the residue was 

purified using a Teledyne Isco Combiflash® Rf chromatographic system (24 g SiO2 column 

eluted with 0-40% EtOAc/hexanes, 6 min; 40% EtOAc/hexanes, 8 min; 40-100% 

EtOAc/hexanes, 4 min) to give ether 1.52 (330 mg, 90%) as an off-white solid. An analytical 

sample was purified by preparative TLC to give 1.52 as a white, low melting solid (paste).  
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TLC: 50% EtOAc/hexanes, Rf ~ 0.49. 1H NMR (500 MHz, CDCl3) δ 7.45 (br s, 2H), 5.42 – 5.26 

(m, 2H), 4.22 (q, J = 7.2 Hz, 2H), 4.06 (s, 2H), 3.52 (t, J = 6.7 Hz, 2H), 3.31 (dt, J = 7.0, 6.5 Hz, 

2H), 2.91 (d, J = 5.1 Hz, 3H), 2.15 – 1.91 (m, 4H), 1.70 – 1.50 (m, 2H), 1.44 – 1.31 (m, 12H), 

1.29 (t, J = 7.1 Hz, 3H); 13C NMR (100 MHz, CDCl3) δ 170.6, 160.5, 159.7, 130.6, 128.9, 72.0, 

68.6, 39.5, 29.6, 29.5, 29.3, 29.2, 27.2, 26.8, 26.7, 26.1, 25.9, 14.2. 

 

Synthesis of 2-[(13-(2-(methylamino)-2-oxoacetamido)tridec-8(Z)-en-1-yl)oxy]acetic acid 

(1.03)  

To a rt solution of 1.52 (1.08 g, 2.80 mmol) in THF (60 mL) was added LiOH (90 mg, 3.76 

mmol, 1.3 equiv) in H2O (20 mL). After 48 h, the reaction was cooled to 4 °C and acidified to 

pH 4 using aq. 2 N HCl. The mixture was diluted with H2O (10 mL) and extracted with EtOAc 

(20 mL × 3). The combined organic extracts were dried over Na2SO4, filtered through a fritted 

funnel, and concentrated in vacuo. The crude material was purified using a Teledyne Isco 

Combiflash® Rf chromatographic system (24 g SiO2 column eluted with 0-30% EtOAc/hexanes, 

5 min; 30%, 5 min; DCM, 3 min; 0-10% MeOH/DCM, 10 min; 10%, 10 min; 10-20%, 5 min; 

20%, 5 min) to give 1.03 (676 mg, 67%; mp, 94.6-94.7 °C) as a white solid.  

1H NMR (500 MHz, CDCl3) δ 7.90 (s, 1H), 7.66 (s, 1H), 5.48 – 5.22 (m, 2H), 4.10 (s, 2H), 3.58 

(t, J = 6.5 Hz, 2H), 3.32 (dt, J = 7.0, 6.5 Hz, 2H), 2.91 (d, J = 5.2 Hz, 3H), 2.16 – 1.90 (m, 4H), 

1.71– 1.48 (m, 4H), 1.45 – 1.18 (m, 10H); 13C NMR (75 MHz, methanol-d4) δ 177.0, 160.3, 

160.1, 130.6, 130.0, 72.5, 69.8, 39.5, 29.8, 29.6, 29.1, 27.7, 27.4, 27.2, 27.1, 26.8, 25.8, 25.0. 

 



48 

 

 

Synthesis of analog 1.06 

 A mixture of EDCI (275 mg, 1.3 equiv) and triethyleneglycol (1.5 mL, 10 equiv) was dried 

under high vacuum for 90 min. The reaction flask was flushed with argon and DMAP (175 mg, 

1.3 equiv), acid 1.03 (395 mg, 1.1 mmol), and anhydrous CH2Cl2 (55 mL) were added. After 2 

days, the reaction mixture was diluted with brine (20 mL) and 1N HCl (10 mL).  The organic 

phase was separated and the aqueous phase was re-extracted with CH2Cl2 (20 mL × 2). The 

combined organic extracts were dried over Na2SO4, filtered, and concentrated in vacuo. The 

residue was purified using a Teledyne Isco Combiflash® Rf chromatographic system (12 g SiO2 

column eluted with 0-100% EtOAc/hexanes, 15 min; EtOAc, 15 min; 5% MeOH/DCM, 5 min) 

to give analog 1.06 (286 mg, 53%; mp, 65.3-65.8 °C) as a white solid, and a 70:30 mixture of 

product and starting material (107 mg). 

1H NMR (500 MHz, CDCl3) δ 7.46 (s, 2H), 5.41 – 5.27 (m, 2H), 4.33 (t, J = 4.7 Hz, 2H), 4.11 (s, 

2H), 3.77 – 3.70 (m, 4H), 3.70 – 3.64 (m, 4H), 3.61 (app t, J = 4.5 Hz, 2H), 3.52 (t, J = 6.7 Hz, 

2H), 3.42 (t, J = 6.1 Hz, OH), 3.31 (dt, J = 7.0, 6.5 Hz, 2H), 2.91 (d, J = 5.2 Hz, 3H), 2.44 (s, 

1H), 2.05 (dt, J = 7.5, 7.0 Hz, 2H), 2.00 (dt, J = 7.0, 6.5 Hz, 2H), 1.62 – 1.50 (m, 4H), 1.45 – 

1.21 (m, 10H); 13C NMR (125 MHz, CDCl3) δ 170.9, 160.8, 159.9, 130.8, 129.1, 72.8, 72.2, 

70.8, 70.5, 69.2, 68.3, 63.8, 61.9, 39.8, 29.8, 29.7, 29.5, 29.4, 29.0, 27.4, 27.1, 26.9, 26.4, 26.1. 
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CHAPTER 2 

INHIBITORS OF QSEC AS NOVEL ANTI-VIRULENCE AGENTS 

2.1 Abstract 

The bacterial quorum sensing receptor, E. coli regulator C (QseC), is a membrane-bound 

histidine sensor kinase that is conserved in at least 25 important human and plant pathogens. The 

activation of QseC by host adrenergic signaling molecules (epinephrine and norepinephrine) and 

the bacterial signaling molecule, auto-inducer 3 (AI-3), results in a virulent phenotype. It was 

previously shown that the inhibition of QseC mediated signaling by 5 pM of LED209, N-phenyl-

4-{[(phenylamino)thioxomethyl]amino}-benzenesulfonamide, represses in vitro the expression 

of various virulence genes implicated in the pathogenesis of Gram-negative bacteria Escherichia 

coli (EHEC), Salmonella typhimurium and Francisella tularensis. In this work, structure-activity 

relationship (SAR) studies on LED209 and CF308 led to the discovery of two distinct classes of 

inhibitors and activators of QseC mediated virulence gene expression in Salmonella and EHEC. 

The in vitro activities of these analogs ranged from low picomolar to high nanomolar (5 pM to 

500 nM). The analogs were synthesized via conventional amidation and urea formation 

methodologies, while quantitative polymerase chain reaction (qPCR) was used to assess the 

expression of various virulence genes. Structural studies showed that both classes were relatively 

intolerant of steric congestion but amenable to changes in electron density and polarity. With this 

information, a synthetic route to radiolabeled LED209 for further mechanistic studies was 
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developed. These findings will be germane for the development of clinically useful bacterial 

anti-virulence agents. 

2.2 Introduction 

The constant development of structurally and mechanistically novel and effective anti-microbial 

agents is a task of vital interest to our modern, internationally-connected global society. Bacteria 

resistance to conventional antibiotics is a major problem that limits the effective treatment of 

bacterial infections in plants and animals including humans, and also leads to major economic 

losses. Since the discovery of penicillin by Alexander Fleming in 1928, the superfluous use of 

antibiotics1 has stimulated rapid evolutionary changes in various bacteria species and resulted in 

the development of resistance at an alarming pace. Meanwhile, the available antibacterial tool 

box to efficiently compete with bacteria resistance has depreciated. As evident from the past 

century, the development of antibiotics using conventional bactericidal strategies is not sufficient 

to keep up with resistance; thus, new antibacterial tactics are needed.2 Ideally, an effective tactic 

should be 1) effective against pathogenic bacteria, 2) selective against pathogenic bacteria while 

leaving symbionts and the host unharmed, 3) flexible and compatible with other therapies, and 4) 

exert less evolutionary pressure on bacteria, thereby curtailing the emergence of resistance. One 

such promising approach involves the inhibition of virulence gene expression.3  

 

Figure 2.1 

Structures of LED209 and CF308 
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Recently, anti-virulence has emerged as a promising approach for combating bacterial infection 

and resistance. This method involves the inhibition/degradation of genes, proteins, and small 

molecules that promote the expression of bacteria virulent phenotype. Quorum sensing is 

generally involved in this process. As the population density of bacteria increases, small 

molecule mediated communication between the bacteria and the environment can lead to a 

switch from planktonic behavior to multicellular behavior.4 Virulence gene expression and 

biofilm formation are often the results of this behavioral change and are critical for successful 

pathogenesis. Over the years, several laboratories have shown that the interruption of the quorum 

sensing pathway can impede successful pathogenesis of bacteria, both in vitro and in vivo.5-11 

Current work is focused on translating this basic science observation to the development of novel 

clinical anti-virulence agents for the control/prevention of bacterial infections.  

2.2.1 Anti-virulence Approaches 

The two major ways for inhibiting bacteria virulence are: 1) inhibition of virulence gene 

expression, and 2) inhibition of virulence protein effectors (Figure 2.2). 

 

Figure 2.2 

Targets of anti-virulence approaches. 
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2.2.2 Inhibition of Virulence Gene Expression 

The development of strategies to inhibit virulence gene expression is an active area of research. 

Most approaches involve disrupting the QS pathway by employing natural/bio-engineered QS 

systems and synthetic inhibitors. Examples of anti-virulence through natural/bio-engineered QS 

systems include the use of AHL (N-acylhomoserine lactone)-lactonase of Bacillus sp. strain 

240B1 to degrade the AHL quorum signal,6 the use of Bacillus sp. as probiotic in aquaculture,7 

and the use of Siomycin I produced by Streptomyces sp. strain Y33-1 to inhibit gelatinase of 

Enterococcus faecalis.8 Examples of synthetic inhibitors include analogs of anthranilate required 

for the biosynthesis of the Pseudomonas quinolone signal (PQS),9 noncompetitive inhibitors of 

the autoinducing peptide (AIP) activated AgrC receptor,10 and meta-bromo-thiolactone inhibitors 

(a mimetic of 3OC12-HSL) of pyocyanin and biofilm formation in Pseudomonas aeruginosa11 

(Figure 2.3). 

 

 

Figure 2.3 

Synthetic inhibitors of some QS signals. 
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2.2.3 Inhibition of Virulence Effectors 

Virulence effectors are secretory or membrane-bound proteins and macromolecules that enhance 

or promote successful invasion and colonization by lytic bacteria. Most virulence effectors are 

toxins such as the Shiga toxin secreted by EHEC, anthrax toxin secreted by Bacillus anthracis, 

cholera toxin secreted by Vibrio cholera, and are the cause of the life-threatening conditions 

associated with infections by the foregoing bacteria. Other effectors such as VopC12 and VopS13 

of Vibrio parahaemolyticus promote cell invasion and cell rounding. Due to the large molecular 

weights of virulence effectors, vaccination and antibody therapies are often employed as anti-

virulence strategies. Also, the use of non-absorbable polymers that bind and sequester bacteria 

toxins is promising.14 Such polymers prevent the cellular internalization of bacteria toxins and 

are excreted in the feces. An example is a polyacrylamide binder designed by Watanabe et al. to 

sequester both Stx1 and Stx2 in mice challenged with a lethal dose of EHEC.15  

2.2.4 Anti-virulence and Bacterial Resistance 

There are four major antimicrobial resistance strategies namely: 1) Inhibition of antimicrobial 

agent entry into cells, 2) ejection of antimicrobial agents via efflux pumps, 3) inactivation of 

antimicrobial agents, and 4) modification of antimicrobial targets. These strategies are often 

utilized singly or in combination by bacteria and other microbes to limit the effectiveness of 

antimicrobial agents. A major question generally posed by critics of anti-virulence as an 

antimicrobial strategy is whether anti-virulence would have any effect on bacterial resistance. 

Although there is not sufficient data on the effects of anti-virulence strategies on bacterial 

resistance processes, it is believed that the non-toxic nature of anti-virulence strategies would 
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pose little evolutionary pressure on bacteria, and facilitate the survival of the more populous non-

resistant bacteria at the expense of the less populous resistant bacteria. However, a report by 

Maeda et al.,16 on the resistance of P.aeruginosa possessing mutant virulence genes mexR and 

nalC to a quorum sensing inhibitor (brominated furanone C-30) suggests the possibility of 

resistance to anti-virulence therapy. Furthermore, it should be noted that the success of anti-

virulence approaches rely on other factors such as the ability of the host’s immune system to 

eradicate the pathogenic bacteria, and competition between pathogenic and normal flora for 

nutrients. Since some fundamental life processes of bacteria are detrimental to animal and plant 

hosts, uncontrolled bacteria population growth is undesired. Thus, anti-virulence strategies might 

only be successful if they are used in combination with the current bactericidal strategies. Until 

the commercialization and exploration of the frequent use of anti-virulence therapy, the 

superiority of anti-virulence strategies over current anti-bacterial strategies cannot be confirmed. 

However, the potential advantages and current successes of anti-virulence therapy present a 

hopeful perspective in the fight against bacterial resistance, as well as a unique mechanistic 

approach to drug discovery. 

2.2.5 Targeting QseC as an Anti-virulence Approach 

The membrane-bound histidine sensor kinase, QseC, is part of a two component system that 

mediates quorum sensing and virulence gene expression in several Gram-negative bacteria. Upon 

activation by host stress hormones or AI-3 (Figure 2.4), QseC autophosphorylates and activates 

transcriptional regulators QseB, QseF, and KdpE via phosphorylation in EHEC.17 This leads to 

the expression of genes required for motility, attachment and effacement, and secretion of Shiga 

toxin.  
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In previous studies by Sperandio et al.,5 it was shown that the small molecule LED209 decreased 

the expression of these virulence genes at picomolar concentration, did not inhibit the growth of 

EHEC in vitro, and was relatively non-toxic to mice at micro-molar concentrations. However, 

LED209 slowly decomposes in solution (dimethyl sulfoxide), is poorly soluble, is a potential 

alkylating agent, and is rapidly absorbed from the GI tract of mice. My contributions to this 

research include 1) SAR studies of LED209 to improve stability and water solubility, 2) the 

synthesis of a molecular probe to aver our current understanding of the mechanism behind the 

exquisite potency of LED209, and 3) the discovery of a new class of inhibitors of QseC mediated 

virulence gene expression. 

2.3 Literature Review 

The detection and transduction of signals are phenomena common to every organism. Most 

signal transduction pathways consist of 1) a primary signal, 2) a primary signal receptor, 3) 

 

Figure 2.4 

QseC responds to AI-3 and the host stress hormones: “From [Science 2008, 321, 1078-1080]. 

Reprinted with permission from AAAS.”5 
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transducer(s), and 4) a genetic target. Prolonged interruption at any of these stages impairs 

proper signal transduction and might have severe consequences for the survival of an organism. 

In bacteria such as Enterohemorrhagic Escherichia coli (EHEC) O157:H7, signal transduction 

pathways are intimately involved in pathogenesis.4 Therefore, the inhibition of the pertinent 

signal transduction pathway can help control bacteria pathogenesis. EHEC is responsible for the 

major symptoms of hemorrhagic colitis and hemolytic uraemic syndrome.18 Virulence gene 

expression in EHEC leads to the formation of attaching and effacing (AE) lesions and the 

secretion of Shiga toxin (Stx) in the large intestine of animals. The genes that are responsible for 

the formation of AE lesions are encoded in a pathogenicity island called the locus of enterocyte 

effacement (LEE).19 The genes responsible for the secretion of Stx are located within the late 

genes of a λ bacteriophage.20 The LEE genes are regulated by the LEE-encoded regulator (Ler). 

The LEE region consists of five major operons: LEE1 (ler), LEE2, LEE3, LEE4, and tir (LEE5). 

The quorum sensing signal AI-3 transcriptionally activates ler and stx through the two-

component system QseCB. 

2.3.1 The Histidine Sensor Kinase QseCB 

Histidine sensor kinases (HK) are multifunctional receptors widely used by bacteria to detect and 

transduce signals. The histidine kinase QseC is part of a two-component quorum sensing system 

with QseB, and it is homologous with the PmrAB two-component system of Salmonella 

typhimurium.21 QseC is the sensor kinase while QseB is the response regulator/transducer. QseC 

has a predicted molecular weight of 50 kDa and is composed of two transmembrane domains, a 

sensing periplasmic N-terminal, and a cytoplasmic/catalytic C-terminal. QseB is a cytoplasmic 

protein with an estimated molecular weight of 24 kDa.21  
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Recently, another HK two-component system consisting of QseE and QseF23 was identified in E. 

coli which suggests the presence of a multi-faceted signaling system in E. coli (Figure 2.5).22 

QseCB is conserved in at least 25 important human and plant pathogens, while QseEF 

homologues are found in enterics. QseC senses the hormones norepinephrine and epinephrine, 

and the bacterial signal AI-3. AI-3, whose chemical structure is currently unknown, is believed 

to be a small molecule secreted by certain bacteria strains.24 AI-3 can be obtained from the spent 

supernatant of AI-3 producing bacteria. The LuxS enzyme which is involved in the catabolism of 

S-adenosylmethionine (SAM) is involved in the syntheses of AI-3 and the furanosyl borate 

diester autoinducer-2 (AI-2, Figure 2.6).25 LuxS is an iron-dependent metalloenzyme which 

belongs to the family of lyases.26  

 

Figure 2.5 

QS signaling cascade in E. coli.22 
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It is unknown if QseCB responds to other classes of bacteria QS signals such as AHLs and 

oligopeptides, however, current data suggest that AI-3 is the main bacterial signal involved in 

QseC mediated virulence gene expression.27 A better understanding of the signaling network of 

QseC would further validate QseC as a critical anti-virulence target. This is currently being 

pursued by Sperandio and coworkers. 

A collective body of work has established the relationship between QseC (and its homologs) 

mediated signal transduction and virulence in certain bacteria strains.3,5,17-18,21,24 Also, 

preliminary animal studies showed the involvement of QseC in bacteria pathogenesis,3 and the 

upregulation of qseC expression in infected mice.5 In concert with current work by various 

groups on the development of quorum sensing inhibitors as anti-infective agents, the Falck group 

in collaboration with the Sperandio group initiated a medicinal chemistry program to develop 

potent inhibitors of QseC signaling. In addition to the reasons discussed above, QseC was chosen 

 

Figure 2.6 

Biosynthesis of AI-2. 
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as a target because: 1) there is no identified human homolog, 2) it is easily accessible to 

inhibitors due to its location on the cell membrane, and 3) it has a central role in virulence gene 

expression in organisms such as EHEC. 

By means of a high-throughput screen of 150,000 small organic molecules at the University of 

Texas (UT) Southwestern, LED209 was identified as a relatively non-toxic, picomolar inhibitor 

of AI-3 mediated virulence gene expression.  For further animal studies, a more soluble and 

drug-like version of LED209 was needed. Discussed in the next section are attempts to meet this 

need. 

2.4 Results and Discussion 

2.4.1 Structure-Activity Relationship Studies of LED209: Polarity Focused SAR 

The structure of LED209 can be divided into four segments namely: A) a left phenyl substituent, 

B) a thiourea functional group, C) a para substituted sulfanilide middle segment, and D) a right 

phenyl group. The relative insolubility of LED209 can be attributed to the presence of planar, 

hydrophobic phenyl groups that can π-stack, and the tendency of the thiourea group to form 

possible polymeric species via intermolecular hydrogen-bonding. Similar hydrogen-bonding is 

typically exploited in organocatalysis with electron-deficient phenyl substituted thioureas.28 

Therefore, our approach towards developing a more soluble form of LED209 involved three 

main modifications: 1) replacement of the thiourea with a urea or thiazole ring system, 2) 

replacement of the left and right phenyl groups with a non-aromatic cyclohexyl, and 3) the 

addition of polar solubilizing groups. Bioactivity was determined through quantitative 
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polymerase chain reaction (qPCR) comparison of virulence gene expression in non-treated and 

compound treated EHEC.5 

 

2.4.1.2. Bioisosteres of Thiourea Group 

Due to the solubility and potential toxicity of thioureas, we began our SAR studies by replacing 

the thiourea with other bioisosteres. My goal was to develop a non-toxic, bioactive and more 

hydrophilic analog of LED209. As shown below (Table 2.1), constricting the thiourea segment 

into a ring as in 2.03-2.06 produced non-active, toxic compounds, which suggests the importance 

of some flexibility or reactivity at the thiourea for selectivity. Also, guanidine containing analogs 

2.07 and 2.08, as well as oxamide 2.12 were non-active. Fortunately, the urea bioisostere 2.09 

was active, albeit with lower potency. We believe that urea 2.09 should be more hydrophilic than 

the thiourea 2.01 due to the higher electronegativity of the oxygen in the urea that facilitates 

better interactions with water molecules. The higher aqueous solubility of urea as compared to 

thiourea also supports this hypothesis. On the other hand, mono N-methylated urea 2.10 was an 

agonist of ler expression. Amide 2.11 was found to be toxic and was not further tested for 

activity. Thus, future SAR studies utilized 2.01 (LED209) and 2.09 as lead compounds. 

 

 

 

Figure 2.7 

Four segments of LED209. 
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Table 2.1.  Modifications to thiourea moiety B. 

 

ID Structure ler (qPCR) Pedestal (qPCR) Toxicity 

2.01 

 

Inhibitor** Inhibitor** Non-Toxic 

2.03# 

 

No change ND Toxic 

2.04 

 

No change ND Toxic 

2.05 

 

No change ND ND 

2.06 

 

No change ND Toxic 

2.07# 

 

No change ND ND 

2.08# 

 

No change ND ND 

2.09 

 

Inhibitor* Inhibitor ND 

2.10# 

 

Activator+ ND ND 
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2.11# 

 

ND ND Toxic 

2.12# 

 

No change ND ND 

* > 2-fold decrease, ** > 10-fold decrease. + > 2-fold increase. ND = not determined. 

Compounds were tested at 500 nM. # Synthesized by other group members. 

 

2.4.1.3. Replacement of the Phenyl Groups with Polar Flexible Moieties 

Next, replacement of the phenyl groups with more flexible, polar groups was examined (Table 

2.2). Replacement of the D ring of 2.09 (2.14, 2.17) produced active inhibitors of ler expression, 

with 2.17 being more potent than 2.09. Surprising, the thiourea version of 2.14 (analog 2.13) was 

inactive. The removal of the D phenyl group (2.15) or its replacement with a morpholine group 

produced non-active and toxic compounds respectively. Replacing the A ring with a cyclohexyl 

(2.16) or 1,3,4-thiadiazole (2.19) gave analogs with agonist activity (activators of ler 

expression). These data suggest that appropriate changes to the A and D rings can produce either 

agonists or inhibitors.   

Table 2.2.  Modifications to phenyl rings A and D. 

 
ID Structure ler (qPCR) Pedestal (qPCR) Toxicity 

2.13 

 

No change ND ND 

2.14 

 

Inhibitor* ND ND 

2.15# 

 

No change ND ND 
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2.16# 

 

Activator+ ND ND 

2.17# 

 

Inhibitor** No change ND 

2.18# 

 

ND ND Toxic 

2.19# 

 

Activator+ ND ND 

* > 2-fold decrease, ** > 10-fold decrease. + > 2-fold increase. ND = not determined. 

Compounds were tested at 500 nM. # Synthesized by other group members. 

 

2.4.1.4. Addition/Conjugation of Polar Groups 

As shown below (Table 2.3), rings A and D were sensitive to electronic and steric changes. 

Ortho-substitution with a carboxylic acid on ring D (2.20) or a methoxy on ring A (2.23) was 

detrimental to the activity of both urea and thiourea lead compounds. Para-substitution with an 

electron donating dimethylamine group produced a potent inhibitor (2.21) of ler expression, 

while para-substitution with the highly flexible triethyleneglycol monomethyl ether (2.22) was 

detrimental to activity. Finally, picoline amine derivative 2.24 was toxic and was not further 

tested. 

Table 2.3.  Attachment of polar groups to rings A and D. 

 

ID Structure ler (qPCR) Pedestal (qPCR) Toxicity 

2.20# 

 

No change ND ND 
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2.21# 

 

Inhibitor** ND ND 

2.22# 

 

No change ND ND 

2.23# 

 

No change ND ND 

2.24# 

 

ND ND Toxic 

* > 2-fold decrease, ** > 10-fold decrease. + > 2-fold increase. ND = not determined. 

Compounds were tested at 500 nM. # Synthesized by other group members. 

 

2.4.1.5. Summary of SAR Studies on LED209 

As shown in Tables 2.1-2.3, fragment B of LED209 is critical for biological activity, and the 

thiourea can be replaced with a urea with only a little loss in potency. Fragments A and D are 

sensitive to steric and electronic changes and can determine agonist or inhibitory activity. 

Changes to fragment C (data not shown, but done by other lab members) are detrimental to 

activity. Future work will focus on determining the solubility and ADME properties of the active 

analogs 2.09, 2.17, and 2.21. 

2.4.2 Synthesis of Tritium Labeled LED209 for Drug-Receptor Studies 

Preliminary mechanistic studies showed that LED209 is a prodrug,17 i.e, it’s converted to 

isothiocyanate OM188 in EHEC, and alkylates the K256 and K427 residues of QseC (Scheme 

2.1). 
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To further verify this mechanism, we proposed isolating a radiolabeled protein-drug conjugate. 

Based on the proposed mechanism and previous SAR studies, ring D was chosen to possess the 

radiolabel (Scheme 2.2). To reduce the number of synthetic steps that involved radiolabeled 

material, our approach to labeled LED209* involved a late stage addition of commercial tritiated 

aniline* in ethanol to intermediate 2.25 (Scheme 2.2). 

Unfortunately, various efforts to synthesize 2.25 failed (Scheme 2.3). As shown in scheme 2.3, 

reaction of 2.28 with various chlorinating agents led to activation and hydrolysis of the thiourea 

to form 2.29. Furthermore, the addition of aniline to isothiocyanate 2.31 favored addition at the 

sulfonyl chloride to give 2.33 and LED209. 

 

Scheme 2.1 

Alkylation of lysine residues by LED209/OM188. 

 

Scheme 2.2 

Tritium labeled LED209* 
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At this stage, I decided to explore a less reactive analog of 2.33, sulfonyl imidazole 2.34, 

(Scheme 2.4) as a precursor to LED209*. 

With 2.34 in hand, I explored the substitution of the sulfimidazolide with aniline. Test 

experiments showed that the biological activity of LED209 was not inhibited by LED209 in 

ethanol containing small amounts of acetone; therefore, acetone was chosen as the solvent for a 

model substitution reaction. The reaction of sulfimidazolide 2.34 and aniline hydrochloride in the 

presence of Na2CO3 or NaHCO3 produced no product. However, the reaction in the absence of 

 

Scheme 2.3 

Failed attempts at the synthesis of 2.25. 

 

Scheme 2.4 

Synthesis of sulfimidazolide 2.34 as a surrogate for 2.25. 
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any base gave the desired product in greater than 50% yield. This reaction probably occurs by 

activation and nucleophilic substitution of the imidazolide by the hydrochloride salt of aniline. 

Neutralization of the acid by extraneous base prevents product formation.   

 

Table 2.4.  Conversion of sulfimidazolide 2.34 to LED 209. 

Additive Temperature (°C) Solvent Result 

NaHCO3 60 Acetone No reaction 

Na2CO3 60 Acetone No reaction 

none 40 Acetone >50% 

none 40 Acetone/Ethanol >50% 

Reactions were carried out using 0.07mmol each of 2.34 and aniline hydrochloride over 10 h. 

The presence of the product was confirmed by thin layer chromatography analysis and 1H NMR 

of the crude reaction mixture. 

Future work will focus on forming LED209* and incubating it with cells. 

2.4.3.1. Development of Novel Inhibitors of QseC Mediated Virulence Gene Expression 

Due to some of the undesired properties of the LED209 scaffold, viz., poor solubility, undesired 

chemical reactivity, and the paucity of sites for further chemical modifications, we decided to 

explore the SAR of other QseC inhibitor scaffolds identified from previous survey studies. 

Furthermore, the back up to LED209, 2.09 (Table 2.1), was not sufficiently active against the 

replication of Salmonella in infected J774 macrophages, and an alternative was needed. We 

chose CF308 as a lead due to its moderate activity (500 nM activity) against ler expression, 

better water solubility, and room for further SAR exploration. As with LED209, CF308 was 

divided into a heterocyclic A fragment, amide B fragment, and phenyl C fragment (Figure 2.8). 
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Bioactivity in the Salmonella assay was determined by comparison of the number of colony 

forming units (CFU) in non-treated and antagonist treated Salmonella infected macrophages.5 

Previous SAR studies suggested that the cyclohexyl ring of fragment A was responsible for the 

loss in biological activity of CF308 against Salmonella in infected macrophages. Therefore, 2-

thiazole rather than 4,5,6,7-tetrahydrobenzo[d]thiazole analogs were examined. 

The SAR study began by modulating the electronic system of fragment C. Analogs 2.35 and 2.36 

with electron-withdrawing substituents showed good activity against Salmonella but activated ler 

and eae expression in EHEC respectively. As in the LED209 series, 1,3,4-thiadiazole 2.37 was 

devoid of activity against both EHEC and Salmonella. Analog 2.38 with an electron-donating 

substituent showed excellent inhibitory activity in both assays, while the positional isomer 2.40 

only showed good activity against EHEC. It should be noted that the rapid metabolism of 2.38 

could prevent its development as a future Salmonella drug. On the other hand, imidazole 

derivative 2.39 and thiazole 2.41 activated virulence gene expression in EHEC. These results 

suggested that the sterics rather than the electronics of fragment C are important for inhibitory 

activity in the Salmonella assay. With 2.39 as a lead, substitutions on the thiazole ring A were 

examined.  Substitution with a p-tolyl at the 4-position (2.42) or with methyls at the 4- and 5-

positions (2.43) retained activity against EHEC, but abolished activity against Salmonella. 

 

Figure 2.8 

Structure and composition of CF308. 
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Table 2.5.  Biological and metabolic studies of new scaffolds 

 

ID Structure GI50(μM) S9 (min) 
Hep. 

(min) 

S. Typhi. 

(Inv. Macrop.)a,b 

EHEC 

(qPCR)a,b 

2.35 

 

>50 >240 173 -1 

ler: +3 

eae: 0 

stx2: 0 

2.36 

 

ND ND ND -2 

ler: 0 

eae: +3 

stx2: 0 

2.37 

 

ND ND ND 0 

ler: 0 

eae: 0 

stx2: 0 

2.38 

 

23 34 64 -2 

ler: -3 

eae: -2 

stx2: -3 

2.39 

 

ND ND ND ND 

ler: +2 

eae: 0 

stx2: +2 

2.40 

 

ND ND ND 0 

ler: -2 

eae: 0 

stx2: -3 

2.41 

 

>50 >240 >240 0 

ler: +3 

eae: 0 

stx2: +2 

2.42 

 

ND ND ND 0 

ler: -3 

eae: -2 
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stx2: -2 

2.43 

 

ND ND ND 0 

ler: -3 

eae: -3 

stx2: -3 

aScore of 0, 1, 2, and 3 correspond to not active, active at 500 nM, 5 nM, and 5 pM, 

respectively.b – sign signifies inhibitory activity, + sign signifies agonist activity. > 2-fold 

change = active. ND = not determined. 

 

From the above results, it could be inferred that fragment C instead of A was more amenable to 

structural changes. Rather than changes in electron density of fragment C, we focused on 

bulkiness. Comparison of 2.36 and 2.41 suggests that a sterically bigger group is better than a 

smaller group. The adamantyl moiety is present in several medicinal agents including antivirals 

such as amantidine, rimantadine, and tromantadine. The lipophilic nature of the adamantyl 

makes it a rational choice for inclusion in drugs with membrane-bound targets. 

Thus, we decided to begin further explorations of fragment C with adamantyl analog 2.44. As 

shown in Table 2.06, bulky 2.44 was a potent inhibitor of EHEC virulence gene expression both 

in vitro and in vivo, and a decrease in bulkiness (2.45-2.47) was detrimental to activity. A 

reversal in the connectivity of the amide as exemplified in 2.48, led to a loss in activity against 

EHEC and no activity against Salmonella. Hydroxylation of the adamantyl (2.49) caused a 

 

Figure 2.9 

Structures of adamantane containing antivirals. 
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reversal in agonist activity in both EHEC and Salmonella. Thus, 2.49 is an activator of viral gene 

expression and a potential biological research tool. Dimeric compound 2.50 retained activity 

against EHEC in vitro, while dimeric compound 2.52 was the only compound in this series that 

possessed significant activity against both EHEC and Salmonella. The parent adamantyl 

carboxylic acid was active against EHEC in vitro but failed in the in vivo assays. This result 

suggests the involvement of adamantane carboxylic acid in the anti-virulence activity of these 

analogs. Finally, N-methylation of 2.44 (2.53) led to a loss in potency. Unfortunately, all of these 

analogs, except 2.52, were inactive in the Salmonella assay. Sequestration of these analogs in the 

plasma membrane of macrophages, and/or the inability to reach the target Salmonella inside the 

macrophages could be responsible for the lack of activity of these compounds. Therefore, the 

adamantyl analogs are most efficacious as EHEC drugs and future analogs were tested in EHEC 

assays. 

Table 2.6.  qPCR and survival data for adamantyl scaffolds. 

 

ID Structure Genes 
In vitro Score 

(qPCR)a,b 

In vivo Score 

(Macrophages)a,b 

Salmonella EHEC 

2.44 

 

ler -3 

0 Active (-3) eae -3 

stx2 -3 

2.45 

 

ler 0 

0 Inactive (0) eae -1 

stx2 Activates (+2) 

2.46 

 

ler 0 

0 ND eae 0 

stx2 0 

2.47 

 

ler -2 

0 ND tir -2 

stx2 -2 
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2.48 

 

ler -2 

0 Inactive 
tir -2 

stx2 0 

2.49 

 

ler Activates (+2) 

Agonist (+2) agonist 
tir 0 

stx2 Activates (+3) 

2.50 

 

ler -3 

Inactive Inactive 
tir -3 

stx2 -1 

2.51 

 

ler -3 

ND ND tir -3 

stx2 -3 

2.52 

 

ler -1 

-2 -1 
tir -1 

stx2 -1 

2.53 

 

ler -1 

ND ND eae -1 

stx2 -1 
aScore of 0, 1, 2, and 3 correspond to not active, active at 500 nM, 5 nM, and 5 pM, 

respectively.b – sign signifies inhibitory activity, + sign signifies agonist activity. > 2-fold 

change = active. ND = not determined. 

 

Metabolic analysis (S9 fraction incubation) of 2.44 showed that it had a short half-life of just 10 

minutes (Table 2.7). However, 2.44 was stable in vitro in mouse plasma for 24h. We reasoned 

that hydroxylation of the tertiary carbons on 2.44 by cytochrome P450 was responsible for the 

short half-life. Indeed, LC-MS analyses of the extracted S9 fraction incubate of 2.44 showed the 

presence of 2.49. Therefore, blocking of the tertiary carbons was necessary. To our delight, 2.54 

which has two of the three tertiary carbons on the adamantane methylated retained potency 

against EHEC and was more stable (Table 2.7). With 2.54 as the new lead compound, 

modifications to the heterocyclic ring were examined. 
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Imidazole 2.55 retained potency against EHEC at 500 nM but was not tested at 5 pM. On the 

other hand, oxazole 2.56 stimulated tir expression at 500 nM. Dimethyl substituted analog 2.57 

was rapidly metabolized in the S9 fraction assay and was not further tested. Electron-

withdrawing groups at the C5 position of the heterocycle retained the biological activity in some 

cases (2.58, 2.60, and 2.62). The inactivity of 2.59 and 2.61 suggests a possible steric influence 

on the biological activity. Also, possible hydrolysis of the ester or the formation of an acidic 

species could explain the inactivity of 2.59. The urea analog 2.63 showed no advantage over lead 

2.54. Since 2.58 and 2.60 showed some toxicity against adrenergic receptor, further biological 

studies will continue with 2.54 and 2.62. 

Table 2.7.  Stability and biological activity of adamantyl scaffolds. 

 

ID Structure 
Blood T 

½ (min) 

S9 T ½ 

(min) 

Hepatocyte 

T ½ (min) 

Hela cell 

Tox. 

EHEC 

(qPCR)a,b 

2.44  
Solubility 

(646±79 ng/ml, PBS) 

ND 10±1 ND ND 

ler: -3 

eae: -3 

stx2: -3 

2.54 

 

ND 
> 240 

(385) 
80 

IC50 = 660 

μM 

ler: -2 

eae: -2 

stx2: -2 

2.55 

 

>240 

 

75 

 

71 

 

ND 

 

ler: -1 

tir: -1 

stx2: -2 

2.56 

 

119 52 ND 
ND 

Poor stability 

ler: 0 

tir: +2 

stx2: 0 
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2.57 

 

ND 18 ND 
ND 

Poor stability 

ND 

ND 

ND 

2.58 

 

>240 >240 >240 ND 

ler: -3 

tir: -3 

stx2: -3 

2.59 

 

Human: 

>240 

Mice: 7 

26 ND ND 

ler: +2 

tir: 0 

stx2: +2 

2.60 

 

Human: 

>240 

Mice: 

>240 

Mice: 

>240 
ND ND 

ler: -2 

tir: -2 

stx2: -1 

2.61 

 

ND 

 

Mice: 

248 

ND 

 

GI50 = 16.6 

μM 

IC50 > 30 

μM 

ler: 0 

tir: 0 

stx2: 0 

2.62 

 

 
Mice: 

92 
 

GI50 = 20.8 

μM 

IC50 > 30 

μM 

ler: -1 

tir: -1 

stx2: -1 

2.63 

 

>240 117 >240 ND 

ler: +1 

tir: 0 

stx2: 0 
aScore of 0, 1, 2, and 3 correspond to not active, active at 500 nM, 5 nM, and 5 pM, 

respectively.b – sign signifies inhibitory activity, + sign signifies agonist activity. > 2-fold 

change = active. ND = not determined. 
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Figure 2.10 

Real time qPCR and macrophage survival data for 2.54 and 2.38. 
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2.4.3.2  Summary of SAR Study on New Scaffold 

A new class of inhibitors of virulence gene expression in EHEC and Salmonella were developed 

through modification of the steric and electronic parameters of CF308. Compound 2.38 was the 

best drug against Salmonella, while 2.54 and 2.62 were the most effective drugs against EHEC. 

Future work will focus on animal studies of these compounds. 

2.5 Conclusion 

Two distinct classes of inhibitors of QseC mediated virulence gene expression in Salmonella and 

EHEC were explored. Studies on the first class of inhibitors confirmed the importance of a urea 

or thiourea moiety for QseC mediated virulence gene expression, and led to the discovery of 

potential sites for functionalization with polar groups and radiolabels. Biological activity in the 

second class was highly dependent on pharmacokinetic parameters (such as enzyme metabolism) 

and target location (in macrophages). Both classes were relatively intolerant to steric congestion 

but amenable to changes in electron density and polarity, which suggests a small binding site for 

both inhibitor classes. Although the mechanism of action for the second class of inhibitors is 

unknown, the presence of potential alkylating sites suggests a similar covalent mode of action as 

the thiourea class of inhibitors. Of note is the fact that both classes were discovered from the 

same high-throughput screen. Although covalent modification of certain receptors/targets by 

 

Figure 2.11 

Structures of most potent EHEC drugs in this study. 
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drugs is undesired, covalent modification of targets with rapid turn-over frequencies is a 

powerful and highly effective inhibitory mechanism. In fact, several important drugs such as 

aspirin, penicillin, and omeprazole covalently modify their targets.29 Alternatively, hydrogen 

bonding and hydrophobic interactions may be responsible for binding. Inhibitors of AI-2 binding 

to LuxPQ with similar chemical structures (Figure 2.12) to the second scaffold were identified 

through the DOCK6 virtual HTS and optimized in silico and in vitro.30 These molecules were 

reported to bind via hydrogen bonding and hydrophobic interactions. Future work will explore 

the efficacy of the new scaffold in infected mice, as well as mechanistic studies on the binding 

site. 

 

Thus, the structural differences of both classes of inhibitors/activators of QseC mediated 

virulence gene expression discussed above provide some information on potential binding modes 

to QseC. These findings should be relevant for the development of other anti-virulence chemical 

probes and clinically relevant bacterial anti-virulence agents. 

 

Figure 2.12 

Inhibitors of AI-2 activation of LuxPQ. 
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2.6 Experimental 

General Methods and Materials. Proton and carbon nuclear magnetic resonance spectra (1H 

and 13C NMR) were recorded at 500 MHz and 126 MHz, respectively, or at 400 MHz and 101 

MHz, respectively, in CDCl3 with TMS as internal standard, unless otherwise stated. 1H NMR 

data are reported as follows: chemical shift (ppm), multiplicity (s = singlet, br s = broad singlet, 

d = doublet, t = triplet, q = quartet, app q = apparent quartet, qn = quintet, app qn = apparent 

quintet, m = multiplet), h = heptet, and coupling constant (Hz). Melting points were measured 

using an automated melting point apparatus and are uncorrected. Analytical thin layer 

chromatography (TLC) used EMD Chemicals TLC silica gel 60 F254 plates (0.040-0.063 mm) 

with visualization by UV light and/or KMNO4 or phosphomolybdic acid (PMA) solution 

followed by heating. Chromatographic purifications utilized preparative TLC or flash 

chromatography using pre-packed SiO2 columns on an automated medium pressure 

chromatograph. Unless otherwise noted, yields refer to isolated, purified material with spectral 

data consistent with assigned structures or, if known, were in agreement with published data. All 

reactions were conducted under an argon atmosphere in oven-dried glassware with magnetic 

stirring. Reagents were purchased at the highest commercial quality and used without further 

purification. Reaction solvents were dried by passage through a column of activated, neutral 

alumina under argon and stored under argon until use.  
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4-(Benzo[d]oxazol-2-ylamino)-N-phenylbenzenesulfonamide 

A mixture of 2-chorobenzoxazole (61.9 mg, 0.403 mmol) and 4-amino-N-

phenylbenzenesulfonamide (100 mg, 1 equiv) in o-xylene (0.62 mL) was refluxed at 155 °C in a 

sealed tube for 4 h. The reaction was cooled to r.t, diluted with water, extracted 3 times with 

EtOAc, dried over anhydrous Na2SO4, filtered and concentrated by rotary evaporation. The crude 

product was purified by analytical thin-layer chromatography (TLC). Eluent:  EtOAc/hexanes 

(1:1) to give the product as a tan solid (25.9 mg), 18%, mp: 241.2-245.9 °C (dec).  

1H NMR (400 MHz, acetone-d6) δ 7.98 – 7.90 (m, 2H), 7.82 – 7.73 (m, 2H), 7.45 (ddd, J = 7.8, 

1.3, 0.6 Hz, 1H), 7.38 (ddd, J = 8.0, 1.2, 0.6 Hz, 1H), 7.27 – 7.18 (m, 5H), 7.14 (ddd, J = 7.9, 

7.5, 1.3 Hz, 2H), 7.07 – 6.97 (m, 1H); 13C NMR (101 MHz, acetone-d6) δ 158.1, 148.4, 143.7, 

143.3, 139.0, 133.8, 130.0, 129.5, 125.2, 125.1, 123.3, 121.6, 118.3, 118.1, 110.0. 

 

4-((1H-Benzo[d]imidazol-2-yl)amino)-N-phenylbenzenesulfonamide  

A solution of 1,1′-thiocarbonyldiimidazole (34 mg, 90%, 0.172 mmol) and 4-amino-N-

phenylbenzenesulfonamide (42 mg, 1 equiv) in anhydrous tetrahydrofuran (THF, 2.5 mL) was 

stirred at rt for 12 h. Benzene-1,2-diamine (18.6 mg, 1 equiv) and dicyclohexylcarbodiimide (53 

mg, 1.5 equiv) were added to the reaction, and the mixture was heated at 70 °C for 18 h. The 

reaction was cooled to r.t. and an aliquot was purified by TLC (70% EtOAc/hexanes) to give the 

product as a brown paste (20 mg). 
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1H NMR (400 MHz, acetone-d6) δ 7.99 – 7.87 (m, 2H), 7.76 – 7.64 (m, 2H), 7.32 (s, 2H), 7.20 

(d, J = 4.3 Hz, 4H), 7.08 – 6.95 (m, 3H), 2.01 (p, J = 2.2 Hz, 2H); 13C NMR (101 MHz, acetone-

d6) δ 149.3, 144.9, 138.2, 131.1, 129.0, 128.4, 124.1, 120.8, 120.6, 116.4. 

 

4-((1-Methyl-1H-benzo[d]imidazol-2-yl)amino)-N-phenylbenzenesulfonamide  

The same procedure as above using N1-methylbenzene-1,2-diamine (21 mg, 0.172 mmol). 

Purification by TLC (70% EtOAc/hexanes) gave the product (33 mg, 51%). 

1H NMR (400 MHz, DMSO-d6) δ 10.07 (s, 1H), 9.37 (s, 1H), 7.92 (d, J = 8.9 Hz, 2H), 7.67 (d, J 

= 8.7 Hz, 2H), 7.43 – 7.35 (m, 1H), 7.35 – 7.28 (m, 1H), 7.19 (dd, J = 8.5, 7.2 Hz, 2H), 7.11 – 

7.02 (m, 4H), 7.00 – 6.91 (m, 1H), 3.68 (s, 3H); 13C NMR (100 MHz, DMSO-d6) δ 149.2, 144.9, 

141.2, 138.1, 134.0, 130.6, 129.1, 128.0, 123.7, 121.1, 120.3, 119.8, 116.9, 116.6, 108.5, 29.1. 

 

N-phenyl-4-(3-phenylureido)benzenesulfonamide 

A mixture of 4-amino-N-phenylbenzenesulfonamide31 (80 mg, 0.322 mmol), phenylisocyanate 

(38.4 mg, 35 μL, 1equiv) and triethylamine (NEt3, 65.2 mg, 90 μL, 2 equiv) in THF  (2 mL) was 

heated at 60 °C for 12 h. The reaction mixture was concentrated by rotary evaporation, and the 

residue was purified by TLC (EtOAc/hexanes, 1:1, 2 elutions) to give the title product (44 mg, 

37%). 

1H NMR (300Mz, acetone-d6): δ 8.78 (br, 1H), 8.12 (br s, 2H), 7.77-7.42 (m, 2H), 7.60-7.49 (m, 

5H), 7.42 (d, J = 9.0 Hz, 2H), 7.26 (t, J = 7.2 Hz, 1H), 7.09 (d, J = 8.7 Hz, 2H), 6.99 (t, J = 7.2 
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Hz, 1H); 13C NMR (100 MHz, acetone-d6) δ 152.4, 140.0, 139.9, 137.3, 132.6, 131.7, 128.9(2), 

128.6(2), 127.0 (2), 122.8(2), 122.0, 119.1(2), 118.5(2). 

 

Synthesis of N-(2-hydroxyethyl)-4-(3-phenylthioureido)benzenesulfonamide  

A mixture of N-(2-hydroxyethyl)-4-nitrobenzenesulfonamide32 (530 mg, 2.15 mmol) and 5% wt 

Pd/C (53 mg) in anhydrous THF (13 mL) was stirred under hydrogen (1 atmosphere) for 16 h. 

The reaction was diluted with ethyl acetate and filtered through Celite™. The filtrate was 

concentrated by rotary evaporation and further dried under high vacuum to give 4-amino-N-(2-

hydroxyethyl)benzenesulfonamide as a light brown solid (459 mg, 98%). To a solution of 4-

amino-N-(2-hydroxyethyl)benzenesulfonamide (200 mg, 0.925 mmol) in anhydrous acetonitrile 

(9 mL) was added phenylisothiocyanate (180 μL, 1 equiv). The reaction was stirred at 70 °C for 

24h. The reaction mixture was concentrated in vacuo and purified via TLC (80% 

EtOAc/hexanes, 2 elutions) to give the title product (22 mg, 7%) as a white solid (mp, 129.2 °C). 

1H NMR (400 MHz, methanol-d4) δ 7.83 – 7.78 (m, 2H), 7.75 – 7.70 (m, 2H), 7.47 – 7.42 (m, 

2H), 7.40 – 7.34 (m, 2H), 7.24 – 7.17 (m, 1H), 3.55 (t, J = 6.0 Hz, 2H), 2.96 (t, J = 6.0 Hz, 2H); 

13C NMR (100 MHz, methanol-d4) δ 180.4, 143.4, 138.6, 135.6, 128.5(2), 127.2(2), 125.4, 

124.1(2), 123.0(2), 60.4, 44.8. 

General Procedure A: 

To an oven dried flask containing amine (1 mmol), acid chloride (1 equiv), and N,N-

dimethylaminopyridine (DMAP, 1.2 equiv) was added anhydrous DCM (10 mL). The reaction 

was continued overnight. After completion as judged by TLC, the reaction was quenched with 
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water, extracted 3 times with dichloromethane, and the combined organic extracts were dried 

over anhydrous Na2SO4. After filtration through a fritted funnel and concentration by rotary 

evaporation, the crude product was purified via TLC to give the desired product. 

General Procedure B:  

To an oven dried flask containing amine (1.2 equiv), carboxylic acid (1 mmol), 1-ethyl-3-(3-

dimethylaminopropyl)carbodiimide hydrochloride (EDCI.HCl, 1.2 equiv), hydroxybenzotriazole 

(HOBt, 1.2 equiv) and diisopropylethylamine (DIPEA, 2.4 equiv) was added anhydrous N,N-

dimethylformamide (DMF, 10 mL). The reaction was continued overnight. After completion by 

TLC, the reaction was quenched with water, extracted 3 times with ethyl acetate, and the 

combined organic extracts were dried over Na2SO4. Following filtration through a fritted funnel 

and concentration by rotary evaporation, the crude product was purified via TLC to give the 

desired product.  

 

2,4,6-trifluoro-N-(thiazol-2-yl)benzamide 

 The title compound was synthesized according to General Procedure B using thiazol-2-amine 

(50 mg, 0.48 mmol) and 2,4,6-trifluorobenzoic acid (104 mg, 1.2 equiv). The product was 

isolated as white needles (23 mg, 25%) after TLC (1:1 EtOAc/hexanes). 

1H NMR (400 MHz, DMSO-d6) δ 13.00 (s, 1H), 7.56 (d, J = 3.6 Hz, 1H), 7.44 – 7.33 (m, 3H); 

13C NMR (101 MHz, DMSO-d6) δ 163.3 (dt, 1J(C-4,F-4) = 251 Hz, 3J(C-4,F-2) = 15.8 Hz), 

159.6 (dd, 1J(C-2,F-2) = 252 Hz, 3J(C-2,F-4) = 16.0), 159.5 (dd, 1J(C-2,F-2) = 252 Hz, 3J(C-2,F-

4) = 16.0), 157.6, 157.3, 137.9, 114.5, 111.1 – 109.7 (m), 101.4 (t, 2J(C-3,F-2/4) = 26.7 Hz), 
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101.4 (t, 2J(C-3,F-2/4) = 26.7 Hz); 19F NMR (376 MHz, DMSO-d6) δ -103.7 (p, 1F, 4J(F-4,F-2) = 

8.8 Hz, F-4), -110.0 (t, 2F,  4J(F-2,F-4) = 8.2 Hz, F-2). 

 

2,4-dimethoxy-N-(thiazol-2-yl)benzamide 

The title compound was synthesized according to General Procedure A using thiazol-2-amine 

(50 mg, 0.48 mmol) and 2,4-dimethoxybenzoyl chloride (116 mg, 1.2 equiv). The product was 

isolated as white crystals (19 mg, 15%, mp: 137.3 °C) after TLC (1:1 EtOAc/hexanes). 

1H NMR (400 MHz, acetone-d6) δ 11.00 (br s), 1H), 8.14 (d, J = 8.8 Hz, 1H), 7.48 (d, J = 3.6 

Hz, 1H), 7.15 (d, J = 3.6 Hz, 1H), 6.83 – 6.72 (m, 2H), 4.17 (s, 3H), 3.93 (s, 3H); 13C NMR (101 

MHz, acetone-d6) δ 165.0, 161.9, 159.6, 157.8, 137.8, 133.5, 113.4, 112.0, 106.7, 98.5, 56.2, 

55.3, 55.2. 

 

2,4,6-trifluoro-N-(1,3,4-thiadiazol-2-yl)benzamide 

The title compound was synthesized according to General Procedure B using 1,3,4-thiadiazol-2-

amine (150 mg, 1.47 mmol) and 2,4,6-trifluorobenzoic acid (310 mg, 1.2 equiv). The product 

was isolated as white needles (240 mg, 63%, mp: 198.3 °C) after SiO2 column chromatography 

(1:1 EtOAc/hexanes). 

1H NMR (400 MHz, DMSO-d6) δ 13.50 (s, 1H), 9.30 (s, 1H), 7.42 (dddd, J = 10.4, 9.4, 3.4, 1.7 

Hz, 2H); 13C NMR (100 MHz, DMSO-d6) δ 163.5 (dt, 1J(C-4,F-4) = 251 Hz, 3J(C-4,F-2) = 15.7 

Hz), 159.8 (dd, 1J(C-2,F-2) = 252 Hz, 3J(C-2,F-4) = 16.0), 159.7 (dd, 1J(C-2,F-2) = 252 Hz, 3J(C-
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2,F-4) = 16.0), 158.2, 158.1, 149.5, 110.2 – 109.0 (m), 101.6 (t, 2J(C-3,F-2/4) = 26.7 Hz), 101.5 

(t, 2J(C-3,F-2/4) = 26.7 Hz); 19F NMR (376 MHz, DMSO-d6) δ -102.8 – 103.1 (m, 1F, F-4), -

109.6 (t, 2F, 4J(F-2,F-4)  = 8.4 Hz, F-2). 

 

N-(thiazol-2-yl)acetamide 

The title compound was synthesized according to General Procedure A using thiazol-2-amine 

(50 mg, 0.48 mmol) and acetyl chloride (46 mg, 1.2 equiv). The product was isolated as white 

solid (89 mg, 70%, mp: 191.3 °C) after SiO2 column chromatography (1:1 EtOAc/hexanes). 

1H NMR (400 MHz, CDCl3) δ 12.82 (s, 1H), 7.44 (d, J = 3.4 Hz, 1H), 7.00 (d, J = 3.6 Hz, 1H), 

2.35 (s, 3H); 13C NMR (101 MHz, CDCl3) δ 168.3, 160.5, 136.1, 113.6, 23.2. 

 

2,4-dimethoxy-N-(4-(p-tolyl)thiazol-2-yl)benzamide 

The title compound was synthesized according to General Procedure A using 4-(p-tolyl)thiazol-

2-amine (100 mg, 0.53 mmol) and 2,4-dimethoxybenzoyl chloride (126 mg, 1.2 equiv). The 

product was isolated as white solid (65 mg, 35%, mp: 216.7-216.8 °C) after SiO2 column 

chromatography (30-100% EtOAc/hexanes). 

1H NMR (400 MHz, DMSO-d6) δ 11.49 (s, 1H), 7.97 – 7.77 (m, 3H), 7.59 (s, 1H), 7.32 – 7.16 

(m, 2H), 6.85 – 6.63 (m, 2H), 4.01 (s, 3H), 3.87 (s, 3H), 3.33 (s, 2H), 2.33 (s, 3H); 13C NMR 

(101 MHz, DMSO-d6) δ 164.0, 163.0, 159.1, 157.5, 149.0, 137.1, 132.5, 131.5, 129.2, 125.7, 

113.0, 107.5, 106.3, 98.7, 56.5, 55.7, 20.8. 
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N-(1H-imidazol-2-yl)-2,4-dimethoxybenzamide 

The title compound was synthesized according to General Procedure A using the acid salt of 1H-

imidazol-2-amine (150 mg, 0.53 mmol) and 2,4-dimethoxybenzoyl chloride (199 mg, 1.2 equiv). 

The product was isolated as white solid (15 mg, 6%, mp: 173.6 °C) after TLC (5% MeOH in 

DCM). 

1H NMR (400 MHz, methanol-d4:benzene-d6 (2.7:1)) δ 8.21 (d, J = 8.8 Hz, 1H), 6.80 (s, 2H), 

6.58 (ddd, J = 8.9, 2.4, 1.1 Hz, 1H), 6.53 – 6.47 (m, 1H), 3.81 (d, J = 1.4 Hz, 3H), 3.67 (d, J = 

1.4 Hz, 3H); 13C NMR (100 MHz, methanol-d4:benzene-d6 (2.7:1)) δ 166.0, 164.2, 160.5, 142.6, 

134.5, 113.2, 107.2, 99.40, 56.4, 56.0. 

 

(3r,5r,7r)-N-(thiazol-2-yl)adamantane-1-carboxamide 

The title compound was synthesized according to General Procedure A using thiazol-2-amine 

(5.0 g, 50 mmol, 1.2 equiv) and adamantane-1-carbonyl chloride (8.3 g, 42 mmol). The product 

was isolated as white solid (4.9 g, 45%, mp: 199.5 – 200.0 °C) after purification using a 

Teledyne Isco Combiflash® Rf chromatographic system (220 g SiO2 column: eluted with 50% 

EtOAc/hexanes). 

1H NMR (400 MHz, CDCl3) δ 9.96 (s, 1H), 7.46 (d, J = 3.6 Hz, 1H), 6.97 (d, J = 3.6 Hz, 1H), 

2.18 – 1.98 (m, 3H), 1.92 (d, J = 3.1 Hz, 6H), 1.70 (q, J = 12.6 Hz, 6H); 13C NMR (101 MHz, 

CDCl3) δ 176.0, 159.4, 137.0, 113.8, 41.1, 40.4, 38.8, 36.3, 27.9. 
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2,6-dimethoxy-N-(thiazol-2-yl)benzamide 

The title compound was synthesized according to General Procedure A using thiazol-2-amine 

(100 mg, 0.96 mmol) and 2,6-dimethoxybenzoyl chloride (199 mg, 1.0 equiv). The product was 

isolated as white solid (23 mg, 10%, mp: 269.2 – 269.3 °C (decomp.)) after purification on SiO2 

column chromatography (1:1 EtOAc/hexanes) and recrystallization in DCM. 

1H NMR (400 MHz, methanol-d4) δ 7.45 – 7.37 (m, 2H), 7.15 (d, J = 3.6 Hz, 1H), 6.74 (d, J = 

8.5 Hz, 2H), 3.83 (s, 6H); 13C NMR (100 MHz, methanol-d4) δ 164.9, 158.8, 157.6, 136.9, 131.6, 

113.6, 113.1, 103.7, 55.0. 

 

N-(4,5-dimethylthiazol-2-yl)-2,4-dimethoxybenzamide 

The title compound was synthesized according to General Procedure A using the acid salt of 4,5-

dimethylthiazol-2-amine (100 mg, 0.6 mmol) and 2,4-dimethoxybenzoyl chloride (120 mg, 1.0 

equiv). The product was isolated as white solid (26 mg, 15%, mp: 188.8 °C) after TLC (2% 

MeOH/DCM, eluted twice). 

1H NMR (400 MHz, acetone-d6) δ 10.74 (s, 1H), 8.11 (d, J = 8.8 Hz, 1H), 6.78 (d, J = 2.3 Hz, 

1H), 6.75 (dd, J = 8.8, 2.3 Hz, 1H), 4.16 (s, 4H), 3.92 (s, 4H), 2.28 (d, J = 1.1 Hz, 4H), 2.18 (d, J 

= 1.0 Hz, 4H); 13C NMR (101 MHz, acetone-d6) δ 164.8, 161.5, 159.5, 153.4, 142.2, 133.5, 

119.2, 112.2, 106.6, 98.5, 56.1, 55.2, 13.7, 9.7. 
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2,4,6-trichloro-N-(thiazol-2-yl)benzamide 

The title compound was synthesized according to General Procedure A using thiazol-2-amine 

(150 mg, 1.5 mmol) and 2,4,6-trichlorobenzoyl chloride (439 mg, 1.2 equiv). The product was 

isolated as white solid (314 mg, 68%, mp: 196.9 °C) after purification using a Teledyne Isco 

Combiflash® Rf chromatographic system (4 g SiO2 column: eluted with DCM, 5 min; 0-5% 

MeOH/DCM, 5 min; 5% MeOH/DCM, 4 min). 

1H NMR (400 MHz, CDCl3) δ 7.86 (d, J = 5.1 Hz, 1H), 7.09 (s, 2H), 6.80 (d, J = 5.2 Hz, 1H); 

13C NMR (101 MHz, CDCl3) δ 172.3, 167.3, 161.5, 136.6, 135.9, 134.8, 133.7, 132.0, 131.5, 

127.4, 127.3, 121.2, 110.8. 

 

N-(thiazol-2-yl)cyclohexanecarboxamide 

To a flask containing thiazol-2-amine (1.2 equiv, 2 mmol) & DMAP (1.1 equiv) in DCM (10 

mL) was added cyclohexanecarbonyl chloride (1 equiv, 1.67 mmol) slowly. The reaction was 

continued overnight. After completion as judged by TLC analysis, the solvent was evaporated 

and the concentrate was acidified with 10% HCl to bring pH 3. Water was added and the 

aqueous phase was extracted 2 times with EtOAc. The combined organic phase was dried over 

MgSO4, filtered through a fritted funnel and concentrated by rotary evaporation. The concentrate 

was purified using Teledyne Isco Combiflash® Rf chromatographic system (12 g, SiO2 column, 

eluent: 10%, 6min; 10-30%, 4min; 30%, 5min; EtOAc/hexanes) to give the product as a white 

solid (344 mg, 98%, mp: 158.8 °C) Rf ~ 0.8, 50% EtOAc/hexanes. 
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1H NMR (400 MHz, CDCl3) δ 11.75 (br s, 1H), 7.44 (d, J = 3.7 Hz, 1H), 7.00 (d, J = 3.7 Hz, 

1H), 2.47 (tt, J = 11.7, 3.6 Hz, 1H), 1.97 (dd, J = 13.5, 3.7 Hz, 2H), 1.87 (dq, J = 12.9, 3.5 Hz, 

2H), 1.73 (dd, J = 9.9, 4.2 Hz, 1H), 1.69 – 1.53 (m, 2H), 1.43 – 1.20 (m, 3H); 13C NMR (101 

MHz, CDCl3) δ 174.2, 160.0, 135.8, 113.5, 44.9, 29.2, 25.6, 25.5. 

 

N-(thiazol-2-yl)heptanamide 

To a flask containing thiazol-2-amine (1.2 equiv, 2 mmol) & DMAP (1.1 equiv) in DCM (10 

mL) was added heptanoyl chloride (1 equiv, 1.67 mmol) slowly. The reaction was continued 

overnight. After completion as judged by TLC analysis, the solvent was evaporated and the 

concentrate was acidified with 10% HCl to pH 2. Water and NH4Cl were added and the aqueous 

phase was extracted 2 times with EtOAc. The combined organic phase was washed once with 

water, dried over MgSO4, filtered through a fritted funnel and concentrated by rotary 

evaporation. The concentrate was purified using a Teledyne Isco Combiflash® Rf 

chromatographic system (12 g SiO2 column, eluent: 10%, 6min; 10-30%, 6min; 30%, 6min; 

EtOAc/hexanes) to give the product as a white solid (333 mg, 94%, mp: 96.9 °C). Rf ~ 0.5, 20% 

EtOAc/hexanes. 

1H NMR (400 MHz, CDCl3) δ 12.30 (br s, 1H), 7.43 (d, J = 3.6 Hz, 1H), 7.00 (d, J = 3.6 Hz, 

1H), 2.55 (t, J = 7.5 Hz, 2H), 1.77 (p, J = 7.4 Hz, 2H), 1.56 – 1.21 (m, 6H), 0.88 (t, J = 6.0, 3H); 

13C NMR (101 MHz, CDCl3) δ 171.3, 160.1, 135.9, 113.4, 36.2, 31.5, 28.9, 25.1, 22.4, 14.0. 
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(1S,4R)-N-(thiazol-2-yl)bicyclo[2.2.1]heptane-2-carboxamide 

The title compound was synthesized according to General Procedure B using thiazol-2-amine 

(200 mg, 2.0 mmol, 1.3 equiv) and (1S,4R)-bicyclo[2.2.1]heptane-2-carboxylic acid (216 mg, 

1.54 mmol). The product was isolated as off-white solid (76 mg, 22%, mp: 153.5 °C) after 

purification on SiO2 column chromatography (15% EtOAc/hexanes). 

1H NMR (400 MHz, CDCl3) δ 12.53 (s, 1H), 7.41 (d, J = 3.5 Hz, 1H), 6.99 (d, J = 3.6 Hz, 1H), 

3.02 (dt, J = 10.9, 4.7 Hz, 1H), 2.60 (d, J = 3.8 Hz, 1H), 2.57-2.49 (m, 0.3H), 2.35 (t, J = 4.4 Hz, 

1H), 2.06 (dtd, J = 12.2, 4.6, 2.6 Hz, 0.2H), 1.90 (ddd, J = 12.6, 4.9, 2.4 Hz, 1H), 1.70 (dddd, J = 

15.7, 10.4, 5.2, 3.0 Hz, 1H), 1.65 – 1.48 (m, 2H), 1.48 – 1.33 (m, 3H), 1.33 – 1.17 (m, 0.3H); 13C 

NMR (100 MHz, CDCl3) δ 174.0, 172.6, 160.5, 135.9, 135.9, 113.3, 113.2, 47.8, 47.3, 41.74, 

41.5, 40.9, 37.2, 36.4, 35.9, 33.9, 31.0, 29.8, 29.1, 28.8, 24.3. 

 

(1r,3s,5R,7S)-3-hydroxy-N-(thiazol-2-yl)adamantane-1-carboxamide 

The title compound was synthesized according to General Procedure B using thiazol-2-amine 

(150 mg, 1.5 mmol, 1.2 equiv) and (1r,3s,5R,7S)-3-hydroxyadamantane-1-carboxylic acid (245 

mg, 1.25 mmol). The product was isolated as off-white solid (158 mg, 45%, mp: 205.9-206 °C) 

after purification using a Teledyne Isco Combiflash® Rf chromatographic system (12 g SiO2 

column: eluted with 40% EtOA/hexanes). 
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1H NMR (400 MHz, CDCl3) δ 9.03 (s, 1H), 7.44 (s, 1H), 6.97 (s, 1H), 2.37 (s, 2H), 1.94 (s, 2H), 

1.88 (s, 3H), 1.77 (s, 4H), 1.65 (s, 2H); 13C NMR (101 MHz, CDCl3) δ 174.4, 159.1, 137.1, 

113.8, 68.6, 45.9, 44.6, 44.5, 37.9, 34.9, 30.4. 

 

N-((3s,5s,7s)-adamantan-1-yl)thiazole-4-carboxamide 

The title compound was synthesized according to General Procedure B using thiazole-4-

carboxylic acid (155 mg, 1.2 mmol, 1.2 equiv) and the hydrochloride salt of adamantan-1-amine 

(188 mg, 1.0 mmol). The product was isolated as white crystals (284 mg, 90%, mp: 170.7 °C) 

after purification using a Teledyne Isco Combiflash® Rf chromatographic system (12 g SiO2 

column: eluted with 0-20% EtOAc/hexanes, 5 min; 20% EtOA/hexanes, 5 min). 

1H NMR (400 MHz, CDCl3) δ 8.71 (dd, J = 2.1, 0.8 Hz, 1H), 8.09 (dd, J = 2.1, 0.8 Hz, 1H), 7.17 

(s, 1H), 2.22-2.05 (m, 9H), 1.82 – 1.60 (m, 6H); 13C NMR (101 MHz, CDCl3) δ 160.1, 152.5, 

152.4, 122.6, 52.2, 41.7, 36.5, 29.6. 

 

(1s,3s,5r,7r)-N1,N3-di(thiazol-2-yl)adamantane-1,3-dicarboxamide 

The title compound was synthesized according to General Procedure B using thiazol-2-amine 

(400 mg, 4.0 mmol, 2.4 equiv) and adamantane-1,3-dicarboxylic acid (373 mg, 1.7 mmol). The 

product was isolated as white solid (256 mg, 40%, mp: 275.7 °C (decomp.)) after purification 

using a Teledyne Isco Combiflash® Rf chromatographic system (12 g SiO2 column: eluted with 
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0-30% EtOAc/hexanes, 5 min; 30% EtOA/hexanes, 5 min; 30-50% EtOA/hexanes, 3mins; 50% 

EtOAc/hexanes, 5 min). 

1H NMR (500 MHz, CDCl3) δ 8.88 (s, 2H), 7.45 (d, J = 3.3 Hz, 2H), 6.99 (d, J = 3.5 Hz, 2H), 

2.46 – 2.27 (m, 2H), 2.21 (s, 2H), 2.00 (s, 8H), 1.80 (s, 2H); 13C NMR [100 MHz, CDCl3: 

DMSO-d6 (2:1)] δ 174.3, 157.7, 136.3, 111.8, 40.2, 37.5, 36.2, 33.8, 26.8. 

 

(3R,5R,7R)-N-((3S,5S,7S)-adamantan-1-yl)adamantane-1-carboxamide 

The title compound was synthesized according to General Procedure A using hydrochloride salt 

of adamantan-1-amine (225 mg, 1.2 mmol, 1.2 equiv) and adamantane-1-carbonyl chloride (199 

mg, 1.0 mmol). The product was isolated as white needles (232 mg, 74%, mp: 305 °C) after 

purification using a Teledyne Isco Combiflash® Rf chromatographic system (12 g SiO2 column: 

eluted with hexanes, 1 min; 0-10% EtOAc/hexanes, 8 min; 10% EtOAc/hexanes, 8 min). 

1H NMR (400 MHz, CDCl3) δ 5.21 (s, 1H), 2.10 – 1.99 (m, 6H), 1.97 (d, J = 2.9 Hz, 6H), 1.79 

(d, J = 2.9 Hz, 6H), 1.76 – 1.61 (m, 12H); 13C NMR (101 MHz, CDCl3) δ 177.3, 51.3, 41.8, 41.0, 

39.6, 36.7, 36.6, 29.6, 28.4. 

 

(3r,5r,7r)-N-methyl-N-(thiazol-2-yl)adamantane-1-carboxamide 

The title compound was synthesized according to General Procedure A using N-methylthiazol-2-

amine (200 mg, 1.75 mmol) and adamantane-1-carbonyl chloride (418 mg, 1.2 equiv). The 

product was isolated as white microcrystals (301 mg, 62%, mp: 156.2 °C) after purification using 
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a Teledyne Isco Combiflash® Rf chromatographic system (12 g SiO2 column: eluted with 

hexanes, 1 min; 0-10% EtOAc/hexanes, 4min; 10% EtOAc/hexanes, 7 min). 

1H NMR (400 MHz, CDCl3) δ 7.52 (dd, J = 3.6, 1.3 Hz, 1H), 6.99 (dd, J = 3.7, 1.3 Hz, 1H), 3.89 

(d, J = 1.4 Hz, 3H), 2.21 – 2.07 (m, 9H), 1.77 (q, J = 2.3 Hz, 6H); 13C NMR (101 MHz, CDCl3) 

δ 176.2, 161.9, 136.7, 115.1, 43.1, 38.4, 37.1, 36.4, 28.2. 

 

(1r,3R,5S,7r)-3,5-dimethyl-N-(thiazol-2-yl)adamantane-1-carboxamide 

The title compound was synthesized according to General Procedure B using thiazol-2-amine 

(3.4 g, 33.5 mmol, 1.2 equiv) and 3,5-dimethyladamantane-1-carboxylic acid (6.0 g, 27.9 mmol). 

The product was isolated as white solid (5.3 g, 66%, mp: 95.0-95.3 °C) after purification using a 

Teledyne Isco Combiflash® Rf chromatographic system (120 g SiO2 column: eluted with 

hexanes, 1 min; 0-20% EtOAc/hexanes, 24min; 20% EtOAc/hexanes, 10 min).  

1H NMR (500 MHz, CDCl3) δ 8.88 (s, 1H), 7.44 (d, J = 3.6 Hz, 1H), 6.96 (d, J = 3.5 Hz, 1H), 

2.20 (p, J = 3.2 Hz, 1H), 1.88 – 1.70 (m, 2H), 1.70 – 1.48 (m, 12H), 1.40 (t, J = 2.5 Hz, 5H), 1.30 

– 1.11 (m, 3H), 0.89 (s, 6H); 13C NMR (126 MHz, CDCl3) δ 175.8, 159.3, 137.6, 114.0, 77.6, 

50.6, 45.1, 43.2, 42.7, 37.7, 31.3, 30.6, 29.3. 
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(1r,3R,5S,7r)-N-(1H-imidazol-2-yl)-3,5-dimethyladamantane-1-carboxamide 

The title compound was synthesized according to General Procedure B using the acid salt of 1H-

imidazol-2-amine (200 mg, 1.52 mmol, 1.2 equiv) and 3,5-dimethyladamantane-1-carboxylic 

acid (262 mg, 1.26 mmol). The title product was isolated as white solid (190.4 mg, 55%, mp: 

140.3-140.4 °C) after purification using a Teledyne Isco Combiflash® Rf chromatographic 

system (12 g SiO2 column: eluted with hexanes, 1 min; 0-20% EtOAc/hexanes, 24min; 20% 

EtOAc/hexanes, 10 min).  

1H NMR (400 MHz, CDCl3) δ 6.82 (s, 2H), 2.15 (h, J = 3.1 Hz, 1H), 1.85 – 1.73 (m, 2H), 1.56 

(q, J = 12.3 Hz, 4H), 1.46 – 1.28 (m, 4H), 1.17 (s, 2H), 0.85 (s, 6H); 13C NMR (101 MHz, 

CDCl3) δ 177.8, 143.1, 50.6, 45.0, 43.4, 42.7, 37.6, 31.2, 30.5, 29.3. 

 

(1r,3R,5S,7r)-N-(4,5-dimethylthiazol-2-yl)-3,5-dimethyladamantane-1-carboxamide 

The title compound was synthesized according to General Procedure B using acid salt of 4,5-

dimethylthiazol-2-amine (200 mg, 1.21 mmol, 1.2 equiv) and 3,5-dimethyladamantane-1-

carboxylic acid (210 mg, 1.01 mmol). The title product was isolated as white solid (173 mg, 

54%, mp: 107.3 °C) after purification using a Teledyne Isco Combiflash® Rf chromatographic 

system (12 g SiO2 column: eluted with hexanes, 1 min; 0-20% EtOAc/hexanes, 24min; 20% 

EtOAc/hexanes, 10 min).  
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1H NMR (400 MHz, CDCl3) δ 2.25 (s, 3H), 2.19 (s, 3H), 2.17 – 2.09 (m, 1H), 1.75 – 1.69 (m, 

2H), 1.59 – 1.44 (m, 4H), 1.38 – 1.29 (d, J = 3.1 Hz, 4H), 1.23 – 1.06 (m, 2H), 0.84 (s, 6H); 13C 

NMR (101 MHz, CDCl3) δ 174.9, 154.2, 141.7, 120.2, 50.5, 45.1, 42.9, 42.6, 37.6, 31.1, 30.4, 

29.2, 14.5, 10.9. 

 

(1r,3R,5S,7r)-3,5-dimethyl-N-(5-nitrothiazol-2-yl)adamantane-1-carboxamide 

The title compound was synthesized according to General Procedure B using 5-nitrothiazol-2-

amine (176 mg, 1.21 mmol, 1.2 equiv) and 3,5-dimethyladamantane-1-carboxylic acid (210 mg, 

1.0 mmol). The title product was isolated as a yellow solid (326 mg, 96%, mp: 146.1-146.2 °C) 

after purification using a Teledyne Isco Combiflash® Rf chromatographic system (120 g SiO2 

column: eluted with hexanes, 2 min; 0-20% EtOAc/hexanes, 7 min; 20% EtOAc/hexanes, 2 

min). 

1H NMR (400 MHz, CDCl3) δ 9.22 (s, 1H), 8.30 (d, J = 1.2 Hz, 1H), 2.27 – 2.18 (m, 1H), 1.79 

(d, J = 3.1 Hz, 2H), 1.66 – 1.52 (m, 4H), 1.45 – 1.38 (m, 4H), 1.22 (tdd, J = 13.7, 11.4, 1.7 Hz, 

2H), 0.89 (s, 6H); 13C NMR (101 MHz, CDCl3) δ 176.1, 161.3, 140.8, 50.4, 44.9, 43.3, 42.5, 

37.5, 31.2, 30.4, 29.1. 
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(1r,3R,5S,7r)-3,5-dimethyl-N-(oxazol-2-yl)adamantane-1-carboxamide 

The title compound was synthesized according to General Procedure B using oxazol-2-amine 

(200 mg, 2.38 mmol, 1.2 equiv) and 3,5-dimethyladamantane-1-carboxylic acid (413 mg, 1.98 

mmol). The title product was isolated as a pink oil (65 mg, 24%) after purification via TLC (6% 

MeOH in DCM). 

1H NMR (400 MHz, acetone-d6) δ 9.50 (s, 1H), 7.67 (s, 1H), 7.02 (s, 1H), 2.19 – 2.10 (m, 1H), 

1.83 (dd, J = 2.9, 1.5 Hz, 2H), 1.62 (q, J = 12.4 Hz, 4H), 1.47 – 1.32 (m, 4H), 1.19 (s, 2H), 0.86 

(s, 6H); 13C NMR (100 MHz, acetone-d6) δ 176.0, 154.8, 137.0, 127.4, 51.2, 45.5, 44.3, 43.3, 

38.0, 31.7, 30.9, 30.3. 

 

1-[(1r,3R,5S,7r)-3,5-dimethyladamantan-1-yl]-3-(thiazol-2-yl)urea 

To a solution of 3,5-dimethyladamantane-1-carboxylic acid (300 mg, 1.44 mmol) and 

triethylamine (1.1 equiv, 220 μL)  in anhydrous toluene (10 mL) at rt was added 

diphenylphosphoryl azide (DPPA, 1.1 equiv, 342 μL). The reaction was continued at 40 °C for 1 

h, and at 80 °C for 4 h. The reaction was cooled to rt, thiazol-2-amine (1.1 equiv, 156 mg) was 

added at once, and the reaction was continued at 80 °C for 19 h. The reaction was cooled to rt, 

concentrated in vacuo, and purified using a Teledyne Isco Combiflash® Rf chromatographic 

system (12 g SiO2 column: eluted with 0-25% EtOAc/hexanes, 5 min; 25% EtOAc/hexanes, 7 
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min; 25-100% EtOAc/hexanes, 5 min; 100%, EtOAc,2 min) to give the title product (229 mg, 

52%, mp: 71.2 °C ) as a white foam. 

1H NMR (400 MHz, CDCl3) δ 7.30 (d, J = 3.7 Hz, 1H), 6.78 (d, J = 3.7 Hz, 1H), 2.22 – 2.14 (m, 

1H), 1.96 – 1.90 (m, 2H), 1.80 – 1.64 (m, 4H), 1.45 – 1.28 (m, 4H), 1.18 (dt, J = 6.2, 2.0 Hz, 

2H), 0.88 (s, 6H); 13C NMR (101 MHz, CDCl3) δ 162.7, 153.5, 136.5, 110.7, 53.1, 50.6, 48.0, 

42.6, 40.5, 32.5, 30.1, 30.1. 

 

Ethyl 2-((1r,3R,5S,7r)-3,5-dimethyladamantane-1-carboxamido)thiazole-5-carboxylate 

The title compound was synthesized according to General Procedure B using ethyl 2-

aminothiazole-5-carboxylate (208 mg, 1.21 mmol, 1.2 equiv) and 3,5-dimethyladamantane-1-

carboxylic acid (210 mg, 1.01 mmol). The title product was isolated as sticky foam (191 mg, 

52%) after purification using a Teledyne Isco Combiflash® Rf chromatographic system (12 g 

SiO2 column: eluted with hexanes, 2 min; 0-15% EtOAc/hexanes, 5min; 15% EtOAc/hexanes, 4 

min). 

1H NMR (400 MHz, CDCl3) δ 10.23 (s, 1H), 8.08 (s, 1H), 4.30 (q, J = 7.1 Hz, 2H), 2.17 – 2.08 

(m, 1H), 1.77 – 1.70 (m, 2H), 1.60 – 1.45 (m, 4H), 1.36 – 1.28 (m, 7H), 1.20 – 1.06 (m, 2H), 

0.81 (s, 6H); 13C NMR (101 MHz, CDCl3) δ 183.2, 176.1, 163.3, 161.9, 144.3, 123.1, 61.2, 50.3, 

44.7, 43.2, 42.5, 37.3, 31.0, 30.3, 29.0, 14.3. 
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(1r,3R,5S,7r)-N-(5-cyanothiazol-2-yl)-3,5-dimethyladamantane-1-carboxamide 

The title compound was synthesized according to General Procedure B using 2-aminothiazole-5-

carbonitrile (151 mg, 1.21 mmol, 1.2 equiv) and 3,5-dimethyladamantane-1-carboxylic acid (210 

mg, 1.01 mmol). The title product was isolated as white crystals (174 mg, 55%, mp: 195.1-195.2 

°C) after purification using a Teledyne Isco Combiflash® Rf chromatographic system (12 g SiO2 

column: eluted with hexanes, 1 min; 0-10% EtOAc/hexanes, 5min; 10% EtOAc/hexanes, 8 min). 

1H NMR (400 MHz, CDCl3) δ 9.22 (d, J = 7.6 Hz, 1H), 7.96 (s, 1H), 2.26 – 2.18 (m, 1H), 1.79 

(d, J = 3.2 Hz, 2H), 1.65 – 1.52 (m, 4H), 1.45 – 1.38 (m, 4H), 1.29 – 1.16 (m, 2H), 0.90 (s, 6H); 

13C NMR (101 MHz, CDCl3) δ 176.0, 161.7, 148.3, 112.9, 100.3, 50.4, 45.0, 43.2, 42.5, 37.6, 

31.2, 30.4, 29.1. 

 

(1r,3R,5S,7r)-3,5-dimethyl-N-(5-(trifluoromethyl)thiazol-2-yl)adamantane-1-carboxamide 

To a vial containing 3,5-dimethyladamantane-1-carboxylic acid (208 mg) was added neat oxalyl 

chloride (267 μL) to form a clear solution (bubbling evident). Anhydrous DMF (5 μL) was added 

and the reaction was continued for 1 hour. The reaction was purged with a stream of argon (to 
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get rid of volatile material), concentrated, and dried on high vacuum.  The vial was cooled to 0 

oC and pyridine (1 mL) and DMAP (1 equiv., 122 mg) were added. After 3 mins, 5-

(trifluoromethyl)thiazol-2-amine (168 mg, 1 equiv.) dissolved in DCM (1 mL) was added, the 

reaction was warmed to r.t. over 10 mins, and stirred at 60 oC for 2 hours. The reaction was 

poured into sat. NH4Cl solution, extracted with EtOAc  (2 X 25 mL), dried over Na2SO4, filtered 

and concentrated. The crude product was purified using a Teledyne Isco Combiflash® Rf 

chromatographic system (4 g SiO2 column: eluted with hexanes, 1 min, 0-5% EtOAc/hexanes, 7 

mins, 5%, 7 mins to give the title product as a sticky oil (123 mg, 34%). 

1H NMR (500 MHz, CDCl3) δ 8.97 (br s, 1H), 7.76 (s, 1H), 2.22 (app p, J = 3.2 Hz, 1H), 1.79 (d, 

J = 3.1 Hz, 2H), 1.64-1.51 (m, 4H), 1.44 – 1.39 (m, 4H), 1.29 – 1.15 (m, 2H), 0.90 (s, 6H); 13C 

NMR (101 MHz, CDCl3) δ 175.9, 161.2, 138.9 (q, JC-F = 4.4 Hz), 122.4(q, JC-F = 268 Hz), 120.8, 

50.26 , 44.8 (2), 43.0, 42.4 (2), 37.4, 31.0 (2), 30.2 (2), 29.0. 19F NMR (376 MHz, CDCl3) δ -

54.5 (s, 3F). 

 

(1r,3R,5S,7r)-N-(5-fluorothiazol-2-yl)-3,5-dimethyladamantane-1-carboxamide 

To a vial containing 3,5-dimethyladamantane-1-carboxylic acid (176 mg, 1.3 equiv) was added 

neat oxalyl chloride (226 μL) to form a clear solution (bubbling evident).33 Anhydrous DMF (5 

μL) was added and the reaction was continued for 1h. The reaction was purged with a stream of 
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argon (to get rid of volatile material), concentrated, and dried on high vacuum.  The vial was 

cooled to 0 oC and pyridine (1 mL) and DMAP (1 equiv, 79 mg) were added. After 3 mins, 5-

fluorothiazol-2-amine hydrochloride (100 mg, 1 equiv.) dissolved in DCM (1 mL) was added, 

the reaction was warmed to r.t. over 10 mins, and stirred at 60 oC for 2 h. The reaction was 

poured into sat. NH4Cl solution, extracted with EtOAc  (2 X 25 mL), dried over Na2SO4, filtered 

and concentrated. The crude product was purified using a Teledyne Isco Combiflash® Rf 

chromatographic system (12 g SiO2 column: eluted with hexanes, 2 min, 0-5% EtOAc/hexanes, 7 

min; 5% EtOAc/hexanes, 5 min) to give the title product (130 mg, 65%, mp: 126.1 °C) as a 

white solid. 

1H NMR (500 MHz, CDCl3) δ 8.53 (br s, 1H), 7.01 (d, J = 2.5 Hz, 1H), 2.20 (app p, J = 3.2 Hz, 

1H), 1.77 (d, J = 3.0 Hz, 2H), 1.62 – 1.49 (m, 4H), 1.47 – 1.37 (m, 4H), 1.28-1.14 (m, 2H) 0.88 

(s, 6H); 13C NMR (100 MHz, CDCl3) δ 175.3 , 158.7 (d, JC-F = 293 Hz) , 147.8 (d, JC-F = 10.8 

Hz), 117.4 (d, JC-F = 12.4 Hz), 50.3 , 44.9 (2) , 42.8 , 42.4 (2) , 37.4 , 31.0 (2) , 30.3 (2), 29.0; 19F 

NMR (376 MHz, CDCl3) δ -157.3 (s, 1F). 
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CHAPTER 3 

STUDIES TOWARD A BIOMIMETIC TOTAL SYNTHESIS OF NIGRICANOSIDE A 

3.1 Abstract 

The stereochemical elucidation and synthesis of nigricanoside A, a potent antimitotic agent, have 

been active areas of research since its isolation in 2007. The Falck group is pursuing a 

biomimetic approach to the synthesis of nigricanoside A. This approach takes inspiration from 

the enzymatic generation and rearrangement of fatty acid hydroperoxides, and this hypothesis 

was utilized to limit the number of diastereomers to eight out of a possible total of one hundred 

twenty eight. To achieve the synthetic goal, novel methodologies were undertaken: 1) stereo- and 

regio-controlled epoxidation of conjugated dienols, 2) stereocontrolled addition of oxygen 

nucleophiles to the resultant allylic epoxides, and 3) mild etherifications.  

Reported in this section is the application of a stereocontrolled distal epoxidation methodology, 

as well as a regioselective allylic epoxide opening reaction to the synthesis of the fatty acid 

 

Figure 3.1 

Proposed retrobiosynthesis of nigricanoside A. 
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fragments of nigricanoside A. Also reported is a concise synthesis of the galactopyranoside 

fragment. 

3.2 Introduction 

The diversity of various life processes in nature provides scientists with a plethora of inspiration 

and tools to tackle many of the problems of current interest. This often translates into a better 

understanding of our environment, and helps us make judicious use of the available limited 

resources in nature and leads to technological advancements. The prevention and treatment of 

diseases/health conditions are of paramount importance to scientists in all disciplines. A major 

focus of their efforts is the development of drugs. In the area of cancer therapy, natural products 

and natural products inspired agents account for over 47% of approved drugs.1 Over the years, an 

increasing awareness of these natural products, coupled with the technological advancements to 

isolate, elucidate their structure, and synthesize them, have enabled scientists to reach deeper into 

the “goldmine2” of bioactive natural products for the improvement of human and animal health. 

Despite this, the rarity of many natural products and the complexity of the drug discovery 

process are major obstacles that must be overcome.3 

3.2.1 Antimitotic Agents as Cancer Chemotherapeutics 

Antimitotic natural products are a well-established class of anticancer compounds.4 While many 

of these agents have different mechanisms or sites of action, an important group includes those 

that directly modulate tubulin dynamics (polymerization and de-polymerization). Indeed, some 

of these agents are currently being used in clinics for the treatment of cancer, while some of them 

are currently being studied in clinical trials as potential anti-cancer drugs (Figure 3.2). 
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Interestingly, antimitotic natural products possess diverse structural motifs, which often translate 

to different biological potencies, toxicities and selectivity profiles. The lack of effective 

chemotherapeutic agents for certain cancers (such as brain metastases from lung cancer), 

combined with the rapid development of resistance to the available agents dictates a need for 

new anti-cancer agents, especially the highly successful antimitotic agents.   

 

Most antimitotic natural products were identified during mechanism of action studies following 

preliminary cytotoxicity assessment. A potentially more productive approach to the identification 

of new antimitotic agents is a mechanism based approach that involves a direct selection of 

agents using an antimitotic assay.5 With this goal, the Anderson and Roberge groups developed a 

cell based enzyme-linked immunosorbent assay (ELISA)6 that measures the abundance of 

 

Figure 3.2 

Some clinically relevant antimitotic agents. 
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phosphorylated nucleolin in compound treated cells as compared to non-treated cells (Figure 

3.3). Phosporylated nucleolin is abundant in mitosis-arrested cells. Through this assay, an extract 

from the marine green alga Avrainvillea nigricans was found to possess antimitotic activity. The 

active principles of the extract, nigricanoside A and B, were identified as the first members of a 

new class of “ether-linked glycoglycerolipids”5 through assay guided fractionation and eventual 

 

Figure 3.3 

ELISA of cellular mitotic arrest. 

 

Figure 3.4 

Proposed structure of the nigricanosides. 
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NMR studies. The dimethyl ester of nigriacanoside A was found to arrest human breast cancer 

MCF-7 cells in mitosis with an IC50 of 3 nM. At 10 μM, the diester stimulates the polymerization 

of pure tubulin in vitro, which is a paclitaxel‒like activity, and suppresses the growth of MCF-7 

and human colon cancer HCT-116 cells with an IC50 ≈ 3 nM. However, further biological and 

mechanistic studies on this novel class of bioactive natural product were precluded by the minor 

quantity isolated; less than a milligram of nigricanoside A was obtained after eight years of algal 

extraction and re-isolation. Further expeditions to obtain more nigricanosides have failed thus 

far, leaving synthesis as the only alternative to obtaining the nigricanosides. Reported in this 

section is my foray at providing the nigricanosides via total synthesis for further structural, 

biological, and mechanistic studies. 

3.3 Literature Review 

3.3.1 Biomimetic Hypotheses 

3.3.1.1. Proposed Stereochemical Assignments 

Structurally, the nigricanosides consist of four main parts, namely: 1) an ω-4 C16 tri-oxygenated 

fatty acid, 2) an ω-6 (nigricanoside A) or ω-3 (nigricanoside B) C20 trioxygenated fatty acid, 3) 

a galactopyranose, and 4) a glycerol unit. 
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ω-4 C-16 Trioxygenated Fatty Acid 

Initially, we were skeptical about the correct assignment of the structure of the nigricanosides 

due to the presence of an ω-4 C16 fatty acid in the assigned structure. Omega-4 fatty acids are 

rare in nature when compared to the prevalent ω-3, ω-6, and ω-9 fatty acids. However, there are 

two reports7,8 of the potential precursor of the C16 fatty acid, which allayed the skepticism 

surrounding this fragment. We proposed that the C16 tri-oxygenated fatty acid is formed through 

the action of a lipoxygenase (LOX) as shown in Figure 3.6. The related ω-3 C18 congeners, 

malyngic9 and fulgidic10 acids, as well as the related mueggelone11 are known natural products 

(Figure 3.7).  As shown in Figure 3.7, the S stereochemistry is conserved at the C-13 position of 

these natural products. Although the stereochemistry of the LOX-metabolized product from a 

C16 fatty acid could differ from that of the C18 fatty acid, we hypothesized that stereochemical 

conservation occurs as observed between C20 and C18 fatty acids and therefore focused on the S 

C-10 configuration for the C16 fragment (64 diastereomers). 

 

 

 

 

Figure 3.5 

Structural composition of the nigricanosides. 
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ω-6/ω-3 C-16 Trioxygenated Fatty Acid 

Likewise, we hypothesized that the C20 tri-oxygenated fatty acid of nigricanoside A is derived 

from the action of a lipoxygenase on arachidonic acid, while that of nigricanoside B results from 

a similar enzymatic action on eicosapentaenoic acid.  As shown in Figure 3.8, both natural 

hepoxilin A3
12 and topsentolide A2

13 possess the C20 epoxyalcohol motif, but differ in the C-11 

stereochemistry. Again, the non-allylic carbinols of both natural products possess the S 

stereochemistry. With an S configuration for both the C-10 and C-12 carbinols of the C16 and 

 

Figure 3.6 

Proposed biosynthesis of -4 C16 tri-oxygenated fatty acid of nigricanoside A. 

 

Figure 3.7 

Structures of known trioxygenated C18 fatty acid metabolites. 
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C20 fatty acid fragments respectively, one can envision a total of 32 potential diastereomers for 

nigricanoside A. 

 

Galactopyranoside 

Due to the rarity of the L- enantiomer of galactose in nature, our biomimetic hypothesis assumed 

that the D- enantiomer is present in the nigricanosides. A coupling constant of 7.7 Hz between 

the H-1" and H-2" protons established the β-anomeric configuration.5 

 

Glycerol 

The stereochemistry of the C-2′′′ position of the glycerol moiety of the nigricanosides was 

assumed to be R by analogy with the natural product isolated by Falkowski and coworkers8 

(Figure 3.9). In addition, a recent synthetic study towards the nigricanosides by Fujiwara and 

coworkers supports this assumption.14  

 

Figure 3.8 

Potential precursors of the C20 fragment of the nigricanosides. 

 

Figure 3.9 

Apoptosis-inducing galactolipid from a cultured marine diatom. 
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Based on the above hypotheses and precedents, the C-10 and C-12′ carbinols were assigned an S 

configuration, while the C-2′′′ carbinol was assigned an R configuration (16 stereochemical 

possibilities). To further limit the stereochemical possibilities to 8, the C-6 carbinol was 

tentatively assigned an S configuration based on analogy with malyngic and fulgidic acids. These 

remaining eight diastereomers were, therefore, our primary synthetic focus. 

3.3.1.2 Ether Linkages 

Most of the structural novelty and synthetic convolution of the nigricanosides derive from the 

unique ether linkages that unify the fatty acids and galactopyranoside moieties. The traditional 

arrangement of these fragments in monogalactosyldiacylglycerolipids is through ester linkages to 

glycerol as shown above in Figure 3.9. We hypothesized that the ether linkage between the fatty 

acid moieties results from the opening of the C20 epoxy alcohol (or epoxy galactoside ether 

adduct) by the C16 trioxilin (Figure 3.10) under either enzymatic or non-enzymatic conditions 

(BrØnsted/Lewis acid catalysis). 

 

 

 

Figure 3.10 

Proposed mechanism of formation of fatty acid ether bond. 
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The feasibility of a non-enzymatic process was established in the synthesis of the simpler 

topsentolide C2
13b (Figure 3.11). On the other hand, the galactopyranoside to C20 fatty acid ether 

bond (C8′-O-C6") could arise from different mechanistic pathways which include; a) an 

interception of a lipoxygenase enzymatic peroxide intermediate, b) a highly stereoselective acid 

catalyzed dehydrative etherification process, and c) etherification of a metal activated primary 

phosphate or sulfate (Figure 3.12). These possibilities are currently being explored in my 

synthetic approach to forming the final ether bonds of the nigricanosides. 

 

 

 

Figure 3.11 

BrØnsted acid catalyzed transformation of topsentolide A2 to topsentolide C2. 

a) 



179 

 

3.3.2 Other Synthetic Approaches to the Nigricanosides 

MacMillan and Ready Synthesis 

In 2009, the MacMillan and Ready groups published on a novel nuclear magnetic resonance 

(NMR) spectroscopy method15 that involves multiple simultaneous homonuclear decoupling of 

coupled protons to simplify 1H NMR spectra and obtain desired coupling constants. In their 

publication, they proposed utilizing this technology to elucidate the relative stereochemistry of 

the nigricanosides. In 2015, both groups co-published on the first total synthesis of the 

nigricanosides (Figure 3.13) and assigned the stereochemistry of nigricanoside A, although 

minor differences in the NMR spectra of the synthetic and natural material suggest a miss-

assignment of the structure.16 Furthermore, the synthetic material lacked the biological activity of 

b)  

 

c)  

 

Figure 3.12 

Proposed mechanisms for formation of C8’-O-C6’’ etherbond. 
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the reported natural product. The C20 fatty acid was determined to be derived from hepoxilin A3 

(11S, 12S) with an erythro configuration of the vicinal diol. The C-8′ configuration was assigned 

as S. By analogy, the C16 trioxilin was assigned as 6S, 9R, 10S.  The ether bonds were formed by 

Williamson etherification, while the stereochemistry of the alcohols of the fatty acid either 

originated from chiral commercial building blocks, or were established by diastereoselective 

reactions (reduction and alkylation). 

 

Figure 3.13 

MacMillan and Ready synthesis of nigricanoside A. 

 

 

Yusuke Kurashina and Shigefumi Kuwahara Synthesis of C20 Fragment 

In 2012, the Kuwahara group published the first synthetic approach to the fatty acid fragments of 

the nigricanosides.17 Their publication culminated in the synthesis of a protected form of the C16 

fragment, with a 6R, 9S, 10R triol configuration. The Sharpless asymmetric kinetic resolution, a 

diastereoselective reduction, and an allylation of a protected α-hydroxyl amide using an Evans 

chiral auxiliary were used to establish the C-6, C-9 and C-10 stereocenters, respectively. 



181 

 

 

Figure 3.14 

Kurashina et al synthesis of protected C16 fragment. 

 

Fujiwara Kenshu Approach 

In 2013, the Fujiwara group showed that a stereospecific Ireland-Claisen rearrangement could be 

employed to construct the C20 fatty acid-galactopyranose ether bond (C8′-O-C6"), although the 

C20 fatty acid utilized in their study lacked the C11and C12 diol. Spectroscopic studies using an 

8′S, and 8′R analog, prepared in 26 steps, suggested that the C-8′ stereochemistry of the natural 

material is S.14 

 

 

Figure 3.15 

Fujiwara and coworkers synthetic approach to the nigricanosides. 
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3.3.3 Methods 

Regio- and Enantioselective Catalytic Monoepoxidation of Conjugated Dienes 

Asymmetric epoxidation is one of the most robust ways of bis-functionalizing olefins. Since the 

pioneering discovery of the Sharpless asymmetric epoxidation by Katsuki and Sharpless,18 

numerous studies have led to an array of catalytic systems for mono-ene and poly-ene 

epoxidations.19 However, fewer protocols have found widespread utility for the regio- and 

enantioselective monoepoxidation of acyclic 2,4-pentadiene-1-ols as a concise pathway to the 

epoxyol and triol motifs found in the hepoxilins and trioxilins, respectively, as well as several 

other bioactive natural products (Figure 3.16).  In the acyclic 2,4-pentadiene-1-ol polyene 

system, the Sharpless as well as other functional group directed epoxidation catalysts 

predominantly epoxidize the proximal olefin.20  

 

On the other hand, the Shi epoxidation catalyst system21 was reported to favor distal epoxidation; 

however, the complicated experimental protocol, low yields, and moderate stereoselectivity are 

drawbacks to the Shi procedure. Recently, the Falck group reported an operationally simple 

procedure for the regio-and stereoselective monoepoxidation of acyclic 2,4-pentadiene-1-ols.20 

 

Figure 3.16 

Hepoxilin and trioxilin motifs in select bioactive natural products.20 
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As discussed below (Scheme 3.7), this methodology was successfully utilized to convert the 2,4-

pentadiene-1-ol system present in the C16 and C20 fragments of the nigricanosides to the 

required epoxy alcohol with high regio-and stereoselectivity. However, the Falck procedure 

works quite well with conjugated cis-trans dienes; the stereoselectivity with trans-trans dienes is 

moderate to modest. Efforts to extend this methodology to trans-trans dienes are ongoing. 

Etherification of Allylic Epoxides 

An important utility of allylic epoxides as synthetic building blocks resides in their subsequent 

selective transformation into erythro and threo diols,22 halohydrins,23 azidohydrins,24 amino 

alcohols,25 and β-hydroxy ethers,26 amongst other transformations. Considerable effort in this 

area of research has led to the development of several regio- and stereoselective protocols.  Of 

relevance to the syntheses of the nigricanosides is the allylic epoxide to diol and β-hydroxy ether 

transformations. Under carefully controlled conditions (low temperature, low polarity solvents, 

excess alcohol), several groups have shown that it is possible to stereoselectively open allylic 

epoxides with alcohols in an SN2 manner under Lewis acid catalysis, although the 

regioselectivity (SN2 vs SN2′) is highly dependent on steric hindrance on both sides of the allylic 

system.26 Thus, allylic cis epoxides give the threo-product, while allylic trans-epoxides give the 

erythro-product stereoselectively. 

Complementarily, late transition metal catalyzed epoxide opening reactions often give the 

product of net retention of configuration at the substituted center either with or without olefin 

transposition. The stereochemical outcome results from a double inversion of configuration 

(overall retention of configuration) due to an initial backside attack by the transition metal 

(blocking the backside) and a subsequent attack at the “frontside” by the incoming nucleophile. 
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Although the stereoselectivity of this process in cyclic systems is typically high, considerable 

stereo-erosion can occur in acyclic systems due to a lower barrier to bond rotation.26e In 2008, 

the Miyashita group reported on a highly stereoselective palladium catalyzed etherification of 

allylic epoxides (Figure 3.17).26b By using a chelatable boronate ester, the reacting oxygen 

nucleophile could be sequestered on the “frontside” of the palladium π–allyl complex for a rapid 

nucleophilic attack before stereo-erosion occurred. This approach was efficient for a variety of 

simple primary alcohols, and it was also adapted for the stereoselective conversion of allylic 

epoxides to diols.22a 

Also, a rhodium catalyzed stereoselective epoxide ring opening with alcohol nucleophiles was 

developed by the Lautens group.26c Unlike the palladium catalyzed system which gives a net 

retention of configuration, the rhodium system gives a net inversion of configuration at the 

reacting center. However, the substrate scope of the rhodium system is limited to cyclic allylic 

epoxides and acyclic allylic trans-epoxides.  

 

Figure 3.17 

Palladium catalyzed etherification of unsaturated α,β-unsaturated γ,δ-epoxy esters.26b 
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Stereospecific Conversion of Diols to Epoxides 

Several methods exist for the stereospecific conversion of vic-diols to epoxides. The typical 

method involves direct SN2 displacement of a halide or activated alcohol (mesylate, tosylate, 

triflate) by the vicinal hydroxyl group under basic conditions. This leads to an inversion of the 

reacting center and requires prior differentiation of the vicinal diols. Alternatively, more direct 

approaches such as the Sharpless procedure27 can be utilized. The Sharpless procedure involves 

the conversion of threo-diols into regio-isomeric acetoxy-halides through the intermediacy of an 

orthoester. The trans-epoxide is generated by a mild basic hydrolysis (K2CO3, MeOH) of the 

acetate. Other conditions such as the Mitsunobu inversion28 and various dehydrative conditions 

can also be employed for the conversion of vic-diols to epoxides, although the stereoselectivities 

are highly substrate dependent. Thus, various methods exist for the conversion of cis-epoxides to 

trans-epoxides (or threo-diol to erythro-diol). These methods should find utility in the syntheses 

of various stereoisomers of the nigricanosides. 

 

Figure 3.18  

Interconversions between allylic epoxides and diols.  
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3.4 Results and Discussion 

Based on the biomimetic hypotheses discussed in the previous section, I focused my attention on 

the synthesis of the fatty acid fragments with the all S diastereomer. My retrosynthetic analysis 

of protected nigricanoside A is shown below. Disconnection of the C8′-O-C6" ether bond yields 

protected fatty acid fragment B and protected glyceryl galactoside C. In the synthetic direction, 

C can be obtained from commercial E and F in 3 steps through iodination of the anomeric 

carbon, Ag(I) mediated etherification, and chemoselective deprotection of the primary acetate. 

Disconnection at the C10-O-C11′ ether linkage of fragment B gives a di-protected triol K and 

allylic epoxide G. The latter can be traced back to commercial 5-hexynoic acid and p-

methoxybenzyl protected R-glycidol via regio-, and stereoselective monoepoxidation, two 

sequential Wittig reactions, and functional group interconversions and protections. On the other 

hand, allylic epoxide opening, regio-, and stereoselective monoepoxidation, cis-selective Wittig 

olefination, olefin metathesis, and Noyori asymmetric transfer hydrogenation traces K to 

commercial methyl adipoyl chloride P and trimethylsilylacetylene O.  
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3.4.1 Synthesis of the Glyceryl Galactoside Fragment (C) 

The synthesis of C commenced with iodination of commercial β-D-galactose pentaacetate with 

triethylsilyl iodide generated from triethylsilane and iodine (Scheme 3.2). The crude 2,3,4,6-

tetra-O-acetyl-α-D-galactopyranosyl iodide was reacted with commercial (S)-(+)-1,2-

isopropylideneglycerol to give galactoside D in good yield. Attempted selective deprotection of 

the primary acetate in D with Otera’s catalyst in anhydrous methanol gave a significant amount 

of product in which the C-6 and C-2 acetates were both removed. After exploring various 

reaction conditions (temperature, solvent, catalyst loading, reaction times and additives), it was 

discovered that deprotection of the C-2 acetate could be suppressed by using a mixture of 

 

Scheme 3.1 

Retrosynthetic analysis of nigricanoside A. 
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isopropanol (IPA) and dichloromethane instead of methanol as the reaction solvent. Thus, D 

could be transformed to C in good yield with 5 mol% of Otera’s catalyst. 

3.4.2 Synthesis of C16 Fatty Acid Fragment 

A concise and highly efficient synthesis of the C16 fragment of the nigricanosides is shown in 

Scheme 3.3. Reaction of commercial methyl adipoyl chloride (P) with the zinc salt of 

trimethylsilyl acetylene gave ynone 1 in good yield. Asymmetric reduction of the ketone using 

the Noyori catalyst S,S-TSDPEN29 in 2-propanol gave propargylic alcohol with excellent ee and 

yield. Next, the terminal silyl group of 2 was deprotected with K2CO3 in methanol to yield 

propargylic alcohol 3. I had planned to protect all the free hydroxyl groups of the nigricanosides 

(except the glycerol fragment) with esters to enable a final global deprotection, so at this stage 3 

was protected as the benzoate to give 4 in excellent yield. Semi-hydrogenation with Lindlar 

catalyst poisoned with quinoline in ethyl acetate gave 5 uneventful. However, attempts to 

convert allylic benzoate 5 to conjugated aldehyde 6 through a cross metathesis reaction using the 

Hoveyda-Grubbs 2nd generation catalyst and acrolein was low yielding (~10% conversion by 

TLC analysis) at rt and reflux conditions. Also, increasing the catalyst loading to 10 mol% and 

 

Scheme 3.2 

Synthesis of glyceryl galactoside fragment. 
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changing the solvent had minor effects on the poor result. Other metathesis catalysts such as the 

1st and 2nd generation Grubbs catalysts, and the Zhan catalyst-1B gave similar results. 

Furthermore, the methoxy methyl ether (MOM) protected analog of 5 gave similar results. A 

close look at the literature suggested that a functional group (apart from an olefin) capable of 

strongly coordinating to the catalyst should be present on one of the metathesis substrates for an 

efficient reaction to occur. Thus, the protection of the carbinol in 3 was postponed to a later 

stage. As shown in Scheme 3.4, Lindlar reduction of 3 gave the semi-reduced product 7. As 

predicted, cross-metathesis of the crude product 7 and acrolein with 5 mol% of the Zhan catalyst 

1-B gave hydroxyl-aldehyde 8 in 65% yield over the two steps. Protection of the alcohol as its 

benzoate and subsequent cis-selective Wittig olefination gave the desired product in good yield. 

Thus, the C16 fatty acid chain was constructed in 7 steps.  

 

Scheme 3.3 

Asymmetric synthesis of C16 fatty acid fragment. 



190 

 

3.4.3 Synthesis of the C20 Fatty Acid Fragment 

The synthesis of the C20 fatty acid fragment is shown in Scheme 3.5. Addition of the lithium 

dianion of 5-hexynoic acid to the known p-methoxybenzyl ether protected glycidol J30 gave 12, 

which could only be partially purified at this stage. Compound 12 was converted to benzyl ester 

13, whose alkyne was semi-hydrogenated with catalytic P2-Ni/H2 to give 14. Protection of the 

secondary alcohol in 14 as the 2-(azidomethyl)benzoate ester (AZMB) afforded 15 in very good 

yield. AZMB was chosen to allow selective deprotection in the presence of the C-6 benzoate of 

the C16 fatty acid. Oxidative removal of the PMB protecting group, Swern oxidation of the 

resulting primary alcohol 16, and trans-selective Wittig olefination of 17 afforded 18 in good 

overall yield. Unfortunately, Wittig reaction of 18 using freshly prepared 19 only afforded the 

desired 20 in low yield. 1H NMR analysis of the side products revealed that the AZMB was 

cleaved under the Wittig reaction condition to give mostly 21 and 22. 1H NMR and TLC 

analyses confirmed that 19 was not contaminated with triphenylphosphine (PPh3), which could 

be responsible for the reduction of the azido group and subsequent deprotection of the AZMB.  

 

Scheme 3.4 

Synthesis of C16 fatty acid fragment contd. 
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Therefore, I had to modify the synthetic scheme by replacing the AZMB with a tert-

butyldimethylsilyl group (Scheme 3.6). With a similar sequence of events as previously 

described, 14 was successfully converted to aldehyde 26. To my delight, 26 was smoothly 

converted to tetraene 27 in very good yield. Thus, the C20 fatty acid chain was constructed in 8 

steps from J. 

 

Scheme 3.5 

Synthesis of C20 fatty acid fragment. 
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3.4.4 Regio- and Stereoselective Epoxidation of 11 and 27 

With the assembled C16-triene and C20-tetraene in hand, the Falck epoxidation methodology 

was examined (Scheme 3.7). As shown in Scheme 3.6, 11 was successfully transformed to 28 in 

good yield and selectivity, while 27 gave the desired product 29 in moderate yield using the S,S-

salan catalyst.  

3.4.5 Allylic Epoxide Opening 

My initial studies on the transformation of the C16 epoxy alcohol to a di-protected triol focused 

on allylic epoxide opening using carboxylates as nucleophiles. This study was performed using 

 

Scheme 3.6 

Synthesis of C20 fatty acid fragment contd. 

 

Scheme 3.7 

Formation of 28 and 29. 
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the model compound 30. As shown below (Table 3.1), at best, only a mixture of products could 

be obtained under BrØnsted/Lewis acidic and basic conditions. The mixture of products could 

have resulted from either ester migration under the reaction conditions, or from an SN2′ process. 

Therefore, my subsequent studies focused on alcohols as nucleophiles.  

 

Table 3.1  Allylic epoxide opening with carboxylic/carboxylate nucleophiles 

No. Nucleophile Acid or Base Temperature Result 

1 Benzoic acid Ti(OiPr)4 40 °C 
Mixture of 

products 

2 Benzoic acid BF3·Et2O 0 - 25 °C 
Mixture of 

products 

3 Benzoic acid NEt3 40 °C 
Low  

conversion 

4 Sodium 2-picolinate None 0 - 40 °C No reaction 

5 Benzoic acid ZnEt2 40 °C 
Mixture of 

products 
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As shown in Scheme 3.8a, both p-methoxybenzyl alcohol and allyl alcohol were regioselectively 

etherified with 30 in good yield when an excess of the alcohol was used. However, attempts to 

form an unsymmetrical bis-fatty acid ether or “dimeric ether adduct” by adding 33 to 35 were 

unsuccessful, presumably due to steric hinderance (Scheme 3.8b). On the other, 34 reacted with 

35 under Lewis acid catalysis to give 37 in moderate yield (Scheme 3.8c). These results 

emphasized the influence of sterics on the efficiency of the “dimerization” and suggested that 

allyl alcohol was the nucleophile of choice for further evaluation.  

a) 

 

b) 

 

 

c) 

 

Scheme 3.8 

Allylic epoxide opening with alcohols. 
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As expected, reaction of allyl alcohol with 28 gave the desired di-protected triol 38 in good yield 

(Scheme 3.9a). Furthermore, preliminary studies have resulted in the synthesis of 39 in moderate 

yield over three steps (Scheme 3.9b). Future work will focus on attaching the glyceryl 

galactoside and completing the total synthesis.  

3.5 Conclusion 

Supported by literature precedents, our biomimetic approach to the synthesis of nigricanoside A 

has tentatively reduced the stereochemical uncertainty associated with the structure assignment 

of this potentially potent antimitotic agent. Our synthetic undertaking led to the development of a 

novel stereocontrolled distal epoxidation of conjugated dienols, which was successfully applied 

to the syntheses of both fatty acid fragments of a nigricanoside. Furthermore, promising results 

with acid catalyzed nucleophilic allylic epoxide openings with allyl alcohol adds merit to our 

biomimetic hypotheses, and paves a favorable pathway to the completion of this complex total 

synthesis. Future work will focus on the exploration of various etherifications to attach the 

synthesized sugar fragment, the completion of the synthesis, and biological studies.  

a) 

 

b) 

Scheme 3.9 

Preliminary results on the formation of the bis-fatty acid ether of a nigricanoside. 
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3.6 Experimental 

General Methods and Materials. Proton and carbon nuclear magnetic resonance spectra (1H 

and 13C NMR) were recorded at 500 MHz and 126 MHz, respectively, or at 400 MHz and 101 

MHz, respectively, in CDCl3 with TMS as internal standard, unless otherwise stated. 1H NMR 

data are reported as follows: chemical shift (ppm), multiplicity (s = singlet, br s = broad singlet, 

d = doublet, t = triplet, q = quartet, app q = apparent quartet, qn = quintet, app qn = apparent 

quintet, m = multiplet), and coupling constant (Hz). Melting points were measured using an 

automated melting point apparatus and are uncorrected. Analytical thin layer chromatography 

(TLC) used EMD Chemicals TLC silica gel 60 F254 plates (0.040-0.063 mm) with visualization 

by UV light and/or KMNO4 or phosphomolybdic acid (PMA) solution followed by heating. 

Chromatographic purifications utilized preparative TLC or flash chromatography using pre-

packed SiO2 columns on an automated medium pressure chromatograph. Unless otherwise noted, 

yields refer to isolated, purified material with spectral data consistent with assigned structures or, 

if known, were in agreement with published data. All reactions were conducted under an argon 

atmosphere in oven-dried glassware with magnetic stirring. Reagents were purchased at the 

highest commercial quality and used without further purification. Reaction solvents were dried 

by passage through a column of activated, neutral alumina under argon and stored under argon 

until use.  
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Synthesis of 3-O-(2,3,4,6-tetra-O-acetyl-β-D-galactopyranosyl)-1,2-O-isopropylidene-sn-

glycerol. 

Following literature procedure,31 anhydrous triethylsilane (Et3SiH, 3.14 mL, 19.7 mmol, 1.28 

equiv) was added slowly over 3 min (caution: exotherm) to a flask containing β-D-galactose 

pentaacetate (6 g, 15.4 mmol) and I2 crystals (5.46 g, 21.5 mmol, 1.40 equiv) in DCM (30 mL) at 

rt. The maroon solution was heated under reflux (42 °C) for 5 min, cooled to rt, and poured into 

a separatory funnel containing sat. aq. NaHCO3 (20 mL). The organic layer was separated and 

washed with sat. aq. Na2S2O3 solution until the color disappeared. The aqueous washings were 

extracted with ether (2 × 20 mL), and the combined organic extracts were dried over anhydrous 

Na2SO4, decanted, and concentrated on a rotary evaporator. The residue was further dried under 

high vacuum for 1 h.  

To another flask (oven dried) containing anhydrous CaSO4 (7.70 g), Ag2CO3 (6.36 g, 23 mmol), 

2,6-di-tert-butyl-4-methylpyridine (DTBMP, 1.13 g, 5.50 mmol) and 1,2-O-isopropylidene-sn-

glycerol (1.45 g, 11 mmol) was added DCM (30 mL). The flask was protected from light with 

aluminum foil and the contents stirred for 1 h under argon. The above crude iodo-galactoside 

was dissolved in DCM (60 mL) and added slowly (1 h) to the reaction via cannula; the addition 

was completed with a fresh portion of DCM (10 mL). After 24 h, the reaction was filtered 

through a pad of Celite™, and the filtrate was concentrated under reduced pressure. The crude 

product was  purified using a Teledyne Isco Combiflash® Rf chromatographic system (120 g 

SiO2 column eluted with hexanes, 2 min; 0-30% EtOAc/hexanes, 8 min; 30% EtOAc/hexanes, 

50 min) to give the title compound (3.40 g, 66%) as a colorless syrup whose 1H NMR data were 

consistent with those reported.32 
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1H NMR (500 MHz, CDCl3) δ 5.39 (dd, J = 3.1, 1.7 Hz, 1H), 5.20 (ddd, J = 9.2, 8.0, 1.2 Hz, 

1H), 5.00 (ddt, J = 10.7, 2.8, 1.4 Hz, 1H), 4.57 (dt, J = 8.1, 1.3 Hz, 1H), 4.30 – 4.21 (m, 1H), 

4.22 – 4.08 (m, 2H), 4.01 (ddd, J = 7.7, 6.3, 1.2 Hz, 1H), 3.95 – 3.86 (m, 2H), 3.80 (ddd, J = 8.5, 

6.0, 1.3 Hz, 1H), 3.63 (ddd, J = 10.8, 5.9, 1.3 Hz, 1H), 2.15 (d, J = 1.2 Hz, 3H), 2.07 (d, J = 1.2 

Hz, 3H), 2.05 (d, J = 1.1 Hz, 3H), 1.98 (d, J = 1.3 Hz, 3H), 1.42 (s, 3H), 1.34 (s, 3H). 

 

Synthesis of 3-O-(2,3,4-tri-O-acetyl-β-D-galactopyranosyl)-1,2-O-isopropylidene-sn-

glycerol. 

Otera’s catalyst ([tBu2SnOH(Cl)]2,
33 67 mg, 0.117 mmol, 5 mol%) was added to a solution of D 

(1.08 g, 2.34 mmol) in DCM (8 mL) and IPA (25 mL). The reaction was stirred for 3 days, then 

concentrated under reduced pressure. The crude product was purified using a Teledyne Isco 

Combiflash® Rf chromatographic system (40 g SiO2 column eluted with 0-35% EtOAc/hexanes, 

4 min; 35% EtOAc/hexanes, 10 min; 35-50% EtOAc/hexanes, 5 min; 50% EtOAc/hexanes, 15 

min) to give the title compound (0.636 g, 65%) as a colorless syrup. [α]D
20 = -3.3° (c 1.4, EtOH). 

1H NMR (400 MHz, CDCl3) δ 5.36 (d, J = 3.4 Hz, 1H), 5.22 (dd, J = 10.4, 7.9 Hz, 1H), 5.03 (dd, 

J = 10.4, 3.4 Hz, 1H), 4.57 (d, J = 8.0 Hz, 1H), 4.31 – 4.22 (m, 1H), 4.01 (dd, J = 8.3, 6.5 Hz, 

1H), 3.86 (dd, J = 10.8, 4.6 Hz, 1H), 3.78 – 3.68 (m, 3H), 3.65 (dd, J = 10.8, 5.4 Hz, 1H), 3.52 

(dd, J = 10.4, 4.9 Hz, 1H), 2.16 (s, 3H), 2.05 (s, 3H), 1.99 (s, 3H), 1.40 (s, 3H), 1.33 (s, 3H); 13C 

NMR (101 MHz, CDCl3) δ 171.1, 170.1, 169.5, 109.4, 101.6, 74.6, 73.6, 70.9, 69.9, 69.1, 67.8, 

66.2, 60.6, 26.6, 25.2, 20.74, 20.7, 20.6. 



199 

 

 

Synthesis of methyl 6-oxo-8-(trimethylsilyl)oct-7-ynoate 

Anhydrous ZnCl2 (5.15 g, 37.8 mmol, 1.5 equiv) was dried under high vacuum at 130 °C with 

stirring for 3 h. The flask was cooled to rt, then THF (60 mL) was added. In a second flask 

containing a solution of trimethylsilylacetylene (5.34 mL, 37.8 mmol, 1.5 equiv) in THF (30 mL) 

at -78 °C was added n-BuLi (2.5 M in hexanes, 14.1 mL, 35.3 mmol, 1.40 equiv) dropwise. After 

30 min, the above ZnCl2 solution was added to the reaction via cannula [the addition was 

completed with a fresh portion of THF (10 mL)] and stirring was continued at -78 °C for 20 min. 

The reaction was stirred at 0 °C for 30 min, and then re-cooled to -78 °C. Methyl adipoyl 

chloride (4.50 g, 25.2 mmol) in THF (20 mL) was added to the reaction via cannula; the addition 

was completed with a fresh portion of THF (5 mL). The reaction was stirred at 0 °C for 1 h, and 

at rt for 1 h before being quenched with sat. aq. NH4Cl (30 mL). The aqueous layer was 

extracted with Et2O (2 × 20 mL), the combined organic extracts were dried over anhydrous 

Na2SO4, filtered through a Buchner fritted funnel, and concentrated under reduced pressure. The 

crude product was purified using a Teledyne Isco Combiflash® Rf chromatographic system (40 g 

SiO2 column eluted with hexanes, 3 min; 0-10% EtOAc/hexanes, 7 min; 10% EtOAc/hexanes, 

15 min) to give the title compound (5 g, 82%) as a colorless oil whose 1H NMR data were 

consistent with those reported.34 

1H NMR (500 MHz, CDCl3) δ 3.66 (s, 3H), 2.58 (t, J = 6.9 Hz, 2H), 2.33 (t, J = 7.0 Hz, 2H), 

1.78 – 1.64 (m, 4H), 0.23 (s, 9H). 
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Synthesis of (S)-methyl 6-hydroxy-8-(trimethylsilyl)oct-7-ynoate 

Potassium tert-butoxide (KOtBu, 1.0 M in t-BuOH, 0.312 mL, 0.312 mmol, 5 mol%) was added 

to Noyori’s catalyst RuCl(p-cymene) [(S,S)-TS-DPEN] (0.199 g, 0.312 mmol, 5 mol%) followed 

by anhydrous 2-propanol (IPA, 50 mL). After stirring at rt for 30 min, methyl 6-oxo-8-

(trimethylsilyl)oct-7-ynoate (1.5 g, 6.25 mmol) in anhydrous IPA (12 mL) was added to the 

reaction via cannula. The reaction was continued for 3 h, then concentrated under reduced 

pressure. The crude product was purified using a Teledyne Isco Combiflash® Rf chromatographic 

system (12 g SiO2 column eluted with hexanes, 1 min; 0-10% EtOAc/hexanes, 5 min; 10% 

EtOAc/hexanes, 10 min; 10-20% EtOAc/hexanes, 5 min; 20% EtOAc/hexanes, 3 min) to give 

the title compound (1.39 g, 91%, ee ≥99%) as a colorless oil. [α]D
20 = -1.8° (c 0.5, EtOH), 

reported value: [α]D
25 = -1.8° (c 1.2, CHCl3).

 34 

1H NMR (400 MHz, CDCl3) δ 4.35 (t, J = 6.5 Hz, 1H), 3.66 (s, 3H), 2.32 (t, J = 7.5 Hz, 2H), 

2.01 – 1.91 (m, 1H), 1.77 – 1.60 (m, 4H), 1.56 – 1.38 (m, 2H), 0.15 (s, 9H); 13C NMR (101 MHz, 

CDCl3) δ 174.2, 106.7, 89.6, 62.7, 51.7, 37.4, 34.1, 24.8, 24.7, -0.01. 

 

Synthesis of (S)-methyl 6-hydroxyoct-7-ynoate 

A mixture of (S)-methyl 6-hydroxy-8-(trimethylsilyl)oct-7-ynoate (3.64 g, 15.0 mmol) and 

anhydrous K2CO3 (2.49 g, 18.0 mmol, 1.2 equiv) in anhydrous MeOH (60 mL) was stirred at rt 

for 3 h. The reaction was poured into sat. aq. NH4Cl (60 mL) and extracted with EtOAc (3 × 30 
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mL). The combined organic extracts were dried over anhydrous Na2SO4, filtered through a 

Buchner fritted funnel, and concentrated under reduced pressure. The crude product was purified 

using a Teledyne Isco Combiflash® Rf chromatographic system (40 g SiO2 column eluted with 

hexanes, 2 min; 0-20% EtOAc/hexanes, 6 min; 20% EtOAc/hexanes, 15 min; 20-40% 

EtOAc/hexanes 6 min) to give the title compound (2.16 g, 84%) as a colorless oil. [α]D
20 = -8.6° 

(c 0.5, EtOH). 

1H NMR (400 MHz, CDCl3) δ 4.36 (td, J = 6.6, 2.1 Hz, 1H), 3.65 (s, 3H), 2.45 (d, J = 2.1 Hz, 

1H), 2.32 (t, J = 7.5 Hz, 3H), 1.78 – 1.59 (m, 4H), 1.53 – 1.41 (m, 2H); 13C NMR (101 MHz, 

CDCl3) δ 174.2, 84.9, 73.0, 62.0, 51.7, 37.2, 34.0, 24.6, 24.59. 

 

Synthesis of (S)-methyl 6-hydroxyoct-7-enoate 

A solution of (S)-methyl 6-hydroxyoct-7-ynoate (2.00 g, 11.75 mmol) in anhydrous EtOAc (60 

mL) was added via cannula to a mixture of Lindlar catalyst (0.150 g) and quinoline (7.00 mL, 

59.1 mmol, 5 equiv) in anhydrous EtOAc (57 mL). The reaction was continued under a H2 

atmosphere (1 atm) for 2 h 30 min, filtered through a pad of Celite™, and then washed with cold 

aq. 1 N HCl (3 × 50 mL), H2O (50 mL), and brine (30 mL). The aqueous washings were 

extracted with EtOAc (2 × 20 mL), and the combined organic extracts were dried over anhydrous 

Na2SO4, decanted, and concentrated under reduced pressure. The crude product containing ~ 

10% over reduced product (2.00 g) was used in the next step without further purification. [α]D
20 

= +11.4° (c 0.5, EtOH). 
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Crude: 1H NMR (400 MHz, CDCl3) δ 5.85 (ddd, J = 16.9, 10.4, 6.2 Hz, 1H), 5.21 (dt, J = 17.2, 

1.4 Hz, 1H), 5.09 (dt, J = 10.4, 1.3 Hz, 1H), 4.09 (q, J = 6.4 Hz, 1H), 3.65 (s, 3H), 2.38 – 2.25 

(m, 2H), 1.80 – 1.24 (m, 6H); 13C NMR (101 MHz, CDCl3) δ 174.3, 141.2, 114.8, 73.0, 51.6, 

36.6, 34.1, 25.0, 24.9. 

 

Synthesis of (S,E)-methyl 6-hydroxy-9-oxonon-7-enoate 

A solution of crude (S)-methyl 6-hydroxyoct-7-enoate (2.00 g, 11.6 mmol) and anhydrous 

acrolein (3.88 mL, 58.0 mmol, 5 equiv) in DCM (30 mL) was added via cannula to a solution of 

Zhan catalyst 1-B (0.426 g, 0.580 mmol, 5 mol%) in DCM (20 mL); the addition was completed 

with a fresh portion of DCM (8 mL). The reaction was stirred at rt for 24 h, then concentrated in 

vacuo. The crude product was purified using a Teledyne Isco Combiflash® Rf chromatographic 

system (40 g gold-grade SiO2 column eluted with hexanes, 2 min; 0-30% EtOAc/hexanes, 6 min; 

30% EtOAc/hexanes, 12 min; 30-60% EtOAc/hexanes 15 min, 60% EtOAc/hexanes, 5 min) to 

give the title compound (1.55 g, 65%) as a brown solid. A sample was purified by TLC to give 

the title compound as a yellow solid (mp, 68.3-68.4 °C). [α]D
20 = +37.8° (c 0.5, EtOH). 

1H NMR (400 MHz, C6D6) δ 9.34 (d, J = 7.6 Hz, 1H), 6.17 (ddd, J = 15.7, 7.6, 1.5 Hz, 1H), 6.05 

(dd, J = 15.7, 4.3 Hz, 1H), 3.73 (s, 1H), 3.35 (s, 3H), 2.04 (t, J = 7.3 Hz, 2H), 1.52 – 1.33 (m, 

2H), 1.22 – 1.01 (m, 4H); 13C NMR (101 MHz, C6D6) δ 192.6, 173.5, 158.5, 130.8, 70.5, 51.1, 

36.0, 33.8, 24.9, 24.8. 
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Synthesis of (S,E)-9-methoxy-1,9-dioxonon-2-en-4-yl benzoate 

Triethylamine (1.76 mL, 12.6 mmol, 3 equiv) was added dropwise to a solution of (S,E)-methyl 

6-hydroxy-9-oxonon-7-enoate (0.840 g, 4.20 mmol) and 4-dimethylaminopyridine (DMAP, 

0.103 g, 0.840 mmol, 0.2 equiv) in DCM (42 mL) at 0 °C. After 3 min, benzoyl chloride (BzCl, 

0.973 mL, 8.39 mmol, 2 equiv) was added slowly to the reaction. The reaction was continued at 

0 °C for 3 h and then allowed to gradually warm to rt overnight (15 h). The reaction mixture was 

washed with sat. aq. NaHCO3 (30 mL) and the aqueous layer was extracted with DCM (3 × 15 

mL). The combined organic extracts were dried over anhydrous Na2SO4, decanted, and 

concentrated under reduced pressure. The crude product was purified using a Teledyne Isco 

Combiflash® Rf chromatographic system (24 g SiO2 column eluted with hexanes, 1 min; 0-10% 

EtOAc/hexanes, 7 min; 10% EtOAc/hexanes, 10 min; 10-20% EtOAc/hexanes 5 min, 20%, 8 

min) to give the title compound (0.974 g, 70%) as a brown oil. [α]D
20 = +51.5° (c 0.5, EtOH). 

1H NMR (500 MHz, CDCl3) δ 9.59 (d, J = 7.7 Hz, 1H), 8.10 – 7.96 (m, 2H), 7.64 – 7.55 (m, 

1H), 7.52 – 7.40 (m, 2H), 6.84 (dd, J = 15.8, 4.6 Hz, 1H), 6.29 (ddd, J = 15.8, 7.7, 1.6 Hz, 1H), 

5.78 (tdd, J = 6.4, 4.6, 1.6 Hz, 1H), 3.64 (s, 3H), 2.34 (t, J = 7.4 Hz, 2H), 1.96 – 1.82 (m, 2H), 

1.77 – 1.64 (m, 2H), 1.58 – 1.40 (m, 2H); 13C NMR (101 MHz, CDCl3) δ 193.0, 173.8, 165.6, 

153.7, 133.6, 131.7, 129.8, 129.6, 128.6, 72.5, 51.6, 33.8, 33.5, 24.6. 

 

 

 

Synthesis of (S,7E,9Z,12Z)-1-methoxy-1-oxohexadeca-7,9,12-trien-6-yl benzoate 



204 

 

Potassium bis(trimethylsilyl)amide (0.5 M solution in toluene, 9.50 mL, 4.73 mmol, 1.4 equiv) 

was added dropwise to a suspension of anhydrous (azeotropically dried by co-evaporation with 

toluene, 3 × 40 mL) (Z)-hept-3-en-1-yltriphenylphosphonium bromide (2.24 g, 5.08 mmol, 1.5 

equiv) in anhydrous THF (210 mL) at -78 °C. The cold bath was removed and the reaction 

(orange solution) was allowed to slowly warm to 0 °C over 1h, and then stirred at rt for 15 min. 

The reaction was cooled to -78 °C and (S,E)-9-methoxy-1,9-dioxonon-2-en-4-yl benzoate (1.03 

g, 3.38 mmol) in anhydrous THF (25 mL) was added slowly to the reaction  via cannula; the 

addition was completed with a fresh portion of THF (15 mL). The reaction was allowed to 

slowly warm to 0 °C over 1 h and continued at 0 °C for 30 min. The reaction was quenched with 

1M aq. NH4OAc (20 mL) and concentrated under reduced pressure. The residue was diluted with 

H2O (50 mL) and extracted with EtOAc (3 × 20 mL). The combined organic extracts were dried 

over anhydrous Na2SO4, decanted, and concentrated in vacuo. The crude product was purified 

using a Teledyne Isco Combiflash® Rf chromatographic system (24 g SiO2 column eluted with 

hexanes, 5 min; 0-10% EtOAc/hexanes, 13 min; 10% EtOAc/hexanes, 5 min) to give the title 

compound (1 g, 76%) as a colorless oil. [α]D
20 = +107.2° (c 0.5, EtOH). 

1H NMR (400 MHz, CDCl3) δ 8.09 – 7.93 (m, 2H), 7.56 – 7.46 (m, 1H), 7.40 (tt, J = 7.1, 1.3 Hz, 

2H), 6.70 – 6.54 (m, 1H), 5.95 (tt, J = 11.1, 1.7 Hz, 1H), 5.67 (dd, J = 15.1, 7.2 Hz, 1H), 5.60 – 

5.49 (m, 1H), 5.47 – 5.23 (m, 3H), 3.60 (s, 3H), 2.98 – 2.81 (m, 2H), 2.29 (t, J = 7.5 Hz, 2H), 

2.05 – 1.93 (m, 2H), 1.89 – 1.56 (m, 4H), 1.49 – 1.24 (m, 4H), 0.86 (dd, J = 7.9, 6.9 Hz, 3H); 13C 

NMR (100 MHz, CDCl3) δ 173.8, 165.7, 132.8, 131.7, 131.0, 130.6, 129.5, 128.3, 127.9, 127.4, 

127.0, 74.9, 51.4, 34.3, 33.8, 29.2, 26.2, 24.7, 22.7, 13.7.  
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Synthesis of (S,E)-1-[(2R,3S)-3-[(Z)-hex-2-en-1-yl]oxiran-2-yl]-8-methoxy-8-oxooct-1-en-3-

yl benzoate 

A solution of S,S-ligand20 (0.084 g, 0.156 mmol, 6 mol%) and Ti(Oi-Pr)4 (39.3 µL, 0.130 mmol, 

5 mol%) in anhydrous DCM (1 mL) was stirred at rt for 1 h. (S,7E,9Z,12Z)-1-Methoxy-1-

oxohexadeca-7,9,12-trien-6-yl benzoate (1.00 g, 2.60 mmol) was added neat to the yellow 

solution followed by DCM (6.80 mL), and then the solution was then cooled to 4 °C. Aqueous 

H2O2 (30%, 0.589 mL, 2 equiv) was added dropwise to the reaction, and then the mixture was 

stirred vigorously at 4 °C overnight (20 h). The reaction was continued at rt for 3 h, diluted with 

DCM (10 mL), and washed with 10% aq. Na2S2O3 (2 × 20 mL). The aqueous layer was extracted 

with DCM (2 × 20 mL), and the combined organic extracts were dried over anhydrous Na2SO4, 

decanted, and concentrated in vacuo. The crude product was purified using a Teledyne Isco 

Combiflash® Rf chromatographic system (24 g SiO2 column, 20 mL/min flow rate, eluted with 

hexanes containing 2% tert-butylamine, 5 min; 0-10% EtOAc/hexanes, 13 min; 10% 

EtOAc/hexanes, 5 min) to give the title compound (0.781 g, 75%) as a colorless oil. [α]D
20 = 

+22.0° (c 0.5, EtOH). 

1H NMR (400 MHz, CDCl3) δ 8.02 (dd, 1H, J = 8.3, 1.4 Hz), 7.68 –7.47 (m, 1H), 7.53 – 7.25 

(m, 1H), 5.95 (ddd, 1H, J = 15.6, 6.3, 0.9 Hz), 5.70 (ddd, 1H , J = 15.6, 6.7, 1.2 Hz), 5.60 – 5.45 

(m, 1H), 5.42 – 5.38 (m, 1H), 5.30 – 5.17 (m, 1H), 3.62 (s, 2H), 3.58 – 3.29 (m, 1H), 3.07 (td, 

1H , J = 6.4, 4.2 Hz), 2.30 (t, 2H, J = 7.5 Hz), 2.21 – 2.01 (m, 1H), 1.91 (dt, 2H, J = 7.1, 1.6 Hz), 

1.85 – 1.65 (m, 2H), 1.60 – 1.50 (m, 3H), 1.45 – 1.32 (m, 2H), 1.29 (q, 2H, J = 7.3 Hz), 0.82 (t, 
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3H, J = 7.3 Hz); 13C NMR (100 MHz, CDCl3) δ 173.8, 165.6, 134.1, 133.0, 132.7, 130.3, 129.5, 

128.3, 126.7, 123.5, 110.0, 73.8, 58.3, 56.0, 51.5, 34.1, 33.8, 29.3, 26.0, 24.7, 22.6, 13.6. 

1H NMR (400 MHz, C6D6) δ 8.22 – 8.08 (m, 2H), 7.15 – 7.01 (m, 3H), 5.83 (ddd, J = 15.6, 6.3, 

0.7 Hz, 1H), 5.72 (ddd, J = 15.5, 6.1, 1.0 Hz, 1H), 5.65 – 5.55 (m, 1H), 5.48 – 5.34 (m, 2H), 3.32 

(s, 3H), 3.19 – 3.13 (m, 1H), 2.88 (td, J = 6.3, 4.2 Hz, 1H), 2.38 – 2.26 (m, 1H), 2.14 – 2.04 (m, 

1H), 2.01 (t, J = 7.4 Hz, 2H), 1.86 (dddd, J = 8.6, 6.7, 4.5, 1.4 Hz, 2H), 1.64 – 1.39 (m, 4H), 1.30 

– 1.14 (m, 4H), 0.80 (t, J = 7.4 Hz, 3H). 

 

Synthesis of (6S,7E,9S,10S,12Z)-9-(allyloxy)-10-hydroxy-1-methoxy-1-oxohexadeca-7,12-

dien-6-yl benzoate 

A solution of BF3·Et2O (5.10 µL, 0.041 mmol, 5 mol%) in DCM (46 µL) was added dropwise to 

a mixture of 28 (330 mg, 0.824 mmol), anhydrous allyl alcohol (0.560 mL, 8.24 mmol, 10 

equiv), and 4Å MS (0.280 g) in DCM (0.824 mL) at 0 °C. The reaction was continued at 0 °C for 

12 h, then stirred at rt for 30 min. The reaction was quenched with imidazole (8.40 mg, 0.123 

mmol, 15 mol%) and filtered through a pad of Celite™ with DCM. The filtrate was concentrated 

under reduced pressure in a fume hood, and the residue was purified using a Teledyne Isco 

Combiflash® Rf chromatographic system (12 g SiO2 column eluted with hexanes, 2 min; 0-10% 

EtOAc/hexanes, 8 min; 10% EtOAc/hexanes, 5 min, 10-20% EtOAc/hexanes, 10 min) to give 

the title compound (302 mg, 80%) as a colorless oil. [α]D
20 = +7.7° (c 0.5, EtOH). 
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1H NMR (400 MHz, CDCl3) δ 8.10 – 8.00 (m, 2H), 7.56 (ddt, J = 8.0, 6.9, 1.3 Hz, 1H), 7.49 – 

7.40 (m, 2H), 5.87 (dddd, J = 17.2, 10.4, 6.1, 5.2 Hz, 1H), 5.78 (dd, J = 15.6, 6.3 Hz, 1H), 5.64 

(ddd, J = 15.7, 7.7, 1.0 Hz, 1H), 5.56 – 5.49 (m, 1H), 5.48 – 5.44 (m, 2H), 5.24 (dq, J = 17.2, 1.6 

Hz, 1H), 5.16 (dq, J = 10.4, 1.4 Hz, 1H), 4.05 (ddt, J = 12.6, 5.2, 1.5 Hz, 1H), 3.82 (ddt, J = 12.7, 

6.1, 1.4 Hz, 1H), 3.68 – 3.59 (m, 1H), 3.64 (s, 3H), 3.56 (td, J = 7.2, 4.3 Hz, 1H), 2.62 (br s, 1H), 

2.32 (t, J = 7.4 Hz, 2H), 2.31 – 2.23 (m, 1H), 2.19 – 2.08 (m, 1H), 1.98 – 1.62 (m, 6H), 1.45 

(dddd, J = 14.2, 11.6, 10.0, 6.8 Hz, 2H), 1.35 – 1.23 (m, 2H), 0.82 (t, J = 7.4 Hz, 3H); 13C NMR 

(101 MHz, CDCl3) δ 174.0, 165.8, 134.6, 133.8, 133.1, 132.3, 130.4, 129.9, 129.7, 128.5, 125.1, 

117.4, 82.5, 74.2, 73.5, 69.7, 51.7, 34.3, 34.0, 30.5, 29.5, 24.9, 24.8, 22.8, 13.8. 

 

Synthesis of (R)-2-[(4-methoxybenzyl)oxymethyl]oxirane 

To a suspension of 60% wt NaH in oil (1.1 equiv, 1.19 g, 29.7 mmol) in anhydrous DMF (50 

mL) at 0 °C was added neat PMBCl (1.1 equiv, 29.7 mmol, 4.1 mL) dropwise. After 3 min, neat 

R-(-)-glycidol (27 mmol, 1.85 mL) was added slowly over 30 min. The reaction was left to 

gradually warm to rt in the cold bath. After overnight (12 h), the reaction was re-cooled to 0 °C, 

carefully quenched with sat. aq. NH4Cl (10 mL), and then allowed to warm to rt. The mixture 

was poured into a separatory funnel containing sat. aq. NH4Cl (60 mL), and extracted with Et2O 

(3 × 40 mL). The combined organic extracts were washed with brine (20 mL), dried over 

anhydrous Na2SO4, filtered through a Buchner fritted funnel, and concentrated on a rotary 

evaporator. Azeotropoic co-evaporation with toluene was used to remove residual DMF. The 

residue was purified using a Teledyne Isco Combiflash® Rf chromatographic system (40 g SiO2 



208 

 

column eluted with hexanes, 1 min; 0-10% EtOAc/hexanes, 15 min; 10% EtOAc/hexanes, 25 

min) and gave the title product  (4.98g, 95%) as a colorless oil whose 1H NMR data were 

consistent with those reported.30  

1H NMR (500 MHz, CDCl3) δ 7.28 (d, J = 8.5 Hz, 2H), 6.88 (d, J = 8.5 Hz, 2H), 4.55 (d, J = 

11.5 Hz, 1H), 4.49 (d, J = 11.5 Hz, 1H), 3.81 (s, 3H), 3.73 (dd, J = 11.4, 3.1 Hz, 1H), 3.41 (dd, J 

= 11.4, 5.9 Hz, 1H), 3.18 (ddt, J = 5.9, 4.0, 2.9 Hz, 1H), 2.84 – 2.72 (m, 1H), 2.61 (dd, J = 5.1, 

2.7 Hz, 1H). 

 

Synthesis of (S)-8-hydroxy-9-[(4-methoxybenzyl)oxy]non-5-ynoic acid  

n-Butyllithium (2.5M in hexanes, 10.2 mL, 25.5 mmol, 3.4 equiv) was added dropwise to a -78 

°C solution of 5-hexynoic acid (1.49 ml, 13.5 mmol, 1.8 equiv) in anhydrous THF (105 mL). 

The reaction was stirred at -78 °C for 30 min and at 0 °C for 1 h. The reaction was cooled to -78 

°C and BF3·Et2O (1.85 mL, 15.0 mmol, 2.0 equiv) was added dropwise to the mixture. After 30 

min, a solution of (S)-2-[(4-methoxybenzyloxy)methyl]oxirane (J) (2.50 g, 8.10 mmol) in 

anhydrous THF (16.2 mL) was added slowly to the reaction via cannula. The reaction was stirred 

at -78 °C for 40 min and then continued at -40 °C for 36 h. The reaction was quenched with sat. 

aq. NH4Cl (20 mL), warmed to 0 °C, and acidified to pH 4.0‒4.5 with dilute 1N HCl (~ 26 mL). 

The organic layer was separated, and the aqueous phase was extracted with EtOAc (2 × 20 mL). 

The combined organic extracts were dried over Na2SO4, filtered through a Buchner fritted 

funnel, and concentrated in vacuo. The crude product was purified using a Teledyne Isco 

Combiflash® Rf chromatographic system (40 g SiO2 column eluted with hexanes, 1 min; 0-35% 
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EtOAc/hexanes, 7 min; 35% EtOAc/hexanes, 10 min; 35-50% EtOAc/hexanes, 5 min; 50% 

EtOAc/hexanes, 10 min) and the title product  (1.84 g, 80%) was obtained as a colorless oil. 

[α]D
20 = +13.6° (c 0.5, EtOH). 

1H NMR (500 MHz, CDCl3) δ 7.31 – 7.27 (m, 2H), 6.92 – 6.84 (m, 2H), 4.59 – 4.43 (m, 2H), 

3.81 (s, 3H), 3.73 (dd, J = 11.4, 3.1 Hz, 1H), 3.41 (dd, J = 11.4, 5.9 Hz, 1H), 3.20 – 3.15 (m, 

1H), 2.80 (t, J = 4.6 Hz, 1H), 2.61 (dd, J = 5.0, 2.7 Hz, 1H). 

 

Synthesis of (S)-benzyl 8-hydroxy-9-[(4-methoxybenzyl)oxy]non-5-ynoate 

A mixture of (S)-8-hydroxy-9-[(4-methoxybenzyl)oxy]non-5-ynoic acid (0.748 g, 2.44 mmol) 

and anhydrous potassium carbonate (K2CO3, 0.438 g, 3.17 mmol, 1.3 equiv) in anhydrous 

dimethylformamide (DMF, 10 mL) was stirred at rt for 10 min.  Benzyl bromide (BnBr, 0.348 

ml, 2.93 mmol, 1.2 equiv) was added dropwise, and the mixture was vigorously stirred for 15 h. 

The reaction mixture was quenched with saturated aqueous NH4Cl (5 mL), diluted with ether (20 

mL), and washed with water (20 mL) and brine (20 mL). The aqueous layer was back-extracted 

with ether (2 × 20 mL). The combined organic extracts were dried over Na2SO4, concentrated 

under reduced pressure, and the residue was purified using a Teledyne Isco Combiflash® Rf 

chromatographic system (12 g SiO2 column eluted with hexanes, 1 min; 0-20% EtOAc/hexanes, 

9 min; 20% EtOAc/hexanes, 5 min, 20-30%, 10 min) to give 13  (0.785g, 81%) as a colorless oil. 

[α]D
20 = +10.2° (c 0.5, EtOH). 

1H NMR (500 MHz, CDCl3) δ 7.39 – 7.27 (m, 5H), 7.28 – 7.21 (m, 2H), 6.90 – 6.83 (m, 2H), 

5.11 (s, 2H), 4.47 (s, 2H), 3.93 – 3.84 (m, 1H), 3.78 (s, 3H), 3.54 (dd, J = 9.5, 3.9 Hz, 1H), 3.43 
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(dd, J = 9.6, 6.7 Hz, 1H), 2.57 (d, J = 4.5 Hz, 1H), 2.46 (t, J = 7.4 Hz, 2H), 2.40 – 2.36 (m, 2H), 

2.21 (tt, J = 6.9, 2.4 Hz, 2H), 1.81 (qn, J = 6.9 Hz, 2H); 13C NMR (101 MHz, CDCl3) δ 173.0, 

159.3, 135.9, 130.0, 129.4 (2), 128.6 (2), 128.20, 128.17 (2), 113.8 (2), 81.3, 76.8, 73.0, 72.7, 

69.1, 66.2, 55.2, 33.1, 24.0, 23.9, 18.2. 

 

(S,Z)-benzyl 8-hydroxy-9-(4-methoxybenzyloxy)non-5-enoate  

NaBH4 (0.044 g, 1.15 mmol, 0.6 equiv) was added in one portion to a solution of Ni(OAc)2 

(0.191 g, 0.768 mmol, 0.4 equiv) in anhydrous EtOH (10 mL) in a two-necked flask under a H2 

atmosphere (1 atm). After 20 minutes, ethylenediamine (EDA, 0.192 ml, 2.88 mmol, 1.5 equiv) 

was added to the flask, followed by (S)-benzyl 8-hydroxy-9-[(4-methoxybenzyl)oxy]non-5-

ynoate (0.963 g, 1.92 mmol) in a mixture of anhydrous EtOH/hexanes (10/5 mL). After 

completion as judged by TLC analysis (1 – 2 h), the reaction was filtered through a column of 

silica gel eluted with ethyl acetate. The filtrate was concentrated in vacuo to give the crude 

product (0.603g, 62%) as a colorless oil. [α]D
20 = -1.6° (c 0.5, EtOH). 

1H NMR (400 MHz, CDCl3) δ 7.43 – 7.29 (m, 5H), 7.31 – 7.20 (m, 2H), 6.94 – 6.80 (m, 2H), 

5.60 – 5.36 (m, 2H), 5.11 (s, 2H), 4.47 (s, 2H), 3.85 – 3.76 (m, 1H), 3.80 (s, 3H), 3.47 (dd, J = 

9.4, 3.3 Hz, 1H), 3.32 (dd, J = 9.5, 7.4 Hz, 1H), 2.36 (t, J = 7.5 Hz, 2H), 2.29 – 2.14 (m, 2H), 

2.14 – 2.01 (m, 2H), 1.78 – 1.64 (m, 2H); 13C NMR (101 MHz, CDCl3) δ 173.5, 159.4, 136.1, 

131.4, 130.2, 129.5 (2), 128.7 (2), 128.3 (2), 128.3, 126.0, 113.9 (2), 73.8, 73.2, 70.3, 66.3, 55.4, 

33.8, 31.4, 26.8, 24.8.  
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(S,Z)-benzyl 8-(tert-butyldimethylsilyloxy)-9-(4-methoxybenzyloxy)non-5-enoate  

tert-Butyldimethylsilyl chloride (TBSCl, 1.68 g, 11.1 mmol, 2 equiv) was added in two portions 

to a mixture of the above crude (S,Z)-benzyl 8-hydroxy-9-(4-methoxybenzyloxy)non-5-enoate 

(2.22 g, 5.57 mmol) and imidazole (1.51 g, 22.2 mmol, 4 equiv) in anhydrous DCM (55 mL) at 0 

°C. After 30 min, the cold bath was removed, and the reaction was allowed to gradually warm to 

rt overnight (20 h). The reaction was quenched with sat. aq. NaHCO3 (5 mL) and diluted with 

water (30 mL). The organic layer was separated and the aqueous layer was extracted with DCM 

(2 × 20 mL). The combined organic extracts were dried over Na2SO4, concentrated under 

reduced pressure, and the residue was purified using a Teledyne Isco Combiflash® Rf 

chromatographic system (40 g SiO2 column eluted with hexanes, 2 min; 0-7% EtOAc/hexanes, 6 

min; 7% EtOAc/hexanes, 5 min) to give 23  (2.7 g, 94%) as a colorless oil. [α]D
20 = 3.8° (c 0.5, 

EtOH). 

1H NMR (400 MHz, CDCl3) δ 7.42 – 7.28 (m, 5H), 7.29 – 7.18 (m, 2H), 6.92 – 6.81 (m, 2H), 

5.52 – 5.32 (m, 2H), 5.11 (s, 2H), 4.44 (s, 2H), 3.84 (t, J = 5.7 Hz, 1H), 3.80 (s, 3H), 3.39 – 3.29 

(m, 2H), 2.35 (dd, J = 8.0, 7.2 Hz, 2H), 2.32 – 2.15 (m, 2H), 2.14 – 2.01 (m, 2H), 1.77 – 1.65 (m, 

2H), 0.88 (s, 9H), 0.05 (s, 6H); 13C NMR (101 MHz, CDCl3) δ 173.5, 159.2, 136.2, 130.7, 130.4, 

129.3 (2), 128.7 (2), 128.3 (2), 128.28, 126.8, 113.8 (2), 74.1, 73.1, 71.5, 66.2, 55.4, 33.9, 32.7, 

26.9, 26.0 (3), 24.9, 18.3, -4.4, -4.6. 

 



212 

 

Synthesis of (S,Z)-benzyl 8-(tert-butyldimethylsilyloxy)-9-hydroxynon-5-enoate 

2,3-Dichloro-5,6-dicyano-1,4-benzoquinone (DDQ, 1.79 g, 7.90 mmol, 1.5 equiv) was added in 

3 portions to a mixture of (S,Z)-benzyl 8-(tert-butyldimethylsilyloxy)-9-(4-

methoxybenzyloxy)non-5-enoate (2.7 g, 5.27 mmol) and  pH 7.0 buffer (30.4 mL) in DCM (90 

mL). After 2 h 30 min, sodium bisulfite (1.64 g, 15.8 mmol, 3 equiv) was added and the reaction 

was continued for 30 min, then filtered through a pad of Celite™. The filtrate was poured into 

H2O (30 mL), the organic layer was separated, and the aqueous layer was extracted with DCM (2 

× 20 mL). The combined organic extracts were dried over anhydrous Na2SO4, filtered through a 

Buchner fritted funnel, and concentrated under reduced pressure. The crude material was purified 

using a Teledyne Isco Combiflash® Rf chromatographic system (40 g SiO2 column eluted with 

hexanes, 2min; 0-5% EtOAc/hexanes, 3 min; 5% EtOAc/hexanes, 20 min, 10%, 10 min; 10-

20%, 5 min) to give the title product (1.90 g, 91%) as a colorless oil. [α]D
20 = 0.6° (c 0.5, EtOH). 

1H NMR (400 MHz, CDCl3) δ 7.30 – 7.20 (m, 5H), 5.41 – 5.23 (m, 2H), 5.02 (s, 2H), 3.65 (dtd, 

J = 7.1, 5.5, 3.8 Hz, 1H), 3.43 (dd, J = 11.0, 3.8 Hz, 1H), 3.33 (dd, J = 11.0, 5.3 Hz, 1H), 2.27 (t, 

J = 7.5 Hz, 2H), 2.22 – 2.06 (m, 2H), 1.99 (dt, J = 8.3, 6.4 Hz, 2H), 1.77 (s, 1H), 1.68 – 1.54 (m, 

2H), 0.81 (s, 9H), -0.01 (s, 6H); 13C NMR (101 MHz, CDCl3) δ 173.5, 136.1, 131.0, 128.7 (2), 

128.34 (2), 128.3, 126.1, 72.8, 66.3, 66.0, 33.8, 32.1, 26.8, 26.0 (3), 24.9, 18.2, -4.3, -4.5.  

 

Synthesis of (S,Z)-benzyl 8-(tert-butyldimethylsilyloxy)-9-oxonon-5-enoate 

Dess-Martin periodinane (DMP, 2.53 g, 5.96 mmol, 1.2 equiv) was added in 2 portions to a 

mixture of (S,Z)-benzyl 8-(tert-butyldimethylsilyloxy)-9-hydroxynon-5-enoate and NaHCO3 

(0.501 g, 5.96 mmol, 1.2 equiv) in anhydrous DCM (50 mL). After 3 h, the reaction was washed 
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with half-saturated aq. Na2S2O3 (2 × 20 mL) and sat. aq. NaHCO3 (2 × 10 mL). The aqueous 

washings were re-extracted with DCM (3 × 20 mL). The combined organic extracts were dried 

over anhydrous Na2SO4, decanted, and concentrated by rotary evaporation. The crude product 

was purified using a Teledyne Isco Combiflash® Rf chromatographic system (40 g SiO2 column 

eluted with hexanes, 2 min; 0-5% EtOAc/hexanes, 6 min; 5% EtOAc/hexanes, 15 min) to give 

the title compound (1.65 g, 84%) as a colorless oil. [α]D
20 = 0.8° (c 1.0, EtOH). 

1H NMR (400 MHz, CDCl3) δ 9.58 (d, J = 1.6 Hz, 1H), 7.41 – 7.28 (m, 5H), 5.57 – 5.36 (m, 

2H), 5.11 (s, 2H), 3.98 (td, J = 6.2, 1.6 Hz, 1H), 2.47 – 2.27 (m, 4H), 2.16 – 2.00 (m, 2H), 1.80 – 

1.65 (m, 2H), 0.91 (s, 9H), 0.07 (d, J = 5.7 Hz, 6H); 13C NMR (101 MHz, CDCl3) δ 203.9, 173.4, 

136.2, 131.9, 128.7 (2), 128.4 (2), 128.3, 124.6, 77.6, 66.3, 33.8, 31.0, 26.8, 25.9 (3), 24.8, 18.3, 

-4.6, -4.7. 

 

Synthesis of (S,5Z,9E)-benzyl 8-(tert-butyldimethylsilyloxy)-11-oxoundeca-5,9-dienoate 

A solution of (S,Z)-benzyl 8-(tert-butyldimethylsilyloxy)-9-oxonon-5-enoate (1.68 g, 4.30 mmol) 

and (triphenylphosphoranylidene)acetaldehyde (95%; 2.52 g, 6.45 mmol, 1.5 equiv) in DCM (30 

mL) was stirred at 30 °C for 36 h. The reaction was concentrated using a rotary evaporator, and 

the residue was purified using a Teledyne Isco Combiflash® Rf chromatographic system (24 g 

SiO2 column eluted with hexanes, 2min; 0-5% EtOAc/hexanes, 3 min; 5% EtOAc/hexanes, 15 

min, 5-20%, 10 min) to give the title compound contaminated with ~5% double Witting 

olefination product (1.36 g, ~ 75%) as a colorless oil. [α]D
20 = 36.4° (c 0.5, EtOH). An analytical 
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sample was purified by TLC to give the title compound as a colorless oil. TLC: 10% 

EtOAc/hexanes, Rf ~ 0.4. 

1H NMR (400 MHz, CDCl3) δ 9.55 (d, J = 8.0 Hz, 1H), 7.42 – 7.27 (m, 5H), 6.77 (dd, J = 15.5, 

4.3 Hz, 1H), 6.27 (ddd, J = 15.5, 8.0, 1.6 Hz, 1H), 5.55 – 5.36 (m, 2H), 5.11 (s, 2H), 4.41 (dt, J = 

6.2, 1.9 Hz, 1H), 2.46 – 2.20 (m, 4H), 2.06 (td, J = 7.2, 5.9 Hz, 2H), 1.82 – 1.60 (m, 2H), 0.90 (s, 

9H), 0.05 (d, J = 11.9 Hz, 6H); 13C NMR (101 MHz, CDCl3) δ 193.7, 173.4, 159.6, 136.1, 131.7, 

130.9, 128.7 (2), 128.3 (3), 125.0, 71.6, 66.3, 35.3, 33.7, 26.9, 25.9 (3), 24.7, 18.3, -4.6, -4.7. 

 

Synthesis of (S,5Z,9E,11Z,14Z)-benzyl 8-(tert-butyldimethylsilyloxy)icosa-5,9,11,14-

tetraenoate 

Potassium bis(trimethylsilyl)amide (0.5 M solution in toluene, 2.42 mL, 1.21 mmol, 1.4 equiv) 

was added dropwise to a suspension of anhydrous (azeotropically dried by co-evaporation with 

toluene, 3× 15 mL) (Z)-oct-2-en-1-yltriphenylphosphonium bromide (0.724 g, 1.30 mmol, 1.5 

equiv) in anhydrous THF (50 mL) at -78 °C. The cold bath was removed and the reaction 

(orange solution) was allowed to slowly warm to 0 °C over 1h, and then stirred at rt for 15 min. 

The reaction was cooled to -78 °C and (S,5Z,9E)-benzyl 8-(tert-butyldimethylsilyloxy-11-

oxoundeca)-5,9-dienoate (0.360 g, 0.864 mmol) in anhydrous THF (15 mL) was added slowly to 

the reaction  via cannula; the addition was completed with a fresh portion of THF (5 mL). The 

reaction was allowed to slowly warm to 0 °C over 1 h and continued at 0 °C for 30 min. The 

reaction was quenched with 1M aq. NH4OAc (10 mL) and concentrated under reduced pressure. 
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The residue was diluted with H2O (30 mL) and extracted with EtOAc (2 × 20 mL). The 

combined organic extracts were dried over anhydrous Na2SO4, decanted, and concentrated in 

vacuo. The crude product was purified using a Teledyne Isco Combiflash® Rf chromatographic 

system (24 g SiO2 column eluted with hexanes, 2 min; 0-5% EtOAc/hexanes, 10 min; 5% 

EtOAc/hexanes, 2 min) to give the title compound (0.430 g, ~ 95%) as a colorless oil 

contaminated with <10% of the E isomer. [α]D
20 = 19.5° (c 0.2, EtOH). 

1H NMR (400 MHz, C6D6) δ 7.22 (d, J = 7.2 Hz, 2H), 7.14 – 7.02 (m, 3H), 6.75 (dd, J = 15.2, 

11.1 Hz, 1H), 6.09 (t, J = 10.9 Hz, 1H), 5.71 (dd, J = 15.1, 5.8 Hz, 1H), 5.61 – 5.31 (m, 5H), 

5.01 (s, 2H), 4.22 (q, J = 6.0 Hz, 1H), 3.02 (t, J = 6.6 Hz, 2H), 2.31 (dq, J = 22.0, 7.3 Hz, 2H), 

2.13 (t, J = 7.4 Hz, 2H), 2.05 (q, J = 6.7 Hz, 2H), 1.96 (q, J = 7.7 Hz, 2H), 1.61 (p, J = 7.5 Hz, 

2H), 1.44 – 1.17 (m, 6H), 1.03 (s, 9H), 0.89 (t, J = 6.7 Hz, 3H), 0.40 (s, 1H), 0.12 (d, J = 1.6 Hz, 

5H); 13C NMR (101 MHz, C6D6) δ 172.7, 137.2, 131.0, 130.8, 130.1, 128.7(2), 128.6 (2), 128.5, 

127.7, 126.9, 124.9, 73.3, 66.1, 36.8, 33.7, 31.9, 30.2, 29.7, 27.6, 27.1, 26.6, 26.2 (3), 25.1, 23.0, 

18.5, 14.3, -4.1, -4.5. 

 

 

Synthesis of (S,5Z,9E)-benzyl 8-(tert-butyldimethylsilyloxy)-10-{(2R,3S)-3-[(Z)-oct-2-en-1-

yl]oxiran-2-yl}deca-5,9-dienoate 

A solution of S,S-ligand20 (45.4 mg, 0.084 mmol, 6 mol%) and Ti(Oi-Pr)4 (21 µL, 0.07 mmol, 5 

mol%) in anhydrous DCM (0.735 mL) was stirred at rt for 1 h. Compound 27 (0.735 g, 1.40 

mmol) was added neat to the yellow solution followed by DCM (3.46 mL), and then the solution 
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was cooled to 4 °C. Aqueous H2O2 (30%, 0.286 mL, 1.8 equiv) was added dropwise to the 

reaction, and the mixture was stirred vigorously at 4 °C overnight (20 h). The reaction was 

continued at rt for 3 h, diluted with DCM (10 mL) and washed with 10% aq. Na2S2O3 (2 × 10 

mL). The aqueous layer was extracted with DCM (2 × 15 mL), and the combined organic 

extracts were dried over anhydrous Na2SO4, decanted, and concentrated in vacuo. The crude 

product was partially purified using a Teledyne Isco Combiflash® Rf chromatographic system (12 

g SiO2 column, 18 mL/min flow rate, eluted with hexanes containing 1% tert-butylamine, 4 min; 

0-5% EtOAc/hexanes, 8 min; 5% EtOAc/hexanes, 5 min) to give the title compound (0.500 g, ~ 

66%, >95:5 dr) as a pale yellow oil. A sample was further purified by TLC using 10% 

EtOAc/hexanes containing 2% tert-butylamine as eluent. [α]D
20 = 15.2° (c 0.2, EtOH). 

1H NMR (400 MHz, C6D6) δ 7.26 – 7.19 (m, 2H), 7.15 – 7.03 (m, 3H), 5.90 (dd, J = 15.6, 5.6 

Hz, 1H), 5.71 (ddd, J = 15.4, 7.2, 1.3 Hz, 1H), 5.60 – 5.43 (m, 3H), 5.43 – 5.30 (m, 1H), 5.01 (s, 

2H), 4.13 (q, J = 6.1 Hz, 1H), 3.27 (dd, J = 7.2, 4.1 Hz, 1H), 2.93 (td, J = 6.3, 4.1 Hz, 1H), 2.55 

– 2.41 (m, 1H), 2.33 – 2.17 (m, 3H), 2.13 (t, J = 7.4 Hz, 2H), 2.07 – 1.87 (m, 4H), 1.61 (p, J = 

7.4 Hz, 2H), 1.37 – 1.16 (m, 6H), 0.99 (s, 9H), 0.89 (t, J = 6.8 Hz, 3H), 0.08 (s, 6H); 13C NMR 

(101 MHz, C6D6) δ 172.7, 139.4, 136.9, 132.9, 131.0, 128.7 (2), 128.6 (2), 126.6, 124.6, 124.5, 

72.8, 66.1, 58.1, 56.2, 36.5, 33.7, 31.8, 29.7, 27.8, 27.1, 26.9, 26.1 (3), 25.1, 23.0, 18.4, 14.3, -

4.3, -4.6. 
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3.8 Spectra 
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Noyori RacemicBenzoate 

 

Detector A 254 nm

 

Peak # Ret. Time Area Height Area% 

1 9.85 718641 14156 58.7 

2 14.3 505305 5982 41.3 
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Peak # Ret. Time Area Height Area% 

1 9.84 6757710 132525 58.0 

2 14.28 4903154 57383 42.0 

 

Noyori S,S-ligand Benzoate 

 

Detector A 205nm

 

Peak # Ret. Time Area Height Area% 

1 8.31 304700 11538 3.60 

2 14.08 8025148 95712 96.4 
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Detector A 254 nm 

 

 

Peak # Ret. Time Area Height Area% 

1 8.20 4185 197 0.49 

2 9.58 4028 103 0.47 

3 14.10 847885 10066 99.0 

 

ChiralCel  OJ-H, 250 X 4.6 mm, 0.375% IPA/hexanes, 1.0 mL/min, 20 µL injection 
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