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ABSTRACT 

Organic medicinal chemistry is the science dedicated to the development of new 

synthetic method and their potential usage in drug discovery. It is becoming increasingly 

clear that heteroatom chemistry plays an important role in lead discovery and 

modification. In Chapter 2 the preparation and spectral characteristics of olefins through 

thermal elimination is reported. The reaction of o-nitro phenyl sulfoxide precursor under 

toluene reflux is shown to proceed cleanly and quantitatively via a concerted mechanism; 

the ratio of Z- and E-isomers is altered depending on different α- or β- substitution 

groups. The use of sulfur chemistry in synthetic transformation is further investigated in 

Chapter 3. An asymmetrical method to synthesize β-lactams using photochemistry as the 

key in the synthetic steps has been developed.  Photooxidation of L-cysteine thiazolidine 

hydroxamate esters afforded C-5 hydroxylated products which when cyclized and 

deprotected gave the corresponding 3R, 4R monocyclic β-lactam platforms. The 

investigation on a unique antimicrobial platform is next followed in Chapter 4. A group 

of phosphonium salts were made using atovaquone as lead compound to treat parasitic 

disease (i.e., malaria). Compound 28k exhibited moderate in vitro antimalarial activity 



 

 

(17 ± 4 nM) against chloroquine resistant (W2) Plasmodium falciparum. The results 

demonstrate the advantage of attaching a triphenylphosphonium-based 

mitochondriotropic group to increase subcellular concentration in the plasmodial 

mitochondria, within which the drug target is located. Preliminary toxicity and a 

structure-activity relationship studies of interested compounds are also included. 
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CHAPTER 1 

INTRODUCTION AND LITERATURE REVIEW 

In organic synthesis, it is important to increase the selectivity of the reaction and the 

product yield. Among the most widely used types of synthetic transformations is the 

elimination reaction to introduce a double bond. Conventionally, alkene formation under 

elimination conditions often requires harsh temperatures that can cause decomposition of 

the product. A new method to introduce alkenes under mild toluene reflux, which might 

be suitable to be used in the medicinal chemistry lab to build complex structures, has 

been described in Chapter 2. The procedure of this reaction utilizes o-nitro phenyl 

sulfoxides as precursors of terminal and substituted alkenes. A discussion of this novel 

method and results of the study are presented. 

The use of sulfur chemistry in synthetic transformation is further examined in Chapter 

3. An asymmetrical method to synthesize the β-lactam ring found in penicillins and 

cephalosporins via the photooxidation of thiazolidines is described. To date, only a 

limited number of methods have been reported for the synthesis of β-lactams by 

intramolecular cyclization of intermediates derived from natural α-amino acids. The 

procedure that has been developed utilizes thiazolidines hydroxamate ester anions that 

can be readily cyclized to the lactams. The introduction of hydroxyl group at the C-5 

position by photooxidation (key step in the synthetic sequence) enables this unique 

approach to construct highly functionalized, chiral -lactams that can be employed as 

platforms in antimicrobial drug discovery.  
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A specific example of the utilization of platforms for hit-to-lead generation studies of 

antimicrobials is described in Chapter 4.  The chemical modification of phthalimide and 

1,4-naphthoquinone to design novel mitochondrion-acting antiparasitic agents was 

performed. The central hypothesis of this project is that positively-charge antagonists of 

electron-transport may be used as mitochondriotropic therapies of parasitic diseases 

including malaria and American Chagas disease.  The mitochondriotropic group (i.e., the 

phosphonium cationic group) were attached to the phthalimide and 1,4-naphthoquinone 

platforms using classical methods in organic synthesis. The compounds were evaluated 

for antiparasitic activity and these results are presented in Chapter 4. Calculation of Log 

D values and percent hemolysis values of lead compounds was lastly performed as 

standard preclinical analyses of experimental therapies.    

Chapter 5 summarizes the final conclusions. 
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CHAPTER 2 

PREPARATION OF ALKENES VIA o-NITRO PHENYL  

SULFOXIDE PRECURSOR 
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Reprinted here with permission of publisher (Copyright American Chemical Society).  



 

   5 

 

 

Abstract 

Organic medicinal chemistry is the science dedicated to the development of new 

synthetic method and their potential usage in drug discovery. It is becoming increasingly 

clear that heteroatom chemistry plays an important role in lead discovery and 

modification. In Chapter 2 the preparation and spectral characteristics of olefins through 

thermal elimination is reported. The reaction of o-nitro phenyl sulfoxide precursor under 

toluene reflux is shown to proceed cleanly and quantatively via a concerted mechanism; 

the ratio of Z- and E-isomers is altered depending on different α- or β- substitution 

groups. 
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2.1   Background 

2.1.1   Introduction 

Unsaturated hydrocarbons play an important role in biological sciences. Unlike single 

bonds that possess sp
3
 hybridization, the double bond has a higher energy barrier between 

the E- and Z-isomers which restrict free rotations around the bond axis. The resulting 

stable conformation of the isomers may confer unique properties. For example, the 

chemical transformation of 11-cis-retinal, a key photosensitive component of rhodopsin, 

is generated from its geometric isomer in a typical visual cycle (Figure 2.01) [1].  

 

  CHO

CHO

all trans-retinal 11-cis-retinal

photo excitation

thermal relaxation

11 11

 
 

Figure 2.01: 11-cis-Retinal isomerizes into its geometric isomer after absorbing a photon 

in the visible light range. 

 

Substituted double bonds are found in many types 

of bioactive molecules including steroids (e.g., 

cholesterol [2]) and antimicrobials (e.g., 

amphotericin, cephalosporins [3]).  As with 

cephalosporins, the double bond found in haloenol 

lactones plays an integral role in the deactivation of 

enzymes. For example, the bromoenol lactone (i.e., BEL; Figure 2.02) is suicide 

substrates of chymotrypsin and related serinases (e.g., phospholipases) [4]. In addition, 

double bond-containing molecule can also interact noncovalently through hydrophobic 
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interactions with receptors in cell signaling. A brief summary of regular bonding/non-

bonding interactions between the drug and the receptor is given below (Table 2.01) [5-9].  

 

Table 2.01: Types of interactions between the drug and the receptor. 
 

Type of 

interaction 
Features Examples 

Hydrophobi

c interaction 

non-polar ‘like’ non-polar, 

polar ‘like’ polar 

non-nucleotide reverse transcriptase inhibitors 

to treat HIV-1 [5] 

Van der 

Waals 

interactions 

attractive or repulsive forces 

exist between molecules 
methylene blue to treat malaria [6] 

Hydrogen  

bonding 

strong interaction exist 

between potential donors and 

acceptors 

non-nucleotide reverse transcriptase inhibitors 

to treat HIV-1 [7] 

Ionic bond 

strong interaction depends on 

the pH value in the body and 

pKa value of the drug 

positively-charged lysine or arginine residues at 

physiological pH [8] 

Covalent 

bond 

irreversible covalent bonding 

at the binding site 
the β-lactamase inhibitors as antibacterial agents [9] 

 

 

Currently, there are several different synthetic approaches to make double bonds in 

molecules. The most common and convenient way is to attach preformed unsaturated 

hydrocarbons from petroleum and natural gas products to the molecule of interest [10]. 

Alternatively, the unsaturation may be built indirectly into organic structures from 

precursors by various well-established methods. For example, the dehydrohalogenation 

of alkyl halide (in which a base is needed) and the dehydration of alcohols (in which an 

acid is needed) have been primarily studied due to easy access to the starting materials 

[11]. Both of these examples are known as eliminations. However, although certain rules 

can be used to predict the conformation of the products, e.g., the rule of Saytzeff 
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suggesting the highly substituted olefin is the predominate product [12], many of these 

classical methods require a further purification step to remove byproduct isomers, thus 

may not suitable for many large-scale applications in medicinal chemistry. 

 

2.1.2   β-Elimination  

Representing an exclusive class of reaction, elimination can be further divided into 

several types depending on the proton and the leaving group involved. Examples are: (1) 

the classic method of carbine preparation through the base induced α-elimination from 

chloroform; (2) β-elimination in unsaturated compound synthesis; and (3) γ- or higher 

eliminations in ring generation via intracellular nucleophilic displacement (Scheme 2.01) 

[13]. Currently, the most widely used method to introduce double bonds into interested 

molecule is through β-elimination which involves the removal of the two adjacent atoms 

or groups from the starting material, e.g., alkyl halides or alkyl alcohol. In the hope of 

increasing unsaturation in a controlled manner, many other precursors have been 

previously studied, for example, amine oxides, tertiary ammonium iodides, etc. [14]; 

however, most of these methods have drawbacks such as the requirement of a high 

temperature (> 150 °C) or the use of a strong base (t-BuOK), thereby limiting their 

potential usage. 
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Scheme 2.01: Types of elimination reaction. 

 

In general terms, the β-elimination reaction is brought about by treating the precursor 

with a base, and proceeds by either the E1 or the E2 mechanism depending on how many 

molecules and steps are involved. By far, the most common approach of elimination is 

through the E2 mechanism, which is a concerted, one step process. Here, the research 

focus in this project is thermal β-elimination, which is a unique example of E2 

elimination. As illustrated in Scheme 2.02, for instance, induced by heat, the carboxylic 

acid ester could undergo elimination without adding an external base. It is believed that 

this type of β-elimination involves a flat cyclic transition state to provide the syn-

elimination product and the acid byproduct [15].  

 

Scheme 2.02: Thermal elimination of carboxylic acid ester. 
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In spite of the requirement of high temperatures, many successful examples have 

been reported such as the investigation of the Chugaev elimination [16], and the 

discovery of the Cope reaction [17] (Scheme 2.03). The broad scope of thermal β-

elimination has been continuously emphasized and applied in natural product synthesis 

[18]. However, the need of harsh conditions still make many of these methods unsuitable 

for building the backbone of complex, biological molecules.  

 

H

N

O

N

OH
+

H O

Ph

S

SR

RS SH

OPh Ph

+ +

Cope elimination

Chugaev elimination

160 °C

200 °C

DMSO

 

 

Scheme 2.03: Examples of thermal elimination: Cope elimination and 

Chugaev elimination. 

 

In 1975, an interesting thermolysis of phenyl selenoxide was reported by Sharpless et 

al. [19] A typical procedure for this gentle olefin-forming method is shown in Scheme 

2.04. First of all, the selenide anion was treated with bromide to form selenide, which 

was then oxidized by hydrogen peroxide. Followingly, without further purification, this 

newly formed selenoxide was then decomposed readily to provide the alkene product, 

i.e., 1-dodecene. In this case, the o-nitro phenyl selenoxide was astonishingly unstable 

and can even decompose at room temperature. Due to the high cost and toxicity of 
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selenium compound, however, this reaction’s usage in the pharmaceutical lab or industry 

is limited [20]. 

 

Se

NO2

Br(CH2)11CH3

EtOH

Se(CH2)11CH3

NO2

H2O2

THF

Se(CH2)11CH3

NO2

O

CH2=CH(CH2)9CH3

selenoxide

selenium anion selenide

25 °C, 9.5 h, 92%

 
 

Scheme 2.04: Reported procedure to make alkene via selenoxide [19]. 

 

Elimination using phenyl sulfoxide, reminiscent of phenyl selenoxide decomposition, 

has also been studied. Because sulfur and selenium both possess six valence electrons, 

the thermolysis of sulfoxide can occur under similar conditions to the reactions of 

selenoxide, although many reported methods furnish the product in poor yield due to 

significantly high temperature requirement (Scheme 2.05). Thus, there is still great 

potential to improve the reaction efficiency by developing milder reaction procedures 

[21]. 

 
 
 

Scheme 2.05: Thermal elimination of phenyl sulfoxide [21f, 21g]. 
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2.1.3   Current precursors 

2.1.3.1 Substituted phenyl selenoxides 

In a previous study, it was suggested by Sharpless et al. [19] that decomposition of 

selenoxide to olefin significantly depends on the substitution pattern of the benzene ring. 

As a result, an electron withdrawing group can greatly increase the reactions outcome. 

Particularly, a nitro group at the ortho position of the benzene ring was found to be 

optimal for the reaction. Evidence for the effect of substituents can also be seen in Dr. 

Sayama’s study [22]. Using a similar procedure as Sharpless’s method, the two steps of 

continuous synthesis are: (1) the oxidation of selenide to selenoxide, and (2) the syn-

elimination of the resulting selenoxide to alkene product.  

The evaluation of the two-step, one-pot synthesis has also been conducted by a 

comparison to the formation of selenoxide (the key intermediate) by oxidizing selenide 

with hydrogen peroxide. It is of some interest to mention that an electron withdrawing 

group can diminish the electron density of the lone pair of electrons on the benzene ring. 

As described, selenides with an electron withdrawing group on the benzene ring were 

oxidized to selenoxides more slowly than selenides with an electron-donating group [22]. 

However, both above mentioned studies were performed without further purification of 

the selenoxide (the key intermediate) and had a problem of simultaneously forming 

impurities still need to be solved.  

 

2.1.3.2 Substituted phenyl sulfoxides 

In an earlier publication, Patel et al. [23] examined the thermal β-elimination of 

various substituted phenyl sulfoxide. The reaction was performed under high 

temperatures and high vacuum. In this study, the influence of substituent groups on the 
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benzene ring was also described. Upon heating at 145 °C, the o-nitro phenyl sulfoxide 

precursor can generate alkene product quickly in 1 hour with 36% yield. In comparison, 

p-Cl phenyl, p-NO2 phenyl and p-OMe phenyl sulfoxides require longer times (e.g., 18 

hours for p-Cl phenyl sulfoxide) to produce over 40% yield of the desired products. 

Meanwhile discovered by chance, the thermolysis of sulfoxide was found can readily 

occur in refluxing toluene. It was noted when sodium acetate was added into the reaction 

system, the base and the sulfenic acid byproduct can be removed by simple filtration, 

producing the final product in high yield and purity. 

Undoubtedly, further investigation into different sulfoxide precursors is required to 

achieve desirable reaction results under milder reaction conditions. In this chapter, the 

optimization of reaction conditions was continued, followed by a thorough investigation 

of various substituted phenyl sulfoxide precursors, and a brief examination of the 

hypothesized mechanism. 

 

2.2    Experimental Design and Results 

2.2.1   Design of the substrates  

Since earlier studies proved that elimination reactions using sulfoxides as starting 

materials require harsh conditions (which may cause the decomposition of the starting 

materials and products), therefore the first aim in this project is to confirm the reaction 

conditions previously studied in our lab. As been briefly reviewed in section 2.1.3, it is 

believed the sulfoxide type may have varying degrees of influence on the reaction 

outcome. Herein, for the first time a preliminary study of the reaction efficiency has been 

conducted by directly examining different substituted phenyl sulfoxides. The precursors 
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were with either an electron donating group or an electron withdrawing group on the 

benzene ring. These carefully designed molecules are described below.   

In Study 1, compounds 1a and 1b were prepared to continually optimize the reaction 

conditions (Figure 2.03). In order to check the efficiency of o-substituted electron 

withdrawing groups, different phenyl sulfoxide precursors were attached at either end of 

the alkyl chain. As illustrated in Figure 2.04, six different phenyl sulfoxides 1c-h were 

designed for screening of optimal precursor in this competition-based assay. At this point, 

after confirming that the optimal compound has an electron-withdrawing group at the 

ortho position of the benzene ring, o-nitro phenyl sulfoxides were continued in the 

following studies (Study 3-5). 

 

CO2Bn
S

O

NO2

(  )
n

1a  n = 7
1b  n = 1  

 

Figure 2.03: The designed precursors for Study 1. 
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1c n = 8, R = Ph

1d n = 3, R = Ph
1e n = 8, R = p-PhMe

1f n = 8, R = p-PhCl

1g n = 8, R = p-PhNO2

1h n = 3, R = p-PhNO2 

 

Figure 2.04: The designed precursors for Study 2. 
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In Study 3, the preparation of substituted alkene product was assessed. On the 

branched carbon chain, a phenyl group is located at β position in compound 1k (Figure 

2.05). In comparison, smaller groups/atoms (i.e., Me or H) were examined (1i, 1j). The 

designs of these precursors (compounds 1i-1k) were also extended to the analysis of the 

regioselectivity.  

CO2Bn
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O

O2N

CO2Bn
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O

O2N
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O
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Ph
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Figure 2.05: The designed precursors for Study 3. 

 

Phenyl sulfoxides 1l and 1m were designed to further examine the effect of β-H in 

Study 4. Comparing the two, precursor 1l has a significantly increase in acidity of β-H 

due to the attachment of a benzyl ester at that position (Figure 2.06). In addition, 

compound 1n was specifically designed to examine the possibility of δ-elimination in the 

molecule containing an alkene at β-position.  
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Figure 2.06: The designed precursors for Study 4. 

 

In Study 5, compounds 1o-q were selected to further explore the possibility of 

utilizing this elimination reaction in the hope of generating α,β-unsaturated aromatic 

products (Figure 2.07).  
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Figure 2.07: The designed precursors for Study 5. 

 

2.2.2   Synthesis of the sulfoxide substrates 1a-n 

In this project, similar procedures were employed for the preparation of phenyl 

sulfoxides. For example, the o-nitro phenyl precursors were prepared from alkyl halides 

through two steps of synthesis as illustrated in Scheme 2.06. Under the acetone reflux, 

the treatment of the alkyl bromide or chloride with potassium iodide led to the SN2 

substitution of the halogen and the sulfide. Oxidation of the resulting sulfides to 

sulfoxides using meta-chloroperbenzoic acid (m-CPBA) was then performed. For the 

procedure, only 1.25 equiv per sulfide function group was used and the reaction was 

carefully monitored to prevent the formation of sulfone (2.5 hours for most substrates). 

These two steps in combination produced purified yields around 60%. 

 

 
 

Scheme 2.06:  General synthetic route to make the sulfoxide precursors 1a-n. 
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2.2.3   Synthesis of the o-nitrothiophenol 2 

In this project, thiols were obtained from commercial sources or were easily made by 

simple reduction (Scheme 2.07). In the case of preparing o-nitrothiophenol 2, 2-

mercaptoethanol was chosen as the reducing agent [24], which is a common tool to 

cleave disulfide bonds in chemistry labs. Strong phosphorous nucleophile, i.e., 

triphenylphosphine, was used as well due to its ability to cleave the disulfide bond [25]. 

Careful column chromatography was followed to ensure the high purity of thiophenol 2. 

 

S SO2N NO2

SHO2N

2

H2O, THF

PPh3,

HO
SH

S S

HO OH

+

2o-nitrophenyl disulfide ethanol disulfide

50 oC, 6 h

81%

 

 

Scheme 2.07: 2-Mercaptoethanol- and triphenylphosphine-mediated disulfide bond 

cleavage. 

 

2.2.4   The thermal β-elimination: the optimal reaction conditions  

Optimal reaction conditions for the elimination reaction were firstly examined on 

substrates 1a and 1b (Scheme 2.08). To start with, a qualitative screen was initially 

performed with different solvent and temperature. Aprotic non-polar solvents with high-

medium boiling points were evaluated including 1,4-xylene (bp 139 °C), chlorobenzene 

(bp 131 °C), toluene (bp 110 °C) and benzene (bp 80 °C). Among them, toluene was 

found to be the lowest boiling solvent to quantitatively generating alkene products 4a and 

4b after overnight reflux. In addition, precipitation of the sulfenic acid byproduct can 

further benefit for use of toluene in this reaction. 
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Scheme 2.08: The elimination reaction of sulfoxides 1a and 1b. 

 

The next goal in this study was to eliminate the sulfenic acid byproduct 5 (see Figure 

2.08) without standard aqueous work up or further chromatography purification. Because 

the sulfenic acid was found to be water-soluble and can precipitate out in non-polar, 

aprotic solvents, a variety of different bases were tested to neutralize acid byproduct 

including the usage of K2CO3, C5H5N (pyridine), NaHCO3, and NaOAc. It was noted that 

during the process of toluene refluxing, the color of solution changed from bright yellow 

into lighter yellow or colorless due to the precipitation of sulfenic acid 5. At the same 

time, the inorganic base (i.e., NaOAc), that neutralized newly formed byproduct 5, turned 

from white solid to pale orange. After reflux, the base with absorbed byproduct as solid 

residue can be easily removed by Celite filtration and resulted in a high purity product. 

Based on the crude 
1
H NMR of the mixture, when NaOAc was introduced into the 

reaction system, the alkene products were yielded in highest purity compared to using 

other bases, no side products were formed. As shown in Figure 2.08, the 
1
H NMR 

spectrum did not show the presence of sulfoxide, but a group of new peaks which 

corresponds well to the typical terminal alkene region. The alkenes 4a (86%) and 4b 

(75%) were successfully generated in high yield (Scheme 2.08). In other words, the 
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thermal β-elimination of o-nitro phenyl sulfoxide precursor preceded easily under toluene 

reflux in the presence of NaOAc and did not need any further purification [26]. 

 

 

 

 

Figure 2.08: 
1
H NMR of filtered reaction product 4a prior to purification [26]. 

 

2.2.5   The thermal β-elimination: the optimal reaction precursors 

Previously, a nitro group has been evidenced to provide higher reaction outcomes for 

selenoxide compounds [19, 22]. Likewise, it was also shown o-nitro phenyl sulfoxide is 

the best precursor for thermolytic elimination (145 °C, neat) [23]. Based on these 

findings, each designed substrate in the following sections has the o-nitro phenyl 

sulfoxide at one end as a positive control and has an alternative substituted phenyl group 

at the other end of the chain. In this study, under the optical reaction conditions, the 

 

sulfoxide 

absent 

CH=CH

2 

NaOAc 

absorbs 

sulfenic acid 5 

providing the 

alkene in high 

purity. 

before reflux after reflux 



 

   20 

importance of an electron withdrawing group on phenyl sulfoxide was performed by a 

series of competition-based assays. 

The first comparison was made between the o-nitro phenyl sulfoxide and the 

unsubstituted phenyl sulfoxide. The unsubstituted phenyl sulfoxide precursor proved to 

be insufficient since this chemical group did not change after 18 hours toluene reflux. 

The only acquired product was the olefin with untouched phenyl sulfoxide, giving 4c and 

4d with 86% and 62% yield, respectively (Scheme 2.09). This illustrates that the 

presence of an electron withdrawing group on the phenyl ring can significantly increase 

the elimination rate. In contrast, according to the findings from earlier studies, the 

thermolysis of unsubstituted sulfoxides generally requires a higher temperature [21]. 

(  )

S

NO2

O

S

O

S

O

18 h, 62%
1d 4d

18 h, 86%

1c 4c

(  )S

NO2

O

S

O

S

O

6
6

NaOAc

PhMe, rfx

NaOAc

PhMe, rfx

 

 

Scheme 2.09: Elimination reaction of compounds 1c and 1d. 

 

A second comparison was made between the control precursor (o-nitro phenyl 

sulfoxide) and other substituted phenyl sulfoxides, including an electron-donating group 

(i.e., Me; 1e), or an electron-withdrawing group (i.e., Cl; 1f) at para-position on the 

benzene ring (Scheme 2.10). It was hypothesized that the electron-donating group 
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substituted phenyl sulfoxides are even less efficient precursor than the unsubstituted ones 

for thermal elimination to generate the alkene.  

Similar to previous observations, alkene 4e was produced with high yield (87%). This 

confirmed that an electron-donating group such as a methyl group is not able to facilitate 

the process of elimination. In the case of the p-substituted electron-withdrawing phenyl 

sulfoxides, after 18 hours toluene reflux, olefin 4f was the only product separated with a 

yield of 74%. It was also noticed that a weak electron-withdrawing group such as p-Cl 

phenyl sulfoxide group in precursor 1f can not undergo elimination under toluene reflux. 

This provided evidence that the optimized precursor may require a strong electron 

withdrawing group such as a nitro group. On the basis of this analysis, a further 

investigation on the effects of modification in the substituent position was next followed. 
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Scheme 2.10: Elimination reaction of sulfoxides 1e and 1f. 

 

The final comparison was made to determine if differences in reaction outcome exist 

between the various positions of the same electron withdrawing group, i.e., a nitro group. 

After 18 hours heating, alkene products 4g and 4h with p-nitro phenyl structure 

untouched were generated in 64% and 61% yield, respectively. In addition, a trace 
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amount of double eliminated alkenes was also formed (Scheme 2.11). This confirmed 

that only an ortho substituted electron withdrawing group can significantly increase the 

reaction outcome, but not a para substituted electron withdrawing one.  

 

 

 

Scheme 2.11: Elimination reaction of compounds 1g and 1h. 

 

A possible explanation for these observations was then explored. Since alkene 

formation via heating involves a concerted cis elimination from a five-membered-ring 

transition state, the enhanced reactivity of o-nitro phenyl sulfoxides may be due to the 

substitution group (in this case a strong electron-withdrawing group, a nitro) at ortho 

positioning which may force the oxygen atom of sulfoxide closer to the leaving proton in 

the five-membered-ring transition state (Figure 2.09). 

 
 

Figure 2.09: Comparison of ortho-nitro and para-nitro phenyl sulfoxides. 
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The following figures provide more detailed explanation on how a nitro group can 

facilitate the elimination and its potential ability to change S=O bond in sulfoxide. Unlike 

carbonyl structure (the double bond and the other two sp
3 

bonds are on the same plane) 

(Figure 2.10a), sulfoxide has its oxygen atom on a different plane (Figure 2.10b) and the 

sulfur atom is more likely to have a pyramidal structure with 1 lone electron pair and 4 

bonding  pairs (Figure 2.10c).  
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Figure 2.10: Sterically hindered o-nitro phenyl sulfoxide vs. less sterically hindered 

p-nitro phenyl sulfoxide. 
 

 

 

For convenience of analysis, a pair of sulfoxides with nitro group ortho-, or para- 

position to the phenyl are drawn separately. In both figures, single bonds important to the 

elimination which can rotate freely are highlighted in blue. The rationale behind the 

increased elimination rate is that the pyramidal sulfur atom is more sterically hindered in 
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the transition state for o-nitro phenyl sulfoxide precursors (Figure 2.10e). Pushed by this 

surrounding nitro group, the oxygen atom is much closer to the leaving proton at β 

position, giving trigonal bipyramidal geometry around the sulfur atom (Figure 2.10d). As 

a result, this will make the sulfoxide less stable than that of para positioning (Figure 

2.10f). After comparing reaction yields, among all substituted phenyl sulfoxide 

precursors, o-nitro group is the optimal substitution to promote the β-elimination and thus 

was chosen as the tool to be used in the following investigation. The concept of the 

proposed mechanism is illustrated in Figure 2.11 in terms of a concerted syn-elimination 

through a five-membered-ring transition state which is highlighted in red. 
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Figure 2.11: Concerted five-membered-ring transition state. 

 

This however does not display the importance of the leaving hydrogen atom since the 

pKa value of this proton can be altered by introducing other substitutions into the 

hydrocarbon chain. It was thus hypothesized that the more acidic the β-proton, the higher 

the reaction outcome will result. Moreover, van der Waals repulsion may also exist 

between the β substitution and the phenyl sulfoxide group. If this steric hindrance is great 

enough, the formation of o-nitro phenyl sulfenic acid (byproduct) and alkene (product) 
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may require lower energy. Therefore it was also anticipated that the more bulky group at 

the β-position would require milder reaction conditions for the elimination.  

 

2.2.6   The thermal β-elimination: the importance of van der Waals repulsion 

As it became necessary to conduct more research to understand the topic reaction, the 

optimized procedure was then used to make α,β-unsaturated esters in specially designed 

hindered substrates (Scheme 2.12). Although precursors 1i and 1j have a carboxylic ester 

at α-position, which can cause a slight activation of the α-H, this acidity enhancement 

does not increase the rate of reaction due to the fact that α-H does not involve in β-

elimination.  

 

 

Scheme 2.12: Preparation of substituted alkenes 4i and 4j. 

 

At first glance, the precursor 1i should be able to generate both E- and Z- isomer 

products, in fact only alkene (E)-4i was generated. Surprisingly, prior to this step, a trace 

amount of the alkene was formed even during the S-oxidation of 3i (Scheme 2.13). In 

other words, the sulfoxide precursor 1i was unstable and may not require a very high 

temperature to generate the alkene 4i.  
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Scheme 2.13: Formation of alkenes 4k and 4i with just m-CPBA. 

 

More interestingly, in the case of sulfoxide 1k, workup with 5% NaHCO3 after S-

oxidation of 3k was found to form substituted alkenes 4k sufficiently with a 67% yield. It 

was further noticed that during the aqueous work up, a unique blue color was observed in 

the aqueous layer, which was very similar to the water extraction after oxidation of 3k. 

This might be because the similar pKa value of β-H for both structures 1k and 1j 

(Scheme 2.13). However reasons unknown in comparing the two, the sulfoxide 1k was 

more unstable, thus decomposed more readily than 1j at room temperature.  

Since the only structure difference between the sulfoxide precursors 1k and 1i is the 

β-substitution, the van der Waals repulsion among the chemical groups may apply to the 

reason of much higher elimination rate of 1k. Considering the elimination outcome is 

highly dependent on the stability of the precursor, a very high van der Waals repulsion 

may result in minimal energy requirement for the eliminating of the acid byproduct from 

the alkene. Based on this analysis, it is believed the repulsive force between the β-phenyl 

and phenyl sulfoxide is essential. In the structure of 1k, this repulsion is much higher 
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than that of 1i or 1j, hence 1k is capable of reacting easily at a much low temperature 

(Figure 2.12).  

 
The estimated strength of repulsive van der Waals force between the sulfoxide and the β-

substitution increases when a bigger group is attached, thus: 1i (1 CH3 group at β) < 1j (2 CH3 

group at β) << 1k (1 Ph group at β). Therefore, the estimated stability of sulfoxide also 

increases: 1i < 1j <<1k*. (*The compound 1k is so unstable as to decompose to the alkene at 

room temperature.) 
 

Figure 2.12: Significance of van der Waals repulsion. 

 

2.2.7   The thermal β-elimination: the importance of β-proton  

   After considering the results in previous sections, the relevance of β-proton acidities 

was further investigated by comparing the elimination results of 1l and 1m. With benzyl 

ester attached at different positions of the hydrocarbon chain, there is a large difference in 

the pKa values between the two corresponding β-protons. Assessed by TLC, the 

elimination of ester 1l finished within minutes under the toluene reflux condition, as 

distinct from the elimination of 1m can only slowly generate multiple products after 20 

hours heating (Scheme 2.14). Probably, the enhanced reactivity of compound 1l is 

conferred by a strong electron withdrawing group (i.e., a nitro group) close to the phenyl 



 

   28 

sulfoxide. As a result, in the case of compound 1l, the benzyl ester can not only make the 

precursor giving up β-proton more easily, but also expel the sulfenic acid byproduct 5 

more quickly.  
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Scheme 2.14: Preparation of substituted alkenes 4l and 4m. 

 

Moreover, the β-proton as well plays an important role. It was hypothesized that the 

elimination reaction will more likely form the five-membered-ring transition state with 

the β-proton having the lowest pKa value. Precursor 1m produced several products under 

toluene reflux; however due to the high similarity in polarity between 4m, (E)-4m and 

(Z)-4m, the mixture of isomers was inseparable.  

After analyzing 
1
H NMR spectrum of this mixture (Figure 2.13), peaks of 4m in 

typical terminal alkene region were found: δ 5.77 (ddt, 1H, ABM, JBM = 17.0 Hz, JAM = 

10.5 Hz, J = 7.0 Hz), δ 5.02 (dd, 1H, ABM, JBM = 17.0 Hz, JAB = 1.0 Hz), δ 4.98 (dd, 1H, 

ABM, JAM = 10.5 Hz, JAB = 1.0 Hz); a broad overlapped peak between δ 5.52-5.35 was 

also found which represents both (E)-4m and (Z)-4m. The enantiomeric ratio was next 
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calculated with the corresponding integration values and the ratio of 4m: (E)-4m + (Z)-

4m was estimated to 2:3. In order to obtain more accurate enantiomeric ratio, the mass 

spectrometry in combination with capillary column chromatography (GC-MS) was 

finally used. As illustrated in Figure 2.13, the more accurate ratio between 4m, (E)-4m 

and (Z)-4m was estimated at around 2:2:1. As expected, because the methylene group 

should be able to give up its proton easier than the methyl, the precursor 1m generated 

more substituted alkenes ((E)-4m and (Z)-4m) than the terminal one 4m.  

 

 

 

 

Figure 2.13:  
1
H NMR and GC-MS graph of 4m elimination. 
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2.2.8   The thermal β-elimination: regioselectivity 

A proposed mechanism for the observed regioselectivity for product (E)-4i is 

illustrated in Figure 2.14. When the benzyl ester and the methyl are on the same side of 

the five-membered-ring plane, this transition state is more favored which produce only 

(E)-4i. In comparison, when the benzyl ester and the methyl are not on the same side of 

the five-membered-ring plane, with free rotation of the C-C bond, the more favored 

transition state will still be exclusively formed and produces only the (E)-isomer.  
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Figure 2.14: Hypothesized transition state for exclusively forming (E)-4i, k from 1i, k. 

 

 

Having rationalized the reaction of 1i, the same reasoning can be applied to many 

other reactions. For example, in the case of precursor 1k, or as illustrated in Figure 2.15 

precursor 1l, the less crowded five-membered-ring transition state is more preferred, 

producing only (E)-isomer product.  
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Figure 2.15: Hypothesized transition state for exclusively forming (E)-4l from 1l. 

 

At this point, of particular interest is the fact that the ratio between (E)-4m and (Z)-

4m (mentioned in section 2.2.7). As no bulky group other than phenyl sulfoxide exist in 

the structure of 1i, it is believed that in this case, the favorability of one transition state to 

another is no more significant. As a result, both (E)-4m and (Z)-4m were generated, and 

the (E)-isomer is the dominating product between the two. 

 

2.2.9   The thermal β-elimination: additional studies 

Further investigation into the possible utilization of this route was attempted as 

previously described in study 5. However, after several attempts, the alkylation procedure 

was unable to afford the corresponding sulfide precursors 3o-q (Scheme 2.15). This 

might be because the conventional alkaline Finkelstein reaction conditions are mostly 
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suitable for reacting with primary halides [27]. Steric hindrance effects by the phenyl 

group at β-position were believed to prevent SN2 attack by the thiol 2.  

 

 

 

Scheme 2.15:  Unsuccessful attempts to make sulfides 3o-q under Finkelstein 

reaction conditions. 

 

Further studies also included the unsuccessful attempt of making compound 4n 

(Scheme 2.16). The alkene structure itself in the sulfoxide precursor 1n is more likely to 

act as an electron source and will not give up the β-proton. Thus, the possibility of δ-

elimination to generate the diene product 4n is an interesting topic to study. However, as 

shown in Scheme 2.16, the δ-H might be too far away for the oxygen atom of sulfoxide 

in the transition state [28] and extraction of β-H was not possible. As a result, the desired 

compound can not be generated neither in refluxing chloroform nor in refluxing toluene. 
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Scheme 2.16:  Unsuccessful elimination reaction of sulfoxide 1n. 



 

   33 

Scheme 2.16 (con.) 
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2.3   Conclusions 

Compared with using traditional selenoxides to prepare alkenes, using phenyl 

sulfoxides has several advantages including lower cost and lower toxicity. Several phenyl 

sulfoxides 1a-n were prepared and the chemistry of the precursors was investigated. It 

was found that the effects of nitro group proved to be essential for the reaction, and the 

optical precursor is the o-nitro phenyl sulfoxide. A typical procedure includes the 

addition of NaOAc which can absorb the sulfenic acid 5 during the toluene reflux. 

Confirmed by 
1
H NMR, the alkene product was obtained with high purity before 

performing further chromatography purification.  

The stereoselectivity of these reactions were also examined on several branched 

precursors and it is noticed the elimination tends to occur at the more acidic β-H. While 

the acidity was increased by an adjacent benzyl ester group, only highly substituted 

alkene product was obtained. Further, when bulky groups were present in the five-

membered-ring transition state, it was discovered that the regioselectivity of the thermal 

β-elimination will generate only (E)-isomer product as less crowded isomers are more 

favored.  
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It was also shown that precursor 1k can undergo elimination at room temperature. 

The mechanism of this reaction was rationalized. It is believed that the repulsion between 

the o-nitro group can push the oxygen atom on the sulfoxide more closely to the β-H 

atom in the transition state. In addition, the repulsion between the bulky β-substitution 

and the phenyl sulfenic group can facilitate the leaving of the byproduct. Lastly, it is 

likely the increase in acidity of β-H also enhanced the elimination rate.  

The optimized synthetic sequence (2-3 steps) has several general features including: 

(1) similar to selenoxide precursors, the unique yellow color of intermediate (sulfide) 

observed on the silica gel column and ease of purification; (2) the o-nitro phenyl 

sulfoxide can undergo with high yield under toluene reflux; and (3) the thermal β-

elimination provide the olefin products in high purity after simple filtration. The o-nitro 

phenyl sulfoxide precursor can be used as effective precursors to introduce unsaturated 

bond into the structure of interest.  

 

2.4   Alkenes as Potential Anti-Cancer Agents 

2.4.1  Bromoenol lactones to inhibit iPLA2  

The haloenol lactone family is known by many researchers as suicide substrates of 

chymotrypsin and related serine proteases [4]. Bromoenol lactones (BEL), a subset of the 

haloenol lactone family, are suicide substrates of other enzymes including group VI Ca
2+

-

independent phospholipase A2 (iPLA2) [29]. It has been reported that iPLA2 can cause 

apoptosis through a series of biochemical reactions, leading to the increased interest to 

design novel BEL analogues as anticancer agents [30]. In this project, a series of 

bromoenol lactones (BEL) analogues were designed for testing as inhibitors of iPLA2 

phospholipases in prostate cell lines, including substituted aryl analogues and the 
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anthracene derivative 7 which we hope could be useful to identify the target of lactones 

via its unique fluorescent properties (Figure 2.16). 
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Figure 2.16: Chemical structures of BEL analogues. 

 

2.4.2   Mechanism-based inhibition 

Mechanism based inhibition of iPLA2 has been proposed in previous studies of BEL 

[29]. As illustrated in Figure 2.17, at the active site, the haloenol lactone is first 

hydrolyzed by the protease enzyme causing an acyl transfer to the serine’s hydroxyl 

group [31]. The released highly electrophilic intermediate finally alkylates the 

nucleophilic residue. As a result, the enzyme is irreversibly deactivated. 

 

2.4.3  The synthetic route to make phenyl analogue 6  

The synthesis of phenyl analogue was accomplished via a two-step process. At first, 

the acid precursor rac-9 was prepared from phenyl acetic acid via classical, base-

generated metal enolate chemistry [32]. With the help of LDA, the 4-bromo-but-1-yne 

tends to react at α-carbon instead of the carbonyl oxygen. In this reaction, 2 equiv of 

LDA was used since phenyl acetic acid starting material requires 1 extra equiv of lithium 

base [33]. The low yield (11%) may be because the reaction temperature was not low 

enough and unwanted self condensation may occur. The designed phenyl analogue rac-6 

was finally formed by a standard E-specific haloenol lactonization procedure [34]. The 
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stereoselective halolactonization of the acetylenic acid took place with N-

halosuccinimides in the presence of aqueous potassium carbonate in dichloromethane 

(Scheme 2.17).  
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Figure 2.17: Mechanism-based serinase (Ser) inhibition of haloenol pyran-2-ones: 

suitably-positioned nucleophilic (Nu) residues are located near the active site, which can be 

covalent attachment by the powerful alkylating agent, i.e., lactone. These nuleophiles can 

be divideded into two classes: irreversible (e.g., -SH of Cys, -NH of His) and reversible 

(e.g., -CO2H of Asp). 
  

 

 

 

Scheme 2.17: Synthetic route to make phenyl analogue 6. 
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2.4.4   The synthetic route to make anthracene bromoenol lactone analogue 7 

After obtaining the phenyl analogue, the attachment of a luminescent group to the 

bromoenol lactone for bio-imaging applications was attempted. As illustrated in Scheme 

2.18, the sulfate salt of anthroquinoyl diazonium 10 was prepared via nitrosation of 1-

aminoanthroquinone with nitrous acid (which was in situ generated by mixing 

concentrated sulfuric acid and finely ground sodium nitrite powder below 10 °C) [35]. 

The resulting intermediate 10 was then diazotized and reacted with 1,1-dichloroethene in 

MeOH to give methyl anthraquinone-1-acetate 11. Hydrolysis was followed with 2N 

aqueous NaOH giving anthraquinone-1-acetic acid 12 in quantitative yield [36]. Finally, 

anthracene-1-acetic acid 13 was formed by Zn reduction [37].  

 

 
 

Scheme 2.18: Designed synthetic route to make anthracene BEL analogue 7. 
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Notably, during the preparation of the anthraquinone-1-acetic acid 13, besides 

visualization of product spot under short-wavelength (254 nm) as a black-brown dot, a 

very strong blue fluorescence can also be seen under long-wavelength (365 nm) (Figure 

2.18) [38]. At the longer wavelength, the fused anthracene ring system conferred the 

illuminescence due to the large degree of conjugation found in molecule. 

 

 

 

                                           Visible light    254 nm UV   365 nm UV 

 

Figure 2.18: The TLC plate of reaction to make compound 13. 

 

As illustrated in Table 2.02, many reaction conditions have been studied, including 

the similar procedure to make rac-6 (1 equiv S.M., 2 equiv LDA, 0.58 equiv HMPA, 1.04 

equiv bromide, 0 °C – rt). The unique purple color was observed when a THF solution of 

n-BuLi was cannulated slowly into the reaction flask containing starting material (entry 2 

and 3); however none produced the designed product 14. The reaction failure may be due 

to the decomposition of the chemical before using in the reaction. It is believed the 

reagent used in this reaction may have decomposed. Neither LDA [39] nor n-BuLi [40] 

was as reactive as they were purchased over a year prior. 

 

 

 

 

blue fluorescence 
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Table 2.02: Attempts to make compound 14. 

 

CO2H

OH

O

13 14

methods

 
 

entry reaction conditions reaction time Results 

1 2 equiv LDA, 3 equiv HMPA, THF  0 °C – rt 0% 

2 2 equiv n-BuLi, THF, 4 Ǻ M.S.  0 °C – rt 0% 

3 2 equiv n-BuLi, THF, 4 Ǻ M.S., N2  0 °C – rt 0% 

4 2.5 equiv LDA, 0.52 equiv HMPA, THF, Ar  0 °C – rt 0% 

 

 

2.4.5   The synthetic route to make analogue 8 

The analogue with an additional oxygen atom in the lactone ring was also designed. 

The synthesis used a similar E-specific haloenol lactonization procedure to generate the 

pyranone analogues (N-iodosuccinimides for 8b, N-bromosuccinimides for 8a). The acid 

precursor 16 was prepared from propargyl alcohol and the bromoacetic acid tert-butyl 

ester via traditional Williamson synthesis [41]. Several conditions were tried and the best 

reaction result was obtained with NaH after stirring at room temperature for 48 hours.  

The following cleavage of the tert-butoxycarbonyl (t-BOC) protecting group 

proceeded in excellent yields with the triethylsilane and trifluoroacetic acid (Et3SiH/TFA) 

system in dichloromethane solution [42]. However, the attempt to make the final 

compound was not successful. Although some new, less polar spots were observed on 

KMnO4 staining TLC, no product was obtained after chromatography. It is believed the 

designed compounds 8a and 8b may be too unstable to survive the silica gel column 



 

   40 

which is acidic enough to cause the decomposition of the lactone during the purification 

(Scheme 2.19).  

 

 

 

Scheme 2.19: Synthetic route to make haloenol lactones 8. 

 

 

2.4.6   Haloenol lactone as potential inhibitor against human prostate cancers.  

Haloenol pyran-2-one (BEL and 6) were evaluated as inhibitors of cell growth in two 

different prostate human cancer cell lines (PC-3 and LNCaP) in the laboratory of Dr. 

Brian S. Cummings (University of Georgia, Department of Pharmaceutical and 

Biomedical Science) by Jason N. Mock. Minimum inhibitory concentrations (IC50s) were 

determined by MTT staining for the haloenol pyranones (rac-BEL, rac-6) against LNCaP 

cells, and the more resistant PC-3 human prostate cancer cell line. Activity comparisons 

of BEL to the substituted aryl analogue rac-6 showed slightly enhanced activities with 

IC50s ranging from 6-27 µM against PC-3 (Table 2.03) [32]. With this result, the usage 

of haloenol pyranones and morpholinones may serve as valuable research tools in the 

study of mammalian tumorigenesis. 
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Table 2.03: IC50s (µM) against human prostate cancers after 24, 48, and 72 h exposure 

to haloenol inhibitors 
a,b

. 

 

compd 
LNCaP PC-3

 

24 h 48 h 72 h 24 h 48 h 72 h 

rac-BEL 13
 

5 9 34 26 14 

rac-6 31 5 4 27 10 6 
a 
Data represent the calculated IC50 using data assessed 3-5 experiments ran in duplicate  

using separate passages of cells assessing alteration in MTT staining; 
b 
Testing performed by Jason N. Mock in the laboratory of Dr. Brian S. Cummings. 

 

 

2.5   Experimental  

In general, reagents and solvents were used as purchased without further purification. 

Reaction products were purified by column chromatography on silica gel (60-100 mesh) 

and visualized by UV on TLC plates (silica gel 60 F254). Melting points were determined 

with a melting point apparatus and were left uncorrected. Mass spectrometry was 

performed by electrospray ionization (ESI). 
1
H and 

13
C NMR spectra were recorded on a 

Varian Inova 500 MHz spectrometer. Chemical shifts were expressed in δ (ppm) values 

with tetramethylsilane or residual CHCl3/DMSO as an internal standard. The designation 

“ABq” for a 
1
H NMR peak indicates that a peak was one partner of an AB quartet; if 

additional splitting was observed, they are noted after the ABq designation (e.g., ABqd). 

Copies of NMR spectra may be found in APPENDIX A. 

 

Preparation of o-nitrothiophenol 2. To a suspension of o-nitro phenyl disulfide (0.805 

g, 2.61 mmol) in 20 mL of degassed THF was added PPh3 (1.03 g, 3.92 mmol), 2-

mercaptoethanol (184 μL, 2.61 mmol), and 470 μL of H2O (26.1 mmol). The solution 

was stirred at 50 °C for 6 hours. After cooling to room temperature, the mixture was 

concentrated, redissolved in DCM, washed with brine, and then, the organic layer was 
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dried over Na2SO4, filtered, and evaporated. The crude orange oil was separated by flash 

chromatography on silica gel (9:1 hexanes:EtOAc) to give pure o-nitrothiophenol (bright 

yellow band, 653 mg, 4.21 mmol) in 80.5% yield. mp 40-42 °C. 

 

Preparation of sulfides 3; general procedure. To a suspension of NaI (0.4 mmol), 

K2CO3 (1 mmol), and bromide 1 (1 mmol) in dry acetone (10 mL) was added 1.05 mmol 

equiv of o-nitrothiophenol 2. The mixture was heated under reflux until the reaction was 

complete (checked by TLC). The solution was then filtered, evaporated, redissolved in 

DCM, washed with brine, and then, the organic layer was dried over Na2SO4, filtered, 

and evaporated. The sulfides 3 were separated by flash chromatography on silica gel in 

accordance to product Rf values. 

Benzyl 11-(2-nitrophenylthio)undecanoate (3a): Yield: 670 mg, 88%; yellow oil; TLC 

(SiO2) Rf 0.48 (6:1 hexanes:EtOAc); 
1
H NMR (500 MHz, CDCl3) δ 8.17 (dd, 1H, J = 7.0, 

1.5 Hz), 7.52 (dt, 1H, J = 8.0, 1.5 Hz), 7.38 (d, 1H, J = 8.0 Hz), 7.34-7.29 (m, 5H), 7.21 

(dt, 1H, J = 8.0, 1.0 Hz), 5.09 (s, 2H), 2.92 (t, 2H, J = 7.5 Hz), 2.33 (t, 2H, J = 7.5 Hz), 

1.71 (qnt, 2H, J = 7.5 Hz), 1.62 (qnt, 2H, J = 7.5 Hz), 1.45 (qnt, 2H, J = 7.5 Hz), 1.30-

1.26 (m, 10H); 
13

C NMR (125 MHz, CDCl3) δ 173.7, 146.0, 138.4, 136.2, 133.5, 128.6, 

128.2, 126.7, 126.2, 124.3, 66.1, 34.4, 32.4, 29.4, 29.3, 29.2, 27.9, 25.0; ESI-HRMS 

calcd. for C24H31NO4S [M+H]
+
 430.2052, found 430.2041.  

Benzyl 5-(2-nitrophenylthio)pentanoate (3b): Yield: 74 mg, 80%; yellow oil; TLC 

(SiO2) Rf 0.23 (6:1 hexanes:EtOAc); 
1
H NMR (500 MHz, CDCl3) δ 8.18 (d, 1H, J = 8.5 

Hz), 7.52 (t, 1H, J = 7.5 Hz), 7.37-7.31 (m, 4H), 7.25-7.20 (m, 3H), 5.10 (s, 2H), 2.94 (t, 

2H, J = 7.0 Hz), 1.82 (qnt, 2H, J = 7.5 Hz), 1.76 (qnt, 2H, J = 7.5 Hz); ESI-HRMS calcd. 

for C18H20NO4S [M+H]
+
 346.1180, found 346.1112. 
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1-(11-(2-Nitrophenylthio)undecylthio)benzene (3c): Yield: 664 mg, 93%; yellow solid,  

mp 38-39 °C; TLC (SiO2) Rf 0.47 (9:1 hexanes:EtOAc); 
1
H NMR (500 MHz, CDCl3) δ 

8.16 (d, 1H, J = 8.5 Hz), 7.51 (t, 1H, J = 7.5 Hz), 7.37 (d, 1H, J = 8.0 Hz), 7.29-7.19 (m, 

5H), 7.13 (t, 1H, J = 7.5 Hz), 2.91 (t, 2H, J = 7.5 Hz), 2.88 (t, 2H, J = 7.5 Hz), 1.71 (qnt, 

2H, J = 7.5 Hz), 1.61 (qnt, 2H, J = 7.5 Hz), 1.48-1.42 (m, 2H), 1.41-1.36 (m, 2H), 1.32-

1.24 (m, 10H); 
13

C NMR (125 MHz, CDCl3) δ 137.3, 133.5, 129.1, 129, 126.8, 126.4, 

125.8, 124.4, 33.8, 32.6, 29.6, 29.4, 29.3, 29, 28.1. 

1-(6-(Phenylthio)hexylthio)-2-nitrobenzene (3d): Yield: 253 mg, 72%; yellow solid, 

mp 39-40 °C; Rf 0.49 (9:1 hexanes:EtOAc); 
1
H NMR (500 MHz, CDCl3) δ 8.21 (dd, 1H, 

J = 10.0, 2.0 Hz), 7.54 (dt, 1H, J = 10.5, 2.0 Hz), 7.40-7.15 (m, 7H), 2.96-2.91 (m, 4H), 

1.76-1.65 (m, 4H), 1.51-1.48 (m, 4H); 
13

C NMR (125 MHz, CDCl3) δ133.6, 129.2, 129, 

126.7, 126.4, 125.9, 124.5, 33.7, 32.4, 29.1, 28.8, 28.5, 27.9; ESI-HRMS calcd. for 

C18H21NO2S2 [M+H]
+ 

348.1086, found 348.1095. 

1-(11-(2-Nitrophenylthio)undecylthio)-4-methylbenzene (3e): Yield: 96.5 mg, 56%; 

yellow solid, mp 66-67 °C; TLC (SiO2) Rf 0.51 (9:1 hexanes:EtOAc); 
1
H NMR (500 

MHz, CDCl3) δ 8.18 (d, 1H, J = 8.0 Hz), 7.53 (t, 1H, J = 7.0 Hz), 7.39 (d, 1H, J = 8.5 

Hz), 7.25-7.20 (m, 3H), 7.08-7.07 (m, 2H), 2.94 (t, 2H, J = 7.5 Hz), 2.86 (t, 2H, J = 7.5 

Hz), 2.30 (s, 3H), 1.72 (qnt, 2H, J = 7.5 Hz), 1.60 (qnt, 2H, J = 7.5 Hz), 1.50-1.42 (m, 

2H), 1.41-1.36 (m, 2H), 1.36-1.22 (m, 10H); 
13

C NMR (125 MHz, CDCl3) δ 138.5, 

136.0, 133.5, 133.3, 129.9, 129.8, 126.8, 126.3, 124.4, 34.5, 32.6, 29.6, 29.5, 29.4, 29.4, 

29.3, 29.2, 29.0, 28.0, 21.2. 

1-(11-(2-Nitrophenylthio)undecylthio)-4-chlorobenzene (3f): Yield: 343 mg, 76% 

(over 2 steps); yellow solid, mp 83-84 °C; TLC (SiO2) Rf 0.5 (9:1 hexanes:EtOAc); 
1
H 
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NMR (500 MHz, CDCl3) δ 8.20 (d, 1H, J = 8.5 Hz), 7.54 (t, 1H, J = 7.5 Hz), 7.40 (d, 1H, 

J = 8.5 Hz), 7.26-7.22 (m, 5H), 2.95 (t, 2H, J = 7.5 Hz), 2.88 (t, 2H, J = 7.5 Hz), 1.74 

(qnt, 2H, J = 7.5 Hz), 1.63 (qnt, 2H, J = 7.5 Hz), 1.48 (qnt, 2H, J = 7.5 Hz), 1.41 (qnt, 

2H, J = 7.5 Hz), 1.36-1.26 (m, 10H); 
13

C NMR (125 MHz, CDCl3) δ 138.5, 135.8, 133.5, 

131.8, 130.4, 129.1, 126.8, 126.3, 124.5, 34.1, 32.6, 29.6, 29.4, 29.3, 29.2, 28.9, 28.1. 

1-(11-(2-Nitrophenylsulfinyl)undecylsulfinyl)-4-nitrobenzene (3g): Yield: 96.5 mg, 

53% (over 2 steps); yellow solid, mp 66-67 °C; TLC (SiO2) Rf 0.26 (9:1 hexanes:EtOAc); 

1
H NMR (500 MHz, CDCl3) δ 8.18 (d, 1H, J = 8.0 Hz), 8.09 (d, 2H, J = 9.0 Hz), 7.52 (t, 

1H, J = 8.0 Hz), 7.38 (d, 1H, J = 8.5 Hz), 7.28 (d, 1H, J = 9.0 Hz), 7.22 (t, 1H, J = 8.0 

Hz), 7.18, (t, 1H, J = 8.0 Hz), 2.95 (t, 2H, J = 7.5 Hz), 2.89 (t, 2H, J = 7.5 Hz), 1.71-1.63 

(m, 4H), 1.45-1.37 (m, 4H), 1.26-1.19 (m, 10H); 
13

C NMR (125 MHz, CDCl3) δ 148.4, 

133.6, 126.9, 126.8, 126.3, 126.2, 124.5, 124.1, 32.6, 32.1, 29.6, 29.3, 29.2, 29, 28.7, 

28.0. 

1-(6-(4-Nitrophenylthio)hexylthio)-2-nitrobenzene (3h): Yield: 156.7 mg, 98%; yellow 

solid, mp 83-84 °C; TLC (SiO2) Rf 0.68 (1:1 hexanes:EtOAc); 
1
H NMR (500 MHz, 

CDCl3) δ 8.18 (d, 1H, J = 8.0 Hz), 8.10 (d, 2H, J = 8.5 Hz), 7.52 (t, 1H, J = 7.5 Hz), 7.37 

(d, 1H, J = 8.5 Hz), 7.29 (d, 2H, J = 8.0 Hz), 7.21 (m, 1H), 2.99 (t, 2H, J = 7.0 Hz), 2.95 

(t, 2H, J = 7.0 Hz), 1.76-1.72 (m, 4H), 1.54 (m, 4H); ESI-HRMS calcd. for C18H20N2O4S2 

[M+H]
+
 393.0937, found 393.0943. 

Benzyl 2-(2-nitrophenylthio)butanoate (3i): Yield: 166 mg, 78%; yellow oil; TLC 

(SiO2) Rf 0.34 (9:1 hexanes:EtOAc); 
1
H NMR (500 MHz, CDCl3) δ 8.07 (dd, 1H, J = 8.0, 

1.0 Hz), 7.51 (d, 1H, J = 8.0 Hz), 7.39 (dt, 1H, J = 8.0, 1.0 Hz), 7.31-7.21 (m, 6H), 5.17 

and 5.09 (ABq, 2H, Δν = 40.0 Hz, J = 12.0 Hz), 3.87 (t, 1H, J = 7.5 Hz), 2.09-2.00 (m, 
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1H), 1.96-1.87 (m, 1H), 1.06 (t, 3H, J = 7.5 Hz); 
13

C NMR (125 MHz, CDCl3) δ 171.7, 

147.0, 135.4, 135.1, 133.5, 132.2, 132.1, 128.8, 128.7, 128.5, 125.9, 125.8, 67.3, 50.6, 

25.2, 12.1.  

Benzyl 2-(2-nitrophenylthio)-3-methylbutanoate (3j): Yield: 489 mg, 56%; yellow 

solid, mp 54-55 °C; TLC (SiO2) Rf 0.50 (9:1 hexanes:EtOAc); 
1
H NMR (500 MHz, 

CDCl3) δ 7.99 (dd, 1H, J = 8.0, 1.0 Hz), 7.46 (d, 1H, J = 8.0 Hz), 7.33 (dt, 1H, J = 8.0, 

1.0 Hz), 7.26-7.21 (m, 5H), 7.16 (t, 1H, J = 7.5 Hz), 5.13 and 5.05 (ABq, 2H, Δν = 40.0 

Hz, J = 12.0 Hz). 3.72 (d, 1H, J = 8.5 Hz), 2.24 (oct, 1H, J = 7.0 Hz). 1.12 (d, 3H, J = 7.0 

Hz), 1.04 (d, 3H, J = 7.0 Hz); 
13

C NMR (125 MHz, CDCl3) δ 185.4, 135.5, 133.5, 129.0, 

128.8, 128.7, 126.0, 125.8, 67.4, 56.9, 31.0, 20.8. 

Benzyl 2-(2-nitrophenylthio)-3-phenylpropanoate (3k): Yield: 199 mg, 83%; yellow 

oil; TLC (SiO2) Rf 0.50 (7:1 hexanes:EtOAc); 
1
H NMR (500 MHz, CDCl3) δ 8.06 (d, 1H, 

J = 8.5 Hz), 7.53 (d, 1H, J = 8.0 Hz), 7.38 (dt, 1H, J = 7.5, 1.5 Hz), 7.27-7.21 (m, 7H), 

7.18-7.17 (m, 2H), 7.13-7.11 (m, 2H), 5.07 and 4.98 (ABq, 2H, Δν = 45.0 Hz, J = 12.0 

Hz), 4.18 (dd, 1H, ABX, JAX = 9.0 Hz, JBX = 6.0 Hz), 3.29 (ABdq, 1H, ABX, JAB = 14.0 

Hz, JBX = 6.0 Hz), 3.13 (ABdq, 1H, ABX, JAB = 14.0 Hz, JAX = 9.0 Hz); 
13

C NMR (125 

MHz, CDCl3) δ 171.2, 136.9, 135.2, 133.6, 129.2, 128.9, 128.7, 128.6, 128.5, 127.4, 

126.2, 126, 67.5, 50.7, 37.9. ESI-HRMS calcd. for C22H19NO4S [M+Na]
+
 416.0932, 

found 416.0920.  

Benzyl 3-(2-nitrophenylthio)butanoate (3l): Yield: 179 mg, 66%; yellow oil; TLC 

(SiO2) Rf 0.52 (25:1 hexanes:EtOAc); 
1
H NMR (500 MHz, CDCl3) δ 8.08 (d, 1H, J = 8.0 

Hz), 7.54-7.49 (m, 2H), 7.36-7.29 (m, 5H), 7.26 (t, 1H, J = 6.5 Hz), 5.13 (s, 2H), 3.88 (m, 

1H), 2.76 (ABdq, 1H, JAB = 16.0 Hz, J = 5.0 Hz), 2.54 (ABdq, 1H, JAB = 16.0 Hz, J = 8.5 
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Hz), 1.41 (d, 3H, J = 6.5 Hz); 
13

C NMR (125 MHz, CDCl3) δ 170.9, 147.5, 135.6, 135.1, 

133.5, 128.7, 128.5, 128.4, 126.1, 125.5, 66.8, 41.1, 37.1, 20.4. 

Benzyl 5-(2-nitrophenylthio)hexanoate (3m): Yield: 250 mg, 99%; yellow oil; TLC 

(SiO2) Rf 0.62 (3:1 hexanes:EtOAc); 
1
H NMR (500 MHz, CDCl3) δ 8.08 (d, 1H, J = 8.5 

Hz), 7.50 (dt, 1H, J = 7.0, 1.0 Hz), 7.41 (d, 1H, J = 8.0 Hz), 7.33-7.29 (m, 5H), 5.09 (s, 

2H), 3.38 (m, 1H), 2.37 (t, 2H, J = 7.0 Hz), 1.85-1.79 (m, 2H), 1.75-1.68 (m, 1H), 1.64-

1.56 (m, 1H), 1.35 (d, 3H, J = 6.5 Hz); 
13

C NMR (125 MHz, CDCl3) δ 173.2, 136.1, 

133.2, 128.8, 128.5, 126.1, 125.2, 66.5, 40.9, 25.7, 34.1, 22.7, 20.5; ESI-HRMS calcd. for 

C19H21NO4S [M+Na]
+
 382.1083, found 382.1082. 

 

Preparation of sulfoxides 1; general procedure. To a stirring solution of sulfides 3a-n 

(1 mmol) in DCM (10 mL) was added m-CPBA (1.25 mmol equiv) in 5 mL of DCM 

while the reaction temperature was maintained at 0 °C (or in the case of making 

disulfides 3c-h, 2.50 equiv of peroxide was used). The reaction mixture was then stirred 

at room temperate for 2.5 hours. After quenching of the solution with 5% NaHCO3 (20 

mL), the mixture was extracted twice with DCM. The combined organic layer was dried 

over Na2SO4, filtered, and evaporated. The crude sulfoxides 1 were separated by flash 

chromatography on silica gel in accordance to product Rf values.  

Benzyl 11-(2-nitrophenylsulfinyl)undecanoate (1a): Yield: 532 mg, 74%; yellow solid, 

mp 37-38 °C; TLC (SiO2) Rf 0.43 (3:1 hexanes:EtOAc); 
1
H NMR (500 MHz, CDCl3) δ 

8.31-8.28 (m, 2H), 7.93 (t, 1H, J = 7.5 Hz), 7.68 (t, 1H, J = 7.5 Hz), 7.32-7.28 (m, 5H), 

5.09 (s, 2H), 3.15 (ddd, 1H, J = 13.0, 9.5, 7.0 Hz), 2.72 (ddd, 1H, J = 13.0, 9.5, 4.5 Hz), 

2.32 (t, 2H, J = 7.5 Hz), 2.02-1.95 (m, 1H), 1.73-1.66 (m, 1H), 1.63-1.58 (qnt, 2H, J = 

7.5 Hz), 1.51-1.46 (m, 1H), 1.41-1.35 (m, 1H), 1.30-1.24 (m, 10H); 
13

C NMR (125 MHz, 
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CDCl3) δ 173.8, 144.8, 144.0, 136.3, 135.5, 131.4, 128.7, 128.3, 126.9, 125.3, 66.2, 57.2, 

34.4, 29.4, 29.4, 29.3, 29.2, 28.6, 25.2, 23.3; ESI-HRMS calcd. for C24H32NO5S [M+H]
+
 

446.1996, found 446.2004. 

Benzyl 5-(2-nitrophenylsulfinyl)pentanoate (1b): Yield: 85.5 mg, 86%; yellow solid, 

mp 60-61 °C; TLC (SiO2) Rf 0.25 (1:1 hexanes:EtOAc); 
1
H NMR (500 MHz, CDCl3) δ 

8.28 (d, 1H, J = 8.0 Hz), 8.25 (d, 1H, J = 8.0 Hz), 7.91 (t, 1H, J = 7.5 Hz), 7.67 (t, 1H, J 

= 7.5 Hz), 7.34-7.27 (m, 5H), 5.07 (s, 2H), 3.17 (ddd, 1H, AA’MX, JMX = 13.5 Hz, JAX = 

9.0 Hz, JA’X = 7.0 Hz), 2.73 (ddd, 1H, AA’MX, JMX = 13.5, JAM = 9.0 Hz, JA’M = 4.5 Hz), 

2.38 (t, 2H, J = 7.0 Hz), 2.02 (m, 1H, AA’MX), 1.86 (m, 1H, AA’MX), 1.75 (m, 2H); 
13

C 

NMR (125 MHz, CDCl3) δ 172.9, 144.7, 143.6, 136, 135.5, 131.5, 128.7, 128.4, 128.3, 

126.9, 125.4, 66.4, 56.5, 33.8, 23.8, 22.7; ESI-HRMS calcd. for C18H20NO5S [M+H]
+
 

362.1057, found 362.1067. 

1-(11-(2-Nitrophenylsulfinyl)undecylsulfinyl)benzene (1c): Yield: 128 mg, 86%; 

yellow solid, mp 65-66 °C; TLC (SiO2) Rf 0.05 (1:1 hexanes:EtOAc); 
1
H NMR (500 

MHz, CDCl3) δ 8.23 (t, 2H, J = 9.0 Hz), 7.88 (t, 1H, J = 7.5 Hz), 7.63 (t, 1H, J = 7.5 Hz), 

7.55-7.53 (m, 2H), 7.45-7.39 (m, 3H), 3.10 (ddd, 1H, J = 13.0, 10.0, 7.0 Hz), 2.71 (t, 2H, 

J = 8.0 Hz), 2.66 (ddd, 1H, J = 13.0, 9.5, 5.0 Hz), 1.99-1.87 (m, 1H), 1.70-1.59 (m, 2H), 

1.57-1.49 (m, 1H), 1.47-1.38 (m, 1H), 1.36-1.26 (m, 3H), 1.26-1.16 (m 10H); 
13

C NMR 

(125 MHz, CDCl3) δ 144.6, 144.0, 143.8, 135.4, 131.4, 130.9, 129.2, 126.8, 125.2, 124.0, 

57.3, 57.1, 29.3, 29.2, 29.1, 28.6, 28.4, 23.2; ESI-HRMS calcd. for C23H31NO4S2 

450.1773 [M+H]
+
, found 450.1773. 

1-(6-(Phenylsulfinyl)hexylsulfinyl)-2-nitrobenzene (1d): Yield: 92.7 mg, 70%; yellow 

solid, mp 104-105 °C; TLC (SiO2) Rf 0.26 (1:1 hexanes:EtOAc); 
1
H NMR (500 MHz, 
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CDCl3) δ 8.26 (d, 1H, J = 8.0 Hz), 8.22 (d, 1H, J = 8 Hz), 7.89 (t, 1H, J = 7.5 Hz), 7.65 

(t, 1H, J = 7.5 Hz), 7.56-7.54 (m, 2H), 7.47-7.41 (m, 3H), 3.14-3.07 (m, 1H), 2.72 (t, 2H, 

J = 7.5 Hz), 2.69-2.64 (m, 1H), 1.99-1.90 (m, 1H), 1.76-1.62 (m, 2H), 1.60-1.54 (m, 1H), 

1.52-1.37 (m, 4H); 
13

C NMR (125 MHz, CDCl3) δ 144.7, 144.0, 143.7, 135.5, 131.5, 

131.1, 129.3, 126.8, 125.3, 124.1, 57.0, 56.9, 28.4, 28.1, 23.1, 22.0; ESI-HRMS calcd. for 

C18H21NO4S2 [M+H]
+
 380.0985, found 380.0990. 

1-(11-(2-Nitrophenylsulfinyl)undecylsulfinyl)-4-methylbenzene (1e): Yield: 61 mg, 

62%; yellow oil; TLC (SiO2) Rf 0.20 (1:1 hexanes:EtOAc); 
1
H NMR (500 MHz, CDCl3) 

δ 8.24 (t, 2H, J = 8.5 Hz), 7.89 (t, 1H, J = 7.5 Hz), 7.64 (t, 1H, J = 7.5 Hz), 7.43 (d, 2H, J 

= 7.5 Hz), 7.25 (d, 2H, J = 7.5 Hz), 3.12 (ddd, 1H, J = 12.5, 9.5, 7.0 Hz), 2.74-2.65 (m, 

3H), 1.98-1.89 (m, 1H), 1.69-1.59 (m, 2H), 1.57-1.50 (m, 1H), 1.49-1.39 (m, 1H), 1.37-

1.28 (m, 3H), 1.25-1.17 (m, 10H); 
13

C NMR (125 MHz, CDCl3) δ 144.7, 143.8, 141.4, 

140.8, 135.4, 131.4, 129.9, 126.8, 125.2, 124.1, 57.4, 57.1, 29.4, 29.3, 29.1, 28.7, 28.5, 

23.2, 22.2, 21.5; ESI-HRMS calcd. for C24H34NO4S2 464.1924 [M+H]
+
, found 464.1910. 

1-(11-(2-Nitrophenylsulfinyl)undecylsulfinyl)-4-chlorobenzene (1f): Yield: 130.1 mg, 

70%; yellow oil; TLC (SiO2) Rf 0.20 (1:1 hexanes:EtOAc); 
1
H NMR (500 MHz, CDCl3) 

δ 8.27 (t, 2H, J = 8.5 Hz), 7.92 (t, 1H, J = 7.5 Hz), 7.67 (t, 1H, J = 7.5 Hz), 7.52 (d, 2H, J 

= 8.5 Hz), 7.46 (d, 2H, J = 8.0 Hz), 3.17-3.11 (m, 1H), 2.74-2.67 (m, 3H), 1.99-1.92 (m, 

1H), 1.71-1.64 (m, 2H), 1.59-1.51 (m, 1H), 1.50-1.43 (m, 1H), 1.40-1.31 (m, 2H), 1.29-

1.20 (m, 11H); 
13

C NMR (125 MHz, CDCl3) δ 144.8, 144.0, 142.7, 137.2, 135.5, 131.4, 

129.6, 126.9, 125.6, 125.3, 57.5, 57.3, 29.5, 29.4, 29.3, 29.2, 28.8, 28.5, 23.4, 22.2; ESI-

HRMS calcd. for C23H30ClNO4S2 484.1383 [M+H]
+
 found 484.1383. 
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1-(11-(2-Nitrophenylsulfinyl)undecylsulfinyl)-4-nitrobenzene (1g): Yield: 87.5 mg, 

86%; yellow solid, mp 82-83 °C; TLC (SiO2) Rf 0.12 (1:1 hexanes:EtOAc); 
1
H NMR 

(500 MHz, CDCl3) δ 8.32 (d, 2H, J = 7.5 Hz), 8.27 (d, 1H, J = 8.0 Hz), 8.24 (d, 1H, J = 

8.0 Hz), 7.91 (t, 1H, J = 7.5 Hz), 7.76 (d, 2H, J = 8.5 Hz), 7.66 (t, 1H, J = 7.5 Hz), 3.12 

(dt, 1H, J = 13.0, 6.5 Hz), 2.86-2.80 (m, 1H), 2.78-2.73 (m, 1H), 2.71-2.67 (m, 1H), 1.99-

1.90 (m, 1H), 1.80-1.73 (m, 1H), 1.70-1.63 (m, 1H), 1.58-1.51 (m, 1H), 1.48-1.43 (m, 

1H), 1.40-1.31 (m, 3H), 1.29-1.19 (m, 10H); 
13

C NMR (125 MHz, CDCl3) δ 151.9, 

149.5, 144.7, 143.9, 135.5, 131.4, 126.9, 125.3, 125.2, 124.3, 57.3, 57.2, 29.4, 29.3, 29.2, 

28.7, 28.5, 23.3, 22.0; ESI-HRMS calcd. for C23H30N2O6S2 495.1624 [M+H]
+
 found 

495.1624. 

1-(6-(4-Nitrophenylsulfinyl)hexylsulfinyl)-2-nitrobenzene (1h): Yield: 89 mg, 77%; 

yellow solid, mp 86-88 °C; TLC (SiO2) Rf 0.26 ( 1:1 hexanes:EtOAc); 
1
H NMR (500 

MHz, CDCl3) δ 8.37 (d, 2H, J = 8.5 Hz), 8.30 (d, 1H, J = 8.0 Hz), 8.27 (d, 1H, J = 8.5 

Hz), 7.94 (t, 1H, J = 7.5 Hz), 7.78 (d, 2H, J = 8.5 Hz), 7.69 (t, 1H, J = 7.5 Hz), 3.19-3.12 

(m, 1H), 2.89-2.83 (m, 1H), 2.80-2.77 (m, 1H), 2.74-2.69 (m 1H), 2.06-1.98 (m, 1H), 

1.90-1.81 (m, 1H), 1.77-1.69 (m, 1H), 1.65-1.44 (m, 5H); 
13

C NMR (125 MHz, CDCl3) δ 

151.7, 149.7, 144.8, 143.8, 135.7, 131.6, 126.9, 125.4, 125.3, 124.5, 57.1, 56.9, 28.4, 28, 

23.2, 21.9; ESI-HRMS calcd. for C18H21N2O6S2 450.1773 [M+H]
+
 425.0836, found 

425.0837. 

Benzyl 2-(2-nitrophenylsulfinyl)butanoate (1i): Yield: 140 mg, 89%; yellow oil; TLC 

(SiO2) Rf 0.29 (3:1 hexanes:EtOAc); 
1
H NMR (500 MHz, CDCl3) δ 8.26 (dd, 1H, J = 8.0, 

1.0 Hz), 8.04 (dd, 1H, J = 8.0, 1.5 Hz), 7.69 (dt, 1H, J = 8.0, 1.0 Hz), 7.55 (dt, 1H, J = 

8.0, 1.5 Hz), 7.28-7.26 (m, 3H), 7.08-7.06 (m, 2H), 4.86 and 4.65 (ABq, 2H, Δν = 105.0 
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Hz, J = 12.5 Hz), 3.94 (dd, 1H, J = 9.0, 7.0 Hz), 2.34-2.17 (m, 2H), 1.22 (t, 3H, J = 7.5 

Hz); 
13

C NMR (125 MHz, CDCl3) δ 166.1, 164.9, 145.1, 141.4, 135.1, 131.8, 128.7, 

128.6, 128.5, 127.8, 125.2, 67.7, 67.0, 21.1, 11.8; ESI-HRMS calcd. for C17H18NO5S 

[M+H]
+
 348.0900, found 348.0893. 

Benzyl 2-(2-nitrophenylsulfinyl)-3-methylbutanoate (1j): Yield: 68.4 mg, 77% (an 

inseparable mixture of diastereomers); yellow solid, mp 101-102 °C; TLC (SiO2) Rf 0.33 

(3:1 hexanes:EtOAc); ESI-HRMS calcd. for C18H20NO5S [M+H]
+ 

362.1057, found 

362.1050; (±) anti-1j (major) 
1
H NMR (500 MHz, CDCl3) δ 8.27 (d, 1H, J = 8.0 Hz), 

8.20 (d, 1H, J = 8.0 Hz), 7.85 (t, 1H, J = 7.5 Hz), 7.63 (t, 1H, J = 7.5 Hz), 7.30-7.23 (m, 

4H), 7.01 (m, 1H), 4.98 and 4.87 (ABq, 2H, Δν = 55.0 Hz, J = 12.0 Hz), 3.42 (d, 1H, 

AA’BC, JBC = 7.0 Hz), 2.56 (app sxt, 1H, AA’BC, J = 7.0 Hz), 1.09 (d, 3H, AA’BC, JA’B 

= 7.0 Hz), 1.05 (d, 3H, AA’BC, JAB = 7.0 Hz); (±) syn-1j (minor) 
1
H NMR (500 MHz, 

CDCl3) 8.23 (d, 1H, J = 8.0 Hz), 8.10 (d, 1H, J = 8.0 Hz), 7.76 (t, 1H, J = 7.5 Hz), 7.60 

(t, 1H, J = 7.5 Hz), 7.30-7.23 (m, 4H), 7.01 (m, 1H), 4.77 and 4.46 (ABq, 2H, Δν = 155.0 

Hz, J = 12.0 Hz), 3.70 (d, 1H, J = 11.5 Hz), 2.66 (app spt, 1H, AA’B, J = 6.5 Hz), 1.41 

(d, 3H, AA’B, JA’B = 6.5 Hz), 1.03 (d, 3H, AA’B, JAB = 6.5 Hz); mixture of 1j: 
13

C NMR 

(125 MHz, CDCl3) δ 168.1, 165.7, 144.9, 143.1, 141.5, 135.1, 135.0, 134.9, 131.9, 131.8, 

128.7, 128.6, 128.5, 128.4, 127.8, 127.4, 125.2, 79.5, 76.7, 72.2, 67.4, 66.6, 27.3, 26.9, 

21.6, 21.3, 21.2, 20.1, 19.7. 

Benzyl 3-(2-nitrophenylsulfinyl)butanoate (1l): Yield: 75 mg, 73% (mixture of 

diastereomers); orange solid, mp 108-109 °C; ESI-HRMS calcd. for C17H17NO5S 

[M+H]
+
 348.0900, found 348.0910; (±) anti-1l (major): yellow oil; TLC (SiO2) Rf 0.30 

(5:1 hexanes:EtOAc); 
1
H NMR (500 MHz, CDCl3) δ 8.31 (d, 1H, J = 8.5 Hz), 8.12 (dd, 
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1H, J = 8.0, 1.5 Hz), 7.89 (dt, 1H, J = 8.0, 1.0 Hz), 7.68 (dt, 1H, J = 8.0, 1.0 Hz), 7.43-

7.31 (m, 5H), 5.17 and 5.13 (ABq, 2H, Δν = 20.0 Hz, J = 12.5 Hz), 3.58 (m, 1H), 3.15 

(dd, 1H, J = 16.0, 6.0 Hz), 2.73 (dd, 1H, J = 16.0, 9.5 Hz), 0.97 (d, 3H, J = 7.0 Hz); (±) 

syn-1l (minor): yellow oil; TLC (SiO2) Rf 0.44 (5:1 hexanes:EtOAc); 
1
H NMR (500 

MHz, CDCl3) δ 8.26 (d, 1H, J = 8.0 Hz), 8.06 (dd, 1H, J = 8.0, 1.0 Hz), 7.72 (dt, 1H, J = 

8.0, 1.0 Hz), 7.60 (dt, 1H, J = 8.0, 1.0 Hz), 7.43-7.31 (m, 5H), 4.77 and 4.73 (ABq, 2H, 

Δν = 20.0 Hz, J = 12.5 Hz), 3.72 (m, 1H), 2.73 (dd, 1H, J = 17.5, 7.0 Hz), 2.31 (dd, 1H, J 

= 17.5, 6.0 Hz), 1.61 (d, 3H, J = 7.5 Hz); Mixture of 1l: 
13

C NMR (125 MHz, CDCl3) δ 

170.8, 170.4, 145.5, 145.0, 141.0, 140.9, 135.0, 128.8, 128.7, 128.6, 128.3, 128.1, 127.3, 

125.7, 125.6, 76.2, 66.7, 66.2, 54.1, 53.1, 37.8, 31.4, 18.8, 17.9, 10.3. 

Benzyl 5-(2-nitrophenylsulfinyl)hexanoate (1m): Yield: 320 mg, 79% (a mixture of 

diastereomers); yellow oil; ESI-HRMS calcd. for C19H21NO5S [M+H]
+
 376.1213, found 

376.1218; (±) anti-1m: yellow oil; TLC (SiO2) Rf 0.16 (3:1 hexanes:EtOAc); 
1
H NMR 

(500 MHz, CDCl3) δ 8.30 (d, 1H, J = 8.0 Hz), 8.16 (dd, 1H, J = 7.5 Hz), 7.86 (t, 1H, J = 

7.5 Hz), 7.65 (td, 1H, J = 8.0 Hz), 7.35-7.26 (m, 5H), 4.99 (s, 2H), 3.00 (m, 1H), 2.19 (t, 

2H, J = 7.5 Hz), 1.69-1.63 (m, 1H), 1.56 (d, 3H, J = 7.5 Hz), 1.54-1.50 (m, 1H), 1.36-

1.27 (m, 2H); 
13

C NMR (125 MHz, CDCl3) δ 172.8, 145.1, 142.2, 136.0, 135.0, 131.5, 

128.8, 128.5, 128.4, 128.0, 125.6, 66.4, 57.8, 34.1, 26.0, 22.0, 16.6; (±) syn-1m: yellow 

oil; TLC (SiO2) Rf 0.11 (3:1 hexanes:EtOAc); 
1
H NMR (500 MHz, CDCl3) δ 8.31 (dd, 

1H, J = 8.0, 0.5 Hz), 8.16 (dd, 1H, J = 7.5, 1.5 Hz), 7.90 (td, 1H, J = 8.0, 1.0 Hz), 7.67 

(td, 1H, J = 7.5, 1.5 Hz), 7.35-7.28 (m, 5H), 5.12 (s, 2H), 3.07 (sxt, 1H, J = 7.0 Hz), 2.47 

(td, 2H, J = 7.0, 3.0 Hz), 2.10-1.93 (m, 3H), 1.79-1.72 (m, 1H), 0.91 (d, 3H, J = 6.5 Hz); 
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13
C NMR (125 MHz, CDCl3) δ 173.1, 145.0, 142.2, 136.2, 134.9, 131.4, 128.8, 128.4, 

125.6, 66.5, 57.3, 34.1, 32.6, 22.5, 10.2. 

 

Preparation of alkenes 4; general procedure. A solution of sulfoxide 1 (1 mmol equiv) 

and NaOAc (10 mmol equiv) in toluene (10 mL) was heated under for 1-18 hours. The 

mixture was then cooled to room temperature. After the precipitate was removed by 

filtration through Celite, the reaction flask was rinsed with toluene, filtered, and the 

solvent was evaporated to provide alkene 4. Decolorization of the concentrated product 

was achieved by vacuum filtration of the oil through a plug of silica with 3:1 

hexanes:EtOAc. If the starting material was still present, the mixture can be heated again 

with 10 mmol equiv of NaOAc in toluene until the reaction is complete. 

Benzyl undec-10-enoate (4a): Yield: 28.2 mg, 86%; colorless oil; TLC (SiO2) Rf 0.40 

(20:1 hexanes:EtOAc); 
1
H NMR (500 MHz, CDCl3) δ 7.34-7.30 (m, 5H), 5.79 (ddt, 1H, 

ABM, JBM = 16.5 Hz, JAM = 10.5, 6.5 Hz), 5.10 (s, 2H), 4.98 (dd, 1H, ABM, JBM = 16.5 

Hz, JAB = 1.5 Hz), 4.92 (dd, 1H, ABM, JAM = 10.5 Hz, JAB = 1.5 Hz), 2.34 (t, 2H, J = 7.5 

Hz), 2.02 (m, 2H), 1.63 (qnt, 2H, J = 7.0 Hz), 1.36 (qnt, 2H, J = 7.0 Hz), 1.28-1.25 (m, 

8H); 
13

C NMR (125 MHz, CDCl3) δ 173.7, 139.2, 136.2, 128.6, 128.2, 128.2, 114.2, 

66.1, 34.4, 33.8, 29.3, 29.2, 29.1, 28.9, 24.0; ESI-HRMS calcd for C18H26O2 [M+Na]
+
 

297.1825, found 297.1826.  

Benzyl pent-4-enoate (4b): Yield: 19 mg, 75%; colorless oil; TLC (SiO2) Rf 0.48 (20:1 

hexanes:EtOAc); 
1
H NMR (500 MHz, CDCl3) δ 7.35-7.30 (m, 5H), 5.81 (ddt, 1H, ABM, 

JBM = 17.0 Hz, JAM = 10.5 Hz, J = 7.5 Hz), 5.11 (s, 2H), 5.03 (dd, 1H, ABM, JBM = 17.0 

Hz, JAB = 1.5 Hz), 4.98 (dd, 1H, ABM, JAM = 10.5 Hz, JAB = 1.5 Hz), 2.47-2.44 (m, 2H), 
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2.41-2.36 (m, 2H); 
13

C NMR (125 MHz, CDCl3) δ 173.1, 136.8, 136.2, 128.7, 128.4, 

115.8, 66.4, 33.7, 29.0. 

1-(Undec-10-enylsulfinyl)benzene (4c): Yield: 28.5 mg, 86%; colorless oil; TLC (SiO2) 

Rf 0.18 (7:1 hexanes:EtOAc); 
1
H NMR (500 MHz, CDCl3) δ 7.59-7.57 (m, 2H), 7.49-

7.43 (m, 3H), 5.75 (ddt, 1H, ABM, JBM = 17.0 Hz, JAM = 10.5, J = 6.5 Hz), 4.95 (dd, 1H, 

ABM, JBM = 17.0 Hz, JAB = 1.5 Hz), 4.88 (dd, 1H, ABM, JAM = 10.5 Hz, JAB = 1.5 Hz), 

2.76 (app t, 2H, J = 7.0 Hz), 2.00 (m, 2H), 1.75-1.66 (m, 1H), 1.64-1.54 (m, 1H), 1.41-

1.30 (m, 2H), 1.29-1.21 (m, 10H); 
13

C NMR (125 MHz, CDCl3) δ 144.3, 139.3, 131.1, 

129.4, 124.2, 114.3, 57.6, 33.9, 29.5, 29.4, 29.3, 29.2, 29.1, 29.0, 28.8, 22.3. 

1-(Hex-5-enylsulfinyl)benzene ((Z)-4d): Yield: 22 mg, 62%; colorless oil; TLC (SiO2) 

Rf 0.32 (3:1 hexanes:EtOAc); 
1
H NMR (500 MHz, CDCl3) δ 7.59-7.58 (m, 2H), 7.50-

7.45 (m, 3H), 5.71 (ddt, 1H, ABM, JBM = 17.0 Hz, JAM = 10.0 Hz, J = 6.5 Hz), 4.95 (dd, 

1H, ABM, JBM = 17.0 Hz, JAB = 1.5 Hz), 4.91 (dd, 1H, ABM, JAM = 10.0 Hz, JAB = 1.5 

Hz), 2.76 (t, 2H, J = 8.0 Hz), 2.02 (m, 2H), 1.76-1.71 (m, 1H), 1.64-1.58 (m, 1H), 1.54-

1.48 (m, 2H); 
13

C NMR (125 MHz, CDCl3) δ 150.2, 144.2, 138, 131.1, 124.2, 115.3, 

110.2, 57.4, 33.4, 28.1, 21.9. 

1-Methyl-4-(undec-10-enylsulfinyl)benzene (4e): Yield: 33.8 mg, 87%; colorless oil; 

TLC (SiO2) Rf 0.30 (4:1 hexanes:EtOAc); 
1
H NMR (500 MHz, CDCl3) δ 7.74 (d, 2H, J = 

8.5 Hz), 7.28 (d, 2H, J = 8.0 Hz), 5.77 (ddt, 1H, ABM, JBM = 17.0 Hz, JAM = 10.0 Hz, J = 

7.0 Hz), 4.95 (d, 1H, ABM, JBM = 17.0 Hz), 4.89 (d, 1H, ABM, JAM = 10.0 Hz), 2.78-2.67 

(m, 2H), 2.38 (s, 3H), 1.98 (q, 2H, J = 7.0 Hz), 1.72-1.63 (m, 1H), 1.60-1.53 (m, 1H), 

1.41-1.31 (m, 4H), 1.22 (m, 8H); 
13

C NMR (125 MHz, CDCl3) δ 141.5, 141.0, 139.3, 
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130.0, 124.2, 114.3, 57.6, 33.9, 29.5, 29.4, 29.3, 29.2, 29.0, 28.8, 22.4, 21.6; ESI-HRMS 

calcd. for C18H28O [M+H]
+
 293.1934, found 293.1933. 

1-Chloro-4-(undec-10-enylsulfinyl)benzene (4f): Yield: 12.9 mg, 74%; colorless oil; 

TLC (SiO2) Rf 0.23 (7:1 hexanes:EtOAc); 
1
H NMR (500 MHz, CDCl3) δ 7.54 (m, 2H), 

7.49-7.47 (m, 2H), 5.78 (ddt, 1H, ABM, JBM = 17.0 Hz, JAM = 10.5 Hz, J = 6.5 Hz), 4.95 

(dd, 1H, ABM, JBM = 17.0 Hz, JAB = 1.5 Hz), 4.90 (dd, 1H, ABM, JAM = 10.5 Hz, JAB = 

1.5 Hz), 2.74 (t, 2H, J = 8.0 Hz), 2.00 (m, 2H), 1.75-1.65 (m, 1H), 1.61-1.52 (m, 1H), 

1.43-1.31 (m, 3H), 1.23 (m, 9H); 
13

C NMR (125 MHz, CDCl3) δ 142.8, 139.4, 137.3, 

129.7, 125.7, 114.4, 57.6, 34.0, 29.5, 29.3, 29.2, 29.1, 28.8, 22.2; ESI-HRMS calcd. for 

C17H25ClO [M+H]
+
 313.1387, found 313.1387. 

1-Nitro-4-(undec-10-enylsulfinyl)benzene (4g): Yield: 15.3 mg, 64%; colorless oil; 

TLC (SiO2) Rf 0.47 (3:1 hexanes:EtOAc); 
1
H NMR (500 MHz, CDCl3) δ 8.35 (d, 2H, J = 

8.0 Hz), 7.78 (d, 2H, J = 8.0 Hz), 5.76 (ddt, 1H, ABM, JBM = 17.5 Hz, JAM = 10.0 Hz, J = 

6.5 Hz) 4.95 (dd, 1H, ABM, JBM = 17.5 Hz, JAB = 1.5 Hz), 4.90 (dd, 1H, ABM, JAM = 

10.0 Hz, JAB = 1.5 Hz), 2.88-2.75 (m, 2H). 2.00 (m, 2H), 1.84-1.75 (m, 1H), 1.60-1.52 

(m, 1H), 1.45-1.38 (m, 1H), 1.37-1.30 (m, 3H), 1.27-1.22 (m, 8H); 
13

C NMR (125 MHz, 

CDCl3) δ 152.0, 139.3, 125.3, 124.4, 114.4, 57.4, 34.0, 29.5, 29.4, 29.3, 29.2, 29.1, 28.8, 

22.1; ESI-HRMS calcd. for C17H26NO3S [M+H]
+
 324.1628, found 324.1622. 

1-(Hex-5-enylsulfinyl)-4-nitrobenzene (4h): Yield: 13.4 mg, 61%; yellow oil; TLC 

(SiO2) Rf 0.27 (3:1 hexanes:EtOAc); 
1
H NMR (500 MHz, CDCl3) δ 8.35 (d, 2H, J = 8.5 

Hz), 7.77 (d, 2H, J = 8.5 Hz), 5.71 (ddt, 1H, ABM, JAM = 17.0 Hz, JBM = 10.5 Hz, J = 7.0 

Hz), 4.97-4.91 (m, ABM, 2H), 2.84 (m, 1H), 2.78 (m, 1H), 2.04 (m, 2H), 1.86-1.79 (m, 

1H), 1.64-1.44 (m, 3H); 
13

C NMR (125 MHz, CDCl3) δ 151.9, 150.2, 149.6, 137.7, 
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125.3, 124.4, 115.6, 57.1, 33.3, 27.9, 21.6; ESI-HRMS calcd. for C12H15NNaO3S 

276.0665 [M+Na]
+
, found 276.0673. 

(E)-Benzyl but-2-enoate ((E)-4i): Yield: 24.7 mg, 88%; colorless oil; TLC (SiO2) Rf 

0.55 (9:1 hexanes:EtOAc); 
1
H NMR (500 MHz, CDCl3) δ 7.35-7.29 (m, 5H), 7.06 (dq, 

1H, AMX, JMX = 16.0 Hz, JAX = 7.0 Hz), 5.87 (d, 1H, AMX, JMX = 16.0 Hz), 5.16 (s, 

2H), 1.86 (d, 3H, AMX, JAX = 7.0 Hz); 
13

C NMR (125 MHz, CDCl3) δ 166.5, 145.3, 

136.4, 128.7, 122.7, 66.1, 18.2; MS (m/z): 176(25), 158(48), 147(5), 131(96), 117(8), 

107(50). 

Benzyl 3-methylbut-2-enoate (4j): Yield: 20 mg, 93%; colorless oil; TLC (SiO2) Rf 0.60 

(9:1 hexanes:EtOAc); 
1
H NMR (500 MHz, CDCl3) δ 7.38-7.29 (m, 5H), 5.72 (s, 1H), 

5.12 (s, 2H), 2.17 (s, 3H), 1.88 (s, 3H); 
13

C NMR (125 MHz, CDCl3) δ 166.6, 157.5, 

136.7, 128.7, 128.3, 128.2, 116.0, 65.6, 27.6, 20.5; MS (m/z): 190(48), 175(27), 145(95), 

144(42), 131(10), 117(5), 107(33). 

(E)-Benzyl cinnamate ((E)-4k): Yield: 74 mg, 67%; yellow solid, mp 32-33 °C; TLC 

(SiO2) Rf 0.77 (7:1 hexanes:EtOAc); 
1
H NMR (500 MHz, CDCl3) δ 7.74 (d, 1H, AX, JAX 

= 16.0 Hz), 7.52-7.51 (m, 2H), 7.44-7.33 (m, 8H), 6.50 (d, 1H, AX, JAX = 16.0 Hz), 5.27 

(s, 2H); 
13

C NMR (125 MHz, CDCl3) δ 185.3, 166.9, 136.2, 134.5, 129.0, 128.7, 128.4, 

128.3, 118, 66.5. (*Elimination occurred during the S-oxidation reaction) 

Benzyl hexenoate 4m: Yield: 71 mg, 75%; colorless oil; TLC (SiO2) Rf 0.52 (25:1 

hexanes:EtOAc; a mixture of diastereomers); Ratio of isomers was determine by GC/MS; 

Benzyl hex-5-enoate (4m): 
1
H NMR (500 MHz, CDCl3) δ 7.38-7.29 (m, 5H), 5.77 (ddt, 

1H, ABM, JBM = 17.0 Hz, JAM = 10.5 Hz, J = 7.0 Hz), 5.11 (s, 2H), 5.02 (dd, 1H, ABM, 
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JBM = 17.0 Hz, JAB = 1.0 Hz), 4.98 (dd, 1H, ABM, JAM = 10.5 Hz, JAB = 1.0 Hz), 2.37 (t, 

2H, J = 7.5 Hz), 2.09 (q, 2H, J = 7.5 Hz), 1.75 (qnt, 2H, J = 7.5 Hz);  

(E)-Benzyl hexenoate ((E)-4m): 
1
H NMR (500 MHz, CDCl3) δ 7.38-7.29 (m, 5H), 5.52-

5.35 (m, 2H), 5.11 (s, 2H), 2.41 (t, 2H, J = 7.5 Hz), 2.32 (q, 2H, J = 7.0 Hz), 2.32 (q, 2H, 

J = 7.0 Hz), 1.62 (t, 3H, J = 7.5 Hz).  

 

Preparation of 2-phenylhex-5-ynoic acid (9): 2-Phenylacetic acid (0.68 g, 5 mmol) was 

dissolved in anhydrous THF (8.4 mL). LDA (10 mmol) was then added slowly when the 

temperature was maintained at 0 °C. The reaction mixture was stirred at 0 ºC for 1 hour. 

The yellow precipitate that was formed was dissolved with the addition of HMPA (0.5 

mL). To this, 3-bromoprop-1-yne (0.49 mL, 5.2 mmol) was added dropwise. The solution 

was then warmed to room temperature and stirred for 16 hours. The reaction mixture was 

acidified with 3N HCl, extracted with ether. The organic layer was then washed 3 times 

with distilled water and dried over MgSO4, filtered, and evaporated. The product was 

separated by flash chromatography on silica gel using 3:1 hexanes:EtOAc in accordance 

to product Rf values. Yield: 11%; colorless oil; TLC (SiO2) Rf 0.70 (1:1 hexanes:EtOAc); 

1
H NMR (500 MHz, CDCl3) δ 7.34-7.26 (m, 5H), 3.82 (t, 1H, J = 7.5 Hz), 2.33-3.26 (m, 

1H), 2.25-2.19 (m, 1H), 2.11-2.06 (m, 1H), 2.03-1.96 (m, 1H). 

 

Preparation of (E)-6-(bromomethylene)-tetrahydro-3-phenylpyran-2-one (6): To a 

stirring reaction mixture of K2CO3 (14.7 mg, 0.106 mmol) in dry dichloromethane (2 mL) 

was added 2-phenylhex-5-ynoic acid (20 mg, 0.106 mmol). After 10 minutes, N-

bromosuccinimide (18.9 mg, 0.106 mmol) was added, followed by addition of H2O (7.56 

μL, 0.425 mmol). The reaction mixture was stirred at room temperature for 6 hours. After 
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that, the mixture was then diluted with dichloromethane (5 mL). The organic layer was 

then dried over MgSO4, filtered, and evaporated. The product was separated by flash 

chromatography on silica gel using 4:1 hexanes:EtOAc. Yield: 41%; yellow oil; TLC 

(SiO2) Rf 0.73 (1:1 hexanes:EtOAc); 
1
H NMR (500 MHz, CDCl3) δ 7.49-7.32 (m, 5H), 

3.89 (q, 1H, J = 5.5 Hz), 3.01-2.95 (m, 1H), 2.85-2.79 (m, 1H), 2.39-2.27 (m, 2H); 
13

C 

NMR (125 MHz, CDCl3) δ 168.7, 151.7, 137.2, 129.1, 128.2, 128.2, 91.6, 47.5, 26.0, 

23.9.  

 

Preparation of anthraquinone-1-diazonium salt (10): 3.4 g (50.0 mmol) of finely 

ground sodium nitrite was added slowly into 30 mL of concentrated sulfuric acid at 0 °C. 

10 g (45.0 mmol) of 1-aminoanthroquinone was then added at room temperature. The 

reaction mixute was then heated to 50 °C and kept at that temperature for 30 minutes. 

After cooling to room temperature, the mixture was mixed with 70 g of chopped ice and 

the final producet was collected as dark red solid after filtration and washing with water 

(10 mL) and acetone (10 mL). Yield: 99%; mp 140-143 °C. The diazonium sulfate salt 

was used directly in the next step.  

 

Preparation of methyl 2-(9,10-dihydro-9,10-dioxoanthracen-5-yl)acetate (11): 

Cuporous chloride (0.7 mmol) was added slowly into a mixture of anthraquinone-1-

diazonium salt (15.8 mmol), 1,1-dichloroethylene (157.8 mmol) and MeOH (30 mL) at 

30 °C. The reaction was stirred at that temperature for 30 minutes, and then was  genetly 

reflux for several minutes. The final product was collected as yellow solid after simple 

filtration. Yield: 50%; mp 184-185 °C; 
1
H NMR (500 MHz, CDCl3) δ 8.33 (d, 1H, J = 
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7.5 Hz), 8.24 (m, 2H), 7.76-7.71 (m, 3H), 7.55 (d, 1H, J = 7.5 Hz), 4.19 (s, 2H), 3.73 (s, 

3H). The ester  was used directly in the next step.  

 

Preparation of 2-(9,10-dihydro-9,10-dioxoanthracen-5-yl)acetic acid (12): 20 mL of 

2N NaOH was added into a solution of 10 mL H2O containing 550 mg of ester at 0 °C. 

The mixture was then stirred at room temperature for 18 hours and acidified with 6N HCl 

until the pH value decreased from 13 to 2. The final product was collected as yellow-pink 

solid after simple filtration. Yield: 99%; mp 232 °C. The acid was used directly in the 

next step. 

 

Preparation of 2-(anthracen-5-yl)acetic acid (13): A mixture of anthraquinone-1-acetic 

acid (1.3 g, 4.9 mmol), concentrated NH4OH (25 mL), water (25 mL), excess Zn powder 

and a trace of CuSO4 was heated under reflux for 30 min, the solids were filtered off, and 

the solution and acidified to pH value reach to 2 using 6N HCl. The final compound was 

filted as yellow solid. Yield: 0.5 g, 43%; TLC (SiO2) Rf 0.32 (2:1 hexanes:EtOAc + 1 

drop of acetic acid); 
1
H NMR (500 MHz, CDCl3) δ 9.62 (bs, 1H), 8.34-7.00 (m, 9H), 3.97 

(s, 2H). 

 

Preparation of tert-butyl 2-(prop-2-ynyloxy)acetate (15): NaH (23 mg, 0.51 mmol) 

was added slowly into a THF:DMF (5 mL:1 mL) solution of bromoacetic acid tert-butyl 

ester (100 mg, 0.51 mmol) and propagyl alcohol (29 mg, 0.51mmol) with molecular 

sieves. The resulting grey solution was stirred at room temperature for 16 hours. The 

solid was then filtered, and the filtrate was concentrated and redissolved in EtOAc (10 

mL). The organic layer was extracted three times with water, two times with 5% citric 

acid, one time with brine, and then dried over MgSO4. The final product was separated by 
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flash chromatography on silica gel in accordance to product Rf values. The final product 

is a colorless oil; Yield: 57 mg, 65%; Rf 0.40 (15:1 hexanes:EtOAc); 
1
H NMR (500 MHz, 

CDCl3) δ 4.25 (d, 2H, J = 2.0 Hz), 4.02 (s, 2H), 2.43 (m, 1H), 1.43 (s, 9H); 
13

C NMR 

(125 MHz, CDCl3) δ 169.7, 81.9, 78.9, 75.5, 66.8, 58.2, 28.2. 

 

Preparation of 2-(prop-2-ynyloxy)acetic acid (16): Triethylsilane (91 mg, 0.78 mmol) 

was added into a DCM solution (16 mL) of tert-butyl 2-(prop-2-ynyloxy)acetate (95 mg, 

0.56 mmol). Trifluoroacetic acid (1.8 mL) was next added. The solution was then stirred 

at room temperature for 16 hours. After that, the solvent was evaporated. The final 

product was collected as a colorless oil. Yield: 64 mg, 99%; Rf 0.50 (1:1 

hexanes:EtOAc); 
1
H NMR (500 MHz, CDCl3) δ 4.24 (s, 2H), 4.19 (s, 2H), 2.49 (s, 1H); 

13
C NMR (125 MHz, CDCl3) δ 174.5, 78.1, 76.3, 65.8, 58.4. 
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CHAPTER 3 

PREPARATION OF β-LACTAM ANALOGUES 
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Abstract 

The use of sulfur chemistry in synthetic transformation is further investigated in Chapter 

3. An asymmetrical method to synthesize β-lactams using photochemistry as the key in 

the synthetic steps has been developed.  Photooxidation of L-cysteine thiazolidine 

hydroxamate esters afforded C-5 hydroxylated products which when cyclized and 

deprotected gave the corresponding 3R, 4R monocyclic β-lactam platforms. 
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3.1    Background 

3.1.1   Introduction  

Many species of bacteria are human pathogens. For over 100 years, chemotherapy is 

the first choice for many patients, either by selective kill (bactericidal activity) or by 

slowing growth of bacteria (bacteriostatic activity) [1]. A variety structures have been 

identified to treat infections, and currently these medications can be divided into several 

groups based on their unique modes of actions. For example, β-lactams (e.g., penicillins) 

can inhibit bacterial cell wall synthesis [2], tetracyclines (e.g., doxycycline) can interfere 

with protein synthesis [3], fluoroquinolones (e.g., ciprofloxacin) can inhibit DNA gyrase 

[4]. Among them, penicillin is one of the most widely used for many years.  

This powerful antibacterial targets the synthesis of bacterial cell wall by binding to 

cellular receptors which is now identified as transpeptidation enzymes (PBPs) that 

catalyze the cross-linking reaction of the cell wall (Figure 3.01) [5]. The high similarity 

with the backbone of the D-Ala-D-Ala sidechain permits penicillin to bind with PBPs 

interrupting the final stages of the synthesis of cell wall peptidoglycan. The resulting 

defective bacterial cell wall allows water to enter, and the cell swells resulting in 

membrane lysis and cell death.  
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Figure 3.01: The mechanism of action of penicillin.  

 

General features of this binding process include: (1) penicillin interferes with 

daughter cells during the formation of cell walls (i.e., prevents new cross-links but does 

not disrupt those established); (2) penicillin shows superior selectivity since animal cells 

do not possess cell walls; and (3) penicillin does not work against all kinds of bacteria, as 

Gram-negative bacteria have relatively less peptidoglycan and are generally much less 

sensitive to penicillin compared to Gram-positive bacteria [6]. 

 

3.1.2   β-Lactam antibacterials 

Penicillins and cephalosporins are classified as β-lactam antibacterials because they 

share a similar chemical structure (i.e., β-lactam ring). Sharing similar mechanisms to 

block bacterial cell wall synthesis, many different scaffolds have also been explored 

(Figure 3.02). However, even back in the 1940s, resistance to β-lactams quickly emerged 

as a problem in therapy [7]. Different strategies have been used by various bacterial 
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pathogens to survive antibiotic exposure. For example, β-lactamases produced by bacteria 

can hydrolyze β-lactams antibacterials [8], or most recently, the modification of 

transpeptidase can cause a decreased affinity for binding β-lactams in methicillin-

resistant Staphylococcus aureus (MRSA) [9]. For this reason, the modification and 

substitution to treat resistance strains have been one of the ongoing focuses in the 

discovery of new effective antibacterial agents.  
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Figure 3.02: Examples of heterocyclic scaffolds of β-lactam antibacterials. 

 

3.1.3   The traditional route to make β-lactam drugs     

After its first discovery by Sir Alexander Fleming in 1928 [10], the isolation of 

penicillin proved to be problematic until the 1940s. The first reported synthetic work was 

performed in 1957 but, the total yield was only 1% and thus was not practical for use in 

industry [11]. In the following years, several synthetic routes have been reported to 

prepare semisynthetic β-lactam antibacterials. For instance, the synthesis of ampicillin 

was accomplished by using benzaldehyde as the overall starting material (Scheme 3.01) 

through six steps, using 6-aminopenicillanic acid (6-APA, which has β-lactam ring and 

derived from mold) condensation as the key step [12]. Besides indirectly obtained from 

nature, it is also practical to make the β-lactam via amino acid pool. To this extent, the 

aim of this project is to build the β-lactam scaffold using L-cysteine as the overall starting 

material. 
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Scheme 3.01: Semisynthesis of ampicillin. 

 

3.2    Experimental Design and Results 

3.2.1   The route to build designed molecule 

Numerous articles can be found throughout the literature describing the preparation 

of β-lactam rings. However, the lactam ring formation typically requires harsh conditions 

thus, giving rise to the problem of relatively low reaction yield due to decomposition of 

the starting material or product [13]. The goal of the new design is to impart a practical 

advantage to the synthetic procedure by mild reaction conditions, including a beneficial 

use of green chemistry. The optimized route using photochemistry as a key step is 

illustrated in Scheme 3.02. The corresponding 3R, 4R monocyclic β-lactam was obtained 

via cyclization, cleavage of the thiazolidine ring, the following deprotection of the lactam 

ring nitrogen [14].  
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Scheme 3.02: Retrosynthesis of monocyclic β-lactam platform. 
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3.2.2   Synthesis of N-protected thiazolidine esters  

The synthetic sequence commenced with the preparation of N-protected thiazolidines 

2 by refluxing L-cysteine in dry acetone to afford corresponding 2,2-dimethylthiazolidine 

hydrochloride salt 1 (Scheme 3.03). As shown below, the reaction may proceed in both 

directions. When water is present, the product will go through hydrolysis to regenerate 

cysteine (L-cys) and acetone [15]. In order to make sure the reaction moves towards the 

products instead of the reactants, the solvent (acetone) was first pre-treated with 

Drierite
TM

. Meanwhile, considering water molecules (which will cause the reaction to 

shift to the left) can also be generated during the process of condensation, 10 mol% 

Drierite
TM

 was used during the reflux. Finally after two hours reflux, the reaction residue 

(compound 1) was collected as white solid after simply filtrating and washing with dry 

acetone. 

L-Cys HCl
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rfx, 2 h
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Cl methods SN
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+ H2O

1

 
 

Scheme 3.03: Synthesis of N-protected thiazolidines. 

 

 

The attachment of a carbonyl protecting group onto the ring nitrogen was the second 

step of the synthesis. In order to study the effect of different N-protecting group on the 

outcome of photochemical reaction (the key step in the synthetic sequence), five different 

analogs (2a-e) were synthesized (Scheme 3.04). Firstly, a formyl group was introduced 
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by mixed-anhydride method to provide the N-protected thiazolidine 2a in 83% yield [16]. 

Next, the amide linkage between tert-butyloxycarbonyl (t-BOC) and amino group in the 

thiazolidine was achieved by acid anhydride condensation via (t-Boc)2O, giving 

compounds 2b in moderate yield (48%) [17]. Since the reaction to introduce t-BOC 

resulted in only moderate yield, a more direct synthetic procedure using tert-

butyloxycarbonyl chloride should be considered in the future optimization procedures. 

Lastly, carboxybenzyl (Cbz), phenoxyacetyl and benzoyl were attached by stirring 2,2-

dimethylthiazolidine-4-carboxylic acid 1 in pyridine with corresponding chloride, giving 

2c, 2d, and 2e in yields of 90%, 63% and 67% respectively [18]. In general, carbamate 

and amide bond formation reactions do not require a strong base, thus pyridine (C5H5N) 

was selected serving both as a solvent and as a base.  

 

 

 

Scheme 3.04. The protection of thiazolidine 1.  
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3.2.3   Synthesis of hydroxamate esters  

Conversion of the carboxylic acid 2 to the hydroxamate esters 9 was performed using 

common procedures widely adopted in peptide chemistry. In order to further study the 

effect of different C-5 ester groups on the photochemistry (the key step of the synthetic 

sequence), a range of O-substituted hydroxylamine were separately prepared (e.g., 5, 8). 

Among them, the preparation of the two most widely studied substrates is illustrated in 

Scheme 3.05 [19]. The preparation of O-benzyl hydroxylamine hydrochloride salt 5 

(H2NOBn, OBHA) was achieved in three steps: Williamson ether synthesis followed by 

hydrazinolysis to provide the primary amine 4, which was later converted into its 

hydrochloride salt 5 by stirring with concentrated hydrochloric acid [20]. This final 

product 5 was kept at a low temperature and was generally stable for several months. 

 
 

 

Scheme 3.05: Synthesis of aminooxy-acetic acid ester 8 and O-benzyl hydroxylamine 5. 

 

 

The preparation of aminooxy-acetic acid benzyl ester 8 involved the substitution of 2-

(aminooxy) acetic acid 6 with benzyl alcohol. The ester intermediate 7 was formed 

through toluene reflux in the presence of a mild acid, i.e., p-toluenesulfonic acid. Similar 

to the condensation of the L-cysteine in dry acetone, because water molecule can be 
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generated as a byproduct, the Dean-Stark apparatus was used for continuous removal of 

newly formed water. The p-toluenesulfonic acid can easily be removed later from the 

stable salt 7 by simply stirring with 5% sodium bicarbonate in dichloromethane at room 

temperature. 

In peptide chemistry, the most commonly used approach to make amides from amines 

typically requires two steps: first, the generation of carbonyl intermediate from the 

carboxylic acid, and then the substitution reaction between this activated intermediate and 

the corresponding amine. In this project, the hydroxamate ester synthesis was performed 

via a similar manner. It was initiated by the utilization of the mixed anhydride method or 

the carbodiimide mediated coupling amidation, which was followed by N-acylation of 

different alkoxyamines (e.g., compounds 4 and 8). The reaction conditions have been 

successfully applied and are as follows. 

Carbodiimide mediated coupling (method A) was used to introduce the OBHA into 

the thiazolidine molecule 2. Specifically, 1-ethyl-3(3-dimethyl amino) propyl 

carbodiimide hydrochloride (EDC salt, a water soluble carbodiimide) was reacted with 

the starting material in a carefully controlled acidic environment (pH 4-5) [21]. This 

carboxyl activated structure was then coupled with the primary amine, i.e., OBHA 4.  

As illustrated in Scheme 3.06, this amine-reactive intermediate 2c’ can easily react 

with OBHA to generate a stable amide bond, forming the final compound 9a. Also, this 

O-acylisourea structure is highly susceptible to potential hydrolysis, making amine-

reactive intermediate 2c’ very unstable in the THF/H2O solution. For this reason, it was 

noted that a longer reaction time did not increase the reaction yield of product 9a. To 
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solve this problem, one more equivalent of EDC was added after 0.5 hour into the 

reaction mixture, however a typical yield for this reaction was only around 50%. 

 

 
 

Scheme 3.06: EDC-mediated synthesis of hydroxamate ester 9a (method A). 

 

Another powerful coupling method was also performed with the use of alkyl 

chloroformate [22]. Activation of the acid starting material 2c with isobutyl 

chloroformate in THF at a low temperature in the presence of N-methylmorpholine 

(NMM) provided corresponding activated mixed anhydride 2c”. As illustrated in Scheme 

3.07, the free amine can be used directly (method B). An alternative approach has also 

been studied by using the ammonium salt, which requires larger amount of base for the 

transformation (method C). The N-hydroxy-acetamide intermediate 9d’ was produced 

upon the addition of hydroxylamine, which was then converted to the hydroxamate ester 

9d by treatment with corresponding chloride in the presence of triethylamine in 
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dichloromethane for 1.5 hours. However, neither method was able to achieve a desired 

result (yields were mostly less than 50%; see Table 3.02). 

 

 

 
 

Scheme 3.07: Preparation of hydroxamate ester via mixed anhydride (method B and C).  

 

The moderate yield in the mixed anhydride method might be due to the 

regioselectivity of the reaction [23]. The mixed anhydride 2c’’ is attacked by the 

nucleophilic amine in which the attack direction highly depends on the electrophilicity 

and the steric substitution surrounding of the two competing carboxyl groups. The 

desired path a, as shown in Scheme 3.08, can generate product 9d together with carbon 

dioxide and tert-butyl alcohol. Following the undesired path b, the acid starting material 

will also be regenerated and this can greatly reduce the reaction yield.  Scheme 3.08 may 

also explain that when making more sterically hindered hydroxamate, the reaction 

outcome was poorest (e.g., Cbz). 
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Scheme 3.08: Regeneration of starting material 2c. 

 

 

3.2.4   Synthesis of hydroxamate esters: the substituents effects  

Conversion of N-protected thiazolidine carboxylic acid 2 to hydroxamate esters 9 was 

achieved by the N-acylation of different alkoxyamines via method A-C. The results are 

summarized in Table 3.01. When R is benzyl, the highest yield resulted from the reaction 

with the least hindered group (71%, H2NOMe in entry 13). In comparison, a more 

hindered substrate can only generate compound with moderate yields (51%, 

H2NOCH2CO2Bn in entry 11 and 50%, H2NOBn in entry 12). It was also found that 

when the HOBt and NHS esters of acid 2 were used, multiple products of similar 

polarities resulted and the purified yields were less than 30%. Additionally, methyl esters 

9d were made as a standard control for photochemistry. Simple refluxing of compound 2 

for 16 hours, in presence of anhydrous potassium carbonate and acetone, with excess 

amount of methyl iodide, provided methyl ester 9d in good yield (80% in entry 4) [24]. 
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Table 3.01: Synthesis of hydroxamate esters 9. 

 

 

entry R R’ reaction conditions compd yield (%) 

1 PhCH2O Bn H2NOBn·HCl, method A 9a 55 

2 PhCH2O CH2CO2Bn H2NOR’, method B 9b 45 

3 PhCH2O Bz BzCl, method C 9c 18 

4 PhCH2O Me MeI, K2CO3 9d 80 

5 H Bn H2NOBn·HCl,  method A 9e 45 

6 
t
BuO Bz  BzCl method C 9f 14 

7 
t
BuO Ac  AcCl,  method C 9g 38 

8 
t
BuO CH2CO2Bn H2NOR’, method B 9h 42 

9 PhOCH2 Ac AcCl,  method C 9i 10 

10 PhOCH2 CH2CO2
t
Bu H2NOR’, method B 9j 30 

11 Ph CH2CO2Bn H2NOR’, method B 9k 51 

12 Ph Bn H2NOR’, method B 9l 50 

13 Ph Me H2NOMe·HCl,  method A 9m 71 
 

     Method A: EDC mediated coupling method (Scheme 3.06) 

     Method B and C: mixed anhydride method (Scheme 3.07) 

 

 

3.2.5   Photo-oxidation of thiazolidine esters 9 

Pummerer rearrangement has been widely studied and its mechanism is illustrated in 

Scheme 3.09 [25]. Adopting a similar mechanism, the photooxidation of 3-acyl-2,2-

dimethyl-4-substituted thiazolidine derivatives was first discovered by Takata et al. [26], 

which can provide C-5 hydroxy derivative in excellent yield (Scheme 3.10). However, 

comparing with Pummerer rearrangement, no activating agent such as a mineral acid is 

required.     
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Scheme 3.09: The mechanism of Pummerer rearrangement: phenylsulfinyl acetic can 

generate α-hydroxyl sulfide when heating with mineral acid (e.g., sulfuric acid). This α-

substituted sulfide can then be easily hydrolyzed to form the thiol (thiophenol) and carbonyl 

compound (glycoxylic acid). 

 

 

Scheme 3.10: The photo-oxidation key step, the modified mechanism: C-5 H was extracted 

by the oxygen in persulfoxide of intermediate 9’. 
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In an aprotic solvent at low temperature, the persulfoxide 9’ was generated during the 

first step. The resulting persulfoxide 9’ (S-O-O
-
) then underwent a Pummerer type 

rearrangement to yield 10’. Initiated by treatment with excess amount of dimethyl sulfide, 

the cleavage of hydroperoxide bond leads to quantitative generation of C-5 oxidized 

thiazolidine 10 and dimethylsulfoxide. Of note, the sulfone or sulfoxide (byproducts) can 

also be generated through S-oxidation [27]. 

Herein, this unique photochemical approach, i.e., the photo-oxidation, was chosen as 

the key step of the synthetic sequence to make the β-lactam ring. During the reaction 

performance, tetraphenylporphyrin (TPP) was employed as the sensitizer to irradiate the 

ground state of oxygen to singlet oxygen at a low temperature. The effects of 

temperature, lamp, and substitutions were also been tested and discussed in the following 

sections [28]. 

 

3.2.6   Photo-oxidation: the reaction setup 

The reaction setup is illustrated in Figure 3.03. The photo-oxidation to produce the 

C-5 oxidized thiazolidine products was performed using a 250 or 500 watt halogen 

portable bulb and photosensitizer at a low temperature. The most important consideration 

is how to sufficiently maintain the reaction solution at a low temperature. This is because 

the stability of singlet oxygen at room temperature is poor and a high temperature can 

also cause the decomposition of the starting material compound 9, resulting in more 

impurities and low yield. In addition, a 250 watt halogen bulb can generate a lot of heat. 

If coolant circulating system is not utilized, the solution temperature can reach 70 ºC, 

resulting a quickly loss of reaction solvent. Generally, in the first part of the procedure, 
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iced water or chilled acetone was circulating through the jacketed beaker, and the 

reaction progress was carefully monitored by TLC 

 

 

 

Figure 3.03: Set up for photo-oxidation reaction.  

 

 

On TLC plate, spot having hydroxamate molecules stained brown by FeCl3 after 

heating. Research has shown that most substrates (see Table 3.02) require 1.5 to 2 hours 

to have quantitative conversion of the starting material 9 into the hydroperoxide 9’ [29]. 

However, due to the high similarity in the structures’ polarity, hydroperoxide 

intermediates 9’ (or 10’) and starting materials 9 are too close to each other on TLC. In 

order to confirm the full conversion from starting material 9 into hydroperoxide 9’ (or 

10’), a co-spotting was performed with a trace amount of Me2S in the reaction mixture 

co-spotting on the same lane of the TLC plate. By doing so, hydroperoxide 10’ can 

quantitatively convert to chemically stable C-5 hydroxy product 10 with a lower Rf value. 
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In the second part of the procedure, Me2S was added after the complete disappearance of 

the starting material, the reaction solution was then left stirring at room temperature. 

   

3.2.7   Photo-oxidation: the influence of solvent   

Various aprotic solvents were studied. This is because protic solvents might be 

possible to extract the proton at C-5 position and therefore mainly form the sulfoxide 

(conversion of hydroperoxide 9’ to 9’’’, Scheme 3.10). Among all solvents tested as 

shown in Scheme 3.11, THF gave product at least 20% higher than MeCN and PhH after 

column purification. Interestingly, the study also showed temperatures lower than 0 ºC 

may not be required in the transformation. When the experiment was performed in p-

dioxane (mp 11.8 ºC), the product 10a was generated in 56% yield. In this case, instead 

of circulating cold acetone (< -10 ºC), the reaction solution was chilled by cold water and 

the temperature was just above 12 ºC. 

 

 

 

solvent of choice yield (%) 

THF 59 

PhH 37 

MeCN 35 

p-dioxane
*
 56 

           * reaction temperature is above 12 ºC 

 

Scheme 3.11: The effect of the solvent on photochemistry. 
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3.2.8   Photo-oxidation: the influence of reaction substrate 

As described in section 3.2.5, various analogues with different R and R’ groups were 

examined. The effect of R’ was negligible in the reaction yield; however, it was noted 

that less hindered R substituents gave rise to the corresponding product at a higher yield. 

In many instances (Table 3.02), the yields after purification were above 60% with the 

highest observed for thiazolidines consistently having an N-benzoyl protecting group 

(entry 8-9). Generally, the reaction scales ranged from 0.4 to 2.0 g with a slight to 

moderate decrease in the resulting yields. When greater than 1.0 g of hydroxamate ester 9 

was used, a decrease in reaction yield was observed which might be due to the 

insufficient cooling in upper part of the solution. 

Table 3.02: Photo-oxidation of thiazolidine hydroxamate esters 9. 

 

 
 

entry R R’ compd yield (%) 

1 H Bn 10a 59 

2 PhCH2O Bn 10b 65 

3 PhCH2O Me 10c 42 

4 PhCH2O CH2CO2Bn 10d 53 

5 
t
BuO CH2CO2Bn 10e 58-73 

6 PhOCH2 Ac 10f 44 

7 PhOCH2 CH2CO2
t
Bu 10g 60-68 

8 Ph CH2CO2Bn 10h 67-84 

9 Ph Bn 10i 68-73 

10 Ph Me 10j 80 

 

The optimized reaction concentration was around 0.05 M. It was noticed that a higher 

concentration can generate more impurities. Additionally, in order to maintain this 
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optimized concentration (0.05 M), when more anhydrous THF is needed, the volume of 

currently used jacked beaker (100 mL) became a major limitation of the present setup as 

shown in Figure 3.03.  

Interestingly the hydroperoxide is very stable at room temperature. Only adding Me2S 

can generate the rearranged product 10. Trace amount of impurities were also detected: 

the two very polar spots (Rf < 0.05, not stain browned by FeCl3) were formed before 

adding dimethylsulfide. In the first part of procedure, when the reaction time lengthens, 

the two impurities spots started to gather over time. As illustrated in Scheme 3.10, these 

two byproducts might be the sulfoxide and sulfone. The slow formation of these 

impurities may explain why the yields of product 10 were always less than 80%.   

 

3.2.9   Photo-oxidation: the influence of ring platform 

Different scaffolds (Scheme 3.12) were also been attempted. The first example has R 

as a phenyl (12a, 12b) and the second example has a benzyl group (12c). The 4,5-

dihydrothiazole ring was synthesized via methanol refluxing of L-cysteine in the presence 

of TEA, followed by creation of carboxylic hydroxamate ester 12. However, the 

photochemistry step was not able to generate the corresponding C-5 hydroxy product. 

The first part of the reaction was very slow and no further change was observed on TLC 

after adding Me2S. As further illustrated in Scheme 3.12, it is believed that the desired 

proton extraction step can not occur on both imidazole analogues, because oxygen in 

persulfoxide and nitrogen in imidazole are both good proton acceptors. As a result, the 

key intermediate 11’’’ can not be generated thus will not undergo Pummerer type 

rearrangement. Interestingly, the unique property of azole structure also play an 

important role in biological structure and function. Azole structure as proton acceptor can 
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be found at several enzymes’ active site. For example, the lead compound molecule form 

a hydrogen-bonded pair through the (azole) N···H···O (hydroxy) interaction (Figure 

4.02, Chapter 4). 

 

 

 
 

Scheme 3.12:  The photochemistry attempts on compounds 12a-c. 

 

3.2.10   Photo-oxidation: the application of green chemistry  

During the course of this work, even though using a reduced amount (e.g., 0.1 equiv) 

of sensitizer, chromatography purification was still a problem. In the case of 
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tetraphenylporphyrin (TPP), which proved very difficult to remove from the product 

because of its extremely low polarity. It was hypothesized that by using the resin bound 

sensitizer [31], the sensitizer can be more easily removed from the reaction solution 

through simple filtration. This process is adopted widely in solid-phase peptide 

chemistry.  

The synthetic route involves ether bond formation between the chloride of the 

Merrifield resin, and the hydroxyl group of the sensitizer. Listed in Scheme 3.13 are the 

designed structures that have been included in the study. The Merrifield resin-bound rose 

bengal, methylene blue, and fluorescein were simply obtained by heating the resin and 

photosensitizer in DMF at 80 °C. The final product was simply washed by methanol to 

provide clean particles in unique color, e.g., Merrifield resin bound acid red as a red 

solid, Merrifield resin bound methylene blue as a blue solid, and Merrifield resin bound 

fluorescein as a yellow solid.  

 

 

Scheme 3.13: Synthesis of the resin-bound sensitizers. 
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Merrifield resin bound tetraphenylporphyrin was also prepared. The TPP was made 

by refluxing benzaldehyde and pyrrole in propanoic acid for one hour followed by cold 

filtration with a methanol wash. The synthetic sequence was completed by Dr. Long. 

Illustrated as retrosynthesis in Scheme 3.14, nitration was continually performed by 

directly adding concentrated nitric acid, followed by reduction and N-alkylation of the 

resin.  

 

 

Scheme 3.14: Retrosynthesis of the resin-bound tetraphenylporphyrin. 

 

It is expected that the designed resin bound sensitizer should to be stable and very 

easy to remove. Using compound 9e as starting material and resin bounded 

tetraphenylporphyrin as sensitizer, the photochemistry was performed by the same 

procedure (Table 3.03). The resin bound sensitizer can be removed easily by simple 

filtration before the following column purification. Using the reaction of compound 9e 

with unbound TPP as a control, a small increase in reaction outcome was observed (63% 

in entry 2). This might be due to the easier purification procedure compared to the 



 

   83 

original design. This application has also been tested in other form of sensitizers (i.e., 

resin bound rose bengal  and resin bound methylene blue), providing the corresponding 

product in good yield (59% in entry 3, 53% in entry 4). 

Table 3.03: Photo-oxidation with resin attached sensitizer. 
 

 
 

entry R R’ sensitizer solvent compd yield (%) 

1 H Bn TPP THF 10a 59 

2 H Bn TPP resin THF 10a 63 

3 H Bn MB resin MeCN 10a 59 

4 H Bn RB resin THF 10a 53 

5 
t
BuO Bz TPP resin THF 10k 33 

 

 

3.2.11   An alternative approach: the oxidation with benzoyl peroxide (BPO) 

An alternative method that utilized benzoyl peroxide was also studied. The reaction 

was performed by refluxing hydroxamate ester 9c with (PhCO2)2 in toluene [32]. 

Afterwards, the benzoyl ester 13 was deprotected by basic hydrolysis. However the 

complicated purification limited its further use and the overall yield of two-steps 

synthesis was only 35% (not higher than the photochemistry, Scheme 3.15). Thus, the 

photo-oxidation approach was preferred in the synthetic route design. 

 

Scheme 3.15: Reaction of hydroxamate ester with benzoyl peroxide. 
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Table 3.04: The cyclization reaction 

 

 
 

entry R R’ compd yield 

1 PhCH2O Bn 14a 58 

2 PhCH2O Bz 14b 49 

3 PhCH2O CH2CO2Bn 14c 48 

4 H Bn 14d 36 

5 
t
BuO Bz 14e 25 

6 
t
BuO CH2CO2Bn 14f 45 

7 PhOCH2 CH2CO2
t
Bu 14g 46 

8 Ph CH2CO2Bn 14h 42 

9 Ph Bn 14i 41 

10 Ph Me 14j 51 

3.2.12   Cyclization of thiohemiacetals 10 

The key ring-forming step was 

easily accomplished by combining 

MsCl, Et3N and C-5 hydroxy 

thiazolidine 10 in DCM and left 

overnight in a -20 °C freezer [33]. 

Yields obtained by this method were 

in the range of 25-58%. 

Interestingly, for the cyclization of 

O-methyl lactam 14j, the reaction 

was complete in less than 10 min at 0 

°C while several hours were needed 

for the more sterically hindered O-

benzyl analogue 14i (Table 3.04). 

The low yield of many substrates 

was attributed to the formation of byproducts and decomposition of the lactam ring 

during the chromatography purification. Evidence for this was that the crude 
1
H NMR 

spectrum contained only trace amounts of impurities prior to silica gel purification. 

Methods to introduce other leaving groups (X = Br, Cl, etc.) have also been studied, 

including Mitsunobu esterification procedure initiated with diisopropyl azodicarboxylate 

(DIAD) and triphenylphosphine (PPh3) [34], and phosphorus tribromide (PBr3) mediated 

bromination [35]. As summarized in Table 3.05, however, the only successful reaction 

was performed by using MsCl and TEA. Since the hydroxamate ester anions (pKa < 10) 
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are more basic than typical amides (pKa > 20). A weak base, i.e., TEA, was sufficient to 

facilitate the ring closure. 

 

Table 3.05:  Intramolecular cyclization of thiohemiacetal 10g. 

 

 

   
 

 

entry conditions results 

1 MsCl, TEA, DCM, -20 °C 46% product 

2 PBr3, DCM,  0 °C to rt S.M. 

decomposed 3 PBr3, K2CO3, DCM, 0 °C to rt poor yield 

4 PBr3, pyridine, 0 °C to rt S.M. 

decomposed 5 PPh3, DIAD, MeCN, 0 °C to rt S.M. 

decomposed 6 PPh3, I2, imidazole, DCM, rt many spots 

7 PPh3, Br2, MeCN no reaction 

8 PPh3, TEA, CCl4 no reaction 

 

 

3.2.13   Synthesis of N-alkoxy monocyclic β-lactams 15a 

The thiazolidine ring cleavage was the next step. The product 15a was efficiently 

formed by direct reaction with methoxycarbonylsulfenyl chloride (ScmCl), which has 

been previously used in peptide chemistry to cleave the thiazolidine ring of the parent 

compounds [36]. During the reaction, AcOH was chosen as reaction solvent, DMF was 

used as a cosolvent to solubilize the starting material, water was introduced since it can 

promote the hydrolysis of enamine intermediate back to acetone, and NaOAc was used as 

a chloride ion scavenger. However, the original procedure provide very slow yield. 
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Finally, when co-administered with a stronger acid catalyst (i.e., TFA), the monocyclic β-

lactam 15a was formed after 1.5 hours in higher yield (70%) (Table 3.06).  

 

Table 3.06: Solvent effect on ring cleavage. 

 

 

 
entry AcOH DMF H2O TFA yield (%) 

1 12 2 1 1 34.1 

2 0 2 1 10 trace 

3 12 2 0 1 70.0 

 

It is believed during the reaction, due to the large dipole moment of 

methoxycarbonylsulfenyl chloride (ScmCl), the protonation is expected to be difficult. It 

is believed that the TFA can both accelerated this process and promoted hydrolysis of 

enamine intermediate as resulting in significantly increase the reaction yield (Scheme 

3.16).  

 
 

Scheme 3.16: Mechanism of thiazolidine cleavage. 
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3.2.14   Thiazolidine cleavage and N-deprotection  

The cleavage of the benzyloxy group was attempt next on compound 16. However, in 

model reactions, many reducing agents (e.g., LAH; NaBH4; Zn dust; SmI2 [37]) were 

found to be too harsh for the N-1/C-4 bond of the β-lactam nucleus (Table 3.07). 

 

Table 3.07: Cleavage of thiazolidine ring. 

 

 

 

 

 
 

 

 

     

    * 15c, 15d were obtained without adding TFA 

 

As shown in Table 3.08, the screening of milder reaction conditions were continued 

on bicyclic analogues 14d and 14i, including acid hydrolysis (entry 1-3), 

palladium/carbon catalyzed reduction (entry 4) and reduction in liquid ammonia with 

alkali-metal (entry 5). None of tested reactions resulted in desirable product, which may 

have been due to instability of the starting material. 

 

 

 

 

entry R R’ compd yield (%) 

1 Ph CH2CO2Bn 15a 49-55 

2 Ph Bn 15b 47-65 

3 PhCH2O Bn 15c
*
 32 

4 
t
BuO CH2CO2Bn 15d

*
 38 
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Table 3.08: Unsuccessful cleavage reactions. 
 
 

 
 

entry starting material reaction condition results 

1 
 

N S

N
O

O

O

H

14d

Bn

 

 

Clay, MeOH 

 

rt/reflux 

24 h 
no change on TLC 

2 
 

1N HCl, MeOH 

 

reflux 

1h 
S.M. all decomposed 

3 
 

1N HCl, AcOH 

 

reflux  

0.1h 
S.M. all decomposed 

4 N S

N
O

O

O
Bn

Ph

15i  

Pd/C, MeOH, H2 

rt 

3h 

one new more polar spot no more S.M., 

(
1
H NMR: still showing 2 CH3 groups) 

5 
1) Na, anh. NH3 

2) NH4Cl 

-40 °C 

0.25 h 

no more S.M.  

(1
H NMR: not correct) 

 

Assuming that the synthetic sequence required the removal of the alkoxy group 

before the ring conversion, the N-O bond cleavage was initially conducted via SmI2-

mediated reaction [38]. Upon ring opening with ScmCl, the N-protio monocyclic β-

lactam 16 possessing the cis-configured azetidinone nucleus of penicillins and 

cephalosporins was obtained (Scheme 3.17).  

 
 

Scheme 3.17: Synthesis of monocyclic β-lactams 16. 

 
As illustrated in Scheme 3.18, one more reaction using inorganic salt was attempted. 

Mercury salts were screened to cleave the thiazolidine ring [39]. When Hg(OAc)2 was 
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used,  the first part of the reaction produced nice white solid with 55% yield. This 

mercury salt intermediate 9a directly reacted with acetyl chloride after simple filtration. 

The resulting S-acetyl final product 19 has a diagnostic CH3 peak found in the 
1
H NMR 

graph. However, the overall yield of this two-steps sequence was very poor and was not 

continued in this study. 

 

 
 

 

Scheme 3.18: Cleavage reaction using Hg(OAc)2. 

 

3.2.15   Other studies 

Alternatively, the synthetic sequence on a different scaffold (i.e., 2-tert-butyl-

thiazolidine) was attempted. As illustrated in Scheme 3.19, through condensation and 

protection on the thiazolidine nitrogen atom, EDC coupling followed. The resulting 

hydroxamate ester 22 later went through photo-oxidation or BPO oxidation; however this 

approach proved to have a lower yield compared with 2,2-dimethyl thiazolidines and thus 

was not continued.  

 

 

Scheme 3.19: Preparation of bicyclic 2-tert-butyl-thiazolidine 24. 
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Scheme 3.19 (con.) 

 
 

 
 

 

3.3 Conclusion and Future Directions 

In summary, a new method to synthesize β-lactams, 

using photochemistry as one of the key steps in the final 

stages of the synthetic sequence, was developed.  

The stereoselective introduction of hydroxyl group at C-

5 by photooxidation enables an alternative approach to 

formation of the azetidinone ring. It was found the 

thiazolidine starting material react readily with singlet 

oxygen (generated in the presence of 0.1 equiv of 

tetraphenylporphyrin with the help of 250 Watt halogen lamp at 12 °C). However for the 

first time it was discovered a temperature lower than -10 °C was not required. During the 

photooxidation a practical study of resin-bound sensitizer was also examined, which may 

offer advantages in ease of silica gel chromatography purification. Other interests in this 
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study include the direct usage of sunlight as light source, which should have no limitation 

on the solution volume for photo-oxidation. 

Subsequent cyclization of C-5 hydroxy thiazolidine 10 to bicyclic β-lactams was 

found to be clean and facile. Although mild conditions (i.e., TEA, MsCl) would facilitate 

the ring closure of the the hydroxamate ester, the stability of the constrained rings likely 

had an adverse effect on the isolated yields. Evidence for this was observed during the 

efforts to deprotect lactam 14 which frequently resulted in regeneration of the starting 

material (i.e., hydroxamate 9).  

Cleavage of the thiazolidine ring was achieved by using methoxycarbonylsulfenyl 

chloride. It was found the addition of a stronger acid catalyst can increase the yield from 

35% to 70%. Lastly, the removal of the N-alkoxy group prior to thiazolidine ring 

cleavage successfully afforded the N-protio monocyclic β-lactam, which is capable of 

further elaboration into biologically active antibacterials (Figure 3.04) (e.g., oxamazins 

[40]). Additional work will also include the activity test of the synthesized compounds in 

the future. 

 

3.4   Experimental 

In general, reagents and solvents were used as purchased without further purification. 

Reaction products were purified by column chromatography on silica gel (60-100 mesh) 

and visualized by UV on TLC plates (silica gel 60 F254). Methoxycarbonylsulfenyl 

chloride was purchased from Oakwood Products, Inc (West Columbia, SC) and SmI2 

(0.7-0.12 M in THF; lot # K22W038) was obtained from Alfa Aesar (Ward Hill, MA). 

Melting points were determined with a melting point apparatus and were left uncorrected.
 

Optical rotations were recorded on a Bellingham & Stanley Digital Polarimeter ADP220 
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with the values given in 10
-1

 deg cm
2
 g

-1
. Mass spectrometry was performed by 

electrospray ionization (ESI). 
1
H and 

13
C NMR spectra were recorded on a Varian Inova 

500 MHz spectrometer. Chemical shifts were expressed in δ (ppm) values with 

tetramethylsilane or residual solvent (e.g., CHCl3 or DMSO) as an internal standard. 

Abbreviations used in the description of resonances are as follow: s (singlet); d (doublet); 

t (triplet); q (quartet); qnt (quintet); sxt (sextet); spt (septet); oct (octet), m (multiplet); 

app (apparent); bs (broad singlet), bm (broad multiplet). The designation “ABq” for a 
1
H 

NMR peak indicates that a peak was one partner of an AB quartet; if additional splitting 

was observed, they are noted after the ABq designation (e.g., ABqd). Copies of NMR 

spectra may be found in APPENDIX B. 

 

Synthesis of (R)-2,2-dimethylthiazolidine-4-carboxylic acid (1): Acetone (150 mL) 

was firstly dried over Drierite™ (1.5 g), and was refluxed for 1 hour and distilled. The L-

cysteine HCl (5.05 g) was then refluxed in this pre-treated acetone for two hours under 

nitrogen, the product was collected by simple filtration. Yield: 63%; white solid, mp 165-

167 °C.  

 

Synthesis of N-benzyl-2,2-dimethyl thiazolidine-4-carboxylic acid (2e): Benzoyl 

chloride (3.93 g, 28 mmol) was slowly added into a pyridine solution (30 mL) of (R)-2,2-

dimethylthiazolidine-4-carboxylic acid (5.5 g, 28 mmol). The reaction mixture was then 

stirred overnight. After that, the solvent was concentrated and was redissolved in EtOAc. 

This organic layer was washed four times with 0.5 N HCl, dried over Na2SO4. The white 

solid was finally triturated in a 1:1 solution of hexanes:EtOAc to provide the N-benzyl-

2,2-dimethyl thiazolidine-4-carboxylic acid 2e. Yield: 67%; white solid, mp 181-183 °C; 
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TLC (SiO2) Rf 0.37 (9:1 DCM:MeOH); 
1
H NMR (500 MHz, DMSO-d6) δ 7.74-7.34 (m, 

5H), 4.72 (bs, 1H), 3.48 (dd, 1H, J = 12.0, 6.5 Hz), 3.13 (dd, J = 12.0, 5.0 Hz), 1.94-1.92 

(m, 6H).; 
13

C NMR (125 MHz, DMSO-d6) δ 172.1, 169.1, 142.34, 142.33, 129.6, 128.8, 

126.3, 72.8, 67.7, 31.2, 29.7, 28.3. 

 

Preparation of thiazolidine hydroxamate esters (9); general procedure. Thiazolidine 

carboxylate 2 (26 mmol) and N-methylmorpholine (3.17 mL, 28.6 mmol) were combined 

in anhydrous THF (105 mL) when the temperature was maintained at 0 °C. Isobutyl 

chloroformate (3.39 mL, 26 mmol) was added and the cloudy solution was stirred at 0 ºC 

for 0.5 hours. A THF solution of alkoxyamine (25 mmol, 5 mL) was next added slowly 

over a 5 minutes period. The reaction flask was sealed and left in a -20 °C freezer 

overnight. After warming to room temperature, the reaction solution was t filtered, 

evaporated, redissolved in EtOAc, and then, the organic layer was dried over MgSO4, 

filtered, and evaporated. The hydroxamate ester 9 was separated by flash chromatography 

on silica gel using a 6-50% gradient of EtOAc in hexanes. 

(R)-Benzyl 4-((2-(benzyloxy)-2-oxoethoxy)carbamoyl)-2,2-dimethylthiazolidine-3-

carboxylate (9b): Yield: 45%; colorless oil; TLC (SiO2) Rf 0.17 (4:1 hexanes:EtOAc); 

1
H NMR (500 MHz, CDCl3) δ 9.78 (s, 1H), 7.36-7.30 (m, 10H), 5.21-5.09 (m, 4H), 4.83 

(s, 1H), 4.47 (s, 2H), 3.24 (s, 2H), 1.89 (s, 3H), 1.77 (s, 3H). 

(R)-N-(Benzyloxy)-3-formyl-2,2-dimethylthiazolidine-4-carboxamide (9e): Yield: 

43%; white solid, mp 130-132 ºC; TLC (SiO2) Rf 0.25 (2:1 hexanes:EtOAc); []
26

D: -96 

(c 1, CHCl3); 
1
H NMR (500 MHz, CDCl3) δ 10.07 (s, 1H), 8.17 (s, 1H), 7.42-7.40 (m, 

2H), 7.36-7.33 (m, 3H), 4.90 (s, 2H), 4.77 (t, 1H, J = 6.0 Hz), 3.48 (dd, 1H, J = 12.5, 5.0 

Hz), 3.16 (dd, 1H, J = 12.5, 7.5 Hz), 1.77 (s, 3H), 1.73 (s, 3H); 
13

C NMR (125 MHz, 
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CDCl3) δ 185.2, 167.0, 159.8, 135.1, 129.2, 128.5, 128.4, 77.9, 70.5, 60.9, 31.3, 30.1, 

29.8. 

(R)-tert-Butyl 4-(((benzyloxy)carbonyl)methoxycarbamoyl)-2,2-dimethylthiazoli-

dine-3-carboxylate (9h): Yield: 61%; colorless oil; TLC (SiO2) Rf 0.55 (1:1 

hexanes:EtOAc); 
1
H NMR (500 MHz, CDCl3) δ 7.39-7.33 (m, 5H), 5.22 and 5.16 (ABq, 

2H, Δv = 31.5 Hz, J = 12.5 Hz), 4.73 (bs, 1H), 4.55 and 4.49 (ABq, 2H, Δv = 22.0 Hz, J 

= 17.5 Hz), 3.21 (s, 2H), 2.35 (s, 1H), 1.87-1.74 (m, 6H), 1.46 (s, 9H).  

(R)-tert-Butyl 2-((2,2-dimethyl-3-(2-phenoxyacetyl)thiazolidine-4-carboxamido)oxy)-

acetate (9i): Yield: 30%; pale solid, mp 128-130 ºC; TLC (SiO2) Rf 0.32 (2:1 

hexanes:EtOAc); 
1
H NMR (500 MHz, CDCl3) δ 7.28-7.25 (m, 2H), 6.98 (t, 1H, J = 7.5 

Hz), 6.91 (d, 2H, J = 7.5 Hz), 4.95 (s, 1H), 4.62-4.53 (m, 2H), 4.35 and 4.26 (ABq, 2H, 

Δv = 45.5 Hz, J = 16.5 Hz), 3.30-3.24 (m, 2H), 1.99 (s, 3H), 1.83 (s, 3H), 1.46 (s, 9H); 

13
C NMR (125 MHz, CDCl3) δ 168.7, 167.9, 166.5, 157.5, 129.7, 121.9, 114.6, 83.2, 

74.9, 72.4, 68.9, 65.2, 32.6, 28.5, 28.1, 27.4. 

(R)-Benzyl 2-((3-benzoyl-2,2-dimethylthiazolidine-4-carboxamido)oxy)acetate (9k): 

Yield: 51%; colorless oil; TLC (SiO2) Rf 0.32 (1:1 hexanes:EtOAc); []
26

D: -54 (c 1, 

CHCl3); 
1
H NMR (500 MHz, CDCl3) δ 9.65 (s, 1H), 7.38-7.25 (m, 10H), 5.19 (m, 3H), 

4.70 (s, 1H), 4.41 (m, 1H), 4.27 (m, 1H), 3.17 ( s, 2H), 1.98-1.86 (m, 6H); 
13

C NMR (125 

MHz, CDCl3) δ 171.1, 169.3, 167.9, 137.6, 134.7, 129.6, 128.8, 128.7, 128.6, 128.5, 

126.1, 73.8, 72.1, 67.1, 60.3, 31.4, 29.6. 

(R)-3-Benzoyl-N-(benzyloxy)-2,2-dimethylthiazolidine-4-carboxamide (9l): Yield: 

51%; colorless oil; TLC (SiO2) Rf 0.68 (1:1 hexanes:EtOAc); []
27

D: -112 (c 1, CHCl3); 

1
H NMR (500 MHz, DMSO-d6) δ 11.04 (s, 1H), 7.46-7.27 (m, 10H), 4.60 (d, 2H, J = 
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10.0 Hz), 4.40 (d, 1H, J = 10.0 Hz), 3.36 (s, 2H), 1.96-1.90 (m, 6H); 
13

C NMR (125 

MHz, DMSO-d6) δ 169.1, 167.1, 142.3, 138.8, 136.0, 129.6, 129.4, 128.9, 128.8, 128.7, 

126.7, 77.3, 66.4, 60.2, 32.3, 28.9. 

(R)-3-Benzoyl-N-methoxy-2,2-dimethylthiazolidine-4-carboxamide (9m): Yield: 

70%; pale solid, mp 165-169 ºC; TLC (SiO2) Rf 0.31 (1:1 hexanes:EtOAc); []
26

D: -132 

(c 1, CHCl3); 
1
H NMR (500 MHz, CDCl3) δ 10.38 (s, 1H), 7.34-7.27 (m, 5H), 4.59 (bs, 

1H), 3.26 (s, 3H), 3.03 (m, 2H), 2.02-1.87 (m, 6H); 
13

C NMR (125 MHz, CDCl3) δ 170.1, 

167.6, 137.6, 129.7, 128.5, 126.5, 66.4, 63.8, 60.5, 32.1, 28.3. 

 

Photo-oxidation of thiazolidines 9; general procedure. To a 500 mL jacketed beaker 

equipped with a circulating -10 - 0 ºC bath was added tetraphenylporphyrin (17 mg, 28 

mol) and hydroxamate ester 9 (2.8 mmol) in anhydrous THF (55 mL). A 500 W halogen 

lamp was illuminated approximately one inch above the beaker for 1.5 h while a stream 

of purified oxygen was bubbled into the solution. Methyl sulfide (520 L, 7.0 mmol) was 

next added and the solution was left at room temperature until conversion to the 

thiohemiacetal was complete (2-3 h). The mixture was then concentrated and the crude 

oil was purified by silica gel chromatography on silica gel using a 10-70% gradient of 

EtOAc in hexanes to provide the product 10. 

(4R,5S)-N-(Benzyloxy)-3-formyl-5-hydroxy-2,2-dimethylthiazolidine-4-carboxamide 

(10a): Yield: 48%; white solid, mp 68-70 ºC; TLC (SiO2) Rf 0.42 (1:1 hexanes:EtOAc); 

[]
26

D: -84 (c 1, CHCl3); 
1
H NMR (500 MHz,CD3OD) δ 8.49 (s, 1H), 7.46-7.44 (m, 2H), 

7.40-7.36 (m, 3H), 5.49 (s, 1H), 4.95 (s, 1H), 4.86 (s, 2H), 1.97 (s, 3H), 1.86 (s, 3H); 
13

C 

NMR (125 MHz, CD3OD) δ 181.6, 161.5, 135.3, 129.2, 128.3, 128.1, 79.3, 77.5, 71.1, 

70.3, 30.2, 29.3. 
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(4R,5S)-Benzyl 4-((2-(benzyloxy)-2-oxoethoxy)carbamoyl)-5-hydroxy-2,2-dimethyl-

thiazolidine-3-carboxylate (10d): Yield: 53%; pale oil; TLC (SiO2) Rf 0.23 (2:1 

hexanes:EtOAc); 
1
H NMR (500 MHz, CDCl3) δ 9.95 (s, 1H), 7.36-7.27 (m, 10H), 5.54 

(s, 1H), 5.16 (s, 4H), 5.03 (s, 1H), 4.52 (s, 1H), 4.37 (s, 2H), 1.95 (s, 3H), 1.90 (s, 3H). 

 (4R,5S)-tert-Butyl 4-(((benzyloxy)carbonyl)methoxycarbamoyl)-5-hydroxy-2,2-di-

methylthiazolidine-3-carboxylate (10e): Yield: 58-73%; pale oil; TLC (SiO2) Rf 0.46 

(3:1 hexanes:EtOAc); 
1
H NMR (500 MHz, CDCl3) δ 7.36-7.33 (m, 5H), 5.55 (bs, 1H), 

5.22 and 5.15 (ABq, 2H, Δv = 30.0 Hz, J = 12.5 Hz), 4.93 (bs, 1H), 4.52 (s, 2H), 1.96 (s, 

3H), 1.82 (s, 3H), 1.48 (s, 9H); 
13

C NMR (125 MHz, CDCl3) δ 169.4, 167.1, 149.9, 

134.7, 128.7, 128.4, 82.0, 74.4, 72.2, 67.1, 55.3, 33.2, 28.3. 

(4R,5S)-N-Acetoxy-5-hydroxy-2,2-dimethyl-3-(2-phenoxyacetyl)thiazolidine-4-car-

boxamide (10f): Yield: 44%; colorless oil; TLC (SiO2) Rf 0.24 (1:1 hexanes:EtOAc); 
1
H 

NMR (500 MHz, CDCl3) δ 7.26-7.20 (m, 2H), 6.94-6.87 (m, 3H), 5.57 (s, 1H), 5.02 (s, 

1H), 4.50 (s, 2H), 2.10 (s, 3H), 1.99 (s, 3H), 1.92 (s, 3H); 
13

C NMR (125 MHz, CDCl3) δ 

168.5, 167.7, 165.5, 157.5, 129.6, 121.9, 114.9, 79.6, 76.4, 72.2, 67.4, 32.1, 27.8, 18.0, 

14.2. 

tert-Butyl 2-(((4R,5S)-5-hydroxy-2,2-dimethyl-3-(2-phenoxyacetyl)thiazolidine-4-

car-boxamido)oxy)-acetate (10g): Yield: 60-68%; pale oil; TLC (SiO2) Rf 0.30 (1:1 

hexanes:EtOAc); 
1
H NMR (500 MHz, CDCl3) δ 10.17 (s, 1H), 7.28-7.24 (m, 2H), 6.96 (t, 

1H, J = 7.5 Hz), 6.90 (d, 2H, J = 7.5 Hz), 5.61 (s, 1H), 5.01 (s, 1H), 4.59 and 4.31 (ABq, 

2H, Δv = 40.0 Hz, J = 13.0 Hz), 4.34-4.26 (m, 2H), 2.05 (s, 3H), 1.96 (s, 3H), 1.44 (s, 

9H); 
13

C NMR (125MHz, CDCl3) δ 168.7, 167.0, 166.2, 157.5, 129.7, 121.9, 114.7, 83.3, 

79.5, 76.9, 76.5, 72.6, 68.6, 32.0, 28.0. 
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Benzyl 2-(((4R,5S)-3-benzoyl-5-hydroxy-2,2-dimethylthiazolidine-4 carboxamido)-

oxy)acetate (10h): Yield: 67-84%; pale solid, mp 170-172 °C; TLC (SiO2) Rf 0.13 (1:1 

hexanes:EtOAc); 
1
H NMR (500 MHz, CDCl3) δ 9.89 (s, 1H), 7.38-7.24 (m, 10H), 5.33 

(s, 1H), 5.16 (s, 2H), 4.80 (s, 1H), 4.38-4.26 (m, 2H), 2.09-1.96 (m, 6H); 
13

C NMR (125 

MHz, CDCl3) δ 171.4, 170.5, 169.3, 137.7, 134.7, 129.5, 128.9, 128.8, 128.6, 128.5, 

125.9, 75.4, 74.9, 72.1, 67.3, 60.5, 32.3, 28.9. 

(4R,5S)-3-Benzoyl-N-(benzyloxy)-5-hydroxy-2,2-dimethylthiazolidine-4-carbox-

amide (10i): Yield: 68-73%; pale solid, mp 64-66 °C; TLC (SiO2) Rf 0.28 (1:1 

hexanes:EtOAc); []
28

D: -58 (c 1, CHCl3); 
1
H NMR (500 MHz, DMSO- d6) δ 11.20 (s, 

1H), 7.46-7.28 (m, 10H), 6.64 (d, 1H, J = 3.0 Hz), 5.27 (d, 1H, J = 3.0 Hz), 4.72 and 

4.62(ABq, 2H, Δv = 40.5 Hz, J = 11.0 Hz), 4.52 (s, 1H), 2.08-1.93 (m, 6H); 
13

C NMR 

(125 MHz, DMSO- d6) δ 169.4,165.4, 142.3, 139.4, 136.1, 129.5, 129.4, 128.9, 128.8, 

128.7, 125.9, 78.9, 77.0, 75.2, 73.7, 32.3, 28.5. 

(4R,5S)-3-Benzoyl-5-hydroxy-N-methoxy-2,2-dimethylthiazolidine-4-carboxamide 

(10j): Yield: 80%; colorless oil; TLC (SiO2) Rf 0.20 (1:1 hexanes:EtOAc); []
25

D: -50 (c 

1, CHCl3); 
1
H NMR (500 MHz, CDCl3) δ 9.92 (s, 1H), 7.36-7.30 (m, 5H), 5.38 (s, 1H), 

4.77 (s, 1H), 3.05 (s, 3H), 2.19 (s. 1H), 2.06-1.86 (m, 6H). 

 

Cyclization of thiohemiacetals; general procedure. Thiohemiacetal 10 (2.0 mmol), 

mesyl chloride (318 μL, 4.0 mmol) and Et3N (1.14 mL, 8.2 mmol) were combine in 16 

mL of DCM while the reaction temperature was maintained at 0 °C. The reaction flask 

was sealed and kept in a -20 ºC freezer overnight. The brown solution was diluted with 

DCM (10 mL) and washed with brine, and then, the organic layer was dried over MgSO4, 
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filtered, and evaporated. The bicyclic -lactam product 14 was separated by flash 

chromatography on silica gel in accordance to product Rf values.  

(1R,5R)-Benzyl 6-(2-(benzyloxy)-2-oxoethoxy)-3,3-dimethyl-7-oxo-4-thia-2,6-

diazabi-cyclo[3.2.0]heptane-2-carboxylate (14c): Yield: 48%; pale oil; TLC (SiO2) Rf 

0.27 (4:1 hexanes:EtOAc); 
1
H NMR (500 MHz, CDCl3) δ 7.44-7.30 (m, 10H), 5.68 (d, 

1H, J = 4.5 Hz), 5.60 (s, 1H), 5.27 and 5.22 (ABq, 2H, Δv = 36.5 Hz, J = 12.0 Hz), 

5.20(m, 2H), 4.64 (q, 2H, J = 16.5 Hz), 1.91 (s, 3H), 1.83 (s, 3H); 
13

C NMR (125 MHz, 

CDCl3) δ 168.2, 163.2, 153.8, 134.7, 128.9, 128.8, 128.7, 128.6, 128.3, 128.0, 72.9, 70.8, 

69.1, 67.8, 67.4, 60.4, 31.7, 30.3. 

(1R,5R)-6-(Benzyloxy)-3,3-dimethyl-7-oxo-4-thia-2,6-diazabicyclo[3.2.0]heptane-2-

carbaldehyde (14d): Yield: 36%; colorless oil; TLC (SiO2) Rf 0.55 (1:1 

hexanes:EtOAc); 
1
H NMR (500 MHz, CDCl3) δ 8.33 (s, 1H), 7.40-7.37 (m, 5H), 5.92 (d, 

1H, J = 4.0 Hz), 5.13 (d, 1H, J = 4.0 Hz), 5.06 and 5.02 (ABq, 2H, Δv = 17.0 Hz, J = 

11.0 Hz), 1.84 (s, 3H), 1.73 (s, 3H); 
13

C NMR (125 MHz, CDCl3) δ 161.7, 158.2, 134.5, 

129.4, 129.3, 128.9, 78.6, 73.6, 69.9, 67.1, 35.6, 29.2. 

(1R,5R)-tert-Butyl 6-(2-(benzyloxy)-2-oxoethoxy)-3,3-dimethyl-7-oxo-4-thia-2,6-di-

azabicyclo[3.2.0]heptane-2-carboxylate (14e): Yield: 38-45%; orange oil; TLC (SiO2) 

Rf 0.43 (4:1 hexanes:EtOAc); 
1
H NMR (500 MHz, CDCl3) δ 7.38-7.35 (m, 5H), 5.62 (m, 

1H), 5.49 (m, 1H), 5.25 and 5.17 (ABq, 2H, Δv = 37.5 Hz, J = 12.5 Hz), 4.65 and 4.57 

(ABq, 2H, Δv = 31.0 Hz, J = 16.0 Hz), 1.84 (s, 3H), 1.77 (s, 3H), 1.49 (s, 9H); 
13

C NMR 

(125 MHz, CDCl3) δ 168.2, 164.4, 163.5, 151.7, 134.7, 128.8, 128.7, 128.7, 81.9, 75.0, 

72.9, 71.2, 68.7, 67.3, 31.7, 30.4, 28.2. 
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tert-Butyl 2-(((1R,5R)-3,3-dimethyl-7-oxo-2-(2-phenoxyacetyl)-4-thia-2,6-diazabicy-

clo[3.2.0]heptan-6-yl)oxy)-acetate (14f): Yield: 43-46%; orange oil; TLC (SiO2) Rf 0.73 

(2:1 hexanes:EtOAc); 
1
H NMR (500 MHz, CDCl3) δ 7.31-7.26 (m, 2H), 7.01-6.96 (m, 

3H), 5.88 (d, 1H, J = 4.5 Hz), 5.69 (d, 1H, J = 4.5 Hz), 4.88 and 4.75 (ABq, 2H, Δv = 

62.5 Hz, J = 14.5 Hz), 4.51 and 4.45 (ABq, 2H, Δv = 34.0 Hz, J = 16.0 Hz), 1.92 (s, 3H), 

1.90 (s, 3H), 1.50 (s, 9H); 
13

C NMR (125 MHz, CDCl3) δ 167.3, 166.5, 162.2, 157.7, 

129.7, 121.9, 114.6, 83.3, 78.3, 73.3, 70.7, 69.0, 68.7, 31.3, 29.8, 28.1. 

Benzyl 2-(((1R,5R)-2-benzoyl-3,3-dimethyl-7-oxo-4-thia-2,6-diazabicyclo[3.2.0]hep-

tan-6-yl)oxy)acetate (14h): Yield: 40-43%; white solid, mp 111-113 ºC; TLC (SiO2) Rf 

0.56 (2:1 hexanes:EtOAc); []
24

D: -8 (c 1, CHCl3); 
1
H NMR (500 MHz, CDCl3) δ 7.57-

7.56 (m, 2H), 7.42- 7.41 (m, 3H), 7.37- 7.35 (m, 5H), 5.68 (d, 1H, J = 4.5 Hz), 5.25 (d, 

1H, J = 5.0 Hz), 5.20 and 5.15 (ABq, 2H, Δv = 30.0 Hz, J = 12.5 Hz), 4.57 and 4.54 

(ABq, 2H, Δv = 18.5 Hz, J = 17.0 Hz), 2.04 (s, 3H), 1.94 (s, 3H); 
13

C NMR (125 MHz, 

CDCl3) δ 169.1, 167.9, 163.0, 136.8, 134.6, 129.9, 128.7, 128.6, 128.5, 126.7, 76.5, 72.7, 

72.0, 71.9, 70.1, 31.4, 29.8. 

(1R,5R)-2-Benzoyl-6-(benzyloxy)-3,3-dimethyl-4-thia-2,6-diazabicyclo[3.2.0]heptan-

7-one (14i): Yield: 34-41%; white solid, mp 104-106 °C; TLC (SiO2) Rf 0.26 (4:1 

hexanes:EtOAc); []
28

D: -122 (c 1, CHCl3); 
1
H NMR (500 MHz, CDCl3) δ 7.60-7.56 (m, 

2H), 7.46- 7.39 (m, 8H), 5.27 (d, 1H, J = 5.0 Hz), 5.17 (d, 1H, J = 5.0 Hz), 5.09 and 5.03 

(ABq, 2H, Δv = 40.5 Hz, J = 11.0 Hz), 2.05 (s, 3H), 1.97 (s, 3H); 
13

C NMR (125 MHz, 

CDCl3) δ 169.2, 162.6, 136.9. 134.0, 130.0, 129.2, 129.0, 128.8, 128.6, 126.8, 78.5, 76.8, 

72.2, 69.3, 31.4, 29.9. 



 

   100 

(1R,5R)-2-Benzoyl-6-methoxy-3,3-dimethyl-4-thia-2,6-diazabicyclo[3.2.0]heptan-7-

one (14j): Yield: 38-51%; pale white solid, mp 129-141 ºC; TLC (SiO2) Rf 0.29 (4:1 

hexanes:EtOAc); []
26

D: -196 (c 1, CHCl3); 
1
H NMR(500 MHz, CDCl3) δ 7.60-7.58 (m, 

2H), 7.44-7.42 (m, 3H). 5.63 (d, 1H, J = 5.0 Hz), 5.34 (d, 1H, J = 5.0 Hz), 3.92(s, 3H), 

2.07 (s, 3H), 2.02 (s, 3H); 
13

C NMR (125 MHz, CDCl3) δ 169.4, 161.7, 136.9, 130.1, 

128.7, 126.9, 76.9, 72.2, 68.2, 64.3, 31.7, 30.0. 

 

Thiazolidine ring cleavage of -Lactam 14i. Methoxycarbonylsulfenyl chloride (57 μL, 

0.69 mmol) was added dropwise into a mixture solution of -lactam (169 mg, 0.46 

mmol) and NaOAc (76 mg, 0.92 mmol) in a 12:2:1 solution of AcOH:DMF:TFA (2.25 

mL) while the reaction temperature was maintained at 0 °C. The solution was then stirred 

at that temperature for 1.5 hours. After quenching of the solution with distilled water, the 

yellow mixture was diluted with EtOAc (10 mL). The organic layer was then washed 3 

times with distilled water and dried over MgSO4, filtered, and evaporated. The yellow 

solid was finally triturated in a 4:1 solution of hexanes:EtOAc to provide the 

monocyclic-lactam product 15b (125 mg, 0.29 mmol).  

SS-((2R,3R)-3-Benzamido-1-(benzyloxy)-4-oxoazetidin-2-yl) O-methyl carbon-

(dithioperoxoate) (15b): Yield: 65%; white solid, mp 139-141 °C; TLC (SiO2) Rf 0.12 

(2:1 hexanes:EtOAc); []
28

D: -16 (c 1, CHCl3); 
1
H NMR (500 MHz, CDCl3) δ 7.82 (d, 

2H, J = 7.5 Hz), 7.69 (1H, d, J = 7.0 Hz), 7.54-7.43 (m, 7H), 7.30 (s, 1H), 5.43 (m, 1H), 

5.15 (s, 2H), 4.99 (d, 1H, J = 4.5 Hz), 3.85 (s, 3H); 
13

C NMR (125 MHz, CDCl3) δ 169.3, 

167.8, 161.7, 134.1, 132.9, 132.2, 129.5, 129.4, 128.8, 128.6, 127.5. 
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N-Deprotection of the -lactam 14i. To a stirring solution lactam 14i (48 mg, 0.13 

mmol) in dry DCM (1 mL) was added SmI2 in THF (4.6 mL, 0.32 mmol) under Ar. 

determined by TLC, the reaction was complete after 15 minutes. After quenching of the 

solution with 5% Na2S2O3 (1 mL), the reaction mixture was added 5% NaHCO3 (5 mL) 

and extracted with DCM (3 x 10 mL). The organic layer was dried over MgSO4, filtered, 

and evaporated. The N-protio -lactam 17 was separated by flash chromatography on 

silica gel using an 8-66% gradient.  

(1R,5R)-2-Benzoyl-3,3-dimethyl-4-thia-2,6-diazabicyclo[3.2.0]heptan-7-one (17): 

Yield: 56-95% (the higher yields were observed when fresh SmI2 was used in an 

unopened bottle from Alfa Aesar); colorless oil; TLC (SiO2) Rf 0.29 (2:1 

hexanes:EtOAc); []
25

D: -98 (c 1, CHCl3); 
1
H NMR (500 MHz, CDCl3) δ 7.63-7.61 (m, 

2H), 7.45-7.37 (m, 3H), 5.53 (dd, 1H, J = 5.0, 1.5 Hz), 5.38 (d, 1H, J = 5.0 Hz), 2.07 (s, 

3H), 2.03 (s, 3H); 
13

C NMR (125 MHz, CDCl3) δ 169.1, 167.5, 137.2, 130.2, 129.3, 

128.8, 127.0, 126.3, 77.7, 77.6, 60.8, 31.8, 30.1. 

 

Thiazolidine ring cleavage of -lactam 17. Methoxycarbonylsulfenyl chloride (12 μL, 

0.145 mmol) was added dropwise into an ice-chilled solution of -lactam (25.5 mg, 0.096 

mmol) and NaOAc (15.8 mg, 0.192 mmol) in a 12:2:1 solution of AcOH:DMF:TFA (1 

mL). The mixture was stirred at room temperature for 15 minutes. Distilled water (2 mL) 

was then added and the cloudy solution was extracted with EtOAc (2 x 5 mL). The 

organic layer was washed with distilled water (3 x 5 mL), and then dried over MgSO4, 

filtered, and evaporated. The monocyclic -lactam 16 (12 mg, 0.04 mmol) was separated 

by flash chromatography on silica gel using an 8-66% gradient afforded.  
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SS-((2R,3R)-3-Benzamido-4-oxoazetidin-2-yl) O-methyl carbon-(dithioperoxoate) 

(16): Yield: 40%; white solid, mp 161-163 °C; TLC (SiO2) Rf 0.18 (1:1 hexanes:EtOAc); 

[]
22

D: -16 (c 0.5, MeOH); 
1
H NMR (500 MHz, CD3OD) δ 7.90 (d, 2H, J = 7.5 Hz), 7.57 

(d, 1H, J = 7.5 Hz), 7.49 (t, 2H, J = 7.5 Hz), 5.49 (d, 1H, J = 4.5 Hz), 5.16 (d, 1H, J = 4.5 

Hz), 3.87 (s, 3H); 
13

C NMR (125 MHz, CD3OD) δ 170.8, 170.7, 168.8, 134.8, 133.4, 

129.8, 128.8, 69.8, 63.2, 56.6. 
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CHAPTER 4 

PHOSPHONIUM LIPOCATIONS AS POTENTIAL AS POTENTIAL  

ANTI-PARASITIC AGENTS 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Lu, X.; Altharawi, A.; Hansen, E. N.; Long, T. E. Submitted to Synthesis, 05/24/2012 

 



 

   104 

 

 

Abstract 

The investigation on a unique antimicrobial platform is next followed in Chapter 4. A 

group of phosphonium salts were made using atovaquone as lead compound to treat 

parasitic disease (i.e., malaria). Compound 28k exhibited moderate in vitro antimalarial 

activity (17 ± 4 nM) against chloroquine resistant (W2) Plasmodium falciparum. The 

results demonstrate the advantage of attaching a triphenylphosphonium-based 

mitochondriotropic group to increase subcellular concentration in the plasmodial 

mitochondria, within which the drug target is located. Preliminary toxicity and a 

structure-activity relationship studies of interested compounds are also included. 
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4.1 Background 

4.1.1   Introduction  

As concluded in Chapter 3, a synthetic precursor to β-lactam ring system has been 

introduced through a six-step synthetic sequence. However, even the interested molecule 

have a plausible site-specific mode of action against its target (e.g., structures having β-

lactam moiety which can the bacterial cell wall growth), it may still have low in vivo 

activity [1]. In other words, several limitations may greatly reduce the efficacy such as 

undesirable physiochemical properties (e.g., low aqueous solubility) and low 

bioavailability due to poor absorption, high metabolism, etc. In order to counter these 

problems, outside of simply making a pharmaceutical salt (e.g., sodium or potassium salts 

of β-lactam antibacterials) [2] or easily preparation of a prodrug (e.g., paclitaxel prodrug 

of taxol) of the designed molecule, further modification through chemical approaches is 

also preferred [3]. In this chapter, the modification of a FDA-approved anti-parasitic drug 

has been performed in the hope of increasing its specificity for Plasmodium-infected 

cells. 

4.1.2   Malaria as a disease 

To date, malaria affects millions of humans, particularly in Latin-America, sub-

Saharan Africa and Southeast Asia [4]. Of those affected, about 1 million die each year. 

The specific protozoan organisms causing this disease is a parasite called Plasmodium. It 

was found that there are over one hundred Plasmodium species globally but only four of 

them can cause malaria in humans [5] via infected female Anopheles mosquitos [6]. The 

major cause of malaria in humans is P. falciparum. P vivax, P. ovale and P. malariae are 

also known to cause infection.  



 

   106 

After the parasites enter the human body by a mosquito bite, the initial symptoms 

include chills, shaking and fever. If untreated, coma and death will follow due to organ 

failure [7]. In general terms, malaria has two stages inside the human body, the primary 

liver stage and the successively red blood cell stage. The former one in the life cycle 

usually has no symptoms, but in the second stage daughter cells are reproduced and 

released from red blood cells. As the number increases, they can invade more host cells 

and cause symptoms [8]. Typically in order to treat this disease, medication must at least 

target the blood cell stage infection. 

 

4.1.3   Medications for anti-malarial treatment  

Chemotherapy plays an important role in killing parasites. Several medications are 

used in the clinic to treat malaria. Considering the latency period of the parasite, the 

regimen usually takes one or two weeks [9]. The ideal medication should effectively treat 

both blood-stage and latent parasites. New strategies for preventive treatment of malaria 

have also been undergoing development [10].  

To date, depending on the difference in chemical structures, there are three main 

types of drugs to prevent or cure malaria: quinine analogues, artemisinin analogues, or 

pyrimidine analogues [11]. Currently, the artemisinin-based combination therapy is one 

of the most effective and widely used treatments. Some newer drugs have also been 

approved by the FDA, such as atovaquone, the overall lead compound in this project 

(Figure 4.01). 

 



 

   107 

N

CH3O

N

H
H2C

HO
H

N

Cl

HN

CH3

N

CH3

CH3 HCl

N

F F
F

F

F
F

HO

H
N

O

O

OR

O
O

H

HH

quinine chloroquine mefloquine artemisinins  
 

 

 

Figure 4.01: Medications to treat malaria. 

 

 

4.1.4    The discovery of atovaquone (ATV)  

In the 1940s, hydroxynaphthoquinones were found to have greater activity than 

quinine against Plasmodium lophurae [12]. It was later discovered 2-cyclohexyl-3-

hydroxy-1,4-naphthoquinone (parvaquone) is effective against different protozoan 

infections including malaria. However the therapeutic efficacy was limited by 

metabolism problems [13]. In 1993, atovaquone, the orally and metabolically stable form 

of parvaquone was reported [14]. Interestingly, atovaquone target both liver stage and red 

blood cell stage infection and it is effective against all Plasmodium species [15]. This is 

partially due to atovaquone’s action on the cytochrome bc1 complex (in which electrons 

are transferred from ubiquinol to cytochrome c) to block either ubiquinol oxidation or 

ubiquinone reduction (Figure 4.02) [16]. The target selectivity of atovaquone is high as 

plasmodial and eukaryotic mitochondria have evolutionary dissimilarities [17]. Due to its 

structural similarity to plasmodian ubiquinones, atovaquone can inhibit the respiration of 

plasmodial mitochondria 1000-fold more selective than mammalian and avian 

mitochondria [18].  
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Although effective and nontoxic, the 

use of atovaquone is limited by high cost, 

poor absorption, and the need of 

combination therapy to avoid the problem 

of developing resistance [19]. It has been 

concluded that atovaquone treatment is 

more effective when combined with 

proguanil hydrochloride. The 

commercially available co-formulated 

(i.e., Malarone™) is generally prescribed 

as a prophylaxis, and due to its high cost is not affordable to persons where malaria is 

often most prevalent [20]. In this project, chemical modification was made on the 

atovaquone platform in an effort to increase its mitochondrial bioavailability. 

 
 

4.1.5   Cationic group to increase subcellular concentration 

So far, lipocations have been used extensively as molecular probes for studying 

cellular activity and mitochondrial function (i.e., Mitotracker Red™, rhodamine 123) 

[21]. A similar strategy has also been adopted in making cationic nanoparticles for target 

delivery. The attachment of the cationic group to the liposomal surface can effectively 

attract molecules to the target, e.g., mitochondria. However, the disadvantages include 

high toxicity and poor stability [22].  

Examples of the direct attachment of mitochondriotropic residue to the drug molecule 

have already advanced into clinical trials. Mitoquinone (MitoQ10 mesylate™) [23], a 

synthetic phosphonium cationic analogue of ubiquinone, has progressed to phase II trials 
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Figure 4.02: Docking of atovaquone to oxidation 

inside yeast bc1 complex.
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in the US for the management of Parkinson’s disease, hepatitis C, and fatty liver disease 

(Figure 4.03). Its increased therapeutic efficacy is conferred by the hydrocarbon side 

chain being attached by a triphenylphosphonium group, resulting in a 100-500 fold 

increase in the concentration of the target molecule inside negatively-charged 

mitochondria.  

O

O

OH

Cl

atovaquone (ATV)

O

O

H3CO

H3CO PPh3

mitoquinone  
 

 

Figure 4.03: Structure of mitoquinone and atovaquone. 

 

 

 

4.2   Experimental Design and Results 

4.2.1   Rationale of design and hypothesis 

The uniqueness of malaria parasite is its host red blood cells lack many organelles 

including mitochondria. Also, the reduction of the potential across the membrane (Figure 

4.04) is ideal for the use of drug targeting strategies: red blood cells ∆ψ
p
 ≤ -35 mV [24a]; 

Plasmodium ∆ψ
p
 -95 mV [24b], Plasmodium ∆ψ

m
est. ≥ -150 mV [24c]. It is hypothesized 

that if a cationic moiety were bound to the lipid substituent of antimalarial agents that 

inhibit electron transport, drug concentrations would increase inside the Plasmodium 

mitochondrion, leading to increased antiplasmodial effects. It is anticipated cationic 

mitochondrion antagonists would concentrate where the negative charge is highest, 

namely the Plasmodium mitochondrial matrix.  
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Schematic depiction of a mitochondriotropic triphenylphosphonium attached to the 

lead compound via an alkyl residue (not drawn to molecular scale): a lipophilic cation 

should be able to rapidly accumulate inside the negatively charged mitochondrion and 

thus the subcellular concentration is increased.  

 

Figure 4.04: Subcellular targeting to the parasite’s mitochondrion. 

 

 

 

4.2.2   Design of the target molecules 

 As illustrated in Figure 4.05, a hydrocarbon chain is designed to connect between 

the ring platform of atovaquone (overall lead compound in Chapter 4) and the cationic 

moiety. There are several general features that have been included in the original design. 

Firstly, in order to distinguish the best ring platform, five different ring systems were 

designed including 1,4-naphthoquinone ring of the atovaquone. Secondly, phosphonium 

groups (with different Y substitutions) were chosen as mitochondriotropic residues. 

Thirdly, since the correlation between the chemical natures of the linker and the 

antiplasmodial activity is unknown, different chain length has been included. Lastly, 
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different connections via the formation of various bonds (e.g. amine, ether) have been 

studied in the hope of reducing of the current high manufacturing cost of the lead 

compound.  
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Figure 4.05: Designed target molecules. 

 

 

 

4.2.3   The key steps in the synthetic route  

To be able to introduce the cationic moiety on to the ring platform via 2-3 

straightforward steps, synthetic routes were developed using a diverse range of 

chemistry. In the process of making atovaquone, the conventional radical decarboxylation 

of carboxylic ester with 1,4-naphthoquinone requires 1 equiv silver nitrate (AgNO3), 

which is a very expensive chemical. It was proposed in an earlier paper that a reduction 

in the amounts of AgNO3 (from 1 equiv to 0.5 equiv) will not have a major impact on the 

reaction outcome [25]. In other words, smaller amounts of AgNO3 can still generate the 

radical and product efficiently (Scheme 4.01).  
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Scheme 4.01: Kochi-Anderson reaction. 

 
 

During the last step of the synthetic sequence, the tertiary phosphine was coupled 

with halogen–substituted or O-mesylated intermediate through a conventional heating 

method. As expected, reaction conditions (Scheme 4.02) did not eliminate 

triphenylphosphine to generate alkene byproduct. The less time consuming microwave 

irradiation was also employed [26].  

 

X
methods

R PY3 XR

X = Cl, Br, OMs

R = alkyl

Y= alkyl, aryl

Method A: PY3, µW, 110 ºC, 0.5 h;

Method B: PY3, 110 ºC, 16-40 h.  
 

Scheme 4.02: Preparation of phosphonium salt. 

 

 

4.2.4   1-Alkoxybenzotriazole cation 3 

1-Hydroxybenzotriazole (HOBt) was chosen as the first platform as it is widely used 

in peptide chemistry to activate carboxylic acid. Interestingly, alkyl benzotriazole 

analogues as ligands for some serotonin and dopamine receptor have been studied before 

[27]. In our project, the synthetic sequence is first reacting HOBt with 10-bromodecan-1-

ol at room temperature in the presence of TEA to form the ether bond. The use of organic 
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bases as additives (i.e., Et3N) at room temperature can not generate the potential 

byproduct by forming the ether bond between the two hydroxyl groups. The mesylation 

was later performed by a similar routine procedure (Chapter 3) with the hope that primary 

alcohol 1 can quantitatively generate the desired O-mesylated compound. This 

intermediate 2 was then treated with triphenylphosphine under microwave irradiation 

(Scheme 4.03).  

 

Scheme 4.03: Synthesis of alkoxybenzotriazole cation 3. 

 

 

4.2.5   N-Alkyoxysuccinimide cation 7 

Previously, a N-hydroxysuccinimide (NHS) analogue has been studied as new 

anticonvulsants [28]. In this project, due to its structural similarity to 1,4-

naphthoquinone, this widely used activating  reagent for carboxylic acids was also 

included. Since the compound is only slightly acidic, the synthetic sequence began with 

the preparation of potassium salt instead of using NHS directly to react with the bromide 

(i.e., 10-bromodecan-1-ol). The potassium salt 4 was then treated with 10-bromo-1-

decanol in the presence of TEA. It was found, however, that without adding the organic 

base no reaction can occur. The introduction of O-mesylated group and the following 

formation of phosphonium salt 7 were achieved using similar procedures for the 

preparation of the HOBt cation (Scheme 4.04). 
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Scheme 4.04: Synthesis of alkyoxysuccinimide cation 7. 

 

4.2.6   N-Alkylphthalimide cation 12 

Phthalimide was next studied since its structure is more similar to the 1,4-

naphthoquinone platform than N-hydroxysuccinimide. Interestingly, using phthalimide 

derivatives as lead compounds can also be found in other drug discovery projects, e.g., 

pyridinone reverse transcriptase inhibitors to treat HIV [29]. In the course of synthetic 

investigation of phthalimide analogue, the potassium salt 8 was formed by reacting 

phthalimide with potassium hydroxide in ethanol with a good yield (82%). However the 

following formation of N-alkyl imide 9a at room temperature only resulted in a poor 

yield (20%). This low rate of substitution was finally overcome by the use of a higher 

reaction temperature and an appropriate choice of solvent. The reaction of potassium 

phthalimide 8 with bromide was carried out in dry dimethylformamide (DMF) by reflux 

under nitrogen, in which potassium phthalimide was able to partially solubilize in the 

solution and this can facilitate the displacement of halogen by phthalimide ion. The 

alkylated intermediate 9a was then subjected to O-mesylation, and the resulting 

intermediate 10a was later converted to the corresponding phosphonium salt 11a, d-g 

(see Table 4.04) via microwave irradiation method.  
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Scheme 4.05: Synthesis of phthalimide cation 11a, d-g. 

 
 

In cases when 4-bromobutanol and 6-bromohexanol were not available, the 

preparation of tertiary amine was also studied under DMF reflux conditions using 

dibromoalkane which resulted in a very poor yield. In dihalogenated systems the bromide 

was able to generate the alkene byproduct through elimination. As a result, an equal 

amount of alkene (9b’ or 9c’) was finally obtained when using 1,4-dibromobutane or 1,6-

dibromohexane at a high temperature (153 ºC) (Scheme 4.06(a)) [30]. Since the synthesis 

mentioned previously (see Scheme 4.05) was too long to be practical, a shorter 

alternative has been adopted without forming the imide anion with KOH. With the help a 

weak base, i.e., Cs2CO3, the preparation of the N-alkyl phthalimide bromide 9b 

commenced with the direct substitution of a dibromide. In acetonitrile solution, the 

nucleophilic substitution on the alkyl halide was achieved at a lower temperature (80 ºC) 

after 9 hours in 52% yield (Scheme 4.06(b)) [31]. 

 

 

Scheme 4.06(a): Preparation of alkylated phthalimide with dibromide. 
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Scheme 4.06(b): Preparation of alkylated phthalimide with dibromide. 

 

 

4.2.7   1,4-Naphthoquinone cation 

The analogues having 1,4-naphthoquinone platform with different substitutions at C-3 

position have been designed (Figure 4.06). The original design of the analogues contains 

different hydrocarbon chains between the platform and the phosphonium cationic group. 

The research interest was eventually to evaluate the antiplasmodial activity of the 2-

hydroxyl or 2-alkoxy 1,4-naphthoquinone-based lipocations, since the hydroxyl group in 

atovaquone is thought to be essential in binding to cytochrome bc1 complexes [13]. 

Comparing the IC50 values may provide useful clue as to whether the designed analogue 

plays its role at the same binding pocket of the lead compound.  

 
 

Figure 4.06: 1,4-Naphthoquinone analogues. 
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4.2.8    PART I:  1,4-naphthoquinone cation with NH- connection 

As illustrated in Scheme 4.07, the original designed route could not be fully adapted 

for the large-scale preparation due to the difficulty in the purification. Similar to the 

Gabriel synthesis briefly discussed in section 4.2.6, the phthalimide  was heated under 

EtOH reflux to generate the phosphonium salt [32]. In this part of study, the imide 

protecting group was cleaved through the reduction reaction with hydrazine to provide 

the free primary amine. However, because the chromatographic separation of 

phosphonium salt  can be very unsatisfactory due to its high polarity, the effort was then 

directed towards an alternative route yielding the phosphonium salt (intermediate or 

product) only at the very end of the synthetic sequence. 

 

 

Scheme 4.07: The original designed route to make phosphonium intermediate for later 

alkylation. 

 

Many successful examples have been made by this new modified strategy: starting 

from the commercially available 2-aminoethanol, or 10-aminodecan-1-ol (12, Scheme 

4.08) which was generated from conventional Gabriel synthesis, the nucleophilic addition 

of the amino alcohols to 1,4-naphthoquinone was achieved easily at room temperature 

[33]. The O-mesylated intermediate have been made in a similar way (with MsCl and 

TEA) and converted to the final compounds with the help of microwave irradiation. 

Interestingly, when preparing the short-chain analogue 14a, the synthetic sequence 

yielded more alkylation (87%) and mesylation (85%) products.  

 
 



 

   118 

 

Scheme 4.08: The redesigned route to make 1,4-naphthoquinone analogues 15. 

 

The synthetic route is superior to the predecessor (Scheme 4.07) as its high efficiency 

allows a general synthesis of 1,4-naphthoquinone-based lipocationic analogues via direct 

substitution of the same key intermediate, methanesulfonate 14b. Reaction of this 

common intermediate 14 with different trisubstituted phosphine proceeds rapidly under 

microwave irradiation, providing a library of Y-substituted phosphonium salts 15 as final 

products (Scheme 4.08). 

Potential halogen bonding, which is somewhat similar to hydrogen bonding, was also 

considered in this project. In order to understand the potential halogen bonding between 

the designed lipocationic compound and the amino acid residue at the binding pocket of 

the bc1 complex, the 2-Cl 1,4-naphthoquinone based lipocations were designed and the 

synthesis was carried out in a similar manner. The alkylation reaction condition was first 

tested by exposing 2,3-dichloro-1,4-naphthoquinone to undecan-1-amine at room 

temperature for 48 hours, which gave rise to the corresponding mono alkylated 



 

   119 

compound 16 in 80% yield. The similar synthetic sequence to make 2-chloro-1,4-

naphthoquinone analogue 19 was created as illustrated in Scheme 4.09. It was also noted 

that the nucleophilic addition of 10-aminodecan-1-ol yielded in a fair outcome, around 

45% for 17, which is a similar result for compound 13b (46%). 

 

 

Scheme 4.09: Generation of 2-chloro-1,4-naphthoquinone analogue. 

 

4.2.9    PART II:  1,4-naphthoquinone cation with CH2- connection 

The connection by non-polar hydrocarbon chains, including production of vitamin K 

analogues, has been the focus of PART II of this research. This approach featured a 

radical decarboxylation to construct the alkylated 1,4-naphthoquinone 22, which was 

later transformed to the corresponding final product via a two-step sequence. In order to 

distinguish between the effects of distance between the 1,4-naphthoquinone platform and 

the phosphonium cationic group on potential antiplasmodial activity, various attempts 

were made to introduce short- and long-chain hydrocarbons.  
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Unfortunately, it was found that the reaction outcomes of radical alkylation of 1,4-

naphthoquinone with various fatty acids highly depends on the chain length. The 

alkylation to make the short-chain alkyl bromide intermediate 22a and 22b resulted in 

very poor reaction yields (10% yield for the 5-hydrocarbon chain and 5% for 4-

hydrocarbon chain) and were not further used.  

Research was also focused on the chloroalkylation reaction to introduce the shortest 

1-hydrocarbon chain, which took place according to Scheme 4.10 with formaldehyde 

(37% formalin solution) and hydrochloric acid (by directly bubbling HCl gas into the 

mixture [34]). The subsequent conversion into triphenyl phosphonium salt 21 was carried 

out by microwave irradiation. 

 
 

Scheme 4.10: Generation of 2-alkyl-1,4-naphthoquinone analogue, all three longer 

chain phosphonium salts (10-, 5-, 4-hydrocarbon chain) were ultimately made by Dr. 

Long. 

 

4.2.10   PART III:  1,4-naphthoquinone cation with OH or O-ester linkage 

Since the binding to the cytochrome bc1 complex plays a central role in the 

atovaquone’s anti-parasitic activity, in part because of the presence of the hydrogen 

bonding between the C-2 hydroxyl on the naphthoquinone ring and the histamine residue, 
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it is important to determine whether or not the activity of the designed compounds fit 

well into the same binding pocket as atovaquone and show the potential anti-parasitic 

activity.  

Numerous attempts have been made to prepare the lipocationic analogues with a 

hydrogen bond donor, i.e., OH, at C-2 position of 1,4-naphthoquinone, but seemingly 

without success due to the formation of a complex mixture of polar products. It thus 

became necessary to modify the original designed route. Consequently, the improvement 

in chemical purity before chromatography purification was achieved by minimization of 

side reactions through protecting the hydroxyl group via acetylation. As discussed in 

previous sections, the phosphonium salts were generated from the naphthoquinone 

bromide 25c under a conventional heating method in mixed solution of isopropanol and 

toluene (3:1). Finally, the acetyl protecting group was cleavable by acid-catalyzed 

hydrolysis to give a clean cationic product 27 (Scheme 4.11) [35]. 

 

Scheme 4.11: Generation of 2-hydroxyl 1,4-naphthoquinone analogues 27. 
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This approach was initially tested to create the control compound 31. Started from the 

preparation of the epoxidized 1,4-naphthoquinone 29 with a yield of 99%, the synthetic 

sequence was continued by treatment with concentrated sulfuric acid to give the 2-

hydroxynaphthoquinone 31 with a yield of 61%. The purified compound (also chosen as 

a control in activity testing) was then protected by the acetyl in the final step (Scheme 

4.12).  

 

Scheme 4.12: Preparation of 2-OAc 1,4-naphthoquinone control 31. 

 

Acid-catalyzed hydrolysis of the ester protecting group was carefully studied to 

minimize the byproduct generation during the sufficient transformation. A series of trial 

reactions were performed by using the acetic acid ester of 2-hydroxyl 1,4-

naphthoquinone 32 as starting material. The precursor was exposed to a range of acidic 

environments by using various types of acids at different temperatures (Table 4.01).  

First, the temperature was carefully increased. It was found that when the reaction 

was performed at a higher temperature (i.e., above 56 ºC), the starting material 

disappeared after one hour, but the generation of impurities was also observed. For this 

reason it seemed plausible to attempt to use a different acid to suppress the generation of 

the impurities. Finally, a rapid, efficient and high yield method for the deprotection was 
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found. It was noticed that reflux with 5N HCl in acetone can also generate pure product 

32 sufficiently (entry 10), but the highest yield was obtained when treating the ester with 

5N hydrochloric acid in i-PrOH (entry 14).  

 

Table 4.01: The deprotection of 2-acetoxy in 1,4-naphthoquinone. 

 

 

entry methods temperature results 

1 HBr (aq.), CHCl3 20 ºC very slow 

2 HBr (33% HOAc), CHCl3 20 ºC very slow 

3 TFA, CHCl3 20 ºC 18 h 

4 K2CO3, MeOH 20 ºC 0.5 h 

5 1N HCl, DCM 40 ºC very slow 

6 5N HCl, DCM 40 ºC very slow 

7 5N HBr, DCM 40 ºC very slow 

8 10N HCl, DCM 40 ºC very slow 

9 9N HCl, DCM 40 ºC very slow 

10 5N HCl, acetone 56 ºC 0.5 h 

11 9N HBr, acetone 56 ºC 1 h (more impurities formed) 

12 5N HCl, THF 65 ºC 1 h (impurity formed) 

13 5N HCl, MeOH 65 ºC 1 h (impurity formed) 

 14 5N HCl, i-PrOH 65 ºC 1 h 

 

 
 

 

Surprisingly, when efforts were made to prepare the designed cationic compound, the 

conventional heating method generated both the protected form 26 and unprotected form 

27 of the products. When a series of substrates was examined, it was noted that the 

stability of protected form final compound was dependent on the substituents of the 

phosphonium cationic group. As depicted in Scheme 4.13 (1), comparing with bulky 
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phosphonium substituted derivative 25a, it was noted that the less bulky derivative 25b 

resulted in a higher rate of hydrolysis. However, the applicability of this reaction is very 

limited, since the unprotected form 27a is difficult to isolated from the protected form 

26a, thus in many cases the hydrolysis procedure (entry 14, Table 4.01) was separately 

performed.   

For example, in the effort to deprotect the acetyl group in compound 26a, simply 

heating in the presence of 5N HCl in i-PrOH (optimal condition stated in Table 4.01) can 

remove the acetyl group readily. However the reaction must be carefully monitored since 

hydrochloric acid may generate chloride salt product 27a’ which requires extra effort in 

purification (Scheme 4.13 (2)).  

 

Scheme 4.13: Preparation of 2-hydroxyl 1,4-naphthoquinone analogues 27. 

In order to distinguish the nature of the linker, further mimicking of the hydrocarbon 

chain to the platform of atovaquone was investigated. With an aromatic ring in between 

the 1,4-naphthoquinone ring and the hydrocarbon chain, the aryl moiety was introduced 
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into ester-protected bromide intermediate 28 (made by Dr. Long). The target 30 was 

obtained by sequential application of the conventional heating method and deprotection 

of acetyl group (Scheme 4.14).  

 

 

 
 

Scheme 4.14: Preparation of 2-hydroxyl 3-aryl 1,4-naphthoquinone analogue 30. 

 

 

4.2.11  PART I:  1,4-naphthoquinone cation with O-ether linkage 

Unexpectedly, the 2-hydroxyl 1,4-naphthoquinone 27a-c and 2-acetoxy 1,4-

naphthoquinone 26a-c demonstrated weak antiplasmodial ( IC50 > 3 µM), which may be 

due to the undesirable physiochemical properties of the designed compound. The goal in 

this section thus became to prevent the possible decomposition of the OAc by forming a 

stronger linkage, i.e. ether bond. Since the Ag
2+

-mediated radical decarboxylation method 

(see section 4.2.9) is not applicable to a wide range of compounds due to high cost and 

significantly low yield, the preparation of O-alkylated derivatives may also potentially 

reduce the manufacturing cost in the effort to connect the cationic moiety and the quinone 

platform. 

The O-alkylated bromide intermediates 31 were made by the procedure as illustrated 

in Scheme 4.15, and were finally converted to the corresponding phosphonium cationic 

compounds 32 via conventional heating method. However, C-2 hydroxyl group 

alkylation is problematic because chelated 1,4-naphthoquinones do not dissolve in aprotic 

organic solvents result in poor yields of intermediates 31a and 31b. It has been reported, 
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though without explanation, that the combination a crown ether and a TBA salt can 

increase the yield [36b]. Thus this modified procedure (introducing both TBAI and crown 

ether) was employed in the preparation of intermediate 34a. In this part of study, a 

possible explanation on catalysts’ function was examined after performing a series of 

control reactions in the following sections. 

 

 

 

Scheme 4.15: Preparation of O-alkylated 1,4-naphthoquinone analogue 32a, 32b and 35. 

 

4.2.12   The O-alkylation reaction: the optimal reaction conditions 

Generally the addition of a phase transfer catalyst can increase the reaction outcomes. 

For example, the use of tetrabutylammonium iodide (TBAI) as an additive can facilitate 

the migration of a reactant from one phase into another, such as in a liquid/solid reaction 

system [36]. Another example is the usage of another kind of phase transfer catalyst, i.e., 

crown ether, whose unique chemical property can allow it to bind metal cation such as 

potassium (K
+
) and sodium (Na

+
). The counterions thereby become highly reactive naked 

nucleophile [37].  

Using phthiocol as starting material, four control reactions were performed to 

examine the O-alkylation of 2-hydroxynaphthoquinones (Scheme 4.16). The choice of 
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salt was potassium carbonate, which is sufficiently basic to deprotonated the 2-hydroxyl 

group of phthiocol (pKa = 5.08) [38]. The choice of crown ether was 18-crown-6 because 

of its unique capability to chelate potassium cations. 

As illustrated in Scheme 4.16, in the first reaction, 0% of final product 3-

decyloxymenadione was isolated. The reaction solution is red in color with large 

precipitates, which was identified after filtration as the potassium salt of phthiocol that 

was insoluble in THF. In the second reaction, it was noticed that 18-crown-6 can 

effectively dissolve the K
+
 metal complexes and resulted a dense violet-purple color in 

THF, the aprotic solvent of choice. The crown ether itself was found to enhance the 

isolated yield of O-alkylated product from 0 to 11 %. In the third reaction, the TBAI was 

found to significantly increase the reaction yield from 0% to 49%, and the color of 

reaction solution changed into orange-red. In the fourth reaction, the combination of the 

two catalysts (18-crown-6 and TBAI) was found to have the highest product yield (68%) 

of the four reaction conditions screened.  

 

 
 

Scheme 4.16: O-Alkylation of 2-hydroxy-3-methyl-1,4-naphthoquinone (phthiocol) in 

the presence and absence of 18-crown-6 and TBAI. 

 

The question remained as to whether the combination of the two catalysts has a 

synergistic effect. In order to further explore the mechanism and its possible usage in O-
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alkylation reactions, a group of substrates were studied. Comparing to the reaction results 

using only 18-crown-6 (Table 4.02), the reaction yields were consistently low (< 30 %). 

The reaction conditions were also optimized by varying temperatures, solvents, bases, 

and amounts of catalyst. Highest yields were found when THF was used instead of 

acetone, acetonitrile or toluene. From here, a further investigation was initiated into the 

effect of the R group on the naphthoquinone substrates, as well the effect of alkylating 

agent in section 4.2.13. 

 

Table 4.02: O-Alkylation of 2-hydroxy-3- methyl-1,4-naphthoquinone 

(phthiocol) in the absence of TBAI. 

 

 
 

 

entry compd R R
1
 X time (h) yield (%)

a
 

1 31a H (CH2)6Br Br 20 31 

2 31b H (CH2)3Br Br 20 12 

3 31c H H2C(p-C6H4)CH2Br Br 20 19 

4 31d H (CH)5Me I 48 20 

5 31e p-ClBn (CH2)3Br Br 20 47 

a 
isolated yield. 

  

 

4.2.13  The O-alkylation reaction: the influence of substrate and alkylating agent 

Using the optimized reaction conditions, a variety of 2-hydroxy-3-methyl-1,4-

naphthoquinone were tested. The results of the reactions are summarized in Table 4.03. 

The substrates were prepared generally by two steps: the epoxidation and the following 

acid-catalyzed cleavage (Scheme 4.12, the same procedure used to prepare compound 
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24c). Various alkylating agents with different types of leaving groups were included. The 

reaction outcomes depended greatly on the nature of the leaving group/atom. Among I, 

Br, Cl and OMs, reaction yields were higher when X is Br. In addition to this, among 

different R1-X, secondary alkyl halide equates to very poor electrophiles. Moreover, 

tertiary substituted alkylating reagents (e.g., (CH3)3CCl) did not form any product. It is 

believed that these results follow a similar order of reactivity in Williamson ether 

synthesis, in which the tertiary alkyl structure is the worst substrate since the bulky group 

may prevent the SN2 attack. 

 

Table 4.03: O-Alkylation of 2-hydroxynaphthoquinones. 
 

 
 

entry compd R R
1 

X time (h)
 

yield (%)
a 

1 34b Me (CH2)2Me I 20 37 

2 34c Me (CH2)3Me OMs 20 49 

3 34d Me CH(CH3)2 OMs 20 0 

4 34d Me CH(CH3)2 I 40 22 

5 34e Me cyclopropyl Br 20 0 

6 34f Me C(CH3)3 Cl 20 0 

7 34g C6H11 (CH2)3Br Br 40 82 

8 34h C6H11 (CH2)6Br Br 40 72 

9 34i CH2Ph (CH2)2Me I 20 44 

10 34j CH2Ph (CH2)6Br Br 20 57 

11 34a p-ClBn (CH2)6Br Br 40 51 

12 34k Cl (CH2)3Br Br 40 56 

13 34l Cl (CH2)6Br Br 40 59 

14 34m H (CH2)2Me I 20 20 

    a 
isolated yield.
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Additional research was pursued after evaluating the R substituent effects on the 

reaction outcomes (Table 4.03). It was found that the reaction yield was highly affected 

by the substituents attached at C-3 position. When benzyl is attached, the yield is only 

between 44-57% (entry 9 and 10). If R is electron withdrawing (Cl), it was possible to 

obtain the desired ether compound in fair yield although longer reaction times were 

required (56% in entry 12, 59% in entry 13).  

Conversely, an electron donating group can further increase the yield (R = Me, 68%; 

not included in the table, made by lab colleague Ali Altharawi), and a secondary alkyl 

group (stronger electron donating group) can generate the desired compound with the 

highest yield, 72% or 82% (entry 7 and 8). These observations might be due to the 

change of delocalization of the negative charge as the conversion rate is highest when the 

electron density on the oxygen atom of the 2-hydroxyl is greatest. For example, the 

increased reactivity of cyclohexyl analogue might be attributed to the cyclohexane ring’s 

ability to depress electron delocalization of the oxygen anion. In contrast, when an 

electron withdrawing is bound, the delocalization may be augmented which could result 

in a reduced anionic character on the oxygen (lowering the reaction outcome). 

Among the results summarized in Table 4.03, the yields vary significantly with 

different R groups. As well as the poor reactivity, the low yield might also be due to the 

poor regioselectivity for the reaction. When there is no R group at C-3 position, the 

reaction yield is low (20% in entry 14). Confirmed by 
1
H NMR after chromatography 

purification, several products were constructed under the optimized condition including 

the desired 1,4-quinone 34m together with 1,2-quinone 34m’ (Scheme 4.17). Based on 
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the above mentioned observation, the rationale for this result was further explored in the 

following section. 

 
 

Scheme 4.17: O-Alkylation of lawsone. 

 

 

4.2.14   The O-alkylation reaction: a proposed explanation  

The mechanism of O-alkylation involves the formation of naked anionic structure 

26a' with the help of adding crown ether. Even through crown ether can solubilize the 

substrate 26a, the nucleophilicity of the hydroxyl group in the ‘naked’ anionic structure is 

possibly decreased, which requires a counterion to stabilize the C-2 oxygen anion. (n-

Bu)4N
+
 from the TBAI may be able to stabilize the negative charge and hence, greatly 

enhance the product yields. As just concluded, the effect of R group may further facilitate 

this process. For example, the electron donating group such as cyclohexyl group may 

prevent the delocalization of the electron through the quinone ring. Without adding a 

counterion to stabilize the negative charge on the oxygen of the C-2 hydroxyl, the 

electron delocalizes into the quinone ring which will not continually be attacked by the 

alkylating agent due to reducing the nucleophilicity of the oxygen anion. Consequently, 

yields were consistently below 20% when 18-crown-6 was used alone.  

The possible synergetic role of the catalysts in the reaction was illustrated in Figure 

4.07: The initial step would be extraction of K
+
 from complex by 18-crown-6. The naked 

resonance-stabilized anion has considerably increased solubility in THF, giving the dark 
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violet-purple color in the solution. Secondly, the bulky (n-Bu)4N
+
 from TBAI is thought 

to stabilize the oxygen anion. The new formed loose ionic bond would facilitate the 

reaction and displays the greatest yield up to 68%. In comparison, the TBAI itself can 

also facilitate the reaction, but the poor solubility of K
+
 complex may prevent the further 

interaction with TBAI. The unique purple color was observed only after adding 18-

crown-6 [39]. 

 

 

Figure 4.07: Proposed explanation: a synergistic effect of the two catalysts. 

 

4.2.15   Evidence: the solution color change and red shift in UV-Vis spectrum 

The analyzing of phthiocol’s change during the reaction process was followed by 

identifying the color difference [40] and light absorption (detected by UV-Vis 

spectrometer). It was concluded that 2-hydroxynaphthoquinone under neutral conditions 

has typical peaks in the wavelength range 245-250 nm (π→π*) and 330 nm (n→π*) for 

the benzenoid transition, and at 285 nm (π→π*) and 380 (n→π*) nm for the quinoid 

transition [41]. Evidence of electron delocalization was seen since the peak shifts as a 

consequence of delocalization of the negative charge into the quinone ring (Figure 4.08). 

The phthiocol THF solution as a yellow color and the emission bands for benzenoid were 

detected at 247 and 326 nm, while absorbances for the quinoid transitions were at 268 
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and 374 nm. In addition to this, although the concentrated suspension of K
+
 phthiocol  is 

red in color, the UV-Vis spectrum was unable to obtain due to the poor solubility. When 

the K
+ 

complex was combined with just 1 equiv of 18-crown-6 in THF, a violet colored 

solution resulted. During the same time a broad peak was displayed at 525 nm (the red 

shift indicating an increase in π electron delocalization) along with the enhancement of 

color intensity. For the K
+
 complex with just 1 equiv of TBAI resulted in a red chestnut 

solution and revealed a broad band at 364 nm representing the quinoid n→π* transition. 

Note,  that broad bands did not peak above 510 nm which, is the evidence of decreased 

electron delocalization due to the possible ionic bond forming between (n-Bu)4N
+
 and the 

C-2 oxygen anion (which favors the substitution reaction). In the spectrum of K
+
 

phthiocol containing both 1 equiv of crown ether and 1 equiv of TBAI, the medium red-

violet solution was observed. Peaks can be found at both 362 and 525 nm (almost 

identical to the one with just 18-crown-6), suggesting both the "naked" anion and 

stabilized anion exist in the THF solution.  

 

 

 
 

Figure 4.08: The solution color change and red shift in UV-Vis Spectrum.  

phthiocol  

K+ phthiocol + 18-crown-6 

K+ phthiocol + 18-crown-6 + TBAI 

 K+ phthiocol  + 

 TBAI 
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In summary, each catalyst (18-crown-6 and TBAI, both as phase transfer catalysts) 

was able to solubilize the K
+
 phthiocol complex in THF and act synergistically to greatly 

increase the reaction outcome. The optimized reaction condition in this study was also 

repeated in additional attempts to make 5-alkoxy-1,4-naphthoquinone, but no reaction 

occurred after 20 hours (Scheme 4.18). It is believed that the deprotonation of phenol 

may require a stronger base, e.g., aqueous hydroxides, thus a further investigation will be 

conducted in future studies. 

 
 

 

Scheme 4.18: Attempts to synthesize 5-alkoxy-1,4-naphthoquinone. 

 

 

 

4.2.16   Cationic analogue: preliminary study of structure activity relationship  

Comparison of antiplasmodial activities was performed by minimum inhibitory 

concentrations against the chloroquine-resistant P. falciparum (W2 strain) in Dr. 

Rosenthal’s lab [42]. Among the first series of non-naphthoquinone derivatives, studies 

showed the control compound (without cationic group) has an IC50 value over than 10 

µM, compared to the positive control chloroquine (IC50 = 67 nM). As illustrated in Table 

4.04, when n = 10, the activities of the resulting phosphonium lipocations are similar. It 

was further noticed the IC50 values was greatly depend on the length of the hydrocarbon 
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chain. Although it fails to reveal any correlation between IC50 values of compound 11d 

and 11e, the similarities were noticed in the IC50 values of phosphonium salts 11a, 11f, 

11g and 11h. The other two analogues (HOBt and NHS forms) have IC50 values both 

above 800 nM. All of them were less active than the positive control. Thus it was 

concluded that the phthalimide group, HOBt group and NHS group were not serving as a 

mitochondrion antagonist. 

 

Table 4.04: Comparisons of IC50s for P. falciparum growth: compound 11a-g [43]. 

 
 

entry compd n Y IC50 (nM)
a
 Log D

b
 MW

c
 

1 11b 3* Ph >3,000 0.01 464.5 

2 11c 5* Ph 1021 ± 93.2 1.14 492.6 

3 11d 9* 4-PhF 345.6 ± 15.3 2.13 602.6 

4 11e 9 Bn 288.5 ± 35.2 1.37 590.8 

5 11a 9 Ph 172.7 ± 4.0 1.67 548.7 

6 11f 9 C6H11 140.6 ± 0.7 4.50 566.8 

7 11g 9 4-PhOMe 134.0 ± 1.7 3.19 638.7 

8 CQ
d
 - - 66.93 ± 2.3 - 319.9 

               * made by Dr. Long 
                         a   

testing performed by Jiri Gut in the laboratory of Dr. Philip J. Rosenthal 
                   b  

measured by 1-octanol–water partition at pH 7.4 
                   c

  molecular weights of lipocations 11 minus the counterion 
                   d 

 chloroquine (CQ) 
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Alternatively, the analogues with 1,4-naphthoquinone platform were tested. The 

amino carbon chain with 1,4-naphthoquinone platform 15a-g, proved to have very similar 

activity compared to the control and similar to the phthalimide analogues. The chain 

length seemingly has moderate effects on the activity. The shorter chain analogue results 

in poor activity. In contrast, for the analogue without the amino group in the hydrocarbon 

chain, shorter chain analogues (37b and 37c) demonstrate 4-15 fold increased activity 

compared to the 10-carbon chain analogue 37a. However, compound 21 with only one 

methylene in the chain had very poor activity (Table 4.05). The interesting feature found 

in the structure is that the P-substituent could be either alkyl (e.g. Y = cyclohexyl) or 

aromatic (e.g., Y = Ph) with only a moderate effect on the IC50 values (both were made 

by Dr. Long). The only exception is trimethyl derivative (made by Dr. Long) which has 

much less activity compared to analogues of equal chain length.  

 

Table 4.05: Comparisons of IC50s for P. falciparum growth: compound 15, 21, 31 [43].  

 

 
 

entry compd n Y IC50  (nM)
a
 Log D

b
 

D
a
 

MW
c
 

1 15a 2 Ph 519.9 ± 61.2 -1.08 462.5 

2 15b 10 4-PhF 292.0 ± 53.2 1.67 628.7 

3 15c 10 Bn 214.6 ± 0.5 2.80 616.8 

4 15d 10 4-PhOMe 134.2 ± 10.5 4.37 664.8 

5 15e 10 Ph 113.9 ± 7.6 3.60 574.7 

6 15f 10 C6H11 94.4 ± 35.2 3.41 592.9 

7 37a 10* Ph 143.4 ± 6.3 3.97 573.7 
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          *  made by Dr. Long 
              a   

testing performed by Jiri Gut in the laboratory of Dr. Philip J. Rosenthal 
             b   

measured by 1-octanol–water partition at pH 7.4 
             c

   molecular weights of lipocations minus the counterion 
             d

   artemisinin (ART), atovaquone (ATV) 

 

 

The above findings warrant further investigation, although these compounds were 

still relatively weak compared to the control. With a postulated mechanism that these 

compounds might interfere with the integrity of the mitochondrion membrane, the study 

was continued to investigate the possible mechanism of action.  

In order to obtain evidence whether the designed molecules act at the binding site of 

the lead compound (atovaquone), the 2-hydroxyl naphthoquinone-based lipocations were 

made and tested (Figure 4.09). O-acetyl (26, 29) and hydroxyl analogues (27, 30) with 

different R groups at 2-position of 1,4-naphthoquinone were also included. But 

surprisingly, the activity of this series is very poor.  

 

Figure 4.09: 2-Hydroxynaphthoquinone and the ester form prodrug. 
 

 

Table 4.05 (con.) 

4.05 

  

8 37b 5* Ph 48.3 ± 1.5 2.15 503.6 

9 37c 4* Ph 18.7 ± 0.3 1.91 489.6 

10 21 1 Ph 543.4 ± 79.2 1.89 447.5 

11 ART
d
   7.31 ± 0.14  262.3 

12 ATV
d
   0.28 ± 0.19  366.3 
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Each of the 2-hydroxy 1,4-naphthoquinone lipocations possessed weak activity in the 

medium-low µM range. The activity data for the uncharged controls revealed that 

hydroxyl moiety had a largely adverse effect. With these unexpected results, an 

investigation was performed by using UV-Vis spectrometer. It was also anticipated that 

the ester prodrug might have been cleaved resulting in similar poor antiplasmodial 

activity. 

Light absorption (detected by UV-Vis spectrometer, similar to section 4.2.15) has 

been shown to be a reliable method for detecting the chemical change in the structure, 

thereby giving rise to reasonable explanation of poor activity. In order to ascertain 

whether the poor results were due to the deprotonation and possibly further delocalization 

due to the weak acidity of the 2-hydroxyl under physiological pH, the UV-Vis graph of 

compound 37b was obtained in pH = 7.4 buffer at room temperature (Figure 4.10). This 

was confirmed by the appearance of red shift peak above 480 nm. In comparison, the 

compound without C-2 hydroxyl (38) has no red peak observed above 480 nm. As a 

consequence, cationic charge is lost which is neutualized by the negative charge. This 

overall neutral charge on the molecules will cause the decrease of specificity for the 

parasite infected red blood cells, thus all the compounds with 2-hydroxyl group have only 

poor activity. Moreover, it was believed in the case of the pro-drug form phosphonium 

lipocations 2-acetoxy derivatives 26 and 29, deprotection might first occur followed by 

deprotonation in the neutral medium. The negative charge then delocalized into the 

quinone ring and again resulted in poor activity. 
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Figure 4.10: UV-Vis spectra of compound 37b. 

 

The continuing study on O-alkyl analogues has led to advanced understanding of 

designed cationic species (Table 4.06). When the carbon chain length increases to ten, 

the IC50 value is highest. Between 3-6 methylene groups, similar antiplasmodial activity 

was observed. It was anticipated that the more stable ether bond can not only prevent 

38 

37b 
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potential cleavage of the O-substituted chain, but also provide the hydrogen bonding at 

the pocket. Additional data of compound 47 (whose uniqueness is especially striking) 

shows when the R is 4-PhOMe, the activity is highest. This slight increase in activity is 

possibly subject to the introduction of the aromatic ring; however, since only this one 2-

O-alkyl 3-aryl 1,4-naphthoquinone base lipocations were made, more examples are 

needed to confirm this speculation. The most logical conclusion is that the good activity 

of designed cationic derivatives might bind to the same binding site as atovaquone.   

 

Table 4.06: Comparisons of IC50s for P. falciparum growth: compound 32a-b, 35, 40-47.  

 
 

 

 

 

 

 

* made by Dr. Long 
a   

testing performed by Jiri Gut in the laboratory of Dr. Philip J. Rosenthal 
b
  molecular weights of lipocations minus the counterion 

c
  chloroquine (CQ), atovaquone (ATV) 

compd n Z IC50  (nM)
a
 MW

b
 

40 10 Me 119.3 ± 11.3 589.7 

35 6 4-ClBn 49.5 ± 7.8 644.2 

41 6 Bn 49.1 ± 6.3 609.7 

42 3 Bn 46.7 ± 4.4 601.7 

43 6 C6H11 47.9 ± 6.3 567.6 

44 3 C6H11 42.3 ± 0.0 559.7 

45 6* Me 42.7 ± 1.4 553.6 

46 3* Me 41.9 ± 4.0 491.5 

32b 3 H 40.0 ± 0.8 477.5 

32a 6 H 28.5 ± 3.0 519.6 

47 3 4-PhOMe 17.4 ± 4.1 583.6 

CQ
c
   139.6 ± 4.9  

ATV
c
   0.5 ± 0.2  
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One may tentatively conclude that 1,4-naphthoquinone-based triphenyl phosphonium 

with a proper chain length (n = 3-6) has the most promising activity. The additional 

aromatic moiety and further introduction of H bonding donor/receptor will be the next 

steps for this research topic. 

 

4.3   Conclusions and Future Studies 

The current lead compound (Figure 4.11) has demonstrated an outstanding 

therapeutic index. In addition to this, the Log D values were obtained by the shaking 

flask method at 25
 
ºC [44]. It was found with a log D = 1.91 at pH 7.4 that this new lead 

should be lipophilic enough to penetrate the lipid bilayer of the red blood cell membrane, 

as well as outer membrane and inner membrane of mitochondria where the electron 

transport chain is located.  

 

 

 

                 
a   

testing performed by Jiri Gut in the laboratory of Dr. Philip J. Rosenthal 
                                         b   

testing performed by Melina Galizzi in the laboratory of Dr. Roberto Docampo 

 

                  percent hemolysis (%) 
 

concentration compound 19c atovaquone artemisinin 

12.5 µM 0.06 ± 0.10%  0.13 ± 0.18% 0.05 ± 0.05% 

25.0 µM 0.27 ± 0.11% 0.09 ± 0.15%  0.22 ± 0.21% 

 

Figure 4.11: New lead compound for the following studies. 
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Since the lower number of host cells may result in false test result, preliminary 

toxicity test was also performed to confirm the designed compound will not harm the red 

blood cell [45]. After incubation with red blood cells at 37 ºC after 1 hour, using 

atovaquone and artemisinin as controls, the percent hemolysis was below 0.06% at 12.5 

µM, and below 0.27% at 25 µM. The low values indicate the designed compound 37c 

show no or little in vitro toxicity on human red blood cell membrane. 

In summary, the selectively delivering strategy based on triphenyl phosphonium may 

facilitate passive transport of the lipophilic cations across the plasma membranes, and 

further penetrate into the negatively-charged parasite mitochondrion membrane. During 

this process, electrostatic attraction is rationalized as the driving force for movement into 

the parasite mitochondrion. It is expected the 1,4-naphthoquinone based lipocations 

continue to accumulate inside the mitochondrion until the membrane collapses.  

However, whether these compounds act as an analogue of ubiquinone at the bc1 

complex is still unknown. Because the structural similarity between the designed 

molecule the atovaquone is only the 1,4-naphthoquinone platform and the hydrocarbon 

side chain, the IC50 values were still not in the range of the control (atovaquone). The 

mechanism of the lower IC50 in O-alkylated analogues for growth inhibition of the 

plasmodium is still need to be rationalized. 

As the preliminary study has shown, the phosphonium cationic derivatives of the lead 

compound, i.e., atovaquone, are accessible from common naphthoquinone precursors in 

3-4 simple steps. Although more evidence is required, a further study may lead to a 

workable synthetic route to attach a cationic group onto various target therapeutic agent. 
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Besides antiparasitic therapy, it is anticipated this development would presumably lend 

itself to such applications as potential mitochondriotropic agents to treat other diseases. 

During procedure using two phase-transfer the same time, a mild catalysts (crown 

ether and tetrabutylammonium salt) to enhance the O-alkylation of 2-hydroxy 1,4-

naphthoquinones was developed. These findings demonstrate a unique application in 

which a two phase-transfer catalyst system can enhance a reaction involving a resonance-

stabilized nucleophile. Groups of substrates (with either an electron donating group or an 

electron withdrawing group at C-3 position) presented in Table 4.03 may lead to more 

fruitful explanation of this reaction. 

 

4.4   Experimental 

In general, reagents and solvents were used as purchased without further purification. 

Reaction products were purified by column chromatography on silica gel (60-100 mesh) 

and visualized by UV on TLC plates (silica gel 60 F254). Reactions conducted under 

microwave irradiation were performed in a Biotage™ Initiator reactor. IR spectra were 

recorded and reported in cm
-1

. Melting points were determined with a melting point 

apparatus and were left uncorrected. Mass spectrometry was performed by electrospray 

ionization (ESI). 
1
H and 

13
C NMR spectra were recorded on a Varian Inova 500 MHz 

spectrometer. Chemical shifts were expressed in δ (ppm) values with tetramethylsilane or 

residual solvent (e.g., CHCl3 or DMSO) as an internal standard. The designation “ABq” 

for a 
1
H NMR peak indicates that a peak was one partner of an AB quartet; if additional 

splitting was observed, they are noted after the ABq designation (e.g., ABqd). Copies of 

NMR spectra may be found in APPENDIX C. 
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Preparation of N-alkyl phthalimide phosphonium salts 11; general procedure. 

Trisubstituted phosphine (1.5 mol equiv) and phthalimide (1 mol equiv) were mixed in a 

5 mL conical-shaped reaction tube. The mixture was then stirred at 110 °C for 40 h under 

an argon atmosphere. After cooling to room temperature, the phosphonium mesylated 

phthalimide product 11 was separated by flash chromatography on silica gel using 

acetone to elute nonpolar impurities followed by DCM:MeOH. This method was also 

used to prepare tri-substituted phosphonium cationic compound 3 and 7. 

 

(10-(1,3-Dioxoisoindolin-2-yl)decyl)triphenylphosphonium methanesulfonate (11a): 

Yield: 42%; colorless oil; TLC (SiO2) Rf 0.36 (9:1 DCM:MeOH); 
1
H NMR (500 MHz, 

CDCl3) δ 7.83-7.79 (m, 9H), 7.78-7.75 (m, 2H), 7.75-7.69 (m, 8H), 3.64 (t, 2H, J = 7.5 

Hz), 3.56-3.48 (m, 2H), 2.70 (s, 3H), 1.65-1.57 (m, 6H), 1.28-1.18 (m, 10H);
 13

C NMR 

(125 MHz, CDCl3) δ 168.4, 135.1, 135.0, 133.9, 133.6, 133.5, 132.1, 130.6, 130.5, 123.1, 

118.7, 118.1, 37.9, 30.4, 30.2, 29.3, 29.1, 29.0, 28.5, 26.7, 22.6, 21.8.  

 (10-(1,3-Dioxoisoindolin-2-yl)decyl)tris(4-fluorophenyl)phosphonium 

methanesulfonate (11d): Yield: 55%; hazy white oil; TLC (SiO2) Rf 0.44 (9:1 

DCM:MeOH); 
1
H NMR (500 MHz, CDCl3) δ 7.95-7.90 (m, 6H), 7.83-7.81 (m, 2H), 

7.74-7.72 (m, 2H), 7.44 (t, 6H, J = 6.0 Hz), 3.65-3.63 (m, 4H), 2.65 (s, 3H), 1.64-1.58 

(m, 6H), 1.26-1.20 (m, 10H); 
13

C NMR (125 MHz, CDCl3) δ 168.5, 166.7 (dd, app JC-F = 

259.0, 3.4 Hz), 136.6 (dd, app JC-F = 11.5, 9.5 Hz), 133.9, 132.1, 123.1, 118.5 (m), 114.0 

(dd, app JC-F = 90.0, 3.4 Hz), 39.5, 37.9, 30.4, 30.2, 29.7, 29.2, 29.04, 29.95, 28.4, 29.7, 

22.5, 22.1.  

Tribenzyl(10-(1,3-dioxoisoindolin-2-yl)decyl) phosphonium methanesulfonate (11e): 

Yield: 63%; colorless oil; TLC (SiO2) Rf 0.51 (9:1 DCM:MeOH); 
1
H NMR (500 MHz, 
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CDCl3) δ 7.84-7.82 (m, 2H), 7.73-7.71 (m, 2H), 7.34-7.26 (m, 15H), 4.02 (d, 6H, J = 

15.0 Hz), 3.66 (t, 2H, J = 7.5 Hz), 2.91 (s, 3H), 1.92-1.88 (m, 2H), 1.69-1.63 (m, 2H), 

1.35-1.07 (m, 14H); 
13

C NMR (125 MHz, CDCl3) δ 168.5, 134.0, 132.1, 130.6, 130.4, 

130.3, 129.6, 128.6, 128.2, 128.1, 127.8, 123.2, 39.9, 38.0, 30.9, 30.8, 29.2, 29.1, 29.0, 

28.7, 28.6, 26.9, 26.8, 26.5, 21.7, 18.7. 

Tricyclohexyl(10-(1,3-dioxoisoindolin-2-yl)decyl) phosphonium methanesulfonate 

(11f): Yield: 82%; colorless oil; TLC (SiO2) Rf 0.48 (9:1 DCM:MeOH); 
1
H NMR (500 

MHz, CDCl3) δ 7.85-7.83 (m, 2H), 7.74-7.72 (m, 2H), 3.67 (t, 2H, J = 7.5 Hz), 2.74 (s, 

3H), 2.48 (q, 3H, J = 12.5 Hz), 2.29-2.24 (m, 2H), 2.01-1.95 (m, 6H), 1.85-1.81 (m, 4H), 

1.70-1.63 (m, 2H), 1.56-1.29 (m, 34H); 
13

C NMR (125 MHz, CDCl3) δ 168.6, 134.0, 

132.1, 123.2, 50.5, 38.0, 31.3, 31.2, 30.0 ,29.7, 29.3, 29.2, 29.1, 29.0, 28.6, 27.2, 27.1, 

26.8, 26.6, 26.5, 25.5, 22.8, 15.6, 15.3. 

(10-(1,3-Dioxoisoindolin-2-yl)decyl)tris(4-methoxyphenyl)phosphonium 

methanesulfonate (11g): Yield: 87%; colorless oil; TLC (SiO2) Rf 0.23 (9:1 

DCM:MeOH); 
1
H NMR (500 MHz, CDCl3) δ 7.83-7.81 (m, 2H), 7.74-7.72 (m, 2H), 7.63 

(dd, 6H, J = 11.5 , 8.5 Hz), 7.19 ( dd, 6H, J = 8.5 , 2.5 Hz), 3.93 (s, 9H), 3.65 (t, 2H, J = 

7.5 Hz), 3.24-3.19 (m, 2H), 1.63 (qnt, 2H, J = 7.0 Hz), 1.60-1.54 (m, 4H), 1.28-1.21 (m, 

10H); 
13

C NMR (125 MHz, CDCl3) δ 168.3, 164.6, 164.5, 135.3, 135.2, 133.9, 131.9, 

123.0, 116.2, 116.1, 109.3, 108.6, 55.9, 55.8, 39.3, 37.8, 30.4, 30.3, 29.2, 29.0, 28.9, 28.8, 

28.4, 26.6, 23.3, 22.4. 

 

10-(1-Decyloxy-1H-benzotriazole)triphenylphosphonium bromide (3): Yield: 19%; 

pale oil; TLC (SiO2) Rf 0.37 (9:1 DCM:MeOH); 
1
H NMR (500 MHz, CDCl3) δ 7.99 (d, 

1H, J = 8.0 Hz), 7.83-7.71 (m, 15H), 7.69 (d, 1H, J = 8.5 Hz), 7.53 (t, 1H, J = 8.5 Hz), 
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7.38 (t, 1H, J = 8.5 Hz), 4.52 (t, 2H, J = 6.5 Hz), 3.58-3.55 (m, 2H), 1.83 (qnt, 2H, J = 

7.5 Hz), 1.52 (qnt, 2H, J = 7.5 Hz), 1.31-1.24 (m, 12H); 
13

C NMR (125 MHz, CDCl3) δ 

165.1, 164.9, 143.5, 135.0, 134.9, 133.7, 133.6, 130.5, 130.4, 128.0, 127.4, 124.6, 120.2, 

118.9, 118.2, 108.8, 81.0, 39.6, 30.4, 30.3, 29.2, 29.0, 29.5, 28.0, 25.5, 22.6.  

 

10-(1-Decyloxy-pyrrolidine-2,5-dione)triphenylphosphonium bromide (7): Yield: 

23%; pale oil; TLC (SiO2) Rf 0.38 (9:1 DCM:MeOH); 
1
H NMR (500 MHz, CDCl3) δ 

7.81-7.71 (m, 15H), 4.06 (t, 2H, J = 6.5 Hz), 3.55-3.49 (m, 2H), 2.72-2.69 (m, 4H), 1.69 

(qnt, 2H, J = 7.0 Hz), 1.59 (m, 4H), 1.39 (qnt, 2H, J = 7.0 Hz), 1.26-1.21 (m, 8H); 
13

C 

NMR (125 MHz, CDCl3) δ 171.4, 153.1, 135.0, 133.6, 133.6, 130.6, 130.5, 118.8, 118.1, 

77.4, 39.53, 30.4, 30.2, 29.2, 29.0, 28.97, 28.94, 27.9, 25.5, 25.3, 22.6. 

 

Preparation of 2-((hydroxyalkyl)amino)naphthalene-1,4-dione 13; general 

procedure. Suspension of quinone (0.2 mmol) in EtOH (2 mL) and amine (0.2 mmol) 

was stirred at room temperature for 18 hours or until the reaction was complete (checked 

by TLC). The mixture was concentrated and the product 15 was separated by flash 

chromatography on silica gel using 2:1 hexane:EtOAc. 

2-(2-Hydroxyethylamino)naphthalene-1,4-dione (13a): Yield: 87%; red oil; TLC 

(SiO2) Rf 0.40 (1:1 hexanes:EtOAc); 
1
H NMR (500 MHz, CDCl3) δ 8.10 (d, 1H, J = 7.5 

Hz), 8.05 (d, 1H, J = 7.5 Hz), 7.73 (t, 1H, J = 7.5 Hz), 7.62 (t, 1H, J = 7.5 Hz), 6.22 (bs, 

1H), 5.77 (s, 1H), 3.95-3.91 (m, 2H), 3.39-3.35 (m, 2H); MS (m/z): 216.1 (12), 215.1 

(86), 200.1 (100), 160.1 (35), 132.1(13). 

2-(10-Hydroxydecylamino)naphthalene-1,4-dione (13b): Yield: 76%; red solid, mp 

117-118 ºC; TLC (SiO2) Rf 0.38 (1:1 hexanes:EtOAc); 
1
H NMR (500 MHz, CDCl3) δ 
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8.05 (d, 1H, J = 7.5 Hz), 7.98 (d, 1H, J = 7.5 Hz), 7.67 (t, 1H, J = 7.5 Hz), 7.56 (t, 1H, J 

= 7.5 Hz), 5.92-5.88 (m, 1H), 5.68 (s, 1H), 3.59 (t, 2H, J = 6.5 Hz), 3.13 (q, 2H, J = 6.5 

Hz), 1.64 (qnt, 2H, J = 7.0 Hz), 1.52 (qnt, 2H, J = 7.0 Hz), 1.39-1.33 (m, 12H); 
13

C NMR 

(125 MHz, CDCl3) δ 183.2 182.0, 148.2, 134.9, 133.8, 132.1, 130.6, 126.4, 126.3, 100.7, 

63.1, 42.7, 32.9, 29.6, 29.5, 29.4, 29.3, 28.4, 27.1, 25.8; MS (m/z): 329.3 (33), 228.2 (41), 

214.2 (10), 200.2 (10), 186.1 (100), 174.1 (81). 

 

Preparation of 2-aminoalkyl naphthoquinone mesylates 14; general procedure. 

Naphthoquinone (0.44 mmol), mesyl chloride (39 µL, 0.49 mmol) and Et3N (129 µL, 

0.89 mmol) were mixed in dry DCM (10 mL) while the reaction temperature was 

maintained at 0 °C. The reaction mixture was then stirred at room temperature for 18 

hours. The solution was then washed with distilled water (10 mL) and 5% NaHCO3 (10 

mL), dried over MgSO4, filtered, and evaporated. The final compound 16 was finally 

obtained by trituration in a 1:1 solution of hexanes:EtOAc and used without further 

purification. 

2-((1,4-Dioxo-1,4-dihydronaphthalen-2-yl)amino)ethyl methanesulfonate (14a): 

Yield: 85%; orange solid, mp 160 ºC (decomp.); TLC (SiO2) Rf 0.19 (1:1 

hexanes:EtOAc); 
1
H NMR (500 MHz, DMSO-d6) δ 8.03 (d, 1H, J = 7.5 Hz), 7.97 (d, 1H, 

J = 7.5 Hz), 7.87 (t, 1H, J = 7.5 Hz), 7.77 (t, 1H, J = 7.5 Hz), 7.65 (s, 1H), 5.87 (s, 1H), 

4.42 (t, 2H, J = 5.0 Hz), 3.61-3.58 (m, 2H), 3.22 (s, 3H); 
13

C NMR (125 MHz, DMSO-

d6) δ 182.6, 181.6, 161.7, 135.8, 133.9, 133.3, 131.3, 126.9, 126.3, 68.3, 41.9, 37.7. 

10-(1,4-Dihydro-1,4-dioxonaphthalen-3-ylamino)decyl methanesulfonate (14b): 

Yield: 97%; red solid, mp 102-104 ºC; TLC (SiO2) Rf 0.53 (3:1 hexanes:EtOAc); 
1
H 

NMR (500 MHz, CDCl3) δ 8.01 (d, 1H, J = 7.5 Hz), 7.95 (d, 1H, J = 7.5 Hz), 7.65 (t, 1H, 
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J = 7.5 Hz), 7.53 (t, 1H, J = 7.5 Hz), 7.92-7.89 (m, 1H), 5.65 (s, 1H), 4.15 (t, 2H, J = 7.0 

Hz), 3.10 (q, 2H, J = 7.0 Hz), 2.95 (s, 3H), 1.67 (qnt, 2H, J = 7.0 Hz), 1.59 (qnt, 2H, J = 

7.0 Hz), 1.35-1.22 (m, 12H); 
13

C NMR (125 MHz, CDCl3) δ 182.8, 181.9, 148.0, 134.7, 

133.7, 131.9, 130.5, 126.3, 126.2, 70.3, 42.6, 37.4, 37.3, 29.5, 29.3, 29.1, 28.9, 28.2, 27.0, 

25.4; MS (m/z): 311.3 (26), 242.2 (12), 228.2 (36), 214.1 (10), 200.2 (11), 186.1 (100). 

 

Preparation of 2-amino naphthoquinones phosphonium mesylates 15; general 

procedure. Trisubstituted phosphine (0.26 mmol) and methanesulfonate (0.13 mmol) 

were combined in a 5 mL conical-shaped microwave with a stir rod. The tube was capped 

and the mixture was heated at 110 °C in a sand bath for 2 minutes. The tube was then 

placed in microwave reactor (Biotage
TM

) and was irradiated on high absorption at 150 °C 

for 30 minutes. After cooling to room temperature, the phosphonium  mesylated 

phthalimide product 15 was directly separated by flash chromatography on silica gel 

using acetone to elute nonpolar impurities followed by 9:1 DCM:MeOH. 

(2-(1,4-Dihydro-1,4-dioxonaphthalen-3-ylamino)ethyl)triphenylphosphonium 

methanesulfonate (15a): Yield: 20%; red oil; TLC (SiO2) Rf 0.11 (9:1 DCM:MeOH); 
1
H 

NMR (500 MHz, CDCl3) δ 8.03 (m, 1H), 7.69 (d, 1H, J = 7.5 Hz), 7.87-7.72 (m, 16H), 

7.65 (t, 1H, J = 7.5 Hz), 7.56 (t, 1H, J = 7.5 Hz), 5.17 (s, 1H), 4.15-4.08 (m, 2H), 3.68-

3.60 (m, 2H), 2.88 (s, 3H); 
13

C NMR (125 MHz, CDCl3) δ 183.2, 180.8, 165.8, 135.6, 

135.6, 134.5, 133.8, 133.7, 133.3, 132.2, 131.0, 130.9, 130.8, 126.6, 125.9, 118.1, 39.7, 

36.3, 29.8. 

(10-(1,4-Dihydro-1,4-dioxonaphthalen-3-ylamino)decyl)tris(4-fluorophenyl)-

phosphonium methanesulfonate (15b): Yield: 14%; red oil; TLC (SiO2) Rf 0.35 (9:1 

DCM:MeOH); 
1
H NMR (500 MHz, CDCl3) δ 8.08 (d, 1H, J = 7.0 Hz), 8.04 (d, 1H, J = 
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7.0 Hz), 7.94-7.88 (m, 6H), 7.72 (t, 1H, J = 7.0 Hz), 7.61 (t, 1H, J = 7.0 Hz), 7.41 (t, 6H, 

J = 7.0 Hz), 5.95 (bs, 1H), 5.71 (s, 1H), 3.86 (m, 2H), 3.16 ( q, 2H, J = 6.5 Hz), 2.73 (s, 

3H), 1.67-1.55 (m, 6H), 1.35-1.23 (m, 10H);
 13

C NMR (125 MHz, CDCl3) δ 183.2, 182.1, 

167.9, 165.8, 136.8, 136.7, 136.6, 134.9, 133.9, 132.1, 130.7, 126.5, 126.3, 118.6, 118.5, 

114.6, 42.7, 30.4, 29.9, 29.6, 29.4, 29.3, 29.2, 28.3, 27.0, 22.8. 

(10-(1,4-Dihydro-1,4-dioxonaphthalen-3-ylamino)decyl)tribenzyl-phosphonium 

methanesulfonate (15c): Yield: 28%; red oil; TLC (SiO2) Rf 0.33 (9:1 DCM:MeOH); 
1
H 

NMR (500 MHz, CDCl3) δ 8.09 (d, 1H, J = 7.0 Hz), 8.04 (d, 1H, J = 7.0 Hz), 7.73 (t, 1H, 

J = 7.0 Hz), 7.62 (t, 1H, J = 7.0 Hz), 7.34-7.25 (m, 15H), 5.94 (bs, 1H), 5.72 (s, 1H), 4.08 

(d, 6H, J = 15.0 Hz), 3.19-3.16 (m, 2H), 1.99-1.92 (m, 2H), 1.70-1.66 (m, 2H), 1.38-1.10 

(m, 14H); 
13

C NMR (125 MHz, CDCl3) δ  183.1, 182.1, 165.6, 134.9, 132.1, 130.5, 

129.6, 128.6, 128.3, 128.2, 126.4, 126.3, 42.6, 31.1, 29.4, 29.2, 28.9, 28.3, 27.1, 27.0, 

26.7, 21.8, 18.9. 

(10-(1,4-Dihydro-1,4-dioxonaphthalen-3-ylamino)decyl)tris(4-methoxyphenyl)phos-

phonium methanesulfonate (15d): Yield: 78%; red oil; TLC (SiO2) Rf 0.22 (9:1 

DCM:MeOH); 
1
H NMR (500 MHz, CDCl3) δ 8.06 (d, 1H, J = 7.5 Hz), 8.02 (d, 1H, J = 

7.5 Hz), 7.71 (t, 1H, J = 7.5 Hz), 7.62 (m, 6H), 6.07 (bs, 1H), 5.69 (s, 1H), 3.92 (s, 9H), 

3.34-3.20 (m, 2H), 3.19-3.15 (q, 2H, J = 6.5 Hz), 2.73 (s, 3H), 1.68-1.63 (qnt, 2H, J = 7.0 

Hz), 1.62-1.54 (m, 2H), 1.40-1.35 (m, 2H), 1.34-1.05 (m, 10H); 
13

C NMR (125 MHz, 

CDCl3) δ 182.9, 181.8, 164.6, 164.6, 135.3, 135.2, 134.7, 133.6, 131.9, 130.5, 126.2, 

126.0, 116.2, 116.1, 109.0, 108.6, 56.0, 55.9, 42.5, 39.5, 30.6, 30.4, 29.0, 28.0, 26.9, 23.4, 

23.0, 22.5. 
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(10-(1,4-Dihydro-1,4-dioxonaphthalen-3-ylamino)decyl)triphenylphosphonium 

methanesulfonate (15e): Yield: 40%; red oil; TLC (SiO2) Rf 0.24 (9:1 DCM:MeOH); 
1
H 

NMR (500 MHz, CDCl3) δ 8.03 (dd, 1H, J = 8.0, 1.0 Hz), 7.98 (dd, 1H, J = 8.0, 1.0 Hz), 

7.76-7.64 (m, 16H), 7.56 (dt, 1H, J = 7.5 Hz, 1.0 Hz), 5.95 (bs, 1H), 5.66 (s, 1H), 3.52-

3.46 (m, 2H), 3.12 (q, 2H, J = 6.5 Hz), 2.66 (s, 3H), 1.64-1.55 (m, 4H), 1.32-1.27 (m, 

2H), 1.26-1.20 (m, 10H); 
13

C NMR (125 MHz, CDCl3) δ 183.1, 182.1, 148.2, 135.2, 

135.2, 134.9, 133.9, 133.8, 133.7, 132.1, 130.7, 130.6, 130.5, 126.4, 126.3, 118.9, 118.3, 

42.7, 39.6, 30.6, 30.4, 29.4, 29.2, 29.1, 28.2, 27.0, 22.8, 21.8. 

(10-(1,4-Dihydro-1,4-dioxonaphthalen-3-ylamino)decyl)tricyclohexyl-phosphonium 

methanesulfonate (15f): Yield: 47%; red oil; TLC (SiO2) Rf 0.27 (9:1 DCM:MeOH); 
1
H 

NMR (500 MHz, CDCl3) δ 8.10 (d, 1H, J = 7.5 Hz), 8.04 (d, 1H, J = 7.5 Hz), 7.73 (t, 1H, 

J = 7.5 Hz), 7.62 (t, 1H, J = 7.5 Hz), 5.96 (bs, 1H), 5.73 (s, 1H), 3.18 (q, 2H, J = 6.5 Hz), 

2.75 (s, 3H), 2.56 (q, 3H, J = 12.0 Hz), 2.44-2.39 (m, 2H), 1.83-1.80 (m, 4H), 1.72-1.65 

(m, 2H), 1.54-1.31 (m, 40H); 
13

C NMR (125 MHz, CDCl3) δ 185.7, 185.5, 150.1, 134.9, 

132.1, 126.4, 126.3, 42.7, 39.8, 31.4, 30.2, 29.9, 29.5, 29.4, 29.2, 28.3, 27.3, 27.1, 26.7, 

26.6, 25.7. 

 ((3-Methyl-1,4-dioxo-1,4-dihydronaphthalen-2-yl)methyl)triphenylphosphonium 

chloride (21): Yield: 22%; brown solid, mp 198-200 ºC; TLC (SiO2) Rf 0.22 (9:1 

DCM:MeOH); 
1
H NMR (500 MHz, CDCl3) δ 7.98-7.46 (m, 19H), 5.42 (d, 2H, J = 16.5 

Hz), 2.19 (s, 3H); 
13

C NMR (125 MHz, CDCl3) δ 185.3, 185.0, 136.2, 136.1, 135.2, 

134.8, 134.3, 134.27, 134.24, 133.9, 132.1, 132.0, 131.5, 130.8, 130.3, 130.2, 128.5, 

126.7, 126.2, 118.4, 117.7, 29.7, 15.3. 
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Preparation of 2-(chloromethyl)-3-methylnaphthalene-1,4-dione 20. To 2-methyl-1,4-

naphthoquinone (500 mg, 2.9 mmol) was added formaldehyde (1.5 mL, 14.5 mmol, 37% 

w/w in H2O) in glacial AcOH (2.5 mL). HCl gas was then passed through the mixture 

and after 5 minutes, the color of solution turned dark red. The mixture was extracted with 

EtOAc (3 x 5 mL), and then, the organic layer was washed with distilled water (10 mL), 

dried over MgSO4, filtered, and evaporated. The product was separated by flash 

chromatography on silica gel using 9:1 hexanes:EtOAc. Yield: 88%; light yellow solid, 

mp 94-96 ºC; TLC (SiO2) Rf 0.34 (19:1 hexanes:acetone); 
1
H NMR (500 MHz, CDCl3) δ 

8.11-8.06 (m, 2H), 7.75-7.72 (m, 2H), 4.61 (s, 2H), 2.31 (s, 3H); 
13

C NMR (125 MHz, 

CDCl3) δ 184.9, 182.6, 146.7, 141.3, 134.0, 133.9, 132.0, 131.7, 126.7, 126.6, 35.9, 12.8. 

 

Preparation of 2-alkylated 1,4-naphthoquinones 22; general procedure. 

Naphthoquinone (3.2 mmol), 1-bromoalkylcarboxylic acid (3.5 mmol), and AgNO3 (1.6 

mmol) were combined in 30 mL of anhydrous MeCN at room temperature.  The reaction 

mixture was heated 60 °C and 30 mL ammonium persulfate aqueous solution (6.1 mmol) 

was then slowly added (over a 2.5 hours period). The reaction mixture was heated at 60 

°C for 20 hours. After cooling to room temperature, the mixture was redissolved in 

EtOAc (15 mL) and washed with brine, and then, the organic layer was dried over 

Na2SO4, filtered, and evaporated. The final compound 22 was separated by flash 

chromatography on silica gel using 9:1 hexanes:EtOAc in accordance to product Rf 

values. 

2-(5-Bromopentyl)naphthalene-1,4-dione (22b): Yield: 11%; yellow solid, mp 56-58 

ºC; TLC (SiO2) Rf 0.50 (7:1 hexanes:EtOAc); 
1
H NMR (500 MHz, CDCl3) δ 8.12-8.03 

(m, 2H), 7.95-7.70 (m, 2H), 6.79 (s, 1H), 3.45-3.41 (m, 2H), 2.64-2.57 (m, 2H), 1.95-



 

   152 

1.89 (m, 2H), 1.70-1.51 (m, 4H); 
13

C NMR (125 MHz, CDCl3) δ 185.2, 185.1, 151.4, 

134.8, 133.7, 133.6, 132.2, 132.0, 126.6, 126.0, 35.5, 32.3, 29.4, 27.8, 27.2. 

2-(10-Bromodecyl)naphthalene-1,4-dione (22c): Yield: 75%; yellow solid, mp 43-45 

ºC; TLC (SiO2) Rf 0.36 (7:1 hexanes:EtOAc); 
1
H NMR (500 MHz, CDCl3) δ 8.10-8.07 

(m, 1H), 8.05-8.03 (m, 1H), 7.74-7.71 (m, 2H), 6.78 (s, 1H), 3.40 (t, 2H, J = 7.0 Hz), 

2.56 (t, 2H, J = 7.5 Hz), 1.84 (qnt, 2H, J = 7.0 Hz), 1.58 (qnt, 2H, J = 7.5 Hz), 1.43-1.29 

(m, 12H); 
13

C NMR (125 MHz, CDCl3) δ 185.2, 185.1, 151.9, 134.7, 133.6, 132.3, 132.1, 

126.6, 126.0, 34.0, 32.8, 29.6, 29.4, 29.4, 29.3, 28.7, 28.2, 27.1. 

 

Preparation of 1-(bromoalkyl)naphtho[2,3-]oxirene-2,7(1H,7H)-dione 23c; 

general procedure. A mixture of 30% H2O2 (1.5 mL), Na2CO3 (60 mg, 0.57 mmol) and 

H2O (0.6 mL) was added to a stirring mixture of 1,4-naphthoquinone (4.4 mmol) in 3 mL 

EtOH at room temperature. The suspension was stirred at that temperature for 1 hour, 

after that, 3 mL H2O was added. The reaction mixture was extracted three times with 

DCM (6 mL). The combined organic layer was dried over MgSO4, filtered, and 

concentrated. The final product was then collected and used without further purification. 

1-(10-Bromodecyl)naphtho[2,3-]oxirene-2,7(1H,7H)-dione (23c): Yield: 82%; 

white semi-solid; TLC (SiO2) Rf 0.48 (7:1 hexanes:EtOAc); 
1
H NMR (500 MHz, CDCl3) 

δ 8.03-8.01 (m, 1H), 7.96-7.94 (m, 1H), 7.78 (m, 2H), 3.87 (s, 1H), 3.41 (t, 2H, J = 6.5 

Hz), 2.31-2.05 (m, 1H), 1.91-1.82 (m, 3H), 1.52-1.47 (m, 2H), 1.42-1.38 (m, 4H), 1.29 

(m, 8H); 
13

C NMR (125 MHz, CDCl3) δ 192.2, 191.9, 134.7, 134.5, 132.6, 132.0, 127.6, 

126.9. 64.2, 60.4, 34.3, 32.9, 29.8, 29.6, 29.5, 29.4, 28.9, 28.4, 28.3, 24.7.   
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Preparation of 2-(bromoalkyl)-3-hydroxynaphthalene-1,4-dione 24; general 

procedure. Concentrated H2SO4 (1.4 mL) was mixed with epoxide 21 (1.3 mmol) and 

was stirred at room temperature for 10 minutes.  The mixture was then chilled to 0 °C 

and was added 10 mL of saturated aqueous NaHCO3 solution. The resulting mixture was 

then extracted twice with DCM (10 mL), dried over MgSO4, filtered and concentrated. 

The final product was separated by flash chromatography on silica gel in accordance to 

product Rf values. 

2-(Bromodecyl)-3-hydroxynaphthalene-1,4-dione (24c): Yield 65%; yellow solid; 

TLC (SiO2) Rf 0.43 (7:1 hexanes:EtOAc); 
1
H NMR (500 MHz, CDCl3) δ 8.11 (d, 1H, J = 

7.5 Hz), 8.06 (d, 1H, J = 7.5Hz), 7.76-7.73 (m, 1H), 7.69-7.65 (m, 1H), 7.38 (s, 1H), 

3.41-3.38 (t, 2H, J = 7.0 Hz), 2.61 (t, 2H, J = 7.5 Hz), 1.84 (qnt, 2H, J = 7.0 Hz), 1.55 

(qnt, 2H, J = 7.0 Hz), 1.40-1.25 (m, 12H); 
13

C NMR (125 MHz, CDCl3) δ 184.9, 181.6, 

153.2, 134.9, 134.7, 134.5, 133.1, 133.0, 132.6, 129.6, 127.6, 126.93, 129.91, 126.2, 

124.9, 34.3, 33.0, 29.9, 29.7, 29.6, 29.5, 28.9, 28.4, 28.3, 23.5.  

 

Preparation of 3-(10-bromoalkyl)-1,4-dioxo-1,4-dihydronaphthalen-2-yl acetate 25c; 

general procedure. Quinone (0.375 mmol) was added into a chloroform (5 mL) solution 

of acetyl chloride (54 l, 0.75 mmol) and 2,6-lutidine (70 L, 0.68 mmol). The reaction 

was stirred at 0 °C for 5 minutes. 0.5 M HCl (5 mL) was then added and the aqueous 

layer was extracted five times with DCM (1 mL). The combined organic layer was 

washed five times with brine (1 mL), dried over MgSO4, filtered and concentrated. The 

product was isolated as white solid and was used without further purification.  

3-(10-Bromodecyl)-1,4-dioxo-1,4-dihydronaphthalen-2-yl acetate (25c): Yield 98%; 

yellow solid, mp 52-54 °C; TLC (SiO2) Rf 0.48 (7:1 hexanes:EtOAc); 
1
H NMR (500 
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MHz, CDCl3) δ 8.13-8.09 (m, 2H), 7.75-7.73 (m, 2H), 3.04 (t, 2H, J = 6.5 Hz), 2.55 (t, 

2H, J = 8.0 Hz), 2.41 (s, 3H), 1.85 (qnt, 2H, J = 7.0 Hz), 1.51 (t, 2H, J = 7.0 Hz), 1.42-

1.29 (m, 12H); 
13

C NMR (125 MHz, CDCl3) δ 184.8, 178.3, 168.2, 151.3, 140.0, 134.3, 

134.0, 132.3, 131.1, 126.9, 126.8, 34.3, 33.0, 29.9, 29.6, 29.4, 28.9, 28.7, 28.3, 24.5, 20.6. 

 

Preparation of (3-acetoxy-1,4-dioxo-1,4-dihydronaphthalen-2-yl)alkyl) 

phosphonium bromide 26. 

General procedure was same as the preparation of phosphonium salts 11. The 

conventional heating method was followed by silica gel chromatography purification 

using acetone to elute the nonpolar impurities followed by 10:1 CHCl3:MeOH to afford 

the phosphonium bromide product. However because many product was very difficult to 

purify, thus only the purist fraction was collected.  

(10-(3-Acetoxy-1,4-dioxo-1,4-dihydronaphthalen-2-yl)decyl)triphenylphosphonium 

bromide (26a): Yield: 30%; pale yellow oil; TLC (SiO2) Rf 0.27 (10:1 CHCl3:MeOH); 

1
H NMR (500 MHz, CDCl3) δ 8.09-8.06 (m, 2H), 7.85-7.73 (m, 17H), 3.68 (s, 2H), 2.53 

(t, 2H, J = 7.5 Hz), 2.40 (s, 3H), 2.17 (s, 2H), 1.62 (s, 4H), 1.48-1.45 (m, 2H), 1.32-1.21 

(m, 8H); 
13

C NMR (125 MHz, CDCl3) δ. 185.7, 184.6, 178.1, 168.1, 151.1, 139.8, 135.1, 

134.1, 133.9, 133.7, 133.6, 132.0, 130.8, 130.6, 130.5, 126.7, 126.6, 118.6, 117.5, 30.5, 

30.4, 29.6, 29.3, 29.2, 29.1, 28.5, 24.3, 22.9, 22.6, 20.5. 

(4-(10-(3-acetoxy-1,4-dioxo-1,4-dihydronaphthalen-2-yl) 

phenyl)bromodecyloxy)triphenylphosphonium bromide (29): Yield: 10%; orange red 

oil; TLC (SiO2) Rf 0.18 (9:1 CHCl3:MeOH);
1
H NMR (500 MHz, CDCl3) δ 8.17-8.13 (m, 

2H), 7.86-7.78 (m, 10H), 7.72-7.70 (m, 7H), 7.31 (d, 2H, J = 8.0 Hz), 7.96 (d, 2H, J = 8.0 

Hz), 3.98 (t, 2H, J= 6.0 Hz), 3.79-3.75 (m, 2H), 2.27 (s, 3H), 1.77 (qnt, 2H, J = 6.5 Hz), 
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1.41 (qnt, 2H, J = 6.5 Hz), 1.29-1.24 (m, 12H); 
13

C NMR (125 MHz, CDCl3) δ 184.2, 

178.6, 168.4, 160.3, 149.6, 137.1, 135.0, 135.0, 134.3, 134.0, 133.8, 133.7, 132.1, 131.6, 

130.9, 130.6, 130.5, 127.1, 126.5, 120.9, 118.8, 118.1, 114.2, 68.1, 29.4, 29.3, 29.2, 29.2, 

29.1, 26.0, 22.7, 20.5. 

(10-(3-Hydroxy-1,4-dioxo-1,4-dihydronaphthalen-2-yl)decyl)triphenylphosphonium 

bromide (27a): red oil; TLC (SiO2) Rf 0.14 (10:1 CHCl3:MeOH); 
1
H NMR (500 MHz, 

CDCl3) δ 8.08 (d, 1H, J = 7.5 Hz), 8.02 (d, 1H, J = 7.5 Hz), 7.84-7.77 (m, 9H), 7.72-7.67 

(m, 7H), 7.62 (t, 1H, J = 7.5 Hz), 3.74-3.70 (m, 2H), 2.55 (t, 2H, J = 7.5 Hz), 1.62-1.58 

(m, 4H), 1.50-1.46 (m, 2H), 1.31-1.19 (m, 10H); 
13

C NMR (125 MHz, CDCl3) δ 184.8, 

181.4, 153.2, 135.0, 134.8, 133.8, 133.7, 133.0, 132.9, 130.67, 130.5, 129.6, 126.7, 126.1, 

124.8 118.8, 118.2, 30.4, 30.3, 29.6, 29.3, 29.2, 29.1, 29.1, 28.2, 23.3, 22.6. 

(10-(3-Hydroxy-1,4-dioxo-1,4-dihydronaphthalen-2-yl)decyl)tributylphosphonium 

bromide (27b): orange red oil; TLC (SiO2) Rf 0.23 (9:1 CHCl3:MeOH); 
1
H NMR (500 

MHz, CDCl3) δ 8.81 (d, 1H, J = 7.5 Hz), 8.07 (d, 1H, J = 7.5 Hz), 7.75 (t, 1H, J = 7.5 

Hz), 7.67 (t, 1H, J = 7.5 Hz), 2.59 (t, 2H, J = 8.0 Hz), 2.44-2.33 (m, 10H), 1.53-1.35 (m, 

22H), 1.27-1.19 (m, 18H), 0.97-0.93 (12H); 
13

C NMR (125 MHz, CDCl3) δ 184.8, 150.0, 

134.8, 133.0, 132.9, 129.6, 126.7, 126.1, 124.7, 32.2?, 32.0?, 30.8, 30.7, 29. 7, 29.29, 

29.27, 29.22, 28.9, 28.2, 26.4, 24.1, 24.0, 23.9, 23.8, 23.4, 22.0, 19.6, 19.4, 19.2, 19.0, 

14.2, 13.5 

(10-(3-Hydroxy-1,4-dioxo-1,4-dihydronaphthalen-2-yl)decyl)tribenzylphosphonium 

bromide (27c): orange red oil; TLC (SiO2) Rf 0.22 (9:1 CHCl3:MeOH); 
1
H NMR (500 

MHz, CDCl3) δ 8.10 (d, 2H, J = 7.0 Hz), 8.07 (d, 2H, J = 7.0 Hz), 7.35-7.27 (m, 15H), 

4.18 (d, 6H, J = 15.0 Hz), 2.61-2.58 (m, 2H), 1.99-1.95 (m, 2H), 1.55-1.51 (m, 2H), 1.37-
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1.31 (m, 2H), 1.28-1.21 (m, 10H); 
13

C NMR (125 MHz, CDCl3) δ 185.4, 185.3, 165.5, 

161.8, 134.9, 132.9, 130.3, 129.6, 128.6, 128.0, 127.9, 126.7, 126.1, 124.7, 103.3, 30.8, 

29.6, 29.2, 29.0, 28.7, 28.2, 26.5, 23.3, 21.6 

 

Deprotection of acetyl group: phosphonium bromide 30 was added into a mixture of 5N 

of HCl and i-PrOH (1:1), the mixture was heated at 65 °C for 12 hours. After that, the 

solution was cooled down to room temperature and was purified by silica gel 

chromatography using acetone to elute the nonpolar impurities followed by 10:1 

CHCl3:MeOH. The final product was obtained in accordance to product Rf value. 

 (4-(10-(3-Hydroxy-1,4-dioxo-1,4-dihydronaphthalen-2-yl)-

phenyl)bromodecyloxy)triphenylphosphonium bromide (30): Yield: 3%; orange red 

oil; TLC (SiO2) Rf 0.12 (9:1 CHCl3:MeOH); 
1
H NMR (500 MHz, CDCl3) δ 8.18 (d, 1H, 

J = 7.5 Hz), 8.13 (d, 1H, J = 7.5 Hz), 7.87-7.73 (m, 16H), 7.48 (d, 2H, J = 8.0 Hz), 6.96 

(d, 2H, J = 8.0 Hz), 3.99 (t, 2H, J = 5.5 Hz), 1.79-1.75 (m, 2H), 1.69-1.65 (m, 4H), 1.45-

1.40 (m, 2H), 1.31-1.23 (m, 10H); 
13

C NMR (125 MHz, CDCl3) δ 184.1, 181.8, 159.5, 

151.9, 150.0, 135.2, 134.3, 134.2, 133.1, 132.9, 132.3, 130.9, 130.8, 129.4, 127.3, 126.1, 

122 .0, 121.9, 118.9, 118.2, 114.1, 68.0, 32.6, 31.0, 29.5, 29.4, 29.3, 29.2, 26.0, 22.9. 

 

Preparation of O-alkylated 2-hydroxy-1,4-naphthoquinones 34; general procedure. 

In 8 mL of dry THF was combined quinone(1 equiv), alkylating agent (2.2 equiv), K2CO3 

powder (1.1 equiv), and tetrabutylammonium iodide (0.1 equiv). The solution was stirred 

at 70 ºC for 15 minutes, then was added 18-crown-6 (21 l, 0.1 equiv). The solution was 

stirred at that temperature for 2-40 hours. After cooling to room temperature, the reaction 

mixture was concentrated, redissolved in EtOAc and washed twice with 5% Na2CO3. The 
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aqueous layer was extracted once more with EtOAc, and then, the combined organic 

layer was dried over MgSO4, filtered, and evaporated. The product 27 was separated by 

flash chromatography on silica gel using hexanes to elute nonpolar impurities followed 

by 10-15% EtOAc in hexanes. 

2-(4-Chlorobenzyl)-3-(6-bromohexyloxy)naphthalene-1,4-dione (34a): Yield: 29%; 

yellow oil; TLC (SiO2) Rf  0.25 (7:1 hexanes:EtOAc); 
1
H NMR (500 MHz, CDCl3) δ 

8.04 (d, 1H, J = 6.5 Hz), 8.01 (d, 1H, J = 6.5 Hz), 7.70-7.65 (m, 2H), 7.25-7.20 (m, 4H), 

4.41 (t, 2H, J = 6.0 Hz), 3.90 (s, 2H), 3.41 (t, 2H, J = 6.0 Hz), 1.88-1.84 (m, 2H), 1.78-

1.75 (m, 2H), 1.49-1.46 (m, 4H);
 13

C NMR (125 MHz, CDCl3) δ 185.13, 181.92, 157.53, 

137.8, 134.1, 133.5, 132.9, 132.1, 131.9, 131.6, 130.5, 128.6, 126.4, 126.3, 73.8, 33.9, 

32.7, 30.5, 28.9, 27.9, 25.2.
 

2-Methyl-3-propoxynaphthalene-1,4-dione (34b): Yield: 37%; yellow oil; TLC (SiO2) 

Rf  0.46 (5:1 hexanes:EtOAc); IR (neat) (νmax, cm
-1

): 1674, 1590, 1563, 1250, 1211, 1044, 

1015; 
1
H NMR (500 MHz, CDCl3) δ 8.08-8.03 (m, 2H), 7.70-7.68 (m, 2H), 4.32 (t, 2H, J 

= 6.5 Hz), 2.12 (s, 3H), 1.80 (sxt, 2H, J = 7.0 Hz), 1.04 (t, 3H, J = 7.5 Hz); 
13

C NMR 

(125 MHz, CDCl3) δ 186.1, 181.6, 157.8, 133.9, 133.4, 132.2, 132.1,131.7, 126.3, 75.5, 

24.1, 10.6, 9.6; EI MS (m/z): 230(M, 38%), 201 (72), 188 (88), 172 (57), 160 (100), 132 

(77).  

2-Butoxy-3-methylnaphthalene-1,4-dione (34c): Yield: 49%; yellow oil; TLC (SiO2) Rf  

0.50 (9:1 hexanes:EtOAc); IR (neat) (νmax, cm
-1

): 1670, 1597, 1326, 1265, 1197, 1082; 
1
H 

NMR (500 MHz, CDCl3) δ 8.06-8.03 (m, 2H), 7.69-7.68 (m, 2H), 4.35 (t, 2H, J = 6.5 

Hz), 2.11 (s, 3H), 1.77-1.47 (qnt, 2H, J = 7.5 Hz), 1.52-1.47 (sxt, 2H, J = 7.5 Hz), 0.98 (t, 

3H, J = 7.5 Hz); 
13

C NMR (125 MHz, CDCl3) δ 186.9, 181.4, 157.6, 133.7, 133.2, 132.0, 
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131.9, 131.5, 126.1, 73.5, 32.6, 19.1, 13.8, 9.4; EI MS (m/z): 244 (M, 14%), 201 (45), 

188 (100), 172 (42), 160 (81), 132 (56). 

2-Isopropoxy-3-methylnaphthalene-1,4-dione (34d): Yield: 22%; yellow oil; TLC 

(SiO2) Rf 0.47 (5:1 hexanes:EtOAc); IR (neat) (νmax, cm
-1

): 1669,1597, 1335, 1265, 1200, 

1099; 
1
H NMR (500 MHz, CDCl3) δ 8.09-8.05 (m, 2H), 7.70-7.69 (m, 2H), 5.00 (qnt, 

1H, J = 6.0 Hz), 2.12 (s, 3H), 1.37 (s, 3H), 1.34 (s, 3H); 
13

C NMR (125 MHz, CDCl3) δ 

186.1, 181.7, 157.0, 133.9, 133.8, 133.4, 132.3, 131.8, 126.4, 76.5, 23.3, 9.9; EI MS 

(m/z): 230 (M, 9%), 188 (100), 172 (9), 132 (42). 

2-(3-Bromopropoxy)-3-cyclohexylnaphthalene-1,4-dione (34g): Yield: 114 mg, 82%; 

bright yellow oil; TLC (SiO2) Rf 0.50 (9:1 hexanes:EtOAc); IR (neat) (νmax, cm
-1

): 1668, 

1596, 1329, 1292, 1239, 1192; 
1
H NMR (500 MHz, CDCl3) δ = 8.06 (d, 1H, J = 7.0 Hz), 

8.02 (d, 1H, J = 7.5 Hz), 7.72-7.66 (m, 2H), 4.39 (t, 2H, J = 5.0 Hz), 3.68 (t, 2H, J = 5.5 

Hz), 3.11 (t, 1H, J = 12.0 Hz), 2.39 (t, 2H, J = 5.5 Hz), 1.98-1.91 (m, 2H), 1.84-1.82 (m, 

2H), 1.73-1.74 (m, 1H), 1.62-1.60 (m, 2H), 1.41-1.25 (m, 5H); 
13

C NMR (125 MHz, 

CDCl3) δ = 185.7, 181.9, 157.5, 140.3, 133.9, 133.3, 132.5, 131.5, 126.6, 126.1, 71.2, 

36.3, 33.5, 30.3, 29.9, 27.1, 26.2; MS (m/z): 376 (M, 46), 378 (45), 255 (100), 187 (43). 

2-Benzyl-3-propoxynaphthalene-1,4-dione (34i): Yield: 44%; yellow oil; TLC (SiO2) 

Rf 0.67 (7:1 hexanes:EtOAc); IR (neat) (νmax, cm
-1

): 1670, 1652, 1597, 1331, 1264, 1216; 

1
H NMR (500 MHz, CDCl3) δ 8.06 (d, 1H, J = 5.5 Hz), 8.02 (d, 1H, J = 5.5 Hz), 7.75-

7.68 (m, 2H), 7.40-7.16 (m, 5H), 4.37 (t, 2H, J = 5.0 Hz), 3.96 (s, 2H), 1.79 (dd, 2H, J = 

13.0, 7.0 Hz), 1.04-1.02 (t, 3H, J = 7.0 Hz); 
13

C NMR (125 MHz, CDCl3) δ 185.4, 182.2, 

157.6, 139.4, 134.0, 133.7, 133.4, 132.1, 131.7, 129.3, 128.6, 126.5, 126.3, 75.6, 29.6, 

24.1, 10.6; EI MS (m/z): 306 (M, 78%), 263 (100), 247 (52). 
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2-((6-Bromohexyl)oxy)-3-cyclohexylnaphthalene-1,4-dione (34h): Yield: 50 mg, 72%; 

yellow oil; TLC (SiO2) Rf  0.34 (19:1 hexanes:EtOAc); IR (neat) (νmax, cm
-1

): 1668, 1596, 

1267, 1196; 
1
H NMR (500 MHz, CDCl3) δ 8.05 (d, 1H, J = 7.0 Hz), 8.00 (d, 1H, J = 6.5 

Hz), 4.28-4.27 (m, 2H), 3.45-3.43 (m, 2H), 3.12 (t, 1H, J = 12.5 Hz), 2.00-1.55 (m, 14H), 

1.37-1.26 (m, 4H); 
13

C NMR (125 MHz, CDCl3) δ 185.7, 182.2, 158.0, 139.7, 133.9, 

133.2, 132.6, 131.6, 126.5, 126.0, 73.8, 36.2, 34.0, 32.9, 30.3, 30.2, 28.1, 27.1, 26.3, 

25.3; MS (m/z): 420 (M + 2, 13), 418 (M, 13),  256 (100). 

2-Benzyl-3-((6-bromohexyl)oxy)naphthalene-1,4-dione (34j): Yield: 46 mg, 57%; 

yellow oil; TLC (SiO2) Rf 0.47 (9:1 hexanes:EtOAc); IR (neat) (νmax, cm
-1

): 1669, 1597, 

1217; 
1
H NMR (500 MHz, CDCl3) δ 8.06 (d, 1H, J = 6.5 Hz), 8.02 (d, 1H, , J = 6.5 Hz), 

7.68-7.67 (m, 2H), 7.32-7.31 (m, 2H), 7.26-7.24 (m, 2H), 7.18-7.16 (m, 1H), 4.38 (t, 2H, 

J = 6.5 Hz), 3.95 (s, 2H), 3.41 (t, 2H, J = 6.5 Hz), 1.87 (t, 2H, J = 6.5 Hz), 1.77 (t, 2H, J 

= 6.5 Hz), 1.48 (m, 4H); 
13

C NMR (125 MHz, CDCl3) δ 185.3, 182.0, 157.6, 139.4, 

134.0, 133.8, 133.4, 132.1, 131.7, 129.2, 128.6, 126.5, 126.3, 73.8, 33.9, 32.8, 30.5, 29.6, 

28.0, 25.2; MS (m/z): 428 (M + 2, 4), 426 (M, 4), 263 (40), 247 (10).  

2-(3-Bromopropoxy)-3-chloronaphthalene-1,4-dione (34k): Yield: 56%; yellow solid, 

mp 58-60 °C; TLC (SiO2) Rf  0.49 (5:1 hexanes:EtOAc); IR (neat) (νmax, cm
-1

): 1673, 

1590, 1563, 1312, 1250, 1211, 1140; 
1
H NMR (500 MHz, CDCl3) δ 8.15 (dd, 1H, J = 

4.5, 3.0 Hz), 8.08 (dd, 1H, J = 5.0, 2.5 Hz), 7.77-7.75 (m, 2H), 4.71 (dt, 2H, J = 7.0, 1.5 

Hz), 3.69 (t, 2H, J = 6.5 Hz), 2.47 (qnt, 2H, J = 6.0 Hz); 
13

C NMR (125 MHz, CDCl3) δ 

179.8, 178.7, 156.5, 134.6, 134.2, 131.3, 130.9, 129.5, 127.2, 127.1, 72.2, 33.4, 29.7; EI 

MS (m/z): 250 (M - 79, 1%), 207 (100).  

2-(6-Bromohexyloxy)-3-chloronaphthalene-1,4-dione (34l): Yield: 59%; yellow solid, 
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mp 36-38 °C; TLC (SiO2) Rf  0.44 (5:1 hexanes:EtOAc); IR (neat) (νmax, cm
-1

): 1672, 

1655, 1590, 1560, 1311, 1252, 1206 ; 
1
H NMR (500 MHz, CDCl3) δ 8.10 (m, 1H), 8.04 

(m, 1H), 7.74 (m, 2H), 4.57 (t, 2H, J = 4.5 Hz), 3.43 (t, 2H, J = 6.5 Hz), 1.90 (m, 2H), 

1.83 (m, 2H), 1354 (m, 4H); 
13

C NMR (125 MHz, CDCl3) δ 179.8, 178.6, 156.7, 134.4, 

133.9, 131.1, 130.8, 129.0, 127.0, 126.9, 74.7, 33.9, 32.7, 30.3, 27.8, 25.0; EI MS (m/z): 

221 (M - 149, 49%), 133 (100). 

2-Propoxynaphthalene-1,4-dione (34m): Yield: 20%; yellow solid, mp 80-81 °C; TLC 

(SiO2) Rf  0.33 (5:1 hexanes:EtOAc); IR (neat) (νmax, cm
-1

) 1655, 1604, 1248, 1016; 
1
H 

NMR (500 MHz, CDCl3) δ 8.13 (d, 1H,  J = 7.5 Hz), 8.08 (d, 1H,  J = 7.5 Hz),  7.76-7.70 

(m, 2H), 6.16 (s, 1H), 3.98 (t, 2H, J = 5.5 Hz), 1.94 (dd, 2H, J = 13.0, 7.0 Hz), 1.08 (t, 

3H, J = 5.5 Hz); 
13

C NMR (125 MHz, CDCl3) δ 185.3, 180.4, 160.1, 134.4, 133.5, 132.2, 

131.4, 126.9, 126.3, 110.4, 71.2, 21.9, 10.6; EI MS (m/z): 216 (M, 48%), 187 (32), 173 

(23), 158 (52). 

 

Preparation of naphthoquinones 31; general procedure. The compounds were made 

without adding TBAI. In 8 mL of dry THF was combined quinone (1.0 mmol, 1 equiv), 

alkylating agent (1.5 equiv), K2CO3 powder (1.1 equiv) and 18-crown-6 (0.1 equiv). The 

solution was stirred at 70 ºC for 2-40 hours. After cooling to room temperature, the 

reaction mixture was concentrated, redissolved in EtOAc and washed twice with 5% 

Na2CO3. The aqueous layer was extracted once with EtOAc, and then, the combined 

organic layer was dried over MgSO4, filtered, and evaporated. The product 27 was 

separated by flash chromatography on silica gel using hexanes to elute nonpolar 

impurities followed by 10-15% EtOAc in hexanes. 
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2-(3-Bromopropoxy)naphthalene-1,4-dione (31b): Yield: 20 mg, 12%; yellow solid, 

mp 102-104 °C; TLC (SiO2) Rf  0.22 (5:1 hexanes:EtOAc);
 1

H NMR (500 MHz, CDCl3) δ 

8.12 (d, 1H, J = 7.0 Hz), 8.08 (d, 1H, J = 7.0 Hz), 7.77-7.72 (m, 2H), 4.17 (t, 2H, J = 5.0 

Hz), 3.63 (t, J = 5.5 Hz), 2.49-2.43 (m, 2H);
 13

C NMR (125 MHz, CDCl3) δ 185.0, 180.6, 

159.6, 134.5, 133.5, 132.1, 131.3, 126.8, 126.4, 110.7, 110.6, 66.9, 31.4, 29.5. 

2-(6-Bromohexyloxy)naphthalene-1,4-dione (31a): Yield: 38 mg, 20%; yellow oil; 

TLC (SiO2) Rf  0.60 (5:1 hexanes:EtOAc); 
1
H NMR (500 MHz, CDCl3) δ 8.12 (d, 1H, J = 

7.0 Hz), 8.07 (d, 1H, J = 7.0 Hz), 7.74-7.71 (m, 2H), 4.01 (t, 2H, J = 6.5 Hz), 3.44-3.42 

(m, 2H), 1.92-1.91 (m, 4H), 1.53 (s, 4H); 
13

C NMR (125 MHz, CDCl3) δ 185.2, 180.3, 

159.9, 134.4, 133.5, 132.2, 131.3, 126.8, 126.3, 110.4, 69.6, 33.8, 32.7, 28.3, 27.9, 25.3. 

2-(4-(Bromomethyl)benzyloxy)naphthalene-1,4-dione (31c): Yield: 65 mg, 31%; 

yellow solid, mp 151-153 °C; TLC (SiO2) Rf  0.27 (5:1 hexanes:EtOAc); 
1
H NMR (500 

MHz, CDCl3) δ 8.14 (d, 1H, J = 7.0 Hz), 8.07 (d, 1H, J = 7.0 Hz), 7.76-7.70 (m, 2H), 

7.43 (m, 4H), 6.21 (s, 1H), 5.12 (s, 2H), 4.49 (s, 2H); 
13

C NMR (125 MHz, CDCl3) δ 

185.1, 180.2, 159.4, 138.6, 137.6, 134.5, 133.6, 132.1, 131.3, 129.4, 128.2, 126.9, 126.4, 

111.4, 70.8, 32.9. 

2-(3-Bromopropoxy)-3-(4-chlorobenzyl)naphthalene-1,4-dione (31e): Yield: 66mg, 

47%; yellow oil; TLC (SiO2) Rf  0.45 (9:1 hexanes:EtOAc); 
1
H NMR (500 MHz, CDCl3) 

δ 8.05-8.02 (m, 2H), 7.67 (m, 2H), 7.23 (m, 4H), 4.53 (m, 2H), 3.90 (m, 2H), 3.55 (m, 

2H), 3.32 (t, 2H, J = 7.0 Hz); 
13

C NMR (125 MHz, CDCl3) δ 185.1, 181.7, 157.1, 137.6, 

134.2, 133.6, 133.3, 132.3, 131.8, 131.5, 130.4, 128.8, 126.5, 126.4, 71.4, 33.5, 29.7, 

29.0. 
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Preparation of 2-O-alkylated naphthoquinones phosphonium bromide 32a-b, 35, 40-

47; general procedure. Triphenylphosphine (1 equiv) and naphthoquinone (31, 34) were 

combined in a 5 mL conical-shaped tube and reacted under conventional heating method. 

After cooling to room temperature, the phosphonium salt product was directly separated 

by flash chromatography on silica gel using acetone to elute nonpolar impurities followed 

by 9:1 DCM:MeOH. 

10-(2-Oxy-3-methylnaphthalene-1,4-dione)decyl triphenylphosphonium bromide 

(40): Yield: 3%; orange oil; TLC (SiO2) Rf 0.30 (9:1 DCM:MeOH); 
1
H NMR (500 MHz, 

CDCl3) δ 8.06-8.04 (m, 2H), 7.86-7.71 (m, 17H), 4.33-4.31 (m, 2H), 3.74 (m, 2H), 2.09 

(s, 3H), 1.82-1.22 (m, 16H); 
13

C NMR (125 MHz, CDCl3) δ 185.7, 185.5, 181.6, 157.7, 

150.6, 135.2, 133.9, 133.8, 133.4, 132.1, 131.7, 130.7, 130.6, 126.3, 118.9, 118.3, 81.5, 

73.9, 48.7, 34.3, 30.6, 29.6, 29.4, 29.3, 28.8, 28.2, 25.9, 22.8, 9.6. 

3-(2-Oxy-3-(4-chlorobenzyl)naphthalene-1,4-dione)propyl triphenylphosphonium 

bromide (35): Yield: 5.5 mg, 10%; green oil; TLC (SiO2) Rf 0.32 (9:1 DCM:MeOH); 
1
H 

NMR (500 MHz, CDCl3) δ 8.04-8.02 (m, 1H), 7.97-7.96 (m, 1H), 7.80-7.70 (m, 17H), 

7.18 (d, 2H, J = 5.5 Hz), 7.06 (d, 2H, J = 5.5 Hz), 4.01-3.62 (m, 7H), 2.20-1.93 (m, 2H); 

13
C NMR (125 MHz, CDCl3) δ 184.9, 181.5, 157.0, 137.5, 135.2, 135.1, 134.1, 133.8, 

133.7, 133.68, 133.65, 133.2, 131.9, 131.7, 131.4, 130.7, 130.6, 130.5, 130.2, 128.5, 

126.4, 126.3, 118.6, 118.3, 117.9, 117.7, 71.9, 53.7, 53.6, 28.9, 23.9, 23.2, 22.8, 22.2.  

6-(2-Oxy-3-benzylnaphthalene-1,4-dione)hexyl triphenylphosphonium bromide 

(41): Yield: 44 mg, 62%; orange oil; TLC (SiO2) Rf 0.31 (9:1 DCM:MeOH); 
1
H NMR 

(500 MHz, CDCl3) δ 8.03-8.02 (m, 1H), 7.98-7.97 (m, 1H), 7.85-7.79 (m, 9H), 7.70 (m, 

8H), 7.26 (m, 2H), 7.18 (m, 2H), 7.08 (m, 1H), 4.30(m, 2H), 3.89 (s, 2H), 3.77 (m, 2H), 
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1.72-1.65 (m, 6H), 1.45 (m, 2H); 
13

C NMR (125 MHz, CDCl3) δ 185.2, 181.8, 157.4, 

139.2, 135.1, 133.9, 133.7, 133.7, 133.4, 131.8, 131.5, 130.6, 130.5, 129.0 ,128.4, 126.3, 

126.2, 118.6, 117.9, 77.4, 73.6, 30.1, 30.0, 29.7, 29.4, 25.5, 22.7. 

3-(2-Oxy-3-benzylnaphthalene-1,4-dione)propyl triphenylphosphonium bromide 

(42): Yield: 7.4 mg, 78%; yellow oil; TLC (SiO2) Rf 0.32 (9:1 DCM:MeOH); 
1
H NMR 

(500 MHz, CDCl3) δ 8.05 (d, 1H, J = 7.0 Hz), 7.96 (d, 1H, J = 7.0 Hz), 7.87-7.81 (m, 

3H), 7.79-7.75 (m, 7H), 7.71-7.66 (m, 7H), 7.21 (d, 2H, J = 7.0 Hz), 7.09 (t, 2H, J = 7.0 

Hz), 6.99 (t, 1H, J = 7.0 Hz), 4.69 (m, 2H), 4.08-4.05 (m, 2H), 3.93 (s, 2H), 1.19-1.18 (m, 

2H); 
13

C NMR (125 MHz, CDCl3) δ 185.1, 181.7, 157.1, 146.7, 139.0, 135.2, 134.2, 

133.9, 133.8, 133.7, 133.5, 131.9, 131.6, 130.7, 130.6, 128.8, 128.6, 126.6, 126.4, 118.6, 

117.9, 72.5, 48.7, 29.6, 24.1, 23.4, 23.1. 

6-(2-Oxy-3-cyclohexylnaphthalene-1,4-dione)hexyl triphenylphosphonium bromide 

(43): Yield: 3%; red oil; TLC (SiO2) Rf 0.42 (9:1 DCM:MeOH); 
1
H NMR (500 MHz, 

CDCl3) δ 8.03 (d, 1H, J = 7.0 Hz), 7.97 (d, 1H, J = 7.0 Hz), 7.88-7.78 (m, 9H), 7.72-7.64 

(m, 8H), 4.18 (t, 2H, J = 6.0 Hz), 3.89-3.83 (m, 2H), 3.05 (t, 1H, J = 12.5 Hz), 1.94-1.86 

(m, 4H), 1.79-1.74 (m, 6H), 1.71-1.68 (m, 4H), 1.55-1.52 (m, 4H), 1.33-1.26 (m, 2H); 

13
C NMR (125 MHz, CDCl3) δ 185.7, 185.5, 185.4, 182.1, 166.0, 157.9, 150.1, 139.8, 

135.2, 133.9, 133.8, 133.2, 132.5, 131.6, 130.7, 130.6, 126.5, 125.9, 118.9, 118.2, 110.1, 

73.8, 36.2, 30.2, 30.0, 27.0, 26.2, 25.7, 22.9.  

3-(2-Oxy-3-cyclohexylnaphthalene-1,4-dione)propyl triphenylphosphonium bromide 

(44): Yield: 32 mg, 68%; yellow oil; TLC (SiO2) Rf 0.33 (9:1 DCM:MeOH); 
1
H NMR 

(500 MHz, CDCl3) δ 8.02 (d, 1H, J = 7.0 Hz), 7.75 (d, 1H, J = 7.0 Hz), 7.92-7.87 (m, 

5H), 7.82-7.80 (m, 4H), 7.74- 7.68 (m, 8H), 4.44 (m, 2H), 4.16-4.10 (m, 2H), 3.00 (t, 1H, 
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J = 11.0 Hz), 1.85 (q, 2H, J = 12.5 Hz), 1.75 (d, 2H, J = 12.5 Hz), 1.67 (d, 1H, J = 12.0 

Hz), 1.56 (d, 2H, J = 12.0 Hz), 1.30-1.22 (m, 3H), 1.19-1.18 (m, 2H); 
13

C NMR (125 

MHz, CDCl3) δ 185.6, 181.2, 157.3, 140.6, 135.3, 134.1, 134.0, 133.9, 133.8, 133.4, 

132.5, 131.3, 130.8, 130.7, 126.5, 126.1, 118.7, 117.9, 72.9, 72.8, 36.5, 30.4, 26.9, 26.0, 

24.0, 23.3, 22.9.  

3-(2-Oxynaphthalene-1,4-dione)propyl triphenylphosphonium bromide (32b): Yield: 

3%; yellow solid; TLC (SiO2) Rf 0.61 (9:1 DCM:MeOH); 
1
H NMR (500 MHz, CDCl3) δ 

8.08-8.06 (m, 2H), 7.95-7.91 (m, 5H), 7.81-7.79 (m, 3H), 7.75-7.73 (m, 9H), 6.24 (s, 

1H), 4.44 (m, 2H), 4.23 (m, 2H), 2.34 (m, 2H); 
13

C NMR (125 MHz, CDCl3) δ 184.6, 

180.3, 159.1, 150.1, 135.3, 134.6, 134.2, 134.1, 133.4, 132.3, 131.2, 130.9, 130.8, 126.5, 

118.7, 117.9, 48.7, 30.1, 22.9. 

6-(2-Oxynaphthalene-1,4-dione)hexyl triphenylphosphonium bromide (32a): Yield: 

3 mg, 5%; orange oil; TLC (SiO2) Rf 0.26 (19:1 DCM:MeOH); 
1
H NMR (500 MHz, 

CDCl3) δ 8.06 (m, 2H), 7.87-7.80 (m, 10H), 7.72-7.71 (m, 7H), 6.14 (s, 1H), 3.39 (m, 

2H), 3.79 (m, 2H), 1.86 (m, 2H), 1.78 (m, 2H), 1.69 (m, 2H), 1.54 (m, 2H); 
13

C NMR 

(125 MHz, CDCl3) δ 185.1, 180.4, 159.9, 150.1, 135.2, 134.4, 133.9, 133.8, 133.4, 132.2, 

131.2, 130.7, 130.6, 126.7, 126.3, 118.8, 118.1, 110.5, 110.4, 69.6, 31.1, 30.0, 29.8, 27.9, 

25.6, 22.6. 

3-(2-Oxy-3-(4-methoxyphenyl)naphthalene-1,4-dione)propyl triphenylphosphonium 

bromide (47): Yield: 3%; red oil; TLC (SiO2) Rf 0.31 (9:1 DCM:MeOH); 
1
H NMR (500 

MHz, CDCl3) δ 8.09-8.05 (m, 2H), 7.79-7.68 (m, 17H), 7.32 (d, 2H, J = 6.5 Hz), 6.81 (d, 

2H, J = 6.5 Hz), 4.48 (s, 2H), 3.74 (s, 2H), 3.67 (s, 3H), 1.98 (s, 2H); 
13

C NMR (125 

MHz, CDCl3) δ 184.9, 182.0, 159.8, 156.2, 135.2, 134.4, 134.2, 133.9, 133.8, 133.7, 
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133.6, 132.6, 132.3, 132.0, 131.5, 130.6, 130.5, 126.8, 126.3, 122.9, 118.5, 118.4, 117.9, 

113.7, 72.9, 72.8, 55.4, 23.9. 
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CHAPTER 5 

CONCLUSIONS 

Conventionally, alkene formation under elimination conditions often requires harsh 

temperatures that can cause decomposition of the product. A new method to introduce 

alkenes under mild toluene reflux, which might be suitable to be used in the medicinal 

chemistry lab to build complex structures, has been described in Chapter 2. Several 

phenyl sulfoxides 1a-n were prepared and the chemistry of the precursors was 

investigated. A typical procedure includes the addition of NaOAc which can absorb the 

sulfenic acid 5 during the toluene reflux. Confirmed by 
1
H NMR, the alkene product was 

obtained with high purity before performing further chromatography purification. It was 

found that the effects of nitro group proved to be essential for the reaction, and the optical 

precursor is the o-nitro phenyl sulfoxide. The o-nitro phenyl sulfoxide precursor can be 

used as effective precursors to introduce unsaturated bond into the structure of interest.  

The use of sulfur chemistry in synthetic transformation is further examined in Chapter 

3. A new method to synthesize β-lactams, using photochemistry as one of the key steps in 

the final stages of the synthetic sequence, was developed. The procedure that has been 

developed utilizes thiazolidines hydroxamate ester anions that can be readily cyclized to 

the lactams. The introduction of hydroxyl group at the C-5 position by photooxidation 

(key step in the synthetic sequence) enables this unique approach to construct highly 

functionalized, chiral -lactams that can be employed as platforms in antimicrobial drug 

discovery.  
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A specific example of the utilization of platforms for hit-to-lead generation studies of 

antimicrobials is described in Chapter 4.  The chemical modification of phthalimide and 

1,4-naphthoquinone to design novel mitochondrion-acting antiparasitic agents was 

performed. The central hypothesis of this project is the selectively delivering strategy 

based on triphenyl phosphonium may facilitate passive transport of the lipophilic cations 

across the plasma membranes, and further penetrate into the negatively-charged parasite 

mitochondrion membrane. 

The compounds were evaluated for antiparasitic activity and these results are 

presented in Chapter 4. Calculation of Log D values and percent hemolysis values of lead 

compounds was lastly performed as standard preclinical analyses of experimental 

therapies.  
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APPENDIX A 

Benzyl 11-(2-nitrophenylthio)undecanoate (3a) 
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Benzyl 5-(2-nitrophenylthio)pentanoate (3b) 
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1-(11-(2-Nitrophenylthio)undecylthio)benzene (3c) 

 

 

 

 



 

 

  182  

 

1-(6-(Phenylthio)hexylthio)-2-nitrobenzene (3d) 
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1-(11-(2-Nitrophenylthio)undecylthio)-4-methylbenzene (3e) 
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1-(11-(2-Nitrophenylthio)undecylthio)-4-chlorobenzene (3f) 
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1-(11-(2-Nitrophenylsulfinyl)undecylsulfinyl)-4-nitrobenzene (3g) 
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1-(6-(4-Nitrophenylthio)hexylthio)-2-nitrobenzene (3h) 
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Benzyl 2-(2-nitrophenylthio)butanoate (3i) 

 

 

 

 



 

 

  188  

 

Benzyl 2-(2-nitrophenylthio)-3-methylbutanoate (3j) 
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Benzyl 2-(2-nitrophenylthio)-3-phenylpropanoate (3k) 
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Benzyl 3-(2-nitrophenylthio)butanoate (3l) 
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Benzyl 5-(2-nitrophenylthio)hexanoate (3m) 
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Benzyl 11-(2-nitrophenylsulfinyl)undecanoate (1a) 
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Benzyl 5-(2-nitrophenylsulfinyl)pentanoate (1b) 
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1-(11-(2-Nitrophenylsulfinyl)undecylsulfinyl)benzene (1c) 
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1-(6-(Phenylsulfinyl)hexylsulfinyl)-2-nitrobenzene (1d) 
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1-(11-(2-Nitrophenylsulfinyl)undecylsulfinyl)-4-methylbenzene (1e) 
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1-(11-(2-Nitrophenylsulfinyl)undecylsulfinyl)-4-chlorobenzene (1f) 
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1-(11-(2-Nitrophenylsulfinyl)undecylsulfinyl)-4-nitrobenzene (1g) 
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1-(6-(4-Nitrophenylsulfinyl)hexylsulfinyl)-2-nitrobenzene (1h) 

 

 

 

 



 

 

  200  

 

Benzyl 2-(2-nitrophenylsulfinyl)butanoate (1i) 
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Benzyl 2-(2-nitrophenylsulfinyl)-3-methylbutanoate (1j) 
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Benzyl 3-(2-nitrophenylsulfinyl)butanoate (1l) 
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Benzyl 5-(2-nitrophenylsulfinyl)hexanoate (1m) 

(±) anti-1m 
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(±) syn-1m 
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Benzyl undec-10-enoate (4a) 
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Benzyl pent-4-enoate (4b) 
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1-(Undec-10-enylsulfinyl)benzene (4c) 
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1-(Hex-5-enylsulfinyl)benzene ((Z)-4d) 
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1-Methyl-4-(undec-10-enylsulfinyl)benzene (4e) 

 

 

 

 

 



 

 

  210  

 

1-Chloro-4-(undec-10-enylsulfinyl)benzene (4f) 
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1-Nitro-4-(undec-10-enylsulfinyl)benzene (4g) 
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1-(Hex-5-enylsulfinyl)-4-nitrobenzene (4h) 
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(E)-Benzyl but-2-enoate ((E)-4i) 
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Benzyl 3-methylbut-2-enoate (4j) 
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(E)-Benzyl cinnamate ((E)-4k) 
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Benzyl hexenoate 4m 

 

2-Phenylhex-5-ynoic acid (9) 
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 (E)-6-(Bromomethylene)-tetrahydro-3-phenylpyran-2-one (6)  

 

 

 



 

 

  218  

 

Methyl 2-(9,10-dihydro-9,10-dioxoanthracen-5-yl)acetate (11) 

 

 

2-(Anthracen-5-yl)acetic acid (13) 
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tert-Butyl 2-(prop-2-ynyloxy)acetate (15) 
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2-(Prop-2-ynyloxy)acetic acid (16) 
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  APPENDIX B 

N-Benzyl-2,2-dimethyl thiazolidine-4-carboxylic acid (2e) 
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(R)-N-(Benzyloxy)-3-formyl-2,2-dimethylthiazolidine-4-carboxamide (9e) 
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(R)-Benzyl 2-((3-benzoyl-2,2-dimethylthiazolidine-4-carboxamido)oxy)acetate (9k) 
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(R)-3-Benzoyl-N-(benzyloxy)-2,2-dimethylthiazolidine-4-carboxamide (9l) 
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(R)-3-Benzoyl-N-methoxy-2,2-dimethylthiazolidine-4-carboxamide (9m) 
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Benzyl 2-(((4R,5S)-3-benzoyl-5-hydroxy-2,2-dimethylthiazolidine-4 carboxamido)-

oxy)acetate (10h) 
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(4R,5S)-N-(Benzyloxy)-3-formyl-5-hydroxy-2,2-dimethylthiazolidine-4-carboxamide 

(10a) 
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(4R,5S)-N-Acetoxy-5-hydroxy-2,2-dimethyl-3-(2-phenoxyacetyl)thiazolidine-4-car-

boxamide (10f) 
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tert-Butyl 2-(((4R,5S)-5-hydroxy-2,2-dimethyl-3-(2-phenoxyacetyl)thiazolidine-4-

car-boxamido)oxy)-acetate (10g) 
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(4R,5S)-3-Benzoyl-N-(benzyloxy)-5-hydroxy-2,2-dimethylthiazolidine-4-carbox-

amide (10i) 
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(1R,5R)-Benzyl 6-(2-(benzyloxy)-2-oxoethoxy)-3,3-dimethyl-7-oxo-4-thia-2,6-

diazabi-cyclo[3.2.0]heptane-2-carboxylate (14c) 
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(1R,5R)-6-(Benzyloxy)-3,3-dimethyl-7-oxo-4-thia-2,6-diazabicyclo[3.2.0]heptane-2-

carbaldehyde (14d) 
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tert-Butyl 2-(((1R,5R)-3,3-dimethyl-7-oxo-2-(2-phenoxyacetyl)-4-thia-2,6-diazabicy-

clo[3.2.0]heptan-6-yl)oxy)-acetate (14f) 
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Benzyl 2-(((1R,5R)-2-benzoyl-3,3-dimethyl-7-oxo-4-thia-2,6-diazabicyclo[3.2.0]hep-

tan-6-yl)oxy)acetate (14h) 
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(1R,5R)-2-Benzoyl-6-(benzyloxy)-3,3-dimethyl-4-thia-2,6-diazabicyclo[3.2.0]heptan-

7-one (14i) 
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(1R,5R)-2-Benzoyl-6-methoxy-3,3-dimethyl-4-thia-2,6-diazabicyclo[3.2.0]heptan-7-

one (14j) 
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SS-((2R,3R)-3-Benzamido-1-(benzyloxy)-4-oxoazetidin-2-yl) O-methyl carbon-

(dithioperoxoate) (15b) 
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(1R,5R)-2-Benzoyl-3,3-dimethyl-4-thia-2,6-diazabicyclo[3.2.0]heptan-7-one (17) 
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SS-((2R,3R)-3-Benzamido-4-oxoazetidin-2-yl) O-methyl carbon-(dithioperoxoate) 

(16) 
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APPENDIX C 

10-(1-Decyloxy-1H-benzotriazole)triphenylphosphonium bromide (3) 
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10-(1-Decyloxy-pyrrolidine-2,5-dione)triphenylphosphonium bromide (7) 
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2-(10-Hydroxydecyl)isoindoline-1,3-dione (9a) 
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10-(1,3-Dioxoisoindolin-2-yl)decyl methanesulfonate (10a) 

 

 

 

 

 

 



 

 

244 

 

(10-(1,3-Dioxoisoindolin-2-yl)decyl)triphenylphosphonium methanesulfonate (11a) 
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Tribenzyl(10-(1,3-dioxoisoindolin-2-yl)decyl) phosphonium methanesulfonate (11e) 
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Tricyclohexyl(10-(1,3-dioxoisoindolin-2-yl)decyl) phosphonium methanesulfonate 

(11f) 
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(10-(1,3-Dioxoisoindolin-2-yl)decyl)tris(4-methoxyphenyl)phosphonium 

methanesulfonate (11g) 
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2-(2-Hydroxyethylamino)naphthalene-1,4-dione (13a) 
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2-(10-Hydroxydecylamino)naphthalene-1,4-dione (13b) 

 

 

 

 



 

 

250 

 

2-((1,4-Dioxo-1,4-dihydronaphthalen-2-yl)amino)ethyl methanesulfonate (14a) 
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10-(1,4-Dihydro-1,4-dioxonaphthalen-3-ylamino)decyl methanesulfonate (14b) 
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(2-(1,4-Dihydro-1,4-dioxonaphthalen-3-ylamino)ethyl)triphenylphosphonium 

methanesulfonate (15a) 
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(10-(1,4-Dihydro-1,4-dioxonaphthalen-3-ylamino)decyl)tris(4-fluorophenyl)-

phosphonium methanesulfonate (15b) 
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(10-(1,4-Dihydro-1,4-dioxonaphthalen-3-ylamino)decyl)tribenzyl-phosphonium 

methanesulfonate (15c) 
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(10-(1,4-Dihydro-1,4-dioxonaphthalen-3-ylamino)decyl)tris(4-methoxyphenyl)phos-

phonium methanesulfonate (15d) 
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(10-(1,4-Dihydro-1,4-dioxonaphthalen-3-ylamino)decyl)triphenylphosphonium 

methanesulfonate (15e) 
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(10-(1,4-Dihydro-1,4-dioxonaphthalen-3-ylamino)decyl)tricyclohexyl-phosphonium 

methanesulfonate (15f) 
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2-(Chloromethyl)-3-methylnaphthalene-1,4-dione (20) 
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((3-Methyl-1,4-dioxo-1,4-dihydronaphthalen-2-yl)methyl)triphenylphosphonium 

chloride (21) 
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1-(10-Bromodecyl)naphtho[2,3-]oxirene-2,7(1H,7H)-dione (23c) 
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2-(Bromodecyl)-3-hydroxynaphthalene-1,4-dione (24c)  

 

 

 



 

 

262 

 

3-(10-Bromodecyl)-1,4-dioxo-1,4-dihydronaphthalen-2-yl acetate (25c)  
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(10-(3-Acetoxy-1,4-dioxo-1,4-dihydronaphthalen-2-yl)decyl)triphenylphosphonium 

bromide (26a) 
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(4-(10-(3-Acetoxy-1,4-dioxo-1,4-dihydronaphthalen-2-yl) 

phenyl)bromodecyloxy)triphenylphosphonium bromide (29) 
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(10-(3-Hydroxy-1,4-dioxo-1,4-dihydronaphthalen-2-yl)decyl)triphenylphosphonium 

bromide (27a) 
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(10-(3-Hydroxy-1,4-dioxo-1,4-dihydronaphthalen-2-yl)decyl)tributylphosphonium 

bromide (27b) 
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(10-(3-Hydroxy-1,4-dioxo-1,4-dihydronaphthalen-2-yl)decyl)tribenzylphosphonium 

bromide (27c) 
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(4-(10-(3-Hydroxy-1,4-dioxo-1,4-dihydronaphthalen-2-yl)-

phenyl)bromodecyloxy)triphenylphosphonium bromide (30) 
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2-(4-Chlorobenzyl)-3-(6-bromohexyloxy)naphthalene-1,4-dione (34a) 
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2-Methyl-3-propoxynaphthalene-1,4-dione (34b)  
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2-Butoxy-3-methylnaphthalene-1,4-dione (34c) 
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2-Isopropoxy-3-methylnaphthalene-1,4-dione (34d) 
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2-(3-Bromopropoxy)-3-cyclohexylnaphthalene-1,4-dione (34g) 
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2-Benzyl-3-propoxynaphthalene-1,4-dione (34i) 
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2-((6-Bromohexyl)oxy)-3-cyclohexylnaphthalene-1,4-dione (34h) 

 

 

 



 

 

276 

 

 2-Benzyl-3-((6-bromohexyl)oxy)naphthalene-1,4-dione (34j)  
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2-(3-Bromopropoxy)-3-chloronaphthalene-1,4-dione (34k)  
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2-(6-Bromohexyloxy)-3-chloronaphthalene-1,4-dione (34l) 
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2-Propoxynaphthalene-1,4-dione (34m) 
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2-(6-Bromohexyloxy)naphthalene-1,4-dione (31a) 
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2-(3-Bromopropoxy)naphthalene-1,4-dione (31b) 
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2-(4-(Bromomethyl)benzyloxy)naphthalene-1,4-dione (31c) 
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2-(3-Bromopropoxy)-3-(4-chlorobenzyl)naphthalene-1,4-dione (31e) 
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10-(2-Oxy-3-methylnaphthalene-1,4-dione)decyl triphenylphosphonium bromide 

(40) 
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3-(2-Oxy-3-(4-chlorobenzyl)naphthalene-1,4-dione)propyl triphenylphosphonium 

bromide (35)  
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6-(2-Oxy-3-benzylnaphthalene-1,4-dione)hexyl triphenylphosphonium bromide (41) 
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3-(2-Oxy-3-benzylnaphthalene-1,4-dione)propyl triphenylphosphonium bromide 

(42) 
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6-(2-Oxy-3-cyclohexylnaphthalene-1,4-dione)hexyl triphenylphosphonium bromide 

(43)  
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3-(2-Oxy-3-cyclohexylnaphthalene-1,4-dione)propyl triphenylphosphonium bromide 

(44)  
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3-(2-Oxynaphthalene-1,4-dione)propyl triphenylphosphonium bromide (32b) 
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6-(2-Oxynaphthalene-1,4-dione)hexyl triphenylphosphonium bromide (32a) 
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3-(2-Oxy-3-(4-methoxyphenyl)naphthalene-1,4-dione)propyl triphenylphosphonium 

bromide (47) 
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  APPENDIX D 

Hemolysis determination 

Step 1. Preparation of red blood cell (RBC) suspension. 

Whole blood (purchased, 10 ml per testing tube, keep at 4 ºC) was washed with 

phosphate buffered saline (PBS, pH 7.4) solution and centrifuged (2,500 rpm, 10 min at 

room temperature), and the supernatant was discarded. Repeated this until the supernatant 

was colorless. RBCs were then resuspended in PBS solution and used within 48 h (for 

example, as shown in the figure, 10 x 10
9
 in 10 ml). 

 

Step 2.1 Preparation of Stock Solution (10 µM). 

(see graphed procedure two page later) 

 

Step 2.2 Preparation of Test Solution with different concentrations. 

(see graphed procedure two page later) 

 

Step 3. Test/ Measurement. 

RBCs (around 0.5 x 10
8 

per testing tube) were incubated with increasing concentrations 

(12.5 µM and 25.0 µM, final concentrations) of tested compounds, previously dissolved 

in the minimum required quantity of DMSO or MeOH (to a final organic solvent 

concentration of 0.5 %), for 1 h at 37 ºC. 
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Step 4. Calculation/Analysis: 

Hemolysis was determined by spectrophotometric measurements at 540 nm. The 

percentage of hemolysis of human RBC was determined by the formula 

 

% hemolysis =
(C-B)-(A-B)

(C-B)

x 100

 
 

 

in which A = hemolysis of the sample; 

B = 100 % hemolysis = RBCs with 0.1 % (wt/vol) Triton X-100; 

C = 0 % hemolysis = RBCs with PBS solution. 

 

The assays were carried out in triplicate. 
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Graphed procedure (Hemolytic toxicity) 

centrifugation (2,500 rpm, 10min, )

collecting supernatant (trasfer into cuvette)

reading @ 540nm

Analysis/calculation:

The preparation of RBC 

suspension (10 ml)

2 ml human whole blood

3ml PBS (Hyclone) wash, then 
centrifugation (2,500 rpm, 10min); 

repeat this until supernatant is clear.

(stored in Dr. Bartlett's           

lab, 4 oC refrigerator)

redissolve red residue in 10 ml PBS 

(Hyclone); now this 10 ml 

suspension has around 10 x 109 cell

(directly mixed with solution with 

different concentrations)

Incubation, 37 oC, incubator (120rpm)

50 l MeOH

Blank (10 mL)
Stock Solution

(100 M, 10 mL)

9950 l PBS  

(Hyclone)
25 l MeOH

P.S. MeOH can be changed to DMSO if the test compound has bad solubility.

0.291 mg compd
(if mw is 582)

4975 l PBS  

(Hyclone)

blank

stock

1000 l

1000 l

1500 l

500 l

mix, then 
transfer

mix, then 

transfer

0.5 mL test 1

Test 1 (50 M, 2mL) Test 2 (25 M, 2mL)

0.5 ml test 2

0.5 mL RBC 

suspension
0.5 mL RBC 

suspension

final concentrtion: 25 M final concentrtion: 12.5 M

0.5 mL RBC 

suspension
0.5 mL RBC suspension

0.5 ml blank

blank

stock

0.5 ml blank

10 l Triton X-100

Cuvette sequence in cell holder:

blank
0 % control

test 1a
test 1b
test 1c

100 % control

1a 1b 1c 2a 2b 2c 0% control 100 % control

(this wavelength was confirmed by full wavelenghth scan in the lab)

% hymolysis =
(C-B)-(A-B)

(C-B)
x 100

Here: A reading
          B 100 % hymolysis

          C 0 % hymolysis
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APPENDIX E 

Partition coefficient determination  

The Log DpH7.4 of compounds were determined in octanol-buffer system by shaking flask 

method at 25 ºC. 

 

Step 1. Preparation: 

a. Clean and thoroughly rinse the flask with distilled water and methanol. 

b. Prepare 1 ml of stock solution in 1-octanol (around 0.05 mg/ml). 

c. 500 µl of the stock solution was mixed with exactly equal volume of phosphate buffer 

solution (500 µl, pH 7.4), vortex for 1 min. 

d. The organic layer was then centrifuged at 5,000 rpm at 25 ºC for 5 min. 

e. Repeat step b-d two times. 

 

Step 2. Measurement: 

a. The concentration of the organic layer and the stock solution were analyzed by a UV-

Visible light spectrophotometer. 

b. Here the proper wavelength of each compound (based on the π to π* transition of 

aromatic systems and the resulting maximum wavelength are: 274 nm for the 

triphenylphosphine group and 240 nm for the 1,3-dioxoisoindolin-2-yl unit) was 

determined by full wavelength scan. 

c. After determining the wavelength, the fixed wavelength scan was performed. 
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d. Each value (reading) was also repeated in triplicate. Cuvette sequence in cell holder:  

(octanol for blanking)/(stock octanol solution)/(octanol solution after shaking/mixing) 

 

Step 3. Analysis: 

The Log D value was then calculated by the logarithm of the ratio of concentrations of 

deionized solute in 1-octanol to aqueous solution.  

 

Log D oct/water  = log
[solute]stock

[solute]octanol

1

-1

 
 

 

 

 

 

 




