The Design and Synthesis of Heteroatom-Containing Small

Molecules for the Chemotherapy of Infectious Diseases

by
XIAO LU
(Under the Direction of Timothy E Long)
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 a- or - substitution
groups. The use of sulfur chemistry in synthetic transformation is further investigated in
Chapter 3. An asymmetrical method to synthesize p-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 B-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 B-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 p-lactams by
intramolecular cyclization of intermediates derived from natural a-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 B-lactams that can be employed as

platforms in antimicrobial drug discovery.



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.



CHAPTER 2

PREPARATION OF ALKENES VIA o-NITRO PHENYL

SULFOXIDE PRECURSOR

Lu, X.; Long, T. E. J. Org. Chem. 2010, 75, 249-252.

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



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 a- or - substitution

groups.



2.1 Background
2.1.1 Introduction

Unsaturated hydrocarbons play an important role in biological sciences. Unlike single
bonds that possess sp* 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].

x~. _CHO photo excitation

-—

thermal relaxation

all trans-retinal 11-cis-retinal CHO

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

Br

of bioactive molecules including steroids (e.g., — O
(0]

cholesterol  [2]) and antimicrobials  (e.g., o) O
amphotericin, cephalosporins  [3]). As with

Figure 2.02: The structure of
cephalosporins, the double bond found in haloenol | BEL, a haloenol lactone.

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



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 (.)f Features Examples
interaction
Hydrophobi non-polar ‘like’ non-polar, non-nucleotide reverse transcriptase inhibitors
c interaction polar ‘like” polar to treat HIV-1 [5]
Van der attractive or repulsive forces
Waals P methylene blue to treat malaria [6]

. . exist between molecules
interactions

strong interaction exist
between potential donors and
acceptors

Hydrogen
bonding

non-nucleotide reverse transcriptase inhibitors
to treat HIV-1 [7]

strong interaction depends on
lonic bond | the pH value in the body and
pKa value of the drug

positively-charged lysine or arginine residues at
physiological pH [8]

Covalent irreversible covalent bonding

bond at the binding site the B-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



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 B-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 a-elimination from
chloroform; (2) B-elimination in unsaturated compound synthesis; and (3) y- 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 B-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.



(1) Carbene formation

o-elimination C] <~» — *
Cl

(2) Alkene generation

NaOC,H
-elimination 2y @/&
EtOH 75 °C

(3) Intramolecular nucleophilic cyclization

S

0 o)
Ph
Y- or higher NJ\N’ 1-BuOK NH
elimination H H DMF P
Br N S

70-80 °C |
Ph

Scheme 2.01: Types of elimination reaction.

In general terms, the B-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 B-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 B-elimination involves a flat cyclic transition state to provide the syn-
elimination product and the acid byproduct [15].

H
o c 3 ——» RCH=CHCH; + R'COOH

i
3

ey

Scheme 2.02: Thermal elimination of carboxylic acid ester.



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 -
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.

Cope elimination

g o
(0]
\1 (r[\‘l‘g\\ _ \ + (\)H
\ DMSO N,
160 °C

Chugaev elimination

SR

i) = Ph Ph 0
—_— —
H=l o 200 °C )—\ ¥ )—\\ " Rs ASH

Phy

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

10



selenium compound, however, this reaction’s usage in the pharmaceutical lab or industry

is limited [20].

Se” Br(CHz)11CH3 @ise(CHZ)MCHS’ H20;
EtOH NO, THF

NO,
selenium anion selenide
r Q
SG(CH2)11CH3
@: = CHZZCH(CHz)ch:
NO, 25°C, 9.5 h, 92%
selenoxide

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].

(0]

> -
©/ 0 N-methylformamide 0

130 °C, 24 h, 45%

i
S _ N
DMSO, 185 °C

0.8 h, 35%

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

11



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 B-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

12



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-NO, phenyl and p-OMe phenyl sulfoxides require longer times (e.g., 18
hours for p-Cl phenyl sulfoxide) to produce over 40% vyield 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).

lan=7
lbn=1

Figure 2.03: The designed precursors for Study 1.

X n

0]
1cn=8, R=Ph 1f n =8, R = p-PhClI
1dn=3,R=Ph 1g n =8, R = p-PhNO,

len=8 R=p-PhMe 1hn=3,R =p-PhNO,

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  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.

CO,Bn OZBn COZBn
’ S
G
)
O,N
1i 1j 1k

Figure 2.05: The designed precursors for Study 3.

Phenyl sulfoxides 1l and 1m were designed to further examine the effect of B-H in
Study 4. Comparing the two, precursor 1l has a significantly increase in acidity of p-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 -elimination in the

molecule containing an alkene at f-position.

1l im in
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 o,f-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 Sy2
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%.

R(H) RED o
R'(H) R (H) m-CPBA RYH
> DCM S (H)
n R nal K2C03 R"(H) & I R"(H)
(CH;),CO, rfx ~60% over NO, O H
R,R,R"= alkyl 3a-n 2 steps .

Scheme 2.06: General synthetic route to make the sulfoxide precursors la-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.

PPh
Ho - SH O,N  SH HO ~ OH
H,0, THF *
S-S
50°C,6h
81%
o-nitrophenyl disulfide 2 ethanol disulfide

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

2.2.4 The thermal g-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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(R NO,
S NaOAc
BnO,C~ 7> T e Bno,CT O T
PhMe, rfx 7
la 86% 4a
O NO,
S
BnO,C~ > _NaOAe BnO,C~ X
PhMe, rfx
1b 75% 4b

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 K,CO3, CsHsN (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., NaOACc), 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 '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 *"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 B-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].

O NO, <
S ~
BnO,C” 7 N (TOAC L Bno,e N+ @[ 1
PhMe, rfx NO,
1a 86% 4a 5
X =H, Na
before reflux after reflux
NaOAc
absorbs
sulfenic acid 5
providing the
alkene in high
purity.
sulfoxide | CH=CH
absent l l
B %v*J\l&_ A J‘M , )
R~ 275 1YL T T (R S T 57 TR PR S i —
8 7 6 5 4 ppm

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

2.2.5 The thermal B-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
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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% vyield, 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].

NO,
X 2 won °
o 6 PhMe, rfx 6 \
Pz
18 h, 86%
1c 4c
NO,
@ (‘s)‘ NaOA: i
S/\/\/\/ a C » \/\/\/S AN
(B PhMe, rfx \
18 h, 62% =
1d ' 4d

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.

NO2
0 Q
S NaOAc W/S
SW\/ _— 6
3 6 PhMe, rfx
Me 18 h, 87% de Me
le
NO2
SUUNe e
S/\/\M/\/S NaOAc \/\Mgv
S 6 PhMe, rfx
Cl 18h, 74% Cl
1f 4f

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% vyield, 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.

NO,
g i 2
I 6 PhMe, rfx 6
o NO, 18 h, 61% NO,
4g

PhMe, rfx
18 h, 64%

NO,
9 NaOAc 9
AN S — > oS
NO NO

4h 2

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).

Q
(6]
X
0”@ H H
H H
@ &)

S H S H

2 S S

© H R 916 H R
p-nitro group is farther o-nitro group can push the
away from the S-oxygen oxygen closer to the 3-H

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® 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).

C\\ ‘ E - crowded in the
. T ,,,,, -z ;O*a“\tran ition state
(a) S//>H
R

4 H

(b) (e)

not crowded in

- TN T ~the trapsition state
O/’ + O S
I A
H R

(d) (f)

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 3
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 B-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.

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 B-proton, the higher
the reaction outcome will result. Moreover, van der Waals repulsion may also exist
between the B 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 B-position would require milder reaction conditions for the elimination.

2.2.6 The thermal p-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 a,B-unsaturated esters in specially designed
hindered substrates (Scheme 2.12). Although precursors 1i and 1j have a carboxylic ester
at a-position, which can cause a slight activation of the a-H, this acidity enhancement

does not increase the rate of reaction due to the fact that o-H does not involve in B-

elimination.
CO,Bn
/ <S NaOAc _ L0OqBn
—_— —
Cs/ PhMe, rfx
O;N 88%
1i (E)-4i
Oan
_NaOAc _ LOoBn
PhMe rfx
93%
1j 4j

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

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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CO,Bn CO,Bn

02N 02N
3i li (E)-4i
89% trace
CO,Bn CO,Bn CO,Bn
m-CPBA —
S _— > S +
DCM, rt o
OyN OoN
3k 1k (E)-4k
0% 67%

Scheme 2.13: Formation of alkenes 4k and 4i with just m-CPBA.

More interestingly, in the case of sulfoxide 1k, workup with 5% NaHCO; 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 B-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
[-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 -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).

o 0 5
PN oo Y Nocoon | Ny
o 0 .. o \\\\
/ b / m / m
S . S ! S |
small 'I',,// mild ,[,// rge L
repulsion H CHj3 epulsion H;C i ‘CH, repylsion H

(a) compound 1i (b) compound 1j (¢) compound 1k
The estimated strength of repulsive van der Waals force between the sulfoxide and the B-
substitution increases when a bigger group is attached, thus: 1i (1 CH3 group at B) < 1j (2 CH3
group at B) << 1k (1 Ph group at B). Therefore, the estimated stability of sulfoxide also
increases: 1i < 1j <<1k*. (*The compound 1Kk 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 p-elimination: the importance of B-proton

After considering the results in previous sections, the relevance of B-proton acidities
was further investigated by comparing the elimination results of 11 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 B-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
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sulfoxide. As a result, in the case of compound 11, the benzyl ester can not only make the
precursor giving up f-proton more easily, but also expel the sulfenic acid byproduct 5
more quickly.

high lowest
acidity  acidity

U v
Bnoyﬂ/s/

. o NaOAc P ™
repulsion ———— > Bno,C” Y + Bno,c” Y+ BnOZC&‘
repulsion o N PhMe, rfx
61%
1 41 (E)-4l 2)-41
0 : 1 : 0
low lowest
acidity  acidity
b v

BnOZCW
NaOAc

/\/\/
o> ——— > Boc "+ Bogc N B”OZC%
) % PhMe, rfx
repulsion O,N 75%

Im 4m (E)-4m (Z2)-4m

1 : 1 : 0.5

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

Moreover, the B-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 B-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
(2)-4m, the mixture of isomers was inseparable.

After analyzing *H NMR spectrum of this mixture (Figure 2.13), peaks of 4m in
typical terminal alkene region were found: 6 5.77 (ddt, 1H, ABM, Jgm = 17.0 Hz, Jam =
10.5 Hz, J =7.0 Hz), 6 5.02 (dd, 1H, ABM, Jgm = 17.0 Hz, Jag = 1.0 Hz), 6 4.98 (dd, 1H,
ABM, Jam = 10.5 Hz, Jag = 1.0 Hz); a broad overlapped peak between 6 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 + (2)-
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 (Z2)-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.

I
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Figure 2.13: 'H NMR and GC-MS graph of 4m elimination.
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2.2.8 The thermal p-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.

BnO,C
Y\ R

\ /:,' \ /:'. On the
\S' - :</H same side Y o </R same side

: favored N unfavored
O2N (‘)\ O,N é e
- R } ’
J\ R
BnO,C.__~ The only product BRO.C
R after toluene reflux N2 \%H

(E)-4ik (2)-4ik
exclusively generated not generated

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)-41 from 1l.

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

2.2.9 The thermal g-elimination: additional studies

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.

Further investigation into the possible utilization of this route was attempted as
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previously described in study 5. However, after several attempts, the alkylation procedure
was unable to afford the corresponding sulfide precursors 30-q (Scheme 2.15). This

might be because the conventional alkaline Finkelstein reaction conditions are mostly



suitable for reacting with primary halides [27]. Steric hindrance effects by the phenyl

group at -position were believed to prevent Sy2 attack by the thiol 2.

O
R(H) O,N

2
R'(H
B T > 30q
PhR"(H) Nal, K,CO4
(CH3)2CO, rfx
Ph

Ph Ph/Y Ph/K(

S S

s ) )

Ph NO, O,N O,N

30 3p 3q

Scheme 2.15: Unsuccessful attempts to make sulfides 30-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 pB-proton. Thus, the possibility of 8-
elimination to generate the diene product 4n is an interesting topic to study. However, as
shown in Scheme 2.16, the 6-H might be too far away for the oxygen atom of sulfoxide
in the transition state [28] and extraction of B-H was not possible. As a result, the desired

compound can not be generated neither in refluxing chloroform nor in refluxing toluene.

o) NaOAc )
X ——» noreaction after 20 h

\/\/\/\/S@ PhMe, rfx

EtaN
O2N =% » o reaction after 60 h
1n CHClq, rfx

Scheme 2.16: Unsuccessful elimination reaction of sulfoxide 1n.
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Scheme 2.16 (con.)

NO, O

Hs
N

4n

d-H is unable to be extracted by the sulfoxide oxygen

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 1la-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 '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 f-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
B-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 B-H
atom in the transition state. In addition, the repulsion between the bulky B-substitution
and the phenyl sulfenic group can facilitate the leaving of the byproduct. Lastly, it is
likely the increase in acidity of B-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 -
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 iPLA;

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®*-
independent phospholipase A, (iPLA;) [29]. It has been reported that iPLA, 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 iPLA;

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).

X\\g%

8

lead compound: (S)-BEL
X=l, Br

Figure 2.16: Chemical structures of BEL analogues.

2.4.2 Mechanism-based inhibition

Mechanism based inhibition of iPLA; 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 a-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., -CO,H of Asp).

B
HO:/|/O LDA HOI‘jH NBS, aq. K,CO;4 rﬂ@
THF, -10 °C - rt Ph CH,Cly, 6 h, 41% ©

Ph
17 h, 11%

rac-9 rac-6
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 anthroguinoyl 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 anthragquinone-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].

O NH, CuCl
NaNOz CHchClz
(L)) awso™
50°C, 0.4 h rt, 18 h
0 99% 50%
10 11
2 N NaOH
rt, 18 h

99%

CO,H
“ D CusO,
OO LDA, HMPA aq. NH4OH

2. NBS, KHCO; rfx, 0.5 h
43%
13 12

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.

blue fluorescence

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.
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Table 2.02: Attempts to make compound 14.

N ow
CO,H
2 0
methods
CO0 - O
13 14
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 A M.S. 0°C—rt 0%
3 2 equiv n-BuLi, THF, 4 A M.S., N, 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 (EtsSiH/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
KMnQ, 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
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which is acidic enough to cause the decomposition of the lactone during the purification

(Scheme 2.19).

0
. o CHCCH,OH O)K/O \/ TFA, Et;SiH
Iy 3
J NaH, DMF DCM, rt, 18 h
tt, 65 % 99%
15
0.__0O
HO._O ||| NXS Z X
vy -
O aq K2C03 O
DCM, 1t 8a X=1
16 (E)-8 8b X =Br

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 (ICsgS) 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
ICs0s ranging from 6-27 uM 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: ICses (UM) against human prostate cancers after 24, 48, and 72 h exposure
to haloenol inhibitors °.

LNCaP PC-3
compd
24 h 48 h 72h 24 h 48 h 72h
rac-BEL 13 5 9 34 26 14
rac-6 31 5 4 27 10 6

Data represent the calculated ICs, using data assessed 3-5 experiments ran in duplicate
using separate passages of cells assessing alteration in MTT staining;
® 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 F2s4). Melting points were determined
with a melting point apparatus and were left uncorrected. Mass spectrometry was
performed by electrospray ionization (ESI). *H and **C NMR spectra were recorded on a
Varian Inova 500 MHz spectrometer. Chemical shifts were expressed in & (ppm) values
with tetramethylsilane or residual CHCI3/DMSO as an internal standard. The designation
“ABq” for a '"H NMR peak indicates that a peak was one partner of an AB quartet; if
additional splitting was observed, they are noted after the ABg 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 PPhs (1.03 g, 3.92 mmol), 2-
mercaptoethanol (184 uL, 2.61 mmol), and 470 uL of H,O (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 Na,SQ,, 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 Nal (0.4 mmol),
K2COj3 (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 Na,SO,, filtered,
and evaporated. The sulfides 3 were separated by flash chromatography on silica gel in
accordance to product R¢ values.

Benzyl 11-(2-nitrophenylthio)undecanoate (3a): Yield: 670 mg, 88%; yellow oil; TLC
(SiO,) R; 0.48 (6:1 hexanes:EtOAc); *H NMR (500 MHz, CDCl3) & 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 H2),
1.71 (gnt, 2H, J = 7.5 Hz), 1.62 (gnt, 2H, J = 7.5 Hz), 1.45 (gnt, 2H, J = 7.5 Hz), 1.30-
1.26 (m, 10H); *C NMR (125 MHz, CDCls) & 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 Co4H31NO,4S [M+H]" 430.2052, found 430.2041.

Benzyl 5-(2-nitrophenylthio)pentanoate (3b): Yield: 74 mg, 80%; yellow oil; TLC
(Si0,) Ry 0.23 (6:1 hexanes:EtOAc); *H NMR (500 MHz, CDCls) 5 8.18 (d, 1H, J =85
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 (gnt, 2H, J = 7.5 Hz), 1.76 (gnt, 2H, J = 7.5 Hz); ESI-HRMS calcd.

for C1gH20NO,S [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 (SiO,) R 0.47 (9:1 hexanes:EtOAc); *H NMR (500 MHz, CDCls) &
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); **C NMR (125 MHz, CDCl3) & 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; R 0.49 (9:1 hexanes:EtOAc); *H NMR (500 MHz, CDCl3) § 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); *C NMR (125 MHz, CDCl3) §133.6, 129.2, 129,
126.7, 126.4, 125.9, 1245, 33.7, 32.4, 29.1, 28.8, 28.5, 27.9; ESI-HRMS calcd. for
C1sH21NO,S, [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 (SiO,) R¢ 0.51 (9:1 hexanes:EtOAc); *H NMR (500
MHz, CDCl3) & 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 (gnt, 2H, J = 7.5 Hz), 1.60 (gnt, 2H, J = 7.5 Hz), 1.50-1.42 (m,
2H), 1.41-1.36 (m, 2H), 1.36-1.22 (m, 10H); *C NMR (125 MHz, CDCls) & 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 (SiO,) R; 0.5 (9:1 hexanes:EtOAc); *H
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NMR (500 MHz, CDCl3) & 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
(gnt, 2H, J = 7.5 Hz), 1.63 (gnt, 2H, J = 7.5 Hz), 1.48 (gnt, 2H, J = 7.5 Hz), 1.41 (qnt,
2H, J = 7.5 Hz), 1.36-1.26 (m, 10H); **C NMR (125 MHz, CDCl3) & 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 (SiO,) R¢0.26 (9:1 hexanes:EtOAc);
'H NMR (500 MHz, CDCls) & 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); *C NMR (125 MHz, CDCls) & 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 (SiO,) Rs 0.68 (1:1 hexanes:EtOAc); *H NMR (500 MHz,
CDCls) 6 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 C15H20N,04S,
[M+H]" 393.0937, found 393.0943.

Benzyl 2-(2-nitrophenylthio)butanoate (3i): Yield: 166 mg, 78%; yellow oil; TLC
(SiO) R;0.34 (9:1 hexanes:EtOAC); *H NMR (500 MHz, CDCls) § 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, Av = 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); **C NMR (125 MHz, CDCl3) & 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) Rs 0.50 (9:1 hexanes:EtOAc); *H NMR (500 MHz,
CDCls) 6 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, Av = 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); **C NMR (125 MHz, CDCls) & 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 (SiO,) R 0.50 (7:1 hexanes:EtOAc); *H NMR (500 MHz, CDCls) & 8.06 (d, 1H,
J=85Hz), 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, Av = 45.0 Hz, J = 12.0
Hz), 4.18 (dd, 1H, ABX, Jax = 9.0 Hz, Jgx = 6.0 Hz), 3.29 (ABdq, 1H, ABX, Jag = 14.0
Hz, Jax = 6.0 Hz), 3.13 (ABdq, 1H, ABX, Jag = 14.0 Hz, Jax = 9.0 Hz); *C NMR (125
MHz, CDCls) & 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 CxH1oNO,S [M+Na]* 416.0932,
found 416.0920.

Benzyl 3-(2-nitrophenylthio)butanoate (3l): Yield: 179 mg, 66%; yellow oil; TLC
(SiOy) Rt 0.52 (25:1 hexanes:EtOAc); *H NMR (500 MHz, CDCl3) & 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, Jag = 16.0 Hz, J = 5.0 Hz), 2.54 (ABdq, 1H, Jag = 16.0 Hz, J =8.5
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Hz), 1.41 (d, 3H, J = 6.5 Hz); **C NMR (125 MHz, CDCls) § 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
(SiO) R¢ 0.62 (3:1 hexanes:EtOAc); 'H NMR (500 MHz, CDCl3) & 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); **C NMR (125 MHz, CDCls) & 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

C19H21NO,4S [M+Na]* 382.1083, found 382.1082.

Preparation of sulfoxides 1; general procedure. To a stirring solution of sulfides 3a-n
(2 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 Na,SOq,, filtered, and evaporated. The crude sulfoxides 1 were separated by flash
chromatography on silica gel in accordance to product R¢ values.

Benzyl 11-(2-nitrophenylsulfinyl)undecanoate (1a): Yield: 532 mg, 74%; yellow solid,
mp 37-38 °C; TLC (SiO,) Ry 0.43 (3:1 hexanes:EtOAc); *H NMR (500 MHz, CDCls) &
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 (gnt, 2H, J =

7.5 Hz), 1.51-1.46 (m, 1H), 1.41-1.35 (m, 1H), 1.30-1.24 (m, 10H); *C NMR (125 MHz,
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CDCls) 6 173.8, 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 Cy4H3;NOsS [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 (SiO5) Rs 0.25 (1:1 hexanes:EtOAc); *H NMR (500 MHz, CDCls) &
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, Jux = 13.5 Hz, Jax =
9.0 Hz, Jo'x = 7.0 Hz), 2.73 (ddd, 1H, AA’MX, Jux = 13.5, Jam = 9.0 Hz, Ja-m = 4.5 Hz),
2.38 (t, 2H, J = 7.0 Hz), 2.02 (m, 1H, A4°MX), 1.86 (m, 1H, AA’MX), 1.75 (m, 2H); **C
NMR (125 MHz, CDCl3) 6 172.9, 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 CigHzNOsS [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 (SiO,) R¢ 0.05 (1:1 hexanes:EtOAc); *H NMR (500
MHz, CDCls) 6 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); *C NMR
(125 MHz, CDCl3) 6 144.6, 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 Cy3H31NO,4S;
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 (SiO;) R 0.26 (1:1 hexanes:EtOAc); *H NMR (500 MHz,
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CDCls) 5 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 =75 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); *C NMR (125 MHz, CDCls) & 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
C18H21NO,4S, [M+H]" 380.0985, found 380.0990.

1-(11-(2-Nitrophenylsulfinyl)undecylsulfinyl)-4-methylbenzene (le): Yield: 61 mg,
62%:; yellow oil; TLC (SiO2) R 0.20 (1:1 hexanes:EtOAc); *H NMR (500 MHz, CDCls)
§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); °C NMR (125 MHz, CDCls) § 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 Co4H34NO4S; 464.1924 [M+H]", found 464.1910.
1-(11-(2-Nitrophenylsulfinyl)undecylsulfinyl)-4-chlorobenzene (1f): Yield: 130.1 mg,
70%:; yellow oil; TLC (SiO») R 0.20 (1:1 hexanes:EtOAc); *H NMR (500 MHz, CDCl3)
§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); *C NMR (125 MHz, CDCl3) § 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 Co3H3,CINO,S; 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 (SiO,) Rs 0.12 (1:1 hexanes:EtOAc); *H NMR
(500 MHz, CDCls) & 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); *C NMR (125 MHz, CDCl3) & 151.9,
1495, 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 C3H3N206S; 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 (SiO,) R 0.26 ( 1:1 hexanes:EtOAc); *H NMR (500
MHz, CDCls) & 8.37 (d, 2H, J = 8.5 Hz), 8.30 (d, 1H, J = 8.0 Hz), 8.27 (d, 1H, J = 85
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); *C NMR (125 MHz, CDCl5) §
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 CigH21N,O6S, 450.1773 [M+H]" 425.0836, found
425.0837.

Benzyl 2-(2-nitrophenylsulfinyl)butanoate (1i): Yield: 140 mg, 89%; yellow oil; TLC
(SiOy) R; 0.29 (3:1 hexanes:EtOAc); *H NMR (500 MHz, CDCls) & 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, Av = 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); *C NMR (125 MHz, CDCls) & 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 C17H1sNOsS
[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) R; 0.33
(3:1 hexanes:EtOAc); ESI-HRMS calcd. for CigHxoNOsS [M+H]" 362.1057, found
362.1050; (+) anti-1j (major) *H NMR (500 MHz, CDCls) & 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, Av = 55.0 Hz, J = 12.0 Hz), 3.42 (d, 1H,
AA’BC, Jgc = 7.0 Hz), 2.56 (app sxt, 1H, AA’BC, J = 7.0 Hz), 1.09 (d, 3H, A4 'BC, Jos
= 7.0 Hz), 1.05 (d, 3H, AA’BC, Jag = 7.0 Hz); (¥) syn-1j (minor) *H NMR (500 MHz,
CDCl;) 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, Av = 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, A4’B, Jo-s = 6.5 Hz), 1.03 (d, 3H, AA’B, Jag = 6.5 Hz): mixture of 1j: *C NMR
(125 MHz, CDCl3) 6 168.1, 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 Ci7H17NOsS
[M+H]" 348.0900, found 348.0910; (%) anti-11 (major): yellow oil; TLC (SiO,) Rf 0.30

(5:1 hexanes:EtOAc); 'H NMR (500 MHz, CDCl3) & 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, Av = 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 (SiO;) R¢ 0.44 (5:1 hexanes:EtOAC); 'H NMR (500
MHz, CDCl3) & 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,
Av =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 1I: *C NMR (125 MHz, CDCls) &
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 C1gH2;NOsS [M+H]" 376.1213, found
376.1218; (+) anti-1m: yellow oil; TLC (SiO,) R 0.16 (3:1 hexanes:EtOAc); *H NMR
(500 MHz, CDCl3) & 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); **C NMR (125 MHz, CDCls) § 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 (SiO,) R 0.11 (3:1 hexanes:EtOAc); *H NMR (500 MHz, CDCls) & 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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3C NMR (125 MHz, CDCls) & 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:EtOAcC. 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 (SiO;) Rf 0.40
(20:1 hexanes:EtOAc); *H NMR (500 MHz, CDCls) & 7.34-7.30 (m, 5H), 5.79 (ddt, 1H,
ABM, Jgm = 16.5 Hz, Jam = 10.5, 6.5 Hz), 5.10 (s, 2H), 4.98 (dd, 1H, ABM, Jgm = 16.5
Hz, Jag = 1.5 Hz), 4.92 (dd, 1H, ABM, Jam = 10.5 Hz, Jag = 1.5 Hz), 2.34 (t, 2H,J =75
Hz), 2.02 (m, 2H), 1.63 (gnt, 2H, J = 7.0 Hz), 1.36 (gnt, 2H, J = 7.0 Hz), 1.28-1.25 (m,
8H); **C NMR (125 MHz, CDCls) & 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 CigH260, [M+Na]"
297.1825, found 297.1826.

Benzyl pent-4-enoate (4b): Yield: 19 mg, 75%; colorless oil; TLC (SiO,) Rf 0.48 (20:1
hexanes:EtOAc); *H NMR (500 MHz, CDCls) § 7.35-7.30 (m, 5H), 5.81 (ddt, 1H, ABM,
Jem = 17.0 Hz, Jam = 10.5 Hz, J = 7.5 Hz), 5.11 (s, 2H), 5.03 (dd, 1H, ABM, Jgm = 17.0

Hz, Jag = 1.5 Hz), 4.98 (dd, 1H, ABM, Jam = 10.5 Hz, Jag = 1.5 Hz), 2.47-2.44 (m, 2H),
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2.41-2.36 (m, 2H); °C NMR (125 MHz, CDCls) & 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 (SiOy)
Rf 0.18 (7:1 hexanes:EtOAc); *H NMR (500 MHz, CDCls) & 7.59-7.57 (m, 2H), 7.49-
7.43 (m, 3H), 5.75 (ddt, 1H, ABM, Jgm = 17.0 Hz, Jam = 10.5, J = 6.5 Hz), 4.95 (dd, 1H,
ABM, Jgm = 17.0 Hz, Jag = 1.5 Hz), 4.88 (dd, 1H, ABM, Jam = 10.5 Hz, Jag = 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); *C NMR (125 MHz, CDCl3) & 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 (SiO5)
Rf 0.32 (3:1 hexanes:EtOAc); *H NMR (500 MHz, CDCls) & 7.59-7.58 (m, 2H), 7.50-
7.45 (m, 3H), 5.71 (ddt, 1H, ABM, Jgy = 17.0 Hz, Jam = 10.0 Hz, J = 6.5 Hz), 4.95 (dd,
1H, ABM, Jgm = 17.0 Hz, Jag = 1.5 Hz), 4.91 (dd, 1H, ABM, Jam = 10.0 Hz, Jag = 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); °C NMR (125 MHz, CDCls) & 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 (SiO,) R;0.30 (4:1 hexanes:EtOAc); *H NMR (500 MHz, CDCl3) & 7.74 (d, 2H, J =
8.5 Hz), 7.28 (d, 2H, J = 8.0 Hz), 5.77 (ddt, 1H, ABM, Jgm = 17.0 Hz, Jam = 10.0 Hz, J =
7.0 Hz), 4.95 (d, 1H, ABM, Jgm = 17.0 Hz), 4.89 (d, 1H, ABM, Jam = 10.0 Hz), 2.78-2.67
(m, 2H), 2.38 (s, 3H), 1.98 (g, 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); *C NMR (125 MHz, CDCls) & 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 C1gH20 [M+H]" 293.1934, found 293.1933.
1-Chloro-4-(undec-10-enylsulfinyl)benzene (4f): Yield: 12.9 mg, 74%; colorless oil;
TLC (SiO) Rs 0.23 (7:1 hexanes:EtOAc); *H NMR (500 MHz, CDCl3) & 7.54 (m, 2H),
7.49-7.47 (m, 2H), 5.78 (ddt, 1H, ABM, Jgm = 17.0 Hz, Jam = 10.5 Hz, J = 6.5 Hz), 4.95
(dd, 1H, ABM, Jgm = 17.0 Hz, Jag = 1.5 Hz), 4.90 (dd, 1H, ABM, Jam = 10.5 Hz, Jag =
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); **C NMR (125 MHz, CDCls) & 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
C17H25C10 [M+H]* 313.1387, found 313.1387.
1-Nitro-4-(undec-10-enylsulfinyl)benzene (4g): Yield: 15.3 mg, 64%; colorless oil;
TLC (SiO,) R0.47 (3:1 hexanes:EtOAc); *H NMR (500 MHz, CDCl3) & 8.35 (d, 2H, J =
8.0 Hz), 7.78 (d, 2H, J = 8.0 Hz), 5.76 (ddt, 1H, ABM, Jgm = 17.5 Hz, Jam = 10.0 Hz, J =
6.5 Hz) 4.95 (dd, 1H, ABM, Jgm = 17.5 Hz, Jag = 1.5 Hz), 4.90 (dd, 1H, ABM, Jaw =
10.0 Hz, Jag = 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); *C NMR (125 MHz,
CDCI3) 6 152.0, 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
(SiO,) R 0.27 (3:1 hexanes:EtOAc); *H NMR (500 MHz, CDCl3) & 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, Jgm = 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); *C NMR (125 MHz, CDCl3) & 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 C;2H;sNNaOsS
276.0665 [M+Na]", found 276.0673.

(E)-Benzyl but-2-enoate ((E)-4i): Yield: 24.7 mg, 88%; colorless oil; TLC (SiO;) R¢
0.55 (9:1 hexanes:EtOAc); *H NMR (500 MHz, CDCls) § 7.35-7.29 (m, 5H), 7.06 (dq,
1H, AMX, Jux = 16.0 Hz, Jax = 7.0 Hz), 5.87 (d, 1H, AMX, Jux = 16.0 Hz), 5.16 (s,
2H), 1.86 (d, 3H, AMX, Jax = 7.0 Hz); *C NMR (125 MHz, CDCls) & 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 (SiO,) R¢ 0.60
(9:1 hexanes:EtOAc); *H NMR (500 MHz, CDCl3) & 7.38-7.29 (m, 5H), 5.72 (s, 1H),
5.12 (s, 2H), 2.17 (s, 3H), 1.88 (s, 3H); *C NMR (125 MHz, CDCls) & 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
(Si0,) R; 0.77 (7:1 hexanes:EtOAC); *H NMR (500 MHz, CDCl3) § 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); 3C NMR (125 MHz, CDCl3) § 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:EtOAcC; a mixture of diastereomers); Ratio of isomers was determine by GC/MS;
Benzyl hex-5-enoate (4m): *H NMR (500 MHz, CDCl3)  7.38-7.29 (m, 5H), 5.77 (ddt,

1H, ABM, Jgm = 17.0 Hz, Jam = 10.5 Hz, J = 7.0 Hz), 5.11 (s, 2H), 5.02 (dd, 1H, ABM,
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Jem = 17.0 Hz, Jag = 1.0 Hz), 4.98 (dd, 1H, ABM, Jam = 10.5 Hz, Jag = 1.0 Hz), 2.37 (t,
2H,J = 7.5 Hz), 2.09 (q, 2H, J = 7.5 Hz), 1.75 (gnt, 2H, J = 7.5 Hz);

(E)-Benzyl hexenoate ((E)-4m): *H NMR (500 MHz, CDCls) & 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=7.0Hz), 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 °C 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 HCI, extracted with ether. The organic layer was then washed 3 times
with distilled water and dried over MgSQ,, filtered, and evaporated. The product was
separated by flash chromatography on silica gel using 3:1 hexanes:EtOAc in accordance
to product Ry values. Yield: 11%; colorless oil; TLC (SiO;) R¢ 0.70 (1:1 hexanes:EtOAC);
'H NMR (500 MHz, CDCl3) & 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 K,CO3 (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 H,O (7.56

pL, 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 MgSQ,, filtered, and evaporated. The product was separated by flash
chromatography on silica gel using 4:1 hexanes:EtOAc. Yield: 41%; yellow oil; TLC
(SiO,) Ry 0.73 (1:1 hexanes:EtOAc); *H NMR (500 MHz, CDClg) & 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); *C
NMR (125 MHz, CDCl3) 6 168.7, 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; *H NMR (500 MHz, CDCls) & 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 H,O containing 550 mg of ester at 0 °C.
The mixture was then stirred at room temperature for 18 hours and acidified with 6N HCI
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 NH,OH (25 mL), water (25 mL), excess Zn powder
and a trace of CuSO, 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 HCI. The final compound was
filted as yellow solid. Yield: 0.5 g, 43%; TLC (SiO;) R 0.32 (2:1 hexanes:EtOAc + 1
drop of acetic acid); *H NMR (500 MHz, CDCls;) § 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 MgSQO,. The final product was separated by
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flash chromatography on silica gel in accordance to product R¢ values. The final product
is a colorless oil; Yield: 57 mg, 65%; R¢ 0.40 (15:1 hexanes:EtOAc); *H NMR (500 MHz,
CDCls) § 4.25 (d, 2H, J = 2.0 Hz), 4.02 (s, 2H), 2.43 (m, 1H), 1.43 (s, 9H); °C NMR

(125 MHz, CDCl3) 6 169.7, 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%; R 0.50 (1:1
hexanes:EtOAC); *H NMR (500 MHz, CDCls) & 4.24 (s, 2H), 4.19 (s, 2H), 2.49 (s, 1H);

3C NMR (125 MHz, CDCl5) 6 174.5, 78.1, 76.3, 65.8, 58.4.
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CHAPTER 3

PREPARATION OF B-LACTAM ANALOGUES

Lu, X.; Long, T. E. Tetrahedron Lett. 2011, 52, 5051-5054.

Reprinted here with permission of publisher (Copyright Elsevier).
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Abstract

The use of sulfur chemistry in synthetic transformation is further investigated in Chapter
3. An asymmetrical method to synthesize B-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 B-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, B-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 B-Lactam antibacterials

Penicillins and cephalosporins are classified as pB-lactam antibacterials because they
share a similar chemical structure (i.e., p-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 B-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, B-lactamases produced by bacteria
can hydrolyze B-lactams antibacterials [8], or most recently, the modification of
transpeptidase can cause a decreased affinity for binding B-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.

penam penem carbapenem cephem monobactam

Figure 3.02: Examples of heterocyclic scaffolds of f-lactam antibacterials.

3.1.3 The traditional route to make B-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 p-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 p-lactam ring and
derived from mold) condensation as the key step [12]. Besides indirectly obtained from
nature, it is also practical to make the B-lactam via amino acid pool. To this extent, the
aim of this project is to build the p-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 B-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 B-lactam was obtained
via cyclization, cleavage of the thiazolidine ring, the following deprotection of the lactam

ring nitrogen [14].

H H R-N""s R-N"s
RNe=—==SR" H. H ,
jﬁN = o o
o) H o) OR' NHOR'
target platform ﬂ
o) R }
=y o s s
P —
NHz*CI }J
* H,0 HO,C o]
. NHOR'
L-cysteine

Scheme 3.02: Retrosynthesis of monocyclic B-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™. 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™ 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.

R O X
+ >\ - methods RJJ\
—_— >

LCyseHCl 5 HN" s Cl NS

dry acetone

rfx, 2 h HO,C HO,C
63% 1 2
b, . A s o
_— H,N~ S Cl + H,0
HS +OH ¥ HC CH, 2 2
NH3"CI
HO,C
L-Cys acetone 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% vyield [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),0O, 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
2¢, 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 (CsHsN)

was selected serving both as a solvent and as a base.

0 R
HCO,Na, (Ac),0 )& >\

H N S
HCO,H >_/ 92 83%
0°Ctort, 20 h HO,C
+ d p—
HzN S Cl ([-BOC)QO O X
HOLC DIPEA. McCN é\o)\\ N" S . s
rt, 48 h }—’ o
1 H02C
RCOCI o >\
: N = 0
pyridine R)L N g 2¢ R =BnO, 90%
0°Ctort,20 h 2d R =PhOCH,, 63%

HO,C 2e R =Ph, 67%

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.

(1)
O
- Cl
BnBr NH,NH;'H,0 conc. HC1 +
N-OH N-O-Bn ——————» H,N-O-Bn ———» H;N-O-Bn
TEA DMF DCM, MecOH
(6]

rt, 20 h, 92% rt, 2 h, 94%
4 5
)
1 HCl - TsOH «
2 OH BnOH OBn 5% NaHCO; OBn
H2N—0/}( T - HZN—O/\H/ S HzN—o/ﬁ(
Is) TsOH, PhMe DCM, 1t,0.5h
rfx,2.5h
6 7 8

91% over 2 steps

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 2¢’ 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 2¢’ very unstable in the THF/H,O 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%.

(0] N

N I

PhcH,0© N S H,NOBn-HCI, EDC PhCH,O

-
X

THF/H,0, pH 4-5 o)
HO,C 20,
? tt, 0.5 h, 55% HN-O-Bn
2¢ 9a
(EDC HCI) NHC] X
/—f PhCH,0” N
BnONH,
J o
0 X HN-O—Bn
J% X Phci,0” N o
PhCH,0© N S :8—/
HO,C /O H,0 o) X
% N H PhCH o>\\ N S
2
\\ﬁN/Cl_
2 \ HO,C

activated intermediate

regenerated starting material

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 2¢”. 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).
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1t, DCM 0°C tort o IP\II,O\BZ

9b (18%)

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 2¢’’ 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., Chz).
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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%, H,NOMe in entry 13). In comparison, a more
hindered substrate can only generate compound with moderate vyields (51%,
H,NOCH,CO,Bn in entry 11 and 50%, H,NOBnN 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.

0] N 0] S
)K >\ conditions >\
RO N S = R N S
H02C>_/ 04—/
NHOR'
2 9
entry R R’ reaction conditions compd yield (%)

1 PhCH,O Bn H,NOBnN-HCI, method A 9a 55
2 PhCH,O CH,CO,Bn H,NOR’, method B 9b 45
3 PhCH,0 Bz BzCl, method C 9c 18
4 PhCH,O Me Mel, K,CO3 9d 80
5 H Bn H,NOBnN-HCI, method A %e 45
6 ‘BuO Bz BzCl method C of 14
7 '‘BuoO Ac AcCl, method C 99 38
8 ‘BuO CH,CO,Bn H,NOR’, method B 9h 42
9 PhOCH, Ac AcCl, method C 9i 10
10 PhOCH, CH,CO,'Bu H,NOR’, method B 9j 30
11 Ph CH,CO,Bn H,NOR’, method B 9k 51
12 Ph Bn H,NOR’, method B 9l 50
13 Ph Me H,NOMe-HCI, 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 a-hydroxyl sulfide when heating with mineral acid (e.g., sulfuric acid). This a-
substituted sulfide can then be easily hydrolyzed to form the thiol (thiophenol) and carbonyl
compound (glycoxylic acid).

o) B >\ (0] X\
P >\ 0,, TPP, )L $-0-0 )LN S

R
= N8 by Me,S
I/ 1 o o > “nOQH
Ie) o. solvent AOion rt,2-3 h (0] PO
N R 10-0°C E R N R
H H
1.5-2.0h
9 9' 10
(a) The generation of singlet oxygen
3
h . O,
I'TPp —— = ITPP ~ + TP
(b) ThePummerer type rearrangement R‘NXS’ e}
R~ X 0 oo
N S o~ sulfoxide byproduct
)_/ N generation
R R, >\ //O
N 'S_
9 )_/ 0
R
sulfone
N\
R 3\ _0 R\NXStO R~ NX 2) Me,S, t N s
N /S \OH<—> > / \O —_— : / ) e2 ! /
Rv‘ R' Pummerer /OOH 2 3h (6] OH
type NHOR"
9" 9" rearrangement 10' 10
product
generation

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-O7) 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 B-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 °C,

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 FeCl; 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 Me,S 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 R;value.
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In the second part of the procedure, Me,S 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 °C
may not be required in the transformation. When the experiment was performed in p-
dioxane (mp 11.8 °C), the product 10a was generated in 56% vyield. In this case, instead
of circulating cold acetone (< -10 °C), the reaction solution was chilled by cold water and

the temperature was just above 12 °C.

H™ "N° S 1) O, TPP, J H™ "N° S
Iy J\_/ 2) Me,S, 1t
— > —— “OH
(o) o) solvent 0] HON 2-3h (0] (0]
U N” "Bn IS
B P Lo-o0cc H poon
9¢ 1.5-2.0h 9e' 10a
solvent of choice yield (%)
THF 59
PhH 37
MeCN 35
p-dioxane” 56

* reaction temperature is above 12 °C

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.

o} >\ 1. Oy, hv, TPP 0 >\
P& THF, -10 - 0 °C PR

R 152h R /
0 2. Me,S, 1t,2-3 h 0 “oH
NHOR' NHOR'
9 10
entry R R’ compd  yield (%)
1 H Bn 10a 59
2 PhCH,0 Bn 10b 65
3 PhCH,0 Me 10c 42
4 PhCH,O0  CH,CO,Bn 10d 53
5 ‘BuO CH,CO,Bn 10e 58-73
6 PhOCH, Ac 10f 44
7 PhOCH, CH,CO,'Bu 10g 60-68
8 Ph CH,CO,Bn 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 Me,S
can generate the rearranged product 10. Trace amount of impurities were also detected:
the two very polar spots (R¢ < 0.05, not stain browned by FeCls) 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 Me,S. 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).

L
N7 s photochemistry
Example 1 SOCl, -
Ph MeOH
0 )\ rt, 88% 0% NOMe
/4
PhCN, TEA N™ S 12
HS OH —— 5 a
NH;*CI MeOH, rfx Ph
20 h, 68% O~ "OH HOBt, * photochemistry
L-Cys EDC, TEA N s _
Ha DCM, OBHA >
rt, 63%
0~ N—-O_
H Bn
12b
Example 2 Bn Bn
i N/*S Mel. K,CO N)\S photochemistry
HS OH BnCN, TEA > B3 -
NH3+C1_ MeOH, rfx MeCN, 1t
20 h, 20% o) OH 34% O OMe
L-Cys
11b 12¢
Possible explanation:
proton proton
acceptor acceptor
R" R" proton R"
)\ )\+ B extraction )\+
NS e N7 §-0-0 S | N7 S-O-oH
R’ R' Rl
11 11’ 11”1

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.

Cl
O_@_/ + HO— sensitizer O_@_/ \W
80 °C

Merrifield resin resm-bound sensitizer )
Examples:
/
—N
Q O l O O
\ =
S 7 N
; f ! COOH
—N
\
Merrifield resin Merrifield resin Merrifield resin
+ rese bengal (RB) + methylene blue (MB) + fluorescein

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.
O - H
oy - : _HNOy
H \H propanoic acid DCM, 0 °C
rfx, dark O O O O
O,N NO,

: N NH2 H2N NH2 02N No2
—> —>
H N - NH HZN - NH2 02N - No2

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
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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.

())X\ X 1) O,, resin-sensitizer A X
R~ N S hy 2) Me,S R~ N S
Of solvent, -10 - 0 °C > rt,2-3 h > 04—/"@01_1
NHOR' 1.5-2h NHOR'
9 10
entry R R’ sensitizer solvent compd vyield (%)
1 H Bn TPP THF 10a 59
2 H Bn TPPresin THF 10a 63
3 H Bn MBresin  MeCN 10a 59
4 H Bn RBresin THF 10a 53
5 'BuO Bz TPPresin 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 (PhCOy), 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.

(0]

4 X I\
BnO)J\N S (PhCO,), BnO™ N KOH, K,CO; BnoJ\N

N_

H

S

S o
_—
r PhMe, rfx fq”o//( MeOH, H,O fWIOH
0 45h,38% 0 Ph e 1h 0

E—O—Bn E‘O_B“ O-Bn

93%
9¢ 13 10b

Scheme 3.15: Reaction of hydroxamate ester with benzoyl peroxide.
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3.2.12 Cyclization of thiohemiacetals 10

The key ring-forming step was Table 3.04: The cyclization reaction
easily accomplished by combining j\ X )(L >\
R™ N s :
MsCl, EtzN and C-5 hydroxy M,. NP
"()H DCM, 220 °C N
thiazolidine 10 in DCM and left O HN-OR' 0~ TOR
10 14
overnight in a -20 °C freezer [33].
. . . entr R R’ compd ield

Yields obtained by this method were y ey

1 PhCH,0 Bn 1l4a 58
in the range of 25-58%.

2 PhCH,0 Bz 14b 49
Interestingly, for the cyclization of 3 PhCH,0 CH,CO,Bn 14c 48
O-methyl lactam 14j, the reaction 4 H Bn 14d 36

t

was complete in less than 10 min at 0 > BuO Bz Lae 23

6 ‘BuoO CH,CO,Bn 14f 45
°C while several hours were needed

7  PhOCH, CH,CO,Bu  14g 46
for the more sterically hindered O-

8 Ph CH,CO,Bn 14h 42
benzyl analogue 14i (Table 3.04). 9 Ph Bn 14i 41
The low yield of many substrates _ 10 Ph Me 14j 51

was attributed to the formation of byproducts and decomposition of the lactam ring
during the chromatography purification. Evidence for this was that the crude *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 (PPhs) [34], and phosphorus tribromide (PBr3) mediated
bromination [35]. As summarized in Table 3.05, however, the only successful reaction

was performed by using MsCI 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.

conditions BnO N S
“OH - >
© NHOCH,CO,'Bu o N\OCH CO-'Bu
2 2
10g 14g
entry conditions results
1 MsCI, TEA, DCM, -20 °C 46% product
2 PBr;, DCM, 0 °Cto rt S.M.
3 PBr;, K,CO3;, DCM, 0 °C to rt poor yield
4 PBr;, pyridine, 0 °C to rt S.M.
5 PPhs, DIAD, MeCN, 0 °C to rt S.M.
6 PPhs, I,, imidazole, DCM, rt many spots
7 PPhs, Br,, MeCN no reaction
8 PPh;, TEA, CCl, no reaction

3.2.13 Synthesis of N-alkoxy monocyclic p-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 -

lactam 15a was formed after 1.5 hours in higher yield (70%) (Table 3.06).

Table 3.06: Solvent effect on ring cleavage.

O

BN
Ph N S 1.5 eq. SemCl Ph NH S—SCO,Me
N 2.0 eq. NaOAc N
0 "OR solvent, 0 °C - 1t 0 ~OCH,CO,CH,Ph

14h R = CH2C02CH2Ph 15a

entry AcOH DMF H,O0 TFA Vvyield (%)
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).
6)) acid
H-X (strong
enough)
ol Cl.®_CO,Me
Cl—S—CO,Me —————— N
H
@)
. (':Q(g?,cone . >/
R, X ! R X@ R/ _SCOMe _SCO,Me
N S:\/‘H “N2 US=-SC0o,Me N® S 2 R-NH S 2 o
s +C =~ —> + )]\
N N N, H0 N,
0 OR o "OR' o OR! o OR'
15h 15 acetone

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; Sml;, [37]) were

found to be too harsh for the N-1/C-4 bond of the B-lactam nucleus (Table 3.07).

Table 3.07: Cleavage of thiazolidine ring.

X o H o
R HN SH NaOAc, CISCO,Me _ RCONH TSSCOZMQ BzZNH =——=SSCO,Me
AcOH, TFA, DMF o N j;N\
N, OR' o H
0 OR'
14 15a-d 16
entry R R’ compd  yield (%)
1 Ph CH,CO,Bn 15a 49-55
2 Ph Bn 15b 47-65
3 PhCH,0 Bn 15¢" 32
4 ‘BuO CH,CO,Bn 15d" 38

* 15¢, 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.
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Table 3.08: Unsuccessful cleavage reactions.

R)LNS R)LNS

methods
e = ufn
N
1) N N

OBn O

'H
14 17
entry  starting material reaction condition results
rt/reflux
1 o >< Clay, MeOH 24 h no change on TLC
K
N reflux
2 ﬁN o 1N HCI, MeOH 1h S.M. all decomposed
- 7 ho”
14d reflux
3 1N HCI, AcOH 0.1h S.M. all decomposed
)
rt one new more polar spot no more S.M.,
s I X Pd/C, MeOH, H . !
PR™ NS 2 3h (*H NMR: still showing 2 CH3 groups)
5 OJW—N(\O/B" 1) Na, anh. NH; -40 °C no more S.M.
15i 2) NH,CI 0.25h (*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 Sml,-
mediated reaction [38]. Upon ring opening with ScmCl, the N-protio monocyclic -
lactam 16 possessing the cis-configured azetidinone nucleus of penicillins and

cephalosporins was obtained (Scheme 3.17).

0 >\ 0 \3
L DN

N S NaOAc, CISCO,M vl
Hol o H Sl PN oy 2V BZNH =———=SSCO,Me
DCM AcOH, TFA, DMF N
o N N 0 “H
OBn  56-95% o] H 40%
14i 17 16

Scheme 3.17: Synthesis of monocyclic B-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), 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 CH; peak found in the '"H NMR
graph. However, the overall yield of this two-steps sequence was very poor and was not

continued in this study.

JX Jis X, A
BnO” N S Hg(OAc), BnO~ "NH SAgOAc AcCl BnO”~ 'NH S CH;,
—_— —_—
aq. i-PrOH pyridine, DCM
0~ N-O-Bn 1, 20h,55% 07 N-O-Bn  rt,20h, trace 07 N-O-Bn
H H H
9a 18 19
confirmed only by TLC confirmed by 'H NMR

Scheme 3.18: Cleavage reaction using Hg(OAC)..

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.

o R HOBt, EDC
SH HCOONa JJ\ * OBHASHCI
/[ + OHC% ACzo H™ °N” s DMAP, TEA .
H,N”~ ~COOH MeOH HCOOH J\—/ DCM
1,20 h rt, 24 h 0 tt, 20 h
42% over 2 steps 21 57%

Scheme 3.19: Preparation of bicyclic 2-tert-butyl-thiazolidine 24.
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Scheme 3.19 (con.)

. O R
1. O,, hv, sensitizer 0 R
solvent, -10 - 0 °C HJJ\N*S J\ /K
1.52h MsCLTEA H N 'S
phOtO- [ "'//OH JE— .
0 R oxidation 2.Me,S, 1t, 2-3 h 0 DCM, -20 °C
J QPN N=OBn 0% N 0Bn
H N S 33% H 31%
23 24
O N-OB fe) R 0 R
-0OBn
H BPO (PhCO), HJ\N* < KOH RPN
> —  » H N S
22 method PhMe, rfx : /ZE MeOH:H,0 /
0.5h, 27% o (0] Ph 40°C,48h o “OH
N-OBn trace N-OBn
R= tert-butyl H H
25 26
confirmed by MS confirmed by TLC

3.3 Conclusion and Future Directions

In summary, a new method to synthesize B-lactams,

|IIE

RCOHN H
using photochemistry as one of the key steps in the final ]/:N\

0 SO;H
stages of the synthetic sequence, was developed.
monobactams
The stereoselective introduction of hydroxyl group at C-
s Q=
5 by photooxidation enables an alternative approach t0 RCOHN=—H R
:|/:N\ )
formation of the azetidinone ring. It was found the 0 0 ""’cozH
thiazolidine starting material react readily with singlet oxamazins

Figure 3.04: Structure

oxygen (generated in the presence of 0.1 equiv of of monobactams.

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 pB-lactams was
found to be clean and facile. Although mild conditions (i.e., TEA, MsCI) 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 B-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 F;s4). Methoxycarbonylsulfenyl
chloride was purchased from Oakwood Products, Inc (West Columbia, SC) and Sml,
(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" deg cm? g*. Mass spectrometry was performed by
electrospray ionization (ESI). *H and **C NMR spectra were recorded on a Varian Inova
500 MHz spectrometer. Chemical shifts were expressed in 6 (ppm) values with
tetramethylsilane or residual solvent (e.g., CHCI; or DMSO) as an internal standard.
Abbreviations used in the description of resonances are as follow: s (singlet); d (doublet);
t (triplet); q (quartet); gnt (quintet); sxt (sextet); spt (septet); oct (octet), m (multiplet);
app (apparent); bs (broad singlet), bm (broad multiplet). The designation “ABq” for a *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 HCI (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 HCI, dried over Na,SO,4. 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 (SiOy) R 0.37 (9:1 DCM:MeOH); *H NMR (500 MHz, DMSO-dg) & 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).; *C NMR (125 MHz, DMSO-dg) & 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 °C
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 MgSQ,,
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 (SiO;) Rf 0.17 (4:1 hexanes:EtOAc);
'H NMR (500 MHz, CDCl3) § 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 (9¢): Yield:
43%:; white solid, mp 130-132 °C; TLC (SiO,) R; 0.25 (2:1 hexanes:EtOAc); [a]®p: -96
(c 1, CHCIs); *H NMR (500 MHz, CDCl3) & 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); *C NMR (125 MHz,
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CDCls) ¢ 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 (SiO;) Ry 0.55 (1:1
hexanes:EtOAc); *H NMR (500 MHz, CDCls) & 7.39-7.33 (m, 5H), 5.22 and 5.16 (ABq,
2H, Av = 31.5 Hz, J = 12.5 Hz), 4.73 (bs, 1H), 4.55 and 4.49 (ABq, 2H, Av = 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 °C; TLC (SiO;) R 0.32 (2:1
hexanes:EtOAc); *H NMR (500 MHz, CDCls) § 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,
Av = 455 Hz, J = 16.5 Hz), 3.30-3.24 (m, 2H), 1.99 (s, 3H), 1.83 (s, 3H), 1.46 (s, 9H);
13C NMR (125 MHz, CDCls) & 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 (SiO,) Rf 0.32 (1:1 hexanes:EtOAc); [a]®p: -54 (c 1,
CHCI3); *H NMR (500 MHz, CDCl3) § 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); *C NMR (125
MHz, CDCl3) & 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 (91): Yield:
51%; colorless oil; TLC (SiO,) Rt 0.68 (1:1 hexanes:EtOAC); [a]*'p: -112 (c 1, CHClIy);

'H NMR (500 MHz, DMSO-dg) & 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); *C NMR (125
MHz, DMSO-dg) & 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 °C; TLC (SiO,) R¢ 0.31 (1:1 hexanes:EtOAc); [o]%p: -132
(c 1, CHCI3); *H NMR (500 MHz, CDCl3) & 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); **C NMR (125 MHz, CDCl3) 5 170.1,

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 °C bath was added tetraphenylporphyrin (17 mg, 28
umol) 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 uL, 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
EtOACc 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 °C; TLC (SiO;) Rf 0.42 (1:1 hexanes:EtOAc);
[a]®p: -84 (c 1, CHCIs); *H NMR (500 MHz,CD30D) & 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); **C
NMR (125 MHz, CD3;OD) & 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 (SiO;) Ry 0.23 (2:1
hexanes:EtOAc); *H NMR (500 MHz, CDCl3) & 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 (SiO;) R 0.46
(3:1 hexanes:EtOAc); *H NMR (500 MHz, CDCl5) & 7.36-7.33 (m, 5H), 5.55 (bs, 1H),
5.22 and 5.15 (ABq, 2H, Av = 30.0 Hz, J = 12.5 Hz), 4.93 (bs, 1H), 4.52 (s, 2H), 1.96 (5,
3H), 1.82 (s, 3H), 1.48 (s, 9H); *C NMR (125 MHz, CDCls) & 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 (SiO,) R¢ 0.24 (1:1 hexanes:EtOAc); *H
NMR (500 MHz, CDCls) § 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); **C NMR (125 MHz, CDCl3) &
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 (SiO;) Rf 0.30 (1:1
hexanes:EtOAc); *H NMR (500 MHz, CDCl3) & 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, Av = 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); **C NMR (125MHz, CDCls) 6 168.7, 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 (SiO,) Rf 0.13 (1:1
hexanes:EtOAc); *H NMR (500 MHz, CDCl3) & 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); *C NMR (125
MHz, CDCl3) & 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 (SiO,;) R; 0.28 (1:1
hexanes:EtOAC); [a]®p: -58 (¢ 1, CHCIls); *H NMR (500 MHz, DMSO- dg) & 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(ABg, 2H, Av = 40.5 Hz, J = 11.0 Hz), 4.52 (s, 1H), 2.08-1.93 (m, 6H); **C NMR
(125 MHz, DMSO- dg) 6 169.4,165.4, 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 (SiO,) R¢ 0.20 (1:1 hexanes:EtOAC); [a]*p: -50 (c
1, CHCIl5); *H NMR (500 MHz, CDCls) & 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 uL, 4.0 mmol) and EtzN (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 °C freezer overnight. The brown solution was diluted with

DCM (10 mL) and washed with brine, and then, the organic layer was dried over MgSQOy,,
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filtered, and evaporated. The bicyclic B-lactam product 14 was separated by flash
chromatography on silica gel in accordance to product R¢ values.

(1R,5R)-Benzyl 6-(2-(benzyloxy)-2-oxoethoxy)-3,3-dimethyl-7-oxo0-4-thia-2,6-
diazabi-cyclo[3.2.0]heptane-2-carboxylate (14c): Yield: 48%; pale oil; TLC (SiO,) Rt
0.27 (4:1 hexanes:EtOAC); *H NMR (500 MHz, CDCls) § 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, Av = 36.5 Hz, J = 12.0 Hz),
5.20(m, 2H), 4.64 (g, 2H, J = 16.5 Hz), 1.91 (s, 3H), 1.83 (s, 3H); :*C NMR (125 MHz,
CDCl3) 6 168.2, 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 (SiO;) Ry 0.55 (1:1
hexanes:EtOAc); *H NMR (500 MHz, CDCls) & 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, Av = 17.0 Hz, J =
11.0 Hz), 1.84 (s, 3H), 1.73 (s, 3H); *C NMR (125 MHz, CDCl3) § 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-7-0xo0-4-thia-2,6-di-
azabicyclo[3.2.0]heptane-2-carboxylate (14e): Yield: 38-45%; orange oil; TLC (SiO,)
Ry 0.43 (4:1 hexanes:EtOAc); *H NMR (500 MHz, CDCls) & 7.38-7.35 (m, 5H), 5.62 (m,
1H), 5.49 (m, 1H), 5.25 and 5.17 (ABq, 2H, Av = 37.5 Hz, J = 12.5 Hz), 4.65 and 4.57
(ABq, 2H, Av = 31.0 Hz, J = 16.0 Hz), 1.84 (s, 3H), 1.77 (s, 3H), 1.49 (s, 9H); *C NMR
(125 MHz, CDCl3) 6 168.2, 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-7-0x0-2-(2-phenoxyacetyl)-4-thia-2,6-diazabicy-
clo[3.2.0]heptan-6-yl)oxy)-acetate (14f): Yield: 43-46%; orange oil; TLC (SiO,) R; 0.73
(2:1 hexanes:EtOAc); *H NMR (500 MHz, CDCls) 6 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, Av =
62.5 Hz, J = 14.5 Hz), 4.51 and 4.45 (ABq, 2H, Av = 34.0 Hz, J = 16.0 Hz), 1.92 (s, 3H),
1.90 (s, 3H), 1.50 (s, 9H); *C NMR (125 MHz, CDCls) § 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 °C; TLC (SiO,) R¢
0.56 (2:1 hexanes:EtOAC); [0]*p: -8 (c 1, CHCI3); *H NMR (500 MHz, CDCls) § 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, Av = 30.0 Hz, J = 12.5 Hz), 4.57 and 4.54
(ABq, 2H, Av = 18.5 Hz, J = 17.0 Hz), 2.04 (s, 3H), 1.94 (s, 3H); *C NMR (125 MHz,
CDCl3) 6 169.1, 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 (SiO,;) R 0.26 (4:1
hexanes:EtOAC); [a]?®p: -122 (c 1, CHCI5); *H NMR (500 MHz, CDCls) & 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
(ABgq, 2H, Av = 40.5 Hz, J = 11.0 Hz), 2.05 (s, 3H), 1.97 (s, 3H); **C NMR (125 MHz,
CDCI3) 6 169.2, 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.
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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): Yield: 38-51%; pale white solid, mp 129-141 °C; TLC (SiO,) R 0.29 (4:1
hexanes:EtOAC); [a]*®p: -196 (c 1, CHCIs); *H NMR(500 MHz, CDCls) § 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); °C NMR (125 MHz, CDCl3) & 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 B-Lactam 14i. Methoxycarbonylsulfenyl chloride (57 pL,
0.69 mmol) was added dropwise into a mixture solution of B-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 MgSQy, filtered, and evaporated. The yellow
solid was finally triturated in a 4:1 solution of hexanes:EtOAc to provide the
monocyclic B-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 (SiO;) R¢ 0.12
(2:1 hexanes:EtOAC); [0]%p: -16 (c 1, CHCls); *H NMR (500 MHz, CDCl3) & 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); *C NMR (125 MHz, CDCls) 5 169.3,

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 pB-lactam 14i. To a stirring solution lactam 14i (48 mg, 0.13
mmol) in dry DCM (1 mL) was added Sml, 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% Na,S,03 (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 MgSQ,, filtered,
and evaporated. The N-protio pB-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 @an:
Yield: 56-95% (the higher yields were observed when fresh Sml, was used in an
unopened bottle from Alfa Aesar); colorless oil; TLC (SiO;) Rs 0.29 (2:1
hexanes:EtOAC); [0]%p: -98 (¢ 1, CHCIls); *H NMR (500 MHz, CDCls) & 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); ©*C NMR (125 MHz, CDCl3) & 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 B-lactam 17. Methoxycarbonylsulfenyl chloride (12 puL,
0.145 mmol) was added dropwise into an ice-chilled solution of B-lactam (25.5 mg, 0.096
mmol) and NaOAc (15.8 mg, 0.192 mmol) in a 12:2:1 solution of AcCOH: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 MgSQO,,
filtered, and evaporated. The monocyclic B-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 (SiO;) R; 0.18 (1:1 hexanes:EtOAc);
[a]%p: -16 (c 0.5, MeOH); *H NMR (500 MHz, CD;0D) & 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 = 45 Hz), 5.16 (d, 1H, J = 4.5
Hz), 3.87 (s, 3H); **C NMR (125 MHz, CD;0OD) & 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
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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 B-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 f-
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 B-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.
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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).
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CHZ0

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 bc; 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
Gluzz,
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 rigure 4.02: Docking of atovaquone to oxidation

inside yeast bc; complex.
(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 (MitoQ;o mesylate™) [23], a

synthetic phosphonium cationic analogue of ubiquinone, has progressed to phase Il trials
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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.

Cl
O
H3CO PPNy 0
o)
o) OH
@]
mitoquinone atovaquone (ATV)

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 A\|/p <-35mV [24a];
Plasmodium A\Vp -95 mV [24b], Plasmodium Ay 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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membrane
potential

(6]
(cationic modified structure) ®
7 PPh,
driven by thegradually O‘ R

increasing negative charge o

parasite's

mitochonrion
ATV's target

Cl

atovaquone

(lead compound) o

v
driven by the

passive diffusion o

red blood cell

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.

Cl
lipocationic
O chain
N Q
O‘ Oxkﬁpvs
OH cationic
O platform moiety X =0O,N,C

atovaquone (ATV)

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 (AgNOs),
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 AgNOj3 can still generate the

radical and product efficiently (Scheme 4.01).
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HO,C(CH.,)Br

O 0.5 eq. AgNO3 O
O‘ H ag. (NH4),5:08 O‘ o Br
H MeCN, 60 °C H
o) n=4,5,10 e}

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].

methods Q e
R =alkyl
X =ClI, Br, OMs
Y=alkyl, aryl

Method A: PY3, W, 110 °C, 0.5 h;
Method B: PY3, 110 °C, 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., EtsN) 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).
N N N N
©: " Br(CHy),,0H N MsCl N PPh; ©i N
]\( TEA, DMF N\O TEA, DCM N\O Method A I\{O
OH rt, 20 h, 80% rt, 20 h, 93% 39% )
HO—¢/) 0 MsO—/) o @ph3p_y)w
OMs
HOBt 1 2 3

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 HOBL cation (Scheme 4.04).
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O O O
KOH o0 Br(CHz)IooH
N-OH ———» N-O K +> N-O OH
EtOH, rt
- DMEF, 1t, 20 h \(\/{0
0O 1 h, 89% 0O o)

NHS 4 5
o OMs
Br(CH,),,OH MsCl PPh, @
—— N-O_, _OH —————>» N-O_ ,OMs ———» -
TEA, DMF ~ TEA, DCM 7 * Method A N=0y PP
1,20 h, 31% 5 Y r20h,91% S 23% 10
5 6 7

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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0
_Br(CHy),(OH _

N-H o N_ OH

EtOH, rt KI (CH,),CO \6/710

4h, 82% tt, 20 h, 20% o

QOMS
Br(CHy),(OH _omsa OMS PY3

DMF, T DMEefx TEA DCM Method A

20 h, 92% 1,20 h, 91%
lla, d-g

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 9¢”) was finally obtained when using 1,4-dibromobutane or 1,6-
dibromohexane at a high temperature (153 °C) (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., Cs,COs3, 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 °C)

after 9 hours in 52% yield (Scheme 4.06(b)) [31].

Br(CHz)nBr
DMF

rfx, 20 h
9b n=4 (14%) 9b' n=2 (17%)
9¢ n=6 (10%) 9¢' n=4 (11%)

Scheme 4.06(a): Preparation of alkylated phthalimide with dibromide.
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Br(CH2)4BI‘
NH - N_ , Br
C,CO3, MeCN 7
o) 80 °C, 9 h, 52% 0
9b

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 bc; complexes [13].
Comparing the ICs, values may provide useful clue as to whether the designed analogue

plays its role at the same binding pocket of the lead compound.

T\/)’PY3 PPh3
Me

X=Cl H, Me
n=1,10
(0]
(ATV) (0] %Ph
atovaquone 3
o T
n
OH/Ac z
(0]
Y = Ph, Bn, n-Bu Z =H, alkyl, aryl

n=3,6

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.

©
2 o Q H o br
r OBr 1.4 hthoaui N PPh;
® NH,NH, ® ,4-naphthoquinone ¥
N PPh; — = H)N PPh;  -----ee-- > 10
\(\/)/10 EtOH \(\/)/10 discontinued
o) rfx, 20 h O

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 MsCI 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.
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EtOH, rt 10
20 h, 67% 12
I8 ou
_HN(CH,),0H iv)’ _oMsa O‘ A s
EtOH it,4h TEA DCM
1t, 20 h )
13a n=2  (87%) 14a n=2 (85%)
13b n=10 (46 %) 14b n=10 (60%)
e OMs
o ou
PY PY3
O‘ v, s M
methods
o)
14 15 an=2
b =10

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 bcy 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
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compound 16 in 80% vyield. 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%).

(1) 0 o
Cr) o, o~y
—_—
10
cl EtOH, rt, 48 h al
0,
0 80% o)
16
@ 0 0
Cl §I OH
L = T
—_— 10
cl EtOH, rt, 20 h a1
0,
o} 45% 0
17
MsCl
TEA, DCM
rt, 20 h, 83%
© OMs fo)
O‘ Ny PPhs PPhy O‘ g OMs
10 -~ 10
Cl Method A Cl
o 30% o
19 18

Scheme 4.09: Generation of 2-chloro-1,4-naphthoquinone analogue.

4.2.9 PART Il: 1,4-naphthoquinone cation with CH,- connection

The connection by non-polar hydrocarbon chains, including production of vitamin K
analogues, has been the focus of PART Il 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% vyield 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 HCI gas into the
mixture [34]). The subsequent conversion into triphenyl phosphonium salt 21 was carried

out by microwave irradiation.

o HO,C(CH,),Br o
0.5 eq. AgNO
O‘ €q. AgNO; - O‘ o Br 22an= 4, Yield: 5%
aq. (NHy),S,0 22bn= 5, Yield: 10%
N 22¢ n = 10, Yield: 65%
o) MeCN, 60 °C 0
0 0 0 g a1
O ‘ H 37% CH,O O‘ cl PPh; O‘ PPh,
' —_—
Mo ACOH. HCI ve  method A v
()
o min, () 0 o
menadione 20 21

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 Ill: 1,4-naphthoquinone cation with OH or O-ester linkage
Since the binding to the cytochrome bc; 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].

(0] (0] O
O‘ BT H,0,, Na,CO, O@ (Br conc. H,S0, O‘ Br AcCl
— = — >
EtOH, H,O rt, 0.1 h, 9% on  2.6-lutidine, DCM
S rt, 2h, 99% o J rt, 0.2 h, 99%
24c¢
O (0]
O ©© Br o © Br
O‘ O‘ PY3 acidic hydrolysis O‘ 10PY3
4> >
i-PrOH:PhMe OH
O 150 °C, 48-72 h o)
262 Y =Ph 27aY =Ph
26b Y =n-Bu 27b Y =n-Bu
26¢c Y =Bn 27¢ Y =Bn

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).
0 0
O‘ |.CH;  H,0,, Na,CO; O@ 1CH; conc. H,S0,
S —_—
EtOH, H,0 rt, 0.1 h, 61%
S rt, 2h, 99% S
28 o 29 o
AcCl
G e L
OH 2,6-lut1d}11ne, IODCM OAc
5 rt, 1 h, 80% 8
30 31

Scheme 4.12: Preparation of 2-OAc 1,4-naphthoguinone 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 °C), 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 HCI 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.

0 o] 0
AcCl _ methods
O‘ oy C-lutidine, DCM O‘ o O‘ o
J rt, 1 h, 99% 0 I
lawsone 32

entry methods temperature results
1 HBr (ag.), CHCI; 20°C very slow
2 HBr (33% HOAC), CHCl; 20°C very slow
3 TFA, CHCI; 20°C 18 h
4 K,CO;3, MeOH 20°C 05h
5 1IN HCI, DCM 40°C very slow
6 5N HCI, DCM 40°C very slow
7 5N HBr, DCM 40°C very slow
8 10N HCI, DCM 40°C very slow
9 9N HCI, DCM 40°C very slow
10 5N HClI, acetone 56 °C 0.5h
11 9N HBr, acetone 56 °C 1 h (more impurities formed)
12 5N HCI, THF 65 °C 1 h (impurity formed)
13 5N HCI, MeOH 65 °C 1 h (impurity formed)
14 5N HCI, i-PrOH 65 °C 1h

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

123



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 HCI 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)).

6 Br 6 Br
10B PY3
i-PrOH:toluene 3: 1
OAc OAc OH
7

a Y =Ph 1 day 49% 20%
b Y =n-Bu 3 days trace 55%
c Y =Bn 3 days 5% 40%

) o

Q ©©Br @ ©Br e ©Cl
i- PrOH
OH OH
OAc 65°C, 12h

fe} (0]

26a 27a’
(major) (minor)

Scheme 4.13: Preparation of 2-hydroxyl 1,4-naphthogquinone 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).

o o)
(0] \q)lo O\q)l() (0] \q)l()
Br
PPh; PPhy
PPh, ® SN HCI O‘ ®
—_— oBr —————>» © Br
OA -
¢ method B i-PrOH OH
0 10% 65°C, 20 h 0
0,
28 29 3% 30

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 ( 1Cso > 3 uM), 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®*-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.

O
O‘ Br(CH,),Br _ehy
18-crown-6, K,CO th d B
OH 23 o e MO 0%} Peh,
THF, 70 °C, 20 h

O

lawsone 3lan=6 (30%) 32a n=6(5%)
3lbn=3 (12%) 32b n=3 (2%)
¢} o)
O‘ Wi | BrCrBr O‘ < eeny O‘ )
OH 18-crown-6, TBAI ,9\1 method B O,@\)g PPhs
o K,CO;, THF <5% S ©
o 0, = Br
3 70 °C, 40 h, 50% 24a 35

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 (pK, = 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.

(0} (0}
UL, eorma= )
OH K,CO;, catalyst O/\(\ﬁg
o o

THF, 70 °C, 20 h

phthiocol 3-decyloxymenadione
No catalyst 0%
Crown ether 11%
TBAI 49%

Crown ether + TBAI 68%

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.

O (0]
R RI-X R
CUX e O
OH K,COs, THF
© 70 °C, 20-40 h ©
T 31
entry compd R R X time (h) yield (%)*
1 3la H (CH,)sBr Br 20 31
2 31b H (CH,);Br Br 20 12
3 3lc H H,C(p-CsH,)CH,Br Br 20 19
4 31d H (CH)sMe | 48 20
8) 31e  p-CIBn (CH,)sBr Br 20 47

%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 |,
Br, Cl and OMs, reaction yields were higher when X is Br. In addition to this, among
different Ri-X, secondary alkyl halide equates to very poor electrophiles. Moreover,
tertiary substituted alkylating reagents (e.g., (CH3)sCCl) 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 Sy2 attack.

Table 4.03: O-Alkylation of 2-hydroxynaphthoquinones.

O O
R 1) TBAL K,COs 2) 18-crown-6 R
O‘ + RLX > > O‘
OH THF, 70 °C,0.2 h 70 °C, 20-40 h OR!
(0] O
34a-m
entry  compd R R X time (h)  yield (%)
1 34b Me (CH,);Me | 20 37
2 34c Me (CH,);Me  OMs 20 49
3 34d Me CH(CHs),  OMs 20 0
4 34d Me CH(CHj3), | 40 22
5 3de Me cyclopropyl Br 20 0
6 34f Me C(CHa)s cl 20 0
7 34g CeHu (CH,)3Br Br 40 82
8 34h CeHu (CH,)¢Br Br 40 72
9 34i CH,Ph (CH,),Me | 20 44
10 34j CH,Ph (CHy)eBr Br 20 57
11 34a p-CIBn (CHy)¢Br Br 40 51
12 34k Cl (CHy)Br Br 40 56
13 34| Cl (CHy)¢Br Br 40 59
14 34m H (CH,),Me | 20 20

%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 *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.

O O O OPr O

n-Prl ' Pr
18 6, TBAI N O‘ "
-Crown- S
5 OP O
OH " k,co,, THF © r o
(0] O O lo) (0]
70 °C, 40 h
lawsone 34m 34m' 34m"

20% 17% trace

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);N* 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);N* 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].

0 0 o
@6
R 18-crown-6 N R (n-Bu),N % R X-R!
| —— N(n-Bu), | ——
‘ c]) . \' 0 Og
®
0---—-K o (o)
. O™ i
K" complex [Ol/’"l?’“\\oj "naked" anion lipophilic salt
0”1 Y0 | T
O
XR!

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 (r—n*) and 330 nm (n—=*) for
the benzenoid transition, and at 285 nm (n—n*) and 380 (n—=n*) 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 7 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—n* 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.

hthiocol
4 P - -

3.5 h — — K phthiocol + 18-crown-6
3

E. 2.5 K* phthiocol + -
<< 2 TBAI
15 —. K phthiocol + 18-crown-6 + TBAI -
1
0.5
i R
260 310 360 410 460 510 560 610

Figure 4.08: The solution color change and red shift in UV-Vis Spectrum.
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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.

OH O 0O O
RX
O‘ 18-crown-6, TBAI O‘
K,CO;, THF
o 70 °C, 40 h, 0% O

36a RX =CH;(CH,);0Ts
36b RX =Br(CH,),Br
36c RX=CH,CHCH,CI
36d RX=MeOSO;Me

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 1Cso value over than 10
MM, compared to the positive control chloroquine (ICso = 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 1Cs, values was greatly depend on the length of the hydrocarbon
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chain. Although it fails to reveal any correlation between 1Cs, values of compound 11d
and 11e, the similarities were noticed in the ICsy values of phosphonium salts 11a, 11f,
11g and 11h. The other two analogues (HOBt and NHS forms) have ICsy 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 1Csos for P. falciparum growth: compound 11a-g [43].

0
) @ N‘\,N ® N-O0 ®PPh3
n \—_pph, N PPh R
o 10 O
(n=8) 141.6+3.5nM 3 ;
(1=2)35+0.5uM 831.9 nM 1.5 uM

0 o)

NS RSy,

0 o)

11h 11a-g
>10.0 uM
entry compd n Y ICs(nM)®  LogD® MW°®

1 11b 3* Ph >3,000 0.01 464.5
2 1lic 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 1lla 9 Ph 172.7+4.0 1.67 548.7
6 11f 9 CeHyq 140.6 £ 0.7 4.50 566.8
7 119 9 4-PhOMe 1340+ 1.7 3.19 638.7
8 CQd - - 66.93 + 2.3 - 319.9

* made by Dr. Long
® testing performed by Jiri Gut in the laboratory of Dr. Philip J. Rosenthal
® measured by 1-octanol-water partition at pH 7.4
¢ molecular weights of lipocations 11 minus the counterion
¢ 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 1Csy 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 1Csgs for P. falciparum growth: compound 15, 21, 31 [43].

L8 % i
®
seailiveci
n n
H Me
o} 0
15 21,37

entry compd n Y ICso (NM)? Log D° MW*
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 15¢ 10 Bn 2146 +£05 2.80 616.8
4 15d 10 4-PhOMe 1342+ 10.5 4.37 664.8
5 15e 10 Ph 1139+ 7.6 3.60 574.7
6 15f 10 CsH11 94.4 +35.2 341 592.9
7 37a 10* Ph 143.4 + 6.3 3.97 573.7
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Table 4.05 (con.)

8 37b 5* Ph 483+15 2.15 503.6
9 37¢c 4* Ph 18.7+0.3 1.91 489.6
10 21 1 Ph 543.4 +79.2 1.89 4475
11 ART? 7.31+0.14 262.3
12 ATV 0.28 +£0.19 366.3

* made by Dr. Long
# testing performed by Jiri Gut in the laboratory of Dr. Philip J. Rosenthal
® measured by 1-octanol-water partition at pH 7.4
¢ molecular weights of lipocations minus the counterion
¢ 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 (atovaguone), 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.

@
O PY
0 0 T,
@
sesullve
OX 0OX

O 0
26,29 IC5y>3uM X =Ac; Y =Bn,n-Bu, Ph
27,30 1IC5y>3uM X=H; Y =Bn,n-Bu, Ph

Figure 4.09: 2-Hydroxynaphthoguinone and the ester form prodrug.
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Each of the 2-hydroxy 1,4-naphthoquinone lipocations possessed weak activity in the
medium-low pM 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.

138



pH 2
. 0 @ 68[
I PPh; = ===pH7
> i o
iy OH e pH 10
iy
ll 0 1-octanol
. 1
v
Q
<<
200 250 300 350 400 450 500 550 600
A(nm)
51 e pH 2
0 ® B
4.5 - PPh Br ====pH7
4 - pH 10
3.5 1-octanol
. 3
3
< 2.5
2 4
1.5 4y
1
0.5 -
0 : : : ;
200 250 300 350 400 450 500 550 600

A(nm)

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 1Cso 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
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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 1Csgs for P. falciparum growth: compound 32a-b, 35, 40-47.

0 o
O. _PPhy
O‘ T\/Tn
z
o}

compd n Z ICso (NM)? MWP
40 10 Me 119.3+11.3  589.7
35 6 4-CIBn 495+78  644.2
1 6 Bn 491+63  609.7
42 3 Bn 46.7+44 6017
43 6 CeHu 479+63 5676
44 3 CsHus 423+00  559.7
45 6* Me 427+14 5536
46 3* Me 419+40 4915
32b 3 H 40.0+0.8 4775
32a 6 H 285+30 5196
47 3 4-PhOMe 174+41 5836
CcQ° 139.6 + 4.9
ATV 05+0.2

* made by Dr. Long

% testing performed by Jiri Gut in the laboratory of Dr. Philip J. Rosenthal
® molecular weights of lipocations minus the counterion

¢ chloroquine (CQ), atovaquone (ATV)
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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 °C [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.

0 ®  OoMs Plasmodium falciparum 1Csy 18.9 nM?

O‘ PPh; Vero (kidney) cell ICs, 53,200 nM®
therapeutic index = 2,818

I MW 584.7 {TI = [ICso(Vero)/[ICso(P. falciparum)]}
compound 37¢ Log D 1.91
lead compound (pH 7.4, octanol:buffer partition)

? testing performed by Jiri Gut in the laboratory of Dr. Philip J. Rosenthal
® testing performed by Melina Galizzi in the laboratory of Dr. Roberto Docampo

percent hemolysis (%)

concentration compound 19c  atovaquone artemisinin
12.5 uM 0.06 £0.10% 0.13+0.18% 0.05 + 0.05%
25.0 uM 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 °C after 1 hour, using
atovaquone and artemisinin as controls, the percent hemolysis was below 0.06% at 12.5
MM, and below 0.27% at 25 puM. 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 bc;
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 ICsy values were still not in the range of the control (atovaquone). The
mechanism of the lower ICsy 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 Fys4). Reactions conducted under
microwave irradiation were performed in a Biotage™ Initiator reactor. IR spectra were
recorded and reported in cm™. Melting points were determined with a melting point
apparatus and were left uncorrected. Mass spectrometry was performed by electrospray
ionization (ESI). *H and *C NMR spectra were recorded on a Varian Inova 500 MHz
spectrometer. Chemical shifts were expressed in 6 (ppm) values with tetramethylsilane or
residual solvent (e.g., CHCI3 or DMSO) as an internal standard. The designation “ABq”
for a '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., ABgd). 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 (SiO,) Rf 0.36 (9:1 DCM:MeOH); *H NMR (500 MHz,
CDCls) & 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); *C NMR
(125 MHz, CDCl3) 6 168.4, 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 (SiO;) Rf 0.44 (9:1
DCM:MeOH); *H NMR (500 MHz, CDCls) & 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); **C NMR (125 MHz, CDCls) § 168.5, 166.7 (dd, app Jc.r =
259.0, 3.4 Hz), 136.6 (dd, app Je.r= 11.5, 9.5 Hz), 133.9, 132.1, 123.1, 118.5 (m), 114.0
(dd, app Jc-r =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 (SiO,) Rs 0.51 (9:1 DCM:MeOH); *H NMR (500 MHz,
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CDCl3) & 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); *C NMR (125 MHz, CDCl3) & 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 (SiO,) R 0.48 (9:1 DCM:MeOH); *H NMR (500
MHz, CDCls3) & 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); *C NMR (125 MHz, CDCl3) & 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 (SiO;) R 0.23 (9:1
DCM:MeOH); *H NMR (500 MHz, CDCl3) § 7.83-7.81 (m, 2H), 7.74-7.72 (m, 2H), 7.63
(dd, 6H, J = 115, 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); *C NMR (125 MHz, CDCls) & 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 (SiO,) R; 0.37 (9:1 DCM:MeOH); *H NMR (500 MHz, CDCls)  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 (gnt, 2H, J = 7.5 Hz), 1.31-1.24 (m, 12H); **C NMR (125 MHz, CDCl3) &
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 (SiO,) Ry 0.38 (9:1 DCM:MeOH); *H NMR (500 MHz, CDCls) §
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
(gnt, 2H, J = 7.0 Hz), 1.59 (m, 4H), 1.39 (gnt, 2H, J = 7.0 Hz), 1.26-1.21 (m, 8H); **C
NMR (125 MHz, CDCl3) 6 171.4, 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
(Si0,) R 0.40 (1:1 hexanes:EtOAc); *H NMR (500 MHz, CDCls) & 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 °C; TLC (SiO,) Ry 0.38 (1:1 hexanes:EtOAc): *H NMR (500 MHz, CDCl3) &
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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 (g, 2H, J = 6.5
Hz), 1.64 (qnt, 2H, J = 7.0 Hz), 1.52 (gnt, 2H, J = 7.0 Hz), 1.39-1.33 (m, 12H); *C NMR
(125 MHz, CDCl3)  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 pL, 0.49 mmol) and EtzN (129 pL,
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 MgSQ,, 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 °C (decomp.); TLC (SiO;) Rf 0.19 (1:1
hexanes:EtOAc); *H NMR (500 MHz, DMSO-de) & 8.03 (d, 1H, J = 7.5 Hz), 7.97 (d, 1H,
J=75Hz), 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); *C NMR (125 MHz, DMSO-
de) 8 182.6, 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 °C; TLC (SiO,) R; 0.53 (3:1 hexanes:EtOAc); 'H

NMR (500 MHz, CDCls) § 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=75Hz), 753 (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 (gnt, 2H, J =
7.0 Hz), 1.35-1.22 (m, 12H); **C NMR (125 MHz, CDCls) 5 182.8, 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™) 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 (SiO,) R; 0.11 (9:1 DCM:MeOH); *H
NMR (500 MHz, CDCls) & 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); *C NMR (125 MHz, CDCls) & 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 (SiO;) Rf 0.35 (9:1

DCM:MeOH); *H NMR (500 MHz, CDCl3) 5 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 =7.0Hz), 5.95 (bs, 1H), 5.71 (s, 1H), 3.86 (m, 2H), 3.16 (g, 2H, J = 6.5 Hz), 2.73 (5,
3H), 1.67-1.55 (m, 6H), 1.35-1.23 (m, 10H); **C NMR (125 MHz, CDCl3) & 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 (15¢): Yield: 28%:; red oil; TLC (SiO,) Rt 0.33 (9:1 DCM:MeOH); *H
NMR (500 MHz, CDCls) 6 8.09 (d, 1H, J = 7.0 Hz), 8.04 (d, 1H, J = 7.0 Hz), 7.73 (t, 1H,
J=7.0Hz),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); *C NMR (125 MHz, CDCls) & 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 (SiO,;) Rs 0.22 (9:1
DCM:MeOH); *H NMR (500 MHz, CDCl5) & 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 (g, 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); **C NMR (125 MHz,
CDCI3) 6 182.9, 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 (SiO,) R 0.24 (9:1 DCM:MeOH); *H
NMR (500 MHz, CDCls) 6 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); *C NMR (125 MHz, CDCl3) & 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 (SiO,) R 0.27 (9:1 DCM:MeOH); *H
NMR (500 MHz, CDCl3) 6 8.10 (d, 1H, J = 7.5 Hz), 8.04 (d, 1H, J = 7.5 Hz), 7.73 (t, 1H,
J=75Hz),7.62 (t, 1H, J = 7.5 Hz), 5.96 (bs, 1H), 5.73 (s, 1H), 3.18 (g, 2H, J = 6.5 Hz),
2.75 (s, 3H), 2.56 (g, 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); **C NMR (125 MHz, CDCl5) § 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 °C; TLC (SiO;) Rs 0.22 (9:1
DCM:MeOH); *H NMR (500 MHz, CDCl5) & 7.98-7.46 (m, 19H), 5.42 (d, 2H, J = 16.5
Hz), 2.19 (s, 3H); *C NMR (125 MHz, CDCl3) & 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 H,0) in glacial AcOH (2.5 mL). HCI 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 MgSO., 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 °C; TLC (SiO,) Rt 0.34 (19:1 hexanes:acetone); *H NMR (500 MHz, CDCls) &
8.11-8.06 (m, 2H), 7.75-7.72 (m, 2H), 4.61 (s, 2H), 2.31 (s, 3H); *C NMR (125 MHz,

CDCls) 6 184.9, 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 AgNO; (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
Na,SO,, filtered, and evaporated. The final compound 22 was separated by flash
chromatography on silica gel using 9:1 hexanes:EtOAc in accordance to product Rg
values.

2-(5-Bromopentyl)naphthalene-1,4-dione (22b): Yield: 11%; yellow solid, mp 56-58
°C; TLC (SiO,) R¢ 0.50 (7:1 hexanes:EtOAc); *H NMR (500 MHz, CDCls) & 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-
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1.89 (m, 2H), 1.70-1.51 (m, 4H); **C NMR (125 MHz, CDCls) & 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
°C; TLC (SiO5) R 0.36 (7:1 hexanes:EtOAc); 'H NMR (500 MHz, CDCls) & 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 (gnt, 2H, J = 7.5 Hz), 1.43-1.29
(m, 12H); *C NMR (125 MHz, CDCl3) & 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 la-(bromoalkyl)naphtho[2,3-Bloxirene-2,7(1aH,7aH)-dione 23c;
general procedure. A mixture of 30% H,0O, (1.5 mL), Na,CO3 (60 mg, 0.57 mmol) and
H,0O (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 H,O was added. The reaction mixture was extracted three times with
DCM (6 mL). The combined organic layer was dried over MgSO,, filtered, and
concentrated. The final product was then collected and used without further purification.

la-(10-Bromodecyl)naphtho[2,3-B]oxirene-2,7(1aH,7aH)-dione (23c): Yield: 82%;
white semi-solid; TLC (SiO,) R 0.48 (7:1 hexanes:EtOAc); *H NMR (500 MHz, CDCl5)
§ 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); *C NMR (125 MHz, CDClg) § 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 H,SO,4 (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 MgSO,, filtered and concentrated.
The final product was separated by flash chromatography on silica gel in accordance to
product R¢ values.

2-(Bromodecyl)-3-hydroxynaphthalene-1,4-dione (24c): Yield 65%; yellow solid;
TLC (SiO,) Rt 0.43 (7:1 hexanes:EtOAc); *H NMR (500 MHz, CDCl3) § 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 (gnt, 2H, J = 7.0 Hz), 1.55
(gnt, 2H, J = 7.0 Hz), 1.40-1.25 (m, 12H); **C NMR (125 MHz, CDCls) 5 184.9, 181.6,
153.2, 134.9, 134.7, 1345, 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 ul, 0.75 mmol) and 2,6-lutidine (70 uL, 0.68 mmol). The reaction
was stirred at 0 °C for 5 minutes. 0.5 M HCI (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 MgSQ,, 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 (SiO,) R¢ 0.48 (7:1 hexanes:EtOAc); *H NMR (500
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MHz, CDCl3) & 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 (gnt, 2H, J = 7.0 Hz), 1.51 (t, 2H, J = 7.0 Hz), 1.42-
1.29 (m, 12H): **C NMR (125 MHz, CDCl3) & 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 CHCI3: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 (SiO,) Rf 0.27 (10:1 CHCI3:MeOH);
'H NMR (500 MHz, CDCl3) & 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); 3C NMR (125 MHz, CDCl3) 6. 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 (SiOy) Ry 0.18 (9:1 CHCl3:MeOH);*H NMR (500 MHz, CDCl3) & 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 (gnt, 2H, J = 6.5 Hz), 1.29-1.24 (m, 12H); *C NMR (125 MHz, CDCls) & 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 (SiO,) Rs 0.14 (10:1 CHCIl3:MeOH); *H NMR (500 MHz,
CDCl3) § 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); *C NMR (125 MHz, CDCl3) & 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 (SiO,) Rt 0.23 (9:1 CHCl3:MeOH); *H NMR (500
MHz, CDCl3) & 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); *C NMR (125 MHz, CDCl;) & 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 (SiO,) Rf 0.22 (9:1 CHCls:MeOH); *H NMR (500
MHz, CDCl5) & 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); *C NMR (125 MHz, CDCls) & 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 HCI 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
CHCI3:MeOH. The final product was obtained in accordance to product Ry value.
(4-(10-(3-Hydroxy-1,4-dioxo-1,4-dihydronaphthalen-2-yl)-
phenyl)bromodecyloxy)triphenylphosphonium bromide (30): Yield: 3%; orange red
oil; TLC (SiO,) R; 0.12 (9:1 CHCl3:MeOH); *H NMR (500 MHz, CDCls) 5 8.18 (d, 1H,
J=75Hz), 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); *C NMR (125 MHz, CDCls) & 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), K,CO3
powder (1.1 equiv), and tetrabutylammonium iodide (0.1 equiv). The solution was stirred
at 70 °C for 15 minutes, then was added 18-crown-6 (21 ul, 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% Na,COs. The
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aqueous layer was extracted once more with EtOAc, and then, the combined organic
layer was dried over MgSQy,, filtered, and evaporated. The product 27 was separated by
flash chromatography on silica gel using hexanes to elute nonpolar impurities followed
by 10-15% EtOAcC in hexanes.
2-(4-Chlorobenzyl)-3-(6-bromohexyloxy)naphthalene-1,4-dione (34a): Yield: 29%;
yellow oil; TLC (SiOy) R 0.25 (7:1 hexanes:EtOAcC); 'H NMR (500 MHz, CDCl3) &
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); **C NMR (125 MHz, CDCls) & 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 (SiO,)
R 0.46 (5:1 hexanes:EtOAC); IR (neat) (vmax, cm™): 1674, 1590, 1563, 1250, 1211, 1044,
1015; *H NMR (500 MHz, CDCl5) § 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); *C NMR
(125 MHz, CDCl3) 6 186.1, 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 (SiO;) Rt
0.50 (9:1 hexanes:EtOAC); IR (neat) (vmax, cm™): 1670, 1597, 1326, 1265, 1197, 1082; *H
NMR (500 MHz, CDCl3) & 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); *C NMR (125 MHz, CDCls) & 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).

2-1sopropoxy-3-methylnaphthalene-1,4-dione (34d): Yield: 22%; yellow oil; TLC
(Si0,) R; 0.47 (5:1 hexanes:EtOAC); IR (neat) (vimax, cm™): 1669,1597, 1335, 1265, 1200,
1099; *H NMR (500 MHz, CDCl3) & 8.09-8.05 (m, 2H), 7.70-7.69 (m, 2H), 5.00 (qgnt,
1H, J = 6.0 Hz), 2.12 (s, 3H), 1.37 (s, 3H), 1.34 (s, 3H); *C NMR (125 MHz, CDCls) §
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 (349): Yield: 114 mg, 82%;
bright yellow oil; TLC (SiO) Rs 0.50 (9:1 hexanes:EtOAc); IR (neat) (vmax, cm™): 1668,
1596, 1329, 1292, 1239, 1192; *H NMR (500 MHz, CDCl3) & = 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); *C NMR (125 MHz,
CDCI3) 6 = 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 (SiO,)
R; 0.67 (7:1 hexanes:EtOAC); IR (neat) (vmax, cm™): 1670, 1652, 1597, 1331, 1264, 1216;
'H NMR (500 MHz, CDCl5) & 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); *C NMR (125 MHz, CDCls)  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 (SiOy) Rt 0.34 (19:1 hexanes:EtOAcC); IR (neat) (vmax, cm™): 1668, 1596,
1267, 1196; *H NMR (500 MHz, CDCl3) & 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); **C NMR (125 MHz, CDCls) & 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 (SiO,) R¢ 0.47 (9:1 hexanes:EtOAC); IR (neat) (vma, cm™): 1669, 1597,
1217; *H NMR (500 MHz, CDCl3) & 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); *C NMR (125 MHz, CDCl;) & 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 (SiO;) R¢ 0.49 (5:1 hexanes:EtOAc); IR (neat) (vmax, cm™): 1673,
1590, 1563, 1312, 1250, 1211, 1140; *H NMR (500 MHz, CDCl3) 6 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 (gnt, 2H, J = 6.0 Hz); **C NMR (125 MHz, CDCls) &
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; El
MS (m/z): 250 (M - 79, 1%), 207 (100).

2-(6-Bromohexyloxy)-3-chloronaphthalene-1,4-dione (34l): Yield: 59%; yellow solid,

159



mp 36-38 °C; TLC (SiO,) Rs 0.44 (5:1 hexanes:EtOAC); IR (neat) (vmax, cmM™): 1672,
1655, 1590, 1560, 1311, 1252, 1206 ; *H NMR (500 MHz, CDCls) & 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); **C NMR (125 MHz, CDCls) & 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
(SiO,) Ry 0.33 (5:1 hexanes:EtOAC); IR (neat) (vmax, cM™) 1655, 1604, 1248, 1016; *H
NMR (500 MHz, CDCl5) 6 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); *C NMR (125 MHz, CDCls) & 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), K,CO3 powder (1.1 equiv) and 18-crown-6 (0.1 equiv). The
solution was stirred at 70 °C for 2-40 hours. After cooling to room temperature, the
reaction mixture was concentrated, redissolved in EtOAc and washed twice with 5%
Na,COs. The aqueous layer was extracted once with EtOAc, and then, the combined
organic layer was dried over MgSQ,, 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 (SiO;) R 0.22 (5:1 hexanes:EtOAC); 'H NMR (500 MHz, CDCl3) &
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); **C NMR (125 MHz, CDCls) § 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 (SiO,) Rs 0.60 (5:1 hexanes:EtOAc); *H NMR (500 MHz, CDCls) § 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); *C NMR (125 MHz, CDCls) & 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 (SiO,) Rs 0.27 (5:1 hexanes:EtOAc); *H NMR (500
MHz, CDCls) & 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); *C NMR (125 MHz, CDCls) &
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 (SiO,) R¢ 0.45 (9:1 hexanes:EtOAc); *H NMR (500 MHz, CDCls)
§ 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); **C NMR (125 MHz, CDCls)  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 (SiO,) R¢ 0.30 (9:1 DCM:MeOH); *H NMR (500 MHz,
CDCl;) & 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); *C NMR (125 MHz, CDCl;) & 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 (SiO) R 0.32 (9:1 DCM:MeOH); *H
NMR (500 MHz, CDCls) & 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);
3¢ NMR (125 MHz, CDCl3) 6 184.9, 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 (SiO,) R 0.31 (9:1 DCM:MeOH); *H NMR
(500 MHz, CDCls) & 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); **C NMR (125 MHz, CDCls) & 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 (SiO,) Rt 0.32 (9:1 DCM:MeOH); *H NMR
(500 MHz, CDCls) & 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); *C NMR (125 MHz, CDCls) & 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 (SiOy) Rf 0.42 (9:1 DCM:MeOH); *H NMR (500 MHz,
CDCl3) 6 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);
3C NMR (125 MHz, CDCls) & 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 (SiO,) R 0.33 (9:1 DCM:MeOH); *H NMR
(500 MHz, CDCls) & 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 (g, 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); **C NMR (125
MHz, CDCl3) & 185.6, 181.2, 157.3, 140.6, 135.3, 134.1, 134.0, 133.9, 133.8, 1334,
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 (SiO) R¢ 0.61 (9:1 DCM:MeOH); 'H NMR (500 MHz, CDCl3) 8
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); *C NMR (125 MHz, CDCls) & 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 (SiO;) Rf 0.26 (19:1 DCM:MeOH); *H NMR (500 MHz,
CDCl3) 6 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); *C NMR
(125 MHz, CDCl3) 6 185.1, 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 (SiO,) R¢ 0.31 (9:1 DCM:MeOH); *H NMR (500
MHz, CDCls) & 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); *C NMR (125

MHz, CDCl3) 6 184.9, 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 la-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 *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 B-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 B-lactams that can be employed as platforms in antimicrobial drug

discovery.

166



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)

bata Gollected on:
PBEE00-1 nova5a0
Archive directory: |
FERPOrLhome /1 v s ys sdata
Sample divectary: | l
-28A_2004-02-02
File: PROTON
Pulse Scquence: szpul
Solvent: COC13 | |
Temp. 1009 € ¢ 2393.1 K |
Relax. delay 1.000 sec
Pulse 15.0 degracs

ACq. time 1.852 sec
Width §997.5 Hz |

8 repetitions
OBSERVL HLi, 489.7794768 HHz |
DATA PROCESSING

FT size 32768

Total time 0 min

P B LV - I . L) SO | ESVRS—— o

Pulzs Sequence: szpul

Solvent: COCIS
Temp. 21.0 G/ 235.1 K
users 1-14-87

Relax. delay 1.000 sec
Pulse 45.0 degrees
cq. time [.300 sec
widin 31821.5 Hz
G4 repetitions
OBSERVE  ©13, 125.BE36194 KHz
DECOUPLE M1 433_7B13350 HHz
Power 40 db
continuously an
WALTZ=16 modulated
DATA PROCESSTHG
Line broadening 0.5 Hz
FT size 131072
Total time 8 min

T T T T T T T T T
240 z2zo 2n0 189 160 140 2100 Leial L BD a0 arigo pom
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1-(11-(2-Nitrophenylthio)undecylthio)benzene (3c)

Pulse Sequence: s2pul
Solvent: COC13
Date: Aug 14 2009
Spectr.: "phs5007

JJM =

N T T T T
9 8 7 B 5 4 3

Archive directory:
Jexport /home,/ Uk vnmesys /data
sample directory:
S-80B_2009-08-14-135304
File: CARBON

Pulse Sequence: s2pul
Solvent: COCI3

Temp. 22.6 C / 295.8 K
user: 1-14-87

Relaw. delay 1.000 sec
Pulse 45.0 dearees

ons
OBSERVE  G13, 125.6686434 Mz
DECOUPLE W1, 499.7519950 WHZ

er
cont InUous 1y on
WALTZ-16 modulated
DATA PROCESSING

1 time 9 min

L e B

240 2z 200 180
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1-(11-(2-Nitrophenylthio)undecylthio)-4-methylbenzene (3e)

Data Collected on:
pbs500-{nova5Dn
Archive directory:
/export shome /1ux /vanrsys sdata
sample directory:
-134_2009-08-07-144739
File: PROTON
Pulse Sequence: sZpul
Solvent: COC13
Temp. 21.2 G ¢ 284.4 K
Relax. delay 1.000 sec
Pulee 45.0 degrees
fcg. time 1.892 sec
Width 5997.5 Hz

ions
OBSERVE 11, 188.7784768 HHz
n ESSING 1

Total time D min

Solvent: CDC13
L 22.6 C s 285.8 K
User: 1-14-87

Relax. delay 1.000 sec
Pulse 45.0 degrees
Acy. time 1.300 sec
Width 31421.8 Hz
256 repetitions

OBSERVE  C13, 125.6G96434 MHz
DECOUPLE  H1, 499.7819950 MHz
Power 40
continuously on
WALTZ-16 modulated

Total time 9 min

iy ki ’ kit
RN N e e e

T
220 200 180 160 140 120

&l 60 40
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1-(11-(2-Nitrophenylthio)undecylthio)-4-chlorobenzene (3f)

Data Collected on:
Pphs500-inavason
1 |

Archive dirsctory:
Jexport/home/Tux /vnmreys /data

sample directory:
S-H1_2009-06-15
File: PROTON
Pulse Sequence: sZpul
Solvent: CDC13
Temp. 21.2 © / 294.4 K

Relax. delay 1.000 sec

OBSERVE
OATA PROCESSING
FT size 32768
Total time 0 min

-1 ppm

en
ES
w

FEXPOTT /NOMmE / 1UX,/¥NErsys /aata
Sample director
5-H1_2008-06-15-145634
File: CARBON

Pulse Sequence: s2pul

Solvent: CDC13
Temp. 22.7 C_/ 295.9 K
Usar: 1-14-87

Relax. delay 1.000 sec
ees

Pulse 45.0 degr
Acq. time 1.300 sec

256 repetitions
125 6606404 MHZ

DECOUPLE H1, 493.7819950 MHz
Fower 10 dB
continuously on
WALTZ=16 modulated
DATA PROCESSING
Line broadaning 0.5 Hz
FT size 131
Total time 9 min




1-(11-(2-Nitrophenylsulfinyl)undecylsulfinyl)-4-nitrobenzene (3g)

pata Collectad on:
phsF00-inovas oo

Archive directo
sexpert /home / Tux vnnrsys Adata

ry:
_2009-04-17
File: PROTON

Pulse Sequonca: sZpul
Solvent: COC13

Temp. 21.1 € / 280.2 K
Relax. delay 1.000 sec
Pulse 45.0 degrees

Acq. time 1.812 sec

Width 5997.5 Nnz

4 repetitions

OBSERVE HLl, 499.7794768 MHz

Tatal time b min

cocla
2.2 C / 295.4 K
-67

Relax. delay 1.000 sac
Fulse 5.0 degrecs

cq. time 1,300 sec
Width 91a21.8 Hz

64 repetitions
UBSERVE €13, 125.66U6404 MHz
DECOUPLE 1, 499 7810950 MHz
Fower L3

o
VALTZ-1E mouTatEd
DATA PROCESSTHG

Line broadening 0.5 Hz
FT slze 131072

Tetal time 9 min
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nat
P
Ar
/ /YNmrsys sdata
Sa :
s _2008-08-06
Fi1 X-31245_HDG0G03
Pulse Sequence: s2pul

Solve cpcis
Date: Aug 6 2009
Spectr.:  “phssa0"

1-(6-(4-Nitrophenylthio)hexylthio)-2-nitrobenzene (3h)
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Benzyl 2-(2-nitrophenylthio)butanoate (3i)

sexpart shome 1w enmrsys data
sample directory:
5-1254_2009-07-19
File: PROTON

Pulse Seguence: Szpul

solvent: CDC13
Temp. 21.1 C y 294.2 K

Relaw. delay 1.000 sec

Pulse 45.0 dogrecs

Acq. time 1.83% sec

Width 53975 Hz

B ropatitions
OBSERVE HLl, 433.7794768 MHz

Total time 0 min

Pulse Sequence: s2pul
Solvent: CDC13

Temp. 22.1 G/ 245.2 K
user: 1-14-87

Relax. delay 1.000 sec

Pulse 45.0 dearess

Acq. time 1.300 sec

Width 31421.8 Hz

ns

OBSERVE  CI3, 125.6636430 MHz
DECOUPLE HI, 499.7819950 MHz
Power D dB

continuous Ty on
TZ-16 modulated
SSTHNG

otal time 8 min

L
Mo

. J

L B B B O e O

EEESEEEEE T ARERESL T
Zéﬂ 200 180 160 140 120 100 80 60 40 20 0 ppm

187



Benzyl 2-(2-nitrophenylthio)-3-methylbutanoate (3j)

MiLEYE i ELLly
Fexport /home /1% /vanrsys /data

sample directory:
S-K1_2003-06-16

File: PROTON

Pulse Sequence: sZpul

Solvent: COCIZ

Temp. 21.2 C 4 284.4 K

Relax. delay 1.000 sec
PUTSE 45.0 degrees

OBSERVE

DATA PROCESST

FT size 32768
Total time 0 min

5 repetitions
li1; 483.7794768 Wz

bata Collected on:
PSS 00~ novas oo

Archive directory:
Jexport/home /TUx /vnmrsys /ata

sample directory:
S-K1_2009-06-16-113220

File: CARBON

Pulse Sequence: szpul

Solvent: COCI3

Ter 22.8 C 7 285.9 K

Usa 1-14-87

Relax. delay
Pulse 45.0 d
Acq. time 1.30D sac
Width 31421.8 Hz

256 repetitions
OBSERVE C13, 125.6696130 MHz
DECOUPLE H1, 498.7811950 MHz
Pewer 40 db

continuously on

WALTZ-16 modulated

DATA PROCESSING

Line broadening 0.5 Hz

FT size 131072

Total time 8 min

1.000 sec
egrees




Benzyl 2-(2-nitrophenylthio)-3-phenylpropanoate (3k)

Data Collected on:
pbsS00=1novason

Archive directory:
/export/home/ 1us svnmrsys /data

Sample directory:
S114A_2009-07-09

File: PROTON

Pulse Sequence: sipul

Solvent: CDC13
Temp. 21.6 C 7 294.8 K

Relax. delay 1.000 sec
PUTEE 45.0 degrees

Aca. time 1,832 sec

width 5557.5 Hz

& repetitions

OBSERVE  H1, 429,778476E MHz
DATA PROCESSING

FT size 32768

Total time 0 min

-1 ppm

PUTSe Sequence: SZpul
coc1s

mp . A€y 295.6 K
User: 1-1a-87

Relax. delay 1.000 sec

Pulse 45.0 degrees

Acq. timt 1.300 sec

Width 31421.8 Hz

64 repetitions

OBSERVE C13, 125.6696434 MHz
DECOUPLE H1, 433.7819850 Mz
Power A0 di

continuously on

WALTZ-16 modulated
DATA PROCESSING

Total time 8 min

T
220 200 180 160 140 1zo 100 &0 60 40
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Benzyl 3-(2-nitrophenylthio)butanoate (3I)

| o1 f J |
..... A SALSD | W | V) O LR | R MRS SR KNS e | 5 ORI Db P PSR,
- T T T T 7 T T T
9 8 7 B 5 4 3 2 1 ppm
Sample directory: 1
- 668 _2000-D3=30=144232 1
File: CARBON_DL 1
Pulse Sequence: s2pul |
Solvent: COCIZ |
Date: Har 30 2000 |
Spactr.: “pbsso0v S5l
RE|
e ||
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Benzyl 5-(2-nitrophenylthio)hexanoate (3m)

JexpOrL /home/ Tus/vnmrsys /data 1 '
sample rectory: 1 |
-57B_%009-02-23 |
File: 1U%-837Bpure_H230208 ‘
Pulse Sequence: s2pul
solvent: CDC13
Date: Feb 23 2008
Spectr.: “pbs500"

pbs500-inovason
Archive directory:
sexpart shoma /s fvamreys /data
sample director
5-37B_2009-02-23-173759
File: 1ux-S37Bpure_C230209
uise Sequenee: s2pul
solvent: COCI3
Date: Feb 23 2009
Spectr.: “pbs&00"

R e

220 200 180 160 140 120 100 80 60 20 20 0 ppm
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Benzyl 11-(2-nitrophenylsulfinyl)undecanoate (1a)

Data Collected on:
phs500-fnovaso

Archive diractory:
sexpart home /Tux vnmreys /data

sample dirsctory:
£=30C_2009-02-01

File: Tux-530G_H04DZ03

Pulse Sequence: sZpul

Solvent: CDCI3
Date: Feb 4 zoag
Spectr.:  "pbs500"

[RSSRE | Iy -

T T —
9 8

Jexport /home/ ok rnmesys Jdata
sample directory:
S-30pure_z008-05-02
File: Tux-E30pura_CDZ0509

Pulse Sequence: s2pul
Solvent: COCIZ
Date: Hay 2 20
Spactr.:  "pbsha0"
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Benzyl 5-(2-nitrophenylsulfinyl)pentanoate (1b)

e sy
FEXPOTE/HOmE /1% A Rnesys sdata

Sample directory:
53334D_2009-02-09

File: PROTON |

Pulse Sequence: szpul

Solvent: £DCIS
Temp. 19.9 € ¢ 293.1 K

Relax. delay 1000 sec
Pulse 45.0 degrees
c. time 1.882 sec
Width 5997.5 Hz
B repetitions
OBSERVE 1, 198,7754703 NHz
OATA PROCESSING
FT size 32766
Tatal Lime 0 min

|
|

s e sy
33340_g009-02-03-153924
File: CARDON

Pulse Sequance: sZpul
Solvent: oOC13

Temp. 20.0 C 7 293.1 K
Usar: 1-11-87

Relax. delay 1.000 sec
=

ns
OBSERVE G13, 125.6GI6434 MHZ L
DE’CUUPLE \}1‘ 499.7819950 MHz
B
continuousTy on
WALTZ-16 modulated
0ATA PROCESSING
Ling broadening 0.5 Hz
FT size 131072
Total time 9 min

220 2an 180 160 Loran 120 t1nn o HiBD Loan 120 EE A ] ppm-



1-(11-(2-Nitrophenylsulfinyl)undecylsulfinyl)benzene (1c)

Iux=aseu_nLousuy

Pulse Ssquence: s2pul
Solvent: CDC13
Date: Hay 15 2009
Spectr.: *phs500*
|
I
- ﬂ Jl_ J\_r F[A LS
——T e e e B e e R T T T T
9 a8 7 6 5 4 3 2 ppm
Spectr. i "pbs500"
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1-(6-(Phenylsulfinyl)hexylsulfinyl)-2-nitrobenzene (1d)

ATERIVE 0IFEGEOTY
Fexport shome /Tux /vnmrsys /data

sample directory:
SIZ_zn08-06-23

File: PROTON

Pulse Sequences s2pul

Solvent: COC13

Temp. 21.4 € ¢ 280.6 K

Relax. delay 1.000 sec

B ropetitions
ERVE H1, 499.7794768 MHz

DATA PROCESSING

FT sizn 32768

Total time 0 min

ppm

Pulse Sequence: s2pul

Solvent: COC13
Temp. 22.4 G 4 285.6 K
User: 1-14-87

ons

OBSERVE C13, 126.6686454 HHz
DECOUPLE W1, 493 7818850 MHz
cantinuous |
WALTZ=16 modulated
DATA PROCESSING

Line broadening 0.5 Hz
FT size 1310
Total time 9 min

0 ppm

T T

180
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1-(11-(2-Nitrophenylsulfinyl)undecylsulfinyl)-4-methylbenzene (1e)

phss0n- 1nnva5nn
Archive directo

/e :purt(huma/lux:vnmrsy:/nnta
sample_directory:

X Trosn. 20092 081
File: PROTON

Pulse Sequence: s2pul

Sulvcnt cneia
emp. 21.2 € / 204.4 K

Relax. delay 1.000 sec
@

B repetitions
OBSERVE HL, A99.7794768 HHz
DATA PROCESSING
FT size 32768
otal time 0 min

Data Collected on:

/e:pnrt/hum=/1ui/vnurﬁvifdnla
sampls directory:
-5A_2009-08-18-161359

File: CARBON

Pulse Seguence: s2pul
SD‘I’EH[ coc13

emp. 22.2 C_/ 285.4 K

Llier 1-14-87

Relax. delay 1.000 s8c
Pulse 45.0 deqress
Acq. tima 1.300 sec
Width 31421.8 Hz
64 _ropetitions
ORSERVE €13, 125.G696494 Mz
DECOUPLE 'H1, 493.7813850 Wiz
Power
cont inue uus
VALTZ 1% madulated
DATA PROCESSIN
Line broadening 0.5 Hz
FT size 131472
Total time 4 min

L e S

T

160 ‘ léﬂ . 120 1o &0 60 40
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1-(11-(2-Nitrophenylsulfinyl)undecylsulfinyl)-4-chlorobenzene (1f)

-
pata Collected an:
pLEEDD=inovabno
Archive directory:
sexport shome /Tux Aemnrsys /data
Sample directory:
S1LDpure_2008-07-13
File: PROTON

Pulse Sequence: s2pul
Solvent: COCI3
Temp. 21.4 C / 294.6 K

Relax. delay 1.000 sec
Pulse 45.0 degrees

& repetitions
o H1, 489.7784768 MHz
DATA PROCESEING

e 3276

Total time @ min

Pulse Sequence: s2pul
Salvent: COCI3

Temp, 22.7 C_/ 295.9 K
user: 1-1a-a7

Relax. delay 1.000 see
Pulse 5.0 degrees
Acq. time 1.200 sec
Width 26393 8 Hz

256 repetitions

OBSERVE  C13, 125.6696494 MHZ |
DECOUPLE H1, 499 7619950 MHz |
Power 1

continuously on
WALTZ-1G modulated
DATA PROCESSING

Line broadening 0.5 Wz
FT size 151072

Total time 8 min

T T r T r — —T — — T r T T
180 160 140 izo o0 &0 60 40 z0 0
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1-(11-(2-Nitrophenylsulfinyl)undecylsulfinyl)-4-nitrobenzene (19g)

File: Tux-579D_H150508 [
Pulse Sequence: s2pul

solvent: o0C13

Date: Hay 15 2008

Spectr.t "pbssoon

Soivent: CDC13
Date: Hay 15 2009
Spectr.: “pbss00"

198



1-(6-(4-Nitrophenylsulfinyl)hexylsulfinyl)-2-nitrobenzene (1h)

sexport shome/ 1hx svnmrsys Jdata

sample directory:
&= _2009-07-16
File: PROTON

Fulse Sequense: sZpu
Solvent: COC13

Temp. 21.6 C / 294.8 K

elax. delay 1.000 sec

R
Pulse 5.0 degroes
q. time 1.832 sec
5 Hz

1, 499.7794768 HHE

Total time 0 min

Fiier LAKBuN

Pulse Sequence: s2pul
Solvent: CDG13

Temp. 22.8 C / 296.1 K
User: 1-14=87

Relax. delay 1.000 sec
e

ons
E Cl3, 125.5696194 HHz
DECOUPLE H1, 499.7818850 Hiz
Power 40 db
continuously on

WALTZ-16 madulated

DATA PROCESSING

Line broadgening 0.5 Hz

FT size 131072

Total time 8 min

a0 ‘_.Zl] - ] ppm
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Benzyl 2-(2-nitrophenylsulfinyl)butanoate (1i)

o
Jexport/home/ 1ong /vnmesy's /data

Sample directo

Fy
long_2008-03-19-135525

File: PROTON

Pulce Seguence: s2pul

Solvent: COC13

Temp. £4.6 © ; 297.8

re ans
DOSERVE 11, 4997794768 NHz

pATA PROCESSING
ET size 32788
Total time 0 min

3

_——

G T I W I NG
T T T T " T T T T T
9 & 7 b 5 4 2 1 =0 =1 ppm
7 16168 .575 128.659 58.9
8 16159 . 945 128.501 27.9
] 16154 .671 128,549 51.9
1 16060,218 127,797 2.7
11 157322 .268 125,148 23.5
1z 9736 .630 7 117.7
13 04986 117.5
11 1672.862 115.4
15 8505.379 B 1.8
16 £A23.871 G67.032 2z.1
17 2650.703 21.083 37.7
18 1760.822 11.783 23.8
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Benzyl 2-(2-nitrophenylsulfinyl)-3-methylbutanoate (1j)

Archive directory:
sexport /home /Tux/vamrsys /data
sample directory:
S=1116_2005-07-08
File: PROTON
Pulse Sequence: s2pul
solvent: COC1S
Temp. 21.4 C / 204.6 K
Relax. delay 1.000 sec
Pulse 5.0 degrees
cq. time 1.882 sec
Width 5987.5 Hz
a repetitions
OBSERVE  H1, 498 7704768 MWz
DATA PROCESSING
FT size 32768
Total time 0 min

Data Collected on:
phs500=1n0vas00

Archive directory:
/Jexportshoma/lux/vnmrsys /data

Sample directory:
S-1118_2009-07-08-175356

Flle: CARBON

Pulse Sequence: sZpul

Solvent: €DC13

Temp. 22.6 C s 295.8 K

user: 1-1a-87

Relax. dalay 1.000 sec
Pulse 45.0 dearees

Acg. time 1.300 sec

Width 31421.8 Hz

126 _repetitions
OBSERVE €12, 125.6636494 HHz
DECOUPLE M1, A499.7819950 Hiiz

0 dB
ususly on

TZ=16 modulated
DATA PROCESST

Line broadening 0.5 Hz
FT size 131072

Total time § min




Benzyl 3-(2-nitrophenylsulfinyl)butanoate (11)

Data Collected on:
pbs500-1nova500

Archive directory:
/expOrt /home / 1Ux /vnmrsys Jdata !

Sample directory:
B-67BC_2009-03-51

File: 1u¥-B67BC

Pulse Sequence: s2pul

Solvent: COC13
Date: Mar 31 2009
Spectr.:  “pbs500"

Sanple directary: -
TBC_2009-03-31-1517%7
CARBON

File

Pulse Sequence: s2pul
Solvent: ccla

Temp. ZZ.4C 7 295.6 K
User: 1-14-87

Relax, delay 1,000 sec
Pulce 45,0 degiees
1.300 sec

2! s

OBSERVE €13, 1256696090 HHz
DECOUPLE H1, 498.7B13350 Hilz
Pawar 40 db

Lina broadening 0.5 Wz
FT cize 131072
Total time 8 min

1an g iZﬂ 100 a0 60 ] 20 0
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Benzyl 5-(2-nitrophenylsulfinyl)hexanoate (1m)

(%) anti-Im

Samp1e directory: J
£20R4_2009-02-20 | {
File: Tux-S3BBAcorrect 200208

Pulse Sequence: S2pul

Solvent: COCI3
Date: Feb 20 2008
Spectr.:  “pbss00"

Data Collacted on:
phs500-inovas00

Archive directory:
Jexport shome /1 /vnmrsys /data

sample directory:
S3BBA_z009=D2-20-113421

File: 1ux-S3aBacerrect_C2a0z08

Fulse Sequence: sZpul
Solvent: CDCIZ

Date: Feb 20 2009
Spectr.:

"phss 00"

240 2z 200 160 160 140 120 100 80 (1] a0 20 ppm



(%) syn-1Im

Data Collected on:
ps500-inovasoo

Archive directory:
sewport/home Ty /vnarsys sdata

sample directory:

4_2009-02-20-115625

File: luX-53BCAcorrect_C200209

Pulse Sequence: szpul
Solvent: COC13

Date: Feb 20 2009
Spectr.: "phssen”

220 200

pata Collacted on:
phs5 00-1novasnn

Archive directory:
Jexport /home /Tux /vamrsys /data

ectol
5-3804_2009-02-20
File: lux-S3BCAcorrect H200209

Pulse Sequence: SZpul
solvent: COCI3

Date: Fob 20 2009
Spectr.:  'pbs500"




Benzyl undec-10-enoate (4a)

|
Data Collected on:
phsE00=inovasng |
Archive directory:
sexpori/home /UK /vnmrsys /data
Sample directol
-3 2009

i 02-05 |
File: Tux=S32A_H0S0200

Pulse Sequence: s2pul

Solvent: CDC13
Date: Feb 5 2008
Spectr “pbss00*

Data Collected on:
b5 500-1novas o0
Archive directory:
sexportshome/ 1ux/vnnr sys/sdata
Sample dirsctory:
§-32A_2009-02-05=174333
Fila: 1ux-532A_C050209

Pulse Sequence: sZpul
Solvent: ©DG13

Data: Fab 5 2008
Spectr.: “pbsin0t

T T T T T T
220 200 180 160 140 izo0 100
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Benzyl pent-4-enoate (4b)

Pulse Sequence: s2pul
Solvent: CDC13

Feb 11 2009

i "pbs500"

fonpn
Sampla diractory:

5=330_2000=02=11-175302
File: CARBON

Pulse Sequence: szpul

Solvent: CDC13
Temp. 20.1 C / 293.2 K
Usar: 1-14-87

Relax, delay 1.000 sec
Pulse 45.0 degrees
cy. tlme 1.300 sec
Widih 31421.5 Hz
64 repetitions
OBSERVE C13, 125.6696494 HHz
DECOUPLE H1, 4337819950 NHz
Pawer 40 d
continuously on
WALTZ-16 madulated |
DATA PROCESSING
Line broadening 0.5 Hz

Total time § min

100 B0
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1-(Undec-10-enylsulfinyl)benzene (4c)

phs500-inovasoo
Archive directory:
JEROF L fhome/ s /vnmrsys /data
Sample directory:
5-90mixn_20h_2009-05-22
File: Tux=800mix_20h_220509

Pulse Sequence: s2pul
Solvent: €DO13

Date: Way 22 Z009
Spectr.:  “phsS0R*

Data Collected on:
pHSS0D-1navason

Archive directory:
/exportshome A 1ux/vnmrsys /data

sample directory:
£-90E_2009-05-22-180500

File: 10x-SG0E_CZ20508

Fulse Sequence: sZpul
Salvent: 0DG13

Date: May 22 2009
Spectr.: “pbss00"

207



1-(Hex-5-enylsulfinyl)benzene ((Z)-4d)

Jexport /home /1us vnmrsys /data

Sample directory:
5-129A_2008-07-28

File: PROTON_01

Pulse Sequence:

Salvent: CDC13
Date: Jul 28 2009
Spectr.: phs5a0t

sepul

I

A —

Data Collected on:
pbs500=1nova5a0
Archive directory:
sexport fhome/ Tux/vnmrsys/data
sample directory:
~129A_2009-07-28-173912
File: CARBON_01
Pulse Sequence: sZpul
Solvent: CDC13
Date: Jul 28 2009
Spectr.: "pbs500"

I e e

L e e e e

ppm

180 160 140
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1-Methyl-4-(undec-10-enylsulfinyl)benzene (4e)

/expart fhome /10x /vnmrsys /data
sample directory:
L-II-5Bpure_2009-08-189
File: PROTON
Pulse Sequence: s2pul

Solvent: CDCI3
Temp. 21.2 C / 284.4 K

Relax. delay 1.000 sec

ions
OBSERVE Hi, 195.7784768 HHz
HG

Total time 0 min

Solvent: COC13
Temp. 22.4 C_/ 295.6 K
user: 1-14-87

Relax. dalay 1.000 sec
PUlse 45.0 degrees

Acg. t 1.300 sec
Width 31421.8 Hz

Total time 8 min

1z0 100 an 60

B L e e e
180 160 140

T

220 200
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1-Chloro-4-(undec-10-enylsulfinyl)benzene (4f)

/Euporlfnume/]Ukjvumrsysjﬂata
sample direct

S-B9pure_ 2009 06-06
File: PROTON

Pulse Sequence: s2pul

Seivants ondis
mp. 21.2 €/ 204.4 K

Relax. delay 1.000 see
Fulse 5.0 degrees
Acq. time 1.B92 sec
Width 5997.5 Nz
o5 repatitions

4007734768 Nz
DATA PROCESSENG

FT size 327
Total time 0 min

Dnln Collected on:
bs500=|novason

ArERIve o1 recto ry:
/exuur1/numa;|ux/vnmrsys;unta

sample director.
8 Gpir o 5009°06-06-17 1345

File: CARBGN

Fulse Sequence: sZpul

Solvent: CDC13

Temp. 22.8 C / 295.9 K

user: 1-14-87

Relax. delay 1.000 se
Pulse 15.0 degrees
Acy. time 1.300 sec
Width 31421.8 Hz

256 repetitions
OBSERVE  C13, 125.66G06430 HHz
DECOUPLE M1, 498.7819%50 Hiz
Pawer a0 di

cont inuously on

WALTZ-16 modulated

DATA PROCESSING

Line broadening 0.5 Hz

FT size 13107

Total time 9 min

T

40 20 0 ppm
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1-Nitro-4-(undec-10-enylsulfinyl)benzene (49)

Archive directory:
sexportshome/Tuxsunnrsys /data

sanple directory
§-B6F_2003-05=-21

File: 1ix-SBEE_HZO050S

Pulse Sequence: sZpul
solvent: GOG13

Date: May 21 2009
spectr.: “pbssood

Late LusiELLEs uns
phas00-inovasoo
Archive directaory:
Jexport/home/ 1Us vnmrsys sdata
Sample director:
S-BBE_2009-D5-21=1458.
File: 1ix-S86E_C200503

42

Pulse Sequence: s2pul
Solvent: GOG13

ate: May 21 2009
Spectr.: “pbs500Y

i T T 7T T T YT T
220 2o00 180 160 140 1z0 100 &0 60 40 20 ] ppm
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1-(Hex-5-enylsulfinyl)-4-nitrobenzene (4h)

Data Colleeted on:
pLs500-inovaS0o
Archive girectory:
FEXport Jhome/ TUx /vnnrsys fdata
sample directory:
-d3_2008-06-16-152005
File: PrOTON

Pulse Sequence: sZpu
solvent: £0C13
Temp. 22.1 C / 295.2 K
Relax. delay 1.000 fec
Pulse 45.0 degrees
ACg. time 1.832 sec
Width 5997.5 Hz

oy

Hi, 499 7784768 HH)

Total time 0 min

9 8 7 5 5 a 3 2 1 -1 -1 ppn

TUELG_Fobaciicid
File: Tux-5-J03_C160608

Pulse Sequence: s2pul
Solvent: CDC13

Date: Jun 16 2009
Spectr.:  MpbsS00"

T e N R I e -
Z20 zoo 180 160 140 120 100 80 60 40 20 0 ppm
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(E)-Benzyl but-2-enoate ((E)-4i)

Archive directary.
/bxpcfl.l’hﬂchqUHJ’VHMFﬁyE;‘Ilﬂ\.ﬂ
Sample directo
S=130A_2008~ [I? 27
File: PROTON
Pulse Sequence: s2pul |
solvent; cocis
mp. 21.2 C / 294.4 K
Relax. delay 1.000 see

Pulsu 5. n degrees
time 1.B82 sec
Ulrﬂ.h 5997 5 Hz
a repetitwuns
W1, 499.7795386 Wiz
G

RVE
DﬂTA‘PRDCESSIN
Total time 0 min

Data Collseted an:
Pl SDD-imwnSQl]
Archive directory
ex| purtfhemc/wux/vnmrty!fnatn
Sazple | diruc tor:
2009-07-27-181618

Fives GARBON
Pulse Sequence: sZpul
Solvent: £DC13

Tep.zzal:;zussx
user:  1-14-87

Relax. delay 1.000 sec
e

256 repetitions
OBSERVE €13, 125.6697820 HHz
DECOUPLE H1, 438.7B13950 MHz

1]

Power 40 dl

cont {puous 1y on
WALTZ-16 modulated
DATA PROCESSING

Line broadening 0.5 Hz
FT size 131072

Total time 3 min

L B i
180 160 140

220 Z0o
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Benzyl 3-methylbut-2-enoate (4j)

PbE500~novas 0o
Archive directory
IEZWGIlthmﬁlTMN/VﬂmeYS/ﬂalﬂ
Sample directo
S=115A_: ZUUE'D
File: PROTON

Pulse Sequence: szpul
Solvent: COC1S
Temp. 21.3 C 7 294.4 K
Relax. ﬂl::'lﬂy ]..000 SEC
Pulse 45.0
1 B!Z sec

re|
OBSERVE N1, 459,7795366 HHz
DATA PROCESSING

FT size 32768

Total time 0 min

Data Collected on:
pheS0D-{novasos
Archive directory:
/ekpcrlzuume,]uu/vumrsys/ua(a
sanple diracto
507 0a-165720
FITE> CARBDH

Pulse Sequence: s2pul

Solvent: CDC13
Temp, 22,7 C_/ 29%.9 K
1-14-87

Relax. delay 1.000 sec
Pulse 5.0 degrees

5

OBSERVE 13, 125.6637820 HHz

DECOUPLE M1, 499.7619950 NHz
'owar !1

cont i nuous 1
WALTZ-. 16 moduln‘lcﬂ
DATA PROCESSI|

Line brosdening 0.5 Hz
FT size 131072
Total time 8 min

T I e e e

60 40 20 1 ppm

Ty e B S B S R

ZEU 200 180 60 140 120 100 a0
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(E)-Benzyl cinnamate ((E)-4k)

Date: Ju1 11 200
Spectr.: 'pbs5DD*

- L L_JLMJJL}L_._

Data Collected on:
pUES00-1nOVAS0D
Archive director

sexport/home/1
sample directory:

S=116A_2008-07-11-162117
File: CARBON

Vi
U vnmrsys sdata

Pulse Sequence: szpul
Solvent: GDCI3

Temp. 22.2 C / 285.4 K
User: 1-14-87

Relax, delay 1.000 sec
Pulse 45.0 degrees
1.200 sec

1256696434 HHz
DECOUPLE M1, 4937819350 HHz |
Pawer 4 |
continuousiy on il
WALTZ-16 modulated

DATA PROCESS |
Line uroadening 0.5 Hz

FT size 131072

Total time 9 min

) " " KRINN
T T T AR
220 200

LB B e

T
140 1zo 100 &l
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Benzyl hexenoate 4m

pata Collacted on:
phs500-1novasn0
Archive airectory:
Jexport/home /1 /unmrays /ata
Suﬂmln :ﬂl(.'clﬂ |
&n_ Sbons0z-26
File PRDTﬂH

Pulse Sequence: s2pul

Solvent: COCIZ
Temp. 21.0 C / 294.1 K

Relax. delay 1.000 sec
Pulsz 45.0 degrees
Acq. time 1.882 Sec
Uhﬂ.h 5997.5 Hz
& raua(llluus
SERVE  H1, 433.7794768 MHz
Dr\TA PROCESSING
FT size 32766
Total time 0 min

2-Phenylhex-5-ynoic acid (9)

i auus ovea

nrohh’e directory
/D!DDl‘t/home/luX/\ami sys/data

Sample directory:
BS4E_2009-01-25

File: PROTON

Pulse ssquance‘ s2pul

solvent: COI
Temp . I‘JEG.IZQZEK

Relax. delay 1.000 sec
Pulse 45.0 degrecs
Acq. time 1.892 sac
Wiidth 5987.5 Hz
6 ropotitions
DBSERVE ML, 493.7795307 MHz

Total time B min

F

T S — e—— e Mi‘,_l_

i T T g T T T ] g T o b :
9 8 7 8 5 4 3 2 1 -0 -1 ppm
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(E)-6-(Bromomethylene)-tetrahydro-3-phenylpyran-2-one (6)

Data Collected on:
500=inovaso
ive directory
JeEport shome / Tus svnar sy
sample cLor
MP-DCLSAPRBI_Z009-0a-09
File: PROTON

Ar

data

Fulse Sequence: sZpul

Solvent: CDCTZ
Temp. 21.3 C s 294.4 K

Relax. delay 1.000 sec

tions

8 repe

OBSERVE M1, 499.7784768 MHz
TG
B

Total tima 0 min

w u
—— e e e i 1 T T =
i} 7 6 5 3 z 1 -0 ppm
STANDARD iH OBSERVE
aupl  CARBON
SAMPLE SPECTAL
date  Apr 24 2008 temp not used
solvent cbei3 gain not used
file wxp spin 0
ACQUISITLON hst 0,008
i a1421.8  pwi0 14,900
at 1,300 alfa 10,000
np 81726 FLAGS
i 17000 11
bs in "
a1 1.000 dp 3
nt 500 i
100 PROCESSTNG
TRANSHITTER 0.50
0 €13 not usad
sfrg 125.682 DISPLAY
tof 0.1 sp -315.5
tpwr 51 up 267553
7,450 rf1 13483 .4 =
DECOUPLER rip 9705.5 Sas
dn HL -101.9 E
daf [T -274.3 -
un yyy PLOT @ o mR
des oo 0 =
dpwr 0 sc 0 e
daf 10796 vs 75 &
th [ =g

" 126.018
91.529
26.030
23.931

47471

168.656
137.164

151,718

e : .
200 180 160 14000



Methyl 2-(9,10-dihydro-9,10-dioxoanthracen-5-yl)acetate (11)

Data Collected on:
pbs500-1novas 00
Archive dirsctory:
Jexpor L/home /T /vnmrsys /data
sample director
Tus_2008-06-1
File: PROTOR

Pulse Sequence: s2pul
Solvent: €DC1Z
Temp. 21.1C 4 290.2 K
Relax. delay 1.000 soc
Pulse 45.

& repetitions
OBSERVE  HL, 499.7794768 MHz
DATA_ PROCESSING
[ cize 52768
Total Lime 0 min

2-(Anthracen-5-yl)acetic acid (13)

Arcnive directory:
/export/home/ \ux/vnarsys /data

Sample directory:
Tux_2008-06-25

File: PROTON

Fulse Sequence: sZpul

Solvent: CICI3

Temp. 20.7 © / 293.9 K

Relax, delay 1.000 sec

Pulsa 45.0 degraes
time 1.892 sec

8 repetitions

OBSERVE  H1, 499.7785000 MMz

DATA PROCESSIN

FT size 32768

Total time 0 min

=1 “pipm
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tert-Butyl 2-(prop-2-ynyloxy)acetate (15)

Dﬂtﬂ Collccted on:
5 00-1nova500
Archl\m directory
e kpnrt/hnms}\ux/umrsys/uum
Sample directory
HL-TI-9A-b_2009-08-01
File: PROTON 01

Pulse Sequence: s2pul

Solvent: CDCI3
Date: Sep 1 2009
Spectr.: “pbsse0"

ppm

archive directory:
/slpnrt,‘nnmsﬂui(funmriys/dntn

saapie dire yi
~9A-} n 2 ia4-03-01-133507

Hlu. CARBON™

Pulse Sequence: sZpul

Solvent: CDC13

Temp. 22.6 C / 295.8 K

User: 1-14-87

Relax, de'loly 1. 000 5E8G
d es

Pulso 45.0
cq - llma Lﬂﬂﬂ S0C

ions )
OBSERVE CL3, 125.6696494 MHzZ
DECOUPLE H1. 498 7818950 MHZ

cont inuously on
WALTZ-16 modulated
DATA PROCESSING

Total time 9 min

|

T

ppm

T T

zzo 200 150
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2-(Prop-2-ynyloxy)acetic acid (16)

L LUl iELLes i
pbs500- h\nvasnn
arthive directo
;sxport{hnmsfTuxfunmrsys/dntl
sample_director:
0 1 0h 20080802
File: PROTON

Pulse Sequence: s2pul

Solvent: CDG13
Temp. 22.0 C y 295.1 K

Relax. delay 1.000 sec
Pulse 45.0 degrecs
Acq. time 1.832 sec

ans
DBSERVE  H1, 493.7794398 Wiz
DATA PROCESSING

FT size 32768
Total time 0 min

vata Lo 1iectes on:
phsS00- innvnsuu

archive director:
{export!homc/Tux/vnmrsy;/dntn

sample_diracta
KL=II- iﬂ-ﬂ ZIID! -09-02-121313

File: CARBON

Pulse Sequence: s2pul

Solvent: CDC1S

Temp. 22.7 C ¢ 295.9 K

user: 1-14-87

Relax. delay 1.000 sec
Pulse 45.0 dearees
Acg. time 1. SIID EBC
Widin 31421
69 repetitio .
OBSERVE i3, o5 seasada miz
DECOUPLE H1, 499.7618850 Miz
Fower A0 dil
continuously on
WALTZ=16 modulated
DATA PROCESSING
Line broadening 0.5 Hz
FT size 131072
Total time 3 min

B R e e

Z20 200 150 160

120 100
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APPENDIX B
N-Benzyl-2,2-dimethyl thiazolidine-4-carboxylic acid (2e)

Data Gollected on:
phEE00-novason

Archive directory:

export [home 1ux vmmrsys fdata

sample_diractory:
XL-T1-26785_2011-01-21

File: PROTON_GL

Pulse Sequence: sZpul
Solvent: DHSO

Date: Jan 21 2011
Spectr.:  “phsSOD”

pata Collected on:
pB500- novas 0

Archive directory:
/esport fhome /1ux/vnnrsys /data

sample_directory:
XL-11-26765_2011-01-21-172108

Fil: CARBON

Pulse Sequences s2pul

Solvent: DMSQ

Temp. 22.5 C_/ 295.6 K

user:  1-14-87 :

Relax. delay 1.000 sec
Pulse 45.0 dagress
se

255 repetitions .
0BSERVE  C1Z, 125.5702463 HHz
LE HL, 4337843690 HHz

Power 10 dB
eont {nuous 1y on
VALTZ-16 matula
DATA PROGESSING
Line oroadening 0.5 Hz
T size 131072

Total time 3 min

tad
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(R)-N-(Benzyloxy)-3-formyl-2,2-dimethylthiazolidine-4-carboxamide (9e)

Pulse Sequence: sZpul

Salvent: COC18
20.2 0 ¢ 28934 K

Relax. dalay 1.000 sec
Pulse 45.0 degrees

Acq. time 1.852 soc

Width 7396.8 Hz

B repetitjans

OBSERVE H1, 45%.7754768 HHz
DATA PROCESSING

FT size 32768

Total time 0 min

|
| |

| I |
Y R it (o R M IR | P Y (GO

13 1z 11 10

pemp. 2U.3 L/ 2HE K
ser:  1-14-a7

Relae. dilay 1.000 sec
Pulse 45.0 degrees

cq. time 1.300 sec
Width 31421.5 Hz

64 repetitions .
OBSERVE  C13, 1255686407 Hiz
DECOUPLE ML, 4997018950 Hz
continuousTy on

WALTZ-16 modulated
OATA PROCESSING

Line broadening 0.5 Hz
FT size 131072

otal time 9 min

1

220 200 180 ] 140 1120 14100 80 {180 0 i1z
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(R)-Benzyl 2-((3-benzoyl-2,2-dimethylthiazolidine-4-carboxamido)oxy)acetate (9k)

Data Collected on:
pLsS 00 inovas0n

Archive ¢irectory:
Jexpor L /home / JUX /YIrsys suata

Sample directory:
KL-TI-197Apaak_2010-09-15

File: PROTON_01

Pulse Sequence: szpul

Solvent: CDC13

Date: Sep 15 2010

Spectr.:  “pbs500¢

bata Collactad on:
Phs500-(novaion
archive directory:
/export shoms /lux vnmrsys fdata
sample diractory:
L-TI-147Apcak_2010-09-15-124004
File: CARBON

Pulse Sequence: sZpul
Solvent: €OC13

Temp. 23.5 G/ 296.6 K
User: 1=14=87

Ralax. delay 1.000 sec

titions
OBSERVE 013, 125.6896545 MHz
DECOUPLE  HI, 199.7813350 MHz
Power 4
continuously on
WALTZ-16 modulated
DATA PROCESSING

Total time § min




(R)-3-Benzoyl-N-(benzyloxy)-2,2-dimethylthiazolidine-4-carboxamide (91)

arthive girectory:

Jexpor t /mome/ 1Ux /vinrsys /data

sample directory:
HL-II-2676_2011-01-21

File: PROTON_01

Pulse Sequence: s2pul

S0

n 21 2011
"pbs500"

eclory:
sexpart shome/ ux vnarsys /data
sample directory:
HL=TT=2678_2011-01=21-170657
File: CARBON
Pulse Sequence: sZpul
soivent: DNSO
Temp. 22.4 C 7 295.6 K
User: 1-14-87

Relax. delay 1.000 sec
ise 45 reas

256 repetitions

OBSERVE €13, 125.6702463 HHz
DECOUPLE H1, 499.7843630 Hiiz
Power 40 dB

continuaus iy on

Total time 3 min
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(R)-3-Benzoyl-N-methoxy-2,2-dimethylthiazolidine-4-carboxamide (9m)

/EXPOFT/NOME S X AANMESYS /0ata

Sample directory:
AL=L1=250Ac_2010-12-07

File: PROTON

Pulse Sequence: s2pul

soivent: CDGIS
Temp. 21.6 € s 294.8 K

Relax. delay 1,000 sec I
Pulse 45.0 degress i
Atq. tims 1.832 ssc |
Width 7396.5 Hz |
8 repetitions |
OBSERVE  H1, 499.7794765 MHz |
DATA PROCESSING

FT size 3276

Total time 0 min

Archive directory:
Jexport/home/lux/vomrsys/data
Sample directory:
AL-11-250Ac_2010-12-07-112543
File: CARBON

Pulse Sequence: s2pul
solvent: GOC13
mp. 22.8 C_/ 205.0 K
=57

1=l

Relax. delay 1.000 sec
Fulse 45.0 vegrees
Acg. time 1.300 sec
width 31421 .8 Wz

2 titions
OBSERVE €13, 125.6696191 MHz
DECOUPLE HL, 499.7819950 Hiiz

cont inuous ly on
WALTZ-16 modulatad
DATA PROCESSING

ne broadening 0.5 Wz
FT siza 131072
Tetal time 9 min

0 ppm

60
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Benzyl 2-(((4R,5S)-3-benzoyl-5-hydroxy-2,2-dimethylthiazolidine-4 carboxamido)-

oxy)acetate (10h)

pb=500-1novasoo
archive directory:

Jexport shome /10x sunmesys sdata
Sample directory:

KL-=TI-137Bpeak_2010-03-16
FiTe: PROTON

Pulse Sequence: s2pul

Solvent: COC13
Temp. 22.3 € ¢ 295.4 K

Relax. delay 1,000 sec

8 repetitions
BSERVE  H1, 499.7794944 WHz
DATA PROCESSING

FT size 32768

Total time D min

it ;
13 1z 11 10 9 8 7 6 9 4 3 2 1 =0 -1 ppm
-
o
g3
nE
I
“
=
]
g
=
2
" w
59
5
£
o n
ofs
pog
+8 | -
o= =~ =
1 n
‘\I E
- a2 1 @
S
SEEE Tl 3
21 L\ | L.
| 1 |
L] .

v T
o0 180 160 140 120 100 80
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(4R,5S)-N-(Benzyloxy)-3-formyl-5-hydroxy-2,2-dimethylthiazolidine-4-carboxamide

(10a)

sesport shome 1z /vnnr sys sdata

Sample diractory:
EL13D-pure_2008-10-09

File: PROTO

Pulse Saguence: s2pul

Solvent: CDIOD
Temp. 20.1 C s 293.2 K

Relax. delay 1.000 sec
Pulse 45.0 degrees
Atn. tims 1.832 sec
Width 73996.5 Hz

8 repetitions
OBSERVE  H1, 459.7814480 MHz
DATA PROCESSING

FT size 3276

Total time 0 min

Salvent: CO30D
Date: Oct § 2008
Spectr.:  "pbsS00"

17,969

J—a1.781

Y\_a7.as7
N 47.266

1
a7.118

128,104

—128.252

79.314
34.295

161.544
71,173

- _&0.158

zoo ¢ 180 1610 149 iz0 ¢ 100 100 80 s 60 a6 1 20 7 ppn‘l
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(4R,5S)-N-Acetoxy-5-hydroxy-2,2-dimethyl-3-(2-phenoxyacetyl)thiazolidine-4-car-

boxamide (10f)

Pulse Sequence: s2pul

Solvent: CDCI3
Date: May 23 2010

Specir.: “phsSoi
—_— it AL = T NPT | USTERD ARG R Ry sl Lk\__,_,_}k
AR A S N SR I A M. T T T

AL=LL=12 AREAK_2ULN=US=2E= 128558
File: CARBON

Pulse Sequance: Sapul

Salvent: CDCIZ
Temp. 23.2 C 7 296.4 K
user:  1-14-a7

Relax. delay 1.000 sec
Pulse 5.0 degrees

192 repetitions
OBSERVE  C13, 125.6686535 HHz
DECOUPLE HL, 493.7613350 KHz
Power 40 dB
continuous iy on
LT2-16 modulated
DATA PROCESSTHG
Line broadening 0.5 Hz
FT gize 131072
Tatal time 9 min
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tert-Butyl 2-(((4R,5S)-5-hydroxy-2,2-dimethyl-3-(2-phenoxyacetyl)thiazolidine-4-

car-boxamido)oxy)-acetate (109)

fMpOrt shame £ Tux /vnnrsys sdata
Sample ¢lrectory

XL-1T-132Acpurs_2010-06-03
File: PROTOM

Pulse Sequence: 52pul
Salvent: COGI3
Temp. 21.8 C ¢ 294.9 K

Relax. delay 1.000 Sec
Fulse 45.0 degrees
B, time 1.892 sec
Width 7086.8 Hz

B ropetitions

DBSERVE H1, 499.7734380 MHz
DATA PROCESSING

FT size 32768

Total Lime @ min

fl U | LY
p W M AL N e A

T T T BN e B e e e e

T
9 8 7 6 5 4

L e A e S e e e e

ppm

HOIVENt: LUCTE
Temp. 22 .6 C_/ 295.5 K
User: 1-11-87

Relax. dalay 1.000 sec
Pulse 45.0 degrees
Acg. time 1,300 sec
Width 31421.8 Hz
64 repetitions
OBSERVE €13, 125.0696494 NHz
DECOUPLE H1, 498.7819950 Mhz
Pawer 40 dB
cantinuously on
ALTZ-16 modulated
DATA PROCESSING
Line broadening 0.5 Hz
T size 131072
Total time 3 min

T T r T g - : - s i
220 200 ia0 160 140 120 ino 80 60 40 20 0 ppm
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(4R,55)-3-Benzoyl-N-(benzyloxy)-5-hydroxy-2,2-dimethylthiazolidine-4-carbox-

amide (10i)

Jexport/home ;s UK/ Nersys,aata
sample diractory:s
¥L-T1-240Bpeak_2010-11-29
File: PROTON_D1
Pulse Sequence: s2pul
Solvent: COC13
Date: How 23 2010
Spectr.:  “phsS00"

Archive directo
/BRPOTL/hOmE / VUM Vi Y /Hata
Sample directory:
KL-11-240Bpeak_2010-11-23-111522
File: CARBON
Pulse Sequence: szpul
Solvent: £DC1S
Temp. 22.8 C_/ 295.8 K
users 1-14-87
Relax. delay 1.000 sec
Pulsc 45.0 degree:
cq. time 1.300 sec
Width 31421.5 Hz
256 repatitions
O2SERVE  C13, 125.6606545 HHz
DECOUPLE W1, 439.7819850 HHz
Powar 40 dB
continuously on
WALTZ-16 modulated
OATA PROCESSING

Total time 9 min

T T B
220 200 180 160 140



(1R,5R)-Benzyl 6-(2-(benzyloxy)-2-oxoethoxy)-3,3-dimethyl-7-oxo0-4-thia-2,6-

diazabi-cyclo[3.2.0]heptane-2-carboxylate (14c)

phs500-1novasno
archive directorys
/expa ome / 1%/

vnmrsys /data

ctory
=1718b_2010-0B-16
L-11-171Bb_H160810

uence: £2pul

Solveni: COC13
Date: Aug 16 2010
Specir.:  "pbs500"

ArEhive directary:
Jexportshome/Tux vnmrsys /data

sample direclory:s
XL-ITI-171Bb_2010-08-16-122353
File: XL-II-171Bb_CL60B1D

Pulse Sequence: s2pul

Solvent: €0C13

Date:

Atg 16 2010
Spectr.: "pbs500"

VLA B e e A e T T T T r T r I — T
1a0 160 140 1zo 100 80 60 an 20 ppm



(1R,5R)-6-(Benzyloxy)-3,3-dimethyl-7-oxo0-4-thia-2,6-diazabicyclo[3.2.0]heptane-2-
carbaldehyde (14d)

phE500-1navas o0
Archive directory:
sexport /home Tux/vnmesys sdata
anple directory:
E-114Epure_H_2006-10-14
File: PROTON_0T

PUTsE Sequence: S2pul
Solvent: COC13

Date: Dct 14 2008
Spectr.: Ppbsso0"

|

I |
AJLLM U____ .,_.J:LA__‘_J‘J:

I
v (L____“,_,,_,"_,,_M,__J\,_ MW

T e T | . i g e e
9 8 7 [ 5 4 3 2

Date: Oct 10 2008
Spectr.: "phe500"

T S L (e T g T T L e e L
180 160 140 1z0 ion a0 60 40 20 ppm
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tert-Butyl 2-(((1R,5R)-3,3-dimethyl-7-ox0-2-(2-phenoxyacetyl)-4-thia-2,6-diazabicy-

clo[3.2.0]heptan-6-yl)oxy)-acetate (14f)

" FExpart shoma ik vnnrsys/data
ple directory:

2010-D6-22
Apeak_HZ20610

Pulse Sequence: szpul
Solvent: GOC13

Date: Jun 22 201D
Spectr.:  "phssoo"

. _,,.li\.l._,,.,,,,,,,, ,u|: JLJI.;_JJL - u\.)"\-u_igg-l

T T T
9 8 7 B 5 4 3 2 1 ppm

File: XL-I1-153ApeakC220610
uuuuuuu quanca: szpul

solvent: COC13
Date; Jun 22 2014
Spectr.: “phe5oon
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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)

Sample directory: c
HL-I1-1388b_2010-08-17

File: PROTON_DL

Pulse Sequence: s2pul

Salvent: COC13

Date: Sep 17 2010

Spectr.: phs500"

l,_L,, ke .____,__JIJL\

Data Collected ont @
phs500-inovas b0 2
Archive directory: |
7export /home Tux /v sys fata =l

126.748

Sample difectory:
File: XL=TT=198BL_C17081D

Pulse Sequenca: s2pul

Solvent: COC1E
Date: Sep 17 2010
Spectr.: “pbs500"

_28.814

128,701
76.474
o 76.574
31,409

W—71.999
7172

——_72.751
67,248

N 72016

—129.876

—134.883%

—168.162
7 167.938

- 163.096
-136.858
~—77.486

T.230

S
/

11,157

v T LR e e e e e e —rT T T — T T T
180 160 140 120 100 80 60 a0 20 ppm
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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)

saxpert home /1 /vanrsys sdata

Sample directory:
HL-11-230B0_2010-11-11

Fila: PROTON_T1

Pulsa Sequences szpul

Solvent: CDG13
Date: Nov 11 2010
Spectr.: fpbssoo*

R —JU li___ R | | S | L w

F118: LARBUN

Pulse Sequence: s2pul

Solvent: COGI3
Temp. 22.7 € 7 285.8 K
User: 1-14=87

Relax. delay 1.000 sec
Pulse 45.0 degrees
1.300 sec
LB H

B B ~6696494 HHz
DECOUPLE H1, 499.7819950 NHz
Power A0 dB

<ont inuous 1y on

WALTZ-16 modulated
DATA PROCESSING

Line broadening 0.5 Hz
FT size 131072

Total time 9 min




(1R,5R)-2-Benzoyl-6-methoxy-3,3-dimethyl-4-thia-2,6-diazabicyclo[3.2.0]heptan-7-

one (14j)

JEXPUI LS URE S 1 VAMISY S /0a T
Sample directory:
KL-11-262Apaak_2010-12-09
File: PROTON
Puise Sequence: szpul
Solvent: £OC13
Temp. 21.6 C 7 294.8 K

Relax, delay 1,000 soc
Pulsa 45.0 degress

cq. time 1.897 sec
Width 7996.6 Hz

ans
RV Hi, 499,7794768 MHz

DATA PROCESSING

FT size 32768

Total time 0 min

1 ¥ i
LAl

Ll AL

13 12z 11 10 9

Pulse Sequence: sZpul
Solvent: COC13

Tamp, 22.8 C / 295.9 K
User: 1-19-87

Ralax. delay 1.000 sec

256 repetitions
OBSERVE  C13, 125.6696494 MHz
DECOUPLE W1, 139.7619950 MMz
Fowar

continuous Ty on

WALTZ-16 modulated

UATA PROCESSING

Line broadening 0.5 Hz

FT size 131072

Tatal time 8 min

140 120 0 a0
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sampi_affecto

(dithioperoxoate) (15b)

H-T1oaiiacolia _2010-11-12

File: PROTON_01

Pulse scmmncu s2pul
Solvent: CDC1

Date: Wov 12 zun
Spectr.: "phs500"

SS-((2R,3R)-3-Benzamido-1-(benzyloxy)-4-oxoazetidin-2-yl)

O-methyl

carbon-

/Eﬁcum‘t/hume/|u>¢fu||mr5ysfﬂdlﬂ

plo directory:

~IL-231As01id_2010-11-12-145448

i
File: CARBON

PUTsE Sequence: s2pul
Salvent: GOC13

Temb. 224G/ 295.0 K
users

Relax. delay 1.000 sec
ees

123 repstitions

OBSERVE €13, 125.6695434 Wz
DECOUPLE H1, 499.7819950 WHz
P a0 B’

cont inuausly an
VALTZ-16 moduiated

DATA PROCESSING

Line broadening 0.5 Hz

FT size 131072

Total tine 8 min
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(1R,5R)-2-Benzoyl-3,3-dimethyl-4-thia-2,6-diazabicyclo[3.2.0]heptan-7-one (17)

ArcmIve mirectory:
Sexport/home/Tux/vonrsys/data

Sample directory:
¥L=T1=275A_2011=01=24

File: XL-T1-Z75Apeak_Hzan11l

Pulse Sequence: sZpul

Solvent: CDC13
Date: Jan 24 2011
Spectr.: ipbs500"

'
R RN | W I A WAV

pbe500-1inovason
Archive directory:

Jaxport fhome/Tux /vimrsys sdata
Sample directory:

L-T1-275A_2011-01-20-143932
File: XL-II-E75Apeac_C2A0111

Pulse Sequence: sZpul

Solvent: COC13
Date: Jan 24 2011
Spectr.:  “pbsS00"

180 160 140 120 100 80 60 40 20 ppm
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SS-((2R,3R)-3-Benzamido-4-oxoazetidin-2-yl) O-methyl carbon-(dithioperoxoate)

(16)

Data Collected on:

pbs

archive directory:
Jexport/home s Tux /vmrsys /data

sample directory:

v
XL-I11-8bpdt_2011-03-22
File: PROTON_01
Pulse Sequence: s2pul
solvent: CO30D
Date: Mar 22 2011
Spectr.: “pbss

STANDARD 111 CBSERVE

bata Gollected on:

Arehive directory:

7export /home / 1ux /vinrsys /data
sample directory:
File: CARBOM

Pulso Sequence: s2pul
Solvant: £0G13

ate: Mar 23 2011
Spectr.: "pbz500"
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APPENDIX C

10-(1-Decyloxy-1H-benzotriazole)triphenylphosphonium bromide (3)

Arcnive airectory:
sexpor t shone /1 /vnnesys sdata

Samplo directory:
XL-TI-300Bb_2011-03-08

File: PROTON_1

Pulse Sequence: sZpul

Spectr.: “phssoo”

wsar:  1Ria-g7 TTT
Relax., delay 1.000 sec
Pulse 45.0 degreas

256 rapatitions

OBSERVE €13, 125.0636502 Miiz
BECOUFLE W1, 4937818950 Wiz
Power 40 dB

cant inuous Ty o
WALTZ-16 modulated
DATA FROCESSING

Line broadening 0.5 Hz
FT size 13

Total time § min

e e . e - : S . -
2z0 200 Il&ll 160 140 120 100 80 60 40 20 0 ppm
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10-(1-Decyloxy-pyrrolidine-2,5-dione)triphenylphosphonium bromide (7)

" Joxport shomay Tk vnmrsys /data
sample_dairectory:
XL-TI-201Ab_2011-03-08
file: PROTOM
Pulso Sequence: s2pul
Solvent: COC13
Tam, 23.2C s 206.4 K

Relax. delay 1,000 sec

5
DOBSERVE Hi, 488.37794307 MHz
DATA FROCESSING

FT size 33768

Total time 0 min

13 1z 11

VAL LU L LG
POSED0- ino

Archive directory:
saxport shoma /s /vnmesys sdata

sample directory:
HL=TT=301Ab_2011-03-08-105743

File: CARBOH

Pulse Sequence: s2pul

solvent: COC13

Temp. 23.4 C 7 296.8 K

User: 1-14-87

Relax. delay 1.000 sec
Pulse #5.0 dagrees
Acq. time 1.300 sec

ns .
OBSERVE  C13, 125.6606447 MHZ
DECOUPLE 11, 4997819950 Mz
Power 40 df
cont i nuous |

220 200 1180
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RYEypee

@ wirectory:
HL-T1-284Bd_2011-02-14
File: PROTON_G1

Pulse Sequence: s2pul
Solvent: COC

13
te: Feb 14 2011
Spectr.: “phsS00"

2-(10-Hydroxydecyl)isoindoline-1,3-dione (9a)

Solvent: COC13
Tanp. 23.1C / 296.2 K
User: 1-14-57

Relax. delay 1.000 sec
Pulsg 45.0 degrees

cq. time 1 sec
Width 314 z

64 repetitions
0BSERVE CI3, 125.6638444 Miz
DECOUPLE H1, 499.7B13950 MHz
Fower A0 db

cont {nuous Ty on

WALTZ-16 modulated
DATA PROCESSING

Total time 9 min

N

T T
130 160

140

1zo
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10-(1,3-Dioxoisoindolin-2-yl)decyl methanesulfonate (10a)

Pulse Sequence: s2pul
Solvent: COGI3
Temp. 23.8 C ; 206.9 K

Ralax. delay 1.000 sec
Pulse 45.0 degrees
. time 1.892 see

Widlh 7996.8 Hz

6 ropetitions
OBSERVE  H1, 498.7794724 MHz
DATA PROCESSING

2768

Tetal time 0 min

Relax. delay 1.000 sec

4 P | ans
OBSERVE C13, 125_G696483 MHz
DECOUPLE  H1, 493.7019950 MHz
Power 40 db
continuously an
MALTZ=16 modulated
DATA PROCESSING
Line broadening 0.5 Hz
FT size 131072
Total time 8 min

7 L B T T T T T T

T T B N N E
180 160 140 120 100 80 60 40 20 0 ppm
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(10-(1,3-Dioxoisoindolin-2-yl)decyl)triphenylphosphonium methanesulfonate (11a)

s
-300Apeak_2011-03-07
i ROTON

Pulsn Sequence: s2pul |
Solvent: COGIS |
Temp. 23.3 C / 296.4 K

ftelax. delay 1.000 sec

Pulse 45.0 degrees

Acq. timé 1.882 sec

Width 7956.8 Hz

e fons
OBSERVE M1, 499.7784748 MHz
i SSING

Total time 0 min

a

R
I8

APV S SO ¥ U I —

|
I P L,,J\J\lgw.m

- Pt e | ' — . S -
13 12 11 10 9 8 7 ] 5 4 3 z 1 -0 -1 ppm

Belax. dalay 1.000 sec
Pulse 45.0 degrees

cq. time 1.300 sec
Widgth 21421.8 Iz

258 repetitions i
OBSERVE C13, 125.6636483 MHz
DECOUPLE HL, A80.7819950 MHz
Powsr 40 4

continuous 1y on |
WALTZ-18 modu lated |
DATA PROCESSING |
Ling broadening 0.5 Hz
FT size 131072

Total time 3 min

R R s |

1 | BEARERALES R . ' R A R T
220 zno 180 160 140 120 100 a0 60 40 20 0 ppm
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Tribenzyl(10-(1,3-dioxoisoindolin-2-yl)decyl) phosphonium methanesulfonate (11e)

Sample_directory: §
XL -ILI-31BE-18_2011-05-04
File: PROTON_D1

Pulse Saquance: s2pul

Solvant: COCI3
Date: Hay 4 2011
Spectr.:  "phsS00"

cont inuous 1y on
WALTZ-16_modulated
DATA PROCESSING

ne broade;
FT size 131072
Total time 3 min
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Tricyclohexyl(10-(1,3-dioxoisoindolin-2-yl)decyl) phosphonium methanesulfonate

(11f)

" yaxport home /1 /vnarsys /data
sample directory:
XL-TIT1-30Bpeak_2011-05-03
File: PROTON
Pulse Sequence: s2pul
Solvent: CDC12
Temp. 20.3 € ; 283.4 K

Relax. delay 1.000 sec
Puls a5

ions
ODSERVE W1, 489.7794773 MHz
DATA PROCESSING

FT size 3276

Total time 0 min

File: CARBON

Pulse Sequence: s2pul
Solvent: £DE1S

Temp. 20.6 C s 292.8 K
User:  1-i4-87

Relax. delay 1.000 sec
Aulse 5.0 degrees

128 repatitions
OBSERVE_ €13, 125.6695459 HHz
DECOUPLE H1, 498.7818950 NHz

Power 40 dB

cantinuous Ty o

Total time 3 min
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(10-(1,3-Dioxoisoindolin-2-yl)decyl)tris(4-methoxyphenyl)phosphonium

methanesulfonate (119)

Sampie direcio
XL-111-31A10
File: PROTON

Pulse Sequence: 52pul

Solvent: COC13
Temp. 20.6 C / 283.8 K

Acq. time 1.897 sec
Width 7996.8 Hz

8 repetitions
OBSERVE M1, 409.7704470 MHz
DATA PROCESSING

FT size 32768
Total time 0 min

A

B e

13 12 11

Solvent: CDC13
Temp. 20.5 G_/ 293.6 k
Uger: 1-14-87

Ralax, delay 1.000 sac
Pulse 45,0 degrees
Acq. time 1.300 sce
Width 31421.8 Hz
152 repetitians
£13, 125.6696494 MHZ
DECOUPLE H1, 490.7810950 MHz
Power
cont Inuously on
ALTZ-16 modulated
DATA PROCESSING

Total time 9 min

14

120

ppm
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2-(2-Hydroxyethylamino)naphthalene-1,4-dione (13a)

Pulse Eequence: sZpul

solvent: GOC1E
Temp. 20.6 C / 293.8 K

ax_ delay 1.000 sec
5.0 degrees
Acq. time 1.882 sec
widih 7396.6 Hz
5 repetitlons
OBSERVE N1, 459.7754953 HHz
OATA PROCESSING

FT size 32765
Total time D min

R

T 4 r—r T T T
13 12 11 10 9 ] 7

uuuuuuuuu

T
0 -1 pp
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2-(10-Hydroxydecylamino)naphthalene-1,4-dione (13b)

7 Vi ynmrsys /data
sanple directory:
XL-T1-2888peak_2011-02-18 |
FiT6: PROTON_DL
Pulse Sequence: s2pul
Solvent: CDCI13
Date: Feb 15 2011
Spactr.i 'phE§00n

. - . ; . : .. 1 —
9 8 7 6 5 4 2 1 ppm

Pulse Sequence: sZpul
Solvent: CDC13

Temp. 23.4 C_/ 286.6 K
User: 1-14-87

Relax. delay 1.000 sec
Pulse 5.0 degrees

OBSERVE C13, 125.5696434 NHZ
DECOUPLE HL, 499.7819950 NHz
Power 40 dB

WALTZ:
DATA PROCESSING

Line broadening 0.5 Hz
FT size 131072 |
Total time % min

L R W

T T T T T T o EET v . L o
2zZ0 200 180 160 140 120 100 80 60 40 20 1] ppm

249



2-((1,4-Dioxo-1,4-dihydronaphthalen-2-yl)amino)ethyl methanesulfonate (14a)

phsS00-1novasan
Archive directory:

Jexport shome / Tux /unmrsys /data
Sample directory:

HL-T11-26A_2011-04-26-133211

File: PROTON_01
Pulse Sequence: s2pul

Solvent: DMSO
Date: Apr 26 2011
Spectr.:  "pbs500"

— , § , s e
5 4 3 2 1 ppm

pata Collected o
b

sexport/home,/ 1ux /vnmrsys /data
Sample directory:

KL=TIT=26A_2011=04=26=133645
Filc: CARBON

PUTSE Sequence: $2pul

soivent: DMSO
Temp. 20.6 C / 293.8 K
Usar: L-1n-87

Relax. delay 1.000 sec
Pulse 15.0 degrees

Acg. time 1.300 sec

Width 31421.8 Hz

256 repetitions

OBSERVE C13, 125.6702483 MHz
DEGUUPLE H1, 493.7543650 NHE

cont inuousy an
WALTZ-16 modulated
DATA PROCESSING

Line broadening 0.5 Hz
FT size 131072

Total time 9 min

%4 120
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10-(1,4-Dihydro-1,4-dioxonaphthalen-3-ylamino)decyl methanesulfonate (14b)

Jawport shome/ Tux /ynmrsys fdata
Sample directory:
KL-11-2908_2011-02-19
File: PROTON_o1

Pulse Sequence: s2pul
Solvent: CDC13

Date: Feb 13 2011
Spectr.:  "phs500*

Pulse Sequence: sZpul

Solvent: CDCI3
Temp. 23.0 C / 296.1 K
user:  1-14-87

Relax. delay 1.000 sec
Pulse A5.0 degrees

Acg. time 1.300 sec

widih 31421.8 Hz

256 repst(tions
OBSERVE €1, 125.6696434 iz
DECOUPLE  H1, 499,7819950 HHz
Pawer 40 dB

continuously on

VALTZ-16 modulated

DATA PROCESSING

Line broadening 0.5 Hz

FT size 131072

Total time 9 min -

L i e B Ead

20 0 ppm
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(2-(1,4-Dihydro-1,4-dioxonaphthalen-3-ylamino)ethyl)triphenylphosphonium

methanesulfonate (15a)

Archive directory:
/axpor t shome/ 1% /unmrsys /data

Sample directory:
HL-III-27Ac_2011-04-29

File: PROTON_D1

Pulse Sequence: sZpul

Solwent: CDC13
Date: Apr 28 2011
Spectr.: "pbs500%

Pulse Sequence: sZpul

Solvent: COC13
Temp. 20.5 C ¢ 293.6 K
1-14-87

DECOUPLE M1, 499.7819950 NHz
Power 40 4B

cont inuously on

WALTZ-16 modulated

DATA PROCESSING

Line broadening 0.5 Hz

FT size 131072

Tatal time 9 min
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(10-(1,4-Dihydro-1,4-dioxonaphthalen-3-ylamino)decyl)tris(4-fluorophenyl)-

phosphonium methanesulfonate (15b)

saLmive wineLu s
/export/home/Tux /vnmrsys /data

Sample diroctorys
MAL-¥L-III-338_2011-05-31

File: PROTON_0L

Pulse Sequence: sZpul

Solvent: COC13
Date: May 31 2011
Spactr.: Fphs50DH

Jaxport shome/1ix /vnmesys Jdata
Sample directory:

HAL-XL-T11-38B_2011-05-31-112218
Fila: CARBON

Pulse Sequence: $2pul
S0lvent: COC13

Temp. 20.7 C 7 283.9 K
usar: 1-14-87

Relax. delay 1.000 sec
Pulse 45.0 degrees

ons
DBSERVE C13, 125.6636512 MHz
DECOUPLE H1, 433.7E13350 MHz
Power 40 db
cont inuous ly on
~16 modulated
851N

Total time 38 min
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(10-(1,4-Dihydro-1,4-dioxonaphthalen-3-ylamino)decyl)tribenzyl-phosphonium

methanesulfonate (15¢)

Pulse Sequence: s2pul
Solvent: CDC13
Date: Nay 7 2011
Spectr.: "pbs500"

' :
% L—*%—J LJU%JW | ‘\J

9 H 7 g 5 4 3 2 1 ppm

AL-pi-avbli=zl_zUlL-05-08
File: CARBON

Pulse Sequence: szpul
Solvent: COC1S

Temp. 21.1 C s 291.2 K
Usar:  1-14-87

Relax. delay 1.000 sec

Pulse 45.0 degrees

Atg. time 1.300 sec

Width 31421.8 Hz

256 repetitions

OBSERVE €13, 125.6696516 MHz
DECOUPLE W1, 4987513950 MHz
Power 40 d

continuously on

Total time § min

T T v T T
140 izo 100 a0 60 40 20 0 ppm
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(10-(1,4-Dihydro-1,4-dioxonaphthalen-3-ylamino)decyl)tris(4-methoxyphenyl)phos-

phonium methanesulfonate (15d)

=36A8=32_2011-05-07
File: PROTON_01
Pulse Seguence: s2pul

Solvent: COC13
Date: May 7 2011
Spectr.: "phs500"

sample dirsctorys
KL-III

Pulse Sequence: szpul

Solvent: COC13
Temp. 21.0 G/ 294.1 K
User: 1-14-87

Relax. delay 1.000 sec
Pulsa 15.0 degrees

Acq. time 1.300 sec

Widih 314218 Hz

256 repetitions

0BSERVE 13, 125.6696734 HHz
ODECOUPLE ML, 493.7819950 NHZ

continuously on
WALTZ-16_modulatad
DATA PROCESSING

Line broadening 0.5 Hz
FT size 13107

Total time 9 min

120 100 80
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(10-(1,4-Dihydro-1,4-dioxonaphthalen-3-ylamino)decyl)triphenylphosphonium

methanesulfonate (15¢)

Data Collected on:
phs500-inovas0n

Archive directory:
sexport /home, e vnmrsys /data

sample directory:
HL-T1-234B29-5lwash_2011-02-27

File: PROTON_01

Pulse Sequence: szpul

Solvent: COC13

Date: Feb 27 2011

Spectr.:  "pbs§00¢

- E T e

T T — — L e R A e T —

9 8 7 6 ) 5 q 3 2 1 ppm

i suu= v suy
Archive directary:

Jexport shome /1 Ux /vnmrsys /data
Sample directory:

XL-T1[-284825-5wash_2011-02-27-152415
File: CARBON_O01
Pulse Sequence: sZpul |
Solvent: COCI3 |
Date: Feb 27 2011
Spectr.:  “"phs500"

i e o




(10-(1,4-Dihydro-1,4-dioxonaphthalen-3-ylamino)decyl)tricyclohexyl-phosphonium

methanesulfonate (15f)

sample directory:
KL-I111-34A32-36_2011-05-07
File: PROTON_O1

Pulse Sequence: szpul

Solvent: COC13
Data: Hay 7 2011
Spectr.:  “pbsson"

Jexport/home,/ 1us /vnmrsys /data
Sample directary:

KL=T11-34A32-36_2011-05-D8
File: CARBON

Pulse Sequenes: sZpul

solvent: COC13
Temp. 20.8 G/ 293.9 K
uzar: 1-i4-87

Relax. delay 1.000 sec

Pulse 15.0 degrees

Acg. time 1,300 sec

Width 31421,8 Hz

256 repetitions .
DBSERVE €13, 125.6686512 HHz
DECOUPLE  H1, 499.7819950 MHz
Pawer B

continuously on

WALTZ-16 modulated

DATA PROCESSING

Line broadening 0.5 Hz

FT size 131072

Total time 8 min




2-(Chloromethyl)-3-methylnaphthalene-1,4-dione (20)

Archive directary:
JeRport shome/ 1Uk Avnmesys sdata
Sample directory:
XL-I11-41Apeak_2011-07-05
File: PROTON_D1

Pulse Sequence: szpul

Solvent: CDC13
Date: Jul 5 zoil
Spectr.:  "phsS00"

i e

Pulss Sequence: szpul

Solvent: CDO13
Temp. 20.6 C / 293.8 K

User: 1-14-87

Relax. delay 1.000 sac
Pulse 95.0 degrees
Acq. time 1.300 scc
Width 3142 z
128 repetitions

1256696521 MHz
A99.7615350 WHz

Line broadening 0.5 Hz
FT size 131072
Total time 9 min

T L L R e

220 200 180

T
160

e e e e R S R T

120 100 80 60 40 20 0 ppm
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((3-Methyl-1,4-dioxo-1,4-dihydronaphthalen-2-yl)methyl)triphenylphosphonium

chloride (21)

Samplo directory:
KL-III-51Aagain_2011-07-24

File: PROTON

Pulse Sequence: s2pul

Solvent: COC13

Temp. 21.5 C / 294.6 K

Relax. delay 1.000 sec

ol . 88 _ 77947 Hz
OATA PROCESSTNG
FT cize 32768
Total time 0 min
|
”
‘.
i
e
[y
— S — -
13 12 11 10 8
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la-(10-Bromodecyl)naphtho[2,3-BJoxirene-2,7(1aH,7aH)-dione (23c)

wr By

port/home/Tux /vnmrsys/data

Sample directory:
KL-T11-82B_2011-09-22

File: PROTONZ01

Pulse Sequence: szpul

Solvent: CNC13
Date: Sep 22 2011
Spactr.: "pLssoo”

Data Collected on:
sctary:

Jexport shome s Tux senmrsys sdata
sample directory:

KL-I11-828 2041-09-22-164254
File: CARBON
Pulse Sequence: sZpul
nt: COC13
mp. 20.5 C s 293.6 K

1-14=87

Relax. delay 1.000 sec
Pulse 45.0 degrees

OBSERVE_ C13, 125.6616526 MHz

DECOUPLE H1, A83.7813850 Mz
- B

cont i nuous 1
-1

Line broadening 0.5 Hz
FT size 131072
Total time 8 min
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2-(Bromodecyl)-3-hydroxynaphthalene-1,4-dione (24c)

Archive director
Jeport /home /
Sample difectorys
KL-111-113Bpeak_tall-11-01
File: PROTON_01

sennrsys data

Pulse Sequence: sZpul

Solvent: CDC13
Date: Hov 12011
Spactr.: "phs500

| ‘,
o S |

T T T T D
9 8 7 6 5 q 3 2 1 ppm
JEXPOrL/NOmeE/ W /Vnmrsy s /oata
sampic_diroctory
HL-11I-86A_2011-09-28-115131

File: CARBON
Pulse Sequence: sZpul
Solvent: €OCI3

Temp. 20.6 C ¢ 203.8 K
user: 1-14-87

Relax. dalay 1.000 sec
Pulse 45.0 degrees
5

.8 Hz
256 repetitions .
OBSERVE €13, 125 6686531 MHz
DECOUPLE H1, 439.7819850 MHz

Power A0 dB |
cantinuausTy on 1
WALTZ-16 modulated |
DATA PROCESSING

Line broadening 0.5 Hz
FT size 131072

Total time § min

e P
160 140 120 100 80
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3-(10-Bromodecyl)-1,4-dioxo-1,4-dihydronaphthalen-2-yl acetate (25c)

archive directory:
sexport /home/Tux /vnarsys /data
sample directory:
®L-III-94A_2011-10-09
File: PROTON_O1

Pulse Sequence: s2pul
Salvent: CDC13
Date: ODct 4 201t
Spectr.: "pbs500"

Pulse Sequence: szpul
solvent: COC13
Temp. 21.2 C / 284.4 K
user: 1-14-87

Relax. delay 1.000 sec

Pulse 45.0 degrass

Acg. time 1.300 sec

width 31421.8 Hz

512 repetitions .

OBSERVE €13, 125.6696521 WHz

DECOUPLE HI, 499 7813350 HHz
o

cont{nuous 1y an
WALTZ-16 modulated
DATA PROCESSTHG

Line broadening 0.5 Hz
FT size 131072

Total time 15 min

T 3
220 200 180 160 140 120 100
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(10-(3-Acetoxy-1,4-dioxo-1,4-dihydronaphthalen-2-yl)decyl)triphenylphosphonium

bromide (26a)

sump 1w u ey
KL-I1I-136Ca_2011-12-07
FiTe: PROTON_0T

Pulse Szquance: sipul

Speetr.:  “pbsso0t

| | I

| N
I i
Ju !m ‘ le \___JJ”"JUILJLJ U u‘ L

g 8 7 5 5 a 3 2 1 ppn

Data Collected an:

ry:
Jexport/homs/ 1k /vantsys /data
Sample directory:
HL-111-136Ca_2011-12-07-104155
File: GARBOM

Pulse Sequence: sZpul

Spivent: COC13
Temp. 22.5 C / 295.8 K
1-1a-87

ser:

Relax. delay 1.000 sec
Pulse 45.0 dagrees

cq. Limé 1.300 sac

Width 31421.8 Wz .

512 repatitions

OBSERVE 13, 125.6696459 Hiiz
DECOUPLE H1, 499.7818850 HHz

Line broadsning 0.5 Hz
T size 131072
Total time 18 min

S OSRRLRRARE! e
220 200 180 1610 140 120 100 a0 60 40 20 0 ppm

263



(4-(10-(3-Acetoxy-1,4-dioxo-1,4-dihydronaphthalen-2-yl)

phenyl)bromodecyloxy)triphenylphosphonium bromide (29)

Sample directory:
L-III-14200_2011-12-15

X
File: PROTO

Pulse Seguence: sZpul
Salvent: CI

DCis
Temp. 21.6 C 7 204.8 K

Relax. delay 1.000 sec
Pulse 45.0 deprees
Acq. time 1.892 sec

Width 79968 Hz

16 repetitions

OBSERVE  H1, 199.7784846 HHZ
DATA PROCESSING

FT size 32768

Tatal time 0 min

13 12 11 10 3 8 7 6 5 4 3

. T

sampla_girectory:

RL-T11-Lhoca_F011-12-15-142010
Fiie: GARBON
Pulse Sequence: s2pul
Solvent: COC13
Temp. 22.8 C / 295.8 %
user:  1-i4-a7

Relax. delay 1.000 sac

ons
DDSERVE €13, 125.6606192 MHz
DECOUPLE HI, 199.7619950 MHz

cantinuous 1

Total time 13 min

B s B AL o BT I I e e i B S L UL UL S T
100 a0 60 40 2D ] ppm

| R aa Emans B S S Ry

180 160 140 iz0
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(10-(3-Hydroxy-1,4-dioxo-1,4-dihydronaphthalen-2-yl)decyl)triphenylphosphonium

bromide (27a)

e L v g s s
Sample_directory:
®L-ITI-138Bc_2011-12-18
File: PROTON
Pulse Sequence: szpul

Solvent: COC1E
Temp. 21.9 C / 295.1 K

felax. delay 1.000 sec

G .
Width 79356 Hz
69 repetitions

QBSERVE M1, 195.7794500 MHz
DATA PROCESSING
FT size 32765
Total time 2 min

13 12

sampie directory: 770
HL-I1I-138Bc_2011-12-13-105041
File: CARBON
Pulse Sequence: sZpul
Solvent: CDC1A
Temp. 22.7 €/ 295.9 K
User: 1=14=87

Relax. delay 1.000 sec
Pulse 45.0 degrecs

cq. time 1.300 ssc

Width 31421.8 Hz

596 repetitions
OBSERVE €13, 125.6696482 Wiz
DECOUPLE  H1, 499.7819950 MHZ
Power 40 dB

continuously on

WALTZ-16_modulated
DATA PROCESSING

Line broadening 0.5 Hz
FT s1z& 131072

Total time 35 min




(10-(3-Hydroxy-1,4-dioxo-1,4-dihydronaphthalen-2-yl)decyl)tributylphosphonium

bromide (27b)

sy e umLa

‘v
_2011-12=13

File: PROTON_DL

Pulse Sequence: szpul
Solvent: CODCI3

Date: Dec 13 2011
Spoctr.:  “pbssoDt

ATEPH\H! directory
suxpart home /10
Sampio directory
¥L-111-136R26-55_2011-12-13-100219
File: CARBON

Pulse Sequence: s2pul

s Avnmrsy s sdata

Spivent: GOC13
Temp. 22.7 C / 285.8 K
Usar: 1-14-87

Relax. delay 1.000 sac
Pulse 45.0 degrees
Acq. time 1.300 sec
Width 214218 Hz

1000 resetitions .
UBSERVE CL3, 125.6635478 MHz
DECOUPLE Wi, 4937819950 MHZ
Power 40 di

cont inuous 1y on

WALTZ-16 modulated

DATA PROCESSIHNG

Line broadening 0.5 Hz
FT size 131072

Total time 38 min

'rll\\\l'. T .|=. T T
20 (] ppm

T ”.,- T B B e e e R
140 20 100 1) 60 40




(10-(3-Hydroxy-1,4-dioxo-1,4-dihydronaphthalen-2-yl)decyl)tribenzylphosphonium

bromide (27¢)

ArEnIve mirectory:
Jaxport/homesTuxsvnarsys sdata

sample directory:
XL-I11-136Ab_2011=12-05

File: PROTON_DT

_Jh*‘ﬁLJ \\H : i J .l\mﬂﬂ..%. .M)Jj}!i LE\"JJ WJA

— T

9 3 7 6 5 4 3 z 1 ppm

Archive directory:
Jexport/home/ 1ux/vnmrsys /data
amp1e direclorys
KL-I1I-136Ab_2011-12-05-151630
File: CARBON_OT

se Sequence: s2pul

Solivent: COC13
Dates Dec 5 2011
Spectr.: “pbss00




(4-(10-(3-Hydroxy-1,4-dioxo-1,4-dihydronaphthalen-2-yl)-

phenyl)bromodecyloxy)triphenylphosphonium bromide (30)

£ ERPOTT NOmE/ 1UX/VIMTSYS Jdata

Sample directory:
AL-TI1-114A_2011-12-15

File: PROTON_DL

Pulse Sequence: sZpul

Solvent: CDEI3

Date: Dec 16 2011

Specir.: "pbs5a0"

A |
iil ] || |l
WJ UJJ — r — JU\J@UM e

E—
9 8 7 6 5 1 pp

e

Pulse Sequence: s2pul
Solvent: 0DC1Z

Temp. 22,8 C / 295,9 K
User: 1-i4-37

Relax. delay 1.000 sec
PUlse 45.0 degrees

1000 repetitions

OBSERVE €13, 125.6686507 HHz

DECOUPLE ~ H1, 499.7818950 WHz
ower 40 dB

a
continuously on
WALTZ-16 modulated

DATA PROCESSING
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2-(4-Chlorobenzyl)-3-(6-bromohexyloxy)naphthalene-1,4-dione (34a)

Tri-134¢_20i2-03-31
File: PROTON_T1
Pulse Sequence:
Solvent: COC13
Date: Mar 31 2012
Spectr.: pbs500n

szpul

1

,JL_H ST, B SR l‘I'\J luL

|
ol

Data Gollected on:
pbs500- Im:weﬁnll
Archive directo
rexpart/honc/lu»/vnmrsys;ﬂata
ample director
RL-T11- -194C_2012-03-31-201357
File: CARBON

Pulse Sequenca:
saTvent: Coc

13
me. 22,4 € / 295.8 K
urert

szpui

Relax. delay 1.000 sec

5,°1%5. 6696555 mnz
DEGouPLE H1, 499.781995D MHz
Power 40 dB
cont [ nuous 1y on
WALTZ-16 modulated
DATA PROCESSTHG

Line broadening 0.5 Hz
FT size 131072

Total time 8 min

ppm

120
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100
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2-Methyl-3-propoxynaphthalene-1,4-dione (34b)

sexport shamey T /vnmrsys sdata
sample directory:
L-11I-192B_2012-03-28
Fila: pROTON_T1

Pulse Sequence: szpul

Solvant: COCIZ
Date: Mar 28 2012
Spectr.: phs5onn

/e}'l‘ﬂ[‘tﬂ‘wm!/TuKrVn—tsy!fllels
Sample_directary:
R eT1i-1058 20i2-03-28- 160727

File: GARBON
Pulse Sequence: szpul
Solvent: ©0C13

Tem . 22.1.0./:285.2 K
User: 1=14-8

Relax. delay 1.000 sec
Pulse 45.0 degrees
Acg. time 1.300 sec
Width Slﬂ?l 8 Hz
256 repet ons
OBSERVE €15, 135 668 I
OECOUPLE H1, 499.781

Fawer 40 dd

cant inuous 1y on

WALTZ-16 modulatad

DATA PROCESSING

Line broadening 0.5 Hz

FT siza 131072

Total time 1 min

180 160 140 120 100 60 40 L] 0 ppm
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2-Butoxy-3-methylnaphthalene-1,4-dione (34c)

FERROTL/NOME/ 1UX/VARE S5 /data

Sample directory:
HL-I11-185A_2D12-03-28

File: PROTON

Pulse Sequence: sZpul
Solvent: COCI3

Temp. 21.3 C / 200.4 K
Relax., delay 1.000 sec
Pulse 45.0 cegreas
Acg, time 1.802 sec
Width 7886.4 Hz

B repatitions
OBSERVE 1, 488.77894805 HHz
DATA PROCESSING

FT size 32768

Total time 0 min

13 12 11 10 9 8 7 6 5 4 3 2

-1

JUXPOTT/IOND /2 | U /VRRFSYS /data
sample_directory:

AL=T1I- 1B5A_2012-03-28-085332
Fila: CARBON

Pulse Sequence: s2pul
Solvant: COC

13
Temp. 22.2 €/ 295.4 K
User: 1-14-87

Relax. delay 1.000 sac
Pulse 45.0 degrees

Acq. time 1,300 soc

Width 31421.8 Hz

128 repetitions .
OBSERVE ©C13, 125.66396434 MHz
DECOUPLE H1, 499.7819350 MHz
Power 40 dB

continuously on

WALTZ-16 modulated

DATA PROCESSING

Ling broadening 0.5 Hz

FT size 131072
Total time § min

rikichs | ey
T R & e

z00 180 16 140 120 a0 60 40 20
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2-1sopropoxy-3-methylnaphthalene-1,4-dione (34d)

sanple_director.
KL-III-169B_ 0i2-0a-15

Fil PROTON

Pulse Sequence

So'lvcnt cDC13
Bmp. 21.4 G / 294.6 K

szpul

elax. delay 1.000 sec
A R
Acq. time 1.892 sac
width 7996.8 Hz
64 repelitions
OBSERVE H1, A95.7741853 MHz
DATA PROCESSING
FT size 32768
Total time 3 min

—

T T L L T ] T L L |
13 12 11 10 9 8 7 6 5 ] 3 2 1 -0 -1 ppm
sg1vent: ‘eoc
mp. 22,5 c X 295.6 K
usert” i

Relax. delay 1.000 sec
Pulse 45.0 degrees

10 ans
OBSERVE 'C13, 125.6696492 HHz
DECOUFLE HL, 444.7818950 MHz

Pawer A0 4B

continuously o

WALTZ=16 ml}l\'ll'lnleil
DATA PROCESSING

Line broadening 0.5 hz
FT size
Total Tine 98 min
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2-(3-Bromopropoxy)-3-cyclohexylnaphthalene-1,4-dione (349Q)

Jexport/hame / Tux/vnnrsys /data
Sample directory:
L-111-173A0,_2012-03-15
File: proTON_OT

Fulse Sequences s2pul

Solvent: COCIE
Date: Mar 15 2012
Spectr.: "pbs500"
|
|
L 1\ it L..w 1_ o \—V.._J .
] 7 6 5 4 3 2 1 ppm

SAMP18_01reciory:
KL-II1-179Aa_2012-03-15-154557
File: CARBON

Pulse Sequence: s2pul
Salvent: COC13
Temp. 22.5 C_7 245.6 K
User: 1=14-37

Relax. dalay 1.000 sec

epetitions

OBSERVE €13, 125.6696502 HHz
DECOUPLE HL, A98.7818350 HHZ
POWEr 40 d

continuously on

WALTZ-16 modulatad

DATA PROCESSING

Line broadening 0.5 Hz

FT size 131072

Total time 19 min

100 a0 60 a0 20
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2-Benzyl-3-propoxynaphthalene-1,4-dione (34i)

PHS500-inavas o
Archive directory:
sexportshome/ 1ux /vamrsys sdata
Sample directory:
AL-1-10a_2012-03-28
File: PROTOR_01

PUlSe Sequenca: szpul

Spectr.: SpbssoD"

—

Data Collected on:

Archive directory:
sexpart/home/Tus, /vemrsys sdata
sample directory:
AAI-I-10a_z012-03-28-094804
File: CARBOW

Pulse Sequence: s2pul
Solvent: €OC13
Temp. 22.7 C ¢ 205.0 K
User: 1-in-a7
Relax. delay 1.000 sec
Pulse 45.0 degrees

256 repetitions

OBSERVE C13, 125.6696494 MHz
DECOUFLE HI, 433 7813550 NHz
Power 40 dg

cont inuously on
WALTZ-18 modulated
DATA PROCESSING

Line braadening 0.5 Hz
FT size 131072
Total time 9 min

LGS S B S e e

220 200 180 160 140 120 100 &80 60 40 20 1] ppm
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2-((6-Bromohexyl)oxy)-3-cyclohexylnaphthalene-1,4-dione (34h)

h 50 0- 1“Dvﬂ$00

ﬂr:h!ve director:
/axpurt/homu;1ux/vnmrsy5/dalu

sample directory: i
XL-TII- 154A ZUlZ 03=31

Fila: PROTON_

Pulse Sequence: sZpul

Solvent: C0OC13
Date: Mar 31 2012
Spectr.: phs500"

XL-TII-194A_2012-03-31-193422
File: CARBON

PUISE Sequence: s2pul
solvent: CDC13

Temp .« 22 s C / 205.6 K
user: -a7

Ralax delay 1.000 sec

tions

OBSERVE  C13, 125.6696499 MHZ
DECOUPLE H1, 499.7818950 MHz
Power 40 ﬂB

:nnlinuﬂus

WALTZ-16 modquLcd

DATA FROCESS

Lina brnsﬂani"g 0.5 Hz

FT size 131072

Total time 8 min
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2-Benzyl-3-((6-bromohexyl)oxy)naphthalene-1,4-dione (34j)

Data Callectad on:
phs500- inovas il

Archive directory:
/exnurnnmc/mz/vnmsysznnm

sampie_directo:
XC-T1I+134B.7812+04-01

File: PROTON

Pulse Seguence: s2pul

Sulvnnt cocla
2105 C / 294.5 K

Relax. delay 1.000 sac
Pulse 45.0 degrees

Acq. time 1. 852 s0c

Width 7936.8 H

8 repetitions
OBSERVE W1, 499.7734383 NHz
DATA PRUCESSIN
FT size 3

Totar ime D min

12 11 10 9

e e sepu

Sulvsnl cociz
7C /2859 K

utars it-ar

Relax. delay 1, 200 sec
Pulse a5.0 deg

DECOUPLE Hi 493.78
Power 40

Lontlnuuui\y an
WALTZ-16_modulated
DATA PROCESSING

Line broadening 0.5 Hz
FT size 131072

Total time 18 min
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2-(3-Bromopropoxy)-3-chloronaphthalene-1,4-dione (34Kk)

XL=IIT=193Apeak_2012-03-30
File: PROTON_DL

Pulse Sequence: szpul

Solvent: COC13
Date: Mar 30 2012
Spectr.:  “pbsS00"

|

T
9 &

‘ I

' | “
|I\-L_.,_f;_f y K o, ‘\"L—,"—___J’l‘-h__..z’l‘L__ﬁ_—_J/
d‘l -

|

é 1 ppm

Temp. 22.7 © s 295.9 K
User: 1-14-87

2
OBSERVE €13, 125.6696550 HHz
DECOUPLE  H1, A99. 7813950 MHz
Power 40 dB

continuously on

ALTZ-16 modulated
DATA PROCESSING

Lins broadening 0.5 Hz
FT sizs 131072
Total time 8 min
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2-(6-Bromohexyloxy)-3-chloronaphthalene-1,4-dione (34l)

Solvent: COC13
Date: Apr 4 2012
Spectr.: "pbs500"

“1 | ! ,H
B, W W | A Y ]
T — T L I B T T RS S A A ey E L B e |
9 8 7 [ 5 q 3 2z - 1 ppm

Pulsa Sequence: sZpul
Solvent: COC13
Date: Apr 4 2012
Spectr.:  "pbss00®
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2-Propoxynaphthalene-1,4-dione (34m)

Pulse Sequence: s2pul
solvent: COC13
Date: Mar 28 2012
Spoctr.:  Mpbe§O0"

‘ | 1|
| .
H:- J N l Ui ’\_J !ullJ L\%__f-;

2 1 ppm

Data Collected on:
ABSSHO-inovasno
Archive directory:
Jerport /home /1 vimesys sdata
sanple_directorys
HL=ITI-151A_2012-03-28-090517
File: CARBON_T1

PUISE Sequence: sZpul

Solvent: COC13
Date: Mar 26 2012
Spectr.: “phs500n

180 160 140 120 100 81 60 40 20 ppm

279



2-(6-Bromohexyloxy)naphthalene-1,4-dione (31a)

Data Collected on:
Pbs500-inovas 0o

Archive directorys
JEXPOTLhOme/ 1 /v nmrsys sdata

Sample directory:
HL-111-167 Bpeak_2012-03-02

File: PROTON

Pulse Sequence: szpul
Solvent: COC13

Temp. 21.7 G s 284.9 K

Relax, delay 1.000 sec
Pulse 45.0 degroes
Acy. Lime 1.692 sec
Width 7995.8 Hz

& repetitions

OBSERVE  H1, 499.7794880 Wiz
OATA PROCESSING

otal time 0 min

| ‘ i
\ # / l i)

k \}.»JL~_.—J b--——r»L‘/"ui

13 12 11 10

®L-11I-167Bpeak_2012-03-02-161212
File: CARBON
Pulse Sequance: sepul
solvent: COC1S
Temp. 22.5 C s 235.8 K
Users  1-i1-87
Relax. delay 1.000 sec

Pulse 45.0 degroes
1.300 sec
B Hz

tions .

DBSERVE €13, 125.6696194 WHz
DECOUPLE H1, 430.7B13950 HHZ
Powear

cont inuous ly on

WALTZ-18 mouulated

DATA PROCESSING

Line broadening 0.5 Hz

FT size 131072

Total time 8 min
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2-(3-Bromopropoxy)naphthalene-1,4-dione (31b)

Samp s unsLLnys
~TII-1BSBpeak_pa12-03-02

File: PROTON_O1

Pulse Sequence: s2pul

Solvent: COC13

Date: Mar 2 2012

Spectr.: "pbs500"

ppm

File: CARBUN
Pulse Sequence: 52pul
Solvent: COC13

Temp. 22.7 C s 295.9 K
Usar: 1-19-&7

Relax, delay 1.000 sec

Pulse 45.0 degrees
Acq. time 1.300 sec

Width 21421.8 Hz

256 repetitions .
OBSERVE CL3, 125.6698404 MHz
DECOUPLE H1, 493.7819450 MHz
Power 40

cont i nuous 1y an
WALTZ-16 modulated
DATA PROCESSING

Line broadening 0.5 Wz
FT size 131072

Total time 9 min

T T T T -
20 0

B L o o e
180 160 140 120
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2-(4-(Bromomethyl)benzyloxy)naphthalene-1,4-dione (31c)

fexport shom
sample direct
KL-111-166Bpeak_2012-02-27

Fila: PROTON_DI

0/ U Unmrsys sdata
©

Pulse Sequence: s2pul
1 COC13

ah 27 2012

i pbssont

Pulse Sequence: sZpul

Solvent: COC13
Temp. 22.5 G ¢ 235.6 K
1 1-14-87

Relax. delay 1.000 sec
Pulse 5.0 dagrees
Acy. time 1.300 sec
Width 31421.8 Wz

256 repetitions
OBSERVE  ©13, 125.6636494 MHZ
DECOUPLE H1, 499.7819850 MHz
Fower 0 dil

continuously an

WALTZ=16 modulated

DATA PROCESSIHG

ine broadening 0.5 Hz
FT size 131072
Total time 15 min

R
0 ppm

60 40 20
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2-(3-Bromopropoxy)-3-(4-chlorobenzyl)naphthalene-1,4-dione (31e)

Sample directory: -
XL-I11-17dBpeak_2012-03-16
File: PROTON_DL

Pulse Sequence: s2pul
Solvent: CDC13

Date: Mar L6 2012
Spactr.: "phs500"

| A N

| T | |

I I |

S I ANV U S L SO W S S

—— - - : | T ——————
8 7 B 5 4 3 2 1 ppm

File: CARBON

Pulse Sequence: s2pul
Solvent: COCI
Temp. 22.7 C 7 295.9 K
user: 1-14-87

Relax. delay 1.000 sec
5

a Litions :
OBSERVE €13, 125.6606583 HHz
DECOUPLE H1, 4997813050 WHz
Power 40 dB

cont inuously on

WALTZ-16 modulated

DATA PROCESSING

Line broadening 0.5 hz

FT size 13107

Total time 13 min

i T T T T
220 200 130 160 140 120 100 a0
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10-(2-Oxy-3-methylnaphthalene-1,4-dione)decyl triphenylphosphonium bromide

(40)

File: proTON

Pulse sequencz s2pul

Solvent: GO
Temp 215C}2MSK

Relax, delay 1.000 sec
Pulse 45.0 degraees

Total time 1 min

— T T T T T T T L v T T T T — —r
13 12 11 10 9 8 7 6 4 3 2 1 -0 -1 ppm

pREIDU- FHOUGJIW
Archive directary
,'gsqlnrl/\\ome;]ux/unmfsys/dilw

Samnlc directary
1-1676.2h12-00-12-130701
1

-11
Fﬂe CARBON_T
Pulse Sequence: sZpul
qmuenl coc13

ate: Apr 12 2012
sn actr.:  "phss00"

i T
e e

160 140 120 100
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3-(2-Oxy-3-(4-chlorobenzyl)naphthalene-1,4-dione)propyl

bromide (35)

XL-1II-203B_2012-04-11
File: PROTON

Pulse Sequence: sipul
Solvent; COC13
Temp. 22.0 € ; 285.1 K

Relax. delay 1.000 sec
Pulse

Total time 1 min

pbs500-1novason
Archive directory:

seupor-t/home /1w /vnmrsys sdata
sample oirectory:

¥L-TII-203B_%012-04-11-143922
Fila: CARBON

Pulse Sequence: szpul
Solvent: COC13
Temp. 22.6 C_/ 295.8 K
User:  1-14-87

Relax. delay 1,000 sec
Pulse 45.0 degrees
1.300 sec
H:

Lo tions

OBSERVE C13, 125.6696438 MHz

DECOUPLE  H1, 499.7819950 MHz
a0 dB

continuous 1y on
ALTZ-16 modulated
DATA FROCESSING
n

1
Total time 38 min

.

-

triphenylphosphonium




6-(2-Oxy-3-benzylnaphthalene-1,4-dione)hexyl triphenylphosphonium bromide (41)

pLES00=1novas 0o
AFEhive directory:
sexport shome Tux /vnarsys /data
sample_direclorys
KL-IIL-202B_2012-04-11
File: PROTON
Pulse Sequence: sZpul
Solvent: CDC12
Temp. 21.6 C / 294.8 K

Relax. delay 1.000 sec

8
H
]
@
"

38 repetitions

Total time L min

13 12 11 10 9

Data Collected on:
Ls500-inovasod

Archive directory:
sexport/home/Tux/vnmrsys /data

sample directory:
L-TIT-2026_2012-04-11-140340

CARBON

Fil
Pulse Sequence: sZpul
Solvent: COCIE

Temp. 22.6 C_/ 295.8 K
Userz 1-14-87

Relax. delay 1.000 sec

DECOUPLE H1, 48
Fower 40 dB
continuously an
WALTZ-16 modulated
DATA PROCESSING

Ling broadening 0.5 Hz
FT size 131072

Total time 1% min

220 200 180 160
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3-(2-Oxy-3-benzylnaphthalene-1,4-dione)propyl

(42)

Archive irectory:
AEXPOTL/home/ Tux/ynmrsys Jdata

sample direstorys
XL-111-202A_2012-04=11

Fiie: PROTON

Pulse Sequence: sZpul
Solvent:
Temp. 21
Relax. delay 1.000 seC
Pulse 45.0 degrees

cocla
L2 C /2844 K

5 ns
OBSERWE  H1, 7099.7794830 HHZ
nG

Total time 1 min

13 1z 11

£EXpOrt /home LUk /Vomrsy s /data
sample_directory:
KL-11I-202A_2012-04-11-132137

File: CARBOH

Fulse Sequence: s2pul

Solvent: ODG13

Temp. 22.4 C / 235.6 K
1-1a-37

Relax. delay 1.000 sec
Pulse 5.0 degrees

o ns
OBSERVE C13, 125.6696437 nhz
DLCOUPLE H1, 498.7819850 HHz

a0 B

DATA PROCESSING
Line broadening 0.5 Hiz
FT size 121072

Total time 3B min

triphenylphosphonium  bromide
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6-(2-Oxy-3-cyclohexylnaphthalene-1,4-dione)hexyl triphenylphosphonium bromide

(43)

SENE T WElBLLULY
HL-11T-1898_2012-04-03

File: PROTON

Pulse Sequence: s2pul

Solvent: COC13

Temp. 21.5 € / 294.6 K

Relax. delay 1.000 sec
Pulse 45.0 degress

8 repetitions
ORSERVI H1, 499.7794836 MHz
DATA PROCESSING

FT size 32

Tetal time 0 min

Relax. delay 1.000 sec
Pulse 415.0 degrees
Acq. time 1.300 sec
Width 31421.8 Nz

OBSERVE  G13, 125.G636488 NMHz
DECOUPLE H1, 499.7819950 MHz
'owar A0 4B

cont inuous 1y on
WALTZ-16 modulated
DATA PROCESSING

Line broadening 0.5 Hz
FT size 13107

Total time 19 min

T T LB i SRR AR RERRR RN T T T T T BEEES T T T

220 200 180 160 140 120 100 a0 60 a0 20 1] ppm
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3-(2-Oxy-3-cyclohexylnaphthalene-1,4-dione)propyl triphenylphosphonium bromide

(44)

/eRpoTt /home/ Tux /vimrsys sdata
Sample directory:

KL-I1I-13IApeak_2012-03-27
File: PROTON

Pulse Sequence: s2pul

salvent: COCIZ
Temp. 21.2 C ; 204.4 K

Relax. delay 1.000 sec

Pulse 45.0 degrees

cg. time 1.812 sec
.8z

409.7704807 WHZ
NATA PROCESSING

FT size 32768

Total tima 1 min

|U

U U

13 12 11 10 9 & 7

Solvent: GOC13
Temp. 22.2 C_/ 295.4 K
user: 1-14-87

Relax. delay 1.000 sec
Pulse 45.0 degrees
Acqg. time 1.300 sec
Yidin 314218 Hz

DECOUPLE H1, 480.781845D MHz

wously on
ALTZ-16 modulated
DATA PROCESSIHG

.
:
2
:
:
:
R

Total time 18 min

220 200 180 160 140 120 100 80 60 40 20 o ppm
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3-(2-Oxynaphthalene-1,4-dione)propyl triphenylphosphonium bromide (32b)

Sampie directory: -
WL-111-170B12-13_2012-D3-03
Fila: PROTON_D1

Pulse Sequence: s2pul
Solvent: COC13

Date: Har 8 2012
Spactr.:  “phz5a0¢

Pulse Sequence: sZpul
solvent: COC13

ate: Har 15 2012
Spectr.:  “phs500"
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6-(2-Oxynaphthalene-1,4-dione)hexyl triphenylphosphonium bromide (32a)

wp e e ELL g
KL-TTI-176Apeak_2012-03-14
File: PROTON

Pulse Sequence: szpul

solvent: CDCI3
21.7 C / 294.9 K

Belax. delay 1.000 sec
Pulse 45,0 dearees

Acq. time 1.532 sec

Width 7996.8 Hz

A0 rapetitions

OBSERVE M1, 499.7794703 HHz
OATA PROCESSIN

FT size 3276

Total time 3 min

13 12 11

Pulse Sequence: s2pul

Solvent: COC13
Temp. 23.1 G ¢ 296.2 K
user: 1-14-£7

Relax. delay 1.000 sec

Pulse 45.0 degrees

Acg, time 1.300 sec

Width 31421.8 Hz

1000 repetitions .
Cl3, 1250008470 Hilz

DBSERVE

DECOUPLE H1, 499.7819950 HHz
ower A0 dB.

cont i nuous 1y

on
WALTZ-16 modulated
DATA PROCESSING
Line broadening 0.5 Hz
FT size 131072
Total time 26 min

|
|+,___/ux___v-
SR

6 5 4 3
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3-(2-Oxy-3-(4-methoxyphenyl)naphthalene-1,4-dione)propyl triphenylphosphonium

bromide (47)

Jespar i home 7 1 i /vnar sys /data

Sample ditectory:
KL-TIT-1870_2012-04-12

File: PROTON

Pulse Sequence: szpul

Solvent: COC13

Temp. 21.8 C / 294.9 K

Relax. delay 1.000 soc

32 repetiti
OBSERVE W1, 498.7734527 HHz
DATA PROGESS

Total time L min

13 1z

Sotvent: COCI3
Temp., 2275/255§K
user:

Relax. delay 1.000 see

A
Widgth 31421.8 Hz
512 repetitions

QBSERVE C13, 125.66 I
DECOUPLE ML, 499.7819850 M
Power 40 48

continuously on

WALTZ-16 mudlllnlnﬂ

DATA PROCES

Line nroaneumg 0.5 Hz

FT size 131072

Tatal time 19 min

GEI6494 NMH

10

Ol __,»JJ

||

L L_.__JL_..__—
. . ey B i e
2 1 =0 -1 ppm

180

T
160

SRR
140

292




APPENDIX D
Hemolysis determination
Step 1. Preparation of red blood cell (RBC) suspension.
Whole blood (purchased, 10 ml per testing tube, keep at 4 °C) 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° in 10 ml).

Step 2.1 Preparation of Stock Solution (10 puM).

(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° per testing tube) were incubated with increasing concentrations
(12.5 uM and 25.0 uM, 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 °C.
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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

C-B)-(A-B
% hemolysis = (C-B)-(AB) x 100

(C-B)

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)

Stock Solution

Blank (0 mL) (100 pM, 10 mL) The preparation of RBC
suspension (10 ml)
50 ul MeOH 0.291 mg compd 3" m[ human whole blood |
(if mw is 582) - '
9950 pl PBS 25 ul MeOH i (stored in Dr. Bartlett's
(Hyclone) lab, 4 °C refrigerator)
4975 pl PBS m307pBS (Hyclone) wash, then

(Hyclone) centrifugation (2,500 rpm, 10min);
repeat this until supernatant is clear.

"7 Y
Test 1 (50 uM, 2mL) Test 2 (25 uM, 2mL) redissolve red residue in 10 ml PBS
(Hyclone); now this 10 ml
1000 pl blank 1500 pl blank suspension has around 10 x 10° cell
1000 pl stock 500 ul stock

(directly mixed with solution with

mix, then mix, then different concentrations)
transfer transfer

la 1b 1c 2a 2b 0% control 100 % control
10 pl Triton X-100
0.5mL test1 0.5mitest2 | |0.5miblank | | 05 mlblank
0.5mL RBC 05mLRBC | |9-5MLRBC | 45 m RBC suspension
suspension suspension suspension
e — |
Qnal concentrtion: 25 pM final concentrtion: 12.5 uM

NG

Incubation, 37 °C, incubator (120rpm)

|

centrifugation (2,500 rpm, 10min, )

l blank

collecting supernatant (trasfer into cuvette) 0 % control
test 1a
l test 1b
test 1c

reading @ 540nm Cuvette sequence in cell holder: \ 100 % control
l(this wavelength was confirmed by full wavelenghth scan in the lab)

Here: A reading
C-B)-(A-B
Analysis/calculation: % hymolysis = L x 100 B 100 % hymolysis
(C-B) C 0% hymolysis

P.S. MeOH can be changed to DMSO if the test compound has bad solubility.
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APPENDIX E
Partition coefficient determination
The Log DyH7.4 of compounds were determined in octanol-buffer system by shaking flask

method at 25 °C.

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 pul of the stock solution was mixed with exactly equal volume of phosphate buffer
solution (500 pl, pH 7.4), vortex for 1 min.

d. The organic layer was then centrifuged at 5,000 rpm at 25 °C 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 © to «* 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.

1
Log D oct/water = log ( [solute]stock >

[solute]octanol
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