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ABSTRACT

The metabolic properties of cancer cells differ significantly from those of normal
cells due to their high demand for energy for rapid proliferation and the need to produce
anabolic building blocks for increasing cell mass. In fact, altered metabolism has been
recognized as one of the critical hallmarks of cancer, and tumors characteristically exhibit
aggressive glycolysis even in the presence of sufficient amounts of oxygen. Several recent
studies have revealed additional levels of complexity and also recognized the importance
of mitochondrial OxPhos to generate a large portion of ATP in cancer cells. OxPhos also
plays an important role in cancer cell survival, drug resistance, relapse, and metastasis.
OxPhos intermediates are utilized in the Kreb’s cycle and many of which are shuttled into
numerous biosynthetic pathways including fatty acids, amino acids, and nucleotides.
Selective inhibition of OxPhos will lead to severe ATP depletion and dysfunction of the
TCA cycle, starving cancer cells of critical components for cell survival and proliferation.
In this regard, we designed, synthesized and evaluated mitochondrial OxPhos inhibitors
with therapeutically relevant features. We undertook a structure-activity study using
triphenylphosphine as a structural template. For this purpose, several modified
phosphonium salts conjugated to a-halomethylacrylate template with high potential for
reactivity within the mitochondria were synthesized. In this thesis, the design, synthesis, in
vitro cell proliferation inhibition, mitochondrial activity, systemic toxicity in mice and in

vitro fluorescence microscopy studies will be presented.
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CHAPTER 1: INTRODUCTION

1A. Cellular and Cancer Metabolism

Cancer is one of the leading causes of mortality in humans. According to the
American Cancer Society, it is estimated that in 2019, over 1.7 million new cases of
cancer will be reported and over 600,000 patients will pass away from the fight with
cancer!. Standard treatment options for cancer involve surgery, cytotoxic chemotherapies,
and/or radiation therapy'. Modern cancer treatment strategies involve development of
targeted therapeutic agents with small molecules, monoclonal antibodies, or immune-
therapeutics to halt the tumor growth with decreased side effects when compared to
classical non-selective and cytotoxic chemotherapy?'!. These targeted strategies take
advantage of upregulated physiological processes in cancer, and recently reprogrammed
energy metabolism of cancer cells may offer a selective targeting mechanism for new
generation therapeutics. Solid tumors are able to use metabolic pathways at an
upregulated rate to sustain growth. These metabolic pathways are chemical reactions that
involve the breakdown of food to yield energy. Major sources of energy include
carbohydrates, lipids, amino acids and other micronutrients present within what humans
ingest. These energy sources are vital in the energetic and biosynthetic pathways that
support cancer progression, and numerous metabolic pathways are reprogrammed and
overexpressed to meet the needs of uncontrolled and rapid cell proliferation!'?.
Specifically, glycolysis and mitochondrial oxidative phosphorylation (OxPhos) are

processes that produce the majority of cellular energy!*-!8

. Glycolysis is a 10-step
enzymatic pathway that breaks down glucose into pyruvate and generates 2 molecules of

ATP within the cytosol of the cell. Pyruvate will then be shuttled into the mitochondria



and converted into acetyl CoA!2. Once inside the mitochondrial matrix, pyruvate is
converted to acetyl CoA which initiates the citric acid cycle. The citric acid cycle is an
eight steps enzymatic pathway that generates molecules of 6 NADH, 2 FADH; and 26
ATP per one glucose molecule!®!7. These energy transfer molecules will go through the
oxidative phosphorylation (OxPhos) within the mitochondria producing energy. With
numerous steps within the mitochondria and energy production possibilities, targeting the

mitochondria with chemotherapeutic agents is a new important drug design for cancer

treatment.
Cytoplasm Fatty acid Mitochondria
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Figure 1.1: Cancer cell metabolism involving glycolysis and mitochondrial oxidative
phosphorylation.
Due to there being over 200 types of cancers diagnoses possible with further
subsection of those cancers based off the morphology and genetic makeup, disrupting the
energetic pathways of cancers has become an important course of treatment. When a cell

becomes malignant, the upregulation of energetic pathways occurs and possible



metastasis invasion to other neighboring cell types growing the disease!>!'#20, Cancer
cells pursuing this idea of metastasis, grow based off the supply of oxygenation, pH
levels, and the catabolic molecules for energy production?!. Interestingly, cancer cells
exhibit phenotypic changes that support both glycolysis and OxPhos to sustain enhanced
proliferation and metastasis. With the buildup of glycolysis the end products, cancer cells
reorganize their metabolic needs and undergo a shift of energy generation within the high
oxygenated OxPhos process'®. Once in the electron transport chain, TCA cycle
metabolites in combination with cofactors, NADH, and FADH,, will be able to create
energy in the form of ATP that can be utilized for malignant cell functions including
invasion and metastasis to other cells?%22-23,

With tumor metabolism demanding a high amount of energy to support the rapid
cell proliferation, altering the energy production is part of the hallmarks of cancer!®2*,
Primarily, tumors exhibit the ability to adapt to glycolytic cells to generate energy present
within an oxygenated rich area (Warburg Effect)!>!7:1825 Recent studies have shown the
ability to shift to a more mitochondrial oxidative phosphorylation (OxPhos) to generate
high amounts of ATP in cancer cells. Disrupting the mitochondrial function will lead to
the starving of the cellular components, causing cell death?6-28,

Due to the heterogenetic tumor microenvironments present within cancer, tumor
pockets can be found in many locations with high and poor nutrient levels. The
mitochondrial function is best in high levels of nutrients, but with minimal oxygen levels
the electron transport chain can function?’-2°. With this heterogenous environment, cancer

cells require high levels of mitochondrial biogenesis to be able to fuel the cancer growth.

This mitochondrial function has the ability to adapt to produce a higher amount of



mitochondrial mass®®3!. Mitochondrial OxPhos presence within cancer cells oxidize
lactate, the end product of glycolysis, into pyruvate causing a symbiotic metabolic
plasticity with the glycolytic cancer cell. With the ability to pursue both pathways within
the plasticity, cells increase the mitochondrial mass when proliferation is needed®?*. The
increase of the mitochondrial mass establishes a mitochondrial membrane potential
(Aym) that exploits a lipophilic cationic barrier and controls nutritional needs for cancer

cells over normal cells33-34,

1B. Triphenyl Phosphonium (TPP")

The mitochondrial membrane potential is established by the outer and inner
membranes that shuttle several small molecules through. With the mitochondrial matrix
having a negative membrane potential on the inner compartment, recent studies have
used cationic molecules to be shuttled through. For this reason, triphenylphosphonium
(TPP") based cations having a large ionic radius with the hydrophobic surface is an
option for diffusion into the inner membrane (Figure 1.2). TPP' do not require any
specific transporters for the mitochondrial translocation and have been shown to be inside

the mitochondria compared to the cytoplasm3234,

Triphenylphosphonium cation

Figure 1.2: Chemical structure of triphenylphosphonium cation(TPP*)



With the inner mitochondrial membrane having a potential between -30 and -60
mV, the delocalized lipophilic cationic character of the TPP* can transport readily
through the inner membrane®. Cancer cells usually have a higher membrane potential
within the mitochondria compared to normal cells. With a higher membrane potential in
cancer cells, the possibility of accumulation of TPP cations in the membrane is increased
disrupting the membrane’s overall function. The interaction of the TPP molecule with the
mitochondria is based off the dynamics of the lipophilicity of the cation. Some of the

represented examples of the TPP* conjugates are described below.

1B.1. Synthesis of TPP* Alkylation with simple hydrocarbon chains

To increase the hydrophobicity, Ross et al. used different carbon length alkyl
chains to alkylate TPP, creating a more lipophilic TPP* molecules that would lead to
faster mitochondrial uptake. They also combined the prototypical mitochondria-targeted

antioxidant, MitoQ, with the elongated carbon-chain to the TPP cation (Figure 1.3)>3¢,

A, ORI
o OHJ:;[

TPP*-C, MitoQ,,
Figure 1.3: Example of alkylating TPP* with carbon chains and MitoQ
With increasing the lipophilicity with the carbon chain and MitoQ, Ross ef al.
showed that the cationic efflux rate increased, that lowered the energy barrier within the
phospholipid bilayer, allowing for more lipophilic compounds transportation inside the

mitochondrial membrane. The accumulation of alkyl-TPP* and MitoQ-TPP" within the



mitochondrial membrane was shown from the simplest single carbon chain to 10-carbon
chain. Longer carbon chain lengths was found to be more efficient delivery the TPP" into
the mitochondria®,

The TPP cationic character with an anti-cancer drug conjugate, there is a clear
potential for selectively targeting the mitochondria of cancerous cells*’. Numerous
chemotherapy agents and/or potential chemotherapeutics that are being studied have this

TPP" moiety to increase the mitochondrial interaction.

1B.2. Synthesis of TPP* with dichloroacetate (DCA)

Dichloroacetate (DCA) is a small molecule, which is a pyruvate dehydrogenase
kinase inhibitor (PDK), present in numerous clinical trials for different cancers. With the
phosphorylation of pyruvate kinase by PDK, pyruvate is promoted to stay within
glycolysis and is not utilized within the mitochondria. With DCA present, inhibition of
PDK allows for the increased pyruvate within the mitochondria inducing apoptotic
signals within cancerous cells. Pathak et al. merged the DCA with the TPP" moiety to see

if the presence of DCA is increased within the mitochondria (Scheme 1.1)840,

cl
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- e
c — PhgP o
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OH C'
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°® OH EEDQ
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Scheme 1.1: Synthesis of DCA based molecules with TPP" moiety



Both these molecules with the TPP* moiety showed an increased mitochondrial
metabolism and downregulated glycolysis. The mitochondrial membrane potential and
intracellular ATP levels increased as well and decreased the lactic acid levels

intracellularly?34°,

1B.3. Synthesis of TPP* with metformin

Boukalova ef al. synthesized derivatives with the most commonly used

antidiabetic drug, metformin*!42

. Metformin’s ability to interact with the mitochondria
allow for inhibition of mitochondrial respiration, leading to AMPK activation and
bioenergetic reprogramming*~*°, With metformin’s abilities, the TPP* cation was linked
together with different carbon lengths in between (Scheme 1.2). With the increased
carbon length, there was a decrease in mitochondrial respiration and proliferation of

pancreatic cancer cells*.

Br 1. 2M CH3NH,, MeOH, Cl cl
PPh S) 50°C, 24hrs S) C)
3

® ® ®
" .
Br B ———>» Br/M\PPhS HZN/M\PPhs
/\(\%/n\ DMF n 2. Dowex 1 X 8CI I n

Metformin n=2, 6, 10, 12 n=2, 6, 10, 12 n=2, 6, 10, 12

Cl Cl
cl Cl
© © Dicyandiamide NH NH © ©

® ® H @
Hz’Tl/M/n\PPhs > HZNJ\NJ\NMPPM
DMF, 160°C, 8hrs Lol
Mito-Met,,

n=2, 6, 10, 12

n=2, 6, 10, 12

Scheme 1.2: Synthesis of metformin-based molecules with TPP* moiety

1B.4. Synthesis of TPP* with resveratrol
Biasutto ef al. used a plant-based polyphenol, Resveratrol, that demonstrates anti-

proliferative and pro-apoptotic effects in different cancerous cell lines***®. The



derivatives with the TPP* moiety, either the hydroxy group or acetylation group, showed
an increased antiproliferative activity against colon tumor cells (Scheme 1.3). These
derivatives show anticancer effects within the mitochondria due to the generation of
H>O2, that is formed from superoxide formation within the mitochondrial complex I and

I11, and have shown results of being a mitochondrial uncoupler™.

OH o Nal HO. X O H
Cl
A O Br/\/\/ HO ~ O
Acetone, reflux, 20hrs
K2<:oa DMF, RT, 20hrs al
OH

Resveratrol

CH3C(=0)Cl
PPhj, Toluene,
100°C, 6hrs

pyr, CH,Cl,

\fo O o} | PPh3 O H HO HO
o) A
o XN @
O H@ Toluene, 100°C,6hrs PPhy
PPhy
OYO

Mito-resveratrol
Mito-resveratrol-acetyl

Scheme 1.3: Synthesis of resveratrol-based molecules with TPP* moiety

1B.5. Synthesis of TPP* with curcumin

Previous studies show that curcumin exhibits anti-inflammatory, antimutagenic,
anticancer and antioxidant properties. Curcumin has shown anti-cancer effects in various
cancer cell types, but limited efficacy, even at high doses, due to low bioavailability.
Reddy et at. synthesized curcumin derivatives with the TPP* moiety (Scheme 1.4) to

increase the bioavailability within the body>*+7.
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Scheme 1.4: Synthesis of curcumin-based molecules with TPP* moiety
The mitocurcuminoids demonstrated antiproliferative effects in various cancer
cells lines. The cancerous damage was due to induction of mitochondrial superoxide
formation, inhibition of STAT3 and Akt phosphorylation, enhanced ERK

phosphorylation, and upregulation of proapoptotic BNIP3 expression??.

1B.6. Synthesis of TPP* with doxorubicin

Cancerous cells have the ability to become resistant to treatment within the course
of treatment. Doxorubicin (DOX) is an antitumor agent that is widely used for the
treatment of various cancers. During the course of treatment, cancerous cells develop
drug resistance to DOX. Han ef al. used the TPP" moiety with DOX to synthesis a

prodrug that could be evaluated with minimal drug-resistance(Scheme 1.5)*8,
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PhgP
Doxorubicin TPP-DOX
Scheme 1.5: Synthesis of doxorubicin-based molecules with TPP" moiety
TPP-DOX was evaluated for the toxicity against breast cancer cells and DOX-
resistant cell lines. TPP-DOX compared to DOX was evaluated to accumulate higher
within the DOX-resistant cell lines and was more potent. TTP-DOX with the DOX-

resistant cancer cells also induced the cleavage of caspace-3, PARP, and apoptosis*>.

1B.7. Synthesis of TPP* with chlorambucil

Chlorambucil, a nitrogen mustard class of DNA alkylating agents, is usually used
for leukemia, lymphomas, macroglobulinemia, and solid tumors***°. The issue with
chlorambucil is the drug’s stability, selectivity, and resistance within the cell. Millard et
al. synthesized chlorambucil with the TPP* moiety to interact with the mitochondrial

function (Scheme 1.6)%-4,
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Scheme 1.6: Synthesis of chlorambucil-based molecules with TPP* moiety
The TPP'-linked chlorambucil was evaluated against breast and pancreatic cancer
cells showing 80-fold more potent. The compound also was potent within leukemia and

pancreatic cancer tumor mouse models*?,

1C. Baylis-Hillman Reaction

The Baylis-Hillman (BH) reaction is an important C-C bond forming reaction in
synthetic organic chemistry to obtain densely functionalized alcohols and amines in one
step. This simple reaction requires 3 components: an activated alkene, electrophile, and a
tertiary amine. This reaction is carried out by mixing the electrophilic
aldehyde/aldimines/activated ketones with a, B unsaturated esters, ketones, or nitriles, in
the presence of a catalytic amount of nucleophilic base, 1,4-diazabicyclo[2.2.2]octane
(DABCO) to result in functionalized allyl alcohols in one step (Scheme 1.7)°%>7. This
reaction typically does not require usage of any solvents, heat, or any special reaction
conditions and usually provides high yields of the functionalized alcohols. The BH
alcohols can then be converted into a leaving group, such as an acetate in the presence of
different nucleophiles in Sx2’ fashion or converted into an allyl bromide by reacting them

with HBr/H2SOj4 or PBr3; (Scheme 1.8).
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Scheme 1.8: Synthesis of BH alcohol and bromide from formaldehyde.

The BH bromide (2) allows for three different reactive opportunities for
nucleophilic substitutions to occur. The BH bromide (2) can be involved in a direct Sn2
attack, Sx2" attack with allylic rearrangement, or a simple 1,4-addition to provide
functionalized synthetic intermediates by a wide variety of nucleophiles containing C, O,

S, and N atoms (Scheme 1.9)°%-°,
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Scheme 1.9: Sn2, SN2, and 1,4-addition capabilities of Baylis-Hillman bromides
1C.1. Synthesis of a-carboxycarbonyl allyl esters
Previous small molecule therapeutics using the BH reaction by our group has
shown interesting results allowing for this BH bromide as an excellent starting material
for anticancer drug development. The bromide was replaced with benzoates and the
synthesized molecules retained there leaving group compacity and exhibited good in vitro

and in vivo activity
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Scheme 1.10: Sx2, Sn2’ and 1,4-addition reactions of synthesized o-
carboxycarbonyl allyl esters
These synthesized compounds were evaluated by the cell proliferation inhibition

studies on breast and pancreatic cancerous cell lines. The structure-activity relationship

13



(SAR) study determined that aromatic compounds resulted in an increased cell
proliferation inhibition compared to aliphatic carboxylic acids. Substituted aromatic,
electron donating or electron withdrawing, had minimal effect on the cell proliferation
inhibition. The methoxy ester was determined to be the best structural moiety allowing
for the Sx2/Sn2” mechanism to occur. The ICso values of the a-carboxycarbonyl allyl

esters 3-12 were within the 3- >100 uM range (Figure 1.4)>0:60-61,
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Figure 1.4: Cell proliferation ICso values of a-carboxycarbonyl allyl esters

We hypothesized that conjugating BH bromides with aryl phosphines would lead
to phosphonium salts that can be targeted to the mitochondria to develop them as
anticancer agents. We also envisioned that these phosphonium salts upon nucleophilic
addition in Sn2, Sx2’ and 1,4 addition fashion with phosphine acting as a leaving group

(Figure 1.5). In this regard, these agents have the potential to alkylate intramitochondrial
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components, disrupt energetic and biosynthetic pathways, and ultimately halt tumor
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growth.

G

Figure 1.5: Hypothesized mechanism of action of intramitochondrial interaction potential

1,4 Addition

of phosphonium BH hybrids.

CHAPTER 2: RESULTS AND DISCUSSION

As described in the introduction, targeting energetic pathways in cancer has
potential means to treat the disease. Numerous literature reports indicate that targeting
tumor metabolism is an effective form of cancer treatment. In particular, recent evidence
illustrates the importance of mitochondrial metabolism in aggressive and resistant cancer
cell populations, and hence potent and selective mitochondrial targeting agents are highly
important. The lipophilic cationic molecule triphenylphosphonium (TPP) has been
extensively studied as a mitochondrial targeting agent due to its ability to both diffuse
cellular and organelle membranes, and to accumulate based on the charge gradient within
the mitochondrial membranes and matrix. In highly oxidative cancer cells, the
mitochondrial TCA cycle and electron transport chain are working at high levels; resulting
in proton gradients that offer a biophysical means of drug delivery to the mitochondrial
matrix. In this regard, we sought to investigate the anticancer properties of synthetic TPP

hybrids with previously investigated cytotoxic 2-alkoxycarbonylallyl esters. Although
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phosphonium salts and alkoxycarbonylallyl esters have been independently used as
potential anti-cancer agents, molecular hybridization of the templates has not been
investigated. These agents exhibit dual mitochondrial targeting ability of the TPP subunit,
and the capability of the alkoxycarbonylallyl ester to interact with the intracellular
nucleophilic components either in Sn2, Sn2', or 1,4-addition fashion as we have illustrated
previously (Figure 1.5). In the present work, we hypothesized that conjugating
alkoxycarbonylallyl esters with phosphonium salts would lead to new generation
mitochondrial targeting agents with potent cell proliferation inhibition properties.
2A. Synthesis, in vitro and in vivo biological evaluation of aryl phosphoniums

To synthesize 2-(methoxycarbonyl)-allyl-TPP conjugates, we utilized Baylis
Hillman bromides synthesized in two steps, whereas for TPPs, we used commercially
available aryl phosphines. We decided to use an unsubstituted triphenyl phosphine,
metabolically stable fluoro substituted tris(4-fluorophenyl)phosphine, electron donating
group containing tri-p-tolylphosphine and tris(4-methoxyphenyl)phosphine and
cyclohexyldiphenylphosphine, which represented a cyclic alkane group with two phenyl
rings. The Baylis-Hillman alcohol 1 was synthesized by formaldehyde and methyl acrylate
in the presence of DABCO followed by bromination of the BH alcohol with HBr/H2SOs.
The resulting crude BH bromide was vacuum distilled to obtain the pure bromide 2 in
57% yield. Treatment of 2 with arylphosphines in acetonitrile resulted in the 2-

(methoxycarbonyl)-allyl-TPP conjugates 13-18 (Scheme 2.1) (Figure 2.1).
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Scheme 2.1: Synthesis of 2-(methoxycarbonyl)-allyl phosphonium bromides

All the synthesized compounds were evaluated for their in vitro cell proliferation
inhibition properties by utilizing the 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium
bromide (MTT) cell viability assay. Human breast cancer MCF7, human triple-negative
breast cancer MDA-MB-231, human pancreatic cancer MIAPaCa-2, human colorectal
adenocarcinoma WiDr, murine metastatic breast cancer 4T1, and murine breast cancer
67NR cell lines were utilized. Cells cultured in 96-well plates were incubated with the test
compounds for 72 h, and absorbance values expressed as percent of vehicle-only (control)
wells. MTT is reduced to formazan through mitochondrial reductase with an absorbance at
570 nm. The ICso value was calculated for each compound as the dose required to suppress
the MTT signal to 50% of control values. These assays were carried out in a minimum of
three trials and the ICso values were calculated using GraphPad Prism 6 Software (Figure

2.1).
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Figure 2.1: Derivatives from the BH bromide with aryl phosphines 13-18 with the MTT

w¢E

values.

From the cell proliferation inhibition studies (MTT assay) on compounds 13-18,

found that the

tris-(4-methylphenyl)phosphine 16  and

tris-(4-

methoxyphenyl)phosphine 18 exhibited a higher biological potency on all cells lines tested.

The electron donating character of the tolyl and methoxy groups may stabilize the cation,

enabling enhanced ability of compounds 16 and 18 to diffuse down their charge gradient

into the mitochondrial matrix, leading to higher mitochondrial accumulation and biological

potency.

19



To further understand the SAR of these compounds, the a-carboxy allyl ester unit
was the next synthetic modification that was carried out. The alkoxyester group was first
modified by replacing the methyl group with t-butyl and N-N-dimethyl groups. The
reaction of t-butyl acrylate and N,N-dimethyl acrylamide with formaldehyde in the
presence of DABCO, followed by bromination of the resulting BH alcohols using
HBr/H2SO4 provided the corresponding BH bromides 19 and 20 (Scheme 2.2). The pure
19 and 20 were obtained via silica gel column chromatography with hexane elution. The
reaction of triphenyl phosphine and tris(4-methoxyphenyl)phosphine with BH bromides
19 and 20 in acetonitrile, followed by precipitation in ether gave the corresponding (2-(tert-
butoxy/N,N-dimethylcarbonyl)-allyl)triphenyl phosphonium bromides 21, 22 and 23

respectively in good yields (Scheme 2.2).

P
HBI/H,S0, o} @> Q J<
. 8 %
Hk /\[HJ\O‘BU Ether Y Acetonnnle
19
DABCO

21

©
[ o HBr/H,SO, o
- N~
- —_— Br N
DABCO HO%’T‘ Yk \ Acetomtrne Q/f |

Ether
20

Scheme 2.2: Synthesis of (2-(tert-butoxy/N,N-dimethylcarbonyl)-
allyl)triphenylphosphonium bromides.

Cell proliferation inhibition studies of 21 and 23 showed an increase in potency
within the tert-butyl substitution compared to methyl group. Enhanced carbon content and
lipophilic nature of the t-butyl group may allow for better tissue diffusion and biological
potency. Although metabolically stable, N,N-dimethyl amide derivatives are less reactive
than the corresponding esters due to nitrogen lone pair delocalization and resonance.

Reduced reactivity in this regard may explain the reduced biological potency; further
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illustrating that the ester moiety is necessary for reactivity with intracellular nucleophiles
and subsequent biological activity. In this regard, tert-butyl BH bromide was reacted with
tris(4-methoxyphenyl)phosphine and precipitated out in ether to result in the (2-(tert-
butoxycarbonyl)allyl)tris(4-methoxyphenyl)phosphonium bromide 23. This compound
showed even further enhancement in cell proliferation inhibition due to a combination

enhanced lipophilicity and better cationic stabilization due to methoxy groups (Figure 2.2).
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I WiDr : 0.81+ 0.1 67NR:10.6+1.5
4T1:1.08 +0.2
67NR:2.17 + 0.8

Figure 2.2: Derivatives from the tert-butyl/N,N-dimethyl BH bromide with aryl
phosphines with the MTT values.

Encouraged by the biological activity and structural characteristics of these
molecules, further structural activity relationship studies (SAR) were carried out. To create
B-substituted Baylis-Hillman alcohols, a variety of different aromatic aldehydes were used.
Various substituted aromatic aldehydes including benzaldehyde (24), 4-
fluorobenzaldehyde (25), 4-chlorobenzaldehyde (26), and 4-bromobenzaldehyde (27) were
used in the synthesis of the corresponding BH alcohols. Similarly, electron donating groups
including p-tolyl (28), and 4-methoxyphenyl (29) BH alcohols, and electron withdrawing
groups 4-nitrophenyl (30) and 4-cyanophenyl (31) aldehydes were utilized. BH alcohols

24-31 were obtained under standard BH reaction conditions with methyl acrylate in the
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presence of DABCO (Schemes 2.3, 2.4 and 2.5). The BH alcohols 24-31 obtained from
the substituted aromatic aldehydes were subjected to bromination using phosphorus

tribromide (PBr3) to obtain the corresponding Z-substituted BH bromides 32-39 (Schemes

2.3, 2.4 and 2.5).
(@) PBFS
0 Hk DABCO
-~
+ o
@AH | M
R
R=H (24, 84%), F (25, 89%), R=H (32, 82%), F (33, 89%),
Cl (26 81%), Br (27 84%) cl (34 85%), Br (35 82%)

Scheme 2.3: Synthesis of methyl (Z)-2-(bromomethyl)-3-phenylacrylate.

o PBr3
0 DABCO
+ o’ —>
o 3 M M
EDG
EDG= p-tolyl (28, 75%), EDG= p-tolyl (36, 75%),
4-methoxy (29, 54%) 4-methoxy (37, 68%)

Scheme 2.4: Synthesis of methyl (Z)-2-(bromomethyl)-3-phenylacrylate derived from

EDG substituted aromatic aldehydes.

P DABCO Pers
(0] OH O —_—
+ HJ\O/ —_— 0
I
EWG EWG EWG Br
EWG= Cyano (30, 47%), EWG= Cyano (38, 58%),
Nitro (31, 52%) Nitro (39, 51%)

Scheme 2.5: Synthesis of methyl (Z)-2-(bromomethyl)-3-phenylacrylate derived from
EWG substituted aromatic aldehydes.
When compared to the similarly potent tris(4-methylphenyl)phosphine 16, tris(4-
methoxyphenyl)phosphine 18 exhibits higher metabolic stability as tolyl groups are
especially susceptible to CYP450 benzylic oxidation and fast clearance rates. Hence, the

SAR of B-substitution included the tris(4-methoxyphenyl)phosphine in the following
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examples. To synthesize a library of phosphonium salts, the corresponding BH bromides
32-39 were reacted with tris(4-methoxyphenyl)phosphine in acetonitrile, and the
phosphonium salts were precipitated out by trituration with ether resulting in the pure

phosphonium salts 40-47 in good yields (Scheme 2.6).

| |
@) 0
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Q \©\P/©/ Acetonitrile Q 9
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@
R Br © R POO
R=H (32), F (33), 0o OJ©/
Cl (34), Br (35), p-tolyl (36), - |

4-methoxy (37), Cyano (38),
Nitro (39) O—

R=H (40, 86%), F (41, 92%), Cl
(42, 89%), Br (43, 87%), p-tolyl
(44, 75%), 4-methoxy (45,
83%), Cyano (46, 86%),

Nitro (47, 83%)

Scheme 2.6: Synthesis of the phosphonium salts with the B-substituted BH bromides.
We then carried out cell proliferation inhibition studies (MTT assay) on compounds
40-47 on various cancer cell lines (Figure 2.3). These studies indicated that aromatic
substituted BH bromides with the tris(4-methoxyphenyl)phosphine exhibited increased
potency when compared to the B-unsubstituted examples 18 and 23 against the tested cell
lines (Figure 2.2). Specifically, the derivatives 43 and 45 were the most potent and were

designated as first generation lead molecules.
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Figure 2.3: Synthesized compounds 40-47 and corresponding cell proliferation inhibition

(ICso) values of the phosphonium bromide salts with B-substituted BH bromides.

We then carried out further synthetic modifications by substituting the methyl ester

with a tert-butyl ester to investigate the importance of carbon content on the ester group
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for biological activity (Scheme 2.7). Interestingly, similar to our earlier observed results
with tert-butyl derivative 21 and 23, it was found that tert-butyl derived
tris(4methoxyphenyl)phosphine 50, exhibited enhanced biological potency against all of

the cell lines tested. (Figure 2.4).
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Scheme 2.7: Synthesis of butyl (Z)-2-(bromomethyl)-3-(4-bromophenyl) phosphonium

salt 50 (82%) with tris(4-methoxyphenyl)phosphine.
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Figure 2.4: Cell proliferation inhibition (ICso) values comparing phosphonium bromide
salts utilizing the MTT assay.

Since compounds 43, 45, and 50 exhibited potent cell proliferation within the MTT
assay at low micromolar and nanomolar concentrations, these compounds were also
evaluated using another cell proliferation method called sulforhodamine-B (SRB) assay®?.
The MTT assay is an assay that needs mitochondrial function within the plate to use
mitochondrial reductase to reduce the MTT to formazan where then the absorbance can
represent the compounds cell viability potential. Due to these compounds being
mitochondrial targeting with the phosphonium character, the MTT results may be a result
of a false positive — showing mitochondrial function as a surrogate of cell proliferation.
Due to this, the SRB assay can be incorporated to confirm the cell proliferation inhibition
properties of these molecules. The SRB assay allows for the evaluation of cell proliferation
based on the cellular protein content — a more direct measure of protein content than
mitochondrial viability. To perform this assay, 5x10* cells/mL were cultured within a 48-
well plate for each cell line. Compound 43, 45, and 50 were dissolved in DMSO (final

concentration of DMSO <0.1%) and were added to the cultured wells in serial dilution
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fashion in duplicate and incubated for 72 hours. Following incubation, growth media was
removed, and the wells were washed with 1X PBS and dried to fix the cells. SRB (0.5%
w/v in 1% acetic acid) was added to bind to cellular protein and incubated for 30-45
minutes. The wells were washed 3 times with 1% acetic acid and dried to remove
background SRB. The cellular protein was dissolved in tris base (10mM, pH 10.2) and
absorbance was recorded at 540 nm. The percent survival values were calculated for each
compound based off the absorbance of the test compound divided by the absorbance of the
control wells multiplied by 100. These assays were carried out a minimum of three trials

and the ICso values were calculated using GraphPad Prism 6 Software (Figure 2.5).
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MDA-MB-231:0.94 + 0.4 MDA-MB-231:2.19+0.4 MDA-MB-231 : 0.58 + 0.1
MiaPaca-2 : 0.29 + 0.1 MiaPaca-2 : 0.31 + 0.1 MiaPaca-2 : 0.20 + 0.1
WiDr :0.81 + 0.2 WiDr : 0.76 + 0.2 WiDr :0.14 + 0.1
4T1:1.25+0.2 4T1:1.83+0.2 4T1:0.50 + 0.1
67NR :1.78 + 0.3 67NR :2.56 + 0.4 67NR : 0.47 + 0.1

Figure 2.5: Cell proliferation inhibition (ICso) values of the phosphonium bromide salts
from the SRB assay.

These results indicated that compounds 43, 45, and 50 derived from the 4-
bromobenzaldehyde and 4-methoxybenzaldehyde with the tris-(4-
methoxyphenyl)phosphine had retained comparable cell proliferation inhibition properties
and were confirmed as the lead candidate compounds based on potent inhibition properties
as reported by both MTT and SRB assays.

Due to the mitochondrial targeting potential of the phosphonium based compounds

43 and 45, further metabolic assays were performed. In this regard, mitochondrial function
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of cancer cells treated with TPP based compounds 43 and 45 was evaluated using widely
employed Seahorse XFe96® based mitochondrial stress test. Here, cells treated with test
compound, followed by the successive addition of oligomycin, carbonyl cyanide-p-
trifluoromethoxyphenylhydrazone (FCCP), and rotenone + antimycin A respectively, and
changes in oxygen consumption rates (OCR) are recorded in real time to allow for
calculating numerous parameters of mitochondrial respiratory function including ATP
production, proton leak, maximal respiration, and spare respiratory capacity (Figure 2.6
and 2.7)%. Oligomycin is an ATP synthase inhibitor, and changes in OCR following acute
exposure give rise to the amount of oxygen utilized by cells to produce ATP. By observing
differences in control and treated cultures in the presence of oligomycin, the ability of test
compound to decrease mitochondrial ATP synthesis can be evaluated®-%*, FCCP is a
mitochondrial membrane uncoupling agent that diminishes the proton gradient across the
inner mitochondrial membrane and matrix. Acute exposure of FCCP induces a maximal
respiratory state where OCR in combination with TCA cycle and other processes are
heightened to retain the cells desired proton gradient. The ability of FCCP to stimulate
maximum respiration in this regard can be observed in (acute) compound treated and
control cultures to realize potential mitochondrial targeting®. Spare respiratory capacity
illustrates the ability of cells to increase mitochondrial respiration under physiological
stress (ie FCCP stimulation) and can also be calculated and compared between control and

compound treated cultures under these conditions®’.
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Figure 2.6: Mitochondrial stress test profile using compound 43 and 45 in MDA-MB-231
cell line. MST was performed on Seahorse XFe96® analyzer. The compound 43 and 45
were tested at 10 uM concentration and DMSO was used in control wells. Test compound
(10 uM), oligomycin (1 uM), FCCP (0.25uM), and rotenone + antimycin A (0.5 uM each)
were added with drug delivery ports at indicated time points.

Hence, within a mitochondrial stress test, successive injections of test compound
and known inhibitors shut down different electron transport chain and oxidative processes
allowing for the evaluation of the effect of test compound on mitochondrial function. In
this regard, MDA-MB-231 cells (20,000 cells/well) were plated on Seahorse XFe96 well
plates and incubated overnight. Prior to the assay, growth media was replaced with serum
free XF DMEM assay media supplemented with important metabolic substrates glucose,
glutamine, and sodium pyruvate at concentrations equal to that of the growth media. The
test compounds (43 and 45) were injected first followed by the injection of oligomycin
which inhibits ATP synthase, also known as mitochondrial complex V, within OxPhos®-°,
The third injection was FCCP, an inhibitor of the membrane uncoupler of the oxygen

consumption from the ATP production®*®, The last injection was rotenone and antimycin
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A, where rotenone interferes with the electron transports chain within mitochondria by
inhibiting electrons from iron-sulfur center in mitochondrial complex 1437, and antimycin
A inhibits oxidative phosphorylation by binding to cytochrome c¢ reductase within
mitochondrial complex III, which inhibits some of the oxidative processes®*%%%, The
resulting mitochondrial respiratory profile was plotted in real time, and the effect of
compound treatment on numerous parameters was evaluated.

Based off of Figure 2.6, the initial injection of compound 43 and 45 exhibited a
significant decrease in ATP production. With the second injection, ATP synthase is
inhibited allowing for the proton gradient differences. The mitochondria require the proton
gradient across the inner membrane for this ATP synthase to function. If this proton
gradient is not present within the cell, the cells undergo severe energy crisis and redirect
the metabolic macromolecules towards pursuing glycolysis. Mitochondrial damage and
loss of membrane integrity can result in protons leaking across the mitochondrial
membranes. Maintenance of membrane integrity allows for compartmentalization of
protons that are ultimately used as the motive for oxidative phosphorylation of ADP.
Hence, Proton leakage across the membrane usually results in the decrease in ATP
production. With injection of drug of the cells, there is a decrease in ATP production
without the ATP synthase inhibitor (Figure 2.6 and 2.7), showing the possibility that there
is a proton leak across the membrane potential. With the addition of oligomycin, there is
no difference present, showing that the mitochondrial membrane proton gradient is
damaged. The maximum mitochondrial respiration and spare respiratory capacity in
control cells can be induced using the membrane uncoupler such as FCCP. With the

addition of FCCP, there is an increase in the OCR but just to the basal respiration (Figure

30



2.7). This means that the mitochondrial function is damaged, and the metabolic substrates
are not able to be oxidized. Within MDA-MB-231 cell line, a decreased maximal
respiration shows that the cells are unable to reach their maximum OCR compared to the
control (Figure 2.7). These compounds could be potential proton uncouplers with the
ability to inhibit the oxidation of other substrates and/or the electron transport chain. These
compounds also reduced the spare respiratory capacity within the MDA-MB-231 cell line.

This result shows that the energy demands of the cell are not met.
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Figure 2.7: Mitochondrial stress test of compound 43 and 45 in MDA-MB-231. The
graphs represent mitochondrial parameters: ATP production (top left), Proton leak (top

right), Maximal respiration (bottom left), and Spare respiratory capacity (bottom right).
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To further understand the function of metabolism within cancer cells with
compounds 43 and 45, the combination treatment of these compounds with bromopyruvic
acid (BPA) (Figure 2.8), a known glycolytic inhibitor, was evaluated. The combination of
the compounds 43 and 45 with BPA was to evaluate the heterogeneity of cancerous cells
by targeting the glycolytic pathway with BPA and the mitochondria with the compounds.
The idea of stalling tumor growth production by removing the major energy pathways

would halt the cancer cell growth.

)

Br/ﬁHJ\OH

O
Bromopyruvic Acid (BPA)

Figure 2.8: Structure of bromopyruvic acid (BPA)

Encouraged by preliminary evidence of mitochondrial targeting by compounds 43
and 50, fluorescence microscopy was conducted on these lead molecules using a
mitochondrial targeted fluorescent probe MitotrackerRedCMXROS (MTR). MTR is a
unique probe that binds and accumulates in mitochondria as a function of membrane
potential and hence, allows for the evaluation of compound effects on both morphology
and mitochondrial viability. In Figure 2.9, the top row is the control images of breast
cancer cell line 4T1 at 2 hours treatment time period. With the use of MTR, the results
indicate that the mitochondria of control cultures exhibit a healthy branched mitochondrial
network (Figure 2.9). With the use of compound 43, the mitochondria appear to be less
branched with an increase in punctate mitochondria. The organized tubular mitochondrial
network observed in the control is less abundant, and the mitochondria are becoming
broken apart from each other (Figure 2.9). With the use of compound 50 at 1uM (t-

BuTPPBr) after 2 hours has a diffuse and dim mitochondrial fluorescence. This diffuse
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morphology may be a result of mitochondrial membrane damage, allowing for MTR
leakage into the cytoplasm, and dim fluorescence as a result of low mitochondrial
membrane potential and vitality. Interestingly, over the time frame tested (2hr) the t-butyl
compound 50 exhibited more drastic mitochondrial perturbations than the corresponding
methyl ester. This finding may further support the claim that increased carbon content and
lipophilic character of these compounds lead to enhanced membrane diffusion and

accumulation in the mitochondria.

TPPBr

tBuTPPBr

Figure 2.9: Representative fluorescence microscopy images of 4T1 cells treated with

compound 43 and 50 and labeled with mitotracker red.
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Based on these results, compounds 43 and 45 were designated as the lead candidate
compounds for further in vivo studies of systemic toxicity and chemotherapeutic efficacy
based on its in vitro cell proliferation inhibition described above. Initially, compounds 45
were examined for its systemic toxicity in CD1 mice. 12 healthy CD-1 mice were divided
into two groups (n=6): Group 1 was administered compound 45 (10mg/kg) and group 2
was administered vehicle only (control) intraperitoneally once daily six days a week for a
total of 14 days. This study indicated that compound 45 was well tolerated with no apparent
side effects at acceptable therapeutic dose regimens based on normal weight gains and

behavior when compared to control group (Figure 2.10).
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Figure 2.10: Systemic toxicity study of compound 35 in CD-1 mice

After observing minimal in vivo systemic toxicity in healthy mice as a single agent,
we sought to explore the idea of using a combination protocol for inhibition of the
glycolytic and mitochondrial action would terminate cancer tumor growth. MN-D2, a
compound developed in our lab is a dual monocarboxylate 1 and 4 (MCT]1 and 4) inhibitor,
and also a potent inhibitor of glycolysis (Figure 2.11). Hence, we envisioned a
combination strategy employing compound 45 and MN-D2 for potential cancer treatment.
We first examined systemic toxicity in CD1 mice. Inhibition of both glycolytic and

mitochondrial function has the potential to be toxic to test subjects so we first optimized
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the tolerated doses for in vivo studies. 12 healthy CD-1 mice were divided into two groups
(n=6): Group 1 was administered compound 45 (10mg/kg) and MN-D2 (25mg/kg) every
other day and group 2 was administered vehicle only (control) intraperitoneally once daily
six days a week for a total of 14 days. This study indicated that compound 45 and MN-D2
was well tolerated with no apparent side effects at acceptable therapeutic dose regimens

based on normal weight gains and behavior when compared to control group (Figure 2.12).
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\ CN

MN-D2
Figure 2.11: Structure of MN-D2, an MCT 1 and 4 inhibitor, and glycolytic

inhibitor
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Figure 2.12: Systemic toxicity of a combination of compound 45 and MN-D2.
To further investigate such combinatorial studies, other glycolysis inhibitors were
employed. For this study compounds 43 and 45 and bromopyruvic acid (BPA), the
glycolytic inhibitor, were examined for their systemic toxicity in CD-1 mice. 30 healthy

CD-1 mice were divided into five groups (n=6): Group 1 was administered compound 43
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(10mg/kg), group 2 was administered compound 43 (10mg/kg) plus BPA (2mg/kg)
(Figure 2.13), group 3 was administered compound 45 (10mg/kg), group 4 was
administered compound 45 (10mg/kg) plus BPA (2mg/kg) (Figure 2.14), and group 5 was
administered vehicle only (control) intraperitoneally once daily six days a week for a total
of 14 days. The combination groups were injected intraperitoneally every other day for the
study. After 4 days of treatment, the dosage was increased for compounds 43 and 45 to
12mg/kg. This study indicated that compounds 43 and 45 as a single agent and combination
treatment was well tolerated until the dosage increase, and the MTD was determined to be
10mg/kg. There were no apparent side effects at this acceptable therapeutic dose regimen
based on normal weight gains and behavior when compared to control group with

compounds 43 and 45 (Figure 2.13 and 2.14).
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Figure 2.13: Systemic toxicity of a combination of compound 43 and BPA.
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Figure 2.14: Systemic toxicity of a combination of compound 45 and BPA.

2B. Conclusion and Future Directions

In conclusion, several phosphonium salts were synthesized based on different BH
bromides and chlorides. Initial studies indicated that the tris-(4-methoxyphenyl)phosphine
was the optimal phosphine compared to the other aryl phosphines. Further SAR studies
indicated that 4-bromo and electron donating groups present on B-substituted aromatic
rings with either a methyl and tert-butyl ester present in the acrylate enhanced the
biological activity. The cell proliferation inhibition evaluations by the MTT assay showed
that several derivatives exhibited inhibition at low micromolar, and nanomolar
concentrations. Due to the MTT assay needing the mitochondria reductase to convert MTT
to formazan, and the phosphonium salts ability to damage mitochondria, we confirmed the
cell proliferation inhibition by SRB assay, which confirmed that lead compounds exhibited
cell proliferation inhibition at low micromolar to nanomolar concentrations. Preliminary in
vitro studies indicated that the phosphonium salts inhibit the production of ATP within the

mitochondria, lead to increase in proton leak within the mitochondrial membrane and there
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could be a possibility that these compounds are proton uncouplers and not allowing the
oxidation of substrates to happen which inhibits the tumor growth ability. Finally, systemic
toxicity studies indicate that compounds 43 and 45 were well tolerated in healthy CD-1
mice in numerous studies. Compounds 43 and 45 were also tested with combination studies
with glycolytic inhibitors, MN-D2 and BPA, that were tolerated in healthy CD-1 mice.
The future directions of this project will involve mechanistic studies of the lead
molecules. These compounds will also be evaluated for anticancer efficacy studies in mice

tumor models using 4T1 metastatic breast cancer cell line with a tail-vein injection.

CHAPTER 3: EXPERIMENTAL SECTION

3.1 Materials and Methods

Triphenylphosphine (Sigma-Aldrich), Tris(4-fluorophenyl)phosphine (Sigma-
Aldrich), Tri(2-furyl)phosphine (Sigma-Aldrich), Tris(4-methoxyphenyl)phosphine
(Sigma-Aldrich), Tri(p-tolyl)phosphine (Sigma-Aldrich), formaldehyde (Sigma-Aldrich),
methyl acrylate (Sigma-Aldrich), benzaldehyde (Sigma-Aldrich), 4-bromo-benzaldehyde
(Sigma-Aldrich), anisaldehyde (Sigma-Aldrich). Other chemical reagents were high grade
quality and purchase from Sigma-Aldrich (St. Louis, MO).

The 'H- and *C-NMR spectra were plotted on a Varian Oxford-500 and Bruker
Ascend™ 400 spectrometers. High resolution mass spectra (HRMS) were recorded with a

Bruker micrOTOP-Q III ESI mass spectrometer.
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3.2 General procedure for synthesis of 2-(bromomethyl)acrylate-phosphonium salts
A mixture of respective aryl-phosphine (1.0 eq, 2mmol) and 2-(bromomethyl)
acrylate in 25mL acetonitrile was stirred at room temperature for 3 hours. After it was
confirmed that the reaction was completed using a TLC (10% EtOAc/Hexane), reaction
vessel was placed under vacuum for removal of organic layer. Following alkylation of the
aryl-phosphine, 20mL of ether was added into the reaction vessel and stirred for 3 hours.
The solid obtained was filtered and washed with ether, obtaining the final products in 75-
92 percent yields. The minor Z-isomer being removed with repeated washings and

recrystallizations in ether.

3.3 Cell Culture

MCF-7 cells (ATCC) were grown in a-MEM supplemented with FBS (5%), non-
essential aminoacids (0.1 mM), insulin (10 pg/ml), sodium pyruvate (1mM), EGF (100
ng/mL), hydrocortisone (10 pg/ml), HEPES (10 mM), and penicillin-streptomycin
(50U/ml-50pg/ml). MDA-MB-231 cells (ATCC) were grown in DMEM supplemented
with 10% FBS and penicillin-streptomycin (50U/ml-50pg/ml). MIAPaCa-2 cells (ATCC)
were cultured in DMEM supplemented with 10% FBS, 2.5% Horse Serum and penicillin-
streptomycin (50U/ml-50pg/ml). WiDr cells (ATCC) were grown in MEM supplemented
with 10% FBS and penicillin-streptomycin (50U/ml-50pg/ml). 4T1 cells (ATCC) were
cultured in RPMI-1640 supplemented with 10% FBS and penicillin-streptomycin (50U/ml-
50pg/ml). 67NR cells (ATCC) were cultured in RPMI-1640 supplemented with 10% FBS

and penicillin-streptomycin (50U/ml-50pg/ml).
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3.4 Cell Proliferation Inhibition Assay (MTT)

Cells were seeded (5x103cells/well) in 96 well plates and incubated overnight
(37°C, 59%CO0,). Test compounds were then exposed to cells in duplicate in serial dilution
fashion and were incubated for an additional 72 hours (37°C, 5%CO,). 3-(4,5-
dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT, 0.5mg/ml) was added and
was incubated for four hours. Resulting formazan precipitate was then solubilized (SDS
10%w/v, 0.01N HCI) and incubated for four more hours. Absorbance readings at 570nm
of each well were then recorded and concentrations at which 50% of cell growth was

inhibited (ICso) were tabulated, using control (untreated) wells as 100% cell survival.

3.5 Cell Proliferation Inhibition Assay (SRB)

Cells were seeded (2x10%cells/well) in 48 well plates and incubated overnight (37°C,
5%CQ0z). Test compounds were then exposed to cells in duplicate in serial dilution fashion
and were incubated for an additional 72 hours (37°C, 5%CO:). Media was then aspirated,
and cells were washed three times with PBS and were left overnight to dry-fix. 100uL
Sulforhodamine B (SRB, 0.5%w/v in 1% acetic acid) was added to each well and was
incubated at 37°C for 1hr. SRB was rinsed with 1% acetic acid solution and dried. Dyed
cells were then lysed with Tris (10mM, pH 10) and absorbance readings were recorded at
540nm of each well. Concentrations at which 50% of cell growth was inhibited (ICso) were

tabulated, using control (untreated) wells as 100% cell survival.

3.6 Statistical Analysis
Statistics were computed using GraphPad Prism version 6.0. Mann-Whitney test was used
to compare the compound-treated and control groups for in vivo tumor xenograft studies.

A P-value of < 0.05 was considered significant.

40



3.7 Ethical Considerations

The experimental procedures involving animals were conducted on the University of
Minnesota Duluth campus that was compliant with the U.S. National Institutes of Health
Guide for Care and Use of Laboratory Animals and approved by the Institutional Animal
Care and Use Committee (IACUC). Studies with protocols 1311-31063A (systemic

toxicity, Figure 3.10).

3.8 In vivo systemic toxicity in CD-1 mice

Five-week-old CD-1 mice (Charles River) were obtained and acclimatized for one week
before initial treatment. Mice (n=6) were grouped randomly based on average body weight.
Group-1 was administered with compound X (10mg/kg) while group-2 was administered
with vehicle intraperitoneally once daily, six days a week for a total of 14 days of treatment.
Mice body weights were recorded daily, and euthanized according to [ACUC guidelines at
the end of the study. A graph of days of treatment versus body weight+SEM was generated

using GraphPad software (Figure 3.13 and 3.14).

3.9 Spectral Characterization
-
Q 52 o
©)
E\ﬁpﬁﬁko/
“Cr
Tri(furan-2-yl)(2-(methoxycarbonyl)allyl)phosphonium bromide

'"H NMR (500MHz, CDCl;): $ 8.13-8.12 (m, 3H), 7.99-7.98 (m, 3H), 6.82-6.81(m, 3H),

6.67 (d, J=6.5 Hz, 1H), 6.56 (d, J=6.0 Hz, 1H), 5.19 (d, J=16 Hz, 2H), 3.58 (s, 3H)

41



13C NMR (125MHz, CDCl3): § 165.41 (d, Jop=2.9 Hz), 153.27 (d, Jop=8.5 Hz), 136.33
(d, Jer=11.4 Hz), 131.87 (d, Jep=22 Hz), 130.26 (d, Jep—140.1 Hz), 126.14 (d, Jep=11.5
Hz), 113.50 (d, Jop=10.5 Hz), 52.71,27.17 (d, Jor=57.6 Hz)

HRMS (ESI) m/z: calc’d for C17H160sP [M]": 331.0730, found 331.0733

SF

Cyclohexyl(2-(methoxycarbonyl)allyl)diphenylphosphonium bromide

'"H NMR (500MHz, CDCl3): 4 7.91-7.87 (m, 4H), 7.79-7.76 (m, 2H), 7.69-7.65 (m, 4H),
6.23-6.21 (m, 2H), 4.69 (d, /=15.0 Hz, 2H), 4.06 (m, 1H), 3.45 (s, 3H), 2.16 (m, 2H), 1.81
(m, 2H), 1.74-1.67 (m, 4H), 1.01-0.96 (m, 3H)

13C NMR (125MHz, CDCl3): § 166.15 (d, Jcp=1.9 Hz), 135.24 (d, Jcr=9.5 Hz), 134.64
(d, Jcr=2.9 Hz), 134.48 (d, Jcp=8.6 Hz), 129.79 (d, Jcp=12.4 Hz), 128.00 (d, Jcr=9.6 Hz),
115.15 (d, Jcp=80 Hz), 52.29, 32.04 (d, Jcp=44.9 Hz), 25.57, 25.55, 25.52, 25.42, 25.28,
23.26 (d, Jcp=46.6 Hz)

HRMS (ESI) m/z: calc’d for C23H2302P [M]": 367.1821, found 367.1839

oF

(2-(methoxycarbonyl)allyl)triphenylphosphonium bromide
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H NMR (500MHz, CDCl3): § 7.75 (m, 6H), 7.69 (m, 3H), 7.58 (m, 6H), 6.39 (s, 2H),
5.09 (d, J=15 Hz, 2H) 3.26 (s, 3H)

13C NMR (125MHz, CDCly): § 165.74 (d, Jcp=2.9 Hz), 135.90 (d, Jep=9.5 Hz), 135.09
(d, Jer=2.8 Hz), 134.20 (d, Jor=9.6 Hz), 130.27 (d, Jer=13.3 Hz), 127.38 (d, Jcr=9.5 Hz),
117.70 (d, Jcr=85.9 Hz), 52.35,26.02 (d, Jep=50.5 Hz)

HRMS (ESI) m/z: calc’d for C23H2202P [M]": 361.1352, found 361.1363

(2-(methoxycarbonyl)allyl)tri-p-tolylphenylphosphonium bromide

'"H NMR (500MHz, CDCl3): 8 7.69-7.65 (m, 6H), 7.43-7.42 (m, 6H), 6.45 (d, J=5.5 Hz,
1H), 6.40 (d, J=5.5 Hz, 1H), 4.97 (d, /=15 Hz, 2H), 3.35 (s, 3H), 2.44 (s, 9H)

13C NMR (125MHz, CDCl3): § 165.83 (d, Jcp=2.9 Hz), 146.25 (d, Jcp=2.8 Hz), 135.65
(d, Jcr=9.5 Hz), 134.06 (d, Jcp=10.5 Hz), 130.90 (d, Jc,=12.4 Hz), 127.60 (d, Jcr=8.6 Hz),
114.50 (d, Jcp=87.6 Hz), 52.27, 26.28 (d, Jcp=51.5 Hz), 21.81

HRMS (ESI) m/z: calc’d for CogH2302P [M]": 403.1821, found 403.1835
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Tris(4-fluorophenyl)(2-(methoxycarbonyl)allyl)phosphonium bromide

'"H NMR (500MHz, CDCl3): & 7.85-7.84 (m, 6H), 7.30-7.26 (m, 6H), 6.41 (s, 2H), 5.20
(d, J=15.5 Hz, 2H), 3.36 (s, 3H)

13C NMR (125MHz, CDCl3): 3 167.88 (d, Jcp=3.8 Hz), 165.84 (dd, Jcp=2.9 Hz, Jcr=7.6
Hz), 137.23 (dd, Jcp=9.6 Hz, Jcr=12.5 Hz), 136.41 (d, Jcr,=10.5 Hz), 127.11 (d, Jcp=10.5
Hz), 118.23 (dd, Jcp=21.9 Hz, Jcr=14.3 Hz), 113.34 (dd, Jcp=90.5 Hz, Jcr=2.8 Hz), 52.58,
26.61(d, Jcp=50.5 Hz)

HRMS (ESI) m/z: calc’d for Co3Hi9F302P [M]*: 415.1069, found 415.1074

-0

(2-(methoxycarbonyl)allyl)tris(4-methoxyphenyl)phosphonium bromide
'"H NMR (500MHz, CDCl3): 8 7.71-7.67 (m, 6H), 7.12-7.10 (m, 6H), 6.44 (d, J=5.5 Hz,

1H), 6.33 (d, J=5.5 Hz, 1H), 4.84 (d, J=15.0 Hz, 2H), 3.87 (s, 9H), 3.39 (s, 3H)
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13C NMR (125MHz, CDCl): & 165.88 (d, Jor=1.9 Hz), 164.63 (d, Jcr=2.9 Hz), 136.04
(d, Jer=11.5 Hz), 135.27 (d, Jr=9.5 Hz), 127.93 (d, Jcp=9.5 Hz), 115.89 (d, Jep=14.3 Hz),
108.37 (d, Jcr=94.4 Hz), 55.90, 52.36, 26.92 (d, Jcp=52.4 Hz)

HRMS (ESI) m/z: calc’d for CagH2805P [M]": 451.1669, found 451.1681

(2-(dimethylcarbamoyl)allyl)triphenylphosphonium bromide

'"H NMR (400MHz, CDCl3):  7.95-7.90 (m, 6H), 7.77-7.74 (m, 3H), 7.67-7.66 (m, 6H),
5.80 (s, J=4.6 Hz, 1H), 5.41 (s, J=3.6 Hz, 1H), 5.07 (d, J=15 Hz, 2H), 3.12 (s, 3H), 2.64
(s, 3H)

13C NMR (100MHz, CDCl3): 8 168.87 (d, Jcp=2.4 Hz), 134.91 (d, Jcr=3.1 Hz), 134.44
(d, Jc,=10.0 Hz), 132.10 (d, Jcp=10.0 Hz), 130.15 (d, Jcp=12.8 Hz), 125.73 (d, Jcp=11.1
Hz), 118.78 (d, Jc,=86.4 Hz), 30.30 (d, Jc,=50.5 Hz)

HRMS (ESI) m/z: calc’d for C24H2sNOP [M]*: 374.1668, found 374.1667
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(2-(tert-butoxycarbonyl)allyl)triphenylphosphonium bromide

'"H NMR (400MHz, CDCl3):  7.88-7.83 (m, 6H), 7.79-7.75 (m, 3H), 7.69-7.64 (m, 6H),
6.44 (d, J=5.7 Hz, 1H), 6.40 (d, J/=5.2 Hz, 1H), 5.20 (d, J=15.1 Hz, 2H), 1.20 (s, 9H)

13C NMR (100MHz, CDCl3): § 163.12 (d, Jcp=2.3 Hz), 133.61 (d, Jcr=3.3 Hz), 133.38
(d, Jcr=9.3 Hz), 132.94 (d, Jc,=10.3 Hz), 128.88 (d, Jc,=12.3 Hz), 127.49 (d, Jcr=10.0
Hz), 116.78 (d, Jc,=85.1 Hz), 80.57, 26.35, 24.34 (d, Jc,=51.0 Hz)

HRMS (ESI) m/z: calc’d for CogH2802P [M]": 403.1821, found 403.1828

(2-(tert-butoxylcarbonyl)allyl)tris(4-methoxyphenyl)phosphonium bromide

'"H NMR (500MHz, CDCl3): 8 7.77-7.73 (m, 6H), 7.15-7.14 (m, 6H), 6.43 (d, J=5.5 Hz,
1H), 6.31 (d, J/=4.5 Hz, 1H), 4.91 (d, J/=15.5 Hz, 2H), 3.91 (s, 9H), 1.25 (s, 9H)

13C NMR (125MHz, CDCl): § 164.59 (d, Jcp=2.9 Hz), 164.55, 136.11 (d, Jcp=11.5 Hz),
134.16 (d, Jcr=9.6 Hz), 129.36 (d, Jcr=9.5 Hz), 115.89 (d, Jcp=14.4 Hz), 108.79 (d,
Jcr=93.5 Hz), 81.72, 55.88, 27.72, 26.49 (d, Jcp=53.4 Hz)

HRMS (ESI) m/z: calc’d for C29H3405P [M]": 493.2138, found 493.2151
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(£)-(2-(methoxycarbonyl)-3-phenylallyl)tris(4-methoxyphenyl)phosphonium bromide

'H NMR (500MHz, CDCl3): § 7.94 (d, J=4.5 Hz, 1H), 7.47-7.43 (m, 6H), 7.33-7.32 (m,
3H), 7.23-7.22 (m, 2H) 7.08-7.06 (m, 6H), 4.70 (d, J/=15.5 Hz, 1H), 3.90 (s, 9H), 3.46 (s,
3H)

13C NMR (125MHz, CDCl3): § 166.62 (d, Jcr=1.9 Hz), 164.62 (d, Jcr=2.9 Hz), 146.02
(d, Jcr=10.5 Hz), 135.83 (d, Jcp=11.5 Hz), 133.74 (d, Jcp=2.9 Hz), 129.54, 129.28, 128.54,
121.56 (d, Jcp=10.4 Hz), 115.91 (d, Jc,=14.3 Hz), 108.18 (d, Jcp=93.4 Hz), 56.07, 52.66,
25.33 (d, Jcr=53.4 Hz)

HRMS (ESI) m/z: calc’d for C32H320sP [M]": 527.1982, found 527.1990

Br

(2)-(3-(4-cyanophenyl)-2-(methoxycarbonyl)allyl)tris(4-methoxyphenyl)phosphonium
bromide
'"H NMR (500MHz, CDCl3): 8 7.93 (d, J=5.5 Hz, 1H), 7.68-7.64 (m, 4H), 7.58-7.54 (m,

6H), 7.04-7.01 (m, 6H), 5.07 (d, J=15 Hz, 2H), 3.90 (s, 9H), 3.47 (s, 3H)
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13C NMR (125MHz, CDCL): § 166.11, 164.56 (d, Jcr=2.9 Hz), 143.66 (d, Jor=9.6 Hz),
138.11 (d, Jer=2.8 Hz), 135.91 (d, Jep=11.4 Hz), 132.85, 129.68 (d, Jer=1.9 Hz), 123.93
(d, Jor=10.5 Hz), 118.28, 115.71 (d, Jep=14.4 Hz), 112.53, 108.16 (d, Jcr=93.4 Hz), 55.91,
52.79, 25.03 (d, Jcp=52.5 Hz)

HRMS (ESI) m/z: calc’d for C33H3:NOsP [M]": 552.1934, found 552.1913

Br

(£)-(2-(methoxycarbonyl)-3-(4-nitrophenyl)allyl)tris(4-methoxyphenyl)phosphonium
bromide (major isomer)

'"H NMR (500MHz, CDCl3): 3 8.17 (d, J=9.0 Hz, 2H), 7.97 (d, J=6.0 Hz, 1H), 7.76 (d,
J=8.5 Hz, 2H), 7.58-7.54 (m, 6H), 7.03-7.00 (m, 6H), 5.10 (d, J=15.5 Hz, 2H), 3.87 (s,
9H), 3.49 (s, 3H)

13C NMR (125MHz, CDClL3): 3§ 166.05, 164.58 (d, Jcp=2.9 Hz), 147.82, 143.27 (d,
Jcr=10.5 Hz), 139.96 (d, Jc,=3.8 Hz), 135.92 (d, Jcp=11.4 Hz), 130.08 (d, Jc,=1.9 Hz),
124.35 (d, Jcr=9.6 Hz), 124.21, 115.71 (d, Jc,=13.4 Hz), 108.17 (d, Jc,=93.5 Hz), 55.87,
52.83,25.25 (d, Jcp=52.5 Hz)

HRMS (ESI) m/z: calc’d for C32H31NO7P [M]": 572.1833, found 572.1858

48



(2)-(3-(4-fluorophenyl)-2-(methoxycarbonyl)allyl)tris(4-methoxyphenyl)phosphonium
bromide

'"H NMR (500MHz, CDCl3): 8 7.90 (d, J=5.0 Hz, 1H), 7.56-7.52 (m, 6H), 7.45-7.42 (m,
2H), 7.06-7.02 (m, 8H), 4.93 (d, J=15.0 Hz, 2H), 3.89 (s, 9H), 3.45 (s, 3H)

13C NMR (125MHz, CDCl3): 8 166.61, 164.53 (d, Jcr=2.9 Hz), 163.03 (d, JcF=249.9 Hz),
144.86 (d, Jcp=9.5 Hz), 135.90 (d, Jcp=11.4 Hz), 131.11 (dd, Jc,=1.9 Hz, Jcr=8.6 Hz),
129.76 (d, Jcp=3.9 Hz), 121.25 (d, Jcr=9.6 Hz), 116.38 (d, Jcp= 21 Hz), 115.74 (d,
Jcr=13.4 Hz), 108.38 (d, Jcp=93.5 Hz), 55.94, 52.59, 25.09 (d, Jcp=52.5 Hz)

HRMS (ESI) m/z: calc’d for C3,H3FOsP [M]": 545.1888, found 545.1879

Br

(£)-(3-(4-chlorophenyl)-2-(methoxycarbonyl)allyl)tris(4-methoxyphenyl)phosphonium

bromide (major isomer)
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'H NMR (500MHz, CDCL): 5 7.89 (d, J=5.0 Hz, 1H), 7.56-7.52 (m, 6H), 7.41 (d, J/=8.5
Hz, 2H), 7.32 (d, J=8.5 Hz, 2H), 7.05-7.03 (m, 6H), 4.97 (d, J=15.0 Hz, 2H), 3.90 (s, 9H),
3.45 (s, 3H)

13C NMR (125MHz, CDCLy): 5 166.44 (d, Jcr=1.9 Hz), 164.53 (d, Jop=2.9 Hz), 144.67
(d, Jer=10.5 Hz), 135.88 (d, Jer=11.4 Hz), 135.31, 132.16 (d, Jer=2.9 Hz), 130.30 (d,
Jer=1.9 Hz), 129.44, 121.91 (d, Jer=10.5 Hz), 115.71 (d, Jer=13.4 Hz), 108.28 (d,
Jcr=93.4 Hz), 55.93, 52.63, 24.96 (d, Jep=52.4 Hz)

HRMS (ESI) m/z: calc’d for C3;H31C1OsP [M]": 561.1592, found 561.1591

(2)-(3-(4-bromophenyl)-2-(methoxycarbonyl)allyl)tris(4-methoxyphenyl)phosphonium
bromide

(major isomer)

'"H NMR (500MHz, CDCl): 7.86 (d, J=5.5 Hz, 1H), 7.53-7.46 (m, 8H), 7.32 (d, J=8.5
Hz, 2H), 7.04-7.02 (m, 6H), 4.92 (d, J/=15.0 Hz, 2H), 3.89 (s, 9H), 3.44 (s, 3H)

13C NMR (125MHz, CDCls): § 166.41 (d, Jcp=2.9 Hz), 164.53 (d, Jcr=3.8 Hz), 144.69
(d, Jcr=9.5 Hz), 135.85 (d, Jc,=11.5 Hz), 132.61 (d, Jc,=3.8 Hz), 132.37, 130.48 (d,
Jer=1.9 Hz), 123.66, 121.97 (d, Jc,=9.6 Hz), 115.72 (d, Jcp=13.3 Hz), 108.22 (d, Jcp=93.5

Hz), 55.95, 52.64, 24.88 (d, Jcp=52.5 Hz)
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HRMS (ESI) m/z: calc’d for C3,H3:BrOsP [M]": 605.1087, found 605.1063

(£)-(2-(methoxycarbonyl)-3-(p-tolyl)allyl)tris(4-methoxyphenyl)phosphonium bromide
'"H NMR (500MHz, CDCl;): 8 7.91 (d, J=5.0 Hz, 1H), 7.52-7.48 (m, 6H), 7.17-7.12 (m,
4H), 7.09-7.07 (m, 6H), 4.74 (d, J/=15.0 Hz, 2H), 3.91 (s, 9H), 3.47 (s, 3H), 2.35 (s, 3H)
13C NMR (125MHz, CDCl3): § 166.85 (d, Jcr=1.9 Hz), 164.62 (d, Jcp=2.9 Hz), 146.13
(d, Jc,=10.5 Hz), 140.01, 135.90 (d, Jc,=11.4 Hz), 130.81 (d, Jc,=3.8 Hz), 129.94, 128.73
(d, Jcp=2.0 Hz), 120.54 (d, Jc,=10.4 Hz), 115.87 (d, Jc,=13.4 Hz), 108.39 (d, Jcr=93.4
Hz), 56.05, 52.59, 25.53 (d, Jcp=52.5 Hz), 21.41

HRMS (ESI) m/z: calc’d for C3,H3:BrOsP [M]": 605.2087, found 605.1063

(£)-(2-(methoxycarbonyl)-3-(4-methoxyphenylallyl)tris(4-methoxyphenyl)phosphonium

bromide
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H NMR (500MHz, CDCL): 5 7.86 (d, J=5.0 Hz, 1H), 7.54-7.50 (m, 6H), 7.30 (d, J=9.0
Hz, 2H), 7.08-7.06 (m, 6H), 6.85 (d, J/=8.5 Hz, 2H), 4.79 (d, J=15.5 Hz, 2H), 3.89 (s, 9H),
3.82 (s, 3H), 3.45 (s, 3H)

13C NMR (125MHz, CDCL): 8 167.04 (d, Jcp=1.9 Hz), 164.55 (d, Jop=2.9 Hz), 160.71,
145.83 (d, Jer=9.5 Hz), 135.90 (d, Jor=11.4 Hz), 130.82 (d, Jer=1.9 Hz), 125.93 (d,
Jer=3.9 Hz), 118.80 (d, Jep=9.5 Hz), 115.81 (d, Jer=14.3 Hz), 114.74, 108.42 (d, Jcr=93.5
Hz), 56.01, 55.59, 52.50, 25.50 (d, Jcp=52.5 Hz)

HRMS (ESI) m/z: calc’d for C33H3406P [M]": 557.2088, found 557.2090

(£)-(3-(4-bromophenyl)-2-(tert-butoxycarbonyl)allyl)tris(4-methoxyphenyl)phosphonium
bromide (major isomer)

'"H NMR (500MHz, CDCl3): § 7.81 (d, J=5.5 Hz, 1H), 7.52-7.45 (m, 8H), 7.31 (d, J=8.0
Hz, 2H), 7.05-7.03 (m, 6H), 4.83 (d, J/=15.0 Hz, 2H), 3.91 (s, 9H), 1.25 (s, 9H)

13C NMR (125MHz, CDCl): § 164.95, 164.50 (d, Jc,=3.9 Hz), 143.66 (d, Jcp=9.5 Hz),
135.89 (d, Jcr=11.5 Hz), 133.05, 132.37, 130.22, 123.96 (d, Jc,=10.5 Hz), 123.36, 115.74
(d, Jcr=14.3 Hz), 108.53 (d, Jc,=93.38 Hz), 82.47, 55.95,27.71, 24.82 (d, Jcp=52.5 Hz)

HRMS (ESI) m/z: calc’d for C35sH37 BrOsP [M]": 647.1556, found 647.1556
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CHAPTER 4: SUPPORTING INFORMATION

4.1 Appendices
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