ABSTRACT

Design and Synthesis of Dihydronaphthalene Vascular Disrupting Agents and
Indolequinone-Based Bioreductives

Abhishek Dogra

Mentor: Kevin G. Pinney, Ph.D.

Cancer remains a deadly affliction for millions across the United States, and the
number of new cases is only expected to rise in the years to come. In the field of
anticancer research, vascular disrupting agents (VDAs) that preferentially target the
tumor vasculature show great promise. The naturally occurring combretastatins,
especially combretastatin A-4 (CA4) and combretastatin A-1 (CAl), in suitable prodrug
form,0 have proven to be highly effective VDAs. In this study, efforts were directed
towards the synthesis of two combretastatin analogs bearing key features of CA4 on a
dihydronaphthalene framework: Oxi 6196 and a B-dihydronaphthalene analog.

In addition to VDAs, another class of exciting anticancer drugs is bioreductive
agents that are selectively targeted towards the hypoxic region of tumors. These
compounds are chemically reduced selectively and intracellularly to form active
cytotoxic compounds. This study also presents the design and synthesis of two analogs
of indolequinone-based prodrugs, which can be triggered to release an attached VDA
upon bioreductive activation from the 3- or the 2-position, as well as the attempted

synthesis of a CA4-tirapazamine bioconjugate drug.
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CHAPTER ONE

Introduction
Background

Cancer

Many people believe that their risk for cancer is much greater now than it was 10,
20, or 30 years ago. It is true that the actual number of people who are diagnosed and
who die of cancer each year has indeed grown, but the number has increased not because
more people are at risk, but because the United States population is growing larger, and
its largest segment is entering old age.

Because cancer is more common among the elderly, it is not surprising that more
cases are being diagnosed as the average age of the U.S. population increases. Since
1975, the observed cancer incidence rates have increased from 400 to 495 per 100,000
cases in 2002, though death rates have declined from 200 in 1975 to 194 per 100,000
cases in the same period, which is seen in Figure 1.'

Only a few decades ago, less than one in ten children with leukemia survived ten
years after diagnosis. With modern therapies, the cure rate for these children in now
almost eighty percent.” Similar progress has been made fighting Hodgkin’s lymphoma,
bone and kidney cancers in children, and testicular cancer.

At present, a person’s risk of being diagnosed with cancer and the risk of dying of
cancer both have decreased over the past few decades. More than half the people

diagnosed with cancer today will survive. Some will be completely cured, and many
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more people will live for years with a good quality of life, thanks to treatments that

control many types of cancer.
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Figure 1. U.S. incidence rates (A) and mortality rates (B) 1975 — 2002 (Reproduced from reference 1.)

It is important to remember that “cancer” is not one disease but many different
diseases characterized by the uncontrolled growth of abnormal cells in the body. A
tumor, or neoplasm, is the result of the uncontrolled cell growth arising from
malfunctions in the regulatory mechanism of cell proliferation. Malignant tumor cells
have the ability to infiltrate other tissues through invasion by growth into surrounding
tissue or metastasis by spreading through lymphatic or blood vessels to other tissues in
the body. Mutations in DNA that lead to cancer are caused by factors such as hormones,
viruses, smoking, diet and radiation. Genetic predisposition and immune status affect
individual susceptibility.’

Surgery, radiation, chemotherapy and immunotherapy alone or in combination are

the most common methods of cancer treatment. The choice of therapy depends on the



location and grade of the tumor and the stage of the disease, as well as the general state of
the patient.” Complete removal of the tumor with minimal damage to healthy tissue is the

aim of treatment.

Carcinogenesis

At the molecular level, cancer arises as a result of several mutations that activate
oncogenes and deactivate tumor suppressor genes. Oncogenes are activated by mutations
in proto-oncogenes, which promote cell growth and division, and cells can then undergo
excessive and uncontrollable proliferation. Tumor suppressor genes are responsible for
the arrest of the cell cycle when DNA repair is necessary.” Mutations in these genes
cause inhibited DNA repair and hence the accumulation of genetic damage that leads to
cancer.

The advent of a cancer cell is followed by a phase of avascular tumor growth.
Tumor cells are supplied with oxygen and nutrients by diffusion from adjacent healthy
cells, but growth is limited at a size of less than two millimeters in diameter.” °
Malignant tumor cells have some very distinct properties, as shown in Figure 2, that

allow them to multiply: evading apoptosis, invading neighboring tissues, metastasizing at

distant sites, and especially promoting blood vessel growth (angiogenesis).

Angiogenesis

Angiogenesis, the formation of new blood vessels from the endothelium of
existing vasculature, represents an essential step in tumor proliferation, expansion and
metastasis. For growth beyond the avascular phase, nutrition through diffusion is no

longer sufficient, and the formation of new vasculature is necessary. The tumor can
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Figure 2. Physiological properties of a cancer cell (Reproduced from reference 7)

remain in a state of dormancy for years until it can stimulate the formation of a novel
vascular network.®

It is believed that an angiogenic “switch,” controlled by the equilibrium between
pro- and antiangiogenic molecules in the tumor microenvironment, is flipped when the
tumor enters the vascular phase of its growth.” When the proangiogenic factors are
dominant, the tumor acquires an angiogenic phenotype that leads to the formation of new
blood vessels. By acquiring the angiogenic phenotype, the developing tumor is able to

rapidly increase its rate of growth and gain the destructive ability to metastasize.’



Tumor Vasculature

Ongoing angiogenesis is required by few adult tissues, such as the female
reproductive organs, organs undergoing physiological growth, or injured tissue.” The
point at which these normal processes differ from pathological angiogenesis is in the
tightly regulated balance of pro- and antiangiogenic signals.  During normal
physiological angiogenesis, blood vessels rapidly mature and become stable. By contrast,
tumors have lost the appropriate balances between positive and negative controls. One
characteristic feature of tumor blood vessels is that they fail to become quiescent,
enabling the constant growth of new tumor blood vessels. Therefore, the tumor
vasculature develops unique characteristics and becomes quite distinct from the normal
blood supply system.

The vascular network that forms in tumors is often leaky and hemorrhagic, partly
due to an angiogenic molecule, vascular endothelial growth factor (VEGF), which plays a
critical role in the angiogenic process. VEGF exerts its angiogenic effects by interacting
with specific receptors on endothelial cells stimulating their growth and differentiation
into blood vessels. Tumor hypoxia, oncogenes, cytokines and hormones, among other
pro-angiogenic factors, are important stimuli that cause the increased production of tumor
VEGF.*’

Tumor blood vessels are architecturally different from their normal counterparts,
illustrated in Figure 3. They are irregularly shaped, dilated, tortuous and can have dead
ends. They are not organized into definitive venules, arterioles and capillaries, but rather
share chaotic features of all of them. Blood flows irregularly in tumor vessels, moving

more slowly and sometimes even oscillating, which leads to dysfunctional capillaries.



Aberrant blood flow contributes to micro-regional hypoxia. The tumor is also nutrient

starved, acidic, and under oxidative stress as its blood supply lags behind the aggressively

expanding tumor mass.

Break in
vessel walls

Red blood cells

Figure 3. Tumor vasculature (Directly reproduced from reference 54.)

Tumor Vascular Targeting

Given its pivotal role in growth and survival, the tumor vasculature represents an
attractive target for anticancer therapy. Conventional cancer treatments, such as
radiation, exert their antitumor effect by targeting the rapidly growing neoplastic cell
population. However, physiological conditions in the tumor microenvironment, arising
as a consequence of the tumor’s anomalous vascular network, are significant contributors
towards resistance to non-surgical anticancer treatments. For example, hypoxia has been
long known to have a detrimental effect on the radiation response of tumor cells.'® !

The primary reason for pursuing the tumor vasculature as a therapeutic target

involves the inherent differences between blood vessels in tumors and normal tissues.



These variations allow for the provision of unique targets in the design of novel
therapeutics that are highly selective for the cancer itself. Two key approaches to
targeting the tumor blood vessel network have been developed (Figure 4). The first
approach, antiangiogenics, aims to inhibit the angiogenic process itself.'’> > The

alternative approach, vascular disrupting agents (VDAs), involves the use of therapeutic

agents to selectively destroy the established tumor vessel network.'> '*
Antivascular therapy
Anti-angiogenics Vascular Disrupting Agents
(VDAs)
Inhibition of new blood Destruction of existing tumor
vessel formation blood vessels
Cytostatic effect Cytotoxic effect
Tumor dormancy Acute tumor regression

Figure 4. Two classes of antivascular therapy (Reproduced from reference 5)

Antiangiogenics
The fundamental goal of antiangiogenic strategies is to interfere with the

proangiogenic balance in the tumor in order to prevent the formation of new blood



vessels thereby inhibiting the tumor’s growth and metastatic ability. Antiangiogenic
agents affect at least one of the several important stages of angiogenesis, such as
basement membrane degradation, endothelial cell proliferation and tube formation.

Many relevant antiangiogenic agents focus on the inhibition of the proangiogenic
growth factor VEGF because of the crucial role it plays in tumor neovascularization.'
Suppression of VEGF-signaling has been targeted with a variety of strategies, including
monoclonal antibodies (e.g. Bevacizumab'”) and small molecule VEGF receptor tyrosine
kinase inhibitors (e.g. ZD6474'® and PTK787'"). In addition to the aforementioned
antiangiogenics, numerous other drugs have been developed with a similar mode of
action, including matrix metalloproteinase inhibitors (MMPs), natural peptide inhibitors
(e.g. angiostatin and endostatin) and inhibitors with an unknown mechanism (e.g.
thalidomide).> '* ' Many of these agents are currently undergoing clinical evaluation.

Antiangiogenics have been shown to significantly curtail primary tumor growth
and establishment of metastases in several preclinical minimal disease models, but overt
shrinkage of large, well-established tumors was less common.® Therefore, successful
clinical application of the angiogenesis inhibitors will likely be in patients with

micrometastatic disease.

Vascular Disrupting Agents

Vascular disruption as an antivascular strategy was first proposed by Juliana
Denekamp in the early 1980s. She observed that endothelial cells in tumors proliferate
much faster than endothelial cells in normal tissues and that the obstruction of the blood
vessels of solid tumors in mice caused tumor regressions. Hence, the idea that VDAs

could be created, which were selectively targeted towards the occlusion of tumor blood
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vessels, was a result of her observations.”! Later studies involving immunotherapy with
antibodies directed towards tumor vascular endothelium, which led to excellent responses
in mice, and tubulin-binding drugs, which have vascular targeting properties, confirmed
this idea.'* *?

Destruction of the tumor endothelium leads to the death of tumor cells from
oxygen and nutrient starvation owing to the occlusion of tumor blood vessels, which is
shown in Figure 5. This halts blood flow in most of the tumor vessels, thereby eliciting
secondary tumor cell death through ischemia. In contrast to antiangiogenic treatment,
this approach has the potential to destroy existing tumor masses, as well as preventing
progression. Thus, VDAs can be more active in large tumors.

There are some notable advantages of VDAs over other classes of anticancer
treatment. Most significantly, a bystander effect may occur, as one single blood vessel
may provide oxygen and nutrients for thousands of tumor cells. Blockage or destruction
of this solitary vessel may then result in thousands of downstream cell deaths. Also,
VDAs do not need to exert their effects for long. Studies suggest that a tumor can be
almost completely destroyed within a few hours of ischemia.**

VDAs have also been shown to produce a characteristic pattern of widespread
central necrosis, which can extend to as much as 95% of the tumor leaving a thin rim of

11, 14, 25 . .
P This viable rim can then later

viable tumor cells on the periphery of the tumor.
rapidly repopulate the tumor. It has been postulated that for VDAs to be most effective,
they should be combined with other treatment options so that the entire tumor cell

population can be completely destroyed. Several studies involving the use of VDAs in

conjunction with conventional chemotherapeutic agents and radiotherapy have been
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Figure 5. Mechanism of action for VDAs (Directly reproduced from reference 23)

reported in a variety of tumor models. ''****" Most of these studies demonstrated marked
enhancements in antitumor activity when VDAs were administered within a few hours of
conventional treatment.

Two broad classes of VDAs are currently being developed: the biological or
ligand-directed VDAs, which include antibodies or peptides that deliver toxins and
procoagulant and proapoptotic effectors to the tumor endothelium, and small molecule
VDAs, which can take advantage of differences in normal and tumor endothelium to

induce vascular shutdown of tumor blood vessels.
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Biological (Ligand-directed) VDAs
The strategy behind this approach is to use ligands that bind selectively to
components of tumor blood vessels to target agents that occlude those vessels. Ligand-
directed VDAs, therefore, are composed of a targeting moiety, usually an antibody,
specific peptide or growth factor, which is specific to an upregulated marker on tumor
endothelium cells. The targeting moiety is complexed with immunomodulatory,
procoagulant or cytotoxic molecules that act as effectors. The result may be thrombosis
within tumor vasculature caused by direct action or apoptosis, initiation of an immune
attack on the tumor vasculature or a change of conformation of the tumor endothelium,
which leads to blood vessel occlusion.
Despite a proven mode of action and antitumor efficacy in experimental animal
models,'* the difficulties involved in producing these complex compounds in large scale

have prevented biological VDAs from realizing their clinical potential.

Small Molecule VDAs

Small molecule VDAs do not localize selectively to tumor vessels but utilize
physiological differences in tumor and normal endothelial tissue to the detriment of
tumor vasculature. These differences include the increased proliferation and permeability
of the tumor endothelium, as well as its reliance on a tubulin cytoskeleton to maintain cell
shape. This class of VDAs is divided into flavonoids that are cytokine inducers and

tubulin binding agents.

Flavonoids. Flavone acetic acid (FAA) is a synthetic flavonoid that was found to

possess unexpectedly high antitumor activity in murine models due to antivascular action
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via the induction of tumor necrosis factor o (TNFa).”® However, the lack of clinical
activity of FAA led to the development of DMXAA (5,6-dimethylxanthenone-4-acetic
acid) as a more potent analog. DMXAA is sixteen times as dose-potent as FAA,** > and
it is currently the leading candidate in clinical trials from this class of VDAs. The

structures of both drugs are shown in Figure 6.

FAA DMXAA

Figure 6. Structures of flavonoids FAA and DMXAA

Tubulin Binding Agents. The rapidly proliferating and immature tumor
endothelial cells rely on a tubulin cytoskeleton to maintain their cell shape. Disruption of
these microtubule filaments as the antivascular and antimitotic effects of tubulin binding
agents leads to the inhibition of spindle formation (mitotic arrest) and reduced tumor

blood flow.'" %

Targeting Microtubules
Microtubules are one of the major components of the cytoskeleton found in all
eukaryotic cells. They are crucial in the development and maintenance of cell shape, in
the transport of vesicles, mitochondria and other cell components, in cell signaling, and in
cell division and mitosis. Microtubules are composed of two structurally similar protein

subunits, a- and B-tubulin, arranged head-to-tail at 80 A intervals to form a linear
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protofilament.*® The structural organization of tubulin is shown in Figure 7. A single

microtubule is composed of thirteen protofilaments, forming a hollow structure about 240

1

A in diameter.”’ Each tubulin monomer is composed of approximately 440 amino acids

(50 kDa) forming a core of two B-sheets surrounded by o-helices.** >

o- and B-tubulin Microtubule nucleus Microtubule
heterodimers

(+) end
24 nm—
00
o0
0® — —
o0 00
o
(-) end

Figure 7. Polymerization of microtubules. (Directly reproduced from reference 34.)

In order to respond to the rapidly changing requirements of the cell, microtubules
have to assume a vast array of stability states and degrees of organization, which are
regulated by numerous factors including the intrinsic ability of microtubule subunits,
tubulin heterodimers, to form nonequilibrium, dynamic polymers.** Microtubules display
two kinds of nonequilibrium dynamics that use energy provided by the hydrolysis of GTP
when a tubulin dimer, with bound GTP, attaches to the microtubule ends.

One kind of dynamic behavior that is prominent in cells, called “dynamic
instability,” is a process in which the individual microtubule ends switch between phases

of growth and shortening.® The two ends of a microtubule are not equivalent — one end,
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called the plus end, grows and shortens more rapidly and more extensively than the other
(the minus end). The second dynamic behavior, called “treadmilling,” is net growth at
one microtubule end and balanced net shortening at the opposite end. It involves the flow
of tubulin subunits from the plus end of the microtubule to the minus end.*

Compounds that selectively target tubulin, microtubule protein systems interfere
with this dynamic process of assembly and disassembly by binding to three distinct sites
(Figure 8), which include the vinca alkaloid binding site, taxoid binding site and
colchicine binding site.”’’ The vinca alkaloid site is found at the plus end of B-tubulin.
The taxoid binding site is located at the interior surface of the microtubule between
contiguous filaments, and the colchicine binding site is found at the interface of a- and -

tubulin heterodimer.

Vinblastine

Tubulin-
colchicine
complex

Figure 8. Microtubule showing binding sites for three antimitotic drugs: vinblastine (vinca binding site),
colchicine (colchine binding site) and paclitaxel (taxoid binding site) (Directly reproduced from reference
34)
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Vinca Binding Site
Vinca alkaloids (Figure 9), such as the naturally occurring vincristine and
vinblastine, bind strongly to this site on B-tubulin, depolymerizing tubulin and causing it
to form indefinite spirals and paracrystalline aggregates that compete with microtubule
formation, leading to mitotic arrest and subsequent apoptosis.”® In addition to the two
natural products, which have been widely used as clinical agents in the treatment of
leukemias, lymphomas and some solid tumors, their semi-synthetic analogs, vindesine

39 Various other

and vinorelbine, have also shown antitumor efficacy.**
chemotherapeutic drugs, such as cryptophicin and dolastatin, also bind in this region and

appear to work by the same mechanism.

Vinblastine Vincristine

Vinorelbine Vinflunine

Figure 9. Structures of compounds binding at the vinca site.



16

Taxoid Binding Site
Drugs that bind to this site are known to act as microtubule stabilizing agents.
Paclitaxel was the first compound found to promote the assembly of tubulin heterodimers
into microtubules and stabilize them. As with the vinca alkaloids, the suppression of
microtubule dynamics prevents the dividing cancer cells from completing mitosis, the
cells eventually die by apoptosis. Paclitaxel and docetaxel (Figure 10), a semi-synthetic
derivative, are now considered established drugs for the treatment of breast cancer and

other malignancies.

Paclitaxel Docetaxel

Figure 10. Structures of compounds binding at the taxoid site.

Colchicine Binding Site

Colchicine was the first drug known to bind to tubulin and was one of the first
antimitotic agents investigated. It is used in the treatment of gout, but its high toxicity
prevents its use in other therapies. Colchicine changes the secondary structure of tubulin
by binding to a high affinity site on the tubulin heterodimer. This binding, which is
temperature dependent and irreversible, induces a change in dimer structure and inhibits
tubulin assembly.”” Several colchicine analogs (Figure 11), especially the naturally

occurring combretastatins, are currently under investigation for cancer treatment.
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Figure 11. Structures of compounds binding at the colchicine site: colchicine,*”* ZD6126, %!
podophyllotoxin, * phenstatin, * CA1* and CA4*

Colchicine-site binding agents are known to activate RhoA, a guanosine
nucleotide triphosphate, by an uncertain mechanism. The activation of RhoA can then
lead to the further activation of downstream effectors, such as RhoA kinase.
Consequentially, morphological changes in the endothelial cells instigate blood vessel

occlusion and tumor cell death.***

Combretastatins
The combretastatins are a family of approximately twenty natural compounds that
are remarkable for their pronounced biological activity and structural simplicity. These
compounds were originally discovered by Professor George R. Pettit (Arizona State
University) and isolated from the bark of the South African bush willow tree known as

Combretum caffrum.*
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Of the compounds isolated, combretastatin A-4 (CA4) and combretastatin A-1
(CAT1), members of the cis-stilbenoid A-series of combretastatins, were found to be the
most active.*’ Structurally similar to colchicine, containing two phenyl rings tilted at 50-
60° to each other and linked by a two carbon bridge, these compounds are potent
inhibitors of tubulin. The cis configuration of these combretastatins, and other structural
features, has proven important for biological activity. Limited water-solubility of CA-1
and CA4 hindered their progress until the development of their sodium phosphate salts,
CAIP and CA4P, in the mid-1990s.** * The salts act as prodrugs, which are cleaved to
their active forms by endogenous, nonspecific phosphatases that are then taken up into
cells. Preclinical studies have reported that the combretastatins uniquely compromise

47,50
tumor vasculature,

and in contrast to colchicine and other tubulin binding drugs, their
in vivo antivascular effects are apparent well below the maximum tolerated dose
(MTD),”! offering a wide therapeutic window.

A wide variety of synthetic analogs have been designed that are based on CAl

and CA4. Some of these bear the stilbenoid nature of the original combretastatins,

whereas others are based on different molecular scaffolds.

Tumor Hypoxia
Hypoxia, a reduction in the normal level of tissue oxygen tension, produces cell
death when it is severe or prolonged. Tumors become hypoxic because of their abnormal
blood vessels and irregular blood flow. Hypoxia is toxic to both cancer cells and normal
cells, but cancerous cells undergo genetic and adaptive changes in order to survive and

even proliferate in a hypoxic environment.
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The presence of hypoxia in human tumors was postulated by Thomlinson and
Gray fifty years ago based on the observations that tumor cells that were located more
than 180 um away from blood vessels were victim to necrosis.”> This is similar to the
calculated distance that oxygen diffuses as it passes from the capillary to cells before it is
completely metabolized. Tumors outgrow their oxygen supply because of uncontrolled
proliferation, and this limit in oxygen diffusion was termed “chronic hypoxia.” Another
type of hypoxia, known as “acute” or “perfusion-limited” occurs when aberrant blood
vessels are shut down, which can also cause blood flow to be reversed.” Both diffusion
and perfusion-limited hypoxia have been shown to confer radiation resistance in
experimental models because response to radiotherapy requires free radicals from oxygen
to destroy cells.”* >

To adapt to hypoxia, cells generate a variety of biological responses including the
activation of key genes whose products support anaerobic metabolism and facilitate
increased oxygen delivery to the oxygen-deprived regions. Hypoxia also induces the
release of erythropoietin (EPO) to increase red blood cell production and the production
of growth factors like VEGF that stimulate angiogenesis.

Hypoxic cells are considered resistant to most anticancer drugs for several
reasons: first, hypoxic cells are distant from blood vessels and are not adequately exposed
to some anticancer drugs. Also, cellular proliferation decreases as a function of distance
from blood vessels, and hypoxia selects for cells that have lost sensitivity to p53-
mediated apoptosis, which might lessen sensitivity to certain drugs. Furthermore,

hypoxia upregulates genes involved in drug resistance.™
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As a result, hypoxia plays a negative role in cancer therapy because it causes
resistance to conventional therapies, and it advances a malignant tumor phenotype.
However, the low oxygen levels and presence of necrosis are features unique to solid
tumors and, thus, can be exploited by anticancer agents. Three general classes of
hypoxia-selective therapies are currently in development: targeting the hypoxia-inducible
transcription factor 1 (HIF-1), hypoxia-selective gene therapy and hypoxia-activated

prodrugs (bioreductives).

Targeting HIF-1o.

HIF-1 plays an important role in the response of cells to a hypoxic environment.
The protein is a heterodimer that consists of the hypoxic response factor HIF-1a and the
aryl hydrocarbon receptor nuclear translocator (ARNT), which is also known as HIF-1p.
In the absence of oxygen, HIF-1 binds to hypoxia-response elements (HREs), thereby
activating various hypoxia-response genes, such as VEGF.*®

Therapies are under development to block HIF-1a itself or HIF-1la-interacting
proteins. Blocking the interaction between HIF-la and its transcriptional coactivator
CBP/p300 led to the attenuation of hypoxia-inducible gene expression and inhibition of
tumor growth in a mouse xenograft model.”” Antagonists to HIF-1a, as peptides or small

4
molecules, have also been reported.”

Anaerobic bacteria provide another method of
delivering genes specifically to hypoxic cells. They have shown tumor-specific

proliferation in animal models and inhibited tumor growth.>*
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Hypoxia-selective Gene Therapy

Hypoxia regulated gene therapy exploits the activation of HIF-1 under low
oxygen conditions. Introducing a HRE in a gene delivery vehicle affords hypoxic
regulation of the expressed gene. This offers a level of selectivity to standard gene-
directed enzyme prodrug therapy (GDEPT). Expression of an enzyme that is not
normally found in the human body could, under the control of a hypoxia-responsive
promoter, convert a non-toxic prodrug into a toxic drug in the tumor. Promoters using
HRESs from hypoxia-responsive genes have been developed, and in vivo activity has been

. . 54,58
observed in experimental models.™

Hypoxia-activated Prodrugs

Bioreductive drugs are prodrugs that are only activated under hypoxic conditions.
They were primarily developed to be used in combination therapy with radiation. The
selectivity is based on the ability of molecular oxygen to reverse the bioreductive
activation, so the final cytotoxic product is prevented from harming normal cells. Also,
selectivity is accorded by the presence of elevated levels of specific reductase enzymes in
cancer cells. The differences in enzyme activity between normal and tumor tissue allow
the development of enzyme-directed bioreductives. The three main classes of

bioreductive drugs are the nitroheteroaromatics, the N-oxides and the quinones.

Nitroheteroaromatics. This class of bioreductives was developed on the basis that
the nitro functionality would be reduced under hypoxia, utilizing various reductive
enzymes to yield reactive intermediates.® The formation of the hydroxylamino group, or

amino group, after reduction, triggers the release of the therapeutic drug. The
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nitroheteroaromatics also include bioreductive drugs based on nitroimidazole, like RB
6145 and RSU 1069°' (Figure 12) that are reduced by one electron reducing enzymes to

form cytotoxic metabolites.

H OH /4\ OH 14\
Br/\/N\)VN\/(N AN\/&N\/(N

N02 NOZ

RB 6145 RSU 1069

Figure 12. Structures of RB 6145 and RSU 1069

N-oxides. Tirapazamine (TPZ), an aromatic N-oxide, is probably the best known
member of this category and it’s structure is given in Figure 13. Compared to 10-15 fold
difference seen for nitroimidazoles, TPZ has a 50-200 fold differential toxicity toward
hypoxic cells compared to normal cells.’® It also has a wider range of oxygen levels,
where it maintains toxicity toward hypoxic cells.*” Cytochrome P450 reductase, among
other reducing enzymes, is suggested to play an important role in the one electron
reduction of TPZ to form a highly reactive radical that is able to react with DNA to
abstract hydrogen, leading to strand breaks.

AQA4N, shown in Figure 13, is an anthraquinone prodrug that contains aliphatic N-
oxides. The activity of this drug is based on the reduction of the tertiary N-oxides to form
an active DNA-binding agent and a potent inhibitor of DNA topoisomerase I1I. AQ4N
has been shown to be effective against experimental models in combination with

radiotherapy.®
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Figure 13. Structures of Tirapazamine and AQ4N

Quinones. The para-quinone containing compounds, including various forms of
indolequinones, benzoquinones and naphthaquinones, are one of the major bioreductive
classes of anticancer therapeutics. These compounds were developed as a result of the
identification of natural products, such as mitomycin C (MMC), streptonigrin and
adriamycin, that are currently in use as anticancer agents. Other agents developed as
partial structures of the naturally occurring quinones, such as EO9 and RH1 (Figure 14),
show enhanced cytotoxicity in experimental tumor models.>" ®

The quinone prodrug can be reduced by a two-electron reducing enzyme (e.g.
NQO1) to afford the hydroquinone species that may form drug-DNA adducts.
Alternatively, reduction through a one-electron reductase (e.g. P450R) forms the

semiquinone radical species, that, itself exerts a cytotoxic effect but can be further

reduced to the hydroquinone.

ONNH,
5

0 0 OH 0
H,N OCH; AN N H;C N&
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0 o CHs O OH
MMC EO9 RH1

Figure 14. Structures of MMC, EO9, and RH1
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Indolequinones as Drug Delivery Agents

A large range of indolequinone bioreductive analogs has been synthesized based
on the clinically-relevant naturally occurring antitumor drug mitomycin C (MMC), which
is considered to be the archetypal bioreductive drug. MMC is usually used in
combination with other drugs or radiotherapy. The bioreductive indolequinone EO9 was
synthesized in 1987 by Oostveen and Speckamp as part of a project designed to develop
new analogs of MMC.** It was considered for clinical evaluation based on a novel
mechanism and potent in vitro activity. Unfortunately, EO9 showed high toxicity and no
antitumor activity (possibly due to rapid plasma clearance); however, some concerns

6365 These included the failure to evaluate EQ9

were raised about the design of the trials.
in combination with radiation and failure to measure the levels of enzymes that are

critical to the activation of the drug.

Mode of Action

The reduction of the p-quinone substructure of MMC results in electron
movement from the hydroquinone or semiquinone activated species to form an
electrophilic site initially at the C-1 position and subsequently at the C-10 position.
These sites would then be attacked by DNA to form mainly adducts at the N-2 position of
guanine leading to crosslinking. This mechanism is shown in Figure 15.

The indolequinone EO9 has shown improved antitumor properties over MMC,
which have been attributed to its aziridinyl moiety and the formation of the iminium
intermediate upon reductive activation. Mechanistic studies have indicated that, to cause
DNA damage, reduction of EO9 must occur is a fashion similar to MMC.” The C-3

position (equivalent to the C-10 in MMC) is activated for nucleophilic attack by the
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movement of the lone pair of electrons from the N-1 position followed by the elimination
of the 3-hydroxymethyl substituent. The C-2 position of EO9 (equivalent to the C-1 in
MMC) is also thought to be activated by a similar mechanism in which, following
bioreduction and electron transfer, a quinone methide is generated that can be attacked by

DNA, as seen in Figure 16.
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Figure 15. Proposed mechanism of activation and DNA crosslinking of MMC®

Recently, EO9 has been observed to form both DNA strand breaks and interstrand
crosslinks, which may be accounted for by this mechanism and involves the C-3 position.
The C-5 aziridinyl substituent of EO9 can alkylate DNA by protonation of the aziridine
group followed by nucleophilic attack. Following reduction, the aziridinyl moiety is

activated due to an increase in pK, and becomes more prone to attack by DNA.*
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Figure 16. Proposed mechanism of DNA cross-linking by EO9%

Enzyme Activation

Activation of the indolequinone bioreductives is catalyzed by enzymes such as
NAD(P)H: quinone oxidoreductase (NQOI1), which is an oxygen-independent two-
electron reducing enzyme, and NAD(P)H: cytochrome ¢ P450 reductase (P450R), a one-
electron reducing enzyme. Unlike reduction by NQOI, drug activation by P450R
involves oxygen-sensitive reduction chemistry that protects oxic tissue.  Other
bioreductive enzymes are also involved in the activation of these agents. Cellular
responses to indolequinone bioreductive agents depend on a complex relationship
between enzymatic activity and oxygenation levels.

There is now substantial evidence that NQO1 is overexpressed in a variety of
tumor types,’’ and it is extensively implicated in the activation of MMC, EO9, and
derivative indolequinones, using NAD(P)H as a cofactor.”> Expansive studies of the

structure-activity relationship of indolequinones, as NQOI-specific prodrugs, have
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65,68 Modifications at

elicited structural features that are key to NQO1-mediated activity.
the C-2 position of the indole ring, for instance, impact substrate specificity because they
are located at the entrance to the active site. Also, analogs with bulky groups at the C-3
position limit enzyme activity, and the aziridinyl moiety at the C-5 position markedly
increases drug potency.

Under aerobic conditions, a good correlation exists between NQOI1 activity and
chemosensitivity to EO9. However, under hypoxic conditions, EO9 shows highly potent
cytotoxicity only against cells with low NQOI1 levels. It has been stipulated that EO9
remains active in a hypoxic environment, despite low NQOI activity, because of
activation by one electron reductases that lead to a more efficient reduction and the
generation of the more toxic semiquinone species. NQOI reduction of EO9 in hypoxic
cells may in fact reduce cytotoxicity due to the formation of the hydroquinone, which has
to back-oxidize to the more reactive semiquinone. NQO1, then, appears to be the major
reductase involved in the activation of the cytotoxic effects of indolequinones under
aerobic conditions, while P450R is predominantly involved in the activation and
subsequent cytotoxic effects under hypoxic conditions. Indolequinones are therefore an

uncommon class of bioreductive drugs that have the potential to kill the aerobic fraction

of NQO/1-rich tumors or the hypoxic fraction of NQO1-deficient tumors.

Indolequinone Triggers

Based on the mechanistic propensity of their C-3 substituents to undergo
elimination, indolequinones have been studied extensively to examine their potential to
release a cytotoxic agent in a reductive environment. Consequently, the bioreductive has

a secondary effect in addition to the iminium derivative, which is an electrophilic DNA-
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alkylating agent, formed upon reduction and elimination. The potential for bioreductive
drug targeting this way has been demonstrated by the reductive elimination of
compounds, such as aspirin® or coumarin,”® from indolequinones.

The two pathways to drug activation involve either the NQOI1-directed two-
electron reduction, via hydride transfer, to form the hydroquinone, or the P450R-directed
one-electron reduction to form the semiquinone intermediate. Both pathways result in
the release of the leaving group and formation of the iminium intermediate (Figure 17).
The process of enzymatic reduction localizes electron density onto the N-1 position, and
a cascade of electron movements results in the release via a Michael-type elimination
from the (indol-3-yl)methyl position of the indole ring. This mechanism was further
confirmed when a cytotoxic indolequinone, 5-aziridinyl-3-hydroxymethyl-1-
methylindole-4,7-dione, bearing an aziridinyl substituent at the C-5 position crosslinked
DNA.”' This observation increased when the drug was incubated under hypoxic
conditions or when evaluated in tumor cell lines overexpressing NQO1.

Alternatively, the C-2 position is also capable of drug release, which has been
demonstrated by the elimination of phosphoramidate drugs under the control of two-
electron and one-electron reductases.”” Also, bulkier groups at the 2-position are thought
to increase substrate specificity for NQO1-mediated activity. The drug is released from

the indolequinone via an ortho-quinodimethane type intermediate.
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Figure 17. Mode of action for indolequinone triggers.

Rationale for Drug Design

Vascular Disrupting Agents (VDAs)

A simple model (Figure 18), based on work by Hamel and co-workers,” details
features key to the development of active analogs of combretastatin. This model was
based on structure-activity studies on early analogs of combretastatin. The
trimethoxyphenyl ring, for example, is believed to be paramount because of its role in
tubulin binding. Also, the methoxy group at the 4’-position of CA4 is considered to be
important, therefore, many CA4 analogs contain the methoxy group at an analogous
position in their structures. Even though the bridge between the two phenyl rings can

vary, combretastain derivatives usually adopt a cis-conformation because of good activity
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as inhibitors of tubulin inhibition. An aryl-aryl distance of approximately 5 A between

the two rings is also recommended.

---------------------------------- L, 4= cis-conformation

Aryl-aryl distance ~5 A

Trimethoxyphenyl unit OCH3
CA4 S ¥~ Methoxy at

4’-position

Figure 18. Design paradigm for analogs of CA4

The dihydronaphthalene scaffold, like the benzo[b]thiophene and indole scaffolds
also used in the Pinney group, can be utilized in the synthesis of effective tubulin-binding
agents and vascular disrupting agents because of the restriction of the molecule to the cis-
conformation. Furthermore, certain estrogenic compounds, such as 2-methoxyestradiol
that binds to the estrogen receptor (ER), were found to interfere with microtubule

s 74,75
assembly, as well as mitosis.”™

Previous graduate students in the Pinney group, Zhi
Chen’® and Vani Mocharla,”* had developed some dihydronaphthalene derivatives of
combretastatin upon structural modification of ER-binding molecules, such as such as the

dihydronaphthalene-based ligands nafoxidene and trioxifene (Figure 19). The synthesis

of Oxi6196" was developed as a consequence of their work by Pinney and co-workers.
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Figure 19. Structures of ER-binding ligands (Nafoxidene and Trioxifene),”” molecules developed by V.
Mocharla’™ and Z. Chen’® (Benzoyl-DHN) and Amino-DHN) and Oxi6196"

The first project involved the re-synthesis of Oxi6196, an extremely potent
inhibitor of tubulin assembly (ICso = 0.5 uM), as an individual project, as well as a part of
a team-based scale-up. The second project in this series of dihydronaphthalene
derivatives of combretastatin involved the synthesis of a [B-Substituted
dihydronaphthalene analog, which is structurally very similar to Oxi6196. Rudimentary
molecular modeling, with Chem3D and MM2 energy minimization, depicted a longer
aryl-aryl distance of 6.5 A for the B-analog as opposed to 5.1 A for Oxi6196, which is

shown in Figure 20.
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Oxi 6196 B-analog

Figure 20. Aryl-aryl distances for Oxi6196 and B-analog (Chem3D)

A novel synthesis for the B-analog was developed and attempted in order to
investigate the final product for any potential for tubulin-inhibition and to elucidate any
structure-activity data with respect to molecular recognition of the colchicine binding site

on B-tubulin.

Bioreductive Agents

Two classes of indolequinones were synthesized as potential triggers to release
attached VDAs in a bioreductive environment. The indolequinone, upon activation, can
release an effective drug, such as CA4, and form an active species, the iminium
intermediate that can act as a DNA alkylating agent, from the bioreductive prodrug,

shown in Figure 21.

Bioreductive

Prodrug \

X= methoxy or aziridinyl

Figure 21. Model of a indolequinone-VDA bioconjugate drug
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With the addition of an aziridinyl group, which can also alkylate DNA upon
nucleophilic ring opening, this type of drug has the potential of becoming a tri-functional
anticancer agent. The mechanisms for the release of VDAs from the 3- and 2-

indolequinones are shown below in Fig. 22.
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Figure 22. Mechanism of release of VDAs from 3- and 2-indolequinones
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The idea of an indolequinone-VDA trigger evolved from another project —
coupling the bioreductive Tirapazamine (TPZ) with CA4 (Figure 23) via an ester linkage
that can be broken by hydrolases in the cellular environment. The CA4 may then be able

to exert its vascular disrupting effect, and the TPZ moiety could be hypoxically activated

and interfere with DNA.
H,CO \
() °
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N(5® NH,
©

Figure 23. Structure of TPZ-CA4 bioconjugate



CHAPTER TWO

Materials and Methods

General Section

Chemicals were obtained from commercial sources such as Acros Chemicals,
Aldrich Chemical Company, Alfa Aesar, Lancaster Chemicals and Fisher Scientific.
Reactions that involved air or moisture sensitive reagents were performed in oven-dried
glassware under nitrogen atmosphere using dried needles and cannulas to transfer
solvents and reagents. Reactions were monitored by thin layer chromatography (TLC)
using Merck Kieselgel 60 F,s4 glass backed plates. The plates were visualized by the use
of a multiband 254/365 nm UV lamp or iodine. Compounds were purified by column
chromatography, using silica gel (230-400 mesh) and alumina (150 mesh), prep TLC, or
recrystallization.  Solvents used for reactions, chromatography and workup were
purchased from the aforementioned companies. Hexanes and dichloromethane were
dried over calcium chloride. Ethyl acetate, diethyl ether, methanol, ethanol, THF, and
other solvents were purchased as anhydrous solvents and used without further
purification.

Structural elucidation of compounds was carried out using NMR on either Bruker
DPX-300 or Varian 500 spectrometers. 'H NMR spectra were recorded at 300 or 500
MHz, and "C spectra were recorded at 75 or 125 MHz. All NMR were recorded in
CDClI; unless noted otherwise. Chemical shifts are expressed in ppm (5). NMR patterns
are recorded as singlets (s), doublets (d), triplets (t), quartets (q), pentets (p), or multiplets

(m), and the coupling constants (J) are reported in Hz.

35
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Synthesis of Oxi6196”

5-Hydroxy-6-methoxy-1,2,3,4-tetrahydronaphthalene (1) 7

To a solution of 6-methoxy-1,2,3,4-tetrahydronaphthalene (10.00 g, 61.6 mmol)
in TMEDA (17 mL), sec-butyllithium (1.0 M, 92.5 mmol) was added dropwise at 0 °C.
The mixture was allowed to stir for 45 min at room temperature. Trimethyl borate (9.61
g, 92.5 mmol) was added dropwise at 0 °C, and then the mixture was allowed to stir at
room temperature for 1h. The reaction was cooled down to 0 °C and acetic acid (7 mL)
was added dropwise, followed by dropwise addition of hydrogen peroxide (35%, 13 mL).
The mixture was allowed to stir overnight at room temperature, quenched with saturated
NH4Cl, and extracted with EtOAc. The organic layer was dried (Na;SO4) and
concentrated in vacuo. The crude product was purified by column chromatography
(hexanes/EtOAc, 98:2) to yield the title product (2.22 g, 12.5 mmol, 20%).

'H NMR (300 MHz, CDCl3) § 6.67 (1H, d, J = 8.2 Hz, ArH), 6.58 (1H, d, J=8.2
Hz, ArH), 5.65 (1H, s, OH), 3.85 (3H, s, OCHz), 2.70 (4H, t, J= 6.2 Hz, CH,), 1.76 (4H,

m, CH,).

5-Acetoxy-6-methoxy-1,2,3,4-tetrahydronaphthalene (2)™ ™

To a solution of 5-hydroxy-6-methoxy-1,2,3,4-tetrahydronaphthalene (2.20 g,
12.3 mmol) in CH,Cl, (40 mL) was added DIPEA (2.39 g, 18.5 mmol), acetic anhydride
(1.89 g, 18.5 mmol) and DMAP (0.20 g, 1.6 mmol). The reaction mixture was allowed to
stir overnight and then concentrated in vacuo. The crude product was purified by column
chromatography (hexanes/EtOAc, 9:1) to yield the title product (2.26 g, 10.3 mmol,

83%).
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'"H NMR (300 MHz, CDCl3) § 6.93 (1H, d, J = 8.1 Hz, ArH), 6.76 (1H, d, J = 8.1
Hz, ArH), 3.79 (3H, s, OCHs), 2.72 (2H, m, CH»), 2.57 (2H, m, CH»), 2.33 (3H, s,

COCH3), 1.75 (4H, m, CH,).

5-Acetoxy-6-methoxy-3,4-dihydro-2H-naphthalen-1-one (3)™ "

A solution of DDQ (4.67 g, 20.5 mmol) in dioxane (5 mL) was added dropwise to
a solution 5-acetoxy-6-methoxy-1,2,3,4-tetrahydronaphthalene (2.26 g 10.3 mmol) in a
mixture of water/dioxane (5 mL, 5:95). EtOAc was used to extract the organic layer,
which was concentrated, and saturated NaHCO3 (10 mL) was added. The crude product
was extracted with diethyl ether, and purification by column chromatography
(hexanes/EtOAc, 4:1) yielded the title product (1.23 g, 5.3 mmol, 51%).

'H NMR (300 MHz, CDCl3) & 7.98 (1H, d, J = 8.8 Hz, ArH), 6.92 (1H, d, J = 8.8
Hz, ArH), 3.88 (3H, s, OCHs), 2.78 (2H, t, J = 6.1 Hz, CH»), 2.59 (2H, dd. J = 7.4 Hz,

5.9 Hz, CH»), 2.35 ( 3H, s, COCHs), 2.10 (4H, p, J = 6.5 Hz, CHL).

5-Hydroxy-6-methoxy-3,4-dihydro-2H-naphthalen-1-one (4)™ "

To a solution of 5-acetoxy-6-methoxy-1-tetralone (1.23 g, 5.3 mmol) in MeOH
(30 mL) was added potassium carbonate (1.45 g, 10.5 mmol) and water (1.5 mL). The
suspension was stirred overnight at room temperature. The solvent was removed in
vacuo, and saturated NaHCO3 (50 mL) was added. The reaction mixture was acidified
with the addition of concentrated HCI and then extracted with CH,Cl, and EtOAc. The
combined organic layers were dried (Na,SO4) and concentrated to yield the title product

(0.92 g, 4.8 mmol, 91%) as a brown crystalline solid.
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'"H NMR (300 MHz, CDCl3) 5 7.68 (1H, d, J = 8.6 Hz, ArH), 6.84 (1H, d, J = 8.6
Hz, ArH), 5.71 (1H, s, OH), 3.96 (3H, s, OCHs), 2.93 (2H, t, J = 6.3 Hz, CH>), 2.63 (2H,

t.J=6.0, CH,), 2.11 (2H, m, CH,).

5-(tert-Butyldimethylsilyl)-oxy-6-methoxy-1-tetralone (5)"°

Triethylamine (0.73 g, 7.2 mmol) and DMAP (0.06 g, 0.5 mmol) were added to a
solution of 5-hydroxy-6-methoxy-1-tetralone (0.92 g, 4.8 mmol) in anhydrous CH,Cl, at
0 °C. The mixture was stirred for 5 min, followed by the addition of TBSCI (1.08 g, 7.2
mmol), and was allowed to stir overnight at room temperature. The mixture was
quenched with water. The organic layer was separated, dried (Na,SO4) and concentrated.
The crude product was purified by column chromatography (hexanes/EtOAc, 95:5) to
yield the title product (0.99 g, 3.2 mmol, 67%).

'H NMR (300 MHz, CDCl3) & 7.73 (1H, d, J = 8.7 Hz, ArH), 6.82 (1H, d, J= 8.7
Hz, ArH), 3.85 (3H, s, OCH3), 2.90 (2H, t, /= 6.0 Hz, CH»), 2.57 (2H, dd, J=7.5 Hz,J =
6.0 Hz, CH,), 2.07 (2H, m, CH,).
5-(tert-Butyldimethylsilyloxy)- 1-hydroxy-6-methoxy-1-(3°,4°,5 -trimethoxyphenyl)-2, 3,4-
trihydronaphthalene (6)"

To a solution of 3,4,5-trimethoxybromobenzene (1.20 g, 4.8 mmol) in dry ether
(75 mL), n-butyllithium (0.9 M, 5.4 mL) was added dropwise at -78 °C. The temperature
was gradually allowed to reach -30 °C. A solution of 5-(tert-butyldimethylsilyl)-oxy-6-
methoxy-1-tetralone (0.99 g, 3.2 mmol) in ether (25 mL) was added dropwise, and the
mixture was allowed to stir for 2 h at room temperature. The reaction was quenched with

water, and extracted with ether. The organic layer was dried (Na,SO4) and concentrated
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in vacuo. Purification by column chromatography yielded the title product (1.01 g, 2.1
mmol, 66%).

'H NMR (300 MHz, CDCl3) § 6.70 (1H, s, ArH), 6.60 (1H, s, ArH), 3.82 (3H, s,
OCHa3), 3.77 (9H, s, OCHs3), 2.92 (2H, m, CH»), 2.10 (2H, m, CH,), 1.61 (2H, s, CH»),
1.01 (9H, s, CCH3), 0.23 (3H, s, SiCHs), 0.20 (3H, s, SiCH3).
5-(tert-Butyldimethylsilyloxy)-6-methoxy-1-(3°,4°,5 -trimethoxyphenyl)-3,4-
dihydronaphthalene (8)”

A mixture of HOAc (23 mL) and water (140 mL) was added to 5-(tert-
butyldimethylsilyloxy)-1-hydroxy-6-methoxy-1-(3,4’,5’-trimethoxyphenyl)-2,3,4-
trihydronaphthalene (1.01 g, 2.1 mmol). The mixture was refluxed overnight and
extracted with CH,Cl,. The organic extract was dried (NaySO,), filtered and
concentrated to yield the title product (0.98 g, 2.2 mmol), which was used directly in the
next step without further purification.

Tetrabutylammonium fluoride in THF (1.0 M, 3.2 mL) was added dropwise to the
intermediate (0.98 g, 2.2 mmol) in CH,Cl, (25 mL) at 0 °C. The reaction was monitored
by TLC and completed in 10 min. Water was added, and the mixture was extracted with
CH,Cl,. Purification by column chromatography yielded the title product (0.50 g, 1.5
mmol, 71%) as an off-white powder.

'H NMR (300 MHz, CDCl3) & 6.63 (1H, d, J = 8.5 Hz, ArH), 6.59 (2H, d, J =
8.51 Hz, ArH), 598 (1H, s, CH), 5.71 (1H, s, OH), 3.88 (6H, s, OCHj3), 3.84 (6H, s,
OCHs), 2.89 (2H, t,J=7.71, CH,), 2.39 (2H, m, CH,).

C NMR (75 MHz, CDCl3) & 152.87, 145.82, 141.98, 139.51, 137.05, 136.87,

128.98, 125.34, 122.28, 117.34, 107.24, 105.94, 60.89, 56.09, 55.92, 22.79, 20.20.
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Synthesis of p-Substituted Dihydronaphthalene Analog

5-Isopropoxy-6-methoxy-1,2,3,4-tetrahydronaphthalene (9)

To a solution of 5-hydroxy-6-methoxy-1,2,3,4-tetrahydronaphthalene (1.21 g, 6.8
mmol) in dry acetone (125 mL) was added Cs,CO; (17.7 g, 54.3 mmol) and 2-
bromopropane (8.35 g, 67.9 mmol), and the mixture was refluxed overnight. The
reaction mixture was filtered, and the solvent was removed from the filtrate in vacuo.
Purification by column chromatography (hexanes/EtOAc, 99:1) yielded the title product
(1.41 g, 6.4 mmol, 94%).

'H NMR (300 MHz, CDCl3) § 6.73 (1H, d, J = 8.3 Hz, ArH), 6.67 (1H, d, J= 8.3
Hz, ArH), 4.46 (1H, m, CH), 3.76 (3H, s, CH3), 2.70 (4H, d, J = 11.0 Hz, CH,),1.70 (4H,

m, CHy), 1.27 (3H, s, CH;), 1.25 (3H, s, CHa).

5-Isopropoxy-6-methoxy-3,4-dihydro-2H-naphthalen-1-one (10)

A solution of DDQ (2.90 g, 12.8 mmol) in dioxane (35 mL)was added dropwise
to a solution of 5-isopropoxy-6-methoxy-1,2,3,4-tetrahydronaphthalene (1.41 g, 6.4
mmol) in a mixture of water/dioxane (35 mL, 5:95). EtOAc was used to extract the
organic layer, which was concentrated, and saturated NaHCO; (10 mL) was added. The
crude product was extracted with diethyl ether, and purification by column
chromatography (hexanes/EtOAc, 4:1) yielded the title product (1.04 g, 4.4 mmol, 69%).

'H NMR (300 MHz, CDCl;) & 7.84 (1H, d, J = 8.7 Hz, ArH), 6.86 (1H, d, J = 8.7
Hz, ArH), 4.45 (1H, m, CH), 3.89 (3H, s, CH3), 2.95 (2H, t, /= 6.0 Hz, CH»), 2.58 (2H, t,

J= 6.0 Hz, CH,), 2.06 (2H, p, J = 6.6 Hz, CH>), 1.30 (3H, s, CHs), 1.28 (3H, s, CH;).
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5-Isopropoxy-6-methoxy-1,2,3,4-tetrahydronaphthalen-1-ol (11)
To as solution of 5-isopropoxy-6-methoxy-3,4-dihydro-2H-naphthalen-1-one
(1.04 g, 4.4 mmol) in anhydrous methanol (60 mL) was added NaBH4 (0.30 g, 7.7 mmol)
at 0 °C. The reaction mixture was then allowed to stir at room temperature for one hour.
The mixture was quenched with saturated NaHCO; before undergoing rotary
evaporation, and the product was extracted from the aqueous layer by diethyl ether. The
organic layer was dried (Na,SO,) and concentrated to yield the title product (0.99 g, 4.2
mmol, 94%) without further purification.
'H NMR (300 MHz, CDCl3) § 7.12 (1H, d, J = 8.5 Hz, ArH), 6.79 (1H, d, J= 8.5
Hz, ArH), 4.73 (1H ,s, CH), 4.47 (1H, m, CH), 3.82 (3H, s, CH3), 2.84 (1H, m, CH»),
2.62 (1H, m, CH,), 1.89 (2H, m, CH,), 1.78 (2H, m, CH,), 1.28 (3H, s, CH3), 1.26 (3H, s,

CHa).

8-Isopropoxy-7-methoxy-1,2-dihydronaphthalene (12)

Acetic acid (25 mL) was added to 5-isopropoxy-6-methoxy-1,2,3,4-
tetrahydronaphthalen-1-ol (0.99 g, 4.2 mmol) in water (100 mL), and the reaction mixture
was refluxed overnight. The mixture was extracted with CH,Cl,, and the combined
organic extracts were dried (Na,SOy), filtered and concentrated in vacuo. The crude
product was purified by column chromatography (hexanes/EtOAc, 99:1) to yield the title
product (0.86 g, 3.9 mmol, 94%).

'H NMR (300 MHz, CDCl3) § 6.73 (1H, d, J = 8.2 Hz, ArH), 6.68 (1H, d, J = 8.2
Hz, ArH), 6.40 (1H, dt, J= 7.7 Hz, J= 1.8 Hz, CH), 5.90 (1H, dt, /= 9.6 Hz, J = 4.4 Hz,
CH), 4.38 (1H, m, CH), 3.81 (3H, s, CHs), 2.80 (2H, t, /= 7.9, CH,), 2.23 (2H, m, CH>),

1.29 (3H, s, CHs), 1.27 (3H, s, CHs).
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5-Isopropoxy-6-methoxy-3,4-dihydro-1H-naphthalen-2-one (14)

To a solution of 8-isopropoxy-7-methoxy-1,2-dihydronaphthalene (0.94 g, 4.3
mmol) in CH,Cl, (25 mL), MCPBA (0.97 g, 5.6 mmol) in CH,Cl, (65 mL) was added
dropwise at 0 °C, and the reaction mixture was stirred at 0 °C for 12 h. The mixture was
washed once with saturated NaHCO; and 3% NaHSO; and twice with water. The
organic layer was dried (Na,SO4), and the solvent was removed by rotary evaporation
(bath temperature 25 °C).

To the crude product, dissolved in dry toluene (70 mL), was added p-
toluenesulfonic acid monohydrate (150 mg), and the reaction mixture was refluxed for
1.5 h. After cooling to room temperature, diethyl ether was added, and the organic
extracts were washed twice with water, dried (Na,SO,), and the solvent removed in
vacuo. Purification by column chromatography (hexanes/EtOAc, 95:5) yielded the title
product (0.28 g, 1.2 mmol, 28%).

'H NMR (300 MHz, CDCl3) § 6.81 (1H, d, J= 8.3 Hz, ArH), 6.77 (1H, d, J = 8.3
Hz, ArH), 4.43 (1H, m, CH), 3.84 (3H, s, CH3), 3.51 (2H, s, CH»), 3.11 2H, t, J = 6.5

Hz, CH,), 2.46 (2H, t, J = 6.1 Hz, CH,), 1.30 (3H, s, CHs), 1.28 (3H, s, CHs).

Synthesis of 3-Substituted Indolequinone Derivatives

Ethyl 5-methoxy-1,2-dimethylindole-3-carboxylate (15)

Ethyl 5-hydroxy-2-methylindole-3-carboxylate (2.00 g, 9.1 mmol) in DMF (17
mL) was added to a stirring suspension of NaH (0.66 g, 27.4 mmol) in DMF (50 mL) at 0
°C. lodomethane (3.88 g, 27.4 mmol) was added dropwise at 0 °C, and the mixture was

allowed to warm to room temperature. The reaction was monitored by TLC and was
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completed within 2 h. Saturated ammonium chloride solution was added and the mixture
extracted with EtOAc. The EtOAc layer was washed with water, dried (Na,SO4), and
concentrated to yield the title compound as a tan solid (2.23 g, 9.1 mmol, quant.).

'H NMR (300 MHz, CDCl3) & 7.66 (1H, d, J = 2.5 Hz, ArH), 7.17 (1H, d, J = 8.8
Hz, ArH), 6.87 (1H, dd, J = 8.8 Hz, 2.6 Hz, ArH), 4.39 (2H, q, J = 7.1 Hz, CO,CH,CH3),
3.89 (3H, s, OCHj3), 3.67 (3H, s, NCH3), 2.75 (3H, s, CHs), 1.45 (3H, t, J = 7.1 Hz,

CO,CH,CH3).

Ethyl 5-methoxy-1,2-dimethyl-4-nitroindole-3-carboxylate (16)

To a solution of ethyl 5-methoxy-1,2-dimethylindole-3-carboxylate (2.23 g, 9.0
mmol) in HOAc (40 mL), cooled to -10 °C, was added a mixture of concentrated HNO;
(6 mL) and HOAc (20 mL). The mixture was stirred at room temperature for 2 h. A
yellow suspension was obtained which was poured onto an ice/water mixture, and the
crystals obtained were filtered off and dried. The crude product was purified by column
chromatography (hexanes/EtOAc, 4:1) to yield the title compound as a yellow powder
(0.53 g, 1.8 mmol, 20%).

'H NMR (300 MHz, CDCl3) § 7.35 (1H, d, J= 9.0 Hz, ArH), 6.98 (1H, d, J = 9.0
Hz, ArH), 4.29 (2H, q, J = 7.2 Hz, CO,CH,CH3), 3.93 (3H, s, OCHj3), 3.71 (3H, s,

NCH3), 2.73 (3H, s, CH3), 1.36 (3H, t, J = 7.2 Hz, CO,CH,CH).

Ethyl 4-amino-5-methoxy-1,2-dimethylindole-3 carboxylate (17)
To a suspension of ethyl 5-methoxy-1,2-dimethyl-4-nitroindole3-carboxylate
(0.53 g, 1.8 mmol) in EtOH (46 mL) were added tin powder (0.97 g, 8.2 mmol) and HCI

(3 M, 13 mL). The mixture was heated under reflux for 30 min. Upon cooling the
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solution was decanted from the excess tin and neutralized with NaHCOs (aqueous). The
suspension obtained was added to an equal volume of water. The precipitate and aqueous
layer were stirred overnight with CH,Cl, and filtered through Celite to separate the
layers. The organic product was dried (Na,SO4) and concentrated to yield the title
compound as an off-white crystalline solid (0.43 g, 1.6 mmol, 89 %)).

'H NMR (300 MHz, CDCl3) § 6.88 (1H, d, J = 8.7 Hz, ArH), 6.53 (1H, d, J= 8.7
Hz, ArH), 5.75 (2H, br s, NH»), 4.36 (2H, q, J = 7.1 Hz, CO,CH,CH3), 3.87 (3H, s,

OCHa), 3.60 (3H, s, NCH3), 2.66 (3H, s, CHs), 1.41 (3H, t, J = 7.1 Hz, CO,CH,CH).

4-Amino-3-(hydroxymethyl)-5-methoxy-1,2-methylindole (18)

To a suspension of LiAlH4 in THF (2 M, 6.6 mmol, 3.3 mL) at 0 °C was added a
solution of ethyl 4-amino-5-methoxy-1,2-dimethylindole-3 carboxylate (0.43 g, 1.6
mmol) in THF (5§ mL). The mixture was allowed to warm to room temperature and
stirred for 30 min. The mixture was cooled to 0 °C and reaction quenched by the
addition of water (0.5 mL), 1 M NaOH and silica gel (3 g). The granular precipitate was
filtered off through a pad of Celite. The fitrate was dried (Na,SO4) to yield the title
product as a dark-brown solid (0.32 g, 1.4 mmol, 88%).

'H NMR (300 MHz, CDCl3) § 6.87 (1H, d, J = 8.6 Hz, ArH). 6.62 (1H, d, J = 8.6
Hz, ArH), 4.86 (2H, s, 3-CH»), 3.87 (3H, s, OCHs3), 3.57 (3H, s, NCHs), 2.35 (3H, s,

CH,).

3-(Hydroxymethyl)-5-methoxy-1,2-dimethylindole-4, 7-dione (19)
To a solution of 4-amino-3-(hydroxymethyl)-5-methoxy-1,2-methylindole (0.32 g, 1.4

mmol) in Me,CO (110 mL) was added a solution of potassium nitrosodisulfonate (1.6 g,
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5.8 mmol) in sodium dihydrogen phosphate buffer (0.3 M, pH 7, 110 mL). The mixture
was stirred at room temperature for 1 h. The excess Me,CO was removed in vacuo. The
resulting residue was extracted with CH»Cl, and washed with water. The organic layer
was dried (Na,SO4) and concentrated. The crude product was purified by column
chromatography (CH>CL/EtOAc, 1:1) to yield the title compound as an orange/red solid
(0.23 g, 1.0 mmol, 67%).

'H NMR (300 MHz, CDCl;) & 5.64 (1H, s, CH), 4.61 (2H, d, J = 7.0 Hz,
CH,OH), 4.00 (2H, t, J = 7.0 Hz, OH) 3.89 (3H, s, OCHs), 3.83 (3H, s, NCH3), 2.23 (3H,
s, CHa).
5-Methoxy-3-{2-methoxy-5-[2-(3,4,5-trimethoxy-phenyl)-vinyl]-phenoxymethyl}- 1, 2-
dimethyl-indole-4,7-dione (20)

To a mixture of 3-(hydroxymethyl)-5-methoxy-1,2-dimethylindole-4,7-dione
(0.16 g, 0.7 mmol), CA4 (0.20 g, 0.6 mmol), and ADDP (0.16 g, 0.6 mmol) dissolved in
dry benzene (20 mL), was added tributyl phosphine (0.16 mL, 0.6 mmol) dropwise and
stirred for 48 h at room temperature. The excess benzene was removed in vacuo. The
resulting residue was extracted with CH,Cl, and washed with water. The organic layer
was dried (Na,SO4) and concentrated. The crude product was purified by column
chromatography (CH,Cl,/EtOAc, 4:1) to yield the title product as a bright orange solid
(0.16 g, 0.3 mmol, 42%).

'H NMR (300 MHz, CDCl3) & 7.02 (1H, d, J = 1.7 Hz, ArH), 6.87 (1H, dd, J =
8.4 Hz, 1.8 Hz, ArH), 6.74 (1H, d, J = 8.3 Hz, ArH), 6.50 (2H, s, ArH), 6.49 (1H, d, J =

11.8 Hz, HC=CH), 6.41 (1H, d, J = 11.8 Hz, HC=CH), 5.57 (1H, s, CH), 5.11 (2H, s,
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CH,), 3.86 (3H, s, OCHs), 3.79 (6H, s, OCHs), 3.77 (3H, s, NCH3), (6H, s, OCHs3), 2.27
(3H, s, CHs).

BC NMR (125 MHz, CDCls) & 159.8, 153.1, 138.4, 133.2, 130.2, 130.0, 129.1,
122.5,117.2,115.7,111.7, 106.9, 106.1, 61.8, 61.1, 56.6, 56.2, 56.1, 32.5.
5-Methoxy-3-[2-methoxy-5-(3,4,5-trimethoxy-phenyl)-7,8-dihydro-naphthalen-1-
yvioxymethyl]-1,2-dimethyl-1H-indole-4,7-dione (21)

To a mixture of 3-(hydroxymethyl)-5-methoxy-1,2-dimethylindole-4,7-dione
(0.05 g, 0.2 mmol), Oxi6196 (0.07 g, 0.2 mmol), and ADDP (0.05 g, 0.2 mmol) dissolved
in dry benzene (10 mL), was added tributyl phosphine (0.05 mL, 0.2 mmol) dropwise and
stirred for 48 h at room temperature. The excess benzene was removed in vacuo. The
resulting residue was extracted with CH,Cl, and washed with water. The organic layer
was dried (Na,SO4) and concentrated. The crude product was purified by column
chromatography (hexanes/EtOAc, 3:2) to yield the title product as an orange solid (0.03
g, 0.05 mmol, 21%).

'H NMR (300 MHz, CDCl;) & 6.81 (1H, d, J = 8.5 Hz, ArH), 6.69 (1H, d, J=8.5
Hz, ArH), 6.57 (2H, s, ArH), 5.97 (1H, t, J= 4.6 Hz, CH), 5.64 (1H, s, CH), 5.14 (2H, s,
CH), 3.93 (3H, s, OCHs), 3.89 (6H, s, OCHs), 3.85 (6H, s, OCHs), 3.83 (3H, s, NCHj3),

2.97 (2H, t, J= 7.8 Hz, CH,), 2.43 (3H, s, CH3), 2.35 (2H, m, CH,).

Synthesis of 2-Substituted Indolequinone Derivatives

Ethyl 5-methoxy-1-methylindole-2-carboxylate (22)
Ethyl 5-methoxyindole-2-carboxylate (1.00 g, 4.5 mmol) in DMF (9 mL) was

added to a stirring suspension of NaH (0.33 g, 13.6 mmol) in DMF (30 mL) at 0 °C.
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Iodomethane (1.93 g, 13.6 mmol) was added dropwise at 0 °C, and the mixture was

allowed to warm to room temperature. The reaction was monitored by TLC and was

completed within 2 h. Saturated ammonium chloride solution was added and the mixture

extracted with EtOAc. The EtOAc layer was washed with water, dried (Na,SO4), and
concentrated to yield the title compound as a tan solid (0.96 g, 4.1 mmol, 91%).

'H NMR (300 MHz, CDCl3) § 7.66 (1H, d, J = 2.5 Hz, ArH), 7.17 (1H, d, J = 8.8

Hz, ArH), 6.87 (1H, dd, J = 8.8 Hz, 2.6 Hz, ArH), 4.39 (2H, q, J = 7.1 Hz, CO,CH,CH3),

3.89 (3H, s, OCHj3), 3.67 (3H, s, NCH3), 2.75 (3H, s, CHs), 1.45 (3H, t, J = 7.1 Hz,

CO,CH,CH3).

Ethyl 5-methoxy-1-methyl-4-nitroindole-2-carboxylate (23)

To a crude suspension of ethyl 5-methoxy-1-methylindole-2-carboxylate (0.48 g,
2.1 mmol) in HOAc (9 mL) was added a solution of concentrated HNO; (1.1 mL) in
HOACc (5§ mL) at 0 °C. Following the addition, the reaction mixture was warmed to room
temperature and stirred for 2 h. The reaction mixture was poured over ice and filtered,
and the yellow precipitate was washed with water. The crude product was recrystallized
(hexanes/EtOAc, 1:1) to yield the title product as a bright yellow solid (0.28 g, 1.0 mmol,
48%).

'H NMR (300 MHz, CDCl3) & 7.58 (1H, d, J = 9.1 Hz, ArH), 7.54 (1H, s, ArH),
7.18 (1H, d, J = 9.2 Hz, ArH), 4.40 (2H, q, J = 7.1 Hz, CO,CH,CHj3), 4.11 (3H, s,

OCH;), 4.02 (3H, s, NCH3), 1.42 (3H, t, J = 7.14 Hz, CO,CH,CH).
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Ethyl 4-amino-5-methoxy-1-methylindole-2-carboxylate (24)
To a suspension of ethyl 5-methoxy-1-methyl-4-nitroindole-2-carboxylate (0.28
g, 1.0 mmol) in EtOH (45 mL) was added tin powder (1.33 g, 11.2 mmol), followed by
HCI (5 mL, 12 M). The reaction was stirred at room temperature for 2 h, and neutralized
with saturated NaHCO;. The suspension obtained was added to an equal volume of
water. The precipitate and aqueous layer were stirred with CH,Cl, for 3 h and filtered
through Celite to separate the layers. The organic layer was extracted with CH,Cl,, dried
(Na,SOy4) and concentrated to yield the title product (0.19 g, 0.8 mmol, 77%).
'H NMR (300 MHz, CDCl3) § 7.64 (1H, d, J = 9.2 Hz, ArH), 7.37 (1H, d, J=9.2
Hz, ArH), 7.36 (1H, s, ArH), 4.88 (2H, s, NH»), 4.40 (2H, q, J = 7.1 Hz, CO,CH,CH3),

4.10 (3H, s, OCH;), 4.02 (3H, s, NCH3), 1.47 (3H, t, J = 7.1 Hz, CO,CH,CH3).

2-Hydroxymethyl-5-methoxy-1-methylindole-4, 7-dione (25)

To a suspension of ethyl 4-amino-5-methoxy-1-methylindole-2-carboxylate (0.19
g, 0.8 mmol) in THF (5 mL) was added LiAlH4 in THF (2.0 M, 0.98 mL, 1.95 mmol).
The reaction was then heated at reflux for 15 min, quenched by the addition of water (0.5
mL), 1 M NaOH (0.5 mL) and silica gel (5 g). The granular precipitate was filtered off
through a pad of Celite. The filtrate was dried (Na,SO4) and concentrated in vacuo to
yield 2-hydroxymethyl-5-methoxy-1-methylindole, as a dark brown solid, which was
used directly in the next step without further purification.

To a solution of the intermediate (0.30 g, 1.4 mmol) in acetone (18 mL) was
added a solution of potassium nitrosodisulfonate (1.36 g, 5.1 mmol) in sodium
dihydrogen phosphate buffer (0.4 M, pH 6, 30 mL). The reaction mixture was stirred for

1 h at room temperature. The excess acetone was removed in vacuo, and water and
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CH,Cl, were added. The organic layer was extracted, dried (Na,SO,) and concentrated.
The crude product was purified by column chromatography (hexanes/EtOAc, 1:1) to
yield the title product as a pale orange solid (0.15 g, 0.7 mmol, 88%).

'H NMR (300 MHz, CDCl3) § 6.55 (1H, s, CH), 5.65 (1H, s, CH), 4.67 (2H, d, J
=4.6 Hz, CH,OH), 4.02 (3H, s, OCH3), 3.82 (3H, s, NCH3), 1.89 (1H, s, OH).
5-Methoxy-2-{2-methoxy-5-[2-(3,4,5-trimethoxy-phenyl)-vinyl]-phenoxymethyl}- I -
methyl-1H-indole-4,7-dione (26)

To a mixture of 2-hydroxymethyl-5-methoxy-1-imethylindole-4,7-dione (0.16 g,
0.7 mmol), CA4 (0.05 g, 0.2 mmol), and ADDP (0.06 g, 0.2 mmol) dissolved in dry
benzene (10 mL), was added tributyl phosphine (0.5 mL, 0.2 mmol) dropwise and stirred
for 48 h at room temperature. The excess benzene was removed in vacuo. The resulting
residue was extracted with CH,Cl, and washed with water. The organic layer was dried
(NaySQy4) and concentrated. The crude product was purified by column chromatography
(hexanes/EtOAc, 3:2) to yield the title product as an orange solid (0.02 g, 0.05 mmol,
21%).

'H NMR (300 MHz, CDCls) & 6.55 (3H, m, ArH), 6.53 (1H, s ,ArH), 6.52 (2H, s,
ArH), 6.47 (2H, s ,CH), 5.68 (1H, s, CH), 4.85 (2H, s, CH,), 4.00 (3H, s, OCH3), 3.82

(9H, s, OCH3), 3.73 (3H, s, NCHs).

Synthesis of Tirapazamine Derivative

Methyl 4-amino-3-nitrobenzoate (27)
To 4-amino-3-nitrobenzoic acid ( 0.93 g, 5.1 mmol) was added MeOH (13 mL) and

H,SO4 (0.5 mL), and the mixture was refluxed for 2 h. The mixture was extracted with
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CH,Cl,, washed with water, dried (Na,SO4), and concentrated to yield the title product
(1.00 g, 5.1 mmol, quant.) without further purification.
'H NMR (300 MHz, CDCls) & 8.85 (1H, d, J= 1.9 Hz, ArH), (1H, dd, J = 8.7 Hz,

J=1.9 Hz, ArH), 6.83 (1H, d, J = 8.7 Hz, ArH), 6.40 (2H, br s, NH>).

7-Methyl-benzo-1,2,4-triazin-3-amine 1-Oxide (28)
4-Methyl-2-nitroaniline (0.51 g, 3.4 mmol) and cyanamide (0.71 g, 16.8 mmol) were
heated melted together at 120 °C, cooled to ca. 50 °C, and conc. HCI (12 N, 4 mL) was
added carefully. The mixture was stirred until the heat subsided then stirred at 120 °C for
2 h. The reaction mixture was cooled to 20 °C and made strongly basic with 7.5 M
NaOH solution (40 mL), prior to further heating at 120 °C for 1 h and then cooling to 20
°C and diluting with water (100 mL). The precipitate was filtered, washed with water
and ethanol and dried. The crude mixture was recrystallized in ethanol to yield the title
product (0.32¢g, 1.8 mmol, 54 %).

'H NMR (300 MHz, (CD3),SO) & 7.94 (1H, s, ArH), 7.64 (1H, d, J= 8.7 Hz,

ArH), 7.46 (1H, d, J = 8.6 Hz, ArH), 7.14 (2H, s, NH.), 3.34 (3H, s, CHs).



CHAPTER THREE

Results and Discussion

Synthesis of Oxi6196

This project, detailed below in Scheme 1, involved the re-synthesis of the
dihydronaphthalene drug, Oxi6196 8, according to the procedures previously reported by
Pinney and co-workers.”™ "’ Initial hydroxylation at the 5-position of 6-methoxy-1,2,3,4-
tetrahydronapthalene was carried out by using a slightly modified procedure by Beak and
co-workers,* which was first tried by a post-doctoral fellow, Dr. Anjan Ghatak, in the
Pinney group at Baylor University.

This reaction utilized trimethyl borate to selectively introduce a hydroxyl group at
a position ortho to the methoxy group. The major product for the reaction was found to
be the 7-hydroxy isomer 1b, and the 5-hydroxy isomer la was found to be the minor
product possibly due to steric hindrance. The ratio of the 7- and 5-hydroxy products was
observed to be approximately 9:1, which differs from the 2:1 ratio specified by Dr.
Ghatak.”™ The 5-hydroxy product could only be separated from the crude mix after two
columns and a recrystallization. Early attempts of this reaction resulted in low yields of
under 10% for the 5-hydroxy product, however, fresh distillation of TMEDA, titration of
sec-BuLi with N-benzyl benzamide, and the usage of brand new trimethyl borate resulted
in increased yields of 20%.

By reaction with acetic anhydride, the 5-hydroxy isomer was protected with the
acetoxy group in high yield. In the following step, the reaction of the

acetoxytetrahydronaphthalene 2 with DDQ in dioxane-water led to the introduction of the
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Scheme 1. Synthesis of Oxi6196

keto group at the benzylic position, which was the desired 1-tetralone 3. The formation

of the ketone at the benzylic position was due to the para-directing effect of the methoxy
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group.81 A suggested mechanism for the formation of this intermediate is give in Scheme
2. Initially, the mechanism involves a hydride transfer to quinine oxygen followed by the
attack of a hydroxide ion. Deprotonation by the DDQ phenolate at the 1-position and the
ensuing deprotonation of the oxygen affords the tetralone intermediate. This intermediate
was deprotected and then re-protected with the TBS group to afford the tert-butylsilyl
protected tetralone 5. The TBS protection was done so that the acetoxy group would not

later hinder the addition of the trimethoxyphenyl unit.

\/ ) HOL H !
o] 0 ‘\/ O
. J AT
o 0
A AL
2

(0}
‘ X
\O = \O
(¢} (6]

A A

3

Scheme 2. Suggested mechanism for DDQ oxidation

The coupling of the phenyl ring to the TBS-protected tetralone was carried out
through a halogen-metal exchange between 3.,4,5-trimethoxyphenyl bromide and n-BulLi,
followed by addition of the tetralone 5. Refluxing with acetic acid caused the elimination

of the hydroxyl group and without further purification, the crude product was reacted
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with TBAF in order to deprotect the TBS-protected intermediate 7 and yield Oxi6196.

The overall yield for this scheme was determined to be a little over 2%.

Synthesis of p-Substituted Dihydronaphthalene Analog

The synthesis of the novel analog of Oxi16196, depicted in Scheme 2, involved the
trimethoxyphenyl unit substituted at the B-position of the dihydronaphthalene. In
addition to any activity against tubulin binding that may be observed, this compound was
designed and synthesized to elucidate further structure-activity relationship data with
respect to molecular recognition of the colchicine binding site on B-tubulin.

The first step in this synthesis was analogous to that of Oxi6196, wherein the
desired 5-hydroxy product 1la was formed. The intermediate was then protected with the
isopropyl group wusing cesium carbonate to yield the isopropyl protected
tetrahydronaphthalene 9. The isopropyl group was selected as the protecting group for
two reasons. First, in lieu of the acetyl group, the isopropyl group could also exert a
directing effect in order to yield the 1-tetralone intermediate. Secondly, isopropyl
protection would avoid the extra steps deprotection of the acetyl group and reprotection
with the TBS group.

Oxidation of the isopropyl-protected intermediate 9 with DDQ in dioxane-water
afforded the I-tetralone 10, which was then reduced by NaBH, to yield the
tetrahydronapthalenol 11 with a hydroxyl group at the 1-position. Elimination of the
hydroxyl group by reaction with acetic acid yielded the isopropyl-protected

dihydronaphthalene 12.
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Scheme 3. Progress towards synthesis of B-substituted Dihydronaphthalene Analog
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The 2-tetralone 14 was identified as a key intermediate in this synthetic scheme.
To achieve this intermediate, epoxidation of the dihydronaphthalene and selective ring
opening was determined to be a sound strategy. Initially, the epoxidation reaction was
based on a paper by Hara, Sasada and co-workers™ that employed MCPBA as the
epoxidizing agent, and the ring-opening to yield the 2-hydroxy group would be mediated
by LiAlH,, which was based on a paper by Rao and co-workers.* Subsequent oxidation
by PCC would be expected to afford the 2-tetralone, as seen in Scheme 3. However,
epoxidation with MCPBA did not succeed using either CH,Cl, or diethyl ether as a
solvent. Purification of the crude mixture, on basic alumina or silica gel, did not yield the
desired epoxide, possibly due to degradation on the column. No product was recovered
after purification on alumina gel; and purification on silica gel yielded three compounds,
which were neither the starting material 12 nor the desired product 13. At that point, no

other epoxidizing agents were tried.

O‘ MCPBA, CH,Cl LiAlH,, CH,Cl,
H;CO S H,cO™ N N oo -

o NaHCOs, 0°C, 2.5h 5 0°C. 1h

12 13
OH 0

PCC, CH,Cl,
H,cO” Y >~ T > H,CO
o 0°C, 12h S

14

Scheme 4. Alternative strategy for the synthesis of the 2-tetralone

Fortunately, a German procedure, by Braun and co-workers,** was found detailing

the formation of the 2-tetralone via an epoxide intermediate. The procedure was first



57

tested by this researcher on a model system, namely 1,2-dihydronaphthalene, by reacting
the starting material with MCPBA in CH,Cl,, and the crude product was then refluxed
with a catalytic amount of p-TSA to afford the 2-tetralone in 21% yield. The reaction on

the model system is shown in Scheme 5.

0]
MCPBA, CH,Cl, ©\/j p-TSA, toluene 0
reflux, 1.5h @

0°C,12h 21% (overall)

Scheme 5. Model reaction for the synthesis of 2-tetralone with 1,2-dihydronaphthalene as starting material

The same reaction was then attempted with the isopropyl-protected
dihydronaphthalene 12, which resulted in the formation of the desired 2-tetralone 14. As
opposed to the epoxidation attempted with MCPBA earlier, shown in Scheme 4, it is
believed that epoxidation with the same reagent succeeded in the new procedure due to
the extended length of the reaction. A suggested mechanism by which the
dihydronaphthalene is converted into the 2-tetralone is detailed in Scheme 6. The first
part of the mechanism shows the epoxidation by MCPBA via a “Butterfly Mechanism.”™
The reaction proceeds through a transition state involving the simultaneous addition of
the oxygen and shift of the hydrogen. After the first stage, the epoxide oxygen is
protonated by p-TSA. Ring opening yields a hydroxyl group at the 2-position and a
positive charge at the benzylic carbon. Following a hydride shift, the p-TSA fulfils a

catalytic role when its conjugate base abstracts a proton, subsequently yielding a keto

group affording the 2-tetralone 14.
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Stage II: Formation of 2-Tetralone

Scheme 6. Suggested mechanism for the formation of the 2-tetralone from the dihydronaphthalene

The following step, the addition of the trimethoxyphenyl ring, presented a
problem due to the nature of the 2-tetralone. The compound, at room temperature, exists
as a suspension of white solid in yellow oil, and it did not completely dissolve in either
diethyl ether or THF, which are the preferred solvents for the halogen-metal exchange.

The compound was soluble in CDCl3, and subsequent analysis by NMR showed that the
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compound was pure. TLC analysis also ensured that no impurities were present in the
compound.

The trimethoxyphenyl addition was first attempted by adding a suspension of the
2-tetralone in ether to the lithiated benzene moiety, but the reaction did not yield the
desired product. The reagent, n-BuLi, and solvent, ether, may not have been moisture-
free and may have compromised the reaction. Also, the insolubility of the starting
material in ether may have contributed to the failure of the reaction. Therefore, three
approaches were devised in order to continue the scheme:

1. The reaction would be repeated with new and dry ether and n-BuLi;

2. The lithiated intermediated would be added dropwise to the starting material, in
ether, via canula;

3. The reaction would be repeated using the starting material dissolved in
chloroform.

The reaction still did not succeed after using the first two methods, however, one
cause of the reaction failure was determined to be the incomplete formation of the
phenyllithium intermediate. A third and final reaction with the last of the starting
material was set up, and the almost complete formation of the phenyllithium intermediate
was monitored by NMR, which is seen below in Figure 24. The NMR sample was
prepared by extracting a small aliquot of the reaction mixture, washing with water, and
extracting the organic phase with ether. The organic phase was concentrated and then
dissolved in CDCl;.  The water workup would have displaced the lithium from the
phenyllithium intermediate forming trimethoxybenzene, which was then observed by

NMR.
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Figure 24. Monitoring the formation of the phenyllithium intermediate, characterized by the observation of
trimethoxybenzene, at 1 h (A), 3h (B), 5h (C) and 7 h (D)

The determination of the presence of the phenyllithium prompted the addition of
the 2-tetralone, which was dissolved in THF. Frustratingly, the reaction did not succeed;

therefore, further attempts at synthesizing the target are necessary.

Synthesis of 3-Substituted Indolequinone Derivatives
The synthetic route towards 3-(hydroxymethyl)indolequinone 19, shown in
Scheme 7, details the formation of a key intermediate in this process that was coupled to

VDAs in order to create multi-functional drugs that contain a bioreductive prodrug and



the capability for vascular disruption.
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This procedure is based on work that was

originally published by Naylor and co-workers,*® and all the intermediates until the

indolequinone 19 are known in the literature.

CO,Et CO,Et
HO \ NaH, Mel, DMF MeO \
Me Me
N . N
H 0°C-rt, 2h, quant Me
15
NO;  co,Et
MeO
HNO,, HOAc, 2h N e Sn, HCI, EtOH
N .
50% \ reflux, 0.5h, 89%
Me
16
NH,  co,Et O OH
MeO MeO
\> Me i. LiAlH4, THF, 0.5h (18) N Me
N B N
I\\/Ie 11. (KO3S)2NO, NaH2P04 buffer, 1h, 67% ) I\\/Ie
17 19

Scheme 7. Synthesis of 3-(hydroxymethyl)indolequinone

Firstly, the commercially available ethyl 5-hydroxy-2-methylindole-3-carboxylate
underwent a dimethylation at both the 1- and 5-position to afford the methylated
intermediate 15. To deprotonate the N-hydrogen, NaH was employed as a strong base.
Subsequent nitration at the 4-position was effected by mixture of nitric and acetic acid.

Due to the concerns of this researcher regarding a possible nitration at the 6-
position, this reaction was monitored by TLC to ensure that the starting material was

undergoing only a mono-nitration and to investigate whether nitration was occurring at
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the 4- or the 6-position. After 2 hours of reaction time, only one product spot was visible.
However, after 4 hours, another spot of equal intensity had appeared on the TLC plate
above the previous spot. By NMR spectroscopy, the first (lower) spot was identified as
the desired 4-dinitro product 16, and the second (upper) spot was identified as the 4,6-
dinitro product. After 4 hours, the mono- and dinitro products were formed in a 1:1
yield. No evidence was seen of a 6-nitro compound, so the reaction time was maintained
at 2 hours.

Subsequent reduction afforded the 4-amino intermediate 17, which underwent a
LiAlHy-catalyzed ester hydrolysis to yield the hydroxymethylindole 18. Without further
purification, the crude product was oxidized by Fremy’s salt to yield the indolequinone
19. Fremy’s salt (potassium nitrosodisulfonate) is a radical oxidizing agent that is
commonly used to oxidize phenols to their corresponding benzoquinones.”  The
suggested mechanism by which the oxidation of amine proceeds towards the
indolequinone is shown in Scheme 8. The initial step is the abstraction of the N-1
hydrogen by Fremy’s salt to form the nitrogen radical, which is trapped at C-7, after
resonance, by another molecule of Fremy’s salt. Then, the N-O bond is cleaved leading
to the formation of the iminoquinone. Hydrolysis of the imine then results in the
formation of the dione 19.

In order to take advantage of the trigger capability of the indolequinone upon
bioreductive activation, to release effector VDAs, the Mitsunobu reaction was employed
as a method of coupling the 3-hydroxymethyl group to the free phenol of either CA4 or
0xi6196, as seen in Scheme 9. The Mitsunobu reaction utilizes PhsP and an

azodicarboxylic derivative (DEAD or DIAD) to activate the alcohol substituent on the
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Scheme 8. Suggested mechanism for oxidation by Fremy’s salt

substrate and make it susceptible to nucleophilic attack. A different set of reagents, 1,1°-
(azodicarbonyl)-dipiperidide (ADDP) and BusP,*® were used for the coupling of the

indolequinones and VDAs, however, the mild conditions of the reaction were maintained.
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These reagents were used after higher yields, compared to the more conventional DEAD
and PhsP, were reported by Graciela Miranda in the Pinney group.” A mechanism for
this coupling is suggested in Scheme 10. The DEAD and Bus;P combine to activate CA4
as a nucleophile by deprotonating its phenol. The alkoxyphosphonium intermediate
generated binds to the hydroxyl group of the indolequinone and activates it as a leaving
group. The CA4 phenoxide ion then attacks the indolequinone in an Sy2 fashion forming
the arylalkylether, the CA4-indolequinone coupled product 20, and giving
tributylphosphine oxide as a side product.

The coupling of the indolequinone and CA4 afforded the bioconjugate trigger 20
in 42% yield. However, the coupling of the indolequinone and Oxi6196 resulted in the
desired product 21 in a lower yield of 21%, although the reaction was performed at a

smaller scale.
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Scheme 9. Synthesis of 3-VDA-indolequinone bioreductive agents
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Scheme 10. Suggested mechanism for the Mitsunobu reaction
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Synthesis of 2-Substituted Indolequinone Derivatives

The 2-indolequinone was synthesized, based on a procedure by Borch and co-
workers,” in an analogous fashion to the 3-indolequinone. The procedure for the
formation of 2-(hydroxymethyl)indolequinone 25 is shown in Scheme 11. First, ethyl 5-
methoxyindole-2-carboxylate was methylated by treatment with NaH, followed by
iodomethane to yield the methylated indole 22. Nitration of the ethyl ester 22, to form
the nitrated intermediate 23, was followed by the reduction of the nitro substituent using
Sn/HCI yielded the corresponding amine intermediate 24. The ester moiety of this
intermediate was reduced using LiAlH4. The indolequinone 25 was then obtained by

oxidation of the crude mix using Fremy’s salt.

M
0 A\ NaH, Mel, DMF MeO \
—CO,Et CO,Et
N N

H 0°C, 2h, 91% \

Me
22
NO,
HNO;, HOAc, 2h MeO Sn, HC1, EtOH
- \/—cozEt -
48% N 2h, 77%
Me
23
NH, 0
1. Li s , 15 min
MeO \ i. LiAlH,, THF, 15 mi MeO \
N ii. (KO3S),NO, NaH,PO, buffer, 1h, 88% N OH
Me 0 Me
24 25

Scheme 11. Synthesis of 2-(hydroxymethyl)indolequinone
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Coupling the 2-(hydroxymethyl)indolequinone 25 to CA4, depicted in Scheme
12, was also attempted using the new set of reagents, BusP and ADDP, in the Mitsunobu
reaction. Flash column chromatography yielded a compound that was identified by NMR
spectroscopy as the desired product in an impure form 26. Even recrystallization,
attempted twice, and purification by preparative TLC did not afford the product in pure
form. The impurities in the compound are, as yet, unknown, and further studies need to
be performed to determine the nature of the impurities and the most effective method of

their removal.

fe) MeO X
MeO ADDP, BusP, CA4 O Q
| \% MeO OMe
N  OH rt, 48 h, 21% OMe 4
\ O N
0O Me
25 26

Scheme 12. Synthesis of 2-VDA-indolequinone bioreductive agent

Synthesis of Tirapazamine Derivative

This purpose of this project was to synthesize a bioconjugate drug combining the
bioreductive drug tirapazamine and CA4 through an ester linkage that would be
hydrolyzed, enzymatically or otherwise, to release both drugs. Initially, as depicted in
Scheme 13, 4-amino-3-nitrobenzoic acid would be cyclized with cyanamide to form the
carboxyl mono-N-oxide, based on a procedure by Hay and co-workers,” but the reaction
was not successful, possibly because of the formation of the sodium salt after the addition
of NaOH during the reaction. Although the mixture was then acidified to regain the

carboxylic acid, the desired product was not found.
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Scheme 13. Initial synthesis of CA4-TPZ bioconjugate

To avoid the possible salt formation, the starting material, 4-amino-3-nitrobenzoic
acid, was reacted with methanol and a catalytic amount of H,SOy, to yield the methyl
ester 26, which is seen in Scheme 12. The methyl dioxide ester would have been reacted
with CA4 in a transesterification to yield the target bioconjugate drug. Cyclization with
cyanamide to form the mono-N-oxide, though, remained unsuccessful. This may have
been because of the high temperature at which the reaction took place, due to the high
melting point of the starting material (m.p. = 284 °C).

Another strategy employed towards achieving the coupled target, seen in Scheme
15, was to begin with 4-methyl-2-nitroaniline as the starting material, with a melting

point of 114 °C, which would allow the reaction to occur at a much lower temperature.
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Scheme 14. Synthesis of methyl ester TPZ

The cyclization was successful, affording the mono-N-oxide 28 in a yield of 54%.
Therefore, the product was subjected to further oxidation by H,O; in the hope that not
only the dioxide would result but the methyl group would be oxidized to a carboxyl
group, which could then be coupled with CA4. Unfortunately, the desired product was

not formed. Greater efforts are necessary towards achieving this target.

o o’

H;C NO, i. cyanamide,rt-120°C  H3C N H,0,, HOAc . H;C N

X Tl % L
NH; i conc HCI, 120°C, 4 h N” 'NH, 50°C, 4h Np NH,

iii. NaOH, rt - 120 °C, 1 h . %o

Scheme 15. Alternative synthesis of methyl-TPZ dioxide



CHAPTER FOUR

Conclusions and Future Directions

Vascular disrupting agents, such as CA4P (the phosphate prodrug of CA4), show
great promise in the field of anticancer research and can prove to be effective inhibitors
of tubulin assembly. The dihydronaphthalene framework, as evidenced by Oxi6196, has
proven to be an effective scaffold towards inhibiting tubulin assembly. The synthesis of
two compounds based on the dihydronaphthalene framework was attempted: Oxi6196
and a B-diydronaphthalene analog.

The project involving the re-synthesis of the previously designed Oxi6196, was
successfully completed, though limited yields were encountered in the first step, which
reduced the overall yield. Synthesis of the novel B-diydronaphthalene analog was
temporarily discontinued after the formation of the 2-tetralone, which was the key
intermediate in the synthetic scheme. However, the procedure elicited some important
chemistry, such as the finding and successful application of a relatively simple method of
transposing the keto group from the 1- to the 2-position. The major benefit of this
method, aside from a lesser number of steps, was the avoidance of purifying the epoxide,
which had proven unsuccessful on alumina and silica until that point. Also, using the
isopropyl group as a protecting group, in lieu of the TBS group, yielded the protected 1-
tetralone in two fewer steps than in the Oxi6196 synthesis, which would shorten the

procedure and raise the overall yield.

70
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The continued synthesis of the B-diydronaphthalene analog is recommended to
investigate its role as a possible inhibitor of tubulin assembly, as well as to provide SAR
data with respect to the molecular recognition of the colchicine binding site. Another
molecule of interest for future consideration, seen below in Figure 25, is similar to the
aryl chromene framework worked on by Physllis Arthasery (dissertation in the Pinney
group, Baylor University), and it is the B-substituted analog of a dihydronaphthalene
developed by Vani Mocharla™ that showed significant inhibition of tubulin assembly (

ICso~ 1.5 pM).

0

SOASEN

MeO OCH,
OH OCHj

Figure 25. Future compound based on the dihydronaphthalene scaffold

Bioreductive compounds that are selectively activated at the site of the tumor
offer a myriad of options as to their utilization as effective anticancer drugs. Their
synthesis has become a focal point of research in the Pinney group. A wide variety of
bioreductives, employing a number of mechanisms and playing different roles, have been
researched and synthesized. Among them, the indolequinones remain an intriguing class
of molecules because of their potential to trigger the release of an attached drug and their
subsequent transformation into a DNA-alkylating agent. The idea to attach a VDA and
design an indolequinone prodrug then occurred. Two analogs of indolequinones, with the

ability to couple to drugs at the 3- or the 2- position, were synthesized.
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The 3-indolequinone was synthesized and successfully coupled to CA4 and
Oxi6196 via the Mitsunobu reaction. The 2-indolequinone was also synthesized
efficiently and coupled to CA4. Although the product was purified by flash column
chromatography and identified by NMR, impurities still remained, and the product
resisted further attempts at purification. The Mitsunobu reaction was carried out with
slightly more unconventional reagents, ADDP and BusP,” and it seemed to provide
better yields at a higher scale of reaction.

An extension of the research into indolequinones is encouraged and should
include the coupling of other effective VDA to the 3- and 2-indolequinones. In addition,
the replacement of the 5-methoxy group on the indolequinone with an aziridinyl group,
which can also become a DNA-alkylating agent upon nucleophilic ring opening, can
afford the indolequinone prodrug a third functionality. Some molecules for further
consideration are shown in Figure 26. In addition to biological evaluation of these
indolequinone compounds, however, exposure of these compounds to chemically
reductive conditions may also be important to confirm the elimination of the attached
VDA upon reductive activation.

The design of a compound incorporating CA4 coupled to the bioreductive
tirapazamine via an ester linkage was an initial attempt at creating a bifunctional drug
with both VDA and bioreductive capabilities. The formation of the mono-N-oxide, albeit
with a substituted methyl instead of a carboxyl, was finally a success after multiple
attempts. The compound remains an interesting target because of the innate simplicity of

its design.
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