ABSTRACT

Design, Synthesis, and Biological Evaluation of New Anti-cancer Nitrogen-Containing
Combretastatins and Novel Cysteine Protease Inhibitors for the Treatment of Chagas

Rogelio Siles

Mentor: Kevin G. Pinney, Ph.D.

In an effort to combat cancer, the development of a relatively new type of anti-
cancer drugs known as vascular disrupting agents (VDAS) seems to be a promising
clinical approach. VDAs selectively interfere with blood flow in the microvessels that
carry nutrients and oxygen to the tumor. Blockage of these vessels will stop tumor
growth, produce necrosis, and hence prevent proliferation of cancer cells through the
body. The discovery of a group of VDAs known as combretastatins (CA) has sparked an
exciting area of anti-cancer drug discovery due to their robust biological activity as
evidenced through clinical success, particularly for combretastatin A-4 phosphate (CA-
4P) and one nitrogen-based combretastatin CA-4 analogue, AVE8062 which are
currently in clinical development. Herein, a small library of seventeen new synthetic
oxygen and nitrogen-bearing CA-1 and CA-4 analogues is described. Three of these
analogues showed significant inhibition of tubulin assembly (ICso= 2-3 uM) as well as in
vitro cytotoxicity against selected human cancer cell lines and in vivo blood flow

reduction in SCID mice (23-25% at 10 mg/Kg) suggesting that they have potential for



further prodrug modification and development as vascular disrupting agents for the
treatment of solid tumor cancers.

A separate research project has concentrated on the development of cysteine
protease inhibitors, primarily focused toward the inhibition of cruzain, the major cysteine
protease of Trypanosoma cruzi which is the agent of the parasitic disease called Chagas’
disease. Currently there is no satisfactory treatment for this disease, and the two accepted
drugs, nifurtimox and benznidazole, are associated with significant clinical toxicity. A
library of fourteen small non-peptidic thiosemicarbazones has been successfully
designed, synthesized and tested against cruzain and cathepsin L from which five
compounds showed significant cruzain inhibition in the low namolar range. Although
the most active compound synthesized, which is a bromotetrahydronaphthalene
thiosemicarbazone, exhibited an 1C5,=12 nM against cruzain, it also showed activity
against cathepsin L (IC5=134 nM). This new pharmacophore introduced may prove
useful as a lead compound for further optimization. In addition, this research revealed
further insights into the complex structure-activity relationship parameters which may

lead to the further development of more selective cruzain inhibitors.
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CHAPTER ONE

Introduction

Chemists play an important role in the search for effective medicines to fight
threatening diseases worldwide. In particular, medicinal chemists have the knowledge to
identify a drug candidate from an initial lead compound, which incorporates all of the
properties that are required to help cure a particular disease or halt its progression. The
role of a medicinal chemist in a medicinal chemistry research program is not restricted to
the synthesis, purification, and analysis of novel compounds for biological testing, but
also, to understand at molecular level how the molecules of the potential drugs interact
with a biological, genetic or protein target linked to a particular disease to produce the
desired biological activity.'”

Cancer and parasitic diseases are still the most lethal illnesses known worldwide
after heart disease. Although significant research has done to date to treat both diseases,
there is still a lack of effective chemotherapeutic treatment to cure them completely. The
development of medicinal chemistry programs takes place in pharmaceutical companies
as well as in governmental and academic institutions with a common theme of
recognizing that health problems concern everyone and require fast and effective
solutions from the scientific community.*

Herein, two medicinal chemistry projects are presented in order to treat cancer
and a parasitic disease called American Trypanosomiasis (Chagas’ disease). The first
project, which is described from chapters two to five, is related to the lead optimization

of a group of anti-cancer compounds called combretastatins. Combretastatins, which



were initially isolated in 1982 from Combretum caffrum (a bush willow tree found in
Africa) by Professor George Pettit,”’ are characterized by their remarkable biological
activity as inhibitors of tubulin polymerization. They have also shown significant in vitro
inhibition potency against human cancer cell lines, and demonstrated in vivo efficacy as a
vascular disrupting agents (VDAs).” Combretastatins can be structurally classified as a Z
stilbenes that contain one phenyl ring that has three methoxy groups (A-ring) and another
benzene ring that has different substitutents (B-ring).® In this project, the synthesis of a
small library of seventeen new synthetic oxygen and nitrogen-bearing analogues of
combretastatins A-1 and A-4 (CA-1 and CA-4) is described. The research work has
primarily focused on the substitution of the hydroxyl groups of the B-ring of CA-1 and
CA-4 by nitrogen functionalities, such as nitro, amine, and serine.

The second project, that is described from chapters six to nine, focuses on the
design and synthesis of fourteen small non-peptidic thiosemicarbazones and unsaturated
ketones which were tested against cruzain and cathepsin L in order to treat a devastating
parasitic disease known as Chagas which is caused by a parasite called Trypanosoma
cruzi. Cruzain, which is the major cysteine protease of the 7. cruzi, is an essential
enzyme that is expressed in all life cycle of the parasite and plays an important role in the
survival of the microorganism.” Inhibition of cruzain activity will result in death to the
parasite and will therefore halt or control the dissemination of the disease in humans.

Because enzymes are essential for different life processes, they are attractive
targets for drug therapy. In 2005, Copeland'® reported that approximately 50% of the

drugs in clinical use today are enzyme inhibitors, and worldwide sales of these inhibitors



exceeded 65 billion dollars in 2001,'" and this market is expected to grow to more than

95 billion dollars by 2006.



CHAPTER TWO
Synthesis and Biological Evaluation
Of Novel Combretastatin Vascular Disrupting Agents
Introduction
Despite the fact that cancer is a disease known since ancient times and numerous
efforts have been made to prevent, control and eradicate it, in the 21 century, this illness
is still one of the most devastating human problems known in the world. Cancer is a
group of diseases that are characterized by the abnormal and relatively fast growth of the
cells present in some body organs or tissues.'' The uncontrollable cell division, which
forms a malignant mass of cells called a neoplasm, is due to mutations that the cell’s
DNA suffers when a person is exposed to certain cancer-causing agents, called
carcinogens, such as ultraviolet light, industrial chemicals, radiation, the tar of cigarettes,

. . 11-14
viruses and some metabolic products.

Probably, the most important difference that
cancer cells have compared to normal cells, is that malignant tumor cells have the ability
to spread and infiltrate the tissues around them and may block passage ways, destroy
nerves, and erode bone. Cancer cells may spread via blood vessels and lymphatic
channels to other parts of the body, where a second neoplasm or metastase will be formed
and developed independently.'" Cancer is commonly observed in major organs including
the lungs, breast, intestines, skin, stomach, prostate, colon, rectum, ovary, bladder and

even in the blood cell-forming tissues of bone marrow.''*



Men Women
295,280 275,000

Lung and bronchus 31% Lung and bronchus 27%

Prostate 10% Breast 15%
Colon and rectum 10% Colon and rectum 10%
Pancreas 5% Ovary 6%
Leukemia 4% Pancreas 6%
Esophagus 4% Leukemia 4%
Liver and intrahepatic 3% Non-Hodgkin Lympho. 3%

bile duct Uterine Corpus 3%
Non-Hodgkin Lympho 3% Multiple Myeloma 2%
Urinary bladder 3% Brain and other Nerv. 3%
Kidney 3% All other sites 22%
All other sites 24%

Figure 2.1. Major types of cancer that will cause death in USA in 2005."° (Reproduced
directly from reference 15).

The American Cancer Society has estimated that in 2005 a total of 1,372,910 new

"> The major kind of

cancer cases and 570,280 deaths are expected in the United States.
cancer death in 2005 will be from lung and bronchus cancer followed by cancers of the
prostate, breast, colon and rectum as Figure 2.1 shows, while Figure 2.2 indicates the
most common cancers expected to occur the same year. Although cancer is a disease that
often is seen in elderly people, individuals of any age can be stricken by this disease; in
fact, in 2002 cancer was the second leading cause of death among children between ages

of 1 and 14." Because cancer in the USA is the second cause of death after heart

diseases, and because little improvement has been made to reduce the cancer death rates



between 1950 and 2002 (Figure 2.3),'® the fight against this lethal disease is still one of

the biggest challenges for the scientific community.

Men Women
710,040 662,870

Prostate 33%

Breast 32%
Lu111g anddbronchus 13?’ Lung and bronchus 12%
CO. on al:ﬂ rggtum 10 OA’ Colon and rectum 11%
Urinary bladder 7% Uterine Corpus 6%

Melanoma of the skin 5%
Non-Hodgkin Lymph. 4%
Kidney and Renal pelvis 3%

Non-Hodgkin Lymph. 4%
Melanoma of the skin 4%

0} 3%

Leukemia 3% T}Y;;Zid 30/2

l?ral cav. and pharynx 23:/4 Urinary Bladder 2%
ancreas 0

) Pancreas 2%

All other sites 17% All other sites 21%

Figure 2.2. Major types of cancer expected to be found in both men and women in USA
in 2005." (Reproduced directly from reference 15).

Surgery, radiation, chemotherapy and most recently immunotherapy are the most
common methods used to treat cancer. The treatment that is chosen depends on many
different factors including the type of cancer, extent of the disease, rate of progression,
condition of the patient and response to the therapy; however combination of two or more

of these methods has been shown to yield better results.'"*

Although chemotherapy is
used as a primary treatment or as an adjuvant to the other therapies, it often has
unpleasant side effects because of the limited selectivity that these drugs have for cancer

cells; unfortunately, healthy cells and tissues are disrupted along with tumor cells.

During the past 20 years special attention has been given to the tumor vasculature as a



possible target site to overcome problems associated with selectivity and toxicity. One
group of compounds known as Vascular Disrupting Agents (VDAs) has the objective to
shut down blood flow selectively in the vessels that carry nutrients and oxygen to the
tumor. Blockage of these vessels will stop tumor growth, produce necrosis, and prevent
proliferation of cancer cells through the body. Herein, the synthesis of novel VDAs and

evaluation of their biological activity against cancer is described.

Rate Per 100,000

600 - 586.8

I

500 4 2002

400 ~

300 +

200 A 1939 1934

100 -+

Heart
Diseases

Cerebrovascular Pneumonia/ Cancer
Diseases Influenza

Figure 2.3. Causes of death in the US population observed in 1950 and 2002. The age-
adjusted was respect to 2000 US standard population.'® (Reproduced directly from
reference 16).



Background

Carcinogenesis and the Cell Cycle

It is known that cancer is caused by the activation of certain oncogenes which
activate different cell-signaling pathways which in turn disrupt the homeostatic
mechanism that controls cell differentiation and proliferation. If the body inappropriately
regulates the replication of dividing cells, a breakage in the balance between the birth and

death of cells will occur and the body’s cells will divide abnormally to form tumors.'”'®

Cell
division

Figure 2.4. The cell life cycle.” (Reproduced directly from reference 19).

Like normal cells, cancer cells undergo the different phases of the cell cycle that
is depicted in Figure 2.4."” Accordingly, the cell has a division phase and a period of
growth called the interphase which in turn is divided into three stages called G, S, and

G,. G and G; stand for Gap I and Gap 2 because they are gaps in the cell cycle that



come between the time of chromosome division and the time of chromosome replication.
The S stands for synthesis of DNA, and finally the division phase is divided into mitosis
(M), in which the division of the nucleus occurs, and cytokinesis, in which the division of
the cytoplasma occurs.'>'” Once the stem cells have divided into daughters cells, these in
turn start preferably multiplying to form a malignant tumor which after growing invades
other tissues of the body forming metastases that keep this cycle going (Figure 2.5).
Therefore, understanding the cell cycle and the steps in the pathway that lead to
carcinogenesis is crucial to regulate the stages of growth, division, proliferation,

invasion, and rest of malignant tumors.'?

© OO0

Transformation Proliferation Invasion

Figure 2.5. Different steps in the pathway leading to carcinogenesis.'® (Reproduced
directly from reference 18).

As Ronald Breslow indicated, there are several approaches that a medicinal
chemist uses to combat cancer.' In the first approach, bioorganic chemists develope
drugs that selectively kill cancer cells without harming normal cells. The second
approach focuses on blocking the progress of the disease. This can be carried out, for
example, by blocking metastasis, which is the spreading of cancer cells from one place to
another in the body, or by blocking the blood supply to the solid tumor so that in the

absence of oxygen and nutrients the cells will not survive. The last approach is related to
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the synthesis of compounds that induce differentiation and decrease the rate of
proliferation of cancerous and precancerous cells. Considerable amounts research has
been carried out in all these approaches, and, ultimately time will tell which one is the

most effective.

Targets for Cancer Chemotherapy

Compounds that have the property of killing cells are called cytotoxic drugs.
When cytotoxic compounds are designed to kill cancer cells, they are referred to as
anticancer or antineoplastic agents, and their administration is known as cancer

chemotherapy.''*°

Unfortunately, these chemicals can also damage healthy cells,
especially the ones that are multiplying rapidly, and achieving the desired selectivity over
cancer cells is a goal that is far from being completed to date.! Although chemotherapy
has been used since the 1500s when heavy metals were administrated to destroy cancer
cells, it was not until the 1940s that the first systematic and successful program of
chemotherapy took place when nitrogen mustard and its derivatives were used to treat a
patient with lymphoma.*®*'

During the first four decades in the history of chemotherapy, a period known as
cellular chemotherapy, chemists killed malignant tumors by inhibiting different
mechanisms of their cellular division using cytostatic/cytotoxic agents. Later, the rapidly
expanding knowledge of molecular biology made possible the identification of specific
tumor targets which are responsible for cancer cell replication. These targets may be

selectively blocked by molecules designed and synthesized for this purpose, opening the

door to a new period called molecular chemotherapy.'
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Many oncologists define targeted therapy as a drug with a focused mechanism
that specifically acts on a well-defined target or biologic pathway that, when inactivated,
causes regression or destruction of the malignant process.”> Therefore, before accepting a
new compound as an anticancer agent, it is necessary to elucidate its mechanism of
action on both cellular and molecular levels.” However, first it is important to establish
what an ideal target is. Ross and co-workers proposed the following features of the ideal

anticancer target:>

1) Crucial to the malignant phenotype

2) Not significantly expressed in vital organs and tissues

3) A biologically relevant molecular feature

4) Reproducibly measurable in readily obtained clinical samples

5) Correlated with clinical outcome

6) Clinical response in a significant proportion of patients whose tumors express
the target when target interrupted, interfered with, or inhibited.

7) Minimal responses in patients whose tumors do not express the target.

Although every year new targets for cancer therapy are identified, and several
drugs enter clinical trials, the emergence of resistance to targeted cancer therapeutics, the
different toxicity profiles, the efficacy and the cost of drug development are still
important limitations for chemotherapy to be considered an ideal cancer treatment.**>°

One convenient way to classify antineoplastic agents is based on their mode of
action and the phase of the cell cycle in which the drug acts. If the action of the drug is

most effective at any particular phase of the cell cycle, the drug is called a cell cycle-

specific drug, otherwise the compound is considered to be a nonspecific agent which is
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effective through all phases. The cell cycle-specific drugs are known to reduce the
growth fraction, that is the number of cells that are in cycle (proliferating cells). On the
other hand, cell cycle-non-specific drugs are involved in reduction of the tumor burden,
which is the number of cells that make up a tumor. According to the Gompertzian model
of tumor growth, tumors in their early stages grow rapidly because they have a high
growth fraction. Eventually as the tumor burden increases, its growth reaches a plateau
and the growth fraction decreases.'” Table 2.1 and 2.2 show the most important cell

cycle-specific and nonspecific agents which have entered clinical trials. In addition, the

stage of the cell cycle in which they interact is also shown.

Table 2.1. Cell cycle-specific agents used in chemotherapy that entered clinical

trials.'”*! (Directly reproduced from references 17 and 21).
Cell Cycle Stage Class Subclass Representative Compounds
S Phase antimetabolites folate analogues trimetrexate, methotrexate
purine analogues fludarabine

adenosine analogues cladribine, pentostatine
pyrimidine analogues fluoroxidine, gemcitabine

M Phase mitotic inhibitors vinca alkaloids vinblastine, vincristine, vindesine

G, and S Phase epipodophyllotoxins Etoposide, teniposide
M Phase taxanes Docetaxel, paclitaxel
S Phase topoisomerase | camphotecines Irinotecan, topotecan
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Table 2.2. Cell cycle-nonspecific agents used in chemotherapy that entered clinical
trials' ' (Directly reproduced from references 17 and 21).

Class Subclass

Representative Compounds

DNA alkylating agents Nitrogen mustards
oxazaphosphorines
hexitols
nitroisoureas
triazines
platinum complexes

Antibiotics glycopeptide
anthracyclines
anthracenedions E
anthapyrazoles E

Hormonal agents SnRH analogues
GnRH analogues
aromatase inhibitors
antiostrogens
antiandrogens

antiprogestins

others

estracyte
ifosfamide
mitobronitol, mitolactol
fotemustine, carmustine, lomustine
altretamine, temozolomide
carboplatin
pepleomycin
epirubicin, idarubicin, esorubicin
mitoxantrone
losoxatrone
octreotide, lanreotide
leuprolide, buserelin, goserelin, tryptorelin
aminogluthetimide, fadrozole, formestane
toremifene, raloxifene
cyprosterone, flutamide, bicalutamide
mifepriston

fluoxymesterone

Vascular-Targeting Therapies

As it was earlier established, current chemotherapy is based on targeting cancer

cells. Another interesting strategy to combat cancer centers of producing occlusion of the

tumor blood vessels which will produce a prolonged ischemia that in turn will cause cell

. 27
death and tumor necrosis.

Although this is a relatively new clinical approach for the
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treatment of cancer, the importance of tumor vasculature as a therapeutic target started
back in 1923 when Woglom proposed that damage of the capillary system might be the
most effective way to inhibit tumor growth. Approximately 60 years later, Denekamp
postulated that tumors need to continuously form new blood vessels because of the
abrupt and uncontrollable growth of cancer cells.”® These observations were the starting
point for the development of a relatively new anti-cancer strategy currently known as
vascular-targeted therapies.

In 2005, Siemann and other international scientists met to develop a common
terminology and to define and to describe clearly and precisely the variety of agents
designed to target the tumor vasculature. Accordingly to their definition, vascular-
targeting therapies involve a group of strategies that focus on targeting and disrupting the
vascular supply of tumors. In addition, they also mentioned that at any point these
therapies should not be called or refered to cytotoxic therapy, a term that is exclusively
used for conventional chemotherapeutic agents.”’

More than 90% of cancer present in solid tumor form requires a functioning
vascular network to provide tumor cells with oxygen and nutrients and also to remove
toxic waste products associated with cellular metabolism.”® Therefore, failure in
providing adequate blood supply can have detrimental consequences to tumor cell
survival, progression and dissemination.”” Even though tumor cells can access the
existing blood vessel network from surrounding tissues to grow to a maximum size of
one mm’, for further growth and development they must generate their own vasculature

. . . . . 2731
(Figure 2.7), a process known as neovascularization or angiogenesis.
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Current vascular-targeted therapy is divided in two broad categories which differ
in three important aspects including the physiologic target, the type or extent of disease,
and the treatment scheduling.”> The first group is related to compounds that prevent the
formation of new blood vessels in tumors, which means that they interfere with the
process of angiogenesis and therefore they are called antiangiogenic agents. The second
group, which is known as vascular disrupting agents (VDAs), destroys the established
tumor vessel network leading to rapid shutdown of the tumor’s blood supply.”’** Figure
2.6 shows the most important characteristics and differences between antiangiogenic and

vascular disrupting agents.

[ Vascular-targeted therapy ]

[ Antiangiogenic agents ] [Vascular disrupting agents]

I
[Prevent new vessel growth ] [ Damage existing vessels ]

_[ Chromic treatment ] _[ Acute Treatment ]
Early stage ] Bulky disease ]

Figure 2.6. Principal characteristics of antiangiogenic and vascular disrupting agents.
(Directly reproduced from reference 32).

Before describing each group of vascular therapy, it is important to understand
how a tumor is formed. As Figure 2.7 shows, the development of a tumor has five stages.
In the first stage called hyperplasia, cells start dividing at a faster rate because of a

genetic mutation. During dysplasia, which is the second stage, the structure and
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organization of cells become abnormal. In the third stage referred as in situ growth, cells
continue dividing but in a well-defined area. As the tumor keeps growing, it require new
blood vessels which are formed in the fourth stage called angiogenesis. Finally, in the
last stage called invasion, tumor cells break the basement membrane and they are spread

to different parts of the body through the circulatory or lymphatic system.'*

Development and metastasis of malignant melanoma
primary
epithelial cells / sile
\ !

basement § secondary

connective —__
lissue

capillary &

¥ 1 |
> |
_--' i 2 -_“"-._' : ' B
11 5i5 i
/ Tumour cell from primary
— arteriole site to other sites of the body via
. the lymphatic or circulatory system.

hyperplasia dysplasia in situ growth

L 2001 Encyclopaadia Britanms

Figure 2.7. Five stages of tumor development.' (Directly reproduced from reference
14).
Antiangiogenic Therapy

The principal research work carried out so far in the vascular-targeted therapy is
based on the design of antiangiogenic agents. Tumor angiogenesis is a complicated
process which involves multiple, sequential, and interdependent steps as shown in Figure

2.8.
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Antiangiogenic

Stages of

angiogenesis approach

Angiogenic switch Inhibition of angiogenic

stimulus. Amplification of

endogeneous supressos of
angiogenesis

A 4

Upregulation of proangiogenic - -
factors and binding to Receptor antagonists. Signal
endothelial cell receptors transductors inhibitors

,, l

Endothelial cell proliferation = |€¢——— Inhibition of proangiogenic
factors

A

A A

MMP activation and degradation |[q————| Inhibition of matrix breakdown
of BM

A A 4

Endotheliall cell migration and | Inhibition of tube formation
tube formation

Figure 2.8. Different stages of antiangiogenesis and the antiangiogenic approach taken
on each step. MMP stands for metalloproteinase and BM is the basement membrane.*
(Directly reproduced from reference 32).

Angiogenesis is a process that relies on a delicate balance of biochemical signals
and receptors in a variety of cell types. In tumors, vascular endothelial growth factor
(VEGF) and basic fibroblast growth factor (bFGF) are considered primary targets to
inhibit angiogenesis, the former being the most potent and specific of the many
angiogenic factors known. VEGEF is not only crucial for endothelial cell proliferation and

blood vessel formation, but it also induces significant vascular permeability and plays a

key role in endothelial cell survival signaling in newly formed vessels. VEGF is secreted
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by tumor cells and the expression can be increased by environmental triggers such as
hypoxia, loss of tumor suppression gene function, and oncogene activation.’**’°

There is evidence that antiangiogenic compounds can also have a direct effect on
existing blood vessels, overlapping and possibly having a synergistic effect with the
actions of VDAs.” To date, there are many known compounds thet target different

stages of the angiogenic process. Figure 2.9 shows some representative antiangiogenic

compounds that interact with a specific target.’”

Antiangiogenic agents

Target Compound

Bevacizumab, VEGF-Trap,
VEGF/VEGEFR 1-3 inhibition PTK787, ZD6474
Tie-2/angiopoietin A422885.66
o, B integrin Vitaxin, cilengitide
Endogeneous inhibitors Endostatin, angiostatin,
thrombospondin
VE-cadherin
E4G10
Unknown thalidomide

Figure 2.9. Some representative antiangiogenic agents with their respective targets.*?
(Directly reproduced from reference 32).
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Vascular Disrupting Agents

One of the reasons that tumor vasculature is considered the “Achilles heel” of
solid tumor growth is because of the inherent differences between blood vessels in
tumors and those associated with normal tissues.”” In the early 1980s, Denekamp
observed that tumor endothelial cells proliferate more rapidly than their counterparts in
normal tissues. She proposed that the properties of tumor endothelium may be different
from normal tissues, and these differences could be exploited by the use of selective
VDAs.” Table 2.3 shows the most important differences between tumor and normal
vasculature; it is clear to notice from the table that tumor blood vessels consist of a
chaotic network of immature tortuous, thin-walled vessels with a significant degree of
neovasculature and a relatively high proportion of proliferating endothelial cells (Figure
2.10)3133:34

One potential advantage that VDAs have over other classes of anticancer drugs is
evidenced by the observation that blockage of a single vessel, which provides oxygen and
nutrients for almost a million tumor cells,** may cause a massive death of surrounding
cancer cells. VDAs do not need to kill the endothelial cells to be effective but rather they
simply must change the endothelial cells form or to promote a local coagulation which
will stop the blood flow through the vessel.*’

In part I of the general mechanism of action of VDA, depicted in Figure 2.11, the
tumor cells (light blue spots) are being continuously fed by the closest blood vessel (red
channel) which provides oxygen and nutrients to them. After treatment of the neoplasm
with a VDA agent (part II), there is a dysfunction in the endothelial cells which produces

partial occlusion of the vessel (green spots). The reduction of the blood flow causes that
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tumor cells located further from the vessel to become increasingly hypoxic as represented
by the purple spots. As damage in the endothelium progresses (part III), coagulation
(dark blue spots) starts taking place and blockage of the vessel finally occurs, which in

turn results in widespread tumor cell necrosis (dark spots).”’

Table 2.3. Major differences between normal and neoplasm vasculature.”’ (Directly
reproduced from reference 29).

Increased vessel tortuosity

Vessels thin walled and fragile

Increased interstitial pressure within tumor
Vessel marker immaturity

Increased vessel permeability

Variable flow rates

Huge variability in vascular density

Lack of vascular smooth muscle

Lack of lymphatic drainage

Constant remodeling

Abnormalities of endothelial cell and pericyte shape and function

VDASs can be divided in two groups. The first group called biologics or ligand-
directed VDAs includes antibodies or peptides which deliver toxins, procoagulant and
proapoptotic effectors to the tumor endothelium. The second category is formed by
small-molecule agents which exploit the differences between normal and tumor

endothelium to induce vascular shutdown of tumor blood vessels.*”?’



21

Figure 2.10. Tumor vasculature.® (Directly reproduced from reference 35).

Because the research focuses on the development of small molecule vascular
disrupting agents, the rest of the discussion will concentrate on the detailed description of

some of these compounds.

Figure 2.11. General mechanism of action of VDAs.?’ (Directly reproduced from
reference 27).
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Small Molecule Vascular Disrupting Agents

To date, there are two types of agents that cause extensive hemorrhagic necrosis
in tumors as a result of vascular collapse.>® The first group includes flavone acetic acid
(FAA) and its derivatives while the second group involves tubulin-binding agents.”

Flavonoids are believed to exert their effects on blood vessels via the localized
release of TNFa from activated macrophages within the tumor tissue. Evidence for the
role of TNFa in the antitumor activity of flavones was provided by the finding that
antibodies against TNFa inhibited flavone acetic acid induced vascular collapse. Both
FAA and the more potent fused tricyclic compound 5,6-dimethylxanthenone-4 acetic
acid (DMXAA) have been shown to stimulate both human and mouse macrophages.
Currently DMXAA is considered the leading candidate for continued drug development

within the class of flavonoid VDAs (Figure 2. 12).%

0
l 0 ‘
CcooH
AVES062A
(AC7700) ZD6126 DMXAA (AS1404)
|
0
\O
RH, CA-L R=H, CA-4
R=PO;Na,, CA-1P RO CAP (Ox2021)

Figure 2.12 Structures of the most important small molecule vascular disrupting agents.
AVE8062A, ZD6126, CA-1, CA-1P, CA-4 and CA-4P are the leading tubulin-binding
agents; DMXAA is the best flavonoid VDA known to date.**?’
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The most important group of small molecule disrupting agents is composed of the
tubulin-binding agents, and the attention is going to focus on this class of agents which
are described in detail in the next section. Figure 2.12 and Table 2.4 show the structures

of six leading compounds that are currently under preclinical and clinical studies.”’

Tubulin Binding Agents

In order to understand the mechanism of action of tubulin binding agents against
the tumor endothelium, it is first important to evaluate the role that tubulin plays in the
life of a cell and how this affects its survival.

The cytoskeleton, which is a group of filaments or fibers present in the cytoplasm
of eukaryotic cells, has different functions in the cell such as organization of other
constituents in the cell, maintainance the cell's shape, promotion of locomotion of the cell
itself, and the movement of the various organelles within it.'” There are three types of
fibers that make up the cytoskeleton which include the microfilaments which are
primariliy composed of the protein actin, the intermediate filaments, and finally the

. 12
microtubules.

Table 2.4. Small molecule VDAs under development.*’*’

(Directly reproduced from references 21 and 18).

Agent Mechanism of action Stage ot development
CA-4P Tubulin depolymerization Phase II clinical trials ongoing
ZD6126 Tubulin depolymerization Phase I clinical trials completed
DMXAA TNF induction Phase I clinical trials ongoing
AVESg062 Tubulin depolymerization Phase I clinical trials ongoing
NPI2358 Tubulin depolymerization Preclinical
MNO029 Tubulin depolymerization Preclinical

0Oxi4503 Tubulin depolymerization Preclinical
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Microtubules are associated with different cellular functions among the most
important of which is the formation of the mitotic spindle, involved in the alignment of
replicated chromosomes to the equatorial plane to promote further segregation of the
chromosomes to the two daughter cells.*® Additional functions include cellular
transportation, locomotion of the cell, around its environment, transportation of the
organelles inside the cell and construction of the cell shape.”” Microtubules are formed
by polymerization of the protein tubulin which exists under physiological conditions as a
dimer of two different polypeptide chains known as o and B tubulin subunits attached to

3839 1t is known that about 13

each other in a head to tail fashion to form protofilaments.
of these protofilaments are arranged in parallel making the microtubule wall and forming
a polymer with a diameter of 25 nm and an internal bore of around 15 nm as it is shown
in Figure 2.13. The ability of microtubules to grow and shrink dynamically is essential
for their function, and regulation of this assembly and disassembly can be better
understood by looking more closely at the structure of tubulin and its interaction within a
microtubule.”

Tubulin as stated above is a dimeric protein of 100 kD that is formed by two 50-
kD polypeptide chains called a and B tubulins which share about 40% sequence

40,41

homology. a-Tubulin is exposed at the less dynamic end (called the minus end), and

B tubulin is exposed at the more dynamic end (called the plus end). Within a cell,
microtubules are anchored by their minus ends at the microtubule-organizing center

36,45

while disposing their plus ends towards the cell periphery. Each monomer, which

follows a shallow and left handed helix, binds one molecule of the guanidine nucleotide
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GTP; the nucleotide bound to a-tubulin, at the so called N-site, is not exchangeable

whereas the GTP present at the E-site of p-tubulin is (Figure 2.14).%%*4

25 mm

Frotoilament

Figure 2.13. Microtubule structure.’” (Directly reproduced from reference 37).

During the association of the o/p heterodimer to the ends of the microtubules, this
exchangeable GTP is hydrolyzed to GDP which is unable to exchange once it is formed.
However, when the microtubule depolymerizes, the heterodimeric unit is released and the
GDP of B-tubulin is now able to exchange to GTP again.*® Therefore, microtubules
exhibit two important dynamic properties which are referred as dynamic instability and
treadmilling. Dynamic instability (the fluctuations between phases of elongation and
shortening) is the process by which microtubule polymers undergo prolonged periods of
assembly (rescue) followed by rapid periods of disassembly (catastrophe). Treadmilling

is a process by which microtubules incorporate tubulin dimers at their plus ends and



26

release them from the minus ends. Both properties are important for some cellular
functions. For example, during mitosis microtubules continuously polymerize and
rapidly depolymerize, forming a pulling device for the duplicated chromosomes.
Therefore, disrupting these dynamic properties can cause mitotic arrest, stop cell division
and, ultimately induce cell death mainly by the process of apoptosis.*>**4¢

Polymerization Phase
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8 GTP-Tubulin 5 GDP-Tubulin

Figure 2.14. Microtubule dynamic instability. The coexistence of polymerizing and
depolymerizing microtubules is an important feature of dynamic instability.** (Directly
reproduced from reference 44)

In general, tubulin in the dimeric state is reasonably stable, however each
monomer is highly unstable in the absence of the other.** Two types of interactions are
important in the tubulin polymerization process. The first is the head-to-tail binding
which connects two dimeric units along the length of the microtubule and the second is

the lateral interaction which joins parallel protofilaments. It is known that longitudinal

contacts along protofilaments are much stronger than those between adjacent
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profilaments, and therefore the dynamics and regulation of microtubule assembly and

disassembly rely on these weak lateral interactions.*'°

Figure 2.15 shows a refined
structure (3.5 A resolution) of the a,B-tubulin dimer obtained by electron crystallography
with crystalline sheets of tubulin that form in the presence of zinc ions. Notice that this
figure shows the non-exchangeable GTP of a-tubulin located at the interface of both

subunits by the Mg ion side. In addition, the exchangeable GTP located on B-tubulin

after polymerization which has been hydrolyzed to GDP is shown in purple.”

Figure 2.15. Ribbon structure of a,B-tubulin dimer which was refined to 3.5 A
resolution. The structure determination was obtained by electron crystallography with
crystalline sheets of tubulin that form in the presence of zinc ions. Non exchangeable
GTP (blue) and Mg ion (white inner sphere) are bound in the a-subunit (right polypeptide
chain). GDP (magenta) and taxol are bound in the positive end of the B-subunit (left
chain). Zinc ion is represented by the outer white sphere close to the a-tubulin.”
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Currently, it is known that agents that interact with tubulin can act in one of the
three well established sites associated with the B-tubulin subunit: the colchicine,
vinblastine or taxoid binding sites.** The vinca domain is located adjacent to the
exchangeable GTP binding site in B-tubulin at the plus end. The taxol site is located at
the lateral interface between adjacent protofilaments, within the lumen of the assembled
microtubule. The colchicine site is found at the intra-dimer interface between B-tubulin
and a-tubulin (Figure 2.16 and 1.18). 26364246 The existence of another binding site
called the laulimalide binding site has been reported. This site is named for the
microtubule-stabilizing drug (laulimalide) isolated from the marine sponge Cacospongia
mycofifiensis. The exact location of this binding site on the tubulin/ microtubule protein

system is still unknown.*

Figure 2.16. Hypothetical model showing the relative positions of the three major types
of microtubule-interacting drugs. Vinblastine (green), paclitaxel (orange) and colchicine
(magenta) bind B-tubulin (colored top polypeptide chain) at different and specific sites.
Vinblastine is at the vinca site which is located at the polar, opposite side of B-tubulin at
the plus end interface, adjacent to the exchangeable GTP. Paclitaxel binds the taxol site
located at the lateral interface between adjacent protofilaments from the terminal end of
the microtubule. Colchicine site is located at the intra-dimer interface between B-tubulin
and a-tubulin (grey bottom polypeptide chain).** (Directly reproduced from reference
42)
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It is informative to consider how tubulin-binding agents interact with the tumor
vasculature to produce necrosis in cancer cells. It is known that mature vasculature of
normal endothelium cells have a well-established actin cytoskeleton which plays a
significant role in the maintenance of cell shape® whereas immature tumor cells rely on a
tubulin cytoskeleton to maintain their shape.’® This important difference makes it
possible to use agents that selectively target tubulin in tumor cells without detrimentally
affecting normal cells. Figure 2.17 depicts the basic mechanism of action of a tubulin-

binding VDA.’'

Tumor vessel Extensive tumor
blood flows freely cell death
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blood flow stopped

Figure 2.17. Mechanism of action of a tubulin-binding VDA.*'
(Directly reproduced from reference 31)
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Prior to administration of the VDA agent, the blood runs freely through the
immature tumor vessel’s feeding the surrounding proliferating cells (grey cells).
However, after the VDA enters the capillaries, it penetrates the endothelium cells and
binds tubulin producing changes in the dynamic instability of the tubulin/ microtubule
protein system. The net result is a change in the cell’s shape which produces a
contraction (rounding up) of the vessel, exposing the basement membrane. As time
progresses, interstitial pressure increases, leading to a partial occlusion of the vessel,
thereby diminishing blood flow and causing the tumor cells farthest from the vessel to
become increasingly hypoxic and inadequately nourished. The complete collapse of the
tubulin cytoskeleton, ultimately causes full blood vessel congestion and induces necrosis

1.313%% However, there is evidence that these agents

of the cells furthest from the vesse
promote necrosis in the cells that are relatively close to the vessel leaving alive the cells
at the periphery, called the viable rim cells, which can be fed by the vessels in the

33,34 - - -
=" Because of the presence of this residual tumor tissue,

surrounding normal tissues.
which can serve as a foundation of tumor growth, it is often necessary to consider
different combination therapies of VDAs with other conventional treatments in order to

27,34
" For example, one of the successful

eradicate completely the tumor cell population.
treatments involves the sequential treatment of radiation followed by VDAs. It is known
that these two treatments interact in a complimentary fashion in such a way that, the
VDAs reduce or eliminate the poorly oxygenated cells, which are radioresistant, while
radiotherapy destroys the outer cells that are not affected by VDAs. In addition, this

treatment regiment has shown better results if VDAs are administrated within a few

hours after radiating the tumors.”” A second approach involves the combination of VDAs
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with traditional cancer chemotherapy. In this treatment protocol cells surviving vascular
targeting treatment can be killed by anticancer drugs following a schedule that requires
VDAs to be administrated after chemotherapy treatment. This order of treatment is
important because VDAs shut down the blood flow making it more difficult for the
cytotoxic compounds to actually reach the tumor vasculature.®® Finally, VDAs exert
good antitumor effect when combined with antiangiogenic drugs. The high growth ratio
of immature tumor vessels can be targeted with antiangiogenic drugs whereas in the
already established more mature vessels, this growth ratio is less and VDAs can have a
stronger impact.”” Although VDAs are perhaps not the ideal drugs to completely
eradicate tumor cells in single agent therapy schedules, their potential use in the clinic

lies in combination therapies with other classical strategies as described above.

Colchicine-Binding Site Agents

Colchicine-binding site agents cause microtubule depolymerizaton at high
concentrations while microtubule dynamics is suppressed at low concentration.®
Inhibition of microtubule depolymerization results when these compounds bind to tubulin
at, or near the colchicine site, which was recently further characterized by Ravelli and co-
workers.*® Figure 2.18 shows the colchicine site a 3.5 A-resolution structure of tubulin
complexed with N-deacetyl-N-(2-mercaptoacetyl)colchicine (DAMA-colchicine) and

with the stathmin-like domain (SLD) of RB3. The colchicine molecule is located at the

B-subunit, right below the GTP molecule which is located at the a-subunit.

Colchicine and its Derivatives. Colchicine is a highly soluble alkaloid that was first

isolated in 1820 from the meadow saffron, Colchicum autumnale.
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Figure 2.18. The colchicine site in the tubulin-colchicine: RB3-SLD complex. Oxygen
atoms are represented by red, carbon by white, nitrogen by blue, sulfur by yellow and
phosphorous by mustard. DAMA-Colchicine (top middle structure, Figure 2.19) is
bound to B-subunit (bottom polypeptide chain) at the interface with a-subunit (top
polypeptide chain). Non-exchangeable GTP (top structure) along with Mg ion (white
sphere) is located at the o-subunit close to residues Glu71 (yellow) and AsnlO1
(mustard). There are five residues close to colchicine molecule: Vall81 (pale brown),
Asp251 (mustard), Cys241 (mustard), Lys352 (yellow) and Val318 (mustard).*’

However, it was not until 1960 that the antimotic activity of colchicine was linked
to the binding of tubulin. Colchicine is also used in the treatment of gout, familial
Mediterranean fever, and liver cirrhosis and is undergoing clinical trials to treat primary

selerosiny cholangitis.****

It is known that this compound produces a change in the
secondary structure of tubulin as a result of binding to a high affinity site on the protein

heterodimer. This binding, which is temperature-dependent and irreversible, induces an
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alteration in dimer structure that causes an unfolding of the secondary structure of the -
subunits at the carboxyl terminal. This unfolding, in turn, will weaken the lateral bonds
at the microtubule end and prohibit the next tubulin dimer from forming the proper lateral
bonds within a microtubule. Consequently, microtubule formation will not take
place.37’48

Although colchicine is one of the most classical and oldest antimitotic agents, its
therapeutic application is affected by its remarkable toxicity and narrow therapeutic
window. In the 1970s, the development of new colchicine derivatives, some of which are
shown in Figure 2.19, was undertaken in order to overcome this toxicity problem while
retaining the desireable activity. Quantitative structure activity relationship (SAR)
studies showed that the three methoxy groups located on the A ring (left ring) are
important to maintain full tubulin binding affinity and inhibition of tubulin
polymerization (ITP). Apparently the seven-membered B-ring and its C7 side chain are
believed not to be crucial for tubulin binding while the seven-membered C ring with
substituents at C9 and C10 is also important.*® Different modifications on all three rings

were made to increase the activity, and some of the new compounds exhibited low uM

ICsq values for inhibition of tubulin assembly as shown in Figure 2. 19.%

Podophyllotoxin and related Agents. Podophyllotoxin is a lignan that was
originally isolated by Podwyssotzki in 1880 from the resin mixture known as
podophyllin.**  This mixture was obtained from the dried roots and rhizomes of

Podophyllum peltatum. Although antimitotic activity was first reported more than 50
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years ago, one of the medicinal uses of this compound reported in the 19" century was

for the treatment of liver and kidney diseases as well as for scrofula and syphilis.

SH

XCHg
XCHg

R=H, IC5,=0.75 uM
R=COCH;, ICs5y=0.6 uM
DAMA-Colchicine R=COC;H,, IC5,=0.85 uM
R=CO(m)-CsH,N, IC5,=0.76 uM
R=CO(p)-CsH,N, IC5,=0.56 uM

X=0, Colchicine, IC55=4.2 uM
X=S

, Thiocolchicine, 1C5,=0.65 uM

SCHg

R1:R3:CH3, R2:R4:H, ICS():Z uM
R1=R2:CH3, R3=R4=H, IC50=2 uM
R2=R3:CH3, R1=R4=H, IC50:4 uM

Thiocolchicone, IC5,=0.76 uM
allocolchicone, IC5p=1.4 uM

Figure 2.19. Structures of colchicine and its derivatives. The ICsy values given are for
inhibition of tubulin assembly. Notice that all of these derivatives have lower values than
colchicines.” (Directly reproduced from reference 48).

Podophyllotoxin and its analogues, which are competitive inhibitors, bind to
tubulin quickly and reversibly close to the colchicine site inducing the inhibition of

- 3748
microtubule assembly.””

Podophyllotoxin is a molecule composed of five rings among
which a tetranaphthalene (tetralin) skeleton forms two of the five rings (rings B and C).
A dioxolane ring (A) is attached to left of the tetralin ring while to the right side a 5-

membered lactone moiety (D) is present. These four rings form a pseudoplanar system

which attaches a perpendicular aromatic ring at the C1 location of ring C (Figure 2.20).
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Figure 2.20. Structures of podophyllotoxin and its derivatives.**’

(Directly reproduced from reference 48 and 49).

Modification of the podophyllotoxin structure led to a variety of derivatives
which display biological activity through multiple mechanism of action. For example,
etoposide is a potent Topoisomerase II inhibitor but a weak inhibitor of tubulin assembly.
Two other synthetic compounds that exhibit the same dual activity are azotoxin and

methylazotoxin,*®

Aromatic Carbamates. These compounds are competitive inhibitors for the
colchicine site when binding to tubulin. Most of the carbamates derivatives have at least
three rings which are in the same plane; however it has been noted that compounds that
are more active have the phenyl and pyrazine rings slightly twisted giving an important

structural requirement for activity similar to other tubulin inhibitors as ampethiline,
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colchicines and combrestastatin A-4.>”  Figure 2.21 shows the structure of some

representative carbamates.

(0]

A
NH,
0 NT O N\
\
H
(0]

NH»
N
\
/\O)kN N
H H

Irz
r

Figure 2.21. Structures of some representative carbamates that are potent antimitotic
agents showing activity in vivo and in vitro against microtubule formation.’” (Directly
reproduced from reference 37).

2-Arylnaphthyridinones.  Another group of molecules that show anticancer
activity by inhibiting tubulin polymerization is composed of the 2-arylnaphthyridinones.
These synthetic compounds show high activity when a methoxy group is attached at the

3-position unlike the isomers containing the same group at the 2 or 4 position*® as shown

in Figure 2.22.
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2'-methoxynaphthyridinone, IC5;=20 uM 3'-methoxynaphthyridinone, 1C5,=0.80 uM

O
Cl
N
L
(0]
N
3'-methoxynaphthyridinone, IC5,=0.73 uM 4'-methoxynaphthyridinone, IC5;=8.8 uM

Figure 2.22. Structures of some representative naphthyridinones. The ICsy values given
are for inhibition of tubulin assembly.*® (Directly reproduced from reference 48).



CHAPTER THREE

Materials and Methods

General Section

Chemicals were obtained from commercial companies such as Acros Chemicals,
Aldrich Chemical Company, Alfa Aesar, Lancaster Chemicals and Fisher Scientific.
Reactions which involved air or moisture sensitive reagents were performed in oven-
dried glassware under nitrogen atmosphere using dried syringes, needles and cannulas to
transfer solvents and reagents. Reactions were monitoring by silica gel thin layer
chromatography (TLC) using Merk Kieselgel 60 F,s4 glass backed plates. The plates
were visualized by the use of a multiband 254/365 nm UV lamp, iodine or by dipping
either in a solution of wvanillin (in ethanolic sulphuric acid), PMA (in ethanol),
anisaldehyde (in ethanol), ceric sulfate (in sulfuric acid), DNP (in an aqueous ethanolic
sulfuric acid) or potassium permanganate (in basic water) followed by heating. Gas
chromatography (Hewlett Packard 5890 Series II with a SE-54 column) and /or gas
chromatography mass spectrometry (Hewlett Packard GCD system with electron impact
ionization) were also used to monitor reactions. Flash chromatography was carried out
with silica gel (230-400 mesh) purchased from BODMAN industries. Solvents used for
chromatography and workups (CH,Cl,, hexanes, THF and acetone) were purified by
distillation prior to use. Ethyl acetate, methanol, ethanol, diethyl ether and other solvents
were purchased from the above mentioned companies as anhydrous solvents and used

without further purification. Evaporation or removal of the solvents was performed in a

38
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rotary evaporator under vacuum followed by a further drying of the compounds with a
mechanical pump at vacuum pressures of < 0.5 Torr.

Structure elucidation of the products was carried out using spectroscopic
techniques such as NMR, IR and MS. 'H NMR spectra were recorded at 300 or 360
MHz on a Bruker DPX-300 and AMX-360 spectrometers. C spectra were recorded at
75 or 90 MHz and *'P spectra were recorded at 121 MHz. All NMR were recorded in
CDClI; (0.03% of TMS) unless stated otherwise. Chemical shifts, which are expressed in
ppm (9), are referenced to tetramethylsilane (TMS). The NMR patterns are reported as
singlets (s), doublets (d), triplets (t), quartets (q), multiplets (m), etc and the coupling
constants (J) are reported in Hz. All the spectra are reported in a decoupled mode unless
stated otherwise. Special NMR techniques such as low and high temperature NMR and
NOESY were carried out on the Bruker AMX-360 spectrometer. Homonuclear
decoupling, resolution enhancement, and 2D NMR were performed on both
spectrometers. NMR processing data was carried out using WinNMR, Mestrec or Nuts.
IR spectra were run either neat (for liquids and solutions) or as nujol mulls (for solids) on
a Genesis II FTIR spectrometer. The melting points, which were recorded uncorrected ,

were determined on a Thomas Hoover capillary melting point apparatus.

Synthesis of Nitrogen-Based Combretastatin A-4°°

4-Methoxy-3-nitrobenzyl bromide (1).°°
To a well stirred solution of 1-methoxy-4-methyl-2-nitrobenzene (12.6 g, 74.7
mmol) in CCly (150 mL), AIBN (0.132 g, 0.78 mmol) and NBS (13.6 g, 75.4 mmol)

were added and, nitrogen gas was passed through the reaction system. After the mixture
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was refluxed for 19 h, water was added and, the product was isolated from the aqueous
phase with CH,Cl,. The resultant organic phase was washed with brine, dried over
Na,SO4 and the solvent evaporated to yield a solid which was purified by
recrystallization (CCly). After the solid was dried under vacuum, 11.7 g (47.6 mmol) of
the product was obtained in a 64% yield.

'H NMR (300 MHz, CDCls, 8): 7.89 (d, J= 2.3, ArH, 1H), 7.58 (dd, J= 8.7, 2.3,
ArH, 1H), 7.07 (d, J= 8.7, ArH, 1H), 4.46 (s, CH,, 2H), 3.97 (s, OCHs, 3H).

GC MS m/z (% relative intensity, ion): 247 (3, M" + 2), 245 (3, M), 166 (100),

90 (55).

4-Methoxy-3-nitrobenzyl triphenylphosphonium bromide (2).>°

Bromide 1 (10.3 g, 41.7 mmol) and triphenylphosphine (12.2 g, 45.9 mmol) were
dissolved in CH,Cl, (100 mL) . The reaction mixture was heated at reflux for 6.5 h at
which point water was added and the product extracted by using CH,Cl,. The organic
phase was washed twice with brine and dried over magnesium sulfate. The resultant solid
was washed three times with ethyl ether to afford 20.2 g (50.2 mmol) of the product in a
96% yield.

'H NMR (300 MHz, CDCls, 8): 8.05 (dd, J= 8.4, 2.2, ArH, 1H), 7.71 (m, ArH,
15H), 7.43 (d, J= 2.6, ArH, 1H), 7.14 (dd, J= 8.3, 2.2, ArH, 1H), 5.98 (d, J= 14.3,

benzyllic CH,, 2H), 3.81 (s, OCHs, 3H).

(Z)-1-(4-Methoxy-3-nitrophenyl)-2-(3,4, 5-trimethoxyphenyl)ethane (3).>°
Into a round bottom flask containing 3,4,5-trimethoxybenzaldehyde (8.53 g, 43.5

mmol) and 4-methoxy-3-nitrobenzyl-triphenylphosphonium bromide 2 (21.9 g, 43.0
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mmol ), 150 mL of anhydrous dichloromethane was added, and the mixture was stirred
under nitrogen atmosphere. After the reaction mixture was cooled at 0°C, NaH (5.54 g,
231 mmol) was added carefully, and the mixture was stirred for 16 h at room temperature
at which point water was added until bubbling stopped. The product was isolated with
dichloromethane and the organic phase washed 3 times with brine and dried under
sodium sulfate. After evaporation of the solvent, the product was purified by flash
chromatography (40% EtOAc/ 20% hex) to afford 6.80 g (19.7 mmol) of the product in a
45% yield.

'H NMR (300 MHz, CDCl;, 8): 7.79 (d, J= 2.3, ArH, 1H), 7.43 (dd, J= 8.8, 2.2,
ArH, 1H) , 6.93 (d, J=8.7, ArH, 1H), 6.58 (d, J= 12.1, C=CH, 1H), 6.46 (s, ArH, 2H),
6.44 (d, J= 12.3 Hz, C=CH, 1H), 3.91 (s, OCHj3, 3H), 3.84 (s, OCH3, 3H), 3.71 (s, OCHs,
6H).

GC MS m/z (% relative intensity, ion): 345 (100, M"), 330 (61), 139 (23).

(Z)-1-(3-Amino-4-methoxyphenyl)-2-(3,4, 5-trimethoxyphenyl)ethene (4).°

Cis-stilbene 3 (0.430 g, 1.25 mmol) was dissolved in 45 mL of an acetone-water
mixture (2:1 ratio) and, the flask was heated at 50°C. After the solid was completely
dissolved, sodium hydrosulfite (4.25 g, 24.4 mmol) was added at once and, the reaction
mixture was refluxed for 1.5 h at which point the product was extracted from the aqueous
phase with EtOAc (3x10 mL). After the resultant organic phase was washed twice with
brine and dried over sodium sulfate, the solvent was evaporated and, the product purified
by flash chromatography (30% EtOAc/ 70% hex) to afford 0.300 g (0.952 mmol) of free

amine in a 76% yield.
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'"H NMR (300 MHz, CDCl, 8): 6.69 (d, J=1.7, ArH, 1H), 6.67 (d, J=7.6, ArH,
1H), 6.67 (dd, J=7.6, 1.7, ArH, 1H), 6.54 (s, ArH, 2H), 6.45 (d, J=12.2, C=CH, 1H), 6.36
(d, J=12.2, C=CH, 1H), 3.83 (s, OCHj, 3H), 3.81 (s, OCHs, 3H), 3.69 (s, OCHj, 6H).

GC MS m/z (% relative intensity, ion): 315 (100, M), 300 (50), 142 (14), 71(16).

(Z)-6-Methoxy-3-[2-(3,4, 5-trimethoxyphenyl)vinyl]phenylamine hydrochloride (5).°*%

To a well stirred solution of free amine 4 (0.200 g, 0.635 mmol) in
dichloromethane (15mL), 0.8 mL of hydrochloride acid (4N-dioxane solution, 3.2 mmol)
was added dropwise. The solution was stirred at room temperature for 19 h at which
point, the solid that was formed was filtered and purified by recrystallization to obtain
0.117 g (0.333 mmol) of the salt in a 52% yield.

'H NMR (300 MHz, CDCls, 8): 10.33 (br s, NH;", 3H), 7.59 (d, J/=1.7, ArH, 1H),
7.28 (dd, J=8.7, 1.6, ArH, 1H), 6.79 (d, J/=8.7, ArH, 1H), 6.51 (d, J=12.2, C=CH, 1H),
6.46 (s, ArH, 2H), 6.44 (d, /=12.2, C=CH, 1H), 3.90 (s, OCH3, 3H), 3.81 (s, OCHs, 3H),
3.71 (s, OCHj3, 6H).

Dept 90 NMR (75 MHz, CDCls): 6 130.8, 130.7, 128.4, 125.7, 111.6, 106.1

Dept 135 NMR (75 MHz, CDCls): 8 130.8 (CH), 130.7 (CH), 128.4 (CH), 125.7

(CH), 111.6 (CH), 106.1 (CH), 61.3 (CHj), 56.7 (CH3), 56.5 (CHs).

(Z2)-1-(3-Amino-4-methoxyphenyl)-2-(3,4,5-trimethoxyphenyl)ethane-FMOC-L-
serinamide (6).°%%

To a well stirred solution of free amine 4 (0.582 g, 1.85 mmol) in anhydrous
DMF (12 mL), DCC (0.466 g, 2.24 mmol), FMOC(Ac) amino acid (0.831 g, 2.23 mmol),

and HOBt.H,0 (0.306 g, 1.96 mmol) were added and the mixture was stirred at room
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temperature for 22 h at which point the solid formed was filtered and the filtrate was
washed 5 times with water and twice with brine. After the organic phase was dried over
sodium sulfate, the solvent was evaporated and the crude reaction mixture was purified
by flash chromatography (50% EtOAc/ 50% hex) to afford 0.412 g (0.619 mmol) of the
product in a 33% yield.

'H NMR (300 MHz, CDCI3, 8): 8.39 (br s, NH, 1H), 8.30 (d, J/=1.94, ArH, 1H),
7.77 (d, J=7.5, ArH, 2H), 7.60 (d, J=7.0, ArH, 2H), 7.41 (t, J=7.4, ArH, 2H), 7.31 (td,
J=7.3, 1.1, ArH, 2H), 7.03 (dd, J=8.5, 1.8, ArH, 1H), 6.71 (d, J=8.6, ArH, 1H), 6.51 (d,
J=12.1, C=CH, 1H), 6.51 (s, ArH, 2H), 6.45 (d, J=12.2, C=CH, 1H), 5.72 (d, J=6.3, CH,
1H), 4.63 (br s, CHy, 1H), 4.46 (d, J=6.8, CH,, 2H), 4.31 (dd, J=11.8, 5.2, CH,, 1H), 4.24
(t, J=6.8, CH, 1H), 3.83 (s, OCH3, 3H), 3.80 (s, OCHj3, 3H), 3.68 (s, OCHj3, 6H), 2.09 (s,
CH;, 3H).

C NMR (75 MHz, CDCls): & 170.6, 166.4, 152.8, 147.0, 143.5, 141.2, 137.0,
132.7, 130.1, 129.4, 129.2, 127.8, 127.0, 126.4, 124.9, 120.8, 120.0, 109.5, 105.8, 67.4,
63.9, 60.8, 60.0, 55.8, 54.6, 47.0, 20.7, 14.0.

Dept 45 NMR (75 MHz, CDCls): 6 129.9, 129.8, 128.2, 127.5, 125.6, 125.4,
121.3, 120.5, 110.0, 106.3, 67.9, 64.3, 61.3, 56.29, 56.27,47.5, 21.2, 14.6.

Dept 90 NMR (75 MHz, CDCls): 6 129.9, 129.7, 128.3, 127.5, 125.4, 121.3,
120.5, 110.0, 106.3, 56.3, 55.1, 47.5.

Dept 135 NMR (75 MHz, CDCls): 8 129.9 (CH), 129.7 (CH), 128.2 (CH), 127.5
(CH), 125.5 (CH), 125.4 (CH), 121.3 (CH), 120.5 (CH), 110.0 (CH), 106.3 (CH), 67.9
(CH,), 64.4 (CH»), 61.3 (CHs), 56.31 (CHs), 56.28 (CH3), 47.5 (CH3), 21.2 (CH), 14.6

(CH).
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(Z)-1-(3-Amino-4-methoxyphenyl)-2-(3,4, 5-trimethoxyphenyl)ethane-L-serinamide
(7) .64,65

FMOC(Ac)-L-serinamide 6 (0.703 g, 1.06 mmol) was dissolved in 6 mL of a
mixture of CH,Cl,-MeOH (1:1 ratio) and 1.2 mL of an aqueous solution of 2N- sodium
hydroxide (0.0960 g, 2.40 mmol) was added. After the reaction mixture was stirred at
room temperature for 6 h, dichloromethane (1 mL) was added and the organic phase was
washed once with water, twice with brine and dried under sodium sulfate. After the
solvent was evaporated, the resultant oil was purified by flash chromatography (98%
CH,Cl,-MeOH) to obtain 0.229 g (0.570 mmol) of the product in a 54% yield.

'H NMR (300 MHz, CDCls, 8): 8 9.85 (s, NH, 1H), 8.29 (d, J= 1.5, ArH, 1H),
6.95 (dd, J= 8.4, 1.6, ArH, 1H), 6.66 (d, J= 8.5, ArH, 1H), 6.46 (s, ArH, 2H), 6.45 (d,
J=12.1, C=CH, 1H), 6.36 (d, J=12.2, C=CH, 1H), 3.78 (m, CH,, 2H), 3.78 (s, OCHj,
3H), 3.77 (s, OCHs;, 3H), 3.60 (s, OCHj3, 6H), 3.50 (t, /=5.0, CH, 1H), 2.50 (br s, OH,
NH,, 3H).

>C NMR (75 MHz, CDCl3): & 171.4, 152.8, 147.6, 136.8, 132.8, 129.9, 129.7,

129.0, 126.7, 124.7, 120.6, 109.6, 105.8, 64.9, 60.9, 56.6, 55.8, 55.8.

4-Methoxy-2-nitrobenzyl triphenylphosphonium bromide (8)."%"

Bromide 17 (12.0 g, 48.8 mmol) and triphenylphosphine (14.2 g, 53.6 mmol)
were dissolved in CH,Cl, (150 mL) . The reaction mixture was refluxed for 16 h at
which point water was added and the product extracted by using CH,Cl,. The organic
phase was washed twice with brine and dried over magnesium sulfate. The resultant solid
was washed three times with ethyl ether to afford 23.4 g (46.0 mmol) of the product in a

95% vield.
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'"H NMR (300 MHz, CDCls, 8): 8 7.95 (dd, J= 8.4, 2.4, ArH, 1H), 7.75 (m, ArH,
3H), 7.61 (m, ArH, 12H), 7.39 (d, J= 2.3, ArH, 1H), 7.09 (dd, J= 8.6, 2.6, ArH, 1H), 5.90

(d, J= 14.3, benzyllic CH,, 2H), 3.78 (s, OCHs, 3H).

(Z)-2-(2 -Nitro-4 methoxyphenyl)-1-(3,4, 5-tri-methoxyphenyl)ethene (9).”%"

3,4,5-trimethoxy benzaldehyde (8.27g, 41.7 mmol) and 4-methoxy-2-
nitrobenzyltriphenylphosphonium bromide 8 (19.3 g, 37.9 mmol) were dissolved in 150
mL of anhydrous dichloromethane, and the solution was stirred under nitrogen
atmosphere. After the reaction mixture was cooled at 0 °C, NaH (5.05 g, 200 mmol) was
added and the mixture was stirred for 16 h at room temperature at which point, water (~
10 mL) was added until bubbling stopped. The product was isolated from the aqueous
phase with dichloromethane, and the organic phase was washed with brine and dried over
sodium sulfate. After evaporation of the solvent, the product was purified by flash
chromatography (15% EtOAc/hex) to afford 5.29 g (15.3 mmol) of the product in a 41%
yield. "H NMR (300 MHz, CDCls, 8): 7.62 (d, J = 2.6, ArH, 1H), 7.27 (d, J = 8.8, ArH,
1H), 7.04 (dd, J = 8.7, 2.7, ArH, 1H), 6.83 (d, J = 12.1, C=CH, 1H), 6.65 (d, J = 12.0,
C=CH, 1H), 6.31 (s, ArH, 2H), 3.89 (s, OCHs, 3H), 3.83 (s, OCHs, 3H), 3.65 (s, OCHs,
6H).

GC MS m/z (% relative intensity, ion): 345 (64, M"), 196 (93), 181 (100), 149

(25), 122 (32).

(Z)-1-(2-Amino-4-methoxyphenyl)-2-(3,4, 5-trimethoxyphenyl)ethene (10).%77
Cis-stilbene 9 (2.57 g, 6.86 mmol) was dissolved in 105 mL of an acetone-water

mixture (2:1 ratio) and, the flask was heated at 50°C. After the solid was completely



46

dissolved, sodium hydrosulfite (7.04 g, 34.4 mmol) was added at once and, the reaction
mixture was refluxed for 1.5 h at which point the product was extracted from the aqueous
phase with EtOAc (3x10 mL). After the resultant organic phase was washed twice with
brine, dried over sodium sulfate and the solvent evaporated, the product was purified by
flash chromatography (20% EtOAc/ 80% hex) to afford 0.8173 g (2.59 mmol) of free
amine in a 38% yield.

'H NMR (360 MHz, CDCl;, 8): & 7.03 (d, J= 8.4, ArH, 1H), 6.51 (s, ArH, 2H,),
6.49 (d, /= 11.9, C=CH, 1H), 6.42 (d, J= 12.0, C=CH, 1H), 6.30 (dd, J= 8.4, 2.5, ArH,
1H), 6.25 (d, J= 2.4, ArH, 1H), 3.80 (s, OCHj3, 3H), 3.75 (s, OCHs, 3H), 3.64 (s, OCH3,
6H), 1.56 (br s, NH,, 1H).

C NMR (75 MHz, CDCly): 8 160.1, 152.7, 144.9, 137.2, 132.3, 131.0, 130.6,

125.7, 116.1, 105.8, 104.3, 100.7, 60.9, 55.8, 55.2.
Dept 90 NMR (75 MHz, CDCls): 6 131.4, 131.0, 126.1, 106.1, 104.7, 101.1.

Dept 135 NMR (75 MHz, CDCls): & 131.4 (CH), 131.0 (CH), 126.1 (CH), 106.1
(CH), 104.7 (CH), 101.1 (CH), 61.3 (CH3), 56.2 (CH3), 55.6 (CHs).

EIMS: m/z (% rel. intensity) 315 (M", 100), 300 (80), 142 (15).

Anal. Calcd for CigH,O4N: C, 68.55 H, 6.71 N, 4.44. Found: C, 68.49, H, 6.71,

N, 4.25.

(Z)-5-Methoxy-2-[2-(3,4,5-trimethoxyphenyl)vinyl]phenylamine hydrochloride (11).7%7
To a well stirred solution of free amine 10 (0.0577 g, 0.183 mmol) in

dichloromethane (3 mL), 0.11 mL of hydrochloride acid (4N-dioxane solution, 0.44
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mmol) was added dropwise. After the solution was stirred at room temperature for 2.5 h,
the solvent was evaporated and the resultant oil formed was triturated at 0 °C with Et,0O
forming a solid which after filtration afforded 0.0529 g (0.153 mmol) of the salt in a
83% yield.

'H NMR (300 MHz, CDCls, 8): § 10.05 (br s, NH;", 3H), 7.18 (d, J=8.6, ArH,
1H), 7.14 (br s ArH, 1H), 6.73 (d, J/=8.2, ArH, 1H), 6.71 (d, /=11.8, C=CH, 1H), 6.56 (d,
J=11.8, C=CH, 1H), 6.37 (s, ArH, 2H), 3.79 (s, OCHs, 3H), 3.74 (s, OCHj3, 3H), 3.60 (s,

OCHa, 6H).

(Z)-1-(2-Amino-4-methoxyphenyl)-2-(3,4,5-trimethoxyphenyl)ethane-FMOC-L-
serinamide (12)."%7

To a well stirred solution of free amine 10 (0.996 g, 3.07 mmol) in anhydrous
DMF (10 mL), DCC (0.767 g, 3.68 mmol), FMOC(Ac) amino acid (1.37 g, 3.68 mmol),
and HOBt.H,0 (0.508 g, 3.68 mmol) were added and the mixture was stirred at room
temperature for 16 h at which point the solid formed was filtered and the filtrate was
washed 5 times with water and twice with brine. After the organic phase was dried over
sodium sulfate, the solvent was evaporated and the crude reaction mixture was purified
by flash chromatography (35% EtOAc/ 65% hex) to afford 1.13 g (1.70 mmol) of the
product in a 55% yield.

'H NMR (300 MHz, CDCls, 8): & 8.11 (br s, NH, 1H), 7.93 (d, J=2.2, ArH, 1H),
7.79 (d, J=7.4, ArH, 2H), 7.59 (d, J=6.5, ArH, 2H), 7.40 (t, J=7.5, ArH, 2H), 7.34 (d,
J=7.0, ArH, 2H), 7.14 (d, J=8.6, ArH, 1H), 6.71 (dd, J=8.6, 2.5, ArH, 1H), 6.35 (d,
J=11.7, C=CH, 1H), 6.31 (d, J=11.7, C=CH, 1H), 6.23 (s, ArH, 2H), 5.28 (d, J=6.6, CH,,

1H), 4.51 (dd, J/=12.9, 6.0, CH,, 1H), 4.40 (br s, CHa, 2H), 4.20 (d, J=5.5, CH, 1H), 4.09
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(m, CH, 1H), 3.80 (s, OCHs, 3H), 3.73 (s, OCHj, 3H), 3.48 (s, OCHs, 6H), 1.96 (s, CHs,
3H).

3C NMR (75 MHz, CDCl; ): & 170.8, 166.3, 159.5, 152.9, 143.5, 141.3, 137.8,
135.0, 132.9, 131.1, 129.9, 127.9, 127.8, 127.1, 124.8, 124.7, 123.9, 120.0, 119.9, 111.3,

105.6, 105.5, 63.5, 60.7, 60.4, 55.6, 55.4, 47.1, 20.5, 14.2.

(Z)-1-(3-Amino-4-methoxyphenyl)-2-(3,4, 5-trimethoxyphenyl)ethane-L-serinamide
(13) .76,77

FMOC(Ac)-L-serinamide 12 (0.131 g, 0.196 mmol) was dissolved in 6 mL of a
mixture of CH,Cl,-MeOH (1:1 ratio) and 0.22 mL of an aqueous solution of 2N- sodium
hydroxide (0.0176 g, 0.44 mmol) was added. After the reaction mixture was stirred at
room temperature for 18 h, dichloromethane (1 mL) was added and the organic phase
was washed once with water, twice with brine and dried under sodium sulfate. After the
solvent was evaporated, the resultant oil was purified by normal-phase preparative TLC
(95% CH,Cl,-MeOH) to obtain 0.0529 g (0.132 mmol) of the product in a 67% yield.

'H NMR (300 MHz, CD,Cl, 8): 8 9.66 (br s, NH, 1H), 7.95 (d, J= 2.6, ArH, 1H),
7.15 (d, J= 8.5, ArH, 1H), 6.66 (dd, J= 8.5, 2.6, ArH, 1H), 6.61 (d, J/=12.0, C=CH, 1H),
6.49 (d, J=12.1, C=CH, 1H), 6.40 (s, ArH, 2H), 3.79 (s, OCHs, 3H), 3.70 (s, OCH3, 3H),
3.64 (dd, J=10.7, 5.5, CH,OH, 1H), 3.56 (dd, J=10.6, 5.5, CH,OH, 1H), 3.57 (s, OCHs,
6H), 3.30 (t, J/=5.4, CHNH,, 1H), 2.07 (br s, OH, NH,, 3H).

C NMR (75 MHz, CD,Cl,): & 172.2, 159.8, 153.2, 138.1, 136.3, 132.8, 132.2,
130.4, 124.7, 120.4, 110.5, 106.3, 106.0, 65.2, 60.8, 57.0, 56.1, 55.7.

Dept 45 NMR (75 MHz, CD,Cl,): & 132.5, 130.0, 124.3, 110.1, 105.9, 105.7,

64.9, 60.4, 56.7, 55.7, 55.4.



49

Dept 90 NMR (75 MHz, CDCl ): & 132.9, 130.5, 124.7, 111.3, 106.2, 105.7, 56.8.
Dept 135 NMR (75 MHz, CD,CL): & 132.5 (CH), 130.0 (CH), 124.3 (CH), 110.1
(CH), 105.9 (CH), 105.7 (CH), 64.9 (CH,), 60.4 (CHs), 56.7 (CH), 55.7 (CHz), 55.4

(CH;).

(Z)-2-(2 ~Amino-4 ~methoxyphenyl-1-(3,4,5-trimethoxyphenyl)ethene-L-serinamide
hydrochloride (14).7%7

To a well stirred solution of L-serinamide 13 (0.220g, 0.546 mmol) in methanol
(5 mL), 0.57 mL of a dioxane solution of 4N hydrochloride acid (0.0832 g, 2.28 mmol)
was added dropwise. After the reaction mixture was stirred at room temperature for 22 h,
the solvent was removed and the yellow oil formed was triturated with chloroform at 0
°C forming a solid which was filtered and rinsed with chloroform (3 mL). Purification of
the salt by reverse phase preparative TLC (87% CH,Cl,- MeOH) afforded 0.0505 g
(0.115 mmol) in a 21% yield of the L-serinamide salt.

'H NMR (300 MHz, methanol-de, 8): & 7.37 (d, J= 2.0, ArH, 1H), 7.10 (d, J= 8.5,
ArH, 1H), 6.72 (dd, J= 8.5, 2.3, ArH, 1H), 6.57 (d, J= 11.9, C=CH, 1H), 6.48 (d, J=
12.0, C=CH, 1H), 6.43 (s, ArH, 2H), 4.06 (br s, OH, 1H), 3.78 (m, CH,, 2H), 3.74 (s,

OCHs, 3H), 3.66 (s, OCH;, 3H), 3.55 (s, OCHs, 6H).

Synthesis of Nitrogen-Based Combretastatin A-1

3,4,5-Trimethoxybenzyl bromide (15)
At -5°C and under nitrogen atmosphere, 6.6 mL of a 0 °C CH,Cl; solution of
phosphorous tribromide (1.1 mL, 11.6 mmol) was added into a well-stirred solution of

3.,4,5-trimethoxybenzyl alcohol (3.22 g, 15.8 mmol ) in anhydrous CH,Cl, (15 mL). The
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reaction mixture was stirred first at -5°C for 2 hours and the last 4 h at room temperature,
at which point, the mixture was slowly added to 100 mL of ice-water and neutralized
with NaHCOs. The product was extracted twice with CH,Cl, from the aqueous phase and
the combined organic phase was washed twice with water and twice with brine. After the
organic solution was dried under sodium sulfate, the solvent was evaporated and the pale
brown solid formed was purified by recrystallization (hex-Et,0O) to afford 3.15 g (12.1
mmol) of the product in a 77% yield.

'H NMR (300 MHz, CDCl;, 8): & 6.60 (s, ArH, 2H), 4.45 (s, benzyllic CH,, 2H),
3.86 (s, OCHj3;, 6H), 3.83 (s, OCHs, 3H).

Dept 135 NMR (75 MHz, CDCls): 6 106.1 (CH), 60.9 (CH3), 56.1 (CHs), 34.3
(CHo).

EIMS: m/z (% rel. intensity) 262 (4, M" + 2), 260 (4, M"), 181 (100).

3,4,5-Trimethoxybenzyltriphenylphosphonium bromide (16)

Bromide 15 (11.6 g, 44.5 mmol) and triphenylphosphine (11.8 g, 44.5 mmol)
were dissolved in CH,Cl, (100 mL) and the reaction mixture was refluxed for 20 h at
which point water was added and the product extracted once from the aqueous phase with
CH,Cl, .The organic phase was washed twice with water and brine, then dried over
sodium sulfate. The crude was triturated at 0 °C with ethyl ether to afford 32.4 g (62.0
mmol) of the product in a 77% yield.

'H NMR (300 MHz, CDCls, 8): & 7.74 (m, ArH, 9H), 7.60 (m, ArH, 6H), 6.43 (d,
J=2.7, ArH, 2H), 5.43 (d, J= 14.1, benzyllic CH,, 2H), 3.74 (s, OCHs, 3H), 3.48 (s,
OCHs, 6H).

3P NMR (121 MHz, acetone-de): & 23.37.
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4-Methoxy-2-nitrobenzyl bromide (17)

To a well stirred solution of 4-methyl-3-nitroanisole (7.45 g, 44.1 mmol) in CCly
(70 mL), AIBN (0.740 g, 4.41 mmol) and NBS (8.73 g, 48.6 mmol) were added. After
the reaction mixture was refluxed for 16 h under nitrogen atmosphere, water was added
and the product extracted from the aqueous phase with CH,Cl,. The resultant organic
phase was washed with brine, dried under sodium sulfate and the solvent evaporated
yielding a solid which was recrystallized (hexanes) to afforded 7.90 g (32.2 mmol) of the

bromide in a 73% yield.

'H NMR (300 MHz, CDCls, 8): 5 7.52 (d, J= 2.7, ArH, 1H), 7.43 (d, J= 8.6, ArH,

1H), 7.11 (dd, J= 8.6, 2.7, ArH, 1H), 4.77 (s, benzyllic CHa, 2H), 3.86 (s, OCH;, 3H).

Dept 135 NMR (75 MHz, CDCLy): & 133.6 (CH), 120 (CH), 110 (CH), 56.0
(CH3), 29.1 (CHo).

: m/z (% rel. intensity , +2), , 4), , .
EIMS: m/z (% rel. i ity) 247 (4, M +2), 245 (M", 4), 166 (100), 108 (20

4-Methoxy-2-nitrobenzylalcohol (18)

Bromide 17 (0.0937 g, 0.38 mmol) was dissolved in 6 mL of a mixture of
acetone-water (1:2 ratio) and refluxed for 4 h. At the end of this, water was added into
the reaction mixture and the product was extracted with CH,Cl, from the aqueous phase.
The organic phase was washed twice with water, twice with brine and dried over sodium
sulfate After recrystallization (hex-EtOAc) of the crude, 0.0635 g (0.347 mmol) of pure

product was obtained in a 91% yield.
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'H NMR (CDCls, 300 MHz, 8): 8 7.59 (d, J= 2.6, ArH, 1H), 7.57 (d, J= 8.4, ArH,
1H), 7.18 (dd, J= 8.6, 2.7, ArH, 1H), 4.85 (d, J=6.4, benzyllic CH,, 2H) 3.87 (s, OCH;,
3H), 2.56 (t, J= 6.8, OH, 1H).

C NMR (75 MHz, CDCLs): & 159.4, 148.5, 131.6, 128.7, 120.5, 109.7, 62.4,
55.9.

Dept 135 NMR (75 MHz, CDCls): § 131.6 (CH), 120.5 (CH), 109.7 (CH), 62.4
(CH,), 55.9 (CH).

GC MS m/z (% relative intensity, ion): 183 (12, M"), 165 (M"-18, 32), 135 (100),

106 (64), 77 (52).

4-Methoxy-2-nitrobenzaldehyde (19)

30 mL of anhydrous CH,Cl, was poured into a flask containing PCC (3.18 g, 14.7
mmol) and celite (3.2 g). The resultant suspension was stirred at 0 °C under nitrogen
atmosphere for 30 minutes after which point, 20 mL of a CH,Cl, solution of 18 (1.80 g,
9.82 mmol) was added. The reaction mixture was stirred for 4.5 h at room temperature.
At the end of this period of time, ethyl ether (50 mL) was added and the mixture was
filtered through florisil and washed with 20 mL of a mixture of Et,O-CH,Cl, (1:1 ratio).
Purification of the crude by flash chromatography (20% EtOAc/ 80% hex) afforded 1.73
g (9.56 mmol) of pure aldehyde in a 97% yield.

'H NMR (300 MHz, CDCls, 8): & 10.27 (d, J=0.6, CHO, 1H), 7.96 (d, J=8.7,
ArH, 1H), 7.50 (d, J= 2.5, ArH, 1H), 7.22 (ddd, J= 8.7, 2.5, 0.5, ArH, 1H), 3.95 (s,
OCHs, 3H).

>C NMR (75 MHz, CDCl3): & 187.0, 163.7, 131.5, 123.5, 119.1, 109.6, 56.4.

Dept 45 NMR (75 MHz, CDCly): 6 187.0, 131.5, 119.1, 109.6, 56.4
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GC MS m/z (% relative intensity, ion): 181 (8, M%), 151 (100), 134 (24), 106

(36), 63 (36).

4-Methoxy-2, 5-dinitrobenzaldehyde (20a)

At 0°C, aldehyde 19 (1.53 g, 8.45 mmol) was dissolved in concentrated sulfuric
acid (25 mL). To this well-stirred solution, 7 mL of a 0°C mixture of fuming nitric acid
(5.32 g, 84.5 mmol) and concentrated sulfuric acid (5.29 g, 54.0 mmol) were added
slowly. After the reaction was stirred for 10 minutes, it was poured slowly into 150 mL
of ice-water and allowed the mixture to cool for 2 h at 0°C. The resultant solid formed
was filtered, rinsed with ice-water (10 mL) and purified by flash column chromatography
(20% EtOAc-hex) to yield 0.8000 g (3.54 mmol) of the aldehyde in a 42% yield.

'H NMR (300 MHz, CDCls, 8): & 10.30 (s, CHO, 1H), 8.43 (s, ArH, 1H), 7.73 (s,
ArH, 1H), 4.14 (s, OCHs, 3H).

Dept 45 NMR (75 MHz, CDCls): 6 184.7, 127.2, 109.7, 57.9.

GC MS m/z (% relative intensity, ion): 226 (4, M"), 196 (12), 179 (16), 149 (56),
121 (100), 75 (40), 63 (32).

IR: Ypmax (CH,Cly): 3054, 2987, 2950, 2908, 2855, 1703, 1622, 1552 cm™.

4-Methoxy-2,3-dinitrobenzaldehyde (20b)

At 0°C, aldehyde 19 (1.53 g, 8.45 mmol) was dissolved in concentrated sulfuric
acid (25 mL). To this well-stirred solution, 7 mL of a 0°C mixture of fuming nitric acid
(5.32 g, 84.5 mmol) and concentrated sulfuric acid (5.29 g, 54.0 mmol) were added
slowly. After the reaction was stirred for 10 minutes, it was poured slowly into 150 mL

of ice-water and the mixture was allowed to cool for 2 h at 0°C. The resultant solid
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formed was filtered, rinsed with ice-water (10 mL) and purified by flash column
chromatography (20% EtOAc-hex) to yield 0.89 g (3.94 mmol) of the aldehyde in a 47%
yield.

'H NMR (300 MHz, CDCls, 8): § 9.95 (d, J= 0.5, CHO, 1H), 8.15 (d, J=8.9, ArH,
1H), 7.38 (dd, /= 8.9, 0.5, ArH, 1H), 4.08 (s, OCH3, 3H).

GC MS m/z (% relative intensity, ion): 132 (40), 120 (48), 103 (84), 75 (100).

IR: ¥max (CH,Cly): 3097, 3054, 3005, 2987, 2953, 2900, 2858, 1709, 1612, 1564

cm .

4-Methoxy-3, 5-dinitrobenzaldehyde (21)

To a round bottom flask containing a mixture of 4-methoxy-3-nitrobenzaldehyde
(3.89 g, 21.5 mmol) and 25 mL of concentrated sulfuric acid previously cooled to 0°C in
an ice bath, a 0°C mixture of fuming nitric acid (13.6 g, 217 mmol) and concentrated
sulfuric acid (15.9 g, 162 mmol) was added slowly. The reaction mixture was stirred for
3.5 h and cautiously added into 100 mL of ice-water at which point, the mixture was
cooled for 1 h at 0°C. The resultant solid formed was filtered, rinsed with ice-water (10
ml) and purified by flash column chromatography (10% ethyl acetate/hexanes) to afford
2.31 g (10.2 mmol) of the aldehyde in a 48% yield.

'H NMR (300 MHz, CDCls, 8): & 10.02 (s, ArH, 1H), 8.51 (s , ArH, 2H), 4.13 (s,
OCHs, 3H).

>C NMR (75 MHz, CDCl;): & 186.5, 131.1, 129.1, 65.1.

Dept 135 NMR (75 MHz, CDCls): 6 186.6 (CH), 129.1 (CH), 65.1 (CHz).

GC MS m/z (% relative intensity, ion): 226 (23, M"), 196 (100), 119 (30), 75 (45).
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IR: Vinax (Nujol): 1531, 1462, 1377 cm ™.

Melting point: 87-89°C.

4-Methoxy-3, 5-dinitrobenzoic acid (21a)

After flash chromatography of the crude reaction mixture of compound 21, 2.06 g
(8.51 mmol) of carboxylic acid was separated.

'H NMR (300 MHz, CDCl3, 8): & 8.87 (s, ArH, 2H), 4.15 (s, OCH3, 3H).

3C NMR (75 MHz, CDCl3): & 152.1, 144.7, 141.5, 124.2, 65.3.

Dept 45 NMR (75 MHz, CDCls): 6 124.2, 65.3.

Dept 135 NMR (75 MHz, CDCls): 6 124.2 (CH), 65.3 (CHs).

GC MS m/z (% relative intensity, ion): 243 (16, M"), 213 (100), 93 (16), 75 (73),
62 (36).

IR: viax (Nujol): 3099, 2987, 2920, 2893, 2821, 1602, 1544, 1344, 1261 cm .

(Z)-1-Methoxy-2,6-dinitro -4-[2-(3,4,5-trimethoxyphenyl)ethenyl] benzene (22)

Into a round bottom flask containing NaH (0.824 g, 32.6 mmol), 10 mL of
anhydrous dichloromethane was added and the suspension was stirred at 0°C under
nitrogen atmosphere for about 10 minutes, at which point, 20 mL of a previously
prepared CH,Cl, solution of 3,4,5-trimethoxybenzylphosphonium bromide 16 (2.71 g,
5.19 mmol) was added drop wise. After stirring the mixture for 20 minutes, 10 mL of a
CH,Cl; solution of 4-methoxy-dinitrobenzaldehyde 21 (1.29 g, 5.71 mmol) was added to
the flask and, the reaction mixture was stirred at room temperature for 2.5 h, at which
point, water was added until bubbling stopped. The product was extracted twice with

CH,Cl, from the aqueous phase and the resultant organic phase was washed twice with
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water, twice with brine and then dried over sodium sulfate. 0.910 g (2.33 mmol) of “Z”
stilbene was separated from the crude reaction mixture by flash chromatography (10%
EtOAc/ 90% hex) in a 45% yield.

'H NMR (300 MHz, CDCls, 8): & 7.91 (s, ArH, 2H), 6.77 (d, J= 12.1, C=CH,
1H), 6.44 (s, ArH, 2H), 6.43 (d, J = 12.0, C=CH, 1H), 4.03 (s, OCH3, 3H), 3.86 (s,
OCHj3, 3H), 3.74 (s, OCHs, 6H).

C NMR (75 MHz, CDCly): 8 153.6, 145.7, 145.1, 138.7, 134.9, 133.9, 130.4,
128.9, 124.5, 105.8, 64.8, 61.1, 56.2.

Dept 45 NMR (75 MHz, CDCl;): 6 134.8, 128.9, 124.5, 105.8, 64.8, 61.1, 56.2.

GC MS m/z (% relative intensity, ion): 390 (100, M"), 375 (36).

(Z)-1-Methoxy-2,3-dinitro -4-[2-(3,4, 5-trimethoxyphenyl)ethenyl] benzene (23)

Into a round bottom flask containing NaH (1.32 g, 52.3 mmol), 30 mL of
anhydrous dichloromethane was added and the suspension was stirred at 0°C under
nitrogen atmosphere for about 10 minutes, at which point, 30 mL of a previously
prepared CH,Cl, solution of 3,4,5-trimethoxybenzylphosphonium bromide 16 (5.05 g,
9.68 mmol) was added drop wise. After stirring the mixture for 20 minutes, 20 mL of a
CH,Cl, solution of 4-methoxy-dinitrobenzaldehyde 20b (2.09 g, 8.77 mmol) was added
to the flask and, the reaction mixture was stirred at room temperature for 12 h, at which
point, water was added until bubbling stopped. The product was extracted twice with
CH,ClI; from the aqueous phase and the resultant organic phase was washed twice with
water, twice with brine and then dried over sodium sulfate. 1.80 g (4.62 mmol) of “Z”
stilbene was separated from the crude reaction mixture by flash chromatography (25%

EtOAc/ 75% hex) in a 53% yield.
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'"H NMR (300 MHz, CDCls, 8): 5 7.34 (dd, J=9.0, 0.5, ArH, 1H), 7.07 (d, J=8.9,
ArH, 1H), 6.77 (d, J= 11.8, C=CH, 1H), 6.49 (d, J= 11.8, C=CH, 1H), 6.29 (s, ArH, 2H),

3.94 (s, OCHs, 3H), 3.81 (s, OCHj, 3H), 3.68 (s, OCHs, 6H).

(Z)-1-Methoxy-2,5-dinitro -4-[2-(3,4, 5-trimethoxyphenyl)ethenyl] benzene (24)

Into a round bottom flask containing NaH (0.168 g, 6.65 mmol), 5 mL of
anhydrous dichloromethane was added and the suspension was stirred at 0°C under
nitrogen atmosphere for about 10 minutes, at which point, 5 mL of a previously prepared
CH,Cl; solution of 3,4,5-trimethoxybenzylphosphonium bromide 16 (0.288 g, 0.551
mmol) was added drop wise. After stirring the mixture for 20 minutes, 5 mL of a CH,Cl,
solution of 4-methoxy-dinitrobenzaldehyde 20a (0.107 g, 0.474 mmol) was added to the
flask and, the reaction mixture was stirred at room temperature for 3 h, at which point,
water was added until bubbling stopped. The product was extracted twice with CH,Cl,
from the aqueous phase and the resultant organic phase was washed twice with water,
twice with brine and then dried over sodium sulfate. 0.0961 g (0.246 mmol) of “Z”
stilbene was separated from the crude reaction mixture by flash chromatography (20%
EtOAc/ 80% hex) in a 53% yield.

'H NMR (300 MHz, CDCls, 8): & 7.73 (s, ArH, 1H), 7.71 (s, ArH, 1H), 6.74 (d,
J=12.2, C=CH, 1H), 6.68 (d, J = 12.0, C=CH, 1H), 6.30 (s, ArH, 2H), 4.03 (s, OCHj,
3H), 3.81 (s, OCHj3, 3H), 3.66 (s, OCHj3, 6H).

GC MS m/z (% relative intensity, ion): 390 (60, M), 196 (92), 181 (100).
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(Z)-2-Methoxy-5-[2-(3,4,5-trimethoxyphenyl)ethenyl] benzene-1,3-diamine (25)

To a 20 mL solution of cis-stilbene 22 (0.175, 0.408 mmol) in glacial acetic acid,
zinc powder (2.67 g, 40.8 mmol) was added and the resultant suspension was stirred for
35 minutes at room temperature, at which point, the reaction mixture was filtered through
celite and the filtrate was washed once with water and once with brine. After the organic
phase was dried under Na,SO4, and the solvent evaporated at reduced pressure, the
product was purified from the crude reaction mixture by flash chromatography (50%
EtOAc-hex) to afford 0.0616 g (0.187 mmol) of the diamine in a 46% yield.

'H NMR (CDCls, 360 MHz) § 6.55 (s, ArH, 2H), 6.40 (d, J=12.2, C=CH, 1H),
6.33 (d, J=12.2, C=CH, 1H), 6.13 (s, ArH, 2H), 3.82 (3H, s, OCHj3), 3.71 (s, OCH3, 3H),
3.69 (s, OCH3, 6H), 3.61 (br s, NH,, 4H).

C NMR (75 MHz, CDCls): & 152.6, 139.7, 137.0, 134.1, 133.8, 132.6, 130.2,
129.0, 106.7, 106.2, 60.9, 58.3, 55.8.

Dept 45 NMR (75 MHz, CDCls): 8 130.3, 129.1, 106.8, 106.2, 60.9, 58.4, 55.9.

GC MS m/z (% relative intensity, ion): 330 (60, M"), 315 (100).

Anal. Calcd for CigH2,04N5: C, 65.44 H, 6.71 N, 8.48. Found: C, 65.27, H, 6.78,

N, 8.34.

(Z)-3-Methoxy-4-nitro-6-[2-(3,4, 5-trimethoxyphenyl)ethenyl]phenylamine (26a)
Z-stilbene 24 (0.580 g, 1.49 mmol) was dissolved in 30 mL of an acetone-water
mixture (2:1 ratio) and, the flask was heated at 50°C. After the solid was completely
dissolved, sodium hydrosulfite (3.64 g, 17.8 mmol) was added at once and, the reaction
mixture was refluxed for 4 h at which point the product was extracted from the aqueous

phase with CH,Cl, (3x 5 mL). After the resultant organic phase was washed twice with



59

brine, dried over sodium sulfate and the solvent evaporated, the product was separated
from the crude reaction mixture by flash chromatography (30% EtOAc/ 70% hex) and,
then recrystallized (CH,Cl,-MeOH) to afford 0.144 g (0.400 mmol) of free amine in a
27% yield.

'H NMR (300 MHz, CDCl;, 8): 8 7.97 (s, ArH, 1H), 6.63 (d, J=12.0, C=CH, 1H),
6.47 (s, ArH, 2H), 6.32 (d, J= 12.0, C=CH, 1H), 6.20 (s, ArH, 1H), 4.38 (br s, NH,, 2H),
391 (s, OCHs;, 3H), 381 (s, OCHs;, 3H), 3.65 (s, OCH; 6H).

C NMR (75 MHz, CDCly): 8 155.6, 153.0, 150.3, 138.1, 133.5, 131.3, 129.7,
129.3, 122.7, 114.5, 105.9, 97.4, 60.9, 56.4, 55.9.

Dept 45 NMR (75 MHz, CDCls): 8 133.5, 129.4, 122.7, 105.8, 97.4, 60.9, 56.4,
55.9.

GC MS m/z (% relative intensity, ion): 360 (100, M"), 345 (14).

(Z)-2-Methoxy-4-nitro-5-[2-(3,4, 5-trimethoxyphenyl)ethenyl]phenylamine (26b)
Z-stilbene 24 (0.580 g, 1.49 mmol) was dissolved in 30 mL of an acetone-water
mixture (2:1 ratio) and, the flask was heated at 50°C. After the solid was completely
dissolved, sodium hydrosulfite (3.64 g, 17.8 mmol) was added at once and, the reaction
mixture was refluxed for 4 h at which point the product was extracted from the aqueous
phase with CH,Cl, (3x 5 mL). After the resultant organic phase was washed twice with
brine, dried over sodium sulfate and the solvent evaporated, 0.0235 g (0.0654 mmol) of
the product was separated from the crude reaction mixture by flash chromatography

(20% EtOAc/ 80% hex) in a 4% vield.
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'"H NMR (300 MHz, CDCls, 8): 7.70 (s, ArH, 1H), 6.87 (dd, J=11.9, 0.5, C=CH,
1H), 6.53 (d, J= 12.0, C=CH, 1H), 6.46 (d, J= 0.6, ArH, 1H), 6.31 (s, ArH, 2H), 4.36 (br
s, NHa, 2H), 3.92 (s, OCHs, 3H), 3.79 (s, OCHs, 3H), 3.62 (s, OCHs, 6H).

3C NMR (75 MHz, CDCly): & 152.8, 145.0, 142.2, 137.5, 137.3, 131.7, 130.1,
129.5, 128.0, 114.7, 106.9, 106.3, 60.9, 56.1, 56.0.

Dept 45 NMR (75 MHz, CDCls): § 129.5, 127.9, 114.6, 106.9, 106.3, 60.9, 56.0,
55.8.

GC MS m/z (% relative intensity, ion): 360 (100, M"), 345 (68).

(Z)-3-Methoxy-4-nitro-6-[2-(3,4,5-trimethoxyphenyl)vinyl] benzeneamine  hydrochloride
(27a)

To a well stirred solution of free amine 26 (0.0222 g, 0.0617 mmol) in
dichloromethane (3 mL), 0.1 mL of 4N HCI (dioxane solution, 0.40 mmol) was added
dropwise. After the solution was stirred at room temperature for 1.5 h, the solvent was
evaporated and the resultant oil formed was triturated at 0 °C with Et,O forming a solid
which after filtration afforded 0.0130 g (0.0328 mmol) of the salt in a 53% yield.

'H NMR (300 MHz, methanol-d4, 0): 7.78 (s, ArH, 1H), 6.74 (s, ArH, 1H), 6.73
(d, J/=11.9, C=CH, 1H), 6.55 (s, ArH, 2H), 6.40 (d, J=11.9, C=CH, 1H), 3.92 (s, OCH3,

3H), 3.72 (s, OCHj, 3H), 3.63 (s, OCHs, 6H).

(Z)-2-Methoxy-5-[2-(3,4, 5-trimethoxyphenyl)vinyl] benzene-1, 3-diamine hydrochloride (27b)
To a well stirred solution of free amine 25 (0.0558 g, 0.169 mmol) in
dichloromethane (3 mL), 0.84 mL of 4N HCI (dioxane solution, 0.84 mmol) was added

dropwise. After the solution was stirred at room temperature for 1 h, the solvent was
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evaporated and the resultant solid formed was recrystallized with CH,Cl,/ EtOH to obtain
0.0176 g (0.0437 mmol) of the product in a 26% yield.

'H NMR (300 MHz, methanol-d, 8): 7.08 (s, ArH, 2H), 6.69 (d, J/=12.1, C=CH,
1H), 6.54 (d, J=12.1, C=CH, 1H), 6.51 (s, ArH, 2H), 3.92 (s, OCHs, 3H), 3.73 (s, OCHj,
3H), 3.67 (s, OCHj3, 6H).

Dept 45 NMR (methanol-d4, 75 MHz): 6 132.2, 126.8, 120.1, 106.0, 61.2, 59.7,

55.1.

(2)-1-(3,5Diamino-4-methoxyphenyl)-2-(3,4,5-trimethoxyphenyl)ethane-FMOC-L-
serinamide (28)

To a 5 mL solution (DMF) of free amine 25 (0.441 g, 1.34 mmol), DCC (0.668 g,
3.21 mmol), FMOC (Ac) amino acid (1.20 g, 3.21 mmol), and HOBt.H,0 (0.501 g, 3.21
mmol) were added and, the mixture was stirred for 4h at room temperature, at which
point, EtOAc was added and the reaction mixture filtered. After the filtrate was washed
5 times with water and twice with brine, the resultant organic phase was dried over
sodium sulfate and the solvent evaporated. The crude reaction mixture was purified by
flash chromatography (50% EtOAc/ 50% hex) to afford 0.252 g (0.244 mmol) of the
product in a 19% yield.

'H NMR (300 MHz, CDCls, 5): 8.42 (br s, NH, 2H), 7.76 (d, J=7.7, ArH, 4H),

7.58 (d, J=7.9, ArH, 4H), 7.40 (t, J=7.2, ArH, 4H), 7.30 (t, /=7.4, ArH, 4H), 6.52 (s,
ArH, 2H), 6.50 (s, ArH, 1H), 6.49 (s, ArH, 1H), 6.46 (d, J=12.5, C=CH, 1H), 6.41 (d, J=
12.3, C=CH, 1H), 5.69 (br s, NH, 2H), 4.51 (m, CHNH, CH,OCONH, 8H), 4.33 (dd,
J=11.9, 5.3, CH,OCOCH3, 2H), 4.23 (t, J=7.0, CHCH,O, 2H), 3.82 (s, OCH;, 3H), 3.68

(s, OCHj, 3H), 3.64 (s, OCHs, 6H), 2.09 (s, CHs, 3H), 2.04 (s, CHs, 3H).
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(2)-1-(3,5-Diamino-4-methoxyphenyl)-2-(3,4,5-trimethoxyphenyl)ethane-L-serinamide
(29)

Into a round bottom flask containing FMOC-L-serinamide 28 (0.248 g, 0.240
mmol), 6 mL of a mixture of CH,Cl,/ MeOH (1:1 ratio) and 0.53 mL (0.0424 g, 1.06
mmol) of an aqueous solution of 2N NaOH were added. After the reaction mixture was
stirred at room temperature for 3.5 h, the product was extracted from the aqueous phase
with CH,Cl, and the organic phase was washed once with water, twice with brine and
dried under sodium sulfate. After the solvent was evaporated, the crude reaction mixture
was purified by normal-phase preparative TLC (95% CH,Cl,/5% MeOH) to yield 0.0191
£ (0.0379 mmol) of the serinamide in a 16% yield.

'H NMR (360 MHz, CDCls, 8): 9.88 (br s NH, 1H), 7.66 (d, J= 1.7, ArH, 1H),
6.52 (s, ArH, 2H), 6.47 (d, J= 1.9, ArH, 1H), 6.45 (d, J= 12.5, C=CH, 1H), 6.39 (d, J=
12.3, C=CH, 1H), 3.98 (dd, J= 10.7, 5.0, CH,OH, 1H), 3.81 (s, OCHs, 3H), 3.77 (m,
CH,OH, CH, 4H), 3.73 (s, OCH3, 3H), 3.68 (s, OCHj3, 6H), 3.62 (t, J/=4.5, CH, 1H), 2.40
(br s OH, NH,, 4H).

3C NMR (90 MHz, CDCls): & 171.6, 152.7, 139.0, 137.1, 135.7, 134.2, 132.5,
131.1, 129.9, 129.6, 111.9, 111.2, 106.2, 65.0, 60.9, 59.4, 56.6, 55.9.

Dept 135 NMR (90 MHz, CDCls): 6 130.0 (CH), 129.6 (CH), 111.9 (CH), 111.2

(CH), 106.2 (CH), 65.1 (CHa), 60.9 (CHs), 59.4 (CHs), 56.6 (CH), 55.9 (CHs).

Synthesis of a Combretastatin A-1 Analogue

2, 3-Diisopropyltoluene (30)
To a well-stirred refluxing solution of 3-methylcathecol (5.20 g, 41.1 mmol) in

DMF (35 mL) , K,COs3 (20.3 g, 123 mmol) was added in three portions. After the entire
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solid was dissolved (30 minutes), isopropyl bromide (11.7 mL, 123 mmol) was added at
once and, the reaction mixture was refluxed for 20 h, at which point, water was added.
The product was extracted once from the aqueous phase with CH,Cl, and, the combined
organic phase was washed six times with water and twice with brine. After the resultant
solution was dried under Na,SOj4 and filtered through florisil/silica gel, the solvent was
evaporated and the product was purified by flash chromatography (2.5% EtOAc/ 97.5%
hex) to obtain 5.13 g (24.7 mmol) of protected cathecol in a 59% yield.

'H NMR (300 MHz, CDCls, 8): 6.88 (t, J= 7.8, ArH, 1H), 6.75 (dd, J=7.9, 2.8,
ArH, 2H), 4.52 (sept, J= 6.1, CH(CH3),, 1H), 4.49 (sept, J= 6.2, CH(CH3),, 1H), 2.25 (s,
benzylic CHs, 3H), 1.34 (d, J= 6.1, CH(CHa)», 6H), 1.29 (d, J= 6.2 Hz, CH(CH3),, 6H).

Dept 135 NMR (75 MHz, CDCl;): ¢ 123.0 (CH), 122.9 (CH), 113.8 (CH), 74.4

(CH), 70.7 (CH), 22.8 (CH3), 22.3 (CH3), 16.8 (CH3).

2, 3-Diisopropyl-4-methylbenzaldehyde (31)

At 0°C, first, TMEDA (4.4 mL, 28.9 mmol) and after BuLi (10.7 mL, 26.8 mmol)
were added into a well stirred solution of 30 (4.29 g, 20.6 mmol) in distilled hexanes (50
mL). The reaction mixture was stirred first, at 0°C for 45 minutes and, then for 16
additional hours at room tempearature, at which point, DMF (2.72 mL, 35.1 mmol) was
added into the reaction mixture cooled at 0°C. After stirring the resultant mixture for 1.5
h at 0°C, 50 mL of 1M HCI solution was added and the reaction mixture stirred for 45
additional minutes. The product was extracted once with ETOAc from the aqueous
phase and the combined organic phase was washed twice with water and once with brine.

After the organic phase was dried under sodium sulfate and the solvent was evaporated,
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the crude reaction mixture was purified by flash chromatography (2.5% EtOAc/ 97.5%
hex) to obtain 3.18 g (13.5 mmol) of the aldehyde in a 65% yield.

'H NMR (300 MHz, CDCl;, 8): 10.35 (d, J= 0.8, CHO, 1H), 7.47 (d, J= 8.0,
ArH, 1H), 6.98 (dd, J= 8.0, 0.6, ArH, 1H), 4.69 (sept, J=6.2, CH(CH3),, 1H), 4.58 (sept,
J=6.2, CH(CHs),, 1H), 2.29 (s, benzylic CH3, 3H), 1.28 (d, J= 1.8, CH(CHz3),, 6H), 1.26
(d, /= 1.8, CH(CHs),, 6H).

Dept 135 NMR (75 MHz, CDCls): & 190.6 (CH), 126.0 (CH), 122.0 (CH), 75.5
(CH), 74.3 (CH), 22.5 (CH3), 22.3 (CHs3), 17.4 (CHj3).

GC MS m/z (% relative intensity, ion): 236 (5, M"), 152 (100).

(Z)-1-(2, 3-Diisopropyl -4-methylphenyl)-2-(3, 4, 5-trimethoxyphenyl)ethene (32)

15 mL of anhydrous CH,Cl, was poured into a flask containing NaH (1.06 g, 41.8
mmol) and the resultant suspension was stirred at 0 °C under nitrogen atmosphere for 15
minutes at which point 10 mL of a CH,Cl, solution of phosphonium bromide 16 (4.37 g,
8.36 mmol) was added dropwise. After the reaction mixture was stirred for 10 minutes,
10 mL of a CH,Cl, solution of aldehyde 31 (1.97 g, 8.36 mmol) was added into the flask
and the reaction was stirred for 16 h at room temperature at which point water was added
until bubbling stopped. After the product was extracted once with CH,Cl, from the
aqueous phase the organic phase was washed twice with water, twice with brine and
dried over sodium sulfate. The crude reaction mixture was purified by flash
chromatography (5% EtOAc/ 95% hex) to afford 1.53 g (3.83 mmol) of the Z isomer in a
46% yield.

'H NMR (300 MHz, CDCl;_3): 6.88 (d, J= 7.9, ArH, 1H), 6.71 (d, J= 7.9, ArH,

1H), 6.64 (d, J= 12.1, C=CH, 1H), 6.48 (s, ArH, 2H), 6.44 (d, J= 12.2 Hz, C=CH, 1H),



65

4.59 (m, CH(CHs),, 2H), 3.81 (s, OCHs, 3H), 3.63 (s, OCH;, 6H), 2.21 (s, benzylic CHs,
3H), 1.26 (t, J= 6.3, CH(CH;),, 12H).
GC MS m/z (% relative intensity, ion): 400 (73, M"), 301 (100), 287 (27), 221

(55), 181 (23).

(Z)-1-(2, 3-Dihydroxy-4-methylphenyl)-2-(3, 4, 5-trimethoxyphenyl) ethane (33)

Into a round bottom flask containing 10 mL of a CH,Cl, solution of 32 (0.58 g, 1.46
mmol), TiCls (0.35 mL 3.17 mmol) was added and, the reaction mixture was stirred for 10
minutes at 0°C and under nitrogen atmosphere, at which point ice-water was added until
bubbling stopped. The product was extracted once from the aqueous phase with CH,Cl,
and the combined organic phase was washed twice with water and once with brine. After
the organic solution was dried under sodium sulfate, the solvent was evaporated and the
product was purified by flash chromatography (20% EtOAc/ 80% hex) to afford 0.327 g
(1.03 mmol) of pure CA-1 analogue in a 71% yield.

'H NMR (300 MHz, CDCls, 8): 6.70 (d, J= 8.1, ArH, 1H), 6.67 (d, J= 8.1, ArH,
1H), 6.62 (d, J= 12.0, C=CH, 1H), 6.51 (d, J= 12.0, C=CH, 1H), 6.46 (s, ArH, 2H), 5.40
(br s, OH, 1H), 4.96 (br s, OH, 1H), 3.81(s, OCHj3, 3H), 3.61 (s, OCHj, 6H), 2.23 (s,
benzylic CHs, 3H).

Dept 45 NMR (75 MHz, CDCls): 6 132.1, 124.2, 122.8, 119.9, 105.6, 60.9, 55.8,
15.5

GC MS m/z (% relative intensity, ion): 280 (9, M"-36), 167 (36), 149 (100).
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Synthesis of Nitrogen-Based Epoxide Derivatives of Combretastatins A-1 and A-4

Z-2-(4-methoxy-3-nitrophenyl)-3-(3,4, 5-trimethoxyphenyl)oxirane (34)

Into a round bottom flask containing 4-phenylpyridine N-oxide (0.50 mg, 0.0028
mmol), stilbene 3 (0.209 g, 0.605 mmol) and R,R-Jacobsen catalyst (3.90 mg, 0.0060
mmol), 3 mL of anhydrous CH,Cl, was added and, the mixture was stirred at 0 °C for 10
minutes before adding 1.45 mL of NaOCI1 (0.0785 g, 1.06 mmol) and 0.06 mL of a 3M
NaOH (0.18 mmol) solution. After the reaction mixture was stirred at 0 °C for 1 h,
another 1.45 mL of NaOCl was added and the mixture was stirred for 22 h, at which
point the product was extracted from the aqueous phase with CH,Cl,, and the resultant
organic phase was washed twice with water, once with brine and dried under Na,SO,.
The crude reaction mixture was purified by flash chromatography (25% EtOAc/ 75%
hex) to obtain 0.0226 g (0.0626 mmol) of the epoxide in an 11% yield.

'H NMR (300 MHz, CDCls, 8): 7.79 (d, J=2.2, ArH, 1H), 7.31 (ddd, J=8.7, 2.2,
0.3, ArH, 1H), 6.90 (d, J=8.7, ArH, 1H), 6.39 (s, ArH, 2H), 4.31 (d, J=4.1, CH, 1H),
4.28 (d, J=4.1, CH, 1H), 3.88 (s, OCHj3, 3H), 3.75 (s, OCH3s, 3H), 3.74 (s, OCH3, 6H).

C NMR (75 MHz, CDCls): & 153.0, 152.4, 138.9, 137.5, 132.3, 129.0, 126.9,
124.4, 113.1, 103.6, 60.8, 60.0, 58.5, 56.5, 56.0.

Dept 45 NMR (75 MHz, CDCl3): 6 132.4, 124.4, 113.1, 103.7, 60.8, 60.0, 58.5,

56.6, 56.1.

E-2-(4-methoxy-2,5-dinitrophenyl)-3-(3,4,5-trimethoxyphenyl)oxirane (35)
Into a round bottom flask containing 4-phenylpyridine N-oxide (1.50 mg, 0.0085

mmol), a mixture of cis/trans (1:1 ratio) stilbene 24 (0.683 g, 1.75 mmol) and R,R-
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Jacobsen catalyst (11.4 mg, 0.0176 mmol), 10 mL of anhydrous CH,Cl, was added and,
the mixture was stirred at 0 °C for 10 minutes before adding 4.22 mL of NaOCl (0.228
g, 3.07 mmol) and 0.18 mL of a 3M NaOH (0.54 mmol) solution. After the reaction
mixture was stirred at 0 °C for 1 h, another 4.22 mL of NaOCl was added and the
mixture was stirred for 48 h, at which point the product was extracted from the aqueous
phase with CH,Cl,, and the resultant organic phase was washed twice with water, once
with brine and dried under Na,SO4. The crude reaction mixture was purified by flash
chromatography (20% EtOAc/ 80% hex) to obtain 0.0845 g (0.208 mmol) of the epoxide
in a 41% yield.

'H NMR (300 MHz, CDCls, 8): 8.05 (s, ArH, 1H), 7.86 (s, ArH, 1H), 6.60 (s,
ArH, 2H), 4.39 (d, J= 1.9, CH, 1H), 4.06 (s, OCH;, 3H), 3.87 (s, OCH3s, 6H), 3.85 (s,
OCHs;, 3H), 3.76 (d, J=1.9, CH, 1H).

C NMR (75 MHz, CDCLs): & 153.6, 152.0, 149.2, 142.8, 138.4, 131.0, 126.5,

124.3, 110.1, 102.6, 62.5, 60.9, 58.7, 57.4, 56.1.

E-2-(4-Methoxy-3-nitrophenyl)-3-(3,4, 5-trimethoxyphenyl)oxirane (36)

Into a round bottom flask containing 4-phenylpyridine N-oxide (0.6 mg, 0.0034
mmol), E isomer of stilbene 3 (0.216 g, 0.627 mmol) and R,R-Jacobsen catalyst (4.1 mg,
0.0063 mmol), 3 mL of anhydrous CH,Cl, was added and, the mixture was stirred at 0
°C for 10 minutes before adding 1.5 mL of NaOCI (0.0812 g, 1.09 mmol) and 0.06 mL
of a 3M NaOH (0.18 mmol) solution. After the reaction mixture was stirred at 0 °C for 1
h, another 1.5 mL of NaOCl was added and the mixture was stirred for 39 h, at which
point the product was extracted from the aqueous phase with CH,Cl,, and the resultant

organic phase was washed twice with water, once with brine and dried under Na;SOj.
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The crude reaction mixture was purified by flash chromatography (30% EtOAc/ 70%
hex) to obtain 0.0380 g (0.105 mmol) of the epoxide in a 17% yield.

'H NMR (300 MHz, CDCl3, §): 7.81 (d, J=2.2, ArH, 1H), 7.51 (dd, J= 8.6, 2.1,
ArH, 1H), 7.10 (d, J=8.7, ArH, 1H), 6.55 (s, ArH, 2H), 3.97 (s, OCH3, 3H), 3.86 (s,
OCHj3, 6H), 3.84 (s, OCHs, 3H), 3.82 (d, /= 1.4, CH, 1H), 3.79 (d, /= 1.7, CH, 1H).

PC NMR (75 MHz, CDCl3): & 153.6, 152.9, 139.7, 138.2, 131.9, 131.1, 129.5,

122.8,113.8,102.2, 62.9, 61.3, 60.9, 56.7, 56.1

E-2-(4-Methoxy-2-nitro-phenyl)-3-(3,4, 5-trimethoxy-phenyl)oxirane (37)

Into a round bottom flask containing 4-phenylpyridine N-oxide (0.4 mg, 0.0023
mmol), £ isomer of stilbene 9 (0.170 g, 0.492 mmol) and R,R-Jacobsen catalyst (3.2 mg,
0.0049 mmol), 3 mL of anhydrous CH,Cl, was added and, the mixture was stirred at 0
°C for 10 minutes before adding 1.2 mL of NaOCI (0.065 g, 0.873 mmol) and 0.05 mL
of a 3M NaOH (0.15 mmol) solution. After the reaction mixture was stirred at 0 °C for 1
h, another 1.2 mL of NaOCI was added and the mixture was stirred for 20 h, at which
point the product was extracted from the aqueous phase with CH,Cl,, and the resultant
organic phase was washed twice with water, once with brine and dried under Na;SOj.
The crude reaction mixture was purified by flash chromatography (20% EtOAc/ 80%
hex) to obtain 0.0869 g (0.241 mmol) of the epoxide in a 49% yield.

'H NMR (300 MHz, CDCls, 8): 7.6 (d, J = 2.6, ArH, 1H), 7.59 (d, J = 8.7, ArH,
1H), 7.21 (dd, J=8.7, 2.7, ArH, 1H), 6.74 (s, ArH, 2H), 4.34 (d, J = 2.0, CH, 1H), 4.04
(d, J = 2.0, C=CH, 1H), 3.91 (s, OCHj3, 3H), 3.88 (s, OCHs, 3H), 3.87 (s, OCHj3, 3H),

3.86 (s, OCHjs, 3H).
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C NMR (75 MHz, CDCly): & 159.6, 152.6, 150.0, 148.4, 143.2, 129.6, 128.1,
125.2,120.7, 119.5, 109.4, 104.0, 61.2, 61.1, 59.6, 59.5, 56.2, 55.9.
Dept 45 NMR (75 MHz, CDCly): 6 128.2, 120.8, 109.5, 104.1, 61.2, 61.2, 59.61,

59.58, 56.2, 56.0.

Z-2-(4-Methoxy-3,5-dinitrophenyl)-3-(3,4, 5-trimethoxyphenlyoxirane (38)

Into a round bottom flask containing 4-phenylpyridine N-oxide (0.0191 g, 0.108
mmol), stilbene 22 (0.116 g, 0.271 mmol) and R,R-Jacobsen catalyst (3.5 mg, 0.0054
mmol), 2 mL of anhydrous CH,Cl, was added and, the mixture was stirred at 0 °C for 10
minutes before adding 0.63 mL of NaOCI (0.065 g, 0.873 mmol) and 0.05 mL of a 3M
NaOH (0.15 mmol) solution. The reaction mixture was stirred for 21.5 h, at which point
the product was extracted from the aqueous phase with CH,Cl,, and the resultant organic
phase was washed twice with water, once with brine and dried under Na,SO4. The crude
reaction mixture was purified by flash chromatography (20% EtOAc/ 80% hex) to obtain
0.0410 g (0.101 mmol) of the epoxide in a 37% yield.

'H NMR (300 MHz, CDCl;, 8): 7.94 (d, J= 0.4, ArH, 2H), 6.42 (d, J= 0.5, ArH,
2H), 4.42 (dd, /= 4.1, 0.5, CH, 1H), 4.34 (dd, J = 4.1, 0.6, CH, 1H), 3.99 (s, OCH3, 3H),
3.79 (s, OCH3,6H), 3.77 (s, OCHs;, 3H).

3C NMR (75 MHz, CDCI3): & 153.3, 147.0, 144.7, 137.9, 131.7, 127.7, 127.3,
103.4, 64.8, 60.8, 60.4, 57.8, 56.1.

Dept 45 NMR (75 MHz, CDCI13): 6 127.3, 103.4, 64.8, 60.9, 60.4, 57.8, 56.1.
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Synthesis of Cold Precursors of Radio Labeled Combretastatins CA-1 and CA-4 '

1-Bromomethyl-2,3-diisopropoxy-4-methoxybenzene (39a)

At -5°C and under nitrogen atmosphere, 10 mL of a 0 °C CH,Cl, solution of
phosphorous tribromide (0.94 mL, 9.94 mmol) was added into a well-stirred solution of
2,3-diisopropoxy-4-methoxyphenylmethanol (3.37 g, 13.3 mmol ) in anhydrous CH,Cl,
(30 mL). The reaction mixture was stirred first at -5°C for 2 hours and the last 2.5 h at
room temperature, at which point, the mixture was slowly added to 50 mL of ice-water
and neutralized with NaHCO;. The product was extracted twice with CH,Cl, from the
aqueous phase and the combined organic phase was washed twice with water and twice
with brine. After the organic solution was dried under sodium sulfate, the solvent was
evaporated to afford 3.79 g (12.0 mmol) of the product in a 90% yield.

'H NMR (300 MHz, CDCl;, §): 7.10 (d, J=8.6, ArH, 1H), 6.64 (d, J=8.6, ArH,
1H), 4.87 ( sept., J=6.2, CH(CH3),, 1H), 4.58 (s, CH», 2H), 4.40 ( sept., J=6.2,
CH(CHs),, 1H) 3.83 (s, OCHs, 3H) 1.29 (d, J=5.1, CH(CHs),, 6H), 1.27 (d, J=5.2,

CH(CH:),, 6H).

(2,3-Diisopropoxy-4-methoxyphenyl)triphenylphosphonium bromide (39b)

Bromide 39a (10.3 g, 32.6 mmol) and triphenylphosphine (8.64 g, 32.6 mmol)
were dissolved in CH,Cl, (100 mL) and the reaction mixture was refluxed for 10 h at
which point water was added and the product extracted once from the aqueous phase with
CH,Cl, .The organic phase was washed twice with water and brine, then dried over
sodium sulfate. The crude was triturated at 0 °C with ethyl ether to afford 17.3 g (29.9

mmol) of the product in a 92% yield.
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'"H NMR (300 MHz, CDCls, 3): 7.68 (m, ArH, 15H), 7.04 (dd, J= 8.6, 2.9, ArH,
1H), 6.48 (d, J= 8.6, ArH, 1H), 5.14 (d, J= 13.8, CH,, 1H), 4.69 (sept., J= 6.2, CH(CH;),
1H), 3.94 (sept., J= 6.2, CH(CHs),, 1H), 3.74 (s, OCHs, 3H), 1.09 (d, J= 2.7, CH(CH;),

6H), 1.07 (d, J= 2.7, CH(CHs)s, 6H).

4-[(Z)-2-(3,5-Dimethoxyphenyl-4-t-butyldimethylsilyloxy)vinyl]-2,3-diisopropoxy- 1 -
methoxybenzene (40a)

30 mL of anhydrous CH,Cl, was poured into a flask containing NaH (3.77 g, 149
mmol) and the resultant suspension was stirred at 0 °C under nitrogen atmosphere for 15
minutes at which point 50 mL of a CH,Cl, solution of phosphonium bromide 39b (17.3
g, 29.8 mmol) was added carefully. After the reaction mixture was stirred for 10
minutes, 20 mL of a CH,Cl, solution of 3,5-dimethoxy-4-t-
butyldimethylsilyloxybenzaldehyde (8.36 g, 29.9 mmol) was added into the flask and the
reaction was stirred for 3 h at room temperature at which point water was added until
bubbling stopped. After the product was extracted once with CH,Cl, from the aqueous
phase_ the organic phase was washed twice with water, twice with brine and dried over
sodium sulfate. The crude reaction mixture was purified by flash chromatography (2%
EtOAc/ 98% hex) to afford 1.75 g (3.39 mmol) of the Z isomer in a 12% yield.

Z- isomer: '"H NMR (300 MHz, CDCls_6): 6.90 (d, J= 8.6, ArH, 1H), 6.56 (d, J=
12.1, C=CH, 1H), 6.44 (s, ArH, 2H), 6.43 (d, J= 8.6, ArH, 1H), 6.42 (d, J= 12.1 Hz,
C=CH, 1H), 4.68 (sept., J= 6.1, CH(CHs),, 1H), 4.41 (sept., J= 5.9, CH(CH3),, 1H), 3.77
(s, OCHs, 3H), 3.57 (s, OCHj3;, 6H), 1.28 (d, J= 6.2, CH(CH3),, 12H), 0.98 (s, CH(CH,),,

9H), 0.10 (s, Si(CHz),, 6H).
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C NMR (75 MHz, CDCI3): § 153.6, 151.1, 150.4, 140.3, 133.3, 129.9, 129.2,
125.6, 125.4, 124.9, 106.4, 106.1, 75.1, 74.8, 55.8, 55.4, 25.8, 22.6, 22.5, 18.7, -4.7.

Dept 90 NMR (75 MHz, CDCI3): 8 129.6, 126.0, 125.3, 106.7, 106.4, 75.5, 75.2.

Dept 135 NMR (75 MHz, CDCI3): 6 129.6 (CH), 126.0 (CH), 125.3 (CH), 106.7
(CH), 106.5 (CH), 75.5 (CH), 75.2 (CH), 56.2 (CHj3), 55.8 (CHs), 26.2 (CHs), 23.0
(CH3), 22.9 (CH3), -4.7 (CH3).

E- isomer (40b): 6.99 g was obtained in a 48% yield. 'H NMR (300 MHz,
CDCl;, 6): 7.29 (d, J= 8.7, ArH, 1H), 7.26 (d, J= 16.3, C=CH, 1H), 6.87 (d, J= 16.4 Hz,
C=CH, 1H), 6.70 (s, ArH, 2H), 6.67 (d, J= 8.5, ArH, 1H), 4.59 (sept., J= 6.2, CH(CHj3),,
1H), 4.44 (sept., J= 6.2, CH(CHs),, 1H), 3.84 (s, OCH3, 3H), 3.82 (s, OCHj3, 6H), 1.29

(d, J= 6.2, CH(CHs),, 12H), 1.00 (s, CH(CHs)», 9H), 0.13 (s, Si(CHs)», 6H).

4-[(E)-2-(3,4,5-Trimethoxyphenyl)vinyl]-2, 3-diisopropoxy-1-methoxybenzene (40cC)

Into a round bottom flask containing E-isomer 40b (0.343 g, 0.663 mmol), 3 mL
of anhydrous CH3CN was added, and the solution was stirred at 0 °C before adding 0.17
mL of CH3I (0.0384 g, 2.70 mmol). After the reaction mixture was stirred at 0 °C, 0.73
mL of a IM TBAF solution (THF, 0.191 g, 0.73 mmol) was added, and the contents were
stirred for 20 minutes at 0 °C, at which point, H;O was added to the reaction mixture.
The product was extracted once from the aqueous phase with EtOAc, and the resultant
organic phase was washed once with H,O, once with brine and dried under Na,SOy,
After the organic phase was filtered through silica gel and evaporated under vacuum,
0.248 g (0.596 mmol) of the product was obtain in a 90% yield.

'H NMR (300 MHz, CDCls, 8): 7.30 (d, J= 8.7, ArH, 1H), 7.28 (d, J= 16.9,

C=CH, 1H), 6.86 (d, J= 16.4, C=CH, 1H), 6.69 (s, ArH, 2H), 6.64 (d, J= 8.8, ArH, 1H),
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4.56 (sept., J= 6.2, CH(CHs),, 1H), 4.41 (sept., J= 6.2, CH(CHs),, 1H), 3.86 (s, OCHs,
6H), 3.81 (s, OCH, 3H), 3.80 (s, OCHs, 3H), 1.26 (d, J= 7.1, CH(CH),, 12H).

3C NMR (75 MHz, CDCI3): § 153.8, 153.2, 149.9, 140.2, 137.3, 133.8, 126.7,
125.2, 123.5,119.9, 107.2, 103.1, 75.4, 74.9, 60.7, 55.8, 5.7, 22.4, 22.3.

GC MS m/z (% relative intensity, ion): 416 (66, M"), 374 (11), 333 (39), 317

(100), 303 (16), 222 (23), 166 (23).

4-[(Z)-2-(3,5-Dimethoxyphenyl-4-t-butyldimethylsilyloxy)vinyl]-2-isopropoxy- 1 -
methoxybenzene (40d)

224 g of a mixture of cis/trans (6.7:1 ratio) was purified by column
chromatography (2% EtOAc/ 98% hex) to afford 2.09 g (4.56 mmol) of pure Z isomer in
a 93% recovery yield.

'H NMR (300 MHz, CDCl;, 8): 6.87 (d, J= 1.9, ArH, 1H), 6.83 (dd, J= 8.2, 2.0,
ArH, 1H), 6.75 (d, J= 8.2, ArH, 1H), 6.47 (s, ArH, 2H), 6.45 (d, J= 12.0, C=CH, 1H),
6.40 (d, J= 12.0, C=CH, 1H), 4.28 (sept., J= 6.0, CH(CH3),, 1H), 3.82 (s, OCH3, 3H),
3.62 (s, OCHs, 6H), 1.25 (d, J= 6.1, CH(CHj3),, 6H), 0.99 (s, CH(CHj3),, 9H), 0.11 (s,
Si(CH3),, 6H).

C NMR (75 MHz, CDCI3): § 151.3, 149.4, 146.8, 133.5, 130.2, 129.8, 129.1,

128.9,122.1, 116.0, 111.5, 106.0, 71.2, 56.0, 55.6, 25.8, 22.0, 18.7, -4.65.

4-[(Z)-2-(3,4,5-Trimethoxyphenyl)vinyl]- 2-isopropoxy-1-methoxybenzene (40e)
Into a round bottom flask containing Z-isomer 40d (0.200 g, 0.437 mmol), 5 mL
of anhydrous CH3;CN was added, and the solution was stirred at 0 °C for before adding

0.11 mL of CHsI (0.248 g, 1.75 mmol). After the reaction mixture was stirred at 0 °C for
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15 minutes, 0.48 mL of a 1M TBAF solution (THF, 0.126 g, 0.48 mmol) was added, and
the contents were stirred for 15 minutes at 0 °C, at which point, H,O was added to the
reaction mixture. The product was extracted once from the aqueous phase with EtOAc,
and the resultant organic phase was washed once with H,O, once with brine and dried
under Na,SO, After the solvent was evaporated under vacuum, the crude reaction
mixture was purified by flash chromatography (25% EtOAc/ 75% hex) to obtain 0.148 g
(0.413 mmol) of the product in a 94% yield.

'H NMR (300 MHz, CDCl;, 8): 6.84 (dd, J= 2.0, 8.2, ArH, 1H), 6.79 (d, J= 1.9,
ArH, 1H), 6.76 (d, J= 8.3, ArH, 1H), 6.50 (d, J= 12.1, C=CH, 1H), 6.49 (s, ArH, 2H),
6.43 (d, J= 12.1, C=CH, 1H), 4.24 (sept., J= 6.1, CH(CHj3),, 1H), 3.82 (s, OCH3, 3H),
3.81 (s, OCHj3, 3H), 3.69 (s, OCH3, 6H), 1.22 (d, J= 6.1, CH(CHs), 6H).

C NMR (75 MHz, CDCI3): & 153.0, 149.5, 146.8, 137.0, 133.2, 129.9, 129.8,

128.7,122.2,115.9, 111.5, 105.8, 71.1, 60.9, 56.0, 55.9, 22.0.

2-Methoxy-5-[(Z)-2-(3,4,5-trimethoxyphenyl)vinyl] phenol (40f)

Into a round bottom flask keeping nitrogen gas and containing 4 mL of a CH,Cl,
solution of 40e (0.127 g, 0.354 mmol), 0.05 mL of TiCls (0.0864 g, 0.456 mmol) was
added and, the reaction mixture was stirred for 19 minutes at 0°C, at which point, ice-water
was added until bubbling stopped. The product was extracted once from the aqueous
phase with CH,Cl, and the combined organic phase was washed twice with water and once
with brine. After the organic solution was dried under sodium sulfate, the solvent was
evaporated and the product was purified by recrystallization (hex-EtOAc) to afford 0.104 g

(0.329 mmol) of CA-1 in a 93% yield.
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'"H NMR (300 MHz, CDCl; 8): 6.91 (d, J= 1.9, ArH, 1H), 6.79 (dd, J= 8.3, 1.9,
ArH, 1H), 6.72 (d, J= 8.3, AtH, 1H), 6.52 (s, ArH, 2H), 6.46 (d, J= 12.2, C=CH, 1H),
6.40 (d, J= 12.2, C=CH, 1H), 5.52 (s, OH, 1H), 3.85 (s, OCHs, 3H), 3.83 (s, OCH;, 3H),
3.69 (s, OCHs, 6H).

3C NMR (75 MHz, CDCly): & 152.8, 145.7, 145.2, 137.1, 132.7, 130.6, 129.5,

129.0, 121.1, 115.0, 110.3, 106.0, 60.9, 55.94, 55.91.

Synthesis of OXi8007 and a Nitrogen-Based Indole >

1-(4-Methoxy-3-t-butyldimethylsilyloxyphenyl)ethanone (41a)

The product was purified by column chromatography (20% EtOAc/ 80% hex) to
obtain the protected acetophenone in high purity.

'H NMR (300 MHz, CDCls,8): 7.57 (dd, J= 8.5, 2.2, ArH, 1H), 7.45 (d, J= 2.2,
ArH, 1H), 6.86 (d, J= 8.5, ArH, 1H), 3.86 (s, OCHj3, 3H), 2.52 (s, COCHj3, 3H), 0.90 (s,
CH(CHs),, 9H), 0.16 (s, Si(CH3),, 6H).

BC NMR (75 MHz, CDCl3): & 196.8, 155.3, 144.8, 130.6, 123.5, 120.5, 110.8,

55.5,26.3,25.7, 18.5, -4.6.

1-Methoxy-2-t-butyldimethylsilyloxy-4-(1-trimethylsilyloxyvinyl)benzene (41b)

Into a round bottom flask keeping N, gas, and containing 8.1 mL of
diisopropylamine (5.77 g, 57.1 mmol), 50 mL of Et,O was added. After the solution was
cooled at 0°C, BuLi (22.9 mL, 26.8 mmol) was added, and the mixture was stirred for 15
minutes before adding 40 mL of a Et,O solution of ketone 41a (10.7, 38.3mmol). After

the reaction mixture was stirred for 20 minutes, 7.4 mL of TMSCI (6.23 g, 57.3 mmol)
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was added, and the reaction mixture was stirred for 13 h at room temperature, at which
point, 70 mL of a 10% NaHCOj solution was added. The product was extracted twice
with hexanes from the aqueous phase, and the combined organic phase was dried under
K,COs. After the solvent was evaporated, 15.0 g (42.6 mmol) of the crude reaction
mixture was obtained.

'H NMR (300 MHz, CDCls, 8): 7.15 (dd, J= 8.5, 2.2, ArH, 1H), 7.08 (d, J=2.2,
ArH, 1H), 6.78 (d, J= 8.5, ArH, 1H), 4.75 (d, J= 1.6, C=CH, 1H), 4.31 (d, /= 1.5, C=CH,
1H), 3.80 (s, OCHs, 3H), 0.99 (s, CH(CHs)>, 9H), 0.24 (s, Si(CHs);, 9H) 0.15 (s,

Si(CH;),, 6H).

2-Bromo- 1-(4-methoxy-3-t-butyldimethylsilyloxyphenyl)ethanone (41c)

Into a round bottom flask containing TMS ether 41b (15.0 g, 42.6 mmol), 70 mL
of anhydrous CH,Cl, and 0.6 g of K,CO; were poured and N, gas was passed through
the system. After the solution was cooled at 0 °C, 2 mL of Br, (6.22 g, 38.9 mmol) was
added drop-wise, and the reaction mixture was stirred for 30 minutes, at which point, a
saturated solution of Na,;S;0; (40 mL) was added. The product was extracted three
times from the aqueous phase with CH,Cl,, and the resultant organic phase was dried
under Na,SO4 followed by evaporation of the solvent. The crude reaction mixture was
purified by flash chromatography (2.5% EtOAc/ 97.5% hex) to obtain 3.90 g (10.9
mmol) of the product in a 28% yield.

'H NMR (300 MHz, CDCls, 8): 7.61 (dd, J= 8.5, 2.2, ArH, 1H), 7.48 (d, J= 2.2,
ArH, 1H), 6.88 (d, J= 8.5, ArH, 1H), 4.37 (s, CHa,, 2H), 3.88 (s, OCHj3, 3H), 0.99 (s,

CH(CHs),, 9H), 0.24 (s, Si(CHz)s, 9H) 0.16 (s, Si(CHs),, 6H).
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3C NMR (75 MHz, CDCly): § 189.9, 156.1, 145.1, 127.1, 124.3, 121.1, 111.0,
55.6,30.7,25.7, 18.5, -4.6.
Dept 135 NMR (75 MHz, CDCls): & 124.3 (CH) , 121.1 (CH), 111.0 (CH), 55.6

(CH3), 30.7 (CH»), 25.7 (CHy), -4.6 (CHs).

6-Methoxy-2-(4-methoxy-3--t-butyldimethylsilyloxyphenyl)-1 H-indole (41d)

Into a 3-neck round bottom flask containing a refluxing mixture of 3.6 mL of m-
anisidine (3.87 g, 31.4 mmol) and 13 mL of N,N-dimethylaniline, 22 mL of a EtOAc
solution of bromide 41c was added, and the mixture was refluxed at 140 °C for 13 h.
After the reaction mixture was cooled at room temperature, water was added (25 mL),
and the product was extracted three times from the aqueous phase with EtOAc, the
resultant organic phase washed with water and brine and dried under Na,SO4. The crude
reaction mixture was purified by flash chromatography (20% EtOAc/ 80% hex) to obtain
2.83 g (7.38 mmol) of the product in a 49% yield.

'H NMR (300 MHz, CDCl;_3): 8.09 (br s, NH, 1H), 7.45 (d, J= 8.6, ArH, 1H),
7.16 (dd, J= 8.3, 2.2, ArH, 1H), 7.11 (d, J= 2.2, ArH, 1H), 6.89 (d, J= 8.4, ArH, 1H),
6.88 (d, J=2.2, ArH, 1H), 6.77 (dd, J= 8.6, 2.3, ArH, 1H), 6.60 (dd, J= 2.1, 0.8, C=CH,
1H), 3.85 (s, OCHj3, 3H), 3.83 (s, OCHs;, 3H), 1.02 (s, CH(CHs)», 9H), 0.18 (s, Si(CHx)a,

GH).

3,4,5-Trimethoxy-N-(3-methoxyphenyl)benzamide (42)
Into a 2-neck round bottom flask containing 45 mL of an o-dichlorobenzene
solution of indole 41d (3.00 g, 7.83 mmol), benzoyl chloride (4.60 g, 19.5 mmol) was

added, and the mixture was heated at 160 °C for 12 h. After the reaction mixture was
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cooled at room temperature, water was added (25 mL), and the product was extracted
twice from the aqueous phase with CH,Cl,. The resultant organic phase was washed
with water, brine and dried under Na,SO, followed by isolation of the product from the
crude reaction mixture by flash chromatography (20% EtOAc/ 80% hex). The resultant
yellow solid obtained was dissolved with CH,Cl, (15 mL), washed with a saturated
NaHCOj; solution (2x 10 mL), and dried under Na,SO4. After evaporation of the solvent,
1.00 g (3.15 mmol) of the product was obtained in a 40% yield.

'H NMR (300 MHz, CDCl;, 8): 9.21 (br s, NH, 1H), 7.38 (t, J= 2.0, ArH, 1H),
7.24 (ddd, J= 8.0, 1.9, 1.0, ArH, 1H), 7.15 (t, J= 8.1, ArH, 1H), 7.09 (s, ArH, 2H), 6.64
(ddd, J=8.1, 2.5, 1.0, ArH, 1H), 3.82 (s, OCHs, 3H), 3.69 (s, OCHj3, 6H), 3.68 (s, OCHs,
3H).

BC NMR (75 MHz, CDCLy): & 165.9, 159.6, 152.5, 140.4, 139.1, 129.8, 129.1,
112.7, 109.8, 106.1, 104.3, 60.4, 55.5, 54.7.

Dept 135 NMR (75 MHz, CDCls): & 129.5 (CH), 113.0 (CH), 110.2 (CH), 106.5

(CH), 104.6 (CH), 60.7 (CHs), 55.9 (CHs), 55.0 (CH»).

2-Bromo-1-(4-methoxy-3-nitrophenyl)ethanone (43)

Into a round bottom flask containing 15 mL of a CHCl; solution of 1-(4-
methoxy-3-nitrophenyl)ethanone (2.04 g, 10.5 mmol), 15 mL of a CHCl; solution of Br;
(1.68 g, 10.5 mmol) was added for 15 minutes. After the reaction mixture was stirred for
2 h, water (20 mL) was added and the organic phase was washed twice with water, once
with brine and dried under Na,SO,. After the solvent was evaporated, the solid obtained
was purified by recrystallization with EtOH to afford 1.79 g (6.53 mmol) of the product

in a 64% yield.
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'H NMR (300 MHz, CDCl;, 8): 8.47 (d, J= 2.3, ArH, 1H), 8.20 (dd, J= 8.9, 2.3,
ArH, 1H), 7.19 (d, /= 8.9, ArH, 1H), 4.38 (s, CH,, 2H), 4.05 (s, OCHj3, 3H).
GC MS m/z (% relative intensity, ion): 275 (3, M" + 2), 273 (3, M"), 180 (100),

105 (16), 90 (9), 76 (9).

N-(3-Methoxyphenyl)acetamide (44)

Into a round bottom flask containing 3-methoxyaniline (1.06 g, 8.55 mmol), 1.6
mL of triethylamine (1.14 g, 11.3 mmol), and DMAP (0.106 g, 0.85 mmol), 25 mL of
CH,Cl, was added and the contents were stirred under nitrogen gas for 15 minutes before
adding 1.1 mL of acetic anhydride (1.18 g, 11.5 mmol). After the reaction was stirred
for 16.5 h, water (20 mL) was added and the organic phase was washed once with brine
followed by drying under Na,SO4. After the solvent was evaporated, the solid formed
was recrystallized with Et,O-EtOAc to afford 1.20 g (7.27 mmol) of the product in an

84% vield.

"H NMR (300 MHz, CDCl; §): 7.42 (br s, NH, 1H), 7.28 (t, J= 2.2, ArH, 1H),
7.20 (t, J= 8.1, ArH, 1H), 6.97 (dd, J= 8.0, 1.1, ArH, 1H), 6.66 (ddd, J= 8.3, 2.4, 0.7,
ArH, 1H), 3.79 (s, OCHs, 3H), 2.18 (s, COCH, 3H).

GC MS m/z (% relative intensity, ion): 165 (68, M), 123 (100), 94 (38).

N-(5-Methoxy-2-nitrophenyl)acetamide (45)
Acetic anhydride (55 mL) was poured into a flask containing acetamide 44 (5.76
g, 34.9 mmol), and the solution was stirred at 0 °C before adding 22.2 mL of a 0 °C

mixture of AcOH (19.2 g, 320 mmol) and HNO; (¢) (3.93 g, 62.4 mmol) during a 10-
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minute period. After the reaction mixture was stirred forl5 minutes, it was poured into
ice-water (200 mL) and cooled at 0 °C for an hour, at which point, the green solid
formed was filtered, and the product was extracted twice from the filtrate with CH,ClL.
The resultant organic phase was washed with brine, dried under Na,SOy, and the solvent
evaporated to afford a red solid. Both solids were mixed together and purified by flash
chromatography (15% EtOAc/ 85% hex) to obtain 3.06 g (14.6 mmol) of the product in a
42% yield.

'H NMR (300 MHz, CDCl;_§): 10.75 (br s, NH, 1H), 8.43 (d, J= 2.8, ArH, 1H),
8.20 (d, /= 9.5, ArH, 1H), 6.65 (dd, J= 9.5, 2.8, ArH, 1H), 3.90 (s, OCHs, 3H), 2.29 (s,
COCHs, 3H).

C NMR (75 MHz, CDCl; ): 6 169.4, 165.8, 137.8, 129.4, 128.1, 110.8, 104.2,
56.1,25.9.

GC MS nv/z (% relative intensity, ion): 210 (30, M"), 168 (78), 164 (100), 138
(45), 122 (25).

Mp 126.5 °C (126.0- 127.0 °C)

5-Methoxy-2-nitroaniline (46)

Into a round bottom flask containing acetamide 45 (0.187 g, 0.892 mmol), 5 mL
of boiling water was added and the mixture was refluxed for 30 minutes before adding
0.51 mL of concentrated HCI (0.223 g, 6.12 mmol). After the reaction mixture was
refluxed for 15 h, a saturated solution of K,CO; was added until the solution became
neutral. The heterogeneous mixture was cooled at 0 °C for an hour and the solid formed
was filtered and dried under vacuum to afford 0.146 g (0.869 mmol) of the product in a

97% yield.
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'H NMR (300 MHz, CDCl;_8): 8.06 (d, J= 9.5, ArH, 1H), 6.28 (dd, J= 9.5, 2.6,
ArH, 1H), 6.20 (br s, NH, 2H), 6.14 (d, J=2.6, ArH, 1H), 3.82 (s, OCH3, 3H).

'"H NMR (300 MHz, acetone-ds, 8): 7.99 (d, J= 9.6, ArH, 1H), 7.10 (br s, NH,
2H), 6.50 (d, J= 2.7, ArH, 1H), 6.28 (dd, J=9.5, 2.7, ArH, 1H), 3.83 (s, OCHj3, 3H).

C NMR (300 MHz, acetone-dg): 5 166.2, 149.3, 128.6, 107.0, 100.1, 56.1

Dept 45 NMR (300 MHz, acetone-de): & 128.6, 107.0, 100.0, 56.1

GC MS m/z (% relative intensity, ion): 168 (100, M"), 138 (27), 122 (23), 107

(14), 95 (18), 79 (16), 52 (16).

1-(5-Methoxy-2-nitrophenyl)-2-(4-methoxyphenyl)-1 H-azirene (47).

Into a 3-neck round bottom flask containing a 100 °C mixture of aniline 46 (1.34
g, 7.99 mmol) and 25 mL of N,N-dimethylaniline, 5 mL of a CH,Cl, solution of 2-
bromo-1-(4-methoxyphenyl)ethanone (1.00 g, 4.23 mmol) was added, and the mixture
was refluxed at 190 °C for 24 h under nitrogen atmosphere. After the reaction mixture
was cooled at room temperature, CH,Cl, (15 mL) and a 10% HCI solution (15 mL) were
added, and the resultant organic phase was washed with water, brine and dried under
Na,SO4.  The product was isolated from the crude reaction mixture by flash
chromatography (10% EtOAc/ 90% hex) to obtain a solid which was further
recrystallized with hex/ EtOAc to obtain 0.230 g (0.772 mmol) of the product in an 18%
yield.

'H NMR (360 MHz, CDCl;_8): 9.12 (br s, NH, 1H), 8.13 (d, J= 8.9, ArH, 2H),
7.95 (d, J= 9.1, ArH, 1H), 7.39 (d, J= 2.7, ArH, 1H), 7.34 (dd, J= 9.1, 2.8, ArH, 1H),

7.06 (d, J= 8.9, ArH, 2H), 3.98 (s, OCHs, 3H), 3.89 (s, OCHs, 3H).
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3C NMR (75 MHz, CDCls): & 161.4, 161.0, 151.6, 144.0, 140.5, 137.4, 130.0,
129.5, 128.9, 122.3, 114.6, 106.8, 55.8, 55.4.

Dept 45 NMR (75 MHz, CDCL): & 140.5, 130.0, 128.9, 122.3, 114.6, 106.8,
55.8, 55.4.

Dept 90 NMR (75 MHz, CDCly): & 140.5, 130.0, 128.9, 122.3, 114.6, 106.8.

Dept 135 NMR (75 MHz, CDCLy): & 140.5 (CH), 130.0 (CH), 128.9 (CH), 122.3

(CH), 114.6 (CH), 106.8 (CH), 55.8 (CH;), 55.4 (CH;).

Biological and Biochemical Evaluation

The biological and biochemical activity of the compounds synthesized in the
present research work were evaluated through a collaborative effort with Dr. Mary Lynn
Trawick (Baylor University, Waco, Texas) and Dr. Ernest Hamel (National Cancer
Institute, Frederick, Maryland) who performed the inhibition of tubulin assembly assays.
The cancer cell growth inhibitory activity assays with selected human cancer cell lines
which were carried out in the laboratory of Dr. George Pettit (Arizona State University).
The evaluation of the in vitro cytotoxicity using MTT and the in vivo blood flow
reduction studies were carried out in the laboratory of Dr. Klaus Edvardsen (University

of Lund, Sweden).

Tubulin Polymerization Assay

Tubulin was purified from calf brain according to the method of Hamel and Lin.”
This method is based on six selective polymerization / cold depolymerization cycles.
Tubulin purity was determined by SDS-PAGE and by its ability to polymerize. The

purified tubulin was flash frozen and stored in liquid nitrogen. The tubulin concentration
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was determined by a two-component’' analysis using the absorption measured at 278 and
255 nm and the following extinction coefficients: for tubulin, 1.2 L g cm™ at 278 nm
(Harrison et al.)** and 0.65 L ¢! em™ at 255 nm; for GTP, 12.17 x 10° and 7.66 x 10 M
cm™ at 255 and 278 nm, respectively. Tubulin polymerization was induced in the
presence of organic acid (sodium glutamate) and GTP by a temperature jump to 30 °C

according to the method of Verdier-Pinard et al.>***

Polymerization was followed
turbidimetrically at 350 nm on an Agilent 8453 spectrophotometer equipped with kinetics
program software, a jacketed cell holder, and two circulating water baths. To ice chilled
tubulin at 1.0 mg / mL in 1.0 M glutamate, pH 6.6 (10uM), pure DMSO (4% v/v final
concentration) was added for the control or 2.5 — 1000 uM of the analog to be analyzed

in DMSO, giving a final concentration of 0.1 —40.0 uM compound in a total volume of

200 pl of reaction mixture. The mixture was incubated at 30°C for 15 min and cooled at
0°C for 15 min. An aliquot of 10mM GTP (final concentration of 0.4mM), was added to
the reaction mixture on ice, mixed, and immediately transferred into a pre-cooled 250ul
quartz microcuvette. The baseline was established at 350 nm at 0°C and after 100
seconds, polymerization was initiated by a temperature jump to 30°C. After 1500
seconds, the cell was cooled to 0°C to induce depolymerization. Turbidity (Absorbance)
readings were recorded every 10 s. ICsy values of the various analogs were determined
form the data using nonlinear regression analysis with the Prism software (GraphPad)

3.02 version.
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MTT Assay

The MTT cell proliferation assay was used to quantify the cell viability,
measuring cell survival and proliferation spectrophotometrically.”® This colorimetric
assay measures the reduction of 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl tetrazolium
bromide (MTT), reflecting the changes in cell proliferation. The mechanism of this assay
involves the cleavage of the tetrazolium ring by active mitochondria in living cells,
producing a dark blue formazen product which can be quantified in a rapid colorimetric
fashion. The reduction of MTT can only occur with living cells containing active
mitochondria. Comparison of the cells treated with the drug to an untreated control
group provides the relative cytotoxicity, reflecting the loss of cell viability as MTT
reduction decreases. Heart endotheliaoma cells (MHECS-T) from mice were exposed to
serial dilutions of the reported compounds, and cell viability was determined after
incubation at 37 °C at one hour and at 5 days by the MTT method, yielding the drug

concentration which reduced cell viability by 50% of the control (ICsy).

In Vitro Cytotoxicity Studies

Some of the synthesized compounds were tested for inhibition of human cancer
cell growth by using National Cancer Institute’s standard sulforhodamine B (SRB) assay.
SRB is a protein-binding dye that binds to the basic amino acids of cellular components,
and is used to stain the cells. The cell lines in a suitable medium are preincubated for 24
hours in 96-well microliter plates followed by treatment with serial dilutions of the
compounds. After 48 hours, the plates are fixed with trichloroacetic acid and stained
with SRB. The solubilized stain is then measured spectrophotometrically, and the Gls is

calculated from optical density data with Immunosoft software.(ref malli)
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Blood Flow Reduction

In vivo experiments were performed in the MHECS-T tumor model established by the
injection of cultured MHECS5-T cells into the right flank of SCID mice."”> When the
established tumor reached the size of 300 mm’ (a mass without the development of
necrosis), mice were injected i.p. with doses of the various compounds at 100 mg/kg or
10 mg/kg. At 24 hours after injection, the animals were injected in the tail vein with 0.25
mL of diluted FluoSphere beads (1:6 in physiological saline). The mice were sacrificed 3
minutes thereafter, and cryosections at a thickness of 8 pum were removed from the
tumor, heart, liver, spleen, and kidney. These cryosections were directly examined under
a fluorescent microscope, providing a blue fluorescence from the injected microbeads.
The results were quantified from three sections of three tumors in each group and in each
section, recording more than 70% of the area using a microscopic digital camera at 100 x
magnification. The computer program Stage Pro (Media Cybernetics, MD) was used to
control the picture recording, and image analysis was preformed using Image Plus

software (Media Cybernetics, MD).



CHAPTER FOUR

Results and Discussion

In this chapter, the synthesis of different CA-1 and CA-4 combretastatin
derivatives and indole-based analogues will be presented. The discussion will first focus
on the synthesis of nitrogen-containing derivatives, on which the substitution of the
phenol group(s) of CA-1 and CA-4 were replaced by nitro, amino or serinamide moieties.
The second part will concentrate on the synthesis of nitro-based epoxide derivatives, on
which the double bond of both combretastatins was transformed into the epoxy
functionality. Synthetic strategies useful for the radiolabeling of both combrestastatins
will be discussed in part three of this chapter and, finally, the synthesis of an indole-
containing compound will be presented at the end of the chapter. Along with
explanations for the synthetic methologies used for these compounds, important
observations of reaction conditions, spectroscopic data, and unexpected product

formation will be explained in detail.

Synthesis of Nitrogen-Based Combretastatin A-4
Scheme 4.1 shows the synthesis of the 3’-amino CA-4 analogue 4 which was
synthesized following the procedure previously reported by Pinney and co-workers.™
Initial bromination of 1-methoxy-4-methyl-2-nitrobenzene with NBS in the presence of
AIBN formed monobromide 1 in a 64% yield. It was noted that if the reaction is carried

out for more than 19 hours, the yield of the product starts decreasing because of the

formation of the dibromo derivative which is the major by-product found under these

86
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reaction conditions. Monitoring of the reaction by GC-MS showed that the reaction
mixture at 6.5 h contained 50% of starting material, 46% of the product, and nearly 2%
of the dibromo derivative. At 17 h, there was 11% of the starting material, 75% of the
product and almost 14% of dibromo analog. At 19 h, the reaction mixture contained 4%
of starting material, 81% of the product, and 15% of dibromo analog. Therefore, reaction
times longer than 19 h are not needed because the longer reaction times facilitate

formation of the undesirable dibromo analog.

B ® O
CH, r PPh;Br
NBS, AIBN X PPh,
. NO, CCly , reflux 19h NO,  CH,Cl,, reflux 6.5h NO,
} 64 % yield OCH; 96 % yield OCH,
1 2
H,CO
H,CO
® 0O
PPh; Br
’ 0. H
+ NaH, N2 5 16 h
I NO, HyCO OCH, CH,Cl, (anhy) , 0°C-->RT
} OCH; Z isomer: 45% yield H;CO N
2 after isolation
H;CO
ratio 3:3a=4.4: 1 3 OcH
3
3a
H;CO. N H.CO
O Na,S,0,4 ’ O o
H;CO O Acetone / H,O (2:1)  HyCO
2 . 3 .
OCH, xo, 50°C. 1.5 h ocH, ‘ + E isomer, 4b
OCH, 76 % yield L
3

Scheme 4.1. Synthesis of 3’-amino CA-4 analogue (compound 4).*°



88

Characterization of the product and the by-product was carried out by analysis of
their 'H-NMR and low-resolution MS. For example, the monobromide derivative
showed in its MS two peaks in a ratio 1:1 corresponding to the M © (243) and M" + 2

(245) demonstrating the presence of just one bromine.”””®

The presence of two bromines
in the by-product was shown by the typical triplet (ratio 1:2:1) corresponding to M "
(323) and M" + 2 (325) and M" + 4 (327).>"* Triphenylphosphonium bromide 2 was
obtained in a 96% yield after refluxing bromide 1 with triphenylphosphine for 6.5 h. Its
NMR spectrum showed a doublet at 5.98 ppm exhibiting a J= 14.3 Hz, a typical value for
a two-bond H-P coupling.” The Z stilbene 3 was formed by a Wittig reaction of bromide
2 with 3.,4,5-trimethoxybenzaldehyde using NaH as the base. The structure assignment
of the product was based on the magnitude of the coupling constant measured for the
vinylic protons which was J= 12.1 Hz, a typical *Juy value for Z alkenes.”™® Different
experiments carried out showed that the reaction is complete after 15 h and longer
reaction times are not required. The crude reaction mixture analyzed by GC-MS showed
an average Z-F ratio of 4.4:1 after work up and the separation of these isomers by flash
chromatography allowed characterization of the more polar E isomer 3a by measuring its
vinylic coupling constant which gave a value of 16.6 Hz, a typical *Juy value for E

57,58

alkenes. Interestingly, as Figure 4.1 shows, the E isomer "H-NMR has exactly the

same patterns in the same sequence as observed for the Z isomer; however all the peaks

are shifted more downfield presumably because of the anisotropic deshielding produced

57,58

by the benzene rings. Reduction of the nitro group of stilbene 3 yielded free amine 4

59,60

in a 76% yield after refluxing the stilbene with sodium hydrosulfite. Interestingly,

when the organic phase (EtOAc) was dried over magnesium sulfate, a pale yellow solid
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precipitated. This solid was filtered and purified by recrystallization with EtOAc and

different NMR spectrum was obtained (Figure 4.2) to elucidate its structure.
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Figure 4.1. Aromatic region of the '"H-NMR spectrum of E isomer 3a

We were surprised to find that its 'H and >C-NMR did not match with the free
amine 4 previously reported in the literature.® We postulated that the possible structure
belonged to the arylaminium salt 4a shown in Scheme 4.2 since the only sort of acidic
chemical used was the dehydrating agent magnesium sulfate. Comparable to some small
highly charged metal ions, Mg in water becomes hexahydrated, which in turn suffers a
hydrolysis generating hydrogen ions®' as depicted in part “a” of Scheme 4.2. The

positively charged magnesium ion, which is directly attached to the water oxygen,
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induces, by an electronic effect, a weakness of the O-H bond making this proton
considerably acidic to protonate water.’’ After the hydronium ions are formed,
protonation of the free amine takes place to form the salt 4a. In Figure 4.2, it is clearly
seen how an increment in the concentration of the sample shifts downfield the peak for
the hydrogens attached to the nitrogen suggesting an increment in the strength of the
hydrogen bond associated with this compound.

In order to test the hypothesis we decided to treat this solid with a base with the
hope of regenerating the free amine 4. Approximately 98 mg of the solid was treated
with 0.8 mL of a 10% solution of NaOH followed by extraction of the product with Et,0.
The ethereal phase was dried, this time with sodium sulfate, evaporated, and another 'H-
NMR was taken which showed a direct match with the expected NMR. Therefore, this
demonstrated the hypothesis and illustrated the care we must employ when drying acid-
sensitive groups like amines.”

One important observation in the "H-NMR of the aminium salt 4a is that the
aromatic protons, which are more downfield than their respective protons in the free
amine, have unusually broad peaks making it difficult to easily recognize the patterns for
each type of hydrogen. In addition, the two vinyl hydrogens are accidentally equivalent
giving a second-order pattern. At first glance, it seems that the two doublets appear as a
singlet but careful analysis of the spectrum shown in Figure 4.2 reveals the presence of

two tiny peaks located on each side of the peak at 6.33 ppm.
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Figure 4.2. 'H-NMR spectrum of the unknown yellow solid (salt 4a) taken at different
concentrations in CDCls. a) 6 mg b) 12 mg and c¢) 24 mg d) >C-NMR taken from 24 mg
of sample. All the samples were prepared using the same volume of CDCl;.
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+2 )
3) MgSO, + H,0 [Mg(HZO)s] + 50,
(aq)
+2 * ®
Mg(H,0) ] + H,0
[ 20)s 200 MgOH)HO)s |+ 1,04y  K=3.0x10"2
(aq) (aq)
H,CO O "
A
H,CO
X
o . O Me(OH)(H,0)s
OCH + H3O(aq) H3CO
3 N, OCH,4 ® 2
OCH3 NH3 SO4
OCH;
H;CO N 4
) O H,CO N
OCH, ®, H,CO O + H,0
3
Lo, OCH, h,
OCH
4a 4 ’

Scheme 4.2. Generation of hydrogen ions in an aqueous magnesium sulfate solution.®!

a) protonation of free amine 4. b) Neutralization of the ammonium salt with NaOH to
regenerate free amine 4.

The E isomer 4b was separated from the crude reaction mixture to confirm the
structure of compound 4. Figure 4.3 shows the expanded aromatic region of the 'H-
NMR spectrum of the E isomer before and after appliying resolution enhancement. It is
clearly seen that resolution enhacement of these peaks aided in determining the different
coupling patterns for each proton in the structure of this isomer. Careful analysis of this
set of peaks, shown in the bottom spectrum of Figure 4.3, allowed for the identification
of two doublets of about J=16.1 Hz (2078.4 Hz - 2062.4 Hz and 2058.7 Hz — 2042.4 Hz)

3738 Note also, that free amine 4b

indicating that the structure belongs to the £ isomer.
has all its aromatic hydrogens located more downfield than the respective Z isomer 4

probably because these protons are in the deshielding cone of the two benzene rings.
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Figure 4.3. Expanded aromatic regions of the 300 MHz 'H-NMR spectrum of E isomer
4b. The top spectrum corresponds to the spectrum before appliying resolution
enhancement while the bottom spectrum was obtained after enhancement of its
resolution.

63,64 _ .+ 1 .
" acidification of

Following a procedure developed by Ohsumi and co-workers,
the free amine 4 was performed with a 4N HCI solution in dioxane to form the respective

hydrochloride salt 5 in a 52% yield. This compound, which is known today as AC-7739,
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was presented publically for the first time by the Ajinomoto pharmaceutical company
group and later by Pinney and co-workers independently.®  Because of its outstanding
properties as a VDA, The Ajinomoto researchers directed their efforts towards the
synthesis of different amino acid-based combrestastatin A-4 analogues. One of them,
AC-7700 (AVES8062), which is the hydrochloride salt of the serinamide 7, which has

been introduced in clinical development by Aventis Inc.®"

H,CO N H,CO. §
4N HCI - dioxane O
H;CO O H;CO
OCH;3 19h,RT OCH
NH, L 3 N@3 CCP
OCH3 52 % yleld OCH3
4 5
AC-7739
0
H,CO O DCC, HOBt.HZO / 22hatRT H,CO O O o )&\
OCH o]
’ NH, FMOC-L-Ser(Ac),DMF(anhy) OCH, N»\';/\
OCH; 33 % vi oc,H _NH
% yield O/<O
4

6 (J
H;CO O N Z>— O.

H,CO ‘ ij\) H,CO
3
OCH; Sy~ ONNaOH ,6hatRT O o
o L8
o CH,Cly/ CHyOH (1:1) OCH; NN
ocuH  NH
6 .O 54 % yield ’ ’

.
Scheme 4.3. Synthesis of AC-7739 and the serinamide CA-4 analogue 7.%%
The synthesis of serinamide 7 involved initial reaction of amine 4 with FMOC-L-

Ser(Ac), DCC and HOBt to form, in a 33% yield, the protected FMOC serinamide 6

which in turn, after reacting with an aqueous 2N-NaOH solution, formed the aminoacid
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analogue 7 in a 54% yield."*** One important observation in the 'H-NMR spectrum of
compound 7 is that the methine hydrogen attached to the chiral a-carbon that contains the
amine group appears as a broad triplet. However these peaks most likely correspond to
an overlap of a doublet of doublets of J= 5.0 Hz because the methylene hydrogens are not
magnetically equivalent as a consequence of the adjacent chiral center. In fact, although
it is not easy to see, all of the peaks for these two hydrogens (overlapping two methoxy
groups) appear as a doublet of doublet.

Encouraged by the potential anticancer activity of AC7739 and AC7700, we

decided to synthesize the 2’-nitrogen analogue’®””*

to compare its activity against the
3’-isomer giving further insights into the structural requirements for the interaction of
these agents with tubulin.

The synthesis of free amine 10, which is shown in Scheme 4.4, starts with the
benzylic bromination of 4-methoxy-1-methyl-2-nitrobenzene using the same procedure
already described for the 3’-isomer.® Monitoring of the reaction mixture was performed
by GC-MS and indicated that carrying out the reaction for more than 17 h was not
recommended due to the conversion of the monobromide into its dibromo derivative. For
instance, after 17 h the average composition of the crude mixture was 7% of starting
material, 88% of bromide 17, and 5% of the dibromo derivative. However, when the
reaction was allowed to proceed for 20, 22 and 35 h the crude mixture contained (in each
case) 6% of starting material, 80% of monobromide, and 14% of dibromide. As noted

from these data, no further conversion of the starting material occurs however further

reaction of the desired product takes place decreasing its yield.
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® O
i o PPh;Br
NO, NBS, AIBN NO, PPh, ‘o,
CCly, reflux 16 h CH,Cl, , reflux 16 h
OCH; OCH o i
73 % yield 3 95 % yield OCH;
17 g

H,CO N
® O O NO,
PPh; Br H;C0

Os_H

NaH, N, , 16 h

H;CO OCH;  CH,CI, (anhy) , 0°C-->RT

OCH; Z isomer: 41 % yield

OCH;4

9a
H;CO
X H;CO.
Na28204 3 N
NO,
H;CO ‘ Acet / H,O (2:1) H,CO

NH,
50°C,1.5h OCH; ‘

OCH, 38 % yield
9 10

OCH,4

OCH;

Scheme 4.4. Synthesis of 2’-amino CA-4 analogue (compound 10).”°

The low-resolution MS of bromide 17 showed the presence of two peaks in a ratio
of 1:1 (M" and M" + 2) indicating that the molecule has just one bromine atom. By the
other hand, the existence of two bromine atoms was deduced by the presence of a triplet
in a ratio of 1:2:1 corresponding to the peaks M" =323, M" + 2 =325 and M" + 4 =327.

After bromide 17 was treated with triphenylphosphine for 16 h,
triphenylphosphonium bromide 8 was formed in a 95% yield. Its '"H-NMR spectrum,
like isomer 2, showed the expected J= 14.3 Hz, indicating the coupling between

57,58

hydrogen and phosphorous. A Wittig reaction of phosphonium salt 8 and 3.,4,5-
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trimethoxybenzaldehyde produced Z stilbene 9 and its £ isomer 9a in a 1:1 ratio. Careful
flash chromatography of the crude reaction mixture made it possible to separate these
isomers to obtain the Z stilbene in a 41% yield. Both structures were again assigned
based on the values of the coupling constants of the vinylic protons, almost 12 Hz for the
Z isomer and 16 Hz for the E.°™® Reduction of the nitro group of stilbene 9 was

performed using sodium hydrosulfite™®’

giving the free amine 10 in a 38% yield.
Formation of the hydrochloride salt 11 in an 83% yield was achieved by treating the free
amine 10 with a 4N HCI solution in dioxane using CH,Cl, as a solvent as shown in
Scheme 4.5.

The synthesis of the 2’-serinamide CA-4 analogue 13 and its hydrochloride salt
14 was achieved by incorporating first the protected serinamide moiety into the free
amine 10 by reacting with FMOC-L-Ser(Ac), DCC and HOBt in DMF followed by basic
hydrolysis of this intermediate 12 with a 2N NaOH aqueous solution®™* to afford
serinamide 13 in a 67% yield. Finally, acidification of serinamide 13 produced its
hydrochloride salt in a 21% yield after stirring at room temperature with a 4N HCl
solution using CH,Cl, as a solvent.

Interestingly, the 'H-NMR (CD,Cl,) spectrum of compound 13 as compared to its
3’-isomer 7 showed a good separation of the peaks that belong to the methylene which
contains the hydroxyl group. Because these hydrogens, H, and Hy, are attached to a
carbon adjacent to a chiral center, we expect them to be magnetically non-equivalent and
appear as a double of doublets. In fact, this is exactly what Figure 4.4 shows and this

observation allows calculating two different values for the two possible coupling

constants.
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H;CO N H;CO O N o
|O 4N HCI - dioxane
H,CO N HyCO N a
OCH; 25h,RT OCH;

83 % yield

DCC, HOBt.H,0

FMOC-L-Ser(Ac),DMF(anhy)

16 h, RT
55 % yield

10

H;CO.
PV .
N—""/NH
HyCO O o O ONNaOH, 18hatRT H;co N OY/:NHZ
OCH, 0 & . NH
H;CO

OCH; O CH,Cl,/ CH;0H (1:1) OCH, O

1 67 % yield OCH,

13
OH

OH
H,CO N O,
NH . H;CO. O . -
O NH ? 4N HCI - dioxane } A N Cl
H,CO O o NH
OCH; 22h,RT 3 O

OCH;
OCHj; 21 % yield
OCHj3
13 14

Scheme 4.5. Synthesis of 2’-serinamide CA-4 analogue 13
and hydrochloride salts 11 and 14.7
One constant has J= 10.7 Hz (1101.8-1091.1 Hz) and the other has J= 5.5 Hz (1101.8-
1096.3 Hz). The former is the value associated with a coupling between geminal
hydrogens (H, and Hy) separated one from the other with an approximate angle of 110°

57,58,78
h,

according to Karplus’s grap while the second coupling constant can be associated

with a vicinal coupling between H. and both H, and Hy,. Based on Karplus’s equation, a
range of angles between 45° and 135° can satisfy this requirement.”’**’®
A stable conformation for the structure of compound 13 was obtained by using a

semiempirical method called MOPAC” in order to measure distances, angles, and to see

how the different hydrogens of analysis are orientated in three dimensional space.
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Figure 4.4. Expanded region of the 'H-NMR (CD,Cl,) spectrum of compound 13
showing the methine hydrogen H, and the two magnetically nonequivalent methylene
hydrogens H, and Hy. Note that both, H, and Hy, appear as a doublet of doublet at about
1098 and 1070 Hz ; the methine hydrogen H,, attached to the a-carbon, appears more
upfield as a triplet at 991 Hz.

Figure 4.5. Minimimum-energy structure of compound 13 generated using the MOPAC
method incorporated in CS Chem3D.” The angles between H, and both Hy and H, are
approximately 58 and 179 degrees. Also there is hydrogen bond (2.52 A) between one of
the amine hydrogens and the oxygen of the hydroxyl group forming a 5-membered ring.
It also possible to see another hydrogen bond (2.56 A) between the amine nitrogen and
the amide hydrogen forming another 5-membered ring.
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Figure 4.5 shows a conformation from which it was possible to measure the
dihedral angles between H, and both H, and Hy, which are 58° and 179° respectively. In
Figure 4.4, it is possible to see that the methine hydrogen H, appears as a triplet with J=
5.5 Hz suggesting that the dihedral angle with these two hydrogens is the same.
Although the conformation shown in Figure 4.4 demostrates one angle (179 °) that is
outside of the predicted range, it is possible that the C-C bond is rotating and on average
gives the same dihedral angle for both hydrogens. It is also important to mention that in
this particular conformation two hydrogen bonds are observed. The first one involves the
bond between the amine hydrogen and the oxygen of the hydroxyl group with a distance
of 2.52 A; the second involves the bond between amine nitrogen and the amide hydrogen
with a distance of (2.56 A). In other conformations it may be possible to see a hydrogen

bond between the oxygen carbonyl and either the hydrogens of the amine or hydroxyl

group.

Synthesis of Nitrogen-Based Combretastatin A-1

The following discussion details the synthesis of dinitrogen-based analogues of
CA-1. Functional groups such as nitro, amino, serinamide and their respective
hydrochloride salts were incorporated at positions 2 and 3, 2 and 5, and 3 and 5 of the B-
ring of combretastatin CA-1 with the hope of identifying more potent anti-cancer agents.
The purpose on this project was to explore how the nature and location of these
substituents can ultimately affect inhibition of tubulin assembly and the activity of the
resultant compounds.

The key step in the synthetic strategy to prepare dinitrogen-based derivatives was

to use a Wittig reaction to form the Z isomer. In order to reach this goal, the
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phosphonium bromide fragment®’ and the aldehyde counterpart which can be assembled
using NaH as the base in a Wittig reaction were independently prepared. The aldehyde
was designed to contain the nitro groups, which after Wittig reaction can be reduced to

. . 59,60,80-86
the respective amino groups.””

The resulting amine analogs subsequently undergo
the analogous reactions used to form the serinamide and hydrochloride salt
derivatives®>* previously described. In Scheme 4.6, the synthesis of 3,4,5-

trimethoxybenzyltriphenylphosphonium ~ bromide®’ 16 and  4-methoxy-3,5-

dnitrobenzaldehyde® 21 is shown.

15 CBr, , PPh,
59 % pure Y > Br
41 % yield OH ceton, 14h
37 % yield
Si(CH;);CL, N
’ ol (CHy)5CL N H,CO OCH,
LiB/CH,cN  13¢0 OCHOCH3 OCH,
RT, 10 h 3 1) PBr;, CH,Cl,, N, 15
H,CO OCH; -5°C(2h)—>RT (4 h)
OCH
’ 2) NaHCO,
15a 77 % yield
41 % pure
35 % yield
Br PPh; Br
PPh,
H;CO OCH;  Cp,Cl,, reflux 20h  H3CO OCHj
OCH; . OCH,
77 % yield
15 16
Oy-H Oy H
HNO3 (fum), HQSO4 (C)
NO2  oeoc, 48%yield, 3.5h  O2N NO,
OCH; » 2070 yIeld, OCH;
21

Scheme 4.6. Synthesis of phosphonium bromide salt®’ 16 and dinitrobenzaldehyde®® 21.
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Benzylic bromide 15 was obtained using three different methods
described below. In the first method, commercially available 3,4,5-trimethoxybenzyl
alcohol was reacted with CBr4 and PPhs to form the requisite bromide® in just 37% yield
after stirring for 14 h at room temperature. Because of this low yield and the long
reaction time the decision was made to evaluate two other methods to improve both the

yield and the reaction time. The second approach® >

involved treating the alcohol with
PBr; to form highly pure bromide in a 77% yield and just 4 h. The presence of the
bromine atom was confirmed by its MS which showed the two expected peaks at 262
(M"+2) and 260 (M"). Alternatively, a third method was employed in which the alcohol
was reacted with TMSCI and LiBr in acetonitrile at room temperature for 10 h.”' After
the reaction was complete, the solid which formed was recrystallized and characterized
by 'H-NMR, DEPT 135, and MS. Interestingly, the solid obtained was actually a
mixture of two compounds, one of them with a molecular weight of 260, which belongs
to the expected product, and the other with a molecular weight of 216. Its MS also
showed another peak with m/z of 218 which had approximately one third of the intensity
of the molecular ion 216. The DEPT 135 spectrum showed two methylene carbons, one
that corresponds to the product and the other (a less intense peak) which is attributed to
the impurity. In addition, the same spectrum showed two methine carbons, one for the
product and the other for the unknown. The 'H-NMR showed all the peaks of the
bromide derivative along with extra small peak close, to the signal for the product
methylene, which belongs to the impurity. It was possible to observe other small peaks

that were overlapping the aromatic and methoxy peaks of the product as shown in Figure

4.6. Based on all of these spectroscopic findings the structure of the impurity was
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assigned to the chlorine derivative 15a. The proposed mechanism for the formation of
this product is depicted in Scheme 4.7. The first step of this mechanism most likely starts
with the dissociation of LiBr in acetonitrile generating lithium cations and bromine
anions. In the second step, bromide ions attack TMSCI to displace the chlorine atom as a

" In the third step, the trimethyl silyl

chloride ion through a substitution mechanism.
bromide formed is attacked by the benzylic alcohol through a substitution mechanism

releasing a bromide ion and forming protonated silyl ether 15b.

® )

LiBr ——— Li * Br

5 é Cl B s/ 2
B + 1— r-Si. +
r A N Cl
©
H;CO HeQ Br
\ H,CO
H3CO *  Si—Br 3 fSi/
. /\ :O AN
0H H,CO |
H;CO . 3 H
15b
©
S) Br
Cl Br
N .
S
O+ H;CO OCH;
U OCHj

€O 15 /
+ HO-Si
H,CO  OCH; o 7\

H5CO OCH;
OCH;

15a

Scheme 4.7. Proposed mechanism for the formation of benzylic chloride 15a.”
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The hydroxyl group of the alcohol has been now converted into a better leaving
group which is surrounding by both bromide and chloride ions. It is well known that
bromide is a better nucleophile than chloride and the reaction will take place faster with
the former than the latter when the reaction goes by an Sx2 mechanism.” Accordingly,
the fourth step most likely consists of nucleophilic attack of bromide or chloride to the
back side of the protonated silyl ether forming the respective benzylic bromide 15 and the
chloride 15a in a ratio of 1.4: 1 respectively as the GC-MS showed.

In summary, we found that the most suitable method for preparing bromide 15
from the alcohol involved treating the benzylic alocohol with PBr;. After bromide 15
reacted with PPhs for 20 h, the triphenylphosphonium bromide was formed in a 77%
yield.

The dinitrobenzaldehyde 21 was obtained in a 48% yield by nitration of the
benzene ring with HNO; (fum) and H,SOy4 (c) after stirring the mixture at 0 °C for 3.5
h.*® The crude reaction mixture was actually a mixture of two compounds which were
separated afterwards by column chromatography and fully characterized. The first less
polar compound isolated showed a molecular weight of 243 and after analyzing carefully
its 'H NMR, Bc NMR, DEPT 135, and DEPT 45, it was deduced that this compound
was the 4-methoxy-3,5-dinitro benzoic acid. An X-ray structure of this compound
confirmed the structural analysis as seen in Figure 4.7 which illustrates the carboxylic
acid that crystallizes as a dimer.

The second, more polar compound, showed a molecular mass of 226 which
corresponds to the mass of the expected dinitrobenzaldehyde. From its spectrum it was

deduced that this compound was the expected 4-methoxy-3,5-dinitrobenzaldehyde 21 in
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agreement with the theoretical prediction that the methoxy will direct to its only open
ortho position. The ratio of these compounds depends on the reaction time. The reaction
was monitored by GC-MS and it was found that in an average at 3.5 h the crude reaction
mixture contained 55% of 21 and 45% of the carboxylic acid 21a. Longer reaction times
decreased the amount of aldehyde and increased the amount of carboxylic acid formed.

A Wittig reaction performed with phosphonium salt 16 and aldehyde 21 formed
the Z stilbene 22 in a 45% yield as Scheme 4.8 shows. The crude reaction mixture, after
2 h, contained (as shown by GC-MS) both the Z and E isomers in a ratio of 1.9: 1. Both
isomers were separated by column chromatography and characterized by NMR; their 'H-
NMR showed a J= 12 Hz for the Z isomer and J= 16.2 Hz for the E isomer. Reduction of
stilbene 22 was carried out using two different methods. In the first method sodium
hydrosulfite was used to form the 3,5-diamine 25 in a 20% yield after refluxing for 4.5
h.>**° However, when Zn in acetic acid was used,* the reduction took place in a 46%
yield after stirring at room temperature for 35 minutes. Therefore the second method is
more convenient to reduce both nitro groups in better yields and in a shorter period of
time.

Hydrochloride salt 27 was formed in a 26% yield after reacting free diamine 25
with a 4N-dioxane solution of HCI.

The synthesis of diserinamide 29, which is shown in Scheme 4.9, starts with the
FMOC-Ser(Ac) protection of the free diamine to afford compound 28 in a 19% yield.

The final serinamide 29 was obtained in a 19% yield after deprotecting the FMOC-

protected stilbene 28 with a 2N solution of NaOH.”’
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® 0O
PPhy Br 0w H
. NaH, N, , 2.5h
H;CO OCH;  O,N NO, CHyCl, (anhy) , 0°C-->RT
OCH; OCH; Z isomer: 45 % yield
16 21

Na28204
Acet / H,O (2:1)

reflux,4.5h

H,CO S
O 20 % yield H;CO N
H,CO O

O,N NO,
OCH; H,N NH,
22 Zn, AcOH OCH;
25
35 min., RT
46 % yield
H,CO N
H5CO 4N HCI - dioxane
OCHj;
H,N NH, CH,Cl,, RT, Ih
OCH; 26 % yield

25

Scheme 4.8. Synthesis of free diamino analog 25
and its corresponding hydrochloride salt 27.
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The synthesis of the 2,5 and the 2,3 dinitrogen-based derivatives are discussed

next. The Wittig reaction is the key step in the formation of the Z stilbenes, hence the
synthesis will utilize the dinitro requisite beanzaldehydes, which later will be reacted

with the phosphonium bromide salt 16 to form the desired Z stilbenes.

H;CO
3 O b
H,CO
Mo
FMOC-L-Ser(Ac),DMF(anhy) H
19 % yield A o
O o

soaalle

H;CO
N NaOH, CH,Cl,/ CH;0H ( 1:1) O X

DCC, HOBtH,0 / 4hatRT

H,CO
3.5hatRT /OHN }\\/\OH
16 % yield NH,
HZN/,.(gO OCH3
OH 29

Scheme 4.9. Synthesis of 3,5-diserinamide CA-1 analogue 29."

Br

oH 0w H
NO2  Acetone:water (1:2) NO, PCC, celite, 4.5 h NO,
reflux 4 h CH,(Cl, (anhy) , 0°C-->RT
OCH, 91 % yield OCH; 97 % yield OCH;
17 18 19
o H Oy -H O _H
N0,  HNO; (fum), HySO, (c) NO . NO:
0°C, 10 min O OCH, OCHTOQ
OCH; 42% yield 47% yield
19 20a 20b

Scheme 4.10. Synthesis of 2,5 and 2,3-dinitro benzaldehydes 20a and 20b.
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Hydrolysis of bromide 17 produced the benzylic alcohol 18 in a 91% yield after
refluxing for 4 h.”° It was interesting to notice that the 'H-NMR of this alcohol showed a
coupling of the hydrogen of the hydroxyl group with the two benzylic hydrogen atoms.
A minimum-energy conformation of this alcohol was obtained using MOPAC” as shown
in Figure 4.8. Based on this structure, it is postulated that a hydrogen bond occurs
between the hydrogen of the hydroxyl group and one of the oxygen atoms of the nitro
group forming a seven-membered ring. The distance measured for this hydrogen bond is
2.83 A, which is within the range of distances that hydrogen bonds are known to occur.”’
This intramolecular hydrogen-bond presumably limits hydrogen exchange with other
alcohol molecules and hence the hydroxyl group is locked in such position that has a
specific dihedral angle with the benzylic hydrogen atoms. The dihedral angle measured
from the model is 49°, which is a value that is in the range of angles that explains the

coupling constant measured (6.8 Hz) based on Karplus’s graph.””*®

Figure 4.8. Minimum-energy conformation of compound 18 obtained using MOPAC.”
A hydrogen bond is observed between the hydrogen of the hydroxyl group and one of the
oxygens of the nitro group. The distance measured for this hydrogen bond was 2.83 A.

Oxidation of the benzylic alcohol 18 with PCC**'%" afforded benzaldehyde 19 in

a 97% yield after stirring for 4.5 h at room temperature. The nitrobenzaldehyde 19 was
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further nitrated with H,SO4 (c) and HNO; (fum)'® forming a mixture of two
dinitrobenzaldehydes 20a and 20b. The reaction was monitored by GC-MS and the
observation was made that if the reaction was stirred for more than 1 h, both aldehydes
started to oxidize to their respective carboxylic acids. For example, after carrying out
many experiments it was noted that on average the composition of the crude reaction
mixture, after 10 min and 1 h, approximately 45% of 20a and 55% of 20b. However,
when the reaction was stirred for 4h, the crude mixture contained 60% of 20a, 11% of
20b and 29% of the carboxylic acids. After column separation, both aldehydes were
separated from each other but unfortunately only a very little amount of their carboxylic
acids was present in the final product compositions even after pursuing recrystallization.
The less polar compound 20a came out first followed by 20b. Both structures were
confirmed by their "H-NMRs.

A Wittig reaction was performed with dinitrobenzaldehyde 20a and phosphonium
salt 16 to form the Z dinitrostilbene 24 in a 53% yield as Scheme 4.11 shows. After 3h,
the crude reaction mixture showed that the Z and E isomer were formed in a ratio of 9.6:
1 respectively as determined by 'H-NMR. Because the R¢ values for both isomers were
close, the column separation was difficult, but it was possible to separate both of them in
high purity. The Z isomer, as usual, showed a vinyl coupling constant of 12 Hz and the £
isomer 24a exhibited a coupling constant of J= 16 Hz. It was noted once again that all
the aromatic peaks of the £ isomer were more downfield than the Z isomer, particularly
the methine hydrogen atoms present on the B-ring, which is the ring containing the two

nitro groups.
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In an attempt to reduce both nitro groups of stilbene 24 with sodium hydrosulfite

59,60

(as successfully employed for the Z isomer 22) it was interesting to find that the

reaction formed two isomers of different polarity which exhibited a molecular weight of

360.
O _H ©)
PPh3%r
NO,
o . NaH, 3 h, N,
2 H;CO OCH
OCH; ’ ben, 3 CH,Cl, (anhy) , 0°C-->RT
20a 16 Z isomer: 53 % yield
H,CO
H,CO.
H,CO
H;CO
’ 27 % yield
24 Na28204 . leq
Zn, AcOH Acet / H,0 (2:1)

flux, 4 h
61 % yield | 2B renu,

4% yield

4N HCI - dioxane

1.5h,RT
53 % vield

Scheme 4.11. Synthesis of 2,5-dinitrogen-based CA-1 analogues
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The GC-MS of the crude reaction mixture showed that these isomers were present
in a ratio of 2.5: 1 after the reaction was carried out for 4 h. After carefully analyzing
their MS and NMR spectra it was deduced that these compounds contained just one
reduced nitro group; in one case an amino group attached at 2’position and in the second
case an amino group at 5’ position. After column separation, the less polar compound
was obtained in a 4% yield and the more polar compound in a 27% yield. The
assignment of the structures for each isomer was based on a comparison of their "H and

*C-NMR with the theoretical values predicted with Chewdraw 3D Predictor.'”

Hence,
the spectral data of compound 26b matched with the less polar compound and the more
polar matched with 26a. However, structural assignments just based on this comparison
are not conclusive. The reduction of both nitro groups was achieved by treating the
dinitrostilbene 24 with Zn in AcOH*® to form diamino combretastatin 26¢ in a 61%
yield.'®
The hydrochloride salt 27a, as shown in Scheme 4.11, was formed in a 53% yield
by treating the stilbene 26a with a 4N solution of HCI in dioxane.**®°
In Scheme 4.12, the synthesis of the 2,3-dinitro-based derivatives is depicted.
After the Wittig reaction was performed for 12 h with benzaldehyde 20b and
phosphonium salt 16, the Z isomer 23 was formed in 53% yield. Separation of both

isomers was carried out by column chromatography; the less polar Z isomer was

afterwards treated with sodium hydrosulfite to form free diamine 23b in a 33% yield.

Synthesis of a Combretastatin A-1 Analogue
In this project, the goal was to incorporate a substitution of the B-ring methoxy

group of CA-1 for a methyl group. We were curious to see the effect of this substitution
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towards inhibition of tubulin assembly and in vivo blood flow shutdown activity in SCID
mice. The synthesis of CA-1 analogue 33, which is depicted in Scheme 4.13, starts with
the isopropyl protection of the two hydroxyl groups'® of 3-methylbenzene-1,2-diol with

isopropyl bromide and potassium carbonate to form the protected diol 30 in a 59% yield.

® O
Oy -H PPh; Br
NO; NaH, 12 h, N,
+
NO,  HyCO OCH;  CH,Cl, (anhy) , 0°C-->RT .
OCH OCH
’ 3 Z isomer: 53 % yield
20b 16 after purification

Na28204 , 1eq

Acet / H,O (2:1)
reflux, 2 h

33 % vield

23b

Scheme 4.12. Synthesis of 2,3-dinitrogen-based CA-1 analogues

One of the key steps in the synthetic strategy was the formation of benzaldehyde
31. An analogous procedure, which was reported in 1996 by Kaufman'®, was used to
incorporate the formyl group at the ortho position with respect to one of the isopropyl
groups on the benzene ring. In the first part of the reaction, the isopropyl protected
alcohol reacted with BuLi in TMEDA at 0 °C for 16 h to form the respective aryl lithium

intermediate which subsecuently was reacted with DMF. Following, acidic hydrolysis
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the product was formed in a 65% yield. A Wittig reaction, which was carried out by
reacting phosphonium bromide 16 with aldehyde 31, constituted the second key step in
the synthetic plan. After the contents were stirred for 16 h, the Z and E isomers were
formed in a ratio of 4.8: 1 respectively. Column chromatography facilitated the
separation of both isomers and obtaining the less polar Z stilbene 32 was obtained in a
46% vyield. Finally, deprotection of the isopropyl groups was carried out by reacting

stilbene 32 with TiCl4'® to form the CA-1 analogue 33 in a 71% yield.

Br Y 1) n-BuLi, TMEDA,
OH h 0C, 45 min OY
o) exanes, s
)\ /K RT, 16h
OH  K,CO;, DMF o O

2)DMF,0C, 1.5h - >>
CH; Reflux, 20 h CH, 3) HCl, 45 min. ’
59 % yield 30 65 % yield 31
Oy _H
HACO G;?Ph g - b Y
ihie o NaH, CH,Cl, 0
H;CO I O
3 +
16 h, N H
OCH, o ’ otk 0
CHj 46 % yield CH,
16 31 32

H,CO l N \]/
O .
HyCO O TiCly, N,
OCHs 10 min., CH,Cl,

CH, ) 71 % yield

32

Scheme 4.13. Synthesis of CA-1 derivative 33.

Synthesis of Nitrogen-Based Epoxide Derivatives of Combretastatins A-1 and A-4
In this project, different nitrogen containing epoxides of CA-1 and CA-4 were

synthesized. Epoxides of Z and E isomers containing one or two nitro groups attached at
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the 2, 3 and 5 positions of the B-ring were prepared as shown in Scheme 4.14.
Epoxidation of the appropriate stilbenes was carried out by using a procedure reported
previously by Pettit and co-workers'®’ in which the alkene reats with NaOCI catalyzed by
(R,R)-Jacobsen reagent in the presence of 4-phenylpyridine-N-oxide. In the top part of
the Scheme 4.14, the synthesis of two Z epoxides 34 and 38 derived from Z stilbenes 3

and 22 is illustrated. Products were obtained in percentage yields of 10 and 41%

respectively.
1) 4-phenylpyridine-N-oxide
CH,Cl,, 0 C- RT
2) (R,R)-Jacobsen catalyst CIs
3) 5%, NaOCl
4) 3M NaOH
3, R;= NO,, Ry=Ry=H .
34, R,= NO,, R,=R;=H, 10% yield, 22 h
22, R;=R,=NO,, R;=H ,
38, R,=R,=NO,, Ry=H, 37% yield, 21.5 h
R
H;CO. \ OCH;
H;CO 1) 4-phenylpyridine-N-oxide 3 B
CH,Cl,, 0 C-RT R,
H;CO 22 H;CO Ry :
OCH; 2) (R,R)-Jacobsen Catalyst OCH;
TRANS
o 3) 5 %, NaOCl
24, R,=H, Ry=R;=NO, 4) 3M N2OH 35, R,= H, R,=R;=NO,, 41% vield, 48 h

9a, R;=NO,, R,=H

=R.= = 0/ i
3a, R;=H, R,=NO, 36, R;=R;=H, R,=NO,, 17% yield, 39 h

37, R;=NO,, R,=R,=H, 49% yield, 20 h

1) 4-phenylpyridine-N-oxide
CH,Cl,, 0 C-RT

2) (R,R)-Jacobsen Catalyst
3) 5 %, NaOCl
mixture 4) 3M NaOH

23, Z= 82 % pure 27h mixture
23a, E=18 % pure

Scheme 4.14. Epoxidation of some nitrogen containing CA-1 and CA-4 analogues.

After epoxidation of stilbene 3, the crude reaction mixture contained, as
evidenced by TLC, two compounds besides the starting material. The desired Z epoxide,

which was the more polar compound, was obtained in just 10% yield and its structure
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was confirmed by DEPT 45, *C and '"H-NMR spectroscopy. The first spectrum
(DEPT45) showed nine peaks as expected, the C-NMR showed a total of 15 peaks and
finally, in the "H-NMR it was possible to see the methine hydrogens of the epoxide
which appeared as doublets with a coupling constant of J= 4.1 Hz. The structure of the
less polar compound, which was separated as the major product, was identified as (4-
methoxy-3-nitrophenyl)-(3,4,5-trimethoxyphenyl)methanone. = The formation of this
product presumably is the result of an initial aryl shift of the epoxide to form the
corresponding diarylacetaldehyde which in turn undergoes an oxidative cleavage to form
the ketone.'”” In 1998, George Pettit and coworkers attempted to form the epoxide of
CA-4 using the same procedure but instead they found as final products the
corresponding 1,1-diphenylacetaldehyde and the benzophenone derivative.'"’ They
deduced that a rearrangement under basic conditions was taking place to form the
deoxybenzoin and diphenylacetaldehyde via migration of a phenyl group.'”” They also
reported that the presence of the epoxide was observed by NMR but never could be

108-109 and with the

separated after column chromatography. Under the conditions
nitrogen-containing stilbenes we could form the respective epoxides which were isolated
by column chromatography in relatively low yields. Epoxidation of stilbene 22 formed
the respective Z oxirane 38 in a 37% yield. Again it was noted that the methine hydrogen
atoms of the epoxide had a coupling constant of J= 4.1 Hz which is the same as was
observed for oxirane 34.

In Scheme 4.14, the synthesis of epoxides from three E stilbenes is also shown.

The yields that were obtained using these E isomers starting materials were much better

compared to the Z isomer-based epoxides although the reaction times used were longer.
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It was noted that the '"H-NMR of these epoxides showed a coupling constant for the
epoxide hydrogen atoms of approximately J= 1.7 Hz, a value that is smaller than the
corresponding value for the Z oxiranes.’” In Figure 4.9 the minimum-energy
conformations of epoxides 34 (left model) and 36 (right model) are shown. As noted, the
dihedral angle of the epoxide hydrogen atoms of the Z isomer is smaller (a value closer to
0°) than for the E oxirane (close to 120°). Based on Karplus’s graph,””*"® it is observed
that as the angle approaches 0°, the value of the coupling constant increase. Furthermore
if the angle approaches 90°, the values of the coupling constants goes to cero. These
models can explain, in part, why the values for the coupling constants of the Z isomers

(J= 4.1 Hz) are higher than the corresponding values for the £ isomers (J= 1.7 Hz).

Figure 4.9. Minimun-energy conformations of Z expoxide 34 (left) and E epoxide 36
(right). The dihedral angle between the epoxide hydrogen atoms of the cis isomer is
smaller than the E epoxide as the models show.

Synthesis of Cold Precursors of Radiolabeled Combretastatins CA-1 and CA-4
As part of a team effort, in 2001, the synthesis of a cold precursor appropiate to
label combretastatin CA-4 with the radioisotope "*C was initiated.'"” The main objective

of this project was to device a synthetic methology suitable to incorporate the
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radioisotope into the A-ring of CA-4 in order to ultimately provide a pathway which
others can follow to actually incorporate the radioisotope. Radiolabeled CA-4 may prove
valuable in advanced preclinical studies. Therefore, once the radiolabeled CA-4 enters
the body, it will allow a better understanding of the mechanisms associated with the
biological pathways that this class of compounds have while interacting with the tumor
vasculature. The overall synthesis'® of cold precursors of CA-4 is depicted in Scheme
4.15. The steps that have solid arrows are the ones in which I was directly involved and
detailed description will be given for each of them. The first synthesis involved was the
formation of the phosphonium bromide salt 40i in a 99% yield which in turn reacted with
4-t-butyldimethylsilyloxy-3,5-dimethoxybenzaldehyde using NaH as the base to form the
Z stilbene 40d. In the 'H-NMR spectrum, it was difficult to observe one of the vinylic
hydrogen peaks. Therefore as Figure 4.10 shows, resolution enhancement of this
spectrum was obtained with values of LB= - 0.5 and GB= 0.55 to separate these peaks
that were located in the region of 6.38 and 6.48 ppm.

A strategy ultimately useful for the radiolabeling of stilbene 40d was thought to
involve replacement of the TBS group''® by a '“*C-labeled methyl group. Initially,
deprotection of the TBS group took place releasing a phenoxide group which in turn
reacted with radiolabeled iodomethane through an Sn2 reaction to form the isopropyl
stilbene 40e in a 94% yield. The final step consisted of the deprotection of the isopropyl
group'® with TiCl, to form CA-4 in a 93% yield. Under these conditions, no significant
isomerization occurred after the reaction was stirred for 19 minutes (the crude contained

92% of Z and 8% of E isomer).
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Figure 4.10. a) Expansion of the aromatic region of the 'H-NMR spectrum of compound
40d b) resolution enhancement of the 'H-NMR spectrum using a LB= - 0.5 and GB=
0.55. Notice that a small peak located at 1941.2 Hz was separated from the large peak

located at 1942.4 Hz. The coupling constant measured after resolution was 12.0 Hz
(1941.151- 1929.149 Hz).
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In 2004, Pinney and coworkers''' observed that the use of a brand new bottle of
TiCly from Aldrich Chemical Co. formed the Z isomer in a high ratio compare to the £
isomer of CA-1. So, we decided to use the same procedure in order to optimize the yield
for the formation of stilbene 40f.

In 2002, the project was continued by synthesizing the cold precursors ultimately

necessary for the radiosynthesis of CA-1.'°

The general strategy was the same approach
that was used as for the CA-4 radiosynthesis project (Scheme 4.16). After purification of
the (2,3-diisopropoxy-4-methoxyphenyl)-methanol, bromination”® was carried out with
PBr; for 2.5 h at room temperature to obtain the bromide 39a in a 90% yield.
Phosphonium bromide salt 39b was used in the Wittig reaction along with the TBS
protected benzaldehyde to form a mixture of Z and E diisopropyl stilbenes 40a and 40b
in a ratio of 1: 4 respectively. It is thought that the steric hindrance of the isopropyl
groups facilities formation of the £ isomer in a much higher amount. After column
separation, the Z isomer 40a, which was obtained in a 12% yield, showed (in its 'H-
NMR) the vinyl coupling constant of J= 12.1 Hz while the trans isomer 40b exhibited J=
16.4 Hz.

The next step was carried out for both isomers in order to have a comparison of
the coupling constants for the vinylic hydrogen atoms in the resultant products. The
reaction with the E isomer 40b will be described. In the next step, initial deprotection of
the TBS group with TBAF''® occurs forming the phenoxide which in turn will attack the
iodomethane molecule. If a "*C-labeled iodomethane is used instead, this is a convenient

105

way to label CA-1 by incorporating a radiolabeled methyl group.”™ The reaction of the £

isomer was carried out in 20 minutes to form the diisopropyl stilbene 40c in a 90% yield.
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The "H-NMR of stilbene 40c showed a J= 16.4 Hz for the coupling between the vinylic

protons while the coupling constant for the Z isomer, which was synthesized by

Shirali,'” showed a value of J= 12.1 Hz in agreement with Karplus’s graph.”’”*"®

CHO o oo
AICI; CH,Cl, IBSCL CHCl,
H,CO 10761 R -
’ OCH,4 ’ H;CO OCH;  Et;N, DMAP  H;CO OCH,
OH OTBS
CHO CHO
TBDPSCI, DMAP
OH Et;N, CH,Cl,, N, OTBDPS
OCH;3 17h OCH3;
>90 % yield 409
CHO CHO HO
KoCO,, DMF NaBH,, H,0
OH Y OJ\ """"""""" .
OCH, CH;OH, THF 0
Br OCH; OCH; >>
Br Ph3P® , B
PPhs, CBry, Ny PPhy, CH,Cl,
Acetone, 0° C-->RT (e} RT. 104 o
OCH ’
17h ’ >> > 99 % yield ociy )
40n 40i
©)
CHO Br Ph3P®

H,CO. N
NaH, CH,Cl,, N, O

H;CO ocH, * TBSO O J\
OTBS Q purification OCH; o

OCH;,4 >> 93 % recovery OCH;
40i 40d

CH;l, CH;CN TiCly, CH,Cl,
o .
TBAF, 0° C, 15 min. 0°C, 19 min.
o)
94 % yield 93 % yield

Scheme 4.15. Synthesis of cold precursors suitable for the radiosynthesis of CA-4.'"
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Synthesis of OXi8007 and a Nitrogen-Based Indole
In 2000, Pinney and coworkers''? reported the synthesis of benzo[b]thiophenes as
potent anti-tubulin inhibitors and potential vascular disrupting agents. Inspired for the
good biological activity that these compounds exhibited, Pinney some years later
designed the synthesis of different indole-based inhibitors, in particular the phosphate
prodrug OXi8007 which displayed remarkable cytotoxicity against some human cancer

113-115
Because of these excellent

cell lines and good inhibition of tubulin assembly.
results, in 2003 and 2004, two scale-up syntheses of OXi8007 were performed by the
Pinney research group members to provide more compound for further pre-clinical
biological evaluations. I was perosnally involved in the second scale-up project working
on the steps of phase II as Scheme 4.17 shows.

The overall synthetic strategy was divided into three phases. The first phase involved the
first three reactions up to the formation of the TBS protected acetophenone 41a. The
second phase involved the next four steps up to the acylation of the TBS protected indole
41d. Finally, the last phase consisted of the deprotection of the TBS group followed by
the formation of the disodium phosphate salt to form the final product OXi8007.

Herein, the reactions are described which were performed in the second phase of
the overall synthesis project. Synthesis of the TMS enol-ether 41b was carried out first
by removing one of the a-hydrogen atoms of the acetophenone 41a with LDA formed in
situ;'® once the enolate was formed, a nucleophilic substitution took place on TMSCI to
form the TMS enol-ether 41b in almost 99% yield. Bromination of the enol-ether was
performed by addition of bromine at 0°C to form the a-bromoketone 41c in a 28% yield.

Indole cyclization was carried out by a Bischler indole type synthesis''®'"® of
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bromoketone 41c and excess of m-methoxyaniline at 140 °C for 13 h to form the TBS

protected indole 41d.
CHO
CHO CHO
AICL; CHCly TBSCL CH,CL
H,CO OCH; --=--snmnnnmnie
OCH,8 H;CO OCH;  Et.N, DMAP H;CO OCH;
OH OTBS
CHO CHO
ot OH  K,CO,, DMF Y
OCH, oH  ~
OCH; OCHj OCH3
HO Br Br Ph3 )
NaBH4, H20 (0)
.............. > Y PBI‘:;, CH2C12 \‘/ PPh3, CH2C12 \‘/
CH;OH, THF A 0C@h)->RT(2.5h) RT, 10 h
OCH; 7‘ OCH,4 77 . OCH3
90 % yield 92 % yield
urification
P 3% 39b
H,CO N
TBSO O
CHO Br Phs : OCH,
40a
Y NaH, CH,Cl,, N,
H,CO OCH; /<
5 3h,0C-->RT )\
é'/ OCH3
v Z isomer, 12 % yield  H;CO O OCH;
39b E isomer, 48 % yield O
TBSO
OCH;4
/< 40b
)\O 6] )\ /<
0
H;CO N O OCH; CH,1, CH,CN
O HyCO O OCH,
TBSO TBAF, 0° C, 20 min. O
H,CO
OCH, 90 % yield 3 den
40b 3 40¢

Scheme 4.16. Methology suitable for the radiosynthesis of the £ isomer of CA-1.
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CHO HO 0

CHO
TBSCI, DMA MelLi, Et,0 PCC, celite
OH b CHLCL  “Porms HO ----- CH,CI
OCH Et3N, CH2C12 OTBS 2 OTBS 212 OTBS
’ OCH; OCH;4 OCH;
0.
o 1) BuLi, NH(i-pr); OTMS 1) Bry, CH,Cl, Br 1) m-anisidine,
N, 0°C, 15 min 0° C, 30 min N,N-(CH;),NC¢Hs
2) 41c
OTBS 2) 41a, Et,0, 20 min OTBS 2) NayS,0; OTBS .
OCH OCHj . OCH;3 reflux, 140 °, 13 h
3 3) TMSCL 13 h, RT ; 28 % yield
o
4la 4) 10 % NaHCO;, 41b 41c 49 % yield
> 99 % yield
OCH;
H,CO, ;
O N O ocHy,  0-CLCGH; H,CO O o TBAF, THF
H3CO H H’O """"""""" >
OTBS -
H’COD)LCI O N\ O OCH;,
5CO N
41d e OCH; H;CO H OTBS
160° 12 h
OCHj,
H,CO,
O meo | OCHs
H;CO o 1) CCly, CH5CN, - 25C, 10 min 3
2) Et(i-pr),N, DMAP H;CO O
UYL o, - 0
H;CO N 3) dibenzylphosphite, 2h
3 N A\
oH 4) KH,PO O OCH,
) KHyPO4 HyCO N
- ’ H OPO,Na
5) H,, Pd-C, EtOH, 30 min 3Nay
6) NaOMe, MeOH .
) NaOMe, Me Oxi8007

Scheme 4.17. Scale-up synthesis of 0Xig8007. 113115

Encouraged by the outstanding biological properties of OXi8007 another project
was initiated based on nitrogen containing indoles. The basic idea was to incorporate
nitrogen-based functionalities such as nitro, amino, and serinamide into the indole ring at
different positions. In addition, this project had the aim to synthesize dinitrogen
containing indoles incorporating the other nitrogen-based moiety into the benzene ring as
Scheme 4.18 shows. The intented synthetic strategy was similar to that used for the
OXi8007.'*"* First, it was neccesary to synthesize independently the nitroaniline and

the a-bromoacetophenone, which, after undergoing a Bishler type indole synthesis,''*"'"”
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would form the respective indole which in turn could be acylated to form the nitro
derivative. It was hoped that the final product could be obtained by reducing the nitro
group (s) by a suitable reducing agent’”*****¢ like Zn/AcOH or sodium hydrosulfite.
Once amino indole was prepared, a serinamide moiety could be incorporated following

the same procedure used for the CA-1 and CA-4 analogues.”

R1=R2=NH2, H
47a. R¢=OCHj3, R;=R3=NH,, R,=R,=Rs=H 47e. R4=OCH;, R¢=NH,, Rs=R;=H
47h. R¢=OCHj3;, R;=NH,, R;=R,=R,=Rs=H 47f. Rs=OCH3;, R3=NH,, Ry=Rs=H
47c. Rg=OCHj3, R3=NH,, R¢=Rs=H 47g9. Rs=OCHj3, R4=NH,, R3=R¢s=H
47d. R6:OCH3, RSZNHz, R6:R3:H 47h. RSZOCH3, R6:NH2, R3:R4:H

Scheme 4.18. Proposed nitrogen containing indole targets. As noted, the first objective
was to put the nitrogen functionality into the indole ring at different positons and later to
incorporate the second nitrogen-based group into the benzene ring. The nitrogen-based
groups to be incorporated were nitro, amino and serinamide as well as the hydrochloride
salts of the last two functionalities.

It was our intention to start this project by synthesizing indoles 47a and 47b as
illustrated in Scheme 4.20. The synthesis of the a-bromoacetophenone 43 was
straightforward. Commercially available 4-methoxy-3-nitroacethophenone was reacted
with bromine'*® during 2h at room temperature to form the bromoketone 43 in a 64%
yield. The crude reaction mixture was analyzed by GC-MS and it was observed that the
product was prewent in 74% yield along with 13% of the starting material and 9% of the

dibromo derivative. The MS of the product showed values of m/z for M" at 273 and for

M" + 2 at 275. The presence of the dibromoderivative was confirmed by its MS (M" =
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351, M" + 2= 353 and M" + 4= 355) and the '"H-NMR of the crude reaction mixture. The
synthesis of nitro aniline 46 started with protection of the amino group of m-anisidine
with the acetyl group after treating the aniline with EtsN, DMAP and Ac,0'*' to form the
amide 44 in an 84% yield. Nitration of amide 44 was performed using three different
methods as shown in Scheme 4.19. In the first method,102 the nitration was carried out
with fuming HNO; and concentrated H,SO,4 for 10 minutes at 0 °C. After workup, it was
found that two major compounds were formed in a ratio of 1: 2.5 (as illustrated by
NMR); both compounds were separated by column chromatography and their structures
were elucidated by NMR spectroscopy. Comparison of the 'H and *C-NMR chemical
shifts with the ones calculated by the Chewdraw NMR predictor,'” allowed us to assign
the structure of the less polar compound to dinitroacetamide 45a and the more polar
compound to acetamide 45b. These results are in agreement with the theoretical
prediction of the nitration of acetamide 44 which indicates that the nitration will most
likely take place at ortho and para positions with respect to the methoxy group. Because
the reactant mixture contained a strong nitrating agent, a subsequent nitration occurred
forming preferentially dinitroacetamide 45a due to the decreased steric hindrance of the
second nitro group observed in this compound as compared to the other isomer 45b in
which the nitro group is located between the acetamido and the methoxy groups.

In the second nitrating method, after concentrated nitric acid and acetic acid'*®
were used, the crude reaction mixture contained three major compounds. 'H-NMR
showed that acetamide 45 was primarily formed with a very small amount of another

compound which is presumably isomer 45c.



127
Unfortunately, the second method formed mononitroacetamide 45 with yields less
than 20% and the reaction mixture contained more than five compounds'?’ which

complicated the separation. Therefore, it was neccessary to look for a more effective

method to form the desired acetamide 45 in higher yields.

0O o Br
Br,, CHCl,
NO, 2h, RT NO,
OCHj 64 % yield OCH;
43
NH, "
1) Et;N, DMAP, CH,Cl, 740
2) Ac,0, 16.5h
OCH
’ 84 % yield OCH,3
44
o)
NO, 11\{1 N
HNO(), H,80,(0) \/“O
10 min, 0° C OCH, OCH;
453 45b
30 % yield 9 % yield
H
N__o Ac,0, 0°C NO; o
©/ \f HNO;, AcOH N
15 min, 10° C 0>/ + 45c
OCHj 42 % yield
OCH, _
44 ratio: 45:45¢=49:1
45
X
o)
74 + 45
HNOj;(c), AcOH O,N
‘ OCH,
<20 % yield for 45
45¢
Scheme 4.19

. Synthesis of a-bromoketone 43 and nitration of acetamide 44.
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NO, NO
H 2
N I)HCI(C), H20 (bOil) NH2 NOZ H NO2
N
15 h, reflux T - O p O OCH,4
OCH 2) K,CO
3 ) K,CO, OCH,4 N ben,
45 97 % yield 46 Lo s6a
43
0]
N02 NO HSCO cl
E ? 1) H;CO
‘D y <i>txm - -
2) Zn/ AcOH
OCH,
46a
NO,
NH o NO, u
2 1) N,N=(CH;),NC4Hs, 100° C H
- X (oo
OCH
’ 2) 190°, 24 h OCH,8
46 OCH; 46b

3) 10 % HCl

Scheme 4.20. Synthetic route for nitrogen-based indole derivatives 47a and 47b.

A third method used simply treated acetamide 44 with a mixture of concentrated

122125 3£ 0 °C for 15 minutes to form a

nitric acid, glacial acetic acid, and acetic anhydride
mixture of two isomers of molecular mass of 210 (determined by GC-MS) in a ratio of
4.9: 1 (determined by NMR and GC) which corresponds to the mass of the expected
product 45. The crude 'H-NMR showed that both isomers contained the same aromatic
patterns (meta doublet, ortho doublet and ortho-meta doublet of doublets). Theoretically,
as stated early, three mono-nitro derivatives can be formed but just two of them matched

the patterns found in the crude. The probable structures of the two compounds are

acetamides 45 and 45c but it was not completely clear which of these compounds was the
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major and which one the minor isomer.'**'** After both isomers were separated by flash
chromatography, an X-ray crystal structure of the major isomer, which was obtained in
42% yield, was taken and showed that this compound was acetamide 45 as shown in

Figure 4.11.

Figure 4.11. X-ray crystal structure of compound 45.%

Deprotection of the acetyl group of acetamide 45 was performed with
concentrated hydrochloride acid and boiling water. After the mixture was refluxed for 15
h, the ortho nitroaniline 46 was obtained in a 97% yield as Scheme 4.20 shows. Before
synthesizing indole 46a, we first wanted to prepare indole 46b and use this reaction as a
model for the other targets that are shown in Schem 2.18. Commercially available 2-
bromo-1-(4-methoxyphenyl)ethanone was refluxed at 190 °C for 24 h with nitroaniline
46 using N,N-dimethylaniline as a solvent.'” The crude reaction mixture contained 5
compounds among them the most polar was the major product which was successfully
separated by flash chromatography and later its structure was fully characterized.
Although the "H-NMR accounted for a total of 14 hydrogen atoms, the aromatic region
did not match with the expected patterns to be found in the compound. The “C-NMR

showed 14 different types of carbon atoms but DEPT 45, 90 and 135 surprisingly
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indicated the presence of six types of aromatic protons instead of the expected five. The
decision was made to take a COSY '"H- 'H and a COSY 'H- °C NMR to analyze more
carefully the coupling among the protons to correlate these atoms with the respective
carbon atoms present in the molecule. It was interesting to notice that HETCOR showed
a correlation between the proton located at the most downfield chemical shift (9.12 ppm)
with the respective more unshielded carbon atom (140.5 ppm) indicating that this
hydrogen atom was not attached to the nitrogen atom was initially thought. In addition,
COSY 'H- 'H showed no coupling of this proton with any other hydrogen present in the
molecule explaining in this way why this hydrogen appeared as a singlet. Additional
support and information about the different couplings of the hydrogen atoms in the
molecule was obtained with different homonuclear decoupling experiments. It is
proposed that the structure that best satisfies the spectroscopic data found is compound
47. The reaction mechanism for its formation is depicted in Scheme 4.21.

The first step of the mechanism starts with nucleophilic attack of the aniline 46 to
the bromoketone to form the protonated amine | and a bromide ion. In the second step,
an acid-base reaction happens between N,N-dimethylaniline and the intermediate | to
form the a-aminoacetophenone Il. In the third step, an intramolecular nucleophilic
addition takes place in which the lone pair of electrons of the nitrogen attack the
electrophilic carbon of the carbonyl. Protonation of the carbonyl oxygen makes the
carbon more susceptible toward an electrophilic attack. The fourth step involves a
deprotonation of intermediate I11 to form the azirene type intermediate 1V which in turn
undergoes a protonation of the hydroxyl group to form V. In the last step the elimination

of water and hydrogen ion drives to formation of the final azirene product 47.
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NO,
H
N
o
OCHj
47b
0O,N
e JOL
N OCH;
OCH;
1
H,CO

H+
[ )
N
NO,
H;CO
v
H;CO,
~
N
NO,
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Scheme 4.21. Proposed mechanism for the formation of the azirene derivative 47.%

Biological and Biochemical Results

Biological evaluation of these new modified CA-4 and CA-1 analogs involved

both in vitro and in vivo tests. Initially, some compounds were screened for their ability
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to inhibit tubulin assembly in a cell free assay using purified tubulin. Secondly, some
compounds were evaluated in terms of in vitro cytotoxicity (MTT assay) and for their
ability to selectively impair blood flow (in vivo) to tumors in SCID mice. The
combination of enhanced activity towards tubulin and in vivo blood flow capability has
proven to be indicative of pre-clinical efficacy and predictive of potential clinical
success. Additionally, in vitro cytotoxicity for some of the compounds against mouse
P388 leukemia and selected human cancer cell lines will be shown. Evaluation of these
assays is a key component in our overall drug design and development program related to

the synthesis of novel anticancer drugs.

Inhibition of tubulin polymerization, cytotoxicity (MTT) and blood flow reduction”®

Three compounds, CA-4, CA-1, and AC7739, and their water-soluble prodrug
derivatives, CA-4P, 0Xi4503, and AVE8062 (AC-7700) serve as benchmark reference
compounds in order to evaluate new VDA candidates in a pre-clinical sense. CA-4, CA-
1, and AC7739 all inhibit tubulin assembly with ICs values in the range of 1-2 uM while
CA-4P and OXi4503 demonstrate the ability to shutdown tumor blood flow on the order
of 80-100% at a dose of 100 mg/kg as Table 1 shows. Additionally, it is interesting to
note that the replacement of the amino group in compound 4 by its hydrochloride salt
decreased the inhibition of tubulin assembly value from 2.6 to 1.3 uM. However, when
the hydrochloride salt of the serinamide 7 was formed, the inhibition increased from 9.6
to 11.3 uM. In Table 1, it is also noted that free amine 4 exhibited less cytotoxicity and
more percentage of blood flow shutdown than its respective serinamide 7.

Table 4.2 shows the effects on the biological activity of changing the amino group

of compound 4 from the 3’ position to the 2’ position. The results indicate that there was



133

a considerable improvement in the inhibition of tubulin assembly (from 2.6 to 1.4 uM)
when the amino group was at 2’ position of the B-ring instead of the 3’ position.
However, it was noted that the hydrochloride salt 11 was not as active as its free amine
10 as was also observed in the case of the 3’ isomer in which the salt significantly
improved notoriously the biological activity. Both serinamide 13 and its hydrochloride
salt 14 did not show any good antitubulin activity (ICso > 40 uM) but they contained
significant activity in terms of blood flow reduction (24 and 22.8% respectively at a dose
of 10 mg/Kg). It was also noted that the free amine 10 is less cytotoxic than the
respective serinamide 13 and compound 4 exhibited more blood flow shutdown than free
amine 10 (36% and 25% respectively at a dose of 10 mg/ Kg).

In Tables 2.3 and 2.4, the biological data for nitrogen-containing derivatives is
shown. Among all of these derivatives, the 2,3-diamine 23b and its hydrochloride salt
23c exhibited good inhibition of tubulin assembly values (2.9 and 1.8 uM respectively)
followed by next in terms of inhibition of tubulin assembly compound 26a.

In addition, compound 23b showed lower cytotoxicity and a higher percentage of
blood flow reduction than compounds 25, 26a, 27a and 27b which showed relatively
high cytoxicity and either none or low blood flow reduction. Interestingly, in the 3,5-
dinitrogen-based derivatives, compound 22, which incorporates two nitro groups, showed
a better inhibition of tubulin assembly value than the respective diamine 25 (7.4 and > 40
UM respectively).

As Table 4.4 shows, none of the five epoxides showed good inhibition of tubulin
assembly values (> 40 uM). One of the compounds that showed comparable inhibition

of tubulin assembly values with CA-1 was its analogue 33. Apparently, the substitution
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of the B-ring methoxy group for a methyl group did not significantly affect the activity

because it produced an increment of just 0.2 uM.

Table 4.1. Inhibition of tubulin polymerization, cytotoxicity
, and blood flow reduction for compounds 4, 5. 7 and 7a.

HCO N

O R

HsCO !
HsCO

R2
OCHs

Tubulin MTT (ICsg in vitro  In vivo blood Flow

e Y o
Compound"® R, R, 1nhIl(l:31t10n cytotoxicity) [uM] shutdown [%]
50
[uM] 1h Sdays 10mg/kg 100mg/kg
CA-4 H OH 12(1.2)° na° na
CA-1 OH OH 192 na na
CA-4P H OPO;Na, na 0.8 0.0020 10 88
CA-1P OPO;Na, OPO;Na, na 32 0.0046 70 99
AC('57)739 H NH;Cl 1.3 (1) na na
AC-7700 NH-
(7a) H SerHCl 11.3 na na
4 H NH, 26(1.2° 0.8 0.0080 36 100
7 H NH-Ser 9.6 5.0 0.0140 0 100

* CA-4, CA-1, CA-4P, CA-1P, AC-7739, AC-7700, 4 and 7 have all been
previously synthesized and reported in literature. They are included here for the
urpose of comparison (see references 56, 67,87,129-132).
na: not analyzed
‘Ref 56
IRef. 130
“Ref 133

In vitro cytotoxicity against P388 and some human cancer cell lines’™
In Tables 2.5, 2.6 and 2.7, the in vitro cytotoxicity against six human cancer cell

lines of ten synthesized compounds is shown. The values are reported as EDs, expressed

in uM. Each compound was tested against P388 mouse leukemia, pancreas (BXPC-3),
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breast adn (MCF-7), CNS Gliobl (SF268), lung-NSC (NCI-H460), colon (KM20L2) and
prostate (DU-145) cell lines.

Table 4.2. Inhibition of tubulin polymerization, cytotoxicity,
and blood flow reduction of compounds 10, 11, 13 and 14.76

OH

H;CO O N 3CO H3CO N i
H,CO oS, + -
H,CO NH2 I\%?I o o NH \ N
NH
OCH3 OCH3 OCH; H3CO - O
8

OCH;, OCHs; OCH;
14
Compound  Tubulin inhibition MTT (ICs in vitro In vivo blood Flow
ICsp [uM] cytotoxicity) [uM] shutdown [%]
1h 5days 10mg/kg  100mg/kg
10 1.4 2.0 0.0080 25 50
11 3.1 na’ 1.5
13 > 40 10.0 0.08 24 43
14 > 40 na 22.8

®na: not analized

After analyzing carefully all the data of all the inhibitors and references, they can

be arranged in the following order of decreasing activity against each cancer cell line:

P388: 5>11>7>10>38>35>25>33>27a>36>34>37
BXPC-3: 5>7>23¢>11>10>27a>25>35>33>34>36>3837
MCF-7:  5>10>7>11>23¢c>33>25,27a>35>34>37>36>38
SF268: 5>10>7>11>23c>27a>25>33>35>34>37>38>36
NCI: 5>7>23¢>11>10>33>25>35>27a>34>36>37>38
KM20: 5>7>10>11>23c>27a>25>35>33>34>36>38>37

DU145: 5>7>11>10>23c¢>25>33>27a>35>36>34>38>37
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Table 4.3. Inhibition of tubulin polymerization, cytotoxicity,
and blood flow reduction of compounds 25, 26a, 27a and 27b.

H,CO. N
® O O

H,CO

NH; Cl OCH,4 .-
H; K NH; Cl
cl OCHj
27b
Compound  Tubulin inhibition MTT (ICsg in vitro In vivo blood Flow
ICso [uM] cytotoxicity) [uM] shutdown [%]
1h Sdays 10mg/kg 100mg/kg
25 > 40 > 448 >14 3.1 4.6
26a 17.4 37.7 >1.4 0 0
27a > 40 na’ 0 13.7
27b na® >44.8 >14 0 6
23b” 2.9 2.4 0.0043 40
23¢” 1.8 na® na®

e 23b and 23c have all been previously synthesized and reported in literature. They
are included here for the purpose of comparison. See Table 4.6 (see reference

104) ..

The first important observation is that two of the novel compounds, stilbenes 10
and 11, are among the top five most active compounds against all the cancer cell lines.
As noted, their activitiy depends on the type of cancer cell line with which they are
interacting. For example, the hydrochloride salt 11 is more active than its free amine 10
in mouse leukemia (P388), pancreas (BXPC-3), lung (NCI-H460) and prostate (DU-145)
but less active in breast (MCF-7), central nervous system (SF268) and colon (KM20L2).
Another important observation is that substitution at the 3’-position definitively is crucial

for good anticancer activity. As the results indicate, for all cancer cell lines, AC-7739 (5)

is always more active than its regioisomer 11. In the CA-1 series, two of the compounds,
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stilbenes 27a and 25 showed good activity, with the former being more active than the

latter.

Table 4.4. Inhibition of tubulin polymerization of compounds 22, 24a, 29, 33-38.

Tubulin inhibition

Compound
1Cso [uM]
H;CO. ! N
22 7.4 H;€o OCH3
O,N NO,
OCH,
NO,
O OCHs
24a > 40 H;C0 O ~
H;CO NO,
OCH;
H,CO. O n
H;CO O fo)
_0 OH
29 > 40 o &
HZN,.(go ochy! ?
OH
H;CO. l N
H;CO OH
3
33 2.1 O
CH,
(o]
H3CO
34 > 40 HyCO O O NO,
OCHs
OCH3
(o]
H3CO
35 > 40 HaCO QNOZ
O2N
OCH3
OCHjg
(o)
H3CO.
36 > 40 HaCO NO,
OCHs
OCHs
(o]
HaCO _ NO,
37 > 40 /
OCHg
OCH3
o]
H3CO.
38 > 40 O
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Table 4.5. In vitro cytotoxicity (Glsp and EDsy in pM) against six cancer
cell lines and P388 mouse leukemia for compounds 5, 7, 10 and 11.76

H;CO N L
H,CO
HiCO™ O _ ’ O o H,CO
3 - NH
Nﬁg cl ‘ N, TBCO ’ H3CO 1\% c
OCHj; OCH3 OCH3
5 (AC-7739) , OCH; OCH;
P388
Compound (EDs) BXPC-3 MCF-7 SF268 NCI-H460 KM20L2 DU-145
50
0OXi8006" 0.097 0.054 0.12 0.10 0.050 <3.7
5% 0.0060 <0.0028 <0.0028 <0.0028 <0.0028 <0.0028 <0.0028
7 0.045 0.011 0.0097 0.0089 0.0077 0.0064 0.0079
10 0.11 0.018 0.0083 0.0092 0.011 0.0098 0.010
11 0.037 0.016 0.01 0.01 0.01 0.01 0.0088

* OXi8006, 5 and 7 have all been previously synthesized and reported in literature. They
are included here for the purpose of comparison (see references 64,65,104)

Table 4.6. In vitro cytotoxicity (Glso and EDsy in pM) against six cancer
cell lines and P388 mouse leukemia for compounds 23c, 25, 27a and 33.

H,CO [ N

H,CO R H;CO N
OCH,

R H;CO

OCH, OCH;4
23b: R=NH, HN NH;

OCH;4
23c: R=NH;ClI 25
Compound (Ié?lfj) BXPC-3 MCF-7 SF268 NCI-H460 KM20L2 DU-145
0OXi8006" 0.097 0.054 0.12 0.10 0.050 <3.7
CA-1 3.0
CA-4 0.010
23c* 0.014 0.011 0.011 0.009 0.019 0.012
25 5.2 1.5 1.5 1.5 2.4 1.1 2.1
27a 6.6 1.2 1.5 1.2 4.3 0.98 3.5
33 5.4 5.1 0.25 3.2 2.0 6.3 2.9

* OXi8006 and 23c have all been previously synthesized and reported in literature. They
are included here for the purpose of comparison (see reference 104)
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Table 4.7. In vitro cytotoxicity (Glsp and EDsy in pM) against six cancer
cell lines and P388 mouse leukemia for compounds 34, 35, 36, 37 and 38

H3CO. O 7 H5CO. ; <o H3CO <T
H3CO L, NO; H3CO OCHOSZN/Q/NO2 HacoI(Ej QANO2
OCH3 OCH3 OCH3
34 35 36
Jo) o]
HaCO. Q NO, HaCO O
Hacojgj H3CO T, O NO,
OCH3 ocH, OoN OCH;
37 38
Compound (IE?)SS) BXPC-3 MCF-7 SF268 NCI-H460 KM20L2 DU-145
50
OXi8006° 0.097 0.054 0.12 0.10 0.050 <3.7
34 >27.7 9.1 10 8.0 8.6 10 8.6
35 3.9 3.4 2.3 42 2.9 3.4 3.7
36 197 11 21 28 12 23 6.6
37 >28" >28 17 21 22 >28 >28
38 0.89" >25 >25 >25 >25 >25 11

Values were determined in suspension.

However, it is clearly noted that the dihydrochloride salt 23c is much more
active than any of the other dinitrogen-containing derivatives. In the epoxide series, the
trans epoxide 35 is the best inhibitor against of all the cancer cell lines evaluated
followed by compound 34. Furthermore, in this series, the Z epoxide 34 is more active
than its respective £ isomer 36 which is consistent with the previous knowledge that Z

B34 1n addition, it is noted

stilbenes are more active than their corresponding £ isomers.
that when the nitro group is attached at 3’-position, as in compound 36, the activity is
superior as compared to compound 37 in which the nitro group is located at the 2’-

position. Finally, it is observed that the CA-1 analogue 33 is reasonably active against

most of the cell lines but not as good as the nitrogen-based stilbenes 10 and 11.



CHAPTER FIVE

Conclusions and Future Directions

The development of a small library of new, synthetic, oxygen and nitrogen-
bearing combrestastatin CA-1 and CA-4 analogues was successfully achieved. Out of
seventeen synthesized compounds, four derivatives, 10, 11, 13 and 33 have emerged as
potential candidates for further pre-clinical trials. Particularly, stilbenes 10 and 11 are
the best candidates with respect to their potent inhibition of tubulin assembly and their
significant cytotoxicity against seven cancer cell lines comparable to AC-7739 (5) and
compound 7 (AC-7700). Although compound 13 did not show acceptable inhibition of
tubulin assembly, it exhibited a significant in vivo blood flow shutdown capability along
with compounds 10 and 14. Among all of the compounds, three analogues, 10, 33 and 11
demostrated most potent inihibition of tubulin assembly. This novel nitrogen-modified
CA-1 and CA-4 compound library enhances the overall structure-activity relationship
profile that is known for the combretastatins and related analogues. Even though a
complete set of biochemical and biological data for all the compounds doe not yet exist,
it is still possible to address the most significant structural requirements that

combretastatins need to have for anticancer activity:

1) Incorporation of an amino or serinamide group and the respective
hydrochloride salts at either the 2’ or 3’ position of the B-ring of
combrestastatins is essential for inhibition of tubulin assembly and in vivo

blood flow shutdown.

140
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2) Monosubstituted combrestastatins containing a nitrogen-based functionality at
the 3’ position exhibited better biological activity than the corresponding
anlogs functionalized at the 2’ position.

3) In the disubstituted combretastatin series, significant activity was observed
when the substituents were preferentially attached at the 2’ and 3’ positions
and in less extension at 2’ and 5’ or at 3’ and 5’ positions.

4) In general, the monosustituted nitrogen-based derivatives show better activity
than the respective disubstituted analogues against tubulin assembly, MTT
cytotoxicity, blood flow reduction, and cytotoxicity against human cancer cell
lines.

5) Replacement of the B-ring methoxy of CA-1 by a methyl group slightly
reduced inhibition of tubulin assembly and cytotoxicity against mouse
leukemia P388.

6) In the epoxide series, the Z epoxide CA-4 nitro analogue showed better
activity than the respective E epoxide derivatives against the human cancer
cell lines.

7) All of the nitro-epoxides were not active against tubulin assembly

8) Nitrogen-containing combretastatin analogues showed comparable values of

activity with respect to their parents, CA-1 and CA-4.

Incorporation of the nitrogen-based functionalities such as amino or serinamide
and their respective hydrochloride salts to the combretastatin skeleton introduced a new
scaffold that improved significantly the tumor vascular targeting properties of the

molecules. Currently, AC-7700 is under clinical development (sponsored by Aventis
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Inc.)®7 and therefore, future efforts need to be carried out towards the incorporation of
these nitrogen functionalities into other pharmacophores with the aim of obtaining more
effective vascular disrupting agents. Recently, a research effort developed by Monk'*’
showed that the incorporation of an amino and a hydroxy group in the B-ring of
combretastatin significantly improved the activity of inhibition of tubulin assembly and
the blood flow reduction. Hence, we propose the following pharmacophores to which the
nitrogen functionalities in combination with hydroxyl groups and their pro-drugs can be

attached.

Rl :RZZNHz,OH, H

R4:OCH3, R6: R5:R3:NH2, OH, H, NH3C1, NHSCI', NHSerHCI

H,CO
DN
N
Ry
R;
H,co R
R1= R2=R3= H,OH, NH2 R1:R2:R3: OH, NH2,H, NH3C1

NH;Cl, NHSer, NHSerHCl NHSer, NHSerHC1

Scheme 5.1. Proposed structures of future potential vascular disrupting agents.



CHAPTER SIX
Synthesis, Design and Biochemical Evaluation
Of Cysteine Protease Inhibitors: Novel Compounds for Chagas’ disease Treatment
Introduction
It is estimated that 18-20 million people including 500,000 in the United States are
infected with Chagas’ disease (American trypanosomiasis) and that 20,000 to 50,000
deaths occur each year from this devastating parasitic illness.”**'*” This disease is found in
twenty-one countries from the southern part of the United States to the southern part of
Argentina and it is the leading cause of heart disease in Latin America."”® Chagas’ disease
is a parasitic illness caused by infection with the flagellate protozoan Trypanosoma cruzi,
which is transmitted to humans by hematophagous reduviid vectors (blood-sucking insects

called kissing bugs) or by blood transfusion. %

The complex life cycle of 7. cruzi is
characterized by proliferative stages in both human and other mammalian hosts
(intracellular amastigotes) and vectors (epimastigotes) and by infectious phases in both

types of hosts (trypomastigotes) that are non—replicative.142’143

The initial phase of the
disease, called acute, has an associated mortality of less than 10% and is often undiagnosed
and even asymptomatic. It is followed by a chronic infection that in 30-40% of the
individuals progresses to irreversible heart and/or gastrointestinal damage, which lead to

sudden death, #4146

143
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Background

American trypanosomiasis or Chagas’ disease was first described in 1909 by the
Brazilian physician Carlos Justiniano Ribeiro Chagas who also discovered its etiological
agent, the vector, the host and the mode of transmission. This lethal protozoan disease,
which causes the death of six people in one hour, and infects 38 people per minute in the
world, is one of the leading causes of sudden death after coronary artery disease.">’
People infected with Trypanosoma cruzi (T. cruzi) are afflicted with many ailments, the
most common being swelling or denervation of nervous tissue in the heart, colon and
esophagous. Some infected people live many years without any visible symptoms, while
others painfully endure constipation, fatigue, choking, and heart attacks.'"’ Among all
the parasitic illnesses, Chagas’ disease is third after malaria and schistosomiasis and no

vaccine or effective treatment is known to date.

Figure 6.1. Countries (in red) that are afflicted with Chagas disease."”’ (Reproduced
directly from reference 147).
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In Figure 6.1, the countries in the world that are afflicted with Chagas disease are
shown. As noticed in Figure 6.1, although this disease is endemic to Latin America, its
social and economical impact is already found in USA where it is believed that 500,000
people are infected.'?’

As stated above, Chagas’ disease is caused by Trypanosoma cruzi, a
microorganism that belongs to the subkingdom protozoa. These flagellar organisms live
one stage of their lives in the blood and/or tissues of vertebrate hosts and during other
stages they live in the digestive tracts of invertebrate vectors (temporary hosts) as Figure

6.2 shows.

Triatomine Bug Stages Human Stages
Triatomine bug takes a bliood meal _
(passes melacyshe peanastigotes in feces, e Metacyclic trypomastigotes
trypomasbgates enter bie wound or penetrate various cells at bite
mucosal membranas, such as the conjunctiva) wound site. Inside cells they

Metacyclie irypomastigotes

in hundgut A

@@

Multiplies in midgut

ﬁ transform into amastigates,
" LE)
o .

Amastigotes multiply
Trypomastigotes by binary fission in cells
can infect other cells of infected tissues.

and transform into

intracellular amastigotes

in new infection sites.

Clinical manifestations can

result from this infective cycle.

Triatomine bug takes
. . a tHood meal
Epimastigote stage rrypomastigates ingested)

in midgut

A = infective Stage % = vac&"ular ;ﬁsﬁgmu
: (4

- . transform into trypomastigotes,
ﬂ Diagnoslic Stage then burst out of the cell
and enfer the blocdstream.

Figure 6.2. Life cycle of Trypanosoma cruzi."**

(Reproduced directly from reference 148).
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The parasite, which develops its infectious stage in the insect’s digestive tract, is
passed to humans through the feces of an infected kissing bug which bites the person’s
skin. The parasite enters the bite bound or through abrasions on the skin caused by the
victim scratching the sore bite. The three different forms that Trypanosoma cruzi has

during its life cycle as it travels from insects to humans are shown in Figure 6.3.

pr——t
.010mm

(a) (b) (©)

Figure 6.3. Different forms that Trypanosoma cruzi adopts during iis life cycle. a)
trypomastigotic b) amastigotic c¢) epimastigotic.'*’ (Reproduced directly from reference
147).

Metacyclic trypomastigotes are effective forms of 7. cruzi that pass from the
insect’s hindgut in the fecal matter and burrow into the skin. These parasites, which are
20 microns long and 3 microns wide, have a free flagellum attached to an undulating
membrane on the body. The flagella whip them along in the person’s blood and attaches
to the insect’s intestinal wall. After trypomastigots pass through the skin, they briefly
travel in the blood stream and then colonize in muscle and neuron tissue, areas less
vulnerable to attack, where they encyst and form amastigotes, microorganisms of 1.5-5

microns long. This new form of 7. cruzi, is an intracellular oval-shape microorganism

that multiples within the cell and then differentiates to trypomastigotes which are
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released later into the blood stream to invade other tissue cells. When the kissing bug
bites an infected person, they ingest stumpy trypomastigotes and as soon as these reach
the insect’s midgut, they are transformed into epimastigotes which are more adaptable to
survive the insect’s intestines. Epimastigotes are 10 to 20 microns long at first, but grow
another 10 microns as they travel to the insect’s hindgut where they transform into
metacyclic trypomastigotes.'*’

The vectors of Chagas’ disease are insects of the order Hemiptera, family
Reduviidae and subfamily Triatominae.'** Of the 118 species of triatomines, a relatively
small number are epidemiologically significant as vectors of Trypanosoma cruzi. These
are species that colonize poorer quality rural houses, where colonies of thousands of
individuals can be found.'* One of the most common species of insects that are
responsible for transmitting the disease is the Triatoma infestans which is a nocturnal
predator that feeds from mammals’ blood while they are asleep (Figure 6.4). This bug,
which prefers a warm and humid climate, is commonly found in areas at elevations from
1100 to 11200 feet (330 to 3450 m) above sea level, although they have been found in

areas as high as 13300 feet (4100 m).""’

Figure 6.4. Appearance of Triatoma infestans (kissing bug) before and after the blood
meal (left and right respectively).'”® (Reproduced directly from reference 150).
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Chemotherapy of Chagas’ Disease

Currently there is no satisfactory treatment for Chagas’ disease. The only two
clinically accepted drugs, nifurtimox and benznidazole, shown in Figure 6.5, are
associated with significant clinical toxicity and a poor therapeutic index for long-term
use. In the parasites, the nitro groups of both nifurtimox and benznidazole are reduced to
radical anions that in turn produce reactive oxygen species resulting in widespread DNA
and protein damage in the parasite, in the case of nifurtimox, or covalent modification of

essential biomolecules with benznidazole.'>’

While these compounds work well in the
acute phase, they have little effect on the chronic phase of the disease. Application of the
antifungal and antiprotozoan agent itraconazole or allopurinal (used to treat gout), which

blocks purine salvage, have not proved very effective. Several triazoles currently under

evaluation as general antifungal/ antiprotozoans may prove to be more useful >

N—N SO /——-\\Sx\
N\ 2 N _N N/\©
|l ol
O,N NO,

Nifurtimox (Nfx) Benznidazole (Bnz)
Figure 6.5. Structures of Nifurtimox(4-[(5-nitrofurfuryllidene)amino]-3-

methylthiomorpholin-1,1-dioxide),and Benznidazole
(N-benzyl-2-(2-nitroimidazole) acetamide).'>*'>

The urgent need for an effective therapy against Chagas’ disease has stimulated
the search for a suitable drug target in the parasite. There are several possibilities for
intervention including inhibition of sterol biosynthesis. 7. cruzi requires specific sterols

and is affected by ergosterol biosynthesis inhibitors. Commercially available inhibitors
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of cytochrome P-450 dependent Cl4a sterol demethylase such as itraconazole or
ketoconazole, however, do not eliminate the disease from -chronically infected
individuals. Trypanosomatid parasites contain acidocalcisomes, specialized organelles
involved in calcium and polyphosphate storage. Inhibitors of enzymes which involve
inorganic and organic pyrophosphate metabolism is a potential anti-trypanosomal
chemotherapy target. Since trypanosomal parasites do not biosynthesize purines de
novo, depletion of purine biosynthesis in the host is another potenial strategy. The
biochemical pathway for the synthesis of trypanothione is unique to protozoa and
therefore presents an additional site for intervention.”'*'*

The most promising target is the protein cruzain or cruzipain gp 57/51, a cysteine
protease that is essential for replication and metabolism throughout the life cycle of the
T. cruzi parasite. Several compounds that block the action of cruzain have been used to
cure this infection in mouse models.'**'*?

The high-resolution crystal structure of Cruzain (Figure 6.6) shows that this
papain-like enzyme has 215 amino acid residues folded in two domains."”® One domain
is mainly a-helical (L domain) and the other consists of extensive antiparallel B-sheet
interactions (R domain). The L domain includes residues 12 to 112 and 208 to 212 with
helical regions 25 to 40, 50 to 56 and 68 to 78. The R domain is made up of residues 1 to
11 and 113 to 207 with residues 117 to 127 and 139 to 142 as helices."™®

The active site of cruzain contains residues Cys25, His159 and Asnl75 as a

catalytic triad.'”*!>

The thiol group of Cys25 has enhanced nucleophilicity due to the
close proximity of the imadazole side-chain of His159 forming a thiolate-imidazolium

pair stabilized by Asnl75. It is believed that the indole ring of Trp177 helps position the
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protease’s catalytic triad asparagine in an orientation with the triad’s histidine via a JI-

NH interaction as Figure 6.7 shows.'®

Figure 6.6. Crystal structure of cruzain complexed with Z-RA-FMK (benzyloxycarbonyl
argininyl alanyl fluoromethyl ketone) colored in aqua marina. The L-domain, which is
located at the left side, is mainly a-helices and the right domain is mainly antiparallel -
sheets. The catalytic triad, Cys25, His159 and Asnl75 is colored in purple and GIn19 is
colored grey.'™ This picture was generated by using Accelerys Insight II software.

During hydrolysis of the substrate, carried out by the enzyme, the oxyanion hole
is stabilized by hydrogen bond donors, mainly the Gln 19 residue.””*"**'®! M. Sajid and
co-workers reported that the main interactions of papain-like cysteine proteases with
their substrates occur at sub-sites S’;, S; and S, as shown in Figure 6.9.161 Cruzain,

which contains the key residue Glu205, has a primary substrate specificity at S; having a
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preference for hydrophobic amino acids like Leu > Tyr > Phe > Val and positively
charged groups. Although S; and S; specificities are broader than S,, residues like Arg
and Leu and Arg and Lys are preferred respectively while S4 has no preference for any
specific residue but does not bind well to aromatic or bulky hydrophobic side-chains (see

. 143,159,161,162
Figure 6.8). """
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Figure 6.7. Proposed catalytic mechanism for cysteine proteases. >

The development of cruzain inhibitors should take into consideration the potential
interactions between inhibitor and host cysteine proteases such as the cathepsins B and L
to avoid toxic effects. As pointed out by McKerrow, some of the protease inhibitors
already known such as vinyl sulfones, can effectively inhibit human lysosomal proteases
such as cathepsins B, L and S.'® Serveau and co-workers studied the substrate
specificity of cruzain by using cystatin derivatives, and they found that when a prolyl
residue was introduced into the substrate at P’,, the activity of cruzain increased much

more than that of cathepsins B and L. These studies suggest the importance in
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considering the P’ sites of the inhibitor in order to discriminate between cruzain and
mammalian cathepsins.'®

Another potential host enzyme that can cause toxic effects if it is inhibited is a
threonine protease called the Proteasome. A three-dimensional structure of the
proteosome subunit showed that its active site has well-defined hydrophobic subsites S;
and S; (Phenylalanine, homophenylalanine and leucine or valine) but not a S, pocket

which is a well-defined subsite in the parasite cysteine proteases.'®> !¢’

[ broad¢] [ Arg,Ciz I PhelArg ]
® Y0 00 © @
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Figure 6.8. Active site of cruzain (S) with inhibitor or substrate (P). S, pocket is the
major site of specificity in the interaction between the enzyme and the substrate. The
substrate needs to have either a hydrophobic or a positively charged group to interact
with Glu205 in the S, pocket. S; and S; are less important sub-sites for interaction. S’
subsites are promising in order to increase the substrate discrimination for cruzain
compared to mammalian cathepsins B, L and K.'®>¢
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Many peptides derivatives have been synthesized that demonstrate excellent
inhibition of cruzain but do not affect the parasite in tissues or, in the case of
fluoromethyl ketone analogs, may be metabolized to toxic compounds (fluoroacetate).
For this reason, one important goal focuses on the development of different type of
bioisoster. While a vinyl sulfone derivative of a dipeptide is currently in clinical trials

(K777), its lack of selectivity against different cysteine proteases is of concern.'®®

Figure 6.9. Surface representation of cruzain complexed with Z-RA-FMK
(benzyloxycarbonyl argininyl alanyl fluoromethyl ketone) showing the most important
pockets of the active site. Note that the S, pocket is a deep subsite that can accommodate
preferentially hydrophobic residues. This picture was generated bu using Accelerys

Insight II software.'®
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In 2002, Xiaohui Du and coworkers'® from the University of California, San
Francisco, were the first research team to introduce the thiosemicarbazone scaffold into
drugs designed to treat Chagas’ disease by targeting cruzain.”” Among the more than 100
non-peptidic small molecules they synthesized, some of them were potent cruzain
inhibitors and did not show significant toxicity. In particular, the 3’-
bromopropiophenone thiosemicarbazone derivative was among the best cruzain inhibitor
that exhibited no toxicity for mammalian cells at concentrations that were
trypanocidal.'® The proposed mechanism of action of these compounds with cruzain
consists of a reversible 1,2-polar addition to the C=S bond. As Figure 6.10 shows, the
acidic hydrogen of the imidazole ring of His159 attaches to the partial negatively charged
sulfur atom and the resulting thiolate group (R-S ) formed from Cys25 binds to the

electrophilic carbon of the double bond.’

CysES-SEJ
|
2 NHp NH, = .NH S-Cys25 H
PR —_— Al N NH; X N NH2
\1 S
y, His158-Im
@
Hiz159-IM-H Br

Figure 6.10 Left picture shows the proposed mechanism of Du and coworkers of
reversible covalent interaction between thiosemicarbazones and cruzain based on
experimental and modeling results. The right picture shows the structure of 3’-
bromopropiophenone thiosemicarbazone, the best compound developed by this research
team which showed significant cruzain activity and low toxicity against mammalian
cells.”” (Reproduced directly from reference 27).'%

In 2003, Idan Chiyanzu and coworkers used the same thiosemicarbazone scaffold

to incorporate into the basic skeleton of a natural product called isatin and evaluated their
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activity against cruzain and other two enzymes, Falcipain-2 and Rhodesain. The first
enzyme is the major cysteine of Plasmodium falciparum, which is the causative agent of
Malaria and the second is the cysteine protease of Trypanosoma brucei rhodesiense, a
parasite that causes African sleeping sickness. Their results showed one more time that
the presence of this scaffold improved the anti cruzain activity.'”® Additional support for
the importance of this functional group used in the design of cysteine proteases was
shown most recently by Fujii and coworkers who synthesized a small library of ten two-
benzene ring containing thiosemicarbazones that showed antiparasitic activity against

"I Therefore, we thought that the incorporation of this scaffold

rhodesain and cruzain.
into other pharmacophores might generate another generation of improved cysteine
protease inhibitors.

We proposed, as convenient pharmacophores, the tetrahydronaphthalene and
benzophenone skeletons as shown in Figure 6.11. In addition, the discover of other
bioisosteres that retain or improve upon the activity of thiosemicarbazone derivatives is a
further area of research focus. These alternative functional groups that we propose
include an a,B-conjugated carbonyl group'’* and epoxide functionalities which are also
shown in Figure 6.11.

In summary, the main goal of this project is to generate a convenient
pharmacophore that inhibits cruzain with the same or better efficacy than 3’-
bromopropiophenone thiosemicarbazone does. Secondly, we will incorporate other

functional groups different from the thiosemicarbazone moiety and evaluate the

biological activities of these new analogs.
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Figure 6.11. Structures of tetrahydronaphthalene (middle structure) and benzophenone
(bottom) skeletons used as pharmacophores containing thiosemicarbazone (top),
conjugated carbonyl (left) and epoxide (right) functionalities to inhibit cruzain and
related cysteine proteases.

Although the primarily target is cruzain, it is conceivable that this first generation
of compounds might be active against other cysteine proteases as well including the
mammalian cathepsins L and B and other parasitic related proteases. Therefore, in a

second generation of compounds (which is out the scope of this current project),

selectivity will be incorporated.



CHAPTER SEVEN

Materials and Methods

General Section

Chemicals were obtained from commercial companies such as Acros Chemicals,
Aldrich Chemical Company, Alfa Aesar, Lancaster Chemicals, and Fisher Scientific.
Reactions which involved air or moisture sensitive reagents were performed in oven-
dried glassware under nitrogen atmosphere using dried syringes, needles and cannulas to
transfer solvents and reagents. Reactions were monitoring by silica gel thin layer
chromatography (TLC) using Merk Kieselgel 60 F,s4 glass backed plates. The plates
were visualized by the use of a multiband 254/365 nm UV lamp, iodine or by dipping
either in a solution of vanillin (in ethanolic sulphuric acid), PMA (in ethanol),
anisaldehyde (in ethanol), ceric sulfate (in sulfuric acid), DNP (in an aqueous ethanolic
sulfuric acid) or potassium permanganate (in basic water) followed by heating. Gas
chromatography (Hewlett Packard 5890 Series II with a SE-54 column) and /or gas
chromatography mass spectrometry (Hewlett Packard GCD system with electron impact
ionization) were also used to monitor reactions. Flash chromatography was carried out
with silica gel (230-400 mesh) purchased from BODMAN industries. Solvents used for
chromatography and workups (CH,Cl,, hexanes, THF and acetone) were purified by
distillation prior to use. Ethyl acetate, methanol, ethanol, diethyl ether and other solvents
were purchased from the above mentioned companies as anhydrous solvents and use

without further purification. Evaporation or removal of the solvents were performed with

157
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a rotary evaporator in vacuo followed by a further drying of the compound with a
mechanical pump at vacuum pressures of < 0.5 Torr.

Structure elucidation of the products was carried out using spectroscopic
techniques such as NMR, IR and MS. 'H NMR spectra were recorded at 300 or 360
MHz on a Bruker DPX-300 and AMX-360 spectrometers. Be spectra were recorded at
75 or 90 MHz and *'P spectra were recorded at 121 MHz. All NMRs were recorded in
CDClI; (0.03% of TMS) unless stated otherwise. Chemical shifts, which are expressed in
ppm (9), are referenced to tetramethylsilane (TMS). The NMR patterns are reported as
singlets (s), doublets (d), triplets (t), quartets (q), multiplets (m), etc and the coupling
constants (J) are reported in Hz. All the spectra are reported in a decoupled mode unless
stated otherwise. Special NMR techniques such as low and high temperature NMR and
NOESY were carried out on the Bruker AMX-360 spectrometer. Homonuclear
decoupling, resolution enhancement, 2D NMR was performed on both spectrometers.
NMR processing data was carried out using WinNMR, Mestrec or Nuts. IR spectra were
run either neat (for liquids and solutions) or as nujol mulls (for solids) on a Genesis II
FTIR spectrometer. The melting points, which were recorded uncorrected , were

determined on a Thomas Hoover capillary melting point apparatus.

Synthesis of Propiophenone Derivatives

1% Into a round bottom flask

3-Bromopropiophenone thiosemicarbazone (49).
containing 3-bromopropiophenone (0.508 g, 2.34 mmol), 20 mL of anhydrous methanol

were added and the solution was refluxed for 15 minutes. To the warm ketone solution,

thiosemicarbazide (0.184 g, 2.04 mmol) and 1% solution of HOAc (0.2 mL) were added.
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The reaction mixture was refluxed under nitrogen atmosphere for 17 h, at which point,
the solvent was evaporated and, the crude reaction mixture was purified by flash
chromatography (30% EtOAc/ 70% hex) to obtain 0.2498 g (0.873 mmol) of the product
in a 37% yield.

'H NMR (300 MHz, methyl sulfoxide-de, 8): 10.39 (s, NH, 1H), 8.35 (br s, NH»,
1H), 8.17 (t, J = 1.7, ArH, 1H), 8.12 (br s, NH», 1H), 7.87 (ddd, J = 7.9, 1.6, 0.8, ArH,
1H), 7.57 (ddd, J = 7.9, 1.9, 0.8, ArH, 1H), 7.34 (t, J = 7.9, ArH, 1H), 2.86 (q, J = 7.4,
CHy, 2H), 0.99 (t, J=7.5, CH3, 3H).

*C NMR (75 MHz, methyl sulfoxide-de): & 179.0, 150.3, 138.8, 131.9, 130.5,
129.0, 125.8, 122.2, 19.1, 10.8.

Dept 135 NMR (75 MHz, methyl sulfoxide-ds): 6 132.3 (CH), 130.9 (CH), 129.5

(CH), 126.3 (CH), 19.6 (CH>), 11.3 (CH3).

3-Nitropropiophenone thiosemicarbazone (50). Into a round bottom flask
containing 3-nitropropiophenone (1.02 g, 5.53 mmol), 30 mL of anhydrous methanol
were added and the solution was refluxed for about 15 minutes. To the warm ketone
solution, thiosemicarbazide (0.485 g, 5.33 mmol) and 1% solution of HOAc (0.4 mL)
were added. The reaction mixture was refluxed under nitrogen atmosphere for 30 h, at
which point, the solvent was evaporated and, the crude reaction mixture was purified by
flash chromatography (50% EtOAc/ 50% hex) to obtain 0.8119 g (3.22 mmol) of the
product in a 58% yield.

"H NMR (300 MHz, acetone-dg, 0): 9.62 (br s, NH, 1H), 8.66 (t, J = 1.9, ArH,

1H), 8.38 (ddd, J = 7.9, 1.8, 1.0, ArH, 1H), 8.25 (ddd, J = 8.2, 2.3, 1.0, ArH, 1H), 8.07
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(br s, NH,, 1H), 7.72 (t, J = 8.1, ArH, 1H), 7.66 (br s, NH,, 1H), 3.09 (q, J = 7.7, CH,,

2H), 1.23 (t, J = 7.7, CHs, 3H).

3-Aminopropiophenone thiosemicarbazone (51). Into a round bottom flask
containing 3-nitropropiophenone (0.102 g, 0.406 mmol), Zn (0.884 g, 13.5 mmol) and
CaCl, (0.0398 g, 0.271 mmol), 7.5 mL of EtOH-H,O (4:1 ratio) were added and the
solution was refluxed for about 1.5 h. At the end of this time, the reaction mixture was
filtered through celite and silica gel, rinsed twice with EtOH (2 x 5 mL) and the solvent
evaporated. The product was purified by flash chromatography (40% EtOAc/ 60% hex)
to obtain 0.0420 g (0.189 mmol) of the amine in a 47% yield.

E- isomer: 'H NMR (300 MHz, acetone-ds, 9): 9.39 (br s, NH, 1H), 7.79 (br s,
NH,, 1H), 7.54 (br s, NH,, 1H), 7.24 (m, ArH, 1H), 7.09 (m, ArH, 2H), 6.72 (m, ArH,
1H), 4.70 (br s, NH, 2H), 2.89 (q, J = 7.6, CH,, 2H), 1.16 (t, J = 7.4, CH3, 3H).

Dept 135 NMR (75 MHz, acetone-dg): & 129.0 (CH), 115.5 (CH), 115.2 (CH),

112.3 (CH), 19.6 (CHy), 10.5 (CHs).

3-(t-Butyldimethylsilyloxy)benzaldehyde (52). Into a round bottom flask
containing 3-hydroxybenzaldehyde (0.658 g, 5.23 mmol) and DMAP (0.0646 g, 0.52
mmol), first 10 mL of anhydrous CH,Cl, and then 0.89 mL of NEt; (0.634 g, 6.27 mmol)
were added. After the reaction mixture was stirred under nitrogen at 0 °C for 10 minutes,
5 mL of a CH,Cl; solution of TBSCI (0.976 g, 6.28 mmol) were added. The reaction
mixture was stirred for 2.5 h at room temperature and, then it was filtered through silica

gel-florisil, rinsed with CH,Cl, and the organic phase dried under Na,SOs. After
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evaporating the solvent, 1.1308 g (4.79 mmol) of pure product was obtained in a 92%
yield.

'H NMR (300 MHz, CDCLs): § 9.94 (s, CHO, 1H), 7.46 (td, J = 7.5, 1.3, ArH,

1H), 7.39 (t, J = 7.7, ArH, 1H), 7.31 (dd, J=2.5, 1.5, 1.0, ArH, 1H), 7.09 (ddd, J = 7.9,

2.5, 1.2, ArH, 1H), 0.98 (s, C(CHs)s, 9H), 0.21 (s, Si(CH)s, 6H).

3-(t-Butyldimethylsilyloxyphenyl)- 1-propanol (53). 9 mL of anhydrous Et,O were
poured into a dry flask containing Mg (0.442 g, 18.0 mmol) and few crystals of [,. While
the reaction mixture was being stirred at room temperature under nitrogen, 10 drops of
ethyl bromide (1.86 g, 17.1 mmol) were added. After the reaction mixture became
cloudy (approximately 10 minutes after bromide addition), the rest of the ethyl bromide
(1.3 mL) was added during a 50-minute period and the reaction mixture was refluxed at
45 °C for 2 h. When almost all the Mg was consumed, the reaction flask was put in ice
bath and 5 mL of an ethereal solution of aldehyde 52 (1.85 g, 7.82 mmol) were added
during 15 minutes. The reaction mixture was stirred for 4 h at room temperature, at
which point, first H,O was added and, then 3 mL of HCl (6M). The product was
extracted twice from the aqueous phase with Et,0O and the resultant organic phase was
washed once with H,O and once with brine. After drying the organic phase under
Na,SOy4, the solvent was evaporated and 1.9952 g (7.50 mmol) of pure product was
obtained in a 91% yield.

'H NMR (300 MHz, CDCl3, 8):7.18 (t, J= 7.8, ArH, 1H), 6.91 (ddd, J = 7.5, 2.6,
0.6, ArH, 1H), 6.82 (dd, J = 2.3, 1.8, ArH, 1H), 6.74 (ddd, J = 8.0, 2.5, 1.0, ArH, 1H),
4.53 (t, J= 6.6, CHOH, 1H), 1.83 (br s, OH, 1H), 1.75 (m, CH,, 2H), 0.97 (s, C(CH3)3,

9H), 0.90 (dd, J = 8.6, 6.3, CHs, 3H), 0.18 (s , Si(CHs), 6H).
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1-(3-t-Butyldimethylsilyloxyphenyl)propan-1-one (54). 30 mL of anhydrous
CH,Cl, were poured into a flask containing PCC (2.63 g, 12.0 mmol) and celite (2.6 g).
The suspension was stirred at 0°C under nitrogen for 10 minutes, at which point, 12 mL
of a CH,Cl, solution of alcohol 53 (2.00 g, 7.50 mmol) were added. After the reaction
was stirred at room temperature for 4 h, 20 mL of Et,0 were added and the reaction
mixture was filtered through fluorisil - silica gel and rinsed with extra Et,O (10 mL).
The organic phase was dried under Na,SO4 and the solvent was evaporated to afford
1.842 g (6.98 mmol) of pure product in an 86% yield.

'H NMR (300 MHz, CDCls, 8):7.54 (ddd, J= 7.7, 1.6, 1.0, ArH, 1H), 7.41 (dd, J
=2.5, 1.6, ArH, 1H), 7.30 (t, J = 7.9, ArH, 1H), 7.01 (ddd, J = 8.0, 2.5, 1.0, ArH, 1H),
2.96 (q, J = 7.2, CHy, 2H), 1.20 (t, J = 7.2, CH3, 3H), 0.98 (s, C(CH3)3, 9H), 0.20 (s ,
Si(CH3),, 6H).

>C NMR (75 MHz, CDCl3): & 200.6, 156.0, 138.4, 129.5, 124.7, 121.1, 119.3,
31.9,25.7,18.2,8.3,-4.4

Dept 135 NMR (75 MHz, CDCl5): 6 129.5 (CH), 124.7 (CH), 121.11 (CH), 119.3

(CH), 31.9 (CH.), 25.7 (CH3), 8.3 (CH3), -4.4 (CH3).

1-(3-t-Butyldimethylsilyloxyphenyl)propan-1-one thiosemicarbazone (55). Into a
round bottom flask containing the TBS protected ketone 54 (0.645 g, 2.44 mmol), 20 mL
of anhydrous methanol were added and the solution was refluxed for about 15 minutes.
To the warm ketone solution, thiosemicarbazide (0.214 g, 2.85 mmol) and 1% solution of
HOAc (0.5 mL) were added. The reaction mixture was refluxed under nitrogen

atmosphere for 23 h, at which point, the solvent was evaporated and, the crude reaction
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mixture was purified by flash chromatography (20% EtOAc/ 80% hex) to obtain 0.6741 g
(2.07 mmol) of a mixture of E£/Z thiosemicarbazones (1.2: 1 ratio) in an 85% yield.

E- isomer: 'H NMR (300 MHz, CDCl3, 9): 8.80 (br s, NH, 1H), 7.35 (t,J=17.9,
ArH, 1H), 7.34 (br s, NH,, 1H), 7.15 (dd, J = 1.6, 0.6, ArH, 1H), 6.91 (ddd, J = 8.3, 2.4,
0.9, ArH, 1H), 6.90 (dt, J = 7.2, 2.2, ArH, 1H), 6.42 (br s, NH,, 1H), 2.70 (q, J = 7.8,
CHy, 2H),1.21 (t,J= 7.7, CH3, 3H), 1.00 (s, C(CHs)3, 9H), 0.22 (s, Si(CH3),, 6H).

C NMR (75 MHz, CDCly): 8 179.4, 156.0, 152.7, 137.6, 129.6, 121.6, 119.4,
118.1,25.7,20.4, 18.2, 10.6, -4.3.

Dept 135 NMR (75 MHz, CDCls): 8 129.6 (CH), 121.7 (CH), 119.5 (CH), 118.1
(CH), 25.7 (CH), 20.4 (CH>), 10.7 (CH3), -4.3 (CH3).

Z- isomer: 'H NMR (300 MHz, CDCl3, 9): 8.62 (br s, NH, 1H), 7.29 (br s, NH,,
1H), 7.26 (t, J= 7.7, ArH, 1H), 6.79 (ddd, J= 7.5, 1.4, 1.1, ArH, 1H), 6.66 (dd, J = 2.2,
1.9, ArH, 1H), 6.29 (br s, NH,, 1H), 2.56 (q, J = 7.4, CHy, 2H), 1.11 (t, J = 7.4, CH3,
3H), 1.00 (s, C(CH3)s, 9H), 0.24 (s, Si(CH3),, 6H).

C NMR (75 MHz, CDCls): & 178.9, 156.8, 155.4, 134.2, 131.0, 121.6, 119.4,
118.4,31.5, 25.6, 18.2, 10.6, -4.3.

Dept 135 NMR (75 MHz, CDCls): 8 131.0 (CH), 121.7 (CH), 119.4 (CH), 118.4

(CH), 31.5 (CHa), 25.7 (CH3), 10.7 (CH;), -4.3 (CHs).

1-(3-Hydroxyphenyl)-1-propanone thiosemicarbazone (56). At 0 °C and under
nitrogen, the TBS protected thiosemicarbazone 55 (0.344g, 1.06 mmol) was dissolved
with 10 mL of anhydrous CH,Cl,. To the well stirred solution, 1.6 mL of a solution (1M
in THF) of TBAF (0.418 g, 1.6 mmol) was added and the reaction mixture was stirred at

room temperature for 1.5 h. At the end of this period of time, H,O was added to the
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reaction mixture, the product was extracted once from the aqueous phase with CH,Cl,
and the resultant organic phase was washed once with H,O, once with brine and dried
under Na,SOs. The product was purified from the crude of reaction by flash
chromatography (30% EtOAc/ 70% hex) to afford 0.2338 g (1.05 mmol) of
thiosemicarbazone in a 99% yield.

E- isomer: 'H NMR (360 MHz, CDCl3, 6): 9.38 (br s, NH, 1H), 7.72 (br s, NHo,
1H), 7.47 (br s, NH,, 1H), 7.34 (m, ArH, 1H), 7.26 (m, ArH, 2H), 6.96 (m, ArH, 1H),
2.80(q,J=7.6,CH,, 2H), 1.20 (t,J= 7.5, CH3, 3H).

Dept 135 NMR (90 MHz, CDCls): 8 134.7 (CH), 123.3 (CH), 122.1 (CH), 118.6

(CH), 25.4 (CH.), 15.9 (CH3).

1-Phenyl-1-(3-bromophenyl)methanol (57) 6 mL of anhydrous Et,O were poured
into a dry flask containing Mg (0.448 g, 18.2 mmol) and few crystals of I,. While the
reaction mixture was stirred at room temperature under nitrogen, 14 drops of
bromobenzene (2.74 g, 17.5 mmol) were added. After the reaction mixture became
cloudy (approximately 5 minutes after bromide addition), the rest of the bromobenzene
(1.86 mL) was added during a 30-minute period and, the reaction mixture was refluxed at
40 °C for 2.5 h. When almost all the Mg was consumed, the reaction flask was put in ice
bath and 3 mL of an ethereal solution of m-bromobenzaldehyde (1.50 g, 7.93 mmol)
were added during 10 minutes. The reaction mixture was stirred for 2 h at room
temperature, at which point, first H;O was added and, then 6.6 mL of HCI (6M). The
product was extracted twice from the aqueous phase with Et,O and the resultant organic
phase was washed once with H,O and once with brine. After drying the organic phase

under Na,SO,, the solvent was evaporated and the product was purified by flash
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chromatography (10% EtOAc/ 90% hex). 1.8611 g (7.08 mmol) of pure alcohol was
obtained in a 89% yield.

'H NMR (300 MHz, CDCl;, 8): 7.56 (t, J = 1.8, ArH, 1H), 7.34 (m, ArH, 7H),
7.19 (t,J="1.8, ArH, 1H), 5.79 (s, CHOH, 1H), 2.23 (br s, OH, 1H).

Dept 135 NMR (75 MHz, CDCl;): é 130.6 (CH), 130.1 (CH), 129.5 (CH), 128.7
(CH), 128.0 (CH), 126.6 (CH), 125.1 (CH), 75.7 (CHOH).

EIMS: m/z (% rel. intensity) 264 (M' + 2, 16), 262 (M", 16), 185 (23), 183 (28),

105 (100), 77 (40).

Synthesis of Benzophenone Thiosemicarbazones Derivatives

Phenyl(3-bromophenyl) ketone (58) 30 mL of anhydrous CH,Cl, were poured
into a flask containing PCC (2.34 g, 10.6 mmol) and celite (2.3 g). The suspension was
stirred at 0°C under nitrogen for 10 minutes, at which point, 10 mL of a CH,Cl; solution
of alcohol 57 (1.86 g, 7.08 mmol) were added. After the reaction was stirred at room
temperature for 4 h, 15 mL of Et,0 were added and the reaction mixture was filtered
through Fluorisil - silica gel bed and rinsed with extra Et,O (10 mL). The organic phase
was dried under Na,SO4 and the solvent was evaporated to afford 1.7852 g (6.84 mmol)
of pure product in a 97% yield.

'H NMR (300 MHz, CDCl;, 8): 7.93 (t, J = 1.8, ArH, 1H), 7.78 (m, ArH, 2H),
7.71 (dd, J = 8.1, 1.6, ArH, 2H), 7.61 (tt, J = 7.4, 1.3, ArH, 1H), 7.49 (tt, J = 6.8, 1.5,
ArH, 2H), 7.36 (t, J="7.8, ArH, 1H).

Dept 45 NMR (75 MHz, CDCls): 6 135.3 (CH), 132.9 (CH), 132.8 (CH), 130.1

(CH), 129.9 (CH), 128.6 (CH), 128.5 (CH).
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EIMS: m/z (% rel. intensity) 262 (M" + 2, 25), 260 (M", 25), 185 (16), 183 (16),

105(100), 77 (33).

Phenyl(3-bromophenyl) ketone thiosemicarbazone (59) Into a round bottom flask
containing ketone 58 (1.79 g, 6.84 mmol), 30 mL of anhydrous methanol were added and
the solution was refluxed for about 15 minutes. To the warm ketone solution,
thiosemicarbazide (0.600 g, 6.59 mmol) and 1% solution of HOAc (0.8 mL) were added.
The reaction mixture was refluxed under nitrogen atmosphere for 26 h, at which point,
the solvent was evaporated and, the crude reaction mixture was purified by flash
chromatography (30% EtOAc/ 70% hex) to obtain 0.7739 g (2.32 mmol) of the product
in a 34% yield.

E- isomer: 'H NMR (300 MHz, methyl sulfoxide-dg, 8): 8.69 (br s, NH, 1H),
8.57 (br s, NH», 1H), 8.42 (br s, NH», 1H), 8.07 (s, ArH, 1H), 7.59 (m, ArH, 4H), 7.36

(m, ArH, 4H).

1,1-Bis(3-bromophenyl)methanol (60) 7 mL of anhydrous Et,0 were poured into
a dry flask containing Mg (0.530 g, 21.6 mmol) and few crystals of I,. While the
reaction mixture was being stirred at room temperature under nitrogen, 6 drops of m-
dibromobenzene (4.92 g, 20.9 mmol) were added. After the reaction mixture became
cloudy (approximately 30 minutes after bromide addition), the rest of the
dibromobenzene (2.6 mL) was added during a 30-minute period and, the reaction mixture
was refluxed at 30 °C for 1.5 h. When almost all the Mg was consumed, the reaction
flask was put in ice bath and, 5 mL of an ethereal solution of m-bromobenzaldehyde

(1.77 g, 9.38 mmol) were added during 10 minutes. The reaction mixture was stirred for
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3.5 h at room temperature, at which point, first H,O (4 mL) was added and, then 5 mL of
HCI (6M). The product was extracted twice from the aqueous phase with Et,;O and the
resultant organic phase was washed once with H>O and once with brine. After drying the
organic phase under Na,SOy, the solvent was evaporated and the product was purified by
flash chromatography (10% EtOAc/ 90% hex). 1.99 g (5.82 mmol) of pure alcohol was
obtained in a 62% yield.

'H NMR (360 MHz, CDCI3, 8): 7.53 (t, J = 1.8, ArH, 2H), 7.41 (ddd, J=7.7, 2.0,
1.4, ArH, 2H), 7.27 (dtd, J= 7.5, 1.6, 0.4, ArH, 2H), 7.21 (t, J = 7.7, ArH, 2H), 5.75 (s,
CHOH, 1H), 2.31 (br s, OH, 1H).

Dept 135 NMR (90 MHz, CDCl3): ¢ 131.0 (CH), 130.3 (CH), 129.6 (CH), 125.2
(CH), 75.0 (CHOH).

EIMS: m/z (% rel. intensity) 344 (M" + 4, 8), 342 (M" + 2, 17), 340 (M", 8), 185

(100), 183(89), 157 (25), 77 (50).

Bis(3-bromophenyl) ketone (61) 30 mL of anhydrous CH,Cl, were poured into a
flask containing PCC (1.92 g, 8.73 mmol) and celite (1.9 g). The suspension was stirred
at 0°C under nitrogen for 10 minutes, at which point, 10 mL of a CH,Cl; solution of
alcohol 60 (1.99 g, 5.82 mmol) were added. After the reaction was stirred at room
temperature for 5.5 h, 15 mL of Et,O were added and the reaction mixture was filtered
through fluorisil - silica gel and rinsed with extra Et;O (10 mL). The organic phase was
dried under Na,SO,4 and the solvent was evaporated to afford 1.673 g (4.92 mmol) of pure

product in a 85% yield.
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'"H NMR (300 MHz, CDCl, 8): 7.92 (t, J = 1.8, ArH, 2H), 7.73 (ddd, J = 8.0, 2.0,
1.1, ArH, 2H), 7.68 (ddd, J= 7.7, 1.6, 1.2, ArH, 2H), 7.37 (t, J = 7.8, ArH, 2H).

C NMR (75 MHz, CDCl3): & 193.7, 138.8, 135.7, 132.7, 130.0, 128.5, 122.8.

Bis(3-bromophenyl) ketone thiosemicarbazone (62) Into a round bottom flask
containing ketone 61 (1.044 g, 3.07 mmol), 35 mL of anhydrous methanol were added
and the solution was refluxed for about 15 minutes. To the warm ketone solution,
thiosemicarbazide (0.294 g, 3.23 mmol) and 1% solution of HOAc (1.5 mL) were added.
The reaction mixture was refluxed under nitrogen atmosphere for 46 h, at which point,
the solvent was evaporated and, the crude reaction mixture was purified by flash
chromatography (20% EtOAc/ 80% hex) to obtain 0.231 g (0.559 mmol) of the product
in an 18% yield.

'H NMR (360 MHz, CDCl3, 8): 8.59 (br s, NH, 1H), 7.72 (s, ArH, 2H), 7.41 (m,

ArH, 6H), 6.92 (br s, NHa, 1H).

Synthesis of Tetrahydronaphthalene Derivatives

5-Bromo-1-tetralone (63).'™ Into a round bottom flask kept at 0 °C, AICl; (19.6
g, 146.8 mmol) was added and the reaction system was put under nitrogen. 8 mL of
tetralone (8.62 g, 58.9 mmol) were added during a 10-minute period, at which point, the
reaction mixture was heated in an oil bath at 90 °C for about 45 minutes before adding
3.6 mL of Br, (11.2 g, 70.1 mmol). The reaction mixture was stirred at 90 °C for an hour
before 30 mL of ice-water and 20 mL of NaHCO; were added. The product was

extracted twice from the aqueous phase with Et,O and, the resultant organic phase was
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washed once with NaHCOs, once with brine and dried under Na,SO4. The crude reaction
mixture was purified by flash chromatography (2.5% EtOAc/ 97.5% hex) which afforded
5.87 g (26.1 mmol) of the product in a 44% yield.

'H NMR (300 MHz, CDCls, 8): 8.01 (dd, J = 7.8, 1.3, ArH, 1H), 7.73 (dd, J =
7.9, 1.3, ArH, 1H), 7.18 (tt, /= 7.9, 0.6, ArH, 1H), 3.01 (t, J = 6.2, CH,, 2H), 2.64 (dd, J
=6.7, 5.6, CH,, 2H), 2.15 (td, /= 13.0, 6.5, CH,, 2H).

3C NMR (75 MHz, CDCLs): & 197.5, 143.4, 137.3, 134.9, 127.7, 126.5, 124.8,
38.2,30.0, 22.3.

Dept 135 NMR (75 MHz, CDCl;): § 137.3 (CH), 127.7 (CH), 126.5 (CH), 38.2
(CH>), 30.0 (CHy), 22.3 (CH»).

EIMS: m/z (% rel. intensity) 226 (M" + 2, 93), 224 (M", 93), 211 (25), 209 (25),

198(100), 196 (100), 170 (50), 168 (50), 145 (25), 115 (45), 89 (60), 63 (28).

7-Bromo-1-tetralone (64)."” Into a round bottom flask kept at 0 °C, AICl; (19.6
g, 146.8 mmol) was added and the reaction system was put under nitrogen. 8 mL of
tetralone (8.62 g, 58.9 mmol) were added during a 10-minute period, at which point, the
reaction mixture was heated in an oil bath at 90 °C for about 45 minutes before adding
3.6 mL of Br; (11.2 g, 70.1 mmol). The reaction mixture was stirred at 90 °C for an hour
before 30 mL of ice-water and 20 mL of NaHCO; were added. The product was
extracted twice from the aqueous phase with Et,O and, the resultant organic phase was
washed once with NaHCOs, once with brine and dried under Na,SO4. The crude reaction
mixture was purified by flash chromatography (2.5% EtOAc/ 97.5% hex) which afforded

5.36 g (23.8 mmol) of the product in a 40% yield.
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'"H NMR (300 MHz, CDCls, 5): 8.14 (d, J = 2.2, ArH, 1H), 7.56 (dd, J = 8.1, 2.2,
ArH, 1H), 7.13 (d, J = 8.2, ArH, 1H), 2.90 (1, J = 6.1, CHa, 2H), 2.64 (dd, J = 5.7, 5.5,
CH,, 2H), 2.12 (td, J = 12.7, 6.4, CH,, 2H).
Dept 135 NMR (75 MHz, CDCLy): & 136.1 (CH), 130.7 (CH), 130.0 (CH), 38.8
(CHa), 29.2 (CH,), 23.1 (CH,).
EIMS: m/z (% rel. intensity) 226 (M' + 2, 100), 224 (M", 100), 211 (25), 209

(25), 198(75), 196 (75), 170 (60), 168 (60), 145 (25), 115 (45), 89 (58), 63 (28).

5-Bromo-1-tetralone thiosemicarbazone (65) Into a round bottom flask
containing ketone 63 (0.343 g, 1.52 mmol), 16 mL of anhydrous methanol were added
and the solution was refluxed for about 15 minutes. To the warm ketone solution,
thiosemicarbazide (0.182 g, 2.00 mmol) and about 80 mg of TsOH were added. The
reaction mixture was refluxed under nitrogen atmosphere for 7.5 h, at which point, the
white solid formed was filtered and, rinsed with cold MeOH. After drying the solid
under reduced pressure, 0.3577 g (1.20 mmol) of the product was obtained in a 79%
yield.

"H NMR (300 MHz, acetone-dg, 0): 9.25 (s, NH, 1H), 8.22 (dd, J = 8.0, 1.2, ArH,
1H), 7.87 (br s, NH,, 1H), 7.55 (dd, /= 7.9, 1.2, ArH, 1H), 7.47 (br s, NH», 1H), 7.10 (tt,
J=1.9, 0.6, ArH, 1H), 2.88 (t, /= 6.2, CH,, 2H), 2.79 (t, J = 6.5, CHy, 2H), 1.99 (tt, J =
6.6, 1.1, CH,, 2H).

Dept 135 NMR (75 MHz, acetone-ds): 6 133.1 (CH), 127.4 (CH), 124.4 (CH),

29.5 (CH»), 24.7 (CH»), 21.0 (CH).
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7-Bromo-1-tetralone thiosemicarbazone (66) Into a round bottom flask
containing ketone 64 (0.347 g, 1.54 mmol), 10 mL of anhydrous methanol were added
and the solution was refluxed for about 10 minutes. To the warm ketone solution,
thiosemicarbazide (0.246 g, 2.70 mmol) and 0.7 mL of 1% solution of HOAc were
added. The reaction mixture was refluxed under nitrogen atmosphere for 18 h, at which
point, the solvent was evaporated. The crude reaction mixture was purified by flash
chromatography (30% EtOAc/ 70% hex) which afforded 0.314 g (1.05 mmol) of the
product in a 68% yield.
'H NMR (300 MHz, acetone-dg, 0): 9.31 (br s, NH, 1H), 8.38 (d, J =2.1, ArH,
1H), 8.15 (br s, NH,, 1H), 7.57 (br s, NH,, 1H), 7.43 (dd, /= 8.2, 2.2, ArH, 1H), 7.16 (d,
J=28.2, ArH, 1H), 2.82 (t, J = 6.6, CHa, 2H), 2.79 (t, J = 6.5, CH,, 2H), 1.96 (m, CH,,
2H).
Dept 135 NMR (75 MHz, acetone-ds): & 131.8 (CH), 130.6 (CH), 127.3 (CH),

28.6 (CHa), 25.0 (CH,), 21.2 (CH).

7-Bromo-2-tetralone (67) Into a round bottom flask kept at 0 °C, AICl; (3.93 g,
29.5 mmol) and, 5 mL of CH,Cl, were added. The reaction system was put under
nitrogen and stirred for about 7 minutes before adding 20 mL of a CH,Cl, solution of -
tetralone (2.16 g, 14.7 mmol). After the reaction mixture was stirred for almost 10
minutes, 10 mL of Br, (2.58 g, 16.2 mmol) were added and, the reaction mixture was
stirred at room temperature for an hour. At the end of this period of time, the reaction
mixture was poured into 50 mL of ice-water and, the product was extracted 3 times from
the aqueous phase with EtOAc. The resultant organic phase was washed once with brine

and dried under Na,SO4. After the crude reaction mixture was purified by flash
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chromatography (5% EtOAc/ 95% hex), 2.364 g (10.5 mmol) of monobromide was
obtained in a 71% yield.

'H NMR (300 MHz, CDCls, 8): 7.33 (dd, J = 8.1, 2.0, ArH, 1H), 7.27 (d, J = 2.0,
ArH, 1H), 7.10 (d, J = 8.0, ArH, 1H), 3.55 (s, CHa, 2H), 3.02 (t, J = 6.6, CHa, 2H), 2.53
(t, J=6.7, 6.4, CHy, 2H).

C NMR (75 MHz, CDCl;): 8 209.2, 135.6, 135.5, 130.9, 129.8, 129.2, 120.4,
44.5,37.8,27.8.

Dept 135 NMR (75 MHz, CDCls): 6 131.0 (CH), 129.9 (CH), 129.3 (CH), 44.6

(CHy), 37.9 (CH>), 27.9 (CHy).

5,7-Dibromo-2-tetralone and 6,8-dibromo-2-tetralone (68) Into a round bottom
flask kept at 0 °C, AICl; (2.26 g, 16.9 mmol) was added and the reaction system was put
under nitrogen. 1 mL of B-tetralone (1.08 g, 7.37 mmol) were added during a 10-minute
period, at which point, the reaction mixture was heated in an oil bath at 90 °C for about
30 minutes before adding 0.45 mL of Br, (1.41 g, 8.82 mmol). The reaction mixture was
stirred at 85 °C for an hour before 15 mL of ice-water and 8§ mL of NaHCO3 were added.
The product was extracted twice from the aqueous phase with Et,O and, the resultant
organic phase was washed once with NaHCOs3, once with brine and dried under Na,SO,.
The crude reaction mixture was purified by flash chromatography (10% EtOAc/ 90%
hex) which afforded 2 major compounds. 0.110 g (0.362 mmol) of 6,8-dibromo-2-
tetralone (less polar compound) was obtained in a 6% yield.

'H NMR (300 MHz, CDCls, 8): 7.34 (s, ArH, 2H), 3.66 (s, CH,, 2H), 3.24 (t, J =

6.8, CHa, 2H), 2.60 (t, J = 6.9, CH,, 2H).
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3C NMR (75 MHz, CDCl;): § 207.8, 137.9, 135.1, 131.93, 131.90, 123.2, 122.9,
44.6,37.9, 29.4.

Dept 135 NMR (75 MHz, CDCls): 6 131.99 (CH), 131.95 (CH), 44.7 (CH>), 38.0
(CH>), 29.5 (CH»).
The more polar compound was recrystallized (MeOH — hex) to yield 0.2602 g (0.856
mmol) of 5,7-dibromo-2-tetralone in a 10% yield.

'H NMR (300 MHz, CDCl;, 3): 7.64 (d, J= 1.8, ArH, 1H), 7.34 (d, J= 1.8, ArH,
1H), 3.58 (s, CH,, 2H), 3.06 (t, J= 6.5, CH,, 2H), 2.57 (t, J= 6.7, CH,, 2H).

C NMR (75 MHz, CDCly): & 207.9, 140.1, 133.3, 133.2, 130.4, 124.7, 120.6,
44.1, 38.1, 29.0.

Dept 135 NMR (75 MHz, CDCls): & 133.2 (CH), 130.1 (CH), 44.1 (CH»), 38.1

(CH>), 29.0 (CHo).

7-Bromo-2-tetralone thiosemicarbazone (69) Into a round bottom flask
containing ketone 67 (0.358 g, 1.59 mmol), 10 mL of anhydrous methanol were added
and the solution was refluxed for about 15 minutes. To the warm ketone solution,
thiosemicarbazide (0.269 g, 2.96 mmol) and about 50 mg of TsOH were added. The
reaction mixture was refluxed under nitrogen atmosphere for 16.5 h, at which point, the
solid formed was filtered and recrystallized with MeOH. After drying the solid under
reduced pressure, 0.333 g (1.12 mmol) of the product was obtained in a 70% yield.

"H NMR (300 MHz, acetone-dg, 0): 9.25 (s, NH, 1H), 8.22 (dd, J = 8.0, 1.2, ArH,

1H),
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1-Tetralone p-toluensulfonhydrazone (71) Into a round bottom flask containing
I-tetralone (4.40 g, 30.1 mmol), 30 mL of anhydrous methanol were added and the
solution was refluxed for about 15 minutes. To the warm ketone solution, p-
toluensulfonhydrazide (8.49 g, 44.2 mmol) and about 57 mg of TsOH were added. The
reaction mixture was refluxed under nitrogen atmosphere for 4.5 h, at which point, the
solid formed was filtered and recrystallized with MeOH. After drying the solid under
reduced pressure, 8.064 g (25.7 mmol) of the product was obtained in an 87% yield.
'H NMR (300 MHz, CDCls, 8): 7.95 (dd, J= 7.6, 1.5, ArH, 1H), 7.94 (d, J= 8.4,
ArH, 2H), 7.85 (br s, NH, 1H), 7.32 (dd, J= 8.6, 0.5, ArH, 2H), 7.21 (m, ArH, 2H), 7.08
(dd, /= 7.0, 1.8, ArH, 1H), 2.70 (t, J= 6.0, CH,, 2H), 2.47 (t, J = 6.6, CHa, 2H), 2.41 (s,
CHj3;, 3H), 1.88 (p, J = 6.4, CH», 2H).
Dept 135 NMR (75 MHz, CDCls): & 129.61 (CH), 129.57 (CH), 128.3 (CH),

128.2 (CH), 126.5 (CH), 125.0 (CH), 29.3 (CH>), 25.5 (CH»), 21.6 (CH;), 21.4 (CH,).

1-[1-(3,4-Dihydronaphthalenyl)]-1-ethanol (72a) Into a dry round bottom flask
containing 1-tetralone p-toluenensulfonhydrazone 71 (0.957 g, 3.05 mmol), 20 mL of
TMEDA were added and, nitrogen was circulated through the reaction system. After the
solution was cooled at -50 °C, 4.9 mL of BuLi (2.5 M/hex, 12.3 mmol) were added and,
the reaction mixture was stirred first at -50 °C for 30 minutes and then at room
temperature for another 30 minutes. After bubbling stopped, the flask was cooled at 0 °C
and, 1 mL of acetaldehyde (0.786 g, 17.9 mmol) was added. The reaction was stirred at 0
°C for 2 h, at which point, 10 mL of ice water were added. The product was extracted
once from the aqueous phase with EtOAc and, the combined organic phase was washed 3

times with H,O and with brine. The organic phase was dried under Na,SO4 and, the
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solvent was removed under vacuum. After the product was purified by flash
chromatography (20% EtOAc/ 80% hex), 0.155 g (0.891 mmol) was obtained in a 29%
yield.

'H NMR (300 MHz, CDCls, 8): 7.38 (d, J= 7.3, ArH, 1H), 7.18 (m, ArH, 3H),
6.17 (td, /= 4.6, 1.0, C=CH, 1H), 4.89 (q, J= 6.3, CHOH, 1H), 2.72 (t, J = 8.0, CH,, 2H),
2.27 (m, CHy, 2H), 1.76 (br s, OH, 1H), 1.45 (d, /= 6.4, CH3, 3H).

C NMR (75 MHz, CDCly): & 140.4, 136.9, 133.3, 127.8, 126.9, 126.4, 123.8,
122.9, 67.4,28.3, 22.8, 22.6.

Dept 135 NMR (75 MHz, CDCls): 8 127.8 (CH), 126.9 (CH), 126.4 (CH), 123.8

(CH), 122.9 (CH), 67.4 (CH), 28.2 (CH»), 22.8 (CH3), 22.6 (CH,).

[1-(3,4-Dihydronaphthalenyl)]methyl ketone (73) Into a round bottom flask
containing 15 mL of a 15% w/w solution of Dess-Martin reagent (3.07 g, 7.24 mmol), 10
mL of a CH,Cl, solution of alcohol 72 (0.470 g, 2.70 mmol) were added and, the reaction
mixture was stirred under nitrogen for 2 h at room temperature. The crude reaction
mixture was poured into 75 mL of a mixture of NaHCO; — Na,S,0s5 (2:1 ratio) and stirred
for 10 minutes. The product was extracted twice from the aqueous phase with Et,O and,
the resultant organic phase was washed once with H,O, once with brine and dried under
Na;SO4. The ethereal solution was filtered through silica gel and concentrated under
vacuum to afford 0.460 g (2.67 mmol) of the product in a 99% yield.

'H NMR (300 MHz, CDCls, 8): 7.69 (dd, J= 8.7, 2.2, ArH, 1H), 7.19 (m, ArH,
3H), 7.01 (t, J= 4.9, C=CH, 1H), 2.74 (t, J = 7.4, CH,, 2H), 2.46 (s, CH3, 3H), 2.42 (m,

CHL, 2H).
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13C NMR (75 MHz, CDCly): & 199.4, 139.2, 136.4, 130.9, 130.8, 127.7, 127.6,

126.6, 126.5, 27.8,27.5, 23.7.
Dept 135 NMR (75 MHz, CDCLs): § 139.2 (CH), 127.7 (CH), 127.6 (CH), 126.6

(CH), 126.5 (CH), 27.9 (CH3), 27.5 (CH»), 23.8 (CH>).

5,7-Dibromo-2-tetralone thiosemicarbazone (74) Into a round bottom flask
containing ketone 73 (0.0783 g, 0.455 mmol), 10 mL of anhydrous methanol were added
and the solution was refluxed for about 15 minutes before adding thiosemicarbazide
(0.0683 g, 0.856 mmol) and 13 mg of TsOH. The reaction mixture was refluxed under
nitrogen atmosphere for 15 h. The crude reaction mixture was purified by column
chromatography (40% EtOAc/ 60% hex) which afforded 0.028 g (0.114 mmol) of the
product (65% trans isomer and 35% cis) in a 25% yield.

Trans isomer: '"H NMR (300 MHz, CDCl3, 96): 8.62 (br s, NH, 1H), 7.26 (br s,
NH,, 1H), 7.17 (m, ArH, 3H), 6.76 (d, J= 7.1, ArH, 1H), 6.27 (br s, NH,, 1H), 6.02 (t,
J=4.5, C=CH, 1H), 2.85 (t, /= 8.1, CH,, 2H), 2.34 (m, CH», 2H), 2.15 (s, CH3, 3H).

Dept 135 NMR (75 MHz, CDCls): 8 129.6 (CH), 128.7 (CH), 128.5 (CH), 127.2
(CH), 123.6 (CH), 27.2 (CH,), 24.2 (CH3), 22.7 (CH,).

Cis isomer: 'H NMR (300 MHz, CDCls, 9): 8.67 (br s, NH, 1H), 7.26 (br s, NH,,
1H), 7.17 (m, ArH, 4H), 6.31 (t, J= 4.8, C=CH, 1H), 6.27 (br s, NH», 1H), 2.76 (t, J =
7.6, CHy, 2H), 2.46 (m, CH,, 2H), 2.13 (s, CHs, 3H).

Dept 135 NMR (75 MHz, CDCls): 8 130.9 (CH), 127.9 (CH), 127.6 (CH), 126.4

(CH), 125.3 (CH), 27.9 (CH,), 23.3 (CH>).15.6 (CH).
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7-Bromo-I-tetralone p-toluensulfonhydrazone (75) Into a round bottom flask
containing tetralone 64 (2.20 g, 9.78 mmol), 40 mL of anhydrous methanol were added
and the solution was refluxed for about 15 minutes. To the warm ketone solution, p-
toluenesulfonhydrazide (2.82 g, 14.7 mmol) and about 20 mg of TsOH were added. The
reaction mixture was refluxed under nitrogen atmosphere for 7 h, at which point, the
solid formed was filtered and recrystallized with MeOH. After drying the solid under
reduced pressure, 3.44 g (8.75 mmol) of the product was obtained in a 90% yield.

'H NMR (360 MHz, methanol-dg, 8): 8.00 (d, J= 2.1, ArH, 1H), 7.86 (d, J= 8.3,
ArH, 2H), 7.67 (br s, NH, 1H), 7.35 (d, J= 8.2, ArH, 2H), 7.31 (dd, /= 8.2, 2.1 ArH, 1H),
6.98 (d, J= 8.2, ArH, 1H), 2.66 (t, J= 5.8, CH,, 2H), 2.49 (t, J = 6.6, CH,, 2H), 2.40 (s,
CHj3;, 3H), 1.83 (p, J= 6.1, CH», 2H).

3C NMR (75 MHz, methanol-dg): & 152.7, 145.0, 139.6, 136.9, 134.8, 132.8,
131.0, 130.3, 128.8, 128.4, 120.8, 29.6, 26.4, 22.2, 21.7.

Dept 135 NMR (75 MHz, methanol-de): 6 132.8 (CH), 131.0 (CH), 130.3 (CH),

128.8 (CH), 128.4 (CH), 29.6 (CH,), 26.4 (CHy), 22.2 (CHa), 21.7 (CH3).

1-(7-Bromo-3,4-dihydronaphthalen-1-yl)-2-propen-1-ol (76) Into a dry round
bottom flask containing hydrazone 75 (3.44 g, 8.76 mmol), 30 mL of TMEDA were
added and, nitrogen was circulated through the reaction system. After the solution was
cooled at -50 °C, 14 mL of BuLi (2.5 M/hex, 35 mmol) were added and, the reaction
mixture was stirred first at -50 °C for 40 minutes and then at room temperature for
another 40 minutes. After bubbling stopped, the flask was cooled at 0 °C and, 2.4 mL of
acrolein (1.96 g, 34.9 mmol) were added. The reaction was stirred at 0 °C for 3 h, at

which point, 30 mL of ice water were added. The product was extracted once from the
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aqueous phase with EtOAc and, the combined organic phase was washed 3 times with
H,O and with brine. The organic phase was dried under Na,SO4 and, the solvent was
removed under vacuum. After the product was purified by flash chromatography (10%
EtOAc/ 90% hex), 0.246 g (0.928 mmol) was obtained in an 11% yield.

'H NMR (300 MHz, CDCl;, 8): 7.60 (d, J= 2.0, ArH, 1H), 7.26 (dd, J= 8.0, 2.0,
ArH, 1H), 7.00 (d, J= 8.0, ArH, 1H), 6.22 (td, J= 4.6, 0.7, C=CH, 1H), 6.05 (ddd, J=
17.3, 10.5, 5.4, CH=CH,, 1H), 5.40 (dt, J= 17.3, 1.5, C=CH,, 1H), 5.25 (dt, J= 10.4, 1.4,
C=CH,, 1H), 5.10 (dd, J= 5.3, 1.0, CHOH, 1H), 2.67 (t, J = 8.0, CH,, 2H), 2.30 (m, CH,,
2H), 1.92 (br s, OH, 1H).

Dept 135 NMR (75 MHz, CDCls): 8 138.9 (CH), 129.6 (CH), 129.2 (CH), 128.2

(CH), 126.7 (CH), 116.1 (CH»), 72.6 (CHOH), 27.5 (CH.,), 22.8 (CH,).

1-(7-Bromo-3,4-dihydronaphthalen-1-yl)propenone (77) Into a round bottom
flask containing 2.4 mL of a 15% w/w solution of Dess-Martin reagent (0.471 g, 1.11
mmol), 10 mL of a CH,Cl, solution of alcohol 76 (0.123 g, 0.463 mmol) were added and,
the reaction mixture was stirred under nitrogen for 1 h at room temperature. The crude
reaction mixture was poured into 50 mL of a mixture of NaHCO3;—Na,S,0; (1:1 ratio)
and stirred for 10 minutes. The product was extracted twice from the aqueous phase with
Et,0O and, the resultant organic phase was washed once with H,O, once with brine and
dried under Na,SO4.  After the crude reaction mixture was purified by flash
chromatography (5% EtOAc/ 95% hex), 0.0683 g (0.260 mmol) of the product was
obtained in a 67% yield.

'H NMR (300 MHz, CDCls, 8): 7.68 (d, J= 2.0, ArH, 1H), 7.30 (dd, J= 8.0, 2.1,

ArH, 1H), 7.03 (d, J= 8.0, ArH, 1H), 6.85 (t, J= 4.8, C=CH, 1H), 6.77 (dd, J=17.2, 10.5,
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CH=CH,, 1H), 6.32 (dd, J= 17.2, 1.5, C=CH,, 1H), 5.90 (dd, J= 10.5, 1.5, C=CH,, 1H),
2.73 (t, J="1.9, CH,, 2H), 2.45 (td, J= 8.0, 4.9, CH,, 2H).

13C NMR (75 MHz, CDCls): & 192.6, 139.0, 137.7, 135.0, 134.7, 132.9, 130.6,
130.2, 129.1, 128.9, 120.2, 26.9, 23.3.

Dept 135 NMR (75 MHz, CDCly): § 138.9 (CH), 134.7 (CH), 130.6 (CH), 130.2
(CH,), 129.2 (CH), 128.9 (CH), 26.9 (CH,), 23.3 (CH,).

Dept 90 NMR (75 MHz, CDCl3): § 138.9 (CH), 134.6 (CH), 130.6 (CH), 129.1

(CH), 128.8 (CH).

1-(3,4-Dihydronaphthalen-1-yl)prop-2-en-1-ol (78) Into a dry round bottom flask
containing hydrazone 71 (1.995 g, 6.35 mmol), 20 mL of TMEDA were added and,
nitrogen was circulated through the reaction system. After the solution was cooled at -50
°C, 10.2 mL of BuLi (2.5 M/hex, 25.5 mmol) were added and, the reaction mixture was
stirred first at -50 °C for 40 minutes and then at room temperature for 35 minutes. After
bubbling stopped, the flask was cooled at 0 °C and, 2.0 mL of acrolein (1.63 g, 29.1
mmol) were added. The reaction was stirred at 0 °C for 5 h, at which point, 30 mL of ice
water were added. The product was extracted once from the aqueous phase with EtOAc
and, the combined organic phase was washed 3 times with H,O and with brine. The
organic phase was dried under Na,SO4 and, the solvent was removed under vacuum.
After the product was purified by flash chromatography (10% EtOAc/ 90% hex), 0.1165
g (0.626 mmol) was obtained in a 10% yield.

'H NMR (300 MHz, CDCl;, 8): 7.46 (d, J= 6.7, ArH, 1H), 7.18 (m, ArH, 3H),
6.19 (td, J= 4.6, 0.9, C=CH, 1H), 6.12 (ddd, J=17.2, 10.4, 5.3, CH=CH,, 1H), 5.42 (dt,

J=17.2, 1.5, C=CH,, 1H), 5.24 (dt, J= 10.4, 1.5, C=CH,, 1H), 5.18 (d, J= 3.9, CHOH,
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1H), 2.75 (t, J = 8.0, CH,, 2H), 2.31 (dddd, J= 6.3, 4.7, 3.2, 0.9, CHa, 2H), 1.95 (br s,
OH, 1H).

13C NMR (75 MHz, CDCly): & 139.3, 137.8, 136.7, 133.0, 127.7, 126.9, 126.6,
126.3, 123.4, 115.6, 72.6, 28.1, 22.9.

Dept 135 NMR (75 MHz, CDCLs): § 139.4 (CH), 127.8 (CH), 127.0 (CH), 126.7

(CH), 126.3 (CH), 123.5 (CH), 115.7 (CH,), 72.7 (CHOH), 28.1 (CH>), 23.0 (CH,).

1-(3,4-Dihydronaphthalen-1-yl)propenone (79) Into a round bottom flask
containing 2.6 mL of a 15% w/w solution of Dess-Martin reagent (0.532 g, 1.26 mmol), 9
mL of a CH,Cl, solution of alcohol 78 (0.117 g, 0.626 mmol) were added and, the
reaction mixture was stirred under nitrogen for 2 h at room temperature. The crude
reaction mixture was poured into 75 mL of a mixture of NaHCO3;—Na,S,03 (2:1 ratio)
and stirred for 10 minutes. The product was extracted twice from the aqueous phase with
Et,0O and, the resultant organic phase was washed once with H,O, once with brine and
dried under Na,SO4.  After the crude reaction mixture was purified by flash
chromatography (10% EtOAc/ 90% hex), 0.0825 g (0.448 mmol) of the product was
obtained in a 72% yield.

'H NMR (300 MHz, CDCl;, 8): 7.46 (d, J= 8.7, ArH, 1H), 7.18 (m, ArH, 3H),
6.77 (dd, J= 17.3, 10.5, CH=CH,, 1H), 6.77 (t, J= 4.8, C=CH, 1H), 6.32 (dd, J= 17.3,
1.6, C=CH,, 1H), 5.87 (dd, J= 10.5, 1.6, C=CH», 1H), 2.79 (t, J = 7.9, CH,, 2H), 2.45
(ddd, J=8.7,7.2,4.9, CH,, 2H).

BC NMR (75 MHz, CDCl;): & 193.4, 138.8, 137.4, 136.1, 135.1, 131.1, 129.7,

127.8, 127.6, 126.5, 125.9, 27.4, 23 4.
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Dept 135 NMR (75 MHz, CDCls): § 137.4 (CH), 135.2 (CH), 129.8 (CH.), 127.8

(CH), 127.7 (CH), 126.6 (CH), 125.9 (CH), 27.5 (CH>), 23.4 (CH,).

5-Bromo-1-tetralone p-toluenesulfonhydrazone (80) Into a round bottom flask
containing tetralone 63 (2.28 g, 10.1 mmol), 40 mL of anhydrous methanol were added
and the solution was refluxed for about 15 minutes. To the warm ketone solution, p-
toluensulfonhydrazide (2.92 g, 15.2 mmol) and 20 mg of TsOH were added. The
reaction mixture was refluxed under nitrogen atmosphere for 7 h, at which point, the
solid formed was filtered and recrystallized with MeOH. After drying the solid under
reduced pressure, 3.494 g (8.89 mmol) of the product was obtained in an 88% yield.

'H NMR (360 MHz, methanol-ds, 8): 7.90 (dd, J= 8.0, 1.2, ArH, 1H), 7.85 (d, J=
8.4, ArH, 2H), 7.54 (s, NH, 1H), 7.47 (dd, J= 7.9, 1.2, ArH, 1H), 7.30 (dd, J= 8.6, 0.6,
ArH, 2H), 7.02 (t, J= 7.9, ArH, 1H), 2.78 (t, J= 6.2, CH», 2H), 2.48 (t, J = 6.6, CH,, 2H),
2.38 (s, CHs, 3H), 1.85 (p, J = 6.5, CH», 2H).

BC NMR (75 MHz, methanol-de): & 153.2, 144.6, 139.4, 136.5, 134.9, 133.9,
130.1, 128.6, 127.9, 125.0, 124.9, 30.0, 25.8, 21.7.

Dept 135 NMR (75 MHz, methanol-d): 6 133.9 (CH), 130.07 (CH), 128.6 (CH),

127.9 (CH), 124.9 (CH), 29.9 (CH,), 25.8 (CH,), 21.73 (CHs), 21.69 (CH,).

1-(5-Bromo-3,4-dihydronaphthalen-1-yl)-2-propen-1-ol (81) Into a dry round
bottom flask containing hydrazone 80 (3.49 g, 8.89 mmol), 30 mL of TMEDA were
added and, nitrogen was circulated through the reaction system. After the solution was
cooled at -50 °C, 14.2 mL of BuLi (2.5 M/hex, 35 mmol) were added and, the reaction

mixture was stirred first at -50 °C for 40 minutes and then at room temperature for
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another 40 minutes. After bubbling stopped, the flask was cooled at 0 °C and, 2.4 mL of
acrolein (1.96 g, 34.9 mmol) were added. The reaction was stirred at 0 °C for 4 h, at
which point, 30 mL of ice water were added. The product was extracted once from the
aqueous phase with EtOAc and, the combined organic phase was washed 3 times with
H,O and with brine. The organic phase was dried under Na,SO4 and, the solvent was
removed under vacuum. After the product was purified by flash chromatography (10%
EtOAc/ 90% hex), 0.319 g (1.20 mmol) was obtained in a 14% yield.

'H NMR (300 MHz, CDCls, 8): 7.42 (dd, J= 8.8, 1.0, ArH, 1H), 7.39 (dd, J=9.3,
1.2, ArH, 1H), 7.03 (t, J= 7.9, ArH, 1H), 6.21 (td, J= 4.7, 0.8, C=CH, 1H), 6.04 (ddd, J=
17.2,10.4, 5.3, CH=CHa, 1H), 5.39 (dt, J/= 17.3, 1.5, C=CH,, 1H), 5.23 (dt, J= 10.4, 1.4,
C=CH,, 1H), 5.13 (dd, J= 5.3, 1.0, CHOH, 1H), 2.88 (t, /= 8.1, CHy, 2H), 2.32 (m, CHo,
2H), 1.94 (br s, OH, 1H).

>C NMR (90 MHz, CDCls): & 139.0, 137.4, 136.0, 135.2, 131.2, 127.7, 127.3,
124.0, 122.8, 115.9, 77.6, 27.3, 22.5.

Dept 135 NMR (90 MHz, CDCls): 8 139.1 (CH), 131.3 (CH), 127.8 (CH), 127.4

(CH), 122.9 (CH), 116.0 (CHa), 72.7 (CHOH), 27.6 (CH,), 22.6 (CH,).

1-(5-Bromo-3,4-dihydronaphthalen-1-yl)propenone (82) Into a round bottom
flask containing 5 mL of a 15% w/w solution of Dess-Martin reagent (1.02 g, 2.41
mmol), 10 mL of a CH,Cl, solution of alcohol 81 (0.319 g, 1.21 mmol) were added and,
the reaction mixture was stirred under nitrogen for 1.5 h at room temperature. The crude
reaction mixture was poured into 50 mL of a mixture of NaHCO3;—Na,S,0; (1:1 ratio)
and stirred for 10 minutes. The product was extracted twice from the aqueous phase with

Et;,0 and, the resultant organic phase was washed once with H,O, once with brine and
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dried under Na;SO4.  After the crude reaction mixture was purified by flash
chromatography (10% EtOAc/ 90% hex), 0.146 g (0.555 mmol) of the product was
obtained in a 46% yield.

'H NMR (300 MHz, CDCl;, 8): 7.43 (dd, J= 8.0, 1.1, ArH, 1H), 7.39 (d, J= 7.7,
ArH, 1H), 7.05 (t, J= 7.9, ArH, 1H), 6.78 (t, J= 4.8, C=CH, 1H), 6.73 (dd, J= 17.3, 10.5,
CH=CH,, 1H), 6.30 (dd, J=17.3, 1.5, C=CH,, 1H), 5.88 (dd, J=10.5, 1.5, C=CH,, 1H),
2.93 (t,J=28.0, CHy, 2H), 2.46 (td, J= 8.0, 4.8, CH», 2H).

C NMR (75 MHz, CDCly): & 192.9, 138.4, 137.8, 135.5, 135.0, 133.1, 132.0,
130.2, 127.5, 125.2, 123.7, 26.7, 23.0.

Dept 135 NMR (75 MHz, CDCls): 8 137.9 (CH), 135.1 (CH), 132.1 (CH), 130.2

(CH»), 127.6 (CH), 125.3 (CH), 26.8 (CH>), 23.1 (CH,).

1,1-Dioxo-1-thiochroman-4-one (83) Into a round bottom flask containing
thiochroman-4-one (0.804 g, 4.75 mmol), 6 mL of glacial HOAc and, 2.3 mL of a 35%
w/w solution of H,O; (0.914 g, 26.9 mmol) were added and, the solution was heated at
100 °C for 1 h. After the reaction mixture was cooled at room temperature, 10 mL of
H,0 were added and the product was extracted twice with CH,Cl, from the aqueous
layer. The resultant organic phase was washed once with brine and dried under Na,;SOj.
After the solvent was removed, a solid was formed which was purified by
recrystallization with EtOH. After drying the solid under reduced pressure, 0.649 g (3.31
mmol) of the product was obtained in a 70% yield.

"H NMR (300 MHz, acetone-dg, 0): 8.07 (ddd, J= 7.7, 1.3, 0.6, ArH, 1H), 7.99
(ddd, J= 7.8, 2.2, 0.7, ArH, 1H), 7.95 (td, J= 7.8, 1.5, ArH, 1H), 7.86 (ddd, J= 7.7, 6.7,

2.1, ArH, 1H), 3.94 (t, J= 6.3, CHa, 2H), 3.37 (t, J = 6.3, CHa, 2H).
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C NMR (75 MHz, acetone-dg): & 191.3, 142.9, 135.6, 134.1, 131.6, 129.1,
124.0, 49.6, 37.5.

Dept 45 NMR (75 MHz, acetone-de): & 134.8 (CH), 133.2 (CH), 128.2 (CH),

123.1 (CH), 48.8 (CH>), 36.7 (CH,).

5,7-Dibromo-2-tetralone thiosemicarbazone (84) Into a round bottom flask
containing ketone 83 (0.379 g, 1.93 mmol), 15 mL of anhydrous methanol were added
and the solution was refluxed for about 15 minutes before adding thiosemicarbazide
(0.160 g, 1.76 mmol) and 4 mg of TsOH. After the reaction mixture was refluxed under
nitrogen atmosphere for 5 h, a solid was formed which was filtered and further rinsed
with MeOH. After the solid was dried under vacuum, 0.361 g (1.34 mmol) of the
product was obtained in a 70% yield.

'H NMR (300 MHz, methyl sulfoxide-ds, 8): 10.62 (s, NH, 1H), 8.56 (dd, J= 8.2,
2.1, ArH, 1H), 8.55 (br s, NH,, 1H), 8.25 (br s, NH», 1H), 7.84 (m, ArH, 1H), 7.65 (m,
ArH, 2H), 3.69 (t, J= 6.3, CH,, 2H), 3.30 (t, J= 6.3, CH,, 2H).

BC NMR (75 MHz, Methyl Sulfoxide-de): & 179.4, 139.8, 137.6, 132.7, 132.6,

129.9, 127.1, 122.4, 45.7, 24.4.

6-Bromothiochroman-4-one and 6,8-Dibromothiochroman-4-one (85a) Into a
round bottom flask kept at room temperature, AICI; (1.81 g, 13.5 mmol) and, 1 mL of
CH,Cl, were added. The reaction system was put under nitrogen and stirred for about 7
minutes before adding 1 mL of a CH,Cl, solution of thiochroman-4-one (1.11 g, 6.77
mmol). After the reaction mixture was stirred for almost 10 minutes, 2 mL of a CH,Cl,

solution of Br, (1.19 g, 7.44 mmol) were added and, the reaction mixture was stirred at
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room temperature for 16 h. At the end of this period of time, the reaction mixture was
poured into 50 mL of ice-water and, the product was extracted 3 times from the aqueous
phase with EtOAc. The resultant organic phase was washed once with brine and dried
under Na;SO4. After the crude reaction mixture was purified by flash chromatography
(15% EtOAc/ 85% hex), 0.648 g of a mixture of 6-monobromide (34% pure, 13% yield)
and 6,8-dibromo (66% pure, 20% yield) was obtained.

6,8-Dibromo-thiocroman-4-one: "H NMR (300 MHz, CDCI3, §): 8.18 (dd, J =
2.2,0.7, ArH, 1H), 7.77 (dd, J = 2.2, 0.7, ArH, 1H), 3.22 (m, CH,, 2H), 2.94 (m, CH,,
2H).

3C NMR (75 MHz, CDCls): & 192.0, 142.5, 139.1, 136.0, 131.0, 122.2, 118.2,
37.8, 26.0.

6-Bromo-thiocroman-4-one: 'H NMR (300 MHz, CDCI3, 9): 8.19 (dd, J = 2.2,
0.4, ArH, 1H), 7.44 (ddd, J = 8.5, 2.3, 0.6, ArH, 1H), 7.13 (dd, J = 8.5, 0.3, ArH, 1H),
3.22 (m, CHy, 2H), 2.93 (m, CH,, 2H).

BC NMR (75 MHz, CDCly): & 192.7, 141.1, 133.3, 132.1, 131.8, 129.2, 118.7,

39.1, 26.5.

8-Bromothiochroman-4-one (85b) Into a round bottom flask kept at 0 °C, AICl;
(2.01 g, 15.1 mmol) and, 9 mL of CH,Cl, were added. The reaction system was put
under nitrogen and stirred for about 7 minutes before adding 2 mL of a CH,Cl, solution
of thiochroman-4-one (1.24 g, 7.54 mmol). After the reaction mixture was stirred for
almost 10 minutes, 4 mL of a CH,Cl, solution of Br, (1.28 g, 7.98 mmol) were added
during a 30-minute period and, the reaction mixture was stirred at 0 °C for 4 h. At the

end of this period of time, the reaction mixture was poured into 50 mL of ice-water and,
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the product was extracted 3 times from the aqueous phase with EtOAc. The resultant
organic phase was washed once with brine and dried under Na,SO4. After the crude
reaction mixture was purified by flash chromatography (20% EtOAc/ 80% hex), 1.34 g
of a mixture of 6-bromide (63% pure, 46% yield), 8-bromide (20% pure, 15% yield), and
6,8-dibromo (17% pure, 10% yield) was obtained.

8-Bromo-thiocroman-4-one: '"H NMR (300 MHz, CDCI3, 5): 8.07 (ddd, J = 7.9,
1.4, 0.7, ArH, 1H), 7.63 (ddd, J = 7.7, 1.4, 0.7, ArH, 1H), 7.03 (td, J = 7.9, 0.7, ArH,

1H), 3.22 (m, CH,, 2H), 2.93 (m, CHa, 2H).

6,8-Dibromo-1, 1-dioxo-1-thiochroman-4-one (86a) Into a round bottom flask
containing 0.548 g of 85a (0.361 g, 1.12 mmol of dibromo and 0.186 g, 0.766 mmol of
monobromide), 6 mL of glacial HOAc and, 1 mL of a 35% w/w solution of H>O, (0.400
g, 11.7 mmol) were added and, the solution was heated at 100 °C for 2 h. After the
reaction mixture was cooled at room temperature, a solid was formed which was filtered
and purified by recrystallized with EtOH-MeOH. After drying the solid under reduced
pressure, 0.265 g (0.749 mmol) of the product was obtained in a 67% yield.

'H NMR (300 MHz, CD,Cl,, 8): 8.22 (d, J=2.1, ArH, 1H), 8.16 (d, J= 2.1, ArH,
1H), 3.75 (m, CHy, 2H), 3.37 (m, CH,, 2H).

BC NMR (75 MHz, CD,Cl,): & 188.8, 143.4, 139.5, 133.6, 131.6, 127.8, 119.4,

50.8, 36.6.

6-Bromo-1,1-dioxo-1-thiochroman-4-one (86b) Into a round bottom flask
containing 1.31 g of 85b (0.824 g, 3.39 mmol of 6-bromo, 0.262 g, 1.08 mmol of 8-

bromo and 0.222 g, 0.69 mmol of 6,8-dibromo-thiocroman-4-one), 15 mL of glacial
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HOAc and, 2.5 mL of a 35% w/w solution of H,O, (0.993 g, 29.2 mmol) were added
and, the solution was heated at 100 °C for 2 h. After the reaction mixture was cooled at
room temperature, 10 mL of H,O were added and the product was extracted twice with
CH,Cl, from the aqueous layer. The resultant organic phase was washed once with brine
and dried under Na,SO4. After the solvent was removed, a solid was formed which was
purified by recrystallized with EtOH-CH,Cl,. After drying the solid under reduced
pressure, 0.653 g (1.76 mmol) of the product (74% pure) was obtained in a 52% yield.
'H NMR (300 MHz, CD,Cl, 8): 8.21 (d, J= 2.0, ArH, 1H), 7.95 (dd, J= 8.3, 2.0,
ArH, 1H), 7.84 (d, J/= 8.3, ArH, 1H), 3.71 (m, CH», 2H), 3.38 (m, CH,, 2H).
>C NMR (75 MHz, CD,Cl,): & 189.5, 143.4, 140.6, 138.1, 131.9, 128.6, 125.6,

49.6, 37.1.

6,8-Dibromo-1, 1-dioxo-1-thiochroman-4-one thiosemicarbazone (87) Into a
round bottom flask containing thiochroman-4-one 86 (0.218 g, 0.617 mmol), 15 mL of
anhydrous methanol were added and the solution was refluxed for about 15 minutes
before adding thiosemicarbazide (0.0512 g, 0.563 mmol) and 1.2 mg of TsOH. After the
reaction mixture was refluxed under nitrogen atmosphere for 4 h, a solid was formed
which was filtered and, then purified by recrystallzation with CH,Cl,-EtOH. After the
solid was dried under vacuum, 0.115 g (0.269 mmol) of the product was obtained in a
44% yield.

'H NMR (300 MHz, Methyl Sulfoxide-ds, 8): 10.69 (s, NH, 1H), 8.82 (d, J= 1.9,
ArH, 1H), 8.59 (br s, NH,, 1H), 8.53 (br s, NH,, 1H), 8.11 (d, J= 1.9, ArH, 1H), 3.76 (t,

J=15.6, CHy, 2H), 3.26 (t, J= 5.6, CHa, 2H).
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C NMR (75 MHz, Methyl Sulfoxide-dg): & 179.4, 139.3, 137.6, 136.5, 135.7,

128.9,126.4,117.8,47.4,23.0.

6-Bromo-1,1-dioxo-1-thiochroman-4-one thiosemicarbazone (88) Into a round
bottom flask containing 0.198 g of thiochroman-4-one 86b (0.147 g, 0.534 mmol), 10 mL
of anhydrous methanol were added and the solution was refluxed for about 15 minutes
before adding thiosemicarbazide (0.0598 g, 0.657 mmol) and 1.4 mg of TsOH. After the
reaction mixture was refluxed under nitrogen atmosphere for 10 h, a solid was formed
which was filtered and, then purified by column chromatography (30% EtOAc/ 70%
hex). 0.0618 g (0.178 mmol) of the product was obtained in a 33% yield.

'H NMR (300 MHz, Methyl Sulfoxide-ds, 8): 10.59 (s, NH, 1H), 8.77 (d, J= 1.8,
ArH, 1H), 8.58 (br s, NH,, 1H), 8.52 (br s, NH», 1H), 7.80 (dd, J= 8.4, 1.9, ArH, 1H),
7.74 (d, J= 8.4, ArH, 1H), 3.69 (t, J= 6.3, CHy, 2H), 3.27 (t, J= 6.5, CH,, 2H).

BC NMR (75 MHz, Methyl Sulfoxide-de): & 179.4, 138.8, 136.6, 134.5, 132.7,

129.1, 127.1, 124.6, 45.5, 24.5.

7-Bromo-4-chromanone (89) Into a round bottom flask kept at 0 °C, AICl; (0.533
g, 3.99 mmol) and, 5 mL of CH,Cl, was added. The reaction system was put under
nitrogen and stirred for about 7 minutes before adding 10 mL of a CH,Cl, solution of 4-
chromanone (0.296 g, 1.99 mmol). After the reaction mixture was stirred for 10 minutes,
10 mL of Br; (0.352 g, 2.20 mmol) was added and, the reaction mixture was stirred at
room temperature for an hour. At the end of this period of time, the reaction mixture was
poured into 30 mL of ice-water and, the product was extracted 3 times from the aqueous

phase with EtOAc. The resultant organic phase was washed once with brine and dried
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under Na,SO4. After the solvent was evaporated, the solid formed was filtered and dried
to obtain 0.361 g (1.51 mmol) of the product (93% pure) in a 74% yield.

'H NMR (300 MHz, CDCls, 8): 7.90 (dd, J = 2.6, 0.3 ArH, 1H,), 7.47 (dd, J =
8.8, 2.5, ArH, 1H,), 6.82 (dd, J= 8.8, 0.2, ArH, 1H), 4.48 (t, /= 6.5, CH,, 2H), 2.75 (t,J

= 6.5, CHa, 2H).

7-Bromo-4-chromanone thiosemicarbazone (90) Into a round bottom flask
containing 0.198 g of chroman-4-one 89 (0.336 g, 1.48 mmol), 20 mL of anhydrous
methanol were added and the solution was refluxed for about 15 minutes before adding
thiosemicarbazide (0.274 g, 3.01 mmol) and 38 mg of TsOH. After the reaction mixture
was refluxed under nitrogen atmosphere for 12 h, the solid formed was filtered and, then
purified by column chromatography (20% EtOAc/ 80% hex) to obtain 0.363 g (1.21
mmol) of the product in an 82% yield.

'H NMR (300 MHz, CDCl3, 8): 8.73 (s, NH, 1H), 8.01 (d, J=2.5, ArH, 1H), 7.38
(dd, J= 8.8, 2.5, ArH, 1H), 7.35 (br s, NH», 1H), 6.83 (1H, d, J= 8.7, ArH), 6.42 (br s,

NH., 1H), 4.31 (t, J= 6.2, CHa, 2H), 2.76 (t, J= 6.2, CH,, 2H).

Biochemical Evaluation
The biochemical evaluation of the compounds synthesized in the current research
work was performed through a collaborative effort with Dr. Mary Lynn Trawick (Baylor
University) who performed the in vitro cruzain inhibition for most of the compounds and
the in vitro human liver cathepsin L inhibition for selected inhibitors. Cruzain was
obtained as a generous gift from Dr. James McKerrow and Ms. Elizabeth Hansell

(University of California San Francisco)
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Cruzain Inhibition'”
Cruzain (0.15 nM final concentration) was incubated with potential inhibitors at
20 different concentrations (from 0.05 nM to 50 uM) at 25 °C for 5 minutes before 20 L.
of substrate benzyloxycarbonyl-L-phenylalanyl-L-arginyl-7-amido-4-methylcoumarin
(abbreviated as Z-FR-AMC, 10 uM in final assay condition) was added to the enzyme-
inhibitor mixture to made a total volume of 300 pL. The assay conditions were 100 mM
sodium acetate, 5 mM DTT, pH 5.5. Excitation wavelength and emission wavelength
were 355 nm and 460 nm, respectively. Velocity of enzyme reaction was measured as the
rate of release of 7-amino-4-methylcoumarin (AMC) per unit time. ICsy values were
determined by plotting velocity versus logarithm of inhibitor concentrations and fit to a

sigmoid dose-response equation with GraphPad Prism 3.02.

y = bottom + (top-bottom)/(1+10((logEC50-x)*HillSlope))

Human Liver Cathepsin L Inhibition

Cathepsin L (0.25 nM final concentration) was incubated with potential inhibitors
at 20 different concentrations (from 5.0 pM to 50 uM) at 25 °C for 5 minutes before 100
ulL substrate (benzyloxycarbonyl-L-phenylalanyl-L-arginyl-7-amido-4-methylcoumarin,
abbreviated as Z-FR-AMC, 50 uM in final assay condition) was added to the enzyme-
inhibitor mixture; total volume was 200 pL. The assay conditions were 100 mM sodium
acetate, 2 mM DTT, 1 mM EDTA, pH 5.5. Excitation wavelength and emission
wavelength were 355 nm and 460 nm, respectively. Velocity of enzyme reaction was
measured as the rate of release of 7-amino-4-methylcoumarin (AMC) per unit time. 1C50
values were determined by plotting velocity versus logarithm of inhibitor concentrations

and fit to a sigmoid dose-response equation with GraphPad Prism 3.02.



CHAPTER EIGHT

Results and Discussion

In this chapter, the synthesis of a variety of new cruzain inhibitors will be
discussed and the most important observations associated with the reactions will be
presented. All of the inhibitors are classified in the following groups: propiophenone
thiosemicarbazone derivatives, benzophenone thiosemicarbazone derivatives and
tetrahydronaphthalene analogues. Finally, the biochemical results will be presented
along with the discussion of the structure-activity relationship of these compounds

against cruzain.

Synthesis of Propiophenone Thiosemicarbazone Derivatives
In 2002, Cohen and McKerrow reported the synthesis and structure-activity
relationship studies of small nonpeptide thiosemicarbazone molecules which are active in

1% They found that the best inhibitor, which exhibited a

vitro and in vivo against cruzain.
low nanomolar value of ICsy for cruzain inhibition and trypanocydal activity, was
compound 49 shown in Scheme 8.1. In order to understand the impressive biological
activity exhibited for these novel derivatives, they docked compound 49 in the crystal
structure of cruzain showing that this small molecule interacts with the catalytic triad of
cruzain by forming reversibly and covalently a tetrahedral intermediate between the

thiosemicarbazone group and Cys25 of the enzyme.'®

In addition, the study showed that
the phenyl ring containing a bromine atom at position three is important in order to

effectively bind the enzyme at the most important subsite S2.

191
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Encouraged by these results, the designed synthesis of other novel propiophenone
thiosemicarbazone derivatives containing other substituents rather than bromine was
undertaken in order to better understand the type of interaction taking place inside the S2
pocket and therefore ultimately obtain more potent inhibitors against cruzain. The
decision was made to incorporate on the aromatic ring an electron-withdrawing group

like nitro and two hydrogen bond donor-acceptor groups such as amino and hydroxyl and

to compare their biochemical effect against cruzain.

H
O N/N\”/NHz
H o S
4 _N NH, MeOH, 1% AcOH
oy
4 N,, 17h
37 % yield
Br Br
49
H
Q N NH
ot
H
tu N/NTNHZ MeOH, 1% AcOH S
2
NO, 58 % yield
NO,
50
Zn, CaClz
H H
N NH, EtOH- HZO, 1.5h ,J~N NH,
i T 47 % yield N T
S S
NO, SnCl,.2H,0 NH,
50 51
EtOAc, reflux, 3.5 h
30 % yield

Scheme 8.1. Synthesis of two novel propiophenone
thiosemicarbazone derivatives 50 and 51.
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The synthesis of derivative 50 was carried out following the procedure reported

by Du and co-workers'® treating the commercially available 3-nitro propiophenone with
thiosemicarbazide to form the respective nitrothiosemicarbazone in a 58% yield.
Because of the possibility of forming the £ or Z isomers at the C=N bond, an X-ray
crystal structure’ was obtained to determine the geometry of this double bond. Figure
8.1 shows that the structure of compound 50 belongs to the £ isomer as expected since its

most likely the more stable isomer.

Figure 8.1. X-ray structure of compound 50.”

The reduction of nitrothiosemicarbazone 50 was performed using two methods.
In the first method,” compound 50 was treated with Zn and CaCl, to form the amine
derivative 51 in a 47% yield. However, when the reduction was carried out with
SnCl.2H,0*"® the same product was obtained in a 30% yield, however this reaction
also formed 1-(3-aminophneyl)-propan-1-one as a by-product. It seems that this reducing
agent, besides reducing the nitro group, also reduces the thiosemicarbazone group
breaking the C=N bond and forming the aminoketone 5la. The low resolution mass

spectrum of this by-product showed a peak of 149 corresponding to the molecular weight
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of the ketone. It was also noticed that the base peak had an m/z value of 120
corresponding to the loss of an ethyl group (M' - 29) and another important peak of 92
(M - 57) corresponding to the loss of a propanoyl ion.””**”® The *C-NMR showed nine
different peaks, and the Dept 135 spectrum showed four aromatic methines, one

methylene, and one methyl group as expected. The presence of the amino group was

confirmed by the 'H-NMR that is shown if Figure 8.2.
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Figure 8.2 'H-NMR (300 MHz) spectrum of compound 51a obtained as a by-product
after reacting compound 50 with SnCl,.2H,0.

The acetone-ds '"H-NMR of the only product obtained from the reaction of Zn/

CaCl, with compound 50 showed, at room temperature, a mixture of the £ and Z isomers
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presumably in a ratio of 5.1: 1 respectively. The *C-NMR and Dept 135 spectra showed
twice the number of carbons in different ratios suggesting the presence of both isomers.

The synthesis of the hydroxythiosemicarbazone 56 is depicted in Scheme 8.2.
TBS protection''’ of the phenol group was carried out with TBSCI in the presence of
NEt; and DMAP to form the protected aldehyde 52 in a 92% yield. Grignard reaction'”
of this aldehyde was performed with ethyl magnesium bromide, which was formed in
situ, to afford the secondary alcohol 53 in a 91% yield which in turn was oxidized with
PCC*™'"" to obtain ketone 54 in an 86% yield. Again a mixture of Z and E isomers (1:
1.2 NMR ratio respectively) was formed in an overall yield of 85% after treating ketone
54 with thiosemicarbazide. Deprotection of the TBS group of thiosemicarbazone 55 was

"% which afforded the hydroxythiosemicarbazone 56 in a 99%

performed using TBAF
yield. Once again the CDCl; 'H-NMR of the purified fraction, which was taken at room

temperature, showed a mixture of both isomers in a ratio £: Z=2.1: 1.

O« _H
HO.
1) NEt;, DMAP 1) Mg, L, EtBr, Et,0, N,
CH,Cly, 0°C, 10 min RT, 50 min to 2h, 45°C
2) TBSCIL, 2.5 h, RT OTBS 3)52 (15 min, RT), 4h, RT 5
O 95 04 yield 52 oS
o yie 4) H,0, HCI (6M) 53
91 % yield "
SN _NH,
N
O T
PCC, CH,CL NH,NHCSNH,, MeOH
_— - - 5 E: 55% NMR
4 h, 0°C-RT 1% AcOH, Ny, 23 h Z: 45% NMR
OTB e
OTBS
86 % yield OTBS overall 85 % yield
54 55
ﬁ NH. i NH-
N T 2 N NT 2
S TBAF, CH,Cl, S
N. 0°C.15h E: 68 % NMR
2 > 7:32 % NMR
99 % yield
OTBS gp OH &g

Scheme 8.2. Synthesis of hydroxythiosemicarbazone 56.
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Synthesis of Benzophenone Thiosemicarbazone Derivatives
The objective of this second project was to substitute the ethyl moiety of
compound 49 by a benzene ring either containing or not containing a bromine atom
substitution. In Scheme 8.3, the synthesis of thiosemicarbazones 59 and 62 is shown.
The secondary alcohol 57 was formed in an 89% yield after performing a Grignard'™*
reaction of phenyl magnesium bromide and m-bromobenzaldehyde. Its low resolution

MS showed the molecular ion peak of 262 and the M™ + 2 peak of the same intensity as

+ .o .. . 57.58.78
M’ characteristic of molecules containing one bromine atom.”’*’
1) Mg, I, Et;O, N, OH 0
©\ RT, 30 min to 2.5 h, 40 °C Br PCC, CH,Cl, Br
Br 3) m-BrCgHsCHO (10 min, 0° C), 2h, RT O O 4h,0°-RT, N, O O
4) H,0, HCI (6M) 57 97 % yield 58
89 % yield
SsNH,
i N NH,  MeOH, 1% AcOH NH
Br N i N
O O S 26 h, N,, reflux Br
34% yield ‘ ‘
58
59
Br 1) Mg, I, E,O, N, OH 0
RT, 30 min to 30°C, 1.5 h Br O O PCC,CH,Cl,  Br Br
s 3) m-BrCgHsCHO (10 min, 0° C), 3.5 h, RT 5.5h, 0°- RT, N, O O
T .
4) H,0, HCI (6M) Br 85 % yield 61
62 % yield 60
SsNH,

0
NH
Br Br H MeOH, 1% AcOH N
N__NH,
F N 46 h, Ny, refl Br Br
o
61 18% yield
62

Scheme 8.3. Synthesis of benzophenone thiosemicarbazone derivatives 59 and 62.
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PCC oxidation®® """ of alcohol 57 afforded the respective benzophenone 58 in a

97% vyield which after reacting with thiosemicarbazide formed bromobenzophenone
thiosemicarbazone 59 in a 34% yield. The structure of ketone 58 was confirmed by its
'H-NMR and the MS which showed one more time the M" and M" + 2 peaks confirming

the presence of one bromine atom in the molecule.’”**"®

An X-ray structure of
compound 59 showed that the structure belongs to the E isomer.”> However, when the

'H-NMR spectrum of this compound was taken in different solvents, a mixture of both

. 175-179
1somers was observed.

Figure 8.3. X-ray structure of compound 59.”

The first solvent used in the '"H-NMR was CDCls, however in this solvent the
peaks of the aromatic region overlapped making it difficult to assign all the peaks for
both isomers. The spectrum shows that the compound is a mixture of both isomers in a
ratio £: Z= 2.4: 1. Therefore, acetone-dg was used as the second solvent to induce a
change in the chemical shifts of the peaks (SIS, solvent-induce shift)”® in an effort to
identify the respective peaks for both isomers. There was a slight improvement in the

separation of some aromatic peaks but it was still complicated enough to cause
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difficulties in differentiating some peaks from the others. One important observation
noted in the acetone-ds 'H-NMR spectrum was that the hydrogen atoms attached to the
different nitrogen atoms appeared more downfield than in CDCl;. Based on these results,
we decided to perform a low-temperature study of the acetone-ds "H-NMR of compound
59 in order to separate, as much as possible, the peaks associated with both isomers. Ten
'H-NMR spectrum were taken starting from 20 °C and decreasing the temperature in
intervals of 10 ° until -70 °C. The results showed that there was not significant
improvement in the aromatic region. In fact most of the peaks were overlapped as the
temperature decreased.” However, at low temperatures it was possible to observe six
broad peaks of different intensities moving downfield as the temperature was decreasing.
Most likely these peaks correspond to the hydrogen atoms of the thiosemicarbazone
functionality the £ and Z isomers which were found in a ratio of 3:1 respectively. The
results so far obtained demonstrate that apparently compound 59, in both solvents, exists
as a mixture of Z and E isomers but the question still remainded wether compound 59 is
an actual mixture of both isomers after the reaction that could not be separated or if this
compound, which presumably is the £ isomer based on the X-ray structure, in solution
starts exhibiting interconvertion into its Z isomer. To answer this question a "H-NMR
spectrum was taken in methyl sulfoxide-ds and performed high temperature studies.” If
an interconversion is taking place as the temperature increases, a simple average 'H-
NMR spectrum is expected to be seen for both isomers because it will be easy and fast
for one isomer to reach the activation energy to be converted into the other isomer.™
Conversely, if compound 59 is a mixture of both isomers in a specific ratio, regardless of

the increase of temperature this ratio will be basically the same all the time. Five
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DMSO-ds '"H-NMR spectra were taking starting from 23 °C and increasing the
temperature in intervals of about 20 ° until 107 °C. Interestingly, at room temperature
the hydrogen atoms of the thiosemicarbazone group for both isomers were more
downfield than in CDCI; or acetone. However, when the temperature was increased, all
these peaks started moving upfield and were overlapped at higher temperatures. All of
the spectra showed a ratio of E: Z= 2: 1, and basically the peaks of the aromatic region
were not considerably affected. This suggests that compound 59 is most likely a mixture
of both isomers.

The synthesis of thiosemicarbazone 62 started with a Grignard reaction of m-
dibromobenzene and m-bromobenzaldehyde to form the secondary alcohol 60 in a 62%
yield. Oxidation of this alcohol with PCC**'*" afforded the respective ketone 61 in an
85% yield which, after reacting with thiosemicarbazide, afforded thiosemicarbazone 62.
The structure of alcohol 60 was confirmed by its "H-NMR, DEPT 135, and MS which
showed three expected peaks (M', M + 2 and M" + 4) in a ratio 1: 2: 1 as an evidence
for the presence of two bromine atoms.’”®®  The 'H-NMR, in CDCl; of

thiosemicarbazone 62 showed again a mixture of both isomers in a ratio £: Z=2.7: 1.

Synthesis of Tetrahydronaphthalene Derivatives
After analyzing carefully the cruzain structure and because it is well known that
proteases have a better interaction with inhibitors or substrates that have planar structure
to fit their active site,” we decided to incorporate this structural requirement in the novel
inhibitors by forming a new ring next to the aromatic moiety. One of the simplest

skeletons that seemed to fill this requirement was the tetrahydronaphthalene skeleton.
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Because it was already known that bromine was a more important substituent for activity
than other functional groups,'® a bromine atom was attached to the 5 or 7 position of the
benzene ring. In addition, it was of interest to incorporate the thiosemicarbazone group
into these tetrahydronaphthalenes as well as other functional groups that are shown in
Schemes 8.8 to 8.10.
The first derivatives synthesized were thiosemicarbazones 65 and 66 (Schemes
8.4 and 8.5). The synthesis started with the bromination of a-tetralone using AICl; and
Br,. Depending on the reaction conditions, different ratios of 5 and 7-bromo tetralones
were formed after performing this reaction. As Scheme 8.4 shows, when a-tetralone was
heated with AICl; at 90 °C followed by the addition of Brz,173 the crude reaction mixture
after 1 hour contained bromide 63 in 45%, bromide 64 in 41%, and dibromide 64a in

11%.

o} 1) AICl;,Br,, N, 0 o o
0° C, 45 min to 90°C, 1h Br Br
+
2) NaHCO3, Hzo
Br Br
63 64
. 64a
ratio:
63:64=1.1:1 63: 44% yield

64: 40% yield

O 1) AICl;, CH,Cl,

0
' 0
10 min, RT, N,
Br 64: 38% yield
+
2) Bry, 4.5 h, RT 63: 26% yield
Br
63 64

3) ice- H,O

ratio: 63: 64=1:1.5

Scheme 8.4. Bromination of a-tetralone under two different conditions.'”
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After column purification, bromotetralone 64 was obtained in high purity in a

40% yield. However, tetralone 63 after purification by column chromatography was just

93% pure having as a contaminant dibromide 64a. Therefore it was purified by

recrystallization with hexanes to obtain a purer product in a 44% yield. The structure of

64a was elucidated by its "H-NMR and MS which showed the presence of two bromine
atoms. 75578

When bromination of a-tetralone was carried out using CH,Cl, as the solvent at

room temperature,'™ a longer reaction time was required, however only tetralones 63 and

64 were obtained in a ratio of 1: 1.5 respectively. The spectroscopic data did not show

the presence of dibromide 64a and, under these conditions, it was apparent that

compound 64 was the major product. After column separation both isomers were

obtained in high purity, however the yields for these tetralone derivatives were low (38%

for 64 and 26% for 63).
Ef NH
N
NH2 MeOH, 1% AcOH Br S
+ H2N
18 h, N,, reflux
o
68% yield 66
H E NH
- 2
¢ HN N\n/ NH, MeOH, TsOH N \n/
S 7.5 h, N,, reflux S
79% yield
63 Br
65

Scheme 8.5. Synthesis of thiosemicarbazones 65 and 66.
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Tetralones 63 and 64 were reacted with thiosemicarbazide to form
thiosemicarbazones 65 and 66 in a 79% and 68% yield respectively (Scheme 8.5). The
X-ray structure’ of tetralone 66 (Figure 8.4) confirms that the structure of this compound
is the E isomer as in earlier cases. The 'H-NMR of this compound suggests that it exists
as a single pure isomer and not as mixture of both isomers. Although an X-ray crystal
structure of tetralone 65 is not available, its '"H-NMR spectrum indicates that this

compound is pure and exists as the £ isomer too.

Figure 8.4. X-ray structure of compound 66.”

Bromination of B-tetralone was carried out using two different conditions. In the
first approach, the tetralone was heated with AICl; at 90 °C before and after adding Br,' ">
which formed primarily dibromotetralones 68 and 68a. After column separation, the less
polar compound 68 was obtained as a pure component in a 16% yield; however, the more

polar dibromo compound 68a was obtained as a pure component in a 85% purity, even

after recrystallization (Scheme 8.6).
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1) AICl;, CH,Cl,
O N,, RT Br 0] 0
) Br
3) ice-H,0 67 67a
71% yield

1) AIC1;10 min, 0° C

Br
O N, 30min,90°C Br 0 0
+
@g 2) Br,, 1h, 85 °C
Br Br
68 68a

3) NaHCO3, HzO

16% yield 20% yield
85 % pure

Scheme 8.6. Bromination of B-tetralone under two different conditions.

Unfortunately, X-ray crystallographic structures are not available for compounds
68 and 68a, and the assignment of their structures was based entirely on their "H-NMR
and "C-NMR spectra. The experimental chemical shifts for 'H and ?C NMR have been
carefully compared with the ones obtained using ChemNMR predictor software.'*®
When the bromination was carried out at room temperature using CH,Cl, as the

180
solvent,

a monobromide tetralone was formed in a 71% yield. After carefully
analyzing the '"H-NMR and "C-NMR spectra and comparing with the values obtained
from the ChemDraw NMR predictor,'”® compound 67 was the product that most likely

was formed instead of 67a.

Br o H Br N
N NH, MeOH, TsOH W, NH
+ HyN \[r )\
16.5 h, N, reflux

S
67 70% yield 69
ratio: E: Z= 2.1: 1

Scheme 8.7. Synthesis of bromothiosemicarbazone 69.
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After tetralone 67 was reacted with thiosemicarbazide, the respective
thiosemicarbazone 69 was formed in a 70% yield. The 'H-NMR of compound 69
showed that this solid was a mixture of presumably £ and Z isomers in a ratio of 2.1: 1,
respectively. Additional support for the structural assignment was found in the DEPT
135 of this compound which showed twice the number of methines and methylenes as
anticipated for a single isomer.

The next group of compounds synthesized contained an exo-cyclic conjugated
carbonyl group instead of the thiosemicarbazone scaffold. The introduction of these
other functional groups would inhibit the activity of cruzain by reacting with the thiolate
of Cys25 of the enzyme. The incorporation of an a,B-conjugated carbonyl group into the
tetranaphthalene skeleton would allow the inhibitor to react with the nucleophilic thiolate
of Cys25 through an 1,4-Michael addition'”® and, hence the catalytic activity of the

enzyme will be suppressed.

87% yield

H o
NQ
MeOH, TsOH 0 ”S/
+ HZN Nog e s, o} \©\
\©\ 4.5 h, N, reflux
71
1) BuLi/y TMEDA, N,

H o
N
NN s -50°C (30 min), RT (30 min) HO O.
(6} 1) Dess-Martin reagent, N,
2) CH;CHO, 0°C, 2 h O‘ O‘
1.5 h, CH,Cl,

3) H,0

71

2) NaHCO- Nay$,05
.

27 yield 72a 99% yield 73
0

o S
N
H y Zt )’L
I S MeOH, TsOH N ONH,
2 TS( 15 h, N, reflux O‘
25% vyield
73 "y

74
ratio: E: Z=1.9: 1

Scheme 8.8. Syhnthesis of thiosemicarbazone 74.
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The synthesis of thiosemicarbazone 74 is depicted in Scheme 8.8. The
incorporation of the ethanoyl moiety starts with the formation of p-
toluensulfonhydrazone 71 which is formed in an 87% yield after reacting a-tetralone with
p-toluensulfonhydrazine.'®"  Hydrazone 71 reacted initially with BuLi to form 3,4-

dihydronaphthalenen-1-yl lithium in situ!3184

which in turn attacked the electrophilic
carbon of acetaldehyde. Subsequent hydrolysis produced the secondary alcohol 72a in a
29% yield.  Unfortunately, the major by-product of this reaction was 1,2-
dihydronaphthalene 72b which was formed after the lithium derivative reacted with
moisture instead of acetaldehyde. Its structure was confirmed by its 'H-NMR which
showed the two vinylic protons and its DEPT 135 which showed two methylenes and six

methines. Dess-Martin oxidation'®*"'%

of alcohol 72a formed the conjugated ketone 73
in a 99% yield, which after reacting with thiosemicarbazide formed thiosemicarbazone

74 in a 25% yield. Compound 74 is actually a mixture of two isomers with a ratio of 1.9:

1.

H
No //O
N //S
N HzN _ MeOH,TsOH _ . 0 \©\
\©\ 7 h, N,, reflux
75

90% yield

g 1) BuLi/ TMEDA, N, |
B N 0//S\©\ - 50° C (40 min), RT (40 min) 1) Dess-Martin reagenl N, 0
T
\Cé 2) H,C=CHCHO, 0°C, 3 h 1h, CH,Cl, Br
2) NaHCO5- Na,$,05
75
77

3) Hy0

11 % yield i 0/ 67% yield
o pure

58 % of 78

1) BuLi/ TMEDA, N, ‘

H o
N,Nj/s// - 50° C (40 min), RT (35 min) Ho 1) Dess-Martin reagent, N2 0 ~
(;ijo \©\ 2) H,C=CHCHO, 0°C, 5 h O‘ Thomo,
3) H,0 2) NaHCO;- Nay$,05
71

10 % yield 72% yield 79

Scheme 8.9. Synthesis of o,- conjugated ketones 77 and 79.
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In Scheme 8.9, the synthesis of the first exo-cyclic o,B- conjugated ketones is
shown. Because the presence of a bromine atom seems important for activity against
cruzain,'®” again this atom was attached to the 7 position of the benzene ring. Hydrazone
75, which was formed in a 90% yield after tetralone 64 reacted with p-
toluensulfonhydrazone, produced the allylic alcohol 76 by a Shaphiro-type reaction'®*'*
after reacting with BuLi and acrolein. Interestingly, after column chromatography
compound 76 was just 42% pure having 58% of alcohol 78 as the by-product as its 'H-
NMR confirms. Attempted separation of this impurity was unsuccessful by flash
chromatography (two additional columns). Unfortunately the Rf values for both
compounds are too close to allow separation by this technique. The formation of this
alcohol can be explained by the fact that halogen-metal exchange takes place after the
nucleophilic addition of the bromolithium intermediate to acrolein. This mixture of

185-186

alcohols 76 and 78 was oxidized with Dess-Martin reagent to form ketones 77 and

79 which were successfully separated by column chromatography to yield the former in a

67% and the latter in a 48% yield.

182-184

Synthesis of ketone 79 started with the Shapiro-type reaction of hydrazone

71 to form the allylic alcohol 78 in a 10% yield. One more time it has been observed that

the major by-product was 1,2-dihydronaphthalene 72b. Finally oxidation of this alcohol

185-186

with Dess-Martin reagent afforded the a,- conjugated ketone 79 in a 72% yield.

The synthesis of the isomeric a,B- conjugated ketone 82 containing the bromine
atom at position 5 was performed in order to compare how these positions affect the
biochemical activity. The synthesis of this ketone, which is depicted in Scheme 8.10,

181

starts with the reaction of tetralone 63 and p-toluensulfonhydrazide ™ to form, in an 88%
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yield, the respective hydrazone 80. After the hydrazone was reacted with BuLi and

182-184

acrolein, the allylic alcohol 81 was formed in a 14% yield. Once again alcohol 78

was observed in the reaction mixture but it was formed in less amount compare to the
185186 o

reaction of the isomer 76 already discussed. Finally, Dess-Martin oxidation

alcohol 81 formed the a,fB- conjugated ketone 82 in a 46% yield.

0 H
H o H N Py
N v N /S
H,N™ S MeOH, TsOH Iod
+ O//
7 h, N, reflux
Br
63 Br
80

88% yield
N/E\S,/O 1) BuLi/ TMEDA, N, HO | O |
O// \©\ - 50° C (40 min), RT (40 min) 1) Des-Martin reagent, N,
@é 2) CH,CHCHO, 0° C, 4 h O‘ 1.5h, CH,Cl, O‘
3) H,0 2) NaHCO5- Na,S,04
Br 14 % yield Br 46% yield o
80 81 82

Scheme 8.10. Synthesis of a,- conjugated ketone 82

The last group of molecules that are going to be discussed is the series that
contains tetrahydronaphthalene derivatives that have a heteroatom such as O and S
replacing one benzylic carbon of the cyclohexane ring. It was of interest to know how
the presence of these elements could affect cruzain inhibition. Scheme 8.11 shows the
synthesis of the first thiosemicarbazone inhibitor containing sulfur and a sulfone group
attached at the benzylic position of a-tetralone. A one-step reaction of 2,3-dihydro-4H-
thiochromen-4-one with thiosemicarbazide formed in a 81% yied the respective

thiosemicarbazone 83a. Oxidation of 2,3-dihydro-4H-thiochromen-4-one with H,0,'%’
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produced sulfone 83 in a 70% yield which afterwards reacted with thiosemicarbazide to

afford thiosemicarbazone 84 in a 70% yield.

H
N NH
i N
NH,CSNHNH,, TsOH, MeOH il
reflux, overnight, 81% yield
S S
83a H
0 o N,N\H/NHZ
HZOZ’ AcOH NH2NHCNH2, TsOH S
S 100°C, 1 h S 5 h, MeOH, reflux
/ \\O o /) \\O
70% yield 0 70% yield
83 84
Scheme 8.11. Synthesis of thiochromen-4-one thiosemicarbazone 84 and

thiosemicarbazone 83a.

Bromination of 2,3-dihydro-4H-thiochromen-4-one was carried out under two
sets of reaction conditions as shown in Figure 8.12. In the first case, thiochromen-4-one
reacted with Br, and AICl; for 16 h at room tempelra‘[ure180 to form a mixture of two
bromide derivatives. Based on their 'H and >C-NMR spectra and the comparison made
with the values predicted by Chemdraw predictor'® we think that the first compound
obtained in a 34% purity is 85a and the second product is 85b which was obtained in a
66% purity. The experimental assignment of these structures agrees with the theoretical
prediction towards the electrophilic aromatic substitution of thiochromen-4-one. As we
can see from the structure, the sulfur atom directly attached to the ring activates it toward
the substitution and directs to ortho and para positions. The deactivating carbonyl group,

which is ortho to the sulfur atom, is a meta director that will not have any effect in the
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aromatic substitution in the presence of the activating sulfur group. Therefore the
products that will result are the ones attached at positions 6 or 8, the former most likely
being the major. In the event that disubstitution takes place, both positions are expected

to be substituted.

O 0
B
' 34% pure Br
O 1) AICL, CH,Cl, 13% yield
10 min, RT, N, s N
85a H,0,, AcOH g o
2) Br,, 16 h, RT o
S o - 100°C, 2 h 86b
3) ice- H,0 66% pure 0
o
S 20% yield Br after
Br recrystallization
S o i
S 67% yield
85b Br 0 O
86a
0
Br 63% pure o
46 % yield
S Br
8ba 74% pure
(0] S< 52 % yield
O 1) AlCl, CH,CL Br go
(I j 10 min, 0° C, N, Hy0,, AcOH 86b
: (o} s (3}
S 2) Br, (30 min), 4 h, 0° C L 17%pure 100°C,2h o
3) ice- H,O 85b 10 % yield Br
26% pure
S

15 % yield

(0]
Br O// \\O
S 20% pure 86a
Br
85¢c

Scheme 8.12. Bromination and further oxidation of 1,1-dioxo-1-thiochromen-4-one.

Unfortunately compounds 85a and 85b could not be separated by column
chromatography because of their close Rs values; so, the next reaction was performed

with this mixture which produced, after oxidation with H202,187 sulfones 86a and 86b.
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This time both compounds were separated by recrystallization obtaining the dibromo

sulfone 86a in a 67% yield.

H
0 N N NH
Br NH,NHCNH,, TsOH Br \[S]/
g 4 h, MeOH, reflux
¢ 5
Br 44% yield B & O
86a 87
(0]
Br
74% pure
//s\\o 52 % yield I}\]I -
(0) N, \n/ 2
86b NH,NHCNH,, TsOH Br S
o 10 h, MeOH, reflux
S
Br 33% yield d o
26% pure
S 88
7N
/
Br O
86a

Scheme 8.13. Synthesis of dioxothiochromane thiosemicarbazones 87 and 88.

In the second bromination reaction, the thiochromen-4-one reacted with Br, and
AICl; for 4 h at 0 °C."™ Interestingly, after column separation the 'H -NMR showed that
there was a mixture of the three thiochromen-4-one 85a (63% pure), 85b (17% pure), and
85C (20% pure). The mixture could not be separated and was was carried on to the
oxidation with H,O, which afforded a crude reaction mixture that contained the three
respective sulfones. After the crude solid was recrystallized, a mixture of compounds

86a and 86b were obtained in ratio of 1: 2.8 respectively. Attempts to obtain a more pure
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compound were unsuccessful and this mixture was carried on to the next reaction with
thiosemicarbazide to form the final thiosemicarbazone 88 in a 33% yield as shown in
Scheme 8.13. The synthesis of thiosemicarbazone 88, which was obtained in a 44%

yield, is also depicted in the same scheme.

1) AICl;, CH,Cl, O
5 min, 0° C, N, Br
o +
0 2) Br,, 1 h, 0°C 0 0
_ B
3) ice- H,O ' 89
89a
7% NMR
93% NMR &
NH,CSNHNH,,TsOH, MeOH NH,CSNHNH,, TsOH, MeOH
reflux, overnight reflux, 12 h
50% 82% yield
H
_N._NH, H
.N._NH
N N
S
Br S
0 o)
91

90

Scheme 8.14. Synthesis of chromanone thiosemicarbazone 90.

Finally, Scheme 8.14 presents the synthesis of compounds that have an oxygen
atom attached at the benzylic position. Direct reaction of thiosemicarbazide with 2,3-
dihydro-4H-chromen-4-one formed thiosemicarbazide 91 in a 50% yield. Reaction of
chromen-4-one with Br, and AlCl;, which was carried out at 0 °C for 1 h,180 formed a
mixture of two isomers. Even after column chromatography and recrystallization the
product consisted of a mixture of chromen-4-ones 89 and 89a in a ratio of 13.3: 1

respectively. As predicted by theory, the aromatic substitution took place at positions 6
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and 8 in agreement with the patterns found in the "H -NMR spectrum. Finally, a reaction
of this mixture with thiosemicarbazide was carried out to form the final product 90 in a

65% yield in two steps.

Biochemical Evaluation of Cruzain Inhibitors

In tables 8.1 through 8.5, the ICsy values (in nM) of many of the new inhibitors
are reported against cruzain and for some selected compounds against, human liver
cathepsin L. Compound 49, which was already reported in the literature'® as a potent
cruzain inhibitor, is considered as the benchmark reference to measure the biochemical
activity of these potential cysteine protease inhibitors against both enzymes.

In Table 8.1, the biochemical results of the propiophenone thiosemicarbazone
derivatives are shown. As noticed, the substitution of bromine atom by a nitro, amino or
hydroxyl group resulted in a remarkable reduction of cruzain inhibition. Among all three
of these compounds, the thiosemicarbazone 56 was 215 times less active than 66 while
propiophenones 50 and 51 decreased the activity 4 and 18 times, respectively. Du and
coworkers reported'®'® in their SAR studies that the presence in the benzene ring of a
bromine atom, chlorine atom, or a trifluoromethyl group was important for cruzain
inhibition, incorporation of the bromine atom leading to the best results. The results
obtained in the present research work give additional information about the nature of the
substituents needed to be present on the aromatic ring. It has noticed that groups capable
of forming hydrogen-bond such as NH, an OH are not good for cruzain inhibition but

conversely the former showed good activity against cathepsin L (0.25 nM).
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Table 8.1. Inhibition of cruzain and human liver
cathepsin L for compounds 49-51 and 56."'%

Cruzain Inhibition 1Wman cathepsin L

Compound® Structure Inhibition
ICso [nM] ICxp [nM]
“ NH.
N~ 2
49 \L( 200 (100)°, (60)°, 633
(310)° '
Br
H NH.
N 2
T
50 Q)H 850 na®
NO,
H NH.
N 2
T
51 Q)H 3640 0.25
NH,
N NH,

N/
T
56 Q)H 43000 na’

a: Compound 49 has been previously synthesized and reported in the
literature. It is included here for the purpose of comparison (see reference
169)

b: Ref. 169

c: na= not analyzed

d: Ref. 188

e: Ref. 171

In Table 8.2, the biochemical results of the two benzophenone derivatives are
shown. In the case of the benzophenone derivatives 59 and 62, a significant
improvement in cruzain inhibition was noticed compared to reference compound 49. In
the first case substitution of the ethyl group of compound 49 by a benzene ring increased

the enzyme inhibition about 2.7 times.
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Table 8.2. Inhibition of cruzain and human liver
cathepsin L for compounds 59 and 62.'%

Cruzain Inhibition Human cathepsin L

Compound® Structure Inhibition
IC5() [HM] ICSO [I’IM]
H NH.
N 2
\[s( 200 (100)°, (60)°,
49 68.3

(310)°

NH
59 O O 73.4 81.6
Br

NH
62 O O 47.0 1’121C

a: Compound 49 has been previously synthesized and reported in the
literature. It is included here for the purpose of comparison (see reference
169)

b: Ref. 169

c: na= not analyzed

d: Ref. 188

e: Ref. 171

However, when the substitution of the ethyl group was made by a
bromobenzene ring, (compound 62) the cruzain inhibition was much more effective,
showed with an ICsy value of 47 nM. Compound 59 is less active against cathepsin L

than thiosemicarbazones 49 and 51. Cruzain inhibition was significantly improved in the

tetrahydronaphthalene derivative 66 as Table 8.3 shows.
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Table 8.3. Inhibition of cruzain and human liver
cathepsin L for compounds 65, 66."'%

Cruzain Inhibition Human cathepsin L

Compound® Structure Inhibition
IC5() [IIM] IC50 [I’IM]
H NH
N :
" \[s( 200 (100)°, (60)°, 633
(310)° '
Br
N _s
N/
o
65 1200 0.30

Br

_ S
N
66 Br\@ K 12.2 134

a: Compound 49 has been previously synthesized and reported in the
literature. It is included here for the purpose of comparison (see reference
169)

b: Ref. 169

d: Ref. 188

e: Ref. 171

The activity of this compound was almost 16 times better than compound 49
(the chosen reference analog) and almost 100 times more active than its isomer 65. As
note, the formation of a six-member ring next to the benzene ring significantly improved
the activity even more than compounds 59 and 62. In addition, the results suggest that
the position of a bromine atom in the benezene ring is crucial for activity, with the 7-
position being much more important than the 5-position. Interestingly, once again it was

noticed that among similar structures the more active the compound is against cruzain,
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the less active it is against cathepsin L. For example, compound 66 is more active than
65 against cruzain (12.2 and 1200 nM respectively) but less active against cathepsin L
(134 and 0.30 nM respectively).

In Table 8.4, the biochemical results of tetrahydronaphthalenes containing a
heteroatom are shown. Compounds 88 and 90 were more active than the chosen
reference compound 49 but less active than compound 66. Clearly, it is seen that the
substitution of the carbon atom in 66 by a sulfur atom or an oxygen atom caused
reduction in the enzyme activity. Additionally, when a bromine atom is not present on
the benzene ring, the activity decreased almost 155 times as compounds 90 and 91
showed (110 and >17000 nM respectively). Another important observation that was
noted in Table 8.4 is that comparing the activities of compounds 83a and 91, it seems
that a sulfur atom causes more detrimental reduction (in fact no activity at all was
observed) in the cruzain activity than an oxygen atom does. When a sulfone group is
attached, as in compound 88, the activity basically is the same as in compound 90,
however the introduction of another bromine atom, as in compound 87, reduces the
activity almost 600%. This suggests that more than one bromine atom is not effective
for cruzain inhibition and the position of this atom is important as well. Finally, it was
also observed that compound 90 is significantly active against cathepsin L almost in the
same magnitude as compound 51. Among all three dihydronaphthalenes, compound 77
was the most active against cruzain followed by the exoacetyl dyhydronaphthalene 73. It
is interesting to observe that the exo unsaturated carbonyl group is a potential scaffold
for the inhibition of cysteine proteases as reported earlier by Palmer and coworkers' ™

and it can be successfully incorporated in the design of cruzain inhibitors.



Table 8.4. Inhibition of cruzain and human liver
cathepsin L for compounds 83a, 90, 91, 87 and 88.!%?

Cruzain Inhibition 11Wman cathepsin L

Compound® Structure Inhibition
ICso [nM] 1C.o [aM]
. /H NH,
49 \[( 200 (100)°, (60)°, 633
(310)° '
Br
N NH
N 2
83a ©\)'j \[! no effect na‘
s
E NH
N 2
Br TSr C
87 820 na
S\
Br 0// \O
]I:I[ NH
N’ j( 2
88 Br@fﬁ S 118 na
/7 \\O
E NH.
N' 2
90 BrOfﬁ T 110 0.35
O
H
NN NH;

91 ©5‘j s > 17000 na
O

a: Compound 49 has been previously synthesized and reported in the
literature. It is included here for the purpose of comparison (see reference
169)

b: Ref. 169
c: na= not analyzed
d: Ref. 188
e: Ref. 171

217
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Table 8.5. Inhibition of cruzain and human liver
cathepsin L for compounds 73, 74 and 77.'®

. o Human cathepsin L
Compound® Structure Cruzain Inhibition Inhibition

IC5() [IIM] IC50 [l’lM]

H
N/N NH,
49 \fsf 200 (100)°, (60)°, 633
(310)° '
"
AN

73

S

PR

Br
(0]

1360 0.16

Hal

N

> 20000 na‘

”

N
|
N
(o]
77 Br O‘ 802 na‘

a: Compound 49 has been previously synthesized and reported in the
literature. It is included here for the purpose of comparison (see reference
27)

b: Ref. 169
c: na= not analyzed
d: Ref. 188
e: Ref. 171

After carefully analyzing the biochemical results of the tested inhibitors, they
were arranged in the following order of decreasing activity against cruzain and human

liver cathepsin L:

Cruzain: 66 >62>59>90>88>49>77>87>50>65>73>51>74>56>83a

Cathepsin L: 73 >51>65>90>49> 59> 66 >
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One important observation in this arrangement is that most of the compounds that

are less active against cruzain (farthest to the right in the cruzain list) are more active

against cathepsin L (farthest to the left side in the cathepsin L list). One important

structural requirement for cruzain inhibition is that the molecules need to have

hydrophobic moieties, particularly aliphatic and/or aromatic rings containing at least one

bromine atom. By the other hand it seems that for cathepsin L activity, the presence of

negatively charged oxygen-based functional groups such as nitro or sulfone is required.

In addition, it was noticed that functional groups containing either nitrogen or oxygen

with lone pairs of electrons (NH,, OH, ether, thioether) significantly improve cathepsin
activity.

Interestingly, when compounds 59, 66, 84, 87 and 88 were tested against the

seven cancer cell lines used to evaluate vascular disrupting agents, the first two exhibited

significant activity against all cell lines and in particular against breast and colon (Table

8.6).
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Table 8.6. In vitro cytotoxicity (EDsy and Glsp in uM) against seven cancer cell lines of
compounds 59, 66, 84, 87 and 88.

N/NH N/HYS N'}NI\H/NH2
SR G el
//S\\
Br 0
59 66 84
N__NH H
N~ 2 N,N NH,
Br- \[S]/ Br\@:uj \[S]/
/S\\ S\
Br 0 © d o
87 88
P388 NCI-
Compound (EDso) BXPC-3  MCF-7 SF268 H460 KM20L2 DU-145
0OXi8006" 0.097 0.054 0.12 0.10 0.050 <3.7
59 1.4 11.4 10.1 11.4 10.2 9.9 13.8
66 5.7 >33 8.0 21.5 >33 25.8 >33
84 >37.1 >37.1 >37.1 >37.1 >37.1 >37.1 >37.1
87 >234 >23.4 >234 >234 >23.4 >234 >234
88 >28.7 >28.7 > 28.7 >28.7 >28.7 >28.7 >28.7

OXi8006 has been previously synthesized and reported in literature. It is included here
for the purpose of comparison (see reference 104).



CHAPTER NINE

Conclusions and Future Directions

A unique library of small non-peptidic molecules was synthesized with the aim of
primarily targeting the trypanosomal peptidase cruzain, the major cysteine protease of
Trypanosoma cruzi, which is the causative agent of the lethal parasitic disease called
American trypanosomiasis or Chagas’ disease. The lead discovery project started with
the synthesis of low-molecular weight compounds containing primarily the
thiosemicarbazone scaffold previously reported in the literature as an important
functional group that effectively targets cruzain and other parasite-derived cysteine
proteases.'® ¥ Out of fourteen synthesized new compounds, five of them inhibited
cruzain more effectively than 3’-bromopropiophenone thiosemicarbazone 49 a compound
reported by Cohen and coworkers'® in 2002 as one of the most potent cruzain inhibitors
and trypanocidal agents known. The structures of the three best cruzain inhibitors
included a bromotetrahydronaphthalene thiosemicarbazone derivative 66, which showed
an ICsy value of 12.2 nM, followed by two benzophenone thiosemicarbazones 59 and 62
with ICsy values of 73.4 and 47.0 nM respectively. The structure-activity relationship
study of this new library of compounds allowed to conclude the following structural

requirements for the design of cruzain inhibitors:

1) The presence of a benzene ring containing a bromine atom attached at the

meta position is important for activity.

221
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2) The substitution of the ethyl group of reference compound 49 by another
benzene (bromo substituted or not) or a cyclohexene ring increases the
enzymatic inhibition activity.

3) Benzene substitutents such as NH,, OH, and NO, are not good for activity
because they decreased cruzain inhibition

4) The isosteric replacement of the benzylic methylene group in the
tetrahydronaphthalene derivative 66 by an oxygen or a sulfur atom and a
sulfone group resulted in a reduction in cruzain inhibition.

5) Although the unsaturated carbonyl system is a less effective bioisoster than
thiosemicarbazone, their low micromolar (uM) values still allow utilizing this
functional group as a potential warhead for the development of cysteine

proteases inhibitors.

The outstanding activity against cruzain that thiosemicarbazones 66, 62 and 59
exhibited compared to reference compound 49 can be explained based on the general
understanding that proteases universally recognize beta strand-conformation inhibitors or
substrates in their active sites. Tyndall and coworkers'® proposed that cyclization of a
protease inhibitor might force the molecule to adopt a f—strand type conformation which
mimics the ideal protease-binding shape required for better interaction with the enzyme.
Effective enzyme affinity is achieved by designing molecules that have the required
functionalities arranged in the space with the right orientation towards the active site of
the receptor. Therefore, locking the inhibitor structure in the right conformation to
interact with the active site of the enzyme can be carried out by incorporating

conformational restriction in the molecule. This structural restriction can be obtained by
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introducing a methyl group which sterically restricts free bond rotation, by using
intramolecular hydrogen bonds, by introducing double bonds that fix the relative
positions of the substituents attached to the unsaturated atoms, due to the non-rotatable
double bond, or by cyclization, which fixes the relative positions of the substituents

either exocyclic or within the ring.""

Small and flexible molecules like compound 49
can exist in many conformations and selective fixation of their bond functionalities into
the active site of a particular enzyme will be somewhat harder to achieve. Tyndall also
showed in his research work that twelve of the known cruzain inhibitors bound the

190

enzyme by adopting a f—strand like conformation as Figure 9.1 shows.”” The minimum

energy conformations’ of the three best inhibitors might superimpose to the twelve

inhibitors structures shown by Tyndall.

Od . -® e 0 _o
QI g &° o e ®
> ; ‘ 2B °

Figure 9.1. Minimun energy conformations’ of compounds 59 (top left), 62 (top right)
and 66 (bottom left) generated by MOPAC. The bottom right picture shows the
structures of twelve known superimposed cruzain inhibitors with their main chains
running horizontally N to C terminal from left to right.'”
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Therefore, it is believed that improvement of the inhibitor-enzyme affinity can be
successfully achieved by designing cyclic molecules instead of acyclic analogues.

Although the best five inhibitors that were synthesized have low ICsy values in
the nanomolar range against cruzain, all of them showed activity against human liver
cathepsin L, in some cases, this activity was even more pronounced than activity for
cruzain itself. The main objective of this project was successfully accomplished after a
suitable pharmacophore was generated that might serve as a good starting point for drug
development. In the current work, the tetrahydronaphtahlene thiosemicarbazone 66 has
been established as a lead compound. It is important to incorporate structural moieties
within compound 66 that lead to selective binding of cruzain’s active site rather than
binding to the human cathepsin enzyme. In Figure 9.2, one of the best calculated
orientations of thiosemicarbazone 66 is shown. This conformation was generated by
DOCK 4.0.1 software with which the structure of the inhibitor was docked into the
cruzain active site. It is important to mention that this is not necessarily the best
conformation and, with this calculation, no conclusive results can be obtained. However,
it gives at least valuable information about the way that this inhibitor interacts with
cruzain. It is well known that in papain-like cysteine proteases, the S, pocket is the

: - e 159,160,162
primary subsite for substrate specificity. ™ "

In the series of inhibitors synthesized
apparently the bromobenzene moiety fits perfectly in both cruzain and cathepsin L
subsites. In the picture, the bromobenzene moiety is buried into the deep S, pocket with

the bromine atom facing down as was predicted. This explains how important the

bromine atom is for activity.
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Figure 9.2. One of the best calculated orientations of compound 66 in the active site of
cruzain. The L-domain is colored in blue and the R-domain is in green. The inhibitor is
represented in space-filling model colored in purple with the bromine atom buried into
the deep S, pocket. Glu205 is located at the bottom of the S, pocket and is colored in
aquamarina. The catalytic triad, Cys25, His159 and Asnl75 (colored in aquamarina) is
located right above of the inhibitor. Trp177 and GInl19 are located above of the catalytic
triad and colored in red. In white are represented the other important aminoacid residues
Leul57, Gly160, Leu67, Met68 and Alal33 present in the S, pocket.

In 1996, Serveu and coworkers investigated the substrate specificity of cruzain
and they concluded that the incorporation of a prolyl residue at the P, position of the
substrate increased significantly the selectivity for cruzain against rat cathepsin L.'*
Hence, a proline-type residue should be attached to the tetrahydronaphthalene skeleton of
compounds 66, 59 and 62 in order to discriminate cathepsin L from cruzain.

Additionally, most of the potent cruzain inhibitors have a benzyloxycarbonyl group (Cbz)

present at Ps; position and the presence of this structural moiety into the second
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generation of the cruzain inhibitors is proposed. In Scheme 9.1, the proposed structures

of the second generation of cruzain inhibitors are shown.

o>_oﬁ©

H

nwZ

HN
Br

Scheme 9.1. Proposed structures of the second generation of more selective
tetrahydronaphthalene based cruzain inhibitors.

As seen in the structures of the proposed targets, new isosteres, which potentially
might react with the -catalytic triad of cruzain, have been attached to the
tetrahydronaphthalene skeleton. The proposed functional groups are oxirane and thiirane
rings along with the exo-cyclic unsaturated carbonyl group.

Biological assays (in vitro and in vivo) are proposed to be performed for the next
generation of inhibitors in order to evaluate the trypanocidal activity of the compounds
not just against cruzain but also against other important parasitic cysteine proteases such
as rhodesain (major cysteine of 7. brucei rhodesiense) and falcipain-2 (cysteine protease

of Plasmodium falczparum),”‘)’”‘
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The in vitro cytotoxicity assays against different cancer cell lines for compounds
59, 66, 84, 87 and 88 gave further insight into the use of these compounds as anti-cancer
agents. Among all five tested compounds, thiosemicarbazones 59 and 66 exhibited low
EDs values in the low micromolar range, being particularly effective against breast and
colon. The screening of new cysteine protease inhibitors against the same cancer cell

lines might generate a new class of potential anti-cancer agents.
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NMR Spectra

Appendix A: Vascular Disrupting Agents
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'"H-NMR (300 MHz, CDCls) of Compound 3
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'H-NMR (300 MHz, CDCl3) of Compound 4

PrEQ 0-—-
8210 0-—"

FLLY
Biee’
ere’
Lspre’
GE92”

- et o e

L2E0’ e

ORI’
GeETg’
tses’
cLes’

m M M m

61825
BEBS

['g}

PFEE’
0SLE"
GESK
gvap”
BORG’
9599°
r5e9’
0169
2ere’
Bere’

M~M~OD0Wwuouwwoww

wdd

LY

J
\I’

|

/
/

1

~

OCHj

HsCO

OCH;

e LI

= 8600°39
—bsv8’S

reJsbajur

UL [N (L LR B SNLAL L L L L L (L L LN L L B B B I

ppm




'H-NMR (300 MHz, CDCls) of Compound 5
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Dept 135-NMR (75 MHz, CD;, Cl;) of Compound 5

Do NS o @ o~ Cu
- = 0y M - m =T
s @~S~  © o @~ o
a ==y} - o - 0 w
R&EQN =3 © 0 0
@ @
HOIHN
 J ]
M
HaCO™ “““-‘I" OCH;
OCH,
——r T
ppm 200 175 150 125 100 75 50

5174



'H-NMR (300 MHz, CDCls) of Compound 6
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Dept 45-NMR (75 MHz, CDCl3) of Compound 6

019°vi

val 12
ariz —

osp " Lp
655G —
692°96 .///r.
gse 9g —>=
22E 19 ——

I.ll\l.l

—_

9rE"¥9
106°£9

pE2 901 —__
EBE 60T ——

cmm,ﬂmﬂ.;//f.
vBE " GeT =
LSy 52l
mmm.hmﬁx
662821
60L°621
198621

BSF FBl—

wdd

248



Dept 90-NMR (75 MHz, CDCl3) of Compound 6
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Dept 135-NMR (75 MHz, CDCl3) of Compound 6
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COSY 'H-'H NMR (300 MHz, CDCls) of Compound 6
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'H-NMR (300 MHz, CDCl3) of Compound 7
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3C-NMR (75 MHz, CDCls) of Compound 7
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'H-NMR (300 MHz, CDCl3) of Compound 8
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'"H-NMR (300 MHz, CDCls) of Compound 9
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'H-NMR (360 MHz, CDCl3) of Compound 10
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3C-NMR (75 MHz, CDCls) of Compound 10
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Dept 135-NMR (75 MHz, CDCl3) of Compound 10
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COSY-'H-'H NMR (300 MHz, CDCls) of Compound 10
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'H-NMR (360 MHz, CDCls) of Compound 11
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'H-NMR (300 MHz, CDCls) of Compound 12
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3C-NMR (75 MHz, CDCl5) of Compound 12
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COSY-'H-'H NMR (300 MHz, CDCls) of Compound 12
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'H-NMR (300 MHz, CD, Cl,) of Compound 13
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CD; Cl,) of Compound 13

B3C-NMR (75 MHz
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Dept 45-NMR (75 MHz, CD;, Cl;) of Compound 13
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Dept 135-NMR (90 MHz, CD;, Cl;) of Compound 13
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'H-NMR (300 MHz, Methanol-d,) of Compound 14
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'H-NMR (300 MHz, CDCls) of Compound 15

Q 3 LQ 23
~ S < © »
HsCO
8 Br
HaCO
OCHg
J J& JUJu A L
o o o
N e ©
o [{e] o
\‘\\\\‘\\\\‘\\\\‘\\\\‘\\\\‘\\\\‘\\\\‘\\\\‘\\\\‘\\\\‘\\\\‘\\\\‘\\\\‘\\\\‘\\\\‘\\
7.50 7.00 6.50 6.00 5.50 5.00 4.50 4,00 3.50 3.00 2.50 2.00 1.50 1.00 0.50 0.00
ppm

0L¢



'H-NMR (300 MHz, CDCls) of Compound 16
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$1p_NMR (121 MHz, Acetone-dg) of Compound 16
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'H-NMR (300 MHz, CDCls) of Compound 17
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Dept 135-NMR (75 MHz, CDCI3) of Compound 17
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'H-NMR (300 MHz, CDCls) of Compound 18
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BC-NMR (75 MHz, CDCls) of Compound 18
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Dept 135-NMR (75 MHz, CDCl3) of Compound 18
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'H-NMR (300 MHz, CDCls) of Compound 19
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BC-NMR (75 MHz, CDCls) of Compound 19
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Dept 45-NMR (75 MHz, CDCl3) of Compound 19
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'H-NMR (300 MHz, CDCls) of Compound 20a
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Dept 45-NMR (75 MHz, CDCl3) of Compound 20a
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'H-NMR (300 MHz, CDCls) of Compound 20b
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'H-NMR (300 MHz, CDCls) of Compound 21
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Dept 135-NMR (75 MHz, CDCI3) of Compound 21
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Infrared Spectrum (nujol, cm™) of Compound 21
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'H-NMR (300 MHz, CDCls) of Compound 21a
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3C-NMR (75 MHz, CDCls) of Compound 21a
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Dept 45-NMR (75 MHz, CDCl3) of Compound 21a
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COSY-'H-*C NMR (75 MHz, CDCl5) of Compound 21a
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Infrared Spectrum (Nujol, cm™) of Compound 21a
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'H-NMR (300 MHz, CDCls) of Compound 22
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3C-NMR (75 MHz, CDCls) of Compound 22
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COSY-'H-'H NMR (75 MHz, CDCls) of Compound 22
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'H-NMR (300 MHz, CDCl3) of Compound 23
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'H-NMR (300 MHz, CDCls) of Compound 24
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'H-NMR (300 MHz, CDCls) of Compound 25
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3C-NMR (75 MHz, CDCls) of Compound 25

18°69
ce8s
98°09

19°9,
€0'LL ——\

Syl ——

€9°¢aT

Y. —

AW e bt
wv\“wwmvw

Lk

\
100

ppm

300



Dept 45-NMR (75 MHz, CDCl3) of Compound 25
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'H-NMR (300 MHz, CDCls) of Compound 26a
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3C-NMR (75 MHz, CDCls) of Compound 26a
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Dept 45-NMR (75 MHz, CDCl3) of Compound 26a

~ o) < V)
< ™ ~ <) o)) o N O
[+) <2} o~ [Te) @0 o < o
] IS ~ [=] ~ S QS 9
A — — — o o© roTe)
o
X
NH
—o /‘ 2
o
- O,N
o]
N

135.0 130.0 125.0 120.0 115.0 110.0 105.0 100.0 950 90.0 8.0 800 750 700 650 60.0 550 50.0
ppm

70€



COSY-'H-'H NMR (300 MHz, CDCls) of Compound 26a
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'H-NMR (300 MHz, CDCls) of Compound 26b
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BC-NMR (75 MHz, CDCls) of Compound 26b
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Dept 45-NMR (75 MHz, CDCl3) of Compound 26b
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COSY 'H-'H NMR (300 MHz, CDCl3) of Compound 26b
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COSY *H-C NMR (75 MHz, CDCls) of Compound 26b
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'H-NMR (300 MHz, MeOH-d,) of Compound 27a
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'H-NMR (300 MHz, MeOH-d.) of Compound 27b
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'H-NMR (300 MHz, CDCls) of Compound 28
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'H-NMR (360 MHz, CDCls) of Compound 29
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3C-NMR (90 MHz, CDCls) of Compound 29

1z

9t
26"

bL"

958"

YT ——

TIT —
i —

(421

et

ppm

Aaas aaas T T T | T T
160 150 140 130 120 110 100

|
170

317



—_—129.97
T——129.62

Dept 135-NMR (90 MHz, CDCl3) of Compound 29

—111.94
106.21
65.06

—111.17

60.94
59.45

—_— 56.58
——55.90

125

[,,
120

T

[
115 110 105 100 9

9
® ]
%
o
3
&

55

PPm

8T¢E



'H-NMR (300 MHz, CDCls) of Compound 30
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Dept 135-NMR (75 MHz, CDCls) of Compound 30
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'H-NMR (300 MHz, CDCls) of Compound 31
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Dept 135-NMR (75 MHz, CDCl3) of Compound 31
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'H-NMR (300 MHz, CDCls) of Compound 32
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'H-NMR (300 MHz, CDCls) of Compound 33
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'H-NMR (300 MHz, CDCls) of Compound 34
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3C-NMR (75 MHz, CDCls) of Compound 34
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Dept 45-NMR (75 MHz, CDCl3) of Compound 34
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'H-NMR (300 MHz, CDCls) of Compound 35
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3C-NMR (75 MHz, CDCls) of Compound 35
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'H-NMR (300 MHz, CDCls) of Compound 36
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3C-NMR (75 MHz, CDCls) of Compound 36

332

o
— S
§T20T ——— -
8LETT |
P B
(6]
6.°2¢T 8
X -8
05627 —— z
O 3 N
L0TET —— N © -
6TET ——— T
o [
ST'8ET ——
L '6€T 5 8 =
T T
o
G8'2ST L S
29°¢6T ———— -




'H-NMR (300 MHz, CDCls) of Compound 37
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3C-NMR (75 MHz, CDCls) of Compound 37
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'H-NMR (300 MHz, CDCls) of Compound 38
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3C-NMR (75 MHz, CDCls) of Compound 38
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Dept 45-NMR (75 MHz, CDCl3) of Compound 38
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'H-NMR (300 MHz, CDCls) of Compound 39b
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'H-NMR (300 MHz, CDCls) of Compound 40a
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3C-NMR (75 MHz, CDCls) of Compound 40a
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Dept 90-NMR (75 MHz, CDCl3) of Compound 40a
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Dept 135-NMR (75 MHz, CDCIs) of Compound 40a
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'H-NMR (300 MHz, CDCls) of Compound 40b
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'H-NMR (300 MHz, CDCls) of Compound 40c
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3C-NMR (75 MHz, CDCls) of Compound 40c
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'H-NMR (300 MHz, CDCls) of Compound 40d
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B3C-NMR (75 MHz, CDCls) of Compound 40d
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'H-NMR (300 MHz, CDCls) of Compound 40e
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BC-NMR (75 MHz, CDCls) of Compound 40e
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'H-NMR (300 MHz, CDCls) of Compound 40f
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3C-NMR (75 MHz, CDCls) of Compound 40f
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'H-NMR (300 MHz, CDCls) of Compound 41a
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3C-NMR (75 MHz, CDCls) of Compound 41a
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'H-NMR (300 MHz, CDCls) of Compound 41b
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'H-NMR (300 MHz, CDCls) of Compound 41c
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3C-NMR (75 MHz, CDCls) of Compound 41c
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Dept 135-NMR (75 MHz, CDClIs) of Compound 41c
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'H-NMR (300 MHz, CDCls) of Compound 41d
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'H-NMR (300 MHz, CDCls) of Compound 42
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3C-NMR (75 MHz, CDCls) of Compound 42
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Dept 135-NMR (75 MHz, CDClIs) of Compound 42
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'H-NMR (300 MHz, CDCl3) of Compound 43
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'H-NMR (360 MHz, CDCls) of Compound 44

11000°
24308

11
16L0L°
EQIGOD”
GEBIT”
SLLLE
TEPGE”
r0LGe”
£883e°
griLe’
6EBGE”
504867
EEELY”
200ze”

rFelel’

OkLr9’
09999°

£8899

0irL9”
S68L9°
EBLSE”
p8086°
roras’
EO0SLES
beeoe”
tEgz2”

A9r9e”
EQRLE”
Legie’
£958¢°

wad

0=

§

£

LA |

??O

TZ

OCH;

—ie =
= 6b6LE

e
= 0000°€E

e

—_Scr6'0

—_—

= 0£26°0
8G16°0

= 6EBE'0
—~££09°0

[euBajul

LA L L L (L L L L L NN N L L B L L LN L B

ppm

365



'H-NMR (300 MHz, CDCls) of Compound 45
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3C-NMR (75 MHz, CDCls) of Compound 45
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'H-NMR (300 MHz, CDCls) of Compound 46
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'H-NMR (300 MHz, Acetone-ds) of Compound 46
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BC-NMR (75 MHz, Acetone-dg) of Compound 46
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Dept 45-NMR (75 MHz, Acetone-dg) of Compound 46
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'H-NMR (360 MHz, CDCls) of Compound 47
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3C-NMR (75 MHz, CDCls) of Compound 47

H3CO
N
NO,
H;CO
WW
| T T | T T 1 l 1 1 T l T T 1 '| T T 1 | T T 1 | L} 1 1 | T
ppm 160 140 120 100 80 60 40

€LE



ppm

Dept 45 -NMR (75 MHz, CDCls3) of Compound 47
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Dept 90 -NMR (75 MHz, CDCls3) of Compound 47

140. 488

H3CO

NO,
H;CO -

ppm 150 140 130

|
100

GLE



Dept 135 -NMR (75 MHz, CDCls) of Compound 47
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COSY *H-'H NMR (300 MHz, CDCl3) of Compound 47
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'H-NMR (300 MHz, Methy! Sulfoxide-ds) of Compound 49
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3C-NMR (75 MHz, Methyl Sulfoxide-ds) of Compound 49
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Dept 135-NMR (75 MHz, Methyl Sulfoxide-ds) of Compound 49
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'H-NMR (300 MHz, Acetone-ds) of Compound 50
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'H-NMR (300 MHz, Acetone-dgs) of Compound 51
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'H-NMR (300 MHz, CDCls) of Compound 52
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'H-NMR (300 MHz, CDCls) of Compound 53
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'H-NMR (300 MHz, CDCls) of Compound 54
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3C-NMR (75 MHz, CDCls) of Compound 54
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'H-NMR (300 MHz, CDCls) of Compound 55
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3C-NMR (75 MHz, CDCls) of Compound 55
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Dept 135-NMR (75 MHz, CDCls) of Compound 55
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Dept 135-NMR (75 MHz, CDCls) of Compound 56
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'H-NMR (300 MHz, CDCls) of Compound 57
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Dept 135-NMR (75 MHz, CDClIs) of Compound 57
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'H-NMR (300 MHz, CDCls) of Compound 58
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'H-NMR (300 MHz, CDCls) of Compound 59
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'H-NMR (360 MHz, Acetone-dg) at 17°C of Compound 59
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'H-NMR (360 MHz, Acetone-dg) at 10°C of Compound 59
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'H-NMR (360 MHz, Acetone-dg) at 0°C of Compound 59
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'H-NMR (360 MHz, Acetone-dg) at -10°C of Compound 59
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'H-NMR (360 MHz, Acetone-dg) at -20°C of Compound 59
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'H-NMR (360 MHz, Acetone-d) at -30°C of Compound 59
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'H-NMR (360 MHz, Acetone-dg) at -40°C of Compound 59
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'H-NMR (360 MHz, Acetone-d) at -50°C of Compound 59
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'H-NMR (360 MHz, Acetone-dg) at -60°C of Compound 59
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'H-NMR (360 MHz, Acetone-dg) at -70°C of Compound 59
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Dept 45-NMR (75 MHz, Acetone-dg) of Compound 59
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'H-NMR (360 MHz, CDCls) of Compound 60
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Dept 135-NMR (90 MHz, CDCls) of Compound 60
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'H-NMR (300 MHz, CDCls) of Compound 61
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3C-NMR (75 MHz, CDCls) of Compound 61
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'H-NMR (360 MHz, CDCls) of Compound 62
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'H-NMR (300 MHz, CDCls) of Compound 63
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Dept 135-NMR (75 MHz, CDCls) of Compound 63
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'H-NMR (300 MHz, CDCls) of Compound 64
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Dept 135-NMR (75 MHz, CDCls) of Compound 64
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'H-NMR (300 MHz, Acetone-ds) of Compound 65
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'H-NMR (300 MHz, Acetone d-¢) of Compound 66
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'H-NMR (300 MHz, CDCls) of Compound 67
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BC-NMR (75 MHz, CDCls) of Compound 67
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Dept 135-NMR (75 MHz, CDCl3) of Compound 67
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'H-NMR (300 MHz, CDCls) of Compound 68
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BC-NMR (75 MHz, CDCls) of Compound 68
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'H-NMR (300 MHz, CDCls) of Compound 68a

BEID O-——r

PLLST
0916°
EBES”
0grs’
G19G°
cr9s’
169%°
8645 ¢
9£88°
crED”
6L50°
LBLO"
434
=1
vegt”
1LSST
9r85"
6rc9”
BLED

J

7

| 2

T oGOy C

—_—

s
s

——

0000°2

= =" 91561

Lt I o B B o B B B s B B VA VI o VA VRS VI S TR A VI S VU]
I
/

=

Br
=
o
68a

Br

Br
Br

Loeeg
gege”
rose”
0GEE"
BBEE"
BORE
8¢EY”
LBEY’

wd

J% s cvmm”c
—_F286°0
— ; R

90se ¥

e e T o T
|

[esbajul

LI L L L [ L L L L B B
3

LI [N B I L B L

ppm

427



ppm

3C-NMR (75 MHz, CDCls) of Compound 68a
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Dept 135-NMR (75 MHz, CDCIs) of Compound 68a
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'H-NMR (300 MHz, CDCls) of Compound 69

7.06
7.05
7.02
3.61
3.58
353
-0.02

™~ © Q X N N N~ o
) (=S ™ o O ™~
~ © w0 < © ~ © <
=] o 0 © ~ ~ O~~~

Br N

TT— 8672
T— 7763
s

()]

NH»

Iz

A A A A
Hz 875 80 85 80 775 750 725

! e

e L e
w P w w  w
o~ ESN N b

T T T [T T [T [T T[T T T[T [T [T T T[T T[T T [T T [T T [T T[T T[T T [TTTI[ITIT]T]
S50 800 750 700 650 600 550 500 450 400 350 300 250 200 150 100 050 0.00

(0159%



Dept 135-NMR (75 MHz, CDClIs) of Compound 69
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'H-NMR (300 MHz, CDCls) of Compound 71
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Dept 135-NMR (75 MHz, CDClIs) of Compound 71

¥0'SeT
8v'9¢T \
91'8¢2T \
Ve8I —— O\
16621 Q
19°6¢T

\
50

75

\
100

433



'H-NMR (300 MHz, CDCls) of Compound 72a
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3C-NMR (75 MHz, CDCls) of Compound 72a
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Dept 135-NMR (75 MHz, CDCIs) of Compound 72a
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'H-NMR (300 MHz, CDClIs) of Compound 72b
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BC-NMR (75 MHz, CDCls) of Compound 72b
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Dept 135-NMR (75 MHz, CDCls) of Compound 72b
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'H-NMR (300 MHz, CDCls) of Compound 73
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BC-NMR (75 MHz, CDCls) of Compound 73
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'H-NMR (300 MHz, CDCls) of Compound 74
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Dept 135-NMR (75 MHz, CDCls) of Compound 74
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'"H-NMR (360 MHz, Methanol-ds) of Compound 75
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3C-NMR (75 MHz, Methanol-ds) of Compound 75
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'H-NMR (300 MHz, CDCls) of Compound 76
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'H-NMR (300 MHz, CDCls) of Compound 77
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3C-NMR (75 MHz, CDCls) of Compound 77
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Dept 90-NMR (75 MHz, CDCl3) of Compound 77
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'H-NMR (300 MHz, CDCls) of Compound 78
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3C-NMR (75 MHz, CDCls) of Compound 78
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Dept 135-NMR (75 MHz, CDCls) of Compound 78
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'H-NMR (300 MHz, CDCls) of Compound 79
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3C-NMR (75 MHz, CDCls) of Compound 79
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'H-NMR (300 MHz, Methanol-ds) of Compound 80
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3C-NMR (75 MHz, Methanol-ds) of Compound 80
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Dept 135-NMR (75 MHz, Methanol-dg) of Compound 80
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'H-NMR (300 MHz, CDCls) of Compound 81
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B3C-NMR (90 MHz, CDCls) of Compound 81
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Dept 135-NMR (90 MHz, CDCl3) of Compound 81
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'H-NMR (300 MHz, CDCls) of Compound 82
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3C-NMR (75 MHz, CDCl5) of Compound 82
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Dept 135-NMR (75 MHz, CDCl3) of Compound 82
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'H-NMR (300 MHz, Acetone-ds) of Compound 83
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B3C-NMR (75 MHz, Acetone-dg) of Compound 83
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'H-NMR (300 MHz, Methyl Sulfoxide-ds) of Compound 84
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BC-NMR (75 MHz, Methyl Sulfoxide-ds) of Compound 84
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'H-NMR (300 MHz, CDCls) of Compound 85a
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3C-NMR (75 MHz, CDCls) of Compound 85a
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'H-NMR (300 MHz, CDCls) of Compound 85b
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'H-NMR (300 MHz, CD, Cl,) of Compound 86a
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BC-NMR (75 MHz, CD, Cl,) of Compound 86a
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'H-NMR (300 MHz, CD, Cl,) of Compound 86b
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3C-NMR (75 MHz, CD, Cl,) of Compound 86b
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'H-NMR (300 MHz, Methy! Sulfoxide-ds) of Compound 87
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BC-NMR (75 MHz, Methyl Sulfoxide-ds) of Compound 87
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'H-NMR (300 MHz, Methy! Sulfoxide d-g) of Compound 88
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3C-NMR (75 MHz, Methyl Sulfoxide d-g) of Compound 88
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'H-NMR (300 MHz, CDCls) of Compound 89
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'H-NMR (300 MHz, CDCls) of Compound 90
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