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The gene for methylthioadenosine phosphorylase (MTAP) is absent in almost
30% of cancers, opening a door for selective chemotherapy. One strategy to target the
absence of MTAP involves the design of a cytotoxic methylthioadenosine (MTA)
analogue. Non-cancerous cells would break down the cytotoxic analogue, since they
contain MTAP, but cancerous cells would not, since they do not have MTAP. However,
before such a compound can be made, we need to better understand the types of
substrates accommodated by MTAP. The purpose of this thesis was therefore to explore a
series of MTA analogues, probing the structure-function relationships between MTAP
and specific structural modifications of MTA.

Nine phenylthioadenosine (PTA) derivatives bearing ortho-, meta-, or para-
methyl carboxylate, carboxylate, and hydroxymethyl substituents were synthesized and
tested for cytotoxicity and as substrates for MTAP. The biological results of these nine
compounds suggested that addition of substituents to the ortho-position was not tolerated
by MTAP, and substituents similar to the hydroxymethyl might be accommodated by
MTAP. None of the compounds were cytotoxic. This informed the design of ten more

PTA derivatives, most of which were synthesized and tested for cytotoxicity and as
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substrates for MTAP. The range of functionalities included an amine, an acetamide, a
urea, an isovaleramide, and an N-nitrosourea group inspired by the known anticancer
agent lomustine. The amine derivatives of PTA were the best substrates of all MTA
analogues tested (including PTA). The meta-amine derivative and the meta-isovaleramide
showed minor cytotoxicity. Finally, the urea derivatives were moderate substrates of
MTAP, and this pointed towards the future creation of other nitrosoureas as potential

cytotoxic MTAP substrates.
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Chapter 1 Undermining A Shadowy Disease
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1.1 Cancer
With the discomfort of a recurring toothache, the throb of a deep bruise, or the

agony of an inflamed appendix, the broken body is impossible to ignore. Yet for all the
attention disease demands, the confusion and the suffering, it does not give up a remedy
willingly. Diseases have such a variety of conditions and contexts that even the definition
of ‘disease’ is disputed among philosophers and scientists today (1-6). Some of this
intellectual bickering has an unfortunate root in Platonic philosophy, where diseases exist
as ideals in the realm of the Forms and where they manifest as a shadow of an ideal in the
particularity of a patient (7). “Platonic physicians” match a patient’s symptoms to the
conditions of an ideal disease and treat accordingly. This is not too different from how
medical practitioners behave today. In some cases, such as an appendectomy, platonic
reasoning is efficacious; no one questions that all burst appendices should be removed.
But there is one notorious disease that is far too shadowy to exist in Plato’s realm of
Formes, as if the shadows were cast by a multitude of ideals. It is a disease that has evaded
a simple etiology and, for the majority of history, when surgical excision failed, has
evaded a cure altogether (8-10).

That disease is cancer, the dark half of humanity’s aspiration to immortality. It can
begin with an environmental force—high energy radiation, reactive chemicals, viruses, or

bacteria—which cause multiple mutations in the cell’s DNA, twisting the programmed
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order into an unchecked proliferation (11-13). It may also have its origins in obesity (14—
15), excessive intake of alcohol or tobacco (17-18), suppression of the immune system
(19-20), or even an individual’s genetics (21-22). Whatever its origin, the cell
perpetuates obliviously, growing and dividing—with no concern for its surrounding
mortal community. It produces its own growth signals, ignores anti-growth commands,
evades apoptosis, unceasingly replicates, constructs its own blood vessels, and often
invades other regions of its host, thereby establishing new colonies (13). Death comes
swiftly. In Canada, cancer claims the lives of almost a third of the population (23).

In an effort to move away from the Platonism of the past, cancer has become an
umbrella term for hundreds of complex diseases (13, 24-27). Physicians consider a
cancer to be significantly different based on its mutational origin, its home organ, and its
home tissue (13). In other words, cancer has many origins and can have very unique
behaviours. Now it is obvious that there cannot be a single ‘cure’ for cancer. It is no
surprise then that developing drugs for cancer therapy has been an incredible challenge.
In a process that takes 10 to 20 years—through drug discovery and preclinical testing,
through phase I, 11, and III clinical trials, through the FDA review, and then scaling up for
manufacturing—tens of thousands of potential medicines are reduced to a single drug
(27-29). This can cost hundreds of millions of US dollars (27-29). Even then, there are
no guarantees.

Have we made progress in the war against cancer? Rather than repeat statistics of
changes in cancer survival rates, I recognize there are multifarious factors that contribute
to such statistics (30-31) and that some consider the statistics from pharmaceutical

industries to be skewed (32-34). The fact that scientists and philosophers can even
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entertain discussions on how much bias has skewed results, suggests that if progress is
being made, it is not revolutionary. The war continues in increments: scientists offer
varied solutions, medical practitioners understand the diseases in further nuance. They
form a collective force that digs at the foundation of the castle of the shadowy tyrant. We
hope that one day, in the distant future, cancer will clarify into an array of different

diseases that can be treated and eradicated.

1.2 Chemotherapy

Finding themselves in the middle of a war, it is natural (and advisable) for scientists
and doctors to ask: “What weapons do we have?” For localized cancers, the answer can
be either surgery or radiation therapy (35). There are issues with both of these: both
surgery and radiation therapy can fail and cause serious side effects (36-38). Beyond
these—to tidy up after a surgery, to attempt where radiation failed, or to fight a non-
localized cancer—the most promising weapon is chemotherapy (39-43). (There is
another promising field of research called targeted therapy, the use of antibodies to
specifically target cancerous cells, but that is not the focus of this thesis (35).)

By virtue of their unchecked proliferation, cancer cells differ from normal human
cells; and difference is the gateway to selection. In principle, if enough biochemical
differences can be discovered between these cells, then selective destruction of the cancer
cells is possible. Early chemotherapy has focused on the fuzzy distinction of cell growth
(35). The hope was that cancer cells could be targeted by virtue of their rapid growth and
division. While this theoretical basis dominated early chemotherapy, it has developed

into a broader discipline: the use of cytotoxic compounds to systemically treat cancer



(39).

There are many classes of chemotherapeutics, including alkylating drugs (44),
antimetabolites (45), mitotic inhibitors (46), topoisomerase inhibitors (47), and antitumor
antibiotics (48-50). A few examples are shown in the Figure 1.1. Alkylating drugs, such
as cisplatin, nitrogen mustard, and lomustine, react strongly with the genetic material of
cells, introducing unnatural alkyl chains onto DNA and inhibiting normal transcription
(44). This has a larger effect on more rapidly dividing cells. Antimetabolites compete
with important biomolecules, where in this case 2-fluoroadenine competes with adenine
and methotrexate competes with folate (45). Antimetabolites inhibit regular metabolism
usually relevant to the synthesis of DNA. This is one way to prevent cell growth and it
has a more toxic effect on cells that are dividing more rapidly and producing more DNA

(44-45). The last example in Figure 1.1 is taxol, which is a mitotic inhibitor (46). By

NH»

G e, .

Nitrogen Mustard

2- Fluoroadenme

©_< Y Cl~_, . Cl

P
Taxol HaN" NH

o Cisplatin
Ns

Lomustine HoN N N Methotrexate

Figure 1.1 Chemotherapeutics. Alkylating drugs in blue, antimetabolites in red, and mitotic

inhibitor in green.
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binding to tubulin, a structural protein that constitutes microtubules, taxol prevents the
disassembly of microtubules, which is an essential step in cell division (46). All of these
examples, each of which are part of mainstream chemotherapy, preferentially impact
rapidly dividing cells, but do not target cancer per se.

Chemotherapy is not a cure for all cancers. The growth of tumours slows with
increasing size (this is called Gompertzian growth kinetics), and so for larger tumours
(indeed the most dangerous tumours) the selectivity of mainstream chemotherapy is
lacking (51). Cancers can also develop resistance to chemotherapeutics, already equipped
with such a weapon as the P-glycoprotein, a versatile protein that can pump drugs out of
the cell (52). In the case of antimetabolites, cancerous cells can decrease the expression
of certain membrane proteins to prevent the uptake of a drug (such as methotrexate or 2-
fluoroadenine) (53). Even when chemotherapy is effective, it can cause great harm to the
patient, with extreme side-effects such as alopecia (patchy balding) or myelosupression,
which can cause anemia or drastically weaken the immune system (54). Many of the side
effects can be attributed to the indiscriminate nature of classic chemotherapeutic agents,
targeting all rapidly dividing cells, such as hair or bone marrow (54). Chemotherapy’s
difficulty then is that its cell-growth distinction lies on a gradient (it is not binary) and so
is not truly selective for cancer.

Concrete biochemical distinction, rather, could provide concrete results. If cancer
cells contain or exclude specific biochemical pathways, for purposes such as tumour
growth and development, this provides an ‘either-or’ mechanism to search and selectively
destroy only the cancer cells in a patient’s body (54—55). This facile model seems terribly

close to Plato’s form of a disease, which we know does not truly exist for cancer. It may
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be the case however that such variability in the disease is more a difficulty for the

medical practitioner in determining how the patient should be treated based on a medical
toolkit, and that the task of scientists is in fact to hold Plato’s ideals in their mind,
searching for generalizations of cancer that could produce widely applicable methods of
cancer therapy. At the same time, less generalized tools, which can only be used for very
specific cancers, would also be helpful to the medical practitioner. Thus the goal of
chemotherapeutic research is to add tools, however widely applicable, to the doctor’s
toolkit.

Most commonly conceived, chemotherapeutics selectively destroy cancers by way
of specific targets present in the cancer cells, such as DNA or tubulin. This focus has
difficulties, since most targets present in a cancer cell are also present in non-cancer cells.
Traditional chemotherapeutics differentiate cancer and non-cancer cells based on their
degree of growth, and so the selectivity of these drugs is also a matter of degree. To avoid
this shortcoming, to create drugs that can be more selective for cancer, we might remove
our focus from targets of high importance in cancer cells (such as DNA, adenine, folate,
or tubulin) and instead focus on targets absent in cancer cells. Arguably, the genetic
absence of a target can provide a more concrete selectivity than the mere abundance of
another target. This leaves us with two questions: how can we target an absence? and are

there any examples of such a dramatic absence in cancers?

1.3 MTAP deficient cancers
There is a biochemical trait that is found in nearly 30% of late stage cancers: the

absence of a protein found in normal human tissues, called methylthioadenosine
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phosphorylase (MTAP) (56-76). MTAP can be absent from non-small cell lung cancer

(56, 63, 70), leukemia (61, 65, 71), glioma (62), mesothelioma (68), melanoma (72),
osteosarcoma (73), soft tissue sarcoma (74), pancreatic cancer (75), and periampullary
cancer (76), to name just a few. The absence of MTAP appears to be a phenomenon that
is spread across all forms of cancer; wherever investigators have looked, there seems to
be a significant percentage of cases that lack MTAP.

There might be a few reasons for the absence of MTAP. When cancers mutate to
promote their own immortality—i.e. to survive—they tend to remove genes that inhibit
cell growth (13). When they cut out these genes they frequently cut messily, unconcerned
if they also cut out a nonessential protein from their genome; this is called codeletion
(68). This frequently happens in the case of MTAP, whose gene is located near a tumour
suppressor gene, called cyclin-dependent kinase inhibitor 2A (CDKN2A) (57, 77-93).
MTAP-CDKN2A codeletion has been correlated to a drop in patient survival (82, 94-96).
Another explanation of MTAP’s absence involves the methylation of the MTAP
promoter gene, not deleting the MTAP gene, but preventing its expression (82, 97). There
is also the possibility that MTAP is itself a tumour suppressor gene (91). Whether these
explanations are correct or not, the most important point is that MTAP is absent in nearly
30% of cancers, and this should provide, in certain cases, a concrete distinction between
cancerous and non-cancerous cells, allowing for selective therapy. A successful method

of selective therapy requires an understanding of MTAP’s biochemical role.

1.4 MTAP

In all mammalian cells, short-chain polyamines are essential compounds, linked to
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DNA synthesis and the cell cycle (98). The polyamines putrescine, spermidine, and

spermine can be obtained through one’s diet, or else synthesized within the cell (98).
Their synthesis begins with the cell’s primary methylating agent, S-adenosyl methionine
(SAM) (98). See the bottom of Figure 1.2 for the polyamine biosynthesis pathway.
Instead of acting as a methylating agent in this case, SAM is first decarboxylated (98).

The propylamine substituent on SAM is then added to the amine building block,

Figure 1.2 The MTAP biochemical pathway.

MTA NH, Adenine MTRP
N X
N
HqC, < ) NH; HaC, OH
S NN MTAP N S o O~p-OH
(0] - / =~ "N + 1"
<N <l o
HO OH H N HO OH
Polyamine
Biosynthesis
NH» NH,
N B
N B
2 N
HaCQ < | /J MAT 9 Ol /) NH,
HOC. _~_-S N N~ —«——— H;0-P-O N N B
B @ (0] ! + HSC\S OH
NH, OH /3 Y
HO  OH HO OH ©
SAM ATP Methionine

NH, NH»
H4C </ | N H4C </ | N Spermidine
\ /) \ /) Synthase
HO,.C S N N HoN S N N
\/\/® 0 > ~ 2 o
lil H SAM NH,
2 Decarboxylase
HO OH HO OH
SAM Decarboxylated SAM
H5N
HoN Putrescine
\H + MTA
Decarboxylated SAM
HN N HoN NN TN + MTA
NH ~ ” NH,

Spermine Synthase
Spermine Spermidine

NH,



9
putrescine, to form spermidine (98). Each time decarboxylated SAM is used to form a

longer-chain polyamine, methylthioadenosine (MTA) is formed as a byproduct (see the
top of Figure 1.2) (98, 104). But MTA is more than waste material: it regulates the
polyamine pathway as an inhibitor of many proteins in the pathway (96, 99-102). MTAP,
the enzyme of interest, recycles MTA by cleaving it into adenine and methylthioribose-1-
phosphate (MTRP) (Figure 1.2) (57, 102-104). Through another series of biochemical
reactions, involving many more enzymes and other molecules, adenine can be added to a
ribose sugar to eventually form adenosine triphosphate (ATP) and MTRP is eventually
transformed into methionine (56, 57, 59, 104-108). ATP and methionine are
multifunctional compounds, but in this context they can react together with the help of
methionine adenosyltransferase (MAT) to form S-adenosyl methionine (SAM). SAM is

the key player in the polyamine biosynthetic pathway, completing the cycle (98).

1.5 Targeting Strategies
MTAP plays an important role in the recycling of MTA for polyamine biosynthesis,

as well as the production of free adenine (98). Since polyamines and adenine can be
obtained through the diet, this is not an essential pathway and it is clear how cancer cells
can survive without MTAP; cancer cells take up polyamines from the surroundings and
consequently do not need MTAP to recycle any waste products of the polyamine
biosynthesis pathway. Almost a third of cancers have accidentally deleted MTAP from
their genome and in their haste to divide and grow, they cut corners for efficiency. This
might be their downfall.

There have been only a few strategies to fight MTAP-deficient cancers. One such

approach involved co-administration of MTA and a de novo purine biosynthesis inhibitor
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(Figure 1.3), such as methotrexate, 6-mercaptopurine, asaserine or L-alanosine (56, 59,
68, 74, 76, 104, 109, 110). Besides de novo synthesis, the MTAP protein is the only
known doorway to free-cellular adenine (62, 68, 73, 74, 79, 93, 111-113). Inhibiting de
novo synthesis of purines (adenine and guanine) would leave only one biochemical route
to adenine: recycling MTA with MTAP. Cancers deficient in MTAP will not have the
option of recycling MTA for adenine, and if purine synthesis is inhibited they will
become adenine deficient. Adenine is a crucial component of RNA and DNA, and so
limiting this compound would limit the production of RNA and DNA, drastically
preventing cell growth of the cancer cells. Since the treatment involves the co-
administration of MTA, non-cancer cells will have access to adenine through MTAP,
they will not become adenine deficient, and so the non-cancer cells will be unaffected by
the treatment. The logic of this strategy is quite sound, but there has been difficulty with
its application, giving poor results (66, 104, 111). Bertino et al. speculate that the issue
might be pharmacodynamic, such that the de novo purine synthesis inhibitors are unable
to enter the cancer tumours (60).

Figure 1.3 A Previous strategy to target MTAP-deficient cancers using a de novo purine

synthesis inhibitor co-administered with MTA.
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Another strategy involved the wuse of toxic purine analogues including
diaminopurine (DAP), 6-methylpurine (MeP), and 2-fluoroadenine (F-Ade) (111). These
analogues are toxic to both cancer and non-cancer cells, but would be co-administered
with an agent such as MTA that would protect the non-cancer cells (111). Since MTAP is
present in normal human tissues, MTA would provide a source of adenine, and this
would compete with the toxic adenine analogues for phosphoribosylation (the next
important step for making use of free-cellular adenine) (111). Cancer cells deficient in
MTAP would be unable to obtain adenine from MTA and so would only have the toxic
adenine analogues for phosphoribosylation, effectively killing the cancer (111). DAP
initially showed good results in a few clinical trials but was abandoned after toxic side
effects were noted (111, 114). Application of MeP and F-Ade for treatment of MTAP-
deficient cancers has shown good preclinical results so far (111, 115, 116).

We propose a very different strategy to target the absence of MTAP. It involves the
design of a cytotoxic MTA analogue (Figure 1.4). This MTA analogue should be toxic,
but MTAP should still be able to break it up into two general components, resembling the
adenine and MTRP from above, and these should either be non-toxic or should be easily
evacuated from the cell. When a patient is given a dose of this toxic MTA analogue,

Figure 1.4 The Cytotoxic MTA Analogue Strategy.
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ideally two things will happen. First, the cancer cells will be unable to break up the toxic
MTA analogue because they lack MTAP and they will be unable to easily remove it from
the cell, effectively killing the cancer. Second, the non-cancer cells, which still contain
MTAP, will cleave the toxic MTA analogue into adenine and a relatively less toxic
MTRP analogue. The non-cancer cells can then evacuate the MTRP analogue, thus
keeping the rest of the body free from poison. There are two reasons that the MTRP
analogue would be less toxic than the MTA analogue. First, the MTRP analogue product
contains a polar phosphate group, and this should increase its water solubility, which in
turn allows it to be more easily evacuated from the cells and excreted from the body.
Secondly, the MTA analogue will likely be toxic because of its similarity to adenosine
(which has an alcohol in place of the methylthio-substituent), a crucial biomolecule that
plays a part in many areas of the cell, most noticeably RNA. The MTRP analogue doesn’t
have a structural similarity to as important a biomolecule, and should be much less toxic.
Ideally, a toxic MTA analogue will thus be toxic only to cancer cells that lack MTAP and
should lack serious toxicity for the rest of human body. The MTA analogue must fulfill
two conditions: (1) it must be cytotoxic; (2) it must be a substrate of MTAP, comparable
to MTA. Before creating such a molecule, we need to better understand the extent to
which structural modifications of MTA are tolerated by MTAP. The goal of this thesis
was then to explore a series of MTA analogues, determining which structural changes

affected their ability to be processed by MTAP.

1.6 MTAP Protein Analysis and Substrates
A previous study of MTAP by a group at Pfizer has provided a few important clues



Figure 1.5 Crystal structure of MTA bound to the active site of MTAP.

towards a cytotoxic MTA analogue (103). In the crystal structure of MTAP bound to
MTA (117), they noted a large pocket near the C5’ carbon of MTA, not occupied by
either protein or substrate. A single perspective of this binding interaction is shown in
Figure 1.5 (data from 117).

This pocket is surrounded by residues including valine, phenylalanine, arginine,
and serine. Noting this, the Pfizer group explored a variety of different substrates,
replacing the methylthio-substituent of MTA with a series of other functionalities such as
alkyl chains, phenyl rings, pyridyl groups, 5-membered heterocycles, quinolines, benzyls,
and saturated carbon rings (103). The pocket was large enough to incorporate all of these
substituents, with a wide range of activities (measured as K¢, and K, values). An MTA
analogue, phenylthioadenosine (PTA, shown in Figure 1.6), was a moderately effective

substrate relative to MTA, confirming that MTA analogues with large hydrophobic
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substituents bonded to the sulfur atom in place of the methyl group can be MTAP

substrates (103). They also appended methyl substituents to the phenyl ring at varying
positions to see how much this would affect reactivity. Their results showed that adding a
methyl group at the ortho-position drastically worsened the compound as a substrate,
while adding it to the meta-position very slightly improved it as a substrate (103). This
result is important for later compounds that I synthesized and tested. Kung et al. also
explored the substrate potential for a set of PTA-related compounds, replacing the sulfur
atom with carbon, nitrogen, and oxygen linkers (Figure 1.6). They found that replacing
the sulfur with a methylene group, called ‘compound 34’ (Figure 1.6) was an MTAP
substrate comparable to MTA (103).

Figure 1.6 MTAP substrates explored by Kung ef al. (103) with relative activities.
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Compound 34 was the best potential cytotoxic MTA analogue constructed so far,
since it was a good substrate of MTAP and since it had a significant structural variation

from MTA. To test this, a previous PhD student in the Wulff lab at the University of
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Victoria, Mike Brant, synthesized compound 34 and tested it as an MTAP substrate in

vitro and in vivo, finding it mildly cytotoxic, but also finding it to be a poor substrate for
MTAP. This was an unexpected result, and is likely due to different recombinant MTAP
proteins used between the labs, which would have slightly different sequences and
structures. If compound 34 was so sensitive to different recombinant proteins, it was
unlikely that it would be useful as an effective in vivo treatment.

Taking a step back and continuing explorations of potential MTAP substrates,
Jordan Friedmann, a BSc student, synthesized PTA and confirmed it to be a moderate
substrate of MTAP, as well as being mildly cytotoxic. Since PTA differs from compound
34 only by the replacement of a carbon with a sulfur, this suggested that the sulfur atom
was essential for good MTAP substrates, at least for this specific recombinant protein.
This also confirmed the possibility of incorporating large hydrophobic substituents at the
thiol position. PTA was then a model substrate compound for MTAP and was the

inspiration for further research.

1.7 Research Direction
The goal of this study was to explore analogues of PTA, measuring their acceptance

by MTAP and their cytotoxicity. Knowledge of their activity would inform what
structural changes on PTA are tolerated by MTAP, pointing towards future MTA
analogues. Knowledge of their cytotoxicity would point towards future cytotoxic MTA
analogues.

To increase cytotoxicity, it was important to hypothesize how PTA derivatives

could be cytotoxic. MTA shows a striking similarity to adenosine, a significant
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component of RNA and ATP—these are two of the most important biological molecules
in every cell. Whereas adenosine contains a 5'-alcohol group, MTA has a methylthio-
substituent. The antimetabolites can be cytotoxic by virtue of their structural similarity to
important biomolecules (45). Similarly, if a PTA derivative were to contain an alcohol in
the C5' region, as in adenosine, it is possible that this derivative would have enough
structural similarity to adenosine and could compete with adenosine, rendering it
cytotoxic. Furthermore, the 5'-alcohol of adenosine can be phosphorylated by adenosine
kinase to make adenosine monophosphate, which in turn can be phosphorylated over two
steps to form ATP (118-120). RNA polymerase then adds ATP to a growing chain of
RNA (118, 121). If the alcohol of the PTA derivative were to be phosphorylated in the
same manner as adenosine, then it could also eventually be incorporated into RNA.
Adenosine analogues can accumulate in their triphosphate form and inhibit RNA
synthesis (122). In general, nucleoside analogues are common cytotoxic agents (123). It
is possible, then, that PTA derivatives with an alcohol in the C5’ region could be
cytotoxic for the same reasons.

PTA derivatives could also be cytotoxic if they contained a well-known toxic
functional group appended to the phenyl ring. Nitrosoureas are common functional
groups used in chemotherapeutics and known to have strong cytotoxic effects (124—125).
Lomustine is an example of such a chemotherapeutic (Figure 1.1). I hypothesized that a
Lomustine-PTA fusion could be a very good cytotoxic MTA analogue (Figure 1.7). This
compound contains the cytotoxic functional group of lomustine, which suggests that the
compound will be cytotoxic. It also might still be a good substrate for MTAP since the

added functionality is relatively far from the active site of the protein.
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It was uncertain whether the lomustine-PTA fusion would still be a substrate of

MTAP, so I did not begin with the synthesis of this compound, but instead began with the
synthesis of a series of simpler PTA derivatives. A range of different substrates with

Figure 1.7 Potential cytotoxic MTA analogue: a lomustine-PTA fusion.
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differing functionalities, shapes, and activities, would flesh out the important structural-

function relationships between MTAP and possible substrates.

1.8 Objectives
To explore the possibility of a cytotoxic MTA analogue, I designed and

synthesized two series of PTA derivatives. In Chapter 2, I performed a reconnaissance
of MTAP’s active site around the phenyl ring of PTA. I added three functional groups,
each to three different positions on the phenyl ring, and I tested each of these compounds
as substrates for MTAP. This reconnaissance informed and motivated the content of
Chapter 3, in which I describe the synthesis and biological testing of a second set of
PTA derivatives. This further probed MTAP’s active site and presented a new direction

for future work.
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Chapter 2 A Reconnaissance of MTAP’s Active Site

2.1 Introduction

In my initial reconnaissance of MTAP’s active site, I explored nine derivatives of
PTA, which contained various substituents appended to the phenyl ring (Figure 2.1).
After design, synthesis, and characterization, I tested the derivatives as substrates for
MTAP, and Dr. Hongwei Cheng from the BC Cancer Agency tested the derivatives for
cytotoxicity.

Figure 2.1 Derivatives of PTA.
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A few research groups have synthesized derivatives of PTA by adding substituents
to the phenyl ring, although the summation of their work forms an incomplete library
(103, 126-129). The substituents include: all of the halogens at various positions (126,
128); methoxy substituents at all positions on the ring, including multiple substitutions
(103, 126); amines at all positions (126—127); an acetamido group at the para-position
(129); hydroxyl groups at all positions, methyl groups at all positions (103); multiple
methyl groups, multiple methoxy groups, isopropyl groups at the meta-position, isobutyl
at the para-position, trifluoromethyl groups at the meta- and para-position, methyl ester
groups at all positions, carboxylic acids at the mefa- and para-positions, and finally a

primary alcohol at the meta-position (126). A portion of these substrates have been tested
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for K, and K¢, with MTAP. It was clear that the PTA derivatives analyzed so far were

not designed and synthesized systematically, and that there are numerous lacunae in the
research of PTA derivatives so far (such as the remaining regioisomers of many
functional groups).

I decided to design, synthesize, and test a series of PTA derivatives that would fill
in the cracks of previous research. The purpose was to test these derivatives as substrates
for MTAP and for their cytotoxicity. With data from a thorough set of compounds—i.e.,
a set that included all the regioisomers of each functional group appended to the phenyl
ring—I could then form a solid hypothesis for future work. Testing a thorough set of
compounds as substrates for MTAP would probe the structure-function relationships
between MTAP and possible substrates, revealing the shape and electronic preferences of
MTAP’s active site around PTA’s phenyl ring. Nine compounds were designed,
synthesized, characterized, and tested for their cytotoxicity and as substrates for MTAP.
These results led to the design of a series of other PTA derivatives, the topic of the next

chapter.

2.2 Design of Compounds 1-9
Like previous work, the PTA derivatives I designed contain a functional group

appended to various positions on the phenyl ring. For the first set of derivatives, a methyl

ester, a carboxylic acid, and a primary alcohol, were each added to the ortho-, meta-, and

para-position of the phenyl ring. These nine compounds are shown in Figure 2.2.
Compounds 1-9 were designed to complement the literature and to explore their

novel use as cytotoxic agents. Bloom et al. already synthesized a subset of these
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Figure 2.2 Compounds 1-9, derivatives of PTA (added functionalities in red).
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compounds, intending them as anti-toxicity agents in a strategy for fighting MTAP
deficient cancers (126). In their strategy, de novo inosinate synthesis inhibitors were co-
administered with anti-toxicity agents (126). Kung et al. also investigated MTA
analogues (and PTA derivatives), with their intended purpose as anti-toxicity agents
(similar to Figure 1.3) (103). The previous strategies of both Bloom et al. and Kung et al.
were in some sense the opposite of my thesis, since I have created similar PTA
derivatives as cytotoxic agents rather than anti-toxicity agents. The derivatives that I
designed were not all previously synthesized and tested, and the compounds that were
synthesized previously were not tested for cytotoxicity (126). The purpose of this work
was thus to fill in the cracks of the previous studies and to test the complete set of
derivatives for their potential role as cytotoxic MTA analogues.

Compounds 1-9 were designed to test for tolerated functionalities around the
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phenyl ring. The LogP values, an approximation of lipophilicity, were 0.66 for

compounds 1-3, -3.66 for 4-6 (carboxylate), and —0.44 for 7-9 (calculated by
ChemDraw). This probed an initial range of polarities for PTA derivatives. The
derivatives also probed the shape of MTAP’s active site around the phenyl ring of PTA.
In Chapter 1, I discussed the findings of Kung et al., who investigated the addition of
methyl substituents to the phenyl ring, and found that addition to the ortho-position made
for a bad MTAP substrate, addition to the para-position made for a slightly worse
substrate than PTA, and addition to the mefa-position made for a slightly better substrate
than PTA (103). I hypothesized that for each new functional group tested, addition to the
meta-position (compounds 2, 5, and 8) should make for the best substrates of MTAP,
while addition to the ortho-position (compounds 1, 4, and 7) should make for the worst.
Investigating these functionalities at various positions would test this hypothesis.
Compounds 7-9, containing primary alcohol groups, were of particular interest, as
they were potentially the most cytotoxic. In Chapter 1, I discussed the potential toxicity
of PTA analogues with alcohols in the C5" region. MTA analogues have structural
similarity to adenosine and could be cytotoxic by competition (in the same manner as
antimetabolites), or they could be cytotoxic if they are phosphorylated (on the path to
RNA synthesis). Compounds 7-9 have a primary alcohol in the C5’ region, and they are
identical to adenosine apart from the phenyl and sulfide groups. This structural similarity
could act as a mode of cytotoxicity either by competition or by phosphorylation, so I

hypothesized that compounds 7-9 would be most cytotoxic.



2.3 Synthesis of Compounds 1-3

My first synthetic approach is shown in Scheme 2.1.
Isopropylideneadenosine (compound 20) was a commercially
available material that provided the basic structure of the PTA
derivatives: the adenine and ribose ring. The 2'- and 3'-alcohol

groups of the phenyl ring were protected by an isopropylidene
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Figure 2.3 Adenosine

alcohol designations.
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group (for alcohol nomenclature of adenosine, see Figure 2.3), and so the only available

alcohol for tosylation was the 5'-alcohol. Isopropylideneadenosine and tosyl chloride

were stirred for 16 hours in pyridine, beginning at 0°C and warming to room temperature

(130-131). After workup, I obtained compound 21 in crude form and good yield. In

Scheme 2.1 First synthetic approach, beginning with isopropylideneadenosine.
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parallel, I protected compounds 22-24 by refluxing in methanol and catalytic sulphuric

acid (132—133). After purification by flash chromatography, this gave compounds 25-27
in good yields. I then deprotonated the thiol of the mercaptobenzoates with NaH in DMF,
and reacted the resulting thiolate with crude compound 21 (134-135). The thiolate
attacked the 5-methylene carbon and replaced the tosylate leaving group through
nucleophilic substitution. This gave an isopropylidene derivative of the first three target
compounds, in low yield.

Deprotection of the isopropylidene group was the last step for compounds 1-3. I
explored a series of conditions for this deprotection, shown in Table 2.1, but I did not
obtain the desired products. Acidic aqueous conditions were expected to cause
deprotection (136). Many conditions have been reported in the literature for the removal
of isopropylidene from an isopropylideneadenosine derivative, using hydrochloric acid
(137), trifluoroacetic acid (CF;CO,H) (138-139), and acetic acid (103, 140, 141). Upon

closer inspection, Me;Si-1I, condition 8 in Table 2.1, was more likely to deprotect a

Table 2.1 Deprotection conditions for attempted removal of the isopropylidene group.

Entry Reaction Conditions Outcome

1 H,O Starting Material

2 Iodine, MeOH

3 10% aq HCl, CH,Cl, '"H NMR spectra showed a

complex mixture. This

- 1070 HICTTEE suggested that either the

5 CF;CO,H, CH,Cl, compound fragmented at the
hemiaminal ether carbon, or

6 CF;CO:H, THF, H,0 that elimination occurred on

7 25% Acetic Acid in H,0, 110°C, 4 h the ribose ring.

8 Me3Si-I, CH2C12, then HzO
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methyl ester than an isopropylidene group (142). If the conditions did not return

unreacted starting material, they appeared to cause more than a simple deprotection. For
conditions 3—7 (Table 2.1) the "H NMR spectra showed a complex mixture of products
and this suggested that either the compound fragmented at the hemiaminal ether carbon
on the ribose ring (the carbon bonded to adenine), or that the 2’- and 3'-alcohol groups
were eliminated from the ribose ring. It is possible that these decomposition steps
occurred when the product was concentrated in vacuo, while heating. The reaction
mixtures were not neutralized before concentrating. Heating a compound with a
hemiaminal carbon in aqueous acidic conditions is likely to cause degradation into a free
amine, aldehyde, and alcohol (143—-144). My failure to neutralize the reaction mixture
before concentration could then explain the decomposition. In either case, the yields for
Scheme 2.1 were poor and I decided to avoid the deprotection step in the hope of
improving the yields and reducing the number of synthetic steps.

To circumvent the deprotection, I chose to make 5'-tosyladenosine (compound 30)
beginning from adenosine. I had previously used isopropylideneadenosine as my starting
material because the protecting group prevented the tosylation of the 2'- and 3'-alcohols,
while still allowing for the tosylation of the 5'-alcohol. In principle, adenosine (without
the protecting group) could be selectively tosylated at the 5'-alcohol. This alcohol is
primary, while the other alcohols are secondary and would suffer greater steric hindrance.
Addition of tosyl chloride at cold temperatures might then afford tosylation at only the
primary alcohol (145). Indeed, tosylation of adenosine is reported to favour the 5'-alcohol
over the aniline nitrogen (146). Furthermore, isolation of the 5'-tosylated product was

successful in the past (147). I attempted this reaction using two conditions, shown in
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Scheme 2.2 Tosylation of adenosine.
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Scheme 2.2. In my first attempt I added adenosine and tosyl chloride to pyridine and
stirred them at 4°C for 72 h (145). In my hands, this was not selective for the primary
alcohol and gave multiple tosylation products (as analyzed by 'H NMR). Even less
reactive conditions (—20°C, for 48 hours) gave multiple tosylation products. This issue
has been reported previously (148). The reaction was possible in principle, but I chose
not to spend time optimizing the reaction conditions and the purification. Instead, we
discovered that 5'-tosyladenosine was commercially available through ChemImpex, and
so I chose to this as my next starting material.

The new synthetic procedure, beginning with 5'-tosyladenosine, is shown in

Scheme 2.3. Compounds 25-27 were synthesized, deprotonated with NaH, and then

Scheme 2.3 Improved synthetic route to compounds 1-3.
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coupled to 5'-tosyladenosine in the same manner as described for Scheme 2.1. The
products were not sufficiently soluble in solvents for flash chromatography (such as
hexanes, CH,Cl,, EtOAc, or MeOH) or reverse phase liquid chromatography (such as
H,0 or MeCN). Furthermore the patent that previously reported the synthesis of some of
these target compounds did not report experimental data for characterization or
purification (126). I chose to purify the compounds by recrystallization. Developing this
purification required significant optimization, and it was not successful for most solvent
systems. Eventually, I settled with a pure MeOH system (at approximately 10 ml of
solvent per 100 mg of product). I heated the products to 60°C, cooled to r.t., recrystallized
at 4°C overnight, and then washed the crystals with cold MeOH and CH,Cl, (which was
necessary for removing starting material impurities). This gave the first three target
compounds in moderate-to-good yields.

For the complete characterizations of all the final compounds that I synthesized, see
Chapter 4 (Experimental) and Appendix A (spectral data). For the synthesis of all my
target compounds, I found 'H NMR to be the most revealing. The 'H NMR spectrum for
compound 3 is shown in Figure 2.4 as an exemplar for the characterization of all target
compounds. The exact chemical shift and multiplicity of each proton in adenosine is well
known (149), and this served as a template for many of the 'H NMR peaks in my
experimental spectra. The adenine proton peaks are far from the C5’ region of adenosine,
which is where adenosine and compounds 1-9 differ, and so I would not expect much
difference between the adenine proton chemical shifts of adenosine and compounds 1-9.
As expected, the broad NH; peak (peak E) remained around 7.3 ppm, peak A remained at

8.34 ppm exactly, and peak B remained around 8.13 ppm. The closer the protons were to
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the C5' region, the more the chemical shifts deviated from adenosine. The hemiaminal

proton, peak F, a doublet, remained at 5.9 ppm, with a J value of 5.8 Hz (rather than 6.2
Hz). Both the 2'- and 3'-alcohols (peaks G and H) shifted downfield, but retained similar
coupling constants. The remaining protons on the ribose ring, peaks I, J, and K, were

multiplets and each was shifted downfield compared to adenosine. The methylene

Figure 2.4 '"H NMR of compound 3, an exemplar for characterization by NMR.
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protons, peak M, also shifted downfield but retained the characteristic set of two doublet
of doublets (dd), with geminal coupling at J = 13.8 Hz and vicinal coupling to peak K.
The remaining peaks included the methyl protons—peak L, the only peak with an
integration of 3—and the two sets of aromatic protons, each with an integration of 2.
Each of these aromatic peaks (C and D) were approximately doublets, as they mainly
coupled to each other. I reasoned that peak C would be further downfield than peak D
because of its proximity to the methyl ester functionality (150). This proximity would
decrease electron density (and so shielding) around protons C by inductive effects and
resonance. There are no resonance structures that remove electron density from the
carbons bonded to protons D and these protons are also further from the methyl ester
functionality and so would be less affected by induction. I was therefore able to assign all

the signals in the '"H NMR spectrum.

2.4 Synthesis of Compounds 4-9
Compounds 4-6 were synthesized by saponification of compounds 1-3 (Scheme

2.4) Compounds 1-3 were saponified in water and 10% NaOH for 24 hours, affording the

salts of compounds 4-6 in quantitative yields. An acidic workup converted the

Scheme 2.4 Saponification, affording compounds 4-6.
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carboxylate to the carboxylic acid, and trituration with a small amount of water removed
excess salt. The products were identified by the disappearance of the methyl peak in the
'H NMR.

Compounds 7-8 were synthesized by the reduction of the methyl ester of
compounds 1 and 2 to a primary alcohol (Scheme 2.5). Compounds 1 and 2 were stirred
in dioxane and lithium aluminum hydride at 50°C for 3 hours (140). After neutralization
and purification by filtration (rinsing with water), I obtained compounds 7 and 8 in
moderate yields. '"H NMR confirmed the synthesis of compounds 7 and 8, by the
disappearance of the methyl peak, and the appearance of a methylene and alcohol peak.
Compound 3 did not dissolve in dioxane sufficiently to react with lithium aluminum
hydride, and so compound 9 was not obtained by these reaction conditions. I attempted to
obtain compound 9 by optimizing reaction conditions, using different solvents,
temperatures, and reaction times, but I was unsuccessful (Table 2.2) (151, 152).

Scheme 2.5 Reduction, affording compounds 7 and 8.
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To synthesize compound 9, I reversed the order of synthetic steps, as shown in
Scheme 2.6. Instead of reducing the methyl ester after coupling compound 27 to 5'-
tosyladenosine, I reduced compound 27 to compound 32 (para-mercaptobenzyl alcohol).

I stirred compound 27 in a slurry of lithium aluminum hydride and dioxane for 16 hours.
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Table 2.2 Conditions for the reduction of compound 3.
Entry | Reducing Agent Solvent Temperature | Time (h) Outcome
1 1.5 eq LiAlH4 THF 20°C 3 S.M.
2 6 eq LiAlH,4 Dioxane 50°C 3 Trace product
3 6 eq LiAlH,4 Dioxane 60°C 4 S.M.
4 10 eq LiAIH4 THF 45°C 16 S.M.
5 18 eq LiAIH4 Dioxane 80°C 4 S.M.
6 10 eq NaBH4 1:1:1 45°C 3 Trace product
THF:MeOH:H,0

For the filtration, I determined that MeOH dissolved the product and was not suitable for

rinsing. I also determined that rinsing with CH,Cl, gave an impure product. Eventually I

discovered that rinsing with 5:1 CH,Cl,:MeOH gave the most pure compound in low

yield (identified by "H NMR). With only a minimal amount of compound 32, I did not

fully characterize this intermediate, but immediately used it in the next step of Scheme

2.6. Purification of compound 9 proved to be very difficult. I explored a series of solvents

and found that compound 9 was soluble in a mixture of aqueous HCI and MeCN. I then

Scheme 2.6 Back route to compound 9.
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evaporated the solution while heating and recrystallized the product at 4°C overnight. The

crystals still contained impurities and I removed these by trituration with ethanol. Despite
the low overall yield of the final compound, sufficient quantities of 9 were available for

biological evaluation.

2.5 Suitability as Substrates for MTAP
With compounds 1-9 in hand, I performed an enzyme assay on each to determine if

they were good substrates of MTAP. This was a coupled enzyme assay, involving a
recombinant MTAP protein and xanthine oxidase (XO) (Figure 2.5) (153). The MTAP
protein cleaves the substrate into a MTRP analogue and adenine. XO mainly oxidizes
adenine into either 8-hydroxyadenine or 2,8-dihydroxyadenine, both of which absorb
light at 305 nm (153). If a compound is a substrate for MTAP, adenine and its
corresponding oxidized forms will form over time. The rate of increase in absorbance at

305 nm is then a relative indicator of enzyme activity (153). A rapid rate indicates that

Figure 2.5 MTAP-XO coupled enzyme assay.
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the compound is a good substrate for MTAP.

The protocol for this assay was based on the protocols described by Kung et al. and
Savarese et al. (103, 153). The absorbance (305 nm) was measured in a 96-well plate that
had been warmed to 37°C. While I tested replicates at both 1 mM and 0.1 mM
concentrations of substrate, the data for the 1 mM assay was far noisier than the data
from the 0.1 mM assay, and so I chose to only report the latter. Every well also contained
XO and was diluted in PBS buffer. Controls were also tested, involving buffer, substrate,
and XO, in the absence of the MTAP protein. The absorbance was measured over time
for each substrate, in three 5-minute replicates. The slope and slope error was calculated
for each replicate, and all three replicates were used to calculate an average slope and the
corresponding standard error. These slopes were then set relative to the slope of MTA
(and error was calculated for the adjustment). See Appendix B for tables of the slopes
and standard errors. The average slopes relative to MTA and their standard errors are
summarized in Figure 2.7 below. (Though compound 9 was actually assayed in the
second assay, it is included in this summary for sake of simplicity and comparison.) The
slope of the change in absorbance was the indicator of how effective each compound was
as a substrate for MTAP.

MTA and PTA were tested alongside the compounds I synthesized. MTA is the
native substrate and so the rate at which MTAP processes it could be considered ideal.
We would not necessarily expect any synthetic substrates to perform better than MTA,
and so the rate of cleavage by MTAP was set relative to MTA (100%). PTA was a
moderate substrate, at 39%, similar to previous results. The only other compounds as

comparable substrates were 8 and 9, at 35% and 23% (Figure 2.7).
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Figure 2.6 Summary of substrates.
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Figure 2.7 MTAP-XO enzyme assay results for compounds 1-9.
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The results of this assay reveal significant features of MTAP’s substrate
preferences around the phenyl ring of PTA. First, neither the methyl ester nor the
carboxylic acid functionalities were tolerated at any position on the phenyl ring. It may
be that these functional groups are too large or too non-polar. Compounds 8 and 9 contain
the primary alcohol functionality, and their activity suggests that the enzyme
accommodates the size and polarity of this group. It is only tolerated at certain positions
though. Compound 7, with the same functionality as 8 and 9, was not an active substrate.
The only difference between these three compounds was the position of the primary
alcohol on the phenyl ring, at either the ortho-, meta-, or para-position. MTAP does not
accommodate the addition of a primary alcohol to the ortho-position of the phenyl ring
but it tolerates the addition at the meta- and para-position, retaining some activity.
Compound 9, the para-primary alcohol, is a worse substrate than compound 8, the meta-
primary alcohol. This is in agreement with the previous work of Kung et al., who
explored derivatives of PTA by adding methyl substituents to the phenyl ring; they found
that addition to the ortho-position made for a bad MTAP substrate, addition to the para-
position made for a slightly worse substrate than PTA, and addition to the meta-position
made for a slightly better substrate than PTA (103). Whether the group that is appended
to phenyl ring of PTA is a methyl or a primary alcohol, this observation holds. Based on
the data from Figure 2.9 and Kung et al.’s previous work, I can form a general rule for
the accommodation of substituents on the phenyl ring of PTA. Since the polarity is very
distinct between a methyl and primary alcohol this suggests generally that when a
functional group is added to the meta- or para-position and makes for a good substrate of

MTAP, addition to the ortho-position will give a much worse substrate. As a general rule
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for substituents added to the phenyl ring of PTA, the regioisomers have the following

relative tolerance by MTAP: meta > para > ortho.

The two important conclusions from the assay for future study are: (1) adding
substituents to the ortho-position of PTA’s phenyl ring can be ignored, as they are not
tolerated by MTAP; (2) substituents with a size and polarity similar to the primary

alcohol should be well tolerated.

2.6 Cytotoxicity
The compounds were also sent to Dr. Hongwei Cheng at the BC Cancer Agency in

Vancouver for cytotoxicity data. Four different cell lines (2 MTAP+ and 2 MTAP-) were
tested for each agent by an MTT assay. MTT is a yellow compound, but it is reduced to a
purple derivative (formazan) by the mitochondrial reductase enzymes of live cells (and
reduced only by live cells). Thus the change in absorbance (between 500 and 600 nm) of
cell cultures with MTT is indicative of cell viability. The cell lines were incubated for 96
hours and analyzed for cell viability relative to a control. Each cell line was dosed with
the compound at three different concentrations (20, 100, and 200 uM). For the graphs of
the results, see Appendix B.

None of the compounds showed significant cytotoxicity. For a compound to be
cytotoxic, we would expect a uniform decrease in cell viability concomitant with an
increase in compound concentration. Any data that showed an increase in cell viability
was seen as a negative result for cytotoxicity. Furthermore, a drop below 50% cell
viability was seen as the arbitrary threshold. However, such a drop in cell viability for

concentrations of 200 uM would not be considered a significant effect, as this is a
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relatively high dose. From these boundaries and the data in Appendix B, it is possible

that compound 3 showed some minor cytotoxicity against the Dul45 cell line.

While I had hypothesized that compounds 7-9 could be cytotoxic, they were not.
This negative result was as important as any positive result. This could have been for a
number of reasons, including the possibility that the additional phenyl ring (relative to
MTA) might obscure the addition of small functional groups like primary alcohols. It was
also likely that compounds 7-9 were not phosphorylated due to the presence of the
phenyl ring at the 5'-alcohol; if that were true, then compounds 7-9 could not be

cytotoxic by inclusion into RNA.

2.7 Summary
Nine derivatives of PTA were synthesized and tested for biological activity. For

the synthetic route, 5'-tosyladenosine proved to be the best starting material. Compounds
1-3 were synthesized by coupling the compounds 25-27 to 5'-tosyladenosine.
Compounds 4—-6 were obtained in quantitative yields by saponification of compounds 1—
3. Compounds 7 and 8 were obtained by reduction of compounds 1 and 2. Due to a
solubility issue, compound 9 could not be synthesized in the same manner as 7 and 8.
Instead, 9 was synthesized by first reducing compound 27 to compound 32, followed by
the coupling of this product to 5'-tosyladenosine. No compounds showed cytotoxicity,
but compounds 8 and 9 were moderate substrates of MTAP, albeit slightly reduced
(relative to PTA). The results of the MTAP assay indicated something of the shape of
MTAP’s active site (MTAP tolerates addition of substituents to the meta- and para-

positions of the phenyl ring of PTA, but does not tolerate substituents at the ortho-
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position) and its affinity to certain functionalities (the primary alcohol). This led to a new

series of PTA derivatives discussed in Chapter 3.
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Chapter 3 Digging Deeper into MTAP’s Active Site

3.1 Introduction
In Chapter 2 I synthesized nine PTA derivatives and each was tested as substrates

for MTAP and for their cytotoxicity. The results from these biological tests revealed that
while the primary alcohol was accommodated by MTAP’s active site, neither the methyl
ester nor the carboxylic acid functionalities were tolerated. They also revealed that any
functionality at the ortho-position would likely not be tolerated. Furthermore, none of the
compounds were cytotoxic. In this chapter I designed 10 more PTA derivatives based on
previous results, to further probe the structure-function relationships between MTAP’s
active site and possible substrates, and with the hope of improving both MTAP’s

tolerance of the compounds and their cytotoxicity.

3.2 Design of compounds 10-19
The reconnaissance of MTAP’s active site revealed that adding substituents to the

ortho-position of the phenyl ring would not produce effective substrates of MTAP. The
results of the MTAP assay also revealed that a primary alcohol substituent on the phenyl
ring gave the best substrates, and by extension, other substituents similar to a primary
alcohol in size and polarity may also be tolerated. With that in mind, I designed a new set
of PTA-derivatives with nitrogen functionalities, focusing on meta- and para-substitution
(Figure 3.1). The nitrogen functionalities included a basic amino group (compounds 10
and 11), acetamide (12 and 13), urea (14 and 15), isovaleramide groups (16 and 17), and

lomustine derivatives (18 and 19). These were meant to stretch the size of substituents on
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Figure 3.1 Compounds 10-19, derivatives of PTA (added functionalities in red).
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the phenyl ring, while keeping lipophilicity similar to compounds 8 and 9. Previously the
LogP value of compounds 8 and 9 was calculated to be —0.44. The LogP values for this
new series of PTA derivatives were —0.63 for 10 and 11, —0.39 for 12 and 13, —0.70 for

14 and 15, 1.07 for 16 and 17, and 0.71 for 18 and 19 (calculated by ChemDraw). Based
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on these values and the size of the new substituents, for this second series of PTA
derivatives it was likely that compounds 10 and 11 would be the best substrates for
MTAP. 10 and 11 have a smaller substituent than 8 and 9, but maintain similar LogP
values. Compounds 12 and 13 were also possible substrates for MTAP (based on their
LogP value), but they had larger substituents than compounds 8 and 9, which might make
for less effective substrates. Compounds 16 and 17 were designed to be a limit for these
substrates, since they would likely be less tolerated by MTAP based on their high LogP
value and large bulky substituent. While compounds 14 and 15 had a sufficiently low
LogP value, it was uncertain whether the size of the urea substituent would be
accommodated by MTAP. If they were, then it was possible that compounds 18 and 19,
with a substituted urea from lomustine, might also be tolerated by MTAP. As mentioned
in Chapter 1, lomustine is an alkylating drug used in chemotherapy. While I was not
able to synthesize and test 18 and 19, I hypothesized that the inclusion of the lomustine
functionality to the phenyl ring of PTA could give a very cytotoxic compound, and if it
remained as a substrate for MTAP, then it could be selectively toxic against cells that

lack MTAP.

3.3 Synthesis of Compounds 10 and 11
I first attempted to synthesize compounds 10 and 11 (Scheme 3.1) in the manner of

2 and 3 (Scheme 2.3). I began with 5’-tosyladenosine and either 3- or 4-aminothiophenol.
The aminothiophenol was deprotonated by NaH in DMF, and then stirred with 5'-
tosyladenosine for 16 hours (134—135). It quickly became apparent that the reaction did

not proceed smoothly and was not easily purified. In both cases, multiple products were
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Scheme 3.1 First synthetic approach to 10 and 11.
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obtained and purification by recrystallization or LC was not successful (providing only
low yields of impure materials). In either purification method, NMR peaks that
corresponded to a tosyl species remained with the desired product, which not only
frustrated all purification attempts, but raised the question of whether the desired product
had been formed at all.

In an attempt to reduce any unwanted products, I protected the amine of 3- and 4-
aminothiophenol with a BOC group (Scheme 3.2). The hope was also to create a more

lipophilic product, allowing for purification by flash chromatography. Stirring BOC

Scheme 3.2 Route to Compounds 10 and 11 through BOC protection.
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anhydride with 3- or 4-aminothiophenol in water and methanol, at 35°C for 16 h, gave the
protected amine in high crude yields (154). Attempts to couple the crude product to 5'-
tosyladenosine only resulted in a similar complex mixture of impurities; again,
recrystallization and LC failed as purification methods. To reduce any unwanted side-
reactions, I purified the BOC-protected amines by flash chromatography (pure product
obtained in moderate yields) and I used the pure amines in the coupling reaction. Though
this reaction was by far the most successful and clean (by 'H NMR), it contained starting
material and two different products. These two products had identical ribose and adenine
proton peaks, but had different chemical shifts for the aromatic protons of the
aminothiophenol as well as the aliphatic protons of the BOC group. So it appeared that
the N-BOC-3- and N-BOC-4-aminothiophenol were coupling to the 5'-tosyladenosine
through both the sulfur and the nitrogen, giving the desired product (arising from
coupling by the sulfur), and one undesired product (arising from coupling by the
nitrogen).

It was possible then that the mono-protected amine, containing an acidic proton,
was not sufficiently well protected. To test this, I decided to protect 3-aminothiophenol
with a phthalimide group (Scheme 3.3). Refluxing the starting material with phthalic
anhydride in xylenes for 16 hours, under inert atmosphere (155), followed by flash

chromatography, gave two different products. Both had the same number and type of

Scheme 3.3 Protection of 3-aminothiophenol with phthalic anhydride.
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proton peaks by '"H NMR, though they appeared at different chemical shifts (see Chapter

4 for comparison). It was possible that one was the desired product while the other was
the disulfide form, since it could have been oxidized while refluxing. Although the
reaction was conducted under inert atmosphere, it is likely that some oxygen was able to
enter the flask and react with the product. However, neither of these products were
successful in the coupling reaction, returning unreacted starting material in both cases. In
my hands, 3-phthalimidothiophenol was not a viable reagent for the synthesis of
compounds 10 and 11.

Due to difficulties with the protected amine coupling reactions, I investigated
another route to the synthesis of my targets. I had been using 5'-tosyladenosine because it
had worked for the synthesis of compounds 1-9, but it was possible that there was a
better starting material for the synthesis of the next compounds. Kung et al. used 5'-
chloro-5'-deoxyadenosine as a starting material for the synthesis of similar compounds
(103). This seemed reasonable, since it would remove the difficulties associated with the
tosylate leaving group. At the same time, compound 10 had been synthesized twice in the
past, and both times, it involved 5’-chloro-5'-deoxyadenosine (126, 127). The synthesis of
5’-chloro-5'-deoxyadenosine from adenosine was possible on a gram scale (156, 157)

(Scheme 3.4).

Scheme 3.4 Chlorination of adenosine.
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When I set up the coupling reaction in the same manner as in Scheme 3.1, using

NaH, stirring in DMF at 40°C for 16 hours under inert atmosphere (Scheme 3.5), I did

not obtain the product or a mixture of different products, but unreacted starting material

(Table 3.1, entry 1). This was a surprising result since the coupling of 3- and 4-

aminothiophenol to 5'-chloro-5'-deoxyadenosine had been repeated previously (126,

127). I manipulated the reaction conditions to see if I could push the reaction forward.

For a summary of the relevant conditions see Table 3.1. Raising the temperature to

100°C only caused the starting material to degrade (entry 2). Raising it to 80°C, and

Scheme 3.5 Synthesis of compounds 10 and 11 by 5'-chloro-5'-deoxyadenosine.
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(see Table 3.1 for yields)

Table 3.1 Conditions for coupling 3- and 4-aminothiophenol to 5'-chloro-5'-deoxyadenosine.

Entry | Isomer | Eq of amino- | Base (eq relative to Time and Outcome
thiophenol aminothiophenol) | Temperature

1 3- and 4- 1 leq NaH 16 h, 40°C S.M.

2 3- and 4- 1 leq NaH 40 h, 100°C S.M. + impurities

3 3- and 4- 1.3 leq NaH 40 h, 80°C S.M.

4 3- 1.3 1.1 eq +-BuOK 40 h, 40°C 1:2.5 of
S.M.:product

5 4- 1.3 1.1 eq +-BuOK 40 h, 40°C 1:0.7 of
S.M.:product

6 3- 2 1.1 eq +-BuOK 16 h, 40°C 79% yield

7 4- 3 1.1 eq +-BuOK 16 h, 40°C 75% yield

8 3- 1.3 1.7 eq --BuOK 16 h, 40°C 1:1of S.M.:product

9 4- 1.3 2.5 eq t-BuOK 16 h, 40°C Mainly S.M.
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adding 1.3, instead of 1, equivalents of aminothiophenol, returned starting material with
no impurities (entry 3). Finally I saw the product when I switched the base from 1
equivalent of NaH to 1.1 equivalents of a 1M THF solution of potassium zerz-butoxide (z-
BuOK) (103). Under these conditions, 3-aminothiophenol was coupled in a ratio of 1:2.5
of starting material to product (entry 4), and 4-aminothiophenol was coupled at a smaller
ratio of 1:0.7 (entry 5). Then, I obtained compounds 10 and 11 without any unreacted
starting material by adding excess aminothiophenol: 2 equivalents of 3-aminothiophenol
and 3 equivalents of 4-aminothiophenol (entries 6 and 7). Since the amount of base was
also increased proportionally, it was possible that it was the extra equivalents of --BuOK
that caused the reaction to go forward. To check this, I tried the reaction with another set
of conditions, maintaining the same total amount of base (the same number of equivalents
compared to 5'-chloro-5'-deoxyadenosine), but using less equivalents of aminothiophenol
(1.3 eq.) (entries 8 and 9). This gave a mixture of starting material and product, which
suggested that an excess of aminothiophenol was required for the reaction to proceed to
completion.

The need for a large excess of starting material was odd. The purity of 3- and 4-
aminothiophenol was not the 95% claimed by the Aldrich bottles; they were about 80%
pure by "H NMR. Nonetheless, the presence of this amount of impurity did not justify the
need for at least 100% excess of starting material. Nor did it explain why the reaction
formed no product given 1 equivalent of starting material. Although the impurity of
starting materials may have been a contributing factor, this could not completely explain
the required excess.

Since compounds 10 and 11 contain a mixture of polar and non-polar
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functionalities, purification was difficult; they were not sufficiently soluble in any
relevant solvents for either flash chromatography (hexanes, CH,Cl,, EtOAc, and MeOH)
or LC (water and MeCN). Anglin et al. purified compound 10 by recrystallization in
MeOH and water (127). After much optimizing of recrystallization conditions I settled
with dissolving the impure material in 10 ml of 1:1 water:MeOH, heating to 70°C, then
recrystallizing at 4°C overnight. I was able to obtain compounds 10 and 11 in 79% and

75% yield.

3.4 Synthesis of Compounds 12-19
The synthesis of compounds 12 and 13 should have been in principle the same as

10 and 11, beginning instead with 3- and 4-acetamidothiophenol. However, only 4-
acetamidothiophenol ~was commercially available. 3-acetamidothiophenol was
synthesized successfully by mixing 3-aminothiophenol with 1 equivalent of acetic
anhydride in EtOAc at 0°C for 1 hour (Scheme 3.6) (158). Flash chromatography gave a
pure product in 83% yield. In a similar fashion as compounds 10 and 11, I discovered that
the reaction required an excess of acetamidothiophenol starting material. Compound 12
was synthesized with 1.5 equivalents of 3-acetamidothiophenol and 1.5 equivalents of
IM #-BuOK. Compound 13 was synthesized with 2 equivalents of 4-acetamidothiophenol
and 1.1 equivalents of 1M #~-BuOK. 12 and 13 were purified by recrystallization in water,

Scheme 3.6 Synthesizing 3-acetamidothiophenol.

HQNQSH AOJ\ > )(i Q\SH

N
EtOAc, 0°C, 1 h H
33 39: 83%
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with yields of 88% and 57%.

Urea derivatives can be synthesized by the reaction of potassium cyanate (KOCN)
with substituted amines (159-160). The synthesis of compounds 14 and 15 could have
been approached from two different directions then, by either reacting 3- and 4-
aminothiophenol with potassium cyanate (and then coupling to 5'-chloro-5'-
deoxyadenosine), or by reacting compounds 10 and 11 directly with potassium cyanate.
Attempts at the former reaction gave a mixture of products, likely because of the
reactivity of the free thiol. So I attempted the latter reaction, shown in Scheme 3.7. The
first conditions for the formation of compound 14 involved stirring compound 10 in a
small amount of water, 0.5 ml glacial acetic acid, and 2 equivalents of KOCN, at 50°C for
2 hours (159-160). This appeared to give about a 4:1 ratio of product to starting material.
Changing the conditions to 2.5 eq of KOCN and for 3 hours, gave no discernible
difference to the amount of product. Adding 4 equivalents of KOCN, stirring for 4 hours,
forced a complete conversion of compounds 10 and 11 to compounds 14 and 15. They
were purified by recrystallization in water.

The progress of this reaction was monitored by 'H NMR. The formation of 14 from
10 can be seen by a number of peaks: the loss of an NH, peak at 5.48 ppm, the rise of a
new NH, peak at 6.06 ppm, the appearance of an NH peak at 9.09 ppm (the chemical

shift of most of the NH peaks are pH dependent, though the adenine NH, peak appears

Scheme 3.7 Synthesizing compounds 14 and 15 from 10 and 11.
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to remain around 7.3 ppm), and finally the downfield shift of the four aromatic multiplets

from 6.93, 6.55, 6.47, and 6.38 ppm, to 7.47, 7.22, 7.12, and 6.86 ppm. This last shift is
caused by the change in chemical environment of the aniline to an aromatic urea, which
presumably reduces shielding around the aromatic protons.

In order to obtain compounds 16 and 17, I first synthesized compounds 40 and 41
(3- and 4-isovaleramidothiophenol). The procedure was practically identical to the
synthesis of 3-acetamidothiophenol. 3- and 4-aminothiophenol were mixed for 3 hours in
ethyl acetate with 1 equivalent of isovaleric anhydride (161). Though I tried many
different solvent combinations for flash chromatography, I was only able to obtain
impure compounds. These were then coupled to 5'-chloro-5'-deoxyadenosine, with 1.5
equivalents of  3-isovaleramidothiophenol —and 1.2 equivalents of 4-
isovaleramidothiophenol, 1.1 equivalents of +~-BuOK, stirring for 16 hours at 40°C. (The
excess equivalents were required because of some impurities.) Compounds 16 and 17
were recrystallized in 5 ml of 1:1 water:methanol, heating to 65°C, then cooling to 4°C

for 16 hours, providing moderate yields of the target compounds.

Scheme 3.8 Synthesis of compounds 16 and 17.
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I attempted to synthesize compounds 18 and 19 from compounds 10 and 11

(Scheme 3.9). I reasoned that the formation of the substituted urea would be similar to
the synthesis of compounds 14 and 15. I first stirred compounds 10 and 11 with 4
equivalents of 2-chloroethyl isocyanate, forming the substituted urea intermediate (162-
163). (I also attempted this reaction with 1.3 equivalents of 2-chloroethyl isocyanate, but
as I had expected, the reaction did not go to completion.) Intermediates 42 and 43 were
identified by "H NMR spectroscopy, which showed the addition of two multiplet peaks
(each of integration 2) at 3.77 and 3.36 ppm for compound 42 and 3.65 and 3.41 ppm for
compound 43. These correspond to the two pairs of protons on the 2-chloroethyl-
substituent. After recrystallization in water, I stirred the intermediate with sodium nitrite
in water and formic acid. I used 5 equivalents of sodium nitrite with compound 42,
stirring for 5 hours. This appeared to cause unwanted reactions and afforded only a small
amount of compound that I tentatively identified as compound 18. I then stirred
compound 43 with 3 equivalents of sodium nitrite for 2 hours. At first glance, this

appeared to give a better transformation than stirring with 5 equivalents of sodium nitrite.

Scheme 3.9 Synthetic route to compounds 18 and 19.
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I purified the products by recrystallization in water, and characterized them by '"H NMR

and IR spectroscopy. Based on previous reports, when nitrosylation occurs at the correct
nitrogen, the chemical shifts of the two 2-chloroethyl multiplets should shift downfield
by approximately 0.3 ppm (165). I observed this shift between compounds 42 and 18, but
I did not observe this shift between compounds 43 and 19. Furthermore the IR spectra
were not conclusive. While I might have synthesized compound 18, I concluded that I
had not succeeded in the synthesis of compound 19. Future work was required for the
optimization of reaction conditions for the synthesis of compounds 18 and 19 from 42

and 43.

3.5 Suitability as Substrates for MTAP
I performed the MTAP-XO assay on compounds 10—17. The commercial MTAP

enzyme was only available in limited quantities and so the assay was carried out at a
lower concentration, compared to the first assay. The concentration of MTAP in each
well was 0.012 pg/uL, and the concentration of XO was 0.05 U/uL. The enzymes were
also older. Both of these factors probably contributed to the far less intense changes in
absorbance for the substrates. The change in absorbance over time for MTA in this
second assay, was 2x10” AU/s (Absorbance units/second), instead of 8x10~ AU/s. With
gentler slopes and less intense absorptions, there was more noise in the raw data of the
second assay. I performed ten runs instead of three to counter the more noisy data. The
slope and slope error was calculated for each replicate, and all ten replicates were used to
calculate an average slope and the corresponding standard error. These slopes were then

set relative to the slope of MTA (and error was calculated for the adjustment). See
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Appendix B for tables of the slopes and standard errors. The average slopes relative to
MTA and their standard errors are summarized in Figure 3.3 below. In this case, MTA
and adenosine were used as control substrates.

The first thing to notice in Figure 3.3 is the rate of MTAP activity for compounds
10 and 11. At 64% and 46% rates, these compounds are better MTAP substrates than
PTA. This was a very promising result. In the previous two chapters I mentioned a trend
regarding a single functional group added to PTA at various positions. Compound 10, the
meta-isomer, was a better substrate for MTAP than compound 11, the para-isomer. This
confirms the expected trend. Though these compounds have been synthesized previously,
their ability to be substrates for MTAP was either not measured or not reported (126,
127). To the best of my knowledge, compound 10 was the best substrate for MTAP of all
the PTA derivatives synthesized, including others previously reported (103, 126).

Given the success of compounds 10 and 11, it is surprising that compounds 12 and
13 were not substrates for MTAP. These two sets of compounds have very similar LogP
values, and the acetamido group is not too much larger than the amine. For both these
reasons | would have expected compounds 12 and 13 to be effective MTAP substrates.
However, I noted a large amount of precipitate in the wells containing compound 13,
which indicated that it was not sufficiently soluble in the buffer. The only difference
between compounds 12 and 13 is the placement of the acetamido group on the phenyl
ring of PTA, and so we would not expect the compounds to have dramatically different
solubilities. It is possible that compound 12 was not sufficiently insoluble to precipitate
out of solution, but also that it was sufficiently insoluble to cause aggregation in solution;

in this case, individual molecules would be unable to act as substrates. The relative
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insolubility of compound 12, then, could account for the results.

Figure 3.2 Summary of compound structures.
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Figure 3.3 MTAP enzyme assay results for compounds 10-17.
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Unlike compound 12, it is not surprising that compounds 16 and 17 were not
substrates of MTAP. They have a high LogP value and a very bulky substituent, and so
they were not likely tolerated by MTAP. This sets an important limit for possible PTA
derivatives as MTAP substrates.

The substrate activities of compounds 14 and 15, though fairly reduced, were also
promising. Compounds 14 and 15 had not been synthesized previously and they showed
activities of 17% and 18%. The addition of an amine substituent to PTA, to make 10 and
11, made for better substrates of MTAP relative to PTA. The addition of a urea
functionality to the amine groups of 10 and 11, to make 14 and 15, made for worse
substrates. While the tolerance of these compounds by MTAP was much less than 10 and
11, they still were substrates of MTAP.

The minor success of compounds 14 and 15 has important implications for future
work. If a simple urea functionality is tolerated by MTAP, then it is possible that
substituted ureas are also tolerated. Nitrosoureas are a class of substituted ureas that are
cytotoxic, some of which are used in chemotherapy. This of course includes lomustine,
which was the inspiration for compounds 18 and 19. Given the short amount of time
available to me, [ was not able to successfully synthesize and/or test these molecules. The
results of 14 and 15, however, suggest that such compounds 18 and 19 are an important

next step in this project.
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Indeed, there are many nitrosoureas that could be explored, most notably analogues
of N-ethyl-N-nitrosourea (ENU), lomustine, and streptozotocin (Figure 3.4). ENU is an
alkylating agent commonly used for the mutagenesis of mice (166). Lomustine, which is
lipophilic and can cross the blood-brain barrier, is successfully used as a
chemotherapeutic for brain tumours (167). Streptozotocin has a glucosamine and the
nitrosourea moiety; the sugar acts as a targeting agent, bringing it to the beta cells of the
pancreas (168, 169). Consequentially it is successfully used as a chemotherapeutic for
treating cancer in the pancreatic islet cells (168, 169). The strategy of streptozotocin is
quite similar to compounds 18 and 19, where the cytotoxic nitrosourea component is
appended to PTA, and where PTA could act as a targeting agent, causing the molecule to

accumulate in cancer cells that lack MTAP.

Figure 3.4 Nitrosoureas and potential PTA derivatives.
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Nitrosoureas are very cytotoxic (165, 171). In aqueous solutions, they decompose

to form an alkylating agent and an isocyanate (165, 171). If the nitrosourea is lomustine,
it forms chloroethyldiazene hydroxide and isocyanate (165, 171). For a depiction of this
breakdown and eventual DNA crosslinking, see Figure 3.5. The isocyanate can undergo
carbamoylation with proteins (171). The chloroethyldiazene hydroxide then breaks down
and forms a diazonium species, which can in turn react with a base on DNA, such as
guanidine, forming a monoadduct (171). While this is already quite cytotoxic, the
substituent can further react with another guanidine on the same strand of DNA to cause
intrastrand crosslinking (171).

Figure 3.5 An example of nitrosourea cytotoxicity by crosslinking.
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3.6 Cytotoxicity

The compounds were sent to Dr. Hongwei Cheng at the BC Cancer Agency in

Vancouver for cytotoxicity data. The Data is shown in Appendix B. The product from
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the attempted synthesis of compound 19 showed some cytotoxicity, but since I am not
certain of its structure, I will not draw any conclusions from that specific data.
Compounds 10 and 16 also showed some cytotoxicity (Figure 3.6 and 3.7). Compound
10 was mildly cytotoxic towards the MCF7 cell line, a breast cancer cell line that lacks
MTAP; 10 dropped cell viability below 40% at 200uM. I did not expect this compound
to be cytotoxic and this result, combined with the fact that 10 was an effective MTAP
substrate, makes 10 a very promising compound for future work. Compound 16 showed

minor cytotoxicity for three cell lines, dropping the cell viability to about 60% at 200

Figure 3.6 Cytotoxicity data for compound 10.

100%
90%
80%
70%
£ 60%
= 0 H10pMm
8 o
S 50% 50 M
8 40%
200 uM
30%
20%
10%
0% . . ;
PC3 Du145 A549 MCF7
Figure 3.7 Cytotoxicity data for compound 16.
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uM. It is promising that these compounds, though not designed for it, showed at least
some cytotoxic effects, and it suggests that functional groups that are not explicitly toxic
(in contrast to the nitrosoureas), might become cytotoxic once appended to the phenyl

ring of PTA.

3.7 Summary and Future Work
Eight more PTA derivatives were synthesized and most were tested for biological

activity. I discovered that 5'-chloro-5'-deoxyadenosine was the starting material best
suited for these derivatives. The coupling reaction required adjustments, most noticeably
the excess of aminothiophenol starting material. Aminothiophenol derivatives were
synthesized and then coupled to 5'-chloro-5'-deoxyadenosine, to give compounds 12, 13,
16, and 17. Reacting compounds 10 and 11 with KOCN gave 14 and 15. In a similar
manner, the intermediates to compounds 18 and 19 (42 and 43) were obtained by reacting
2-chloroethyl isocyanate with compounds 10 and 11. I was unable to synthesize
compound 19 from 43, since the nitrosylation was either not effective or else not
selective for the correct nitrogen. I set aside the synthesis, complete characterization, and
testing of compounds 18 and 19 for immediate future work.

The results of the MTAP assay revealed that compounds 10 and 11 were good
MTAP substrates, better than PTA, and their performance in the MTAP cleavage assay
confirmed the previous meta/para trend. Compounds 16 and 17, not tolerated by MTAP,
set a limit for possible substrates. Compounds 14 and 15 were moderate substrates. Since
the urea functionality was tolerated by MTAP, this suggested that substituted ureas might

also be accommodated. Nitrosoureas are cytotoxic substituted ureas used in



58

chemotherapy, and are prime candidates for future work in this project (figure 3.6). I did
not have time to develop a reliable procedure for the synthesis of compounds 18 and 19,
but my work indirectly suggests these compounds are very promising. Substituted ureas
may be tolerated by MTAP, and nitrosoureas are known cytotoxic chemotherapeutics;
these are the two ingredients for a cytotoxic MTA analogue.

I did not expect to synthesize the perfect cytotoxic MTA analogue in this thesis;
instead I explored the conditions for such a molecule. This involved the design and
synthesis of various PTA derivatives to elucidate the structure-function relationships
between MTAP and possible substrates. I have succeeded in that task, and this work
points towards a new series of PTA derivatives that bring the project closer to its goal of

a cytotoxic MTA analogue.
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Chapter 4 Experimental

4.1 Materials
The following chemicals were bought from Sigma Aldrich: thiosalicyclic acid, 3-

mercaptobenzoic acid, 4-mercaptobenzoic acid, sodium hydride (60% NaH in oil
suspension), lithium aluminum hydride, 3-aminothiophenol, 4-aminothiophenol, 4-
acetamidothiophenol, thionyl chloride, potassium fert-butoxide (IM in THF), acetic
anhydride, BOC anhydride, phthalic anhydride, 7N methanolic ammonia, potassium
cyanate, ammonium thiocyanate, DMF, hexanes, pyridine, deuterated chloroform,
deuterated DMSO, deuterated methanol, 2-chloroethyl isocyanate, and sodium nitrite.
The following chemicals were bought from Chem-Impex International: 2',3'-O-
isopropylideneadenosine, 5'-tosyladenosine, sodium cyanoborohydride, and adenosine.
The following chemicals were bought from Fisher chemicals: methanol, acetone, CH,Cl,
ethyl acetate, and xylenes. THF and Dioxane were bought from Caledon. Acetonitrile and
glacial acetic acid were bought from Anachemia. Tosyl chloride and isovaleric anhydride
were bought from Fluka. Finally, sulfuric acid and ethylene glycol were bought from

BDH.

4.2 Instrumentation
Nuclear magnetic resonance (NMR) spectra were recorded using either a Bruker

AV 300 MHz NMR or a Bruker Avance 500 MHz NMR spectrometer. Proton ('H) and
carbon ("°C) spectra are reported in parts per million (ppm) in reference to the deuterated

solvent used. The following reference ppm values were used (‘H, then >C): DMSO-ds, &
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2.50 and 6 39.52; CDCls, 6 7.26 and & 77.16; methanol-ds, 6 3.31 and 6 49.00 (166). The

'H data are reported as: chemical shift, the multiplicity (where s = singlet, d = doublet, t =
triplet, q = quartet, m = multiplet, and br = broad), the coupling constant in Hertz (Hz),
and the integration (1H, 2H, etc.). The "’C data are reported as chemical shift and a
designation of the carbon as either a quaternary (C), methine (CH), methylene (CH,), or
methyl (CHs) carbon, as determined by '*C DEPT. Certain ’C spectra shown in
Appendix A contain an instrumental artifact around 120 ppm; this feature is not
characteristic of the compounds in question. Infrared (IR) spectra were recorded with a
Perkin Elmer 1000 FT-IR spectrometer and the data are reported as the frequency in cm™,
followed by approximate intensity of absorption (where s = strong, m = medium, w =
weak, and br = broad). High resolution mass spectrometry (HRMS) was obtained on an
Orbitrap MS, and run in positive mode, except for compounds 25-27. The liquid
chromatography system was a Dionex UltiMate 3000 UHPLC focused, with an analytical
column 250 x 4.6 mm, 5 pL particle size. For the MTAP-XO assay, a Spectromax M5

microplate reader was used.

4.3 General Experimental Remarks
Inert atmosphere reaction conditions involved the flame-drying of all round bottom

flasks and stir bars under vacuum, followed by the maintenance of a positive pressure of
argon for the entire reaction. While DMF was already anhydrous, dioxane, acetonitrile,
and pyridine were dried with molecular sieves for inert atmosphere reaction conditions.
THF was distilled by sodium benzophenone. Solvents and liquid reagents were

transferred by oven-dried stainless steel needles and fresh plastic syringes. After workup,
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solvents were dried with sodium sulphate. All solvents were evaporated on rotary
evaporators, with a range of temperatures.

Thin layer chromatography (TLC) silica had the following specifications: 0.20 mm,
60 A pore-size, 230-400 mesh, Macherey-Nagel; TLC plates were visualized by
ultraviolet light. The silica gel for flash chromatography had the following specifications:

60, 40-63 uM, from SiliCycle.

4.4 General Procedures

A. Compounds 25-27.
Compounds 22-24 (6.5 mmol) were dissolved in methanol (50 ml) and

concentrated sulfuric acid (0.1 ml). The reaction mixture was heated to reflux for 16 h.
The mixture was reduced to a volume of 10 ml by rotary evaporation and diluted with
saturated aqueous NaHCO; (10ml). The product was extracted into CH,Cl, (50 ml) 3
times. It was dried, concentrated in vacuo, and purified by flash chromatography (100%

CH,Cl,).

B. Compounds 28-30.
Under inert atmosphere conditions, compounds 25-27 (2.35 mmol) were dissolved

in DMF (5 ml). NaH (3.06 mmol) was added and the mixture was stirred for 30 minutes,
becoming bright yellow. Compound 21 (1.96 mmol) was dissolved in 5 ml DMF and
transferred by cannula to the stirring solution. The resulting mixture was stirred for 16

hours, becoming a brown solution. The product was extracted into ethyl acetate (50 ml),
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washed 3 times with distilled water (15 ml), concentrated in vacuo, and purified by flash

chromatography (solvent gradient from 100% CH,Cl; to 5:1 CH,Cl,:MeOH).

C. Compounds 1-3.
Under inert atmosphere conditions, compounds 25-27 (1.50 mmol) were dissolved

in DMF (10 ml). NaH (1.94 mmol) was added and the mixture was stirred for 30 minutes,
becoming bright yellow. 5'-tosyladenosine (1.25 mmol) was added to the stirring
solution. The resulting mixture was stirred for 16 hours, becoming a brown solution. The
product was extracted into ethyl acetate (50 ml), washed 3 times with distilled water (15
ml), and concentrated in vacuo. The product was purified by recrystallization: the product
was dissolved in methanol (10 ml) at 60°C, cooled to r.t., then recrystallized at 4°C for 16

h.; the crystals were washed with cold methanol and then cold CH,Cl,.

D. Compounds 4-6.
Compounds 1-3 (0.5 mmol) were stirred in NaOH (10%, 3 ml) and water (3 ml) for

24 h. The mixture was neutralized with HCI (10%), concentrated in vacuo, and dried to

form a white solid. The product was triturated with a small amount of water.

E. Compounds 7 and 8.
Under inert atmosphere conditions, compounds 1 and 2 (0.4 mmol) were stirred in

dioxane (4 ml), forming an emulsion. LiAlH4 (2.4 mmol) was added and the mixture was
stirred at 50°C for 3 h. This was neutralized with ethyl acetate (4 ml) and HCI1 (1M, 2 ml),

and then extracted into water (2 ml) 3 times. The grey solid was filtered out of the
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aqueous and washed with water. The filtrate was dried in vacuo.

F. Compounds 10-13, 16 and 17.
Under inert atmosphere conditions, the aminothiophenol derivatives were dissolved

in DMF (10 ml). #~BuOK (IM in THF, 1.1 mmol) was added and the reaction mixture
was stirred for 30 minutes at room temperature. Compound 38 (1.0 mmol) was added and
the resulting mixture was stirred for a further 16 hours at 40°C. The product was
neutralized with HCl (1M) and concentrated in vacuo. The resulting crude oil was
triturated with CH,Cl, (20 ml) 3 times to form a tan solid. The product was recrystallized

from methanol and water.

4.5 Synthetic Procedures

Compound 21.
Under inert atmosphere, at 0°C, compound 20 (4.88 mmol) was added to dry

pyridine (6ml). Tosyl chloride (5.86 mmol) was added, and the resulting mixture was
stirred for 16 h, warming to room temperature. The crude product, a hard brown gelatin,
was dissolved in ethyl acetate (50 ml) at 50°C while stirring, and then washed 3 times
with aqueous saturated NH4Cl (15 ml). The organic layer was dried and concentrated in

vacuo, affording the crude product, a viscous brown oil (80.5% yield).

Compound 25, methyl 2-mercaptobenzoate.
Compound 25 was prepared by general procedure A. Light yellow oil (76% yield);
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'H (300MHz CDCls): & 7.91 (m, 1H), § 7.55 (m, 1H), & 7.41 (m, 1H), 5 7.21 (m, 1H), &

5.31 (s, 1H), & 3.83 (s, 3H); °C (300MHz CDCl5): 8 166.1 (C), 138.1 (C), 132.8 (CH),
131.1 (CH), 131.0 (CH), 125.6 (C), 124.7 (CH), 52.2 (CH3); IR (neat, cm’") 2998 (w),
2951 (m), 2550 (m), 1706 (s), 1590 (m), 1433 (s), 1252 (s), 1064 (s), 739 (s); HRMS

(ESI) calculated for CgHgO,S — H" 167.0172, found 167.0173.

Compound 26, methyl 3-mercaptobenzoate.
Compound 26 was prepared by general procedure A. Light brown oil (95% yield);

'"H (300MHz CDCls): § 7.95 (m, 1H), & 7.82 (m, 1H), § 7.45 (m, 1H), 5 7.31 (m, 1H),
3.91 (s, 3H), § 3.54 (s, 1H); "*C (300MHz CDCls): & 166.4 (C), 133.4 (CH), 131.7(C),
131.0 (C), 130.1 (CH), 129.1(CH), 126.8(CH), 52.3 (CH3); IR (neat, cm™) 2997 (w),
2951 (m), 2561 (m), 1716 (s), 1574 (m), 1436 (s), 1261 (s), 1126 (s), 737 (s); HRMS

(ESI) calculated for CgHgO,S — H" 167.0172, found 167.0173.

Compound 27, methyl 4-mercaptobenzoate.
Compound 27 was prepared by general procedure A. Light yellow oil (74% yield);

'H (300MHz CDCL): § 7.89 (d, J = 8.8 Hz 2H), § 7.29 (d, J = 8.8 Hz 2H), § 3.90 (s, 3H),
§ 3.61 (s, 1H); °C (300MHz CDCls): § 166.6 (C), 138.3(C), 130.2(CH), 128.1 (CH),
127.1 (C), 52.1 (CH3); IR (neat, cm™) 2997 (w), 2949 (m), 2846 (w), 2578 (m), 1710 (s),
1591 (m), 1431 (s), 1274 (s), 1108 (s), 757 (s); HRMS (ESI) calculated for CsHs0,S — H'

167.0172, found 167.0173.
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Compound 28.
Compound 28 was prepared by general procedure B. Tan powder (25% yield); 'H

(300MHz CDCl3): & 8.36 (s, 1H), 8 7.94 (m, 1H), 8 7.90 (s, 1H), 3 7.35 (m, 1H), & 7.30
(m, 1H), § 7.17 (m, 1H), & 6.08 (d, J = 2.3 Hz, 1H), 8 5.62 (br s, 2H), & 5.59 (dd, J = 6.3,
2.4 Hz, 1H), 5 5.17 (dd, J = 6.3, 2.9 Hz, 1H), & 4.52 (m, 1H), 5 3.92 (s, 3H), 5 3.38 (dd, J

= 13.5,7.7 Hz, 1H), § 3.23 (dd, J = 13.6, 6.0 Hz, 1H), 5 1.59 (s, 3H), & 1.39 (s, 3H).

Compound 29.
Compound 29 was prepared by general procedure B. Tan powder (19% yield); 'H

(300MHz CDCls): § 8.36 (s, 1H), 8 8.01 (m, 1H), 5 7.85 (s, 1H), & 7.84 (m, 1H), & 7.50
(m, 1H), § 7.30 (t, J = 7.8 Hz, 1H), § 6.05 (d, J = 2.0 Hz, 1H), 5 5.55 (br s, 2H), & 5.54
(dd, J=6.2,2.0 Hz, 1H), § 5.12 (dd, J = 6.3, 3.1 Hz, 1H), § 4.40 (m, 1H), 5 3.91 (s, 3H),
§3.34 (dd, J = 13.7, 5.6 Hz, 1H), § 3.24 (dd, J = 13.6, 6.4 Hz, 1H), 5 1.58 (s, 3H), 5 1.39

(s, 3H).

Compound 30.
Compound 30 was prepared by general procedure B. Tan powder (29% yield); 'H

(300MHz CDCls): § 8.36 (s, 1H), & 7.88 (m, 1H), § 7.85 (s, 2H), & 7.29 (m, 2H), 3 6.06
(d, J=2.0 Hz, 1H), 3 5.56 (br s, 2H), 5 5.55 (dd, J= 6.2, 2.1 Hz, 1H), 5 5.14 (dd, J = 6.3,
3.2 Hz, 1H), § 4.42 (m, 1H), , § 3.90 (s, 3H), & 3.53 (dd, J = 13.6, 7.5 Hz, 1H), 5 3.43 (dd,

J=13.8, 6.3 Hz, 1H), 5 1.58 (s, 3H), & 1.39 (s, 3H).

Compound 31, 5'-tosyladenosine.
Under inert atmosphere conditions, adenosine (7.48 mmol) was dissolved in



66
pyridine and stirred at 4°C, 0°C, or —20°C (in a 9:1 ethylene glycol:ethanol bath). Tosyl

chloride (8.98 mmol, 1.2 eq) was added and the solution immediately turned yellow. The
reaction was allowed to warm to room temperature from 0°C for 16 h; or it was kept at
4°C for 72 h; or it was kept at —20°C for 48 h. For each, the result was the same. The
mixture was concentrated in vacuo, and then extracted into ethyl acetate (30 ml) from
saturated aqueous NH4Cl (5 ml). The solvent was then dried and evaporated to give 38-

59% yields of crude mixtures of multiply tosylated products.

Compound 1.
Prepared by general procedure C. White powder (84% yield); 'H (500MHz

DMSO): & 8.36 (s, 1H), 6 8.15 (s, 1H), 6 7.85 (d, /= 7.9 Hz, 1H), § 7.51 (t, J = 9.2 Hz,
1H), 8 7.50 (d, J= 6.9 Hz, 1H), 6 7.29 (br s, 2H), 6 7.24 (td, J = 6.86, 2.2 Hz, 1H), 6 5.91
(d, J=5.7 Hz, 1H), 6 5.54 (d, J= 5.9 Hz, 1H), 6 5.40 (d, J=4.9 Hz, 1H), § 4.82 (m, 1H),
0 4.23 (m, 1H), 6 4.07 (m, 1H), & 3.82 (s, 3H), 6 3.43 (dd, J = 13.9, 5.5 Hz, 1H), & 3.34
(dd, J = 14.1, 7.3 Hz, 1H); C (500MHz DMSO): § 166.1 (C), 156.1 (C), 152.6 (CH),
149.5 (C), 139.9 (CH), 139.9 (C), 132.6 (CH), 130.7 (CH), 127.6 (C), 126.1 (CH), 124.3
(CH), 119.2 (C), 87.5 (CH), 82.4 (CH), 73.0 (CH), 72.6 (CH), 52.1 (CH3), 34.2 (CH»); IR
(neat, cm™) 3339 (w), 3172 (m), 2930 (w), 1706 (s), 1671 (s), 1611 (m), 1429 (m), 1303
(m), 1246 (s), 1230 (s), 1115 (m), 1021 (s), 787 (s), 720 (s), 706 (s), 688 (s), 660 (s);
HRMS (ESI) calculated for C;sHoNsOsS + H" 418.1180, found 418.1180; M.P. 117-

119°C.
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Compound 2.
Prepared by general procedure C. White powder (46% yield); 'H (500MHz

DMSO): & 8.32 (s, 1H), § 8.14 (s, 1H), 5 7.87 (t, J = 1.7 Hz, 1H), § 7.74 (dt, J= 7.8, 1.4
Hz, 1H), 8 7.63 (m, 1H), & 7.43 (t, J = 7.9 Hz, 1H), § 7.28 (br s, 2H), 5 5.89 (d, J = 5.9
Hz, 1H), § 5.52 (d, J= 6.2 Hz, 1H), § 5.38 (d, J = 4.9 Hz, 1H), § 4.82 (m, 1H), 5 4.21 (m,
1H), & 4.02 (m, 1H), 5 3.82 (s, 3H), & 3.49 (dd, J = 13.6, 5.6 Hz, 1H), & 3.39 (dd, J =
13.6, 7.2 Hz, 1H); *C (500MHz DMSO): § 165.7(C), 156.1 (C), 152.6 (CH), 149.4 (C),
139.9 (CH), 137.0 (C), 132.7 (CH), 130.4 (C), 129.4 (CH), 128.2 (CH), 126.4 (CH),
119.2 (C), 87.5 (CH), 82.8 (CH), 72.7 (CH), 72.5 (CH), 52.3 (CHz), 35.0 (CHa); IR (neat,
em™) 3328 (m), 3184 (m), 2925 (m), 1717 (m), 1640 (s), 1599 (m), 1574 (m), 1418 (m),
1287 (s), 1262 (m), 1123 (s), 1029 (s), 747 (s), 646 (s); HRMS (ESI) calculated for

CisH19NsOsS + H' 418.1180, found 418.1180; M.P. 94-97°C.

Compound 3.
Prepared by general procedure C. White powder (69% vyield); 'H (500MHz

DMSO): & 8.34 (s, 1H), 8 8.15 (s, 1H), 5 7.82 (d, J = 8.7 Hz, 2H), 4 7.43 (d, J = 8.4 Hz,
2H), & 7.28 (br s, 2H), § 5.90 (d, J = 5.8 Hz, 1H), § 5.54 (d, J = 6.0 Hz, 1H), 5 5.40 (d, J
=4.9 Hz, 1H), § 4.82 (m, 1H), § 4.23 (m, 1H), & 4.06 (m, 1H), & 3.82 (s, 3H), 5 3.53 (dd,
J=13.8, 5.5 Hz, 1H), § 3.43 (dd, J = 13.8, 7.4 Hz, 1H); "*C (500MHz DMSO): & 165.8
(C), 156.1 (C), 152.7 (CH), 149.3 (C), 143.4 (C), 139.9 (CH), 129.5(CH), 126.3 (CH),
126.1 (C), 119.2 (C), 87.5 (CH), 82.6 (CH), 72.7 (CH), 72.6 (CH), 52.0 (CH3), 33.8
(CH); IR (neat, cm™) 3389 (m), 3327 (m), 3114 (m), 2946 (w), 1708 (m), 1686 (m),
1663 (s), 1596 (s), 1571 (m), 1333 (m), 1290 (s), 1119 (s), 1092 (s), 1013 (s), 760 (s);

HRMS (ESI) calculated for C1sH;oNsOsS + H™ 418.1180, found 418.1180; M.P. 210-
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211°C.

Compound 4.
Prepared by general procedure D. White powder (118% yield); 'H (500MHz

DMSO): § 8.65 (s, 1H), & 8.43 (s, 1H), § 7.86 (m, 1H), & 7.47 (m, 2H), 5 7.20 (m, 1H), 5
5.96 (d, J= 5.7 Hz, 1H), § 4.76 (m, 1H), § 4.23 (m, 1H), § 4.10 (m, 1H), 5 3.43 (dd, J =
13.6, 5.6 Hz, 1H), § 3.29 (dd, J = 13.5, 7.5 Hz, 1H); *C (500MHz DMSO): § 167.3 (C),
148.7 (C), 141.6 (CH), 140.0 (C), 132.2 (CH), 130.9 (CH), 128.3 (C), 128.0 (CH), 125.6
(CH), 125.5 (CH), 124.0 (CH), 118.8 (C), 87.6 (CH), 82.7 (CH), 73.1 (CH), 72.9 (CH),
33.9 (CHy); IR (neat, cm™) 3318 (m), 3147 (m), 2903 (m), 1700 (s), 1416 (m), 1310 (m),
1254 (s), 1084 (s), 1044 (s), 950 (m), 831 (m), 748 (s), 719 (s), 637 (m), 536 (m); HRMS

(ESI) calculated for C;7H;7NsOsS + H' 404.1023, found 404.1023; M.P. 150-153°C.

Compound 5.
Prepared by general procedure D. White powder (132% vyield); 'H (500MHz

DMSO): & 8.36 (s, 1H), & 8.15 (s, 1H), § 7.87 (m, 1H), § 7.69 (m, 1H), 5 7.31 (m, 1H), 5
7.30 (br s, 2H), § 7.22 (m, 1H), & 5.89 (d, J = 6.0 Hz, 1H), & 4.80 (m, 1H), & 4.20 (m,
1H), 5 4.01 (m, 1H), 8 3.41 (dd, J = 13.9, 6.0 Hz, 1H), 5 3.28 (dd, J = 13.7, 7.2 Hz, 1H);
3¢ (500MHz DMSO): 8 169.5 (C), 156.0 (C), 152.6 (CH), 149.4 (C), 140.8 (C), 139.9
(CH), 134.3 (C), 129.2 (CH), 128.7 (CH), 128.0 (CH), 126.7 (CH), 125.5 (C), 119.1 (C),
87.3 (CH), 82.7 (CH), 72.7 (CH), 72.6 (CH), 35.5 (CH,); IR (neat, cm™) 3304 (w), 3179
(m), 1644 (m), 1595 (s), 1550 (s), 1477 (m), 1379 (s), 1044 (m), 763 (s), 646 (s); HRMS

(ESI) calculated for C;7H;7N5OsS + H' 404.1023, found 404.1023; M.P. 210-215°C.
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Compound 6.
Prepared by general procedure D. White powder (124% vyield); 'H (500MHz

DMSO): & 8.36 (s, 1H), 8 8.15 (s, 1H), 5 7.80 (d, J = 8.5 Hz, 2H), 8 7.37 (d, J = 8.5 Hz,
2H), § 7.30 (br s, 2H), & 5.90 (d, J = 5.8 Hz, 1H), & 4.81 (m, 1H), 5 4.22 (m, 1H), & 4.05
(m, 1H), & 3.53 (dd, J = 13.8, 5.6 Hz, 1H), & 3.39 (dd, J = 13.8, 7.6 Hz, 1H); "°C
(500MHz DMSO): § 167.4 (C), 156.0 (C), 152.6 (CH), 149.4 (C), 141.6 (C), 139.9 (CH),
129.7(CH), 126.3 (CH), 119.1 (C), 87.5 (CH), 82.6 (CH), 72.7 (CH), 72.6 (CH), 34.1
(CH,); IR (neat, cm™) 3325 (m), 2968 (w), 1704 (s), 1590 (m), 1488 (m), 1391 (s), 1308
(m), 1183 (s), 1085 (s), 1052 (s), 1009 (m), 950 (m), 772 (s), 725 (s), 627 (s), 515 (s);
HRMS (ESI) calculated for C;7H;7NsOsS + H' 404.1023, found 404.1023; M.P. 193-

195°C.

Compound 7.
Prepared by general procedure E. Clear, colourless oil (69% yield); "H (500MHz

DMSO): § 8.35 (s, 1H), 5 8.14 (m, 1H), 5 7.44 (m, 1H), § 7.39 (m, 1H), & 7.27 (m, 2H), 5
7.20 (m, 2H), & 5.89 (m, 1H), 8 5.59 (brs, 1H), & 5.47 (brs, 1H), § 5.30 (br s, 1H), 5
4.80 (m, 1H), &4.53 (s, 2H), §4.20 (m, 1H), & 4.00 (m, 1H). *C (500MHz DMSO): &
155.9 (C), 152.6 (CH), 149.4 (C), 141.3 (C), 139.9 (CH), 132.9 (C), 128.1 (CH), 127.2
(CH), 126.7 (CH), 125.7 (CH), 119.0 (C), 87.3 (CH), 82.8 (CH), 72.7 (CH), 72.6 (CH),
60.5 (CH,), 35.4 (CH,); IR (neat, cm™) 3345 (s), 2964 (w), 2924 (w), 2854 (w), 2257
(w), 1646 (s), 1600 (m), 1475 (m), 1420 (m), 1337 (m), 1237 (m), 1090 (m), 1047 (s),

1025 (s), 988 (s), 828 (s), 766 (s), 504 (s); HRMS (ESI) calculated for C;7H;oN5O4S + H
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390.1231, found 390.1232.

Compound 8.
Prepared by general procedure E. Clear, colourless oil (44% yield); "H (500MHz

DMSO): § 8.36 (s, 1H), & 8.14 (m, 1H), § 7.25 (m, SH), § 7.12 (m, 1H), 5 5.89 (m, 1H),
5.62 (br's, IH), §5.48 (brs, 1H), & 5.31 (brs, 1H),  4.80 (m, 1H), & 4.44 (s, 2H), &
4.20 (m, 1H), §4.01 (m, 1H). *C (500MHz DMSO): § 156.5 (C), 153.1(CH), 149.5 (C),
144.1 (C), 140.4 (CH), 135.9 (C), 129.2 (CH), 126.8 (CH), 126.5 (CH), 124.4 (CH),
119.6 (C), 87.9 (CH), 83.3 (CH), 73.1 (CH), 73.1 (CH), 62.9 (CH,), 35.7 (CHa); IR (neat,
em™) 3350 (s), 2933 (w), 2833 (w), 2254 (w), 2128 (w), 1646 (s), 1599 (m), 1476 (m),
1422 (m), 1334 (m), 1236 (m), 1049 (s), 1023 (s), 996 (s), 825 (s), 764 (s), 572 (s);

HRMS (ESI) calculated for C17H;oNs5O4S + H' 390.1231, found 390.1230.

Compound 32, 4-mercaptobenzyl alcohol.
Under inert atmosphere conditions, compound 27 (1.9 mmol) was dissolved in

dioxane (5 ml) and stirred with LiAlH4 (9.5 mmol) for 16 h. The reaction was quenched
with ethyl acetate and HCI (15%), until bubbling ceased. The product was concentrated
in vacuo and filtered, rinsing with 5:1 CH,Cl,:methanol. The filtrate was concentrated in
vacuo and purified by flash chromatography (CH,Cl,). The product oil was obtained in
17% yield, and was not fully characterized, but used immediately for the synthesis of
compound 9. Clear, colourless oil (17% yield); "H (300MHz CDCls): & 7.17 (m, 2H), &

7.12 (m, 2H), 5 4.52 (m, 2H), 5 3.38 (s, 1H), 8 1.99 (br s, 1H).
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Compound 9.
Under inert atmosphere conditions, compound 32 (0.314 mmol) was dissolved in

DMF (5 ml). NaH (0.408 mmol) was added and the resulting mixture was stirred for 30
minutes, becoming brown. Compound 31 (0.308 mmol) was added and the mixture was
stirred for a further 16 hours at 35°C to give a light yellow-brown solution. The product
was concentrated in vacuo, dissolved in 1:1 water:MeCN (10 ml) and HCI (1M, 0.5 ml),
concentrated in vacuo to 1 ml, and recrystallized at 0°C for 16 hours. The crystals were
filtered with cold water, dried, and triturated with ethanol. Clear, colourless oil (18%
yield); "H (500MHz MeOD): & 8.08 (s, 1H), & 8.08 (s, 1H), 8 7.26 (m, 2H), § 7.13 (m,
2H), & 5.86 (m, 1H), 6 4.44 (s, 2H), 6 4.24 (m, 1H), & 4.11 (m, 1H), 6 3.22 (m, 1H), o
3.17(m, 1H); °C (500MHz MeOD): & 157.3 (C), 153.9 (CH), 150.7 (C), 141.4 (C), 141.2
(CH), 136.0 (C), 130.7 (CH), 128.7 (CH), 120.6 (C), 90.1 (CH), 85.1 (CH), 74.8 (CH),
74.1 (CH), 64.7 (CH,), 37.3 (CH,); IR (neat, cm™) 3316 (m), 3177 (m), 2899 (m), 1645
(s), 1599 (s), 1576 (s), 1478 (m), 1418 (m), 1334 (m), 1295 (m), 1212 (m), 1125 (s), 1088
(s), 1035 (s), 796 (s), 642 (s); HRMS (ESI) calculated for C;7H;oNsO4S + H" 390.1231,

found 390.1231.

Compound 35, N-BOC-3-aminothiophenol.
In 1:1 methanol:water (0.5 ml), compound 33 (0.976 mmol) and fert-

butyloxycarbonyl anhydride (0.976 mmol) were stirred for 16 h at 35°C. The product
mixture was concentrated in vacuo and extracted into CH,Cl, (20 ml) from water (10
ml). Purified by flash chromatography (1:1 hexanes:CH,Cl,). Clear, light-brown oil (69%
yield); 'H (500MHz CDCls): § 7.45 (m, 1H), § 7.13 (m, 1H), § 7.02 (m, 1H), § 6.92 (m,

1H), 5 6.42 (brs, 1H), 8 3.46 (s, 1H), & 1.53 (s, 9H).
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Compound 36, N-BOC-4-aminothiophenol.
In 1:1 methanol:water (0.5 ml), compound 34 (0.976 mmol) and fert-

butyloxycarbonyl anhydride (0.976 mmol) were stirred for 16 h at 35°C. The product
mixture was concentrated in vacuo and extracted into CH,Cl, (20 ml) from water (10
ml). Purified by flash chromatography (1:1 hexanes:CH,Cl,, then 9:1 CH,Cl,:MeOH).
White powder (73% yield); 'H (500MHz CDCls): & 7.29 (m, 2H), & 7.25 (m, 2H), & 7.49

(brs, 1H), 5 3.40 (s, 1H), 3 1.53 (s, 9H).

Compound 37, N-(3-thiophenol)phthalimide.
Under inert atmosphere conditions, compound 33 (0.976 mmol) and phthalic

anhydride (0.976 mmol) were heated to reflux in xylene (10 ml) for 16 h. The solvent
was evaporated and dried at 130°C for 1 h. Flash chromatography (1:1 hexanes:CH,Cl,)
afforded two products, both yellow solids. Product 1, 'H (300MHz CDCls): & 7.88 (dd,
2H), 6 7.73 (dd, 2H), 6 7.32 (m, 1H), & 7.29 (m, 1H), 6 7.24 (m, 1H), & 7.18 (m, 1H), 6
3.49 (s, 1H); Product 2, 'H (300MHz CDCl;): & 7.82 (dd, 2H), & 7.70 (dd, 2H), & 7.60

(m, 1H), 8 7.47 (m, 1H), & 7.38 (m, 1H), & 7.26 (m, 1H).

Compound 38, 5'-chloro-5'-deoxyadenosine.
Under inert atmosphere conditions, adenosine (10.0 mmol) was stirred at 0°C in

acetonitrile (30 ml) and pyridine (20 mmol). After stirring for 10 min, thionyl chloride
(50.0 mmol) was added drop-wise. The resulting mixture was stirred for 4 h at 0°C and

then warmed to room temperature, stirring for a further 16 h. The yellow emulsion was
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filtered and washed with acetonitrile, affording a white precipitate. This intermediate was
dissolved in methanol (30 ml) and aqueous NH4OH (2M, 20 ml), stirring for 1 h. The
product was concentrated in vacuo, and recrystallized by dissolving in water (40 ml) at
70°C, cooling to room temperature, and sitting at 4°C for 16 h. The crystals were washed
with cold water and dried. Fluffy white crystals (87% yield); 'H (500MHz DMSO): &
8.34 (s, 1H), 6 8.15 (s, 1H), 6 7.30 (br s, 2H), 6 5.92 (d, J= 5.7 Hz, 1H), 6 5.58 (d, J=5.9
Hz, 1H), 6 5.44 (d, J = 5.1 Hz, 1H), 6 4.75 (m, 1H), 8 4.22 (m, 1H), 6 4.09 (m, 1H), 6
3.94 (dd, J=11.5, 5.1 Hz, 1H), § 3.84 (dd, J = 11.5, 6.3 Hz, 1H); *C (500MHz DMSO):
0 156.1 (C), 152.7 (CH), 139.7 (CH), 119.1(C), 87.4 (CH), 83.6 (CH), 72.1 (CH), 71.2
(CH), 44.8 (CH,); IR (neat, cm™) 3325 (m), 3136 (m), 2942 (m), 1640 (s), 1598 (s), 1474
(m), 1418 (m), 1333 (m), 1298 (m), 1245 (m), 1208 (m), 1097 (s), 1048 (s), 797 (m), 724
(m), 644 (m), 586 (m); HRMS (ESI) calculated for C;oH;,CINsO; + H' 286.0702, found

286.0702. Product showed characterization identical to a previous report (157).

Compound 10.
Prepared by general procedure F, with the following proportions: compound 33

(3.68 mmol), ~-BuOK (1M in THF, 4.03 mmol), compound 38 (1.75 mmol). The crude
product was recrystallized in 1:1 water:methanol (10 ml), heating to 60°C and cooling to
4°C for 16 h; the crystals were rinsed with cold water and CH,Cl,. White crystals (79%
yield); 'H (500MHz DMSO): § 8.35 (s, 1H), 5 8.16 (s, 1H), 5 7.30 (br s, 2H), & 6.93 (m,
1H), 8 6.55 (m, 1H), 6 6.47 (m, 1H), 6 6.38 (m, 1H), & 5.89 (d, /= 5.7 Hz, 1H), 6 5.48
(br, 2H), 8 5.31 (br s, 2H), 6 4.81 (m, 1H), 8 4.17 (m, 1H), 8 4.00 (m, 1H), 6 3.32 (dd, J =

14.1, 6.4 Hz, 1H), & 3.19 (dd, J = 13.8, 7.0 Hz, 1H); ">C (500MHz DMSO): & 156.0 (C),
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152.6 (CH),149.5 (C), 149.2 (C), 139.9 (CH), 135.7 (C), 129.4 (CH), 119.2 (C), 115.3

(CH), 113.2 (CH), 111.7 (CH), 87.3 (CH), 82.9 (CH), 72.6 (CH), 72.5 (CH), 35.1 (CH,),
30.6 (C); IR (neat, cm™) 3280 (m), 3146 (m), 3132 (m), 2918 (m), 1680 (s), 1652 (s),
1596 (s), 1578 (s), 1480 (s), 1423 (m), 1342 (m), 1297 (s), 1208 (m), 1129 (m), 1089 (s),
1040 (s), 990 (m), 832 (m), 745 (s), 713 (s), 685 (s), 639 (s), 593 (s), 542 (s); HRMS

(ESI) calculated for C;6HsNO3S + H' 375.1234, found 375.1230; M.P. 85-88°C.

Compound 11.
Prepared by general procedure F, with the following proportions: compound 34

(4.20 mmol), ~-BuOK (1M in THF, 4.62 mmol), compound 38 (1.40 mmol). The crude
product was recrystallized in 1:1 water:methanol (10 ml), heating to 60°C and cooling to
4°C for 16 h; the crystals were rinsed with cold water and CH,Cl,. White crystals (75%
yield); 'H (500MHz DMSO): § 8.35 (s, 1H), 5 8.15 (s, 1H), 5 7.30 (br s, 2H), & 7.11 (m,
2H), 8 6.51 (m, 2H), 6 5.87 (d, J=5.7 Hz, 1H), 6 5.52 (br s, 1H), & 5.36 (br s, 1H), 6 4.79
(m, 1H), 6 4.13 (m, 1H),  3.90 (m, 1H), 8 3.12 (dd, J = 13.6, 6.5 Hz, 1H), 6 2.99 (dd, J =
13.6, 6.9 Hz, 1H); °C (500MHz DMSO): § 156.0 (C), 152.6 (CH),149.5 (C), 148.5 (C),
139.9 (CH), 134.3 (CH), 133.7 (CH), 119.2 (C), 118.3 (C), 114.4 (CH), 114.2 (CH), 87.1
(CH), 83.0 (CH), 72.5 (CH), 72.5 (C), 38.8 (CH,); IR (neat, cm™) 3276 (m), 3132 (m),
2897 (m), 1674 (m), 1651 (s), 1600 (s), 1575 (s), 1496 (s), 1421 (m), 1341 (m), 1294 (s),
1127 (s), 1098 (s), 1036 (s), 817 (s), 717 (s), 630 (s), 513 (s); HRMS (ESI) calculated for

Ci16H1sNgO3S + H' 375.1234, found 375.1231; M.P. 96-99°C.
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Compound 39, 3-acetamidothiophenol.
Compound 33 (2.40 mmol) was dissolved in ethyl acetate (10 ml) and stirred at

0°C. Acetic anhydride (2.40 mmol) was added and the resulting mixture was stirred for 1
h. The reaction mixture was diluted in ethyl acetate (10 ml) and washed 3 times with
brine (10 ml). The product from the organic layer was concentrated in vacuo and purified
by flash chromatography (1:1 hexanes:ethyl acetate). Clear, colourless oil (83% yield);
'H (500MHz DMSO): § 10.1 (s, 1H), § 7.87 (m, 1H), § 7.76 (m, 1H), 8 7.28 (m, 1H), &
7.16 (m, 1H), & 2.03 (s, 3H); °C (500MHz DMSO): § 168.6 (C), 140.2 (C), 136.1 (C),
129.6 (CH), 121.4 (CH), 118.0 (CH), 116.9 (CH), 23.9 (CH3); IR (neat, cm™) 3301 (m),
3170 (w), 3111 (w), 3063 (w), 1662 (s), 1585 (s), 1539 (s), 1480 (s), 1419 (s), 1369 (m),
1307 (m), 1289 (m), 1257 (m), 1015 (m), 866( m), 777 (s), 684 (s), 537 (s); HRMS (ESI)

calculated for CsHoNOS + H' 168.0478, found 168.0478.

Compound 12.
Prepared by general procedure F, with the following proportions: compound 39

(0.788 mmol), +-BuOK (1M in THF, 0.866 mmol), compound 38 (0.525 mmol). The
crude product was recrystallized in water (2 ml), heating to 60°C and then 4°C for 16 h;
the crystals were rinsed with cold water and CH,Cl,. White crystals (88% yield); 'H
(500MHz DMSO): 6 9.95 (s, 1H), & 8.34 (s, 1H), & 8.15 (s, 1H), 8 7.62 (m, 1H), & 7.37
(m, 1H), 6 7.27 (br s, 2H), 8 7.21 (m, 1H), 6 7.01 (m, 1H), 6 5.87 (d, J = 6.0 Hz, 1H), 6
5.58 (brs, 1H), 6 5.44 (br s, 1H), 6 4.81 (m, 1H), 6 4.19 (m, 1H), 6 4.00 (m, 1H), 6 3.38
(dd, 1H), & 3.26 (dd, J = 13.8, 7.0 Hz, 1H); °C (500MHz DMSO): § 168.5 (C), 156.0
(C), 152.6 (CH), 149.4 (C), 139.9 (CH), 139.8 (C), 136.1 (C), 129.3 (CH), 122.5 (CH),

119.1 (C), 118.2 (CH), 116.5 (CH), 87.4 (CH), 82.7 (CH), 72.6 (CH), 72.5 (CH), 35.1
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(CH,), 24.0 (CHs); IR (neat, cm™) 3267 (m), 3127 (m), 2886 (w), 1652 (s), 1605 (s),

1587 (s), 1544 (s), 1477 (s), 1420 (s), 1295 (s), 1206 (m), 1090 (s), 1044 (s), 776 (m),
684 (s), 638 (s), 537 (s); HRMS (ESI) calculated for CgHNsO4S + H" 417.1340, found

417.1340; M.P. 83-86°C.

Compound 13.
Compound 13 was prepared by general procedure F, with the following

proportions: 4-acetamidothiophenol (1.05 mmol), +-BuOK (IM in THF, 1.16 mmol),
compound 38 (0.525 mmol). The crude product was recrystallized in 7 ml 5:2
water:methanol, heating to 70°C and then 4°C for 16 h; the crystals were rinsed with cold
water and CH,Cl,. The product was triturated with CH,Cl, and methanol. White crystals
(57% yield); "H (500MHz DMSO, TFA salt): & 9.96 (s, 1H), 3 8.78 (s, 1H), 5 8.47 (s,
1H), 6 7.53 (m, 2H), 6 7.31 (m, 2H), 6 7.28 (br s, 2H), 6 5.88 (d, J= 6.0 Hz, 1H), 8 5.52
(brd, 1H), 8 5.36 (br d, 1H), 6 4.79 (m, 1H), 6 4.16 (m, 1H), 8 3.69 (m, 1H), 6 3.34 (dd, J
= 13.9, 6.2 Hz, 1H), § 3.21 (dd, J = 13.8, 7.1 Hz, 1H) & 2.02 (s, 3H); “C (500MHz
DMSO, TFA salt): 8 168.2 (C), 156.0 (C), 152.6 (CH), 149.4 (C), 139.9 (CH), 137.9 (C),
130.1 (CH), 128.7 (C), 119.6 (CH), 119.2 (C), 87.3 (CH), 82.8 (CH), 72.6 (CH), 72.5
(CH), 36.4 (CHy), 23.9 (CHs); IR (neat, cm™) 3266 (m), 3111 (m), 2879 (w), 1646 (s),
1593 (s), 1533 (s), 1495 (s), 1396 (s), 1295 (s), 1088 (s), 1042 (s), 815 (s), 716 (s), 648
(s), 503 (s); HRMS (ESI) calculated for C1sH20NsO4S + Na' 439.1159, found 439.1157;

M.P. 94-96°C.
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Compound 14.
Compound 10 (0.400 mmol) was ground into methanol (8 ml) and glacial acetic

acid (0.5 ml), stirring at 0°C. KOCN (1.60 mmol) was dissolved in water (1 ml) and
transferred to stirring solution. The reaction was warmed to 20°C, stirring for 30 min,
then heated to 50°C, stirring for 4 h. The product was neutralized with NaOH (10%, 4.5
ml), and concentrated in vacuo to give a cloudy aqueous mixture. The product was
recrystallized at 4°C for 16 h. White solid (40% yield); "H (500MHz DMSO): & 9.09 (s,
1H), & 8.34 (s, 1H), 6 8.15 (s, 1H), 6 7.47 (m, 1H), & 7.26 (br s, 2H), & 7.22 (m, 1H), 6
7.12 (m, 1H), 6 6.86 (m, 1H), 8 6.06 (br s, 2H), 6 5.88 (d, J = 6.0 Hz, 1H), § 4.78 (m,
1H), 6 4.18 (m, 1H), 6 4.01 (m, 1H), 6 3.37 (dd, 1H), & 3.23 (dd, J = 13.8, 7.1 Hz, 1H);
C (500MHz DMSO): § 156.1 (C), 156.0 (C), 153.1 (C), 152.6 (CH), 141.4 (C), 139.9
(CH), 135.8 (C), 129.1 (CH), 120.4 (CH), 119.1 (C), 117.0 (CH),115.3 (CH), 87.4 (CH),
82.8 (CH), 72.6 (CH), 72.6 (CH), 35.2 (CH,); IR (neat, cm™) 3304 (m), 3177 (m), 2893
(W), 1652 (s), 1576 (s), 1544 (s), 1476 (s), 1333 (s), 1300 (s), 1245 (s), 1207 (s), 1090 (s),
1045 (s), 686 (s), 646 (s); HRMS (ESI) calculated for C;7H;9N;04S + Na' 440.1111,

found 440.1111; M.P. 156-157°C.

Compound 15.
Compound 11 (0.400 mmol) was ground into methanol (8 ml) and glacial acetic

acid (0.5 ml), stirring at 0°C. KOCN (1.60 mmol) was dissolved in water (1 ml) and
transferred to the stirring mixture. The reaction was warmed to 20°C, stirring for 30 min,
then heated to 50°C, stirring for 4 h. The product was neutralized with NaOH (10%, 4.7
ml), and concentrated in vacuo to give a cloudy aqueous mixture. The product was

recrystallized at 4°C for 16 h. White solid (75% yield); 'H (500MHz DMSO, TFA salt): §
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8.64 (s, 1H), & 8.62 (s, 1H), 5 8.43 (s, 1H), 8 7.36 (m, 2H), & 7.26 (m, 2H), & 5.92 (d, J =

6.1 Hz, 1H), 3 4.70 (m, 1H), & 4.14 (m, 1H), & 3.98 (m, 1H), § 3.28 (dd, J = 13.9, 6.3 Hz,
1H), & 3.15 (dd, J = 13.9, 6.9 Hz, 1H); *C (500MHz DMSO, TFA salt): § 155.9 (C),
155.8 (C), 151.6 (CH), 148.7 (C), 147.0 (C), 141.9 (C), 139.6 (CH), 131.1 (CH), 125.8
(C), 118.4 (CHn), 87.5 (CH), 83.4 (CH), 73.1 (CH), 72.4 (CH), 37.0 (CH,); IR (neat, cm™
") 3311 (m), 3113 (m), 2893 (W), 1674 (s), 1576 (s), 1534 (s), 1496 (s), 1402 (s), 1342
(s),1297 (s), 1211 (s), 1130 (s), 1087 (s), 1045 (s), 817 (s), 719 (s), 639 (s); HRMS (ESI)

calculated for C;7H;oN70,4S + Na’ 440.1111, found 440.1110; M.P. 141-144°C.

Compound 40, 3-isovaleramidothiophenol.
Compound 33 (2.40 mmol) was dissolved in ethyl acetate (10 ml) and stirred at

0°C. Isovaleric anhydride (2.40 mmol) was added and the resulting mixture was stirred
for 3 h, heating to 50°C for the last hour. The mixture was diluted in ethyl acetate (10 ml)
and washed 3 times with brine (10 ml). The product from the organic layer was
concentrated in vacuo and purified by flash chromatography (CH,Cl,). Clear, colourless
oil (70% yield, crude); 'H (500MHz DMSO): § 9.82 (s, 1H), & 7.64 (m, 1H), & 7.25 (m,
1H), 6 7.14 (m, 1H), 6 6.94 (m, 1H), 8 5.35 (br s, 1H), 6 2.16 (d, 2H), & 2.06 (m, 1H), 6
0.92 (d, 6H). °C (500MHz DMSO): § 176.1 (C), 145.4 (C), 141.3 (C), 134.9 (CH), 126.6

(CH), 123.3 (CH), 122.4 (CH), 50.8 (CH.), 30.7 (CH), 27.5 (CHs).

Compound 41, 4-isovaleramidothiophenol.
Compound 34 (2.40 mmol) was dissolved in ethyl acetate (10 ml) and stirred at

0°C. Isovaleric anhydride (2.40 mmol) was added and the resulting mixture was stirred
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for 3 h, heating to 50°C for the last hour. The mixture was diluted in ethyl acetate (10 ml)

and washed 3 times with brine (10 ml). The product from the organic layer was
concentrated in vacuo and purified by flash chromatography (9:1 hexanes:ethyl acetate).
Clear, yellow oil (93% vyield, crude); 'H (300MHz DMSO): & 9.80 (s, 1H), & 7.47 (m,
2H), § 7.20 (m, 2H), & 5.35 (br s, 1H), § 2.15 (d, 2H), & 1.95 (m, 1H), § 0.91 (d, 6H); °C
(300MHz DMSO): 6 176.0 (C), 144.7 (C), 135.3 (C), 134.6 (CH), 125.0 (CH), 50.8

(CH.), 30.8 (CH), 27.5 (CH3).

Compound 16.
Prepared by general procedure F, with the following proportions: compound 40

(0.788 mmol), +-BuOK (1M in THF, 0.866 mmol), and compound 38 (0.525 mmol). The
crude product was recrystallized in 5 ml 1:1 water:methanol, heating to 65°C and then
4°C for 16 h; the crystals were rinsed with cold water and CH,Cl,. White crystals (54%
yield); 'H (500MHz DMSO): & 9.87 (s, 1H), & 8.35 (s, 1H), & 8.16 (s, 1H), 5 7.65 (m,
1H), & 7.40 (m, 1H), 8 7.29 (br s, 2H), § 7.21 (m, 1H), 6 7.00 (m, 1H), 6 5.89 (d, J = 6.0
Hz, 1H), 8 5.51 (d, J= 6.1 Hz, 1H), 6 5.37 (d, J=4.9 Hz, 1H), 6 4.82 (m, 1H), 5 4.19 (m,
1H), 6 4.01 (m, 1H), 8 3.39 (dd, J=13.7, 6.5 Hz, 1H), 6 3.28 (dd, /= 13.8, 7.0 Hz, 1H),
2.17 (d, J = 7.1 Hz, 1H), & 2.06 (m, 1H), & 0.92 (d, J = 6.6 Hz, 1H); °C (500MHz
DMSO0): 6 170.8 (C), 156.1 (C), 152.6 (CH), 149.4 (C), 139.9 (CH), 139.8 (C), 136.1 (C),
129.3 (CH), 122.4 (CH), 119.2 (C), 118.3 (CH),116.5 (CH), 87.4 (CH), 82.7 (CH), 72.7
(CH), 72.5 (CH), 45.6 (CH,), 35.1 (CHy), 25.5 (CH), 22.2 (CH3); IR (neat, cm™) 3252
(m), 3135 (m), 2957 (m), 1654 (s), 1592 (s), 1532 (m), 1478 (s), 1406 (m), 1298 (s),

1211 (m), 1123 (s), 1042 (s), 755 (s), 691 (s), 641 (s), 593 (s), 546 (s); HRMS (ESI)
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calculated for C2;HaNgO4S + H'™ 459.1809, found 459.1810; M.P. 178-180°C.

Compound 17.
Prepared by general procedure F, with the following proportions: compound 41

(0.573 mmol), +-BuOK in THF (IM in THF, 0.631 mmol), and compound 38 (0.478
mmol). The crude product was recrystallized in 5 ml 1:1 water:methanol, heating to 55°C
and then 4°C for 16 h; the crystals were rinsed with cold water and CH,Cl,. White
crystals (83% yield); 'H (500MHz DMSO): & 9.88 (s, 1H), & 8.35 (s, 1H), & 8.15 (s, 1H),
0 7.55 (m, 2H), 6 7.31 (m, 2H), 6 7.28 (br s, 2H), 6 5.88 (d, /= 5.7 Hz, 1H), 6 5.50 (d, , J
= 5.9 Hz, 1H), 6 5.36 (d, , J = 4.9 Hz, 1H), 6 4.79 (m, 1H), 6 4.15 (m, 1H), 6 3.95 (m,
1H), 6 3.34 (dd, 1H), é 3.21 (dd, , J = 14.0, 7.0 Hz, 1H) , 6 2.16 (d, J = 6.7 Hz, 1H), &
2.06 (m, 1H), § 0.91 (d, J = 6.2 Hz, 1H); °C (500MHz DMSO): § 170.6 (C), 156.1 (C),
152.6 (CH), 149.5 (C), 139.8 (CH), 137.9 (C), 130.1 (CH), 128.7 (C), 119.7 (CH), 119.2
(©), 87.3 (CH), 82.8 (CH), 72.6 (CH), 72.5 (CH), 45.6 (CH,), 36.4 (CH»), 25.5 (CH),
22.3 (CHs); IR (neat, cm™) 3286 (s), 3145 (s), 2959 (m), 1652 (s), 1606 (s), 1531 (m),
1495 (m), 1398 (m), 1340 (m), 1296 (m), 1207 (m), 1087 (s), 1043 (s), 826 (m), 746 (s),
637 (m); HRMS (ESI) calculated for C;H2¢NgO4S + H™ 459.1809, found 459.1811; M.P.

188-189°C.

Compound 18.
Under inert atmosphere conditions, compound 10 (0.366 mmol), 2-chloroethyl

isocyanate (1.46 mmol), and glacial acetic acid (5 drops), were stirred in anhydrous

ethanol (10 ml) for 16 hours at r.t.. The resulting clear gel was neutralized with NaOH
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(10%, 20 drops) and concentrated in vacuo. The addition of EtOAc (20 ml) and water (20

ml) precipitated a tan solid. The solid was collected and recrystallized in methanol and
water, heating to 65°C, and then cooling to 4°C overnight. The intermediate compound 42
was checked by NMR; 'H (300MHz DMSO): & 8.34 (s, 1H), & 8.15 (s, 1H), & 7.55 (m,
1H), 8 7.37 (m, 1H), 8 7.28 (br s, 2H), & 7.22 (m, 1H), 6 6.98 (br s, 1H), 8 6.96 (m, 1H), 6
5.89 (d, J= 6.0 Hz, 1H), 8 5.51 (br s, 1H), 8 5.36 (br s, 1H), 5 4.80 (m, 1H), 6 4.20 (m,
1H), 6 4.01 (m, 1H), 6 3.77 (m, 2H), 6 3.41 (dd, J = 13.9, 6.0 Hz, 1H), 6 3.36 (m, 2H), 6
3.28 (dd, J = 13.9, 7.3 Hz, 1H). Compound 42 (0.0917 mmol) was dissolved in water (2
ml) and formic acid (1 ml) at 0°C. Sodium nitrite (0.458 mmol) was added and the
resulting mixture was stirred, warming to r.t. over 5 hours. The orange precipitate was
filtered and rinsed with water. Recrystallization was performed in methanol, heating to
65°C, then cooling to 4°C overnight. Orange solid (7% yield over two steps); 'H
(500MHz DMSO): 6 8.34 (s, 1H), 6 8.15 (s, 1H), 8 7.70 (m, 1H), & 7.55 (m, 1H), 6 7.38
(m, 1H), 6 7.29 (br s, 2H), 8 7.22 (m, 1H), 6 5.89 (d, /= 5.7 Hz, 1H), 6 5.54 (d, /= 6.3
Hz, 1H), 6 5.39 (d, J = 5.2 Hz, 1H), 6 4.82 (m, 1H), 8 4.22 (m, 1H), 6 4.04 (m, 1H), 6
3.95 (m, 2H), 6 3.83 (m, 2H), 6 3.47 (dd, J = 13.9, 5.8 Hz, 1H), 6 3.36 (dd, J = 14.0, 7.2
Hz, 1H); PC (500MHz DMSO): 157. 0 (C), 156.5 (C), 153.2 (CH), 149.9 (C), 140.4
(CH), 139.1 (C), 137.8 (C), 130.2 (CH), 124.8 (CH), 119.8 (C), 118.8 (CH), 117. 2 (CH),
88. 3 (CH), 83.3 (CH), 73.5 (CH), 73.1 (CH), 42.6 (CH,), 38. 4 (CH,), 35.4 (CHy); IR
(neat, cm™) 3334 (m), 3124 (m), 2908 (w), 1708 (m), 1646 (s), 1592 (s), 1483 (s), 1409

(s), 1215 (s), 1086 (s); M.P. 161-163°C.
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Attempted synthesis of compound 19.
Under inert atmosphere conditions, compound 11 (0.535 mmol), 2-chloroethyl

isocyanate (2.14 mmol), and glacial acetic acid (25 drops), were stirred in anhydrous
ethanol (10 ml) for 16 hours at r.t. (slurry). The resulting clear gel was neutralized with
NaOH (10%) and concentrated in vacuo. The addition of EtOAc (20 ml), CH,Cl, (10 ml)
and water (20 ml) precipitated a tan solid. The solid was collected and recrystallized in
methanol and water, heating to 65°C, and then cooling to r.t. for 1 hour. The intermediate
compound 43 was checked by NMR; 'H (300MHz DMSO): & 8.72 (s, 1H), & 8.35 (s,
1H), 6 8.15 (s, 1H), 6 7.36 (m, 2H), & 7.29 (br s, 2H), & 7.28 (m, 2H), 8 6.41 (m, 1H), 6
5.88(d, J=6.0 Hz, 1H), 6 5.49 (d, /= 6.1 Hz, 1H), 8 5.33 (d, /= 4.8 Hz, 1H), 6 4.79 (m,
1H), 6 4.15 (m, 1H), & 3.94 (m, 1H), 6 3.65 (m, 2H), ¢ 3.41 (m, 2H), 6 3.29 (dd, J = 14.1,
6.5 Hz, 1H), 6 3.17 (dd, /= 13.1, 7.5 Hz, 1H). Compound 43 (0.198 mmol) was stirred in
water (3 ml) and formic acid (0.5 ml) at 0°C (slurry). Sodium nitrite (0.569 mmol) was
added and the resulting mixture was stirred at r.t. for 2 hours. The yellow slurry was
heated to 70°C and then cooled to 4°C overnight. Tan solid (36% yield over two steps);
'H (500MHz DMSO): & 8.48 (s, 1H), 8 8.35 (s, 1H), 5 8.15 (s, 1H), & 7.40 (m, 2H), &
7.28 (br s, 2H), 8 7.26 (m, 2H), 6 5.88 (d, J = 6.0 Hz, 1H), 6 4.78 (m, 1H), 5 4.15 (m,
1H), 6 3.94 (m, 1H), 6 3.62 (m, 2H), 6 3.38 (m, 2H), 6 3.28 (dd, J = 13.8, 6.3 Hz, 1H), 6
3.15 (dd, J = 13.6, 6.7 Hz, 1H); °C (500MHz DMSO): § 156.0 (C), 155.2 (C), 152.6
(CH), 149.5 (C), 139.9 (CH), 131.0 (CH), 130.9 (CH), 125.8 (C), 119.1 (C), 118.2 (CH),
87.2 (CH), 82.9 (CH), 72.6 (CH), 72.5 (CH), 44.1 (CH,), 41.2 (CH»), 37.1 (CH,); IR
(neat, cm™) 3315 (m), 3127 (m), 2940 (w), 2832 (m), 164 (s), 1596 (s), 1553 (s), 1499
(s), 1359 (s), 1237 (s), 1091 (s), 989 (m), 812 (m), 774 (s), 634 (s), 509 (s); M.P. 166-

167°C.
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4.7 MTAP-XO Coupled Assay Procedure
The protocol for this assay was based on the protocols described by Kung et al.

and Savarese et al. (103, 153). The MTAP enzyme was purchased from Origene, and the
xanthine oxidase (XO) enzyme was purchased from Sigma-Aldrich. The enzymes were
thawed on ice. All solutions were diluted in PBS buffer (1xPBS, pH 7.4, 0.1M) and the
microplate reader was kept at 37°C. The final volume of each well in the 96 well plate
was 100 pL. The substrates (MTA, PTA, adenosine compounds 1-17) were diluted from
100 mM DMSO stock solutions to working solutions of 5 mM and 0.5 mM. 20 pL of the
5 mM solution gave wells with a substrate final concentration of 1 mM, while 20 pL of
the 0.5 mM solutions gave wells with a final substrate concentration of 0.1 mM. Each
substrate was tested with the MTAP enzyme present (MTAP+), using 20 pL of a
0.02pg/uL (or 0.012pg/ul) MTAP working solution, and with MTAP absent (MTAP-).
Each well also contained 0.5 units of XO, from 10 pL of a 0.05 U/pL XO working
solution. In summary, each well contained: (1) 10uL of 0.05 U/uL XO working solution,
(2) 20 pL of substrate working solution (either 5 mM or 0.5 mM), (3) 20 pL of
0.02pg/ul. (or 0.012pg/uL) MTAP working solution (MTAP+), or 0 pL of MTAP
working solution (MTAP-), and (4) diluted to 100 puL with 50 uL. PBS buffer (MTAP+)
or 70 uL PBS buffer (MTAP-). The absorbance of the wells was measured at 305 nm,
monitoring for 5 minute intervals. The slope of the change in absorbance of MTAP+
wells gave a value analogous to the rate of cleavage by MTAP.

The first assay (for compounds 1-8) involved a 0.02ug/ul. MTAP working

solution and three 5-minute runs. MTA and PTA were used as controls. The slope and
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slope error (using the LINEST array function on Excel) was measured for each replicate,
and all three replicates were used to calculate an average slope and the corresponding
standard error (calculated as the square root of the sum of the squares of the standard
error of each replicate). These slopes were then set relative to the slope of MTA and error
was calculated for the adjustment: each substrate slope was divided by the slope of MTA

and multiplied by 100; and the following equation was used to calculate the standard

Dz  2|(Da\? Db\? )
error: — = (—) + (T) , where Dz is the standard error of the value z, etc. See

a
Appendix B for tables of the slopes and standard errors.

The second assay (for compounds 9-17) involved a 0.012pg/uL MTAP working
solution and fen 5-minute runs. MTA and adenosine were used as controls. The slopes
and standard errors were calculated in the same manner as the first assay. See Appendix

B for the data.

4.8 MTT Assay (Cytotoxicity)
Both MTT assays were performed by Dr. Hongwei Cheng at the BC Cancer

Agency, Vancouver. The protocol was constructed according to those described by Slater
et al., Van de Loosdrecht et al., and Alley et al. (172—174). The assay was performed in a
96 well assay, and each condition was in triplicate. Before the first day, PC3 (prostrate
cancer cells, high metastatic potential, MTAP+), Dul45 (prostrate cancer cells, moderate
metastatic potential, MTAP+), A549 (adenocarcinomic human alveolar basal epithelial
cells, MTAP-), MCF7 (breast cancer cells, MTAP-) cell lines were grown on 10 cm petri
dishes in complete media (RPMI1640 medium with 10% FBS) overnight at 37°C. On the

first day: trypsin (3 ml, 0.25% trypsin-EDTA solution, phenol red) was added to each
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petri dishes to detach cells. 5 ml of complete media was added to the trypsinized cells.
The suspension of cells was centrifuged for 5 minutes in a sterile 15 ml falcon tube at 500
rpm in a swinging bucket rotor (approximately 400 x g). The media was drained and the
cells were resuspended with complete media, for a total volume of 1.0 ml. The cells were
counted using a cell counter machine. The cells were diluted to 75 000 cells/ml using
complete media. 100 pL of the cells were added to each well and incubated overnight
(37°C). On day two: each cell was treated with the agonist (compounds 1-18), for final
concentrations of 20, 100, and 200uM in the first assay, or 10, 50, and 200 uM in the
second assay; and the volume in each well was adjusted to 100 pL. The cells were
incubated overnight (37°C). On day three: 20 pL of 5 mg/mL MTT solution (in PBS,
filtered sterilized) was added to each well. The suspensions were incubated for 3.5 hours
at 37°C. The media was removed (carefully, without disturbing cells or rinsing with
PBS). 150 uL MTT solvent (4 mM HCI, 0.1% Nondet P-40 in isopropanol) was added to
each well. The 96-well plate was covered with tinfoil and agitated on an orbital shaker for
15 minutes. The absorbance was read at 590 nm with a reference filter of 620 nm. Each
concentration of agonist with each cell line was performed in triplicate, and the standard
error was calculated for these replicates (represented in Appendix B as error bars). The
average absorbances of the triplicate wells was set relative to the average absorbance of
the triplicate wells containing the control cell line (no agonist). In the second assay, the

control was not run in triplicate and is not shown in the bar graphs (Appendix B).



86
Bibliography

1) Boorse, C. (1977). Health as a theoretical concept. Philosophy of Science, 542-573.

2) Cooper, R. (2002). Disease. Studies in History and Philosophy of Science Part C:
Studies in History and Philosophy of Biological and Biomedical Sciences, 33(2), 263-
282.

3) Ereshefsky, M. (2009). Defining ‘health’and ‘disease’. Studies in History and
Philosophy of Science Part C: Studies in History and Philosophy of Biological and
Biomedical Sciences, 40(3), 221-227.

4) Jellinek, E. M. (1960). The disease concept of alcoholism. Oxford, England:
Hillhouse.

5) Gonsiorek, John C. (1991). The empirical basis for the demise of the illness model of
homosexuality. In Homosexuality: Research Implications for Public Policy (pp. 115-
136). Thousand Oaks, CA, US: Sage Publications.

6) Bagatell, N. (2010). From cure to community: Transforming notions of autism. Ethos,
38(1), 33-55.

7) Plato, Emlyn-Jones, C. J., & William P. (2013). Republic. Cambridge, MA: Harvard
UP. Print.

8) Breasted, J. H. (1930). The Edwin Smith Papyrus, vol. 1. The University of Chicago
Press, Chicago.

9) Hajdu, S. I. (2004). Greco-Roman thought about cancer. Cancer, 100(10), 2048-
2051.

10) Hajdu, S. I. (2016). Pathfinders in oncology from ancient times to the end of the
Middle Ages. Cancer, 122(11), 1638-1646.

11)Hill, B. T. (2014). Etiology of Cancer. In Clinical Ophthalmic Oncology (pp. 13-19).
Springer Berlin Heidelberg.

12) de Martel, C., & Franceschi, S. (2009). Infections and cancer: established associations
and new hypotheses. Critical Reviews in Oncology/Hematology, 70(3), 183-194.

13) Khorana, A. A., & Burtness, B. A. (2015). Cancer biology and etiological factors. In
Andreoli and Carpenter's Cecil Essentials of Medicine (pp. 594-597). Elsevier Health
Sciences.

14) Aggarwal, B. B., Vijayalekshmi, R. V., & Sung, B. (2009). Targeting inflammatory
pathways for prevention and therapy of cancer: short-term friend, long-term foe.
Clinical Cancer Research, 15(2), 425-430.

15) Park, E. J. et al. (2010). Dietary and genetic obesity promote liver inflammation and
tumorigenesis by enhancing IL-6 and TNF expression. Cell, 140(2), 197-208.

16) Khasawneh, J. et al. (2009). Inflammation and mitochondrial fatty acid B-oxidation
link obesity to early tumor promotion. Proceedings of the National Academy of
Sciences, 106(9), 3354-3359.

17) Takahashi, H., Ogata, H., Nishigaki, R., Broide, D. H., & Karin, M. (2010). Tobacco
smoke promotes lung tumorigenesis by triggering IKKB-and JNKI-dependent
inflammation. Cancer cell, 17(1), 89-97.

18) Schottenfeld, D. (1979). Alcohol as a co-factor in the etiology of cancer. Cancer,
43(S5), 1962-1966.

19) Grivennikov, S. L., Greten, F. R., & Karin, M. (2010). Immunity, inflammation, and



87

cancer. Cell, 140(6), 883-899.

20)Penn, I. (1997). Occurrence of cancers in immunosuppressed organ transplant
recipients. Clinical transplants, 147-158.

21)Lynch, H. T., & de la Chapelle, A. (2003). Hereditary colorectal cancer. New
England Journal of Medicine, 348(10), 919-932.

22)Knudson, A. G. (1985). Hereditary cancer, oncogenes, and antioncogenes. Cancer
Research, 45(4), 1437-1443.

23) Canadian cancer society’s advisory committee on cancer statistics (2015). Canadian
cancer statistics 2015. Toronto, ON. URL (accessed Jan 2016):
https://www.cancer.ca/~/media/cancer.ca/CW/cancer%s20information/cancer%20101
/Canadian%20cancer%20statistics/Canadian-Cancer-Statistics-2015-EN.pdf

24) American cancer society (2016). Cancer facts and figures. Atlanta, Ga. URL
(accessed May 2016):
http://'www.cancer.org/acs/groups/content/@research/documents/document/acspc-
047079.pdf.

25)Golub, T. R. et al. (1999). Molecular classification of cancer: class discovery and
class prediction by gene expression monitoring. Science, 286(5439), 531-537.

26) Abernethy, A. et al. (2014). Turning the tide against cancer through sustained medical
innovation: the pathway to progress. Clinical Cancer Research, 20(5), 1081-1086.

27) American association for cancer research (2015). AACR cancer progress report.
Philadelphia, PA. URL (accessed Jan 2016):
http://www.aacr.org/Documents/CPR15 _FULL embargoed.pdf.

28) California biomedical research association. Fact sheet new drug development process.
URL (accessed May 2016): http://www.ca-biomed.org/pdf/media-kit/fact-
sheets/CBRADrugDevelop.pdf-

29) Torjesen, 1. (2015). Drug development: the journey of a medicine from lab to shelf.
The Pharmaceutical Journal, PJ. URL (accessed May 2016):
http://www.pharmaceutical-journal.com/publications/tomorrows-pharmacist/drug-
development-the-journey-of-a-medicine-from-lab-to-shelf/20068196.article.

30) Enstrom, J. E., & Austin, D. F. (1977). Interpreting cancer survival rates.
Science, 195(4281), 847-851.

31) Welch, H. G., Schwartz, L. M., & Woloshin, S. (2000). Are increasing 5-year
survival rates evidence of success against cancer? Journal of the American Medical
Association, 283(22), 2975-2978.

32) Ellison, L. F. (2014). Adjusting relative survival estimates for cancer mortality in the
general population. Health Reports, 25(11), 3.

33) Lexchin, J. (2012). Sponsorship bias in clinical research. International Journal of
Risk & Safety in Medicine, 24(4), 233-242.

34) Ghaemi, S. N., Shirzadi, A. A., & Filkowski, M. (2008). Publication bias and the
pharmaceutical industry: the case of lamotrigine in bipolar disorder. The Medscape
Journal of Medicine, 10(9), 211.

35)Khorana, A. A., & Burtness, B. A. (2015). Principles of cancer therapy. In Andreoli
and Carpenter's Cecil Essentials of Medicine (pp. 621-628). Elsevier Health
Sciences.

36) Ghaferi, A. A., & Dimick, J. B. (2012). Variation in mortality after high-risk cancer
surgery: failure to rescue. Surgical Oncology Clinics of North America, 21(3), 389-



88

395.

37) Gunderson, L. L., & Sosin, H. (1974). Areas of failure found at reoperation (second
or symptomatic look) following “curative surgery” for adenocarcinoma of the rectum:
clinicopathologic correlation and implications for adjuvant therapy. Cancer, 34(4),
1278-1292.

38)Roach, M., Hanks, G., Thames, H., Schellhammer, P., Shipley, W. U., Sokol, G. H.,
& Sandler, H. (2006). Defining biochemical failure following radiotherapy with or
without hormonal therapy in men with clinically localized prostate cancer:
recommendations of the RTOG-ASTRO Phoenix Consensus Conference.
International Journal of Radiation Oncology* Biology* Physics, 65(4), 965-974.

39) Herskovic, A. et al. (1992). Combined chemotherapy and radiotherapy compared with
radiotherapy alone in patients with cancer of the esophagus. New England Journal of
Medicine, 326(24), 1593-1598.

40) Overgaard, M. et al. (1997). Postoperative radiotherapy in high-risk premenopausal
women with breast cancer who receive adjuvant chemotherapy. New England Journal
of Medicine, 337(14), 949-955.

41) Bristow, R. E., Eisenhauer, E. L., Santillan, A., & Chi, D. S. (2007). Delaying the
primary surgical effort for advanced ovarian cancer: a systematic review of
neoadjuvant chemotherapy and interval cytoreduction. Gynecologic Oncology,
104(2), 480-490.

42) Simmonds, P. C. (2000). Palliative chemotherapy for advanced colorectal cancer:
systematic review and meta-analysis. British Medical Journal, 321(7260), 531.

43) Glioma meta-analysis trialists group (2002). Chemotherapy in adult high-grade
glioma: a systematic review and meta-analysis of individual patient data from 12
randomised trials. The Lancet, 359(9311), 1011-1018.

44) Shewach, D. S., Kuchta, R. D. (2009). Introduction to cancer chemotherapeutics.
Chemical Reviews, 109(7), 2859-2861.

45)Hess, J. A., Khasawneh, M. K. (2015). Cancer metabolism and oxidative stress:
Insights into carcinogenesis and chemotherapy via the non-dihydrofolate reductase
effects of methotrexate. BBA Clinical, 3, 152—161.

46) Yvon, A. C., Wadsworth, P., & Jordan, M. A. (1999). Taxol suppresses dynamics of
individual microtubules in living human tumor cells. Molecular Biology of the Cell,
10(4), 947-959.

47)Snapka, R. M. (1986). Topoisomerase inhibitors can selectively interfere with
different stages of simian virus 40 DNA replication. Molecular and Cellular Biology,
6(12), 4221-4227.

48)Roe, S. M., Prodromou, C., O'Brien, R., Ladbury, J. E., Piper, P. W., & Pearl, L. H.
(1999). Structural basis for inhibition of the Hsp90 molecular chaperone by the
antitumor antibiotics radicicol and geldanamycin. Journal of Medicinal Chemistry,
42(2), 260-266.

49)Lee, M. D., Dunne, T. S., Siegel, M. M., Chang, C. C., Morton, G. O., & Borders, D.
B. (1987). Calichemicins, a novel family of antitumor antibiotics. 1. Chemistry and
partial structure of calichemicin. gamma. 11. Journal of the American Chemical
Society, 109(11), 3464-3466.

50)Maeda, H. (1981). Neocarzinostatin in cancer chemotherapy (review). Anticancer
Research, 1(3), 175.



&9

51)Bajzer, Huzak, & Vuk-Pavlovi¢ (2012). Mathematical modeling of tumor growth
kinetics. In A Survey of Models for Tumor-Immune System Dynamics. Springer
Science & Business Media.

52)Meng, H., Liong, M., Xia, T., Li, Z., Ji, Z., Zink, J. 1., & Nel, A. E. (2010).
Engineered design of mesoporous silica nanoparticles to deliver doxorubicin and P-
glycoprotein siRNA to overcome drug resistance in a cancer cell line. ACS Nano,
4(8), 4539-4550.

53) Guo, W., Healey, J. H., Meyers, P. A., Ladanyi, M., Huvos, A. G., Bertino, J. R., &
Gorlick, R. (1999). Mechanisms of methotrexate resistance in osteosarcoma. Clinical
Cancer Research, 5(3), 621-627.

54) Gerber, D. E. (2008). Targeted therapies: a new generation of cancer treatments.
American Family Physician, 77(3), 311-319.

55) Strebhardt, K., & Ullrich, A. (2008). Paul Ehrlich's magic bullet concept: 100 years of
progress. Nature Reviews Cancer, 8(6), 473-480.

56) Watanabe, Fumiaki et al. (2008). Immunohistochemical diagnosis of
methylthioadenosine phosphorylase (MTAP) deficiency in non-small cell lung
carcinoma. Lung Cancer, 63(1), 39-44.

57)Tran P. T. et al. (1997). Molecular cloning of the human methylthioadenosine
phosphorylase processed pseudogene and localization to 3q28. Gene, 186, 263-269.

58) Kamatani, N., & Carson, D. A. (1981). Dependence of adenine production upon
polyamine synthesis in cultured human lymphoblasts. Biochimica et Biophysica Acta-
General Subjects, 675(3), 344-350.

59) Kamatani, N., Nelson-Rees, W. A., & Carson, D. A. (1981). Selective killing of
human malignant cell lines deficient in methylthioadenosine phosphorylase, a purine
metabolic enzyme. Proceedings of the National Academy of Sciences, 78(2), 1219-
1223.

60) Toohey, J. 1. (1977). Methylthio group cleavage from methylthioadenosine.
Description of an enzyme and its relationship to the methylthio requirement of certain
cells in culture. Biochemical and Biophysical Research Communications, 78(4),
1273-1280.

61) Fitchen, J. H., Riscoe, M. K., Dana, B. W., Lawrence, H. J., & Ferro, A. J. (1986).
Methylthioadenosine phosphorylase deficiency in human leukemias and solid tumors.
Cancer research, 46(10), 5409-5412.

62) Nobori, T., Karras, J. G., Della Ragione, F., Waltz, T. A., Chen, P. P., & Carson, D.
A. (1991). Absence of methylthioadenosine phosphorylase in human gliomas. Cancer
Research, 51(12), 3193-3197.

63) Nobori, T., Szinai, 1., Amox, D., Parker, B., Olopade, O. 1., Buchhagen, D. L., &
Carson, D. A. (1993). Methylthioadenosine phosphorylase deficiency in human non-
small cell lung cancers. Cancer Research, 53(5), 1098-1101.

64) Toohey, J. 1. (1978). Methylthioadenosine nucleoside phosphorylase deficiency in
methylthio-dependent cancer cells. Biochemical and Biophysical Research
Communications, 83(1), 27-35.

65) Kamatani, N., Yu, A. L., & Carson, D. A. (1982). Deficiency of methylthioadenosine
phosphorylase in human leukemic cells in vivo. Blood, 60(6), 1387-1391.

66) Kindler, H. L., Burris III, H. A., Sandler, A. B., & OIliff, I. A. (2009). A phase II
multicenter study of L-alanosine, a potent inhibitor of adenine biosynthesis, in



90

patients with MTAP-deficient cancer. Investigational New Drugs, 27(1), 75-81.

67) Powell, E. L. et al. (2005). Concordant loss of MTAP and pl6/CDKN2A expression
in gastroesophageal carcinogenesis: evidence of homozygous deletion in esophageal
noninvasive precursor lesions and therapeutic implications. The American Journal of
Surgical Pathology, 29(11), 1497-1504.

68)Illei, P. B., Rusch, V. W., Zakowski, M. F., & Ladanyi, M. (2003). Homozygous
deletion of CDKN2A and codeletion of the methylthioadenosine phosphorylase gene
in the majority of pleural mesotheliomas. Clinical Cancer Research, 9(6), 2108-2113.

69) M’soka, T. J. et al. (2000). Detection of methylthioadenosine phosphorylase (MTAP)
and pl6 gene deletion in T cell acute lymphoblastic leukemia by real-time
quantitative PCR assay. Leukemia (08876924), 14(5).

70) Schmid, M., Malicki, D., Nobori, T., Rosenbach, M. D., Campbell, K., Carson, D. A.,
& Carrera, C. J. (1998). Homozygous deletions of methylthioadenosine
phosphorylase (MTAP) are more frequent than pl6™<** (CDKN2) homozygous
deletions in primary non-small cell lung cancers (NSCLC). Oncogene, 17(20), 2669-
2675.

71)Hori, Y. et al. (1998). The methylthioadenosine phosphorylase gene is frequently co-
deleted with the pl16™"* gene in acute type adult T-cell leukemia. International
Journal of Cancer, 75, 51-56.

72) Behrmann, 1., Wallner, S., Komyod, W., Heinrich, P. C., Schuierer, M., Buettner, R.,
& Bosserhoff, A. K. (2003). Characterization of methylthioadenosin phosphorylase
(MTAP) expression in malignant melanoma. The American Journal of Pathology,
163(2), 683-690.

73) Garcia-Castellano, J. M. et al. (2002). Methylthioadenosine phosphorylase gene
deletions are common in osteosarcoma. Clinical Cancer Research, 8(3), 782-787.
74)Li, W. et al. (2004). Status of methylthioadenosine phosphorylase and its impact on
cellular response to L-alanosine and methylmercaptopurine riboside in human soft
tissue sarcoma cells. Oncology Research Featuring Preclinical and Clinical Cancer

Therapeutics, 14(7-8), 373-379.

75) Hustinx, S. R. et al. (2005). Concordant loss of MTAP and pl6/CDKN2A expression
in pancreatic intraepithelial neoplasia: evidence of homozygous deletion in a
noninvasive precursor lesion. Modern Pathology, 18(7), 959-963.

76)Hustinx, S. R. et al. (2005). Homozygous deletion of the MTAP gene in invasive
adenocarcinoma of the pancreas and in periampullary cancer: a potential new target
for therapy. Cancer Biology & Therapy, 4(1), 90-93.

77) Dreyling, M. H. et al. (1998). Codeletion of CDKN2 and MTAP genes in a subset of
non-Hodgkin's lymphoma may be associated with histologic transformation from
low-grade to diffuse large-cell lymphoma. Genes Chromosomes Cancer, 22(1), 72-
78.

78)Kamb, A. et al. (1994). A cell cycle regulator potentially involved in genesis of many
tumor types. Science, 264(5157), 436-440.

79) Nobori, T., Mirua, K., Wu, D., Lois, A., Takabayaski K, & Carson, D. A. (1994)
Deletions of the cyclin-dependent kinase-4 inhibitor gene in multiple human cancers.
Nature 368, 753-756.

80) Weaver-Feldhaus, J., Gruis, N. A., Neuhausen, S., Le Paslier, D., Stockert, E.,
Skolnick, M. H., & Kamb, A. (1994). Localization of a putative tumor suppressor



91

gene by using homozygous deletions in melanomas. Proceedings of the National
Academy of Sciences, 91(16), 7563-7567.

81)Olopade, O. 1. et al. (1995). Construction of a 2.8-megabase yeast artificial
chromosome contig and cloning of the human methylthioadenosine phosphorylase
gene from the tumor suppressor region on 9p2l. Proceedings of the National
Academy of Sciences, 92(14), 6489-6493.

82) Collins, C. C. et al. (2012). Next generation sequencing of prostate cancer from a
patient identifies a deficiency of methylthioadenosine phosphorylase (MTAP), an
exploitable tumor target. Molecular Cancer Therapeutics, 11(3), 775-783.

83) Clurman, B. E., & Groudine, M. (1998). The CDKN2A tumor-suppressor locus—a
tale of two proteins. New England Journal of Medicine, 338(13), 910-912.

84) Nobori, T., Takabayashi, K., Tran, P., Orvis, L., Batova, A., Yu, A. L., & Carson, D.
A. (1996). Genomic cloning of methylthioadenosine phosphorylase: a purine
metabolic enzyme deficient in multiple different cancers. Proceedings of the National
Academy of Sciences, 93(12), 6203-6208.

85)Hatta, Y., Hirama, T., Miller, C. W., Yamada, Y., Tomonaga, M., & Koeffler, H. P.
(1995). Homozygous deletions of the p15 (MTS2) and p16 (CDKN2/MTS1) genes in
adult T-cell leukemia. Blood, 8§5(10), 2699-2704.

86) Ogawa, S. et al. (1994). Homozygous loss of the cyclin-dependent kinase 4-inhibitor
(p16) gene in human leukemias. Blood, 84(8), 2431-2435.

87) Quesnel, B. et al. (1995). pl6 gene homozygous deletions in acute lymphoblastic
leukemia. Blood, 85(3), 657-663.

88) Caldas, C. et al.1994). Frequent somatic mutations and homozygous deletions of the
pl6 (MTS1) gene in pancreatic adenocarcinoma. Nature Genetics, 8(1), 27-32.

89)Jen, J. et al. (1994). Deletion of p16 and p15 genes in brain tumors. Cancer Research,
54(24), 6353-6358.

90) Stadler, W. M., & Olopade, O. 1. (1996). The 9p21 region in bladder cancer cell lines:
Large homozygous deletions inactivate the CDKN2, CDKN2B and MTAP genes.
Urological Research, 24(4), 239-244.

91)Kadariya, Y. et al. (2009). Mice heterozygous for germ-line mutations in
methylthioadenosine phosphorylase (MTAP) die prematurely of T-cell lymphoma.
Cancer Research, 69(14), 5961-5969.

92) Subhi, A. L. et al. (2004). Loss of methylthioadenosine phosphorylase and elevated
ornithine decarboxylase is common in pancreatic cancer. Clinical Cancer Research,
10(21), 7290-7296.

93)Karikari, C. A. et al. (2005). Homozygous deletions of methylthioadenosine
phosphorylase in human biliary tract cancers. Molecular Cancer Therapeutics, 4(12),
1860-1866.

94)Marcé, S. et al. (2006). Lack of methylthioadenosine phosphorylase expression in
mantle cell lymphoma is associated with shorter survival: implications for a potential
targeted therapy. Clinical Cancer Research, 12(12), 3754-3761.

95) Krasinskas, A. M., Bartlett, D. L., Cieply, K., & Dacic, S. (2010). CDKN2A and
MTAP deletions in peritoneal mesotheliomas are correlated with loss of pl6 protein
expression and poor survival. Modern Pathology, 23(4), 531-538.

96)Huang, H. Y. et al. (2009). Homozygous deletion of MTAP gene as a poor
prognosticator in gastrointestinal stromal tumors. Clinical Cancer Research, 15(22),



92

6963-6972.

97) Behrmann, 1., Wallner, S., Komyod, W., Heinrich, P. C., Schuierer, M., Buettner, R.,
& Bosserhoff, A. K. (2003). Characterization of methylthioadenosin phosphorylase
(MTAP) expression in malignant melanoma. The American Journal of Pathology,
163(2), 683-690.

98) Pegg, A. E., & McCann, P. P. (1982). Polyamine metabolism and function. American
Journal of Physiology-Cell Physiology, 243(5), C212-C221.

99) Kirovski, G., et al. (2011). Down-regulation of methylthioadenosine phosphorylase
(MTAP) induces progression of hepatocellular carcinoma via accumulation of 5'-
deoxy-5"-methylthioadenosine (MTA). The American Journal of Pathology, 178(3),
1145-1152

100) Pascale, R. M., Simile, M. M., De Miglio, M. R., & Feo, F. (2002).
Chemoprevention of hepatocarcinogenesis: S-adenosyl-L-methionine. Alcohol, 27(3),
193-198.

101) Pajula, R. L., & Raina, A. (1979). Methylthioadenosine, a potent inhibitor of
spermine synthase from bovine brain. FEBS Letters, 99(2), 343-345.

102) Pegg, A., & Williams-Ashman, H. G. (1969). Phosphate-stimulated breakdown of
5'-methylthioadenosine by rat ventral prostate. Biochemical Journal, 115(2), 241-247.

103) Kung, P. P. et al. (2005). Design, synthesis, and biological evaluation of novel
human  5'-deoxy-5'-methylthioadenosine  phosphorylase (MTAP) substrates.
Bioorganic & Medicinal Chemistry Letters, 15(11), 2829-2833.

104) Bertino, J. R., Waud, W. R., Parker, W. B., & Lubin, M. (2011). Targeting tumors
that lack methylthioadenosine phosphorylase (MTAP) activity: Current strategies.
Cancer Biology & Therapy, 11(7), 627-632.

105) Carson, D. A., Willis, E. H., & Kamatani, N. (1983). Metabolism to methionine and
growth stimulation by 5'-methylthioadenosine and 5'-methylthioinosine in
mammalian cells. Biochemical and Biophysical Research Communications, 112(2),
391-397.

106) Backlund, P. S., & Smith, R. A. (1981). Methionine synthesis from 5'-
methylthioadenosine in rat liver. Journal of Biological Chemistry, 256(4), 1533-1535.

107) Backlund, P. S., Chang, C. P., & Smith, R. A. (1982). Identification of 2-keto-4-
methylthiobutyrate as an intermediate compound in methionine synthesis from 5'-
methylthioadenosine. Journal of Biological Chemistry, 257(8), 4196-4202.

108) Tang, B., Li, Y. N., & Kruger, W. D. (2000). Defects in methylthioadenosine
phosphorylase are associated with but not responsible for methionine-dependent
tumor cell growth. Cancer Research, 60(19), 5543-5547.

109) Hori, H., Tran, P., Carrera, C. J., Hori, Y., Rosenbach, M. D., Carson, D. A., &
Nobori, T. (1996). Methylthioadenosine phosphorylase cDNA transfection alters
sensitivity to depletion of purine and methionine in A549 lung cancer cells. Cancer
Research, 56(24), 5653-5658.

110) Chen, Z. H., Olopade, O. 1., & Savarese, T. M. (1997). Expression of
methylthioadenosine phosphorylase ¢cDNA in pl6, MTAP malignant cells:
restoration of methylthioadenosine phosphorylase-dependent salvage pathways and
alterations of sensitivity to inhibitors of purine de novo synthesis. Molecular
Pharmacology, 52(5), 903-911.

111) Lubin, M., & Lubin, A. (2009). Selective killing of tumors deficient in



93

methylthioadenosine phosphorylase: a novel strategy. PloS ONE 4(5), e5735.

112) Caldas, C. et al. (1994). Frequent somatic mutations and homozygous deletions of
the p16 (MTS1) gene in pancreatic adenocarcinoma. Nature Genetics, 8(1), 27-32.
113) Batova, A., Diccianni, M. B., Nobori, T., Vu, T., Yu, J., Bridgeman, L., & Yu, A.
L. (1996). Frequent deletion in the methylthioadenosine phosphorylase gene in T-cell
acute lymphoblastic leukemia: strategies for enzyme-targeted therapy. Blood, 88(8),

3083-3090.

114) Burchenal, J. H. et al. (1951). The effects of the folic acid antagonists and 2, 6-
diaminopurine on neoplastic disease. With special reference to acute leukemia.
Cancer, 4(3), 549-569.

115) Gadi, V. K., Alexander, S. D., Waud, W. R., Allan, P. W., Parker, W. B., &
Sorscher, E. J. (2003). A long-acting suicide gene toxin, 6-methylpurine, inhibits
slow growing tumors after a single administration. Journal of Pharmacology and
Experimental Therapeutics, 304(3), 1280-1284.

116) Zhang, Y., Parker, W. B., Sorscher, E. J., & Ealick, S. E. (2005). PNP anticancer
gene therapy. Current Topics in Medicinal Chemistry, 5(13), 1259-1274.

117) Appleby, T. C., Mathews, I. 1., Porcelli, M., Cacciapuoti, G., & Ealick, S. E.
(2001). Three-dimensional structure of a hyperthermophilic 5'-deoxy-5'-
methylthioadenosine phosphorylase from Sulfolobus solfataricus. Journal of
Biological Chemistry, 276(42), 39232-39242.

118) Montgomery, J. A. (1970). The biochemical basis for the drug actions of purines.
Progress in Medicinal Chemistry, 7, 69-123.

119) Schnebli, H. P, Hill, D. L., & Bennett, L. L. (1967). Purification and properties of
adenosine kinase from human tumor cells of type H. Ep. No. 2. Journal of Biological
Chemistry, 242(9), 1997-2004.

120) Berne, R. M. (1980). The role of adenosine in the regulation of coronary blood
flow. Circulation Research, 47(6), 807-813.

121) Udaka, S., & Vennesland, B. (1962). Properties of triphosphopyridine nucleotide-
linked dihydroorotic dehydrogenase. Journal of Biological Chemistry, 237(6), 2018-
2024.

122) Stellrecht, C. M., Rodriguez, C. O., Ayres, M., & Gandhi, V. (2003). RNA-directed
actions of 8-chloro-adenosine in multiple myeloma cells. Cancer Research, 63(22),
7968-7974.

123) Galmarini, C. M., Mackey, J. R., & Dumontet, C. (2002). Nucleoside analogues
and nucleobases in cancer treatment. The Lancet Oncology, 3(7), 415-424.

124) Carter, S. K., Schabel, F. M., Broder, L. E., & Johnston, T. P. (1973). 1, 3-Bis (2-
chloroethyl)-1-nitrosourea (bcnu) and other nitrosoureas in cancer treatment: a
review. Advances in Cancer Research, 16,273-332.

125) Shibuya, T., & Morimoto, K. (1993). A review of the genotoxicity of 1-ethyl-1-
nitrosourea. Mutation Research/Reviews in Genetic Toxicology, 297(1), 3-38.

126) Bloom, L. et al. (2003). Combination therapies for treating methylthioadenosine
phosphorylase deficient cells. U.S. Patent Application No. 10/367,366.

127) Anglin, J. L., Deng, L., Yao, Y., Cai, G., Liu, Z., Jiang, H., Cheng, G., Chen, P,
Dong, S., Song, Y. (2012). Synthesis and Structure-Activity Relationship
Investigation of Adenosine-Containing Inhibitors of Histone Methyltransferase
DOTIL. Journal of Medicinal Chemistry, 55(18), 8066-8074.



94

128) Cornell, K. A., Primus, S., Martinez, J. A., & Parveen, N. (2009). Assessment of
methylthioadenosine/S-adenosylhomocysteine nucleosidases of Borrelia burgdorferi
as targets for novel antimicrobials using a novel high-throughput method. Journal of
Antimicrobial Chemotherapy, dkp129.

129) Gillet, L., Looze, Y., Deconinck, M., & Leonis, J. (1979). Binding capacities of
various analogues of S-adenosyl-L-homocysteine to protein methyltransferase II from
human erythrocytes. Experientia, 35(8), 1007-1009.

130) Shi, G. et al. (2012). Bisubstrate analogue inhibitors of 6-hydroxymethyl-7, 8-
dihydropterin pyrophosphokinase: new design with improved properties. Bioorganic
& Medicinal Chemistry, 20(1), 47-57.

131) Xu, L., Walseth, T. F., & Slama, J. T. (2005). Cyclic ADP-ribose analogues
containing the methylenebisphosphonate linkage: effect of pyrophosphate
modifications on Ca®" release activity. Journal of Medicinal Chemistry, 48(12), 4177-
4181.

132) Gupta, R. L. (2012). Preparation, fungitoxicity and quantitative structure activity
relationship of methyl esters of aryl carboxylic acids. Pesticide Research Journal,
24(1), 82-90.

133) Du, X., Liu, H., & Du, D. M. (2010). Rational tuning of the rigidity of a ligand
scaffold: synthesis of diphenylsulfide-linked bis(oxazoline) ligands and their
application in asymmetric allylic alkylation. Tetrahedron: Asymmetry, 21(2), 241-
246.

134) Robins, M. J., Neschadimenko, V., Ro, B. O., Yuan, C. S., Borchardt, R. T., &
Wnuk, S. F. (1998). Nucleic acid related compounds. 101. S-adenosyl-I-
homocysteine hydrolase does not hydrate (5'-fluoro) vinyl or (6'-halo) homovinyl
analogues derived from 3'-deoxyadenosine or 3'-(chloro or fluoro)-3'-
deoxyadenosine. The Journal of Organic Chemistry, 63(4), 1205-1211.

135) Franchetti, P. et al. (2009). N 6-cycloalkyl-and N 6-bicycloalkyl-C 5'(C 2')-
modified adenosine derivatives as high-affinity and selective agonists at the human
Al adenosine receptor with antinociceptive effects in mice. Journal of Medicinal
Chemistry, 52(8), 2393-2406.

136) Kohn, B. D., Kohn, P., & Dubin, A. (1971). Preparation of nucleosides via
isopropylidene sugar derivatives: Part VI. Synthesis of 9-o0-and 9-B-d-
allofuranosyladenines. Carbohydrate Research, 18(3), 349-355.

137) Olsson, R. A., Kusachi, S., Thompson, R. D., Ukena, D., Padgett, W., & Daly, J.
W. (1986). N6-substituted N-alkyladenosine-5'-uronamides: bifunctional ligands
having recognition groups for Al and A2 adenosine receptors. Journal of Medicinal
Chemistry, 29(9), 1683-1689.

138) Butora, G., Schmitt, C., Levorse, D. A., Streckfuss, E., Doss, G. A., & MacCoss,
M. (2007). The elusive 8-fluoroadenosine: a simple non-enzymatic synthesis and
characterization. Tetrahedron, 63(18), 3782-3789.

139) Liu, G. D., Gong, S. S., Yang, Q. K., & Sun, Q. (2014). Synthesis of nucleoside 5'-
H-phosphonothioates via nucleoside 5'-phosphinate intermediates. In Advanced
Materials Research (Vol. 848, pp. 223-226).

140) Meier, L., Monteiro, G. C., Baldissera, R. A., & Sa, M. M. (2010). Simple method
for fast deprotection of nucleosides by triethylamine-catalyzed methanolysis of
acetates in aqueous medium. Journal of the Brazilian Chemical Society, 21(5), 859-



95

866.

141) Blackburn, G. M., & Guo, M. J. (1993). Trifluoromethylphosphinyl bis-triazolides
in the synthesis of trifluoromethylphosphonate analogues of nucleotides. Tetrahedron
Letters, 34(1), 149-152.

142) Weissman, S. A., & Zewge, D. (2005). Recent advances in ether dealkylation.
Tetrahedron, 61(33), 7833-7863.

143) Volkov, E. M., Kubareva, E. A., Sergeev, V. N., & Oretskaya, T. S. (1990).
Synthesis of oligodeoxyribonucleotides containing 1, 2-dideoxy-D-ribofuranose.
Chemistry of Natural Compounds, 26(3), 351-353.

144) Shevchuk, M. 1., Shpak, S. T., & Tolochko, A. F. (1987). Synthesis of amino
derivatives and phosphorus derivatives based on 2-bromophthalide. Zhurnal
Obshchei Khimii, 57(4), 799-803.

145) Deepa G., Igbal, K. S., Xavier G. C. (1997), A process for the synthesis of 3',5'-
anhydro-9--D-xylofuranosyladenine showing antiviral activity from 9-B-D-
xylofuranosyladenine via tosylation and cyclocondensation. /N,178923 Al.

146) Gelin, M. et al. (2012). Screening and in situ synthesis using crystals of a NAD
kinase lead to a potent antistaphylococcal compound. Structure, 20(6), 1107-1117.
147) Jawalekar, A. M., Meeuwenoord, N., Cremers, J. S. G., Overkleeft, H. S., van der
Marel, G. A., Rutjes, F. P., & van Delft, F. L. (2008). Conjugation of nucleosides and
oligonucleotides by [3+ 2] cycloaddition. The Journal of Organic Chemistry, 73(1),

287-290.

148) Herdewijn, P. (1989). Reaction of adenine nucleosides, tosylated in the
carbohydrate moiety, with lithium triethylborohydride. Tetrahedron, 45(20), 6563-
6580.

149) Ciuffreda, P., Casati, S., & Manzocchi, A. (2007). Complete 'H and *C NMR
spectral assignment of o-and P-adenosine, 2'-deoxyadenosine and their acetate
derivatives. Magnetic Resonance in Chemistry, 45(9), 781-784.

150) Abraham, R. J., & Leonard, P. (2013). 'H NMR spectra. Part 29§: proton chemical
shifts and couplings in esters—the conformational analysis of methyl y-
butyrolactones. Magnetic Resonance in Chemistry, 51(1), 9-15.

151) Bingul, M., Kumar, N., & Black, D. S. (2016). Synthesis and reactions of new 2-
hydroxymethyldimethoxyindoles. Tetrahedron, 72(1), 234-239.

152) Saeed, A., & Ashraf, Z. (2006). Sodium borohydride reduction of aromatic
carboxylic acids via methyl esters. Journal of Chemical Sciences, 118(5), 419-423.
153) Savarese, T. M., Crabtree, G. W., & Parks, R. E. (1981). 5'-methylthioadenosine
phosphorylase—I: Substrate activity of 5’-deoxyadenosine with the enzyme from

Sarcoma 180 cells. Biochemical Pharmacology, 30(3), 189-199.

154) Bartoli, G., Bosco, M., Locatelli, M., Marcantoni, E., Massaccesi, M., Melchiorre,
P., & Sambri, L. (2004). A Lewis acid-mediated protocol for the protection of aryl
amines as their boc-derivatives. Synlett, (10), 1794-1798.

155) Liu, J., Chen, G., & Fang, X. (2015). Synthesis and characterization of high
performance poly(thioether imide)s via aromatic nucleophilic substitution reaction of
isomeric AB-type monomers. Polymer Bulletin, 72(12), 3269-3282.

156) Smil, D. et al. (2015). Discovery of a dual PRMT5-PRMT?7 inhibitor. 4CS
Medicinal Chemistry Letters, 6(4), 408-412.

157) Robins, M. J., Hansske, F., Wnuk, S. F., & Kanai, T. (1991). Nucleic acid related



96

compounds. 66. Improved syntheses of 5'-chloro-5'-deoxy-and 5'-S-aryl (or alkyl)-5'-
thionucleosides. Canadian Journal of Chemistry, 69(9), 1468-1474.

158) Ahn, Y. H,, Lee, J. S., & Chang, Y. T. (2007). Combinatorial rosamine library and
application to in vivo glutathione probe. Journal of the American Chemical Society,
129(15), 4510-4511.

159) Lintnerova, L., Kovacikova, L., Hanquet, G., & Boha¢, A. (2015). Selected
methodologies convenient for the synthesis of N, 5-diaryloxazole-2-amine
pharmacophore. Journal of Heterocyclic Chemistry, 52(2), 425-439.

160) Owen, D. A., Montana, J. G., Keily, J. F., Watson, R. J., & Baxter, A. D. (2003).
U.S. Patent No. 20,030,207,889. Washington, DC: U.S. Patent and Trademark Office.

161) Hesp, K. D., Bergman, R. G., & Ellman, J. A. (2011). Expedient synthesis of N-
acyl anthranilamides and pB-enamine amides by the Rh (III)-Catalyzed amidation of
aryl and vinyl C-H bonds with isocyanates. Journal of the American Chemical
Society, 133(30), 11430-11433.

162) Mounetou, E., Legault, J., Lacroix, J., & C-Gaudreault, R. (2001). Antimitotic
antitumor agents: synthesis, structure-activity relationships, and biological
characterization of N-aryl-N'-(2-chloroethyl) ureas as new selective alkylating agents.
Journal of Medicinal Chemistry, 44(5), 694-702.

163) Lown, J. W., & Chauhan, S. M. (1981). Synthesis of specifically nitrogen-15-and
carbon-13-labeled antitumor (2-haloethyl) nitrosoureas. The study of their
conformations in solution by nitrogen-15 and carbon-13 nuclear magnetic resonance
electronic control in their aqueous decomposition. The Journal of Organic Chemistry,
46(26), 5309-5321.

164) Pretsch, E., Biihlmann, P., Affolter, C., Pretsch, E., Bhuhlmann, P., & Affolter, C.
(2009). Structure Determination of Organic Compounds (Vol. 13). Berlin: Springer.

165) Domarkas, J., Dudouit, F., Williams, C., Qiyu, Q., Banerjee, R., Brahimi, F., &
Jean-Claude, B. J. (2006). The combi-targeting concept: synthesis of stable
nitrosoureas designed to inhibit the epidermal growth factor receptor (EGFR).
Journal of Medicinal Chemistry, 49(12), 3544-3552.

166) Gottlieb, H. E., Kotlyar, V., & Nudelman, A. (1997). NMR chemical shifts of
common laboratory solvents as trace impurities. The Journal of Organic Chemistry,
62(21), 7512-7515.

167) Justice, M. J., Noveroske, J. K., Weber, J. S., Zheng, B., & Bradley, A. (1999).
Mouse ENU mutagenesis. Human Molecular Genetics, 8(10), 1955-1963.

168) Buccheri, G., Ferrigno, D., & Rosso, A. (1993). A phase II study of methotrexate,
doxorubicin, cyclophosphamide, and lomustine chemotherapy and lonidamine in
advanced non-small cell lung cancer. Cancer, 72(5), 1564-1572.

169) Wang, Z., & Gleichmann, H. (1998). GLUT2 in pancreatic islets: crucial target
molecule in diabetes induced with multiple low doses of streptozotocin in mice.
Diabetes, 47(1), 50-56.

170) Schnedl, W. J., Ferber, S., Johnson, J. H., & Newgard, C. B. (1994). STZ transport
and cytotoxicity: specific enhancement in GLUT2-expressing cells. Diabetes, 43(11),
1326-1333.

171) Siddik, Z. H. (2002). Mechanisms of action of cancer chemotherapeutic agents:
DNA-interactive alkylating agents and antitumour platinum-based drugs. The Cancer
Handbook.



97

172) Slater, T. F., Sawyer, B., & Strduli, U. (1963). Studies on succinate-tetrazolium
reductase systems: III. Points of coupling of four different tetrazolium salts.
Biochimica et Biophysica Acta, 77, 383-393.

173) Van de Loosdrecht, A. A., Beelen, R. H. J., Ossenkoppele, G. J., Broekhoven, M.
G., & Langenhuijsen, M. M. A. C. (1994). A tetrazolium-based colorimetric MTT
assay to quantitate human monocyte mediated cytotoxicity against leukemic cells
from cell lines and patients with acute myeloid leukemia. Journal of Immunological
Methods, 174(1), 311-320.

174) Alley, M. C. et al. (1988). Feasibility of drug screening with panels of human tumor
cell lines using a microculture tetrazolium assay. Cancer Research, 48(3), 589-601.



Appendix A Spectral Data (NMR)

Compound 25 (CDCls)
1
H

*‘JJJJW”-L‘M

98



99
DEPT

SH

Compound 26 (CDCls)
1
H

..................... e
0 7.5 7 5 4.0 3.5 3 2.5 2.0 0 ppm
UL Ju L Il
S o u o~ o
> O | O N O]
e Y I _vé’ L‘




100
1B3e

‘.‘- T O vy
w0 . &
w0 N
- v




101

Compound 27 (CDCls)
1
H

SH

R 1 S L I | S
T T T T T T T T
8.0 7.5 7.0 6.5 6.0 5.5 5.0 4.5 4.0 3.5 3.0 2.5 2.0 ppm
| J | | I
) ol —) o)
o O] — (=
o ol o -

©0
. . T oW

o @ .

o ™ ~ W0 &
purt — ~e~~ w




102
DEPT

Compound 28 (CDCls)
'H
NH,
N X\
4
[/88 ) <N | .
~o0No H
o0.__0O
PaS
\MIJ N \‘L .l‘] J,J ‘M L' ,‘AL_Q )it,uw‘ L_"l.Lu!__ ll,,\_uw“ */‘i "!"‘JU&
| ‘] r ‘f ‘H H hl 3. 0 v‘y‘?r




Compound 29 (CDCIs)
1
H

103

....................... T T T BT T S A AR R
0 7.0 5 6.0 5. 4.5 4.0 1.5 ppr

J| I | | | | L

N — ve) o~ ™ W) || N

—|c ) o > =) — ¢ | e || &N

IR DR O ‘ R ‘ ‘ ‘;; ‘ ‘

Compound 30 (CDCls)
1
H

ll“_“JL__J_J___,A___,____‘_,_,"‘ A\ uJ_,,_.

................................................
|
H ‘



104
Compound 1 (DMSO)
1
H

SN
HaCO < J
0

L J

HsCO




105
DEPT

Compound 2 (DMSO)
1
H

H4CO «NfN




13C ]

Sv e
H4CO N SN
&

HaCO ¢

106



Compound 3 (DMSO)

'H
O
H4CO
NH.
N B
y; N
<
S N /)
\ o/ N
HO OH
l ' (]
Jol LU A | ‘l_
B
O
H4CO
S
HO

NH.
N Ay
/4
<N I N/)
OH

107



DEPT
(0]
H5CO
- NH,
\ 7/ N
¢TI
S P
(0] A N
HO  OH
Compound 4 (DMSO)
1
H

NH»,
N
¢
HO S N /)
o T\ o NN
HO OH

108



13C
NH,
N B
N
HO s < J
o) NTN
\;o?/
HO OH
DEPT

HO

109



Compound 5 (DMSO)

110

'H
O>_Q NH,
HO /N \N
S <N IN/)
o)
HO OH
l
| ‘l L ' | [
13C

S N | N/)
\io?/
HO OH




DEPT

111

N X
S\H/N N/)
(0]
HO OH

Compound 6 (DMSO)
1
H

NH,
N
< 1
S NN A
o N
HO OH }



112

13C
O
HO
- NH»
\ / N \N
s S
\ o/ N
HO  OH
DEPT

HO




Compound 7 (DMSO)

'H

= NH,

\ 7 N

<
HO S N N/)
(0]
HO OH

) ! J'LU\M S ‘Al ) - A

13C

113



DEPT

Compound 8 (DMSO)
1
H

114



13C

115




HSQC-DEPT

HO OH
) A/ W1 N ‘ e A
. .
QL
HO SN
- ¢
s N, A
o N
HO OH

116



117
Compound 32 (CDCls)
1
H

SH

Compound 9 (MeOD)
1
H

HO




13C

HO
NH»
N
¢ TN
SR
(@)
HO  OH

118



119

Compound 35 (CDCls)
1
H

....... -l i - —-—-—--... e e.—_—iih™vc
0 8 7.5 7.0 S 0 5.0 0 3.0 3.0 0 1 1 0 m
UYL )L \ 1
(o] (™[] ~| <) —

e S
£l 3 :

PSS A

Jl

v v ' 1 . . - y v y T
8 6 Il 2 F2 (ppm)

HMBC

T
80

\ e
:‘ .

/ |

= : _

\ i L8
t -

—J :

——-J - '
—_— .

|

8 6 4 2 F2 (ppm)



Compound 36 (CDCls)
1
H

L
............ T Tttt Tt e e
2.0 8 8.0 7.5 7.0 6.5 6.0 0 4. 4.0 3.5 3 2.0 1. 0 0.5
J\ J | ) )
() (o] A A
™) [=] =1
I i E
HSQC
A
||cragrsac cocs Diemad 2 HE
8
| :
f i -
3
!
! -8
[
1
4
!
| L8
[ g
J
-—jﬂ »
!
! -8
=
T T T T
] 6 4 £2 (ppm)
HMBC
{[c1agrmac cociz Ditome 2 ’ -;
{ L
/ ! s
‘ ' -8
| L
i | &
{ 3 |
- .
E : '
| -8
j ] T T T T
B8 3 4 F2 (ppm)

120



Compound 38 (DMSO)
1
H

cl </N|/)

\ Y
| — o[ < — o o e~
™ — | — A |

121



122
Compound 10 (DMSO)
1
H

‘
.0 4.0 3.0 2.5  ppnm
I I I | | UL
— ‘»—4 “.' w"“u o - | (=] v | | o)
B R P i v I PN I I | ol Al
N - -
] o

......




Compound 11 (DMSO)
1
H

,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,

123



124

Compound 39 (DMSO)
1
H

......




125
DEPT

v 0 [ j
)J\N SH
H
A .
,
A‘ll,‘*v A,J ‘ Al LV,J 80 70 60 50 40 30 ppm

Compound 12 (DMSO)
1
H

— A A | WE— | W L ) U— b U— ) W ) SRl PR NP W—



126
13e

DEPT




Compound 13 (DMSO)

) SR P TN

'H
\[(m NH,
N
0 @LS <1 )
NT>N
o)
HO OH
I
- | B ¢_’___M e N T
13C

127



DEPT

Compound 14 (DMSO)

'H

N
(e}
NH»

y
HQNJ\N S <N | P
H N

(o]
HO OH

ZT

128

NH.

HO OH



13C
NH,
0] N N
N
IS WS VY
H 0
HO OH
DEPT

129



Compound 15 (DMSO)

130

'H
H,N H/ NH2
1Ne ay
NN NP
O
HO OH
o I_! I
e
H,N H NH2
O <
S
o)
HO OH

1




DEPT

131

H,N N NH>
i Ny
o) <
S N N/)
o)
HO OH

Compound 40 (crude) (DMSO)

'H




132
13C

. -
. . s}
L3 :




Compound 41 (crude) (DMSO)
1
H

133

11 2 1 pPpr
I \ [ \
ve | "
I YA I
H
© SH
|
| Jl } 0



DEPT

134

H
© SH
L J b ‘[
‘ r |
170 ‘.E“C 150 140 Z.’L‘J i.’v['C 110 l%: '1!3 80 70 F‘C :'j:‘ 40 30 ‘
Compound 16 (DMSO)
1
H

NH,
JUNONIEGS.

HO OH

3 2 1 ppn
A . || \ ! |
™Mo ) o o~ | ¢ o~ W@ ) | ony! ;v\';
olo (= O O o O o oo N O oo .'_]‘
P - - | | —| — — i — — o |




135
Be

DEPT




Compound 17 (DMSO)

'H

136

3 2
‘ {
o o| o SIS J| W) K=
o o) =] k= | —|
A1 ;‘ K A4

ppn



137
DEPT

Compound 42 (DMSO)

'H

NH,

WOUNESS:

CI\/\NJ\N S <N P

H H \ o N

HO OH
|

o | “___,_{._, ”}’ A " j \' 4



138
Compound 18 (DMSO)
1
H
NH,

j f
CI\/\NJJ\N )

H
o-N

HO OH

| )
L Lk [ O S SR WY § NPV GRS (VR

I T i T SR A S [ v I | g I
9 0 8 8.0 7.5 7.0 6 6.0 .5 5.0 4 3.0 ppm
oI )L JPUL | I\ I\ ) J1 I
(1) r\" o .c‘\r\ o) (e < (o) '~
eIk R clE 2
- ’ ¥ — cle

HSQC-DEPT

O O

~E
a
C-DEPT DMSO D\ fomd a
b
j ' -
-8
—— - -
—— -
—
j —8
NH, -
; N
O/’N '8

O

S
T
o}
o
T

: ' . v : ' - v v I v v v I
8 € 4 2 F2 [ppm]



HMBC

e I

139

.....

‘ u’uw

ey
C13gHMBC DMSO D

o N

0O

Te0 Fi(ppm]

ey
100

—r—r—r
180

_,m.mw_,_.fM_JL

T T T T T T T T
g 6 4

Compound 43 (DMSO)
1
H

[ B e e e B S S e S e e o T S S A e e S S B
8 7.5 7. 6 .0 .0 3.5 ppm
J | I L )\ J1 )1 JI )| J1U JUL)
(o () ~{ 0| & ‘r"“j (o) (=) c (ol [l
o | O] o|o| o | o of |~ — M| | O
H ‘ - PNIENEN ‘A] ‘J ‘H’ PN P




140
Attempted synthesis of compound 19 (DMSO)
1
H




141
DEPT

[t o o o ™
. . . . N o © 0 | —
o e .. . . . .
r) ™ — ~
i — o 0
\ )
| |
v Y
"
|
I | X




Appendix B Biological Data

MTAP-XO Assay 1 ([MTAP]=0.02ug/uL, [XO]=0.05U/pL)

142

Table of slopes and uncertainties for MTAP-XO Assay 1, MTAP+, 0.1mM

substrate
Comp- Slope =+ slope error, for each Average slope | Slope relative
ound replicate + standard to MTA =
1 2 3 error standard error
MTA | 9.75+0.15| 5.86 +0.14 | 4.30 +0.15 6.64 +0.15 100.0 5.4
PTA [295+0.09 | 2.36 +0.10 | 2.38 +0.11 2.56 + 0.10 38.6 +1.8
1 0.14 +0.06 | —0.03 £0.08 | 0.10 £ 0.08 0.07 £0.07 1.1+23
2 0.63+0.10| 0.53+0.09 |0.62+0.09| 0.59+0.10 8.9+0.9
3 0.58+0.29 | 0.13+0.15 |0.68 +0.30 | 0.46 +0.26 7.0+0.8
4 0.08 +£0.08 | 0.20 +0.08 | 0.17 +0.08 0.13 +0.09 20+0.3
5 0.13+0.09| 0.17+0.10 | 0.67 £0.12 0.15 +£0.09 2.3+0.1
6 0.30+0.13| 0.38+0.09 | 0.12+0.10 0.45 +0.11 6.8+0.4
7 0.16 +0.10 | 0.32+0.11 | 0.33 +£0.08 0.27 £0.10 41 +0.7
8 2.31+0.15| 2.30+0.10 | 2.31 £0.12 2.31 £0.12 34.8+14
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Table of slopes and uncertainties for MTAP-XO Assay 1, MTAP—, 0.1mM substrate

Comp- | Slope =+ slope error, for each replicate | Average slope | Slope relative
ound 1 2 3 + standard to MTA =
error standard error
MTA 0.80+0.14 | 0.24 £0.20 |-0.22 £0.17 0.27 +0.17 41+2.6
PTA 0.32 +£0.07 | -0.03 +£0.07 | 0.02+0.12 0.10 £0.09 1.5+14
1 0.17+0.09 | 0.18+0.06 | 0.17 +£0.08 0.17 £0.08 2.6 +1.1
2 0.20+£0.09 | -0.07 +0.13 | 0.16 £0.09 0.09 £0.10 1.4+1.6
3 —-0.17+£0.27 | 0.04 £+0.30 | 0.19+0.23 0.02 +0.27 0.3+4.0
4 0.08 £+0.07 | -0.10+0.09 | 0.06 £0.12 0.04 +£0.09 05+14
5 0.13+0.10 |-0.03 +£0.09 | -0.07 +0.09 | 0.04 +£0.10 05+1.6
6 —-0.12+0.10 | 0.02 £0.11 0.06 +0.06 —0.05 £ 0.09 —-0.8+1.3
7 0.10+0.11 | 0.04+0.11 | 0.01 £0.09 0.05+0.10 0.8+1.6
8 0.12+0.11 | 0.01 £0.13 | 0.01 £0.12 0.03 £0.12 04+1.8
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MTAP-XO Assay 2 ([MTAP]=0.012ug/uL, [XO]=0.05U/pL)
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Table of slopes and uncertainties for MTAP-XO Assay 2, MTAP+, 0.1mM substrate

Repli-
cate
1

10

Average

Average
relative
to MTA

slope

error
slope
error
slope

error
slope
error
slope
error
slope

error
slope
error
slope
error
slope

error
slope
error
average
slope
standard
error
slope
standard
error

MTA

1.12

0.14
1.75
0.09
2.42

0.07
2.46
0.16
2.08
0.33
1.46

0.21
1.35
0.13
1.29
0.11
1.25

0.10
1.17
0.11
1.69

0.16

100
4.29

Aden
osine
0.43

0.19
-0.01
0.09
0.03

0.10
0.24
0.09
0.21
0.09
0.27

0.07
0.21
0.06
0.20
0.06
0.16

0.12
0.20
0.10
0.17

0.10

9.97
1.98

9

0.04

0.17
0.19
0.07
0.36

0.07
0.54
0.10
0.33
0.11
0.30

0.11
0.60
0.10
0.42
0.10
0.30

0.10
0.39
0.10
0.38

0.11

22.5
2.11

10

0.55

0.22
0.82
0.06
1.21

0.09
1.14
0.06
1.04
0.14
1.04

0.11
1.13
0.13
1.36
0.09
0.97

0.10
1.00
0.10
1.08

0.12

63.7
2.96

11

0.57

0.15
0.70
0.11
0.70

0.14
1.40
0.10
0.72
0.10
0.72

0.13
0.17
0.14
1.47
0.13
0.35

0.14
0.78
0.08
0.78

0.12

46.1
2.70

12

0.44

0.15
0.24
0.08
0.28

0.09
-0.02
0.11
-0.03
0.13
0.20

0.08
0.21
0.11
-0.22
0.14
0.12

0.09
-0.01
0.12
0.08

0.11

5.00
2.09

13

1.13

0.26
0.56
0.12
0.34

0.11
2.02
0.39
0.35
0.13
-0.02

0.12
0.62
0.16
1.28
0.17
-0.08

0.17
1.33
0.10
0.71

0.19

42.0
3.82

14

0.30

0.21
0.53
0.15
0.12

0.09
0.12
0.09
-0.05
0.14
-0.05

0.17
-0.05
0.21
0.74
0.13
0.85

0.14
0.44
0.11
0.29

0.15

17.3
2.85

15

0.75

0.17
0.32
0.06
0.09

0.09
0.25
0.08
0.38
0.10
0.38

0.10
0.39
0.10
0.32
0.08
0.34

0.11
0.37
0.09
0.32

0.10

18.6
2.00

16

0.08
0.23
0.78
0.19

0.24
0.10
0.07
0.10
0.42
0.14

0.05
0.11
0.31
0.11
0.32
0.11

1.07
0.28
0.17
0.11
0.08

0.16

4.76
2.96

17

2.88

0.90
-2.75
0.40
1.92

0.36
2.02
0.45
-1.32
0.27
0.44

0.28
-0.37
0.44
-1.00
0.55
1.74

0.41
-0.84
0.58
-0.02

0.49

-1.14
-9.23
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Table of slopes and uncertainties for MTAP-XO Assay 2, MTAP—, 0.1mM substrate

Repli-
cate

10

Average

Average
relative
to MTA

slope

error
slope

error
slope

error
slope

error
slope

error
slope

error
slope

error
slope

error
slope

error
slope

error

average
slope

standard
error
slope

standard
error

MTA

-0.02
0.18

0.22
0.12

0.13
0.13

0.29
0.09

0.10
0.13

-0.17
0.10

0.23
0.13

0.15
0.10

0.03
0.10

0.16
0.09

0.11

0.12

6.68

2.25

Ade
nosi
ne

0.25
0.13

0.13
0.09

0.05
0.07

0.17
0.09

0.00
0.11

0.04
0.08

0.05
0.08

0.04
0.09

0.09
0.09

0.18
0.10

0.03

0.09

2.03

1.74

9

0.07
0.16

0.13
0.09

0.20
0.10

0.01
0.09

0.04
0.07

0.00
0.09

0.06
0.10

0.01
0.11

0.07
0.07

0.10
0.12

0.04

0.10

2.46

1.92

10

0.37
0.22

0.17
0.13

0.00
0.08

0.01
0.08

0.07
0.09

0.12
0.09

0.01
0.07

0.23
0.11

0.00
0.08

0.12
0.09

0.01

0.11

0.85

2.08

11

0.25
0.16

0.08
0.13

0.35
0.11

0.01
0.10

0.03
0.09

0.09
0.07

0.24
0.08

0.08
0.09

0.02
0.09

0.04
0.09

0.02

0.10

1.25

1.96

12

0.20
0.16

0.35
0.10

0.54
0.09

0.29
0.11

0.68
0.08

0.39
0.13

0.70
0.13

0.02
0.09

0.18
0.08

0.40
0.17

0.16

0.12

9.23

2.24

13

0.05
0.31

0.43
0.48

0.36
0.31

0.87
0.30

0.61
0.34

0.18
0.15

0.29
0.16

0.10
0.24

0.43
0.20

0.06
0.09

0.02

0.28

1.28

5.23

14

0.05
0.11

0.10
0.10

0.11
0.10

0.14
0.13

0.12
0.12

0.03
0.12

0.01
0.11

0.17
0.11

0.21
0.08

0.17
0.13

0.00

0.11

0.01

2.11

15

1.50
0.34

0.31
0.16

0.14
0.41

0.80
0.20

0.54
0.24

0.96
0.17

0.04
0.34

0.82
0.30

0.01
0.08

0.01
0.12

0.20

0.26

11.9

4.84

16

0.78
0.25

0.70
0.36

-0.04
0.27

2.33
0.19

-1.52
0.51

1.37
0.35

-1.33
0.17

0.09
0.15

0.42
0.14

-0.13
0.22

0.21

0.28

12.4

5.31

17

0.68
0.21

1.19
0.24

-0.01
0.17

0.81
0.16

-0.41
0.29

0.99
0.12

0.39
0.23

-0.56
0.19

-1.34
0.36

0.19
0.16

0.14

0.22

8.26

4.18
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MTAP Substrate activity, 0.1mM
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Cytotoxicity Assay 1

(Work performed by Dr. Hongwei Cheng at the BC Cancer Agency)
Cell lines:

PC3 (prostrate cancer cells, high metastatic potential) (MTAP+)

Dul45 (prostrate cancer cells, moderate metastatic potential) (MTAP+)
A549 (adenocarcinomic human alveolar basal epithelial cells) (MTAP-)
MCF7 (breast cancer cells) (MTAP-)

Compound 1

140

120

100
80
60
40

Percent Cell Viability

20
¥ Control

PC3 Du145 A549 MCF7 m20 “'M

“100 uM
Compound 2 %200 uM

160
140
120
100 -
80
60 -
40 -
20 -

Percent Cell Viability

PC3 Du145 A549 MCF7
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Percent Cell Viability

Compound 3

PC3 Du145 A549 MCF7

Percent Cell Viability

160
140
120
100
80
60
40
20

Compound 4

PC3 Du145 A549 MCF7

Percent Cell Viability

140

120

100

80

60

40

20

Compound 5

PC3 Du145 A549 MCF7

¥ Control
20 uM

“100 uM
200 uM
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Percent Cell Viability

240
220
200
180
160
140
120
100
80
60
40
20

Compound 6

PC3 Du145 A549 MCF7

Percent Cell Viability

140

120

100

80

60

40

20

Compound 7

PC3 Du145 A549 MCF7

Percent Cell Viability

140

120

100

80

60

40

20

Compound 8

PC3 Du145 A549 MCF7

¥ Control
20 uM

“100 uM
200 uM
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Cytotoxicity Assay 2
(Work performed by Dr. Hongwei Cheng at the BC Cancer Agency)

Cell lines:

151

PC3 (prostrate cancer cells, high metastatic potential) (MTAP+)

Dul45 (prostrate cancer cells, moderate metastatic potential) (MTAP+)
A549 (adenocarcinomic human alveolar basal epithelial cells) (MTAP-)
MCF7 (breast cancer cells) (MTAP-)

Compound 9 Compound 10
120% 100%
90%
100% 80%
Z 80% > 0%
E g 60%
-‘>3 60% -'>3 50%
= § 40%
0,
O 40% 30%
20% 20%
10%
0% 0%
PC3 Du145 A549 MCF7 PC3 Dul45 A549 MCF7
Compound 11 Compound 12
100% 140%
90%
80% 120%
0
- 70% 100%
Z 60% £
o S 80%
-g 50% .‘s"
3 40% 3z 0%
© 30% ©
40%
20%
10% 20%
0% T T T 0%
PC3 Dul145 AS49 MCF7 PC3 Du145 A549 MCF7
H10puM
H50uM

%200 pM
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Compound 13 Compound 14
120% 120%
100% 100%
Z 80% Z 80%
3 3
é—“ 60% £ 60%
3 3
O 40% O 40%
20% 20%
0% 0%
PC3 Dul45 A549 MCF7 PC3 Du145 A549 MCF7
Compound 15 Compound 16
120% 120%
100% 100%
z 80% Z 80%
3 3
S 60% S 60%
3 3
O 40% O 40%
20% 20%
0% 0%
PC3 Dul45 A549 MCF7 PC3 Du145 A549 MCF7
Hi0uM
E50uM

%200 pM




120%

100%

Compound 17

20% -

0% -

Z 80%
E
£ 60%
=
O 40%
20%
0% - - -
PC3 Dul45 A549 MCF7
Compound 18
100%
90% T
80%
> 70%
% 60%
-'s“ 50%
= 40%
o
30%
20%
10%
0%
PC3 Du145 A549 MCF7
Product from attempted
synthesis of compound 19
120%
100% =E
Z 80% -
a
£ 60% -
3 40% -

PC3 Du145 A549 MCF7

®10 uM
®50 uM

%200 pM
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