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Abstract

The cytotoxic effects of the chemotherapeutic N-(2-chloroethyl)-N-nitrosoureas (e.g.
BCNU, CCNU, fotemustine) and the related methylating agents (e.g. DTIC,
procarbazine, temozolomide) are primarily a consequence of their ability to alkylate
DNA at the O-6 position of guanine. This lesion can ultimately cause the death of the
targeted cancer cell. However, it is well established that resistance to these O-6 alkylating
agents can be mediated by the DNA repair protein O°-methylguanine-DNA
methyltransferase (MGMT). This repair protein MGMT is the primary source of
resistance that many tumours exhibit to chemotherapeutic agents which modify the O-6
position of DNA guanine residues. Inactivation of this protein by treatment with
pseudosubstrates prior to the administration of alkylating agents enhances the cytotoxic

effects of these chemotherapeutic agents.

0°-(4-Bromothenyl)guanine (PaTrin-2) is known to be an excellent inactivator of the
human repair protein MGMT. Phase II clinical trials of PaTrin-2 with the methylating
agent temozolomide have been completed recently and the results are discussed in
Chapter 1. However, the drawback of this substrate is its poor aqueous solubility and
limited selectivity for neoplastic tissue. In an effort to overcome these problems, and in
view of the fact that related pyrimidines were active, pyrimidine derivatives have been
investigated to improve the pharmacokinetics of PaTrin-2 and their properties to deplete

the repair protein MGMT.

In general, various nitro derivatives of guanine have been shown to be powerful MGMT
inactivators. Thus, the development of PaTrin-2 based on a modification of its chemical
structure by the incorporation of the nitro group, combined with other moieties has been
explored. In Chapter 2, the preparation of a valuable key intermediate in the synthesis of
nitropyrimidines is described. Chapter 3 deals with the incorporation of molecular
devices, such as spermidine or polyphenyl groups to the nitropyrimidines, which would
enhance the pharmacokinetics (absorption and distribution) of these drugs, as well as

their DNA binding properties. Chapter 4 describes the preparation of prodrugs of PaTrin-



2 through a bioreversible derivatization of the N-9 position in the purine system. This
Chapter also deals with a preliminary study in the synthesis of new nitroso derivatives.
Some nitrosopyrimidines, previously synthesised by our research group, have also shown

good MGMT depletion activity.

Computational studies on this new family of nitro derivatives are described in Chapter 5.
This investigation has gained an insight into the MGMT-drug binding process, in which
some MGMT inactivation properties of a series of nitro compounds have been
investigated, and some the amino acids commonly involved in the binding process have
been identified. Finally, the biological activities of some nitro derivatives of PaTrin-2

synthesised are outlined in Chapter 6.
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Chapter 1

1.1 Introduction

There have been many attempts to define cancer. The simplest definition given by the
American Cancer Society' is that “cancer is a group of diseases in which there is
uncontrolled growth and spread within the body of abnormal forms of the body’s own

cells.”

The word Cancer itself comes from the Latin word for crab. This is because, historically,
the swollen blood vessels around the tumour were thought to resemble a crab limbs.
While the word cancer is frequently employed to describe this disease, it is a group of
more than 200 different and distinctive diseases. The cancers can involve any tissue in the
body and can have many different forms in each body area. Most cancers are named for

the type of cell and for the organs in which they start.

Cancer cells manifest, to varying degrees, four characteristics that distinguish them from

normal cells?

a)  Uncontrolled proliferation. The proliferation of cancer cells is not controlled by

the process that normally regulates cell division and tissue growth. Some normal
cells (such as neurons) have little or no capacity to divide, but others, for example
in the epithelium or the gastrointestinal tract, have the property of continuous rapid
division. It is, therefore, not always true that cancer cells proliferate faster than all

normal cells.

b) Dedifferentiation and loss of function. The multiplication of normal cells involves

division of the stem cells in a particular tissue to give rise to daughter cells. These
daughter cells eventually differentiate to become the mature cells of the relevant

tissue and carry out their programmed functions. One of the main characteristics of
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cancer cells is the loss of the capacity to differentiate, which irredeemably leads to

the loss of the functions they are programmed to accomplish.

c¢) Invasiveness. Normal cells are not found outside their designated tissue of origin.
This is because during differentiation and during the growth of tissues and organs,
normal cells develop certain spatial relationships with respect to each other, and
these relationships are continuously maintained even when the cells are involved in

a repair process. However, cancer cells can invade other tissues.

d) Metastasis. There are secondary tumours formed by cells that have been released
from the initial or primary tumour and have reached other sites through blood
vessels or lymphatics, or as a result of being shed into body cavities. When cancer
cells enter the circulatory system, they can spread beyond their original sites to form

tumour tissue in distant parts of the body. This process is known as metastasis.

1.2 Statistics

The number of cancers diagnosed in Ireland continues to increase every year. In 2005,
more than twenty-six thousand people were diagnosed with cancer, while approximately
seven thousand people died from the disease. The most recent report provided by The
National Cancer Registry Ireland,’ covering the years 1994 to 2005, shows that the
overall increase was just under 3% per year during this period. However, this report
points towards the growing population as the main cause of this increment. These results
also indicate that the number of cancer deaths has remained more or less the same since

1994 and the risk of dying of cancer is falling by 1.5 % every year.

In spite of these overall trends, the risk of developing some type of cancer is still
growing. The need for a better understanding of causes, mechanism and subsequent

treatment of cancer is absolutely essential.
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1.3 Causes

A normal cells turns into a cancer cell because of an irreversible genetic mutation in its
DNA.*® The replication process of cells, mitosis, is controlled by genes (segments of
DNA). Mutation or damage in these genes may be repaired by specific enzymes within a
cell. However, mistakes can occur, such as the omission of nucleotide pair, which may
cause the production of abnormal cells with loss of their programmed functions. The
continuous and uncontrolled proliferation of these abnormal cells give rise to the growth

of cancerous tumour.

The development of cancer involves many factors, where the mutation or damage of
DNA includes both hereditary and environmental factors. Many cancers seem to develop
for no apparent reason. However, certain risk-factors are known to trigger cancer, and are

described as follows:®

a) Chemical carcinogens. A carcinogen is an agent which causes mutation in DNA.
These agents cause mutation by binding to DNA, producing mismatches in the
DNA sequence. Certain chemicals, such as benzene, formaldehyde, iodomethane or

naphthylamine are well known examples.

b) Physical carcinogens. DNA mutation can be induced by ultraviolet radiation or
ionising radiation, causing the formation of gaps in the genetic sequence or binding

certain portions of DNA (cross-links).

¢) Biological carcinogens. They can be viral or bacterial. Certain viruses are linked
to several cancer types. For example, patients with the hepatitis B virus appear to
have an increased risk of cancer of the liver, but most viral and bacterial infections

are not linked to cancer.

d) Genetic make-up. Some cancers have a strong genetic link. In certain childhood
cancers, the abnormal gene or genes which may trigger a cell to become cancerous

are inherited.
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e) Age. The risk of cancer increases with age. The body’s defences and resistance
against abnormal cells may become less efficient with age. Moreover, an older

person may have had more exposure to environmental factors that trigger cancer.

f)  Immune system. People with deficient immune system have an increased risk of

developing certain cancers, such as non-Hodgkin's lymphoma.

g) Lifestyle factors. Diet and other lifestyle factors, such as lack of regular exercise
may contribute to the development of some types of cancer, although the
mechanism of action is not fully understood and these conclusions are based on

statistical surveys.

i.4 Treatment of Cancer

While surgery for cancer was already reported centuries ago, practical limitation
restricted its use. With the advent of anaesthesia, surgery has become more widespread
and for more than 100 years, surgical removal has become a standard of treatment.
Radiotherapy, after its discovery, was rapidly developed as another technique for use in

the battle against cancer.

Surgery and radiotherapy are usually successful treatments of a localised and accessible
solid tumour. A surgeon can excise the tumour and a radiotherapist can irradiate the
tumour killing cells with lethal doses of x-rays, or radiation from a radioactive source.
While surgery and radiotherapy beyond any doubt have their merits and result in cure for
some 40% of all cancer patients, the remaining 60% are not suitable for these approaches
and would die if not treated by other means.” In these cases, chemotherapy is required as
an altemative therapy. New treatments have also been developed in the recent years, such
as immunotherapy® or photo dynamic therapy (PDT),® but for the moment, chemotherapy

can be considered the main curative treatment for these tumours.
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1.5 Chemotherapy

The term chemotherapy or “cytotoxic” therapy refers to cancer therapy using a chemical
agent. The treatment aims at killing the tumour cells through a direct effect, which
prevents reproduction of the cancer cells. This might lead to palliate the symptoms,
prolong life or even cure the patient. Tumours most susceptible to chemotherapy are
those with a high percentage of cells undergoing mitosis, where those chemotherapeutic
agents work effectively targeting fast-dividing cells.” Hodgking’s lymphoma or
choriocarcinoma cancers, whose cells undergo mitosis very rapidly, result in higher
percentage of successful treatment than those where the cell division is significantly

slower, such as breast or colon cancers.’

The faster the cells of the tumour grow, the better the clinical success is. However,
healthy cells in the gastrointestinal tract, hair follicles and bone narrow divide al least as
fast as cancer cells. Hence, the lack of selectivity of some chemotherapeutic agents
frequently causes undesired side effects such as anaemia, hair loss and internal bleeding.
A vast majority of drugs are known to have excellent antineoplastic properties. However,
relatively few are in clinical use owing to the lack of selectivity at killing cancer cells
without affecting healthy cells. This toxicity can be considered the main factor in the

limited use of these chemotherapeutic drugs, in spite of their high efficacy.

In several diseases, particularly a few that were extremely lethal before the discovery of
chemotherapy, the application and development of “cytotoxic” therapy can be considered
as a huge success of modern medical oncology. Chemotherapeutic drugs can vary
enormously in their structure and role of application. There are five main types of

chemotherapeutic agents commonly used in cancer treatment:'

1. Antimetabolites; chemicals with similar structure to a substance (metabolite)
required for normal biochemical reactions. They interfere with DNA production,
blocking one or more of the metabolic pathways involved in DNA synthesis, e.g..

methotrexate, 5-fluorouracil.
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2. Cytotoxic antibiotics; substances of microbial origin which prevent mammalian
cell division, e.g. doxorubicin.

3. Plant derivatives; e.g. vinca alkaloids and taxanes (taxol).

4. Signal transduction inhibitors; e.g. kinase inhibitors.

5. Alkylating agents; they form covalent bonds with DNA impeding its replication.
This type of anticancer agent is most relevant to the contents of this thesis, and

will be discussed in more detail later.

The treatment of metastatic germ cell tumours was achieved with the introduction of the
inorganic complex cis-platin 1 (Figure 1.1), where a high percentage of patients
presenting metastatic disease can be cured.'” Methotrexate 2 was also introduced for
testicular cancer treatment with excellent cure rate.” 5-Fluorouracil 3 and its derivatives
are also used as a drug in treatment of some types of cancer, including colon and
mammary tumours.'' Both compounds 2 and 3 belong to the family of drugs called
antimetabolites. Taxol 4 is a chemotherapeutic agent that belongs to the family of natural
products. This agent was originally extracted from the bark of the Pacific yew, Taxus
brev(/‘olia.'2 Its use has been developed in the treatment of breast cancer."” Doxorubicin,
on the contrary, can be regarded as a cytotoxic antibiotic, commonly used in the
treatment of a wide range of cancers. Its mechanism of action is still unclear, although is

known to interact with DNA by intercalation.'

A new class of drugs is that of the kinase inhibitors."'® Protein kinases are the main
component of the signal transduction pathway, a process by which a cell converts one
signal or stimulus into another. This pathway is involved in a wide range of biological
processes including the control of cell growth, metabolism, differentiation and apoptosis.
Some types of cancer are associated with abnormality in these kinase proteins. Targeting
these molecules can disrupt the cancer cell sufficiently to cause the death of the cell.

Gleevec 5 is a good example of this type of chemotherapeutic agents."”

In most cases, patients are given a combination of treatments, which may involve surgery

or radiotherapy, followed by chemotherapy. It is also frequent to combine different drugs
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in chemotherapy to treat a determined tumour, rather than a single anticancer drug. In
some cases, chemotherapy or radiotherapy is given after surgery, where all detectable
diseases have been removed, but where there remains a statistical risk of relapse due to
undetected disease. This is known as adjuvant chemotherapy or radiotherapy. In contrast,
neoadjuvant therapy is the term that refers to chemotherapy or radiotherapy given before

surgery. It is normally employed to reduce the size of the tumour before being removal.

0] COCH
Cl\pt/NH3 NH, ﬁ COOH

N

cr’ \NH3 N/%[ \j/\N

|

)l\ ~ o CH3
H,N" N7 N
1 2

HN

CH,

HN bN\
A CH

5

Figure 1.1. Structures of some commonly used chemotherapeutic agents.
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1.6 Alkylating Agents

The alkylating agents are a heterogeneous group of drugs widely used in the therapy of
cancer tumours. A common feature of these drugs is their ability to alkylate nucleophilic
sites in cellular macromolecules, favouring nitrogen, oxygen and sulphur centres.
Although these agents generally damage all the components in the cells, the subsequent

biological effects are attributed to their ability to damage DNA.

Alkylating agents can be considered the oldest class of anticancer drugs. They were
developed from mustard gas 6 (Figure 1.2), which was used as an antipersonnel weapon
in World War 1. Nitrogen mustard (mustine 7) was the first of these compounds to be
found with anticancer activity, and had important lymphocytolytic effects in patients with

malignant lymphomas.7 This discovery constituted the beginning of the era of

chemotherapy.
o
Cl Cl
\/\S/\/ Cl . N \/\\/Cl
6 7

Figure 1.2. Structures of mustard gas 6 and mustine 7.

Alkylating agents are able to react at many sites in DNA either directly or via
intermediaries, which can be formed from metabolic activation or spontaneous chemical
degradation.' In particular, alkylating agents react at the ring nitrogen, at the exocyclic
oxygen atoms of the DNA bases and at the oxygen atoms of the phosphate
internucleotide linkages. In total, products from twelve different sites have been
identified, where the relative amount of these products depends upon the class of
alkylating agent used and upon the alkyl group.'"” Figure 1.3 shows the alkylation sites of
the DNA bases. The principal site of reaction with the bases for methylating and

ethylating agents is at the N-7 position of guanine, followed by alkylation at O-6 position
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of guanine and N-3 position of adenine. Minor reactions also occur at the rest of the

positions indicated in Figure 1.3.

/ N
0O ——-- H—
R \
g H
Cytosine Guanine
H3C . [ H~ N ~H

Thymine Adenine

Figure 1.3. Alkylation sites in DNA base-pairs. The sites of attack are indicated in red.

dR, deoxyribose residue.

The major cell killing and apoptotic alkylation lesions are produced when an alkyl group
is introduced into the O-6 position of guanine.”’ The classification of alkylating groups
employed is perhaps most appropriatly based on the cytotoxicity of the drug, which is
related to its ability to induce methylation or chloroethylation at the O-6 position of
guanine. Based on these premises, alkylating agents can be divided into two main

categories, chloroethylating and methylating agents."”
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1.6.1 Chloroethylating Agents

In 1960s, N-methyl-N-nitrosourea 8 (Figure 1.4) was found to be active in the L1210
leukaemic mouse. The activity of this drug could be increased further by the introduction
of a chloroethyl group. Several chloroethylnitrosoureas were then developed from this
structure and proved effective against both solid and intracranially implanted tumours in
animals.”’ From this work, several drugs were introduced clinically, including N,N’-
bis(2-chloroethyl)-N-nitrosourea 9 (carmustine, BCNU) and N-(2-chloroethyl)-N’-
cyclohexyl-N-nitrosourea 10 (lomustine, CCNU).

0] O @)
HZN/U\N/CHs Cl\/\NJ\N/\/Cl O\N)J\N/\/Cl
|

ru o T
\\O \\o \\O

8 9 10

Figure 1.4. Structures of some N-alkyl-N-nitrosoureas.

Chloroethylnitrosoureas are known to transfer chloroethyl groups to DNA, forming
interstrand crosslinks between guanine and cytosine residues on opposite strands of
DNA. The mechanism of action proposed by Ludlum et al.” is illustrated in Scheme 1.1.
The chloroethylating agent carmustine (BCNU; 9) undergoes spontaneous, non-
enzymatic degradation in aqueous solution to form the chloroethyl diazonium derivative,
which initially reacts the O-6 position of guanine, forming an intermediate 1,0
ethanoguanine. Subsequent reaction with a cytosine residue from the opposite strand
forms the interstrand crosslink, which is responsible for the cytotoxicity associated with

; 2324
these nitrosoureas.>>?

10



Chapter |

C'\/\NJ\N/\/C' S— S~ N on
H o
Nso
o)
HN N
NS
H,NT N7 N
dR
Y
(\o o>
b
N/l\rN N/ N
B0 W N
H,N™ TN L H,N~ N .
dR dR
\iytosine
N_ _N
NS N
R TS
0 )\\ N
H,N™ N d
dR
Scheme 1.1

1.6.2 Methylating Agents

The methylating agents basically can be described as a source of the carbenium ion

“CH3"™, inducing methylation in DNA bases and the phosphate linkages. As an example,

tetrazines (e.g. temozolomide 11 and dacarbazine) are prodrugs of the same methylating

agent 5-(3-methyltriazen-1-yl)imidazole-4-carboxamide (MTIC; 12) (Scheme 1.2).

25,26

The antitumour agent temozolomide has shown encouraging activity against brain

tumours in clinical trials.”’ In addition, this antineoplastic agent, although not registered
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for the indication, is often used in the management of metastatic melanoma, having
activity equivalent to that of dacarbazine, the gold standard of treatment.”® Activation of
the prodrug temozolomide involves spontaneous hydrolytic ring-opening of the
tretrazione ring to generate MTIC. Subsequent transfer of a methyl group to a
bionucleophile (e.g. O-6 position of guanine) releases a molecule of nitrogen and 5-

aminoimidazole-4-carboxamide (AIC; 13), as outlined in Scheme e
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Scheme 1.2

As discussed earlier, overall methylation of DNA bases results in the formation of N'-
methylguanine as a major product. However, a quantitatively minor, but biologically
more potent O°-methylguanine (0°-MeG), is greatly involved in DNA lesions. This

adduct can be responsible for a wide variety of biological effects. Unlike the damage

12



Chapter 1

caused by chloroethylation, the biological consequences of methylation do not become
apparent until after DNA replication. Importantly, O°-MeG is a potentially mutagenic
base in DNA, which possesses the ability to direct the introduction of the incorrect
pyrimidine (thymine) as its complementary base into the newly synthesised strand.”
Therefore, 0°-MeG:T becomes competitive with the pairing involving cytosine (Figure

1.5).

N—H--—-0 =\ /N—<
/N WN\(’R Methylation dR ) e =,
TR H—N — H

______ ~N
dR H \H
C:G Chs "
@) =
H -\
\ / \ LS
Methylation N—H--N dR

dR === HSh
H
T : 0°-MeG

Figure 1.5. DNA base—pairs after the methylation process in the O-6 position of guanine.

The introduction of mispairs, 0°-MeG:T, can have two biological results.’’ 0°-MeG:T
mispair would promote G to A transitions mutations (A : T), which can lead to the death

of the cell by apoptosis.*> An alternative biological pathway is the recognition of these

13
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mispairs O°-MeG:T by the postreplication mismatch repair (MMR) pathway as a mistake.
However, only the newly replicated strand is removed. Thus, the mispaired thymidine is
excised, only to be replaced during repair synthesis by another thymidine residue. This
results in a region of DNA where one strand is constantly being excised and replaced
(referred as “futile” repair mechanism),”* which finally leads to apoptosis. How MMR is
connected to apoptotic cell death has not been established, although several studies have
gained insight the factors involved.**?’ Nevertheless, the cytotoxicity of tetrazines
depends on an intact MMR pathway, as there is evidence that cells deficient in MMR are

tolerant of damage caused by DNA methylation.

1.7 MGMT and Resistance to Alkylating Agents

Although the loss of MMR functions clearly contributes to the resistance of tumour cells
towards methylation at the O-6 position of guanine, such loss occurs only sporadically in
most cancers.’’ The repair of damaged DNA is an essential cellular function that involves
a large, and even increasing, number of gene products. Some pathways for DNA repair
can deal with many types of DNA lesions, whereas others are highly specific. Some

reactions require multiple proteins and many different gene products.

1.71 MGMT

The repair “enzyme” O°-methylguanine-DNA methyltransferase, MGMT, originally
known as O°-alkylguanine-DNA-alkyltransferase (ATase, AGT),”®" is considered an
important factor in the resistance of tumour cells to alkylating agents (nitrosoureas and
tretrazines). MGMT is a remarkable protein that alone can, in a single step, specifically
repair adducts from DNA where the O-6 position of guanine is alkylated, thus restoring
the original DNA (Scheme 1.3). Consequently, MGMT is an intrinsic cellular resistance
factor that protects the cell against the many environmental chemical, mutagenic and
carcinogenic effects of DNA alkylation, but also protects tumour cells against therapeutic
actions of methylating agents. In addition, 06—chloroethylguanine, derived from

chloroethylating agents, can also be repaired by MGMT." If the O°-chloroethylguanine is
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not immediately repaired, the chloroethyl group undergoes a reaction with the cytosine
residue from the opposite strand to form the interstrand crosslinks as discussed previously

(see Section 1.6.1).

methylating agent
n+CH3u A ) T

. k y 2 transition
G:C —2» (0°MeG:C —» (O-MeG:T mutation

>\/ \ O05-MeG:

MGMT-CH,4 MGMT 5 .
et 3 mismatch repaii
(inactive) MMR
strand break

Scheme 1.3

The presence of MGMT limits the effectiveness of certain alkylating agents. Strategies
were developed to exploit this in order to improve the effectiveness of such treatment.
The main approach is based on the observation that many tumours express high levels of
MGMT, making them resistant to this type of chemotherapy.* Accordingly, cells with
high MGMT expression are resistant to O°-alkylating agents but can be sensitised by
depletion of MGMT concentrations before treatment.*' Therefore, these observations
indicate that inactivation of MGMT is a useful strategy to enhance the therapeutic effects
of alkylating agents in tumour cells. Administration of the antineoplastic agent combined
with an MGMT inactivator (“chemoenhancer”) could reverse the mechanism of

resistance in the tumour.
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The strategy of MGMT depletion presents several difficulties. This repair protein is found
in all human organs and tissues.” Ideally, the inactivation of this protein must be
accomplished without significantly affecting the healthy cells. Otherwise, a reduction in
dosage of the chemotherapeutic agent would be required. In general, tumour
concentrations of MGMT are higher than those in the corresponding normal tissue.*’
Therefore, non-selective methods of depletion of MGMT might also produce a useful

increase in the therapeutic ratio for these chemotherapies, and inactivation would be

expected to have a greater effect on tumour cells than on healthy cells.

1.7.2 Mechanism of Action

The protein MGMT repairs Oé-alkylguanine residues in DNA by the transfer of the alkyl
group to a cysteine residue of the active site of the protein (Scheme 1.4). The active site
of the human O°-methylguanine-DNA-methyltransferase is Cys145, which is activated
through a charge relay involving His146 and Glu172.* The x-ray structure also revealed
the presence of a bound Zn*" ion.** The high reactivity of Cys145 is related to a low pKa,
owing to the presence of Zn®" in the protein.*’ This suggests that the Cys145 exists as a
thiolate anion at neutral pH, dependent upon the bound Zn®*. This could explain the
reactivity of the MGMT. Additionally, it has been shown that the Cys145 residue is
highly reactive not only with the normal O°-methylguanine-DNA-methyltransferase, but

also with other electrophiles such as 1,2-dibromoethane.*®

Once the DNA is repaired, MGMT has no way of regenerating itself. Instead it is
ubiquitinated and digested by proteasomes,47 and, hence, the MGMT can be termed a
“suicide” protein. Therefore, the extent of repair which occurs in the cell is dependent on

the initial concentration of methyltransferase.
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1.8 MGMT Inactivators based on Guanine Derivatives

Methylating agents have been used in vitro and in vivo to deplete MGMT. For example,
the combination of dacarbazine and fotemusteine (a choroehtylating nitrosourea agent)
has been used in advance malignant melanoma. Patients were treated with dacarbazine,
followed by fotemusteine four hours later. A four hours interval was employed because
after this time the MGMT concentration in tumour cells was at its lowest level.*
However, severe side-effects, such as haematological and pulmonary toxicity were more
frequently observed than with single-agent therapies, due to the increased dose of
dacarbazine required to inactivate the MGMT.* The depletion of MGMT using
methylating or chloroethylating agents required high concentration of these agents. While
the efficacy of cell killing is increased, severe toxic effects of these drugs were found.

Thus, the design of drugs that inactivate MGMT directly without the added toxic effects

associated with indirect inactivation via alkylating agents is an attractive challenge.

Free guanine base derivatives are known to act as inactivators of MGMT and several
groups have investigated the potential of these derivatives. Of the hundred of compounds
tested, many have been promising, but to date, O°-benzylguanine 15 (Figure 1.6) and O°-
(4-bromothenyl)guanine 29 (Figure 1.8) are the only two analogues to have been tested in

clinical trials. These derivatives will be discussed in detail in the following subsections.

17



Chapter 1

1.8.1 MGMT Inactivators based on O°-Benzylguanine Derivatives

Free guanine base derivatives were strategically alkylated at the O-6 position to test for
depletion of MGMT. Pegg et al.’® reported that O°-methylguanine 14 (Figure 1.6) can
inactivate the alkyltransferase from human tumour cells, although at rates far below from
those observed for the loss of activity when O°-methylguanine residues are incorporated
in DNA. However, O°-methylguanine 14 as a drug had limited clinical potential due to its
poor aqueous solubility and limited cellular uptake, requiring prohibitively high doses for
effective MGMT inactivation. Nevertheless, O*-methylguanine 14 was found to be a lead

compound in the design of new MGMT inactivators.

Additional studies by Pegg et al. showed that rates of MGMT inactivation by DNA-
bound O°-substituted guanines decreased dramatically when increasing the bulk of the
substituents in the series methyl > ethyl > propyl.”’ However, DNA-repair studies using
oligodeoxyribonucleotides containing site-specifically incorporated O°-benzylguanine
residues indicated that the human MGMT could be inactivated by these groups. This led
to the discovery of 06—benzylguanine 15 (Figure 1.6), which as a free base, was found to
inactivate the protein 2000 times more effectively than O°-methylguanine 14 (Figure
1.6).” These studies also showed that O-benzylguanine 15 was a good candidate for
clinical use as it presented a superior cellular uptake. O°-benzylguanine 15 was highly
effective in depleting the alkyltransferase activity of cultured human colon tumour cells

(HT29).*

/CH3
N= N N/ N
> >
HzN)%N N HZN)\\N N

14 15

Figure 1.6. Structures of O°-methylguanine 14 and O°-benzylguanine 15.

18



Chapter 1

Wegde and Newlands found that O°-benzylguanine 15 improved the effect of the
chloroethylating agent carmustine (BCNU; 9) in the treatment of malignant glioma.”
This finding, combined with the previous results obtained by Pegg er al.* had
implications for the development of MGMT inactivators for clinical use. Phase 1 clinical
trials of carmustine (BCNU; 9) in conjunction with the preadministration of O°-
benzylguanine 15 in recurrent or progressive malignant glioma were completed.”® The
results of these trials indicated that the maximum tolerated dose of the alkylating agent
BCNU 9 when given in combination with O®-benzylguanine 15 at a dose of 100 mg/m? is
40 mg/m’. This amount is significantly lower that the single-agent 9 dose (200 mg/m?),
which provided the foundation for a Phase II trial. More recently, Phase II trials at the
dose schedule were unsuccessful in producing tumour regression in patients with
nitrosourea-resistant glioma, although some disease stabilizations were produced.” The
lack of effect was attributed to the low dose of carmustine (BCNU; 9) to produce a

therapeutic effect.

The results of the Phase II study of the O%-benzylguanine 15 and carmustine combination
were discouraging. O%-benzylguanine 15 is not an ideal drug because its inactivating
potency is modest, it exhibits only limited water solubility, and it is not a specific
inactivator for MGMT in tumour cells vs normal cells of a host. Therefore, additional
MGMT inactivators that were more potent, more water-soluble or more tumour —specific
than O°-benzylguanine 15 were required. A wide range of substituted guanine derivatives
was synthesised and biologically assessed, where the most representative derivatives are
illustrated in Table 1.1 (page 21).39’56‘58 The data are expressed in Iso values;
concentration of inactivator required to reduce by 50% the activity of MGMT in HT29
cells (incubated at 37 °C for 4 h).

Certain trends have emerged from the analysis of the biological activity of these
analogues. The results of those experiments indicate that substitution at the O-6, N-9 and
C-8 positions of the guanine is well tolerated as the activity of these compounds is largely
retained. On the other hand, additional substitution at the N-7 position or the exocyclic

amine causes a dramatic decrease in biological activity. Furthermore, substitution of the
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oxygen atom at the 6-position by a sulfur atom (S®-guanine derivatives) or altering of the
pyrimidine ring also had a detrimental influence on the MGMT inactivation. However,

some pyrimidine derivatives containing nitroso or nitro substituents proved active.

1.8.2 MGMT Inactivators based on O°-(Heteroarylmethyl)guanine Derivatives

The mechanism of alkyltransferase inactivation by O°-benzylguanine 15 has been
investigated.59 These studies demonstrated that O°-benzylguanine 15 served as an
alternative substrate for the protein, involving the mechanism discussed above (see
Scheme 1.4), and leading to formation of a S-benzylcysteine residue at the active site of

the protein, together with production of a stoichiometric amount of guanine.

The reaction of O°-benzylguanine 15 with the thiolate of the Cys145 residue of the active
site of the MGMT is an SN2 bimolecular displacement reaction with guanine as leaving
group, and the thiol group, especially as the anion (discussed earlier in Section 1.7.2) is a

good nucleophile in this type of reactions (Scheme 1.5).

MGMT

Scheme 1.5

To design variations of the O°-benzylguanine 15, a wide range of substituted benzyl
reagents with both electron-donating and electron-withdrawing groups were synthesised
and biologically assessed as MGMT inactivators.*®' Attempts to establish a reactivity
sequence were disappointing, since those studies revealed no apparent correlation

between the degree of MGMT inactivation and the nature of the benzyl substitutent.
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Table 1.1. Iso (uM) values of some O°-benzylguanine derivatives in HT29 cells.

P 9B

O
N N N
N N7
)\ > )\ > ) Sy H—x
H,NT SN N \ )\\ N RN SN N
2 H2N N 2 H
15, 16a-d 17a-¢ 18a-b 19a-d
(0] /S) 0
S YT
N A e i
NT N HZN)\N NH, HZN)\N NH,
20 21 22 23
Compound Isp (uM) Compound Iso (uM)
15 X=H 0.050 18b R=CH,CH(OH)Et Inactive
16a X=F 0.050 19a X=Br 0.060
16b X=ClI 0.080 19b X=NH, 20
16¢ X=CH; 0.080 19¢ X=CH;, 0.10
16d X=Ph 0.10 19d X=0OH 0.15
17a R=CH,CN 0.80 20 36
17b R=CH,CH(OH)Et 20 21 0.060
17¢ R=CH,CH(OH)CH,NHCH(CH;), 0.80 22 0.020
18a R=CH,CN Inactive 23 0.020
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Obviously, other factors to consider must be involved in the O%-benzylguanine 15 / thiol
reaction. The crystal structure of the MGMT protein in E. Coli was determined by Moody

1% in 1994, and the more difficult problem of the human protein was solved in

et a
2000.% Although there are similarities between E. Coli MGMT and human MGMT, their
substrate specificity indicates structural differences in their active sites. The specific
cysteine Cys145 of the human MGMT is located in a buried pocket and the neighbouring
amino-acid residues facilitate the conformation change required for the cysteine to carry
out nucleophilic attacks. The amino-acid residues involving the active site are determined
and this binding pocket is fairly accessible to the pseudosubstratres.(’4 These studies
reveal that the active site is considerably hydrophobic, which accommodates the bulky

substituent (benzyl group or their derivatives) in the optimum configuration to accelerate

the reaction with Cys145 thiolate.

In SN2 reactions of the type describe above for heterocyclic examples of R, it is known
that the order of reactivity is benzyl 24 < thenyl 25 < furfuryl 26 (Figure 1.7),%%°
although this comparison is based on a Syl reaction mechanism, involving stabilization

effects of the carbocations that are formed by the heterocyclic ring.

CH,
24 25 26

Figure 1.7. Order of reactivity of heterocyclic groups in Sy! reactions.

Although none of these studies provided a clear indication in designing new MGMT
inactivators, our research group embarked on developments with the lead compound O°-
benzylguanine 15 as starting point. The replacement of the benzyl group with several
substituted heteroarylmethyl groups was devised to produce potential MGMT

inactivators.”” Our research group found that the level of activity of O°-furfurylguanine
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27 (Figure 1.8), expressed as the concentration of inactivator (Isg) required to produce
50% reduction in MGMT activity after incubation for 30 min in cell-free extracts was
only fractionally higher (Iso 0.080 uM) than for O%-benzylguanine 15 (Isy 0.043 uM). The
value for 15 published earlier by Pegg et al.”* ™ (I5)0.050 uM) indicates differences in the
assay procedures employed by the different groups. However, among the wide range of
O°-hetarylmethyl-guanine compounds tested as MGMT inactivators, O°thenylguanine
28 (Figure 1.8) emerged as the best inactivator (Iso 0.018 uM) and was selected for
clinical trials by Cancer Research UK. O°-Thenylguanine 28 was named PaTrin to
recognise the contribution of the two institutions where the project was developed; the

Paterson Institute in Manchester and Trinity College in Dublin.

While PaTrin was still undergoing pre-clinical assessment for clinical trials, our research
group prepared a number of thenyl derivatives. 06-(4-Br0m0thenyl)guanine 29 (Figure
1.8) was one of the most active compounds tested (Is) 0.0034 uM) and it was agreed to
substitute PaTrin for 29 as a candidate for clinical trials. It was named PaTrin-2, and then
PaTrin became PaTrin-1. The most active compound Palrin-2 29 later became the
trademark PaTrin™ and Lomeguanatrib. We will refer to O°-(4-bromothenyl)guanine 29

as PaTrin-2 routinely throughout this thesis.

Br
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O @) (@)
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27 28 29

Figure 1.8. O°-Substituted guanines.
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PaTrin-2 29 is ten times more potent than O°-benzylguanine 15 and increases the
antitumour effects of the alkylating agent temozolomide 11 against metastatic melanoma
and colorectal cancer. A Phase I trial of PaTrin-2 29 has been carried out in the Christie
Hospital in Manchester and the University College Hospital in London. The results
obtained showed that the maximum tolerated dose of temozolomide, in combination with
PaTrin-2 is 75% (150 mg/m®) of the maximum tolerated dose of the single agent (200
mg/m’) and the toxicity of PaTrin-2 was minimal.***’ This finding contrasts with the
clinical trials of the O°-benzylguanine 15 / carmustine (BCNU; 9) combination, which
were unsuccessful due to the dose-limiting toxicity. Phase II trials of PaTrin-2 29 and
temozolomide 11 against metastatic melanoma took place in different clinical centres in
Australia , and subsequently in the UK. It was found that while the dosage as suggested
by the Phase I trial was correct, PaTrin-2 had to be administrated for a longer period.
Unfortunately, in this regime, bone narrow damage not previously detected showed up,

with loss of the immune system. The Phase II trial was therefore abandoned.

1.9 PaTrin-2 Derivatives

For the reasons mentioned above, PaTrin-2 research continued in our laboratories
involving the design, synthesis and biological evaluation of a wide range of analogues of
this potent MGMT inactivator. The development of PaTrin-2 by modification of its
chemical structure or by incorporation of several moieties has been carried out in the

search of new potential MGMT inactivators.

Although PaTrin-2 was proved as a promising candidate for clinical trials, it exhibited
several disadvantages. The major drawback is its limited selectivity for neoplastic cells
over the healthy ones. Since MGMT is present, in higher or lower concentration, in all
the human cells, PaTrin-2 reduces repair capacity also in normal tissue and, therefore,
there is loss of protection against the side effects of the alkylating agents. This is common
of all the MGMT inactivators that have been reported and in fact, of many

chemotherapeutic drugs. In addition, PaTrin-2 is not very soluble in aqueous media,
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which involves difficulties in the pharmacokinetic phase, particularly in the absorption

and subsequent distribution of the chemotherapeutic drug.

The project in which our group is involved sets out to investigate PaTrin-2 derivatives,
which could be potentially more soluble than the parent compound, while retaining its
bioactivity. PaTrin-2 has also been modified in order to improve its selectivity towards
cancer cells. Compounds presenting a superior cellular uptake and distribution of the drug
are also the most valuable to improve the pharmacokinetics of the drug. Finally,
modification of Patrin-2 in order to increase stability and, therefore, duration of action of
the drug is also essential. Over two hundred analogues of PaTrin-2 have been synthesised
and biologically tested for MGMT inactivation.”””" The most representative compounds

are described in the next subsections.

1.9.1 Alteration to the PaTrin-2 Skeleton

Numerous compounds that can be regarded as PaTrin-2 derivatives have been synthesised
with alterations to the PaTrin-2 skeleton (Table 1.2). It was found earlier by Pegg et al™
that alkylation at the N-9 position of O°-benzylguanine 15 with small or bulky lipophilic
groups only marginally affects the MGMT-depletion activity. Our research group showed
that the introduction of diverse groups at the N-9 position of PaTrin-2 was tolerated to
some extent. However, groups at the N-7 position dramatically affected the activity, and

in particular, large groups abolished the MGMT inactivation.
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Table 1.2. Iso (uM) values of some PaTrin-2 derivatives incubated at 37 °C for 1 h with
purified MGMT.

Br Br Br Br
xS xS Z/\ jS Z/\ jS
0 0 X o}
N N N N
N“ NZ N7 NZ \
S Ly )j[ > I
N \N NS NN #
HZN)\N N X)\N N HZN)\N N HZN)\N N
R H H H
29, 30a-b 31la-c 32a-b 33a-c
Br Br Br Br
NS xS Z/\ jS Z/\ jS
o} H o} o} 0
T = NJ\/'(N\] YN ee
0
ey \8 ~ N 4 NS
HZN)\N N HzN)\N N HZN)\N N H2N/I\N NH,
H R
34 35 36a-c 37a-b
Compound Iso(uM) Compound Iso (uM)
29 R=H 0.0034  33b X=0 0.24
30a R=CH,OCH,CH,OH 0.33 33c X=S 0.0028
30b R=(CH,);OPh 0.036 34 0.018
31a X=H 0.30 35 0.025
31b X=F 14 36a R=H 0.0070
31¢c X=NHCOCH, 2.6 36b R=(CH,);OPh 0.060
32a X=S 8 36¢ R=CO,CH, 0.013
32b X=NH 50 37a R=H 0.27
33a X=N 0.045 37b R=NO 0.045
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Exchanging the NH, at the 2-position (compounds 31a-¢) resulted in high values of .
The same mediocre results of high Isy value were obtained when the oxygen at the 0-6
position was replaced by sulphur or nitrogen isosters of PaTrin-2 (32a-b). In the 8-thia
series, O°(4-bromothenyl) 33¢ gave an excellent value of Is; 0.0028 uM. The
corresponding 8-oxa analogue 33b gave I5) values considerably higher. Further
substitution at the C-8 position with nitrogen led to good activity (compound 33a), as
well as the introduction of C=0O (compound 34). Ring expansion of the in the purine
system (compound 35) slightly decreased the biological activity of the corresponding
parent compound PaTrin-2. O°(4-Bromothenyl)-8-aza-7-deazaguanine 36a (commonly
named as alloPaTrin) and derivatives have also been investigated in our research group
by Hanafin.” Their abilities to inactivate MGMT compared very favourable with those of
the corresponding analogous guanine compounds. Finally, nitroso pyrimidine derivatives
of PaTrin-2 37b have also exhibited good activity for MGMT depletion. Previous
studies™® showed that the 5-nitro or nitroso O’-benzylguanine analogues (see Table 1.1)
retained the biological activity of the corresponding parent compound, O°-benzylguanine

15

1.9.2 PaTrin-2 Prodrug Approach

A prodrug is a drug derivative that is administrated in an inactive, or significantly less
active form. A prodrug must undergo a chemical conversion by metabolic processes in
vivo before becoming an active pharmacological agent. Prodrugs are widely used to
improve the properties of potential drug candidates in order to enhance their effectiveness
and elongate their activity. The most common properties to improve are: increase water-
solubility, increase selectivity over tumour cells, improve lipophilicity or decrease

toxicity.
The incorporation of a chemical group has important implications in the properties of a

drug. Introduction of polar groups would increase the water-solubility of the drug,

whereas the introduction of non-polar groups would enhance the lipophilicity of the drug.
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In addition, prodrugs can also modify the frequency of a drug administration and toxicity.
For a drug with a short biological half-life and a rapid degradation, the prodrug approach
may be used to manipulate the rate of release of the active drug after its administration.
Slowing prodrug hydrolysis can permit the drug to be active over a longer period of time

and decrease toxicity.

Derivatives of PaTrin-2 as prodrugs have been investigated systematically. As discussed
earlier, structural modification at the N-9 position of PaTrin-2 is well tolerated with a
minimum loss of the MGMT activity in some cases. This effect depends directly on the
nature of the incorporated group. As a result, these prodrugs would be hydrolysed to

release gradually the active drug PaTrin-2 (Scheme 1.6).
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Scheme 1.6

The activation of the drug in vivo is highly dependent on the nature of X. Thus, the rate of
hydrolysis of the prodrug can be manipulated by incorporation of several functional
groups (X) with diverse chemical properties. The synthesis of 9-acetyl-O°-benzylguanine
38 (Figure 1.9) with a Iso (0.4 uM) value similar to that of 06-benzylguanine 15 (0.2 uM
in HT29 cell-free extracts after incubation for 30 min) has been reported.”” The good

activity of 38 was attributed to its readily hydrolysis in aqueous medium to release O°-
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benzylguanine 15, providing higher activity than expected for this compound 38. In our
group the 9-methoxycarbonyl derivative of PaTrin-2 39 (Isy 0.0048 uM), see Figure 1.9,
acted as a lead compound in the investigation of PaTrin-2 analogues as prodrugs. This
compound is stable under physiological conditions (pH=7.4, T=37 °C) for several hours
and undergoes hydrolysis to release PaTrin-2. Consequently, the synthesis and rates of
hydrolysis of carbamates (X=OR, see Scheme 1.6), N-monosubstituted ureas (X=NHR)
and N,N’-disubstituted ureas (X=NRR’) of Patrin-2 has been investigated.”®”"
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Figure 1.9. Structures of O°- and N’-substituted guanines.

1.10 Aims of Project

The project of this thesis sets out to rationally design, synthesise and biologically test
derivatives of the 2-amino-5-nitropyrimidine (compounds 40 and 41, see Figure 1.10),
which can be regarded as analogues of PaTrin-2. We also wish to incorporate polyamines
at the N-4 position that will improve their water-solubility, cellular uptake and increase

efficacy and selectivity for cancer over normal tissues.
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Figure 1.10. Structures of nitro derivatives.

Polyamines are ubiquitous polycation molecules (as the nitrogens are protonated at
physiological pH), which play a crucial role in a number of cell processes including cell

3 Rapidly dividing cells require large amounts of

proliferation and differentiation.’
polyamines in order to grow. These can be internally synthesised and also imported from
exogenous sources. In fact, many tumour types have shown to contain elevated
polyamine levels and an active polyamine transporter (PAT) for importing exogenous
polyamincas.74‘75 Because of the enhanced cellular need for these amine growth factors
and an active transport system for their import, polyamine-drug conjugates can be
delivered specifically to cancerous cell types.76 Polyamine analogue development has

become and attractive approach in drug design synthesis for new cytotoxic or growth

inhibitory compounds.77

The utility of the polyamine spermidine 42 (Figure 1.11) for selective delivery of
chemotherapeutic agents into cancer cell has been explored.” Furthermore, many of these
spermidine —drug analogues may interact selectively with DNA because spermidine and
other polyamines bind avidly to DNA. Analogues bearing a spermidine backbone usually
retain DNA-binding properties. Cullis et al” employed this approach in the design of
anticancer agents through DNA-targeting mechanisms, which was the combination of
spermidine 42 with the chloroethylating agent chlorambucil 43 (Figure 1.11), attached at
the secondary amino group of spermidine. This combination was highly effective at

producing DNA cross-links compared with its parent compound 43.
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Figure 1.11. Structures of spermidine 42 and the chloroethylating agent chlorambucil 43.

Accordingly, we wished to introduce spermidine 42 through the secondary amino group
to the monocyclic 5-nitropyrimidine derivatives (40 and 41) at the N-4 position. The
attachment of spermidine to its secondary amino group is a synthetic challenge and may
well also be pharmacologically relevant. These spermidine-(5-nitropyrimidine)
conjugates may present a superior cellular uptake, better selectivity over tumour cells and
improve water-solubility as these polyamines are protonated at physiological pH, as

mentioned above.

Subsequently, we focused on the incorporation of polyaromatic diamines 44 (Figure 1.12)
attached to the N-4 position of the monocyclic S-nitropyrimidine derivatives (40 and 41).
These amines are positively charged at physiological pH and possess a concave shape,
two important factors involved in DNA minor-groove recognition,” as has been
investigated in our research laboratories by Rozas.®' Importantly, if the polyaromatic
amine-(5-pyrimidine) conjugate confers a high affinity for the DNA minor groove, this
will allow the drug to locate appropriately into the precise site to inactivate the repair

protein MGMT.®
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Figure 1.12. Structure polyaromatic amines (X=CH,, NH, O, CO) and nitro derivatives.

Secondly, we explored the PaTrin-2 prodrug approach and discussed the synthesis of a
PaTrin-2 N,N’-disubstituted urea derivative attached to the secondary amino group of
spermidine (compound 45, see Figure 1.13) and the problems encountered in its
elaboration. The purpose of introducing spermidine is aimed to exploit the spermidine
properties (high cellular uptake and good DNA binder). Subsequent hydrolysis of this
prodrug would release the active drug PaTrin-2. This would improve the solubility

drawback of PaTrin-2, tumour cell uptake and distribution.
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Figure 1.13. Structure of the N,N’-urea derivative of PaTrin-2.
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Subsequently, we discuss a preliminary study in the introduction of spermidine to the
good S-nitrosopyrimidine inactivators (compounds 46 and 47, Figure 1.14). The
attachment of a secondary amine to a 5-nitrosopyrimidine is chemically relevant, due to
the difficulties found in their preparation and for the reasons mentioned above, it may

also be pharmacologically significant.
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Figure 1.14. Structure of nitroso derivatives.

Finally, the MGMT inactivation of some of the derivatives of PaTrin-2 that we have
prepared has been evaluated. To understand the results obtained, molecular modelling
studies have been performed using the published crystal structure of the human O°-
methylguanine-DNA methyltransferase (PDB entry: 1IQNT).*® PaTrin-2 and some
inactivators synthesised were docked into the active site (binding pocket) of the protein.
Thus, stabilization energies and the amino acid residues involved in the interaction were

determined and the results will be discussed in detail in this thesis.
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Synthesis of 2-Amino-4,6-dichloro-5-nitropyrimidine
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Chapter 2

2.1 Introduction

Previous studies of nitropyrimidines as inactivators of MGMT have been explored by
Pegg® and Kohda®. Both research groups have reported that several analogues of O°-
benzylguanine bearing electron-withdrawing substituents, such as the nitro group (48 and
49, Figure 2.1), at the S5-position are more effective MGMT inactivators than the
corresponding parent compound, O’-benzylguanine 15. Consequently, the potential of
these drugs led us to prepare a series of 5-nitropyrimidines and investigate their

biological activity.

@) O
N NO, W NO,
/Ik = )l\ =

H,N" N7 NH, H,N" N7 CH,

48 49

Figure 2.1. Structures of nitro derivatives.

Pegg®® and McElhinney®*® have shown that analogues of O°-benzylguanine and
PaTrin-2 alkylated and acylated at the N-9 position, 50 and 51 respectively (Figure 2.2),

retained the biological activity of the corresponding parent compound.
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Figure 2.2. Structures of O°- and N’-substituted guanines.

Accordingly, we wish to investigate the effect of connecting molecular devices to the N-4
position of 2-amino-5-nitropyrimidine analogues as targeting devices in chemotherapy.
These can be regarded as analogues of the N-9 substituted O°-benzyl and 4-bromothenyl
guanines 50 and 51. As has been previously explained in Chapter 1, the incorporation of
polyamines like spermidine 42 and polyaromatic amines 44 following uptake by cancer
cells and their electrostatic and hydrogen bonding interactions as DNA minor groove

binders are well known and have been usefully exploited.”**

Therefore, the synthesis of these analogues will be explored to produce the following

nitropyrimidines 40 and 41 in order to investigate their biological activity.

Br
S
(@] (0]
e NO, N7 X NO,
)I\ ~ )I\ =
H,N N NRR' HoN N NRR'
40 41

Figure 2.3. Structures of N’-substituted nitro derivatives.
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2.2 Synthetic Pathway for the Preparation of 5-Nitropyrimidines

The retrosynthetic pathway proposed for the preparation of the nitropyrimidine adducts is

summarized in Scheme 2.1.

0 o cl
HN KNO, HN NOZ PO, (S N
HZN/I\\N 0  HSO, H2N/k\N o DMF HZN)I\N/ cl
52 53 54
OR OR
ROH N)%LNOZ HNRR" e Ve
NaH / DMSO HZNJI\N/ cl THF HZN)I\N/ NRR"

Scheme 2.1

We wish to introduce the nitro group in the pyrimidine ring prior to the introduction of
the arylmethoxygroup as both the benzyl and 4-bromothenyl groups might also be
nitrated. The nitration reaction can be carried out with potassium nitrate in concentrated
sulphuric acid. Different nitration conditions could be used, but nitration with potassium
nitrate in sulphuric acid employs milder conditions than those where concentrated nitric
and sulphuric acid are used, allowing cleaner reactions. Boyle and co-workers” have

previously explored this reaction, obtaining excellent results.

The next step involves halogenation and can be performed with phosphorus oxychloride
in the presence of DMF. The halomethyleniminium salt formed from the reagents is a
potential intermediate involved in the Vielsmeier-Haack-Amol reaction.”*” The broad
synthetic utility of this halomethyleniminium salt is not restricted to chlorination and
acylation, but is also suitable for electrophilic substitutions. It also reacts with primary

amino groups to give the corresponding dimethylaminomethylenamino derivatives. This
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is useful in the present reaction as leads to protection of the exocyclic amine. Otherwise,
undesirable N-phosphoamino salts might form. Finally, the hydroxyl or oxo groups will
be replaced by iminochloro entities. This reaction and the corresponding mechanism will

be discussed in the following Section 2.4 in more detail.

The dichloronitropyrimidine 54 is a key intermediate in the preparation of 5-
nitropyrimidines 40 and 41 and the potential synthetic applications derived from this
molecule are worthwhile investigating. The possibility of nucleophilic aromatic
substitutions at the 4- and 6-positions, enhanced by the nitro group in “ortho”, combined
with the diazotization via the reduction to an amino group and subsequent diazonium salt
reactions at the 5-position could lead to many synthetic pathways. Unfortunately, there is
only one reference to this compound in the chemical literature, which is a patent™ that
does not provide any information about its synthesis, giving an idea about its difficulty to
prepare or isolate. Being such a versatile molecule in the pyrimidine chemistry, we will
explore in this chapter the use of several synthetic strategies for the preparation of the 2-
amino-4,6-dichloro-5-nitropyrimidine 54 and the subsequent reactions and products

derived from its synthesis.

2.3 Synthesis of 2-Amino-4,6(3H,5 H)-5-nitropyrimidinedione

It has been well established that nitration of 52 in the presence of nitric and sulphuric acid
gives exclusive mononitration of the substrate in the 5-position.”” However, excess of
concentrated/fuming nitric acid in the nitrating mixture or even slight changes in
temperature and time of the reaction leads to undesired products, causing further nitration
to the gem-dinitro compound 55, followed by pyrimidine ring cleavage to form the

guanidinium gem-dinitro compound 56 (see Scheme 2.2).”
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Scheme 2.2

The use of one equivalent of nitric acid is essential as an excess will lead to the formation
of the gem-dinitro compound 56. In order to avoid these difficulties, two other synthetic
methods were carried out to prepare compound 53. The use of potassium nitrate in
sulphuric acid would ensure an easier course of the nitration under milder conditions. An

alternative is the formation of the pyrimidine ring from the guanidine and malonate ester.

With regard to the latter method, Jonak e al.”® reported a general procedure for the
preparation of 5-substituted pyrimidinediones from guanidine and diethyl malonate ester.
We investigated this procedure to prepare 2-amino-4,6(3H,5H)-pyrimidinedione 52 as a
model reaction in order to optimise and establish the preparation conditions for 53

(Scheme 2.3).

@)
o g 2. EtOH N
= CcO + e
ke ’ EtO OEt 78 °C, overnight -
NHz /2 H,N™ “N” 0
52

Scheme 2.3
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The optimal conditions involved the treatment of two equivalents of guanidine carbonate
and diethylmalonate in refluxing ethanol overnight. The reaction mixture was washed
with ethanol and dissolved in water (pH~12 indicates the strong basicity of guanidinium
salts). Finally, the neutralization of the solution to pH 7 with diluted HCI afforded 52 in

58% yield as a pale pink solid.

Having established the conditions for the previous reaction, the next step was the
synthesis of 53 by reacting two equivalents of guanidine carbonate with diethyl

nitromalonate in refluxing ethanol overnight to obtain 53 in 45% yield (Scheme 2.4).

" o o 0
+ = 2 EtOH e NO,
H2N:< CO; + EtO OEt )\
78 °C, overnight ~
bt 4 2 NO, HNT N7 Yo
53
Scheme 2.4

The presence of a powerful electron-withdrawing group in the « position of the ester
confers high reactivity towards the carbonyl group, lowering the time of reaction.
However, after several attempts where we varied the reaction time, the best yield was
obtained when the reaction mixture was refluxed overnight, following exactly the same
conditions as in the previous reaction. The proposed mechanism is illustrated in Scheme

2.5,
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the yield could not be improved upon by modifying the reaction time, we decided to

investigate a change of the solvent. The reaction was carried out in the presence of DMF,

which allows higher reaction temperatures. However, these conditions did not improve

the yield and, hence, no further investigation was carried out on this reaction. A previous

report by Harnden et al.” described the synthesis of compound 53 by reacting guanidine

and diethylnitromalonate in a mixture of sodium ethoxide in ethanol for 30 min to afford

the final compound in low yield (29%). With the method just established, we have

managed to improve the yield to 45%, although the reaction time is considerably longer.

Bo

th compounds 52 and 53 proved to be somewhat insoluble in most organic solvents,
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being partially soluble in DSMO and in strong alkaline solutions. Unfortunately, this

rules out the obtaining of the >C NMR spectra.

The alternative synthetic route we proposed for the synthesis of the nitropyrimidinedione
53 is the nitration of the corresponding precursor 52 with potassium nitrate in
concentrated sulphuric acid. The knowledge of the tautomerism keto-enol and structure
of pyrimidinediones is of considerable importance and can be very useful for gaining

insight into the actual mechanism of nitration.

The tautomerism of purine and pyrimidine nucleobases and their derivatives is of keen
interest to chemists because it directly affects the biological functions and properties of
nucleic acids. The tautomerism of 4-hydroxypyrimidines and 4-pyrimidinones (Figure
2.4) has often been considered as a model for studying the tautomeric equilibrium of
substituted pyrimidines in the solid state and in solution.'® The existence of the enol form
is of a great importance in order to elucidate the structure in the solid state as aromaticity

is conserved in this form.

OH 0 O
N HN N
L S L]

N N N
enol keto keto (1H)

Figure 2.4. Possible tautomeric forms of 4-hydroxypyrimidines and 4-pyrimidinones.

Such keto-enol equilibrium is the result of intramolecular hydrogen transfer. IR
spectroscopy is one of the most powerful techniques frequently used for investigating
such properties in the solid state and in solution.'”’ The observed IR spectra in the solid
state of the NH, OH and CO stretching regions revealed that 4-pyrimidinone exists
predominantly in the keto form. The predominance of the keto tautomer of the

equilibrium mixture in chloroform solutions also obtains. Following the same criteria, we
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investigated the tautomerism of the compounds 52 and 53 in solid state using IR
spectroscopy. The possible tautomeric structures of these compounds are represented in

Figure 2.5.

OH
HN HN HN | N7 |
HN)\” 0 H2N/|\\N o HZNJ\\N OH ZN/k\N OH
52a 52b 52¢ 52d
0 0 0 OH

HN H 0] H,N N (@) H,N N OH H,N N OH
53a 53b 53¢ 53

Figure 2.5. Possible tautomers of compounds 52 and 53.

Compound 52 showed two N-H stretching frequencies at 3333 and 3144 cm™ and two
intense absorption bands at 1681 and 1656 c¢cm’ corresponding to C=0O stretching
frequencies. There was no indication of broad absorption between 3450-3200 c¢m’'
corresponding to a O-H stretching band, which would be a sign of the existence of the
enol form. With these data we cannot determine which tautomer (52a or 52b) represents
the actual structure, as has been controversy over this issue. Boyle e al.”> described the
keto tautomer as 52b, whereas Latypov and co-workers’’ used 52a as the representation

of the pyrimidinedione.

Compound 53 shows two absorption bands at 3310 and 3216 cm™ which correspond to
the NH, stretching frequency, and an additional band at 3184 cm™' that accounts for the
N-H stretching absorption. Another two very strong bands appear at 1690, and 1679 cm’!
(C=0 stretching frequency). This information points towards 53b as the tautomeric

structure.
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Having described the structure of 52 and 53 and the proposed tautomeric keto-enol
equilibrium in solution, the nitration reaction was carried out following the conditions
employed by Boyle et al.” Anhydrous potassium nitrate was added to a solution of 52 in
concentrated sulphuric acid and the mixture was stirred for 2 hours at room temperature
to give 53 in a high yield (94%). The use of one equivalent of potassium nitrate is
essential to allow isolation of the mono-nitro 53, since a slight excess of the reagent leads
to the formation of gem-dinitro compound 55, followed by the cleavage of the pyrimidine
ring, as mentioned above (see Scheme 2.2). Latypov and co-workers’’ also have reported
that the use of nitric acid and sulphuric acid mixtures affords the same products, leading
to further nitration of 53. That is not surprising, since it is well known that both nitric

acid and potassium nitrate are converted quantitatively to nitronium ions.

The nitration of 52 follows an electrophilic aromatic substitution mechanism (Scheme
2.6). Compound 52 has only one reaction site, namely the 5-position in the ring, which is
susceptible to this type of nitration. The two enol forms, combined with the electron-
donating contribution of the primary amino group to the “para” position, play a crucial

role in the activation of the S-position towards an electrophilic attack.
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Scheme 2.6
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24 Synthesis of 2-Amino-4,5,6-trichloropyrimidine

Having prepared the 2-amino-4,6(3H,5H)-5-nitropyrimidinedione 53 in high yield, the

L¥ have

next step of the synthetic pathway is the introduction of chlorine. Pegg et a
reported the halogenation of 2-amino-4-hydroxy-5-nitropyrimidine 57 to give 2-amino-4-
chloro-5-nitropyrimidine 58 (Scheme 2.7) using refluxing POCIl; for 24 h. However they
obtained yields of lower than 20%. We followed the same procedure to chlorinate 53,
obtaining a mixture of products with broad peaks in the aromatic region of the '"H NMR
spectra, possibly due to the formation of N-phosphoamino salts. Previous studies by
Temple and co-workers'” showed that the chlorination of 59 with POCI; to give 60

directly (Scheme 2.7) was unsuccessful due to the formation of N-phosphoamino salts,

which led to further degradation of the ring system.

OH Cl
N~ S I POCIj, NTX e
—
)I\ = )I\ e
H,N™ N H,N
57 58
@, Cl
NH NH
- | 2 POCI, i | 2
PN —
HoN N OH HoN N Cl
59 60
Scheme 2.7

1'% reported the Vielsmeir-Haack reaction for the preparation of 5-

Bell et a
pyrimidinecarboxaldehyde 62, introducing a formyl group directly onto the 5-position of
52 with phosphorus oxychloride in DMF in 51% yield (Scheme 2.8). When Seela and co-
workers'” repeated the same protocol, they found difficulties to obtain reproducible
results. They set up a series of experiments employing different ratios of the pyrimidine

52 vs. POCl; and DMF. A ratio 52/POCIl;/DMF of 1:8:2.2 was found to be superior to the
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ratio 1:5:2 reported earlier by Bell ez al., consistently resulted in yields in excess of 70%.
Seela and co-workers also isolated the amidine intermediate 61, formed from the reaction
of the dimethylaminomethyleneamino group in the exocyclic amine, which effectively
ensures the protection of this primary amine during the reaction (Scheme 2.8). Simple
hydrolysis of 61 in a large volume of water at 50 °C for 2 h regenerated the primary
amino group. Incomplete hydrolysis of 61 was the main reason for the lower yields
reported earlier by Bell et al. It also demonstrates that 61 is a reaction intermediate

consuming two equivalents of DMF.

0 c o c o
POCI; Hs0* r
HN e NI AN {3 e Nl D
DMF 50 °C
N ~ ~
HZN)\N 0 MegN&NJ\N cl HZN/'\N cl
52 61 62
Scheme 2.8

The chloromethylenedimethylammonium chloride salt derived from POCIl; and DMF,
also known as the Vielsmeier-Haack reagent, has been previously used almost

195 The synthetic application of this salt is not restricted to

exclusively for formylation.
formylation, but is also suitable for halogenation, and electrophilic substitutions.'® The
salt reacts very smoothly even under relatively mild conditions with primary, secondary
and tertiary alcohols, as well as phenols and their derivatives.'’’ Further it has been found
that this reagent can convert carboxylic acids into their corresponding acid chlorides.'”
The mechanism of formation of this halomethyleniminium salt is illustrated in Scheme
2.9. The amide reacts with POCl; which makes off with the amide oxygen atom and

replaces chlorine. This process would be very unfavourable but for the strength of the

formed P-O bond.

The application of this chloromethylenedimethylammonium chloride salt in the

chlorination of 53 ensures the protection of the primary amino group, avoiding the
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formation of N-phosphoamino salts, which are very stable and difficult to hydrolyse.
Subsequently, the amino group is regenerated by hydrolysis in acidic conditions.
However, neutralizing the reaction mixture with ammonia immediately after the

chlorination reaction allows the isolation of the dimethylaminomethylenamino

intermediate.
o) ol
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Scheme 2.9

Following Seela’s procedure, the chloromethylenedimethylammonium chloride salt was
generated in situ by the addition of DMF dropwise over POCl; at 0 °C under an argon
atmosphere to avoid the hydrolysis of the salt. The 2-amino-4,6(3H,5H)-5-
nitropyrimidinedione 53 was added and the mixture was heated at 100 °C for 1.5 h. The
ratio 53/POCl;/DMF employed was 1:8:2.2. Finally, the mixture was poured into
ice/water and heated at 50 °C for 2 h to allow the hydrolysis to occur. The product was
obtained in low yield (17%), the other products being water-soluble compounds that
could not be extracted into any organic solvent. 'H and *C NMR spectra supported the
formation of 54. IR also showed the disappearance of the carbonyl group absorption
bands, although the intense antisymmetric NO, stretching band was not present. Further
characterization of this product by mass spectroscopy and elemental analysis did not help
in our interpretation of its structure. For convenience, we shall call this compound A

(Scheme 2.10).
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Scheme 2.10

The isolation of the dimethylaminomethylenamino intermediate 63 was also carried out
in order to find evidence to help interpret the mechanism of the reaction and elucidate the
structure of A. Seela’s protocol for the isolation of 61 was also followed, using the same
ratio 53/POCI;/DMF as mentioned above. The mixture was immediately neutralized after
pouring it into ice/water to afford a precipitate in low yield (13%). Again 'H and "C
NMR spectra accounted for the formation of 63, showing the presence of the
dimethylaminomethylenamino group in the molecule. We shall name this second

compound B (Scheme 2.11).

cl 0
No, 1) POCH/DMF NO,
N B K H/Nk 1)POC/OMF
= h e X i
MezN&NJ\N Cl 2)NH,OH HNT SN So  2)NH,OH
63 53
Scheme 2.11

The structure of A and B was revealed when A was converted into the corresponding
methoxy derivative. The reaction of A with excess of sodium methoxide in methanol at
room temperature overnight afforded a white precipitate. Recrystallization from an
excess of methanol allowed a slow crystallization giving suitable crystals for x-ray
analysis. The structure obtained surprisingly showed the presence of chlorine in the 5-
position of the pyrimidine ring (see Figure 2.6). The corresponding 2-amino-4,5-

dichloro-6-methoxypyrimidine 69 was obtained in a very high yield (95%).
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Figure 2.6. Crystal structure of 2-amino-4,5-dichloro-6-methoxypyrimidine 69.

Thus, the x-ray structure automatically confirmed the unusual displacement of the nitro

group by chlorine in the chlorination reaction of 53, which is shown in Scheme 2.12,

clarifying the structure of A (65) and B (64).

0 cl
HN Qe POCI; H3O+ N| X i
H2N*\N 0, BMF e N/I\ cl HzN)\N/ cl
53 64 (B) 65 (A)
Scheme 2.12

We designed a series of experiments changing different variables such as the amount of
DMF, time and temperature of the reaction as well as the work-up conditions in order to
optimise the formation of 64 and 65 and gain an insight into the mechanism of this
unusual reaction. A ratio S3/POCIl3/DMF 1:8:4.4 led to higher yields than the ratio 1:8:2.2
reported earlier by Seela et al.'™ Increasing the number of equivalents of DMF higher

than 4.4 did not improve the yield of the reaction. Longer reaction times led to the

48



Chapter 2

formation of viscous brown tars. On the contrary, shortening the reaction time to 1 h
slightly improved the yield of 65, although the yield of 64 was not significantly affected
by this change. We also observed that lowering the reaction temperature to 60°C and
40°C led to mixtures of starting material with the products 65 and 64 respectively.
Additionally, the work-up procedure was also changed. We had previously thought that
the amount of ice/water in the hydrolysis of 64 to form 65 was important because of the
effect of acid concentration. The chloro groups might be susceptible to hydrolysis due to
the presence of powerful electron-withdrawing groups as nitro in “ortho” position and
protonated dimethylaminomethylenamino in “meta”. However, milder hydrolysis
conditions at 35 °C and room temperature increasing the amount of water did not have
any particular effect over the reaction yield. Finally, we established that a ratio

53/POCIy/DMF 1:8:4.4 at 100 °C in 1 h improved the yield of 64 to 41% and 65 to 28%.

The formation of 65 from 64 was also investigated to understand the mechanism of this
reaction. We explored the control over the conversion of 64 to 65 by hydrolysis of the
protecting group. The standard procedure to hydrolyse the dimethylaminomethylenamino
group is described by Gibson et al.'™ The method consists in the hydrolysis of this
protecting group in saturated methanolic ammonia at room temperature. We followed this
method and the result was a mixture of the unprotected adduct 65 along with several by-
products, all in low yield. Therefore, this deprotection was not investigated any further

and an alternative route involving the use of acidic conditions was followed.

We attempted the deprotection with hydrochloric acid to establish the reaction conditions.
A series of experiments was carried out employing different reaction times and strength
of the acid (IN, 5N and concentrated HCI) at room temperature and 50 °C. Finally, the
best conditions were found when 64 was treated with SN HCI at room temperature for 4
days to obtain 65 in a moderate yield (46%). The elucidation of the structure of 64, along
with the direct conversion of 64 to 65 in moderately strong acidic conditions, shows that
the displacement of the nitro group by chlorine might have occurred in the chlorination

reaction and not in the subsequent acidic hydrolysis.

49



Chapter 2

24.1 Proposed Mechanism for the Preparation of 2-Amino-4,5,6-

trichloropyrimidine

In heteroaromatic systems, the substitution of the nitro group by chlorine is an unusual
chemical reaction and, therefore, very little information regarding this particular type of
substitution, and its mechanism could be obtained from the chemical literature. Andreev
et al."" investigated the substitution of the nitro group in 4-nitroquinoline N-oxide 66 by
halogen (Figure 2.7). They reported that reaction of 66 with dry HCI undergoes a
nucleophilic substitution mechanism of the nitro group by chloride, due to the presence of
the N-oxide group, which enhances the electrophilicity of the heteroaromatic ring, to
allow the formation of the nitrite ion as a leaving group. The use of Lewis acids, such as
BF; or AICI; greatly improves the conversion by activation of the hereoaromatic nucleus.

1 showed that the introduction of chlorine

Previous studies by Grifantini and co-workers
in 67 with POCl; in DMF afforded 68 in quantitative yields. Here again, the nucleophilic
substitution of the nitro group by chlorine was enhanced by a electron-withdrawing group

such as the N-oxide group.

NO, NO,
Cl
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Figure 2.7. Structures of compounds 66, 67 and 68.

This information suggested that the mechanism of introduction of chlorine in 53 could
proceed through a nucleophilic aromatic substitution of the nitro group by chloride. This
would be enhanced by the protonated dimethylaminomethylenamino group in “para”
position and the adjacent chloro groups, which act as electron-withdrawing groups by
inductive effect. The proposed mechanism for the conversion of 53 to give 65 is

illustrated in Scheme 2.13.
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The isolation of the intermediate 64 supports the proposed mechanism for the
chlorination reaction, in which the dimethylaminomethylenamino group provs to be an
efficient protecting group for the exocyclic amine. According to Seela’s investigation,'™
the chlorination in the 4- or 6-position of the pyrimidine ring regenerates a molecule of
DMF, which is used to form another molecule of the Vielsmeier reagent, therefore
supporting the proposed mechanism where only one equivalent of DMF is consumed.
The protonation of the dimethylaminomethylenamino group, combined with the electron-
withdrawing effect of the nitro group, enhances the electrophilicity of the ring towards a
nucleophilic attack in the 5-position. The negative charge generated in the nucleophilic
attack can be partly stabilized by the chlorine groups in the 4- and 6-position due to the
inductive effect of the halogens. Finally, the nitrite anion acts as a leaving group to give
64. It should be mention that a possible interaction of the nitro group with the Vielsmeier

reagent could enhance this displacement.

2.4.2 Alternative Strategies for the Introduction of Chlorine

Having failed in the preparation of 2-amino-4,6-dichloro-5-nitropyrimidine 54, we
investigated an alternative synthetic route for the preparation of this compound.
Assuming that the replacement of the two carbonyl groups by chlorine is faster than the
displacement of the nitro group, we attempted to control the reactivity by reducing the
number of equivalents of the Vielsmeier reagent. Unfortunately, Bell and co-workers'®
had established that the excess of phosphorus oxychloride (five equivalents) was essential
to accomplish the synthesis of compound 62 in 51% yield, as fewer equivalents of POCl;
led to poor yields. As mentioned earlier, more recent studies by Seela et al.'™ also

established that the increment from five to eight equivalents of POCI; improved the yield

and the reproducibility of the reaction considerably.
In order to control the stoichiometry of the reaction, our focus tumed to the preparation

and isolation of the Vielsmeier reagent. We wished to control the reaction of 53 using

one, two, three and four equivalents of the chloromethylenedimethylammonium chloride
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salt. In each reaction we would isolate the intermediates containing this protecting group,
which would permit us to establish the relative rate of the various reactions involved. If
replacement by chlorine at the 4- and 6-position was faster than the replacement of the
nitro group at the 5-position, the preparation of compound 54 would be feasible by means

of controlling the equivalents of Vielsmeier reagent employed.

The preparation and isolation of the Vielsmeier reagent has been reported from the
interaction of phosphorus pentachloride and DMF.'”” Mascagni and co-workers''”
described the preparation of the salt, without mentioning the quantities, by adding
phosphorous pentachloride to an excess of DMF at 0 °C, precipitating the Vielsmeier
reagent, which was used immediately. We reproduced the experiment in the laboratory
and found the optimum conditions when the addition of PCls (1.0 g) to DMF (2 ml) was
followed by heating at 100 °C for 5 min and cooling to 0 °C. Unfortunately, it was not
possible to transfer weighed quantities of the reagent since the latter is extremely
hygroscopic, and decomposes very rapidly in the presence of moisture. Thus, the attempt

to isolate the Vielsmeier reagent was abandoned.

The use of thionyl chloride SOCIl, as an alternative reagent with DMF was also
investigated. The reaction between DMF and SOCI, follows exactly the same mechanism
as the reaction of DMF and POCI; to form the Vielsmeier reagent (see Scheme 2.14).
However, the reaction of thionyl chloride with DMF is considerably slower, requiring

heating or a longer reaction time to form the corresponding salt.' .
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Scheme 2.14
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Cottam et al.''* have reported the use of the Vielsmeier reagent generated in situ from
thionyl chloride and DMF in the introduction of chlorine to purine analogues. We
followed identical conditions for the reaction of 53, using the same ratio 53/SOCIl,/DMF
1:8:4.4 as reported earlier for POCls. A solution of freshly distilled thionyl chloride and
dry DMF in dry DCM was added dropwise over 1 h to a stirred suspension of 53 in dry
DCM and the mixture was refluxed overnight. The residue was poured slowly into a
water/ammonia solution to give the protected trichloropyrimidine 64 in 19% yield. This
method required longer reaction time, as the reaction temperature is considerably lower
than using POCI; itself. Lower yields were obtained and, unfortunately, the same
protected trichloropyrimidine 64 was formed. Thus, no further investigation employing

SOCI, and DMF as the reagent was carried out.

24.3 Reactivity of 2-Amino-4,5,6-trichloropyrimidine

Having unexpectedly synthesised the 2-amino-4,5,6-trichloropyrimidine 65, our attention
turned to the exploration of the reactivity of this molecule. The application of this
synthetic intermediate has not been fully investigated in the chemical literature and we
considered that the different reactivity of the chloro groups confers great versatility to 65,
which is worthwhile investigating in more detail for future synthetic applications in the

pyrimidine chemistry.

The selective reactivity of 65 towards nucleophilic attack in the 4- compared with the 5-
position can be explained by the electron-donating effect of the primary amino group in
the “para” position of the pyrimidine ring, which deactivates the 5-position towards a
nucleophilic aromatic substitution. In addition, the 4-position is more reactive due to the
conjugated effect of the nitrogen atom in “ortho” (1- and 3-position respectively), which
is able to accept the electron pair from a nucleophilic addition and subsequently
regenerates the aromaticity by return of the negative charge to expel chloride via an
addition-elimination mechanism (see Scheme 2.15 in which Nu represents a generic

nucleophile).
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The synthetic route mentioned earlier in Section 2.2 for the preparation of the desired
nitro derivatives 40 and 41 (Figure 2.3), includes the formation of alkoxy and amino
nitropyrimidine derivatives. Hence, we investigated the reactivity of 64 and 65 with
several alkoxides and amino nucleophiles. We wished to explore and establish the
conditions under which nucleophilic aromatic substitution would occur in these
compounds. This would also be used as model experiments for future reaction involving

the 2-amino-4.6-dichloro-5-nitropyrimidine 54.

We considered the use of methoxide as a model alkoxide for the subsequent displacement
of the chloride with benzyloxy and 4-bromothenyloxy groups. A general procedure for
the substitution of chloride by methoxide of several substituted chloropyrimidines in
methanolic sodium methoxide has been established in the literature.'”” When the
protected trichloropyrimidine 64 was reacted with three equivalents of sodium methoxide
in refluxing methanol for 3 hours, a mixture of several products was observed. 'H NMR
analysis showed the presence of DMF in the mixture, which led to the conclusion of a
partial hydrolysis of the dimethylaminomethylenamino protecting group had occurred,
along with a possible disubstitution. Shortening the reaction time and lowering the
temperature afforded the same mixture of products. As the protecting group was partially
removed, under these reaction conditions we decided to treat the unprotected
trichloropyrimidine 65 with an excess of methanolic sodium methoxide, using milder
conditions to avoid undesired by-products (Scheme 2.16). The mono-methoxy derivative
69 was obtained in high yield (95%) when 65 was reacted with three equivalents of

sodium methoxide in methanol at room temperature overnight. The x-ray structure
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obtained from 69 was essential in the elucidation of the structure of 65, due to the

unexpected substitution of the nitro group by chloride, as discussed earlier.

Cl OMe
NT X Cl NaOMe NT X Cl
I e I
Z ~
HZNJ\N Cl bsesak HZNJ\N Cl
65 69
Scheme 2.16

Having established the conditions for the mono-substitution with aikoxides, our attention
focused to the nucleophilic displacement of chloride by amines. Bearing in mind that the
aim of our work is the inclusion of spermidine 42 through its secondary amino group in
the pyrimidine ring, with the required protection of its primary amines, the use of model
nucleophiles would allow us to investigate and establish the nucleophilic substitution
reaction conditions before using the more valuable protected spermidine. It is possible
that the model compounds can also be active against the MGMT protein. Morpholine was

used as a model for protected spermidine to study the reactivity of secondary amines.

Earlier studies by Cowden''® reported the reaction of 2-amino-4,6-dichloropyrimidine
with piperidine to afford the corresponding 2-amino-4-chloro-6-piperidinopyrimidine in
high yield (88%). We followed the same procedure reacting 65 with an excess of five
equivalents of morpholine in refluxing acetone for 1.5 h to afford 70 in a yield of 53%.

The di-substituted product was not detected (Scheme 2.17).
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The used of azide as a nucleophile was also investigated. Azidopyrimidines are
considered as useful synthetic intermediates for the proposed preparation of nitroso
derivatives (discussed in detail in Section 4.2). The protected trichloropyrimidine 64 was
treated with one equivalent of sodium azide in DMSO for 24 h at room temperature to
afford the mono-substituted azido derivative 71 in a yield of 62%. Another set of
experiments was carried out using the unprotected trichloropyrimidine 65. In this case,
the best conditions were achieved when 65 was reacted with one equivalent of sodium
azide in DMSO at room temperature for a longer period of time (4 days) to obtain the

mono-adduct 72 in 58% yield (Scheme 2.18).
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Scheme 2.18

57




Chapter 2

The existence of the azido-tetrazole equilibrium in solution has been demonstrated

"7 Where the equilibrium is strongly affected by the nature of

previously by Temple et al.,
the substituents. In the solid state, compounds 71 and 72 exhibited a strong azido
absorption at 2146 and 2141 cm™ respectively, which supports the assignment of the
azido tautomer to describe these structures. However, a small signal in the 'H NMR of 72
in DMSO-ds at 6 7.48 ppm in addition to the main signal at § 9.10 ppm was observed,
which is an indication of the presence of small quantities of the tetrazolo tautomer in

DMSO-dg solutions.

As expected, under the same conditions the nucleophilic substitution requires longer
reaction time for the preparation of compound 72 than for 71. The different reactivity
between the two trichloropyrimidine compounds 64 and 65 can be explained as a
consequence of the lone electron pair of the free amino group in 65, which is available to
deactivate the pyrimidine ring in general. The 4-position would be slightly deactivated.
On the other hand, the presence of the dimethylaminomethylenamino protecting group in
71 lessens the electron-donating effect of the adjacent nitrogen to the pyrimidine. Thus,
the electronic density of the pyrimidine ring is moderately reduced making a nucleophilic

attack easier.

When we used a slight excess (1.3 equivalents) of sodium azide in the reaction with 65, a
second product in low yield was obtained. This adduct could be easily identified by NMR
spectroscopy as the di-substituted azido compound 73 (see Scheme 2.19). Consequently,
the substitution of another azido group in 72 can be carried out even under mild
conditions. Hence, the optimum reaction conditions to establish the preparation of the di-
substituted azido compound were investigated. Treatment of 65 with six equivalents of
sodium azide over 48h at room temperature afforded 73 in good yield (67%). The
resulting compound was found to be very unstable and was stored in the absence of
moisture over phosphorus pentoxide immediately after its preparation. However, the
initial yellow solid decomposed rapidly to acquire a greenish cover in 24 h. We assumed
that the compound was light-sensitive, and consequently another fresh batch was

prepared and stored in the absence of light.
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Scheme 2.19

The azido-tetrazolo tautomeric equilibrium in compound 73 can also be observed by
NMR spectroscopy (see Figure 2.8). The 'H NMR spectrum in DMSO-d; solution shows
two NH; signals at § 7.24 and 9.01 ppm, the latter with a relative abundance of 90%,
corresponding to the two tautomers. The *C NMR spectrum supports this information by
showing four major signals at 6 87.5, 144.1, 149.6 and 151.0 ppm corresponding to the
mono-tetrazolo tautomeric form. Additional minor peaks at 6 117.2, 159.5 and 160.3 ppm
are assigned to the di-azido tautomer. Due to the symmetry of this molecule, only three
carbon signals would be expected. The signals are shifted downfield as result of the
stronger electron-withdrawing effect of the azido group over the tetrazole group. Hence,
the information obtained from the NMR analysis indicates the predominance of 90% for

the mono-tretrazolo tautomer in the equilibrium.

Although the reaction of chloropyrimidines with sodium azide to give either azido
derivatives or the tautomeric tetrazolo derivatives proceeded in good yields, the
substitution was extremely sensitive to the number of equivalents of the reagent, as even
a slight excess produced the corresponding di-azido substituted compound which
contaminated the desired product. This di-azido compound is notably unstable, causing a
difficult purification process. Thus, we explored a more robust synthetic route for the

preparation of mono-azido compounds.
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Figure 2.8. 'H and *C NMR spectra of 73 in DMSO-de.
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The treatment of hydrazinopyrimidines with nitrous acids to yield azidopyrimidines is
well documented.'"® We followed this synthetic route, wherein the trichloropyrimidine 65
was treated with hydrazine, followed by sodium nitrite in hydrochloric acid to generate

the required mono-azido derivative 72 (Scheme 2.20).
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Scheme 2.20

Boulton et al.'"’ described the azido-dechlorination of several chloropyrimidines. Initial
displacement of chloride by hydrazine and subsequent nitrosation generates the
corresponding azido compound. Following the same protocol, the trichlorpyrimidine 65
was reacted with two equivalents of hydrazine monohydrate in methanol at room
temperature for 2 h to afford the mono-hydrazino compound 74 in high yield (84%).
Once more, no indication of the di-substituted hydrazino derivative was detected.
Subsequent nitrosation of 74 with 2 equivalents of sodium nitrite in diluted hydrochloric
acid for 2 h at room temperature afforded the mono-azide 72 in a yield of 56%. The
formation of the mono-azide was detected by infrared spectroscopy, wherein a strong
azido absorption was observed at 2143 cm™. This product was identical with the azido
adduct obtained from the direct substitution of 65 with sodium azide. The NMR
spectroscopy confirmed their identity. We therefore have established an alternative route

for the synthesis of the azido derivative 72.

Having investigated the synthesis of azido derivatives in detail, we decided attempted di-
substitution reactions of the mono-azidopyrimidines 71 and 72, and of the morpholino
derivative 70 using sodium methoxide. When the protected azido-dichloropyrimidine 71
was reacted with one equivalent of sodium methoxide at room temperature (Scheme

2.21), the presence of DMF in the resulting mixture proved that partial hydrolysis of the
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dimethylaminomethylenamino group had occurred. Thus, we abandoned the chemistry of
the protected trichloropyrimidines, as partial cleavage of the protecting group occurred,

contaminating and lowering the yield of the required adducts.
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Scheme 2.21

The treatment of 72 with an excess methanolic sodium methoxide at room temperature
for 24 h did not lead to the desired di-substituted product, as starting material was
recovered (Scheme 2.22). More vigorous conditions, such as sodium methoxide in
methanol at reflux for 24 h, were unsuccessful. Unfortunately, the same results were

obtained with the morpholino derivative 70 under similar conditions (Scheme 2.22).
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We then decided to take a new approach, and react the mono-methoxydichloropyrimidine
69 with three equivalents of sodium azide in DMSO (Scheme 2.23), once more
employing vigorous conditions (80 °C for 3 h). Unlike the di-substitution reaction of 65
with sodium azide, starting material was the sole isolated product. We attributed this
failure to the higher electronic contribution of the methoxide group to the pyrimidine
ring, compared with the azido group, which reduces the electrophilicity of the pyrimidine
towards nucleophilic reactions. Further replacement of chlorine under these conditions is

not feasible, and no further investigation was therefore carried out.
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Scheme 2.23

The last series of experiments for the preparation of di-substituted pyrimidines involved
the reaction of the mono-hydrazino compound 74 with sodium methoxide (Scheme 2.24)
employing vigorous conditions (six equivalents of sodium methoxide in refluxing
methanol for 24 h). Unfortunately, this reaction led to a mixture of undesired products.
Once more, evidence of the present of methoxy group was not observed in the 'H NMR
spectra of the resulting mixture. Consequently, we attributed this unwanted side reactions
to further polymerisation of the pyrimidine rings due to the nucleophilic nature of the
hydrazino group in basic conditions. Hence, the synthetic route to prepare di-substituted

derivatives was no longer explored.
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Once the preparation of the di-substituted alkoxyamino chloropyrimidine had succeeded,
we had planned to react this molecule with ammonia or with sodium azide in order to
displace the last chlorine of the molecule. Further selective oxidation of the amino or
azido group into the corresponding nitro derivative would successfully lead us to the
preparation of the desired nitropyrimidines 40 and 41 (Figure 2.3). The direct oxidation
of primary amines into the corresponding nitro derivatives has been described in the
literature, >’ wherein primary amines can undergo oxidation reactions with ozone to give
the corresponding nitro derivatives. Peracids have also been used for the oxidation.'”
The oxidation protocol of azides has also been reported,”’ in which the HOF-CH;CN
complex is a useful tool for the straightforward synthesis of nitro compounds.
Unfortunately, the limited reactivity of the trichloropyrimidine 65 forced us to abandon

this synthetic route and search for alternative pathways to prepare the desired

nitropyrimidines.

2.5 Alternative Synthetic Route for the Preparation of Nitro Derivatives

As our attempted synthesis of 2-amino-4,6-dichloronitropyrimidine 54 had failed, we
required another synthetic strategy to obtain the desired nitro derivatives 40 and 41. We
wished to synthesise 54 by the direct aromatic nitration of the commercially available 2-
amino-4,6-dichloropyrimidine 75 (Scheme 2.25). At first glance, the reaction is quite
unfavourable, as the two chloro groups are electron-withdrawing by their inductive
effect, therefore deactivating the pyrimidine ring for the subsequent electrophilic

aromatic substitution by the nitronium ion.
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Boyle and co-workers” have reported the nitration of 2-amino-6-chloro-4(3H)-
pyrimidinone with 1M ratio of potassium nitrate in sulphuric acid under mild conditions
in quantitative yields. We attempted the same procedure to nitrate 75 with one equivalent
of potassium nitrate in concentrated sulphuric acid for 1.5 h at room temperature, but
unfortunately the starting material was recovered. Extending the time of the reaction to
24 h and raising the temperature to 40 °C did not lead to the formation of the desired
product 54. When the temperature was raised to 100 °C for 24 h, the reaction produced
water-soluble products which were assumed to be formed by cleavage of the pyrimidine
ring. The replacement of potassium nitrate by fuming nitric acid led to the same results,

and consequently, the reaction was not investigated any further.
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Scheme 2.25

Buhler et al.'* have established the nitration of 2-amino-4-chloro-6-methoxypyrimidine
76 with fuming nitric and concentrated sulphuric acid mixture (Scheme 2.26). They
reported that direct nitration of 76 at the 5-position using a ratio 1:2 fuming HNOs / conc.
H,SO04 at 65 °C for 15 min afforded 78 in a poor yield (26%). However, they managed to
improve the yield by isolating the isomeric nitramino intermediate 77 in a moderate yield
of 55% when 76 was reacted with the same ratio of the acid mixture at low temperature
(0-5 °C) for 1 h. Further isomeration of 77 by heating in sulphuric acid at 70 °C for 15
min gave the desired adduct 78 in a high yield (80%). We focused in the investigation of
the direct nitration of the methoxy derivative 76 as a model experiment for the benzyl and
4-bromothenyl alkoxypyrimidines. In addition, the feasible isolation of isomeric
nitramino compounds was explored in the investigation of other synthetic approaches for

the preparation of nitropyrimidines and will be discussed later in this Section.
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The dichloropyrimidine 75 underwent methoxylation when treated with two equivalents
of sodium methoxide in refluxing methanol for 5 h to afford 76 in a very high yield
(95%). We followed Buhler’s conditions for direct nitration of 76 and found difficulties
to obtain reproducible results under identical conditions, leading to a mixture which was
believed to be nitro isomers. Subsequent attempts of isomerisation by heating the mixture
in concentrated H,SOy4 at 70 °C for 15 min led to decomposition of the products. Possible
cleavage of the pyrimidine ring had occurred. Hence, the investigation of this reaction

was discontinued.

Earlier studies by Brown'”® showed that direct nitration of pyrimidines at the 5-position
usually requires the presence of at least two electron-releasing groups substituted at the 2,
4, or 6-position of the pyrimidine ring. We therefore developed another synthetic route
for the synthesis of nitropyrimidines, as shown in Scheme 2.27. According to Brown,
direct electrophilic aromatic substitution of the di-amino substituted pyrimidines are
favoured, as the electron-donating groups enhance the reactivity of the pyrimidine ring.
Morpholine was used as a model for the more valuable protected spermidine. In addition,
diethylamine was also employed as a model for spermidine because possesses two alkyl
chains, which confer a greater flexibility to the molecule compared with the more rigid

structure of morpholine.
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As mention earlier, a facile synthesis of 2-amino-4-chloro-6-piperidinopyrimidine was
reported previously by Cowden''® involving the nucleophilic substitution of piperidine in
the 2-amino-4,6-dichloropyrimidine. These conditions were repeated when the 2-amino-
4,6-dichloropyrimidine 75 was treated with two equivalents of morpholine in refluxing
acetone for 1 h to give the corresponding 2-amino-4-chloro-6-morpholinopyrimidine 79
(Scheme 2.28) in good yield (72%). The di-substituted morpholino derivative was not
detected. Extending the time of the reaction for another hour in refluxing acetone
improved the yield to 91%. Subsequently, the procedure for the preparation of the
morpholino derivative was applied to the reaction of 75 with two equivalents of
diethylamine. However, in this case the reaction in refluxing acetone was not complete
after 24 h. We assumed the more sterically hindered diethylamine, compared to
morpholine, affected the rate of the nucleophilic substitution reaction. The use of higher
concentration of diethylamine (five equivalents in total) solved the problem. After

heating in acetone at reflux for 24 h, 80 (Scheme 2.28) was obtained in 97% yield.
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Recrystallization of 79 from ethyl acetate afforded white crystals suitable for the

determination of its structure by x-ray analysis, showing two molecules by unit cell

(Figure 2.9).

Figure 2.9. Crystal structure of 2-amino-4 -chloro-6-morpholinopyrimidine 79.

Hydrogen atoms are not represented.
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The direct nitration of 2,4-diamino-6-chloropyrimidine 81 (Figure 2.10) in a mixture of
HNO;3/H,SOy4 has been investigated by O’Brien et al.'* They reported that the optimum
temperature for this reaction is between 20-35 °C. When the nitration was run at 0-5 °C,
the only isolated product was the starting material 81; when the reaction temperature was
raised to 40-45 °C, nitration at the S-position occurred together with the hydrolysis of the
6-chloro group, resulting in the formation of the 2,4-diamino-5-nitro-6-
hydroxypyrimidine. The importance of the ratio HNO3;/H,SO4 was also demonstrated.
When the ratio of 1:1 was used, the only isolated product was the nitropyrimidine 82
(Figure 2.10). At a ratio of 1:2, both 82 and 83 (Figure 2.10) were isolated in comparable
yields. At a ratio of 1:3 the major product was 83 and this desired product was isolated
when the ratio used was 1:5 in 63% yield. These results suggested that the initial nitration
of 2.4-diamino-6-chloropyrimidine 81 probably occurs on the amino nitrogen resulting in
the formation of 82, which then rearranges in the presence of excess of sulphuric acid to
give the desired nitropyrimidine 83. The isolation of nitramino derivatives and
subsequent isomeration in H,SO4 had been previously reported by Buhler ez al."* for the
preparation of 2-amino-4-chloro-6-methoxypyrimidine 78, as mentioned earlier in this

Section.

Cl Cl Cl
NTX NTX N LS
P M A

H,N N NH, H,N N NHNO, H,N N NH,

81 82 83

Figure 2.10. Structures of compounds 81, 82 and 83.

Based on the previous studies by O’Brien and Bulhler, we investigated the direct nitration
of 2-amino-4-chloro-6-morpholinopyrimidine 79 and attempted to isolate the nitramino
intermediate. It should be pointed out that the nitration in the 2-amino nitrogen would
require more forcing reaction conditions than the nitration in the 4-amino nitrogen of 81.

The 2-amino group would be deactivated by the two nitrogens “ortho” to it. The 4-amino
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group in 81 has one “ortho” and one “para” nitrogen. Moreover, the 5-position in both

morpholino and diethylamino derivatives may be deactivated due to steric hindrance.

In order to establish the factors which are responsible for the preferential formation of 2-
nitramino derivatives over 5-nitro derivatives, a series of nitrations was carried out
systematically. According to the investigation performed by O’Brien and Bulhler,
optimisation of the reaction time and temperature, together with the ratio of acid mixture
employed, allowed the isolation of a single product or a mixture of isomers. Under the
different conditions used, a new compound was obtained and for convenience we shall

call it A.

When the reaction was carried out at 0 °C using a ratio 1:1 HNOs/H,SOs, unreacted
starting material was isolated (R¢=0.6, EtOAc). When the reaction temperature was
elevated to 65 °C for 15 min, using a ratio 1:2 HNO3/H;SOys, the only solid isolated was
A (R=0.2, EtOAc). The series of reactions carried out at 20 °C afforded a mixture of
unreacted starting material and the product A regardless of the mixture of acids and the
reaction time employed. Increasing the rate of sulphuric acid in the nitrating mixture led
to a mixture in approximately similar proportions. Unfortunately, the reaction is not
easily monitored by TLC analysis due to the strong acid environment employed in the
nitration, making the optimisation of the reaction conditions more difficult. Further
investigation of the product showed that compound A is totally insoluble in diluted
NaOH. Hence, accepting Bulhler’s assignments,'> the possible structures of compound

A are represented in Figure 2.11.

Figure 2.11. Possible structures of compound A.
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Analysis by *C NMR spectroscopy supported both assignments, showing four different
aromatic carbon atoms. 'H NMR spectroscopy was not helpful as only the hydrogen
atoms corresponding to the morpholino group could be observed. Mass spectrometry
gave a molecular ion peak (m/z) of 198.0875 for A, which could not be accounted for any
predicted structure or possible molecular ion fragmentation. Furthermore, elemental
analysis did not give interpretative results. Additionally, further attempts of derivatization
when A was reacted with sodium methoxide in refluxing methanol for 1 h led to water-

soluble salts products.

Simultaneously, we also investigated the nitration of the diethylamino compound 80.
When the nitration was run at 0 °C the only solid isolated was the unreacted starting
material. Extending the reaction time to 6 h, regardless of the ratio of HNO3/H,SO4 used,
led to the same results. The reactions performed at room temperature gave no result as
starting material was always recovered. TLC analysis revealed a high number of products
when the reaction was run at 65 °C for 15 min, showing a possible decomposition of the

pyrimidine as a result of the vigorous conditions employed.

The crystal structure of 79 provided us precise details to explain its low reactivity (see
Figure 2.9). It shows that mormpholine is almost planar with the pyrimidine ring. The steric
hindrance at the 5-position of the pyrimidine ring in 79, compared with the free 5-amino
group in 81, can explain the lower reactivity of this molecule towards direct nitration.
This steric effect is even more acute in the diethylamino compound 80. The degree of
freedom experienced by the alkyl chains would create greater steric hindrance. Thus, we
expected that no nitration product at the 5-position would be formed, even in reactions
carried out at room temperature. Unfortunately, even though the aminonitration seems
more likely to occur, elucidation of A could not be carried out and subsequently, another

approach was attempted.
This last attempted approach involved the synthesis of 2-amino-4-benzyloxy-6-

morpholinopyrimidine 84 and subsequent nitration to form the desired nitropyrimidine

(Scheme 2.29). Sodium hydride in DMSO was used as a base to deprotonate benzyl
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alcohol in order to form sodium benzyloxide.7l This was reacted with the corresponding
chloromorpholino pyrimidine 79 at 80 °C for 2 h to afford 84 in a low yield (22%).
Subsequent attempts to nitrate this compound with one equivalent of potassium nitrate in
sulphuric acid at room temperature were unsuccessful, as only the unreacted starting
material was isolated. When the reaction temperature was raised to 65 °C, a mixture of
water-soluble products was obtained, possibly owing to further decomposition of the
pyrimidine ring. Although the electron-donating effect of the substituents enhances the
reactivity of the pyrimidine at the 5-position, we assumed that the lack of reactivity was
due to the steric hindrance of the bulky substituents at the 4- and 6-position of the
pyrimidine ring. Hence, the investigation of all these approaches for the direct or indirect

nitration of 2-amino-4-chloro-6-morpholinopyrimidine 79 was abandoned.

0] (0] _
il H 1] n ? PhCHQOH O
/S\ /S\ T HQ
H,C” “CH, HsC” ~CH,

84

Scheme 2.29
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Having failed in the direct nitration of the substrates employed so far, we proposed
another synthetic pathway based upon the protection of the amino group at the 2-position
of the pyrimidine ring, which finally led us to achieve the synthesis of the desired 2-

amino-4,6-dichloro-5-nitropyrimidine 54.

2.6 Preparation of 2-Amino-4,6-dichloro-5-nitropyrimidine

As mentioned earlier in this Chapter, previous studies by Temple'*” demonstrated that the
introduction of chlorine into 59 was unsuccessful, apparently because of additional
degradation of the pyrimidine ring. To block the amino groups, 59 was treated with hot
acetic anhydride, but this reaction resulted in the formation of the oxooxazolopyrimidine
85 (Scheme 2.30). Subsequently, they proposed an alternative route involving the
chemistry of acetylamino derivatives as a protecting group at the 2-position of the
pyrimidine ring. In this attractive approach, the 5-nitropyrimidine 87 (Scheme 2.30) was
prepared from 86 by direct nitration using a mixture of concentrated sulphuric acid-nitric
acid. The crude reaction mixture was employed without purification and converted to the
corresponding acetylamino derivative 88 (Scheme 2.30). Subsequent treatment with
refluxing POCI; led directly to the corresponding dichloropyrimidine 89 (Scheme 2.30).
However, they mentioned that in some experiments this product was contaminated with a
minor impurity, presumably the 2-amino-4,6-dichloro-5-nitropyrimidine 54 resulting for
deacetylation of 89 during the work-up in the acidic reaction medium. This impurity was
reconverted to 89 by recrystallization of the sample from acetic anhydride. We therefore
considered extending this synthesis to provide a route for the preparation of the
nitropyrimidines 40 and 41. Even if the desired 2-amino-4,6-dichloro-5-nitropyrimidine
54 could be obtained from the deacetylation of 89 in low yields, the investigation and
further optimisation of this reaction could lead us to the preparation of the desired 2-
amino-4,6-dichloro-5-nitropyrimidine 54, key intermediate for the synthesis of our target

nitropyrimidines.
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2.6.1 Synthesis of 2-Acetylamino-6-chloro-5-nitro-4(3H)-pyrimidinone and its

Morpholino Derivative

The first step of Temple’s synthetic route involves the preparation of 2-amino-6-chloro-
4(3H)-5-nitropyrimidinone 87 from direct nitration of 86 (Scheme 2.31). Following the
same procedure, the commercially available pyrimidine 86 was added portionwise to a
mixture (1:1) of concentrated sulphuric-nitric acid, and stirred at room temperature for 50
min. Surprisingly, no solid precipitated when the reaction mixture was poured into
crushed ice in the work-up procedure. The resulting solution was neutralised in order to
precipitate any product with no success. Elevating the reaction temperature to 40 °C for
30 min did not produce any solid. We then decided to lower the reaction temperature to 0

°C for 50 min, but the required product was not formed.
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More recent studies by Wood et al.'® reported the nitration of the chloropyrimidinone 86
p

with fuming nitric acid, wherein they claimed that the reaction is not reproducible and
required care to obtain good yields. No further explanation was given. We attempted the
nitration of 86 with a mixture 1:2 of fuming nitric acid-concentrated sulphuric acid for 1
h at room temperature to afford a mixture of unreacted starting material and the desired
product 87 in 50% overall yield. It should be pointed out that the direct purification of the
mixture is not feasible, as both 86 and 87 are insoluble in most of the organic solvents.

12 reported the conversion of 87 into the corresponding

For that reason, Temple et al.
acetylamino derivate 88 and subsequent recrystallization in acetic anhydride. Thus, we
decided to investigate the direct nitration in detail to avoid the difficult purification

procedure.

Prior to our investigation of the use of potassium nitrate in sulphuric acid reagent, the 'H
NMR spectra of the mixture obtained as described above revealed an important aspect of
the structure of compound 87. The '"H NMR spectra showed a downfield signal at § 12.15
ppm, integrated to one hydrogen, which corresponds to the amido form in the pyrimidine
ring. However, the NH, signal shows different resonances at 6 7.13 and 8.55 ppm,
integrated by one hydrogen each and separated by 1.42 ppm. This suggested the existence
of strong delocalization of the lone pair of the exocyclic amine with the nitrogen sp’
hybridized due to the powerful electron-withdrawing effect of the nitro group in the
“para” position (Figure 2.12). Hence, the two hydrogen are no longer chemically and
magnetically equivalent. The exchange rate between the two hydrogens atoms is longer
than the NMR time scale. Increasing the temperature of the sample in 'H NMR spectrum

(Figure 2.12) shows that the two signals coalescence as a result of an increment in the
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exchange rate of the two hydrogens. Further characterization was attempted but
unfortunately, the low solubility of this solid in DMSO-d ruled out characterisation by

BC NMR spectroscopy.

Boyle and co-workers” have also investigated the nitration of the chloropyrimidinone 86,
in which depending upon the reaction conditions employed, the required product 87 is
frequently contaminated by considerable amounts of a second product. This was the gem-
dinitro compound 56 as previously discussed in Section 2.3 of this Chapter. They
established that the nitration of 86 at room temperature for 3 h provided 87 as the major
product. After 72 h, hydrolysis of the chlorine formed the corresponding 2-amino-
4,6(3H,5H)-5-nitropyrimidinedione 53, which underwent further nitration to form open
chain gem-dinitro compound 56 following the same mechanism as discussed earlier in
Section 2.3. The existence of this water-soluble gem-dinitro compound 56 formed by
additional nitration can explain the negative results we obtained with nitric acid in the
previous series of experiments. The reaction conditions with potassium nitrate in
sulphuric acid are milder than the usual concentrated/fuming nitric and sulphuric
mixtures. Consequently, we explored the direct nitration with potassium nitrate using

Boyle’s conditions.
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Figure 2.12. 'H NMR spectra of the mixture 86 and 87 recorded at 20, 40 and 60°C (from
top to bottom) in DMSO-de.

When the chloropyrimidinone 86 was suspended in concentrated sulphuric and treated
with one equivalent of anhydrous potassium nitrate acid at room temperature for 1.5 h,
the solid obtained was a mixture of the unreacted staring material and the corresponding
chloronitropyrimidinone 87 in 23% yield (see Scheme 2.31 above). This poor yield
suggested that further nitration of compound 87 had occurred, leading to the undesired

gem-nitro compound 56. We then decided to repeat the experiment attempting to avoid

i



Chapter 2

any excess of the nitrating mixture in solution by adding the potassium nitrate slowly.
Compound 86 was suspended in concentrated sulphuric acid and set aside for 15 min to
allow the complete dissolution of the starting material. Potassium nitrate was added
portionwise over a period of 15 min and the resulting solution was stirred at room
temperature for 1.5 h to afford the mixture of unreacted starting material 86 and product
87 in a higher yield (75%). The reaction time was extended to 2 h to give the required
chloronitropyrimidine 87 in a yield of 88%, contaminated with staring material. Longer
reaction times led to poorer yields. Unfortunately, in all the experiments the adduct 87
was contaminated by unreacted starting material, although this was never present in
greater than 10%. Since separation of 86 and 87 was not feasible by means of
recrystallization or column chromatography on silica, we decided to convert 87 to its

acetylamino derivative 88 (see Scheme 2.30).

Following Temple’s procedure, the nitropyrimidine 87 contaminated with 86 was
suspended in acetic anhydride containing three drops of concentrated sulphuric acid, and
the reaction mixture was heated in a preheated oil bath at 90 °C for 30 min. The resulting
hot solution was filtered, and the filtrate cooled to allow the formation of 88 as yellow
crystals. The optimum conditions were found when the mixture of 86 and 87 was heated
at 90 °C for 1 h to obtain the corresponding acetylaminopyrimidine 88 in a total yield of
38% (Scheme 2.32).

o) o)

" | NO, Ac,0 - | NO,
HQN)\\N cl HzS0, AcHN)%N cl
87 88
Scheme 2.32

Prior to the investigation on introduction of chlorine into 88, we explored an alternative

route to the synthesis of our target compounds, starting from the 2-amino-6-morpholino-
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5-nitro-4(3H)pyrimidinone 90 (Figure 2.13). Subsequent acetylation would form the
corresponding  2-acetylamino-6-morpholino-5-nitro-4(3 H)-pyrimidinone 91  (Figure
2.13). The conversion of the latter to the corresponding chloro derivative, combined with
the study of the same reaction of 88 would strategically cover all the possible alternatives

in this proposed synthetic route.

920 91

Figure 2.13. Structures of compounds 90 and 91.

The method employed by Cowden''® for the amination of pyrimidines with piperidine, as
mentioned earlier in this Chapter, was used for the preparation of compound 90. The
chloronitropyrimidine 87 was reacted with two equivalents of morpholine in refluxing
dry acetone for 1.5 h to lead directly to the required morpholino derivative 90 in high
yield (82%), see Scheme 2.33. However, further attempts of conversion into the
corresponding acetylamino derivative 91 using the conditions employed in the previous
acetylation of 87 failed. TLC analysis after work-up showed that a mixture of products
was formed. Instead of investigating this acetylation reaction which proved to be difficult
to monitor by TLC (work-up required), we preferred to explore the nucleophilic
substitution of chlorine by morpholine in the readily acetylated chloropyrimidine 88.
Subsequent treatment of the latter with excess of morpholine in refluxing acetone, easily
monitored by TLC, afforded the formation of the desired morpholino derivative 91 in a

moderate yield of 50% (Scheme 2.33).
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2.6.2 Introduction of Chlorine in 2-Acetylamino-6-chloro-5-nitro-4(3H)-
pyrimidinone
Temple et al."* established the preparation of 89 (see Scheme 2.30) by direct
introduction of chlorine in 88 with refluxing POCI; for 4 h in high yields. The work-up
procedure involved pouring the reaction mixture of POCI; in an ice-water-mixture,
allowing subsequent precipitation and filtration of 89. It is well known that phosphorus
oxychloride added into water forms phosphoric and hydrochloric acid, a strong acidic
medium, in which hydrolysis of the acetylamino group could occur, as we will
demonstrate later in this Section. Therefore, the total removal of the acetylamino group

would lead to the isolation of the desired 2-amino-4,6-dichloro-5-nitropyrimidine 54.

Following the procedure described in the literature by Temple et al.," the acetylamino
derivative 88 was heated at reflux in POCI; for 4 h (Scheme 2.34) and the resulting brown
solution was concentrated under reduced pressure to half its volume and poured with

vigorous stirring into an ice-water mixture to precipitate a brown solid.
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Scheme 2.34

The '"H NMR spectrum of this solid is shown in Figure 2.14. We observed the presence of
unreacted starting material (6 2.21 and 12.4 ppm) along with another acetylamino adduct
(6 2.22 and 11.46 ppm), which we showed to be the N-acetylated dichloro derivative 89
(see Scheme 2.30) in a 50:50 mixture. Moreover, we identified additional signals at &
7.65 and 8.46 ppm, corresponding to by-products of the reaction in less than 10% yield,
possible due to the partial hydrolysis of the acetylamino group, as we had predicted
earlier from the acidic work-up procedure described by Temple et al.'” Further studies
on this reaction, as described later in this Section, revealed that the signal at & 8.46 ppm

was found to be the desired dichloro-nitropyrimidine 54.
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Figure 2.14. '"H NMR spectra in DMSO-d; of the resulting solid obtained from the
chlorination of 88 in refluxing POCI; for 4h.

Before the precise details on the identification of the 'H NMR signal at & 8.46 as the
dichloro-nitropyrimidine 54 were discovered, we continued investigating the reaction
with POCls. The presence of substantial amounts of unreacted starting material suggested
that we should extend the reaction time to 6 h. Although the proportion of unreacted
starting material had considerably decreased, we still observed the same mixture of
products, all be it with a higher proportion of the acetylamino-dichloropyrimidine 89 and
the compound giving the signal at 6 8.46 ppm. When the reaction time was increased to
24 h, a black solid was obtained, in which the 'H NMR showed significant amounts of
unknown products. Unfortunately, the reaction of 91 in refluxing POCI; for 4 h also led
to mixtures of several unknown products. We then decided to modify the procedure

described by Temple and co-workers.'"
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From our previous studies of the Vielsmeir-Hack reaction, we concluded that the use of
POC]l; and DMF which forms the Vielsmeier reagent, might prove to be a more efficient
chlorinating agent, allowing cleaner reactions in shorter times and leading to better
yields. Therefore, we applied the optimum conditions found earlier for the reaction of 53
(see Section 2.4), which required the use of a ratio 88/POCly/DMF 1:8:4.4, and
subsequent heating at 100 °C for 1 h. Following this new approach, the resulting solution
was slowly poured onto an ice-water mixture with vigorous stirring and set aside at room
temperature for 24 h to allow the hydrolysis of the acteylamino group to occur (Scheme
2.35). '"H NMR spectra showed the formation of a single product with a signal at & 8.46
ppm, together with a significant amount of unreacted starting material. When the reaction
time was extended to 3.5 h, the '"H NMR analysis of the resulting precipitate showed the
corresponding signal at 6 8.46 ppm with no trace of additional signals due to either
unreacted starting material or by-products. Further purification by column
chromatography on silica gel afforded the valuable and desired 2-amino-4,6-dichloro-5-

nitropyrimidine 54 in a high yield of 82%.

o) Cl
s | NOz  4)pocl, / DMF N | NO,
AcHN/k\N ci 2) H0, H' HzN)%N Cl
88 54
Scheme 2.35

2.6.3 Proposed Mechanism for the Vielsmeier-Haack Reaction

The mechanism for this reaction has already been discussed in the Section 2.4.1 of this
Chapter. The results obtained from the two investigated substrates 53 and 65 in the

Vielsmeir-Haack reaction are summarized in Scheme 2.36.
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Assuming that the introduction of chlorine into the 4-and 6-position of 53 is faster than
the substitution of the nitro group by chloride, the resulting protonated-deprotonated
intermediate is shown in Scheme 2.37. In forming this intermediate, three molecules of
HCI are released, which are generated by the protection of the exocyclic amine and
replacement of two carbonyl groups. In contrast, the reaction with 88 releases only one
molecule of HCI, since only the 4-position is available for chlorination. The higher

concentration of HCI directs the equilibrium towards the protonated form.

Moreover, in the reaction with 53, the dimethylaminomethylenamino protecting group
will undergo protonation, wherein subsequent replacement of the nitro group is promoted
by the inductive effect of this protonated amino protecting group. In compound 88, the 2-
amino group is protected by acetylation. This acetylamino group is considerably less
basic than the dimethylaminomethylenamino group and a much smaller proportion of the
molecules will be protonated. Hence, the replacement of the nitro group by chlorine is
less likely to occur. In Scheme 2.37, only the O-protonated form of the amide is
represented. It should be pointed out that previous studies of analysis of proton exchange
indicate that amides are predominately O-protonated in diluted acids.”™® These studies
also revealed that for N-methylacetamide, the molar ratio of O- to N-protonated species is

greater than 10°.
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2.7 Summary

This Chapter has discussed in detail a comprehensive search for the synthesis of the
valuable intermediate 2-amino-4,6-dichloro-5-nitropyrimidine 54. The preparation of this
compound has been achieved with several difficulties, owing to the side-reactions of the
complex chemistry of 2-aminopyrimidines. The lack of literature concerming this
compound gives an idea of its difficult synthesis, rather than its isolation and storage, as
the dichloropyrimidine 54 is moderately stable and can be stored without further

decomposition in the absence of moisture.

The introduction of chlorine in the 2-amino-4,6(3H,5H)-5-nitropyrimidinedione 53
unexpectedly afforded the 2-amino-4,5,6-trichloropyrimidine 65, where the substitution
of the nitro group by chlorine had taken place. Once this product was determined by x-
ray analysis from its methoxy derivative 69, we explored the reactivity of this adduct 65

in the search for the preparation of our desired nitropyrimidines. Unfortunately, the
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reactivity of this molecule was found to be quite limited for our work purposes and the

project was discontinued.

Our attention then turned to the investigation of nitration and further introduction of
alkoxide from other substrates derived from the 2-amino-4-chloropyrimidine to establish
a reliable route in the preparation of 2-amino-4,6-disubstituted-5-nitropyrimidines 40 and
41. However, this synthetic approach also failed due to the unwanted side reactions of the

2-aminopyrimidine derivatives.

Finally, we devised a new synthetic route based on a previous publication by Temple et
al.,'” wherein the problematic exocyclic amine (2-aminopyrimidine) had been previously
protected with the acetyl group prior to the chlorination step. Further investigation on the
synthetic pathway described by Temple et al. allowed us the elaboration of the desired
dichloropyrimidine 54, key intermediate for the preparation of the 2-amino-4,6-

disubstituted-5-nitropyrimidines 40 and 41 that we will discuss fully in Chapter 3.

86



Chapter 3

Synthesis of 5-Nitropyrimidines
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3.1 Introduction

In Chapter 1 and 2, we have already discussed the application of the O-6 and N-4
substituted S-nitropyrimidines 40 and 41 (Figure 2.3) as targeting devices in the
inactivation process of the protein MGMT. The key to success for the preparation of
these adducts lies in the value of the adduct 2-amino-4,6-dichloro-5-nitropyrimidine 54 as
an useful synthetic intermediate. Two synthetic routes for the elaboration of 4- and 6-
substituted S-nitropyrimidines based upon the precursor 54 were developed
simultaneously. The general approach (Route 1) involves the coupling of 54 with primary
or secondary amines, followed by the displacement of the second chlorine with the
benzyloxy and 4-bromothenyloxy groups. An alternative Route 2 consists in inverting the
order of the reagents, first the displacement of chlorine by alkoxide and subsequently, the
coupling reaction with the corresponding amines. The two proposed reaction sequences

are outlined in Scheme 3.1.
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Scheme 3.1
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We initiated our work in the synthesis of nitropyrimidines exploring Route 1. However,
as will be discussed later in detail, we were forced to investigate the second approach,
Route 2, as a consequence of the difficulties encountered in the coupling of Boc and
phthalimido-protected spermidine derivatives with the pyrimidine ring. Moreover,
undesired formation of adducts involving two molecules of pyrimidine, which were
derived from the coupling reaction of 54 with the polyamine 44 (Route 1) also occurred,

as will be reported later.

3.2 Synthesis of 2-Amino-4-methoxy-6-morpholino-5-nitropyrimidine

Having successfully prepared the synthetic precursor 2-amino-4,6-dichlore-5-
nitropyrimidine 54 the next step of the reaction sequence is the coupling with an amino
nucleophile (Route 1 in Scheme 3.1). Morpholine was again used as a model compound
to investigate the reaction conditions instead of the more valuable protected spermidyl

derivatives.

From our earlier studies in the preparation of the 2-amino-4,5-chloro-6-
morpholinopyrimidine 70 (see Section 2.4.3 in Chapter 2), we established that the
coupling was accomplished using an excess of morpholine (five equivalents) in refluxing
acetone for 1.5 h. This method was used in the synthesis of the required 2-amino-4-
chloro-6-morpholino-5-nitropyrimidine 92 (Scheme 3.2). However, modification of the
method reducing excess of morpholine was required to prevent the formation of
undesired di-substituted adducts. Although the replacement of chlorine by an amino
group increases the electron density in the pyrimidine ring, presumably the strong
activation at the 4-position by the nitro group in the “ortho” position allows further

coupling and the formation of the di-substituted derivative.
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When compound 54 was reacted with two equivalents of morpholine in acetone at room
temperature for 1.5 h a 1:3 mixture of unreacted starting material and the morpholine
derivative 92 was obtained. In a subsequent reaction in refluxing acetone for 1.5 h and
using two equivalents of morpholine, 54 was converted to the morpholino adduct in high
yield (84%). Use of 2.75 equivalents of morpholine improved the reaction yield to 88%.
It should be noted that no di-substituted derivative was detected in any of the

experiments.

We then decided to investigate Route 2. Following the same rationale, the nitro group
highly activates the 4- and 6-positions in 54 and, therefore, milder reaction conditions
than those reported earlier in the alkoxylation of the trichloropyrimidine 65 are required
(see Section 2.4.3). Consequently, the dichloro-nitropyrimidine 54 was treated with three
equivalents of sodium methoxide in refluxing methanol for 1 h. TLC analysis was used to
monitor the course of the methoxylation. An additional 2.5 h was required for the
complete consumption of the starting material. Unfortunately, 'H NMR analysis of the
product mixture revealed that di-substitution had also occurred (Scheme 3.3). Milder
reaction conditions involving two equivalents of sodium methoxide at room temperature
inevitably led to a mixture of products. These were the unreacted starting material, the
mono and the di-substituted derivatives. We therefore decided to abandon Route 2 for the
time being, owing to the difficulties encountered in controlling the selectivity of the
reaction. We later returned to investigate the alkoxylation employing Route 2, when

problems in Route 1 rose using the protected spermidine adducts (Section 3.3).
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Then, we proceed to the preparation of the desired 4,6-substituted 5-nitropyrimidines 40
and 41 via a Route 1 reaction sequence. The chloromorpholino derivative 92 was readily
converted into the corresponding methoxy adduct 93 in high yield (82%) when we used
an excess of sodium methoxide in refluxing methanol for 5 h (Scheme 3.4). These
positive results for the synthesis of 4,6-disubstituted 5-nitropyrimidines in high yields
suggested that Route 1 was a robust sequence of reactions that could be used to prepare

other more complex derivatives.

NT NaOMe NT
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92 93

Scheme 3.4

The next step involved the incorporation of benzyloxy and 4-bromothenyloxy
substituents into the morpholino adduct 92. The alkoxidation reaction with benzyl and 4-
bromothenyl alcohol is based on the method used by Pegg et al® to prepare the
corresponding 2-amino-4-benzyloxy-5-nitropyrimidine from the corresponding 2-amino-
4-chloro-5-nitropyrimidine. This displacement was performed in high temperatures (160
°C) with sodium, in excess of benzyl alcohol also used as solvent. However, this

approach would not be desirable for the more expensive and commercially unavailable 4-
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bromothenyl alcohol. McElhinney et al.'*® in our laboratories greatly improved this
method for the preparation of the O°(4-bromothenyl)guanine PaTrin-2 29. The chlorine
was first replaced by a trimethylamino group to give the corresponding
trimethylammonium salt. Subsequent displacement of this group by alkoxide gave higher
overall yields and the reaction could be performed at room temperature. Further
investigation on this displacement by our research group’' modified this method using an
equimolar amount of the 4-bromothenyl alcohol and sodium hydride in DMSO as
solvent. Additionally, in our previous methoxylation studies described above, we have
established that the conversion of 92 into the required methoxy derivative 93 was

feasible.

Following Wiessier’s procedure,I29 4-bromothenyi alcohol 95 can be easily prepared
from the reduction of the commercially available 4-bromothiophen-2-carboxaldehyde 94
with sodium borohydride in high yields (Scheme 3.5). We employed a modification by
using potassium carbonate to ensure basic conditions to prevent the formation of acetals.

The required alcohol was obtained in high yield (88%).

Br Br
U = U
—_—.
94 95
Scheme 3.5

2-Amino-4-benzyloxy-6-morpholino-5-nitropyrimidine 96 (Figure 3.1) was obtained by
treating the corresponding 2-amino-4-chloro-6-morpholino-5-nitropyrimidine 92 with
sodium benzyloxide generated in situ by adding an equivalent amount of sodium hydride
to a mixture of benzyl alcohol in dry DMSO under an argon atmosphere. Heating at
considerably lower temperatures (80 °C) than those reported by Pegg, the resulting
viscous paste formed was triturated with water to afford a solid. TLC analysis showed a

major product along with other minor impurities. Subsequent purification by column
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chromatography on silica gel allowed the isolation of the desired adduct 96 in a moderate

yield (42%).

Having established the conditions for the benzyloxylation, we used them employing 4-
bromothenyl alcohol. The reaction conditions afforded a viscous paste, which was
purified by recrystallization from methanol/water to afford the expected 2-amino-4-(4-
bromothenyloxy)-6-morpholino-5-nitropyrimidine 97 (Figure 3.1) in a moderate yield
(46%).

Br

96 97

Figure 3.1. Structures of compounds 96 and 97.

We have shown that employing morpholine as a model compound and using Route 1 as a
synthetic pathway, the preparation of 4,6-substituted-5S-nitropyrimidines 40 and 41
(Figure 2.3) can be successfully accomplished. Consequently, this route was extended to
the synthesis of more complex polyamine derivatives, as will be discussed in the
following Sections 3.3 and 3.4. Furthermore, the biological activity of these model
compounds 96 and 97 was assessed as inactivators of the protein MGMT and the results

are presented in Chapter 6.
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3.3 Selective Protection of Spermidine in the Synthesis of 5-Nitropyrimidine

Derivatives

Using Route 1 as the synthetic method for 4,6-substituted 5-nitropyrimidines, we wish to
attach spermidine 42 to the 4-position of the 2-amino-4,6-dichloro-5-nitropyrimidine 54

through its secondary amino group.

A general problem often encountered in the synthetic use of polyamines is the selective
protection of the amino groups. Owing to the presence of two non-equivalent primary
amino groups and a secondary one, spermidine constitutes a particular challenge in this
context, and a great deal of effort has been aimed at its selective modification. We
approached the problem of selective protection of its primary amino groups from
different synthetic pathways, based on the sensitivity of different moieties in the
pyrimidine ring, which is of considerable importance in the selection of the appropriate

protecting group.

The presence of the nitro group in the pyrimidine ring rules out the use of protecting
groups which can be cleaved by reduction with H, or hydride transfer reagents, such as
benzyl carbamate (Z). Under these deprotection conditions, the nitro group would readily
converted into the corresponding amino group""” In Chapter 4 we report the selective
protection of spermidine attached to PaTrin-2 using 1-(2-nitrophenyl)ethoxycarbonyl as
the basis of a protecting group. The deprotection conditions involve an internal redox
process with ultraviolet radiation in which the nitro group generates an unstable
intermediate that breaks down rapidly to form the o-nitroso benzaldehyde and liberates
the free amino group of spermidine. Unfortunately, this group is not suitable for 5-
nitropyrimidines as the nitro group would also be reduced. Details on this photochemical

deprotection and the mechanism involved will be fully discussed in Chapter 4.

In addition, the use of Route 1 means that base-labile protecting groups cannot be
employed in the selective protection of spermidine, as introduction of an alkoxy group
requires basic conditions. Hence, the use of protecting groups that can be cleaved in a

basic medium, such as 9-fluoromenylmethyl carbamate (Fmoc), is excluded."’
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Our first approach was to use an acid-labile protecting group. Thus, the common and
widely used Boc was proposed. However, Tom et al.”' reported that inactivated primary
Boc groups (tert-butyl carbamate) can be deprotected with strong bases such as sodium
methoxide, ethoxide or tert-butoxide releasing the corresponding free amine. We then
considered that the strong alkoxylation conditions employing sodium hydride at high
temperatures (80 °C) in Route 1 for the preparation of substituted S-nitropyrimidnes
could also affect the Boc carbamate. Therefore, its use as a protecting group for
spermidine was initially discarded, and we opted for the Alloc group as selective

protection of spermidine.

3.3.1 Synthesis of Alloc Derivatives via Route 1

The N-allyloxycarbonyl, or Alloc, as a protecting group of amino moieties has been
increasingly widespread in the recent past due to its ready availability, ease of
introduction, high stability over a range of pH, temperatures and nucleophilic, oxidative
and reducing reactions conditions.”*’ The deprotection is easily performed by brief
treatment with a palladium catalyst complex and a variety of nucleophiles at room
temperature.”> We therefore investigated the synthetic procedure for the selective
protection of spermidine with the Alloc group, followed by coupling with the 2-amino-
4,6-dichloro-5-nitropyrimidine 54 via Route 1. Subsequent alkoxylation with benzyl
alcohol and final deprotection by treatment with palladium in catalytic conditions would
lead to the desired 4,6-disubstituted nitropyrimidines 40 and 41 (Figure 2.3). It should be
noted that the 4-bromothenyl analogue cannot be prepared following this procedure as the
palladium catalyst would be poisoned by the thenyl group and, therefore, deprotection

would not occur.

The preparation of Alloc-spermidine 99 was strategically developed in a two-step
synthetic procedure, wherein the selective protection of the primary amino groups over
the secondary one in spermidine 42 was accomplished. The reaction sequence for the

preparation of 99 is outlined in Scheme 3.6. Earlier investigation in our laboratories
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showed that the intermediate Alloc p-nitrophenyl carbonate 98 reacts preferentially with
primary amino groups.”' The chemoselectivity of this reagent was attributed to steric
factors involving the bulky p-nitrophenyl group. As a bonus, the work-up procedure in
diluted basic conditions allows the removal of the corresponding by-product p-

nitrophenolate, facilitating the purification process.

O2N\©\ e} /@/NO? /\/OH OZN\©\ O
OJ\O TEA O)J\O/v/

98
H H o
Spermidine N N
o /\/O\n/ T \/\/\N)J\ O/\/
NaOH H
(0]
99
Scheme 3.6

The Alloc p-nitrophenyl carbonate 98 was prepared by treating a solution of the
commercially available bis-(4-nitrophenol) carbonate in dry DCM with one equivalent of
allyl alcohol and triethylamine. The required mono-substituted intermediate 98 was
isolated in low yield (21%). Subsequent reaction with spermidine 42 in NaOH at 0 °C for
1 h, followed by stirring at room temperature overnight afforded the Alloc spermidine 99
in good yield (72%). Unfortunately, the overall yield for the preparation of 99 was 15%.
We wished to use this compound as a starting material for the synthesis of substituted 5-
nitropyrimidines and consequently, the optimisation of this method or the search for an

alternative to produce 99 consistently in a larger scale was required.
Christensen and co-workers'® reported the use of alkyl phenyl carbonates as acylating

agents in the formation of carbamates. In addition, the investigation of these reagents

proved that the reaction between allyloxycarbonyl phenyl carbonate and spermidine was
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chemoselective. They clearly showed that secondary amines react much slower than
primary amines with this reagent. Therefore, the allyl phenyl carbonate was prepared by
the reported method,"*® wherein phenyl chloroformate was reacted with allyl alcohol in
the presence of pyridine to afford the corresponding allyl phenyl carbonate 100 (Scheme
3.7) in good yield (85%). This carbonate is stable, easy handled and can be stored at 0 °C
without noticeable decomposition, unlike the highly unstable chloroformate. Thus, we
carried out the reaction of spermidine 42 with 1.1 equivalent of 100 per primary amino
group in DCM at room temperature ovemnight. These reaction conditions afforded the
chemoselective protected spermidine 99 in a yield of 74% (Scheme 3.7). The good
overall yield obtained (63%) allowed us the preparation of 99 in a larger scale in order to

attempt the coupling with the 2-amino-4,6-dichloropyrimidine 54.

O OH pyridine (@)
P R g P
0 Cl DCM 1) O/\/

100
H H Q
S idi
permidine _ /\/O\H/N\/\/N\/\/\N/U\O/\/
DCM o H

Scheme 3.7

The next step, as mentioned above, is the coupling reaction with the pyrimidine ring,
following the Route 1, which was established previously for the preparation of the
morpholino derivative 92 (Scheme 3.2). Thus, the 2-amino-4,6-dichloro-5-
nitropyrimidine 54 was added to a solution of 1.1 equivalents of Alloc-protected
spermidine 99 and Hiinig’s base in acetone and the mixture was stirred at room
temperature ovemight to give exclusively the mono-substituted derivative 101 in a yield

of 77% (Scheme 3.8). The di-substituted derivative was not detected under these mild
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reaction conditions. The alkoxylation reaction was carried out with one equivalent of
both sodium hydride and benzyl alcohol in DMSO. We employed the same conditions, as
reported earlier, heating at 80 °C for 2 h. The resulting residue was purified by column

chromatography on silica gel to obtain 102 in a yield of 52% (Scheme 3.8).

Cl
(@]
NZ NO, H H )L
)\\ | + /\/OTN\/\/N\/\/\N o/\/ —_—
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Scheme 3.8

Thayumanavan et al."** reported the methodology for deprotection of N-allyloxycarbonyl
derivatives of aryl and alkyl amines under mildly basic conditions, whereby the
deblocking reaction was performed with Pd(PPh;3)s/K,COs5 in methanol to afford the
corresponding aryl or alkyl amine in 90% yields. The mechanism of this Alloc
deprotection is illustrated in Scheme 3.9."%"*® For convenience, we shall name L for a
triphenylphosphine ligand, Nu-H for MeOH as the external nucleophile and RX for the
carbamate group RNHCO:.
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Palladium chemistry is dominated by two oxidation states (Scheme 3.9). The lower
Pd(0), present in tetrakis(triphenylphosphine)palladium, is nominally electron-rich, and
will undergo oxidative addition with suitable substrates such as allyl systems, resulting in
a Pd(II) complex. Oxidative addition will occur on the coordinatively unsaturated 14-
electron species, formed by ligand dissociation in solution. As carboxylates RNHCO,™
are effective leaving groups in this reaction, allyl esters can be deprotected. The oxidative
addition occurs preferentially into the C-O bond forming a w-allyl complex, the metal
being associated with or bonded to the leaving group RNHCO,. This process is
reversible but if an external nucleophile is present, that is itself a poor leaving group, the
reverse process is inhibited, releasing the RNHCO,H, which undergoes decarboxylation
to liberate CO, and the free amino group RNH,. The external nucleophile (MeOH) can
attack the m-allyl complex directly or via addition to the metal with subsequent reductive

elimination to regenerate the Pd(0)L, complex (Scheme 3.9).

Following the procedure described by Thayumanavan et al.,"* compound 102 was
dissolved in methanol, followed by addition of catalytic amounts of Pd(PPh3)4 (0.05 mol
%) and three equivalents of K,CO;. The reaction was monitored by TLC. Complete
conversion was observed in 2 h at room temperature and the work-up procedure was
performed to give an oily product. Subsequent *C NMR analysis in DMSO-d, showed
five major peaks at 3 63.1, 126.6, 126.9, 128.2, 142.7 ppm which proved to be benzyl
alcohol. Hence, the presence of free benzyl alcohol found in the resulting product was an
indication of unexpected cleavage of the benzyloxy group at the 6-position of the

pyrimidine ring.

We attributed this failure to the sensitivity of the benzyl group. This can be associated
with the relative weakness of the benzylic Bn-O bond compared with their alkyl-O
counterparts and the tendency of aromatic rings to form m-complexes with transition
metals which brings the benzyl group close to the palladium complex.”” The mechanism
of this undesired reaction is complex, although we presume this reaction undergoes
oxidative addition to form a reversible coordination with the aromatic ring, followed by

reductive elimination of the palladium complex.
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It should be mentioned that benzyloxy derivatives are also excellent models for the more
expensive and unknown chemistry of the 4-bromothenyl group, which might also
undergo side-reactions such as polymerization. In addition, the Alloc protecting group is
not appropriate for the preparation of 4-bromothenyl derivatives either, as the palladium
catalyst might be poisoned by the thenyl group. Hence, we decided to investigate a more

suitable candidate for the selective protection of spermidine.

3.3.2 Synthesis of Phthalimido Derivatives via Route 1

The phthalimido group (Phth) has always been an attractive alternative to amine
protection in chemical synthesis. The Pthth group ties together all the bonding potential

of a primary amine; the nitrogen lone pair is delocalised into two carbonyl groups and its
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stabilising effect on either one of them is roughly halved compared with that in amides

(Figure 3.2).

Co 0 0
: Y
N-R ~—> C N—R - /f\i—R
(0] O) O_

Figure 3.2. Resonance forms in phthalimides.

Hence, phthalimides are stable to oxidising agents and most acidic reagents. However,
they undergo nucleophilic attack by amines, organolithium, Grignard and hydride transfer
reagents.”’ Hydrazine is ideal for the complete cleavage of the phthalimide group
(Scheme 3.10), because after the first addition step, the remaining carbonyl group is no
longer part of an imide and is quite resistant to further intermolecular addition but the
proximity of the second nitrogen of the hydrazine enhances a fast ring closure via

intramolecular reaction to complete the deprotection.'”’

O O
0 4 )fﬁ R-NH,
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NH,NH, A Z NH
N—R —» ~_NH2 rle
NH
o o 0
Scheme 3.10

The protection of primary amines can be accomplished with different activated phthalic
acid equivalents, such as phthalic anhydride. However, the drawback to using this reagent
lies in the harsh conditions required for the preparation of N-phthalimides, involving high
temperatures (180 °C)."*" We used N-ethoxycarbonyl phthalimide 103, which was known

to be an efficient reagent for the selective protection under mild conditions of primary
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amines in the presence of secondary amino groups.'*® The synthesis of the Phth-protected
spermidine 104 involved the treatment of spermidine with the reagent 103 under mild
conditions (24 h at room temperature). Recrystallization from ethanol afforded the adduct
104 with selective protection of spermidine in a yield of 86% (Scheme 3.11).
Subsequently, the coupling reaction of the resulting Phth-protected spermidine 104 with
the 2-amino-4,6-dichloropyrimidine 54 via Route 1 was performed. The conditions we
used for this reaction were exactly the same as those employed in the previous coupling
of Alloc protected spermidine 101 with 54, as described above. These conditions
involved the reaction of the Phth-spermidine 104 with the nitropyrimidine 54 in the
presence of triethylamine at room temperature overnight to afford the required mono-
substituted derivative 105 in high yield (85%), once more with total chemoselectivity, as

the di-substituted adduct was not formed.
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Scheme 3.11
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The next step is the introduction of the benzyl group using NaH in DMSO. This reaction
required heating (80 °C) for 2 h, as proved earlier. Treatment of 105 under these reaction
conditions did not lead to the desired benzyloxy derivative but to the isolation of the
unreacted starting material and benzyl alcohol. When more vigorous conditions were
employed by extending the reaction time to 24 h at 80 °C, the only isolated product was
again the unreacted compound 105, together with the benzyl alcohol. Subsequently, the
reaction was run at 120 °C overnight, but unfortunately, there was no evidence of the
formation of the desired product. Once more, the starting material was recovered. We
attributed this failure to the poor solubility of the phthalimido derivative 105 in DMSO.
Attempts to dissolve the adduct 105 in polar protic and aprotic solvents such as ethanol,

DMF and DMSO failed.

Golding and co-workers"’ found a convenient and efficient method for the preparation of
6-oxy substituted purines by employing 1,4-diazabycyclo[2.2.2]octane (DABCO) as an
alternative reagent to trimethylamine in the replacement of chlorine at the 6-position of
purines (an example of such replacement is shown in the synthesis of PaTrin-2 in Scheme
3.12). The order of displacement of the groups at the 6-position of the purines reported is
Me;N > DABCO> Cl with relatively rates of 100:10:1 respectively. The slower rate of
displacement of the DABCO versus NMes is probably a steric effect in the addition-
elimination pathway. Trimethylamine is particularly problematical and difficult to work
with, because it is a gas at room temperature (bp 3.5 °C), toxic and it possesses an
unpleasant smell. Thus, DABCO has emerged as an alternative to NMe;s in this type of

reactions.

The substitution of the chlorine in the 6-position of the purine was reported by Johnsson
et al.,"® wherein displacement of chlorine is carried out with DABCO at room
temperature in 3 h. Subsequent addition of the 4-bromothenyl alcohol and 1,8-
diazabycyclo[5.4.0Jundec-7-ene (DBU) at room temperature overnight afforded the
corresponding O°-(4-bromothenyl)guanine in moderate yield. We expected that if the
displacement of chlorine by DABCO in compound 105 could be accomplished, the high
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reactivity of the DABCO salt as a leaving group would permit us to achieve the

preparation of the corresponding benzyloxypyrimidine.

Br
P

cl Cl 'NMe;, Brz—)\/ 0
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Scheme 3.12

Following the procedure described above, we attempted to isolate the DABCO salt of
compound 105. DABCO was added to a suspension of the Pthth-pyrimidine adduct 105
in DMF and the reaction mixture was set aside at room temperature (Scheme 3.13). We
expected that the precipitation of the salt would direct the reaction towards the formation
of the product Nevertheless, an aliquot was taken and analysed by '"H NMR spectroscopy
to reveal that the displacement had not occurred even after 24 h. Further attempts at
higher reaction temperatures (80 °C) led to the same negative results and the search for a

method in the preparation of the DABCO salt was therefore discontinued.
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Scheme 3.13

Our attention then tumed to investigate the successful preparation of PaTrin-2 by our

'8 shown in Scheme 3.12. The trimethylamino salt is prepared by treating

research group,
the commercial 2-amino-6-chloropurine with trimethylamine. This quaternary amino salt
can be isolated and acts as an excellent leaving group which is readily displaced by 4-
bromothenyl alcohol in sodium hydride at room temperature to afford PaTrin-2. Hence,
we planned to isolate the trimethylamino salt of adduct 105, and subsequent displacement

by benzyl and 4-bromothenyl alcohol and sodium hydride in DMSO would lead us to the

elaboration of the desired products.

Trimethylamine is a gas at room temperature, being difficult to use. To overcome this
problem, we found commercially available already-made solutions of NMes in ethanol
(31-35%) and used them for the attempted preparation and isolation of the
trimethylamino salt of 105 (Scheme 3.14). Even the formation of undesired ethoxy
derivatives would be an excellent confirmation that the salt can be prepared and its
reactivity is sufficient to be displaced by an alcohol group without the required presence
of a strong base. Compound 105 was suspended in ethanol and cooled to 0 °C and reacted
with a solution of NMes/EtOH, following McElhinney’s procedure and set aside
overnight in an ice-bath. Unfortunately, no product was isolated and the starting material

was fully recovered. Another experiment was attempted at room temperature, leading to
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the same results. Raising the reaction temperature to 80 °C also led to the isolation of
unreacted starting material. These failed attempts forced us to investigate an alternative
synthetic sequence for the preparation of substituted 5-nitro pyrimidines. Consequently,
we explored Route 2 in more detail, which involves the alkoxylation of the dichloro-5-

nitropyrimidine 54 prior to the coupling reaction with a secondary amino group.
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Scheme 3.14

3.3.3 Synthesis of Phthalimido Derivatives via Route 2

The proposed Route 1 allowed the multi-step elaboration of substituted pyrimidines in
relatively high overall yields. We have discussed in the previous section the multiple
problems that we encountered using this Route 1. The strongly basic reaction conditions
required for the introduction of an alkoxy group process limited the synthetic

methodology, as base-labile protecting groups, such as Fmoc had to be avoided.

This Section describes an alternative synthetic pathway for the preparation of the desired
2-amino-4,6-disubstituted 5-nitropyrimidines 40 and 41 (Figure 2.3), namely Route 2. In
principle, this reaction sequence is also applicable to the synthesis of these substituted-

nitropyrimidines from the valuable precursor 2-amino-4,6-dichloro-5-nitropyrimidine 54.
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The investigation of Route 2 was previously initiated with the introduction of a methoxy
group into 54 (see Section 3.2), in which we reported the low utility of this procedure
owing to formation of di-substituted derivatives under the conditions we employed. As
the major problem concerned is the lack of chemoselectivity, we investigated milder
conditions for the introduction of alkoxides. Hence, the 2-amino-4,6-dichloro-5-
nitropyrimidine 54 was treated with excess of benzyl alcohol in the presence of a weaker
base (Hiinig’s base), which is mainly used to effectively neutralize the hydrochloric acid
formed in the substitution. Elevating the temperature to 60 °C and prolonging the reaction
time (overnight) led to recovery of unreacted starting material. This was an indication

that the use of a stronger base to form the alkoxide was required.

The next attempt to prepare the required alkoxy derivatives was the reaction of 54 with
one equivalent of the corresponding alcohol and sodium hydride in dry DMSO, a method
previously investigated with other substrates in our laboratories.”’ Sodium benzyloxide
was generated in situ by addition of one equivalent of sodium hydride to 1.2 equivalents
of benzyl alcohol in dry DMSO under an argon atmosphere. Effervescence was observed
due to the formation of hydrogen gas. The dichloro-nitropyrimidine 54 was added and the
reaction mixture was stirred at room temperature overnight. DMSO was partially
removed in high vacuum, and the residue triturated with water to form a viscous paste,
which contained substantial quantities of DMSO. TLC analysis showed the presence of

several products with similar R¢. This mixture could not be purified.

We considered that the selection of the solvent was not appropriate. DMSO, because of
its excellent solvating power, is frequently used in reactions involving salts and
nucleophilic substitution, but is very difficult to remove owing to its high boiling point,
involving harsh removal conditions in high vacuum at high temperatures. Furthermore,
DMSO is an extremely hygroscopic solvent, and consequently traces of water would
quench the sodium hydride, lowering the yield of the alkoxylation reaction. We then
attempted this reaction with NaH in THF, another aprotic solvent considerably less
suitable for nucleophilic substitution than DMSO due to its lower polarity, but less

hygroscopic, easier to dry (over sodium), and remove in vacuo in the work-up procedure.
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The reaction of 54 with one equivalent of both benzyl alcohol and NaH in dry THF under
an argon atmosphere at room temperature overnight afforded a mixture of the unreacted
starting material, the mono-benzyloxy 106 and di-benzyloxy 107 derivatives (Scheme
3.15). TLC analysis showed that the starting material and the corresponding products had
similar Ry. These properties had been also observed in the displacement of chloropurines
with alkoxy substituents, making separation difficult.””’ The isolation of the mono adduct
106 was accomplished by column chromatography on silica gel in two steps to yield
16%. Compound 106 was an essential synthetic intermediate for the synthesis of
substituted S-nitropyrimidines and its preparation required further optimisation of the
method. In order to avoid the di-substitution reaction, we increased to 1.3 the equivalent
amount of 54 (Scheme 3.15). Although the unreacted starting material and the mono-
benzyloxy adduct 106 have a similar Ry, the absence of a third product, the di-benzyloxy
adduct 107, would ease the purification process. These reaction conditions improved the
yield to 36%. The reaction temperature was lowered to 0 °C in a further attempt to control

the high reactivity of the reagents, leading to a slight improvement of the yield to 42%.
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Scheme 3.15

The treatment of 54 with one equivalent of both sodium hydride and 4-bromothenyl
alcohol 95 in dry DMSO under an argon atmosphere also led to the formation of a
viscous paste after the work-up procedure. The mixture contained unreacted starting

material, the mono- 108 and di-substituted derivative 109 (Figure 3.3). Subsequent
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purification by column chromatography on silica gel afforded the mono adduct in 16%
yield. Following the same criteria we changed the solvent for THF. An excess of 1.5
equivalents of the starting material 54 at lower temperatures (0 °C) afforded a viscous
product which was solidified by treatment with hexane. The required purification steps
(column chromatography on silica gel) allowed the isolation of the mono-(4-

bromothenyloxy) derivative 108 in a yield 0f24%.

Br
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0
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Figure 3.3. Structures of compounds 108 and 109.

Continuing with the basis of the proposed Route 2, the mono benzyloxy adduct 106 was
reacted with the 1.1 equivalents of the phthalimido protected spermidine 104 in the
presence of triethylamine. DMF was the solvent required for the coupling reaction
instead of acetone, in order to improve the solubility of 104. The coupling was monitored
by TLC, which showed a slow formation of a product after 24 h at room temperature. The
coupling was complete in 2 h when the reaction temperature was elevated to 80 °C.
Subsequent purification of the reaction crude by column chromatography on silica gel
afforded the desired adduct 110 (Scheme 3.16) in a moderate yield (41%). Fortunately,
the development of the synthetic Route 2 allowed us the synthesis of the benzyloxy
phthalimido nitropyrimidine 110, although the overall yield was poor.
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With regard to the deprotection of the phthalimido group, we explored the removal
conditions. Mach er al'*' reported a general procedure for the deprotection of
phthalimido aliphatic polyamines with hydrazine in refluxing ethanol to liberate the free
amino group in high yields. Following this protocol, compound 110 was treated with
hydrazine monohydrate in ethanol. The reaction went to completion when the mixture
was refluxed for 3 h. The resulting crude was washed with 1M NaOH and the product
was extracted with DCM. Subsequent 'H NMR analysis of the product showed free
benzyl alcohol, which is an unfortunate indication that the benzyloxy group had also been
cleaved. An additional signal appeared at 6 8.84 ppm, which accounted for a NH group
(in the region of the NH group in the 2-amino-4,5-dichloro-6-hydrazinopyrimidine 74).
The aromatic proton signals from the phthalimido derivative at 6 7.79-7.89 (multiplet)

disappeared, proving that the deprotection had occurred.
We believed that the harsh deprotection conditions required for the removal of the
phthalimido group also cleaved the benzyl ether linkage. The proposed mechanism for

this undesired side-reaction is illustrated in Scheme 3.17. The 4-position in the
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pyrimidine ring is quite labile due to the conjugated effect of the nitrogen atom in “ortho”
(3-position), which is able to accept the electron pair from a nucleophilic addition.
Hydrazine is a good nucleophile which attacks at the 4-position. The generated negative
charge can be delocalised through the pyrimidine ring as shown in Scheme 3.17. In
addition, the conjugated nitro group at the S-position acts as an anion-stabilizing, leading
to an extra canonical form that favours the substitution. Subsequent return of the negative

charge to expel the benzyloxy group gives the final product.

NH ) NH,
o Bro_ NH O
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NH, NH, INH2
o | s | = | =
BhO  NH O Bno3 NH 01) Bno. NH O
/ " /' o P N
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H,N N NRR' H2N N NRR' H2N N NRR'
Scheme 3.17

We concluded that the use of nucleophile-labile protecting groups is not suitable for 4-
benzyloxy-5-nitropyrimidine derivatives. The benzyloxy ether proved to be labile
towards nucleophilic attack under this deprotecting conditions. This failure in the
deprotection step did not compensate for the effort we employed in their strategic
elaboration. Nevertheless, the study of Route 2, wherein the displacement with alkoxide
is performed prior to the coupling reaction with protected spermidine, allowed us to
investigate the use of non-nucleophilic base-labile protecting groups. Hence, we explored

the use of Fmoc as a protecting group of spermidine.
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3.3.4 Synthesis of Fmoc Derivatives via Route 2

The amino-protecting group 9-fluorenylmethyloxycarbonyl group (Fmoc) 111 (Figure
3.4) is stable towards acids and catalytic hydrogenation but readily cleaved under mildly
basic, non-hydrolytic conditions. This protecting group, first described by Capino and
Han in 1972,'"* has been widely used in the N-protection of amino acids during solid-
phase peptide synthesis since it is stable to the acidic conditions that cleave Boc group
from amines. In particular, Bradley et al.'* reported the preparation using solid-phase
synthesis of a focused library of 24-membered inhibitors of the enzyme tyanothione
reductase. This investigation was of keen interest to us because of the inhibitor structure.
The synthesis involved a selective protection with Fmoc of the primary amines of
spermidine, which were attached to an aminomethyl polystyrene resin through its

secondary amino group.

111

Figure 3.4. Structure of the amino-protecting group Fmoc.

The deprotection of Fmoc is based on the $-elimination reaction, caused by the removal
of the proton from the 9-position of the fluorene structure with base (Scheme 345
This proton is very acidic, owing to the planar aromatic system generated, containing 14
m-electrons that satisfies Hiickel’s 4n+2 rule, where n=3. The reaction is driven by the
high stability of the anion, which is delocalised through the aromatic system. In addition,
the elimination reaction is also favoured by the enthalpic energy gained in generating a

conjugated alkene and, in this case, further decarboxylation to liberate the amine. A

secondary amine (e.g. EttNH, piperidine or morpholine) is used both to effect
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deprotection and to trap the resulting 9-methylene fluorine in an essentially irreversible

addition of the amine that drives the deprotection to completion.

The use of nucleophilic bases would be counterproductive for us, due to the lability of the
benzyloxy linkage of 5-nitropyrimidines towards nucleophilic displacement, as shown
earlier (see N-phthalimido protecting group in Section 3.3.3). This problem was often
encountered in the synthesis of peptides in solid-phase when nucleophile-labile positions
were replaced by piperidine. This synthetic difficulty has been dealt with the use of
catalytic DBU as a non-nucleophilic base to facilitate the deprotection of Fmoc to form
the desired product in good yield."*'* Consequently, we also explored DBU as a
deprotecting reagent for Fmoc derivatives and the results will be discussed later in this

Section.
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Scheme 3.18
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The commercially available 9-fluorenylmethyl chloroformate (Fmoc-Cl) is a stable
compound which reacts normally with amino compounds to give carbamates in yields of
88-97%."** Unfortunately, the Fmoc-Cl reagent presents a lack of chemoselectivity in the
protection of primary amines over the secondary ones, making this reagent a poor
candidate for the selective protection of spermidine. This synthetic challenge has been
approached in an well-designed five-step synthetic procedure to strategically incorporate

Fmoc in the primary amino groups of spermidine (Scheme 3.19).'*

Trifluoroacetylation, using trifluoroacetic anhydride in base, is a common strategy for the
protection of amino groups. However, this reaction conditions are not selective for the
protection of primary amino groups in the presence of the secondary amines."* Previous
studies noted that the primary amino moieties of spermidine could be selectivity
trifluoroacetylated using the less reactive reagent ethyl trifluoroacetate.'*”'*®
Unfortunately, the harsh deprotection conditions with ammonia in refluxing methanol
makes this group unsuitable for the synthesis of our protected spermidyl-5-

nitropyrimidine derivatives, as a consequence of the nucleophile-labile benzyloxy

moiety.

Spermidine 42 in acetonitrile was reacted with an excess of ethyl trifluoroacetate and the
mixture was refluxed overnight. Subsequent recrystallization from ethyl acetate afforded
a crystalline white solid 112 in a yield of 82%. The NMR spectra matched that of bis-
(trifluroacetyl)spermidine previously synthesised.*® The secondary amino group was not

attached. The product was isolated as its trifluoroacetate salt.

The preparation of N -(tert-butoxycarbonyl)-spermidine 114 was accomplished according

a’ Compound 112 was

to the literature procedure described by Cook and co-workers
treated with di-tert-butyl dicarbonate in anhydrous THF under an argon atmosphere,
followed by the addition of triethylamine. The resulting oily residue was purified by
column chromatography on silica gel to yield 113 (83%). Subsequent cleavage of the

trifluoroacetic protecting group with ammonia in refluxing methanol afforded the
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corresponding adduct 114, which was carried on to the next step without further

purification.
CF4CO,
CRe Ol + NHCOCF
/\/\/NH B —— AN AN
HNT "N . F,COCHN” "N .
H CH4CN / H,0 H,
42 112
(t-Boc),0 NHCOCF NH,OH
—_— F,COCHN” "N NN~ ¥ —_—
NEt, / THF ! Boc MeOH
113
NH, _FmocCl e A~ NHFmoc
HNT TSN ————  FmocHN N
|
NaHCO .
L H,0O/ Dioxane 158
114 115
CF4CO,
TFA + NHFmoc
_—— FmocHN/\/\N/\/\/
DCM H»
116
Scheme 3.19

The Fmoc protection of the N-4 Boc protected spermidine 114 and further removal of this
group was achieved following the methodology of Bradley ez al.'*® The above mentioned
adduct 114 was dissolved in a HO/dioxane mixture. The pH of the solution was adjusted
to 9 by the addition of sodium bicarbonate. The use of a weak base was aimed to prevent
the deprotection of Fmoc. Following Bradleys’s procedure, Fmoc-Cl was added at 0 °C
and after stirring 24 h at room temperature, the residue was purified by column
chromatography on silica gel. The total overall yield obtained from the last two steps,

(aminolysis and Fmoc protection) was 22%.
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We attributed this low yield to the incomplete conversion to the Fmoc-Boc spermidine
115, due to the presence of substantial amounts of unreacted starting material detected in
the purification procedure. However, the isolation of the desired adduct 115 was carried
out after a reaction time of 24 h. Longer reaction times could lead to partial removal of
the Fmoc carbamate. Unfortunately, the preparation of this compound 115 in our hands
under apparently the same conditions as Bradley ef al.,"*® was not accomplished in the
excellent yields reported. '"H NMR spectrum of a sample was recorded in order to
characterise this adduct, and to compare it with the product obtained by Bradley. The
remainder was used directly in the next step. Subsequent treatment of 115 with TFA in
DCM at room temperature led to the formation of the desired N',NB-Fmoc-spermidine
salt 116 in high yield (91%).

Having prepared the Fmoc-spermidine adduct 116, our attention focused on a study of the
deprotection reaction of Fmoc with DBU. The standard procedure for cleavage of the
Fmoc protecting group from the molecule of interest is carried out with piperidine,
releasing dibenzofulvene (DBF) into solution.'”” The latter is normally found in the
resulting solution as the piperidine adduct (see mechanism in Scheme 3.18). In order to
avoid nucleophilic additions or displacements in other positions of the substrate by
piperidine, use of the 1,8-diazabicylo[5.4.0] undec-7-ene (DBU) has been investigated.'*’
DBU removes the acidic proton at the 9-position of Fmoc to liberate the carbamate
group. The DBF produced by this cleavage cannot form an adduct with the highly
hindered DBU, and it remains free in diluted solution or it forms insoluble polymers in

. 142
concentrated solution.

To avoid the use of our valuable Fmoc spermidine 116, we investigated the deprotection
reaction with DBU using an alternative polyamine as a model compound. The selected
polyamine was the commercially available 4,4’-methylenedianiline 118 (Scheme 3.20).
The strategic selection of this polyamine in particular will be explained in detail in the

Section 3.4 as an alternative synthesis of polyaromatic amino pyrimidine derivatives.
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We used a modified methodology of the procedure described by Bradley et al." for the
preparation of Fmoc derivatives (Scheme 3.20). Three equivalents of the polyamine 118
was treated with one equivalent of the Fmoc-Cl reagent in the presence of sodium
bicarbonate. The excess of compound 118 was deliberately used to obtain the mono-
protected adduct. Under the same conditions as described above, the reaction mixture was
stirred at room temperature overnight. The final product was found to be unreacted
starting material 118 together with the by-product 117 (Figure 3.5) derived from the
dibenzofulvene (DBF). We attributed this failure to the slow reactivity of aromatic
amines. Consequently, under the conditions employed, sodium bicarbonate can hydrolyse
the Fmoc-Cl reagent to form 117. The employment of anhydrous conditions in this type

of reaction is therefore required.

Sogt

W

117

Figure 3.5. Structure of compound 117.

Previous studies by Carpino'** stated that Fmoc-aniline could be recovered, completely
unaffected, from its solution in pyridine after 48 h at room temperature. Therefore, the
procedure was slightly modified, where pyridine was used in place of sodium
bicarbonate. Treatment of an excess of 117 (four equivalents) in anhydrous THF with
Fmoc-Cl in the presence of pyridine at room temperature overnight resulted in the desired
mono-adduct 119, together with substantial amounts of the di-substituted derivative and
the corresponding excess of the starting amine 118. Subsequent purification by column

chromatography on silica gel afforded the mono Fmoc-protected amine 119 in 36% yield.
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Scheme 3.20

With regard to the Fmoc deprotection by means of DBU, the mono-Fmoc adduct 119 was
treated with 2 equivalents of DBU in THF at room temperature for 1 h to afford the

corresponding starting diamine 118 in quantitative yields (Scheme 3.21).

Having established the removal conditions of Fmoc with DBU, we then attempted the
coupling reaction of the mono-Fmoc adduct 119 with 2-amino-4-benzyloxy-6-chloro-5-
nitropyrimidine 106 (Scheme 3.21). The adduct 120 was of interest to us, since further
deprotection with DBU would prove whether the cleavage of Fmoc affects the rest of the
moieties in the pyrimidine. Furthermore, the resulting compound from this deprotection
would fulfil the synthesis of the targeting polyaromatic pyrimidines, as will be discussed

later in Section 3.4 of this Chapter.

Treatment of 119 in an excess of three equivalents with the 2-amino-4-benzyloxy-6-
chloro-5-nitropyrimidine 106 in the presence of pyridine at room temperature afforded
only the starting materials. It should be noted that the use of pyridine is not necessary in
this reaction since the mono-Fmoc amine can acts as a base trapping the HCI formed in
the coupling reaction. Nonetheless, the use of an external base with the Fmoc-protected
spermidine salt 116 is required to generate the free secondary amino group which would

be coupled to the pyrimidine derivative 106.

117



Chapter 3
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H,N NHFmoc b H,N NH,

118
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\J\ 106
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HZN/“\N/ ” - NHFmoc
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Scheme 3.21

The failure in the coupling reaction at room temperature was attributed to the poor
nucleophility of aromatic amines. Further attempts at higher temperatures (refluxing
THF) and in the presence of pyridine resulted in a mixture of products, wherein the Fmoc
group had been cleaved partially under these conditions. This failure was not promising
since partial cleavage of the bis-Fmoc spermidine 116 in the coupling with the
chloropyrimidine 106 would lead to undesired further coupling of the primary amines.
This would result in a mixture of spermidyl derivatives which would be impossible to
purify. However, we hoped that the greater nucleophilicity of alkyl amines would lead to

the coupling reaction working at room temperature.
Unfortunately, when the pyrimidine 106 was treated with an equimolar amount of the

Fmoc protected spermidine 116 and pyridine in THF at room temperature ovemnight, no

reaction was observed (Scheme 3.22). An additional 24 h at room temperature did not
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improve the reaction. Longer reaction times at room temperature led to the cleavage of
the Fmoc spermidine 116, possibly promoted by pyridine or the secondary amine group
of spermidine. When the reaction was carried out at temperature above 60 °C, a mixture
of several coupled products, together with dibenzofulvene (DBF) derivatives was
observed. We assumed that cleavage of Fmoc had occurred. Similar results were obtained
when the Fmoc protected spermidine 116 was reacted with the 2-amino-(4-
bromothenyloxy)-6-chloro-5-nitropyrimidine 108. Further attempts using sodium
bicarbonate as an external base in a THF/water solution and at a range of temperatures

led to the same undesired results. Sodium bicarbonate has a pKa similar to that of

pyridine.
OR »
NO, CF5CO,
S + NHFmoc
Llihe FmocHN” " N7 "~
H,N~ N7 el H;
106, R = benzyl 116

108, R = 4-bromothenyl

pyridine
THF

NO,

)l\ = /\/\/NHFmoc
H,N~ N7 N
K/\NHFmoc

121, R = benzyl
122, R = 4-bromothenyl

Scheme 3.22
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The failure in the attempted synthesis of Fmoc spermidine derivatives 121 and 122,
forced us again to investigate another protecting group. The alternative Route 2 in the
preparation of substituted S-nitropyrimidines allowed us to investigate the use of Boc,

and the results are reported as follows.

3.3.5 Synthesis of Boc Derivatives via Route 2

The tert-butyloxy-carbonyl (Boc) protecting group has been widely used for the
protection of amines. The Boc group greatly reduces the nucleophilicity of the amine
nitrogen and provides excellent steric shielding, impeding nucleophilic attack at the
carbony! group of t-butyl carbamates. Furthermore, the protecting group itself is stable to
hydrogenation and most bases."*” This group can be easily removed by acid. CF3CO,H
(TFA), p-TsOH, HCl and HBr are examples of some acids that can be used for
deprotection. TFA is generally accepted as the acid of choice as it is fast acting, is
volatile and can be easily removed by evaporation. During deprotection (Scheme 3.23),
protonation on the carbonyl oxygen and loss of the highly stable tert-butyl cation takes
place. Subsequently, the resulting carbamic acid undergoes decarboxylation to afford the

amine.

(6] e +O/H . OH
* v - t-Bu
N |
R—NJ\o—t-Bu e )\’ ) & R—N’&o
H R—H O—tBu H
Scheme 3.23

The Boc protecting group can be easily incorporated by acylation of amines. z-Butyl
chloroformate (+-BuOCOCI) is unstable and the anhydride [(--BuOCO),0, Boc,0] is
generally the reagent of choice. Unfortunately, the selective modification of spermidine
cannot be accomplished directly with the use of these reagents. Ragnarsson et al.'’

reported a general procedure for the chemoselective protection of the primary amino
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groups of spermidine, based on t-butoxycarbonylation of benzyloxycarbamate groups
with Boc,O and DMAP as a catalyst (Scheme 3.24). Nevertheless, we considered that the

three-step synthesis was too long and could be reduced by a more practical approach.

ZCl

AN S~ NH Ao~ NHZ
H,oN H - ZHN/\/\Y;J
Z
Boc,O
DMAP
Z
H H N—B
N—Boc 2 T AW a o W o T L oc
Bog—N" S AN e e = Bl h
H H Pd-C P 7

Scheme 3.24

Bradley and Marsh"' showed that the commercially available reagent, 2-(tert-
butoxycarbonyloxyamino)-2-phenylacetonitrile 123 (Boc-ON, see Figure 3.6) showed
high chemoselectivity for primary amino groups over secondary ones at low
temperatures. The oxime by-product generated from the acylation reaction can be easily

and completely removed during the work-up procedure by extraction with diluted NaOH.

KK 3ve

N
123 124

Figure 3.6. Structures of Boc-ON 123 and fert-butyl phenyl carbonate 124.
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Hence, N'.,N®-Boc protected spermidine 125 was readily synthesised from spermidine
using the reagent Boc-ON. Treatment of spermidine with Boc-ON 123 (Scheme 3.25) in
the presence of diluted NaOH at low temperature (0 °C) for 1.5 h and subsequent
purification of the resulting residue by column chromatography on silica gel afforded 125
in a low yield (20%). We needed to use the Boc-protected spermidine 125 as a precursor
for the multi-step synthesis of substituted S-nitropyrimidines and consequently required a

method which could produce it in a higher yield.

NH )(
HZN/\/\”/\/\/ 2 + O/lLO/ N\
CN
42 123
N
NHBoc -
BOCHN/\/\N/\/\/ HO S
H CN

125

Scheme 3.25

1.3 reported recently the use of the commercially available tert-butyl

Christensen et a
phenyl carbonate 124 (Figure 3.6 above) to incorporate the Boc group with selective
acylation for primary amino groups over the secondary ones. Furthermore, this reagent is
considerably less expensive, stable and easier to handle than Boc-ON 123. The latter
requires storage in the freezer (-20 °C) to avoid gradual decomposition. On the other

hand, Boc-ON 123 should be much more reactive.
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Treatment of spermidine 42 in DMF with the tert-butyl phenyl carbonate 124 affirded
the desired bis-Boc spermidine 125 with total chemoselectivity in a moderate yield
(48%). It should be pointed out that the reaction was carried out in the absence »f an
external base at room temperature overnight. The improvement in the yield using this
reagent allowed us to scale up the preparation of 125 following this method, and we were

able to explore further coupling with the corresponding chloropyrimidine derivative.

We initially had investigated the preparation of substituted 5-nitropyrimidines via Foute
1, and the reaction sequence is outlined in Scheme 3.26. The reaction of the readily
prepared Boc spermidine 125 with the 2-amino-4,6-dichloro-5-nitropyrimidine 54 i the
presence of Hiining’s base (Scheme 3.26) led to the exclusive formation of the nono
adduct 126 in a high yield (84%). Once more, Route | provided good overall yielcs, as

reported earlier for the Alloc reaction sequence.

Cl
N NG, EtN(Pr),
T N T N NHBoc + | ———
BocHN N —
ocC H H,N )\ N al acetone
125 54
Cl O
N02 NaH / DMSO N02

- Sy

benzyl alcohol H2N

126 127

Scheme 3.26
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Subsequent treatment of 126 with one equivalent of NaH and one equivalent of benzyl
alcohol in DMSO at 80 °C for 2 h (Scheme 3.26) resulted in a mixture of a high number
of products considerably more polar than the corresponding starting material 126. Hence,
we assumed that additional partial cleavage of the Boc group under these harsh reaction
conditions had occurred. The proposed mechanism for this deprotection was previously
reported by Tom ez al."*' wherein they postulated that the reaction proceeded through an
isocyanate intermediate (Scheme 3.27). We then increased the number of equivalents of
benzyl alcohol and NaH to three in order to attempt the deprotection of Boc and the
introduction of the benzyl group simultaneously, but once more, we obtained a complex

mixture of by-products.

NaOBn

"D(*O - R—NH,

DMSO 80°C
L - t-BuO k CO,
H
//C,/o H,0 . N _on
R” i \ﬂ/
@)

Scheme 3.27

The preparation of the desired adduct 127 was explored via the altermative Route 2,
which would allow its elaboration through the precursor 106 (Scheme 3.28). Although
the overall yields of this synthetic pathway is conditioned by the difficult preparation of

this precursor 106, the direct coupling to form the final benzyloxy-Boc-spermidyl-

124



Chayter 3

nitropyrimidine 127 gives a considerably cleaner reaction and facile purification of this

product by column chromatography.

Hence, treatment of the synthetic intermediate 106 with the Boc-protected spermidine
125 in the presence of triethylamine afforded the coupled adduct 127 in an excellentyield

(92%). Once more, only one step separated us from the desired final product.

O
PR N e Py, INEIDGE 5 N™S e —E»
H HNT N7 el
125 106
i TFA &
N0 %» N0
| | *
~ NHBoc = NH
TN AN A
HzN)\N N 2N/I\N N .
I\/\ +
NHBoc K/\NHB
127 128
Scheme 3.28

Unfortunately, the frustrating results we had obtained previously, also occurred with the
final deprotection of the Boc groups in compound 127 with TFA. We employed similar
conditions to remove the Boc group to those used in the cleavage of bis-N ! N® -Fmoc-N*-

Boc protected spermidine 115. The reaction conditions were excess of TFA in DCM at 0
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°C for 30 min and room temperature for 2 h. We detected free benzyl alcohol after the
work-up procedure and, therefore, the loss of the benzyloxy group in the structure of the
product. '"H NMR spectra showed a peak at 6 10.1 ppm which indicated the presence of
the NH group (3-position) in the pyrimidine ring, showing that the benzyloxy ether
linkage had been cleaved. A proposed mechanism for this cleavage is shown in Scheme

3.29.

0 @‘
NO, +H*

N ~ - H\Q/ N02
/l\\ | /\/\/LH3 J')\\ | ;‘H
oN N N H,N N N/\/\/ 3

(®)
& NO
- PhCH, HN | ¢ .
—_—T
N NH
HzN)\N N/\/\/ 3
l\/\+
NH;
Scheme 3.29

As previously explained in the beginning of this Section 3.3.5, the deprotection of Boc is
based on the high stability of the tertiary carbocation -Bu' formed, due to an inductive
and hyperconjugative effect of the methyl groups. On the other hand, the sensitivity of
the benzyl group is associated with the relativity weakness of the benzylic Bn-O bond,
owing to the formation of the benzylic cation. This carbocation is also stabilised by
resonance as a consequence of the delocalisation of positive charge over the aromatic

ring. Its formation is therefore favoured. We believe that the removal of the benzyloxy
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linkage occurs by an E1 mechanism, following a similar pathway for Boc depntection
(see Scheme 3.23). Sadly, the treatment of 127 with TFA removed the Boc group >ut also
involved additional cleavage of the benzyloxy position. The benzylic cation generated is
attacked by a molecule of water (work-up procedure) to form benzyl alcohol, which was

detected in the resulting product.

33.6 Attempted Synthesis of Organosilicon Derivatives

Having failed in the chemical deprotection of pyrimidine-spermidyl adducts, we focused
on a new family of amino-protecting groups based on the specific fluoride ion-nduced
fragmentation. Organosilicon chemistry is characterised by the high affinity of silyl
derivatives for fluoride, which provides a selective deprotection pathway. The ease of
cleavage of Si-N bonds is favoured as a consequence of the formation of the readily
formed Si-F bonds. This chemical reaction is driven by the high bond strength of Si-F
bonds (810 kJ mol™) compared with Si-N bonds (320 kJ mol ™).

The standard reagent required for the protection of primary amino groups with silyl
derivatives is the commercially available 1,14 ,4-tetramethyl-1,4-dichlorodisilylethylene

129 (Scheme 3.30)."**

N /
+ HNR — — > [ NR
. Si—
—Cl
SI\ C \
129
Scheme 3.30

Silylation affords a bulky derivative which is reasonably stable towards most of
organolithium reagents, LDA, water and aqueous solutions of NH4Cl and NaHCOs (the

latter important for the coupling reaction conditions of the protected spermidine with the
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pyrimidine adduct 106 and 108). The deprotection step is easily carried out under mildly
conditions with an efficient source of fluoride ions. Tetrabuthylammonium fluoride in

%% The mechanism involves addition of

aprotic solvents is the recommended reagent.
fluoride to the silicon atom producing a pentavalent siliconate intermediate. Subsequent
fragmentation with ejection of the leaving group leads to the free amine. Furthermore, the
high basicity of nitrogen favours protonation and activation as a leaving group. Thus
these derivatives are decomposed within minutes under mildly acidic conditions (0.1 M
HCI, 75% aq. AcOH)."*" This instability in aqueous acidic medium can be also explained
by the formation of Si-O bond (520 kJ mol™), considerably stronger than the Si-N bond

(320 kJ mol™).

Having investigated the basis of silyl derivatives as a protecting group, we explored the
selective spermidine modification with the silylation reagent 129. Following the modified
procedure of Magnus et al.,'” the disilyl reagent 129 was added at 0 °C to a solution of
spermidine 42 in anhydrous DCM under an argon atmosphere. Additional stirring at 0 °C
for 5 h and subsequent work-up procedure resulted in a oily product. 'H NMR analysis of
the resulting product showed the presence of five Si-CHj; peaks at 6 0.01, 0.02, 0.11, 0.38
and 0.39 ppm, which indicated that the selective protection of spermidine had not

occurred, as the secondary amine had also reacted with the disilyl reagent.

Hence, the direct protection of spermidine with the reagent 129 is not chemoselective,
and an alternative synthetic pathway for the preparation of spermidine-silyl derivatives is
required through the previous protection of its secondary amino group. This synthetic
strategy must not contain any acidic reaction or work-up conditions that would cleave the
protecting group, as discussed previously. Unfortunately, the lack of time did not allow
us to first design, and then carry out a complex synthetic route, leaving this proposed
disilyl protecting group for future work. In theory, we believed that this protecting group
could be a good candidate for the successful preparation of spermidyl pyrimidine

derivatives as a consequence of the mild deprotection conditions.
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3.3.7 Preliminary Attempts in the Chemistry of Cu(Il) Complexes

Whilst investigating the chemistry of the protecting groups for spermidine, as discussed
thus far, we explored the protection of spermidine with Cu(Il). The direct reaction of
spermidine itself with 2-amino-4-benzyloxy-6-chloro-5-nitropyrimidine 106 or the
corresponding 4-bromothenyloxy derivative 108 in the presence of triethylamine and
refluxing THF afforded a complicated mixture of products owing to the non-symmetrical
primary amino groups and the secondary one. We then designed an ambitious three-step
synthetic route that would allow the elaboration of at least one of the isomers, which
could also be assessed for biological testing. The proposed reaction sequence is outlined

in Scheme 3.31.
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2 | 2 *
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108, R= 4-bromothenyl

Scheme 3.31

We believed that the key to success lay in the feasibility for the preparation of the
complex of Cu(Il) with spermidine, favoured in theory by the formation of a six member
ring. The other fragment of spermidine would form a seven member ring complex, less

favoured energetically. The coordination chemistry to prepare the dimer of Cu(Il) with
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ethylenediamine and propylene diamine, [Cu(en)z]2+ and [Cu(pn)2]2+ is well documented

d,"”*% where a crystalline solid was

and several synthetic methods have been publishe
isolated and its structure was determined by x-ray analysis. When we attempted the
reaction of two equivalents of spermidine 42 with one equivalent of Cu(ClO4),'6H,O at
room temperature in methanol, no solid was formed. After 48 h, an aliquot was taken for
'H NMR analysis to monitor the reaction. Unfortunately, due to the complexity of the
resulting mixture, the structure of the product/s formed could not be elucidated. The

replacement of the copper reagent by Cu(CH;CO,),'H,O under the same reaction

conditions did not lead to the isolation of any solid. The same mixture was obtained.

Assuming that the product that we expected had been formed in quantitative yield, we
decided to proceed one step forward. The solvent (methanol) was removed in vacuo and
the residue was dissolved in DMF before 2-amino-6-benzyloxy-4-chloro-5-
nitropyrimidine 106 and triethylamine were added. The mixture was heated at 70 °C
overnight (conditions we previously employed for the coupling reaction as discussed
earlier). Unfortunately, no solid was isolated, and the resulting mixture was proved
impossible to purify by recrystallization from water/methanol or water/DMF. Therefore,

this method to protect spermidine with Cu(Il) was discontinued.

3.4 Synthesis of 5-Nitropyrimidines with Symmetric Polyamines

We have discussed thus far in this Chapter the attempted synthesis of spermidyl-
nitropyrimidines. This Section 3.4 deals with the preparation of a new family of
compounds that can also be regarded as analogues of PaTrin-2 29.These new compounds
are based on the 5-nitropyrimidine structure, where the N-4 position is substituted by an
aromatic diamine (see Figure 3.7). As previously discussed in Chapter 1, this new family
of polyaromatic compounds possess groups with different hydrogen bonding donor-
acceptor properties, depending on the readily modified linker X. These polyaromatic
amines could also allow the drug to enter the cells through similar pathways than those of

SiE 5 . 157
spermidine. Furthermore, compounds with an analogous structure, such as furamine,
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have shown to be DNA minor-groove binders which will bring the MGMT inactivator
near the MGMT target. The comparison of the biological activity of these derivatives
with PaTrin-2 29 could give an insight into which, if any, of these species could act as a
good inactivator. We wished to explore the relevance of the hydrogen bonding donor or

acceptor group X in the inactivation process.

Br
S
(0] O
AL P
HoN N N NH,  HyN N N NH,
H H
130, X =CH, 131. X = CH,
132, X =NH 133, X =NH
134, X=0 135,X=0
136, X=CO 137, X=CO

Figure 3.7. Structures of N-4 substituted nitro derivatives.

3.4.1 Synthesis of Polyaromatic Amino-5-nitropyrimidines via Route 2

The procedure described here affords an easy approach to the synthesis of polyaromatic
amino-5-nitropyrimidines 130-137, through the key intermediate 2-amino-4-benzyloxy-
6-chloro-5-nitropyrimidine 106 or the corresponding 4-bromothenyl derivative 108 via
Route 2. Having explored previously the conditions for the coupling reaction between the
precursor 106 and a secondary amino group (see Scheme 3.28), further investigation on
this type of reaction with aryl amines would lead us to the desired products. The coupling
reaction is illustrated in Scheme 3.32, where the starting polyaromatic amines are
commercially available. It should be noted that an excess of these starting amines is

required to avoid the undesired formation of dimers.
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OR X OR
G o P ey
HZNJ\N/ Cl TEA ‘HZN)l\N/ H NH>
106, R = benzyl 134 (X=0), 136 (X=CO)
108, R = 4-bromothenyl 131 (X=CH,), 133 (X=NH), 135 (X=0), 137 (X=CO)

Scheme 3.32

2-Amino-4-(4-bromothenyloxy)-6-chloro-5-nitropyrimidine 108 was reacted with four
equivalents of the commercially available bis-(4-aminophenyl)-methylene and
triethylamine in refluxing THF for 2.5 h. Subsequent purification of the resulting residue
by column chromatography on silica gel afforded the desired adduct 131 in a moderate
yield (41%). When 108 was treated with four equivalents of the 4,4’-
diaminodiphenylamine sulphate in an excess of triethylamine and refluxing THF for a
longer period of time (5 h) the formation of the desired adduct 133 was accompanied by
the formation of an additional product was observed. 'H NMR analysis of this undesired
product showed that dimerization had occurred, leading to the adduct 138 (see Figure
3.8). This product was not detected in the previous experiment and we attributed its
formation to the higher nucleophilicity of the primary aromatic amine in 133, enhanced
by the secondary amino group in the para position. Nevertheless, the required monomer
133 was obtained after subsequent purification by column chromatography in a yield of
56%. It should be mentioned that both 131 and 133 required additional column
chromatography to be separated from the corresponding starting amine (a consequence of
similar Ry). The moderate yields obtained were attributed to the difficult purification
procedure. In addition, the formation of the dimer in the preparation of 133 also accounts

for the relatively low yield obtained.
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Figure 3.8. Structure of compound 138.

With regard to the corresponding benzyloxy analogues 130 and 132, we attempted their
synthesis employing the same reaction conditions reported above. Unfortunately, the
required adducts proved impossible to be purified by column chromatography on silica
gel or alumina from the starting aromatic amine. TLC analysis on silica showed a spot
with the same Ry and further attempts to purify these products resulted in obtaining the
corresponding adduct 130 and 132 which were contaminated by substantial amounts of
the starting material. TLC on alumina also showed no distinction between the two
compounds. Attempts to recrystallize these adducts in a suitable solvent also failed. We
therefore devised an alternative method to synthesize these adducts and the results

obtained are reported in the following section 3.4.2.

Compounds 134-137 were prepared according to the same procedure described above
(see Scheme 3.32). The amount of starting amine was slightly increased to five
equivalents and the reaction time was also extended. The adduct 134 was prepared in
high yield (85%) by reacting the intermediate 106 with an excess of five equivalents of
the 4,4’-oxydianiline and triethylamine in refluxing THF overnight. Fortunately, the
purification step was feasible and the resulting residue was purified by column
chromatography in one step to obtained the desired compound 134. When the
corresponding 4-bromothenyloxy derivative 108 was reacted with 4,4’-oxydianiline

under the same conditions employed for the synthesis of its benzyloxy analogue, the
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adduct 135 was obtained in an excellent yield (90%). No dimer adduct was detected in

either experiments.

The preparation of compounds 136 and 137 under the same procedure (see Scheme 3.32)
required longer reaction times. The carbonyl group deactivates the primary amino group
in the para position. Thus more vigorous reaction conditions are necessary. Moreover,
the solubility of the starting amine, 4,4’-diaminobenzophenone in THF is relatively low.
Hence, a small amount of DMF was required to dissolve this starting amine. Reaction of
this starting amine in refluxing THF (2 days) with the intermediates 106 and 108 and
triethylamine afforded a mixture. Subsequent purification by column chromatography on

silica gel afforded the desired adducts 136 and 137 in yields of 82% and 68%

respectively.

The biological activity of the adducts 131, 133, 134-137 was assessed as inactivators of
the protein MGMT and the results will be discussed in Chapter 6. Additional
computational studies on this new family of compounds were obtained in order to
interpret their biological activity and the results are discussed in Chapter 5. The inability
to purify compounds 130 and 132 forced us to adopt an alternative synthetic method for

the preparation of these adducts.

3.4.2 Attempted Synthesis of Polyaromatic Amino-5-nitropyrimidines via Route 1

and Fmoc Protection.

We investigated the viability in the preparation of 130 and 132 using a Route 1 type
reaction, which consists of the coupling reaction of the polyaromatic amine with the
highly reactive intermediate 54. Using the same conditions (refluxing THF for 1.5 h) that
we previously used for the synthesis of the morpholino derivative 92, reaction of 54 with
one equivalent of bis-(4-aminophenyl)-methylene and triethylamine afforded a brightly
yellow insoluble precipitate (Scheme 3.33). Subsequent 'H NMR analysis proved this

product to be the dimer 139. Lower reaction temperatures also led to the formation of this
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insoluble precipitate, but more slowly. We then decided it was not worthwhile

investigating the synthesis of 130 and 132 via Route 1.

OR
N NO2
+
S -
HoN N Cl HoN NH,

54
Cl Cl

L e 0N\,

gille gl
H,N" N7 N NT N7 ONH,

H H
139
Scheme 3.33

Whilst investigation the Fmoc protection of spermidine, we used as a model compound
the mono Fmoc blocking of the bis-(4-aminophenyl)-methyl starting amine 119 (see
section 3.3.4). Further coupling with the 2-amino-6-benzyloxy-4-chloro-5-
nitropyrimidine 106, followed by deblocking of the Fmoc group with DBU would lead us
to the desired adduct 130. Unfortunately, as reported earlier in section 3.3 .4, the coupling
reaction at room temperature failed due to the poor nucleophilicity of the aromatic amine.
Further attempts in refluxing THF, although formed the coupled adduct 120, led to the
partial cleavage of the Fmoc, liberating the starting bis-(4-aminophenyl)-methyl amine.
Subsequent purification by column chromatography is not possible, as both product 130

and the starting amine have similar Ry The purification difficulties that we had

encountered earlier were present again.

This failure requires a different synthetic approach for the elaboration of the desired
derivatives 130 and 132. However, by the time we were investigating the preparation of

these adducts, we obtained the results from the rest of the series of compounds 131, 133,
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134-137, wherein the biological activity of the 4-bromothenyloxy derivatives was barely
affected by the hydrogen bonding nature of the linker X (CH,, NH, O, CO). Moreover,
the benzyl derivatives gave no biological activity. We decided to discontinue the difficult
synthesis of 130 and 132. The cost of the biological experiments combined with the
complicated preparation of these compounds and the negative biological results obtained

from their benzyloxy analogues were powerful reasons to abandon their synthesis.

3.5 Summary and Future Work

This Chapter has focused primarily on the attempted synthesis of N-4 spermidyl
derivatives of the 2-amino-6-(benzyloxy or 4-bromothenyloxy)-5-nitropyrimidines using
two main synthetic routes. Of the two approaches originally proposed for the synthesis of
protected spermidyl derivatives Route 2 was found to be the more efficient and useful
pathway, in spite of the better yields obtained when Route 1 was employed in the
preparation of some model compounds. The latter Route 1 was rather limited for the

work purposes of this thesis.
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