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Abstract

The cytotoxic effects o f the chemotherapeutic A^-(2-chloroethyl)-A^-nitrosoureas (e.g. 

BCNU, CCNU, fotemustine) and the related methylating agents (e.g. DTIC, 

procarbazine, temozolomide) are primarily a consequence o f their ability to alkylate 

DNA at the 0 -6  position o f guanine. This lesion can ultimately cause the death o f the 

targeted cancer cell. However, it is well established that resistance to these 0 -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 0 -6  

position o f DNA guanine residues. Inactivation o f this protein by treatment with 

pseudosubstrates prior to the administration o f alkylating agents enhances the cytotoxic 

effects o f  these chemotherapeutic agents.

0^-(4-Bromothenyl)guanine (PaTrin-2) is known to be an excellent inactivator o f the 

human repair protein MGMT. Phase II clinical trials o f PaTrin-2 with the methylating 

agent temozolomide have been completed recently and the results are discussed in 

Chapter 1. However, the drawback o f this substrate is its poor aqueous solubility and 

limited selectivity for neoplastic tissue. In an effort to overcome these problems, and in 

view o f the fact that related pyrimidines were active, pyrimidine derivatives have been 

investigated to improve the pharmacokinetics o f  PaTrin-2 and their properties to deplete 

the repair protein MGMT.

In general, various nitro derivatives o f guanine have been shown to be powerful MGMT 

inactivators. Thus, the development o f PaTrin-2 based on a modification o f  its chemical 

structure by the incorporation o f the nitro group, combined with other moieties has been 

explored. In Chapter 2, the preparation o f a valuable key intermediate in the synthesis o f 

nitropyrimidines is described. Chapter 3 deals with the incorporation o f  molecular 

devices, such as spermidine or polyphenyl groups to the nitropyrimidines, which would 

enhance the pharmacokinetics (absorption and distribution) o f these drugs, as well as 

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



2 through a bioreversible derivatization o f the N-9 position in the purine system. This 

Chapter also deals with a preliminary study in the synthesis o f new nitroso derivatives. 

Some nitrosopyrimidines, previously synthesised by our research group, have also shown 

good MGMT depletion activity.

Computational studies on this new family o f  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 o f a series o f nitro compounds have been 

investigated, and some the amino acids commonly involved in the binding process have 

been identified. Finally, the biological activities o f  some nitro derivatives o f  PaTrin-2 

synthesised are outlined in Chapter 6.
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Abbreviations

A adenine

Alloc A^-allyloxycarbonyl

Ar argon

ATase C>^-alkylguanine-DNA alkyltransferase

Boc /e/'/-butyloxy-carbonyl

hr broad

BzOH benzyl alcohol

C cytosine

CDI Â JV’-carbonyldiimidazole

d doublet

DABCO 1,4-diazabicyclo[2.2.2]octane

DBU 1,5-diazadicyclo[5.4.0]undec-5-ene

DCM dichloromethane

DMAP 4-dimethylaminopyridine

DMF A^^-dimethylformamide

DMSO dimethyl sulfoxide

DNA deoxyribonucleic acid

EtOAc ethyl acetate

EtOH ethanol

Fmoc 9-fluoromethyloxy carbonyl

g gram

G guanine

Hz hertz

Im imidazole

IR infrared

J coupling constant

m multiplet

MeOH methanol

MGMT O^-methylguanine-DNA methyltransferase



ml millilitre

mol mole

MS (ES) mass spectrometry (electron spray)

MTIC 5-(3-methyl-triazen-1 -yl)imidazole-4-carboxamide

NMR Nuclear Magnetic Resonance

Ph phenyl

Phth phthalimide

q quartet

quint quintet

Rf retention factor

r.t. room temperature

s singlet

t triplet

T thymine

TEA triethylamine

ThBr bromothenyl

THF tetrahydrofiiran

TLC thin layer chromatography

UV ultraviolet

Z benzyl carbonate
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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 o f diseases in which there is 

uncontrolled growth and spread within the body o f abnormal forms o f  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 fi’equently employed to describe this disease, it is a group o f 

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 o f 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 o f 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 o f contmuous rapid 

division. It is, therefore, not always true that cancer cells proliferate faster than all 

normal cells.

b) Dedifferentiation and loss o f flinction. The multiplication o f  normal cells involves 

division o f the stem cells in a particular tissue to give rise to daughter cells. These 

daughter cells eventually differentiate to become the mature cells o f the relevant 

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

the loss o f  the functions they are programmed to accomplish.

c) Invasiveness. Normal cells are not found outside their designated tissue o f  origin. 

This is because during differentiation and during the growth o f 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 o f 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 o f  the body. This process is known as metastasis.

1.2 Statistics

The number o f  cancers diagnosed in Ireland continues to increase every year. In 2005, 

more than tw'enty-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 o f  this increment. These results 

also indicate that the number o f  cancer deaths has remained more or less the same since 

1994 and the risk o f  dying o f cancer is falling by 1.5 % eveiy year.

In spite o f  these overall trends, the risk o f developing some type o f cancer is still 

growing. The need for a better understanding o f causes, mechanism and subsequent 

treatment o f  cancer is absolutely essential.

2
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U  Causes

A normal cells turns into a cancer cell because o f an irreversible genetic mutation in its 

DNA."^’̂  The replication process o f cells, mitosis, is controlled by genes (segments o f 

DNA). Mutation or damage in these genes may be repaired by specific enzymes within a 

cell. However, mistakes can occur, such as the omission o f nucleotide pair, which may 

cause the production o f  abnormal cells with loss o f  their programmed functions. The 

continuous and uncontrolled proliferation o f these abnormal cells give rise to the growth 

o f  cancerous tumour.

The development o f  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 o f gaps in the genetic sequence or binding 

certain portions o f DNA (cross-links).

c) 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 o f cancer o f 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.

3
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e) Age. The risk o f  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 o f  

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

g) Lifestyle factors. Diet and other lifestyle factors, such as lack o f  regular exercise 

may contribute to the development o f some types o f  cancer, although the 

mechanism o f action is not fully understood and these conclusions are based on 

statistical surveys.

1.4 Treatment of Cancer

While surgery for cancer was already reported centuries ago, practical limitation 

restricted its use. With the advent o f  anaesthesia, surgery has become more widespread 

and for more than 100 years, surgical removal has become a standard o f  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 o f a localised and accessible 

solid tumour. A surgeon can excise the tumour and a radiotherapist can irradiate the 

tumour killing cells with lethal doses o f  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% o f  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.

4



Chapter 1

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 o f 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 o f  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 o f successful treatment than those where the cell division is significantly 

slower, such as breast or colon cancers.^

The faster the cells o f 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 o f selectivity o f some chemotherapeutic agents 

frequently causes undesired side effects such as anaemia, hair loss and internal bleeding. 

A vast majority o f drugs are known to have excellent antineoplastic properties. However, 

relatively few are in clinical use owing to the lack o f selectivity at killing cancer cells 

without affecting healthy cells. This toxicity can be considered the main factor in the 

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

In several diseases, particularly a few that were extremely lethal before the discovery o f 

chemotherapy, the application and development o f “cytotoxic” therapy can be considered 

as a huge success o f modem medical oncology. Chemotherapeutic drugs can vary 

enormously in their structure and role o f application. There are five main types o f 

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 o f  the metabolic pathways involved in DNA synthesis, e.g.. 

methotrexate, 5-fluorouracil.

5
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2. Cytotoxic antibiotics; substances o f 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 o f anticancer agent is most relevant to the contents o f this thesis, and 

will be discussed in more detail later.

The treatment o f  metastatic germ cell tumours was achieved with the introduction o f  the 

inorganic complex m -platin  1 (Figure 1.1), where a high percentage o f  patients 

presenting metastatic disease can be c u red .M e th o tre x a te  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 o f some types o f  cancer, including colon and 

mammary tum ours." Both compounds 2 and 3 belong to the family o f  drugs called 

antimetabolites. Taxol 4 is a chemotherapeutic agent that belongs to the family o f  natural 

products. This agent was originally extracted from the bark o f  the Pacific yew, Taxiis 

hrevifolia.'^ Its use has been developed in the treatment o f  breast cancer.’̂  Doxorubicin, 

on the contrary, can be regarded as a cytotoxic antibiotic, commonly used in the 

treatment o f  a wide range o f cancers. Its mechanism o f action is still unclear, although is 

known to interact with DNA by intercalation.''*

A new class o f  drugs is that o f  the kinase i n h i b i t o r s . P r o t e i n  kinases are the main 

component o f  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 o f  biological 

processes including the control o f  cell growth, metabolism, differentiation and apoptosis. 

Some types o f cancer are associated with abnormality in these kinase proteins. Targeting 

these molecules can disrupt the cancer cell sufficiently to cause the death o f  the cell. 

Gleevec 5 is a good example o f this type o f  chemotherapeutic agents.'^

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

or radiotherapy, followed by chemotherapy. It is also frequent to combine different drugs

6
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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 o f 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.

O COOH

COOH

CH,

HN ,

N O

N,
'CH-,

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

The alkylating agents are a heterogeneous group o f  drugs widely used in the therapy o f  

cancer tumours. A common feature o f 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 o f anticancer drugs. They were 

developed from mustard gas 6 (Figure 1.2), which was used as an antipersonnel weapon 

in World War I. Nitrogen mustard (mustine 7) was the first o f these compounds to be 

found with anticancer activity, and had important lymphocytolytic effects in patients with
7 . .malignant lymphomas. This discovery constituted the beginning o f the era o f  

chemotherapy.

Figure 1.2. Structures o f 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 o f  the DNA bases and at the oxygen atoms o f  the phosphate 

intemucleotide linkages. In total, products from twelve different sites have been 

identified, where the relative amount o f  these products depends upon the class o f  

alkylating agent used and upon the alkyl g ro u p .F ig u re  1.3 shows the alkylation sites o f  

the DNA bases. The principal site o f reaction with the bases for methylating and 

ethylating agents is at the N-7 position o f  guanine, followed by alkylation at 0 -6  position
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o f guanine and N-3 position o f adenine. Minor reactions also occur at the rest o f the 

positions indicated in Figure 1.3.

N - H

H - N

dR
H

Cytosine Guanine

N - H  N

dR dR

Thymine Adenine

Figure 1.3. Alkylation sites in DNA base-pairs. The sites o f 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 0 -6  position o f guanine.^^ The classification o f alkylating groups 

employed is periiaps most appropriatly based on the cytotoxicity o f the dmg, which is 

related to its ability to induce methylation or chloroethylation at the 0 -6  position o f 

guanine. Based on these premises, alkylating agents can be divided into two main 

categories, chloroethylating and methylating agents.'^

9
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1.6.1 Chloroethylating Agents

In 1960s, A^-methyl-A^-nitrosourea 8 (Figure 1.4) was found to be active in the L1210 

leukaemic mouse. The activity o f  this drug could be increased further by the introduction 

o f  a chloroethyl group. Several chloroethylnitrosoureas were then developed from this

structure and proved effective against both solid and intracranially implanted tumours in
2 1 *animals. From this work, several drugs were introduced clinically, including 

6is(2-chloroethyl)-A^-nitrosourea 9 (carmustine, BCNU) and A^-(2-chloroethyl)-A^- 

cyclohexyl-iV-nitrosourea 10 (lomustine, CCNU).

o o r  ^  O
^CHa C k /C l  L  /C l

H2N N N N N N
I H I  H i

" O

8 9 10

Figure 1.4. Structures o f  some A^-alkyl-7'/-nitrosoureas.

Chloroethylnitrosoureas are known to transfer chloroethyl groups to DNA, forming 

interstrand crosslinks between guanine and cytosine residues on opposite strands o f 

DNA. The mechanism o f action proposed by Ludlum et 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 0 -6  position o f 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 

these nitrosoureas.^^’̂ ''

10
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cytosine

NH

• N
dR II 7 II

N 
\
dR

Scheme 1.1

1.6.2 Methylating Agents

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

“CH 3''”, inducing methylation in D N A  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-l-yl)imidazole-4-carboxamide (M TIC ; 12) (Scheme 1.2).^ ’̂̂  ̂

The antitumour agent temozolomide has shown encouraging activity against brain
27tumours in clinical trials. In addition, this antineoplastic agent, although not registered
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for the indication, is often used in the management o f metastatic melanoma, having 

activity equivalent to that of dacarbazine, the gold standard of treatment?* Activation o f 

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. 0-6 position o f guanine) releases a molecule o f nitrogen and 5-
29ammoimidazole-4-carboxamide (AIC; 13), as outlined in Scheme 1.2.

O

NH

CH3

11

H,0

-C O ,

NH

NH
N=N

12

CH3

Scheme 1.2

As discussed earlier, overall methylation o f DNA bases results in the formation of Â -̂ 

methylguanine as a major product. However, a quantitatively minor, but biologically 

more potent O^-methylguanine (O^-MeG), is greatly involved in DNA lesions. This 

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

12
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caused by chloroethylation, the biological consequences of methylation do not become 

apparent until after DNA replication. Importantly, (9^-MeG is a potentially mutagenic 

base in DNA, which possesses the ability to direct the introduction o f 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

dR
H - N

- N
dR

H
C : G

Methylation

CH

N - H dR

O H - NdR

N - H -------

Methylation / O

CH

dR

C : 0^-MeG

dR

CH.

N H - N

'd R

C : O^-MeC

H

T : 0*-MeG

Figure 1.5. DNA base-pairs after the methylation process in the 0 -6  position o f guanine.

The introduction o f 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 

o f  the cell by apoptosis.^^ An altemative biological pathway is the recognition o f these

13
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mispairs (9^-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 o f  DNA where one strand is constantly being excised and replaced 

(referred as “fiatile” 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 in v o lv e d .N e v e r th e le s s ,  the cytotoxicity o f  tetrazines 

depends on an intact MMR pathway, as there is evidence that cells deficient in MMR are 

tolerant o f  damage caused by DNA methylation.^^

1.7 MGMT and Resistance to Alkylating Agents

Although the loss o f  MMR fianctions clearly contributes to the resistance o f tumour cells 

towards methylation at the 0 -6  position o f guanine, such loss occurs only sporadically in 

most c a n c e rs .T h e  repair o f damaged DNA is an essential cellular function that involves 

a large, and even increasing, number o f  gene products. Some pathways for DNA repair 

can deal with many types o f  DNA lesions, whereas others are highly specific. Some 

reactions require multiple proteins and many different gene products.

1.7.1 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 o f 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 0 -6  position o f 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 o f  DNA alkylation, but also protects tumour cells against therapeutic 

actions o f methylating agents. In addition, O^-chloroethylguanine, derived from 

chloroethylating agents, can also be repaired by MGMT.'*^ If the O^-chloroethylguanine is

14
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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

h "

G ;C O'^-MeG : C

MGMT-CH3
(inactive)

MG M l'

A ;T

O'^-MeG :T
ti'ansition
mutation

0® -M eG:

mismatch repair 
MMR

strand break

Scheme 1.3

The presence o f MGMT limits the effectiveness o f certain alkylating agents. Strategies 

were developed to exploit this in order to improve the effectiveness o f such treatment. 

The main approach is based on the observation that many tumours express high levels o f  

MGMT, making them resistant to this type o f  chemotherapy."*® Accordingly, cells with 

high MGMT expression are resistant to O^-alkylating agents but can be sensitised by 

depletion o f MGMT concentrations before treatment."" Therefore, these observations 

indicate that inactivation o f MGMT is a usefiil strategy to enhance the therapeutic effects 

o f alkylating agents in tumour cells. Administration of the antineoplastic agent combined 

with an MGMT inactivator (“chemoenhancer”) could reverse the mechanism o f  

resistance in the tumour.
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The strategy o f  MGMT depletion presents several difficulties. This repair protein is found 

in all human organs and tissues."*^ Ideally, the inactivation o f this protein must be 

accomplished without significantly affecting the healthy cells. Otherwise, a reduction in 

dosage o f  the chemotherapeutic agent would be required. In general, tumour 

concentrations o f MGMT are higher than those in the corresponding normal tissue."*  ̂

Therefore, non-selective methods o f  depletion o f  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 O^-alkylguanine residues in DNA by the transfer o f  the alkyl 

group to a cysteine residue o f  the active site o f the protein (Scheme 1.4). The active site 

o f  the human O^-methylguanine-DNA-methyltransferase is Cysl45, which is activated 

through a charge relay involving His 146 and Glul72."*‘* The x-ray structure also revealed 

the presence o f  a bound Zn^^ ion.'*'* The high reactivity o f  Cysl45 is related to a low pKa, 

owing to the presence ofZn^^ in the protein.'*^ This suggests that the Cysl45 exists as a 

thiolate anion at neutral pH, dependent upon the bound Zn^^. This could explain the 

reactivity o f  the MGMT. Additionally, it has been shown that the Cysl45 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 o f  regenerating itself Instead it is 

ubiquitinated and digested by proteasomes,'*^ and, hence, the MGMT can be termed a 

“ suicide” protein. Therefore, the extent o f  repair which occurs in the cell is dependent on 

the initial concentration o f  methyltransferase.
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MGMT ^MGMT
Cys

Scheme 1.4

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 o f MGMT using 

methylating or chloroethylating agents required high concentration o f these agents. While 

the efficacy o f cell killing is increased, severe toxic effects o f 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 o f MGMT and several 

groups have investigated the potential o f these derivatives. O f the hundred o f compounds 

tested, many have been promising, but to date, (9^-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.
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1.8.1 MGMT Inactivators based on O^-Benzylguanine Derivatives

Free guanine base derivatives were strategically alkylated at the 0 -6  position to test for 

depletion o f  MGMT. Pegg et al.^^ reported that 0^-methylguanine 14 (Figure 1.6) can 

inactivate the alkyltransferase from human tumour cells, although at rates far below from 

those observed for the loss o f  activity when 0^-methylguanine residues are incorporated 

in DNA. However, (9^-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 o f  new MGMT inactivators.

Additional studies by Pegg et al. showed that rates o f  MGMT inactivation by DNA- 

bound O^-substituted guanines decreased dramatically when increasing the bulk o f  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 o f  (9^-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
52 * 6 '  '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 o f cultured human colon tumour cells 

(HT29).^^

14 15

Figure 1.6. Structures o f O^-methylguanine 14 and O^-benzylguanine 15.
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W egde and Newlands found that O^-benzylguanine 15 improved the effect o f  the 

chloroethylating agent carmustine (BCN U ; 9) in the treatment o f  mahgnant ghoma.^^ 

This finding, combined with the previous resuhs obtained by Pegg e t  had

impHcations for the developm ent o f  M GM T inactivators for clin ical use. Phase I clinical 

trials o f  carmustine (BCNU; 9) in conjunction with the preadministration o f  O^- 

benzylguanine 15 in recurrent or progressive malignant gliom a were com pleted.^  The 

results o f  these trials indicated that the maximum tolerated dose o f  the alkylating agent 

B C N U  9 when given in com bination with O^-benzylguanine 15 at a dose o f  100 mg/m^ is
2 '•T' . . . .  240  mg/m . This amount is significantly lower that the single-agent 9 dose (200 m g/m  ), 

which provided the foundation for a Phase II trial. More recently. Phase II trials at the 

dose schedule were unsuccessfiil in producing tumour regression in patients with 

nitrosourea-resistant gliom a, although som e disease stabilizations were produced."^ The 

lack o f  effect was attributed to the low  dose o f  carmustine (BCNU; 9) to produce a 

therapeutic effect.

The results o f  the Phase II study o f  the O^-benzylguanine 15 and carmustine combination  

were discouraging. (9^-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 V5 normal cells o f  a host. Therefore, additional 

MGMT inactivators that were more potent, more water-soluble or more tumour -sp ec ific  

than O^-benzylguanine 15 were required. A w ide range o f  substituted guanine derivatives 

w as synthesised and b iologically  assessed, where the most representative derivatives are 

illustrated in Table 1.1 (page 2 1 ).^ ’̂'̂ '̂̂ ** The data are expressed in I50 values; 

concentration o f  inactivator required to reduce by 50% the activity o f  MGMT in HT29 

ce lls  (incubated at 37 ”C for 4 h).

Certain trends have emerged from the analysis o f  the biological activity o f  these  

analogues. The results o f  those experiments indicate that substitution at the 0 -6 ,  N -9 and 

C -8 positions o f  the guanine is w ell tolerated as the activity o f  these com pounds is largely 

retained. On the other hand, additional substitution at the N -7 position or the exocyclic  

amine causes a dramatic decrease in b iological activity. Furthermore, substitution o f  the
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oxygen atom at the 6-position by a sulfur atom (5^-guanine derivatives) or altering o f  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 0^-(Heteroarylmethyl)guanine Derivatives

The mechanism o f alkyltransferase inactivation by O^-benzylguanine 15 has been 

investigated.^^ 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 o f a S-benzylcysteine residue at the active site o f  

the protein, together with production o f  a stoichiometric amount o f  guanine.

The reaction o f  C>^-benzylguanine 15 with the thiolate o f the Cysl45 residue o f the active 

site o f 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 o f reactions (Scheme 1.5).

MGMTMGMT

Scheme 1.5

To design variations o f  the O^-benzylguanine 15, a wide range o f 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 o f MGMT inactivation and the nature o f  the benzyl substitutent.
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T a b le  1.1. l 5 o ( /iM ) v a lu e s  o f  s o m e  O ^ -b en zy lgu an in e d eriva tives in H T 2 9  c e lls .  

X

15, 16a-d

N

\
R

17a-c

R
/

18a-b

N

19a-d

Com pound I50 (mM) Compound hoifiM)

15 X=H 0.050 18b R=CH2CH(OH)Et Inactive

16a X =F 0.050 19a X=Br 0.060

16b X=C1 0.080 19b X=NH2 2.0

16c X =C H 3 0.080 1 9 cX = C H i O.IO

16d X =Ph 0.10 19d X=OH 0.15

17a R =CH 2 CN 0.80 20 36

17b R=CH2CH(OH)Et 2.0 21 0.060

17c R=CH2CH(0H)CH2NHCH(CH3)2 0.80 22 0.020

18a R C H jC N Inactive 23 0.020
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Obviously, other factors to consider must be involved in the (9^-benzylguanine 15 / thiol

reaction. The crystal structure o f  the MGMT protein in E. Coli was determined by Moody 
62et al. in 1994, and the more difficult problem o f the human protein ŵ as solved in 

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 Cysl45 o f 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.^ 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 Cysl45 thiolate.

In Sn2 reactions o f the type describe above for heterocyclic examples o f R, it is known 

that the order o f reactivity is benzyl 24 < thenyl 25 < furfuryl 26 (Figure 1.7),^ '̂^  ̂

although this comparison is based on a SnI reaction mechanism, involving stabilization 

effects o f the carbocations that are formed by the heterocyclic ring.

CH2

24 25 26

Figure 1.7. Order o f reactivity o f  heterocyclic groups in SnI reactions.

Although none o f these studies provided a clear indication in designing new MGMT 

inactivators, our research group embarked on developments with the lead compound - 

benzylguanine 15 as starting point. The replacement o f the benzyl group with several 

substituted heteroarylmethyl groups was devised to produce potential MGMT 

inactivators.^^ Our research group found that the level o f activity o f  O^-furfiirylguanine
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27 (Figure 1.8), expressed as the concentration o f inactivator (I5 0) required to produce 

50%  reduction in M GM T activity after incubation for 30 min in cell-free extracts was 

only fractionally higher (I50 0.080 fxM) than for O^-benzylguanine 15 (I50 0.043 /xM). The 

value for 15 published earlier by Pegg et  (I50 0.050 /xM) indicates differences in the 

assay procedures employed by the different groups. However, among the wide range o f  

(9^-hetarylmethyl-guanine compounds tested as MGMT inactivators, 0^-thenylguanine

28 (Figure 1.8) emerged as the best inactivator (I50  0.018 /iM) and was selected for 

clinical trials by C ancer Research UK. O^-Thenylguanine 28 was named PaTrin to 

recognise the contribution o f  the two institutions where the project was developed; the 

Paterson Institute in M anchester and T rinity College in Dublin.

W hile PaTrin was still undergoing pre-clinical assessment for clinical trials, our research 

group prepared a num ber o f  thenyl derivatives. 0^-(4-Bromothenyl)guanine 29 (Figure 

1 .8 ) was one o f  the m ost active compounds tested (I50 0.0034 fxM) and it was agreed to 

substitute PaTrin for 29 as a candidate for clinical trials. It was named PaTrin-2, and then 

PaTrin becam e PaT rin-1. The most active compound PaTrin-2 29 later became the 

trademark PaTrin^*^ and Lomeguanati'ib. We will refer to <9^-(4-bromothenyl)guanine 29 

as PaTrin-2 routinely throughout this thesis.

Figure 1.8. (9^-Substituted guanines.
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PaTrin-2 29 is ten times more potent than O^-benzylguanine 15 and increases the 

antitumour effects o f  the alkylating agent temozolomide 11 against metastatic melanoma 

and colorectal cancer. A Phase I trial o f  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 o f temozolomide, in combination with 

PaTrin-2 is 75% (150 mg/m^) o f  the maximum tolerated dose o f  the single agent (200 

mg/m^) and the toxicity o f  PaTrin-2 was m i n i m a l . T h i s  finding contrasts with the 

clinical trials o f  the O^-benzylguanine 15 / carmustine (BCNU; 9) combination, which 

were unsuccessful due to the dose-limiting toxicity. Phase II trials o f 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 o f  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 o f  a wide range o f analogues o f 

this potent MGMT inactivator. The development o f  PaTrin-2 by modification o f  its 

chemical structure or by incorporation o f  several moieties has been carried out in the 

search o f 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 o f protection against the side effects o f the alkylating agents. This is common 

o f  all the MGMT inactivators that have been reported and in fact, o f  many 

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

and subsequent distribution o f  the chemotherapeutic drug.

The project in which our group is involved sets out to investigate PaTrin-2 derivatives, 

which could be potentially m ore soluble than the parent compound, while retaining its 

bioactivity. PaTrin-2 has also been modified in order to improve its selectivity towards 

cancer cells. Com pounds presenting a superior cellular uptake and distribution o f the drug 

are also the m ost valuable to improve the pharmacokinetics o f  the drug. Finally, 

m odification o f Patrin-2 in order to increase stability and, therefore, duration o f action o f  

the drug is also essential. Over two hundred analogues o f  PaTrin-2 have been synthesised 

and biologically tested for M GM T inactivation.™’̂ ' The most representative compounds 

are described in the next subsections.

1.9.1 Alteration to the PaTrin-2 Skeleton

Num erous 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 o f  O^-benzylguanine 15 with small or bulky lipophilic 

groups only m arginally affects the M GM T-depletion activity. Our research group showed 

that the introduction o f  diverse groups at the N-9 position o f  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 M GM T inactivation.
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T able 1.2. I5 0  values o f  som e PaTrin-2 derivatives incubated at 37 °C  for 1 h w ith 

purified  M G M T .

2 9 , 30a-b  31a-c 32a-b  33a-c

Compound l5o(/^M) Compound l5 o(/^M)

29 R=H 0.0034 33b X = 0 0.24

30a R=CH20CH2CH20H 0.33 33c X=S 0.0028

30b R=(CH2)30Ph 0.036 34 0.018

31a X=H 0.30 35 0.025

31b X=F 1.4 36a R=H 0.0070

31c X=NHCOCH., 2 . 6 36b R=(CH2)30Ph 0.060

32a X=S 8 36c R=C02CH3 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 N H 2 at the 2-position (compounds 31a-c) resuhed in high values o f  I5 0 . 

The same mediocre results o f  high I50 value were obtained when the oxygen at the 0 -6  

position was replaced by sulphur or nitrogen isosters o f  PaTrin-2 (32a-b). In the 8 -thia 

series, 0^-(4-brom othenyl) 33c gave an excellent value o f  I50 0.0028 jwM. The 

corresponding 8 -oxa analogue 33b gave I50  values considerably higher. Further 

substitution at the C - 8  position with nitrogen led to good activity (compound 33a), as 

well as the introduction o f  C = 0  (compound 34). Ring expansion o f  the in the purine 

system  (com pound 35) slightly decreased the biological activity o f  the corresponding 

parent compound PaTrin-2. 0^-(4-Bromothenyl)-8-aza-7-deazaguanine 36a (commonly 

named as alloPaTrin) and derivatives have also been investigated in our research group
72by Hanafin. Their abilities to inactivate MGMT compared very favourable with those o f  

the corresponding analogous guanine compounds. Finally, nitroso pyrimidine derivatives 

o f  PaTrin-2 37b have also exhibited good activity for MGMT depletion. Previous 

studies^^’̂® showed that the 5-nitro or nitroso (9^-benzylguanine analogues (see Table 1.1) 

retained the biological activity o f  the corresponding parent compound, Ô ’-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 o f  potential dm g 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 o f  a chemical group has important implications in the properties o f  a 

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

w hereas the introduction o f  non-polar groups would enhance the lipophilicity o f  the drug.
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In addition, prodrugs can also modify the frequency o f 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 o f release o f the active drug after its administration. 

Slowing prodrug hydrolysis can permit the drug to be active over a longer period o f time 

and decrease toxicity.

Derivatives o f PaTrin-2 as prodrugs have been investigated systematically. As discussed 

earlier, structural modification at the N-9 position o f PaTrin-2 is well tolerated with a 

minimum loss o f the M G M T  activity in some cases. This effect depends directly on the 

nature o f the incorporated group. As a result, these prodrugs would be hydrolysed to 

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

X = OR, NHR, NRR'

Scheme 1.6

The activation o f the drug in vivo is highly dependent on the nature o f X . Thus, the rate o f  

hydrolysis o f the prodrug can be manipulated by incorporation o f several fiinctional 

groups (X ) with diverse chemical properties. The synthesis o f 9-acetyl-O^-benzylguanine 

38 (Figure 1.9) with a I50 (0.4 /^M) value similar to that o f O^-benzylguanine 15 (0.2 /iM  

in HT29 cell-free extracts after incubation for 30 min) has been repor ted .T he  good 

activity o f 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 o f  PaTrin-2 39 (I50 0.0048 /fM), see Figure 1.9, 

acted as a lead compound in the investigation o f  PaTrin-2 analogues as prodrugs. This 

com pound 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 o f  

hydrolysis o f  carbamates (X=OR, see Scheme 1.6 ), 7V-monosubstituted ureas (X=NHR) 

and A ^^’-disubstituted ureas (X =N R R ’) o f  Patrin-2 has been investigated.

Br.

A)H2N N N H2N N N
/ ^ O  / ^ O

H3C H3CO

38 39

Figure 1.9. Structures o f  (9^- and A^-substituted guanines.

1.10 Aim s o f Project

The project o f  this thesis sets out to rationally design, synthesise and biologically test 

derivatives o f  the 2-am ino-5-nitropyrim idine (com pounds 40 and 41, see Figure 1.10), 

which can be regarded as analogues o f  PaTrin-2. We also wish to incorporate polyam ines 

at the N-4 position that will improve their water-solubility, cellular uptake and increase 

efficacy and selectivity for cancer over normal tissues.

29



Chapter 1

NO

NRR'

NO.

H2N NRR'

40

Figure 1.10. Structures ofnitro derivatives.

Polyamines are ubiquitous polycation molecules (as the nitrogens are protonated at 

physiological pH), which play a crucial role in a number o f cell processes including cell 

proliferation and differentiation.^^ Rapidly dividing cells require large amounts o f 

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 

po ly a m in e s .B e c au s e  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.Polyamine analogue development has 

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

inhibitory compounds.^^

The utility o f the polyamine spermidine 42 (Figure 1.11) for selective delivery o f
• 78chemotherapeutic agents mto cancer cell has been explored. Furthermore, many o f these 

spermidine -dm g analogues may interact selectively with DNA because spermidine and 

other polyamines bind avidly to DNA. Analogues bearing a spermidine backbone usually
79retain DNA-binding properties. Cullis et al. employed this approach in the design o f 

anticancer agents through DNA-targeting mechanisms, which was the combination o f  

spermidine 42 with the chloroethylating agent chlorambucil 43 (Figure 1.11), attached at 

the secondary amino group o f spermidine. This combination was highly effective at 

producing D NA cross-links compared with its parent compound 43.
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Cl

NH2
H2N N

H

H O Cl

O
42 43

Figure 1.11. Structures o f 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 o f 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.

Subsequendy, we focused on the incorporation o f polyaromatic diamines 44 (Figure 1.12) 

attached to the N-4 position o f the monocyclic 5-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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H2N NH2

44

Br

H2N NH2 H2N N
H

NH2
H

Figure 1.12. Structure polyaromatic amines (X =C H 2, NH, O, CO) and n itro  derivatives.

Secondly, we explored the PaTrin-2 prodrug approach and discussed the synthesis o f  a 

PaTrin-2 Â ,7V’ -disubstituted urea derivative attached to the secondary amino group o f  

spermidine (compound 45, see Figure 1.13) and the problems encountered in its 

elaboration. The purpose o f  introducing spermidine is aimed to exploit the spermidine 

properties (high cellu lar uptake and good D N A  binder). Subsequent hydrolysis o f  this 

prodrug would release the active drug PaTrin-2. This would improve the so lubility  

drawback o f  PaTrin-2, tumour cell uptake and distribution.

Br

O

45

Figure 1.13. Structure o f  the A^,A^-urea derivative o f  PaTrin-2.
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Subsequently , w e discuss a p re lim inary  study in the in troduction  o f  sperm idine to the 

good 5-n itrosopyrim idine inactivators (com pounds 46 and 47 , F igure 1.14). The 

a ttachm ent o f  a secondary  am ine to a 5-nitrosopyrim idine is chem ically  relevant, due to 

the d ifficu lties found in their p reparation  and for the reasons m entioned above, it m ay 

also  be pharm aco log ically  significant.

F igure 1.14. S tructure o f  n itroso  derivatives.

F inally , the M G M T  inactivation  o f  som e o f  the derivatives o f  P aT rin-2  tliat we have 

prepared  has been evaluated. To understand the resu lts ob tained , m olecu lar m odelling 

stud ies have been perform ed using  the published crystal structure o f  the hum an O ^ -

63m ethy lguan ine-D N A  m ethy ltransferase  (PDB entry: IQ N T ). PaT rin-2  and som e 

inactivators synthesised  w ere docked into the active site (b ind ing  pocket) o f  the protein. 

T hus, stab ilization  energ ies and the am ino acid residues involved in the in teraction  w ere 

determ ined  and the resu lts w ill be d iscussed 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 o f MGMT have been explored by 

Pegg*^ and Kohda*"*. Both research groups have reported that several analogues o f O -̂ 

benzylguanine bearing electron-v^'ithdrawing substituents, such as the nitro group (48 and 

49, Figure 2.1), at the 5-position are more effective MGMT inactivators than the 

corresponding parent compound, O'^-benzylguanine 15. Consequently, the potential o f 

these drugs led us to prepare a series o f 5-nitropyrimidines and investigate their 

biological activity.

Figure 2.1. StiTictures of nitro derivatives.

85 86 • 87 88  6Pegg ’ and McElhinney ’ have shown that analogues o f O -benzylguanine and 

PaTrin-2 alkylated and acylated at the N-9 position, 50 and 51 respectively (Figure 2.2), 

retained the biological activity o f the corresponding parent compound.
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T Y
h n̂ ^ n^ ^ N q

A >
H2N N Ng

R R

50 51

Figure 2.2. Structures o f  O ^ -  and A^-substituted guanines.

Accordingly, we wish to investigate the effect o f  connecting m olecular devices to the N-4 

position o f  2-am ino-5-nitropyrim idine analogues as targeting devices in chemotherapy. 

These can be regarded as analogues o f  the N-9 substituted O^-benzyl and 4-brom othenyl 

guanines 50 and 51. As has been previously explained in Chapter 1, the incorporation o f  

polyam ines like sperm idine 42 and polyarom atic amines 44 following uptake by cancer 

cells and their electrostatic and hydrogen bonding interactions as DNA m inor groove 

binders are well known and have been usefully exploited.

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

nitropyrim idines 40 and 41 in order to investigate their biological activity.

NRR’

41

NRR'

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

The retrosynthetic pathw ay proposed for the preparation o f  the nitropyrimidine adducts is 

summarized in Scheme 2.1.

O

AHN 

HM N

52

ROH

N a H /D M S O

O Cl

KNO, POCI3

H2SO4 H2N N ^ O  DMF H2N' ' N '  'Cl

53 54

OR

^2  M M R ' R "

OR

A -I ^
HNR'R"

40,41

Scheme 2.1

We wish to introduce the nitro group in the pyrim idine ring prior to the introduction o f  

the arylm ethoxygroup as both the benzyl and 4-bromothenyl groups might also be 

nitrated. The nitration reaction can be can ied  out with potassium nitrate in concentrated 

sulphuric acid. Different nitration conditions could be used, but nitration with potassium 

nitrate in sulphuric acid employs m ilder 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 o f  DM F. The halom ethylenim inium  salt formed from the reagents is a 

potential intermediate involved in the V ielsm eier-Haack-A m ol reaction.'^"'’̂  ̂ The broad 

synthetic utility o f  this halom ethylenim inium  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 dim ethylaminom ethylenam ino derivatives. This
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is useful in the present reaction as leads to protection o f the exocyclic amine. Otherwise, 

undesirable A^-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 o f 5- 

nitropyrimidines 40 and 41 and the potential synthetic applications derived from this 

molecule are worthwhile investigating. The possibility o f 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 tlie 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 o f several synthetic strategies for the preparation o f 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(3//,5//)-5-nitropyrimidinedione

It has been well established that nitration o f  52 in the presence o f nitric and sulphuric acid 

gives exclusive mononitration o f  the substrate in the 5 -positio n .H o w ev er, excess o f  

concentrated/fuming nitric acid in the nitrating mixture or even slight changes in 

temperature and time o f the reaction leads to undesired products, causing further nitration 

to the gew-dinitro compound 55, followed by pyrimidine ring cleavage to form the 

guanidiniumgew-dinitro compound 56 (see Scheme 2.2).^^

37



Chapter 2

NH2  OH O NH2  0  O

^-0 - %  ^-0 ^ %  
56

Schemc 2.2

The use of one equivalent of nitric acid is essential as an excess will lead to the formation 

of the gew-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 et 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(3//,5//)-pyi-imidinedione 52 as a 

model reaction in order to optimise and establish the preparation conditions for 53 

(Scheme 2.3).

M IIH II  --------------------------- ►  HN ^
EtO^^^^^^OEt 78 °C, overnight

H2 N N ^O 

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 HCl 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 o f guanidine carbonate with diethyl 

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

O O M
^ 2 -  ii U EtOH

H 2 N = {  CO3 + E tO " ^ Y " ^ O E t  ►
\ ,L j  /  78 °C, overnight
NH2 I n  NO2 H 2 N ^ N ^ 0

53

Scheme 2.4

The presence o f a powerful electron-withdrawing group in the a  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 ovemight, following exactly the same 

conditions as in the previous reaction. The proposed mechanism is illustrated in Scheme 

2.5.
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HN
Etd̂  o o

H,N
/  H2

OEt

NO,

I
H

+ EtOH

HN
OEt

NO.

EtO

o O o

"  H N ^ ^ '

H N ^ N ^ O  H ^ N ^ N ^ O

+ EtOH

53

NO.
HN

HN

OEt

NO2

Scheme 2.5

As 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 fiirther investigation was carried out on this reaction. A previous 

report by Hamden et al!^  described the synthesis o f 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. 

Both 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 o f  the '^C NM R spectra.

The alternative synthetic route we proposed for the synthesis o f  the nitropyrim idinedione 

53 is the nitration o f  the corresponding precursor 52 with potassium  nitrate in 

concentrated sulphuric acid. The knowledge o f  the tautom erism  keto-enol and structure 

o f  pyrim idinediones is o f  considerable importance and can be very useful for gaining 

insight into the actual m echanism  o f  nitration.

The tautomerism  o f  purine and pyrim idine nucleobases and their derivatives is o f  keen 

interest to chemists because it directly affects the biological fiinctions and properties o f  

nucleic acids. The tautom erism  o f  4-hydroxypyrim idines and 4-pyrimidinones (Figure 

2.4) has often been considered as a model for studying the tautomeric equilibrium  o f  

substituted pyrim idines in the solid state and in solution.'*’̂  The existence o f  the enol form 

is o f  a great importance in order to elucidate the structure in the solid state as aromaticity 

is conserved in this form.

enol keto k e to ( l / / )

Figure 2.4. Possible tautom eric forms o f  4-hydroxypyrim idines and 4-pyrimidinones.

Such keto-enol equilibrium  is the result o f  intram olecular hydrogen transfer. IR 

spectroscopy is one o f  the m ost powerful techniques frequently used for investigating 

such properties in the solid state and in s o l u t i o n . T h e  observed IR spectra in the solid 

state o f  the NH, OH and CO stretching regions revealed that 4-pyrim idinone exists 

predom inantly in the keto form. The predom inance o f  the keto tautom er o f  the 

equilibrium  mixture in chloroform  solutions also obtains. Following the same criteria, we

41



Chapter 2

investigated the tautomerism o f  the com pounds 52 and 53 in soHd state using IR 

spectroscopy. The possible tautomeric structures o f  these compounds are represented in 

Figure 2.5.

O O O OH

N

X X  A  X  A  JL ,HN'^ N H2N N H2N N OH H2N N OH
H

52a 52b 52c 52d

O O O OH

/N O 2 ^ ^ ^ N 0 2  J L / N O 2 NO2Y  HN HNHN

^  A A A A ,  .  ,  .HN-^ N ^ O  H2 N N ^ O  H2 N N OH H2 N N OH 
H

53a 53b 53c 53d

Figure 2.5. Possible tautomers o f  com pounds 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 cm ' corresponding to C = 0  stretching 

frequencies. There was no indication o f  broad absorption between 3450-3200 cm  ' 

corresponding to a 0 -H  stretching band, which would be a sign o f  the existence o f  the 

enol form. With these data w e cannot determine which tautomer (52a or 52b) represents 

the actual stmcture, as has been controversy over this issue. B oyle et  described the
97keto tautomer as 52b, whereas Latypov and co-workers used 52a as the representation 

o f  the pyrimidinedione.

Compound 53 shows two absorption bands at 3310 and 3216 cm ' which correspond to 

the NH 2  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 o f 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 Anhydrous potassium nitrate was added to a solution o f 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 o f one equivalent o f potassium nitrate is 

essential to allow isolation o f the mono-nitro 53, since a slight excess o f the reagent leads 

to the formation ofgew-dinitro compound 55, followed by the cleavage o f the pyrimidine 

ring, as mentioned above (see Scheme 2 .2). Latypov and co-workers^^ also have reported 

that the use o f nitric acid and sulphuric acid mixtures affords the same products, leading 

to further nitration o f 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 o f 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 o f nitration. The two enol forms, combined with the electron- 

donating contribution o f the primary amino group to the "para” position, play a crucial 

role in the activation o f the 5-position towards an electrophilic attack.

o
II _

O + OH ^O  OH

HSO4
O

O ' + X
I
H

0
II
N+
II
o

o

HN

52

HN

H2K1 N ^  'OH

O
JL.NO2

HN

H2N + N O

+ NO.
HN

53

Scheme 2.6
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2.4 Synthesis o f 2-A m ino-4,5,6-trichloropyrim idine

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

next step o f the synthetic pathway is the introduction o f chlorine. Pegg et have 

reported the halogenation o f  2-amino-4-hydroxy-5-nitropyrimidine 57 to give 2-amino-4- 

chloro-5-nitropyrimidine 58 (Scheme 2.7) using refluxing POCI3 for 24 h. However they 

obtained yields o f lower than 20%. We followed the same procedure to chlorinate 53, 

obtaining a mixture o f  products with broad peaks in the aromatic region of the 'H NMR 

spectra, possibly due to the formation o f 7V-phosphoamino salts. Previous studies by 

Temple and c o -w o rk e rs sh o w e d  that the chlorination of 59 with POCI3 to give 60 

directly (Scheme 2.7) was unsuccessful due to the formation o f A^-phosphoamino salts, 

which led to further degradation o f the ring system.

OH Cl
NO,

A J " AH2N N H2N N

57 58

O Cl

HN' POCI3 N'

H2N N OH H2N N Cl

59 60

Scheme 2.7

Bell et a / . r e p o r t e d  the Vielsmeir-Haack reaction for the preparation of 5- 

pyrimidinecarboxaldehyde 62, introducing a formyl group directly onto the 5-position o f 

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 o f experiments employing different ratios o f the pyrimidine 

52 vs. POCI3 and DMF. A ratio 5 2 /POCI3/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 et a i ,  consistently resulted in yields in excess o f 70%. 

Seela and co-workers also isolated the amidine intermediate 61, formed from the reaction 

o f  the dimethylaminomethyleneamino group in the exocyclic amine, which effectively 

ensures the protection o f this primary amine during the reaction (Scheme 2.8). Simple 

hydrolysis o f  61 in a large volume o f  water at 50 °C for 2 h regenerated the primary 

amino group, kicomplete hydrolysis o f 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 o f  DMF.

O  Cl O  Cl O

H N ^   ► N H  ,
L  L  d m f  a

H2N M e z N ^ N  N ^ ^ C I

52 61

Scheme 2.8

62

' H

The chloromethylenedimethylammonium chloride salt derived from POCI3 and DMF,

I  also known as the Vielsmeier-Haack reagent, has been previously used almost

exclusively for formylation.'^^ The synthetic application o f this salt is not restricted to 

formylation, but is also suitable for halogenation, and electrophilic s u b s titu t io n s .T h e  

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 o f formation o f this halomethyleniminium salt is illustrated in Scheme 

2.9. The amide reacts with POCI3 which makes off with the amide oxygen atom and 

replaces chlorine. This process would be veiy unfavourable but for the strength o f the 

foiTned P -0  bond.

The application o f  this chloromethylenedimethylammonium chloride salt in the 

chlorination o f  53 ensures the protection o f  the primary amino group, avoiding the
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formation o f  A^-phosphoamino saUs, 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 o f the dimethylaminomethylenamino 

intermediate.

p'"^' 'Cl cr

o
II

-1 0
Cl

Scheme 2.9

Following Seela’s procedure, the chlorometliylenedimethylammonium chloride salt was 

generated in situ  by the addition o f  DMF dropwise over POCI3 at 0 “C under an argon 

atm osphere to avoid the hydrolysis o f  the salt. The 2-am ino-4,6(3//,5//)-5- 

nitropyrim idinedione 53 was added and the mixture was heated at 100 ”C for 1.5 h. The 

ratio 5 3 /POCI3/DM F 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 NM R spectra supported the 

formation o f  54. IR also showed the disappearance o f  the carbonyl group absorption 

bands, although the intense antisymm etric NO 2 stretching band was not present. Further 

characterization o f  this product by mass spectroscopy and elemental analysis did not help 

in our interpretation o f  its structure. For convenience, we shall call this compound A 

(Schem e 2.10).
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Cl O
D P O C I 3 / D M F  H

\  H N  1 ) P 0 C l 3 / D M F

'  \   X  ̂ ^
2 )  H 30 '^  *^2 ^  N O  2 )  H 30 '^

NO-

54 53

Scheme 2.10

The isolation o f the dimethylaminomethylenamino intermediate 63 was also carried out 

in order to find evidence to help interpret the mechanism o f the reaction and elucidate the 

structure o f  A. Seela’s protocol for the isolation o f 61 was also followed, using the same 

ratio 5 3 /POCI3/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 o f 63, showing the presence o f the 

dimethylaminomethylenamino group in the molecule. We shall name this second 

compound B (Scheme 2.11).

M e ? N '

Cl

NX
' N  N 

63

NO2

Cl

1) P O C I3 / D M F

2)  N H 4 O H H , N

1) P O C I3 / D M F

N

53

O  2 )  N H 4 O H
B

Scheme 2.1

The structure o f  A and B was revealed when A was converted into the corresponding 

methoxy derivative. The reaction o f A with excess o f sodium methoxide in methanol at 

room temperature overnight afforded a white precipitate. Recrystallization from an 

excess o f  methanol allowed a slow crystallization giving suitable crystals for x-ray 

analysis. The structure obtained surprisingly showed the presence o f  chlorine in the 5- 

position o f 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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CI1

c<H3B

CI3H3A

Figure 2.6. Crystal structure o f  2-am ino-4,5-dichloro-6-m ethoxypyrim idine 69.

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

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

clarifying the structure o f  A (65) and B (64).

O Cl Cl

P0C l3^
NO

HN

53

MesN ^  N N Cl 

64 (B)

Schem e 2.12

65 (A)

W e designed a series o f  experim ents changing different variables such as the amount o f  

DMF, time and temperature o f  the reaction as w ell as the work-up conditions in order to 

optim ise the formation o f  64  and 65 and gain an insight into the mechanism o f  this 

unusual reaction. A ratio 5 3 /POCI3/DM F 1:8:4.4 led to higher yields than the ratio 1:8:2.2 

reported earlier by Seela et  Increasing the number o f  equivalents o f  DM F higher 

than 4 .4  did not improve the yield o f  the reaction. Longer reaction times led to the
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formation o f  viscous brown tars. On the contrary, shortening the reaction time to 1 h 

sHghtly improved the yield o f  65, although the yield o f 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 o f  starting material with the products 65 and 64 respectively. 

Additionally, the work-up procedure was also changed. We had previously thought that 

the amount o f  ice/water in the hydrolysis o f 64 to form 65 was important because o f  the 

effect o f  acid concentration. The chloro groups might be susceptible to hydrolysis due to 

the presence o f 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 o f water did not have 

any particular effect over the reaction yield. Finally, we established that a ratio 

53/POCh/DM F 1:8:4.4 at 100 °C in 1 h improved the yield o f 64 to 41 % and 65 to 28%.

The formation o f  65 from 64 was also investigated to understand the mechanism o f this 

reaction. We explored the control over the conversion o f 64 to 65 by hydrolysis o f the 

protecting group. The standard procedure to hydrolyse the dimethylaminomethylenamino 

group is described by Gibson et The method consists in the hydrolysis o f this 

protecting group in saturated methanolic ammonia at room temperature. We followed this 

method and the result was a mixture o f  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 o f  acidic conditions was followed.

We attempted the deprotection with hydrochloric acid to establish the reaction conditions. 

A series o f  experiments was carried out employing different reaction times and strength 

o f  the acid (IN,  5N and concentrated HCl) at room temperature and 50 ”C. Finally, the 

best conditions were found when 64 was treated with 5N HCl at room temperature for 4 

days to obtain 65 in a moderate yield (46%). The elucidation o f  the structure o f 64, along 

w ith the direct conversion o f  64 to 65 in moderately strong acidic conditions, shows that 

the displacement o f  the nitro group by chlorine might have occurred in the chlorination 

reaction and not in the subsequent acidic hydrolysis.
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2.4.1 Proposed Mechanism for the Preparation of 2-Amino-4^,6- 

trichloropyrimidine

In heteroaromatic systems, the substitution o f the nitro group by chlorine is an unusual 

chemical reaction and, therefore, very little information regarding this particular type o f 

substitution, and its mechanism could be obtained from the chemical literature. Andreev 

e t investigated the substitution o f the nitro group in 4-nitroquinoline A^-oxide 6 6  by 

halogen (Figure 2.7). They reported that reaction o f 6 6  with dry HCl undergoes a 

nucleophilic substitution mechanism o f the nitro group by chloride, due to the presence o f 

the N-oxide group, which enhances the electrophilicity o f the heteroaromatic ring, to 

allow the formation o f the nitrite ion as a leaving group. The use of Lewis acids, such as 

BF3 or AICI3 greatly improves the conversion by activation o f the hereoaromatic nucleus. 

Previous studies by Grifantini and co-w orkers'" showed that the introduction o f chlorine 

in 67 with POCI3 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 7V-oxide group.

O O

66 67 68

Figure 2.7. Structures o f compounds 66, 67 and 68.

This information suggested that the mechanism of introduction of chlorine in 53 could 

proceed through a nucleophilic aromatic substitution o f 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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T he isolation o f  the in term ediate 64 supports the proposed mechanisTi for the 

ch lo rination  reaction, in w hich  the d im ethylam inom ethylenam ino group provjs to be an 

efficien t p ro tec ting  group for the exocyclic am ine. A ccording to S eela’s investigation, 

the ch lorination  in the 4- o r 6 -position  o f  the pyrim id ine ring regenerates a n o lecu le  o f  

D M F, w hich  is used to form  ano ther m olecule o f  the V ielsm eier reagent, therefore 

supporting  the proposed  m echanism  w here only  one equivalent o f  DM F is consum ed. 

T he pro tonation  o f  the  d im ethy lam inom ethy lenam ino  group, com bined with the electron- 

w ithdraw ing  effect o f  the nitro  group, enhances the electrophilic ity  o f  the ring tow ards a 

nucleophilic a ttack  in the 5-position . T h e  negative charge generated in the nucleophilic 

attack  can be partly  stab ilized  by  the ch lo rine groups in the 4- and 6 -position due to the 

inductive effect o f  the halogens. F inally , the n itrite anion acts as a leaving group to g ive 

64. It should be m ention that a possib le  interaction o f  the nitro group with the V ielsm eier 

reagen t could  enhance th is d isp lacem ent.

2.4.2 A ltern ative S trateg ies for the In troduction  o f  C hlorine

H aving failed in the prepara tion  o f  2-am ino-4,6-dichloro-5-nitrop>rim idirie 54, w e 

investigated  an alternative synthetic route for the preparation o f  this com pound. 

A ssum ing  that the rep lacem ent o f  the tw o carbonyl g roups by chlorine is faster than the 

d isp lacem ent o f  the nitro  group, w e attem pted to contro l the reactiv ity  by reducing the 

num ber o f  equ ivalen ts o f  the  V ielsm eier reagent. U nfortunately , Bell and co-workers'*^^ 

had estab lished  that the excess o f  phosphorus oxychloride (five equivalents) was essential 

to  accom plish  the synthesis o f  com pound  62 in 51%  yield, as few er equivalents o f  P O C I3 

led to p o o r y ields. A s m entioned earlier, m ore recen t studies by Seela et a l } ^  a lso  

established that the increm ent from  five to eight equivalents o f  PO C I3 im proved the y ield  

and the reproducib ility  o f  the reaction  considerably.

In o rd e r to con tro l the sto ich iom etry  o f  the  reaction, our focus tum ed to the preparation 

and isolation o f  the V ielsm eier reagent. W e w ished to control the reaction o f  53 usin g  

one, tw o, th ree and fou r equivalen ts o f  the chlorom ethylenedim ethylam m onium  ch lo ride
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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 o f the various reactions involved. If 

replacement by chlorine at the 4- and 6 -position was faster than the replacement o f the 

nitro group at the 5-position, the preparation o f  compound 54 would be feasible by means 

o f  controlling the equivalents o f  Vielsmeier reagent employed.

The preparation and isolation o f the Vielsmeier reagent has been reported from the 

interaction o f phosphorus pentachloride and DMF.'®^ Mascagni and co-workers"^ 

described the preparation o f  the salt, without mentioning the quantities, by adding 

phosphorous pentachloride to an excess o f  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 o f PCI5 (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 o f  the reagent since the latter is extremely 

hygroscopic, and decomposes very rapidly in the presence o f moisture. Thus, the attempt 

to isolate the Vielsmeier reagent was abandoned.

The use o f  thionyl chloride SOCI2 as an alternative reagent with DMF was also 

investigated. The reaction between DMF and SOCI2 follows exactly the same mechanism 

as the reaction o f  DMF and POCI3 to form the Vielsmeier reagent (see Scheme 2.14). 

However, the reaction o f  thionyl chloride with DMF is considerably slower, requiring 

heating or a longer reaction time to form the corresponding salt."^

H Cl

Scheme 2.14
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Cottam  et a/.""* have reported the use o f  the Vielsm eier reagent generated in situ from 

thionyl chloride and DM F in the introduction o f  chlorine to purine analogues. We 

followed identical conditions for the reaction o f  53, using the same ratio 5 3 /SOCI2/DM F 

1:8:4.4 as reported earlier for POCI3. A solution o f  freshly distilled thionyl chloride and 

dry DM F in dry DCM  was added dropwise over 1 h to a stirred suspension o f 53 in dry 

DCM and the mixture was refluxed ovemight. The residue was poured slowly into a 

water/am m onia solution to give the protected trichloropyrimidine 64 in 19% yield. This 

m ethod required longer reaction time, as the reaction temperature is considerably lower 

than using POCI3 itself. Low er yields were obtained and, unfortunately, the same 

protected trichloropyrimidine 64 was formed. Thus, no further investigation employing 

SOCI2 and DM F as the reagent was carried out.

2.4.3 Reactivity o f 2-A m ino-4^,6-trichloropyrim idine

Having unexpectedly synthesised the 2-amino-4,5,6-trichloropyrimidine 65, our attention 

turned to the exploration o f  the reactivity o f this molecule. The application o f  this 

synthetic intermediate has not been flilly investigated in the chemical literature and we 

considered that the different reactivity o f  the chloro groups confers great versatility to 65, 

which is worthwhile investigating in more detail for future synthetic applications in the 

pyrim idine chemistry.

The selective reactivity o f  65 towards nucleophilic attack in the 4- compared with the 5- 

position can be explained by the electron-donating effect o f the prim ary amino group in 

the “para ” position o f  the pyrim idine ring, which deactivates the 5-position towards a 

nucleophilic aromatic substitution. In addition, the 4-position is more reactive due to the 

conjugated effect o f  the nitrogen atom  in “ortho” (1- and 3-position respectively), w hich 

is able to accept the electron pair from a nucleophilic addition and subsequently 

regenerates the arom aticity by return o f  the negative charge to expel chloride via an 

addition-elim ination m echanism  (see Scheme 2.15 in which Nu represents a generic 

nucleophile).
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Scheme 2.15

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 

o f the chloride with benzyloxy and 4-bromothenyloxy groups. A general procedure for 

the substitution of chloride by methoxide o f several substituted chloropyrimidines in 

methanolic sodium methoxide has been established in the literature."^ When the 

protected trichloropyrimidine 64 was reacted with three equivalents o f sodium methoxide 

in refluxing methanol for 3 hours, a mixture o f several products was observed, 'h  NMR 

analysis showed the presence of DMF in the mixture, which led to the conclusion of a 

partial hydrolysis o f 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 o f 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 o f  the structure o f  65, due to the 

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

Cl OM e

 Cl
NX

H2N N ' 'C l 

65

N aO M e

MeOH A A
H2N N Cl

69

Scheme 2.16

Having established the conditions for the m ono-substitution with alkoxides, our attention 

focused to the nucleophilic displacem ent o f  chloride by amines. Bearing in mind that the 

aim o f  our work is the inclusion o f  spermidine 42 through its secondary amino group in 

the pyrim idine ring, with the required protection o f its prim ary amines, the use o f model 

nucleophiles would allow us to investigate and establish the nucleophilic substitution 

reaction conditions before using the more valuable protected spennidine. It is possible 

that the model com pounds can also be active against the M GM T protein. Morpholine was 

used as a model for protected sperm idine to study the reactivity o f  secondary amines.

Earlier studies by Cow den"^ reported the reaction o f  2-am ino-4,6-dichloropyrimidine 

w ith piperidine to afford the corresponding 2-amino-4-chloro-6-piperidinopyrim idine in 

high yield (88%). W e follow'ed the same procedure reacting 65 with an excess o f five 

equivalents o f m orpholine in refluxing acetone for 1.5 h to afford 70 in a yield o f  53%. 

The di-substituted product was not detected (Scheme 2.17).
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Cl
Cl
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65 70

Scheme 2.17

The used o f azide as a nucleophile was also investigated. Azidopyrimidines are 

considered as useflil synthetic intermediates for the proposed preparation o f  nitroso 

derivatives (discussed in detail in Section 4.2). The protected trichloropyrimidine 64 was 

treated with one equivalent o f  sodium azide in DMSO for 24 h at room temperature to 

afford the mono-substituted azido derivative 71 in a yield o f 62%. Another set o f 

experiments was carried out using the unprotected trichloropyrimidine 65 . In this case, 

the best conditions were achieved when 65 was reacted with one equivalent o f sodium 

azide in DMSO at room temperature for a longer period o f time (4 days) to obtain the 

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

D M SO

64 71

D M SO

Cl

65 72

Scheme 2.18
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The existence o f the azido-tetrazole equihbrium in solution has been demonstrated 

previously by Temple et al.,^ where the equilibrium is strongly affected by the nature o f 

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 o f the 

azido tautomer to describe these structures. However, a small signal in the 'H NMR of 72 

in DMSO-d6 at b 7.48 ppm in addition to the main signal at 5 9.10 ppm was observed, 

which is an indication o f the presence o f  small quantities o f the tetrazolo tautomer in 

DMSO-d6 solutions.

As expected, under the same conditions the nucleophilic substitution requires longer 

reaction time for the preparation o f compound 72 than for 71. The different reactivity 

between the two trichloropyrimidine compounds 64 and 65 can be explained as a 

consequence o f the lone electron pair o f 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 o f the dimethylaminomethylenamino protecting group in 

71 lessens the electron-donating effect o f the adjacent nitrogen to the pyrimidine. Thus, 

the electiTonic density o f 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 o f another azido group in 72 can be carried out even under mild 

conditions. Hence, the optimum reaction conditions to establish the preparation o f  the di­

substituted azido compound were investigated. Treatment o f 65 with six equivalents o f 

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 o f 

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 o f 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-de solution shows 

two NH2 signals at 5 7.24 and 9.01 ppm, the latter with a relative abundance o f  90%, 

corresponding to the two tautomers. The '"̂ C NMR spectrum supports this infoimation by 

showing four major signals at 8 87.5, 144.1, 149.6 and 151.0 ppm corresponding to the 

mono-tetrazolo tautomeric form. Additional minor peaks at 5 117.2, 159.5 and 160.3 ppm 

are assigned to the di-azido tautomer. Due to the symmetry o f  this molecule, only three 

carbon signals would be expected. The signals are shifted downfield as result o f the 

stronger electron-withdrawing effect o f  the azido group over the tetrazole group. Hence, 

the information obtained from the NMR analysis indicates the predominance o f  90% for 

the mono-tretrazolo tautomer in the equilibrium.

Although the reaction o f chloropyrimidines with sodium azide to give either azido 

derivatives or the tautomeric tetrazolo derivatives proceeded in good yields, the 

substitxition was extremely sensitive to the number o f  equivalents o f  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 o f mono-azido compounds.
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Figure 2.8. 'H and '^C NMR spectra o f  73 in DMSO-de.
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The treatment o f hydrazinopyrimidines with nitrous acids to yield azidopyrimidines is 
118well 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).

Cl Cl Cl

H2NNH2

M eO H  HCI
H2N N Cl H2N N N H N H 2 H2N N N3

65 74 72

Scheme 2.20

Boulton et al}^^ described the azido-dechlorination o f several chloropyrimidines. Initial 

displacement o f  chloride by hydrazine and subsequent nitrosation generates the 

corresponding azido compound. Following the same protocol, the trichlorpyrimidine 65 

was reacted with two equivalents o f  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 o f the di-substituted hydrazino derivative was detected. 

Subsequent nitrosation o f 74 with 2 equivalents o f sodium nitrite in diluted hydrochloric 

acid for 2 h at room temperature afforded the mono-azide 72 in a yield o f  56%. The 

formation o f  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 o f 65 with sodium azide. The NMR 

spectroscopy confirmed their identity. We therefore have established an alternative route 

for the synthesis o f  the azido derivative 72 .

Having investigated the synthesis o f azido derivatives in detail, we decided attempted di­

substitution reactions o f  the mono-azidopyrimidines 71 and 72 , and o f  the morpholino 

derivative 70 using sodium methoxide. When the protected azido-dichloropyrimidine 71 

was reacted with one equivalent o f  sodium methoxide at room temperature (Scheme 

2.21), the presence o f DMF in the resulting mixture proved that partial hydrolysis o f  the
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dimethylaminomethylenamino group had occurred. Thus, we abandoned the chemistry o f 

the protected trichloropyrimidines, as partial cleavage o f the protecting group occurred, 

contaminating and lowering the yield o f the required adducts.

The treatment o f  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).

Cl

NaOMe

MeOH

71

Scheme 2.21

Cl OMe

NaOMe

MeOH

72

Cl OMe

NaOMe

MeOH

70

Scheme 2.22
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We then decided to take a new approach, and react the mono-methoxydichloropyrimidine 

69 with three equivalents o f  sodium azide in DMSO (Scheme 2.23), once more 

employing vigorous conditions (80 °C for 3 h). Unlike the di-substitution reaction o f  65 

with sodium azide, starting material was the sole isolated product. We attributed this 

failure to the higher electronic contribution o f the methoxide group to the pyrimidine 

ring, compared with the azido group, which reduces the electrophilicity o f the pyrimidine 

towards nucleophilic reactions. Further replacement o f  chlorine under these conditions is 

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

OMe OMe

n \ - C I  N3 N3 ^ 1 c ,

A X A A
H2N N Cl DMSO H2N N N3

69

Scheme 2.23

The last series o f experiments for the preparation o f di-substituted pyrimidines involved 

the reaction o f the mono-hydrazino compound 74 with sodium methoxide (Scheme 2.24) 

employing vigorous conditions (six equivalents o f  sodium methoxide in refluxing 

methanol for 24 h). Unfortunately, this reaction led to a mixture o f  undesired products. 

Once more, evidence o f  the present o f methoxy group was not observed in the 'H NMR 

spectra o f  the resulting mixture. Consequently, we attributed this unwanted side reactions 

to further polymerisation o f  the pyrimidine rings due to the nucleophilic nature o f the 

hydrazino group in basic conditions. Hence, the synthetic route to prepare di-substituted 

derivatives was no longer explored.
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Scheme 2.24

Once the preparation o f  the di-substituted allcoxyamino chloropyrim idine had succeeded,

we had planned to react this molecule with ammonia or with sodium azide in order to

displace the last chlorine o f  the molecule. Further selective oxidation o f  the amino or

azido group into the corresponding nitro derivative would successfully lead us to the

preparation o f  the desired nitropyrimidines 40 and 41 (Figure 2.3). The direct oxidation

o f  prim ary amines into the corresponding nitro derivatives has been described in the

literature,'^*' w herein prim ary amines can undergo oxidation reactions with ozone to give

the corresponding nitro derivatives. Peracids have also been used for the oxidation.'^®
1 2 1The oxidation protocol o f  azides has also been reported, in which the HOF-CHsCN 

complex is a useflil tool for the straightforwai'd synthesis o f  nitro compounds. 

Unfortunately, the limited reactivity o f  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 o f Nitro Derivatives

As our attempted synthesis o f  2-amino-4,6-dichloronitropyrim idine 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 o f  the com m ercially available 2- 

am ino-4,6-dichloropyrim idine 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 

arom atic substitution by the nitronium  ion.
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Boyle and co-workers^^ have reported the nitration o f  2-amino-6-chloro-4(3//)- 

pyrimidinone with IM ratio o f  potassium nitrate in sulphuric acid under mild conditions 

in quantitative yields. We attempted the same procedure to nitrate 75 with one equivalent 

o f  potassium nitrate in concentrated sulphuric acid for 1.5 h at room temperature, but 

unfortunately the starting material was recovered. Extending the time o f  the reaction to 

24 h and raising the temperature to 40 °C did not lead to the formation o f  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 o f  the pyrimidine 

ring. The replacement o f  potassium nitrate by fuming nitric acid led to the same results, 

and consequently, the reaction was not investigated any further.

75

Cl Cl
N 0 2 '" NO

54

Scheme 2.25

122Buhler et al. have established the nitration o f  2-amino-4-chloro-6-methox>pyrimidine 

76 with fuming nitric and concentrated sulphuric acid mixture (Scheme 2.26). They 

reported that direct nitration o f  76 at the 5-position using a ratio 1:2 fuming HNO3 / conc. 

H2 SO4  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 

o f  55% when 76 was reacted with the same ratio o f  the acid mixture at low temperature 

(0-5 ”C) for 1 h. Further isomeration o f  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 o f  

the direct nitration o f  the methoxy derivative 76 as a model experiment for the benzyl and 

4-bromothenyl alkoxypyrimidines. In addition, the feasible isolation o f  isomeric 

nitramino compounds was explored in the investigation o f  other synthetic approaches for 

the preparation o f  nitropyrimidines and will be discussed later in this Section.
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Scheme 2.26
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The dichloropyrim idine 75 underw ent m ethoxylation when treated with two equivalents 

o f  sodium  m ethoxide in refluxing methanol for 5 h to afford 76 in a very high yield 

(95%). We followed Buhler’s conditions for direct nitration o f  76 and found difficulties 

to obtain reproducible results under identical conditions, leading to a mixture which was 

believed to be nitro isomers. Subsequent attempts o f  isomerisation by heating the mixture 

in concentrated H2SO4 at 70 °C for 15 min led to decomposition o f  the products. Possible 

cleavage o f  the pyrim idine ring had occurred. Hence, the investigation o f  this reaction 

was discontinued.

Earlier studies by Brown'^^ showed that direct nitration o f pyrimidines at the 5-position 

usually requires the presence o f  at least two electron-releasing groups substituted at the 2 , 

4, or 6 -position o f  the pyrim idine ring. We therefore developed another synthetic route 

for the synthesis o f  nitropyrim idines, as shown in Scheme 2.27. According to Brown, 

direct electrophilic aromatic substitution o f the di-amino substituted pyrim idines are 

favoured, as the electron-donating groups enhance the reactivity o f the pyrim idine ring. 

M orpholine was used as a m odel for the more valuable protected spermidine. In addition, 

diethylam ine 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 o f  morpholine.
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Scheme 2.27

As mention earher, a facile synthesis o f 2-amino-4-chloro-6-piperidinopyrimidine was 

reported previously by Cowden"^ involving the nucleophilic substitution o f 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 o f  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 o f  the reaction for another hour in refluxing acetone 

improved the yield to 91%. Subsequently, the procedure for the preparation o f the 

morpholino derivative was applied to the reaction o f  75 with two equivalents o f 

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 o f  the nucleophilic substitution reaction. The use o f  higher 

concentration o f  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 o f 79 from ethyl acetate afforded white crystals suitable for the 

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

(Figure 2.9).

Figure 2.9. Crystal structure of2-amino-4 -chloro-6-morpholinopyrimidine 79. 

Hydrogen atoms are not represented.
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The direct nitration o f  2,4-diamino-6-chioropyrimidine 81 (Figure 2.10) in a mixture o f  

HNO3 /H 2 SO 4  has been investigated by O’Brien et They reported that the optimum 

temperature for this reaction is between 20-35 ‘XT. 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 nitration at the 5-position occurred together with the hydrolysis o f  the 

6 -chloro group, resulting in the formation o f  the 2,4-diamino-5-nitro-6- 

hydroxypyrimidine. The importance o f the ratio HNO3/H2SO4 was also demonstrated. 

When the ratio o f  1:1 was used, the only isolated product was the nitropyrimidine 82 

(Figure 2.10). At a ratio o f 1:2, both 82 and 83 (Figure 2.10) were isolated in comparable 

yields. At a ratio o f 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 

o f  2.4-diamino-6-chloropyrimidine 81 probably occurs on the amino nitrogen resulting in 

the formation o f 82 , which then rearranges in the presence o f  excess o f  sulphuric acid to 

give the desired nitropyrimidine 83 . The isolation o f  nitramino derivatives and 

subsequent isomeration in H2SO4 had been previously reported by Buhler et for the 

preparation o f 2-amino-4-chloro-6-methoxypyrimidine 78 , as mentioned earlier in this 

Section.

Cl Cl Cl

N N H N O

Figure 2.10. Structures ofcom pounds 81 , 82 and 83 .

Based on the previous studies by O ’Brien and Bulhler, we investigated the direct nitration 

o f  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 o f 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 estabUsh the factors which are responsible for the preferential formation o f 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 o f the reaction time and temperature, together with the ratio of acid mixture 

employed, allowed the isolation o f  a single product or a mixture o f 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 HNO3/H2 SO4 , unreacted 

starting material was isolated (Rf=0.6, EtOAc). When the reaction temperature was 

elevated to 65 “C for 15 min, using a ratio 1:2 HNO3/H 2 SO4 , the only solid isolated was 

A (Rf=0.2, EtOAc). The series o f reactions carried out at 20 “C afforded a mixture o f 

unreacted starting material and the product A regardless o f the mixture of acids and the 

reaction time employed. Increasing the rate o f 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 o f  the reaction conditions more difficult. Further

investigation o f the product showed that compound A is totally insoluble in diluted
122  'NaOH. Hence, accepting Bulhler’s assignments, the possible structures of compound

A are represented in Figure 2.11.

C l C l

Figure 2.11. Possible structures o f 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 helpflil as only the hydrogen 

atoms corresponding to the morpholino group could be observed. Mass spectrometry 

gave a molecular ion peak (m/z) o f 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 o f 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 o f 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 o f  the ratio o f HNO 3/H 2 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 o f  products 

when the reaction was run at 65 °C  for 15 min, showing a possible decomposition o f  the 

pyrimidine as a result o f  the vigorous conditions employed.

The crystal structure o f 79 provided us precise details to explain its low reactivity (see 

Figure 2.9). It shows that moipholine is almost planar with the pyrimidine ring. The steric 

hindrance at the 5-position o f  the pyrimidine ring in 79, compared with the free 5-amino 

group in 81 , can explain the lower reactivity o f  this molecule towards direct nitration. 

This steric effect is even more acute in the diethylamino compound 80 . The degree o f  

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 o f  A could not be carried out and subsequently, another 

approach was attempted.

This last attempted approach involved the synthesis o f 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.^' 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 o f 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 o f 

water-soluble products was obtained, possibly owing to flirther decomposition o f the 

pyrimidine ring. Although the electron-donating effect o f the substituents enhances the 

reactivity o f the pyrimidine at the 5-position, we assumed that the lack o f reactivity was 

due to the steric hindrance o f the bulky substituents at the 4- and 6-position o f the 

pyrimidine ring. Hence, the investigation o f all these approaches for the direct or indirect 

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

PhCHsOH

84

Scheme 2.29
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Having failed in the direct nitration o f  the substrates employed so far, we proposed 

another synthetic pathway based upon the protection o f the amino group at the 2-position 

o f the pyrimidine ring, which finally led us to achieve the synthesis o f the desired 2- 

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

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

As mentioned earlier in this Chapter, previous studies by Temple''^^ demonstrated that the 

introduction o f  chlorine into 59 was unsuccessftil, apparently because o f  additional 

degradation o f  the pyrimidine ring. To block the amino groups, 59 was treated with hot 

acetic anhydride, but this reaction resulted in the formation o f the oxooxazolopyrimidine 

85 (Scheme 2.30). Subsequently, they proposed an alternative route involving the 

chemistry o f  acetylamino derivatives as a protecting group at the 2-position o f the 

pyrimidine ring. In this attractive approach, the 5-nitropyrimidine 87 (Scheme 2.30) was 

prepared fi'om 86 by direct nitration using a mixture o f  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 

refiuxing POCI3 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 o f  89 during the work-up in the acidic reaction medium. This impurity was 

reconverted to 89 by recrystallization o f the sample from acetic anhydride. We therefore 

considered extending this synthesis to provide a route for the preparation o f  the 

nitropyrimidines 40 and 41. Even if  the desired 2-amino-4,6-dichloro-5-nitropyrimidine 

54 could be obtained from the deacetylation o f  89 in low yields, the investigation and 

fiirther optimisation o f this reaction could lead us to the preparation o f the desired 2- 

amino-4,6-dichloro-5-nitropyrimidine 54, key intermediate for the synthesis o f  our target 

nitropyrimidines.

73



Chapter 2

O

.NH2
HN'

A
H2N N ' 'O H  

59

h A

a JL
H2N N Cl

86

HNO.

O

HoN N Cl

88

O

AC2O NHN

A  AoAcHN N O 

85

Cl

N

Me

NO,

AcHN N Cl 

87

POCI3

O
• NO2 . ^

HN' 'ilT AC2O HN
NO,

AcHN N Cl 

89

Scheme 2.30

2.6.1 Synthesis of 2-AcetyIamino-6-chloro-5-nitro-4(3//)-pyriniidinone and its 

Morpholino Derivative

The first step o f  Tem ple’ s synthetic route involves the preparation o f  2-amino-6-chloro- 

4(3 //)-5-n itropyrim id inone 87 from direct nitration o f  86 (Scheme 2.31). Follow ing the 

same procedure, the commercially available pyrim idine 86 was added portionwise to a 

m ixture (1 :1) o f  concenQated sulphuric-nitric acid, and stirred at room temperature for 50 

min. Surprisingly, no solid precipitated when the reaction m ixture was poured into 

crushed ice in the work-up procedure. The resulting solution was neutralised in order to 

precipitate any product w ith  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 m in, but the required product was not formed.
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HN
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O O
A / N O
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Schem e 2.31

More recent studies by W ood et al}^^ reported the nitration o f  the chloropyrim idinone 86 

with fuming nitric acid, wherein they claim ed that the reaction is not reproducible and 

required care to obtain good yields. No further explanation was given. W e attempted the 

nitration o f  86  with a mixture 1:2 o f  fuming nitric acid-concentrated sulphuric acid for 1 

h at room temperature to afford a mixture o f  unreacted starting material and the desired 

product 87 in 50% overall yield. It should be pointed out that the direct purification o f  the

mixture is not feasible, as both 86 and 87 are insoluble in most o f  the organic solvents.
102For that reason. Tem ple e t  al. reported the conversion o f  87 into the corresponding 

acetylam ino derivate 88 and subsequent recrystallization in acetic anhydride. Thus, w e 

decided to investigate the direct nitration in detail to avoid the difficult purification  

procedure.

Prior to our investigation o f  the use o f  potassium  nitrate in sulphuric acid reagent, the 'H 

NM R spectra o f  the mixture obtained as described above revealed an important aspect o f  

the structure o f  compound 87. The 'H N M R  spectra showed a downfield signal at 5 12.15 

ppm, integrated to one hydrogen, which corresponds to the amido form in the pyrimidine 

ring. H owever, the N H 2 signal shows different resonances at b 7.13 and 8.55 ppm, 

integrated by one hydrogen each and separated by 1.42 ppm. This suggested the existence  

o f  strong delocalization o f  the lone pair o f  the exocyclic amine with the nitrogen sp 

hybridized due to the powerful electron-withdrawing effect o f  the nitro group in the 

" p a ra ” position (Figure 2.12). H ence, the two hydrogen are no longer chem ically and 

m agnetically equivalent. The exchange rate between the two hydrogens atoms is longer 

than the NM R time scale. Increasing the temperature o f  the sample in 'H NM R  spectrum  

(Figure 2 .12) show s that the two signals coalescence as a result o f  an increment in the
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exchange rate o f the two hydrogens. Further characterization was attempted but 

unfortunately, the low solubility o f this solid in DMSO-de ruled out characterisation by 

'^C NMR spectroscopy.

Boyle and co-workers'^^ have also investigated the nitration o f the chloropyrimidinone 86 , 

in which depending upon the reaction conditions employed, the required product 87 is 

frequently contaminated by considerable amounts o f a second product. This was the gem- 

dinitro compound 56 as previously discussed in Section 2.3 o f this Chapter. They 

established that the nitration o f 86 at room temperature for 3 h provided 87 as the major 

product. After 72 h, hydrolysis o f the chlorine formed the corresponding 2-amino- 

4 ,6(3//,5//)-5-nitropyrimidinedione 53, which underwent further nitration to form open 

chain gew-dinitro compound 56 following the same mechanism as discussed earlier in 

Section 2.3. The existence o f this water-soluble gew-dinitro compound 56 formed by 

additional nitration can explain the negative results we obtained with nitric acid in the 

previous series o f experiments. The reaction conditions with potassium nitrate in 

sulphuric acid are milder than the usual concentrated/fiaming 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 o f  the mixture 86 and 87 recorded at 20, 40 and 60°C (from

top to bottom) in DMSO-d6.

When the chloropyrimidinone 86 was suspended in concentrated sulphuric and treated 

with one equivalent o f anhydrous potassium nitrate acid at room temperature for 1.5 h, 

the solid obtained was a mixture o f  the unreacted staring material and the corresponding 

chloronitropyrimidinone 87 in 23% yield (see Scheme 2.31 above). This poor yield 

suggested that fiirther nitration o f compound 87 had occurred, leading to the undesired 

gew-nitro compound 56. We then decided to repeat the experiment attempting to avoid
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any excess o f the nitrating m ixture 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 o f  the starting material. Potassium nitrate was added 

portionwise over a period o f  15 m in and the resuhing solution was stirred at room 

temperature for 1.5 h to afford the m ixture o f  unreacted starting material 86 and product

87 in a higher yield (75%). The reaction time was extended to 2 h to give the required 

chloronitropyrim idine 87 in a yield o f  88%, contaminated w ith  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 o f  86 and 87 was not feasible by means o f  

recrystallization or column chromatography on silica, we decided to convert 87 to its 

acetylamino derivative 88 (see Scheme 2.30).

Fo llow ing Temple’s procedure, the nitropyrim idine 87 contaminated with 86 was 

suspended in acetic anhydride containing three drops o f  concentrated sulphuric acid, and 

the reaction mixture was heated in a preheated o il bath at 90 “C for 30 min. The resulting 

hot solution was filtered, and the filtrate cooled to allow the formation o f 88 as yellow 

crystals. The optimum conditions were found when the mixture o f  86 and 87 was heated 

at 90 °C for 1 h to obtain the corresponding acetylaminopyrimidine 88 in a total yield o f  

38% (Scheme 2.32).

O O

AC2O 

H2SO4
AcHN N Cl

NO
HN

87 88

Scheme 2.32

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

route to the synthesis o f  our target compounds, starting from the 2-amino-6-morpholino-
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5-nitro-4(3//)pyrimidinone 90 (Figure 2.13). Subsequent acetylation would foiTn the 

corresponding 2-acetylamino-6-morpholino-5-nitro-4(3/y)-pyrimidinone 91 (Figure 

2.13). The conversion o f  the latter to the corresponding chloro derivative, combined with 

the study o f  the same reaction o f 88 would strategically cover all the possible alternatives 

in this proposed synthetic route.

O O

AcHN

90 91

Figure 2.13. Structures o f compounds 90 and 91 .

The method employed by Cowden"^ for the amination o f  pyrimidines with piperidine, as 

mentioned earlier in this Chapter, was used for the preparation o f  compound 90 . The 

chloronitropyrimidine 87 was reacted with two equivalents o f 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 o f  conversion into the 

coiTesponding acetylamino derivative 91 using the conditions employed in the previous 

acetylation o f  87 failed. TLC analysis after work-up showed that a mixture o f  products 

was formed. Instead o f investigating this acetylation reaction which proved to be difficult 

to monitor by TLC (work-up required), we preferred to explore the nucleophilic 

substitution o f  chlorine by morpholine in the readily acetylated chloropyrimidine 88. 

Subsequent treatment o f  the latter with excess o f  morpholine in refluxing acetone, easily 

monitored by TLC, afforded the formation o f  the desired morpholino derivative 91 in a 

moderate yield o f  50% (Scheme 2.33).
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2.6.2 Introduction of Chlorine in 2-Acetylamino-6-chioro-5-nitro-4(3H)- 

pyrimidinone

Temple et established the preparation o f 89 (see Scheme 2.30) by direct

introduction o f  chlorine in 8 8  with refluxing POCI3 for 4 h in high yields. The work-up 

procedure involved pouring the reaction mixture o f POCI3 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 o f  the acetylamino group could occur, as we will 

demonstrate later in this Section. Therefore, the total removal o f the acetylamino group 

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

102Following the procedure described in the literature by Temple et al., the acetylamino 

derivative 8 8  was heated at reflux in POCI3 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 o f 

unreacted starting material (5 2.21 and 12.4 ppm) along with another acetylamino adduct 

(5 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 5 

7.65 and 8.46 ppm, corresponding to by-products of the reaction in less than 10% yield, 

possible due to the partial hydrolysis o f the acetylamino group, as we had predicted 

earlier from the acidic work-up procedure described by Temple et a l} ^  Further studies 

on this reaction, as described later in this Section, revealed that the signal at 5 8.46 ppm 

was found to be the desired dichloro-nitropyrimidine 54 .
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Figure 2.14. 'H  N M R  spectra in D M SO -de o f  the resuhing  sohd obtained from the 

ch lo rination  o f  8 8  in reflux ing  PO C I3 fo r4 h .

B efore the precise details on the identification o f  the 'H  N M R  signal at 8 8.46 as the 

d ich lo ro-n itropyrim id ine  54 w ere d iscovered , w e continued  investigating the reaction 

w ith  PO CI3 . T he p resence o f  substan tial am ounts o f  unreacted starting m aterial suggested 

that w e should extend the reaction  tim e to 6  h. A lthough the proportion o f  unreacted 

starting  m aterial had considerab ly  decreased , w e still observed the sam e m ixture o f  

p roducts, all be it w ith  a h igher proportion  o f  the acety lam ino-d ich loropyrim idine 89 and 

the com pound g iv ing  the signal at 6  8.46 ppm . W hen the reaction tim e w as increased to 

24 h, a b lack  solid w as obtained , in w hich  the 'H  N M R  show ed significant am ounts o f  

unknow n products. U nfortunately , the reaction o f  91 in refluxing PO CI3 fo r 4 h also led 

to m ixtures o f  several unknow n products. W e then decided  to m odify the procedure 

described  by  T em ple  and co-w orkers.
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From our previous studies o f  the Vielsm eir-Hack reaction, we concluded that the use o f  

POCI3 and DMF which forms the V ielsm eier reagent, m ight prove to be a m ore 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 o f  53 

(see Section 2.4), which required the use o f  a ratio 8 8 /POCI3/DM F 1:8:4.4, and 

subsequent heating at 100 °C for 1 h. Following this new approach, the resulting solution 

was slow ly poured onto an ice-water m ixture with vigorous stirring and set aside at room 

tem perature for 24 h to allow the hydrolysis o f  the acteylamino group to occur (Scheme 

2.35). 'h  N M R spectra showed the formation o f  a single product with a signal at 8 8.46 

ppm , together with a significant amount o f  unreacted starting material. W hen the reaction 

tim e was extended to 3.5 h, the 'H NM R analysis o f  the resulting precipitate showed the 

corresponding signal at 5 8.46 ppm  with no trace o f  additional signals due to either 

unreacted starting material or by-products. Further purification by colum n 

chrom atography on silica gel afforded the valuable and desired 2-am ino-4,6-dichloro-5- 

nitropyrim idine 54 in a high yield o f  82%.

O Cl

1)P0CI3/DMFHN

/ W  2) H2O,
AcHN N Cl

88

Scheme 2.35

NO

54

2.6.3 Proposed M echanism for the V ielsm eier-H aack Reaction

The m echanism  for this reaction has already been discussed in the Section 2.4.1 o f  this 

Chapter. The results obtained from the two investigated substrates 53 and 65 in the 

Vielsm eir-H aack reaction are summarized in Scheme 2.36.
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Assum ing that the introduction o f  chlorine into the 4-and 6-position o f 53 is faster than 

the substitution o f  the nitro group by chloride, the resulting protonated-deprotonated 

interm ediate is shown in Scheme 2.37. In forming this intermediate, three molecules o f  

HCl are released, which are generated by the protection o f  the exocyclic amine and 

replacem ent o f  two carbonyl groups. In contrast, the reaction with 88 releases only one 

m olecule o f  HCl, since only the 4-position is available for chlorination. The higher 

concentration o f  HCl directs the equilibrium towards the protonated form.

M oreover, in the reaction with 53, the dimethylaminomethylenamino protecting group 

will undergo protonation, w herein subsequent replacement o f  the nitro group is promoted 

by the inductive effect o f  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 dim ethylam inom ethylenam ino group and a much smaller proportion o f  the 

m olecules will be protonated. Hence, the replacement o f  the nitro group by chlorine is 

less likely to occur. In Scheme 2.37, only the 0-protonated form o f  the amide is 

represented. It should be pointed out that previous studies o f  analysis o f  proton exchange 

indicate that amides are predom inately O-protonated in diluted a c i d s . T h e s e  studies 

also revealed that for N -m ethylacetam ide, the molar ratio o f  O- to N-protonated species is 

greater than 10 .̂
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Cl

Scheme 2.37

O H  N

2.7 Summary

This Chapter has discussed in detail a comprehensive search for the synthesis o f the 

valuable intermediate 2-amino-4,6-dichloro-5-nitropyrimidine 54. The preparation o f  this 

compound has been achieved with several difficulties, owing to the side-reactions o f  the 

complex chemistry o f  2-aminopyrimidines. The lack o f literature conceming this 

compound gives an idea o f  its difficult synthesis, rather than its isolation and storage, as 

the dichloropyrimidine 54 is moderately stable and can be stored without fijrther 

decomposition in the absence o f  moisture.

The introduction o f chlorine in the 2-amino-4,6(3//,5//)-5-nitropyrimidinedione 53 

unexpectedly afforded the 2-amino-4,5,6-trichloropyrimidine 65, where the substitution 

o f  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 o f  this adduct 65 

in the search for the preparation o f our desired nitropyrimidines. Unfortunately, the
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reactivity o f 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 ftjrther introduction o f 

alkoxide from other substrates derived from the 2-amino^-chloropyrimidine to establish 

a reliable route in the preparation o f 2-amino-4,6-disubstituted-5-nitropyrimidines 40 and 

41. However, this synthetic approach also failed due to the unwanted side reactions o f  the 

2-aminopyrimidine derivatives.

Finally, we devised a new synthetic route based on a previous publication by Temple et 

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.
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Chapter 3 

3.1 Introduction

In Chapter 1 and 2, we have already discussed the application o f  the 0 -6  and N-4 

substituted 5-nitropyrimidines 40 and 41 (Figure 2.3) as targeting devices in the 

inactivation process o f  the protein MGMT. The key to success for the preparation o f  

these adducts lies in the value o f  the adduct 2-amino-4,6-dichloro-5-nitropyrim idine 54 as 

an useful synthetic intermediate. Two synthetic routes for the elaboration o f 4- and 6- 

substituted 5-nitropyrim idines based upon the precursor 54 were developed 

simultaneously. The general approach (Route 1) involves the coupling o f  54 with prim ary 

or secondary am ines, followed by the displacement o f  the second chlorine with the 

benzyloxy and 4-brom othenyloxy groups. An alternative Route 2 consists in inverting the 

order o f  the reagents, first the displacem ent o f  chlorine by alkoxide and subsequently, the 

coupling reaction with the corresponding amines. The two proposed reaction sequences 

are outlined in Scheme 3.1.

Cl OR'

Route 1

Route 2

Scheme 3.1
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We initiated our work in the synthesis o f 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 o f the difficulties encountered in the coupling o f Boc and 

phthalimido-protected spermidine derivatives with the pyrimidine ring. Moreover, 

undesired formation o f  adducts involving two molecules o f  pyrimidine, which were 

derived from the coupling reaction o f 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-dichloro-5- 

nitropyrimidine 54 the next step o f  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 o f the more valuable protected spermidyl 

derivatives.

From our earlier studies in the preparation o f 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 o f  morpholine (five equivalents) in refluxing 

acetone for 1.5 h. This method was used in the synthesis o f the required 2-amino-4- 

chloro-6-morpholino-5-nitropyrimidine 92 (Scheme 3.2). However, modification o f the 

method reducing excess o f morpholine was required to prevent the formation o f 

undesired di-substituted adducts. Although the replacement o f  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 o f  the di-substituted derivative.
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Cl
Cl

2.75 eq Morpholine
NO2

H2NA..A
Acetone

54

Scheme 3.2

92

W hen com pound 54 was reacted with two equivalents o f  m orphohne in acetone at room 

tem perature for 1.5 h a 1:3 mixture o f  unreacted starting material and the m orpholine 

derivative 92 was obtained. In a subsequent reaction in refluxing acetone for 1.5 h and 

using two equivalents o f  m orpholine, 54 was converted to the morpholino adduct in high 

yield (84% ). Use o f  2.75 equivalents o f m orpholine improved the reaction yield to 88%. 

It should be noted that no di-substituted derivative was detected in any o f  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, m ilder reaction conditions 

than those reported earlier in the alkoxylation o f  the trichloropyrimidine 65 are required 

(see Section 2.4.3). Consequently, the dichloro-nitropyrim idine 54 was treated with three 

equivalents o f  sodium  m ethoxide in refluxing methanol for 1 h. TLC analysis was used to 

m onitor the course o f  the methoxylation. An additional 2.5 h was required for the 

com plete consum ption o f  the starting material. Unfortunately, 'H NM R analysis o f  the 

product mixture revealed that di-substitution had also occurred (Schem e 3.3). M ilder 

reaction conditions involving two equivalents o f  sodium methoxide at room temperature 

inevitably led to a mixture o f  products. These were the unreacted starting material, the 

mono and the di-substituted derivatives. We therefore decided to abandon Route 2 for the 

tim e being, owing to the difficulties encountered in controlling the selectivity o f  the 

reaction. W e later returned to investigate the alkoxylation em ploying Route 2, when 

problem s in Route 1 rose using the protected sperm idine adducts (Section 3.3).
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Cl O M e O M e

n A : ^ N 0 2  N aOM e ^ / ^ / N 0 2  _______ ^

H s N ^ N  Cl H s N ^ N  Cl H2N ^ N  OMe

54

Scheme 3.3

Then, we proceed to the preparation o f  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 o f  sodium methoxide in refluxing methanol for 5 h (Scheme 3.4). These 

positive results for the synthesis o f 4,6-disubstituted 5-nitropyrimidines in high yields 

suggested that Route 1 was a robust sequence o f  reactions that could be used to prepare 

other more complex derivatives.

Cl OM e

N aO M e ^

H 2 N ^ N ^ N ^  H 2 N ' ^ N ^ N ^
' , 0  L ^ O

92 93

Scheme 3.4

The next step involved the incorporation o f benzyloxy and 4-bromothenyloxy 

substituents into the morpholino adduct 92. The alkoxidation reaction with benzyl and 4-
83bromothenyl 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 o f 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. McEIhinney et al}^^ in our laboratories greatly improved this 

method for the preparation o f the 0^-(4-bromothenyl)guanine PaTrin-2 29. The chlonne 

was first replaced by a trimethylamino group to give the corresponding 

trimethylammonium salt. Subsequent displacement o f 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 o f  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 o f 92 into the required methoxy derivative 93 was 

feasible.

129Following Wiessler’s procedure, 4-bromothenyi alcohol 95 can be easily prepared 

from the reduction o f 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 o f acetals. 

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

Br,

95

Br

CHO

94

Scheme 3.5

2-Axnino-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 o f 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 o f 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%).

O
.NO2 NO.

H2N

96 97

Figure 3.1. Structures o f  compounds 96 and 97.

We have shown that employing morpholine as a model compound and using Route 1 as a 

synthetic pathway, the preparation o f 4,6-substituted-5-nitropyrimidines 40 and 41 

(Figure 2.3) can be successfully accomplished. Consequently, this route was extended to 

the synthesis o f  more complex polyamine derivatives, as will be discussed in the 

following Sections 3.3 and 3.4. Furthermore, the biological activity o f these model 

compounds 96 and 97 was assessed as inactivators o f the protein MGMT and the results 

are presented in Chapter 6.
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3 3  Selective Protection o f Sperm idine in the Synthesis o f 5-Nitropyrimidine 

Derivatives

Using Route 1 as the synthetic method for 4,6-substituted 5-nitropyrimidines, we wish to 

attach sperm idine 42 to the 4-position o f the 2-amino-4,6-dichloro-5-nitropyrimidine 54 

through its secondary amino group.

A general problem  often encountered in the synthetic use o f  polyamines is the selective 

protection o f  the amino groups. Owing to the presence o f  two non-equivalent prim ary 

amino groups and a secondary one, spermidine constitutes a particular challenge in this 

context, and a great deal o f  effort has been aimed at its selective modification. We 

approached the problem  o f  selective protection o f  its prim ary amino groups from 

different synthetic pathways, based on the sensitivity o f  different moieties in the 

pyrim idine ring, which is o f  considerable importance in the selection o f  the appropriate 

protecting group.

The presence o f  the nitro group in the pyrimidine ring rules out the use o f  protecting 

groups which can be cleaved by reduction with H2 or hydride transfer reagents, such as 

benzyl carbam ate (Z). Under these deprotection conditions, the nitro group would readily 

converted into the corresponding amino g r o u p . I n  Chapter 4 we report the selective 

protection o f  sperm idine attached to PaTrin-2 using 1-(2-nitrophenyl)ethoxycarbonyl as 

the basis o f  a protecting group. The deprotection conditions involve an internal redox 

process with ultraviolet radiation in which the nitro group generates an unstable 

interm ediate that breaks down rapidly to foim the o-nitroso benzaldehyde and liberates 

the free amino group o f  sperm idine. Unfortunately, this group is not suitable for 5- 

nitropyrim idines as the nitro group would also be reduced. Details on this photochem ical 

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

In addition, the use o f  Route 1 means that base-labile protecting groups carmot be 

em ployed in the selective protection o f  spermidine, as introduction o f an alkoxy group 

requires basic conditions. Hence, the use o f protecting groups that can be cleaved in a 

basic medium, such as 9-fluorom enylm ethyl 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 reported that inactivated primary 

Boc groups (/erf-butyl carbamate) can be deprotected with strong bases such as sodium 

methoxide, ethoxide or ier?-butoxide releasing the corresponding fi*ee amine. We then 

considered that the strong alkoxylation conditions employing sodium hydride at high 

temperatures (80 °C) in Route 1 for the preparation o f substituted 5-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 o f spermidine.

3 J . l  Synthesis of Alloc Derivatives via Route 1

The A'-allyloxycarbonyl, or Alloc, as a protecting group of amino moieties has been 

increasingly widespread in the recent past due to its ready availability, ease o f 

introduction, high stability over a range o f pH, temperatures and nucleophilic, oxidative 

and reducing reactions c o n d i t i o n s . T h e  deprotection is easily performed by brief 

treatment with a palladium catalyst complex and a variety o f nucleophiles at room 

temperature.'^^ We therefore investigated the synthetic procedure for the selective 

protection o f spentiidine 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 o f 99 is outlined in Scheme 3.6. Earlier investigation in our laboratories
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show ed that the in term ediate A lloc />-nitrophenyl carbonate 98 reacts preferen tia lly  w ith 

p rim ary  am ino g ro u p s / ' T he chem oselectiv ity  o f  th is reagent w as attributed to steric 

factors involving the bu lky  /7-nitrophenyl group. As a bonus, the w ork-up procedure in 

d ilu ted  basic cond itions allow s the rem oval o f  the correspond ing  by-product p -  

n itrophenolate , facilitating  the purifica tion  process.

Spermidine

NaOH

99

Schem e 3.6

T he A lloc p -n itropheny l carbonate 98 w as prepared by  treating  a so lution  o f  the 

com m ercia lly  available />w-(4-nitrophenol) carbonate in d ry  D C M  w ith  one equivalent o f  

allyl alcohol and triethy lam ine. T he required m ono-substitu ted  in term ediate 98 w as 

isolated  in low  yield (21% ). Subsequent reaction w ith sperm idine 42 in N aO H  at 0 ”C for 

1 h, fo llow ed by stirring at room  tem perature overnight afforded the A lloc sperm idine 99 

in good yield (72% ). U nfortunately , the overall yield for the prepara tion  o f  99  was 15%. 

W e w ished to use this com pound as a starting  m aterial for the synthesis o f  substituted 5- 

n itropyrim idines and consequently , the optim isation o f  th is  m ethod or the search for an 

alternative to p roduce 99 consisten tly  in a larger scale w as required.

C hristensen  and co-w orkers'^^ reported  the use o f  alkyl phenyl carbonates as acylating 

agents in tlie form ation o f  carbam ates. In addition, the investigation  o f  these reagents 

proved that the reaction  betw een allyloxycarbonyl phenyl carbonate and spenn id ine w as
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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 m e t h o d , w h e r e i n  phenyl chloroformate was reacted with allyl alcohol in 

the presence o f  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 o f spermidine 42 with 1.1 equivalent o f 100 per primary amino 

group in DCM at room temperature ovemight. These reaction conditions afforded the 

chemoselective protected spermidine 99 in a yield o f  74% (Scheme 3.7). The good 

overall yield obtained (63%) allowed us the preparation o f  99 in a larger scale in order to 

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

O

,A .. ^
Ql_l pyridine

O Cl DCM

O

0 ^ 0 -
100

Sperm idine

DCM

H
-N ,

99

O.A,
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 o f the 

morpholino derivative 92 (Scheme 3.2). Thus, the 2-amino-4,6-dichloro-5- 

nitropyrimidine 54 was added to a solution o f 1.1 equivalents o f  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 

o f  77% (Scheme 3.8). The di-substituted derivative was not detected under these mild
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reaction conditions. The alicoxylation reaction was carried out with one equivalent o f 

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 o f 52% (Scheme 3.8).

Cl

.NOp

H2N N Cl

H

o
54

H
. N .

99

O

-.A,-N O 
H

N

Cl o
N O ,

OJ ^  X
HoN N N ' ' ^ ' ^ ^ N  O '

H

H

o

NaOBz

D M S O

NO

H

O

101 102

Scheme 3.8

Thayumanavan et reported the methodology for deprotection o f A^-allyloxycarbonyl 

derivatives o f aryl and alkyl amines under mildly basic conditions, whereby the 

deblocking reaction was performed with Pd(PPh3)4/K 2C 0 3  in methanol to afford the 

corresponding aryl or alkyl amine in 90% yields. The mechanism o f 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 extemal nucleophile and RX for the 

carbamate group RNHCO2 .
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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 RNHC 0 2 ~ 

are effective leaving groups in this reaction, allyl esters can be deprotected. The oxidative 

addition occurs preferentially into the C -0  bond forming a 7r-allyl complex, the metal 

being associated with or bonded to the leaving group RNHCO2”. 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 RNHCO2 H, which undergoes decarboxylation 

to liberate CO2  and the free amino group RNH2 . The external nucleophile (MeOH) can 

attack the TT-allyl complex directly or via addition to the metal with subsequent reductive 

elimination to regenerate the Pd(0 )L2  complex (Scheme 3.9).

Following the procedure described by Thayumanavan et a/.,'^'* compound 102 was 

dissolved in methanol, followed by addition o f catalytic amounts o f Pd(PPh3 ) 4  (0.05 mol 

%) and three equivalents o f K2 CO3 . 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-de showed 

five major peaks at 6  63.1, 126.6, 126.9, 128.2, 142.7 ppm which proved to be benzyl 

alcohol. Hence, the presence o f free benzyl alcohol found in the resulting product was an 

indication o f  unexpected cleavage o f  the benzyloxy group at the 6 -position o f  the 

pyrimidine ring.

We attributed this failure to the sensitivity o f  the benzyl group. This can be associated 

with the relative weakness o f  the benzylic Bn-O bond compared with their alkyl-0 

counterparts and the tendency o f aromatic rings to form 7r-complexes with transition 

metals which brings the benzyl group close to the palladium c o m p l e x . T h e  mechanism 

o f  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 o f the palladium complex.
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Scheme 3.9

It should be m entioned that benzyloxy derivatives are also excellent models for the more 

expensive and unknown chem istry o f  the 4-brom othenyl group, which might also 

undergo side-reactions such as polymerization. In addition, the Alloc protecting group is 

not appropriate for the preparation o f  4-brom othenyl 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 o f  spermidine.

33 .2  Synthesis of Phthalimido Derivatives via Route 1

The phthalim ido group (Phth) has always been an attractive alternative to amine 

protection in chemical synthesis. The Pthth group ties together all the bonding potential 

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

(Figure 3.2).

O

N -R

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
*30reagents.' Hydrazine is ideal for the complete cleavage o f the phthalimide group 

(Scheme 3.10), because after the first addition step, the remaining carbonyl group is no 

longer part o f an imide and is quite resistant to fiirther intermolecular addition but the 

proximity o f  the second nitrogen o f  the hydrazine enhances a fast ring closure via 

intramolecular reaction to complete the deprotection.

Scheme 3.10

The protection o f  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 o f  A^-phthalimides, involving high 

temperatures (180 °C).'^^ We used jV-ethoxycarbonyl phthalimide 103, which was known 

to be an efficient reagent for the selective protection under mild conditions o f primary
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amines in the presence o f  secondary amino groups.'^^The synthesis o f the Phth-protected 

spermidine 104 involved the treatment o f  spermidine with the reagent 103 under mild 

conditions (24 h at room  temperature). Recrystallization from ethanol afforded the adduct 

104 with selective protection o f  sperm idine in a yield o f  86% (Scheme 3.11). 

Subsequently, the coupling reaction o f  the resulting Phth-protected spermidine 104 with 

the 2-am ino-4,6-dichloropyrim idine 54 via Route 1 was performed. The conditions we 

used for this reaction were exactly the same as those employed in the previous coupling 

o f  Alloc protected sperm idine 101 with 54 , as described above. These conditions 

involved the reaction o f  the Phth-spermidine 104 with the nitropyrimidine 54 in the 

presence o f  triethylam ine at room tem perature 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.

N-C02Et
Spermidine

N
H

104

Cl

/N O ;

HjN

105

Scheme 3.11
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The next step is the introduction o f  the benzyl group using NaH in DM SO. This reaction 

required heating (80 “C) for 2 h, as proved earlier. Treatment o f  105 under these reaction 

conditions did not lead to the desired benzyloxy derivative but to the isolation o f  the 

unreacted starting material and benzyl alcohol. W hen more vigorous conditions were 

em ployed 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 w as no evidence o f  the 

formation o f  the desired product. Once more, the starting material was recovered. W e 

attributed this failure to the poor solubility o f  the phthalimido derivative 105 in DM SO. 

Attempts to d issolve the adduct 105 in polar protic and aprotic solvents such as ethanol, 

DMF and DM SO  failed.

G olding and co-workers'^^ found a convenient and efficient method for the preparation o f  

6 - 0 xy substituted purines by em ploying l,4-diazabycyclo[2.2.2]octane (D A BC O ) as an 

alternative reagent to trimethylamine in the replacement o f  chlorine at the 6 -position o f  

purines (an exam ple o f  such replacement is shown in the synthesis o f  PaTrin-2 in Schem e 

3.12). The order o f  displacem ent o f  the groups at the 6 -position o f  the purines reported is 

M e3N > D A B C O > Cl with relatively rates o f  100:10:1 respectively. The slow er rate o f  

displacem ent o f  the D ABC O  versus N M c3 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 p ossesses an 

unpleasant sm ell. Thus, D ABC O  has emerged as an alternative to NM es in this type o f  

reactions.

The substitution o f  the chlorine in the 6 -position o f  the purine was reported by Johnsson  

e t  wherein displacem ent o f  chlorine is carried out with D ABCO  at room

temperature in 3 h. Subsequent addition o f  the 4-brom othenyl alcohol and 1,8- 

diazabycyclo[5.4.0]undec-7-ene (D B U ) at room temperature overnight afforded the 

corresponding 0^-(4-brom othenyl)guanine in moderate yield. W e expected that i f  the 

displacem ent o f  chlorine by D A BC O  in compound 105 could be accom plished, the high
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reactivity o f  the DABCO sah as a leaving group would permit us to achieve the 

preparation o f the corresponding benzyloxypyrimidine.

Cl

H 2 N ^ N ^ N

NMe
OH

N NaH, D M SO  H2NH2

29

Scheme 3.12

Following the procedure described above, we attempted to isolate the DABCO salt o f  

compound 105 . DABCO was added to a suspension o f 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 o f  the salt would direct the reaction towards the formation 

o f  the product Nevertheless, an aliquot was taken and analysed by 'H NM R spectroscopy 

to reveal that the displacem ent had not occurred even after 24 h. Further attempts at 

higher reaction tem peratures (80 “C) led to the same negative results and the search for a 

method in the preparation o f  the DABCO salt was therefore discontinued.
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DABCO

Scheme 3.13

O ur attention then turned to investigate the successful preparation o f  PaTrin-2 by our 

research group,'^* shown in Scheme 3.12. The trimethylam ino salt is prepared by treating 

the com m ercial 2-am ino-6-chloropurine with trimethylam ine. This quaternary amino salt 

can be isolated and acts as an excellent leaving group which is readily displaced by 4- 

brom othenyl alcohol in sodium  hydride at room tem perature to afford PaTrin-2. Hence, 

we planned to isolate the trim ethylam ino salt o f  adduct 105 , and subsequent displacem ent 

by benzyl and 4-brom othenyl alcohol and sodium hydride in DM SO would lead us to the 

elaboration o f  the desired products.

Trim ethylam ine is a gas at room tem perature, being difficult to use. To overcom e this 

problem , we found com m ercially available already-m ade solutions o f  N M e3 in ethanol 

(31-35% ) and used them  for the attempted preparation and isolation o f  the 

trim ethylam ino salt o f  105 (Schem e 3.14). Even the formation o f  undesired ethoxy 

derivatives would be an excellent confirm ation that the salt can be prepared and its 

reactivity is sufficient to be displaced by an alcohol group without the required presence 

o f  a strong base. Com pound 105 was suspended in ethanol and cooled to 0 °C and reacted 

w ith a solution o f  NM ea/EtOH, following M cElhinney’s procedure and set aside 

overnight in an ice-bath. Unfortunately, no product was isolated and the starting material 

was fully recovered. A nother experiment was attempted at room temperature, leading to
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the same resuhs. Raising the reaction tem perature to 80 °C also led to the isolation o f  

unreacted starting material. These failed attempts forced us to investigate an alternative 

synthetic sequence for the preparation o f  substituted 5-nitro pyrim idines. Consequently, 

we explored Route 2 in more detail, which involves the alkoxylation o f  the dichloro-5- 

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

3 J .3  Synthesis o f Phthalim ido Derivatives via Route 2

The proposed Route 1 allowed the m ulti-step elaboration o f  substituted pyrim idines in 

relatively high overall yields. W e have discussed in the previous section the m ultiple 

problem s that we encountered using this Route 1. The strongly basic reaction conditions 

required for the introduction o f  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 pathw ay for the preparation o f  the desired 

2-am ino-4,6-disubstituted 5-nitrop>Timidines 40  and 41 (Figure 2.3), namely Route 2. In 

principle, this reaction sequence is also applicable to the synthesis o f  these substituted- 

nitropyrimidines from the valuable precursor 2-am ino-4,6-dichloro-5-nitropyrim idine 54 .

+ C l

105

Scheme 3.14
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The investigation o f Route 2 was previously initiated with the introduction o f  a methoxy 

group into 54 (see Section 3.2), in which we reported the low utility o f  this procedure 

owing to formation o f  di-substituted derivatives under the conditions we employed. As 

the major problem concerned is the lack o f chemoselectivity, we investigated milder 

conditions for the introduction o f  alkoxides. Hence, the 2-amino-4,6-dichloro-5- 

nitropyrimidine 54 was treated with excess o f  benzyl alcohol in the presence o f 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 o f  unreacted starting material. This was an indication 

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

The next attempt to prepare the required alkoxy denvatives was the reaction o f 54 with 

one equivalent o f the corresponding alcohol and sodium hydride in dry DMSO, a method
7 1previously mvestigated with other substrates in our laboratories. Sodium benzyloxide 

was generated in situ by addition o f one equivalent o f sodium hydride to 1.2 equivalents 

o f  benzyl alcohol in dry DMSO under an argon atmosphere. Effervescence was observed 

due to the formation o f 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 o f  DMSO. TLC analysis showed the presence o f 

several products with similar Rf. This mixture could not be purified.

We considered that the selection o f the solvent was not appropriate. DMSO, because o f 

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 o f water would 

quench the sodium hydride, lowering the yield o f  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 o f  54 with one equivalent o f  both benzyl alcohol and NaH in dry THF under 

an argon atm osphere at room tem perature overnight afforded a mixture o f the unreacted 

starting material, the m ono-benzyloxy 106 and di-benzyloxy 107 derivatives (Scheme 

3.15). TLC analysis showed that the starting material and the coiresponding products had 

sim ilar Rf. These properties had been also observed in the displacement o f chloropurines 

w ith alkoxy substituents, m aking separation d i f f i c u l t . T h e  isolation o f the mono adduct 

106 was accom plished by colum n chrom atography on silica gel in two steps to yield 

16%. Com pound 106 was an essential synthetic intermediate for the synthesis o f 

substituted 5-nitropyrim idines and its preparation required further optimisation o f  the 

method. In order to avoid the di-substitution reaction, we increased to 1.3 the equivalent 

am ount o f  54 (Schem e 3.15). A lthough the unreacted starting material and the mono- 

benzyloxy adduct 106 have a sim ilar Rf, the absence o f  a third product, the di-benzyloxy 

adduct 107, would ease the purification process. These reaction conditions improved the 

yield to 36%. The reaction tem perature was lowered to 0 ”C in a further attempt to control 

the high reactivity o f  the reagents, leading to a slight improvement o f  the yield to 42%.

BzOH

Scheme 3.15

The treatm ent o f  54 with one equivalent o f both sodium  hydride and 4-brom othenyl 

alcohol 95 in dry DM SO under an argon atmosphere also led to the formation o f  a 

viscous paste after the work-up procedure. The mixture contained unreacted starting 

m aterial, 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 o f 1.5 

equivalents o f 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 o f the mono-(4- 

bromothenyloxy) derivative 108 in a yield o f  24%.

NO

108

NO.

O

109

Br

Figure 3.3. Structures o f  compounds 108 and 109 .

Continuing with the basis o f the proposed Route 2, the mono benzyloxy adduct 106 was 

reacted with the 1.1 equivalents o f the phthalimido protected spermidine 104 in the 

presence o f triethylamine. DMF was the solvent required for the coupling reaction 

instead o f  acetone, in order to improve the solubility o f  104 . The coupling was monitored 

by TLC, which showed a slow formation o f 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 o f 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 o f the synthetic Route 2 allowed us the synthesis o f  the benzyloxy 

phthalimido nitropyrimidine 110, although the overall yield was poor.
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NO.

HN

104

NO-

110

Scheme 3.16

With regard to the deprotection of the phthalimido group, we explored the removal 

conditions. Mach et « /.'“*' reported a general pnocedure for the deprolection 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 IM NaOH and the product 

was extracted with DCM. Subsequent 'H NMR analysis o f the product showed free 

benzyl alcohol, which is an unfortunate indication that the benzyloxy group had also been 

cleaved. An additional signal appeared at 5 8.84 ppm, which accounted for a NH group 

(in the region o f 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 o f 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 o f 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 5-position acts as an anion-stabilizing, leading 

to an extra canonical form that favours the substitution. Subsequent retum o f the negative 

charge to expel the benzyloxy group gives the final product.

OBn O

NH2NH2 JjO
H,N

NH2
BnO NH o"

H2N N NRR'

NH2 
I  -

NH PBnO ,

o

BnO.l 

N

NRR'

NH2
NH C p  

N,
-O

A X
H2N N NRR'

NH2 
BnO NH 0

H2N N^^NRR'

NH2 

BnÔ  NH O

H,N 'N NRR'

Scheme 3.17

We concluded that the use o f  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 o f  Route 2, wherein the displacement with alkoxide 

is performed prior to the coupling reaction with protected spermidine, allowed us to 

investigate the use o f non-nucleophilic base-labile protecting groups. Hence, we explored 

the use o f  Fmoc as a protecting group o f spermidine.
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33.4  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 has been widely used in the TV -̂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 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.

3

R

6 7

111

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

The deprotection of Fmoc is based on the /3-elimination reaction, caused by the removal 

of the proton from the 9-position o f the fluorene structure with base (Scheme 3.18).''*^ 

This proton is very acidic, owing to the planar aromatic system generated, containing 14 

TT-electrons that satisfies Hiickel’s 4n+2 rule, where «=3. The reaction is driven by the 

high stability of the anion, which is delocalised thi'ough 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. EtaNH, piperidine or moipholine) is used both to effect
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deprotection and to trap the resulting 9-methylene fluorine in an essentially irreversible 

addition o f  the amine that drives the deprotection to completion.

The use o f  nucleophilic bases would be counterproductive for us, due to the lab ility  o f  the 

benzyloxy linkage o f  5-nitropyrim idines towards nucleophilic displacement, as shown 

earlier (see jV-phthalimido protecting group in Section 3.3.3). This problem was often 

encountered in the synthesis o f  peptides in solid-phase when nucleophile-labile positions 

were replaced by piperidine. This synthetic d ifficu lty  has been dealt w ith the use o f  

catalytic DBU as a non-nucleophilic base to facilitate the deprotection o f  Fmoc to form 

the desired product in good y i e l d . C o n s e q u e n t l y ,  we also explored DBU as a 

deprotecting reagent for Fmoc derivatives and the results w ill be discussed later in this

Section.

o

NHR
etc

(work-up)

-CO2

Scheme 3.18
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T he com m ercially  availab le  9-fluorenylm ethyl ch loroform ate (Fm oc-C l) is a stable 

com pound w hich reacts norm ally  w ith  am ino com pounds to give carbam ates in yields o f  

88-97% .'"'^ U nfortunately , the Fm oc-C l reagent presents a lack o f  chem oselectivity  in the 

p ro tection  o f  p rim ary  am ines o v er the secondary ones, m aking this reagent a poor 

cand ida te  for the  selective p ro tec tion  o f  sperm idine. T his synthetic challenge has been 

approached in an  w ell-designed five-step synthetic procedure to strategically  incorporate 

Fm oc in the p rim ary  am ino g roups o f  sperm idine (Schem e 3.19).'''^

T rifluoroacety lation , u sing  trifluoroacetic anhydride in base, is a com m on strategy for the 

p ro tec tion  o f  am ino groups. H ow ever, this reaction  conditions are not selective for the 

p ro tection  o f  p rim ary  am ino g roups in the presence o f  the secondary a m i n e s . P r e v i o u s  

stud ies noted that the p rim ary  am ino m oieties o f  sperm idine could be selectivity  

trifluoroacety lated  using  the less reactive reagent ethyl trifluoroacetate.'"'^’''’* 

U nfortunately , the harsh depro tection  conditions with am m onia in refluxing m ethanol 

m akes this group unsu itab le  for the synthesis o f  ou r protected sperm idyl-5- 

n itropyrim idine derivatives, as a consequence o f  the nucleophile-labile benzyloxy 

m oiety.

Sperm idine 42 in acetonitrile w as reacted  w ith an excess o f  ethyl trifluoroacetate and the 

m ix ture was refluxed overnight. Subsequent recrystallization from ethyl acetate afforded 

a crysta lline w hite solid 112 in a yield o f  82% . The N M R  spectra m atched that o f  h is-  

(trifiu roacety l)sperm id ine p rev iously  synthesised.'"** T he secondary am ino group was not 

attached. T he product w as isolated as its trifluoroacetate salt.

T he preparation  o f  A ^-(/er/-bu toxycarbonyl)-sperm idine 114 was accom plished according 

to the literature procedure described  by C ook and co-workers'"*^. C om pound 112 w as 

treated  w ith  d i-/err-buty l d icarbonate in anhydrous T H F under an argon atm osphere, 

fo llow ed by  the addition  o f  trie thy lam ine. T h e  resulting o ily  residue w as purified by 

co lum n chrom atography  on  silica gel to yield 113 (83% ). Subsequent cleavage o f  the 

trifluoroacetic  p ro tecting  group w ith  am m onia in refluxing m ethanol afforded the
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corresponding adduct 114, which was carried on to the next step without further 

purification.

H,N'
CF3C02E1 

CH3CN / H2O

CF3CO2

F^COCHN'
,NHC0CF3

42 112

(t-Boc)20 

NEta / THF
F3COCHN'

I
t-Boc

113

NH4OH

MeOH

HpN
t-Boc

Fmoc-CI

NaHCOa 
H2O / Dioxane

FmocHN' 'N
I
t-Boc

,NHFmoc

114 115

TFA

DCM
FmocHN

CF 3CO2

NHFmoc

116

Scheme 3.19

The Fmoc protection o f the N-4 Boc protected spermidine 114 and further removal o f this 

group was achieved following the methodology o f Bradley et The above mentioned 

adduct 114 was dissolved in a H20/dioxane mixture. The pH o f the solution was adjusted 

to 9 by the addition o f  sodium bicarbonate. The use o f a weak base was aimed to prevent 

the deprotection o f 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 o f substantial amounts o f unreacted starting material detected in 

the purification procedure. However, the isolation of the desired adduct 115 was carried 

out after a reaction time o f 24 h. Longer reaction times could lead to partial removal o f 

the Fmoc carbamate. Unfortunately, the preparation o f this compound 115 in our hands 

under apparently the same conditions as Bradley et 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 o f the desired A^',7V*^-Fmoc-spermidine 

salt 116 in high yield (91%).

Having prepared the Fmoc-spermidine adduct 116, our attention focused on a study o f the 

deprotection reaction o f  Fmoc with DBU. The standard procedure for cleavage o f the 

Fmoc protecting group from the molecule of interest is canied out with piperidine, 

releasing dibenzofiilvene (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 o f the l,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 

concentrated solution.'"*^

To avoid the use o f 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 o f  this polyamine in particular will be explained in detail in the 

Section 3.4 as an alternative synthesis ofpolyaromatic amino pyrimidine derivatives.
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We used a modified methodology o f  the procedure described by Bradley et for the 

preparation o f Fmoc derivatives (Scheme 3.20). Three equivalents o f  the polyamine 118 

was treated with one equivalent o f  the Fmoc-Cl reagent in the presence o f  sodium 

bicarbonate. The excess o f  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 fi'om the 

dibenzofialvene (DBF). We attributed this failure to the slow reactivity o f aromatic 

amines. Consequently, under the conditions employed, sodium bicarbonate can hydrolyse 

the Fmoc-Cl reagent to form 117 . The employment o f anhydrous conditions in this type 

o f  reaction is therefore required.

OH

117

Figure 3.5. Structure o f compound 117.

Previous studies by Carpino''*^ stated that Fmoc-aniline could be recovered, completely 

unaffected, fi-om its solution in pyridine after 48 h at room temperature. Therefore, the 

procedure was slightly modified, w'here pyridine was used in place o f  sodium 

bicarbonate. Treatment o f an excess o f 117 (four equivalents) in anhydrous THF with 

Fmoc-Cl in the presence o f pyridine at room temperature overnight resulted in the desired 

mono-adduct 119, together with substantial amounts o f  the di-substituted derivative and 

the corresponding excess o f 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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Fmoc-CI

pyridine NHFmoc

Scheme 3.20

W ith regard to the Fmoc deprotection by m eans o f  DBU, the mono-Fm oc adduct 119 was 

treated with 2 equivalents o f  DBU in THF at room tem perature for 1 h to afford the 

corresponding starting diam ine 118 in quantitative yields (Schem e 3.21).

Having established the removal conditions o f  Fmoc with DBU, we then attempted the 

coupling reaction o f  the mono-Fmoc adduct 119 with 2-am ino-4-benzyloxy-6-chloro-5- 

nitropyrimidine 106  (Scheme 3.21). The adduct 120 was o f  interest to us, since fijrther 

deprotection with DBU would prove whether the cleavage o f  Fmoc affects the rest o f the 

moieties in the pyrim idine. Furthermore, the resulting compound from this deprotection 

would fulfil the synthesis o f  the targeting polyarom atic pyrim idines, as will be discussed 

later in Section 3.4 o f  this Chapter.

Treatment o f  119 in an excess o f  three equivalents with the 2-am ino-4-benzyloxy-6- 

chloro-5-nitropyrim idine 106 in the presence o f  pyridine at room tem perature afforded 

only the starting materials. It should be noted that the use o f  pyridine is not necessary in 

this reaction since the m ono-Fmoc amine can acts as a base trapping the HCl formed in 

the coupling reaction. Nonetheless, the use o f  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 pyrim idine derivative 106 .
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NHFmoc

NHFmoc

120

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 his-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 o f 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 overnight, 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 o f  

the Fmoc spermidine 116, possibly promoted by pyridine or the secondary amine group 

o f  spermidine. W hen the reaction was carried out at temperature above 60 “C, a m ixture 

o f  several coupled products, together with dibenzofulvene (DBF) derivatives was 

observed. W e assumed that cleavage o f  Fmoc had occurred. Similar results were obtained 

when the Fmoc protected spermidine 116 was reacted with the 2-am ino-(4- 

brom othenyloxy)-6-chloro-5-nitropyrim idine 108. Further attempts using sodium 

bicarbonate as an external base in a TH F/w ater solution and at a range o f tem peratures 

led to the same undesired results. Sodium bicarbonate has a pKa sim ilar to that o f  

pyridine.

OR

a . A , FmocHN
H2 N' N Cl 

106, R = benzyl 

108, R = 4-bromothenyl

CF3 CO2

NHFmoc

116

/
/  pyridine 

THF

OR

.NO2
N

JL /NHFmoc
H2 N N N ^  ^  ^  ^

NHFmoc

121, R = benzyl

122 , R = 4-bromothenyl

Scheme 3.22
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The failure in the attempted synthesis o f  Fmoc spermidine derivatives 121 and 122, 

forced us again to investigate another protecting group. The alternative Route 2 in the 

preparation o f  substituted 5-nitropyrimidines allowed us to investigate the use o f Boc, 

and the results are reported as follows.

3 3 .5  Synthesis of Boc Derivatives via Route 2

The ?erf-butyloxy-carbonyl (Boc) protecting group has been widely used for the 

protection o f  amines. The Boc group greatly reduces the nucleophilicity o f  the amine 

nitrogen and provides excellent steric shielding, impeding nucleophilic attack at the 

carbonyl group o f /-butyl carbamates. Furthermore, the protecting group itself is stable to 

hydrogenation and most b a s e s . T h i s  group can be easily removed by acid. CF3CO2H 

(TFA), p-TsOH, HCl and HBr are examples o f  some acids that can be used for 

deprotection. TFA is generally accepted as the acid o f  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 o f  the highly stable tert-huty\ cation takes 

place. Subsequently, the resulting carbamic acid undergoes decarboxylation to afford the 

amine.

o  *
11 C ?  W

R - N  0 - f - B u  p
H R —N O —f-Bu

H

Scheme 3.23

The Boc protecting group can be easily incorporated by acylation o f  amines. /-Butyl 

chloroformate (/-BuOCOCl) is unstable and the anhydride [(/-Bu0 C0 )2 0 , B0 C2O] is 

generally the reagent o f  choice. Unfortunately, the selective modification o f  spermidine 

cannot be accomplished directly with the use o f these reagents. Ragnarsson et 

reported a general procedure for the chemoselective protection o f  the primary amino

OH

AR - N  ^ O  
H
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groups o f  sperm idine, based on /-butoxycarbonylation o f  benzyloxycarbam ate groups 

with B0 C2O and DMAP as a catalyst (Schem e 3.24). Nevertheless, we considered that the 

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

Z

B0C2O

DMAP

Z

Scheme 3.24

Bradley and M arsh'^' showed that the com m ercially available reagent, 2-{tert- 

butoxycarbonyloxyam ino)-2-phenylacetonitrile 123 (Boc-ON, see Figure 3.6) showed 

high chem oselectivity for prim ary amino groups over secondary ones at low 

temperatures. The oxime by-product generated from the acylation reaction can be easily 

and com pletely rem oved during the work-up procedure by extraction with diluted NaOH.

A
123 124

Figure 3.6. Structures o f  Boc-ON 123 and /er/-butyl phenyl carbonate 124 .
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Hence, 7V',A^-Boc protected spermidine 125 was readily synthesised from spennidine 

using the reagent Boc-ON. Treatm ent o f  sperm idine with Boc-ON 123 (Scheme 3.25) in 

the presence o f  diluted NaOH at low tem perature (0 “C) for 1.5 h and subsequent 

purification o f  the resulting residue by colum n chrom atography on silica gel afforded 125 

in a low yield (20%). W e needed to use the Boc-protected sperm idine 125 as a precursor 

for the m ulti-step sjoithesis o f  substituted 5-nitropyrimidines and consequently required a 

m ethod which could produce it in a higher yield.

NHBoc
BocHN

Scheme 3.25

Christensen et reported recently the use o f  the com m ercially available tert-huXy\ 

phenyl carbonate 124 (Figure 3.6 above) to incorporate the Boc group with selective 

acylation for prim ary amino groups over the secondaiy 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 decom position. On the other 

hand, Boc-ON 123 should be much more reactive.
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Treatment o f spermidine 42 in DMF with the tert-huiy\ 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 if  an 

external base at room temperature ovemight. The improvement in the yield usinj this 

reagent allowed us to scale up the preparation o f 125 following this method, and we were 

able to explore further coupling with the corresponding chloropyrimidine derivative.

We initially had investigated the preparation o f substituted 5-nitropyrimidines via 1 oute 

1, and the reaction sequence is outlined in Scheme 3.26. The reaction o f the reidily 

prepared Boc spermidine 125 with the 2-amino-4,6-dichloro-5-nitropyrimidine 54 h  the 

presence o f Hiining’s base (Scheme 3.26) led to the exclusive formation o f the nono 

adduct 126 in a high yield (84%). Once more, Route 1 provided good overall yielcs, as 

reported earlier for the Alloc reaction sequence.

Cl

N

BocHN 'N '
H

125

.NHBoc + Jj 1
H2N N Cl

54

EtN('Pr)2

acetone

Cl

NO;

NHBoc

NHBoc

NaH / DMSO NO’

NHBoc
benzyl alcohol H2N

NHBoc

126 127

Scheme 3.26
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Subsequent treatment of 126 with one equivalent o f NaH and one equivalent o f benzyl 

alcohol in DMSO at 80 °C for 2 h (Scheme 3.26) resulted in a mixture o f a high number 

o f  products considerably more polar than the corresponding starting material 126. Hence, 

we assumed that additional partial cleavage o f the Boc group under these harsh reaction 

conditions had occurred. The proposed mechanism for this deprotection was previously 

reported by Tom et alP^ wherein they postulated that the reaction proceeded through an 

isocyanate intermediate (Scheme 3.27). We then increased the number o f equivalents o f 

benzyl alcohol and NaH to three in order to attempt the deprotection of Boc and the 

introduction o f the benzyl group simultaneously, but once more, we obtained a complex 

mixture of by-products.

BnO

NaOBn

DMSO 80°C
R -N H ,

f-BuO COo

■JO H,0

R '
-N-

H
.OHYo

Scheme ?>21

The preparation o f the desired adduct 127 was explored via the altemative Route 2, 

which would allow its elaboration through the precursor 106 (Scheme 3.28). Although 

the overall yields o f this synthetic pathway is conditioned by the difficult preparation of 

this precursor 106, the direct coupling to form the final benzyloxy-Boc-spermidyl-
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nitropyrimidine 127 gives a considerably cleaner reaction and facile purification of this 

product by column chromatography.

Hence, treatment o f the synthetic intermediate 106 with the Boc-protected sperrridine 

125 in the presence o f triethylamine afforded the coupled adduct 127 in an excellent yield 

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

NHBoc
BocHN

NHBoc

NHBoc

Scheme 3.28

Unfortunately, the frustrating results we had obtained previously, also occurred with the 

final deprotection o f the Boc groups in compound 127 with TFA. We employed similar 

conditions to remove the Boc group to those used in the cleavage o f bis-N^ j /-F m oc-N ^-  

Boc protected spermidine 115. The reaction conditions were excess o f 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 o f the benzyloxy group in the structure o f  the 

product, ' h  NMR spectra showed a peak at 5 10.1 ppm which indicated the presence o f  

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.

O

PhCH

Scheme 3.29

As previously explained in the beginning o f  this Section 3.3.5, the deprotection o f Boc is 

based on the high stability o f  the tertiary carbocation /-Bu^ formed, due to an inductive 

and hyperconjugative effect o f  the methyl groups. On the other hand, the sensitivity o f  

the benzyl group is associated with the relativity weakness o f  the benzylic B n-0 bond, 

owing to the formation o f the benzylic cation. This carbocation is also stabilised by 

resonance as a consequence o f  the delocalisation o f positive charge over the aromatic 

ring. Its formation is therefore favoured. We believe that the removal o f the benzyloxy
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linkage occurs by an E l m echanism, follow ing a similar pathway for Boc depr^tection 

(see Schem e 3.23). Sadly, the treatment o f  127 with TFA removed the Boc group duI also  

involved additional cleavage o f  the benzyloxy position. The benzylic cation generated is 

attacked by a m olecule o f  water (work-up procedure) to form benzyl alcohol, which w as 

detected in the resulting product.

33.6 Attempted Synthesis of Organosilicon Derivatives

H aving failed in the chem ical deprotection o f  pyrimidine-spermidyl adducts, w e focused 

on a new  fam ily o f  amino-protecting groups based on the specific fluoride ion-;nduced 

fragmentation. O rganosilicon chem istry is characterised by the high affinity o f silyl 

derivatives for fluoride, which provides a selective deprotection pathway. The ease o f  

cleavage o f  Si-N bonds is favoured as a consequence o f  the formation o f  the readily 

formed Si-F bonds. This chem ical reaction is driven by the high bond strength o f  Si-F  

bonds (810 LT m ol ') compared with Si-N bonds (320 kJ mol'').'^^

The standard reagent required for the protection o f  primary amino groups with silyl 

derivatives is the com m ercially available l,l,4 ,4-tetram ethyl-l,4-dichlorodisilylethylene  

129 (Schem e 3 .3 0 ).'”

\  /
Si-CIr + H2NR

Si-CI 
/  \
129

Schem e 3.30

Silylation affords a bulky derivative which is reasonably stable towards most o f  

organolithium reagents, LDA, water and aqueous solutions o f  NH4CI and NaH C 03  (the 

latter important for the coupling reaction conditions o f  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 o f  fluoride ions. Tetrabuthylammonium fluoride in 

aprotic solvents is the recommended reagent.'^"* The mechanism involves addition o f  

fluoride to the silicon  atom producing a pentavalent siliconate intermediate. Subsequent 

fragmentation with ejection o f  the leaving group leads to the free amine. Furthermore, the 

high basicity o f  nitrogen favours protonation and activation as a leaving group. Thus 

these derivatives are decom posed within minutes under m ildly acidic conditions (0.1 M 

HCl, 75% aq. AcOH).'^^ This instability in aqueous acidic medium can be also explained  

by the formation o f  S i-0  bond (520 kJ m ol '), considerably stronger than the Si-N  bond 

(320  kJ m ol ').

Having investigated the basis o f  silyl derivatives as a protecting group, w e explored the 

selective sperm idine m odification with the silylation reagent 129. Follow ing the modified  

procedure o f  M agnus et  the disilyl reagent 129 was added at 0 °C to a solution o f  

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 o ily  product. 'H N M R  analysis o f  

the resulting product showed the presence o f  five Si-CH 3 peaks at 5 0.01, 0.02, 0.11,  0.38  

and 0.39 ppm, which indicated that the selective protection o f  sperm idine had not 

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

Hence, the direct protection o f  spennidine with the reagent 129 is not chem oselective, 

and an alternative synthetic pathway for the preparation o f  sperm idine-silyl derivatives is 

required through the previous protection o f  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 o f  tim e did not allow  

us to first design, and then carry out a com plex synthetic route, leaving this proposed  

disilyl protecting group for fiiture work. In theory, w e believed that this protecting group 

could be a good candidate for the successfiil preparation o f  spermidyl pyrimidine 

derivatives as a consequence o f  the mild deprotection conditions.

128



Chapter 3

33 .7  Preliminary Attempts in the Chemistry of Cu(II) Complexes

Whilst investigating the chemistry of the protecting groups for spermidine, as discussed 

thus far, we explored the protection o f spermidine with Cu(II). 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 o f triethylamine and 

refluxing THF afforded a complicated mixture o f 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 o f at least one o f the isomers, which 

could also be assessed for biological testing. The proposed reaction sequence is outlined 

in Scheme 3.31.

We believed that the key to success lay in the feasibility for the preparation o f the 

complex o f Cu(II) with spermidine, favoured in theory by the formation o f a six member 

ring. The other fragment o f spermidine would form a seven member ring complex, less 

favoured energetically. The coordination chemistry to prepare the dimer o f Cu(II) with

OR

AcOHC u(OAc)2

OR

106 , R = benzyl 

108 , R= 4-bromothenyl

Scheme 3.31
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ethylenediam ine and propylene diam ine, [Cu(en)2]^  ̂ and [Cu(pn)2]^^ is well documented 

and several synthetic m ethods have been p u b l i s h e d , w h e r e  a crystalline solid was 

isolated and its structure was determined by x-ray analysis. W hen we attempted the 

reaction o f  two equivalents o f  spermidine 42 with one equivalent o f  C u(C 104)2'6 H2 0  at 

room tem perature in m ethanol, no solid was formed. After 48 h, an aliquot was taken for 

'H  N M R analysis to m onitor the reaction. Unfortunately, due to the com plexity o f  the 

resulting m ixture, the structure o f  the product/s formed could not be elucidated. The 

replacem ent o f  the copper reagent by Cu(CH 3C 0 2 )2'H 2 0  under the same reaction 

conditions did not lead to the isolation o f  any solid. The same m ixture was obtained.

Assum ing that the product that we expected had been formed in quantitative yield, we 

decided to proceed one step forward. The solvent (m ethanol) was rem oved in vacuo and 

the residue was dissolved in DMF before 2-am ino-6-benzyloxy-4-chloro-5- 

nitropyrim idine 106 and triethylam ine 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 

im possible to purify by recrystallization from water/methanol or water/DM F. Therefore, 

this m ethod to protect sperm idine with Cu(II) was discontinued.

3.4 Synthesis o f  5-Nitropyrim idines with Sym m etric Polyamines

W e have discussed thus far in this Chapter the attempted synthesis o f  sperm idyl- 

nitropyrim idines. This Section 3.4 deals with the preparation o f  a new family o f  

com pounds that can also be regarded as analogues o f  PaTrin-2 29.These new compounds 

are based on the 5-nitropyrim idine structure, where the N-4 position is substituted by an 

arom atic diam ine (see Figure 3.7). As previously discussed in Chapter 1, this new family 

o f  polyarom atic compounds possess groups with different hydrogen bonding donor- 

acceptor properties, depending on the readily modified linker X. These polyarom atic 

am ines could also allow the drug to enter the cells through sim ilar pathways than those o f  

sperm idine. Furthermore, compounds with an analogous structure, such as fliramine,'^^
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have shown to be DNA minor-groove binders which will bring the MGMT inactivator 

near the MGMT target. The comparison o f the biological activity o f these derivatives 

with PaTrin-2 29 could give an insight into which, if  any, o f these species could act as a 

good inactivator. We wished to explore the relevance o f the hydrogen bonding donor or 

acceptor group X in the inactivation process.

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

The procedure described here affords an easy approach to the synthesis o f 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 o f 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 o f these starting amines is 

required to avoid the undesired formation o f dimers.

130, X = CH2 

132, X = NH 

134, X = 0  

136, X = CO

131,X = CH2 

133,X = NH 

135,X = 0  

137, X = CO

Figure 3.7. Structures ofN -4 substituted nitro derivatives.
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A AH2N N Cl

106, R = benzyl 

108, R = 4-bromothenyl

OR

NH2

TEA HtN N N
H

134 (X=0), 136 (X=CO)

131 (X=CH2), 133 (X=NH), 135 (X=0), 137 (X=CO)

Scheme 3.32

2-Am ino-4-(4-brom othenyloxy)-6-chloro-5-nitropyrim idine 108 was reacted with four 

equivalents o f  the com m ercially available /?t9-(4-aminophenyl)-methylene and 

triethylam ine in refluxing TH F for 2.5 h. Subsequent purification o f  the resulting residue 

by  colum n chrom atography on silica gel afforded the desired adduct 131 in a m oderate 

yield (41%). W hen 108 was treated with four equivalents o f  the 4 ,4 ’- 

diam inodiphenylam ine sulphate in an excess o f  triethylam ine and refluxing TH F for a 

longer period o f  tim e (5 h) the formation o f  the desired adduct 133 was accompanied by 

the form ation o f  an additional product was observed. 'H NM R analysis o f  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 

form ation to the higher nucleophilicity o f  the prim ary aromatic amine in 133, enhanced 

by the secondary amino group in the para  position. Nevertheless, the required m onom er 

133 was obtained after subsequent purification by column chrom atography in a yield o f  

56% . It should be m entioned that both 131 and 133 required additional column 

chrom atography to be separated from the corresponding starting amine (a consequence o f  

sim ilar Rf). The m oderate yields obtained were attributed to the difficult purification 

procedure. In addition, the formation o f  the dim er in the preparation o f  133 also accounts 

for the relatively low yield obtained.
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NO.

138

Figure 3.8. Structure o f 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 Rf and further attempts to purify these products resulted in obtaining the 

corresponding adduct 130 and 132 which were contaminated by substantial amounts o f 

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 o f 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 o f five equivalents o f 

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 o f 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 o f 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 o f 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 di.scussed in Chapter 6. Additional 

computational studies on this new family o f 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 o f 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 o f 130 and 132 using a Route 1 type 

reaction, which consists o f 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 o f the morpholino derivative 92, reaction of 54 with 

one equivalent o f /jw-(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 o f  130 and 132 via Route 1.

OR

139

Scheme 3.33

W hilst investigation the Fmoc protection o f  sperm idine, we used as a model compound 

the mono Fmoc blocking o f  the ^)/i-(4-aminophenyl)-methyl starting amine 119 (see 

section 3.3.4). Further coupling with the 2-am ino-6-benzyloxy-4-chloro-5- 

nitropyrimidine 106 , followed by deblocking o f  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 tem perature failed due to the poor nucleophilicity o f  the aromatic amine. 

Further attempts in refluxing THF, although formed the coupled adduct 120 , led to the 

partial cleavage o f  the Fmoc, liberating the starting ^?/.y-(4-aminophenyl)-niethyl amine. 

Subsequent purification by colum n chrom atography is not possible, as both product 130 

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

encountered earlier were present again.

This failure requires a different synthetic approach for the elaboration o f  the desired 

derivatives 130 and 132 . However, by the time we were investigating the preparation o f  

these adducts, we obtained the results Irom the rest o f  the series o f  compounds 131 , 133 ,
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134-137, wherein the biological activity o f  the 4-bromothenyloxy derivatives was barely 

affected by the hydrogen bonding nature o f the linker X (CH2, NH, O, CO). Moreover, 

the benzyl derivatives gave no biological activity. We decided to discontinue the difficult 

synthesis o f  130 and 132. The cost o f the biological experiments combined with the 

complicated preparation o f 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 o f  N-4 spermidyl 

derivatives o f  the 2-amino-6-(benzyloxy or 4-bromothenyloxy)-5-nitropyrimidines using 

two main synthetic routes. O f the two approaches originally proposed for the synthesis o f 

protected spermidyl derivatives Route 2 was found to be the more efficient and useful 

pathway, in spite o f the better yields obtained when Route 1 was employed in the 

preparation o f some model compounds. The latter Route 1 was rather limited for the 

wor< purposes o f this thesis.

SpcTnidine is a polyamine with two non-symmetrical primary amino groups and a 

seccndary one. As a result o f  that, selective protection o f  these groups, prior to the 

coupling o f  spermidine with the pyrimidine ring is a synthetic challenge to tackle, which 

was dealt by the employment o f  several protecting groups. Alloc, phthalimides, Fmoc, 

Boc groups and Cu^^ complexes were the selected protecting groups which were 

considered appropriate for the amino protection o f spermidine before its introduction in 

the ayrimidine ring. Sadly, we failed in the preparation o f  the 2-amino-4-spermidyl-6- 

(beizyloxy or 4-bromothenyloxy)-5-nitropyrimidines 40 and 41 (Figure 2.3), due to the 

harsh deprotection conditions or the instability of the protecting groups under various 

reaction conditions required in the synthetic route.

Prelminary studies with organosilicon derivatives in amino protection are quite 

pronising, since the deprotection conditions with fluoride might be performed without
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affecting the rest o f  the molecule. Unfortunately, time constraints did not perm it us to 

investigate this protecting group any further, as the attempted direct introduction o f  the 

organosilicon reagent 129 in spermidine is not selective and the devise o f  an indirect 

route is required. However, the indirect synthetic route we have investigated for the 

preparation o f  the A^'-7V*-Fmoc sperm idine salt 114 cannot be employed for the 

preparation o f  organosilicon spermidyl derivatives. This route would involve the 

deprotection o f the A^-Boc sperm idine derivative with trifluoroacetic acid (TFA), which 

would cleave the Si-N bond.'^®

Although we mainly focussed on the protecting chemistry o f  sperm idine, we have also 

reported the successful synthesis o f  other molecules, nam ely the N-4 substituted 

polyarom atic amines (X=CH 2 , NH, O, CO) in the 2-am ino-6-(benzyloxy or 4- 

brom othenyloxy)-5-nitropyrim idine 131 , 133 , 134- 137 . These compounds have been 

biologically tested and the results are discussed in Chapter 6. As a part o f  our future 

work, we wish to explore the incorporation o f  guanidinium  or imidazolium moieties in 

the terminal amino group o f  the phenyl ring (Figure 3.9). These m olecules have been 

shown to be excellent DNA m inor groove binders.**' Consequently, drugs with high 

affmity for the DNA m inor groove would be located into the specific site to inactivate the 

DNA repairing protein MGMT.

Furthermore, the replacem ent o f  the linkage X by longer aliphatic chains, such as ethyl or 

propyl groups will be also investigated. These groups would confer more flexibility to the 

m olecule and, therefore, we expect that these drugs would fit better into the active site o f  

the M GM T protein.
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Figure 3.9. Structures o f guanidinium and imidazolinium derivatives.
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Synthesis of Prodrugs of PaTrin-2 and Preliminary 

Studies of Nitroso Derivatives.
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In this Chapter we will discuss briefly some other M GM T inactivating systems. These 

studies are a continuation o f  previous work carried out by our research group in our 

laboratories. Section 4.1 deals with the chemistry o f  PaTrin-2 derivatives as prodrugs, 

w hereas Section 4.2 describes preliminary studies in the chem istry o f  nitrosopyrim idines, 

com pounds that can be regarded as analogues o f  Patrin-2 and nitropyrimidines. Research 

in both areas is currently ongoing.

4.1 Synthesis of Derivatives of PaTrin-2 as Prodrugs

4.1.1 Introduction

The prodrug approach is com m only used in medicinal chemistry to deliver a drag in an 

inactive form, which will undergo a chemical conversion to liberate the active drug by 

m etabolic processes. This Section 4.1 deals with the developm ent o fP aT rin -2  derivatives 

as prodrugs. Ronan, in our research laboratories,'^* investigated and reported the 

acylation o f  PaTi'in-2 at the N-9 position (Figure 4.1). This structural m odification was 

chosen as a point for bioreversible derivatization and developm ent o f  an effective 

prodrug. By changing the nature o f  the group X, the rate at which hydrolysis occurs to 

liberate the active drug PaTrin-2 can be manipulated. This has im portant implications for 

the frequency o f  drug adm inistration and toxicity, as previously discussed in Chapter 1.

The stability o f  these prodrugs under physiological conditions (pH=7.4, T=37°C) was 

also assessed. As anticipated, the Â ,Â ’-disubstituted alkyl ureas (X=NR2, see Figure 4.1) 

are the m ost stable category o f  this family o f  prodrugs, followed by the N -  

m onosubstituted alkyl ureas (X=NHR) and finally by the alkyl carbamates (X=OR). The 

projected stability o f  ureas over carbam ates can be explained by the additional 

contribution o f  the lone pair o f  the trigonal planar nitrogen which is located in the p
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orbital and overlaps with the x-orbital o f the carbonyl group. This interaction is stronger 

for nitrogen than oxygen, thus decreasing the electrophilicity o f the carbonyl group 

towards nucleophilic a t t a c k . C o m p a r i n g  the general stability o f  A^-monosubstituted 

alkyl ureas with ’-disubstituted ureas, the latter are predicted to be more stable. The 

inductive effect o f the alkyl groups attached to nitrogen atoms should increase the 

electron availability on this atom, and therefore improve the stability o f the carbonyl 

group to hydrolysis.

X

X = 0R,NR2, NHR 

Figure 4.1. Structure o f PaTrin-2 derivatives.

As previously discussed in Chapter 1, the binding o f polyamines like spermidine 42 

following uptake by cancer cells is well documented.^^'^' Further studies in our research 

group** attempted to couple spermidine to PaTrin-2 through a carbamoyl group (see 

compound 140 in Figure 4.2). The aim o f our work is the improvement o f the stability 

and solubility o f  PaTrin-2 as a prodrug. Thus, the ability o f spermidine adducts to be 

absorbed by cancer cells would allow delivery into cancer cells o f PaTrin-2 -  spermidine 

prodrugs. Subsequent hydrolysis o f this prodrug would release the active drug PaTrin-2.
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Br.

O

Os

N>N

O

N H ,

- N H ,

140

Figure 4.2. Structure o f the Patrin-2 derivative 140.

Once again, the selective protection o f primary and secondary amino groups in

spermidine was a substantial challenge to its preparation. The key to success lay in the

appropriate selection o f the protecting group. Initial attempts carried out by Donnelly et

al}^  in our laboratories using Boc were unsuccessful because partial hydrolysis o f  the

amide bond occurred under the harsh deprotection conditions (trifluoroacetic acid or

HCl). Our recent investigation with the spermidyl-nitropyrimidines proved that acidic

conditions cleaved the benzyloxy derivative (see Section 3.3.5 in Chapter 3). This can

also explain the previously observed failure o f  the Boc deprotection reaction o f some
88PaTrin-2 spermidyl analogues. In addition, nucleophile/base labile protecting groups 

would hydrolyse the carbamoyl group. As a result, only neutral conditions can be used in 

the whole synthetic route.

Thus, the use o f  a photocleavable protecting group came to our attention as a possible 

means for avoiding the present difficulties. Continuing with the work initially explored 

by Donnelly et al}^ we attempted a new approach, using 1 -(2-nitrophenyl)ethyl urethane

141 (Figure 4.3) as the basis o f  a protecting group o f sp e rm id in e .T h e  photolysis o f  this 

nitro-substituted carbamates, under neutral conditions, has been shown to afford excellent 

yields o f  primary alkyl amines by using radiation in the near UV and, more importantly, 

in the visible region, suitable for irradiation with standard light sources.'^' The
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photochem ical m echanism  will be discussed later in Section 4.1.4. It should be noted that 

the stereochemistry o f  the chiral carbon will not be taken into account, since the final 

target compound 140 , which we wished to assess biologically, does not contain this 

protecting group.

141

Figure 4.3. Structure o f  the selected protected group 141 .

Thus, our target involves the synthesis o f  the spermidyl derivative o f  PaTrin-2 140 . The 

proposed synthetic pathway involves the selective protection o f  the prim aiy amino 

groups o f spermidine. The reaction sequence proceeds through the use o f  activated 

carbonic acid derivatives, where X is a suitable leaving group (see Scheme 4.1). 

Subsequently, we intend to couple spermidine at the N-4 position to the N-9 position o f  

PaTrin-2 through a carbamoyl group. Finally, releasing o f  the blocking group by UV 

illumination would lead to the desired adduct 140 .

An alternative route would consist in reversing the order o f  the steps, reacting the 

activated carbonic acid derivative with PaTrin-2, followed by further treatm ent with the 

alcohol. Both synthetic routes were previously investigated by Ronan in our research 

laboratories'^* with a series o f  alcohols. The latter synthetic approach was found to be 

rather limited due to the low reactivity o f  the carbonic acid derivative o f  PaTrin-2. This 

latter route was therefore discarded in our investigation with spermidyl derivatives.
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Scheme 4.1
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4,1.2 Selective Protection o f  Sperm idine

The proposed synthetic route outlined above involves the use o f  l-(2-nitrophenyl)- 

ethanol 142. This alcohol is not comm ercially available, but can be easily prepared form 

the corresponding ketone (see Scheme 4.2). The reaction consists on a standard 

reduction, using sodium  borohydride in ethanol to afford the alcohol in an excellent yield 

(90%). This product has already been prepared by Nagai et following a different

reduction method (A1 / H gC b was the reducing agent employed). Nevertheless, 

spectroscopic properties o f  our sample matched those reported.

• o

NO2

N aBH,

EtOH

Scheme 4.2

OH

NO

142

Aiming to protect spermidine selectively with this blocking group, the reaction sequence 

proceeds through the use o f  an activated carbonic acid derivative, as outlined in Scheme 

4.1. The nature o f  this reagent is directly involved in the chem oselectivity o f this 

reaction, and therefore, we devised a synthetic pathway using triphosgene (Route 1), and 

the results obtained are reported as follows.

Route 1: Triphosgene

Phosgene 145 (Figure 4.4), as a reagent, is a very versatile building block for synthesis. 

Thus, the preparation o f  carbam ates, unsymmetrical ureas and carbonates can be 

successfully carried out, as it enables two different nucleophiles to be attached to the 

same carbon atom. However, its use is to be avoided, as it is extrem ely toxic and safer 

analogues have been proposed. Trichloromethyl chloroform ate (“diphosgene”) 146 

(Figure 4.4) is a liquid, and its transport and storage still causes considerable danger. B/5 -
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(trichlorom ethyl) carbonate (“ triphosgene” ) 147 (Figure 4.4), on the other hand, is a 

crystalhne, stable solid, easy to transport and store and has already been proved to be a 

safer phosgene substitute in all common phosgene reactions.

O O OX X  X
C I^ ^ C I  C l^ ^ O C C b  CI3C0  0 CCI3

145 146 147

Figure 4.4. Structures o f  phosgene 145, diphosgene 146 and triphosgene 147.

Pascuato et have reported a detailed study o f  the quantitatively conversion o f

triphosgene 147 to phosgene 145 catalysed by chloride ions. This indicates that 

triphosgene can be used as a safe synthetic equivalent o f  phosgene in most c a s e s . T h u s ,  

reaction o f  triphosgene w ith  the l-(2-nitrophenyl)-ethanol 142 would form the 

corresponding chloro formate.

Unfortunately, the reaction o f  this readily formed chloroformate w ith  spermidine itse lf 

shows no chemoselectivity as the reagent reacts equally w ith primary and secondary 

amines, due to its high reactivity. However, reaction o f  this chlorofonnate w ith  p- 

nitrophenol in the presence o f  base would afford the corresponding carbonate 148 (see 

Scheme 4.3), which reacts preferentially w ith  primary rather than secondary amines, as 

reported previously (see Section 3.3.1 in Chapter 3). It is less reactive and possesses 

greater steric hindrance than the corresponding chloroformate.

base

NO

NO2

148

Scheme 4.3
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Using a modification o f the procedure reported by Larock et al. for the preparation of 

carbonates with phosgene, the l-(2-nitrophenyl)-ethanol 142 (three equivalents) was 

treated at room temperature in DCM with one equivalent o f triphosgene in the presence 

o f  Hiinig’s base. The required chloroformate was generated in situ in a period o f 1 h and 

without being isolated, was reacted immediately with the/?-nitrophenol and Hiinig’s base. 

The desired carbonate 148 was obtained in a low yield (21%) after the reaction was 

stirred at room temperature for 2 h.

Several attempts were carried out without success to optimise the yield of 148 by 

changing reaction variables such as time, temperature and excess o f  triphosgene. In 

addition, we could not reproduce our first results obtained, even under apparently 

identical conditions. We then decided to explore another approach, and a modification o f 

the method employed by Wang'^^ for the preparation o f chloroformates was attempted. 

This procedure consists on reversing the order o f addition o f the reagents. It involves the 

foiTnation o f the p-nitrophenyl chlorofonnate, and subsequent reaction with the required 

alcohol 142 to afford the desired carbonate 148. Following this procedure, the carbonate 

148 was obtained in a yield o f 48%, but once more, the reproducibility o f the reaction 

was not satisfactory. Several attempts were carried out to improve the yield, which 

involved the replacement o f Hiinig’s base by pyridine, the use o f an argon atmosphere, 

different reaction times and temperature. None o f these modifications improved the low 

yield obtained. Sherrill et claimed the preparation o f this carbonate 148 in a high 

yield, employing Wang’s p r o c e d u r e . O n  the contraiy, in our hands, we found that the 

reaction with the/?-nitrophenyl chloroformate was not reproducible.

In spite o f the unsatisfactory formation o f the carbonate 148, we decided to proceed one 

step further in order to react this carbonate with spermidine. We wished to confirm that p- 

nitrophenyl carbonates would react selectively with primary amino groups over the 

secondary ones. Thus, 148 (two equivalents) was treated with spermidine (one 

equivalent) in the presence o f  diluted NaOH to afford 92% yield o f the desired protected 

spermidine 143 (Scheme 4 .4 ).
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NO2

Sperm idine

NaOH
NO2

148

NO2

143

Scheme 4.4

However, difficulties encountered in the preparation o f the carbonate 148 forced us to 

explore a different synthetic approach employing 1,1-carbonyldiimidazole as an 

alternative to triphosgene.

Route 2: 1,1-Carbonyldiimidazoie

1,1-Carbonyldiimidazole 149 (CDI, see Scheme 4.5) has been widely used as a much 

safer substitute o f the toxic reagent phosgene. We wished to examine that CDI could be 

used in an experiment to react selectively. The higher pKa o f imidazole makes this 

species significantly less reactive than phosgene, allowing cleaner reactions.

Bochet et alT'^ describe the preparation o f  numerous carbamates under especially mild 

conditions with CDI. Employing this procedure, the l-(2-nitrophenyl)-ethanol 142 was 

reacted with one equivalent o f  CDI in DCM at room temperature for 1 h (Scheme 4.5). 

Recrystallization o f the reaction mixture from ethyl acetate afforded the isolation o f the 

synthetic intermediate 150 in a good yield (64%). This intermediate is moderately
172reactive, as reported by Pitsch et al., and can be easily trapped by an amine without 

requiring an additional base in good yields.
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OH

NO2

142

O
U

N N

149

DCM

150

N

Scheme 4.5

Thus, subsequent reaction o f this intermediate 150 with spermidine 42 in DCM at room 

temperature for 6 h afforded the protected spermidyl derivative 143 as a viscous oily 

product in a good yield (72%). 'H and '^C NMR analysis matched those recorded in the 

preparation o f the same derivative 143 via triphosgene. We then considered that the use 

o f catalytic amounts o f 4-(dimethylamino)pyridine (DMAP) would lead to better yields. 

Consequently, the reaction was carried out under identical conditions in the presence o f 

0.1 equivalents o f DMAP. However, these conditions did not improve the reaction yield. 

Nevertheless, we managed to improve the overall yield for the preparation o f the 

protected spermidine 143 with this reaction sequence via CDI, compared with the 

synthetic procedure via triphosgene.

4.1.3 Synthesis of Protected Spermidyl Derivatives o f PaTrin-2
I 58Previously, Ronan in our research group set out the development o f a general and 

reliable route to the synthesis o f 7V,Â ’-disubstituted urea derivatives o f PaTrin-2. The 

synthetic methodology involved the reaction o f PaTrin-2 with a dialkyl carbamoyl 

chloride (see Scheme 4.6). The presence o f a hindered, non-nucleophilic base is required 

to avoid hydrolysis o f the resulting product, as PaTrin-2 has been found to be a good 

leaving group.
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PaTrin-2

Scheme 4.6

However, the use o f a hindered base, such as triethylamine gave no reaction with PaTrin- 

2, leading to further decomposition o f  the carbonyl chloride. Ronan attributed this failure 

to the considerable steric hindrance o f the carbamoyl triethylamino salt derived from the 

reaction o f the carbamoyl chloride and triethylamine. Similar results were obtained when 

Hiinig’s base was used. The employ o f DBU, a base o f comparable strength to both 

triethylamine and Hiinig’s base, on the other hand, afforded the desired PaTrin-2 N,N'- 

disubstituted urea derivatives. This was also attributed to a sterically more accessible 

carbamoyl carbon atom.

Bearing in mind these results, we devised an alternative pathway for the preparation o f 

PaTrin-2 carbamoyl derivatives. The introduction o f a carbamoyl functionality is 

accomplished by reaction o f  nucleophiles with a carbamoyl cation equivalent 151 (Figure 

4.5). Carbamoyl chlorides 152 (Figure 4.5) are widely accepted as the standard NJV'- 

disubstituted carbamoyl cation equivalents. Batey and co-workers'^^ proposed an 

alternative to these unstable reagents using carbamoyl imidazolium salts 153 (Figure 4.5) 

for the fomiation o f unsymmetrical ureas. Unlike carbamoyl chloride which are prepared 

from phosgene or triphosgene, the salts 153 are readily prepared from CDI.
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O O O

N Cl
I

R ’

151

I
R '

152

R ' W  

153

Figure 4.5. Structures o f  a carbamoyl cation 151 , carbamoyl chloride 152 and carbamoyl 

im idazolium  salt 153 .

Having obtained the protected sperm idine 143 , the next step involved the incorporation 

o f  the carbamoyl m oiety in this molecule. Treatm ent o f  143 with 1,1-carbonyldiimidazole 

149 gave the required cabamoyl derivative 154 (Figure 4.6) in high yield (76%). This 

intermediate is considerably more stable than the corresponding adduct 150 derived from 

the acylation reaction, owing to the additional contribution o f  the alkyl amino group o f  

spermidine. The two alkyl m oieties o f  sperm idine make the carbamoyl group more 

hindered, and, therefore deactivate the carbonyl group towards hydrolysis. In fact, this 

reduces the reactivity o f  the carbonyl group so that the reagent fails to react with PaTrin-

Fortimately, we can activate the imidazole ring and make it a better leaving group by 

conversion into the corresponding carbamoyl imidazolium salt, as had been previously

methyl iodide in DM F at room tem perature overnight formed the imidazolium salt

2 .

154

Figure 4.6. Structure o f  compound 154 .

reported by Batey and c o - w o r k e r s .F u r th e r  treatm ent o f  adduct 154 with excess o f
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derivative 155 (Scheme 4.7). This salt was generated in situ and, therefore, no attempted 

isolation was carried out. Subsequent addition o f PaTrin-2, followed by Hiinig’s base 

resulted in the linking o f the 9-position o f  PaTrin-2 with the protected spermidyl 

carbamoyl derivative 155. The acylation reaction was carried out at room temperature for 

a long period o f  time (3 days) to afford the desired PaTrin-2 derivative 156 in a yield o f 

38% after purification by column chromatography on silica gel. Unlike the viscous oily 

precursors, this adduct is a crystalline solid and fully characterization was carried out and 

described in the Experimental Chapter 7.

PaTrin-2

EtN('Pr)2

Scheme 4.7
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In this particular case, the regioselectivity plays a very important role in this reaction. The 

proton at the 9-position o f  PaTrin-2 is acidic, and therefore, can be removed easily with a 

m oderate strong base, such as Hiinig’s base. The subsequent anion possesses several 

canonical forms (two o f  them  are shown in Figure 4.7). Several studies carried out by
87 88 158Donnelly ’ and Ronan in our research group showed the preference o f small 

m olecules for the formation o f the N-9 compound rather than the N-7 isomer. The 

selectivity with the bulky protected spermidine is complete, owing to the steric hindrance.

N

Figure 4.7. Canonical forms o f  the PaTrin-2 anion, indicating the positions N-7 and N-9.

Ronan'^* stated that the N-9 carbamoyl derivatives could be distinguished easily from the 

corresponding N-7 isom ers by 'H NM R spectroscopy, observing the difference in the 

chemical shifts o f  the Hg proton signal. This signal for the N-9 isomer in alkyl carbamates 

and Â ,7V’-disubstituted ureas is shifted upfield (5 ~ 8.00 ppm for carbamates and 8.20 

ppm  for ureas respectively) relative to the corresponding Hg signal for the N-7 isomers (5 

~  8.70 ppm). The Hg signal in adduct 156 we obtained at 8.02 ppm confirms the 

form ation o f  the N-9 isomer.

4.1.4 Photolysis: M echanism

Ultraviolet radiation possesses sufficient energy to promote an electron in a bonding or a 

non-bonding m olecular orbital to an unoccupied orbital resulting in a m olecular excited 

state. This excitation is most efficient when the energy gap between the affected
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molecular orbitals matches the energy o f  the incident radiation. When a functionality 

absorbs radiation o f  that wavelength in a specific, well-defined region, it leads to 

selective excitation o f  that functionality and the photochemistry can be controllable. 

Excitation o f  the o-nitrobenzyl group 157 (Figure 4.8) leads to 1,5-hydrogen transfer and 

benzylic activation.

CH

NO

157

Figure 4.8. Structure o f  o-nitrobenzyl group 157.

The mechanism o f  the deprotection o f  the l-(2-nitrophenyl)ethyl urethane 141 was 

postulated by Cristiano et The success o f  the deprotection lies on the rapidity w ith  

which an oxygen radical abstracts a hydrogen fi'om a position at five-atoms distance (see 

Scheme 4.8). The abstraction also undergoes a six-member cyclic transition state which is 

k inetica lly favoured. Finally, one o f  the oxygen atoms o f  the nitro group is attached to the 

carbon that bears the carbamate group. This unstable intermediate undergoes further 

decomposition to form o-nitroso derivative. The liberation o f  the carbamate group 

proceeds through further decarboxylation to generate the free amine.
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Scheme 4.8

4.1.5 Photolysis of the PaTrin-2 Spermidyl Derivative

The photochemical reaction o f the PaTrin-2 spermidyl derivative 156 was carried out 

using a medium pressure mercury lamp (model 3010) supplied by Photochemical 

Reactiors LTD, through a borosilicate g l a s s . T h i s  produces radiation at predominately 

365-366 nm with smaller amounts at 254, 265, 270, 289, 297, 302, 313 and 334 nm. The 

sample 156 was dissolved in DMSO-d6 and placed in a NMR sample tube, in order to 

monitor the course o f  the photochemical reaction. Subsequently, the sample was 

irradiated and analysis o f this solution by 'H NMR spectroscopy was carried out at 

regular time intervals (2 h, 4 h, 6 h). The results obtained from this photochemical 

reaction o f 156 are shown in Figure 4.9.
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Figure 4.9. 'H N M R analysis o f  the irradiated sample o f  156 in DM SO-d6  at time 

intervals ofO h, 2 h, 4 h and 6  h from top to bottom.

TLC analysis o f  the resulting crude reaction m ixture showed the presence o f  several 

products. The 'h  N M R analysis indicated that the reaction was com plete after 6  h. This 

can be observed in the gradually decrease o f  the CH 3 and NH 2 signals from the initial 

carbam oyl derivative 156 at 6  1.52 and 6.72 ppm  respectively, and the appearance o f  new 

peaks at 6.31, 10.3 and a broad peak at 12.4 ppm. These could be accounted for the 

partial release o f  PaTrin-2 under the m echanism  o f  decom position as a prodrug 

mentioned earlier (see m echanism  o f  releasing PaTrin-2 below in Scheme 4.9). The 'H 

NM R in DM SO-d6 o f  PaTrin-2 was reported by H anafin’^̂  and for convenience is 

described as follows; 5 5.63 (s, 2H, -OCH?ThBr): 6.31 (s, 2H, N H 2); 7.31 (s, IH , H3 ’); 

7.68 (s, IH, HsO; 7.85 (s, IH , CH); 12.4 (s(br), IH, NH). Our hypothesis is that the new
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signal at 6 10.3 ppm  corresponds to a formed NH group, which supports this mechanism 

o f  liberation o f  the active dm g PaTrin-2. This can also be favoured kinetically by he 

formation o f  a six-m em ber ring.

Scheme 4.9

The photochemical reaction resulted in the additional formation o f  a complex mixture o f  

by-products, as can be observed in the 'H NM R spectra. This makes tlie photolysis very 

difficult to control. The investigation was therefore discontinued, whereby the use o f  

another protecting group for sperm idine as a part o f future work is required.
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4.2 Preliminary Studies in the Synthesis of Nitroso Derivatives.

4.2.1 Introduction

This Section 4.2 also deals with a continuation o f  previous studies in our research group 

for the synthesis o f  nitroso derivatives that can be regarded as analogues o f  PaTrin-2. 

Both 6-benzyloxy-2,4-diamino-5-nitrosopyrimidine 158 and 6-(4-bromothenyloxy)-2,4- 

diamino-5-nitropyrimidine 159 (Figure 4.10) are good MGMT inactivators with Iso 

values o f  0.060 fiM and 0.045 respectively.*^’**

NO

NH

159

NO

NH

158

Figure 4.10. Structures o f nitroso derivatives.

Following the same criteria we employed in designing new analogues o f 

nitropyrimidines, we explored the modification at the 4-position o f these adducts 158 and 

159 with spermidine 42, as potential MGMT inactivators.

The synthesis o f N-4 alkyl nitrosopyrimidines had been previously attempted in our 

research laboratories by Donnelly.** As shown in Scheme 4.10, the nitrosation had 

worked smoothly with secondary amines at the 4-position. However, when a tertiary 

amino group replaced the secondary one, the fomiation o f  the desired nitroso adducts was 

not detected.
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NaNO. NaNO.

AcOH AcOH

Scheme 4.10

Nevertheless, we attempted the nitrosation o f compound 79 (Scheme 4.11) using two 

equivalents o f sodium nitrite in 30 % aqueous acetic acid. Unfortunately, the only 

i.solated product was unreacted starting material. When chlorine was replaced by the 

benzyloxy group (compound 84, see Scheme 4.11), the nitrosation was again attempted 

under identical reaction conditions. Once more, the sole product we obtained was 

unreacted starting material.

H2N N

Cl

79

NaN O ,

AcOH

N aN O ,

NO

H2N N N ^ ^  AcOH H2N N

L . 0  L ^ O

84

Scheme 4.1

158



Chapter 4

FoiTnation o f  nitrosopyrim idine products requires the presence o f  a N H 2 or N H  group at 

the 4-position o f  the pyrim idine ring, wherein a hydrogen atom plays an important role in 

the nitrosation reaction. We then postulated a mechanism to interpret these results 

(Scheme 4.12). A  possible course for this transformation involves in itia l nucleophilic 

attack to the readily formed nitrosonium ion, favored kinetically as this nitrosation 

proceed through a six-member ring intermediate due to the presence o f  a hydrogen atom. 

Subsequent loss o f  one molecule o f  acetic acid to recover the aromaticity generates the 

desired nitroso adduct. We also attributed the lack o f  reactivity o f  tertiary amino 

derivatives to steric effects, since the replacement o f  hydrogen by an alkyl group involves 

a significant hindrance towards electrophilic aromatic substitutions.

OR OAc

JC
OR

N

H2N 'N

H ^
N - 0

< -  I

N 
I
R'

-AcOH

H,N

Scheme 4.12

This s>Tithetic challenge for the preparation o f  nitrosopyrim idines was dealt by proposing 

an elegant multi-step route. This involved the chemistry o f  pyrim idofuroxans and the 

synthetic route we devised is outlined in Scheme 4.13 (where R ”  represents the benzyl o r 

4-bromothenyl group). Consequently, we returned to the study o f  the azidopyrim idine 

chemistry we reported earlier in Section 2.4.3 o f  Chapter 2.
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JL. DMSO Ji
H2N N NRR' H2N ^ N "  "NRR'

Scheme 4.13

Reaction o f  our valuable synthetic intermediate 54 with sodium azide in DMSO would 

afford the corresponding azido derivative 160 , which would undergo loss o f  nitrogen and 

subsequent intramolecular cyclization with the adjacent nitro group to give the 

corresponding furoxan derivative 161 . A num ber o f  examples o f  the pyrimidofiiroxan 

system have been reported."*^ Tem ple et had previously reported the preparation o f 

these azido-nitropyrim idine adducts and subsequent conversion to the furoxan derivative 

by  heating.

Tennant and c o -w o rk e r s re p o r te d  an unprecedented aminative furoxan ring-opening to 

afford the corresponding nitrosopyrim idines (Scheme 4.14). The equilibrium  o f these 1- 

and 3-oxide stm ctures (162 and 163) presum ably via a dinitroso derivative has been 

demonstrated.'^* The m echanism  they postulated involves initial am inative ring opening 

in one o f  the tautomeric forms 162 to give a nitroso intermediate convertible by the loss 

o f  m onomeric hyponitrous acid into the desired nitroso adduct. The nucleophilic attack o f  

the amine to the tautom er 163 is less likely to occur because o f  the steric hindrance 

imposed by the proxim ity o f  the 1-oxide oxygen atom or chlorine atom.
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NHRR'

Scheme 4.14

4.2.2 Attempted Synthesis of Azido Nitropyrimidines

The reaction o f 54 with one equivalent o f  sodium azide in DMSO at room temperature 

for 24h gave a different product fi-om the expected azido-nitropyrimidine 160 and 

unreacted starting material in a 50:50 mixture approximately (Scheme 4.15). For 

convenience, we shall call this new adduct A. Longer reaction times led to poorer yields 

o f  the same mixture. Identical results were obtained when the reaction temperature was 

increased to 60 °C, wherein we had expected the conversion o f the resulting azido 

intermediate 160 into the corresponding fiiroxan derivative.
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Scheme 4.15

We observed that when the amount o f  the reagent, sodium  azide, was doubled, the only 

product isolated was A, indicating that two equivalents o f  sodium  azide had been 

consumed. Subsequent purification o f  the product from this experiment by column 

chrom atography afforded compound A in a yield o f 73%. The assignment o f  the structure 

o f  A is based on the following observations. The 'h  NM R spectrum showed the NH 2 

protons as two broad peaks (5 9.33, 9.46 ppm), which indicated the non-equivalence o f  

these protons, as reported previously with similar compounds (see Section 2.6.1 in 

Chapter 2). This indicated that the 4- and 6 -position o f  the pyrim idine nng had ditTerent 

substituents, which was confirmed by the '^C NM R spectrum, indicating the presence o f  

four different carbon atoms. In addition, the absence o f  an azido absorption band in the 

infrared spectrum indicated that either the azido group had been converted to the furoxan 

moiety or the tetrazolo tautom er was the predom inant form. The elemental analysis o f  

this solid showed the m olecular formula C 4H2Ng0 2 . Thus, tliis product A was assigned to 

one o f  the stm ctures 164a or 164b shown in Figure 4.11.

N "Q
I I

N' Yjl
H 2 N ^ N ^ N  ' / 

N^N

164a 164b

Figure 4.11. Structure o f  compound 164.
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The determination o f the structure o f this product indicated that the reaction required 

further optimization, or an alternative route for the preparation o f azido-nitro pyrimidines 

that can be converted to the nitroso derivatives via fliroxan adducts. Research in this area 

is currently ongoing.

4 J  Summary and Future Work

In this Chapter, we continued our research group studies in the investigation o f  PaTrin-2 

derivatives as prodrugs. We therefore tried to selectively incorporate spermidine to the N- 

9 position o f  PaTrin-2 through a carbamoyl group. The chemoselective protection o f  the 

primary amino groups o f spermidine was attempted using 1 -(2-nitrophenyl)ethyl urethane 

as the basis o f  a photolabile protecting group. Route 1 involved the use o f  triphosgene, 

followed by p-nitrophenol to block the primarj' amino groups o f spermidine. However, 

although the selective protection o f  spermidine was achieved, the low yields and non- 

reproducible results obtained forced us to investigate other reagents. Route 2 describes 

the use o f  CDI (1,1-carbonyldiimidazole) as a substitute o f phosgene. This reagent 

showed preferential reactivity for primary amino groups in the presence o f  secondary 

ones. Further coupling o f the protected spermidine with PaTrin-2 afforded the preparation 

o f  the desired adduct 156. Unfortunately, the photochemical deprotection was not 

selective, forming substantial amounts o f  undesired by-products, along with the release o f  

PaTrin-2 under the mechanism o f the activation o f prodrugs described in Section 4.1.5. 

As a part o f  our future work, we also believe that organosilicon derivatives in amino 

protection would be appropriate for the required selective modification o f  spermidine. 

Once again, we expect that the mild deprotection conditions with fluoride would ensure 

an efficient deprotection without affecting the rest o f  the molecule.

FurtheiTnore, we wish to attach the polyaromatic amines 44 (Figure 1.12) and their 

guanidinium and imidazolium derivatives to the N-9 position o f  PaTrin-2 through a 

carbamoyl group (Figure 4.12). The high affinity o f these moieties to the DNA minor 

groove would locate the prodrug close to the MGMT protein. Subsequent hydrolysis o f
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this prodrug would release the active drug PaTrin-2. However, we predict that these 

prodrugs would be less stable than the corresponding spermidyl derivative o f  PaTrin-2 

140 (see Figure 4.2), as a consequence o f  the lower basicity o f  the aromatic nitrogen 

involved in the carbamoyl group.

Figure 4.12. Structures o f  guanidinium  and imidazolium  derivatives o f  PaTrin-2

The second part o f  this Chapter (Section 4.2) deals with a prelim inary study in the 

preparation o f  nitrosopyrimidines. As direct nitrosation o f  various substrates failed, we 

devised an attractive m uhi-step alternative. The first step involved the introduction o f 

azide in our valuable intermediate 2-am ino-4,6-dichloro-5-nitropyrim idine 54 . However, 

the high reactivity o f  this intermediate with good nucleophiles led to further reaction, 

giving the fiiroxane-tetrazolo derivative 164 . Additional optim isation on this reaction is 

required. Alternatively, the em ploym ent o f  w eaker nucleophiles, such as hydrazine and
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subsequent treatment with sodium nitrite in hydrochloric acid (see Scheme 2.20) might 

lead to the isolation o f  the desired mono-azido pyrimidine 160. Research in this area will 

be investigated by our research group in fliture projects.
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5.1 Introduction

The number o f  proteins with a known three-dimensional structure is growing rapidly. The 

Protein Data Bank (PDB) is a repository for 3D structural data o f proteins and nucleic 

acids. These data, submitted by biologists and biochemists fk)m around the world, ai'e 

released into the public domain, and can be accessed for free.’̂ *̂ When the PDB was 

originally founded in 1971, it contained just 7 protein structures. Since then it has 

undergone an approximate exponential growth in the number o f  structures. As o f  11 

September o f  2007, the database contained a total o f  45,744 structures, being 42,073 o f  

those proteins and the rest nucleic a c i d s . T h e  increase in the number o f  structural 

targets is in part due to improvements in techniques for structure determination, such as
I OQ

NMR spectroscopy, and X-ray crystallography.

Computers have become an essential tool in modem medicinal chemistry and are 

important in both drug discovery and drug development, from hit identification to lead 

optimisation. Approaches such as ligand or structure-based virtual screening techniques 

and drug design are widely used.'*' We will focus on the interpretation o f experimental 

results based on a rational drug design and lead optimisation, based on the study o f  the 

lead compound PaTrin-2 and the interaction between analogues o f PaTrin-2 and the 

MGMT, using the molecular modelling package AutoDock.

Molecular modelling can be used to dock or fit a small molecule into a protein binding 

site. Docking is known as the process in which two molecules fit together in 3D space 

only. When the structure o f  a target and its binding site is well known, docking can be 

used firstly, as hit-identification, and later as lead optimisation tools. The docking process 

involves the prediction o f ligand orientation and conformation in a targeted active site. 

Most o f  the major tools currently available treat the ligand as flexible and the protein is 

still treated as a rigid structure.'*^
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The process o f modelhng the drug-receptor complex begins with the application o f 

docking algorithms that place small molecules in the active site o f  a protein. This step is 

quite complicated as even relatively simple organic molecules have several 

conformational degrees of freedom, and the study o f identifying the conformation that 

best matches the receptor structure must be fast enough to permit the evaluation o f 

thousand o f conformations for several molecules in a given docking run. Algorithms are 

complemented by scoring functions that are used to estimate the binding affinity o f an 

individual molecular fragment in a given position inside the receptor pocket. Scoring 

fijnctions are based on calculation o f shape, electrostatic and van der Waals interactions. 

One o f the major problems remaining to be solved is the accurate prediction of binding 

energies. This problem has been approached by including more detailed treatment o f van 

der Waals interactions, solvation or entropic effects, although it makes the scoring 

process much more complex.

In docking experiments, there are three basic representation o f the receptor:

• Atomic. An atomic representation is used in conjunction with a potential energy 

function.

• Surface. These methods attempt to align points on surfaces by minimizing the 

angle between the surfaces o f opposite molecules.

• Grids. Energy grids are used to store information about the receptor’s energy 

contributions on grid points that only need to be read during ligand scoring.

Scoring functions are used to predict the binding affinity, which is a crucial aspect o f  

these molecular modelling methods, as even when the binding conformation is correctly 

predicted, the calculations do not differentiate correct from incorrect poses. Scoring 

functions in docking programs do not flilly account for a number o f physical phenomena 

in the molecular recognition, for example, entropic effects. Three types o f scoring 

functions are currently used:
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• Force-field based scoring. Molecular mechanics force fields usually quantify the 

sum o f two energies, the receptor-ligand energy and internal ligand energy (such 

as steric strain induced by binding). Interactions between ligand and receptor are 

mostly described by using van der Waals forces and electrostatic energy, e.g. 

Autodock.

• Empirical scoring functions. These functions approximate the binding affinity as a 

sum o f weighted interactions, considering individual contributions from hydrogen 

bonds, ionic and hydrophobic interactions and occasionally binding entropy.

• Knowledge-based scoring functions. They are designed to reproduce experimental 

structures rather than binding energies. A number o f  atom-type ligand-receptor 

interactions are defined depending o f  the molecular environment.

5.2 AutoDock

AutoDock is a set o f automated docking tools. It is designed to predict how small 

molecules, such as drug candidates, can bind into the active site o f biomacromolecules o f 

known 3D structure.'*^ AutoDock is based on a grid-based docking. The protein is set in 

a three-dimensional grid and a probe atom placed at each grid point. Typical grid point 

spacing varies from 0.2 A to 1.0 A, although the default is 0.375 A (roughly a quarter o f 

the length o f a carbon-carbon single bond).

The energy o f interaction o f  a single atom to the protein is assigned to the grid point. This 

simplifies the study as only the grid points are taken into account instead o f  the whole 

system. An affinity and electrostatic potential grids are calculated for each type o f  atom 

in the ligand. The energetics o f  a particular ligand configuration is then obtained by 

interpolation o f the affinity values o f  the eight grid points surrounding each o f  the atoms 

o f the ligand (Figure 5.1).
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Figure 5.1. Representation o f  the autogrid method.

The calculation o f  the electrostatic interactions is also based on interpolation o f the 

values o f  electrostatic potential for each grid point, taking the charges o f  the difTerent 

atoms o f  the ligand into account. The time to perfonn an energy calculation using the grid 

points is independent o f  the num ber o f  atoms o f  the protein and only depends on the 

num ber o f  atom s o f  the ligand. The docking is then performed treating the protein as a 

rigid structure and keeping it static during the simulation, the ligand performs random 

moves in the space around the active site o f  the protein. At each step in the simulation, a 

small random  displacem ent is applied to each o f the degrees o f  freedom o f  the ligand; 

translation o f  its centre o f  gravity, orientation and rotation around each o f  the dihedral 

angles. This displacem ent leads to a new configuration that generates new energy values, 

calculated using the interpolation procedure from the grid points described above. If  the 

new calculated energy is lower, the new configuration is im m ediately accepted, and the 

simulation continues. If  the energy is higher, the new configuration could be rejected or 

accepted depending on a probability function that depends on a defined temperature. At 

high tem perature, a great num ber or energy structures are accepted in the simulation, 

whereas decreasing the tem perature generates a more selective range o f  energy stmctures 

which are accepted by the method.

169



Chapter 5

AutoDock uses a force-field based scoring function which quantifies the sum of two 

energies. These two are the receptor-ligand interaction energy and internal ligand energy. 

Most force-field scoring functions also consider a single protein conformation, making 

possible to omit the calculation of internal protein energy, which simplifies the scoring of 

a ligand-receptor complex. AutoDock is based on the AMBER force-field.'*'* 

Interactions between ligand and receptor are most often described by van der Waals and 

electrostatic energy terms. The van de Waals energy term is given by a Lennard Jones
185potential function. Electrostatic terms are accounted for by a Coulombic formulation 

with a distance-dependent dielectric function that lessens the contribution from charge-
I O C

charge mteractions.

AutoDock actually consists of two main programs: AutoDock performs the docking of 

the ligand to a set of grids describing the target protein; AutoGrid pre-calculates these 

grids.

53  AutoDock Methodology: Docking Modelling Experiment

The crystal structure of the human methyltransferase MGMT'*^ (PDB entry: IQNT, 

resolution 1.90 A) was used to derive a model for ligand binding in the active site. To 

reduce the required computational time for docking, we described the active site around 

the Cysl45 residue, which is located within the residues 83-176 o f the C-terminal 

domain. Hydrogen atoms were added to the crystal structure assuming a pH of 7, using 

the SYBYL program (v.7.2). Point charges were assigned to the MGMT protein 

according to the TRIPOS force-field. SYBYL (v.7.2) was used for the representation of 

the ligands, using the Gasteiger-Hiickel algorithm for the calculation of the charges. The 

AutoDock program (v. 3.05) was then used to perform the docking study.'*^ As explained 

above, AutoDock defines the binding site solely in terms of a grid of interaction points. 

The residues TyrlM , Glyl31, Metl34, Argl35, Asnl37, Prol40, Cysl45, Vall48, 

Tyrl58, Serl59 and Glyl60 were considered essential for the binding process, as
187previously reported by Wiessler et al. We selected the centre of these residues as the
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position o f  the active site and centre o f  this grid (coordinates XYZ 1.440, 41.180, 

37.690). The grid point spacing was defined as 0.2 A.  Finally, the Ligplot program 

(v.4.4.2) was used for determ ining and plotting a 2D representation o f  the ligand-protein 

interaction and the set o f  compounds investigated are shown in Figure 5.2.

5,4 Study o f  the Binding Energy o f  the Com plex Ligand-M GM T

To gain more insight into the M GM T-ligand complex and the experimentally observed 

structure-activity for the set o f  M GM T inactivators prepared (see Figure 5.2), we 

constructed 3D models o f  the complexes using the docking package Autodock. A 

detailed interaction analysis for each M GM T-ligand complex was performed, where the 

binding energies for a set o f  ligands as a result o f  the interaction with the amino acid 

residues from the active site o f  the protein were calculated. The scoring function used to 

calculate the interaction energy is based on the AM BER force field, where van der Waals 

and electrostatic interactions describe the interaction between the ligand and the receptor. 

This calculation does not include other effects, such as solvation and entropy, which 

means that the absolute value o f  the energy cannot be rigorously determined, as is not 

accurate enough to predict the binding energy.

However, the com parison between the lead compound PaTrin-2 29 and the rest o f  the 

ligands (see Figure 5.2) is especially valuable in com parative terms, as will permit us to 

obtain a rational interpretation o f  the activity o f  the corresponding ligand towards the 

M GM T. Two tests were run, considering the centre o f  the grid as a starting point, and 

then calculating the m ost stable M GM T-ligand interaction. Negative values o f energy 

represent contributions to the stabilization o f  the complex. The more stable complex for 

each ligand (minim um  value o f  energy) was considered for the analysis o f the 

interactions o f  the ligand with the amino acid residues o f  the active site. Evidently the 

ideal situation is to run several tests to calculate the m inimum energy o f  the complex for 

each ligand. Unfortunately this requires a long period o f  com putational time, and for that 

reason, only two tests could be performed. Details o f  the binding energy o f  the two tests 

are shown in Table 5.1.
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A.A
H,N N N

130, X = CH2 

132, X = NH 

134, X = 0  

136, X = CO

O
NO

96

NH2 HoN N N 
H

131,X  = CH2 

133, X = NH 

135, X = 0  

137, X = CO 

Br.

o
NO

97

Figure 5.2. Structures o f  the M G M T  inactivators used for the docking study.
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Table 5.1. Mean values for the binding energies in kcal/mol.

Compo Test I Test 2 Minimum Energy

29 -8.95 -12.46 -12.46

165 -7.28 -1.44 -7.28

130 -2.67 2.73 -2.67

131 -4.16 -1.52 -4.16

132 -1.80 -1.49 -1.80

133 -3.50 2.64 -3.50

134 -0.77 0.75 -0.77

135 -1.52 13.08 -1.52

136 -2.83 -1.24 -2.83

137 -1.98 1.76 -1.98

96 -4.49 -6.56 -6.56

97 -4.44 -6.60 -6.60

The conclusions about the binding energy o f  the MGMT-ligand complexes are discussed 

later in Section 5.6. In addition, as mentioned above, due to the approaches taken in the 

calculation, the binding energies are more an indication than a complete description o f 

the stabilization o f  the complex in real-life situation. An important conclusion to extract 

from these data is the strong interaction o f  the lead compound PaTrin-2 29 , followed by 

165, 96 and 97 . Consequently, we would predict a higher activity for those compounds 

over the rest o f ligands. The interaction energy calculated for the other compounds 130- 

137 is quite similar with a variation between -0.7 and -4.0 Kcal/mol. All these molecules 

possess related molecular structures. In the next Section we present a detailed study o f 

the hydrogen bonding and hydrophobic interactions found within each complex to 

determine which amino acid residues ai'e commonly involved in the binding process and 

which ones are ligand-specific.
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5^  Study of the van der Waals and Hydrophobic Interactions of the MGMT- 

Ligand Complexes

5.5.1 A View of the Inactivation of MGMT

In order to establish conclusions about the interaction and stabilization o f the MGMT- 

ligand complexes, a complete study o f the lead compound PaTrin-2 29 and the protein 

was carried out, based on the known mechanism o f inactivation (involving the crucial 

amino acid residue Cysl45). The interaction with the amino acid residues in the binding 

pocket was therefore calculated.

As previously discussed in Chapter 1, the human DNA repair protein MGMT plays a 

critical role in cancer therapy by repairing toxic, mutagenic and carcinogenic DNA by 

means o f  a highly conserved reaction involving the stoichiometric transfer o f the alkyl 

group to the active centre cysteine residue o f the MGMT protein. The repair mechanism 

o f action takes place by the transfer o f  an alkyl residue o f  guanine to the Cysl45 residue 

o f  the MGMT by a bimolecular nucleophilic substitution (S n2 ) reaction in which guanine 

is the leaving group (Scheme 5.1).^^ Pegg et al.^^ have reported that Cysl45 has been 

shown to be highly reactive with model electrophiles and exists as a reactive thiolate 

anion at neutral pH.

MGMT MGMT
Cys Cys

R
O

dR dR

Scheme 5.1

174



Chapter 5

As shown above, the interaction o f  the sulphur atom in the C ysl45  residue with the ether 

linkage is cm cial for the inactivation process to occur. The docking experiment we 

perform ed, showed a 3D representation o f  the MGMT protein with PaTrin-2 29, which is 

illustrated in Figure 5.3.

Figure 5.3. 3D representation o f  the the M GM T;PaTrin-2 29 complex, obtained from 

m olecular docking sim ulation (using Rasmol version 2.6).

This m odelling study provides us with a simple rationale for explaining the MGMT 

inactivation by PaTrin-2. The orientation o f  the ether linkage in the ligand towards 

C ysl45  favours the bim olecular nucleophilic substitution reaction ( S n2 ). This can be 

observed in the O^-thenyl substituent o f  the ligand PaTrin-2, which adopts a position 

within the binding pocket in the direction o f  the sulphur atom o f C ysl45 . A more realistic
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representation o f  this binding process would be to consider the dynamics and solvation 

effect o f the protein. However, considering that the modelling is based on the rigid 

structure, and a not-solvated crystal structure o f  the protein, the result presented here is 

quite successful. However, the distance between the 0^-(4-bromothenyl) group o f  

PaTrin-2 and the Cysl45 residue is still somewhat far. To obtain a more realistic situation 

and reduce the distance, the use o f  molecular dynamics (MD) simulations, including the 

molecules o f  solvent molecules should be employed. These studies would be a perfect 

complement to the docking procedure, giving flexibility to the protein and a more 

accurate description o f the complex. Molecular dynamics is the most popular simulation 

approach, in which accommodate fragments o f  ligands into the protein, searching the 

local minimum o f energy. Hence, it is possible to calculate the contribution o f  each part 

o r functional group o f the ligand into the binding process. Unfortunately, time constraints 

did not allow us to perform this final optimisation step.

5.5.2 Study of the Interactions o f the MGMT:Ligand Complexes with the Amino 

Acid Residues in the Binding Process

Once the mechanism o f inactivation has been studied, the next objective o f our 

computational work consists on the determination o f the amino acid residues involved in 

the binding process. Ligplot software (v.4.4.2) uses the docking results to take into 

account hydrogen bonding and hydrophobic interactions with the corresponding ligand 

and uses distance cut-offs for determining the interactions. Hence, the conclusions taken 

from that study helped us identify the amino acid residues involved in the complex 

formation. A detailed interaction analysis was performed for PaTrin-2 29 and the 

spermidine nitropyrimidine derivative 165, followed by the rest o f  aromatic ligands 130 

to 137 and the morpholino derivatives 96 and 97, comparing the stability o f  thenyl 

derivative complexes with the benzyl ones.
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PaTrin-2 29 was selected as the first compound to investigate. This compound has been 

found experimentally to be the best inactivator o f the protein and the docking resuhs 

provided the lowest value o f binding energy. The complex MGMT:PaTrin-2 29  is shown 

in Figure 5.4.

M o l I 7 7

Kc\
(•.<> m\oKAl(nhvJr.>p»hvhh.

IK<lm>infn h«KtJ .a a l ^  l  >n - i

Figure 5.4. 2D Representation o f the complex MGMT:PaTrin-2 29 .

The interaction o f the 0^-(4-bromothenyl) substituent o f PaTrin-2 with the protein is 

represented by several amino acid residue interactions. The terminal group o f

Lysl65 plays quite an important role in the stabilization o f the complex due to its 

interaction with bromine. Although the nature o f the interaction is difficult to elucidate, 

we consider it to be an electrostatic contact, due to the electronegativity of bromine and 

its attraction to the salt, rather than a hydrogen bonding interaction. There are

several hydrophobic contacts between the 4-bromothenyl group with the residues
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M etl34, V all48, Asnl57 and G lyl60. As has been discussed above, the atom Cn o f the 

ligand has a favoured orientation towards the residue Cysl45 (Figure 5.4), a crucial fact 

for the transfer o f the alkyl group to occur. It should be noted that the numbering o f  the 

purine system that has been followed thus far differs from the atom numeration given by 

the Ligplot (v.4.4.2) software. Only in this chapter o f computational chemistry we will 

refer to the latter in order to avoid confusion in the interpretation o f the drawings). 

Hydrophobic interactions o f the purine ring system are observed with T y r ll4  and 

G lyl56. More contacts can be quoted as the primary amino group o f the purine system 

stabilizes the complex by forming two hydrogen bonding interactions with the carbonyl 

group o f  the peptide bond o f the residues Ala 127 and Argl28. Another hydrogen bond 

can be observed between N? and the phenyl group o f  Tyrl 14. We notice that this is the 

only case where the 4-bromothenyl group presents hydrogen bonding interaction with 

amino acid residues and the only case where the molecule is totally surrounded by 

hydrogen bond contacts, which indicates better packing in the binding pocket o f the 

protein that would confer greater stability.

We continued our investigation with the study o f  the complex between MGMT and the 

spermidine derivative 165. This complex is illustrated in Figure 5.5.
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Figure 5.5. 2D Representation o f the complex MGMT; compound 165.

The first significant observation from the representation o f the complex is the lack of 

interaction o f the 4-bromothenyl group with any residue o f the protein. The nitro group 

does not present any interaction with amino acid residues either. Hydrogen bond contacts 

with the primary amino groups o f spermidine are observed with the phenolic OH group 

o f Tyrl 58 and the carbonyl group of Glyl 60. The contribution o f terminal primary amino 

groups to the stability o f the complex can be observed with all the ligands, and this will 

be discussed in Section 5.6. Moreover, the aliphatic chain o f spermidine shows 

hydrophobic contacts with Leu33 and Pro 140. The pyrimidine ring establishes hydrogen 

bonding interactions between N 5 and the alcohol group o f Seri 59, as well as N 7 , which 

also shows an interaction with the carbonyl group o f the peptide bond o f Asnl37. The 

contact o f this carbonyl group and the Ni o f the pyrimidine ring cannot be considered as a 

hydrogen bond, it is an artifact o f the software due to the proximity o f this group to the 

residue.
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We then turned to applying the method to the series o f  the polyaromatic amino ligands. 

These possess a similar structure with the distinguishing feature o f the fiinctional group 

in the bridge o f the two aromatic rings, and the replacement o f the benzyl group by the 4- 

bromothenyl group.

Figure 5.6 represents the complex between MGMT and the ligands 130 and 131 (CH2 

bridge) in order to compare the benzyl group against the 4-bromothenyl group.

Compound 130 shows hydrophobic interactions between the benzyl ring and the amino 

acid residues Leu33, Serl59 and G lyl60. Similar interactions have been found for the 4- 

bromothenyl group o f compound 131 with Asnl57 and T y rll4 . The region o f the 

pyrimidine system in compound 130 presents hydrogen bonding contributions between 

the carbonyl group o f  the peptide bond o f  M etl34 and Argl35 and the primary amino 

group o f the pyrimidine, which can be also observed in the complex with compound 131, 

with M etl34 and Serl59. However, the interaction o f N3 o f  pyrimidine in the complex 

with compound 130 with Argl35 and Asp 137 cannot be taken into account, as again is an 

artifact o f the program. It is important to indicate that the nitro group effect seems to be 

irrelevant in these two compounds. The diphenyl region presents similar hydrogen 

bonding interactions with the primary amine o f the phenyl group for both compounds 

(G lyl32 with 130 and Ile31 with 131). Besides, compound 130 shows some hydrophobic 

interactions in the phenyl ring with Glyl36, whereas compound 131 shows a greater 

contribution in the phenyl ring with Prol40 and Serl59, plus the effect o f  Tyrl58, 

M etl34 and Argl35 with the pyrimidine ring. We conclude that there is no contribution 

from the linker CH2 between the phenyl rings to the stability o f the complex.
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Figure 5.6. 2D Representation o f the complex MGMT: compound 130 (top) and MGMT: 

compound 131 (bottom).
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Follow ing with the next series o f  com pounds. Figure 5.7 illustrates the com plex o f  

MGMT with the ligands 132 and 133 (NH bridge).

Compounds 132 and 133 present quite an important number o f  hydrophobic interactions 

with the benzyl and 4-brom othenyl group respectively, as w ell as w ith the ether linkage. 

Glu30, I leS l, Lys32, P rol38  and P ro l40  with 132, and T yrl 14, G ly l3 1, A rg l3 5 , A sn l5 7  

and T yrl58  with 133. An additional hydrogen bond contact between the primary amino 

group in the phenyl ring and Thr95, along with hydrophobic interactions between Seri 59 

and the pyrimidine ring, as w ell as G ly l3 2 , A la l3 3 , G ly l3 6  and the phenyl rings can also 

be observed. There are two quite significant hydrogen bonding contributions between the 

tw o secondary amino groups o f  the phenyl rings and M etl3 4 , A sn l3 7  and S erl5 9 . The 

nature o f  the interaction o f  one NH {N 19) and the carbonyl group o f  M e tl3 4  and S er l5 9  is 

a bifiircated or three-centred hydrogen bond, which has been reported previously by 

Rozas et  a / . ’** Those type o f  bonds could be symmetric or asymmetric depending on the 

values o f  electron density o f  the interactions involved. Another contribution between the 

primar>' amino group o f  the phenyl ring and Leu33 can be observed, along with 

hydrophobic interactions o f  the phenyl rings with Pro 140 and C y s l4 5 , and the pyrimidine 

ring with M etl3 4  and Serl59 .
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Figure 5.7. 2D Representation o f  the complex MGMT: compound 132 (top) and MGMT: 

compound 133 (bottom).

183



Chapter 5

The next two com pounds to study are 134 and 135 (oxygen bridge), which complexes 

w ith M GM T (Figure 5.8).

Com pound 134 presents hydrophobic interactions between the benzyl ring and the ether 

linkage with Leu33, P ro l40 , G ly l60  and A rg l35 , as well as interactions between Gly 

136 and the phenyl ring. Once more, the ligand with a benzyl group shows a hydrogen 

bond interaction with the nitro group through the alcohol group o f  S e r i59. The amino 

group o f  the pyrim idine ring generates another interaction with the carboxylate group o f  

G lu l30 . In this particular case, it is difficult to predict the nature o f  this interaction, as it 

could be either a hydrogen bond contact with the hydrogen o f  the amino group or an 

electrostatic interaction with N 2 5 . Besides, a hydrogen bonding contribution between the 

amino group o f  the phenyl group and Gly 132 can be observed. Com pound 135 shows a 

greater contribution o f  hydrophobic contacts between the 4-bromothenyl group, ether 

linkage and pyrim idine and the amino acid residues G ly l36 , A sn l37 , P ro l38  and Pro l40; 

the phenyl rings also show interactions with Met 134, T y rl58  and S e r i59, along with 

A rg l35  and A sn l57 . The hydrogen bonding contribution o f  the interaction o f  O n  with 

A rg l35  is also relevant. The nature o f  the interaction is, yet again, difficult to predict, as 

it could be electrostatic with the positive charge in A rgl35  o r hydrogen bonding with the 

amino group o f  A rg l35  or both since ionic interactions often reinforce hydrogen bonds. 

Another interaction with the prim ary am ine o f  the phenyl ring was also observed.
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Figure 5.8. 2D Representation o f the complex MGMT: compound 134 (top) and M GMT: 

compound 135 (bottom).
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The results obtained for the docking calculation o f  com pounds 136 and 137 (C = 0  bridge) 

in the M GM T active site are shown in Figure 5.9.

The binding energy calculated for these two com pounds show s a different behaviour to 

the rest o f  the ligands analysed before, in which the benzyl derivative forms a more stable 

com plex than the corresponding 4-bromothenyl adduct. This does not match the 

experim ental I50 results (see Table 5.2).

The benzyl ring and the ether linkage o f  compound 136 show  hydrophobic contacts with 

G lu30, Pro 138 and Pro 140; the pyrimidine ring presents more hydrophobic interactions 

with S erl5 9  and the phenyl rings with G ly l3 1 , A rg l3 5 , A sn l5 7 , T yrl58  and S erl59 . 

A rg l3 5  is a crucial amino acid residue in this com plex, as the carbonyl group o f  its 

peptide bond forms a hydrogen bond with the secondary amine (Nio) and an electrostatic 

interaction with the nitro group. There is also a hydrogen bonding interaction between the 

primary am ine o f  the pyrimidine ring and S er i59. The primary amino group o f  the 

phenyl ring forms two hydrogen bonds with G ly l31  and the phenol group o fT y r l 14. The 

terminal amino group in the phenyl rings plays quite an important role in all the 

com plexes described so far and, as mentioned above, w e w ill d iscuss its role in the 

binding process later in this chapter. Compound 137 show s hydrophobic interactions 

between the 4-bromothenyl group and ether linkage with Lys32 and Pro 140, the 

pyrimidine ring with A rgl35 , P ro l40  and T yrl58 , and the phenyl rings with Tyrl 14, 

Gl yl 31 ,  M etl3 4 , A rg l3 5 , C y sl4 5  and As nl 57 .
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Figure 5.9. 2D Representation o f the complex MGMT: compound 136 (top) and MGMT: 

compound 137 (bottom)
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The last two MGMT complexes with compounds 96 and 97 that we investigated do not 

follow the same pattem as before, due to the fact that the phenyl rings have been 

substituted by morpholine (Figure 5.10).

The binding energy o f these two compounds is quite similar; thus the docking shows no 

difference between the benzyl and 4-bromothenyl derivatives. Compound 96 presents 

hydrophobic interactions between the benzyl group and Glyl31 and Glyl32, the 

pyrimidine ring and Tyrl 14, Metl34 and Asnl57 and the morpholino group and Metl34, 

Argl35, Cysl45, Asnl57, Tyrl58 and Serl59. Hydrogen bonding interactions are 

generated between the phenolic group of Tyrl 14 and the pyrimidine, and the oxygen of 

the morpholine with Serl59 and Cysl45. The latter interaction with Cysl45 reduces the 

probability o f an alkyl transfer by a Sn2 mechanism. Compound 97 shows hydrophobic 

interactions between the 4-bromothenyl group and Asnl37, Pro 140 and T yrl58, the 

pyrimidine with Glyl32 andMetl34, and the morpholino group with Glyl31, Argl35 and 

Asnl57. The sulphur atom of Cysl45 is sufficiently close to the ether linkage to allow the 

Sn2 substitution to occur. Hydrogen bonds are formed between the amino group o f the 

pyridine and Cysl45 and the ether linkage with Seri 59.



Chapter 5

S e t J 

#■

M ol 177 Ai|l 1 »*.

Key
IA< » >KW-li»runJ cn i(i

^  Kl 4'<it>Ukb \i
N*><>'ilpUhl hiitki

j«ki Wn̂-lK

M ol 177
\sn 1^7 .

t"

•V*.

Kcv
I h c n i  I t .  S o f i- l i f a n i  it''»iik.-> im i th c i l  «
N .»n-lv«»lh.w d cinLfciiN,.

I K«tn>iMi h*«iJ diki iI n In iltih  ^  <'<iiTc<r«vOiri>r jl<an« ttiv ithc iJ cri lis xniU iib
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5^ .3  Am ino Acid Residues Com m only Involved in the Binding Pocket.

The docking studies provide complete information about the role o f  the amino acid 

residues in the active site o f  the binding process and the type o f  interactions involved. We 

found that some amino acids are always present in m ost o f  the interactions to form the 

com plexes. Hence, those amino acid residues could be considered essential or com m only 

involved in the binding pocket o f  the protein MGMT.

Pro 140 was found to form hydrophobic interactions with all the com pounds except in 

PaTrin-2. A rgl35  and Serl59  also appear in all the interactions in all the com plexes. 

However, the nature o f  the interaction is different depending on the ligand. In som e cases 

the interaction is hydrophobic and, in o ther cases, involves hydrogen bonding. 

Interestingly, T yrl58  is involved in hydrophobic interactions only in com plexes where 

the ligand possesses the 4-brom othenyl group. A sn l57  and M et 134 are another two 

residues that follow the same pattern, but in this case the nature o f  the interaction is 

diverse, m ainly hydrophobic, except from two cases with the ligands 135 and 97 where a 

hydrogen bonding interaction takes place. The involvement o f  the rest o f  the amino acid 

residues cannot be rationalised. We were unable to establish a trend in their role in the 

binding pocket and we can therefore consider the interaction o f  these residues ligand- 

specific.

5.6 Discussion and Future W ork

M olecular m odelling studies provide us with simple rationale for interpreting the 

experimental M GM T inactivation assays results, at least on qualitative basis. Table 5.2 

presents the results o f  binding energy and the experimental I50 for the set o f  inactivators 

studied.
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Table 5.2. M ean values for the binding energies generated by docking in kcal/mol and 

experim ental I50 in |aM.

Compound Energy IsoCi-iM)

29 -12.46 0.0034

165 -7.28

130 -2.67

131 -4.16 20

132 -1.80

133 -3.50 4.7

134 -0.77 inactive

135 -1.52 13

136 -2.83 inactive

137 -1.98 5.7

96 -6.56 19

97 -6.60 1.0

The m odelling experiments show PaTrin-2 29 as the best inactivator for the tested set o f 

ligands, followed by the m orpholino derivatives 96 and 97. The phenyl ring adducts are 

significantly poorer ligands. This can be explained by the poor fit o f  the aromatic rings 

into the M GM T binding pocket, due to steric hindrance. The morpholino adducts 96 and 

97 present a significant improvement in terms o f  the interaction energy compared to the 

rest o f  tested compounds, possibly due to the fact that the attached group (morpholine) at 

the N-4 position o f  the 5-nitropyrimidine is less bulky, m ore flexible and fits better into 

the active site o f  the protein. The spermidyl derivative 165 shows the second best value 

o f  binding energy, fact that could be explained by the flexibility o f  the long alkyl chains, 

which m ay fit m ore efficiently into the active site. The experimental results show a 

certain trend where the increment in the bulkiness o f  the substituent in contributes 

negativity to the inactivation activity. Unfortunately, we did not manage to synthesise
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compound 165 to confirm that trend. However, according to this model, its activity might 

be predicted in the range between PaTrin-2 and compound 97.

The experimental results show that the effect o f  the linker between the two phenyl rings 

(-CH2-, -NH-, -0 -, -CO- compounds 130-137) is not very important, although we found 

that linkers with high hydrogen bonding affinity (NH and CO) provided slightly better 

values o f  I 5 0 .  In the molecular modelling, we found some interactions o f the NH group o f 

the complexes MGMT:132 and MGMT:133, but with no relevance. In general, the 

computational studies show no influence o f  the linkers over the binding energy o f  the 

compounds. The nitro group does not affect the binding process either, and apart fi-om a 

few cases, the interaction o f different amino acids with the nitro group does not exist. 

However, the terminal amino group o f the phenyl rings appears to play an important role 

in the binding process, as it has shown interactions with different amino acid residues in 

all the complexes. Similarly, the terminal spermidine amino groups interacts with specific 

amino acid residues in the binding site. These facts, combined with the steric effect 

mentioned above, could explain the low binding energy obtained for compound 165.

As mentioned in the introduction o f  this Chapter, computers have become a necessaiy 

tool for drug development. Based on this study, and as fiiture work, the modification o f 

fijnctional groups, such as nitro, decreasing the steric hindrance o f the phenyl groups, and 

including more rotational freedom in the molecule, such as alkyl chains like in 

spermidine and leaving a terminal amino group in the ligand, could lead to better 

inactivators o f MGMT.

Unfortunately, the docking procedure shows no significant difference between the 

binding energies for the benzyl and the 4-bromothenyl analogues. On the contrary, the 

experimental I50 results clearly showed that the benzyl derivatives are inactive. 

Furthermore, most o f the interactions with the 4-bromothenyl group are hydrophobic, 

where electrostatic interactions would be expected, due to the higher polarity o f  that 

group compared to the benzyl ring. In nearly all the cases, the compounds with a 4- 

bromothenyl group show a lower value o f  binding energy than those found for the
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corresponding benzyl analogues, although the difference between them is insignificant to 

explain the lack o f  activity o f  the benzyl derivatives found in the biological assays.

The achievement o f  this docking experiment is the prediction o f  the orientation o f  

PaTrin-2 towards the C ysl45  residue, being that fact quite important in explaining 

inactivation by a Sn2 mechanism, as has been discussed in the Chapter 1, and in Section 

5.5.1.

Finally, although the docking program  allowed us to explain some experimental results, it 

is important to be aware o f  the limitations o f  this method. First, a better optim isation o f  

the docking could be perform ed by running more tests with different orientation o f  the 

ligands within the binding pocket. Then, calculations applying m olecular dynamic 

sim ulations to the docking results would give more accurate structures and values o f  

binding energies.
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6.1 In troduction

The Christie Hospital in Manchester is one o f the leading cancer centres in Europe, 

offering high-quality diagnosis, treatment and care for cancer patients, as well as world- 

class research and education in all aspects o f  cancer.'*^ The Paterson Institute for Cancer 

Research is a part o f  this complex and is one of the largest laboratories in the UK that is 

exclusively dedicated to cancer research.

The ability o f the 5-nitropyrimidine derivatives prepared to inactivate the human MGMT 

protein has been determined by our collaborators. Dr. Geoffrey P. Margison and his co­

workers, who are based in the Paterson Institute for Cancer Research.

6.2 D eterm ination  o f  the M G M T  Inactivation  A ctivity  ( I 5 0 )  

6.2.1 P urification  o f  M G M T

The cDNA (complementary DNA) cloning and overexpression o f the human MGMT has
190been reported previously. Purification o f the recombinant proteins was achieved by 

affinity chromatography through a DNA-cellulose column or by DEAE-cellulose ion- 

exchange chromatography. For the latter, the MGMT protein was partially purified by 

ammonium sulphate precipitation (30-60%) and dialyzed against 10 mM Tris-HCl (Tris 

(hydroxymethyl) aminomethane hydrochloride, pH 7.5), I mM dithiothreitol (DTT), 2 

mM EDTA, 10% glycerol, before loading onto a DEAE cellulose column. The purified 

human MGMT protein retained activity for more than one year when stored at high 

concentration at -20  °C in buffer I [50 mM Tris-HCl (pH 8.3) / 3 mM DTT/ 1 mM 

EDTA].
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6.2.2 Incubation with Inactivators and MGMT Assay

The method employed by our collaborators is based on a modified procedure first 

described by Myres et The compounds to be tested were dissolved in DMSO to a 

final concentration o f 10 mM and diluted just before use in buffer I containing 1 mg/mL 

bovine serum albumin (IBSA). Radiolabelled [^H]-methylated DNA substrate, in which 

one of the protons is replaced by tritium, is added to buffer I containing the purified 

protein MGMT and the mixture is incubated at 37 °C for 1 h. During this time, the 

transfer of the [^H]-methyl group to the cysteine residue o f the MGMT occurs. Following 

acid hydrolysis o f DNA in trifluoroacetic acid the methylated radioactive protein was 

separated by filtration or centrifiagation. The [^H]-methylated MGMT is recovered and 

quantified by liquid scintillation counting.

The MGMT inactivation ability is reported as the I50 (fiM), which is the concentration of 

inactivator required to produce a 50% reduction in MGMT activity. The I50 value is 

determined in a competition assay, wherein the inactivator and the [^H]-methylated DNA 

compete to react with the protein MGMT. A fixed amount of MGMT is incubated with 

varying amounts of the inactivator at 37 ”C for 1 h. The [^H]-methylated DNA is then 

added and incubation continued at 37°C for another hour, where the radiolabelled DNA 

reacts with the remaining MGMT that has not been inactivated by the pseudosubstrate. 

As the total amount of MGMT used is known, by subtracting the amount of [^H]- 

methylated MGMT produced in the experiment, the amount o f MGMT that has reacted 

with the inactivator can be obtained.

The I5 0  value is calculated b y  plotting the radiation (cpm, counts per minute) of 

remaining MGMT which has not reacted with the inactivator inactivator concentration.

63  I50 values of 5-Nitropyrimidine Derivatives

The following Table 5.3 and Figure 6.1 show the I50 values obtained for the 5- 

nitropyi'imidines derivatives, whose synthesis was discussed earlier in this report.
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Table 5.3. I50 values o f  5-nitropyrimidine derivatives. The standard value o f  PaTrin-2 29 

obtained is 0 .0034 //M . Compounds are described as inactive when there was 

no significant effect in M GM T-depletion at their maximal concentration.

V
H,N N N

134,X = 0  

136, X = CO

A AH2N N N ^
O

N -

A ^NH2  H2 N N N

131,X = CH2 

133,X = NH 

135,X = 0  

137,X = CO

96

NO

97

Identification code I50 (mM) Identification code I50 (/^M)

B 4690 (131) 20 B 4694 (136) inactive

B4691 (133) 4 .7  B 4695 (137) 5.7

8 4 6 9 2 (1 3 4 )  inactive B 4688 (96) 19

B4693 (135) 13 6 4 6 8 9 (9 7 )  1.0
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Figure 6.1. Inactivation o f  M GM T by som e 5-nitropyrim idine derivatives previously 

illustrated in Table 5.3.
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6.4 Analysis of I50 Values

These 5-nitropyrimidines 131, 133, 134-137 were tested for their MGMT inactivating 

abihty. Their I50 values can be compared with the standard value of PaTrin-2 (0.0034 

fiM). In general, the set of tested compounds has shown a very poor activity.

Very few general trends and conclusions can be extracted from the results obtained. It 

transpired that the monocyclic 5-nitro precursors of O^-benzylguanine 15 and 0^-(4- 

bromothenyl)guanine 29 that we have investigated in this report, generally were inferior 

inactivators than the corresponding parent compounds. We attributed this poor activity to 

the loss of the guanine skeleton, which in general leads to lower I50 values.™

We found that there was a marked difference between benzyl and 4-bromothenyl 

substituents in 5-nitropyrimidines. The benzyloxy derivatives 134 and 136 were totally 

inactive, compared with their 4-bromothenyloxy analogues 135 and 137. Even though we 

have not completed work on the less accessible benzyloxy adducts 130 and 132 (X=CH2 , 

NH), we can predict that these would follow the same pattern. On the other hand, the 

benzyloxy-morpholino derivative 96 exhibited a poor activity (I50 19 /xM), approximately 

20 times lower than the corresponding (4-bromothenyloxy)-morpholino derivative 97 (I50 

1.0 /xM). This trend has been observed in our research laboratories and was discussed 

already in Chapter 1. For instance, PaTrin-2 (I50 0.0034 juM), our lead compound, was 

found to be ten times a more potent inactivator than the corresponding analogue Ô - 

benzylguanine 15 (I50 0.04 fxM).

These results also indicate that the substitution at the 4-position of the pyrimidine ring is 

not well tolerated, since the introduction o f morpholine (compound 96) showed a poor 

biological activity of 19 [jlM. Further substitution by polyaromatic amines (compounds 

134 and 136) clearly obliterated activity. This demonstrates that bulky groups at the 4- 

position of 5-nitropyrimidines affect negatively to MGMT-depletion activity.

The 2-amino-4-(4-bromothenyloxy)-6-moiphoIino-5-nitroprimidine 97 was the most 

active compound synthesised (I50 1.0 fiM), approximately a thousand times less effective
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than PaTrin-2 (I50 0.0034 /xM). Evidently, these results are quite disappointing and 

confirm the low tolerance in MGMT inactivation o f 5-nitropyrimidines when modified at 

the 4-position. Compounds 131, 133, 135 and 137 gave I50 values o f 20, 4.7, 13 and 5.7 

^M . Thus far no clear pattern has emerged in the comparison o f  the set o f  values, 

although it shows that groups with more tendency to form hydrogen bonds (X=NH, CO) 

gave a better MGMT-depletion activity. We believe that this has implications with the 

amino acid residues involved in the binding process o f these compounds. Unfortunately, 

the modelling studies we performed did not show a clear trend, except for compound 133, 

wherein A spl37 is clearly involved in the stabilization o f the binding process by 

interaction with the NH group.

We conclude that the I50 results obtained for the polyaromatic 5-nitropyrimidine 

derivatives 131, 133, 134-137 with purified MGMT are quite unsatisfactory. However, 

we believed that assays in vivo could produce more encouraging results, owing to the 

demonstrated affinity o f  these polyamines to bind to the minor group o f DNA.*'

Nevertheless, the computational studies discussed in Chapter 5 revealed that the set o f 

compounds investigated (130-137) presented several hydrogen bond and hydrophobic 

interactions that afforded stable MGMT : ligand complexes. We believe this might have 

implications with the activity o f  these derivatives as reversive inhibitoi's.

Reversible inhibitors are molecules that usually react with the enzyme, producing 

depletion in the enzyme activity. These inhibitors bind non-covalently (such as van der 

Walls interaction), modifying key amino acid residues in the binding site o f the enzyme 

that are needed for the inhition activity. In consequence these types o f  inhibitors are 

effectively instantaneous in their action, but do not permanently disable the enzyme. In 

contrast, irrevesible inhibitors usually react with the enzyme forming covalent bonds that 

change it chemically. With regard to the computational studies that showed efficient 

hydrogen bond and hydrophobic interactions, we believe that, although the inactivation 

o f  the MGMT was not efficient, these compunds (130-137) might present a good 

reversive inhibition with this protein. Research in this area is still imminent.
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Chapter 7 Experimental

Uncorrected meUing points were measured in unsealed capillary tubes using a Stuart 

Scientific Melting Point SM Pl. ' h , '^C and '^F spectra were measured on a Bruker 

DPX400 spectrometer at 400, 100 and 376.5 MHz respectively. 'H and '^C values are 

given in ppm fi-om tetramethylsilane, ' ‘̂ F values based on trifluorotoluene as standard (6p 

-63.9). J values are given in Hz. UV spectra were recorded on a Unicam UV4 

spectrometer and solutions in methanol. IR spectra were recorded on a Perkin Elmer 

Spectrum 1 FT IR instrument. Mass spectra were measured on a Micromass LCT 

electrospray TOF instrument with a WATERS 2690 autosampler. Microanalysis was 

carried out in the Microanalytical Department, University College Dublin.

2-Amino-4,6(3H,5H)-pyrimidinedione (52)'*’̂

O

A mixture o f  diethyl malonate (1.60 g., 10 mmol), guanidine carbonate (1.80 g, 10 mmol) 

and ethanol (25 ml) was refluxed for 24 h. A precipitate formed during this time. After 

cooling the mixture, the product was filtered off and washed with ethanol, leaving a white 

solid (1.45 g). The product was dissolved in water (pH ~ 10) and neutralized to pH 7 with 

IM HCl. The white solid formed was collected, washed with water, suction-dried and 

dried in vacuo over phosphorus pentoxide to afford a pale pink solid (0.74 g, 58%), 

extremely insoluble in organic solvents.
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mp >260 “C (L it.'^^>330‘>C)

'H NMR (400MHz, DMSO-de) 5 4.32 (s, 2H, CH2 ); 6.82 (s(br), 2H, NH2 ); 10.5 (s, IH, 

NH)

v„,ax3333,3141 (NH2 ,N H ); 1681, 1656 (CO) cm '

2-Amino-4,6(3H,5H)-5-nitropyrimidinedione (53)^^’'*̂^

O

(a) A mixture o f  diethyl nitromalonate (2.05 g, 10 mmol), guanidine carbonate (1.80 g, 

10 mmol) and ethanol (25 ml) were refluxed for 24 h. A precipitate formed and the 

yellow colour intensified during this time. After cooling the mixture, the product was 

filtered off, washed with ethanol and suction-dried to give a solid (1.32 g). The product 

was suspended in water (pH~10) and neutralized to pH~6 with IM HCl. The final solid 

was collected, washed with water, ethanol, diethyl ether and dried in vacuo over 

phosphorus pentoxide to afford a pale green product (0.78 g, 45%).

(b) 2-Amino-4.6(3//,5//)-pyrimidinedione 52 (5.10 g, 40 mmol) was dissolved in 

concentrated sulphuric acid (65 ml) over 15 min. Potassium nitrate (4.08 g, 40 mmol) 

was added slowly in small portions over 5 min. The resulting yellow solution was stirred 

at room temperature for 2 h and then poured slowly into ice (500 g), forming a greenish- 

yellow solid which was filtered off, washed with water, ethanol, diethyl ether and dried in 

vacuo over phosphoms pentoxide to give the pale green product (6.48 g, 94%).

As the solid retained water, two methods were carried out to dry it.

1) The Dean-Stark method. The sample was suspended in toluene (100 ml) and the 

mixture was refluxed so that the azeotropic mixture (80% toluene/20% water) was
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distilled over. The toluene was removed and the solid was washed with methanol 

and dried.

2) The solid was dried in a vented oven at 70 ”C for 48 hours. Its melting point is 

higher than 260 °C, so there was no risk of decomposition.

Both methods gave a pale green solid, extremely insoluble in organic solvents.

mp >260 °C (Lit.'*̂  ̂>400 "C)

'H NMR (400 MHz, DMSO-d6) 6 7.47 (s(br), 3H, NH2 , H5), 11.3 (s(br), 1H, NH)

^max 326 nm

V „ i a x  3310, 3216, 3184 (NH2,NH); 1690, 1679 (CO); 1556 (NO2) cm"'

4,5,6-Trichloro-2-{[(dimethylamino)methylidene]amino}-pyrimidine (64)

Phosphoms oxychloride (29.8 ml, 320 mmol) was cooled to ~ 4 ”C in an ice bath under 

an argon atmosphere. Dry DMF (12.9 ml, 176 mmol) was added dropwise over 5 min. 

The mixture was allowed to reach room temperature. 2-Amino-4,6(3//,5//)-5- 

nitropyrimidinedione 53 (6.88 g, 40 mmol) was added in small portions and the reaction 

mixture stirred for 20 min until the exothermic reaction ceased. The suspension was 

heated for 1 h at 100 ”C, leaving a brown-reddish solution, which was cooled, 

concentrated to half volume and poured slowly into ice (300 g). The brown-yellowish 

solution formed was immediately basified with ammonia to give a yellow solid, which 

was collected, washed with water and dried in vacuo over phosphorus pentoxide (4.11 g.

Cl

41 %).
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mp >260 “C

'H NMR (400 MHz, DMSO-dfi) 5 3.06 (s, 3H, NCH 3); 3.20 (s, 3H, NCH 3); 8.59 (s, IH, 

N-CH=N)

‘̂ C NMR (100 MHz, DMSO-de) 5 35.2, 41.1 (NCH3); 116.7 (C5); 158.2 (C4 ), 159.8 (N- 

CH=N); 163.3 (C2)

^max 240, 266, 304 nm 

Vmax 1626 (C=N) cm '

2-Amino-4,5,6-trichloropyrimidine (65)

(a) Phosphorus oxychloride (22.4 ml, 240 mmol) was cooled to ~2 "C in an ice bath 

under an argon atmosphere. Dry DMF (9.69 ml, 132 mmol) was added dropwise over 5 

min. The cloudy mixture was allowed to reach room temperature. 2-Amino-4,6(3//,5//)- 

5-nitropyrimidinedione 53 (5.16 g, 30 mmol) was added in small portions and the 

reaction mixture was heated for 1 h at 100 ° C to give a red brown solution. This was 

cooled and poured slowly into 1:3 ice/water (400 ml). The aqueous solution was heated 

at 50 °C for 2 h to give a pale cream solid, which was filtered off, washed with water and 

dried m vacuo over phosphorus pentoxide. Recrystallization from methanol gave pale 

yellow needles ( 1 . 6 8  g, 28 %).

(b) 4,5,6-Trichloro-2-{[(dimethylamino)methylidene]amino}pyrimidine 64 (132 mg, 0.52 

mmol) was dissolved in 5N HCl (15 ml) and stirred at room temperature for 4 days. The 

yellow solid formed was filtered, washed with water, and dried in vacuo over phosphorus 

pentoxide to afford the pale yellow product (48 mg, 46%).

Cl
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mp 214-216 "C

'H NMR (400 MHz, DMSO-dft) 5 7.71 (s, 2H, NH2)

'^C NMR (100 MHz, DMSO-de) 6  111.5 (C5); 158.4 (C4); 160.3 (C2)

Vmax 3409, 3323 (NH2) cm''

C4 H2N3CI3 requires C, 24.21; H. 1.02; N, 21.18%. Found C, 24.18; H, 0.89; N, 20.46 %.

2-Amino-4,5-dichloro-6-methoxypyrimidine (69)

O M e

,CI

A X
H2N N Cl

Sodium methoxide (41 mg, 0.76 mmol) was added to a solution of 2-amino-4,5,6- 

trichloropyridine 65 (50 mg, 0.24 mmol) in methanol (10 ml), in small portions under 

stirring. The reaction mixture was stirred at room temperature overnight. The methanol 

was removed and water (10 ml) added. The solid formed was filtered, washed with water, 

and dried in vacuo over phosphorus pentoxide for 3h to give pale yellow needles (43 mg, 

95%).

mp 202-204 ”C

'H NMR (400 MHz, DMSO-ds) 5 3.91 (s, 3H, CH3O); 7.24 (s, 2H, NH2)

'^C NMR (100 MHz, DMSO-d6) 5 55.1 (CH3O); 99.6 (C5); 156.6, 160.2, 165.7 (C2, C4 , 

C6)

v„,ax 3362, 3324 (NH2) cm '

MS (ES) [M +H f calculated m/z for C5H6N3OCI2 193.9888; found 193.9881 

X-ray structure was recorded in the chapter Appendix.
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2-Amino-4,5-dichloro-6-morpholinopyrimidine (70)

Cl

A solution o f morpholine (115 mg, 1.32 mmol) in acetone (3 ml) was added dropwise to 

a stirred solution o f the 2-amino-4,5,6-trichloropyrimidine 65 (54 mg, 0.27 mmol) in 

acetone (3 ml) and the mixture was refluxed for 1.5 h and then stirred at room 

temperature overnight. The solvent was removed on the rotary-evaporator and water (10 

ml) was added to give a white solid which was filtered off, washed with water and 

suction-dried (36 mg, 53%).

mp 218-220 °C

‘h  NMR (400 MHz, DMSO-d6) 5 3.48 (t, 4H, J 4.8, NCH2 CH2 O); 3.67 (t. 4H, J 4.8, 

NCH2CH 2O); 6.91 (s, 2H, NH 2 )

'^C NMR (100 MHz, DMSO-de) 6  48.2 (NCH2 CH2 O); 66.1 (NCH2CH 2 O); 100.9 (C5); 

158.0, 159.8, 162.9 (C2 , C4 , Ce) 

v^x  3387, 3307 (NH2 ) cm ''

MS (ES) [M + H f calculated m/z for C 8H ,,N 4 0 Cl2 249.0310; found 249.0320 

4- Azido-2-{[(dimethylamino)methyliderie]amino}-5,6-dichloropyrimidine (71)

Cl
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The protected trichloropyrimidine 64 (100 mg, 0.39 mmol) was added with stirring to a 

suspension o f  sodium azide (27 mg, 0.41 mmol) in dry DMSO (1 ml). The reaction 

mixture was stirred ovemight at room temperature. Water (3 ml) was added, and the solid 

precipitated, was filtered off, washed with water several times and dried in vacuo over 

phosphorus pentoxide to give a white solid (65 mg, 62%).

mp 130-132 ”C

'H  NMR (400 MHz, DMSO-d6) 5 3.25 (s, 3H, NCH 3); 3.36 (s, 3H, NCH 3); 8.84 (s, IH, 

N-CH=N)

'^C NMR (100 MHz, DMSO-dg) 5 36.0 (NCH3); 41.8 (NCH3 ); 103.3 (C 5); 146.1, 147.4, 

151.1, 159.9 (C2 , C4 , Cft, N-CH=N)

Vn,ax2146 (N3 ); 1653 (C=N)cm-'

MS (ES) [M+H]^calculated m/z for C 7 H 8N 7 OCI2 260.0218; found 260.0215

2-A mino-4-azido-5,6-dichloropyrimidine (72)

Cl
Cl

N
Cl N

A  ^
H 2N  N  N3

II  1
H2N

'  /  
N - n

(a) Sodium azide (328 mg, 5.1 mmol) was added slowly with stirring to a suspension o f 

the 2-amino-4,5,6-trichloropyrimidine 65 (963 mg, 4.6 mmol) in dry DMSO (10 ml),. 

The reaction mixture was stirred at room temperature for 4 days. W ater (30 ml) was 

added to give a white product which was filtered off, washed with water several times 

and dried in vacuo over phosphorus pentoxide. Recrystallization fi'om methanol gave pale 

yellow crystals (552 mg, 58 %).

(b) Aqueous sodium nitrite (35 mg, 0.51 mmol in 2ml) was added to a stirred suspension 

o f  2-amino-4,5-dichloro-6-hydrazinopyrimidine 74 (50 mg, 0.26 mmol) in 0.5 N HCl (2

206



Chapter 7

ml) at 0 °C. Ethanol was added to reduce foaming (2ml). The reaction mixture was 

allowed to reach room temperature and stirred for 2 h. The white solid formed was 

filtered off, washed with water, a few drops o f methanol and diethyl ether to afford a pale 

yellow solid (30 mg, 56%).

mp 194-196°C

‘H NMR (400 MHz, DMSO-dft) 5 7.48, 9.10 (s, 2H, NHj)

'^C NMR (100 MHz, DMSO-de) 6  99.1 (C5); 143.9 (€&); 147.3 (C4); 150.9 (C2)

Vniax 3461, 3304, (NH 2 ); 2141 (N 3) cm '’

C4H2N 6CI2 requires C, 23.43; H, 0.98; N, 41.00%. Found C, 23.35; H, 0.75; N, 40.48%. 

2-Amino-5-chloro-4,6-diazidopyrimidine (73)

N3

N-V"'
\\

H2N N ^  [vj 

N - N

Sodium azide (561 mg, 8 . 6  mmol) was added slowly to a solution of 2-amino-4,5,6- 

trichloropyrimidine 65 (286 mg, 1.4 mmol) in DMSO (3 ml). The reaction mixture was 

stirred 24 h at room temperature and at 35 “C for another 24 h. Water (9 ml) was added 

and the solid formed was filtered, washed with water and dried in vacuo over phosphorus 

pentoxide to afford a brown-yellow solid (203 mg, 67%).

mp 192-194 "C

'H NMR (400 MHz, DMSO-de) 6  7.24, 9.01 (s, 2H, NH2)

'^C NMR (100 MHz, DMSO-de) 6  87.3 (C 5); 117.2 (C5 diazidc); 144.2(C6); 149.6 (C4 ); 

151.0(C2); 159.5, 160.3 (C4 , C2 diazide)

Vmax3355, 3228 (NH 2); 2162, 2126 (N 3) cm '’

Cl
N

A A
H2N N N3
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2-Amino-4,5-dichloro-6-hydrazinopyrimidine (74)

Cl

Cl

H2N N NHNH2
A..A

2-Amino-4,5,6-trichloropyrimidine 65 (991 mg, 5 mmol) was dissolved in methanol (125 

ml). Hydrazine hydrate (5.06 fil, 10.4 mmol) was added and the stirred solution was set 

aside 2 h at room temperature. The product, which separated, was collected by filtration, 

washed with water, methanol, diethyl ether and dried in vacuo over phosphorus pentoxide 

to give a yellow solid. Recrystallization from tetrahydrofliran gave pale yellow crystals 

(810 mg, 84%).

mp 156 ”C (decomp.)

1H, NH2NH-)

'^C NMR (100 MHz, DMSO-dg) 5 95.7 (C5); 154.0, 160.0, 160.4 (C2, C4, Ce) 

Vmax3499, 3307, 3287, 3169, 3121 (NH, NH2)cm '

MS (ES) [M + H f calculated m/z forC4H6N5Cl2 194.0000; found 193.9993 

C4H5N5CI2 requires C 24.76; H, 2.60; N 36.09%. Found C, 24.76; H, 2.27; N, 35.38%.

2-Amino-4-chloro-6-methoxypynmidine (76)'^^’

Sodium methoxide (648 mg, 12 mmol) was added in small portions under stirring to a 

suspension o f 2-amino-4,6-dichloropyrimidine 75 (990 mg, 6 mmol) in methanol (80 ml).

H NMR (400 MHz, DMSO-ds) 6 4.41 (s, 2H, NH2 NH-); 6.69 (s, 2H, NH2 Car); 8.48 (s,

OMe
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The mixture was refluxed for 6.5 h. The methanol was removed and water (60 ml) added, 

giving a white solid (910 mg, 95%).

mp 176-178 °C (Lit.'*̂ '' 170-171 °C)

'H NMR (400 MHz, DMSO-de) 5 3.82 (s, 3H, CH3O); 6.10 (s, IH, H5); 7.09 (s, 2H, 

NH2 )

'^C NM R (100 MHz, DMSO-dg) 5 5 4 . 1 (CH3 0 ); 9 4 .6 (C5); 160.2, 163.3, 171.3 (C2 , Ĉ , 

C6)

Vn,ax 3449, 3321 (NH2) cm''

2-Amino-4-chloro-6-morpholinopyrimidine (79)

Cl

Solution o f  morpholine (1.34 g, 15.4 mmol) in acetone (28 ml) was added to a solution o f  

2-amino-4,6-dichloropyrimidine 75 (1.14 g, 7 mmol) in acetone (28 ml) with stirring. The 

mixture was stirred for 1 h at room temperature and then refluxed for 2 h. Acetone was 

removed and water (30 ml) was added to dissolve the morpholine hydrochloride. The 

precipitate was filtered, washed with water and dried in vacuo over phosphoms pentoxide 

to give a crystalline white solid (1.37 g, 91%). Recrystallization from ethyl acetate gave a 

sample for x-ray analysis.

mp 222-224 °C

'H NM R (400 MHz, DMSO-de) 5 3.46-3.55 (m, 4H, NCH2 CH2 O); 3.62 (t, 2H, J 4.5, 

NCH2 CH2 O); 6 .10 (s, 1H, H5 ); 6.53 (s, 2H, NH 2 )

209



Chapter 7

'^C NMR (100 MHz, DMSO-d6) 5 44.2 (NCH2CH2O); 65.0 (NCH2CH2O); 90.9 (Cs); 

159.7, 162.7, 163.8 (C2 , C4 , Cfe)

Vmax 3429, 3320 (NH2 ) cm ''

MS (ES) [M + H f calculated m/z for C8H 12N 4OCI 215.0700; found 215.0694 

X-ray structure was recorded in the chapter Appendix

2-Amino-4-chloro-6-diethylaminopyrimidine (81)

Diethylamine (2.56 g, 35 mmol) in acetone (25 ml) was added slowly to a stirred solution 

o f  the 2-amino-4.6-dichloropyrimidine 75 (1.15 g, 7 mmol) in acetone (25 ml). The 

mixture was refluxed overnight. Acetone and excess o f the amine were removed on the 

rotary-evaporator and the residue was treated with water (30 ml). The brown solid was 

collected by filtration, washed with water and dried in vacuo over phosphorus pentoxide

( 1.3 7 g, 9 7 %). 

mp 110-112 "C

'H  NMR (400 MHz, DMSO-de) 5 1.06 (t, 6 H, J 7.3, NCH2CH3); 3.37-3.47 (m, 4H, 

NCH2CH3); 5.87 (s, 1H, H5); 6.38 (s, 2H, NH2)

'^C N M R  (100 MHz, DMSO-de) 5 13.1 (NCH2CH3); 41.5 (NCH2CH3); 90.2 (C5); 159.1, 

162.4, 162.8 (C2, C4 , C 6) 

v„,ax331 1,3164 (NH2) cm ''

MS (ES) [M + H f calculated m/z fo rC 8H,4N 4Cl 201.0907; found 201.0903

Cl
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2-Amino-4-benzyloxy-6-morpholinopyhmidine (84)

Sodium hydride (24 mg, 1 mmol) was added to a stirred solution o f benzyl alcohol (129 

mg, 1.2 mmol) in dimethylsulfoxide (0.7 ml) under an argon atmosphere. Effervescence 

was observed. The morpholinopyrimidine compound 79 (214 mg, 1 mmol) was added 

after 30 min. The reaction mixture was heated at 80 “C for 2 h. The dimethyl sulfoxide 

was removed in vacuo and water was added to give a brown gum. Then, the water was 

removed. A small quantity o f dimethylsulfoxide was added, followed by water to afford a 

pale brown solid (63 mg, 22%).

mp 104-106°C

'H NMR (400 MHz, DMSO-de) 5 3.39-3.46 (m, 4H, NCH2 CH2 O); 3.57-3.64 (m, 4H, 

NCH 2CH2 O); 5.26 (s,2H , 0CH2C6H5);5.41 ( s , 1H, H5);6.14(s, 2H, NH2 ); 7.31-7.41 (m, 

5H, OCH 2 CftHs)

'^C NMR (100 MHz, DMSO-de) § 44.2 (NCH2 CH2 O); 66.1 (NCH2CH2 O); 116.3 (C5); 

127.8, 128.1, 128.5, 137.6 (C6H5); 162.6, 165.2, 170.8 (C2 , C4, Ce)

Vmax 3328, 3200 (NH2 ) cm ''

MS (ES) [M +H f calculated m/z for C ,5H ,9N4 0 2  287.1508; found 287.1514
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2-A cetylam ino-6-chloro-5-nitro-4(3H )-pyrim idinone  (8 8 )

O

A
A cH N  N Cl

2-A m ino-6-chloro-4(3//)-pyrim idinone 8 6  (1.04 g, 7 m m ol) was dissolved in 

concentrated sulphuric acid ( 8  ml) and set aside for 15 min. Potassium nitrate (715 mg, 7 

m m ol) was added in small portions over 15 min and the reaction mixture was stirred at 

room temperature for 2 h and then poured slow ly into ice (50 g) with vigorous stirring. 

The reaction product was filtered off, washed with water, ethanol and diethyl ether, and 

dried over phosphorous pentoxide overnight to obtain a bright yellow  powder (1.18 g).

mp > 2 6 0 °C (L it .’’  ̂>220  “C)

'H NM R (400 MHz, DMSO-dft) 5 7.13 (s, IH, N H 2 ); 8.55 (s, IH, N H 2 ); 12.15 (s, IH, 

NH)

‘̂ C N M R  (100 MHz, D M SO -d 6 ) 6  126.9 (C5); 153.4, 154.4, 155.3 (C2, C4, Ce)

Vn,ax3587, 3508 (NH 2 ); 1664 (CO); 1529 (N O .) cm''

The resulting solid was suspended in acetic anhydride (12 ml). Three drops o f  sulphuric 

acid were added and the mixture was heated to 90 ”C for 1 h. The resulting hot solution  

w as filtered, and the filtrate was cooled  to the room temperature and set aside ovem ight. 

The precipitate formed ovem ight was filtered off, washed with water and dried in high 

vacuum to afford yellow  crystals (628 mg, 38%).

mp 256 °C (decom p.), (Lit.'*^  ̂>220 °C)

'h N M R  (400 M Hz, D M SO -de)5 2.21 (s, 3H, CH 3 CO); 12.45 (s, IH, NH )

'^C NM R (100 MHz, DM SO-de) 5 24.2  (CH 3CO); 131.0 (C 5); 150.7, 151.7, 153.1 (C 2 , 

C4 , C6 ); 174.4 (CH 3 CO)
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Vn,ax3309, 321 1,3157 (br)(N H 2 ,N H , OH); 1671 (CO); 1530 (NO2 ) cm '

MS (ES) [M +H f calculated m/z for C6H 5N4 0 4 NaCl 2 54 .9897;  found 254 .9 8 9 4

2-Amino-6-moipholino-5-nitro-4( 1 H)-pyrimidinone (90)

O

A solution o f morpholine (192 mg, 2.2 mmol) in acetone (4 ml) was added to a 

suspension o f the 2-amino-6-chloro-5-nitro-4(3//)-pyrimidinone 87 (191 mg, 1 mmol) in 

acetone (4 ml) and the reaction mixture was refluxed for 1.5 h and then stirred at room 

temperature overnight. Acetone was removed along with the excess o f morpholine in 

vacuo and the residue was treated with water. The suspended solid was filtered off, 

washed with water, suction-dried and dried overnight over phosphorous pentoxide to 

afford a yellow solid (196 mg, 82%).

mp >260 °C

'H NMR (400 MHz, DMSO-ds) 5 3.40 (t, 3H, J 5.0, NCH2 CH2 O); 3.63 (t, 3H, J 5.0, 

NCH2 CH2 O); 7.0 (s(br), 2H, NH2 ); 10.7 (s, IH, NH)

'^C NMR (100 MHz, DMSO-de) 6 47.8 (NCH2CH2 O); 65.9 (T^CH2CH20); 112.1 (C5); 

153.5, 157.1, 159.8 (C2 , C4, Ce)

Vniax 3325, 3183 (NH2 ); 1671 (CO) cm '

MS (ES) [M+H]"^calculated m/z for C 8H nN 5 0 4 Na 264.0709; found 264.0699

213



Chapter 7

2-Acetylamino-6-morpholino-5-nitro-4( 1 H)-pyrimidinone (91)

O

AcHN N N ^

HN

A solution o f  morpholine (96 mg, 1.1 mmol) in acetone (4 ml) was added dropwise (over 

20 min) to a stirred suspension o f  the 2-acetylamino-6-chloro-5-nitro-4(3//)- 

pyrimidinone 8 8  (117 mg, 0.5 mmol) in acetone (40 ml). The mixture thickened during 

the addition. The reaction mixture was refluxed for 1.5 h and then stirred at room 

temperature overnight. Acetone was removed along with the excess o f morpholine in 

vacuo and the residue was treated with water. The remaining solid was filtered off, 

washed with water, suction-dried and finally dried overnight over phosphorus pentoxide 

to give a yellow solid (71 mg, 50%).

mp >260 °C

'H NMR (400 MHz, DMSO-d6 ) 5 2.17 (s, 3H, CHjCO); 3.46 (t, 4H, J 5.0, NCH2 CH 2 O); 

3.67 (t, 4H, J5 .0 , NCH 2 CH2 O); 11.5 (s, 1H,NH); 11.7 (s, 1H,NH)

'^C NMR (100 MHz, DMSO-ds) 6  23.8 (CH3 CO); 47.9 (NCH2 CH2 O); 65.9 

(NCH 2 CH2 O); 114.9 (C 5); 149.1, 153.3, 157.8 (C2 , C4 , Ce); 174.1 (CH 3CO)

Vn,ax3183 (NH); 1682 (CO); 1521 (NO2 ) cm '

MS (ES) [M+H]^calculated m/z for CioHnNjOsNa 306.0814; found 306.0804 

2-Amino-4,6-dichloro-5-nitropyrimidine (54)

Cl
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DMF (1.28 ml, 17.6 mmol) was added dropwise over 5 min to phosphorous oxychloride 

(2.96 ml, 32 mmol) which had been cooled to 0 ”C in an ice bath under an argon 

atmosphere. When the exothermic reaction ceased, the mixture was allowed to reach 

room temperature. 2-Acetylamino-6-chloro-5-nitro-4(3//)-pyrimidinone 88 (932 mg, 4 

mmol) was added in small portions and the resulting mixture was heated to 100 ”C for 3.5 

h. The thick brown mixture was cooled and poured slowly into 1:3 ice/water (100 ml). 

The aqueous solution was stirred at room temperature overnight to allow hydrolysis to 

occur. The solid formed was filtered off, washed with water, dried in vacuo and purified 

by column chromatography on silica gel (1:2 EtOAc/hexane) to afford a yellow solid 

(689 mg, 82%).

mp 248-250 "C

'H NMR (400 MHz, DMSO-dft) 5 8.49 (s, 2H, NH2 )

'^C N M R (100 MHz, DMSO-de) 5 132.7 (C5); 153.1; 160.6 (C2, C4)

Vmax 3 4 3 2 ,  33 1 8 ,  3223  (NH2), 1518 (NO2) cm '

C4 H2CI2N4 O2 requires C, 22.99; H, 0.96; N, 26.81%. Found C, 23.40; H, 0.98; N, 

26.25%.

2-Amino-4-chloro-6-morpholino-5-nitropyrimidine (92)

A solution o f morpholine (479 mg, 5.5 mmol) in acetone (10 ml) was added dropwise to 

a stirred solution o f the 2-amino-4,6-dichloro-5-nitropyrimidine 54 (418 mg, 2 mmol) in 

acetone (10 ml), and the reaction mixture was refluxed for 1.5 h. The solvent was 

removed in vacuo and the residue was treated with water (10 ml). The suspension was

Cl
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filtered o ff and the yellow solid obtained was washed with water, suction-dried and 

collected (459 mg, 8 8 %).

mp 210-212 C

'H NMR (400 MHz, DMSO-de) 5 3.37 (t, 4H, J 4.9, NCH2 CH2 O); 3.63 (t, 4H, J 4.9, 

NCH 2 CH2 O); 7.49 (s, 1H, NH); 7.60 (s, 1H, NH)

'^C NMR (100 MHz, DMSO-ds) 5 46.6 (NCH2 CH 2 O); 65.8 (NCH2 CH2 O); 122.0 (C 5); 

153.5, 156.8, 159.9 (C2 , C4 , Ce)

Vmax 3470, 3326, 3211 (NH2 ); 1549 (NO2 ) cm '

MS (ES) [M + H f calculated m/z for CgHn^^ClNsOj 260.0550; found 260.0548 

CSH10CIN 5 O 3 requires C, 37.01; H, 3.88; N, 26.97%. Found C, 37.00; H, 3.97; N, 

26.68%.

2-Ammo-4-methoxy-6-morpholino-5-nitropyrimidine (93)

2-Amino-4-chloro-6-moipholino-5-nitropyrimidine 92 (52 mg, 0.2 mmol) was added to 

sodium methoxide (432 mg, 0.8 mmol) in methanol (5 ml), and the reaction mixture was 

refluxed for 5 h. Methanol was removed on the rotary-evaporator and the residue was 

treated with water (10 ml). The solid was filtered off, washed with water, suction-dried 

and finally dried in vacuo over phosphorus pentoxide to give a pale yellow solid (42 mg.

mp 198-200 “C

'H NMR (400 MHz, DMSO-dft) 5 3.34 (t, 4H, .1 4.8, NCH2 CH2 O); 3.61 (t, 4H, J 4.8, 

NCH 2 CH2 O); 3.86 (s, 3H, CH3 O); 7.20 (s(br), 2H, NH 2 )

OMe

82%).
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'^C NMR (100 MHz, DMSO-de) 6  46.9 (NCH2CH2O); 54.6 (CH3O); 66.0 (NCH2CH2O:;

111.7 (C5); 158.2, 160.3, 164.2 (C2, C4, Ce)

3442, 3350, 3245 (NH2); 1540 (NO2) cm ''

MS (ES) [M+H]' calculated m/z for C9Hi3N 5 0 4 Na 278.0865; found 278.0869 

C9H13N5O4 requires C, 42.35; H, 5.13; N, 27.44%. Found C, 42.05; H, 5.13; N, 27.24%.

19 Q4-Bromothenyl alcohol (95)

\y~' 5 '  'CHoOH

Potassium carbonate (50 mg) was added to ethanol (15 ml), followed by the addition of 

4-bromothiophen-2-aldehyde 94 (1.15 g, 6  mmol) and the temperature was kept below 5 

“C in an ice bath. A solution o f sodium borohydride (0.113 g, 3 mmol) in ethanol (15 ml) 

was added dropwise and the reaction mixture was allowed to reach the room temperature. 

All the substrate had been consumed before reaching the room temperature, however the 

mixture was stirred at room temperature for 1 h. Water (10 ml) was added and the ethanol 

was removed on the rotary-evaporator. The residue was extracted with ether twice. The 

combined extracts were washed with water, brine and dried over Na2S0 4 . Evaporation of 

the solvent gave a colourless oil ( 1 . 0 2  g, 8 8 %).

'H NMR (400 MHz, DMSO-dfe) 5 4.62 (d, 2H, J 5.5, CH2OH); 5.63 (t, IH, J 5.5, 

CH2 OH); 6.96 (s, IH, H3); 7.53 (s, IH, H5)

‘̂ C NMR (100 MHz, DMSO-de) 5 58.2 (CH2OH); 108.0 (C4); 122.4 (C5); 126.1 (C 3);

148.7 (C2)

Vmax 3402(br) (OH) cm '
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2-Amino-4-benzyloxy-6-morpholino-5-nitropyrimidine (96)

NO

Sodium hydride (25 mg, 1 mmol) was added to a stirred solution o f  benzyl alcohol (129 

mg, 1.2 mmol) in dry DMSO (1 ml) under an argon atmosphere. Effervescence was 

observed due to the formation o f hydrogen gas. After 30 min, 2-amino-4-chloro-6- 

morpholino-5-nitropyrimidine 92 (260 mg, 1 mmol) was added in small portions and the 

reaction mixture was heated to 80 "C for 3 h. DMSO was removed in high vacuum and 

the residue was treated with water (4 ml), giving a brown gum, which was triturated to 

afford a brown solid. The product was purified by column chromatography on silica gel 

(3:1 EtOAc/hexane) to give a bright yellow solid (137 mg, 42%).

mp 170-172 "C

'H NMR (400 MHz, DMSO-dfe) 6  3.36 (t, 4H, J 4.4, NCH2CH2O); 3.62 (t, 4H, J 4.4, 

NCH2CH2 O); 5.39 (s, 2H, OCH2 C6H5); 7.23 (s(br), 2H, NH2); 7.32-7.42 (m, 5H, 

OCH2C6H5)

'^C NMR (100 MHz, DMSO-d6) 5 48.9 (NCH2CH2O); 66.0, 68.0 (OCH2C6H5, 

NCH2CH2O); 111.7 (C5); 127.9, 128.1, 128.6, 136.4 (OCH2C6H5); 158.3, 160.3, 163.5 

(C2 , C4 , Cfi)

V m a x  3469, 3336, 3223 (NH2); 1548 (NO2) cm '

MS (ES) [M + H f calculated m/z for C,5H,7N504Na 354.1178; found 354.1178 

C15H17N5O4 requires C, 54.38; H, 5.17; N, 21.14%. Found C, 54.47; H, 5.25; N, 20.68%.
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2-Amino-4-(4-bromothenyloxy)-6-morpholino-5-nitropyrimidine (97)

Sodium hydride (25 mg, 1 mmol) was added to a stin'ed solution o f 4-bromothenyl 

alcohol 95 (232 mg, 1.2 mmol) in dry DMSO (1 ml) under an argon atmosphere. 

Effervescence was observed due to the formation o f hydrogen gas. After 30 min, the 2- 

amino-4-chloro-6-morpholino-5-nitropyrimidine 92 (260 mg, 1 mmol) was added in 

small portions and the reaction mixture was heated to 80 “C for 2 h. DMSO was removed 

on the rotary-evaporator in high vacuum and the residue was treated with water (4 ml), 

giving a brown gum. The product was recrystalized from a mixture methanol/water to 

afford a yellow solid (191 mg, 46%).

mp 152-154 "C

'H NMR (400 MHz, DMSO-d6 ) 5 3.35-3.45 (m, 4H, NCH2 CH2O); 3.55-3.75 (m, 4H, 

NCH 2CH 2 O); 5.52 (s, 2H, OCH2 ThBr); 7.29 (s(br), 3H, Hy, NH2 ); 7.70 (s, IH, H 5 )

'^C NMR (100 MHz, DMSO-de) 6  46.9 (NCH2CH2 O); 62.2, 66.0 (OCH2Th, 

NCH2 CH 2 O); 108.2, 111.5 (C4-, C5); 125.6 (C.v); 131.0 (C3O; 140.2 (C2 O; 158.34, 160.0, 

162.9 (C2 , C4, C6)

V m a x  3475, 3337,3225 (NH2 ); 1545 (NO2 ) cm '

MS (ES) [M + H f calculated m/z for C ,3H ,4N 5 0 4 N a'‘'BrS 437.9848; found 437.9848 

Ci3H,4 BrN 5 0 4 S requires C, 37.51; H, 3.39; N, 16.82%. Found C, 37.29; H, 3.36; N, 

16.32%.
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A lly l 4-n itrophenyl carbonate  (98)^'’

A solution o f bis-(4-nitrophenol) carbonate (1.52 g, 5 mmol) in dry DCM (15 ml) was 

added dropwise to a stirred solution o f allyl alcohol (290 mg, 5 mmol) and tryethylamine 

(700 |al, 5 mmol) in dry DCM and the mixture was stirred at room temperature ovemight. 

The organic layer was washed with IM NaOH, water, brine and dried over Na2 S0 4 . 

Evaporation o f  the solvent gave a yellow oil that solidified at 2-4 °C (238 mg, 21%).

mp 36-38 "C (Lit.'’'M 9 “C)

'H NMR (400 MHz, CDCI3 ) 8 4.79 (d, 2H, J 6.0, CH^OCO); 5.39 (dd, IH, Jab 1.5, Jac 

10.6, Ha); 5.48 (dd. Jab 1.5, Jbc 17.1, Hb); 6.02 (ddt, Jac 10.6, Jbc 17.1, J 6.0, He); 7.41 (d, 

2H, J 9.5, H2); 8.30 (d, 2H, J 9.5, H3 )

'^C NMR (100 MHz, CDCI3) 5 69.40 (CH 2OCO); 119.3 (CH2=CH-CH2 ); 122.7 (C2); 

125.5 (C3); 131.6 (CH2=CH-CH 2 ); 145.3, 152.0, 155.4 (C,, C4 , CO)

V m a x  1747 (CO), 1516 (N0 2 )c m '‘

A lly l ph en yl carbonate  (100)'^^
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Phenyl chloroformate (2.26 g, 40 mmol) was added dropwise over a period o f  1 h to a 

mixture o f allyl alcohol (2.32 g, 40 mmol), pyridine (3.88 ml, 48 mmol) and DCM (35 

ml) with stirring. The reaction mixture was stirred for an additional 3 h, and water (40 

ml) was added. The organic phase was washed with 2M H2 SO4  (2 x 40 ml), water, brine 

and dried over Na2 S0 4 , filtered and concentrated in vacuo to give a colourless oily 

product (6.03 g, 85%).

'H NMR (400 MHz, CDCI3) 5 A.11 (d, 2H, J 6.0, CH2 OCO); 5.36 (dd, IH, Ĵ b 1.5, Jac 

10.3, Ha); 5.46 (dd, IH, Jab 1.5, Jbc 16.0, Hb); 5.97-6.10 (m, IH, He); 7.19-7.46 (m, 5H, 

OC6H5)

‘̂ C NMR (100 MHz, CDCI3) 6  68.7 (CH2OCO); 119.1 (CH2 =CH); 120.6, 125.6, 129.0, 

130.7 (CH2=CH, C2 , C 3 , C4 (0 C 6 H 5 )); 150.6, 153.1 (CO, Ci(C6 H 5)) 

v^ax 1757 (CO) cm-'

-Bis(allyloxycarbonyl)spermidine (99)

a) 0.5 M NaOH (3.1 ml, 0.62 mmol) was added to a stirred solution o f spermidine 42 (45 

mg, 0.31 mmol) in THF ( 6  ml) and the mixture was cooled to 0 "C. A solution o f allyl 4- 

nitrophenyl carbonate 98 (138 mg, 0.62 mmol) in THF (3 ml) was added dropwise and 

the reaction mixture was stirred at 0 ”C for 1 h and set aside ovemight at room 

temperature. THF was removed and the residue was fractionated between DCM and 0.5 

M NaOH. The aqueous phase was extracted twice with DCM. The combined organic 

extracts were washed with water, brine and dried over MgS0 4 . The evaporation o f the 

solvent gave a sticky pale brown oily product (70 mg, 72%).
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b) Allyl phenyl carbonate 100 (1.893 g, 11 mmol) in DCM (10 ml) was added to 

spermidine 42 (726 mg, 5 mmol) in DCM (20 ml). The reaction mixture was stirred 

overnight at room temperature and poured into a phosphate buffer (200 ml, 0.025M 

K2HPO4 and 0.025M KH2PO4). The pH was adjusted to 3 with 2M H2SO4 and the 

mixture was washed with DCM. The aqueous phase was basified with 9M NaOH and the 

product extracted with DCM. The organic phase was dried over Na2S04, filtered and 

concentrated in vacuo. The solvent was removed to afford a pale brown oily product 

(1.164g, 74%).

‘H NMR (400 MHz, CDCI3) 5 1.41-1.62 (m, 4H, He, H7 ); 1.68 (quint, 2H, J 6.3, H2);

2.62 (t, 2H, J 6.5, H5); 2.69 (t, 2H, J 6.3, H3); 3.21 (q, 2H, J 6.3, H,); 3.29 (q, 2H, J 6.0, 

Hg); 4.57 (d, 4H, J 5.5, CH^OCO); 5.22 (d, 2H, Jac 10.5, Ha); 5.31 (d, 2H, Jbc 17.0, Hb);

5.63 (s(br), IH, NH); 5.87-6.00 (m, 2H, He); 8.60-9.23 (m, 2H, NHCO)

'^C NMR (100 MHz, CDCI3) 5 26.4, 27.2, 29.0 (C2 , Ĉ , C7); 39.0, 40.0 (Ci, Cg); 46.7, 

48.7 (C3 , C5 ); 65.1 {CH2OCO); 117.2 (CH2=CH); 132.4 (CH2=CH); 155.9 (NHCO) 

Vn,ax=3303 (NH); 1697 (CO) cm '

MS (ES) [M+H]" calculated m/z for C,5H2gN304 3 14.2080; found 314.2091

2-Amino-4-{M*-[N' ,N^-his(allyloxycarhonyl)spermidyl] }-6-chloro-5-nitropyrimidine
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2-Am ino-4,6-dichloro-5-nitropyrim idine 54 (627 mg, 3 mmol) in acetone (20 ml) was 

added dropwise to a stirred solution o f  A/'',A^-/)/5 (allyloxycarbonyl)spermidine 99 (1.03 g, 

3.3 mmol) and H iinig’s base (575 |j1, 3.3 mmol) in acetone (20 ml). A brown suspension 

w as formed during the addition. The mixture was stirred overnight at room temperature. 

Acetone was rem oved in vacuo and the residue was taken into DCM (15 ml), w'ashed 

w ith 0.5 M H2SO4 (25 ml), water, brine and dried over Na2 S0 4 . Filtration and 

evaporation o f  the solvent gave a brown oily product, which was purified by colum n 

chrom atography on silica gel (2:1 EtOAc/Hexane) to obtain a yellow oily product (1.13 

g, 77%).

'H NM R (400 M Hz, DMSO-dfe) 5 1.31 (quint, 2H, J 7.0, Hfi-); 1.49 (quint, 2H , J 7.0, H 7 ); 

1.67 (quint, 2H, J 6 .8 , H2O; 2.97 (q, 4H, J 6.5, H,-, Hg ); 3.21-3.34 (m, 4H, H3’, H5 ); 4.45 

(d, 4H, J 4 .0 , CH 2 OCO); 5.12-5.20 (m, 2H, Ha); 5.21-5.31 (m, 2H, Hb); 5.83-5.96 (m, 2H, 

He); 7.16-7.26 (m, 2H, NHCO); 7.43 (s(br), 2H, N H 2 )

'^C NM R (100 MHz, DM SO-d6) 5 24.8 (C7O, 27.0 (Ce-), 27.7 (C2O; 38.0, 40.0 (Cp, Cg-); 

46.8, 48.7 (C 3 -, C 5 O; 64.4 (CH 2OCO); 117.0 (CH 2=CH); 122.8 (C 5-NO 2 ); 134.0, 134.1 

(CH 2=CH); 152.7, 156.0, 156.1, 159.8 (NHCO, C 2 , C 4 , Cs) 

vmax=3321,3222 (NH 2); 1693 (CO); 1514 (NO 2 ) cm '

MS (ES) [M + H f calculated m/z for C ,9H2 8N 7 0 6 Na^^Cl 508.1687; found 508.1688
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2-A mino-4-benzyloxy-6-{N^ ~[N' ,N^-bis(allyloxycarhonyl)spermidyl]} -5-nitropyrimidine 

(102)

O

N
NOo

O Hb

H.

O Hb

Sodium hydride (25 mg, 1.04 mmol) was added to a stirred solution o f  benzyl alcohol 

(129 mg, 1.2 mmol) in dry DMSO (2 ml) under an argon atmosphere. Effervescence was 

observed due to the formation o f  hydrogen gas. After stirring for 30 min, the 2-amino-4- 

{A^-[yv',yV*-6w(allyloxycarbonyl) spermidyl]}-6-chloro-5-nitropyrimidine 101 (490 mg, 1 

mmol) was added in small portions and the reaction mixture was heated to 80 “C for 2 h. 

DMSO was removed partially on the rotary-evaporator in high vacuum and the residue 

was purified by column chromatography on silica gel (3:1 EtOAc/Hexane) to give a 

yellow oily product (291 mg, 52%).

'H  N M R (600 MHz, DMSO-dfi) 5 1.32 (quint, 2H, J 7.0, Hs ); 1.43-1.56 (m, 2H, H r); 

1.67 (quint, 2H, J 6 .8 , H2 O; 2.96 (q, 4H, J 6.5, H,-, Hg’); 3.25 (t, 2H, J 7.0), 3.30 (t, 2H, J 

7.0) (H 3 ’, Hs’); 4.46 (d, 2H, J 5.6, CHoOCO); 4.50 (d, 2H, J 5.6, CH 2 OCO); 5.16 (d, 2H, 

Jac 12.4, Ha); 5.27 (d, 2H, Jbc 17.3, Hb); 5.37 (s, 2H, CH2C6H5); 5.87-5.95 (m, 2H, He); 

6.99 (s(br), 2H, N H 2); 7.13-7.21 (m, IH, NHCO); 7.21-7.27 (m, IH, NHCO); 7.30-7.43 

(m, 5H, CeHs)
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‘̂ C NMR (600 MHz, DMSO-de) 5 24.8 (Cy); 26.9 (C6 -); 27.8 (C2 O; 38.1, 40.2 (C r, Cg-); 

46.4, 48.6 (Cj’, C 5 ); 64.3 (CH2OCO); 67.8 (CH2 C6 H 5); 112.5 (C5-NO 2); 116.9 

(CH2 =CH); 126.5, 127.8, 128.5, 136.4 (CeHj); 134.0 (CH 2=CH); 156.1, 157.5, 160.0,

163.0 (C2 , C4 , C 6 , NHCO)

v „ ,a x  333 1, 3229 (NH2 ); 1696 (CO); 1540 (NO2) cm ''

MS (ES) [M + H f calculated m/z for C2 6H 35N 7 0 yNa 580.2496; found 580.2494 

N-(8-Phthalimido-4-azaoctyl)phthalimide (104)'^^

N
H

Spermidine 42 (1.45 g, 10 mmol) in DCM (50 ml) was added dropwise over a period o f 

30 min to a solution o f ethoxycarbonyl-phthalimide 103 (4.53 g, 20.7 mmol) in DCM 

(100 ml). The mixture was stirred at room temperature overnight. DCM was evaporated 

and the remaining residue was treated with hot EtOH to crystallize pale white needles, 

which were suction-dried for 3 h and dried in the oven (~70 “C) overnight (3.50 g, 8 6 %).

mp 136-138 "C (Lit.‘̂ * 143-144 °C)

’H NMR (400 MHz, DMSO-de) 5 1.33 (quint, 2H, J 7.0, Hft); 1.57 (quint, 2H, J 7.0, H7); 

1.68 (quint, 2H, J 7.0, H2); 2.39-2.49 (m, 4H, H3, H5); 3.58 (t, 2H, J 7.0), 3.60 (t, 2H, J 

7.0) (H,, Hg); 4.37 (s(br), IH, NH); 1.6-1.9 (m, 8 H, Phth)

'^C NMR (100 MHz, DMSO-de) 6  26.1, 27.1, 28.5 (C2 , Ce, C^); 36.1, 37.6 (Ci, Cg); 47.0,

49.0 (C3 , C 5); 123.1, 123.2, 131.8, 132.9, 134.5, 134.6 (2Phth), 168.1 (CO) 

vmax 3323 (NH); 1703 (CO) cm’'

MS (ES) [M+H]^ calculated m/z for C2 3H2 4N 3O4 406.1767; found 406.1775
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2-Amino-4-{N*-[N',N^-his(phthalimido)spermidyl]}-6-chloro-5-nitropyrimidine ( 105)

Cl

N O

2-Amino-4,6-dichloro-5-nitropyrimidine 54 (0.836 g, 4 mmol) and triethylamine (1.1 ml, 

8 mmol) in acetone (25 ml) was added to a stirred suspension o f the A^-(8-phthalimido-4- 

azaoctyl)phthalimJde 104 (1.78 g, 4.4 mmol) in acetone (25 ml). The phthalimide 

derivative was found to be very insoluble in acetone. The reaction mixture was stirred 

overnight at room temperature. Acetone, along with the excess o f triethylamine was 

removed on the rotary-evaporator and the residue was taken into DCM (80 ml) and 

washed with 2M H2SO4 (80 ml), water, brine and dried over Na2 S0 4 . Filtration and 

evaporation o f the solvent gave a yellow solid (1.96 g, 85%).

mp 168-170 "C

'H NMR (400 MHz, DMSO-de) 5 1.45 -1.60 (m, 4H, He', H 7O; 1-86 (quint, 2H, J 7.0, 

H2 O; 3.24-3.34 (m, 4H, Hy, H5 -); 3.51-3.59 (m, 4H, H,-, HgO; 7.25 (s(br), IH, NH); 7.40 

(s(br), IH, NH); 7.79-7.89 (m, 8H, Phth)

'^C NMR (100 MHz, DMSO-dfi) 5 24.7, 25.5, 26.6 (C2 ’, Cs-, C7 ); 35.2, 37.2 (C r, Cg-); 

47.0, 48.4 (C3 -, C 5O; 122.6 (C5-NO2); 123.1, 123.2, 131.9, 132.0, 134.5, 134.6 (2Phth); 

152.6, 155.7, 159.7 (C2 , C4 , Ce); 168.2 (CO) 

vmax 3349, 3305 (NH2 ); 1702 (CO); 1547 (NO2) cm '

MS (ES) [M + H f calculated m/z for C27H24N706Na^^Cl 600.1374; found 600.1361
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2-Amino-4-benzytoxy-6-chloro-5-nitropyrimidine (106)

Sodium hydride (96 mg, 4 mmol) was added to a stirred solution o f benzyl alcohol (432 

mg, 4 mmol) in dry THF (30 ml) under an argon atmosphere. Effervescence was 

observed. After Ih, the mixture was cooled to 0 °C, followed by the addition o f 2-amino- 

4,6-dichloro-5-nitropyrimidine 54 (1.09 g, 5.2 mmol). The mixture was stirred overnight 

(the temperature rose from 0 “C to 13 “C during that period). Water (5 ml) was added 

dropwise to quench the excess o f base. THF was removed in vacuo and the residue was 

treated with EtOAc, washed with water and dried over Na2 S0 4 . Filtration and 

evaporation o f the solvent left a brown residue which was purified by column 

chromatography on silica gel (1:2 EtOAc/hexane) to afford a bright yellow solid (476 

mg, 42%).

mp 168-170 "C

'H NMR (400 MHz, DMSO-d6) 5 5.46 (s, 2H, OCH2C6H 5); 7.27-7.50 (m, 5H, 

OCH2 C6 H 5); 8.06 (s, 1H,NH); 8.13 (s, 1H,NH)

'^C NMR (100 MHz, DMS0-d6) 5 69.3 (OCH2C6 H 5); 123.1 (C 5), 128.1, 128.4, 128.5, 

135.4 (OCH2C6H 5); 152.6 160.7, 162.2 (C2 , C4 , Ce) 

vmax 3478, 3318, 3204 (NH2 ); 1544 (NO2) cm‘‘

MS (ES) [M+H]^calculated m/z forCnH ioN 4 0 3  281.0441; found 281.0440
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2-Amino-4-(4-hromothenyloxy)-6-chloro-5-nitropyrimidine (108)

NO

Sodium hydride (96 mg, 4 mmol) was added to a stirred solution o f 4-bromothenyl 

alcohol 95 (772 mg, 4 mmol) in dry THF (30 ml) under an argon atmosphere. 

Effervescence was observed. After 30 min, the mixture was cooled to 0 ”C, followed by 

the addition o f  2-amino-4,6-dichloro-5-nitropyrimidine 54 (1.24 g, 6 mmol). The mixture 

was stirred overnight (the temperature rose from 0 ”C to 13 °C during that period). 

Aqueous THF (10 ml) was added dropwise and the solvent was removed leaving a sticky 

oily residue. Hexane (30 ml) was added to form a yellow solid, which was filtered and 

washed with hexane. The solid formed was purified by column chromatography on silica 

gel (2:3 EtOAc/hexane) to give a bright yellow solid (342 mg, 24%).

mp 146-148 ”C

‘H NMR (400 MHz, DMSO-de) 5 5.61 (s, 2H, OCHsThBr); 7.34 (s, IH, H3 ’); 7.75 (s, IH, 

Hs’); 8.12 (s, 1H,NH); 8.21 (s, 1H,NH)

'^C NMR (100 MHz, DMSO-dfi) 5 63.3 (OCHjThBr); 108.4 (C4 O; 123.0, 126.0, 131.7, 

139.0 (C5-NO2 , C3 ’, C2 ', C5O; 152.8, 160.5, 161.7 (C2 , C4 , Cg) 

vn,ax 3466, 3422, 3305 (NH2); 1543 (NO2 ) cm ''
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2-Amino-4-benzyloxy-6-{N^-[N' ,])f-his(phthalimido)spermidine]}-5-mtropynniidine 

( 110 )

NO.

H2N

A solution of 104 (89.2 mg, 0.22 mmol) in DMF (10 ml) was added dropwise to a stirred 

solution of 2-amino-4-benzyloxy-6-chloro-5-nitropyrimidine 106 (56.1 mg, 0.2 mmol) 

and triethylamine (56 jil, 0.4 mmol) in DMF (5 ml). The reaction mixture was stirred 

overnight at room temperature and refiuxed for 2 h. DMF was removed in high vacuum 

and the residue was taken into EtOAc and washed with IM H2SO4, water and dried over 

Na2 S0 4 . Filtration and evaporation of the solvent gave a yellow oily residue which was 

purified by column chromatography on silica gel (2:1 EtOAc/hexane) to afford a bright 

yellow solid (53 mg, 41 %).

mp 74-76 “C

'H NMR (400 MHz, DMSO-dft) 5 1.44-1.60 (m, 4H, Hr); 1.86 (quint, 2H, J 7.0, 

H2 O; 3.24-3.33 (m, 4H, Hy, H5O; 3.49-3.62 (m, 4H, H,-, HgO; 5.32 (s, 2H, C6H5CH2 O); 

6.99 (s(br), 2H, NH2 ); 7.29-7.40 (m, 5H, C6H5CH2O); 7.77-7.87 (m, 8H, Phth)

'^C NMR (100 MHz, DMSO-de) 5 24.9, 25.6 (C6-, C7 ); 26.6 (C2O; 35.3, 37.2 (C r, Cg ); 

46.8, 18.2 (C3-, C5O; 112.5 (C5-NO2); 123.1, 123.2, 127.9, 128.1, 128.6, 131.8, 131.9, 

134.4, 134.5, 136.5 (Phth,C6Hs); 157.3, 160.0, 162.9 (C2, C4, Ce); 168.1 (CO)

Vn,ax 3465, 3363 (NH2 ); 1702 (CO); 1541 (NO2) cm '

MS (ES) [M+H]^calculated m/z for C3 4H3 iN7 0 7 Na 672.2183; found 672.2163
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N '-N ^-B is(trifluoroacetyl)sperm idine trifluoroacetate s a lt  (112)'"^*

CF 3 CO2

Fc,COCHN
NHCOCF3

Ethyl trifluoroacetate (19.9 g, 140 mmol) was added to a solution o f  sperm idine 42 (5.81 

g, 40 mmol) in CH 3 CN (25 ml), followed by w ater (8.64 g, 48 mmol). The resulting 

reaction m ixture was refluxed overnight, and the solvent was removed under reduced 

pressure. The rem aining residue was washed with DCM, filtrated and finally 

recrystallized from EtOAc to afford a white solid (14.9 g, 82%).

mp 144-146 “C (Lit.'^* 146-147 "C)

'H  NM R (400 MHz, DMSO-de) 5 1.47-1.63 (m, 4H, He, H 7 ); 1.81 (quint, 2H, J 7.4, H2 ); 

2.84-2.99 (m, 4H, H3, H5); 3.14-3.33 (m, 4H, H ,, Hg); 8.44 (s(br), 2H, NH2^); 9.47-9.63 

(m, 2H, NHCO)

‘̂ C NM R (100 MHz, DMSO-de) 6  23.2, 25.6 (C’e, C 7 ); 25.3 (C 2 ); 36.8, 38.8 (Ci, Cg); 

44.7, 46.6 (C 3 , C 5 ); 113.0-118.7 (q, 'j  191.0, CF 3 CON); 113.1-118.8 (q, '.I 191.0, 

C F 3 CON); 113.2-119.1 (q, ' j  194.7, CF 3 C 0 2 ~); 155.9-156.6 (q, 24.0, CF 3 CON); 156.1-

156.8 (q, 24.0, CF 3 CON); 158.0-158.7 (q, 21.6, CF 3 C 0 2 ~)

'V  NM R (376 MHz, DMSO-de) 5 -75.0, -74.9 (CF 3 CON, CF 3 C 0 2 ~) 

v„ax 3330 (NH); 3064 (NH 2 ^); 1702 (CO) cm ''

N ^-(tert-B utoxycarhonyl)-N ',P f-bis(trifluoroacetyl)sperm idine  (113 )

F3 COCHN
NHCOCF3
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Di-rerr-butyl dicarbonate (2.29 g, 10.5 mmol) was added to a cooled solution o f 112 (3.42 

g, 7 mmol) in anhydrous THF (30 ml), followed by triethylamine (2.63 ml, 18.9 mmol). 

The resulting reaction mixture was stirred at room temperature overnight. Saturated 

NH4CI solution (60 ml) was added and the mixture was extracted witli DCM. The organic 

extract was washed with brine and dried over Na2 S0 4 . The solvent was evaporated and 

the residue was purified by column chromatography on silica gel. Elution with 100% 

DCM and then 20:1 DCM-MeOH afforded an oily product (2.54 g, 83%).

'H NMR (400 MHz, DMSO-de) 5 1.38 (s, 9H, OC(CH3)3); 1.39-1.50 (m, 4H, H(,, H7); 

1. 6 8  (q, 2H, J 6 .8 , H2 ); 3.04-3.25 (m, 8 H, H3 , H5 , H,, Hg); 9.43 (s (br), 2H, NHCO)

'^C NMR (100 MHz, DMSO-de) 5 25.1, 25.6, 27.1 (C&, C 2 , C 7); 28.2 (OC(CH 3)3); 37.3, 

38.8 (Cl, Cg); 44.2, 46.2 (C3 , C 5); 78.7 (OC(CH3)3); 111.6-120.2 (q, ' j  286.9, CF3CON); 

111.7-120.3 (q, 'j  286.9, CF3CON); 154.9 (C0 2 C(CH 3 )3 ); 155.6-156.7 (q, 35.7,

CF3CON)

N^-(tert-Butoxycarbonyl)spermidine (114) 149

H,N'

A,

/'/*-(/er/-Butoxycarbonyl)-7V',A^-/)/.s(trifluoroacetyl)spermidine 113 (2.43 g, 5.5 mmol) 

was treated with a mixture o f MeOH-33% NH4 OH (42 ml, 1:2) and refluxed overnight. 

The solvent was evaporated under reduced pressure to afford a pale yellow oil (2.44 g) 

which was used without further purification.

'H NMR (400 MHz, DMSO-dfe) 5 1.40 (s, 9H, OC(CH3)3); 1.44-1.54 (m, 4H, Hg, H 7);

1.75 (quint, 2H, J 7.2, H2); 2.71-2.84 (m, 4H, H3 , H 5); 3.07-3.22 (m, 4H, H ,, Hg); 7.89 

(s(br), 4H, NH 2)
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'^C NMR (100 MHz, DMSO-de) 6 26.5, 28.1, 30.9 (Ce, C2, C7); 28.2 (OC(CH3)3); 37.0, 

38.8 (Cl,  Cg); 43.4, 46.2 (C3, C5); 79.32 (OC(CH3)3); 154.8 ((C02C(CH3)3)

-(tert-Butoxycarhonyl)-N',N^-bis(9-fluorenylmethoxycarbonyl)spermidine (115)'“*̂

A'^-(/eA7-Butoxycarbonyl)spermidine 114 (2.30 g, 9.4 mmol) was dissolved in 

H20/dioxane (1:1, 200 ml). The pH was adjusted to 9 by addition o f NaHC 0 3 . At 0 “C, 9- 

fluorenylmethoxycarbonyi chloride (6.88 g, 27 mmol) was added in small fractions. The 

mixture was stirred for 1.5 h at 0 "C and overnight at room temperature. Dioxane was 

removed in vacuo and the aqueous layer was extracted with EtOAc (2 x 60 ml). 

Combined organic layers were washed with water, dried over Na2 S0 4  and concentrated 

in vacuo. The residue was purified by column chromatography on silica gel (1:1 

EtOAc/hexane) to afford a sticky colourless oily product (853 mg, overall yield 22%). 

The *H NMR o f a sample was recorded to characterise it but the remainder o f  the product 

was used directly in the next step.

'H NMR (400 MHz, DMSO-ds) 5 1.29-1.49 (m, 13H, OC(CH3 )3 , Ha, Hy); 1.54-1.65 (m, 

2H, H2 ); 2.90-3.02 (m, 4H, H3, H5); 3.05-3.16 (m, 4H, H,, Hg); 4.20 (t, 2H, J 6.5, 

CHCH 2 OCONH); 4.29 (d, 4H, J 6.5, CHCH2 OCONH); 7.24-7.28 (m, 2H, 

CHCH 2 OCONH); 7.32 (t, 4H, J 7.5, H2 -, H7 ); 7.41 (t, 4H, J 7.5, H3 -, HeO; 7.68 (d, 4H, J 

7.5, H r ,  Hg-); 7.88 (d, 4H, J 7.5, H r, Hy)
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CF 3CO2

Trifluoroacetic acid (1.92 ml, 25 mmol) was added dropwise to A^-(?er^-butoxycarbonyl)- 

A^',A^-ft/5(fluorenylmethoxycarbonyl)spermidine 115 (843 mg, 1.2 mmol) in DCM (4 ml) 

at 0°C. The mixture was stirred for 30 min at 0 "C and then 2 h at room temperature. The 

solvents were removed in vacuo and the resulting yellow paste was triturated with Et2 0  

to afford a white powder, which was washed with Et20 and dried in vacuo (787 mg, 

91%).

mp 108-110 °C (Lit.'‘*̂  mp was not recorded)

'H NMR (400 MHz, DMSO-de) 5 1.43 (quint, 2H, J 7.0, He); 1.53 (quint, 2H, J 7.0, H 7 ) ;  

1.70 (quint, 2H, J 7.0, H2); 2.81-2.92 (m, 4H, H 3 ,  H 5 ) ;  2.96-3.08 (m, 4H, H,, Hg); 4.18- 

4.25 (m, 2H, CHCH2OCONH); 4.32 (d, 2H, J 7.0, CHCH2 OCONH); 4.34 (d, 2H, J 7.0, 

CHCH2 OCONH); 7.34 (t, 4H, J 7.5, H2 -, H 7  ); 7.42 (t, 4H, J 7.5, Hy, He-); 7.68 (d, 4H, J 

7.5, H r ,  HgO; 7.90 (d, 4H, J 7.5, H 4 ' ,  H 5O; 8.38 (s(br), 2H, NH 2 )̂

'^C NMR (100 MHz, DMSO-de) 5 23.1, 26.4, 26.6 (Ce, C2 , C 7 ) ;  37.6, 39.9 (C|, Cg); 44.8, 

46.7 ( C 3 ,  C 5 ) ;  46.9 (CHCH2OCONH); 65.4 (CHCH2OCONH); 104.4 (CF3C02~), 120.3, 

127.2, 127.8, 127.9, 141.0, 144.1 (Fmoc); 156.4, 156.5 (CF3C02~ CONH) 

vmax 3334 (NH); 3063 (NH2^); 1687 (CO) cm '’

MS (ES) [M + H f calculated m/z for C 3 7 H 4 0 N 3 O 4  590.3019; found 590.3021
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N'-(9-Fluorenylmethoxycarbonyl)-4,4 ’-methylenedianiline (119)

H,N

O

A

9-Fluorenylmethyl chloroformate (388 mg, 1.5 mmol) was added in small fractions to 

4,4’-methylenedianiline (1.19 g, 6  mmol) in dry THF (30 ml) and pyridine (133 |il, 1.65 

mmol) at 0 "C. The mixture was stirred 1 h at 0 °C and overnight at room temperature. 

THF was removed in vacuo and the residue was extracted in EtOAc and washed with 

water, brine and dried over Na2 S0 4 . Filtration and evaporation o f the solvent gave a 

yellow residue, which was purified by column chromatography on silica gel ( 1 : 1  

EtOAc/hexane) to afford a white solid (230 mg, 36%).

mp 210-212 °C

'h  NMR (400 MHz, DMSO-d6 ) 5 3.67 (s, 2H, NHC6 H4 CH2 C6 H4 NH2 ); 4.30 (t, IH, J 6.5, 

CHCH2 OCONH); 4.47(d, 2H, J 6.5, CHCH2 OCONH); 4.86 (s(br), 2H, NH2 ); 6.47 (d, 

2H, J 8.0, H3 O; 6.83 (d, 2H, J 8.0, H2 O; 7.06 (d, 2H, J 8.0, H3 ); 7.28-7.48 (m, 6 H, Hr , 

H3 ", H2 ); 7.75 (d, 2H, J 7.0, Hp-); 7.91 (d, 2H, J 7.0, H4 ”); 9.62 (s(br), IH, NH)

'^C NMR (100 MHz, DMSO-d(,) 5 39.4 (NHC6 H4 CH2 C6 H4NH2 ); 47.0

(CHCH2 OCONH);); 65.8 (CHCH2 OCONH); 114.3 ( C 3  ); 120.5, 125,4 ( € 4 - ,  C r)\ 127.4, 

128.0, 128.7 ( C 2 ,  C 2 ” . C 3 ” ) ;  129.3 ( C 2 O ,  129.0 ( C 3 ) ,  128.8, 136.8, 137.0, 141.1, 144.1, 

146.9 (Ph, Fmoc)

V n , a x  3398, 3329 (NH2 ); 1725 (CO) cm''

MS (ES) [M +H f calculated m/z for C28H24N202Na 443.1735; found 443.1737
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N',N^-Bis(tert-butoxycarhonyl)spermidine (125)'^^

H

H H I I
O

a) 2-(fer/-Butoxycarbonyloxyimino)-2-phenylacetonitrile 123 (2.14 g, 8.6 mmol) in 

dioxane (5 ml) was added dropwise with stirring to spermidine 42 (620 mg, 4.3 mmol) in 

dioxane (15 ml) and 2M NaOH (15 ml) at 0 °C. The reaction mixture was stirred at 0 °C 

for 90 min. The solvents were removed under reduced pressure and the residue was 

partitioned between dichloromethane and 0.5M NaOH. The organic layer was separated 

and the aqueous phase extracted with DCM. The organic phase was washed with water, 

followed by brine and dried over Na2S0 4 , and the solvent removed in vacuo. The product 

was purified by column chromatography on silica gel (9:1 DCM/ethanol). An oily 

product was obtained which solidified at 2-4 °C to give a white solid (278 mg, 20%).

b) /eA-/-Butyl phenyl carbonate 124 (6.41 g, 33 mmol) in DMF (15 ml) was added slowly 

to a solution of spermidine 42 (2.18 g, 15 mmol) in DMF (25 ml). The reaction mixture 

was stirred overnight at room temperature and poured into a phosphate buffer (500 ml, 

0.025M K2HPO4 and 0.025M KH2PO4 ). The cloudy suspension was acidified to pH 3 

with 2M H2 SO4 and the mixture was washed with DCM. The aqueous phase was made 

strongly alkaline with 9M NaOH and extracted with DCM. The organic phase was dried 

over Na2 S0 4 , filtered off and concentrated in vacuo to obtain a white solid (2.52 g, 48%).

mp 66-68 °C (Lit.'”  70-72 °C)

'h  NMR (400 MHz, CDCI3) 6 1.44 (s, 18H, 0C(CH3)s); 1.50-1.60 (m, 4H, H6, H7); 1.68 

(quint, 2H, J 6.3, H2); 2.62 (t, 2H, J 6.5, H5); 2.68 (t, 2H, J 6.3, H,); 3.08-3.17 (m, 2H, 

Hi); 3.17-3.26 (m, 2H, Hg); 4.89 (s(br), 1H,NH); 5.22 (s(br), 1H,NH)

'^C NMR (100 MHz, CDCI3) 6  26.7, 27.3, 29.2 (C2 , Ce, C7); 28.0 (OC(CH3)3); 38.6, 39.9 

(Cl, Cs); 47.1,48.9 (C3,Cs);78.6 (0C(CH3)3); 155.6, 155.7 (CO)
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Vmax 3369 (NH); 1683 (CO) cm '

MS (ES) [M +H f calculated m/z for C 17H36N3O4 346.2706; found 346.2697

2-Amino-4-{N^-[N' ,N^-his(tert-hutoxycarbonyl)spermidyl]}-6-chloro-5-nitropyrimidine

L o
  M HNH I

2-Amino-4,6-dichloro-5-nitropyrimidine 54 (1.04 g, 5 mmol) in acetone (25 ml) was 

added dnopwise to a stirred solution o f A^',7V*-bis(<er^-butoxycarbonyl)spermidine 125 

(1.90 g, 5.5 mmol) and Hiinig’s base (958 jil, 5.5 mmol) in acetone (25 ml) and the 

reaction mixture was stirred overnight at room temperature. Acetone was removed in 

vacuo and the remaining residue was taken into DCM (10 ml), washed with 0.5 M HCl, 

water, brine and dried over Na2S0 4 . The organic phase was evaporated, leaving a brown 

residue that was purified by column chromatography on silica gel (1:1 EtOAc/ Hexane) 

to obtain a yellow oily product (2.18 g, 84%).

‘h  NMR (400 MHz, DMSO-d6) 6  1.29 (quint, 2H, J 7.0, He ); 1.37 (s, 18H, OC(CH3)3);

NH)

'^C NMR (100 MHz, DMSO-de) 5 24.8 (C7O, 27.0 (CfeO, 27.7 (C2O; 24.4 (OC(CH3)3);

155.8, 156.0, 159.8 (NHCO, C2, C4, C&)

Vmax 3490, 3387, 3286 (NH2, NHCO); 1680 (CO); 1518 (N0 2 )c m '‘

MS (ES) [M+H]^calculated m/z for C2iH36N706NaCl 540.2313; found 540.2321

1.47 (quint, 2H, J 7.0, Hy); 1 -64 (quint, 2H, J 6.8; H2 O; 2.84-2.94 (m, 4H, H r, Hs-); 3.21 - 

3.32 (m, 4H, H3 ’, H5O; 6.75-6.89 (m, 2H, NHCO); 7.27 (s(br), IH, NH); 7.43 (s(br), IH,

37.6, 40.0 (Cr, CgO; 46.8, 48.7 (C3 ’, C5O; 77.6, 77.7 (OC(CH3)3); 122.7 (C5-NO2); 152.6,
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2-Amino-4-benzyloxy-6-{N^-[N' ,hf-his(tert-hutoxycarhonyl)spermidyl]}-5- 

nitropyrimidine (127)

A solution o f A^'JV*-bis(/er^butoxycarbonyl)spermidine 125 (138 mg, 0.4 mmol) in THF 

(5 ml) was added dropwise to a stirred solution o f 2-amino-4-benzyloxy-6-chloro-5- 

nitropyrimidine 106 (56 mg, 0.2 mmol) and triethylamine (56 fil, 0.4 mmol) in THF (5 

ml). The reaction mixture was refluxed ovemight at room temperature. THF, along with 

the excess o f triethylamine were removed on the rotary-evaporator and the residue was 

purified by column chromatography on silica gel (2:1 EtOAc/hexane) to afford a bright 

yellow oily product (109 mg, 92%), which solidified when cooled to 0 “C.

mp 138-140 ”C

'H NMR (400 MHz, DMSO-dfi) 5 1.28 (quint, 2H, J 7.0, He ); 1.36 (s, 18H, OC(CH3)3); 

1.42-1.51 (m, 2H, H7O; 1.63 (quint, 2H, J 6 .8 ; H2 -); 2.88 (q, 2H, J 6.2, H,-, Hg-); 3.20-3.32 

(m, 4H, H3’, HsO; 5.36 (s, 2H, C6H 5CH2O); 6.77-6.84 (m, 2H, NHCO); 7.02 (s(br), 2H, 

NH 2 ); 7.30-7.45 (m, 5H, C6H 5CH2 O)

'^C NMR (100 MHz, DMSO-de) 5 24.9 (C7O, 27.1 (Cfe), 27.8 (C r); 28.5 (OC(CH 3)3); 

37.8, 39.9 (C r, CgO; 46.5, 46.6 (C 3', C5 ); 67.8 (C6H 5CH2O); 77.6, 77.7 (OC(CH 3)3); 

122.5 (C 5-NO2); 127.9, 128.1, 128.6, 136.5 (CeHj); 155.8, 157.6, 160.1, 163.0 ( N H ^  

C2 , C4 , C(,)

V m a x  3494, 3325, 3227 (NH2 , NHCO); 1686 (CO); 1511 (NO2) cm '
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MS (ES) [M+H]^ calculated m/z for C28H43Ny0 7 Na 612.3122; found 612.3134 

C28H43N 7O 7 requires C, 57.03; H, 7.35; N, 16.63%. Found C, 57.32; H, 7.24; N, 15.98%.

2-Amino-4-(4-bromothenyloxy)-6-[N^-his(4-aminophenyl)methyl]-5-nitropyrimidine 

(131)

A solution o f  /jw-(4-aminophenyl)methylene (158 mg, 0.8 mmol) in THF (6  ml) was 

added to a stirred solution o f 2-amino-4-(4-bromothenyloxy)-6-chloro-5-nitropyrimidine 

108 (73 mg, 0.2 mmol) and triethylamine (112 |il, 0.8 mmol) in THF (6  ml). The mixture 

was refluxed for 2.5 h. THF was removed, water (20 ml) was added and the product was 

extracted with EtOAc ( 2 x 1 5  ml), washed with water and dried over Na2S0 4 . Filtration 

and evaporation o f  the solvent left a yellow residue, which was purified by column 

chromatography on silica gel (2:1 EtOAc/hexane) to obtain a yellow solid (43 mg, 41%).

mp 172-174°C

'H NMR (400 MHz, DMSO-dfi) 5 3.73 (s, 2H, CftHsCFbCeHj); 4.93 (s(br), 2H, 

C6H5NH2); 5.60 (s, 2H, ThBrCHaO); 6.50 (d, 2H, J 8.5, H3”); 6.89 (d, 2H, J 8.5, H2”); 

7.15 (d, 2H, J 8.5, H3O; 7.34 (s, IH, H 3 -); 7.53 (d, 2H, J 8.5, H2O; 7.65 (s, IH, NH); 7.67 

(s, IH, NH); 7.71 (s, IH, Hs-O; 10.4 (s, IH, NHCeHs)
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'^C NMR (100 MHz, DMSO-do) 6  40.0 (C6H 5CH2C6H5); 62.44 (ThBrCH2 0 ); 108.2, 

109.8, 114.2, 123.4, 125.6, 128.5, 128.7, 129.4, 131.0, 135.7, 139.1, 140.1, 146.8 (C5- 

NO2 , ThBr, CftHs); 156.5, 160.4, 164.2 (C2, C4 , Cg)

V m a x  3450, 3409 (NH2 ); 3336, 3296 (NH2); 1554 (NO2) cm"'

C22Hi9BrN603S ■ 0.2EtOAc requires C, 50.25; H, 3.81; N, 15.42%. Found C, 50.37; H, 

3.71; N, 15.45%.

2-Amino-4-(4-hromothenyloxy)-6-[ht-(4,4 ’-diaminodiphenylamino)]-5-nitropyrimidine 

(133)

4-4’-Diaminodiphenylamino sulfate (238 ing, 0.8 mol) was added to a stirred solution o f 

2-amino-4~(4-bromothenyloxy)-6-chloro-5-nitropyrimidine 108 (73 mg, 0.2 mmol) and 

triethylamine (334 )̂ 1, 2.4 mmol) in THF (10 ml) and refluxed for 5 h. THF was removed, 

along with the excess o f triethylamine and the residue was washed with water and 

extracted with EtOAc (4 x 25 ml). Combined extracts were washed with water and dried 

over Na2 S0 4 . Filtration and evaporation o f the solvent gave a brown residue, which was 

purified by column chromatography on silica gel (2:1 EtOAc/hexane) to afford a brown 

solid (59 mg, 56%).
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mp 200-202 °C

'h  NMR (400 MHz, DMSO-d6) 5 4.79 (s(br), 2H, C 6H 5NH2 ); 5.59 (s, 2H, ThBrCtbO); 

6.54 (d, 2H, J 8.5, H2”); 6.76 (d, 2H, J 8.5, H.v); 6.83 (d, 2H, J 8.5, HvO; 7.34 (s, IH, 

Hj”’); 7.37 (d, 2H, H2O; 7.54 (s, IH, CeHsNHCftHs); 7.58 (s(br), 2H, NH2 ); 7.72 (s, IH, 

Hs’”); 10.4 (s, 1H, pyrimidine-NHC6H5)

‘̂ C NMR (100 MHz, DMSO-de) 5 62.5 (ThBrCH20); 108.2, 109.6, 113.9, 115.1, 122.6, 

124.9, 125.6, 128.0, 131.0, 132.0, 140.3, 144.2, 156.5, 158.8, 160.5, 164.4 

Vmax 3451,3411 (NH2 ); 3331, 3218 (NH2); 1552 (NO2) cm"'

C2 iHi8BrN7 0 3 S • 0.5EtOAc requires C, 48.26; H, 3.87; N, 17.13%. Found C, 48.25; H, 

3.72; N, 16.87%.

2-Amino-4-henzyloxy-6-(N'-(4,4 ’-oxydianilinyl)]-5-nitropyrimidine (134)

4 '

NO.

NH

A solution o f  4,4’-oxydianiline (200 mg, 1 mmol) in THF (15 ml) was added to a stirred 

solution o f 2-amino-4-benzyloxy-6-chloro-5-nitropyrimidine 106 (56 mg, 0.2 mmol) and 

triethylamine (139 ^1, 1 mmol) in THF (5 ml) and the mixture was re fluxed overnight. 

THF, along with the excess o f triethylamine, were removed on the rotaiy-evaporator and 

the residue was purified by column chromatography on silica gel (2:1 EtOAc/hexane) to 

afford a bright yellow solid (76 mg, 85%).
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mp 198-200 °C

'h  NMR (400 MHz, DMSO-dft) 5 4.91 (s(br), 2H, CoHsNFb); 5.37 (s, 2H, C6H 5CH2O); 

6.51 (d, 2H, J 8.5, H2”); 6.79 (d, 2H, J 8.5, H3”); 6.74 (d, 2H, J 8.5, H2’);6.74 (d, 2H, J 

8.5, H3O; 7.26 (t, IH, J 7.5, H4 ’”); 7.32 (t, 2H, J 7.5, H3”'); 7.38-7.44 (m, 2H, H2 ”’); 7.49 

(m ,4H , H2 ',N H 2); 10.3 (s, 1H,NH)

'^C NMR (100 MHz, DMSO-de) 5 68.3 (C6H5CH2O); 109.9 (C5-NO2); 115.0, 116.6, 

121.1, 125.0, 127.9, 128.1, 128.6, 132.2, 136.3, 145.7, 145.8, 156.0, 156.5, 160.7, 164.7 

vmax 3450, 3409 (NH2); 3326, 3218 (NH2); 1555 (NO2) cm ''

MS (ES) [M + H f calculated m/z for C23H21N 6O4 445.1624; found 445.1635 

C23H20N 6O4 • 0.4EtOAc requires C, 61.60; H, 4.87; N, 17.52%. Found C, 61.46; H, 4.72; 

N, 17.76%.

2-Amino-4-(4-hromothenyloxy)-6-(N‘-(4,4 ’-oxydianilinyl)]-5-mtropyrimidine (135)

A solution o f 4 ,4’-oxydianiline (200 mg, 1 mmol) in THF (15 ml) was added to a stirred 

solution o f  2-amino-4-(4-bromothenyloxy)-6-chloro-5-nitropyrimidine 108 (73 mg, 0.2 

mmol) and triethylamine (139 |il, 1 mmol) in THF (15 ml) and the mixture was re fluxed 

for 5 h. THF, along with the excess o f triethylamine, were removed on the rotary- 

evaporator and the residue was purified by column chromatography on silica gel (2 ; 1  

EtOAc/hexane) to afford a bright yellow solid (95 mg, 90%).
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mp 202-204 “C

'H NMR (400 MHz, DMSO-de) 5 5.00 (s(br), 2H, C6H5NH2 ); 5.60 (s, 2H, ThBrCHaO); 

6.59 (d, 2H, J 8.5, H2 ”); 6.78 (d, 2H, J 8.5, H3”); 6.83 (d, 2H, J 9.0, H r); 7.33 (s, IH, 

Hj-”); 7.57 (d, 2H, J 9.0, H2O; 7.64 (s, 2H, NH2); 7.71 (s, IH, H 5 -) ; 10.4 (s, IH, NH)

'^C NMR (100 MHz, DMSO-dfi) 5 62.4 (ThBrCH20); 108.2, 109.7, 115.0, 116.6, 121.1, 

125.0, 125.6, 131.0, 131.1, 140.1, 145.7, 145.8, 156.1, 156.5, 160.4, 164.2 

Vmax 3430, 3416, 3337 (NH2); 1559 (NO2 ) cm '‘

C2iHi7BrN604S • 0.2EtOAc requires C, 47.87; H, 3.43; N, 15.36%. Found C, 47.88; H, 

3.45; N, 14.97%.

2-Amino-4-henzyloxy-6-(hf-(4,4 ’-diaminohenzophenone)]-5-mtropyrimidine (136)

4 " '

NO.

NH

A solution o f  4,4’-diaminobenzophenone (265 mg, 1.25 mmol) in THF (10 ml) and DMF 

(2 ml) was added to a stirred solution o f 2-amino-4-benzyloxy-6-chloro-5- 

nitropyrimidine 106 (70 mg, 0.25 mmol) and triethylamine (174 |al, 1.25 mmol) in THF 

(8 ml) and the mixture was refluxed for 48 h. THF, along with the excess o f triethylamine 

were removed on the rotary-evaporator and DMF removed in high vacuum. The residue 

was treated with water and extracted with EtOAc (4 x 25 ml). The organic layer was 

washed with water, brine and dried over Na2 S0 4 . Filtration and evaporation o f the 

solvent gave a yellow residue, which was purified by column chromatography on silica 

gel (2:1 EtOAc/hexane) to afford a bright yellow solid (94 mg, 82%).
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mp 222-224 “C

'H NMR (400 MHz, DMSO-dfe) 6  5.48 (s, 2H, C6H5CH2O); 6.15 (s(br), 2H, C6H 5NH2); 

6.61 (d, 2H, J 8.5, H3”); 7.36 (t, IH, J 7.5, H r-); 7.42 (t, 2H, J 7.5, H3’”); 7.49-7.58 (m, 

4H, H2”, H2”'); 7.62 (d, 2H, J 8.5, H3O; 7.76 (s(br), IH, NH); 7.78 (s(br), IH, NH); 7.91 

(d, 2H, J 8.5, H2 O; 10.7 (s, IH, CfeHsNH)

'^C NMR (100 MHz, DMSO-de) 5 68.4 (PI1CH2O); 110.5, 112.7, 121.7, 124.1, 127.9, 

128.2, 128.6, 130.0, 132.6, 134.4, 136.2, 141.1, 153.8, 156.2, 160.7, 164.7; 192.6 (CO) 

vmax 3484, 3414 (NH2 ); 3376, 3316 (NH2); 1632 (CO); 1538 (NO2) cm ''

MS (ES) [M + H f calculated m/z for C24H2oN604Na 479.1444; found 479.1436 

C24H2oN604Na • 0.9EtOAc requires C, 61.88; H, 5.12; N, 15.69%. Found C, 61.86; H, 

5.05; N, 15.87%.

2-Amino-4-(4-hromothenyloxy)-6-(hf-(4,4 ’-diaminohenzophenone)]-5-nitropyrimidine 

(137)

A solution o f  4,4’-diaminobenzophenone (212 mg, 1 mmol) in THF (10 ml) and DMF (2 

ml) was added to a stirred solution o f 2-amino-4-(4-bromothenyloxy)-6-chloro-5- 

nitropyrimidine 108 (73 mg, 0.2 mmol) and triethylamine (139 ^1, 1 mmol) in THF (8 

ml) and the mixture was refluxed for 48 h. THF, along with the excess o f triethylamine 

were removed on the rotary-evaporator and DMF removed in high vacuum. The residue 

was treated with water and extracted with EtOAc (4 x 25 ml). The organic layer was 

washed with water, brine and dried over Na2S0 4 . Filtration and evaporation o f the
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solvent gave a yellow residue, which was purified by column chromatography on silica 

gel (2:1 EtOAc/hexane) to afford a bright yellow solid (74 mg, 6 8 %).

mp 196-198 °C

'H NMR (400 MHz, DMSO-da) 5 5.61 (s, 2H, ThBrCH 2 0 ); 6.13 (s(br), 2H, CsHsNtb); 

6.61 (d, 2H, J 8.5, Hj-); 7.34 (s, IH, Hj”-); 7.54 (d, 2H, J 8.5, H2 --); 7.61 (d, 2H, J 8.5, 

H3 O; 7.72 (s, IH, H5 - ) ;  7.79 (s(br), IH, NH); 7.82 (s(br), IH, NH); 7.89 (d, 2H, J 8.5, 

H2 O; 10.6 (s, 1 H ,C 6 H 5NH)

'^C NM R (100 MHz, DMSO-de) 6 62.6 (ThBrCH20); 108.2, 110.3, 112.7, 121.8, 124.1, 

125.6, 130.0, 131.1, 132.6, 134.5, 140.0, 141.0, 153.8, 156.2, 160.4, 164.1; 192.6 (CO) 

Vmax 3483, 3415 (NH2 ); 3367, 3321 (NH2 ); 1653 (CO); 1531 (NO2 ) cm ''

C22H,7BrN604S • 0.2EtOAc requires C, 48.99; H, 3.35; N, 15.03%. Found C, 48.99; H, 

3.25; N, 14.96%.

I-(2-Nitrophenyl)-ethanol (142) 162

o-Nitroacetophenone (4.95 g, 30 mmol) in ethanol (30 ml) was cooled to 0 °C in an ice- 

bath. A solution o f sodium tetrahydridoborate (1.13 g, 30 mmol) in ethanol (45 ml) was 

added dropwise and the mixture was stirred for 25 min. The mixture was allowed to reach 

room temperature and stirring continued for 30 min, generating a yellow solution. Water 

(40 ml) was added and the ethanol was removed on the rotary-evaporator. The aqueous 

residue was extracted twice into ether. The combined ether extracts were washed with 

water, brine and dried over MgS0 4 . The ether was removed to give a yellow oily product 

(4.51 g, 90%).
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'H NMR (400 MHz, DMSO-dfi) 5 1.38 (d, 3H, J 6.5, CH 3CH); 5.08-5.16 (m, IH, 

CH 3CH); 5.52 (d, IH, J 4.5, OH); 7.48 (td, IH, J 8.0, 1.0, H4); 7.72 (td, IH, J 8.0,

1.0, H5 ); 7.82 (dd, IH, J56=8.0, ^J46=1.0, He); 7.86 (dd, IH, Js4= 8 .0 , ^ 5= 1 .0 , H 3)

'^C NMR (100 MHz, DMSO-de) 5 25.3 (CH 3CH); 64.0 (CH 3CH); 123.8 (C3 ); 127.9,

128.1 (C4, C6); 133.5 (C5); 142.0 (C,); 147.7 (C2) 

v„,ax 3600-3200(br) (OH); 1523 (NO2) cm ''

>^niax258 nm

4-Nitrophenyl-l-(2-nitrophenyl)ethyl carbonate (148)'^*

Hiinig’s base (1.10 ml, 6.3 mmol) was added dropwise to a solution o f p-nitrophenol (843 

mg, 6.1 mmol) and triphosgene 147 (0.64 g, 2.2 mmol) in DCM (40 ml). The reaction 

mixture was stirred at room temperature for 1 h. l-(2-nitrophenyl)-ethanol 142 (1.04 g,

6.1 mmol) was added, followed by further Hiinig’s base (1.31 ml, 7.5 mmol). The 

reaction mixture was stirred at room temperature tor 2  h and quenched with water ( 2 0  

ml). The organic phase was washed with 0.5 N NaOH (2 x 20 ml), water, brine and dried 

over MgS0 4 . The solvent was evaporated, giving a yellow oily product (1.68 g). 

Recrystallization from methanol gave a pale cream solid (0.98 g, 48%).

mp 78-80 °C (Lit.'^* mp was not recorded, as the oily residue was not recrystallized)

'h  NMR (400 MHz, DMSO-de) 5 1.72 (d, 3H, J 6.5, CH 3CH); 6.18 (q, IH, J 6.5, 

CH 3CH); 7.51 (d, 2H, J 9.0, H r); 7.61-7.68 (m, IH, H4 ); 7.81-7.89 (m, 2H, H5 , He); 8.03 

(d, IH, J 9.0, Hj); 8.30 (d, 2H, J 9.0, Hy)
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‘̂ C NMR (100 MHz, DMSO-de) 5 21.5 (CH^CH); 73.1 (CH3CH); 122.7, 124.6, 125.6,

127.7, 129.8, 134.6, 135.5, 145.4, 147.7, 151.7; 155.2 (CO), 

v^ax 1766 (CO); 1522, 1496 (NO2 ) cm '

1 -(2-Nitrophenyl)ethoxycarbonyl-N'-imidazole (150)'^^

2 N O 2

(a) l,r-C arbonyldiim idazole 149 (0.97 g, 6  mmol) was suspended in DCM (15 ml) and 

cooled to 0 ”C in an ice-bath. A solution o f  l-(2-nitrophenyl)-ethanol 142 (1.00 g, 6  

mmol) in DCM (15 ml) was added slowly. The reaction mixture was stirred at room 

temperature for 1 h. The solvent was removed in vacuo and the residue was dissolved in 

the minimum quantity o f hot ethyl acetate, and set aside overnight, giving white ciystals 

(1.00 g, 64%).

mp 130-132 °C (Lit.'^^ mp was not recorded)

'H NMR (400 MHz, DMSO-dfi) 6  1.76 (d, 3H, J 6.5, CH3 CH); 6.37 (q, IH, J 6.5, 

CH3 CH); 7.05-712 (m, IH, H4 O; 7.60-7.66 (m, 2H, H4 , H5 ); 7.82 (t, IH, J 7.5, H5); 7.94 

(d, IH, J 7.5, Hft); 8.04 (d, IH, J 8.0, H3 ); 8.35 (s, IH, H2 O

'^C NMR (100 MHz, DMSO-de) 5 21.6 (CH3CH); 72.1(CH3CH); 117.7, 124.5, 127.9;

129.8, 130.6, 134.6, 135.3, 137.6, 147.6, 147.7 

v^ax 1754 (CO); 1519 (NO2 ) cm '
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N\N^-Bis[l-(2-nitrophenyl)ethoxycarhonylJspermidine (143)

(a) 2M NaOH (0.5 ml, 1.0 mmol) was added to a solution o f spermidine 146 (73 mg, 0.5 

mmol) in THF (5 ml). The mixture was cooled to 0 °C. A solution o f the carbonate 

derivative 148 (332 mg, 1 mmol) in THF (2 ml) was added dropwise. The reaction 

mixture was allowed to reach room temperature and stirred overnight. THF was removed 

in vacuo and the residue was dissolved in DCM and the resulting solution o f  DCM was 

washed with 0.5 M NaOH. After collecting the organic layer, the aqueous layer was 

extracted with DCM twice. The combmed dichloromethane fractions were washed with 

water, brine and dried over MgS0 4 . Evaporation of the solvent afforded a viscous yellow 

oily product (286 mg, 92%).

(b) The carbamate derivative 150 (740 mg, 2.82 mmol) was dissolved in DCM (15 ml). A 

solution o f spermidine 42 (200 mg, 1.41 mmol) in DCM (15 ml) was added slowly. The 

mixture was stirred for 6 h at room temperature, washed with water, brine, and dried over 

MgS0 4 . Filtration and evaporation o f the solvent gave a viscous yellow oily product (540 

mg, 72 %).

'H NMR (400 MHz, DMSO-de) § 1.22-1.38 (m, 4H, He, H7); 1.44 (quint, 2H, J 6 .8 , H2); 

1.52 (d, 6 H, J 6.5, CH 3CH); 2.36 (q, 4H, J 6 .8 , H3 , H 5); 2.79-2.96 (m, 4H, H,, Hg); 5.94 

(q, 2H, J 6.5, CH 3CH); 7.33-7.42 (m, 2H, NHCO); 7.54 (td, 2H, J 7.5, 1.0, H4 ); 7.67

(d, 2H, J 7.5; HeO; 7.77 (t, 2H, J 7.5, Hy); 7.95 (d, 2H, J 7.5, H r)
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'^C NMR (100 MHz, DMSO-de) 5=22.0 (CH3CH); 26.9, 27.4, 29.7 (C2 , C(,, C7); 38.7, 

40.5 (C,, Cs); 46.9, 49.1 (C3, C 5); 66.9 (CH3CH); 124.3 (C3 ); 127.2, 128.8 (C4 -, CeO; 

134.2 (C5O; 138.29 (C,0; 147.6 (C2 O; 155.3 (CO)

N ' -Bis [I-(2-nitrophenyl)ethoxycarbonyl]-N^-(imidazole-N‘-carhonyl)spermidine 

(154)

The protected spermidine compound 143 (448 mg, 0.84 mmol) in DCM (10 ml) was 

added slowly with stirring to l , l ’-carbonyldiimidazole 149 (163 mg, I.O mmol) in DCM 

(5 ml). The reaction mixture was stirred at room temperature for 3 days. Water (20 ml) 

was added, and the organic layer was collected, washed several times with water 

(emulsions observed), brine, and dried over MgS0 4 , giving a viscous brown oily product 

(443 mg, 76%).

'H NMR (400 MHz, DMSO-ds) 5 1.20-1.29 (m, 2H, Ha); 1.38-1.48 (m, 2H, Hy); 1.53 (d, 

6 H, J 6.5, CH3 CH); 1.63 (quint, 2H, J 6 .8 , H2 ); 2.77-2.96 (m, 4H, H3 , H5 ); 3.15-3.31 (m, 

4H, H i , Hg); 5.94 (q, 2H, J 6.5, CH 3CH); 7.00 (s, IH, H4 ”(Im)); 7.33-7.42 (m, 3H, NH, 

HsKIrn)); 7.54 (t, 2H, J 7.5, H4 O; 7.65 (td, 2H, J 7.5, 1.0, H5O; 7.72-7.79 (m, 2H, He-);

7.91-7.98 (m, 3H, H3 -, H2 --(Im))

‘̂ C NMR (100 MHz, DMSO-ds) 6  20.8, 24.4, 26.4 (C2 , Ce, C7); 21.7 (CH3CH); 27.5, 

30.7, 37.6, 45.4 (C|, C3 , C5 , Cg); 66.9 (CH3CH); 118.3; 124.1; 127.0; 128.7; 133.9; 136.7; 

137.9; 138.0; 147.5 (Car, C(Im)); 151.1; 155.1 (O-CO-NH, N-CO-N)
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n ' ,N^-Bis[l-(2-nitrophenyl)ethoxycarbonyl] -N*-[ 0^-(4-hromothenyl)-N^- 

guaninyI]spermidine (156)

, 2' NO2

OoN,

2

Methyl iodide (110 |al, 1.76 mmol) was added to the adduct 154 (275 mg, 0.44 mmol) in 

DMF (5 ml) under an argon atmosphere. The reaction mixture was stirred at room 

temperature overnight. Excess o f methyl iodide was removed on the rotary evaporator 

and the remaining solution was used in the next step without fiirther purification. PaTrin- 

2 29 (143 mg, 0.44 mmol) w'as added, followed by Hiinig’s base (75 |il, 0.44 mmol) and 

the reaction mixture was stirred for 3 days at room temperature under argon. DMF was 

removed in vacuo (~ 45 “C), giving a greenish-black oil. Ethanol was added and PaTrin-2 

29 was collected by filtration and recycled. The ethanol was then removed and the 

residue purified by column chromatography on silica gel (5% ethanol/DCM). The solvent 

was removed and the oily residue obtained was treated with hexane. The resulting green 

solid was filtered off, dried and collected to give the product (148 mg, 38 %).

mp 80-82 °C

'H NMR (400 MHz, DMSO-dfe) 5 1.3-1.7 (m, 6 H, H2 , He, H7); 1.52 (d, 6 H, J 6.5, 

CH3CH); 2.7-3.3 (m, 8 H, H 3, H 5, Hi, Hg); 5.64 (s, 2H, OCHoThBr); 5.86-6.06 (m, 2H, 

CH 3CH); 6.72 (s(br), 2H, NH 2 ); 7.37 (s, IH, H3- ) ;  7.53 (t, 2H, J 7.5, H4); 7.60-7.68 (m, 

2H, Ha); 7.70 (s, IH, Hs”0; 7.73-7.78 (m, 2H, H5); 7.94 (d, 2H, J 7.5, H3); 8.02 (s, IH, 

CHs-O
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'^C NMR (100 MHz, DMSO-de) 5 21.5, 23.7 (CHjCH); 23.7; 26.1, 30.5 (CH2); 60.6 

(0 CH2ThBr); 66.7 (CH3CH); 107.8; 112.3; 123.86; 125.1; 126.7; 128.5; 130.9; 133.7; 

137.6; 137.8; 140.0; 147.2; 149.35; 153.2; 154.9 (Cap, PaTrin-2); 159.3; 159.8 (O-CO-N, 

N-CO-N)

A-max 254, 284 nm

v„,ax 3333,3110 (NH2 , NH); 1693 (br) (CO); 1520 (NO2) cm"'

MS (ES) [M +H f calculated m/z for C36H3QNioO,oNa*'BrS 907.1632; found 907.1600 

C36H39NioOioBrS requires C, 48.93; H, 4.45; N, 15.85%. Found C, 48.90; H, 4.66; N, 

15.47%.

2-Amino-[4,5-e]-1 -oxofuwxano-[2,1 -c]tetrazolopyrimidine (164)

Sodium azide (144 mg, 2.2 mmol) was added slowly with stirring o a suspension of the 2- 

amino-4,6-dichloro-5-nitropyrimidine 54 (209 mg, 1 mmol) in dry DMSO (1 ml). The 

reaction mixture was stirred at room temperature overnight. Water (15 ml) was added and 

the suspension was placed in an ultrasonic bath for 10 min. The product was extracted 

with EtOAc, washed with water, brine and dried over Na2 S0 4 . Filtration and evaporation 

o f the solvent gave a pale yellow residue, which was purified by column chromatography 

on silica gel (3:2 EtOAc/hexane) to afford a white solid (142 mg, 73 %).

mp 210 °C (decomp)

'h  NMR (400 MHz, DMSO-de) 6  9.33 (s, IH, NH); 9.46 (s, IH, NH)

'^C NMR (100 MHz, DMSO-de) 6  99.1, 142.4, 145.8, 157.1
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?Lmax284 (6 .8e3), 295 (8 .4e3), 306 (7.1e3), 349 (1.9e-3) nm 

Vmax3 4 1 9 , 3 3 1 0 (N H 2) cm''

C4 H2N 8O2 • 0.15EtO A c requires C, 26.67; H, 1.48; N , 54.09% . Found C, 26.52; H, 1.33; 

N , 54.31% .
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H5C H5B

C5

01

CI1

f C2

H30

H3A

Selected distances (A) and angles (°) of compound 69

CI1-C2 1.730(2), C12-C3 1.743(2), N2-C3 1.334(3), N2-C4 1.351(3), N3-C4 1.348(3), N l-C l 1.322(3), 

N1-C4 1.361(3), O l-C l 1.333(3), 01-C 5 1,444(3), C3-C2 1.379(3), C2-C1 1.421(3), C3-N2-C4 

115.50(19), C l-N 1-C 4 116.90(19), C 1-01-C 5 117.67(17), N3-C4-N2 117.69(19), N3-C4-N1 116.8(2), N2- 

C4-N1 125.55(19), N2-C3-C2 124.4(2), N2-C3-C12 115.44(16), C2-C3-CI2 120.11(16), C3-C2-C1 

115.25(19), C3-C2-CI1 124.08(17), C1-C2-C11 120.65(16), N l-C l-O l 121.07(19), N1-C1-C2 122.27(19), 

01-C 1-C 2 116.65(18)
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Selected distances (A) and angles (°) of compound 79
Cl(l)-C(15) 1.750(3), Cl(2)-C(l) 1.746(4), N(7)-C(l) 1.321(5), N(7)-C(4) 1.352(4), N(6)-C(4) 1.333(4), 

N(8)-C(3) 1.336(5), N(8)-C(4) 1.349(4), N(3)-C(16) 1.337(4), N(3)-C(13) 1.342(4), 0(2)-C(5) 1.383(6), 

0(2)-C(6) 1.386(5), C(16)-N(l) 1.337(4), C(16)-N(2) 1.361(4), N(2)-C(15) 1.325(4), N(4)-C(13) 1.375(5), 

N (4)-C (ll) 1.458(5), N(4)-C(12) 1.461(5), C(13)-C(14) 1,406(5), C(l)-C(2) 1.358(5), C(14)-C(15) 

1.361(5), C(2)-C(3) 1.410(5), N(5)-C(3) 1.358(4), N(5)-C(7) 1.442(5), N(5)-C(8) 1.449(5), 0(1)-C(9) 

1.408(6), 0(1)-C(10) 1.409(6), C(12)-C(10) 1.473(6), C (ll)-C (9) 1.486(6), C(6)-C(7) 1.299(6), C(8)-C(5) 

1.280(7), C(l)-N(7)-C(4) 114.0(3), C(3)-N(8)-C(4) 117.6(3), C(16)-N(3)-C(13) 117.2(3), C(5)-0(2)-C(6) 

113.3(3), N(l)-C(16)-N(3) 117.9(3), N(l)-C(16)-N(2) 116.0(3), N(3)-C(16)-N(2) 126.1(3), C(15)-N(2)- 

C(16) 113.5(3), C(13)-N(4)-C(ll) 119.8(3), C(13)-N(4)-C(12) 119.3(3), C(11)-N(4)-C(12) 114.7(3), N(3)- 

C(13)-N(4) 116.6(3), N(3)-C(13)-C(14) 121.6(3), N(4)-C(13)-C(14) 121.8(3), N(6)-C(4)-N(8) 117.8(3), 

N(6)-C(4)-N(7) 116.7(3), N(8)-C(4)-N(7) 125.5(3), N(7)-C(l)-C(2) 126.8(3), N(7)-C(1)-C1(2) 114.4(3), 

C(2)-C(1)-C1(2) 118.8(3), C(15)-C(14)-C(13) 114.7(3), C(1>C(2)-C(3) 115.0(3), C(3)-N(5)-C(7)121.1(3), 

C(3)-N(5)-C(8) 123.7(3), C(7)-N(5)-C(8) 114.5(3), N(8)-C(3)-N(5) 117.5(3), N(8)-C(3)-C(2) 121.1(3), 

N(5)-C(3)-C(2) 121.4(3), N(2)-C(l5)-C(14) 126.9(3), N(2)-C(15)-C1(1) 115.0(3), C(14)-C(l5)-Cl(l) 

118.0(3), C(9)-0(l)-C(10) 110.1(4), N(4)-C(12)-C(10) 111.7(4), N(4)-C(l 1)-C(9) 111.6(4), 0(1)-C(9)- 

C( l l )  112.9(4), 0(1)-C(10)-C(12) 113.6(4), C(7)-C(6)-0(2) 123.1(5), C(6)-C(7)-N(5) 119.1(5), C(5)-C(8)- 

N(5) 119.6(5), C(8)-C(5)-0(2) 125.3(5)
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Compound

Identification code 

Empirical formula 

Formula weight 

T emperature 

Wavelength 

Crystal system 

Space group 

Unit cell dimensions

Volume

Z

Density (calculated) 

Absorption coefficient 

F(OOO)

Crystal size

Theta range for data collection 

Index ranges

Reflections collected 

Independent reflections 

Data / restraints / parameters 

Goodness-of-fit on F‘

Final R indices [I>2sigma(I)] 

R indices (all data)

69

pwelm

C 2 0 H 2 0 C I8 N 1 2 O 4

780.11 

273(2) K 

0.71073 A 

Monoclinic 

C(2)

a =9.494(4) A a =90“ 

b=  10.921(4) A 0 =  105.171” 

c=  14.873(6) A y = 90“ 

1488.3(11) A^

2

1.741 g/m’

0.811 mm'

792

0.50 X 0.50 X 0.23 mm^

2.84 to 25.00°

-10<=h<=ll, -12<=k<=12,

-17<=K=17

5570

1311 [R(int) = 0.0361]

1311 / O/ l O l  

0.921

R1 =0.0318, wR2 = 0.0914 

R1 = 0.0334, wR2 = 0.0932

79

slf208m

CgHijClNO

216.67

273(2) K

0.71073 A

Monoclinic

P2(l)

a = 13.605(2)A a =90° 

b = 8.7080(16) A 103.604“ 

c=  17.394(3) A y = 90° 

2003.0(6) A^

8

1.437 g/m^

0.355 mm '

912

0.20 X 0.20 X 0.10 mm^

1.72 to 23.33“

10<=h<=15,-9<=k<=9,

-19<=K=18

8960

2887 [R(int) = 0.0235]

2887 /0/253 

1.129

R1 =0.0606, wR2 = 0.1505 

R1 = 0.0651, wR2 = 0.1539
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