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A b s î r a c t

Abstract

The duocarmycins are anti-tumour antibiotics that derive their biological activity through 

sequence-selective alkylation of the minor groove of duplex DNA. A series of 

duocarmycin analogues including deshydroxy Cl (l,2,7,7a-tetrahydrocyclopropa[c] indol-

4-one) and CBI (l,2,9,9a-tetrahydrocyclopropa[c]benz[c]indol-4-one) derivatives were 

synthesised as potential bio-oxidatively activated prodrugs via Cytochrome P450 mixed 

function oxidase mediated hydroxylation. A number of isoforms of cytochrome P450 are 

expressed in tumours and could be used as the basis for tumour selective deshydroxy 

duocarmycin prodrug activation. Synthesis of the deactivated alkylation subunits of the 

prodrugs utilised an intramolecular 5-exo-trig free-radical cyclisation onto a tethered 

vinyl chloride. Upon oxidative activation, the resulting chloroalkane reacts to form the 

spirocyclopropane critical for DNA alkylation. The extended structure was synthesised 

through deprotection and coupling with 5-methoxyindole-2-carboxylic acid. Synthesis of 

enantiomerically pure deshydroxy derivatives was initiated and involved a key 

Pd(II)catalysed intramolecular cross-coupling reaction followed by hydroboration- 

oxidation and chlorination to form the 3-chloro-1,2,3,4-tetrahydroquinoline ring 

expanded and related analogues. The required analogues were synthesised efficiently and 

in high yields with confirmation by NMR, mass spectrometry and elemental analysis. The 

oxidative metabolism of deshydroxy Boc-CI, CI-MI, Boc-CBI and CI-MI in rat and 

human NADPH supplemented liver microsomes as a rich source of cytochrome P450 

enzymes and using HPLC analysis showed the formation of numerous hydroxylation 

metabolites including metabolites that co-eluted with authentic hydroxylated 

duocarmycins. In A2780 human ovarian cancer and U20S osteosarcoma cell lines, the 

IC50 values were greater than 500nM for all deshydroxy duocarmycin derivatives 

investigated. In comparison duocarmycin analogues had IC50 values at least 250-fold 

lower (A2780 IC50 for CI-MI was 2.6nM and 0.5nM for CBI-MI). Incubation of selected 

deshydroxy duocarmcyins with NADPH supplemented rat liver microsomes restored their 

DNA alkylation properties. Specifically, DNA cleavage studies with aliquots of the 

metabolite and double stranded supercoiled DNA (plasmid (j)F174 RF 1) showed the 

formation of open circular (nicked) DNA. The results show the potential of deshydroxy 

duocarmycin as prodrugs that are activated via cytochrome P450 mediated hydroxylation 

to restore their DNA covalent interactions and potent cytotoxicity.
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1.1 Cancer

Cancer is one of the world’s biggest killers. It has been known to exist for hundreds of 

years and a cure has eluded scientists for just as long. The scholar Hippocrates penned the 

word cancer at around 400 BC when he likened the long, swollen veins extending from 

some tumours to the limbs of a crab, which in Latin is cancer.^ During the year 2000, in 

the UK alone, more than 270,000 incidences of cancer were reported, with lung, breast, 

prostate and colorectal accounting for over half of these occurrences. Cancer has now 

overtaken heart disease as the single biggest killer in the UK with 155,180 patients dying 

from it in 2002. Smoking has been attributed to be a major influence in the cause of 

cancer, with over a third of cancer deaths related to smoking. New medicines and 

methods of fighting disease have increased life longevity; this in turn has increased the 

chances of contracting cancer, with 65% of people over the age of 65 being at risk.^

Cancer is not actually one disease - there are over 200 forms which all respond to 

different treatments. All cancers are, however, diseases of individual cells characterised 

by a reduction or loss of effectiveness in normal cellular control and maturation 

mechanisms that regulate cell division.^ Life threatening tumours are a cause of cancer 

and the spread of these (metastasis) often means curative surgery becomes impractical 

and sometimes impossible. Since diagnosis often occurs after metastasis, systemic 

chemotherapy can often help reduce tumour growth.^

1.2 DNA and Cancer Chemotherapy

The sulphur mustards were used as highly toxic nerve gases in World War I but autopsies 

of the soldiers who died suggested that these agents might be effective as anti-tumour 

drugs. However, as these results were classified during World War I the full potential of 

these compounds could not be realised. It was not until 1946 that these results became 

declassified and work began on changing the world of modem cancer chemotherapy."^ 

Many of the initial chemotherapeutic dmgs were discovered by chance (cisplatin, 

nitrogen mustards) or by methods of screening (taxol). However, through the evolution of 

cancer studies, knowledge and understanding of cancer has increased and a more rational 

approach to dmg design can now be taken.
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It is now generally accepted that cancer is a “genetic” disease resulting from changes to 

the sequence information (and its expression) in specific genes/ A large number of 

clinically useful anti-tumour agents have DNA as their target. Some agents block the 

synthesis of DNA, whilst others act by becoming incorporated into DNA and then 

interfere with its function. As the primary genetic material, DNA has many desirable 

characteristics as a drug target. It is an active participant in a wide range of biological 

processes and disruption is likely to have a detrimental effect on cell growth.^

There are three major classes of DNA-interacting drugs: DNA intercalators, strand 

breakers and alkylators. DNA intercalators are generally flat aromatic compounds that 

insert non-covalently between the base pairs of the double helix. This then causes the 

base pairs to separate which destroys the regular helical structure forcing the DNA strand 

to unwind."  ̂ The anthracycline doxorubicin {Fig 1.1 {\)) has been shown to have a 

significant role in the treatment of solid tumours such as carcinoma of the breast, lung, 

thyroid, and ovary, as well as soft tissue sarcomas. The planar aromatic ring structure of 

doxorubicin acts by intercalation between the base pairs of DNA, with the amino sugar 

group adding further stability by interacting with the phosphate backbone/

DNA strand breakers interact with DNA by the generation of reactive radicals that 

produce cleavage of the polynucleotide strands through reaction with the sugar moieties. 

The antibiotic bleomycin (2) interacts preferentially with the DNA base guanine, 

mediating the oxidation of Fe^  ̂ and producing free radicals upon reaction with oxygen. 

The radicals subsequently attack phosphodiester bonds between the G-C or G-T base 

pairs, leading to strand breaks. Commercial Bleomycin (Blenoxane) has been routinely 

used in the prevention of basal cell carcinoma and pericardial sclerotherapy, as well as 

combination therapies. Bleomycin is actually a mixture of several glycopeptide 

antibiotics with the major component being Bleomycin A] {Fig 1.1).^
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Fig 1.1 Structures o f Doxorubicin (1) and Bleom ycin A 2 (2).

DNA interactive drugs exert their effect by a number of different mechanisms as 

described above but this report will concentrate on alkylation. Alkylating agents are 

highly electrophilic compounds, which react with nucleophiles to produce covalent 

bonds. More specifically, they can alkylate certain DNA bases thus preventing the cell 

from dividing. There are several such nucleophilic groups in DNA with nucleophilicity 

decreasing in the order N-7 of guanine > N-3 of adenine > N-7 of adenine (Fig 1.2). The 

N-3 of cytosine, 0-6 of guanine and the phosphate groups can also be alkylated."* Since 

alkylating agents are very reactive they will, in the main, react with any nucleophile and 

are therefore not very selective in their action. They can alkylate proteins and other 

macromolecules as well as DNA. Nevertheless, alkylating drugs have been useful in the 

treatment of cancer.^
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Fig  1.2 Structure and numbering o f  D N A  purine and pyrimidine bases.
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1.3 Cytochrome P450 (CYP)

1.3.1 Structure of CYP

Keilin introduced the name “cytochrome” in 1925 to describe a group of intracellular 

haemoproteins that undergo oxidation-reduction.^ Upon reaction these haemoproteins 

exhibited strong absorption bands between 510 nm and 615 nm. In 1958 the cytochrome 

P450 haemoproteins were first detected from their ability to form a biologically inactive 

ferrous carbonyl complex with carbon monoxide. The major absorption band of this 

complex occurred at 450 nm, hence their name.^

The cytochrome P450 (CYP) “superfamily” of enzymes is divided according to the 

family, subfamily and individual gene of that specific CYP isoform (i.e. CYP lA l is of 

family 1, subfamily A and isoform 1).̂  In mammals CYP 1, CYP 2, CYP 3 and to a lesser 

degree CYP 4 are hugely important in xenobiotic metabolism. These larger families are 

then further subdivided and the various subfamilies are responsible for the metabolism of 

the majority of drugs in clinical use.^ This is not to say that these are the only families 

present in mammals, indeed a further eight families (CYP 5, CYP 11, CYP 17, CYP 19, 

CYP 21, CYP 25, CYP 26 and CYP 27) are also known to be responsible for the 

metabolism of a whole range of endogenous substances.^

Cytochrome P450s are a “family” of enzymes and redox carriers whose structure centres 

on a haem group which in the ferric state is attached to two non-porphyrin ligands most 

likely water (distal) and

cysteine thiolate (proximal). 

The tetradentate porphyrin 

ring occupies the four other 

coordinate positions of the 

ferric iron. The sixth distal 

ligand is easily exchangeable 

and indeed in the ferrous
Fig 1,3 Structure o f  the protoporphyrin IX centre o f  CYP 450.

form the haem centre can lose water in place of ligands such as O2 and CO (Fig 1.3). 

Oxidative metabolism of endogenous substances is associated with the oxygen binding 

ability of this group of enzymes. The binding of a substrate initiates a catalytic cycle that
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displaces the weakly bound water molecule. The resulting formation of a high spin ferric 

complex facilitates the reduction of Fe"  ̂by NADPH-cytochrome P450 reductase. In this 

reduced form the binding of oxygen is rapid.^

CYPs are part of a molecular enzymatic system commonly known as the mixed function 

oxygenase (MFO) system. For CYPs to function they require the presence of molecular 

oxygen, a flavoprotein (NADPH dependant cytochrome P450 reductase) and a 

phospholipid (phosphatidylcholine).^ CYPs are the substrate and oxygen-binding site of 

the enzyme complex, with the flavoprotein and the phospholipid involved in the transport 

of electrons from NADPH to the P450 haemoprotein. For some isoforms (notably the 3 A 

sub-families), cytochrome b5 reductase is also an important component as it increases the 

rate of catalysis by its ability to donate the second electron.^

Cytochromes have been described as the biological equivalent of a “blowtorch” in the 

sense that they catalyse the hydroxylation of non-activated hydrocarbons at physiological 

temperatures. This is a reaction that, un-catalysed, requires extremely high temperatures 

to proceed, even non-specifically.^® Cytochromes catalyse the hydroxylation of steroids, 

drugs, aromatic compounds and fatty acids. Usually these enzymes lead to detoxification 

but, in some cases, they also lead to products with greater cytotoxicity or carcinogenic 

properties.
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1.3.2 Mechanism of catalysis by CYP

I - helix

Substrate

Cys'y, ,'C ys Cys'V,.

H

CysTy. xCysy,^

Scheme 1.1 A pictorial representation o f  the catalytic mechanism by which CYP mediated oxidation occurs is

shown above. * *

The first four steps of the CYP mediated oxidation mechanism are well documented 

{Scheme 1.1). Initially, the substrate binds to the enzyme displacing the sixth ligand 

solvent and increasing the redox potential of the system (1). This increase in redox 

potential mediates the one electron reduction of the substrate/enzyme complex, reducing 

it to its ferrous state (2). Binding of a molecule of oxygen (3) follows giving a superoxide 

complex that is subsequently reduced again by a second electron leading to an “activated 

oxygen species” (4). What happens next to the activated oxygen species, however, is less 

understood but reports and the mechanistic work outlined by Newcomb et al seems to 

be the generally accepted theory. They suggest that the CYP acts as an electrophilic 

oxidant that was originally thought to be a hyper-valent iron oxo species but is actually 

two compounds, a hydroperoxo iron complex [B], and an iron oxo complex [C]. These 

two species are formed from protonation of the 2e* reduced dioxygen [A], a process that 

occurs when a water channel forms in the groove of the 1-Helix upon binding of O2 This



Introducdon

leads to the hydroperoxo form [B], and subsequent cleavage of the 0 -0  bond (with 

oxygen leaving with two electrons and two protons as water) forms the oxo species [C]/^

Both these species of oxidants work by an insertion process. The iron-oxo species 

involves insertion of an oxygen atom giving a neutral alcohol product directly. The 

hydroperoxo iron species inserts OH^ that forms protonated alcohols, which can rearrange 

by cationic routes to form a number of oxidised metabolites.

1.4 Chemotherapeutic prodrugs

The disadvantage of many cancer chemotherapeutic drugs is their non-specificity. Many 

of the cancer chemotherapeutic drugs currently on the market attack the DNA of dividing 

cells. Initially it was thought that cancer cells had higher proliferation rates compared to 

normal cells, providing a tumour specific site of target. However, only approximately 1-5 

% of the total tumour cell population is dividing, especially in the case of a solid tumour. 

Hence, in some cases, it is probably more accurate to say that cytotoxic drugs have an 

inherent lack of tumour cell selectivity as indeed normal tissues such as the bone marrow 

can contain up to 75 % dividing c e lls .B y  designing a prodrug that targets tumour tissue 

activation we can lower the systemic toxicity attributed to non-specificity that in turn 

allows the administration of high concentrations of drug, which is especially required for 

the treatment of solid tumours.’"̂

Patterson has stated that an ideal cancer chemotherapeutic prodrug is completely inactive 

until metabolised by a tumour specific enzyme, or by an enzyme that is only 

metabolically competent towards the prodrug under physiological conditions unique to 

the tumour.^ Various approaches to intra-tumour prodrug activation are under 

investigation including activation by therapeutic radiation, pH differences, antigen- 

directed enzyme prodrug therapy (ADEPT), gene-directed enzyme prodrug therapy 

(GDBPT), tumour hypoxia targeting and activation by selective enzyme expression in 

tumour cells (Reviewed by Denny ’"̂ ).

Radiation is extensively used in cancer therapy, on its own it has shown limited success, 

but after co-administration with various prodrugs it can form an effective route to intra

tumour activation. Radiation can release reducing species from the radiolysis of water



Introduction

that upon interaction with certain prodrugs, such as analogues of 5-fluorouracil, can 

release the cytotoxin. The 5-fluorouracil derivative (3) undergoes C (l’)-N(l) bond 

cleavage after radiation mediated one electron reduction to release the toxic 5- 

fluorouracil. However one of the disadvantages of this is that only small amounts of 

reducing equivalents are delivered by each therapeutic dose of radiation/^ Differences in 

pH within solid tumours can also be used in prodrug activation. Poor blood flow and 

hence inefficient clearance of metabolic acids means that extracellular pH in tumours is 

lower than intracellular. Derivatives of phosphoramide mustards (4) have been 

synthesised which are acid labile and whose cytotoxicity is greatly increased upon acid 

catalysed hydrolysis within the acidic environment of tumours {Fig L 4 )P

HOHgC ^

 ̂ OH O H M e V ^ ^ ^ o

HN.^NH \^0 -P -N
I

Fig 1.4 Prodrug derivatives o f  5-fluorouracil (3) and phosphoramide mustard (4).

Antigen-directed enzyme prodrug therapy (ADEPT) involves attaching an exogenous 

enzyme to the surface of a tumour via an antibody. A prodrug that comes into contact 

with this anchored exogenous enzyme would in principle release the toxin in close 

proximity to the tumour. Extensive work has been carried out in this area of prodrug 

chemotherapy with prodrugs for glucuronidase, peptidase and phosphatase enzymes 

having been synthesised and tested. The prodrug glucuronide /7-hydroxyaniline mustard 

(Fig 1.5 (5)) was synthesised with a view to intra-tumour activation mediated by 

glucuronidase enzymes. The prodrug was shown to be 55 fold less toxic than the parent p- 

hydroxyaniline mustard, a potent DNA alkylator.^^ CMDA (6), the first clinically 

proficient ADEPT prodrug, is a substrate for the carboxypeptidase G2 enzyme. This 

enzyme cleaves the di-acid side chain (that otherwise would inhibit cellular uptake) at the 

amide bond to release a more lipophilic derivative. An early form of phosphatase 

enzyme activated prodrug therapy involved the use of etoposide phosphate (7). The 

phosphatase enzyme activates the prodrug by hydrolysis releasing the cytotoxic etoposide 

extracellularly.’^
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OHHO

MO

75 6

Fig 1.5 Examples o f  ADEPT based anticancer prodrugs mediated by glucuronidase (5), peptidase (6) and 

phosphatase (7) for tumour selective activation.

In a similar type of prodrug activation to ADEPT, gene-directed enzyme prodrug therapy 

(GDEPT) involves incorporating a gene, encoding for the activating enzyme into the 

tumour cell using a suitable vector-like liposome or a viral carrier. As with ADEPT there 

is a great amount of research going into GDEPT with a number of activating enzymes 

being targeted (Fig 1.6) such as kinases, cytosine deaminase, CYP and reductase 

enzymes. The anti-fungal prodrug ganciclovir (8) is metabolised by cellular kinases to the 

cytotoxic triphosphate derivative after initial conversion to the monophosphate 

intermediate by thymidine kinase. The cytosine deaminase has found widespread use, 

especially in the activation of 5-fluorouracil based prodrugs, namely the non-toxic 5- 

fluorocytosine (9) that is converted to 5-fluorouracil by this enzyme. Cyclophosphamide 

(10) has been shown to be 4-hydroxylated predominantly by the CYP 2B6 isoform. After 

this initial hydroxylation, cyclophosphamide reacts further to produce a phosphoramide 

mustard that is then transported into the tumour cell where it alkylates DNA. Further 

substrates of CYP enzymes are to be discussed later. GDEPT has also found great success 

in the selective activation of CB 1954 (11), such that this prodmg has been received into 

clinical trials as a candidate for GDEPT activated chemotherapy. It has been shown that 

the CB 1954 aziridine can be metabolised by the reductase enzyme NTR to the 4- 

hydroxylamine derivative that is further metabolised into a DNA cross-linking analogue.^

1 0
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Fig 1.6 Examples o f  GDEPT based anti cancer prodrugs mediated by kinase (8), cytosine deaminase (9), CYP 450  

(10) and reductase enzymes (11) for tumour selective activation.

A mechanism of hypoxia-mediated activation involves one electron reduction of the 

prodmg with eventual diffusion of the released cytotoxin into the surrounding tumour 

tissue. One such prodmg currently under investigation is the aromatic-A-oxide 

tirapazamine {Fig 1.7 (12)). This analogue readily undergoes one electron reduction, 

forming radicals that subsequently form breaks in DNA. These breaks can then be 

oxidised by covalent adduct formation by, amongst other things, tirapazamine itself. 

Other prodmgs that target hypoxic regions of tumours include AQ4N (13) (reduces to 

form the topoisomerase II inhibitor AQ4 {see section 1.6.8)) and Porfiromycin (14). 

Porfiromycin initially undergoes one electron reduction in hypoxic regions to form the 

semiquinone radical anion that then mediates molecular fragmentation to form DNA 

alkylating congeners.

? ' O CH2OCONH2
P  H2 N . J k  ^  P M e

OH O HN

^  ^  ^  ^
^ ^ N f ^ N H 2  I n 1 C N M e

6_

12

Fig 1.7 Examples o f  hypoxia mediated anti-tumour prodrugs, Tirapazamine (12), AQ4N (13) and Porfiromycin (14).

This study is directed towards the use of selective enzymes expressed in tumour cells. 

One of the earliest prodmgs to be identified for this type of activation was CB 1954 (11). 

Although this prodmg has found use in the clinic via GDEPT, it was initially thought that 

selective activation could be achieved by DT-diaphorase through the reduction of the 4- 

nitro group to form 5-(aziridin-l-yl)-4-hydroxylamino-2-nitrobenzamide {Scheme 1.2). 

This can then be transformed into the difunctional DNA alkylating agent by thioesters

11
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such as Acetyl CoAJ^ However CB 1954 was not effective in the clinic, after initial 

promising animal studies, due to it being a poor substrate for human DT-diaphorase 

This lack of sensitivity has been attributed to the rate of formation of the nitrobenzamide 

derivative that has a lower affinity for human DT-diaphorase than rat DT-diaphorase/^

NO2  NHOH
D T D ia p h o ra se  A cety l C oAHoN̂ HoN.

NADPH NADP*

DNA ADDUCTS

Schem e 1.2 Reduction o f  CB 1954 into DNA alkylating derivatives.

With increasing evidence that certain CYP isoforms may be over expressed (see section 

1.5) in tumour tissues compared to the surrounding tissue, prodrug activation by CYP 

oxidation/reduction would prove a useful method for tumour targeting. The range of 

drugs that are currently known to be substrates for these enzymes is extensive and in this 

review only the covalent DNA-adducting drugs will be discussed. {See section 1.6)

1.5 CYP expression in tumours compared to normal tissue

1.5.1 Lung

In lung cancer CYP lA l mRNA was identified by northern hybridisation and 

immunoblotting in non-small cell carcinoma. RT-PCR and immunochemistry techniques 

have also confirmed the presence of CYP 3A5.̂ "̂  In addition, the CYP 3A and CYP 2C 

isoforms have also been identified and confirmed by RT-PCR with results suggesting 

CYP 2C expression was higher in lung cancer samples than in normal lung samples.^^

1.5.2 Castro Intestinal Tract

Immunohistochemistry studies identified overexpression of CYP lA l, IB l and CYP 

3A4/5 isoforms in colon cancer. The presence of these isoforms was further confirmed by 

monooxygenase activities of aminopyrine N-demethylase (CYP 3 A4) and

1 2
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ethoxyresomfin 0-deethylase (CYP lA l and CYP IBl). These studies showed that these 

isoforms were expressed in tumour and non-tumour tissue alike. However, recently it has 

been suggested that CYP lA l is expressed in non-tumour tissue with CYP IBl 

exclusively expressed in the tumour. further to this, recent studies have confirmed the 

over expression of CYP IBl in colon cancer adenocarcinomas. Investigations into a 

range of 61 human colon adenocarcinomas compared with 14 normal human large bowel 

samples revealed CYP IBl expression in the majority of the carcinoma samples with 

comparatively low levels seen in the normal samples.^^

Martinez et al confirmed the presence of CYP 3A in human colorectal cancer by 

nifedipine oxidation activities. Colorectal cancer microsomes also metabolised the 

anticancer drug paclitaxel, a substrate for CYP 3A enzymes, with the inhibition of 

metabolism by the CYP 3A inhibitor ketoconazole also apparent. However, there was no 

significant overexpression of CYPs in the tumour samples with respect to healthy 

samples. Over expression of P450 3A and lA  has also been confirmed in colonic 

neoplasia studies with CYP expression in over 50% of carcinoma and nearly all adenoma 

samples as opposed to minimal expression in normal colon samples.^^

The expression of CYP 1 A, 2C and 3 A subfamilies in urinary blood cell tumour samples 

was confirmed by immunohistochemistry. The amount that these isoforms were present in 

the total samples measured was 68%, 28% and 68% respectively. Furthermore, only the 

CYP 1A and 3A isoforms were shown to be expressed in normal colon samples.^"^

1.5.3 Breast

Immunochemistry studies have shown CYP lA  expression in 40% of breast cancer 

tumours measured and similarly CYP 3 A isoforms were expressed in 30% of tumours. 

Comparatively there was no presence of either CYP isoforms in normal tissues. 

Immunoblotting techniques have also confirmed the presence of CYP 2C.̂ "̂  A further 

study of the expression of CYP 3A4 showed that it was over expressed in tumours 

compared to normal tissue.^^ Furthermore, western blotting confirmed the expression of 

CYP 3A4 and 2C9, but not CYP 2B6.^^ CYP 2E1 has also been shown to be expressed 

both in breast tumours and in surrounding normal tissue with immunohistochemical 

experiments confirming an increased expression in the tumour.^^ A recent study for the

13
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expression of CYPs lA l, 1A2, IB l, 208, 2C9, 2C19, 2D6, 2E1, 3A4 and 3A5 in breast 

tumours by quantitative CYP mRNA expression measurement confirmed the presence of 

lA l, IB l, 2C9 and 3A4 in 75% o f the 29 breast tumours studied/^ Ongoing 

investigations into the expression of CYP 450 in tumours have revealed two novel 

isoforms, CYP 4Z1 and CYP 4Z2, that were shown to be over expressed in over 50% of 

breast cancer cells by RT-PCR. Interestingly it was confirmed that CYP 4Z1 was 

expressed 86 fold lower in liver, with CYP 4Z2 not being expressed at all. However, 

substrate specificity for these two isoforms has yet to be analysed.^^

1.5.4 Liver

Immunohistochemistry studies have also confirmed the presence of the CYP lA  and 3 A 

isoforms in 65% and 41% respectively of the hepatocellular carcinomas (HCC) studied.^° 

Recently peripheral blood leukocyte (PBL) CYP expression was used as a measure of 

liver CYP expression for a number of CYP isoforms. PBL CYP expression was measured 

for patients with hepatocellular carcinoma using RT-PCR methodology. With close 

correlations of expression within PBL and liver, it was confirmed that there was a definite 

overexpression of certain isoforms in HCC compared with non-tumour tissue.^ ̂ Contrary 

to this, expression of CYP 3 A and 2C showed apparent decreases in hepatoma samples as 

opposed to adjacent, non-tumour tissues by immunoblotting. Furthermore, CYP 3A 

hepatoma localisation was confirmed by Fritz et al in 11/16 samples measured^^ and by 

Philip et al in 2/14 samples.^^

1.5.5 Other tumour types

Overexpression of cytochrome P450s has also been identified in many other tumour 

types. Various groups have confirmed the expression of CYP in prostate tumours. 

Finnstrom et al measured the expression of various isoforms in a number of tumour and 

non-tumour human prostate samples.^"  ̂ RT-PCR analysis by this group detected the 

presence of CYP 3A5, 4B1 and IBl in many of the samples used. Studies carried out by 

Murray et al have shown expression of CYP lA, 2C and 3A in 63%, 25% and 61% of 

the tumours measured with expression of the CYP 1A and 2C families being detected in 

non-tumour tissues as well.

14
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Murray et al have also confirmed the presence of CYP isoforms in kidney tumours, soft 

tissue carcinoma and urinary bladder tumours. This group established the expression of 

CYP IB l, lA l and 1A2 mRNA in both normal and tumour kidney samples by RT-PCR 

with no apparent differences in the presence of these CYPs in the different types of 

samples.^^ Soft tissue carcinoma has also tested positive for CYP expression. CYP 

immunoreactivity studies identified CYP 1A and 3 A sub families in 70% and 78% of the 

tumour samples respectively.^^

The expression of certain CYP sub-families has also been confirmed in oesophageal and 

stomach cancers. CYP isoforms were confirmed in the stomach cancer by 

immunohistochemical and RT-PCR studies that showed tumour specific expression of 

CYP 3A4 in human stomach intestinal metaplasia samples. Furthermore, the CYP 3A4 

isoform was shown to be absent in samples without intestinal metaplasia.^^ The 

expression of the CYP lA, 2E and the 3A sub-families have also been confirmed to be 

overexpressed in stomach cancer by Murray et al. It was confirmed that there was 

enhanced expression of CYP 3 A (28%) and 1A (51%) in the number of tumour samples 

studied with expression of both sub-families absent from non-tumour samples.^^ The 

overexpression of CYPs (especially CYP lA l and 1A2) was also confirmed in 

oesophageal cancer."̂ ® Further to this, a different group confirmed the presence of the 

CYP 2C, lA and 3A sub-families in oesophageal cancer with the latter two being 

expressed in over 60% of the tumour samples studied. However, out of these three CYP 

sub-families only the lA  form was shown to be present in a small percentage of non

neoplastic samples while both the 2C and the 3A were absent.
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1.6 Anti-tumour agents activated by CYP

1.6.1 Thiotepa

s 0
[ :N -P -N (]  4̂50 .̂ [ )N -P -N (]

N N
AA AA

Thiotepa TEPA

Schem e 1.3 Activation o f  Thiotepa by CYP 450.

Thiotepa ethylene thiophosphoramide) {Scheme 1.3) has been used as an

anticancer agent for many tumour types including bladder and breast carcinomas. 

Thiotepa is an alkylating agent that acquires its cytotoxic activity from oxidative 

désulfuration to form TEPA -triethylene phosphoramide). This route of

metabolism was shown to be carried out by CYP enzymes. Metabolism studies in rats 

show that this oxidative biotransformation involves the CYP enzymes 2B1, 2C11 and 

2C6."^

CYP studies involving rat liver microsomes have shown that the phenobarbital-inducible 

CYP 2B1 isoform preferentially mediates the metabolism of thio-TEPA with CYP 2C2 

and 2C6 showing minor contributions in un-induced liver. Metabolism studies were 

carried out using isolated rat liver microsomes as well as purified, reconstituted CYPs. 

Various other drug-induced CYP systems were also studied including CYP lA  and 2E. 

The results showed that these induced CYPs were not as active as the phénobarbital 

induced 2B1

Thio-TEPA is thought to undergo extensive liver metabolism, with cytochrome P450 

enzymes thought to play a pivotal role. Metabolism studies carried out on the MCF-7 

tumour in the presence of NADPH and rat liver homogenate also show that the CYP 

enzymes play some sort of role in bioactivation after an 8-fold increase in activity was 

established.' '̂  ̂Studies to confirm the specific isoform responsible for thiotepa activation in 

humans led to the design of several CYP based experiments. These experiments involved 

the use of specific CYP inhibitors on a range of CYP enzymes in hepatic microsomes. 

These experiments narrowed specific isoforms responsible for thiotepa metabolism to 

CYP 3A4 and CYP 2B6. The experiments also showed that thio-TEPA conversion was
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lowered in the presence of CYP inhibitors ketoconazole (CYP 3A4), troleandomycin 

(CYP 3A4) and coumarin (CYP 2A6). There was also a decrease in thio-TEPA 

conversion in the presence of anti-CYP 2B6 antibody. These results led to the 

confirmation that in humans CYP 3A4 was a major metabolizing enzyme and CYP 2A6

and 2B6 may be responsible for minor contributions.42

1.6.2
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Schem e 1.4 Activation o f  Cyclophosphamide by CYP.

Cyclophosphamide (CPA) {Scheme 1.4) is a cancer prodrug that belongs to the 

oxazaphosphorine family and shows activity in a broad range of solid and disseminated 

tumours. CPA has been shown to be 4-hydroxylated largely by the human CYP 2B6 

isoform. After this initial hydroxylation, CPA reacts further to produce a phosphoramide 

mustard along with acrolein. It is then thought that the phosphoramide mustard is 

transported into tumour cells where it alkylates DNA.^

As well as activating CPA, CYP metabolism can lead to inactive compounds. 

Experiments carried out in human and rat models have shown that apart from the 4- 

hydroxylation pathway another CYP dependant pathway leading to these inactive 

compounds is also possible. These inactive compounds have been shown to be 

dechloroethyl-CPA and chloroacetaldehyde. Dechloroethyl-CPA, unlike CPA, does not 

cross-link DNA."^  ̂ CYP 2B6 has been shown to be the enzyme that predominantly 

metabolises CPA to its major active 4-hydroxyl metabolite in the liver. A panel of 15
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different human P450 cDNAs in human lymphoblasts showed that CYPs 2A6, 3A4, 3A5 

and certain 2C isoforms were involved in CPA metabolism. Further analysis using the 

CYP inhibitory drug sulfaphenazole (2C9) and a highly specific inhibitory anti-2B6 

monoclonal antibody, MAB-2B6, identified that CYP 2B6 was the major CPA activating 

enzyme with minor contributions from CYP 2C9.^^ In a similar study it was shown that 

CPA A-dechloroethylation is mediated by CYP 3A4 confirmed by use of the CYP 3A4 

inhibitory drug troleandomycin.^^

1.6.3 Ifosphamide (IFA)
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Schem e 1.5 Activation o f  Ifosphamide by CYP.

Ifosphamide (IFA) {Scheme 1.5) is also an oxazaphophorine prodrug biotransformed by 

the hepatic cytochrome P450 system. Enzymatic hydroxylation produces 4-hydroxy IFA, 

which is then converted into the anti-tumour isophosphoramide mustard and the inactive 

by-product acrolein. IFA like CPA, undergoes chloroethyl side-chain oxidation yielding 

the inactive dechloroethyl-IFA and a neurotoxic agent chloroacetaldehyde."^^

Mechanistically IFA works in a similar manner to CPA but quantitatively its metabolism 

is significantly different. Up to 50 % of IFA has been shown to be metabolised into its 

inactive Y-dechloroethylated derivative compared to 3 % for the equivalent step in CPA 

metabolism.'^^ In turn, however, IFA has been shown to have a higher cytotoxicity and 

less cross-resistance than CPA.^^ The use of human transfected CYPs showed that CYP 

3A4 was the major enzyme responsible for IFA 4-hydroxylation."^^ In a separate study it 

was confirmed using supersomes that CYP 3A4 was also the main enzyme responsible
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for A^-dechloroethylation with some contribution from CYP 2B6/^ Activity of CYP 3A4 

in both activation and deactivation was also confirmed with naringenin and TAO, which 

are known inhibitors of CYP 3A4/^

1.6.4 Dacarbazine
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Schem e 1.6 Activation o f  Dacarbazine by CYP.

Dacarbazine (DTIC) {Scheme 1.6) is a DNA-methylating agent that shows anti-tumour 

activity in melanoma, Hodgkin’s disease, and soft tissue sarcoma. The methylating agent 

is generated from oxidation of DTIC by selected CYPs. MITC, which is formed after 

initial oxidation of DTIC, is further metabolised into a methylating agent that 

preferentially attacks the guanine base of DNA forming N7- and 06- methylguanine 

adducts.

The major metabolising enzyme of DTIC in the liver was shown to be CYP 1A2. This 

was confirmed by enzyme inhibition studies in human liver samples using 

naphthoflavone and phenacetin, competitive substrates of CYP lA. A study involving a 

antihuman CYP 1A2 antibody further confirmed the 1A2 isoform plays a major role in 

the metabolism of DTIC by showing near complete inhibition. It has been shown that 

CYP 2E1 may take a more prominent role in DTIC metabolism in the absence of CYP 

\A 2p
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1.6.5 Methoxymorpholinyldoxorubicin (MMDX)
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Schem e 1.7 Activation o f  Methoxymorpholinyldoxorubicin by CYP.

Methoxymorpholinyldoxorubicin (MMDX) {Scheme AT) is a carhamoylating anti-cancer 

agent. Its structure closely resembles the reversible DNA binding agent doxorubicin. 

However, MMDX in vivo has been shown to be up to 150 times more potent than 

doxorubicin. The metboxymorpbolinyl group is able to undergo alpha-carbon oxidation. 

The alcohol formed can then ring open into a DNA cross-strand group. This oxidation 

step has been shown to be NADPH dependant and a decrease in metabolism when co

incubated with CYP 3 A substrates first implicated CYP in the metabolism of MMDX.

Studies in tumour bearing mice suggested that the CYP 3A sub-family predominantly 

oxidised MMDX to its toxic metabolite in vivo because pregnenolone-16a- carbonitrile, 

an inducer of CYP 3A, showed a 50-fold potentiation of anti-tumour activity. Inhibition 

by administration of troleandomycin, an inhibitor of CYP 3A4, further supported the 

involvement of this i s o f o r m . A  recent study showed the effects of various drugs on 

MMDX metabolism. Paclitaxel, tamoxifen and cyclosporine, which are all substrates for 

CYP 3A4, were shown to significantly alter the metabolism of MMDX when co

incubated.
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1.6.6 Ellipticine

R’ = H, R" = H  Ellipticine
R' = OH, R" = H 7-Hydroxyellipticine
R' = H, R" = O H 9-Hydroxyellipticine

F ig  1.8 Chemical structure o f  Ellipticine.

Ellipticine {Fig 1.8) is an agent that has shown activity against tumours of breast and 

b r a i n . T h e  precise route to activation is not known but it has been suggested that 

metabolism by CYP enzymes facilitates interaction of ellipticine with DNA. The two 

main metabolites of ellipticine are 9- and 7- hydroxyellipticine with the former showing a 

higher pharmacological e f f i cacy.Tumour  specificity of ellipticine has also been 

suggested to be attributed to CYP enzyme expression. CYP 3A4 has been shown to have 

the highest activity toward ellipticine whilst CYP lA l/2, IB l and 2C9 also show activity. 

The most active CYP enzymes were confirmed using CYP inhibitors troleandomycin 

(CYP 3A4) and a- napthofiavone (CYP lAl/2).^^

The two currently known mechanisms of DNA damage by ellipticine are DNA 

intercalation and generation of DNA strand breaks by inhibition of Topoisomerase II.^° 

As a third route of DNA damage, the potential of ellipticine to form CYP activated 

covalent DNA adducts within cells was recently evaluated. CYP transfected V79 Chinese 

hamster lung fibroblasts were studied to assess the effects of CYP lAl ,  1A2 and 3A4 on 

DNA adduct formation of ellipticine and confirmed involvement of CYP 3A4, lA l and 

1A2.®'

The major DNA adducting CYP metabolised ellipticine derivatives have been confirmed 

to be 13-hydroxy ellipticine and the N^-oxide derivative. The major CYP enzymes 

responsible for these transformations have been shown to be CYP 3A4 and CYP lA. 

Although the exact mechanism of DNA attack has yet to be elucidated it has been 

suggested that the 13-hydroxy ellipticine may, under the right conditions, spontaneously 

decompose to a reactive carbénium ion that the attacks DNA^^. Further to this, Rekha and 

Sladek^^ have shown that the alkylating properties of ellipticine may be responsible for its 

subsequent anti-neoplastic activity.
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1.6.7 2-(4-Amino-3-methylpheiiyl)benzothiazole

X = H DF203

X = F 5F203

Fig 1.9 Chemical structure of2-(4-am ino-3-m ethylphenyl)benzothiazole.

2-(4-Amino-3-methylphenyl)benzothiazole (DF203) (Fig 1.9) and related compounds 

have shown very selective activity in the NCI in vitro cytotoxicity screen. One analogue, 

DF203, showed selective sensitivity to cancer cell lines of hreast, ovarian, renal, colon 

melanoma and non-small cell lung. The precise mechanism of action of the 

henzathiazoles, however, is not yet known hut CYP metaholism is prerequisite. 

Unfortunately, it has also heen shown that CYP metaholism is responsible for metabolic 

elimination of the henzathiazoles, with CYP lA l in particular responsible for 6- 

hydroxylation of DF203. This enzymatic conversion was confirmed by using microsomes 

from recombinant CYP lA l expressing lymphohlastoid cells.̂ "̂  By recognising that 6- 

hydroxylation was detrimental to therapeutic toxicity, a 5-fluorinated derivative (5F203) 

(Fig 1.17) was developed that blocked this CYP mediated 6-hydroxylation.^^ This novel 

anti-cancer agent has been shown to be active in vivo in breast and ovarian tumour 

models. Again, as for the DF203 derivative, CYPlAl has been shown to be the major 

CYP enzyme responsible for drug activation.^^
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1.6.8 AQ4N
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Schem e 1.8 Activation o f  AQ 4N by CYP.

AQ4N {Scheme 1.8) has been shown to be metabolised into a cytotoxic 4-electron 

reduced metabolite (AQ4), mediated by CYP enzymes. Studies into the inhibition of 

metabolism showed that ketoconozole and carbon monoxide had a detrimental effect on 

metabolism suggesting a role of CYP enzymes in the metabolism of AQ4N. Raleigh et al 

have confirmed that CYP 3A4 is responsible for AQ4N metabolism following a number 

of studies including metabolism by CYP 3A4 microsomes and inhibition of metabolism 

by the CYP 3A specific substrate triacetyloleandomycin. The CYP 3A metabolism probes 

benzoxylresorufin (0-dealkylation) and tamoxifen (A-demethylation) further confirmed 

the reduction of AQ4N by CYP 3A isoform s.H ow ever a separate study using isoform 

specific microsomes has shown that CYP lA l also reduces AQ4N. Further to this, intra- 

tumoural activation has also been studied in renal cell and colon adenocarcinoma 

microsomes. These carcinomas were histochemically shown to express certain CYP 

isoforms and were responsible for the bioreduction of AQ4N into the active AQ4 

derivative.^^
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1.7 CC-1065 and the Duocarmyeins

Recent studies have disclosed a family of potent anti-tumour antibiotics including the 

parent compound (+)-CC-1065 and the duocarmycins. (+)-CC-1065 was one of the first 

analogues, isolated from Streptomyces zelensis by the Upjohn Company.Duocarmycin 

A was isolated from soil collected from the foot of Mt. Fuji in Japan and it was shown 

that it was produced by Streptomyces sp. DO-88. The most potent, and exciting, anti

tumour agent in this initial series was duocarmycin SA, which was produced from 

Streptomyces sp. DOIISJ^ Shortly after these compounds were isolated, their structures 

were analysed by spectroscopic analysis and chemical degradation studies and eventually 

confirmed by X-ray analysis^^ {Fig 1.10). All of the compounds have an extended curved 

planar structure, reminiscent of the minor groove binding natural products such as 

distamycin and netropsin {Fig 1.14). They also have a characteristic, stereochemically 

defined spirocyclopropane group that is critical to their biological activity.
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■QMe
NH

OH
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OMe
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F ig  1.10 Structures o f  the duocarmycin and CC-1065.

(+) - duocarmycin A
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1.8 CC-1065, DNA and the Cell Cycle

Extensive studies of (+)-CC-1065 and related compounds established that they required 

AT containing double-stranded DNA for binding^^. Together with extensive, classical 

DNA alkylation and binding studies using labelled DNA and gel electrophoretic methods, 

these experiments strongly supported double-stranded DNA as a target for (+)-CC-1065. 

Analysis of the duocarmycins and their similarity to (+)-CC-1065 suggests a comparable 

mode of action. Thermal melting studies. Circular Dichroism (CD) and gel exclusion 

chromatography of DNA confirmed the covalent binding of (+)-CC-1065^^’̂ '̂ . The 

interaction of (+)-CC-1065 with calf thymus DNA served to increase the thermal melting 

temperature by at least 31°C (over 70 % more than the DNA binding anti-tumour agent 

adriamycin) suggesting that the duocarmycin analogues were binding to DNA. CD 

experiments established that CC-1065 requires AT containing double-stranded DNA for 

binding while chromatography of the drug/DNA incubation mixture on a Sephadex LH- 

20 column confirmed the binding of the drug to DNA. Finally, decreases in drug potency 

were observed when drug and premixed drug/calf thymus DNA sample were added to 

L1210 cells. L1210 cell growth was inhibited by 85 % by the drug (assay concentration 

0.04 ng/ml) alone but when a mixture of drug/DNA was added L1210 cell growth 

inhibition was significantly reduced, so much so that 0.5 pg/ml of DNA completely 

inhibited drug induced inhibition of L I210. This suggests that the drug/DNA complex 

formed makes the drug unavailable to inhibit cell proliferation.^"^

Bhuyan et al showed, by cell culture experiments, that mitotic cells were the most 

sensitive to the duocarmycin analogue, and also studied various other effects of these 

analogues on the cell cycle. Cell cycle progression effects were studied in exponentially 

growing CHO cells exposed to different levels of (+)-CC-1065 for 24 hours. Flow 

cytometry of samples taken at intervals showed cell cycle effects were minimal as the 

cells passed through from M to Gi and even from Gi to S. A marked increase in 

sensitivity was seen as cells passed through the S phase, with low drug concentrations (1 

ng/ml) allowing cell passage and higher concentrations (5 ng/ml) completely blocking 

cell passage. No discrimination was seen once the cells reached the Gi phase as cell 

progression was completely stopped here.^^
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1.9 Structure activity relationships of the duocarmycins

In the design of novel drugs, it is important to realise that even a small alteration in 

functionality can cause a major change in efficacy. In the age of modem technology it has 

long been thought that man can match and even improve what nature has to offer. In this 

case nature has provided a set of unique compounds with drug-like qualities in the shape 

of the duocarmycins for the medicinal chemist to analyse and develop. The design of 

duocarmycin analogues containing deep-seated structural modifications has led to the 

synthesis of a number of partial structures of the natural products. Studies of these 

compounds have contributed to our understanding of the mechanism of action of the 

natural products and their potential as anti-cancer agents.

The duocarmycins and CC-1065 specifically alkylate DNA by nucleophilic attack of 

adenine bases in the minor groove at the least substituted carbon of the activated 

cyclopropane (see section 1.9.1.!).^^ For ease of analysis their structures can be described 

as containing a left-hand subunit (see section 1.9.1) responsible for DNA binding and 

alkylation and a central and/or right-hand subunit (see section 1.9.2) responsible for 

additional DNA binding stabilisation. It has been shown by molecular modelling and 

solution phase stmctural studies that the curved edge of the duocarmycin {Fig 1.11) is 

embedded deep in the minor groove with polar substituents protmding outwards from the 

DNA-drug complex (see section 1.9.1.1, 1.9.1.2 and section 1.9.2). The curvatures of the 

duocarmycins have been shown to match that of B form DNA with analogues specifically 

binding in AT rich base pair sites (see section 1.9.1.1).

Along with the isolation of the natural products, efforts have been made to synthesise the 

enantiomers to investigate the effects of stereochemistry on biological activity (see 

section 1.9.1.4). These unnatural stmctures illustrate the importance of non-covalent 

stabilization factors (see section 1.9.2) as well as the effects of steric bulk surrounding the 

C l centre (see section 1.9.1.2) that may influence DNA alkylation. Further efforts to 

appreciate the unique sequence specificity and alkylation properties of these analogues 

have established that a distinctive conformational change of the agents around the 

vinylogous amide bond occurs upon DNA binding. This shape change has since been 

confirmed as a key process in DNA alkylation (see section 1.9.1.3) .
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1.9.1 Left-hand alkylating subunit of the duocarmycin

1.9.1.1 Cyclopropane subunit and alkylation.

As mentioned previously the left-hand subunit has been recognized as being responsible 

for the DNA alkylation properties of the duocarmycin. In a discussion of the significance 

of this cyclopropane subunit, it is important to also mention that a further set of seco 

compounds similar to duocarmycin A have been isolated. {Fig 1.12) Studies involving 

removal of the -OH functionality strongly suggest that spirocyclisation is required prior 

to DNA alkylation. The jgco-agents maintain high potency only when they are able to 

form the spirocyclopropane prior to reaction.

OMe

Me02C
Me'''

(+) - duocarmycin 82 : X  = Br 
(+) - duocarmycin C2: X = Cl

Fig  1.12 Structures o f  jeco-duocarmycin analogues.

Me02C
Me''"

(+ ) -duocarmycin Bv X = Br 
(+) - duocarmycin C i : X = Cl

Alkylation of DNA occurs by nucleophilic attack at the least substituted carbon of the 

activated cyclopropane.^^ The identification of the site of alkylation and assessment of the 

relative selectivity were achieved by thermally-induced depurination and strand cleavage 

of labelled DNA after exposure to the agents. The requirement of having a ring-closed 

(spiro) cyclopropane derivative of duocarmycin {Fig 1.11) was highlighted in DNA 

alkylation studies where it was shown that, under physiological conditions, the ring- 

opened {seco) duocarmycin analogues closed to the more biologically stable derivative 

prior to DNA alkylation.^^

However, it is not obligatory for ring closure to occur to see DNA alkylation. Further 

investigation involving methyl ether and deshydroxy derivatives of seco-N-Boc-Cl {Fig 

1.13) uncovered this effect with results showing that DNA alkylation may still occur, 

albeit at very high concentrations, with duocarmycin analogues that are unable to ring 

close. These studies revealed the rate of DNA alkylation is higher for analogues that
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allow for spirocyclisation to occur i.e seco-N-^oc-Cl. This shows that the ease of ring 

closure is in direct relationship with the intensity of DNA alkylation, more specifically 

the seco- analogues that lack the C4 hydroxy moiety alkylate 100-1000 times less 

effectively than the equivalent carbonyl containing versions. This not only confirms the 

importance of the C4 hydroxyl group in DNA interactions but also suggests that the 

deshydroxy analogue is alkylating DNA in a classical reaction involving DNA and an 

alkyl halide. Hence, the reaction of seco-N-Boc-Cl with DNA is distinctly different to 

that of deshydroxy A-Boc-CI, and clearly more efficient. As well as showing the 

importance of the C4 substituent to the rate of DNA binding, the study also revealed that 

the sequence selectivity of the analogues was the same, irrespective of the nature of the 

C4 substituent. This study further went on to suggest that sequence selectivity was 

perhaps driven by the shape of the molecule, rather than by individual substituent 

effects.

OSO2CH3

NBOC
1 0 CH3

Fig 1.13 Structure o f  ^eco-N-Boc-CI with the C4 hydroxy group substituted with a methoxy and hydrogen group to 

assess the effect on DN A alkylation by this substituent.

The attack of DNA on duocarmycins has been suggested to follow a binding driven 

bonding mechanism. The alkylation reaction is promoted by a twist in the linking amide 

that disrupts the vinylogous amide stabilization associated with the structure of the 

alkylation subunit. The nucleophilic attack itself is a simple Sn2 reaction occurring at the 

cyclopropane following activation through a binding induced conformational change 

{Scheme 1.9)^^ Selectivity for DNA alkylating sites was indistinguishable regardless of 

the rates of reaction. In each case, alkylation took place at an adenine residue that was 

flanked by two 5’-A or -T  bases. In addition, A or T dominated over G or C as a fourth 5’ 

base. All the natural products mentioned above have been shown to have a preference for 

a three base sequence in the order 5’-AAA > 5’-TAA > 5’-ATA, with the exception of 

CC-1065.”
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Schem e 1.9 Mechanism of DNA alkylation by duocarmycin A.

The structure of a protein or a drug must match the specific sequence of bases in the 

grooves. This sequence information is stored on the base edges of the DNA grooves and 

is read by hydrogen bonding and Van der Waals and electrostatic interactions that may 

occur between the drug/protein and the DNA bases. The selectivity of the duocarmycins 

for AT sequences mirrors the binding of both natural and synthetic minor groove binders 

such as netropsin, distamycin A and Hoescht 33258 (Fig 1.14).  For these compounds, 

selectivity is thought to derive from a preference for the narrow deep minor groove of AT 

sequences (where there is less discrimination for acceptor/donator hydrogen bond 

interactions and therefore less discrimination as to the type of analogue that may bind 

there). This allows the planar aromatic systems to stack on the walls of the groove, 

making few hydrogen bonding interactions with the bases in the bottom of the groove. 

Some synthetic groove binders, such as DAPl and berenil have no hydrogen bonding 

ability, and therefore are not influenced by acceptor/donator hydrogen bonding 

sequences, and are driven entirely by the electrostatic and hydrophobic interactions. The 

minor groove of GC sequences also does not make for an ideal binding environment, 

mainly due to the G-Cl-NH] group that protrudes into the minor groove forming a steric

impediment that disrupts the close fit of the drug to the DNA. 82
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Fig 1.14 AT and GC base pairs showing the pattern of hydrogen bond donors (d) and acceptors (a). Structures of 

common DNA minor groove binders Netropsin, Distamycin A, Berenil, D A Pl, Hoechst 33258.

It has been shown by molecular modelling and solution-phase structural studies that the 

curved edge of the duocarmycin (Fig 1 .14)  is embedded deep in the minor groove with 

polar substituents protruding outwards from the DNA-drug complex. Solution structure 

studies carried out by Lin and Patel^^ on duocarmycin A and Bassarello et  a l  on DSA*"̂  

have confirmed the structure of the drug-DNA complex. NMR-molecular dynamics 

calculations further confirmed the 3D structure and hence the drug-DNA stabilising

forces and the specific alignment of the complex. 83
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Left-hand substituents on the alkylating subunit of the duocarmycin

The identification of the left-hand subunit of the duocarmycins as being responsible for 

DNA alkylation led to considerable efforts to modify critical components of this subunit 

in order to increase alkylation efficiency. However it quickly became apparent that 

varying the substituents of the left-hand subunit did not have as great an effect on 

alkylation as anticipated. Deep-seated modifications of the left-hand subunit effectively 

demonstrate the significance of these substituents on DNA alkylation.

A-Boc-DSA and A-Boc-CPI are the left-hand subunits of duocarmycin SA and CC-1065 

respectively that contain the C6 methyl ester and C l methyl groups {Fig 1.15). Studies 

have shown that the two substituents have different effects on DNA interactions. The C6 

methyl increases the stability of the subunit (6 fold) and hence accelerates its reactivity 

towards DNA. The C7 methyl group, however, slows DNA alkylation by at least 4 fold 

concomitant with a decrease in biological activity. The C7 methyl group may form a 

steric impediment to deep penetration of the compound into the minor groove hence 

impeding DNA alkylation.

Me J"
NBoc

N-Boc-CPI

Me02C
NBoc

O
N-Boo-DSA

Fig 1.15 Structures o f  N-Boc-D SA  and N-Boc-CPI.

It has been proposed that the C6 methyl ester enlarges the binding induced twist of the 

vinylogous amide by increasing the rigid length of the molecule. Increasing the length of 

the rigid, planar molecule increases the binding-induced conformational change and 

disrupts the vinylogous amide stabilisation, leading to enhanced activation of the 

molecule for DNA alkylation. In support of this complete removal of the methyl ester 

decreases rate of alkylation by at least 12 fold.^’
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1.9.1.3 Vinylogous amide conjugation

Solution studies of the solvolysis of the duocarmycins have revealed the remarkable 

stability of the molecules at neutral pH. The duocarmycin SA half-life is estimated to be 

in the region of 1 x 10* seconds. This stability can be related to the vinylogous amide 

stabilization of the extended conjugated 

s y s t e m . I n  fact, complete removal of the 

vinylogous amide provides an analogue (CBIn) 

with a 3200-fold decrease in stability at pH 3

and more than 10"̂  decrease in stability at pH 7 o  6

when compared with CBI (Fig 1.16),
Fig 1.16: Structure o f  Boc-CBI and CBIn.

Furthermore, where vinylogous amide

conjugation has been attributed to duocarmycin stability, disruption of this conjugation 

has been shown to be the catalyst for their ultra potent DNA reactivity. The amide twist 

that occurs at the flexible C-N  ̂bond of the duocarmycins as they bind to DNA, upon 

twisting, disrupts the spirocyclopropylcyclohexadienone conjugation and vinylogous 

amide stabilisation therefore increasing reactivity. This shape change also explains further 

the selectivity of these drugs to binding in the minor groove which, being deeper and 

narrower than the major groove, permits a greater change in the vinylogous amide angle, 

thereby optimising catalysis. This concept was confirmed using CBI analogues with a 

modified C ring and linking amide structures. The structure of the right-hand binding 

subunit also has an effect on vinylogous amide conjugation (see section 1.3.2.2).
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O
N-COjMe-CBI

OtBu

N-BOC-CBQ

A II B II Y OMe

Agent Bond length

( * ) /A

Solvolysis reactivity  

ti/2 (pH  3)

N-COjMe-CBI 1.390 133 h

N-BOC-CBQ 1.415 2.1 h

N-COzMe-CNA 1.428 0.028 h

CBI 1.337 930 h

CBQ 1.336 91 h

CNA 1.376 0.62 h

N-C02Me-C NA

Fig 1.17 The effect o f  the bond length and hence vinylogous amide conjugation on duocarmycin/ D N A  alkylation.

The importance of vinylogous amide conjugation was determined using X-ray analysis of 

the duocarmycin analogues (Fig 1.17). The increase in the size of the C ring (and 

subsequent increase in the bond length (*) and in the dihedral angle (xi) is in direct 

relationship to the loss of vinylogous amide conjugative stabilisation. This effect is seen 

across the series N-C02Me-CBI, N-Boc-CBQ and N-C02Me-CNA and across the series 

CBI, CBQ, and CNA The increase in reactivity which is apparent when the length of 

the * bond increases (and indeed the decrease in the extent of the vinylogous amide 

conjugation) is due to the realignment of the cyclopropane that subsequently becomes 

more ideally conjugated with the n system of the cyclohexadienone system. Furthermore, 

this idealised conjugation is far more diminished for the CBI analogues (with respect to 

CBQ and CNA) and, as mentioned earlier, the reactivity of the CBI analogues (and also 

for the natural duocarmycin) is only fully realised upon loss of the vinylogous amide 

conjugation, a process that automatically occurs when the analogue binds to DNA where 

the resulting twist reduces the conjugate stability.

Further studies into the effect of the linking amide support the theory that conjugative 

stabilisation is extremely important in the catalysis of alkylation. Replacing the linking 

amide (Fig 1.18) with a methylene group (1) resulted in an analogue that was very 

unreactive (lO'^-lO^ fold decrease in cytotoxic potency). Thioamide (3) and amidine (2)
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moieties were also investigated. Analogue (3) reduced vinylogous amide stabilisation 

with a concomitant increase in reactivity whereas analogue (2) showed vinylogous amide 

conjugation and stabilisation but at the expense of linking amidine stability.

OMe

X = H2 (1) 
NH (2) 
S (3)

OMe

'OMe
NH

Fig 1.18 Variation o f  the linking amide o f  CBI-TMI.

1.9.1.4 Importance of stereochemistry

The unnatural enantiomers of the duocarmycins, with the exception of those for (+)-CC 

1065, were shown to be less active than their natural counterparts. The unnatural 

enantiomers require a binding orientation that is reversed in the order 5’-> 3’ over an AT- 

rich 3.5 or 5 base-pair site. This reversed binding orientation is necessary to allow 

adenine addition to the least substituted cyclopropane carbon. The unnatural analogues of 

CC-1065 demonstrated almost identical selectivity, potency and alkylation efficiency as 

their natural counterpart. The (-)-duocarmycin SA enantiomer was found to alkylate DNA 

at concentrations approximately ten times those for the natural enantiomer. Although the 

amount of alkylation varied, the specificity of base pairs showed a binding preference for 

adenine flanked by a 5’ and 3’ A or T base in a reversed binding method analogous to the 

natural enantiomers. The unnatural enantiomers (-)-duocarmycin A and {-)-epi~ 

duocarmycin A have reduced alkylating efficiencies and cytotoxicities than their natural 

counterparts {Fig 1.19).

These characteristics of the unnatural enantiomers, as well as studies carried out on 

shortened and extended duocarmycin analogues, show that the efficiency of DNA 

alkylations by the natural and unnatural enantiomers were found to correlate with the 

extent of non-covalent stabilization and steric bulk around the C7 centre of the analogues. 

The duocarmycin A derivatives were particularly sensitive to the effects of steric bulk 

{Fig 1.28) whereas -(+)- and (-)-CC-1065 enantiomers showed similar effects to each 

other because the extent of stabilization by the extended binding group outweighs the
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effects of the C7 centre/^ In addition, inversion of configuration of the cyclopropane (i.e 

from (+)-duocarmycin A to (-)-^z-duocarmycin A also serves to significantly reduce the 

potency and alkylation efficiency. This is simply because the orientation of the -epi- 

duocarmycin cyclopropane does not allow for effective fit of the subunit into the active 

site of DNA and therefore lowers the analogue’s potency.

Me02C

•OMe■OMe

OMeOMe
OMeÔMe

(+)-Duocarmycin A 

Me o

(-)-Duocarmycin A

Me02C

Me02C'"'
HN

OMe

(+)-ep/-Duocarmycin A

OMe

(-)-ep/- Duocarmycin A

Agent IC50, LI 2 1 0  

(pM)

Rel. Alkylation 

Efficiency

(+)-duocarmycin SA 1 0 1

(+)-duocarmycin A 2 0 0 0.05

(-)-duocarmycin A > 2 2  0 0 0 < 0.0005

(+)-e/7i-duocarmycin A 1 600 0 . 0 1

(-)-e/7/-duocarmycin A > 24 000 < 0.0005

Fig 1.19 The effect o f  stereochemistry o f  duocarmycin A on DNA cytotoxicity and alkylation.
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1.9.2 Central and /or right-hand subunit

The covalent bond formed by alkylation is not the only factor responsible for DNA-drug 

stabilisation. The extent of non-covalent interaction also bas a significant effect, which is 

most clearly observed with CC-1065 that is irreversibly bound^^. All of the natural 

products containing only two subunits are reversibly bound^^. The recent discovery of 

yatakemycin {Fig 1.20), a “sandwiched” duocarmycin/ CC-1065 adduct that is also 

irreversibly bound, supports the profound effects of non-covalent binding subunits on 

DNA affmity^^. The isolation of (+)-yatakemycin provided intriguing evidence to the 

‘binding-driven bonding’ model of duocarmycin DNA alkylation and selectivity. 

Effectively, this hypothesis suggested that all the duocarmycin’s selectivity information 

(i.e. why it binds to where it does on DNA) is stored in the DNA-binding subunits 

whereas the alkylating subunit is specifically involved in covalent bond formation. The 

synthesis of (and isolation of) reversed and sandwiched duocarmycin analogues 

confirmed the ‘binding driven bonding’ model as the reversed analogues were found to 

alkylate an adenine base in a row of AT bases in a reversed order to the natural 

duocarmycin (in a similar manner to the unnatural analogues) whereas the sandwiched 

analogues were found to alkylate at the central portion of a run of adenines. If all the 

sequence selectivity information were contained in the alkylating subunit then the 

sandwiched duocarmycin derivatives would alkylate the same adenine irrespective of the 

nature of the DNA binding subunit.

OMe

OH
Acs

HN

NH
MeO

OH

O
Fig 1.20 Structure o f  (+)-Yatakemycin.

Fig 1.21 summarises the effect of the binding subunit of the duocarmycins on the potency 

of these drugs. Studies using the natural analogues have concluded that the full-extended 

DNA binding subunit is not required for optimum activity. As shown in Fig 1.21 removal 

of the methoxy and carbonyl substituents that protrude away from the minor groove and 

indeed in the case of CC-1065 removal of the far right-hand indole produce an analogue
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(CDPIi) with only a 2-foId decrease in cytotoxic activity compared to the natural 

counterpart.

Not only has the binding subunit been shown to have effects on selectivity, affinity and 

rate of DNA alkylation but recently it has also been recognized to have an effect on the 

catalysis of alkylation. Analysis of the right-hand binding subunit of duocarmycin SA 

revealed the importance of the C5 methoxy group over the other methoxy groups on the 

tri-methoxy-indole (TMI) frame.^^ This group has been shown to be imbedded deep in the 

minor groove and its presence increases the alkylation rate approximately 12-13 fold. 

Interestingly, the effects of these substituents on alkylation are not related to their 

electronic properties but simply due to their presence, which, like the C6 methyl ester of 

duocarmycin SA, increases the rigid length of the analogues and therefore the extent of 

vinylogous amide conjugation destabilisation.^^
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RMe

Me02C

DSACPI

IC50, L1210 (pM) 

CPI DSAR = R =CPI

PDE-1

NH;
,0C H 3

M eO

NH;

•OCH3

CDP

0 CH3

TMI Indole

.0 CH3 200
0 CH3

0 CH3

F ig  1.21 The effect o f  various binding subunits on duocarmycin cytotoxicity.

1.10 Current prodrugs of the duocarmycins

1.10.1 Carzelesin

Prodrug design based on attempts to block the closure of jgco-duocarmycin to the 

spirocyclised versions led to the synthesis of carzelesin {Fig 1.22). Activation of 

carzelesin requires the hydrolysis of the phenolic phenylurethane-protecting group, 

releasing the cytotoxin ready to spirocyclise and alkylate DNA. The success of carzelesin 

as a prodrug can be seen in its cytotoxicity with the released cytotoxin being 1500-fold 

more toxic than the carzelesin prodrug.^^ Cazelesin has shown activity against various
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carcinomas including carcinomas of the lung and colon as well as ovarian and prosthetic 

carcinomas.

HN

HN

^N(CH2CH3)2

Fig 1.22 Structure o f  carzelesin.

1.10.2 KW-2189

KW-2189 {Fig 1.23) is a prodrug with improved aqueous solubility over other 

duocarmycins. It is extremely potent against many tumours, being effective on 14 out of 

16 tumours inoculated into nude mice in studies carried out by Kobayashi et af^.  These in 

vivo studies showed that KW-2189 was more effective than more conventional anti

tumour drugs like cyclophosphamide, cisplatin and mitomycin. This drug also did not 

show the delayed cytotoxicity of CC-1065, which has been attributed to the differences in 

structure between the two drugs i.e. KW-2189 does not possess the extended ring 

structure associated with such toxicity in CC-1065. The KW-2189 was converted into its 

cytotoxic metabolite in the study by Kobayashi et a f^  in the tissue homogenate, 

presumably by esterase. This prodrug works in a similar manner to carzelesin where the 

phenolic substituent blocks spirocyclisation of the duocarmycin derivative until enzyme- 

mediated activation. The released cytotoxin is then able to alkylate DNA in a mechanism 

analogous to those of more common duocarmycin analogues.However, one of the main 

problems of KW-2189 was that it induced peripheral blood toxicity.

HN

■OCH;

OCH;

Fig 1.23 Structure o f  KW -2189.
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1.10.3 Anti-B4-DCl

Upon conjugation of (+)-CBI-(indole)2 to an antibody that has a selective affinity for 

tumour cells a potential prodrug can be formed which has none of the fatal delayed 

systemic toxicities characteristic of other duocarmycins. The antibody-DRUG conjugate, 

anti-B4-DCl {Fig 1.24), linked by some cleavable disulfide bonds was shown to be 

extremely potent and specifically targeted the respective antigens (CD 19 and CD 56 

tumour associated antigens). Such tumour selective targeting can only be successful if the 

cytotoxin is extremely potent, such as the duocarmycins, as the small number of tumour- 

associated antigens available limits it. Studies in mice infected with an extremely 

aggressive type of human lymphoma showed life span increases of 170%, significantly 

higher than with more common anti-cancer drugs like doxorubicin, cyclophosphamide 

and etoposide (22% - 91%)̂ "̂

H CHzCHgSS-Ab

HO

HN

Fig 1.24 Structure o f  anti-B4-DCl.

1.10.4 Amino analogues of the duocarmycin

The amino analogues {Fig 1.25) of the duocarmycins offer another route to prodmg 

design. These analogues coupled with ADEPT or GDEPT mechanisms, can be targeted to 

tumours and then potentially activated to release the cytotoxin. The donating effects of 

the amino substances cause these analogues to act in a similar fashion to the hydroxy 

relatives (with the exception of amino CI derivatives) with similar sequence selectivity 

and cytotoxicity. Studies show that increasing the substitution of the amino group (i.e 

primary to secondary) increases the cytotoxicity perhaps as a result of the increased 

ability of the secondary amine to donate into the ring. The CBI derivatives synthesised by 

Hay et al show that incubation of the analogue with the nitroreductase enzyme, NTR, 

isolated from Escherichia Coli B, provides a 21-fold activation of the prodrug with as 

much as 40-fold activation seen under hypoxic conditions.^^ Further to this, a nitro 

derivative {Fig 1.25) has also displayed interesting properties. This prodrug has been
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shown to be 4000 times less toxic than the primary amine and 10000 times less than the 

secondary derivative and has the potential to be reduced in hypoxic regions of the tumour 

to the more cytotoxic amino derivatives. Research into this area is ongoing.

OCH; OCH;

0 CH3

NH NH

NMe
NHO2N

R — NO2  

NH2 
NHMe

Fig 1.25 Various amino derivatives o f  the duocarmycins.
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1.11 Aims

The duocannycins are ultra-potent anti-tumour antibiotics that derive their biological 

activity through sequence-selective alkylation of the minor groove of duplex DNA. 

Unfortunately their potential as cancer chemotherapeutics is limited by inherent healthy 

tissue-harming side effects ranging from acute fatal hepatotoxicity to general non- 

selective cell kill. The 5ecc>-analogues of duocarmycin have been shown to undergo 

Winstein Ar 3’ spirocyclisation prior to DNA alkylation so it follows that inhibition of 

this cyclisation process should significantly decrease the alkylation potency of these 

analogues. Blocking of the seco- forms at the -OH, so preventing spirocyclisation, has 

been used previously to diminish the systemic activity of the duocarmycins. Such an 

approach has allowed the progression of KW-2189 and carzelesin into clinical trials. 

However, the facile hydrolysis of these ‘deactivated’ agents in the systemic circulation 

means they are unlikely to avoid the toxic side effects of the natural products. Removal of 

the hydroxy functionality from the ^eco-duocarmycin analogues to produce deshydroxy 

derivatives would also block ring closure and hence deactivate with respect to DNA- 

alkylation. This offers a potential route to prodrug development assuming a suitable 

enzyme system can be identified to hydroxylate the prodrugs in the appropriate position.

The cytochrome P450 (CYP) mixed function oxidase enzymes are known to be involved 

in oxidative metabolism of many drugs and foreign substances hence CYP-mediated 

hydroxylation of the duocarmycin prodrugs could restore spirocyclisation ability, DNA 

alkylation and therefore cytotoxicity. With the increasing evidence that certain CYP 

isoforms are expressed in many tumours and in some cases more so than in normal tissue, 

then oxidative metabolism of the ^eco-duocarmycin prodrugs could provide a novel route 

to selective cancer cell kill. With this in mind the aims of this study are:

i. To synthesise agents (prodmg) based upon the minimum potent pharmacophore of 

CC-1065 and the duocarmycins, namely l,2,7,7a-tetrahydrocyclopropa[c] indol-4- 

one (CI).

ii. To undertake a number of preliminary biological studies of deshydroxy CI 

derivatives synthesised in (i) namely:
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(a) establish, using human cancer cell lines, the differential in cytotoxicity in vitro 

between the deshydroxy duocarmycin agents and their respective cytotoxic 

metabolites.

(b) investigate the metabolism of selected deshydroxy duocarmycins using 

human and rat liver microsomes as rich sources of multiple CYPs. This will also 

require establishing a method of metabolite analysis using high performance 

liquid chromatography,

(c) establish the effects of any metabolites generated in (b) on DNA integrity as an 

indication of DNA alkylation

iii Synthesise a range of agents of the ultrapotent duocarmycin analogues based 

upon the l,2,9,9a-tetrahydrocyclopropa[c]benz[c] indol-4-one (CBI) and methyl

4 - 0 X 0 - l,2,4,5,8,8a-hexahydrocyclopropa[c]pyrrolo[3,2-e]indole-6- carboxylate 

(DSA) alkylation subunits. Attempt to undertake preliminary biological evaluation 

of these compounds.
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Chapter 2

The development of synthetic procedures and the biological evaluation of 1,2,7,7a- 

tetrahydrocyclopropa[c]indol-4-one (CI) and related analogues.
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2.1 The design of a lead compound

The biological potency of the duocarmycin originates from the sequence selective 

alkylation of the N3 of adenine in the minor groove of DNA. The cyclopropane ring of 

the duocarmycin is crucial for this alkylation to occur. In fact, it has been suggested that 

the seco (ring opened) natural products (duocarmycin 8% and C2) that lack the 

cyclopropane ring preferentially ring close prior to DNA alkylation {Scheme 2.1)J^ Boger 

and co-workers have demonstrated that duocarmycin-related analogues devoid of the -  

OH group (or with the -OH group blocked) were ineffective in alkylating DNA and had 

poor anti-tumour activity precisely because they were unable to undergo the requisite 

spirocyclisation (ring closure) reaction. In hindsight, this was the first reported 

documentation suggesting that the deshydroxy duocarmycin derivatives have potential as

bio-oxidatively activated prodmgs. 80

,N ~ r

OH

Crucial for effective 
biological activity

DNA alkylation 
+

Cell Death

Schem e 2.1 The hydroxy group is essential for ring spirocyclisation and hence efficient DN A alkylation.

As removal of the -OH group has been shown to lead to relatively inactive compounds, 

with a difference in anti-tumour cytotoxicity of >10,000^°, these compounds would make 

excellent prodmgs if it were possible to reintroduce the -OH group intra-tumourally. The 

presence of, for example, CYP IBl, in tumours^^, suggests that a possible route for 

activation of the deshydroxy duocarmycin prodmgs is via CYP-catalysed oxidation 

{Scheme 2.2). To test this hypothesis, a series of duocarmycin analogues were designed 

that lacked the ability to spirocyclise and hence alkylate DNA.
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CYP
oxidation

, N - r

OH

DNA alkylation 
+

Cell death

Schem e 2.2 Duocarmycin analogues lacking the hydroxy group should give potential prodrugs that upon CYP

activation would lead to tumour specific anti-tumour agents.

2.2 Molecular and structural features of CYP substrates and the potential of 

CYPs to metabolise the duocarmycin

Current research into the CYP enzyme-substrate relationship has shown that there is a 

distinct relationship between the specific CYP isoform and the metabolised substrate. For 

example, #-demethylations are a common feature of the CYP 3A4 enzyme whereas 

isoforms of the CYP 1A family have been shown to be responsible for the hydroxylation 

of aromatic analogues.Current CYP research is focusing on the specific molecular and 

structural requirements for CYP metabolism. Consequently a general ‘rule of 5’ can now 

be applied to the synthesis and discovery of novel CYP substrates, where any potential 

CYP substrate with a high molecular weight (Mr > 500), high lipophilicity (log P > 5), 

more than five hydrogen-bond donors and more than 10 hydrogen bond acceptors will 

probably be a poor CYP sub strate.

Generally, CYP enzyme metabolism, and indeed substrate selectivity, can be attributed to 

a few key structural and molecular requirements. The size and shape of the substrate is 

the most obvious metabolism variant with hydrogen bonding, lipophilicity, %-n stacking 

interactions and the number of rotatable bonds also playing key roles in the selectivity 

and binding of substrates to enzymes.

The substrate lipophilicity has received a great deal of scrutiny and has been shown to be 

a major factor involved in the extent of the substrate-enzyme binding. It has been shown, 

using a library of current pharmaceutical drugs, that the substrate-enzyme kinetics match 

closely to the substrates lipophilicity, with substrates that have a larger log P value 

binding to the enzyme more readily up to a point where the resulting hydrophobic 

character of the drug becomes detrimental. Furthermore, each CYP enzyme is likely to
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have an optimum substrate log P value for optimum binding. Designing a drug that has 

this optimum value would prove difficult, and generally CYP substrates fall within a 

narrow range of log P values {Table 2.1), with the selectivity that some substrates have 

for certain CYP enzymes attributed to other molecular characteristics such as hydrogen 

bonding. The substrates’ lipophilicity is an important factor in enzyme activation because 

of the increased membrane transport capabilities of lipophilic analogues. Once at the 

active site of the enzyme, desolvation of the substrate by the haem results in efficient 

binding to the enzyme.^^

Range o f  log P Average log P Other

CYP values values (n) characteristics Common interactions

lA l 1 .3 9 -6 .3 5 3.41 (16) Planar PAHs and One hydrogen bond and

their diols two n-n stacks

1A2 0 .0 8 -3 .6 1 2 . 0 1  (18) Planar amines and Two hydrogen bonds

amides and one n-n stack

IB l 1 .4 0 -6 .3 5 3.73 (12) Planar PAHs and Two hydrogen bonds

their diols and two 7t-7t stacks

2A6 0.07 -  2.79 1 .44(18) Fairly small One hydrogen bond and

molecules one n-n stack

2C9 0 .8 9 -5 .1 8 3 .20 (18 ) Acidic (Unionised) One hydrogen bond and

one n-n stack

3A4 0.97 -  7.54 3 .1 0 (5 0 ) Large and small Different combination

molecules o f  hydrogen and 7c-7t

stacking

Table 2.1 : n = number o f compounds investigated. P = octanol-water partition coefficient. Ranges

and average log P values and general characteristics o f  substrates o f  range o f CYPs.

The lipophilicity is not the only factor considered as being crucial to good substrate- 

enzyme binding. The hydrogen bonding capabilities are also considered very important. 

Furthermore, as mentioned earlier, hydrogen bonding capabilities relate closely to the 

selectivity of substrates for certain CYP enzymes. More specifically, this enzyme 

selectivity (as well as where the exact metabolism will occur) has been attributed to the 

spatial arrangement of hydrogen bond donors and acceptors. It has also been shown that 

there is a key distance between substrate-enzyme interaction (i.e. between hydrogen bond 

contact on substrate and enzyme) and position of metabolism (e.g. oxidation) that is
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crucial to the substrates enzyme selectivity. This hydrogen bonding is thought to occur 

between the amino acid residues in the CYP active site with the position of metabolism 

governed by the orientation of the substrate relative to the haem m oiety .F inally , the 

extent of n-K stacking interactions and the number of rotatable bonds restricted on binding 

are also important to enzyme selectivity and binding of the substrate.^^

There is growing evidence that suggests that the CYP IB l isoform is overexpressed in 

certain tumours when compared to the surrounding tissues (recently CYPs 2W1 and 2J2 

have been shown to be tumour s p e c i f i c s u c h  that this CYP enzyme has become the 

molecular target in the hunt for novel anti-cancer therapies. From Table 2.1 it can be seen 

that substrates of CYP 1 are generally relatively planar molecules usually comprised of at 

least two fused aromatic or heterocyclic rings. Considering this, as well as the literature 

evidence mentioned above, the duocarmycins may prove to be useful substrates for CYPs 

especially if their potent cytotoxicity can be targeted (i.e. as a prodrug). Indeed, as 

substrates of other CYPs tend to be significantly less planar than those of CYP 1 family, 

the CYP 1 selectivity of the duocarmycin may already be inherent in the structure of the 

duocarmycin even before any further structural modifications o c c u r . I n  addition, ti-ti 

stacking interactions and the numerous hydrogen bond forming positions (1-2 hydrogen 

bonding positions needed for the majority of CYP 1 enzymes) also suggest that the 

duocarmycin may prove to be quite enzyme selective.

Interestingly, CYP IBl has been confirmed to be the most catalytically efficient 17 P- 

estradiol (E2) hydroxylase currently known, with hydroxylation occurring predominantly 

at the C4 position {Scheme 2.3), Considering the close resemblance of estradiol to the 

CBI alkylating subunit (even more so for the cyclohexane ring-expanded derivative of 

CBI {see section 3.3.4)) CYP affinity for the duocarmycin may indeed be quite high. 

However, it must be taken into account that the metabolism of any potential duocarmycin 

prodmg may not be entirely due to one CYP isoform. In fact in some cases there is 

overlapping selectivity to CYPs and many compounds are metabolised by more than one 

CYP enzyme, often at different sites.
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OHOH

CYP 1B1

HOHO
OH

Schem e 2.3 The metabolism o f  oestradiol by C Y P IB 1.

2.3 The deshydroxy CI prodrug

HgN
)=0

,0H

OMe

NH

OH

D uocarm ycin  SACC-1065

Cl

Fig 2.1 CI has been confirmed as both the minimum potent as well as the common pharmacophore o f  CC-1065 and 

the duocarmycin.’^

Initial studies focused on deshydroxy CI as a potential prodmg. The CI (1,2,7,7a- 

tetrahydrocyclopropa[c]indol-4-one) agent is particularly useful for stmcture-activity 

relationship studies because it is both the common and minimum potent pharmacophore 

of the duocarmycin/CC-1065 alkylation subunits {Fig 2.1)?^ The CI stmcture has 

provided considerable insight into the DNA alkylation selectivity of the duocarmycin and 

associated dmg potency. Removal of the A ring pyrrole from the natural duocarmycin 

(which results in CI) results in a pharmacophore that retains exceptionally reactive 

electrophilic characteristics and hence is a potent DNA alkylating agent.^^

CI has been shown to retain selectivity for DNA that is remarkably similar to that of the 

natural duocarmycin. Initial examination into the alkylation properties of CI showed that
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it alkylated the same DNA sites as the corresponding natural analogues albeit with a 

lower alkylation efficiency and selectivity.*^ In vitro cytotoxicity studies carried out by 

Boger et al showed that seco CI-TMI is only 10-fold less toxic than duocarmycin A and 

20-fold less toxic than (+)-CC-1065 {Table 2.2)?^ With this in mind the design and 

synthesis of CI, deshydroxy CI and related analogues would provide a solid base for 

metabolism studies prior to the design o f a more structurally elaborate alkylating subunit.

Agent Configuration L1210

(+)-CC-1065 Natural 0.00001

duocarmycin A Natural 0.00002

Seco-Cl-TMl - 0.0002

CI-TMI - 0.001

(±)-A-Boc-CI - 10

(±)-A^-Boc-CPI Natural 0.1

(±) 5eco-N-Boc-CI (with -OMs leaving 

group)

- 0.2

Table 2.2: In vitro cytotoxic activity IC50 (|ig/m l).

2.4 The advantages of deshydroxy CI as a lead compound

NBoc

NO2, NH2, 
OMe

R i, R% = Metabolically inert substituents that 
could block and/or direct CYP 
hydroxylation to position 4 and 6 .

Fig 2.2: Deshydroxy CI-Boc and potential structurally related prodrugs.

The deshydroxy CI analogue is an excellent lead candidate in this study, in part due to the 

relative simplicity of its synthesis. A 3-step procedure can potentially convert 

commercially available 2-bromoaniline in to deshydroxy CI-Boc (18). Synthetic studies 

carried out by Boger et al have further revealed that the 4-position, upon hydroxylation, 

will also promote DNA alkylation.*^ This iso-CI analogue confirms that if metabolism of
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the deshydroxy CI prodmgs were to occur then there would be two potential sites of dmg 

activation (see Fig 2.2). Currently there is limited research on the CI duocarmycin motif 

as a potential prodmg. Nitro and amino based prodmgs of Cl are described (see section 

1.10.4). In addition, 4-methoxy Cl derivatives are also described which have been shown 

to have a decreased ability to spirocyclise. However, MeOCl analogues are only 

described in the context of demonstrating the importance of ring closure prior to DNA 

alkylation.^^ The simplicity of the Cl pharmacophore will also allow SAR studies by, for 

example, manipulation of the 5 (Ri) and 7 (Rz) positions (Fig 2.2). This could assist the 

direction of CYP-based hydroxylation to the required sites within the molecule. These 

SAR studies are currently underway, but are outside the scope of this thesis.

2.5 Key synthetic studies leading to Cl

Sundberg and Pitts reported a metal-catalysed procedure for the formation of the 

alkylating subunit of CC-1065 (Scheme 2.4).^^^ This became the first reported method 

that could be adapted for the synthesis of the Cl alkylating subunit. The Cl analogue, 7, 

was synthesised from commercially available 2-amino-5-nitrophenol, via amino and 

hydroxy protection to provide 1. This was followed by Zn mediated reduction of the nitro 

group to form the corresponding amine group that was subsequently protected with MsCl. 

The para-directing benzyloxy substituent and meta-directing amide group allows for 

regioselective nitration to occur to form 3. Following nitration, amide 3 was alkylated 

with allyl bromide and the benzyl group de-protected with BBrg. The p-quinone 

monodiazide intermediate 6, required for metal-catalysed ring closure, was obtained by 

Zn reduction of 5 followed by treatment of the resulting amine with isoamyl nitrite and 

acid. The metal-catalysed intramolecular carbene-alkene cyclisation of 6 has been studied 

in the presence of numerous metal catalysts including Rh, Cu and Mo with the formation 

of a quinone by-product being the major problem. The most useful catalyst was shown to 

be (tfpd)Cu(l), which provided the Cl analogue in a 98% yield, as a mixture of 

enantiomers. Further examination, using a variety of Cu(ll)-based catalysts, to see 

whether enantio-selectivity was possible, however, proved unsuccessful. The reported 

method proceeded in nine steps with an overall yield of 20%.^^^
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A c H N ^ ^ T  ( iii) AcHN

OR

NHMs
(V)

OBn

(i)

AcHN

Schem e 2.4;

R = H 
1 R = Bn

(iv) 2 X  = H 
3 X = NO2

NMs ,NMs
(v iii)

AcHN

7

NO;
NMs

(v ii)

AcHN
OR

(Vi) 4 R = Bn 
5 R  = H

(i) BnCl, K2CO3, 84% (ii) Zn, EtOH, 100% (iii) M sCl, pyr, 80% (iv) HNO3, Hg(0 Ac)2 , A% 0, 

74% (v) CH2=CHCH2Br, t-BuOK, 76% (vi) BB%, 83%, (vii) Zn, EtOH, HCI, /-QHnONO, 
71% (viii) (tlpd)Cu, CO, n-Bu 3N, 98%.'“

Boger et al pioneered a self-terminating 5-e%o-rng-aryl radical-alkene cyclisation step as 

a precursor to eventual Winstein Ar 3’-spirocyclisation in their synthesis of Cl {Scheme 

2.5). This method was a direct predecessor to the radical cyclisation method used in this 

study. The radical cyclisation has since been improved by removing the necessity of pre 

and post functionalisation that made it time-consuming and cumbersome. The Cl 

analogue 15, as well as related benzenesulfonyl compounds, were synthesised in 10 steps 

from commercially available 3-(benzyloxy)aniline. Acid-catalysed bromination was 

followed by protection of the free amine with 6.\-tert-h\xXy\ carbonate to provide 9. This 

compound was alkylated with (£)-l-bromo-4-(phenylthio)-2-butene to provide 10. The 

key radical cyclisation employed catalytic amounts of the radical initiator AIBN and 

BusSnH, under an atmosphere of in benzene at 80 °C to afford the required 3- 

vinylindoline 11 in 91-92% yields. Oxidative cleavage of the carbon-carbon double bond 

followed by NaBH4-mediated reduction afforded the 3-(hydroxymethyl)indoline 12 as a 

mixture of enantiomers. The enantiomers were resolved through the formation of a {R)-0- 

acetylmandelyl ester with the final enatiomerically pure Cl analogue synthesised 

following a further three steps that included primary alcohol activation, catalytic 

hydrogenolysis and final Winstein Ar 3’ spirocyclisation. A set of enantiomerically pure 

N-Boc-CI or N-PhSOz-CI analogues were synthesised in eleven steps with an overall 

yield of 11%.̂ ®̂
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PhS'

NHR NBoc

OBn OBn

(i)

( i i)

X = R = H

8 X = Br, R = H

9 X = Br, R = Boc

10

( iv )

NBoc

(V)

Schem e 2.5:

NBoc (Vi)

(v ii)

NBoc (ix)

(X)

OBn

(v iii) 1 3 R  = H 
14 R = Ms

NBoc

(i) 1 equiv. MBS, catalytic H 2 SO4 , THF, -78 °C, 1 h, 60% (ii) 6.3 equiv (B oc)2 0 , dioxane, 105 

°C, 10 h, 85% (iii) 1.1 equiv (£ ) -1- bromo-4-(phenylthio) -2-butene, 1.0 equiv NaH, THF- 

DMF (9:1), 24 °C, 3 h, 6 8 % (iv) 2.1 equiv BujSnH, 0.1 equiv AIBN, benzene, 80 °C, 3 h, 93%

(v) O3 , ethanol, -78 °C, 3 min; 4.2 equiv NaBH^, ethanol-H 2 O (1:1), -78 °C to 24 °C, 4 h, 54%

(vi) 1.5 equiv. PhC'^H(0 Ac)C 0 2 H, 1.8 equiv. EDCI, 0.1 equiv. DMAP, CH2 CI2 , 23 °C, 9 h, 92 

%, HPLC sep, 8 6  % recovery (vii) 4.0 equiv. LiOH, THF-H2 O (4:1), 23 °C, 4  h, 75-78% (viii) 

1.6 equiv MsCl, 2.0 equiv EtjN, CH2 CI2 , 0 °C, 25 min, 89% (ix) 1 atm H2 , 5% Pd-C catalyst, 

THF, 24 °C 75% (x) 4.5 equiv NaH , THF, 24 °C, 10 min, 95%.
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2.6 Synthesis of Cl-based prodrugs

The 5-exo-trig free-radical reaction utilized by Boger in the initial synthesis of Cl 

{Scheme 2.5) has been further developed for a number of alkylation subunits to directly 

introduce a chloro-alkyl substituent. Thus, the synthesis of the CBI subunit has been 

achieved by alkylation of rerr-butyl N-(4-benzyloxy-l-bromo-2-naphthyl)carbamate with 

(£'/Z)-l,3-dichloropropene and treatment of the resulting alkene with tributyltin hydride 

and AIBN in toluene or benzene {Scheme 2.6).

NBocNHBOC 1,3-dichloropropene, 
N aH , DMF

NBoc B uaS nH , AIBN, 
B e n z e n e

alkylation |
OBn OBn OBn

Scheme 2.6: 5-exo-/ng radical ring closure to form the CBI subunit.

This chemistry has not previously been applied to the Cl family, or to the deshydroxy 

derivatives. This synthetic route represented a rapid entry to our target molecule and 

formed the first route investigated to deshydroxy Cl and the active analogues. However, 

as described below it proved to be an unsuccessful approach to Boc-CI.

2.6.1 Synthetic procedure for deshydroxy CI-MI

Initial investigations focused on Boc protection of the commercially available 2- 

bromoaniline. Reaction with Boc-dicarbonate (1.5 equiv) in the presence of triethylamine 

(1 equiv) and DMAP (0.1 equiv) occurred at room temperature to give a mixture of 

products {Scheme 2.7). Without the presence of DMAP the reaction did not proceed. In 

the presence of this hyper-nucleophilic catalyst, the reaction led to a mixture of the target 

compound and the di-Boc-protected aniline, as shown by NMR of the crude material. 

The introduction of the second Boc group is due to the DMAP being a good base as well 

as to its nucleophilic activation of B0 C2O.
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Br Br Br

(I) j ^ ^ N ( B o c k

16 17A

problematic separation

Schem e 2,7: (i) 1.5 equiv B 0 C2 O, I equiv EtaN, 0.1 equiv DMAP, DCM, 24 h.

In order to avoid this problem, a new route was developed involving initial benzoylation 

of 2-bromoaniline followed by DMAP-induced Boc-carbamate formation and 

débenzoylation. Flynn et previously described the introduction of a Boc-group as a 

method for the base-catalysed removal of a benzoyl group from an amine. In this case, the 

introduction of the benzoyl allows an indirect route to mono-protection. The introduction 

of the benzoyl occurred smoothly by refluxing benzoyl chloride (2  equiv) and 

triethylamine (1.1 equiv) with the starting material for 24-hours to provide 16A in 8 6% 

yield. H’ NMR, mass spectrometry, IR and elemental analysis confirmed the structure. 

Following this, reaction with Boc-dicarbonate (1.5 equiv) in the presence of DMAP (1 

equiv) rapidly gave 17B, which was not isolated but immediately exposed to sodium 

methoxide in methanol to give the target compound 16 in 44% yield {Scheme 2.8).

Br Br

(i)
O

ISA

(ii)

Br Boc 

,N

O 
17B

without
purification

Br
^^^^^NHBoc 

16

Schem e 2.8: (i) 2 equiv Benzoyl chloride, 1.1 equiv EtaN, DCM, reflux, 24 h, 8 6 % (ii) 1.5 equiv B 0 C2 0 , 1 equiv

DMAP, DCM, 24 h, vacd. solvent, 2M NaOMe in MeOH, 30 min, 44%.

Although this route was successful, the relatively low yield from a two-step process was 

unsatisfactory. Gieseg et al described the mono-Boc-protection of amines via reflux in 

1,4-dioxane with Boc-dicarbonate and triethylamine. Exposure of 2-bromoaniline to these 

conditions cleanly gave the mono-protected derivative as a clear oil, which was identified 

by comparison to the carbamate formed from the previous two-step procedure. The
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increase in energy provided by heating forced Boc protection to completion and the 

absence of DMAP prevented the di-Boc derivative from being formed {Scheme 2.9).

Br Br
NH2 g%^^NHBoc

16

Schem e 2.9: (i) 4 equi (Boc)2 0 , 1 equiv EtsN, Dioxane, 100 °C, 16 h, 77%.

The next step involved alkylation of the Boc-protected aniline via NaH-induced 

deprotonation of the carbamate and reaction with {E/Z) 1,3-dichloropropene to form the 

key precursor 17 for free-radical cyclisation. The vinyl chloride 17 was obtained as a 

mixture of E/Z  isomers in 89% yield as a yellow oil. Mass spectrometry, elemental 

analysis and 'H NMR confirmed the product {Scheme 2.10). The 'H NMR shows that the 

mixture of E/Z isomers led to a set of multiplets in the proton NMR from 7.24-7.72 ppm 

that corresponded to the aryl protons. The deshielding effects of both the electronegative 

chlorine and vinylic double bond means that the broad multiplet at 6.04-6.22 ppm, that 

corresponds to the two protons across the alkene double bond, appears further downfield 

than the signal for the two -CH2 protons. The broad multiplet at 4.42-4.66 consequently 

represents the two protons of the -CH2 group. Although the -CH2 protons may be 

expected to appear as a doublet due to splitting from the neighbouring -CH this is not the 

case. In fact, the broad multiplet corresponds to numerous -CH 2 rotamers, with each peak 

representing a different -CH2 that is subject to a different magnetic environment due to 

restricted rotation around the carbonyl C-N bond. Finally a Boc group singlet was 

observed upfield at 1.54 ppm.

NHBoc NBoc
(i)

16 17

Schem e 2.10: (i) 3 equiv E/Z  1,3-dichloropropene, 3 equiv NaH, DMF, 25 °C, 16 h, 89%.

The 5-exo-trig cyclisation occurred smoothly in toluene with the radical initiator AIBN 

(0.4 equiv) and tri-butyl tin hydride (1 equiv) to give the required S-(chloromethyl) 

indoline 18 as a clear oil in a 59% yield {Scheme 2.11). The radical cyclisation, first 

developed by Patel and co workers'®^, provided a rapid and efficient route to indole
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synthesis. Cyclisation onto the tethered chloride is thought to occur through preferential 

homolysis of the weaker aryl C-Br bond followed by a 5-exo-trig intramolecular 

cyclisation. Interestingly, radical homolysis of the chloromethyl functionality and 

subsequent methylindoline formation was not evident suggesting that the chlorine 

functionality was stable to radical influence under these conditions.

The NMR of deshydroxy CI-Boc (18) is characteristic. As expected the aromatic 

hydrogen splitting patterns are observed from 7.01 ppm to 7.72 ppm. The two doublets 

downfield at 7.72 and 7.35 ppm respectively correspond to the C7 and C4 protons. The 

doublet corresponding to the Cl proton, being closer to an electronegative nitrogen, is 

further downfield than the doublet corresponding to the C4 proton. The triplet of doublets 

at 7.24 and 7.04 ppm correspond to the C6  and C5 protons respectively, with each peak 

showing meta as well as vicinal coupling constants. The chiral C3 carbon of 18 means 

that both the chloromethyl and C2 protons are diastereotopic and each non-equivalent 

proton is therefore subject to a different magnetic environment. Each diastereotopic 

proton is split not only by its vicinal neighbour but is also subject to geminal coupling. 

Due to the close proximity of the C2 protons to an electronegative nitrogen (that is also 

part of a conjugated carbamate system) they are more deshielded than the chloromethyl 

protons and are therefore seen further downfield on the NMR spectra. Each of the 

diastereotopic C2 protons are individually split and subsequently lead to a set of 

multiplets at 4.08-4.15 ppm and 3.88-3.96 ppm. It is anticipated that these protons appear 

as a pair of doublet of doublets however, the individual signals were not resolved. The 

two hydrogens of the chloromethyl functionality are also individually split. However, in 

this instance one of the hydrogens appears as a doublet of doublets at 3.75 ppm and the 

other a triplet at 3.55 ppm. The coupling constants of the first hydrogen confirm the effect 

of geminal and vicinal coupling. A larger coupling constant of 10 Hz corroborates the 

presence of the shorter, two-bond, geminal coupling, while the longer distance between 

vicinal protons (three-bond lengths) means that the second coupling constant is much 

smaller (4 Hz). Although the other proton would also be expected to be resolved into a 

doublet of doublets it is actually seen as a triplet. The single proton at the C3 position of 

the chloromethyl is represented as a multiplet at 3.62-3.72 ppm.

Comparison of the ’H NMR of 18 to that described in the literature reveals a number of 

similarities. For both analogues the C7 proton appears furthest downfield. This is due
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to the electronegative nitrogen of the amide that deshields the C7 proton more than the 

other protons. The peaks representing the C2 and chloromethyl protons for both 

analogues, 18 and CI-Boc, also have a number of similarities. The set of peaks 

representing the diastereotopic C2 protons are more deshielded than the chloromethyl 

protons so therefore appear further downfield.

Bru
17

Stable to 
radical homolysis

NBocNBoc
(i)

18

deshydroxy N-Boc-CI

Schem e 2.11: (i) 1 equiv BusSnH, 0.4 equiv AIBN, dry Toluene, 90 °C, 16 h, 59%.

With the prodrug alkylation subunit in hand, the next target was the extended analogue 

that would improve the DNA binding affinity of the activated drug. Most of the natural 

products carry a trimethoxyindole subunit. However, previous r e s e a r c h ^ h a s  

demonstrated that the 6 - and 7-methoxyindole groups point outwards of the DNA minor 

groove and do not contribute appreciably to binding affinity. 5-methoxyindole-2- 

carboxylic acid is commercially available and was chosen as the right-hand subunit. Acid 

catalysed Boc-deprotection (4 M HCl-EtOAc, 3 h, 25 °C) was followed by EDC-mediated 

coupling of the unstable indoline hydrochloride salt with 5-methoxyindole-2-carboxylic 

acid (3 equiv) to provide the extended analogue 19 as a white solid in 40% yield {Scheme 

272).

OCH.

NBoc

Increases the rigid length of analogue and 
therefore drug cytotoxicity

The 6 ' and 7' -OCH3  groups not required 
for activity as they point away from the 
minor groove.

[ deshydroxy CI-MI "j

Schem e 2.12: (i) 4M HCl-EtOAc, 3 h, 25 °C, 0.9 equiv 5-methoxyindole-2-carboxylic acid, 2.9 equiv EDC,

DMF, 40%.
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The NMR of 19 shows that the -NH of the methoxy indole appears as a singlet at 11.6 

ppm. The C7 hydrogen of the left-hand aromatic ring appears as a doublet (8.24 ppm) as 

does the C4 hydrogen (7.44 ppm). The electron deshielding effect of the conjugated 

nitrogen means that the C7 doublet is observed more downfield than the C4 doublet. The 

remaining hydrogens on this ring appear as two sets of triplets at 7.36 ppm (C6 -H) and 

7.12 ppm (C5-H) with the electronegative nitrogen again having a greater deshielding 

effect on the C6 proton than on the C5 proton. The two hydrogens at positions C3’ and 

C4’ on the methoxyindole appear at 7.16 ppm and 7.06 ppm respectively as a pair of 

singlets with the more deshielded C3’ proton further downfield than the C4’ proton. The 

remaining hydrogens of the right-hand subunit appear as a doublet at 7.46 ppm (C7’-H) 

and a meta coupled doublet of doublets at 6.92 ppm (C6 ’-H, J  = 8 .8 , 2.4 Hz). The 

NMR signals of the C6 ’ and C4’ protons appear further upfield than the C7’ and C3’ 

protons due to the electron donating effects of the C5’-methoxy group. Finally, with 

regard to the right-hand subunit, the methoxy hydrogens correspond to the singlet at 3.78 

ppm.

The pattern of peaks relating to the chloromethyl protons is similar to those of 

deshydroxy CI-Boc (18). As previously observed (see section 2.6.1) the diastereotopic 

nature of both the chloromethyl and C2 protons means that each proton appears as an 

individual set of peaks with, in some cases, the geminal as well as vicinal contributions 

clearly visible. One of the two C2 hydrogens of 19 corresponds to the multiplet at 4.67- 

4.73 ppm while the other is a doublet of doublets at 4.36 ppm. The second proton has 

coupling constants that show geminal {J= 10.4 Hz), as well as, vicinal contributions {J = 

4.8 Hz). The multiplet at 4.02-4.07 ppm corresponds to the C3 proton while the two 

hydrogens of the chloromethyl ftmtionality are represented as a broad multiplet at 3.89- 

3.99 ppm. The chloromethyl protons are seen further upfield than the C2 protons because 

the electronegative nitrogen of the conjugated vinylogous amide has a more deshielding 

effect than the lone chlorine. Finally, the extended conjugation caused by the addition of 

the right-hand methoxy-indole subunit in place of the carbamate of 18 serves to deshield 

the analogue as a whole, with, in particular, the C3, C2, chloromethyl and C7 protons 

shifted further downfield than the corresponding protons of prodrug 18. Mass 

spectrometry (M + H ion at m/z 341) and elemental analysis confirmed the target 

molecule.
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2.6.2 Initial studies towards the synthesis of CI-MI

Initial investigations of the synthesis of the active compond, CI-MI (38), involved 

utilization of the 5-exo-trig free radical cyclisation that had proven successful in the 

prodrug synthesis. Boc-protection of commercially available 3-aminophenol proceeded in 

an analogous manner to that stated previously for the prodrug (2  equiv (Boc)2 0 , 1 equiv 

EtsN, dioxane, 100 °C, Ni, 16 h) to provide 20 in an 83% yield as a white solid. Benzyl- 

protection of the phenol via a base-catalysed reaction in acetone with 10 equiv of K2 CO3 

and BnBr (3 equiv) over 16-hours provided 21 in a 50% yield as a clear oil {Scheme 

2.13). 'H NMR and mass spectrometry showed that only mono-Boc protection has 

occurred (^H NMR; 1.5 (s, 9 H, € (€ 113)3)). The phenoxide ion, formed by treatment of 

the phenol with potassium carbonate base, allows Sn2 reaction with benzyl bromide to 

protect the alcohol.

NH2 .NHBoc .NHBoc
(i) ( I T  (ii)

OH OH OBn

20 21

Schem e 2.13: (i) 2 equiv (Boc)2 0 , 1 equiv EtaN, dioxane, N;, 100 °C, 16 h, 83% (ii) 10 equiv K 2 CO3 , 3 equiv

BnBr, acetone, 25 °C, 16 h, 50%.

Attempts to brominate the fully protected compound led to mono- and di-bromination 

with predominant bromination ortho to the benzyl ether. In view of this, the sterically 

large Boc group was removed to allow bromination ortho to the resulting amine group to 

occur. The Boc-protecting group was removed by stirring with 4 M H€1 in EtOAc at 25 

°€ to provide 22 as colourless crystals. Low temperature bromination of 22 was achieved 

with NBS and H2SO4 to provide 23 as the major product as a pale yellow solid in 8 8 % 

yield {Scheme 2.14). The bromination by-products 3-(benzyloxy)-4-bromoaniline and 5- 

(benzyloxy)-2,4-dibromoaniline were also evident^and were distinguished from each 

other and 21 by comparison of the individual ’H NMR spectra with those from the 

literature.

Due to aromatic stability, benzene does not undergo most of the reactions typical of 

alkenes. However, under certain conditions, electrophilic aromatic substitution reactions 

may occur. It has been suggested’ that attack on the carbonyl oxygen of NBS by an
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acidic proton from H2SO4 stimulates the heterolytic cleavage of the Br-N bond releasing 

the electrophilic Br^. This subsequently attacks the aryl ring of 22. The H2SO4, which acts 

as a catalyst, is regenerated with the concomitant formation of succinimide.

NHBOC

OBn OBn
21 22

Schem e 2.14: (i) 4M HCl-EtOAc, 25 °C, 16 h, 57%  (ii) NBS, THF, 0 °C, catalytic H2 SO 4 , 5 mins, 1 equiv N B S,

25 °C, 1 h, 8 8 %.

Following bromination, the free amine was protected (as the Boc carbamate) to provide

24 as a white crystalline solid in 70% yield. While the Boc protection, benzylation, 

deprotection, bromination and reprotection sequence is cumbersome; protection of the 

aniline is required in the first instance to assure regiospecific benzylation of the phenol. 

The use of commercially available 3-nitrophenol was also considered but in view of the 

later failure of the 5-exo-trig cyclisation, this route was not pursued. Compound 24 was 

then A^-alkylated (3 equiv NaH, 3 equiv 1,3-dichloropropene, DMF, 2 h, 25 °C) to provide

25 in 75% yield as a clear oil {Scheme 2.15)}^^
Cl

NH. ,,, NBocNHBoc

Schem e 2.15: (i) 7 equiv (Boc)2 0 , 1 equiv EtsN, dioxane, 100 °C, 16 h, 70% (ii) 3 equiv NaH, DMF, 0 °C, 3 equiv

(E/Z)-1,3-dichloropropene, 25 °C, 4  h, 75%.

Proton NMR confirmed the structure of 25. A broad multiplet at 7.3-7.5 ppm and a 

multiplet at 6.76-6.84 ppm correspond to the aryl protons of the benzyl protecting group 

and the aryl protons of the main body o f the analogue. The anisotropic effects of the allyl 

alkene and the electronegativity of the chlorine mean that the protons spanning the double 

bond are deshielded and are observed downfield as a multiplet at 5.92-6.08 ppm (similar 

to the corresponding peaks in the ’H NMR for 17). The numerous peaks in this broad 

multiplet correspond to the presence of an E/Z mixture of 25, where the protons for both
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the CIS and trans isomers are subject to different magnetic environments due to restricted 

rotation around the double bond and are each represented as an individual set of peaks. 

The electronegativity of the oxygen, although not as strong as the deshielding effect of a 

double bond, still means the singlet representing the benzyl -CH 2 appears downfield at 

5.08 ppm but upfield to the alkene protons. The set of peaks which range from 4.22-4.5 

ppm (that include a doublet of doublets at 4.46 ppm and two multiplets at 4.22-^.34 ppm 

and 3.8-3.9 ppm) correspond to the -CH2 of the tethered alkene and are in a similar 

position to the corresponding protons of analogue 17. Again, the various peaks are due to 

numerous rotamers of 25. The two singlets upfield (1.28 ppm and 1.44 ppm) 

corresponded to the -CH3 substituents of the Boc group. Two peaks represent the Boc 

protecting group, rather than the expected one, due to restricted rotation around the 

tertiary carbamate of analogue 25.

All attempts to cyclise 25 using the 5-exo-trig free radical conditions failed. Exhaustive 

attempts to dry the solvent, and thoroughly dry and de-gas the equipment and reaction 

mixture were to no avail. Substituting the toluene for benzene as in the original synthesis 

also did not prove to be beneficial. Purification and analysis of the resulting mixture by 

mass spectrometry suggested homolytic cleavage of bromine has occurred, as there is no 

evidence of the starting material, but further confirmation of the required ring-closed 

derivative could not be made. ’H NMR analysis suggested the formation of multiple 

compounds (results not shown) that we were unable to separate and purify {Scheme 2.16).

.Cl 0̂1

NBoc ^NBoc ^NBocNBoc

OBn OBn OBn OBn

25 26 27 28
RMM= 451 373.14 373.14 375.16

insepamble^mixtu^

Schem e 2.16: (i) 1 equiv BusSnH, 0.4 equiv AIBN, dry Toluene, 90 °C, 24 h.

Previous experiments and literature evidence confirms that the chloromethyl bond is 

stable to radical homolysis. The possible products (26, 27, and 28) are shown in scheme 

2.16. The CI-Boc ring-closed analogue has been included in the suggested products 

because other methods using the radical BugSnH/AIBN method of ring closure have been
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successful (i.e. for deshydroxy-CI, CBI and deshydroxy CBI). It is possible that the 

radical ring closure of 25 results in the desired product 26 but for some, as yet unknown 

reason, the reaction is not going to completion and other by-products are also formed. It 

was not possible to resolve the identity of this mixture using mass spectrometry and 

NMR.

2.6.3 An alternative route to CI-MI

The lack of success in producing CI-MI by radical cyclisation prompted a search for an 

alternative route to this compound. It is notable that no previous reports of this reaction 

have been disclosed for the synthesis of the CI-MI pharmacophore. The new synthetic 

route was based on methods reported by Fan et al that in turn further referenced 

synthetic procedures by Warpehoski et al and Boger et af^^.

Conversion of commercially available 4-chloro-3 -nitrophenol into the benzyl ether 

provided 29 in 85% yield as orange crystals. NaH-mediated deprotonation of dimethyl 

malonate provided the related enolate ion that subsequently underwent nucleophilic attack 

on the chloroarene. The a-hydrogen, as in other p-dicarbonyl compounds, is acidic due to 

resonance stabilisation of the enolate ion by delocalisation effects from the neighbouring 

carbonyl groups. This delocalisation of charge stabilises the enolate ion and favours its 

formation.

The nitro- substituent ortho to the chloride on 29 provides the necessary electron- 

withdrawing group stabilisation to allow nucleophilic attack of the malonate ion with loss 

of a chloride ion to provide 30 as light brown crystals in 65% yield {Scheme 2.17). 

Conversion of 29 to 30 proceeds through an S^Ar type of mechanism, via an intermediate 

“Meisenheimer complex”  ̂ in essence an addition-élimination mechanism. Stabilization 

by the nitro group is presumably offset somewhat by the electron-donating capacity of the 

benzyl ether and the reaction requires forcing conditions (105-115°C in DMSO) to 

proceed.
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Et02C^C02Et 

NO2

Schem e 2.17: (i) 1.2 equiv BnBr, 1. 6  equiv K2 CO 3 , DMF-acetone (1:1), 25 °C, 16 h, 85% (ii) 2.6 equiv NaH, 2.7

equiv diethyl malonate, DMSO, 105-115 °C, 20 h, 65%.

Reduction of the dimethyl ester with DIBAL-H (through negative hydride ion delivery to 

the positive carbon of the carbonyl groups) and quenching of the reaction with 3M HCI 

provided the diol 31, after silica gel chromatography, as a light brown solid in a relatively 

low yield. This reduction consistently gave low (30-40%) conversions, with large 

amounts of un-identified polar compounds (baseline on TLC, neat EtOAc), although 

purification of the diol was relatively straightforward. Catalytic hydrogenation over 

platinum formed the amine 32 as a pale brown solid in 60% yield {Scheme 2.18).

M g0 2 C>^,^^C02M6
O H OHV OH OHy

V V V
OBn OBn OBn
30 31 32

Schem e 2.18: (i) 6.1 equiv DIBAL-H, THF, 0 °C, 2.5 h, 40% (ii) 0.1 equiv Pt0 2 , abs ethanol, H2 , 45 psi, 3 h,

60%.

Boc protection of the amine cleanly provided 33 as a colourless solid in 52% yield. The 

3-hydroxymethylindole 34 was synthesised under Mitsunobu alkylation conditions as a 

clear oil in 72% yield. Formation of the methanesulfonate of 34 occurred smoothly, in 

good yield, and provided a leaving group that could be easily converted to the required 

chloride, for direct comparison with the prodrug. 0-debenzylation under transfer 

hydrogenation conditions gave 36 in excellent yield. Conversion to the chloride, via 

heating with LiCl in DMF then occurred in good yield after two hours at 90 °C {Scheme 

2.19).
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OH OH OH OH

NH2 NBoc . N Boc
(!)  ̂ (V)

(iv)

OR'

34 R = OH, R' = Bn

35 R = OMs, R' = Bn

36 R = OMs. R' = OH

Schem e 2.19: (i) 2 equiv (6 0 0 )2 0 ,1  equiv EtsN, dioxane, 100 °C, 16 h, 52% (ii) 1.6 equiv DEAD, 1.7 equiv PPhs,

THF, N 2 , 25 °C, 1 h, 72% (iii) 1.6 equiv MsCl, 2.0 equiv EtjN, CH2CI2 , 0 °C, 1 h, 90% (iv) 

HCO2NH 4 , Pd/C, THF, N 2 , 25 °C, 18 h, 98% (v) 3 equiv LiCl, DMF, N;, 90 °C, 2 h, 91%.

Analysis of the NMR confirmed the formation of 37. The C4 and C5 aromatic 

hydrogens are seen at 7.10 ppm and 6.68 ppm respectively. As expected, the C4 proton is 

seen as a doublet whereas the C5 hydrogen is seen as a doublet of doublets due to meta 

coupling with the C l proton. The meta coupling of the C5 and C l protons is confirmed 

by the inspection of the J  constants for the doublet of doublets which shows a large J  

constant of 8.4 Hz typical of vicinal coupling and a smaller coupling constant (2 Hz) due 

to long-range meta coupling. Furthermore, the electron-donating effects of the hydroxy 

group would mean that the electron density around the C5 proton is greater than around 

the C4 proton therefore shielding it and pushing the signal upfield. The C l hydrogen is 

represented as singlet (9.30 ppm), which is typical of duocarmycin protons at this 

position.

Further upfield, the multiplet at 3.99-4.06 ppm corresponds to one of the two C2 protons 

while the other is seen as a pair of doublets at 3.86 ppm. Again the diastereotopic nature 

of the doublet means that the geminal coupling constant (10.8 Hz) is the larger whereas 

the vicinal coupling constant is smaller (4.4 Hz). A triplet that represents one of the C l 

protons (where a doublet of doublets would seem more appropriate) is formed for the 

same reason as for 18 (due to the small coupling constants). The less deshielded 

chloromethyl protons are seen further upfield to the C2 protons as a pair of doublet of 

doublets at 3.74 ppm and 3.70 ppm with coupling constants again confirming 

diastereotopic geminal and vicinal coupling of the two protons. The multiplet at 3.57- 

3.65 ppm corresponds to the C3 hydrogen while the singlet at 3.28 ppm, typically, 

corresponds to the hydroxy proton.
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The extended analogue was synthesised as reported earlier by EDC- mediated coupling of

5-methoxy indole-2-carboxylic acid to the hydrochloride salt of 37 to provide 38 as an 

off-white solid in 77% yield {Scheme 2.20). All analytical data were identical to that of 

the reported analogues.

Cl

^NBoc N

OH
38

Schem e 2.20: (i) 4M HCl-EtOAc, 3 h, 25 °C, 3 equiv 5-methoxy indole-2-carboxylic acid, 4  equiv EDCI, DMF,

N2, 25 °C, 24 h, 77%.

The NMR of CI-MI (38) shows a singlet at 11.64 ppm corresponding to the NH of the 

methoxyindole unit followed by the broad singlets at 9.46 ppm and 7.72 ppm 

corresponding to the C l and the hydroxy protons respectively. Again, like the NH proton, 

the C l and hydroxy protons are pushed far downfield because of the extended 

conjugation deshielding these protons even more than usual. As for the C l proton of 37, 

the C l proton of 38 appears as a broad peak due to restricted rotation around the amide of 

the conjugated system leading to different environments for this proton. The doublet at

7.4 ppm corresponds to the CT  proton of the methoxyindole with its neighbouring proton 

represented as a doublet of doublets at 6.90 ppm {J = 8.4, 2.4 Hz). The C6’ proton is 

meta-coupled to the C4’ proton and appears further upfield than its neighbour because the 

electron donating effects of the methoxy group increased the electron density around the 

C6’ proton therefore shielding it more than the C7’ proton. The doublet at 7.22 ppm 

corresponds to the C4 proton that is, as expected, split by its neighbouring C5 proton. The 

C5 proton in turn is represented as a doublet of doublets {J = 8.8, 2.4 Hz) at 6.52 ppm as 

it is not only coupled to its neighbour and therefore has vicinal contributions; it is also 

meta-coupled to the C l proton. The C4’ proton of the methoxyindole is seen as a doublet 

at 7.04 ppm with a coupling constant of 2 Hz due to long range meta coupling with the 

C6’ proton whereas the C3’ proton appears as a singlet at 7.16 ppm.

The patterns of peaks in the following area resemble very closely the pattern of peaks for 

the corresponding peaks of the other Cl based dmgs. A multiplet at 4.64-4.72 ppm and a 

doublet of doublet 4.34 ppm {J = 10.8, 4.4 Hz) correspond to the two diastereotopic C2
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protons. Further upfield at 4.0 ppm is the doublet of doublets corresponding to one of the 

protons of the chloromethyl group with the remaining chloromethyl proton, C3 proton 

and the three methoxy protons of the methoxyindole subunit seen as the broad multiplet at 

3.75-3.83 ppm. The peak patterns match very closely for the CI-MI drug (38) and prodrug 

(19) with the methoxyindole -NH being the most deshielded proton followed by the C l 

proton. The electron-donating effects of the C5’ methoxy group of the right-hand subunit 

means that the signals for the C4’ and C6 ’ protons appear further upfield to their 

neighbours and, for both analogues, the signal for the C5 proton is further downfield 

compared to that of the C4 proton. Again, as for all the previous Cl based drugs, the 

diastereotopic protons are represented in the usual way with the chloromethyl protons 

upfield to the C2 protons. The chemical shifts of the cyclopentane protons for CI-MI and 

deshydroxy CI-MI are more deshielded than those for the shorter -Boc varieties due to 

the extended delocalisation from the conjugated vinylogous amide system.
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2.6.4 The cyclohexane, ring expanded, prodrug.

PCH;

OCH;

OH

duocarm ycin C :̂ X = Cl 
duocarm ycin Bf! X = Br

43

SCHEME

OHOH

GYP 1B1

HO"HO
OH

SCHEME II

OCH;

CYP NH

OH

Fig 2.3 The structure o f  the ring expanded, cyclohexane, Cl prodrug and its similarity in structure to oestradiol.

With both the prodrug (19) and active compound (38) in hand, the second Cl target 

prodrug was based on the six-membered (quinoline type) structure 43 that is reminiscent 

of the duocarmycin C] and Bi drugs {Fig 2.3). Like the previous prodrugs, 43, also has 

the potential for CYP-mediated activation (Fig 2.3, Scheme II) and the quinoline structure 

is more reminiscent of, for example, the oestradiol {Fig 2.3, Scheme I) substrate that has 

been shown to be oxidised by CYP IB l. Of further interest, Boger has described an 

asymmetric route to the synthesis of a CBI analogue involving a six-membered ring 

intermediate and the success of this methodology would allow a study of the effect of 

stereochemistry on CYP-mediated activation {See section 3.2). ’
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2.6.5 Synthesis of Z-l-tributylstannyl-3-bromopropene

The successful synthesis of the six-membered Cl and CBI prodrugs initially required the 

synthesis of Z-1 -tributylstannyl-3-bromopropene (40). This compound was synthesised in 

procedures identical to those reported by Corey and Eckiich^^"  ̂{Scheme 2.21).

(ii) _ BuaSn^ y —OH (iii) BusSn^ y — Br

39  40

Schem e 2.21: (i) a. 0.5 equiv ÜAIH 4 , THF, 0-5 °C, 2 h, 25 °C, 24 h b. 0.3 equiv tri-«-butyltin triflate in ether,

-78 °C, 5 h, 80% (ii) 1.2 equiv CBr^, 1.4 equiv PPha, CH2 CI2 , 0 °C, 1 h, 87%.

The Z-1,2-functionalised olefin 39 was synthesised from commercially available 

propargyl alcohol, which was stirred with LiAlILj at 0-5 °C. The trans-hydroalumination 

precursor formed was subsequently, without purification, stirred with tri-M-butyltin triflate 

at -78 °C. Quenching the crude mixture from the reaction of propargyl alcohol with tri-n- 

butyltin triflate and L1A1H4 with gaseous ammonia and methanol followed by extraction 

with hexane provided the pure Z-alcohol 39 in 80% yield as clear oil. The alcohol was 

converted to the corresponding bromide with Ph3P-CBr4 to form 40 in 87% yield as a 

yellow oil.^'^

2.6.6 Synthetic procedure for the cyclohexane, ring-expanded, analogue of des- 

bydroxy Cl

The route to the ring-expanded derivative began with A-alkylation of 16 {Scheme 2.22) 

with 40, which proceeded smoothly in good yield to give 41 as a pale yellow oil in a 64% 

yield. NMR, mass spectrometry and elemental analysis confirmed the structure. The 

NMR of 41 shows that the C6 proton signal is represented furthest downfield (7.6 

ppm) as a doublet peak. This closely follows data from the previous alkylated Cl 

analogues that all show the C6 proton being the most deshielded, presumably due to the 

presence of a neighbouring highly electronegative conjugated nitrogen. The remaining 

aryl protons are further upfield in the broad multiplet from 7.1-7.25 ppm. The two protons 

that span the double bond of the starmyl propene appear as a set of multiplets. The higher 

electropositivity of tin over carbon, shields the C4’ proton which means that the NMR 

signal for the C4’ proton is represented further upfield (5.93 ppm) than that of the C3’
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proton (6 .6  ppm). The two double doublets at 4.6 ppm and 3.7 ppm correspond to the -  

CH2 protons. This pair of doublet of doublets is a consequence of restricted rotation of the 

N1-carbonyl bond that leads to two equally populated rotamers. The butyl group protons, 

as expected, are seen upfield from 0.6 ppm to 1.6 ppm interspersed with the Boc group 

methyls at 1.45 ppm. The -CH proton adjacent to the tin is seen further upfield than the - 

CH proton further away as tin is more electropositive than carbon and would therefore 

shield neighbouring protons more so than carbon.

BuaSn.

Br Br ^  ^
/ ^ N H B o c (i) J ^ N B oc (II) J^NBOC

16 41 42

Schem e 2.22: (i) 3 equiv NaH, 3 equiv Z-l-tributylstannyl-3-bromopropene (40), DMF, 25 °C, 4 h, 64% (ii) 0.2

equiv (Ph3P)4Pd, toluene, N^, 50 °C, 2 h, 73%.

Pd(0)-catalysed Stille cross-coupling formed the dihydroquinoline 42 as a clear oil in a 

73% yield {Scheme 2.22). This transmetallation-based ring-closure was initiated by 

oxidative addition of tetrakis(triphenylphosphine)palladium (0) into the C-Br bond. The 

transmetallation (the substitution of one metal by another less electropositive metal) ring 

closure was then followed by reductive elimination with loss of triphenylphosphine, 

formation of the dihydroquinoline and regeneration of the palladium catalyst {Scheme

2.23). ^H NMR, ^̂ C NMR, mass spectrometry and elemental analysis confirmed the 

formation of 42. The ^H NMR showed that a doublet at 7.75 ppm corresponds to the C8 

proton. Again, as for previous analogues, the electronegative nitrogen deshields the C8 

proton, which means its corresponding signal appears further downfield. The remaining 

C7, C6 and C5 protons are represented in the multiplet at 7.2-7.48 ppm. The doublet at

6.7 ppm corresponds to the C4 ( /=  9.6 Hz). The C3 proton appears as a multiplet at 6.2 

ppm and is downfield to the C2 proton as it is part of a double-bond system. Finally the 

C2 -CH] appears as a multiplet upfield at 4.6 ppm.

71



Cf Syntlidsis and Biological Evaluation

BusSn. 

Br

,SnBui

Js^^^NBoc Pd(PPh3)4 ^ / L ^ N B o c

— nviH atix/e»
41

Oxidative
addition

Transmetallation

Br

Pt’aP-Pd'T"
NBoc

PhaP'pd 
PhaP

NBoc

Reductive
elimination

NBoc
Pd(PPh3)4

Schem e 2.23 M echanism o f  the o f  the oxidative addition, transmetallation and reductive ring elimination for the

conversion o f  41 to 42.

To convert 42 to 43, hydroboration (2 equiv BH3-SMe2, dry THF, 0 “C, 16 h, 2.5 equiv 

NaB0 3 .4 H2 0 , 24 h) followed by oxidation to release the alcohol was attempted {Scheme

2.24). The action of the organoborane involves an anti-Markovnikov-type addition of an 

electronegative hydrogen to the more substituted carbon of the double bond. The 

remaining portion of the borane then adds to the remaining carbon. This continues until 

all three hydrogens of BH3-SMe2 are replaced by the quinoline. The resulting borane- 

quinoline complex can then be easily oxidised to the required alcohol by sodium 

perborate (Scheme 2.25). Sodium perborate is a very good, mild, oxidising agent as it is 

inexpensive, stable and easily handled.^The hydroboration-oxidation reaction however 

proved problematic due to the formation of two isomeric hydroxylated products across 

the double bond in approximately equal concentrations. Purification of the unwanted 

hydroxyl derivative was difficult due to the similar polarity of the two isomers hence the 

final step, to provide the first of the ring-expanded prodrugs, could not be attempted.
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NBoc
(i)

OH

NBoc NBoc
i i )

44

Schem e 2.24 (i) 4 equiv BHj-SMe., THF, 0 "C, 16 h, 2 equiv NaBO^ ^HzO. 25 "C, 24 h (ii) 2 equiv PPhj, CCI4 ,

CH2CI2 , 25 T ,  4 h.

The anti-Markovnikov addition of BH3-SMe2 is greatly dependant on steric and electronic 

control. The formation of two isomeric products may occur with the predominance of one 

over the other dependant on which carbon across the double bond is more hindered. In the 

above case the double-bonded carbons are equally hindered as they are held in a rigid, 

six-membered ring structure. Therefore, the conjugated nature of the double bond may 

play a part in undermining the regioselective discrimination. In the CBI system 

previously described by Boger, the fused six-membered ring directs hydroxylation to the 

C3 carbon due to the electronic control placed on the system from the benzylic 

carbocation intermediate.

NBoc NBoc

'  àr‘NBoc

N a B 0 3 .4 h 2 0

43a

NBoc NBoc

* u
43b

Similar polarity 
difficult to purify

Schem e 2.25 The hydroboration of 42 and oxidation produces two isomeric analogues 43a and 43b as shown.

The formation of two isomeric analogues is further complicated due to the similar 

polarity of the two analogues that makes separation and purification very difficult. Fig 2 .4  

shows the 'H NMR spectra of the mixture of the two hydroxylated analogues ter t-bu ty \ 3- 

hydroxy-l,2,3,4-tetrahydroquino line-1-carboxy late (43a) and ter t-bu ty \  4-hydroxy- 

1,2,3,4-tetrahydroquinoline-1 -carboxylate (43b), distinctly showing the presence of the 

two analogues. An estimation of the amount of each hydroxylated analogue in the mixture 

can be made upon close inspection of the individual peaks of the 'H NMR spectra. The 

presence of two singlet peaks at 1.5 ppm can be attributed to the presence of two Boc
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group containing analogues, 43a and 43b. Interpretation of the remaining spectra shows 

that the two isomers can be distinguished due to peak patterns surrounding the hydroxyl 

group. The diastereotopic nature of the C3 proton means that both the C4 and C2 protons, 

in theory, should appear as a set of doublet of doublets, with the C3 proton appearing 

furthest downfield as a multiplet. In fact, examination of the ’H NMR of the mixture 

shows that only the C4 protons are represented as a pair of doublet of doublets at 2.80 and 

2.96 ppm with the C2 and C3 protons represented as multiplets at 3.72-3.8 ppm and 4.24 

ppm respectively. The remaining peaks subsequently relate closely to the structure of the 

impurity 43b.

In view of the difficulties involved in the separation of the isomers and the similar 

observation for the active form of this prodrug (see below) attempts to isolate and 

eventually couple with this route were unsuccessful.

Im p u rity

h
..........

Jli------ M— l-

Req H i r e d

- ' j— V I I--'

F ig 2.4 NMR of mixture of tert-b\xly\ 3-hydroxy-i,2,3,4-tetrahydroquinoline-l-carboxylate (*H NM R (CDCI3) Ô 

1.52 (s, 9 H, OCiCHd?.),  2.8 (dd, 1 H, C4-//H) 2.96 (s, 1 H, OH), 3.08 (dd, 1 H, C4-H/f), 3.72-3.8 (m, 2 

H, C2-HH, C2-HH),  4.24 (m, I H, C3-//) ) and the impurity /er/-butyl 4-hydroxy-1,2,3,4-tetrahydro 

quinoline-1-carboxylate (*H NMR (CDCI3 ) Ô 1.51 (s. 9 H, OC{CHih),  2.6 (s, 1 H, OH),  3.56-3.64 (m, 1 H, 

C3-//H ), 4.04 (Id, 1 H, C3-H//), 4.76 (q, 1 H, C2-H)).
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2.6.7 Synthetic procedure for the cyclohexane, ring-expanded, analogue of Cl

Attempted synthesis of the Cl analogue {Scheme 2.26) suffered a similar fate to the 

synthesis of its deshydroxy partner. Initial alkylation (3 equiv NaH, 3 equiv Z-1- 

tributylstannyl-3-bromopropene, dry DMF, N2, 4 h) successfully occurred to give 45 as 

pale yellow oil in 93% yield. NMR, ^̂ C NMR, mass spectrometry and elemental 

analysis, confirmed the production of the alkylated analogue. Pd-catalysed cyclisation 

(0.2 equiv (Ph3P)4Pd, dry toluene, 50 °C, N2, 72%) occurred smoothly to provide 46 as a 

clear oil. The NMR of 46 is very similar to that of 42. The protecting group protons 

and the C8 protons correspond to the multiplet at 7.28-7.48 ppm. Further upfield, the 

doublet at 6.96 ppm corresponds to the C5 proton while the C6 proton appears as a 

doublet of doublets at 6.68 ppm. The electron-donating affects of the protected hydroxy 

group shield the C6, and to a lesser extent, the C5 protons and shifts these peaks upfield. 

The C6 proton also undergoes meta coupling with the C8 proton; this can be further 

confirmed by the coupling constants that show a large constant {J = 8.4 Hz) typical of 

vicinal coupling and a smaller meta {J= 2.8 Hz) coupling constant. The multiplet at 6.32- 

6.36 ppm represents the C4 proton and due to a combination of the nearby aromatic ring 

and the double bond the proton appears further downfield than either the C3 or C2 

protons. The doublet of triplets corresponds nicely to the C3 proton while the C2 protons 

appear upfield at 4.32 ppm as a doublet of doublets.

N H B oc N B oc N B oc

Scheme 2.26 (i) 3 equiv NaH, 3 equiv (£/Z)-l-tributylstannyI-3-bromopropene, DMF, 25 °C, 4 h, 93% (ii) 0.2
equiv (Ph3 P)4Pd, toluene, N2 , 50 °C, 2 h, 72%.

Again the regiospecific hydroxylation proved problematic with the formation of a second 

isomeric by-product that was difficult to separate from 47 (a) {Scheme 2.27). Again, both 

isomers were formed in approximately equal amounts and the products of each hydroxy 

isomer can be confirmed by interpreting the *H NMR of the mixture {Fig 2.5). 

Furthermore, the pattern of doublet of doublets at 2.76 ppm and 2.98 ppm followed by a
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doublet (3.76 ppm) and multiplet (4.28 ppm) is a common feature for hydroxylation at the 

C3 position. Interpretation of the remaining peaks confirms the presence of the impurity 

47b. As in the formation of 43, the peak at 1.45 ppm relating to the Boc group is actually 

two peaks that represents the Boc of two separate isomers.

NBoc %Ls^NBoc rYr V
OBn OBn

47a 47b

inseparable mixture

Schem e 2.27 (i) 4 equiv BH3 SM e,, THF, 0 "C. 16 h, 2 equiv NaBOHHzO, 25 "C, 24 h.

Impurity

R,_____
□

Required

[Iiî:

r n
L . Æ __________ .

Pn

Fig 2.5 NMR of /err-buty! 7-benzyloxy-3-hydroxy-l,2 ,3,4-tetrahydroisoquinoline-l-carboxylate ( H NM R (CDCI3) Ô 

1.45 (s, 9 H, OCiCHyh),  2.76 (dd, 1 H, C4-/7H), 2.98 (dd, 1 H, C4-HH)  3.76 (d, 2 H, C2-HH,  C2- H7/), 4.2- 

4.28 (m, 1 H, C3-H)) and the impurity rm-butyl 7-benzyloxy-4-hydroxy-1,2,3,4-

tetrahydroisoquinoline-l-carboxylate ( H NM R (CDCI3 ) Ô 1.96-2.04 (m, 2 H, C3-//H , C3-H //), 3.56-3.6 (m, 

1 H, C2-//H ) 4.04-4.12 (m, 1 H, C2-HH),  4.72 (t, 1 H, C4-H)  1.47 (s, 9 H, OCiCH^h).
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2.7 The Biological Evaluation of the Cl- based prodrugs

2.7.1 The in vitro cytotoxicity of Cl- based prodrugs and their active forms.

In order for the prodrug design to be successful, a difference in anti-tumour activity 

between the prodrug and active drug of several orders of magnitude is required. To 

evaluate this, the in vitro cytotoxicity of 18, 19, 37 and 38 were tested in several cell 

lines. Resistance is one of the main reasons for the failure of chemotherapy. The 

development of cellular resistance to cytotoxic drugs has been attributed to several 

mechanisms. Firstly those that are influenced by increases in the rate of drug efflux (e.g. 

via P-glycoprotein and MRP); those that involve decreased drug sensitivity; decrease in 

DNA repair mechanisms and finally the alteration of the expression of detoxification 

p r o c e s s e s .T h e  cytotoxicities (IC50) of selected duocarmycin drugs and their 

deshydroxy derivatives were measured in a panel of three ovarian carcinoma and two 

osteosarcoma cell lines. Studies on the A2780 human ovarian cancer cell line, an 

adriamycin resistant variant (2780AD) and a cisplatin-resistant sub-line (2780/Cp70) 

were carried out in the laboratory of Prof. Mike Bibby, University of Bradford. Studies on 

a U-2 OS osteosarcoma wild type and a bisbenzamide resistant variant (HoeR415) were 

carried out in the laboratory of Prof. Paul Smith, University of Wales, College of 

Medicine.

Compound A2780 2780AD

IC50 (nM) 

2780/cp70 U-2 OS U-2 OS/HoeR415

CI-Boc 761.7 797.5 >1000 ND ND

(37)

Deshydroxy CI-Boc >1000 > 1000 >1000 >10 000 >10  000

(18)

CI-MI 2.6 4.4 23.1 ND ND

(38)

Deshydroxy CI-MI 595.0 787.5 810.0 >3000 >3000
(19)

Table 2.3: Growth Inhibition (IC50) o f  selected duocarmycin analogues and their deshydroxy derivatives against

wild type and resistant human ovarian (A2780) and osteosarcoma (U-2 OS) cell lines. ND -  Not 

determined
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Cytotoxicities for the duocarmycin analogues showed results characteristic of these 

highly potent cytotoxic analogues with the extended DNA binding (MI) group containing 

compounds showing cytotoxicity values substantially greater than tbeir Boc group 

counterparts {Table 2.3). This is consistent with the additional binding energy the MI 

group confers to the DNA-drug complex via non-covalent interactions, which in turn 

increases their cytotoxicity (see section 1.9.2 for discussion). The IC50 values showed that 

38 is at least 290-fold more active than its Boc counterpart 37. Further to this, resistance 

profiles showed a distinct increase in resistance along the series of ovarian cancer cell 

lines in the order A2780>2780AD>2780/cp70 with CI-MI showing an 8.8-fold decrease 

in cytotoxicity in the cisplatin resistance cell line 2780/cp70 compared to the wild type 

A2780. The cytotoxicities for the CI-MI analogue, as seen above, are in the low 

nanomolar region for all the cell lines in this study.

2.7.1.1 Discussion

The cytotoxicity data in the present study are consistent with previous reports that showed 

the increased affinity that the DNA binding subunit (MI) confers to tbe interaction 

between DNA and the duocarmycin analogues via non-covalent DNA-drug interactions. 

This increased stabilisation can give up to 292-fold greater toxicity (CI-MI vs. CI-Boc). 

The CBI-MI derivatives, which in the A2780 cell line has a potency of 0.5 nM (see 

Chapter 3) is only around five times more active than the very simple Cl minimum potent 

pharmacophore and suggests that a more extensive study of Cl analogues may be 

worthwhile. The molecules are synthetically very accessible, compared with their more 

complex counterparts, and are amenable to many substitution patterns on the aromatic 

core.

The effect of resistance mechanisms on the cytotoxicity of the selected duocarmycin 

analogues proved to be especially interesting. The 2780AD variety of ovarian cell line is 

shown to over-express tbe P-gp drug efflux pump, which is a resistance mechanism not 

only for adriamycin but also shows resistance to tbe chemotherapeutic vinca alkaloids and 

the epipodophyllotoxins. Multidrug resistance (MDR) is a common cancer 

chemotherapeutic occurrence and can display a cross-resistant phenotype against several 

synthetically unrelated drugs with the MDRl phenotype, in particular, expressing the 

plasma membrane-spanning multidrug transport protein, P-glycoprotein (P-gp).^^^ The
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decrease in cytotoxicity for the duocarmycins is small and reflects the covalent nature of 

the interaction between 38 and DNA. Most anti-tumour drugs that interact covalently 

with their intracellular target (i.e. cis-platin, melphalan) are poor substrates for P-gp.

The cytotoxicity data in the cisplatin-resistant cell line (2780/Cp70) proved to be very 

interesting. This cell line showed the greatest resistance to the duocarmycin analogues 

with a 9-fold decrease in cytotoxicity for CI-MI compared with the wild type A2780 cell 

line. A2780/Cp70 is mismatch repair (MMR) deficient because it does not express MLHl 

protein as a consequence of hypermethylation of the hMLHl gene promoter. Loss of 

MMR has been shown to result in drug resistance by inhibiting the ability of the cell to 

detect DNA damage that in turn hinders the cell processes leading to cell-cycle arrest or 

death. Defects in MMR are associated with resistance to c isp la tin /a n d  other platinum 

containing dmgs as well as certain methylating agents, topoisomerase II and alkylating 

chemotherapeutic d r u g s .T h e  loss of expression of the hMLHl subunit is greater in 

ovarian tumours after cisplatin treatment (36%; 4/11 of tumours measured) over

expression prior to treatment (10%; 4/39 of tumours measured). Thus it can be seen that 

hMLHl expression, in relation to MMR deficiency, is requisite to cell death following 

cisplatin treatment, and resistance in this cell line is mainly because of lack of expression 

of this hMLHl p ro te in .H o w ev er, other resistance mechanisms have also been 

identified in this cell line that include enhanced DNA repair through the induction of the 

ERCCl mRNA expression and, like in 2780AD, elevated levels of glutathione. ERCCl is 

a protein involved in nucleotide excision repair (NER) and contributes to repair of 

cisplatin adducts, and has been shown to be over-expressed in cisplatin-resistant cells. 

All of the above resistance mechanisms may have an effect on the reduction in 

cytotoxicity of the duocarmycin seen in the 2780/Cp70 cell line. Importantly however, the 

duocarmycins are minor groove alkylating agents whereas the majority of clinical 

alkylating drugs cross-link DNA. This is a significant point as resistance to the 

duocarmycin derivatives may be substantially more difficult than for clinically-available 

DNA alkylating agents due to the amount of stabilisation non-covalent forces give to 

these analogues (See section 1.9.2).

The deshydroxy Cl- derivatives had lower toxicities (590 nM), with deshydroxy CI-Boc 

having a IC50 value in excess of 1000 nM. The deshydroxy derivatives have been 

designed as potential prodrugs, so with this in mind the lower cytotoxicity values of these
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analogues is desirable. Further to this, the major difference in the cytotoxicities of the 

hydroxylated over the deshydroxy duocarmycin analogues confirms the importance of the 

4-OH group in the activity of the duocarmycin. The deshydroxy duocarmycin could 

possibly alkylate via an Sn2 mediated mechanism to form DNA adducts, with the 

chlorine acting as the leaving group. However, the low cytotoxicity suggests that this is a 

minor contribution to biological activity. The hydroxyl group facilitates the seco- 

duocarmycin spirocyclisation to allow nucleophilic attack at the least substituted carbon 

of the resulting cyclopropane ring, an alkylation mechanism widely attributed to the 

duocarmycin.^^
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2.7.2 Metabolism of deshydroxy Cl- prodrugs in rat liver microsomes.

Metabolism studies of the deshydroxy duocarmycin prodrugs involved incubation of 

these agents with rat liver microsomes as a rich source of CYPs. Analysis of the 

metabolites was subsequently carried out by HPLC. The HPLC data was then used to 

assess the metabolic profile of the duocarmycin produgs.

2.7.2.1 Results

1.1.2.1 HPLC chromatogram for authentic CI-MI and deshydroxy CI-MI 

duocarmycin

The authentic duocarmycin analogues and the metabolised prodrug samples were 

analysed by reverse-phase HPLC using a gradient elution system. A mobile-phase system 

of 30% A and 70% B (A = 90% MeCN, 10% H2O, 0.1% TFA, B = 0.1% TFA (aq>) was 

increased to 95% A and 5% B over a 40 minute period and kept constant at 95% A for a 

further five minutes. A five minute isocratic equilibration step (30% A, 70% B) preceded 

each sample. A mixture of pure CI-MI and deshydroxy CI-MI was used as a reference 

sample and analysed by HPLC using the above elution system. The resulting 

chromatogram could then be directly compared to the subsequent metabolised 

deshydroxy CI-MI samples. Fig 2.6 shows the chromatogram of the mixture (measured at 

315 run) and Fig 2.7 shows the UV spectra of the two analogues in the mixture. It can be 

seen that CI-MI has the higher polarity due to the hydroxy group, consistent with a 

decrease in the HPLC retention time compared to deshydroxy CI-MI. CI-MI and 

deshydroxy CI-MI have À̂ ax of 322.6 run and 315.2 nm respectively also indicative of an 

hydroxy group being present on CI-MI {Table 2.4).
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Fig 2.6 HPLC chromatogram of CI-MI and deshydroxy CI-MI at 315 nm.

DO® 2055 3226 OH

C I-M I
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Fig 2.7 UV spectra of authentic Cl-M I and deshydroxy Cl-M I.

pCHj

V  °
d e s h v d r o x v  CI-MI

Table 2.4 HPLC and UV data for the CI-MI and deshydroxy CI-MI.

RT
Peak (min) m̂ax

CI-MI 2161 322^
deshydroxy CI-MI 2129 315.2
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1.1.1.2) HPLC and UV chromatogram for metabolites of deshydroxy CI-MI after 

incubation with rat liver microsomes

The deshydroxy CI-MI prodrug was incubated in ice-cold buffer in the presence of rat 

liver microsomes and the metabolism process was initiated with NADPH (see section

5.1.3 for full experimental procedure). After 30 minutes the reaction was centrifuged and 

the resulting supernatant was analysed by HPLC using the system described in the 

previous section. F ig  2 .14  reveals the presence of several metabolites that can be 

attributed to CYP-based metabolism with hydroxylation a distinct possibility.

• I

-.oo:

Fig 2.8 Representative HPLC chromatogram for the metabolism of 23.5 pM deshydroxy CI-MI with rat (RLM1 ) liver 

microsomes.
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Fig 2.9 HPLC chromatogram and UV spectra for metabolites of deshydroxy CI-MI in NADPH-supplemented 

rat liver microsomes.

RT
Peak ( m i n ) ^max

1 14.55 324^
2 16.49 339^
3 2T38 316.0
4 21.84 324^

CI-MI 23.04 324^
deshydroxy CI -MI 28T9 313.6

Table 2.5 HPLC and UV data for the metabolites of deshydroxy CI-MI after incubation following procedure 

outlined in the experimental section.
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Fig 2.9 shows representative spectra for the metabolism of deshydroxy CI-MI using rat 

liver microsomes. The metabolism shows that five main metabolites are present 

corresponding to the labelled peaks 1-4 and CI-MI on the above chromatograph. These 

five metabolites (1-4, and CI-MI) show that CYP-mediated metabolism has provided 

compounds that have higher polarities than deshydroxy CI-MI and that multiple routes of 

metabolism of this potential duocarmycin prodrug are occurring.

The RT and UV profile of the peak at 28.2 min {Fig 2.9) corresponded to that of the 

authentic deshydroxy CI-MI (28.3 min Fig 2.6). The metabolite at 23.0 min has a similar 

RT to that of the authentic CI-MI analogue (23.6 min) and a UV spectrum (322.6 nm) 

which is identical to the authentic CI-MI (322.6 nm). Metabolite 4 had a similar UV 

spectra (324.6 nm) to the authentic CI-MI but a different RT (21.8 min); metabolite 3 

however had a RT of 21.4 min and UV spectrum that is similar to deshydroxy CI-MI. 

Metabolite 2 has a UV Imax of 339.8 nm and a HPLC RT of 16.49 min and metabolite 1 

has the highest polarity with a RT of 14.55 min and a UV spectrum (324.2 nm) that is 

similar to metabolites 4 and CI-MI.

The longer of CI-MI over that of deshydroxy CI-MI is additional proof that CI-MI 

contains a hydroxy group. CI-MI requires lower energy (i.e. longer Imax) to promote its 

ground state electrons than its deshydroxy partner. This is a consequence of the additional 

hydroxy group that contains high-energy non-bonded electrons that are easier to excite 

than pi or sigma electrons. Even though the deshydroxy prodrug also has lone pairs of 

electrons (methoxy group) the additional hydroxy group significantly increases the Imax 

so that the two derivatives (CI-MI and deshydroxy CI-MI) can easily be distinguished by 

there UV chromatograph.

1,1.lA  Discussion

The HPLC analysis of the metabolism of deshydroxy CI-MI with rat and human liver 

microsomes shows the formation of numerous metabolites. The retention times of the 

authentic CI-MI and deshydroxy CI-MI correspond closely to those of the CI-MI and 

deshydroxy CI-MI after incubation with liver microsomes. Further to this, the UV spectra 

of these two compounds overlay those of the authentic parent derivatives. This suggests 

that microsomal activation of the deshydroxy CI-MI gives rise to the reactive CI-MI
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derivative. Metabolite 4 also has a comparable UV spectra and RT to CI-MI, suggesting 

that this may be a mono-hydroxylated derivative of CI-MI.

Although the metabolites have not been identified, it can be suggested that déméthylation 

of the methoxy substituent on the right-hand subunit would provide a derivative that 

would have an increase in polarity due to the conversion of the -OCH 3 to -OH and is, 

therefore, likely to elute earlier on a reverse phase co lum nF urtherm ore , the UV 

spectra of a demethoxy derivative may be similar to its methoxy counterpart as both 

substituents carry lone pairs of electrons. Subsequently, both derivatives require similar 

energies to excite their ground state electrons.

CYP-mediated metabolism may not just be limited to mono-hydroxylation, indeed di- and 

tri- hydroxylations are also possible. Adding further hydroxyl groups to the deshydroxy 

CI-MI structure would further increase the polarity and therefore the RT is likely to be 

even shorter. In fact, the UV spectrum of metabolite 2 suggests di-hydroxylation may be 

occurring as it has previously been shown that adding a hydroxy group (deshydroxy CI- 

MI to CI-MI) significantly increases the Imax- Indeed a similar shift is seen for metabolite 

2 from that of CI-MI. Rappaport et have carried out extensive research on the 

metabolism of benzene by CYP enzymes. Along with the formation of mono-, di-, and 

tri- hydroxylated derivatives the formation of quinone derivatives has been characterised. 

The formation of quinone metabolites of deshydroxy CI-MI is also possible {Scheme
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Q uinone fonnatlon of left hand and 
right hand subunits 
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O CH ,
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A B

Déméthylation

hydroxylation of left hydroxylation of right
h an d  subunit hand subun it

A B

HO.HO.

HOHO' OH
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A + B

Q uinone formation of left h an d  an d  
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Hydroxylation of e ith e r left tiand 
subunit o r right h an d  subunit ( s e e  

struc tu res on left)

Hydroxylation of left h and  a n d  
right hand  subun its

Scheme 2.28 Simplified metabolic scheme for deshydroxy CI-MI showing some possible metabolites 

(R = OH).

The HPLC data (Fig 2.9 and Table 2.5) show that the microsomal preparations for human 

and rat liver are capable of metabolising the deshydroxy duocarmycin prodrugs. For the 

microsomal enzymes to activate the deshydroxy duocarmycin prodrugs they must 

hydroxylate at positions that would facilitate ring closure of the seco analogues into the 

cytotoxic DNA interacting spirocyclic duocarmycin analogues. Regarding CI-MI, there 

are two possible positions that would allow for spirocyclisation. Compared to the number 

of available positions for hydroxylation and indeed the number of other routes of

87



( 7 Svi i ih cs is  (iiul Biolof^icdl B v d li ia t ion

metabolism that may occur, it can be seen that generation of a single mono-hydroxylated 

metabolite is unlikely. However, as shown in Fig 2.10, the two routes of hydroxylation 

that will contribute to drug activation are amongst the most sterically accessible.

NH NH

OH

F ig 2.10 The positions on deshydroxy CI-MI that after CYP-mediated hydroxylation would facilitate 

spirocyclisation.

The metabolic profile, as judged for the HPLC data, is the same in the rat and the human 

liver microsomes. However, there appears to be some difference in the amounts of each 

metabolite produced by the two species. For human liver microsomes 4 is the most 

prominent. From HPLC and UV data this has been suggested to be a mono-hydroxylated 

derivative.

2.7.3 DNA cleavage by selected deshydroxy CI-MI after metabolism with rat liver 

microsomes.

As further evidence for the formation of DNA-interacting metabolites following 

incubation of the deshydroxy duocarmycin prodrugs, DNA cleavage experiments were 

carried out. The metabolised prodrug should interact with a source of DNA and if, 

spirocyclisation is possible, nicking of the DNA should occur. An electrophoresis method 

using supercoiled plasmid DNA can be used to demonstrate this.

Gel electrophoresis is a method that is extensively used in studies involving DNA 

cleavage and ligation. At alkaline pH, negatively charged DNA migrates through an 

agarose gel under the influence of an electric field. The agarose gel provides a lattice 

containing pores of various sizes (dependant upon the concentration of agarose used) 

through which the DNA can travel. The mobility of the DNA in agarose depends on, 

amongst other things, the length (molecular mass). Supercoiled (unwound), nicked 

circular and linear duplex DNA all migrate in agarose gels to different extents. 

Supercoiled DNA has higher mobility than linear DNA and circular DNA may have a
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higher or lower mobility than linear DNA depending on the electrophoresis conditions. 

Visualisation of the DNA bands can be subsequently made with UV or staining methods. 

Induced fluorescence of ethidium bromide as a probe is commonly used, which works on 

the principle that the probe intercalates with DNA and has a substantially increased 

fluorescence when exposed to UV light.

2.7.3.1 Results

The microsomal incubations of deshydroxy CI-MI produced a range of metabolites {see 

section  2 .7 .2 .1)  and for DNA change to occur the deshydroxy prodrugs must hydroxylate 

at positions that allow for DNA alkylation with the consequence of DNA relaxation and 

depuri nation.

1 2 3 4 5 6 7 8  1 2 3 4 5 6 7
o c  o c  - '

sc ^  SC

A B

Fig 2.11 Effects o f deshydroxy CI-MI (A) and CI-MI (B) on unwinding o f plasmid DNA. Lane I DNA only, 

lanes 2-8 10’̂ ’ lO", lO t  10 \  IQ'\ 10'  ̂ drug/bp ratio. DNA (3.84 M). SC= Supercoiled, 0C =  Open 

Circular.

The deshydroxy CI-MI did not show any DNA cleavage {Fig  2.11  A) even at the highest 

concentration investigated (10‘̂  drug/bp ratio). This is consistent with the relatively low 

cytotoxicity measured in the A2780 and U2-0S cell lines {Table 2.3). The DNA 

alkylating properties of CI-MI were then studied {F ig  2.11  B). It can be seen that CI-MI 

cleaves the supercoiled DNA in a concentration dependant fashion. CI-MI can be seen to 

interact with DNA at a DNA/bp ratio at least lOOO-foId less than the deshydroxy CI-MI.
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Fig 2.12 DNA unwinding by deshydroxy CI-MI following metabolism by rat liver microsomes. Lane 8  DNA 

only, lanes 1-7 metabolised prodrugs in 1:10 \ 1:10\ 1:10\ 1: 1 0 \ 1:10\ 1:10', 1:10 total volume. SC= 

Supercoiled, 0 C =  Open Circular.

Previously rat and human liver microsomes were shown to generate metabolites of 

deshydroxy CI-MI including the CI-MI analogue. Deshydroxy CI-MI incubated with rat 

liver microsomes was subsequently added to DNA. The highest concentration of 

deshydroxy CI-MI from the metabolism assay was used (23.5gM). This was then serially 

diluted and incubated with DNA. DNA nicking was observed at concentrations 100-fold 

less than that of the original incubate which approximately relates to 1 x 10'  ̂ M of 

deshydroxy CI-MI {F ig  2.12).

2.73.2 Discussion

Comparison of the DNA cleavage by deshydroxy CI-MI and CI-MI demonstrated the 

increased ability of the active duocarmycin analogue to damage DNA. Whereas there is 

no DNA cleavage seen for deshydroxy CI-MI, cleavage was observed for CI-MI at 1 x 

10'  ̂ ligand/ bp ratio. The large difference seen between the two duocarmycins analogues 

supports the possibility of the deshydroxy CI-MI as a potential prodrug.

2.8 Conclusion

The synthesis of various prodrug analogues of the minimum potent pharmacophore CI- 

was achieved using the 5-exo-tr ig  radical ring closure reaction on to a tethered vinyl 

chloride. This reaction, however, proved unsuccessful in the synthesis of the active 

products that were subsequently synthesised using a previously reported method by 

Warpehoski et and Boger et The in vitro  cytotoxic evaluation of the Cl-based
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prodrugs in a variety of cancer cell lines showed that they were 100 to 1000-fold less 

active than their hydroxy-CI counterparts. The preliminary metabolism studies, using rat 

and human liver microsomes, demonstrated that the deshydroxy CI-MI is a potential 

substrate for metabolism that is likely to be P450-based. Although it was not possible to 

identify all of the metabolites in this preliminary assay it provided good evidence that 

CYP-induced cytotoxic activation may be possible. Finally a DNA cleavage assay 

suggested that active metabolites might have been formed. However the results do show 

that the prodrug 19 is clearly less effective at cleaving DNA than the active drug. In the 

following chapter, the initial studies of prodrugs of more potent duocarmycin analogues 

will be described.
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Chapter 3

Synthetic approaches to prodrugs of the ultra potent alkylating subunits and 

biological evaluation of deshydroxy CBI and the development of synthetic 

procedures for the deshydroxy DSA prodrug.
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3.1 The deshydroxy CBI prodrug

The initial focus on the Cl subunit was due to the synthetic accessibility of the minimum 

potent pharmacophore and its potential for SAR studies. In the second phase of this work, 

investigations were initiated into the utility of more potent DNA alkylation subunits {Fig 

3.1), their prodrug structures and their potential for CYP-mediated oxidation.

{
Fig 3.1 From left to right, structures o f  the alkylating subunits CBI, CPI, D SA  and DA.

The CBI motif is of particular interest as once coupled to an appropriate DNA-binding 

subunit it shows comparable, and superior, DNA alkylation properties and cytotoxicities 

to the natural products. Particularly exciting are the alkylation properties when 

compared to the CPI alkylating subunit. The release of strain in the A ring accompanying 

expansion from the pyrrole of CPI to the benzene of CBI has been shown to increase the 

cytotoxicity and stability of CBI analogues four-fold when compared to CPI.*^  ̂Extensive 

studies of CBI and related analogues have shown the relative importance of the left hand 

subunit to alkylation properties. As with the Cl analogues, the CBI compounds show 

selectivities that are identical to that of the natural products. They have also been shown 

to alkylate DNA more efficiently and with a higher degree of selectivity for available 

sites compared to the corresponding CPI- and DA-based analogues.T hese  compounds 

also alkylate DNA at rates comparable to duocarmycin SA and are more cytotoxic than 

CPI-based analogues. In fact, the cytotoxic potency of the shorter A^-Boc-CBI derivatives 

(IC50 = 80 nM, L I210) is comparable to that of pharmaceutically viable drugs such as 

mitomycin (IC50 = 90 nM, L I210). The correlation of reactivity of the duocarmycins to 

their biological potency, and indeed a direct comparison of the cytotoxicities of Cl, CBI 

and the natural duocarmycin, can be seen in Fig 3.2}^^ As can be seen there is a direct 

relationship between the analogues’ stability and its biological potency and the parabolic 

nature of the curve confirms that chemically more stable analogues are more adept at 

reaching their biological target. For CBI analogues, the stability/biological activity

92



relationship (Fig 3.2) appears to be close to optimal, so that design of prodrugs that 

contain this alkylating motif would be extremely desirable.
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Fig 3.2 T he re la tionsh ip  betw een reactivity  (so lvo lysis k, pH 3) and cytotoxic po tency  (L1210) o f  a range o f  

duocarm ycin  analogues.'"^

3.2 Key synthetic studies leading to CBI

Boger et a l  have undertaken extensive efforts into the synthesis of the CBI analogue. 

Many of the routes in these studies have been geared towards a free radical approach and 

have been achieved with varying amounts of success. Boger’s initial attempts revolved 

around a 5-exo-d ig  radical-alkyne cyclisation that proved problematic due to 

isomérisation of the 3-methylindoline to the indole that is consequently unable to undergo 

the required functionalisation for spirocyclisation. To overcome this, a 5-exo -tr ig  radical- 

alkene cyclisation was attempted to form a 3-vinylindoline prior to ozonolysis and 

NaBH4 -mediated reduction giving 3-(hydroxymethyl)indoline. Competitive oxidative 

cleavage of the naphthyl ring proved problematic in this synthetic p r o c e d u r e a n d  as a 

consequence a lengthy radical-alkene cyclisation procedure employing a vinyl ether as 

the acceptor alkene was employed.

The most successful attempt reported by this group, until recently, was based on a 

TEMPO trap of the aryl radical-alkene 5-exo-tr ig  cyclisation {Scheme 3 .1). The use of the 

TEMPO trap in conjunction with BusSnH showed a greater efficacy than BusSnH alone
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that was confirmed by the higher ratio of cyclised to uncyclised product and by the 

increase in the rate of cyclisation in the presence of TEMPO. The use of TEMPO further 

eliminated the need for the pre- or post-functionalisation that was an inherent problem in 

some of the earlier procedures

The synthesis of CBI via the TEMPO route started from commercially available 1,3 

dihydroxynaphthalene and required nine steps for completion with an overall yield of 

36%. Synthesis of the Boc-protected amide was followed by protection of the Cl-OH to 

provide 47 in a 71% three-step yield. Regioselective iodination and alkylation of the 

sodium salt of 48 provided 49, which was available for the key radical ring closure, 

performed in the presence of TEMPO and BugSnH in benzene at 60 °C. The 3- 

(hydroxymethyl)indoline 51 was obtained after Zn-mediated reduction. Enantioselectivity 

could be achieved either through chromatographic resolution of the (R)-0- 

acetylmandelate ester followed by hydrolysis or by resolution on a semi-preparative 

Daicel Chiralcel-OD HPLC column after conversion to the primary chloride and catalytic 

hydrogenolysis. Final intramolecular Ar 3-alkylation of 53 with closure of the 

cyclopropane provided enantiomerically pure CBI (54) in excellent yields.

NHBoc (iv)

4 7 X  = H 
4 8 X  = I

NBoc
(V)

(R )-O -a c e ty lm a n d e la te  
O R  reso lu tio n  a  = 1.09

NBoc
(Vii)

OBn

(Vi) 50 R — NCgHig
51 R = H

NBoc

OR

(IX)

(viii) 52 R = Bn 
5 3 R  = H

NBoc

C hlralcel O D  R eso lu tio n  a  = 1.28

Scheme 3.1 (i) a. liq. NH;, -78 °C, bomb, 125-135 °C, 1100 psi b. 4  equiv (B oc)2 0 , dioxane, 100 ®C, 4 h, 84%

(2steps) (ii) 2.1 equiv K2 CO3 , 1.8 equiv BnBr, catalytic n-Bu^NI, dry DMF, 23 °C, 8  h, 83% 

overall, (iii) 1.1 equiv NIS, catalytic H2 SO4 , THF-CH3 OH (1:1), -78 °C, 85% (iv) 1.2 equiv NaH,

3.0 equiv CH2 =CHCH2 Br, DMF, 25 °C, 3 h, 83-95% (v) 5 equiv Bu 3 SnH, 6.0 equiv TEMPO, 

benzene, 70 °C, 1 h, 87% (vi) Zn, HOAC-THF-H2O (3:1:1), 70 °C, 2 h, 80%, (vii) 3.0 equiv Ph;?,

9.0 equiv CCI4 , CH 2CI2 , N 2 , 25 °C, 3 h, 99% (viii) 1 atm H2 , 5% Pd-C catalyst, THF, 24 °C, 97% 

(ix) 4.5 equiv NaH, THF, 24 °C, 10 min, 93%.
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Due to the expense of chiral chromatography, and the relatively small scale of enantiomer 

separation, attempts at direct synthesis of the enantiomerically pure analogues have been 

undertaken. These attempts have been somewhat limited in their success, which may be 

in part due to the high levels of purity required to distinguish between the activity of the 

natural and unnatural enantiomers.'^^ Boger et al devised asymmetric routes firstly 

employing a hydroboration {Scheme 3.2) and secondly involving Jacobsen epoxidation 

{Scheme

Compound 48, which was used for both synthetic routes, was synthesised from 

commercially available 1,3-dihydroxynaphthalene as described earlier. This was then N- 

alkylated through the sodium salt with 3-bromo-1 -(tributylstannyl)propene to form 55, 

which underwent Pd(0)-catalysed Stille cross coupling to form the highly unstable 1,2 

dihydrobenzo[/]quinoline 56. Epoxidation with w-CPBA {Route 1, Scheme 3.2) followed 

by DIBAL-H reduction formed exclusively 58 that upon débenzylation and Mitsunobu- 

effected ring spirocyclisation afforded the enantiomerically pure CBI analogue 59. 

Regiospecific hydroxylation of 56 was also achieved by hydroboration-oxidation with 

BH].SMe2 (1 equiv) and NaB0 3 .4 H2 0  (1 equiv) with formation of a minor isomeric 

hydroxyl impurity {Route 2, Scheme 3.2). This minor impurity was also formed after 

hydroxylation with freshly prepared and crystallized Ipc2BH, but again 58 was shown to 

be the predominant isomer {Route 3, Scheme 3.2).
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SnBu;

NHBoc NBoc
(i)

OBn
48

OBn
55

(V)

Route 1
NBoc NBoc

OBn
56

OBn
57

(iv)

Route 3 (vi) Route 2 

OH

NBocNBOC

(viii)

OBn
58

O
59

Schem e 3.2 (i) 1.2 equiv NaH, 3 equiv Z-l-tributylstannyl-3-bromopropene, DMF, 24 °C, 30 min, 90% (ii) 0.2

equiv (Ph3 P)4 Pd, toluene, 50 °C, 1.5 h, 91% (iii) 1.5 equiv m-CPBA, CH2CI2 , -78 °C to -3 0  °C, 2 h, 

84% (iv) 2.0 equiv DIBAL-H, THF, -78 °C to -3 0  °C, 1 h, 80% (v) 2.0 equiv Ipc2BH, THF, 0 °C to 

20 °C, N aB 0 3 .4 H2 0 , 73% (vi) 1.0 equiv BH3 -SM e2 , THF, 0 °C, 2 h, N aB 0 3 -4 H2 0 , 71% (vii) 1 atm 

H2 , catalytic Pd-C, CH3OH, 25 °C, 30 min, 97% (viii) 3.0 equiv ADDP, 3.0 equiv BU3P, toluene, 50 

°C, 1 h, 72%."^

Parallel to the above synthetic route an alternative Jacobsen epoxidation of 56 was also 

considered that proved to be a very efficient route to the synthesis of a enantiomerically 

pure CBI analogue. Compound 56 was treated with Jacobsen’s catalyst to again furnish 

the epoxide 57, which was then ring opened with DIBAL-H to provide 58. This was 

debenzylated and ring-cyclised in an analogous method to the above asymmetric method 

to provide the final compound 59.'^^
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(iii)
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NBoc

OBn
57

NBoc

(ii)

CBI Synthesis

NBoc

Schem e 3.3 (i) 0.05 equiv Jacobsen’s (S,S)-salen Mn(III) catalyst, 5 equiv NM O, CH2 CI2 , 2 equiv m-CPBA, -78

°C, 30 min, 70% (ii) 3 equiv DIBAL-H, THF, -78 °C, 2 h, 89% (iii) 1 atm H2 , catalytic Pd-C, 

C H 3 O H , 25 °C, 30 min, 97% (iv) 3.0 equiv ADDP, 3.0 equiv BujP, toluene, 50 °C, 1 h, 72%.

3.3 Retro-synthetic and SAR studies of the CBI prodrug.

NBoc NBoc NHBoc

CO2H

Schem e 3.4 Retro-synthetic scheme to A-Boc-CBI.

The synthesis of the deshydroxy CBI prodrug was based on Boger’s CBI synthesis. The 

synthetic procedure relied on utilizing the 5-exo-trig free radical cyclisation that required 

a suitably substituted naphthalene {Scheme 3.4). This naphthalene was potentially 

accessible via a Curtius rearrangement starting with commercially available 2-naphthoic 

acid. This was a particularly attractive route to synthesis as other substituted 2-naphthoic 

acids are also commercially available.
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NBoc

D E

When positions E = OH
A-D, F = H W-Boc-CBI

D - -C02M e W-Boc-MCCBI'^'

D = -CH 2 OH W -Boc-HM CBf

B = -CN W-Boc-CCBI'^^

B -  -OM e W-Boc-MCBI'”

F = -Halogen A^-Boc-4-halo CBl'^^

F = -M e W-Boc-4-methoxy-CBl'^

When positions A-D, F = H
E = H deshydroxy-CBI (prodrug)

E = N 0 2 A-Boc-amino-5 eco-CBI (prodrug)'

E = N H 2 W-Boc-Nitro-^eco-CBI (prodrug)

E = -OMe W-Boc-Methoxy-5 eco-CBI (prodrug)®°

Fig 3.3 /'/-Boc-CBI and various analogues with deep-seated modifications on the basic CBI core to show the effects 

o f  a range o f  substituents.

The extended two-ring structure of the CBI prodrugs (as compared to the single ring Cl 

prodrugs) not only has an effect of increasing the biological potency but from a 

metabolism point of view the CBI prodrugs may also prove to be superior. Position E, in 

the skeleton structure in Fig 3.3, is the ideal point of CYP-mediated metabolism primarily 

because, due to the parallel synthesis of the authentic CBI drug, we have an exact point of 

reference. However, as for the Cl prodrug, it is not the only site of potential prodrug 

activation, in fact hydroxylation at positions B and D should also give metabolites with 

high affinities for DNA. Introduction of substituents at B, D and E such as -OMe, NH2 or 

NO2 (as for Cl) will allow an extensive group of prodrugs with differing properties to be 

developed.

Although the CBI prodrug is a novel analogue it is possible to look at the authentic CBI 

drug, and the literature data currently available or it, in order to make educated deductions 

as to what may happen if the various positions (A-F) were substituted with groups other 

than hydrogen. For example, we know that substituting A with any group may form a 

steric impediment to efficient DNA alkylation and therefore reduce cytotoxic potency as 

A would point into the bottom of the minor groove upon binding. Substitution at B and C 

may also lead to changes in DNA binding affinities and therefore affecting biological
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activity. Although the electronic effects of the substituents on functional reactivity was 

shown to be small, both MCBI and CCBI showed an increase in DNA alkylation that 

suggested the simple presence of the substituents is enough to show a variation in 

cytotoxicity. These effects have been contributed to the increase in rigid length that 

substituting at B provides, which in turn allows for a greater vinylogous twist and hence 

greater reactivity of the drug within the minor groove.

Substituting halogens at position F has also been shown to disrupt the vinylogous amide 

conjugation significantly, with the resulting analogues showing up to 1 0 0 -fold less 

cytotoxicity than the parent CBI system. The similarity of the fluoro derivative to the 

authentic N-Boc-CBI means that it has the highest toxicity of the halogen derivatives. The 

disruption in vinylogous conjugation decreases the toxicity and also serves to increase the 

uncatalysed (pH 7-8) solvolysis of the derivatives (the largest halogen showing the 

biggest disruption and therefore the most reactive solvolysis profile). Furthermore, these 

results with the C4 halogen-substituted CBI analogues confirm the credibility of the 

binding induced activation mechanism of the duocarmycin, whereby if a sufficient twist 

in the linking amide is attainable then uncatalysed solvolysis (or optimum alkylation in 

vivo) is possible. The current literature data revealed MCCBI and HMCBI as the only 

CBI derivatives that show substitution at D. Substituting with the methyl ester of MCCBI 

served to increase the vinylogous amide conjugation through the carbonyl of the ester 

thereby increasing the analogues stability and lowering the rate of acid-catalysed 

solvolysis. Substituting with the hydroxymethyl, however, showed minor effects, with 

reaction kinetics matching closely to that of the parent CBI analogue. However, compared 

to the B substituted analogues, the D substituted analogues did show an expected decrease 

in the rate of DNA alkylation but they may prove useful instead by providing a route to 

further CBI subunit modifications.^

The remarkably small effects of substitution in the CBI skeleton suggest that a variation 

in the right hand DNA subunit may prove more superior in the design of more elaborate 

prodrugs. Substitution on the left hand subunit would, at best, only serve to block any 

unwanted sites of CYP mediated metabolism.
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3.3.1 Synthetic procedure for deshydroxy CBI-MI

Synthesis of deshydroxy CBI {Scheme 3.5) involved an eight-step strategy starting from 

commercially available 2 -naphthoic acid.

CO2H (I, / ^ . ^ n h b o c

60 61

Schem e 3.5 (i) 1.7 equiv DPP A, 1.7 equiv EtaN, t-BuOH, 4Â  molecular sieves, reflux, 18 h, 8 6 % (ii) 4M HCl-

EtOAc, 25 °C, 1 h, 83%.

Curtius rearrangement^ (1.7 equiv EtgN, 4 A molecular sieves, 1.2 equiv DPP A, t- 

BuOH, reflux, 18 h, 8 6 %) of the initial 2-naphthoic acid provided the Boc-protected 

amine 60 as a pale yellow solid. The use of anhydrous r-BuOH in dilute reaction 

conditions (0.005 M-0.025 M) under an inert environment reduced the formation of by

products such as urea.^^^

In order to direct bromination to the required ortho-position, the electron-directing 

abilities of the free amino group were required, hence, deprotection of the Boc amide 60 

with 4M HCl-EtOAc. This deprotection provided the free amine 61 that was fully 

characterised by mass spectrometry, NMR, ^̂ C NMR and elemental analysis. The 

NMR of 61 shows that the C8 , C5 and C4 protons are all represented as doublets at 7.67 

ppm, 7.71 ppm and 7.60 ppm with the chemical shifts reflecting the distance that these 

protons are from the electron-donating and shielding effects of the amine group (the C4 

being the closest is the most shielded and furthest upfreld followed by the C8 and then the 

C5 proton peaks). Further upheld are the distinctive set of triplet of doublets that 

represent the C6  (7.38 ppm) and C7 (7.24 ppm) protons. The C6 proton is slightly upheld 

to the C7 proton due to the long range shielding mesomeric effects of the electron- 

donating amine. Additionally, both these sets of peaks are subject to vicinal as well as 

meta-coupling, which is apparent in the coupling constants. The shorter, vicinal bond 

distance leads to a larger coupling constant (J  = 6 .8  Hz) while smaller coupling constant 

is typical of long range meta coupling (J=  1.2 Hz). The protons that hank the free amine 

(and are consequently the most shielded protons) appear upheld as a meta-coupled 

doublet peak at 6.99 ppm (J=  1.6 Hz) and a ortho-meta coupled doublet of doublets at
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6.95 ppm {J= 6 .8 , 1.6 Hz) representing the Cl and C3 protons respectively. Finally, the 

appearance of a broad singlet at 3.4 ppm, that represents the free amino group, and the 

loss of the Boc peak at 1.5 ppm confirms the acid-driven deprotection of 60 to 61 has 

occurred.

Br

NH.

61 62

Schem e 3.6 (i) 0.4 equiv TsOH, THF, 0 °C, 1 equiv MBS, 25 °C, 16 h, 59%.

Regioselective bromination occurred smoothly to give, after purification, a cream 

coloured crystalline product (62) in 59% yield {Scheme 3.6). The low temperature TsOH- 

catalysed bromination went through a similar mechanism as that employed in the 

synthesis of Cl An acidic proton from TsOH interacts with the carbonyl oxygen of the 

imide, stimulating electrophilic bromine release. Inspection of the ^H NMR of the 

brominated analogue (Fig 3.4) confirms halogénation is occurring at the required Cl 

position. The most important difference between the ^H NMR spectra of compounds 61 

and 62 is the loss of the meta-coupled doublet, which corresponded to the Cl proton that 

appeared at 6.99 ppm in the proton NMR of 61. Further to this, the presence of a set of 

doublets for the C3 and C4 protons (at 7.00 ppm and 7.62 ppm respectively) also 

confirms that bromination is occurring at the Cl position, as opposed to bromination at 

the equally likely C3 position. The peak that represents the C3 proton is particularly 

interesting as previously, for analogue 61, it was a meta-coupled doublet of doublets, but 

since bromination has occurred at the Cl position (disrupting any meta communication) 

the peak appears as a doublet. The coupling constant (J=  8.4 Hz) discounts the possibility 

of the C3 doublet being a para-coupled C4 doublet (which could be the case if C3 

bromination had occurred), as a para-coupled proton would have a coupling constant of 

approximately 1 Hz.

Interpretation of the remaining spectral data reveals that the C8 , C5 protons are both 

represented as doublet of doublets at 8.04 and 7.68 ppm while the C4 proton is 

represented as a doublet at 7.62 ppm. The presence of the deshielding bromine group 

would mean that the C8 proton appears furthest downfield. The C8 and C5 protons are 

also subject to long range meta coupling with the C6 and C7 protons respectively. This
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was confirmed by the peaks representing the C8 and C5 protons possessing a large ortho 

coupling constant {J= 8.4 Hz) and a smaller meta-coupling constant (7= 1.2 Hz). Further 

upheld are the distinctive set of double double doublets that represent the Cl (7.5 ppm) 

and C6 (7.28 ppm) protons. The C6 proton is again further upheld due to the mesomeric 

effects of the amine. Further to this, each proton (as for the C5 and C8 protons) is also 

subject to ortho as well as meta-coupling {J= 8.4, 1.6 Hz).

' H  N M R  (C D C I3) 5 8 .04  (del, 1 H, C 8-H , J = 8 . 4 ,  1.2 Hz), 7.68 (dd, 1 H, C 5 - H , J = 8 ,  1.3 Hz),

7 .62 (d, 1 H, C 4-H , J  =  8.4 Hz), 7.5 (td, 1 H, C 7-H , 8.4, 1.6 Hz), 7.28 (td, 1 H, C 6-H , V = 8 ,

1.6 Hz), 7.00 (d, 1 H , C 3-H , J =  8.4 Hz).

Fig 3.4 'H N M R  spectra  o f  l-b rom o-2 -naph thy lam ine  confirm ing regiospecific  brom ination  at the required position. 

No singlet peaks suggests that the 3 -brom o-2-naphthylam ine by-product isom er is n o t form ed.

The Hoc group was then reintroduced over 2 steps {Scheme 3.7) to provide the di-Boc 

compound 63 as a white solid (2.7 equiv (Boc)2 0 , 1.2 equiv EtgN, DCM, rehux, 18 h, 

72%). The previously described method of introducing the Boc group using (Boc)2 0  in 

dioxane at elevated temperatures proved unsuccessful, although it is unclear as to why 

this should be the case. Perhaps the extended delocalisation of the naphthalene ring 

system affects the reactivity of the amine lone pair. Inspection of the 'H NMR shows that 

the only peak of any real significance is the singlet at 1.5 ppm whose integral was 

equivalent to 18 hydrogens (i.e. the six Boc methyls of the di-Boc protecting groups). The 

remaining protons of the stmcture were, as expected, seen in the region downfield 

ranging from 8.32 ppm to 7.3 ppm. Selective mono-Boc deprotection in a method
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reported by Greene and Wuts’̂  ̂ (2 equiv TFA, DCM, 45 mins, 34%) provided 64 as pale 

yellow crystals. Again, inspection of the NMR confirmed that the Boc deprotection 

had occurred revealing that the peak representing the six di-Boc methyls (18 protons) for 

analogue 63 now appeared as a singlet (1.5 ppm) with a integral height corresponding to a 

single Boc group (i.e. nine protons).

NHBocNH;

62 63 64

Schem e 3.7 (i) 4 equiv (Boc)2 0 , 1 equiv EtsN, 0.1 equiv DM AP, CH2C12, 50 °C, 16 h, 72% (ii) 2 equiv TFA,

CH 2CI2 , 25 °C, 16h,35% .

A-Alkylation of Boc protected 62 smoothly gave 65 as a pale yellow oil in a 93% yield (3 

equiv NaH, 3 equiv 1,3-dichloropropene, DMF, 15 h, 25 °C) {Scheme 3.8). Mass 

spectrometry, NMR, NMR and elemental analysis confirmed synthesis of this 

analogue. Analysing the NMR of 65 shows that the C3 proton appears the furthest 

downfield at 8.35 ppm as a doublet due to the electronegativity, and hence deshielding 

nature, of the amide nitrogen. The C4 proton is represented as a multiplet at 7.82-7.87 

ppm and the peak representing the ortho-meta coupled C8 proton is at 7.78 ppm (J=  8.4,

2.2 Hz). The two C6 and C7 protons correspond to the multiplet at 7.5-7.65 ppm while 

the C5 proton is represented as an ortho-meta coupled doublet of doublet at 7.27 ppm (J = 

8 .8 , 2.2 Hz). The two protons across the vinylic double bond appear as a multiplet 

downfield (6 .0 -6.1 ppm) to the aromatic protons due to the weaker anisotropic 

deshielding effect of a double bond compared to an aromatic system. The four doublets of 

doublets at 4.6 ppm, 4.56 ppm, 4.39 ppm and 3.95 ppm all integrate to two protons and 

combine to represent the two -CH2 protons. Each doublet of doublets integrates to the 

same amount as its neighbour suggesting the presence of two geometrical isomers, each 

of which has two rotamers due to restricted rotation around the carbamate C-N bond. 

Finally, the set of singlets at 1.35-1.5 ppm corresponds to rotamers of the Boc group 

methyls.
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NBocNHBoc
(i)

64 65

Schem e 3.8 (i) 3 equiv NaH, 0 °C, DMF, 3 equiv (£ /Z )-l ,3-dichloropropene, 25 °C, 2 h, 93%.

5-exo-trig radical cyclisation provided the penultimate analogue 66  as a white solid (2 

equiv BusSnH, 0.4 equiv AIBN, 90 °C, 2 h, 87%) {Scheme 3.9). Examination of the 

NMR spectrum of 66  shows that the C4, Cl, C8 and C9 aryl protons all appear as a broad 

multiplet from 7.7-7.84 ppm. The distinctive triplets at 7.5 ppm and 7.36 ppm correspond 

to the C5 and C6 aryl protons respectively. As for the previous cyclised analogues 

(deshydroxy-CI and Cl) the set of peaks that represent the pyrroline are very distinctive. 

The multiplet at 4.3 ppm and the doublet of doublets at 4.12 ppm correspond to the two 

diastereotopic C2 protons. The C2 protons are more deshielded than the chloromethyl 

protons because they are closer electronegative environment of the amide system. The 

two diastereotopic chloromethyl protons are also seen as a multiplet (4.04 ppm) and a 

doublet of doublets (3.96 ppm). Both the doublet of doublets (for the chloromethyl and 

C2 protons) occur due to a combination of vicinal and geminal coupling. The single 

proton at C3, as expected, is seen as a multiplet at 3.76 ppm.

Comparing the pattern of peaks of 6 6  to deshydroxy Cl we can see a number of 

similarities. A peak on the NMR individually represents each proton of the pyrroline 

ring. For both sets of spectra the C2-hydrogens appear further downfield followed by the 

chloromethyl-protons and finally the C3-proton. In both cases the C3-proton is 

represented as a multiplet at approximately 3.7 ppm. The C2 and chloromethyl protons 

are split in a number of ways but in all cases it is due to a contribution of coupling from 

both the adjacent vicinal proton and the geminal proton. The chemical shift of each 

chloromethyl and C2 proton is also different to its vicinal and geminal neighbour due to 

the different magnetic environments that each proton is subject to.
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NBocNBoc
(i)

65 66

Schem e 3.9 (i) 1.25 equiv BuaSnH, 0.4 equiv AIBN, toluene, degass N 2 , 90 °C, 16 h, 87%.

Finally the Boc group was removed under acidic conditions to provide the corresponding 

amine hydrochloride, which was not isolated but directly coupled with 5-methoxyindole- 

2-carboxylic acid providing the extended analogue 67 in good yield as white needles 

{Scheme 3.10).

NHNBoc ,N
(i)

66 67

Schem e 3.10 (i) satd HCl-EtOAc, 25 °C, 1 h, 1 equiv 5-methoxyindole-2-carboxylic acid, 2.9 equiv EDCI, Nj,

I6 h.

The ’H NMR for 67 shows a characteristic pattern of peaks. The methoxyindole NH 

appears furthest downfield as a singlet at 11.7 ppm. The doublets at 8.40 ppm and 8.0 

ppm, that represent the C9 and C8 protons, are more deshielded than the other protons of 

the molecule due to the conjugated amide system. The C7 proton is represented as a 

doublet further downfield to the C4 doublet, again, this is due to the deshielding effect of 

the conjugated amide system. The triplet of doublets at 7.58 ppm and 7.46 ppm 

correspond to the C5 and C6  protons.

The electron-donating, and hence shielding, effects of the methoxy group mean that the 

meta-coupled C4’ and C6 ’ protons of the methoxyindole are represented as a doublet {J=

2.4 Hz) and doublet of doublets {J= 2.4, 8 .8  Hz) upfield to the naphthyl aromatic protons 

at 7.12 ppm and 6.94 ppm respectively. Finally, the C3’ and C7’ methoxyindole protons 

are represented as a meta-coupled doublet at 7.16 ppm ( /=  2.4 Hz) and an ortho-coupled 

doublet at 7.40 ppm {J = 9.2 Hz), with the deshielding effect of the conjugated amide 

pushing the signal for the C7’ proton further downfield than that of the C3’ proton.
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The patterns of peaks corresponding to the pyrroline, as expected, resemble very closely 

the pyrroline of deshydroxy CBI-Boc (6 6 ). The doublet of doublets at 4.84 ppm and 4.62 

ppm correspond to the diastereotopic C2 hydrogens. The set of doublet of doublets at 4.10 

ppm and 3.96 ppm correspond to the chloromethyl protons and the multiplet at 4.36-4.44 

ppm represents the C3 proton. Just like previous compounds, the chloromethyl protons 

that appear upfield are subject to a weaker electronegative effect than the C2 protons that 

consequently appear further downfield. In addition, each individual diastereotopic proton 

is also subject to a different magnetic effect to its geminal neighbour, hence the difference 

in chemical shifts between the two. Finally the singlet at 3.8 ppm is representative of the 

methoxy protons.

3.3.2 Synthetic procedure for CBI-MI

With the deshydroxy CBI prodrug in hand, the synthesis of the authentic CBI drug was 

required as a positive control. 68  was synthesised in a two step procedure fi*om 

commercially available naphthalene-1,3-diol. The diol was initially refluxed with 4- 

methoxybenzylamine in a 1:2 mixture of anisole:benzene until collection of water ceased. 

The apparatus was then converted for normal reflux with 5% H2SO4/TFA for 2 hours. 

The crude mixture was heated with (BocjzO for 16 hours to provide 68  as yellow crystals 

{Scheme 3.11)}^'' Although the Boc reaction did not work for the synthesis of deshydroxy 

CBI, it does work well for the synthesis of CBI. Furthermore, Boc protection using 

dioxane proved to be simpler and milder than previously reported strategies for the 

synthesis of CBI that required the use of high-pressure apparatus.

NHBoc

Schem e 3.11 (i) 1.2 equiv 4 -MeOCgH4 CH2N H 2 , anisole-benzene (1:2), reflux (-H 2 O), 3 h (ii) 5% H2 SO4 /TFA,

N 2 , 80 °C, 2 h (iii) 4 equiv (B oc)2 0 , dioxane, N 2 , 100 °C, 16 h, 34%.

Benzyl protection’ of the hydroxyl group provided 69 as a yellow oil (4.5 equiv BnBr, 

10 equiv K 2 CO3 , Acetone, 18 h, 98%) which was followed by regioselective electrophilic 

iodination (1 equiv NIS, 0.4 equiv TsOH, 0 °C, THF, 4 h, 55%) to give 70 as a white 

crystalline solid {Scheme 3.12).
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NHBocNHBoc NHBoc

Schem e 3 .12 (i) 1.4 equiv K2 CO3 , 1.2 equiv BnBr, catalytic n-Bu^NI, DMF, 25 °C, 16 h, 98% (ii) 0.4 equiv

TsOH, 0 °C, THF, 2 equiv NIS, 25 °C, 16 h, 62%.

Analogue 70 was readily alkylated with 1,3-dichloropropene (3 equiv NaH, 3 equiv 1,3- 

dichloropropene, DMF, 15 h, 25 °C, 83%) to provide 71 as a yellow oil that was fully 

characterised by mass spectrometry, ’H NMR, NMR and elemental analysis {Scheme 

3.13).

NHBoc
(!)

OBn

NBoc

OBn

70 71

Schem e 3.13 (i) 3 equiv NaH, DMF, 0 °C, 15 mins, 3 equiv (£ /Z )-l,3  dichloropropene, 25 °C, 2 h 83%.

BU3S11H (2 equiv) promoted 5-exo-trig free radical cyclisation of 71 (0.4 equiv AIBN, 90 

°C, 2 h) provided 72 in a 69% yield as pale brown solid {Scheme 3.14).

NBoc

OBn

NBoc

OBn

71 72

Schem e 3 .14 (i) 2 equiv Bu^SnH, 0.4 equiv AIBN, toluene, degass N^ 90 °C, 16 h, 69%.

Débenzylation of 72 was achieved by transfer hydrogenation (10% Pd/C, 25% w/w 

HC0 2 NH4(aq), N], THF, 3 h, 80%) to give the authentic compound A-Boc-CBI (73) in a 

good yield as a pale yellow solid {Scheme 3.15). The ^H NMR confirmed the synthesis of 

#-Boc-CBI and also revealed close similarities with other ring-closed analogues. The C7 

and C9 protons appear the furthest downfield at 8.2 ppm and 7.76 ppm as a doublet and a 

broad singlet respectively. The shape and chemical shift of the broad singlet is typical of
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duocarmycin protons in this position with both the Cl, and now the CBI based drugs 

showing similar peaks. As explained earlier the broadness of the peak may be due to 

restricted rotation around the amide of the extended conjugated system, leading to several 

different environments of this proton. Both the C7 proton, that appears as a doublet at 8.2 

ppm, and the -OH proton (singlet at 6.36 ppm) are also affected by the vinylogous amide 

conjugation and subsequently their NMR signals are pushed further downfield than 

would be expected. The peaks that represent the C4, C5 and C6  protons appear further 

upfield as a doublet (7.63 ppm) and two sets of meta-coupled doublet-triplet-doublets 

(7.52 ppm, 7.32 ppm) respectively. Further upfield, the multiplets at 4.08-4.28 ppm, 

3.88-3.96 ppm and 3.72-3.78 ppm correspond to the cyclopentane C2 and chloromethyl 

protons. The chemical shifts of these peaks resemble the corresponding shifts of both the 

CI-Boc and deshydroxy CBI-Boc analogues, where the two more deshielded C2 proton 

signals (4.08-4.28 ppm) precede the chloromethyl protons signals (3.88-3.96 and 3.72- 

3.78 ppm). The C3 proton is represented as a triplet upfield at 3.4 ppm. The 

diastereotopic nature of the C2 and chloromethyl protons has been a prominent feature for 

all the previous duocarmycin analogues synthesised in this study. Although the individual 

geminal and vicinal couplings are not apparent the fact that the chloromethyl protons (at 

least) are represented as two distinct multiplets suggests the presence of a C3 

stereocentre. Finally, the Boc group methyls are represented as a singlet at 1.6 ppm.

Cl

NBoc

OBn

NBoc

OH

72 73

Schem e 3.15 (i) NH 4 CO2 H, Pd/C, THF, N 2 , 25 °C, 18 h, 80%

The extended CBI analogue was synthesised by coupling with 5-methoxyindole-2- 

carboxylic acid to provide 74 as a yellow solid (4 equiv EDCI, DMF, N2, 25 °C, 24 h) in 

60% yield {Scheme 3.16). CBI-MI and all the intermediates for this synthetic route were 

compared to and proved to be similar to those previously reported in the literature.
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PCH ;

NBoc

OH

73

OH

74

Schem e 3.16 (i) 4M HCl-EtOAc, 3 h, 25 °C, 3 equiv 5-methoxyindole-2-carboxylic acid, 4 equiv EDCI, DMF,

Nz, 25 °C, 24 h, 60%

The NMR of CBI-MI matches very closely to the NMR of CI-MI and there are also

very strong similarities with the other MI drugs. The methoxyindole NH and the broad 

singlet of the C9 proton appear the furthest downfield because of the deshielding effects 

of the extended conjugated system. The C7 proton is also deshielded and further 

downfield due to a combination of extended delocalisation and the close proximity of a 

electronegative oxygen. The electron-donating effects of the C5’ methoxy group shield 

the C4’ and C6 ’ protons resulting in their signals appearing upfield at 7.05 ppm and 6.90 

ppm respectively as a meta-coupled doublet {J = 2.4 Hz) and an ortho, meta-coupled 

doublet of doublets {J= 10.4, 2.4 Hz). Comparison of these peaks to the deshydroxy CBI- 

MI motif shows many similarities. The triplet at 4.8 ppm and the doublet of doublets at 

4.2 ppm (J=  10.4, 2.4 Hz) represent the two C2 protons. Furthermore, the triplet would 

be expected to be a doublet of doublets but takes on the appearance of an apparent triplet. 

The peak at 3.8 ppm represents the remaining C3, chloromethyl and methoxy protons and 

like the corresponding peak for the CI-MI protons appears as a broad multiplet.
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3.3.3 Synthetic procedure for the cyclohexane ring expanded analogue of des

hydroxy CBI

As for the Cl analogues, the synthesis of a six membered ring-expanded CBI analogue 

would allow the assessment of this structure as a potential CYP-metabolised prodrug. 

This compound {Fig 3.5) was a target for further synthetic studies. It was also an 

attractive synthesis as Boger had previously described a stereoselective route to the 

compound (see above).

Fig 3.5 Ring expanded CBI where R = Boc or D N A  binding motif.

The synthesis of the CBI analogues was more successful than the attempted synthesis of 

the Cl analogues. The basic synthetic method is the same as that for the Cl analogues. 

The route started with the initial alkylation (3 equiv NaH, 3 equiv Z-l-tributylstannyl-3- 

bromopropene, dry DMF, N%, 3 h,) of 64 to give 75 as a yellow oil in 64% yield {Scheme 

3.17). The NMR of 75 reveals that, as for all previously 7V-alkylated intermediates, the 

C3 proton is very deshielded and is represented downfield at 8.32 ppm as a doublet. In 

addition, the electronegativity of the nitrogen means that the C4 proton is also more 

deshielded than the other naphthalene protons and consequently is represented as a 

doublet at 7.82 ppm. The C8 proton is represented as a doublet at 7.4 ppm and appears 

downfield with respect to the other aryl protons due to the electron-withdrawing effects of 

the bromine substituent. The doublet further upfield corresponds to the C5 proton and the 

set of two distinctive triplets at 7.6 and 7.52 ppm correspond to the C7 and C6 protons 

respectively.

Due to the presence of the relatively electropositive tin element of the stannyl propene, 

the multiplet that appears at 6.7 ppm corresponds to the C3’-H and the doublet further 

upfield at 5.92 ppm corresponds to the shielded C4’ proton. Due to restricted rotation 

around the amide C-N bond the C2’ -CH 2 group appears as two doublets of doublets at 

4.7 ppm and 3.8 ppm representing two equally populated rotamers. The different
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magnetic environments of the two rotamers means that one rotamer is more deshielded 

than the other, and therefore has a different chemical shift. Each doublet of doublet shows 

geminal as well as vicinal coupling, with the larger constant representing geminal 

coupling and the smaller due to vicinal. The variation in vicinal coupling values for the 

two rotamers represents the cis and trans-like arrangements that the two C2’ protons have 

with their neighbouring C3’ proton, with the trans-relationship typically showing the 

larger coupling constant (8 Hz).

The butyl stannyl protons appear upfield from the range 1.28-0.64 ppm with the -CH2 

closest to the tin furthest upfield due to the relatively higher shielding effects of the 

electropositive tin. The other two -CH2 groups are represented progressively downfield 

interspersed with the terminal -CH3. Finally the Boc group methyls are represented as a 

singlet at 1.32 ppm.

NHBoc NBoc
(i)

64 75

Schem e 3.17 (i) 3 equiv NaH, 3 equiv Z-1 -tributylstannyl-3-bromopropene, DMF, 25 °C, 4 h, 64%

Pd-catalysed cyclisation (0.2 equiv (Ph3P)4Pd, dry toluene, 50 °C, N2) of 75 provided 76 

as a clear oil in 68  % yield {Scheme 3.18). Mass spectrometry, NMR, NMR and 

elemental analysis confirmed the synthesis of 76. The 'H NMR of 76 shows that the C5 

proton appears furthest downfield at 8.04 ppm as a doublet followed by a doublet at 7.78 

ppm corresponding to the C6 proton. The C6 proton appears downfield at 7.78 ppm due 

to the mesomeric electron donating effect of the lone pair of electrons on the nitrogen. 

The two CIO (7.72 ppm) and C7 (7.62 ppm) protons appear downfield as a pair of 

doublets followed by the two triplet of doublets representing the C9 (7.5 ppm) and C8 

(7.42 ppm) protons. Both the mesomeric effect of the nitrogen and the anisotropic effect 

of the C1-C2 double bond can deshield protons and therefore their signal appears further 

upfield. The Cl proton is represented as a doublet at 7.28 ppm while the multiplet at 6.18- 

6.28 ppm corresponds to the C2 proton. Both signals appear downfield to the previous 

naphthalene protons. The Cl and C2 protons are shifted relatively upfield to the 

naphthalene protons due to the anisotropic effect of the C1-C2 double bond as opposed to
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the more effective deshielding of the aromatic naphthalene system of the naphthalene. 

The signal for the C3 protons appears upfield at 4.4 ppm as a multiplet and finally the 

singlet at 1.5 ppm corresponds to the methyl protons of the Boc group.

NBoc

75

NBoc

76

Schem e 3.18 (i) 0.2 equiv (Ph3P)4 pd, toluene, N 2 , 50 °C, 2 h, 6 8 %.

Following ring cyclisation, regiospecific hydroxylation {Scheme 3.19) was attempted 

which, as for the Cl analogues, gave two isomeric products; however in this instance the 

polarity of the two products was sufficiently different that silica gel chromatography 

could provide pure samples of both.

NBoc

76 77

Schem e 3.19 (i) 2 equiv BHj-SM ej, THF, 0 °C, 16 h, 1.5 equiv NaB 0 3 -4 H2 0 , 25 °C, 4 h, 15%.

The regiospecific hydroxylation of 76 occurred in an analogous mechanism to that 

described previously, namely exhaustive hydroboration (2 equiv BHs-SMe]) followed by 

oxidative rearrangement (1.5 equiv NaB0 3 -4 H2 0 ) {Scheme 3.20).

NBoc

NBoc

NBoc

76 77a 77b

Schem e 3.20 The two hydroxylated isomers formed from attempted regiospecific hydroboration-oxidation o f  76.

The NMR spectra of the two isomers, 77a and 77b, confirms the formation of two 

hydroxylated isomers {Fig 3.6). Negative hydride ion delivery can occur at either carbon 

of the double bond to provide the two isomers. The ’H NMR of the by-product 1- 

hydroxy-2,3-dihydro-lH-benzo[f]quinoline-4-carboxylic acid tert-h\xiy\ ester (77b) shows
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there is a characteristic set of doublet of quartet peaks at 2 .2  ppm and 2.08 ppm which is 

consistent to substitution occurring at the Cl as opposed at the C2 position (Scheme 3.20). 

The presence of a chiral Cl carbon means that the C2 carbon is diastereotopic, thus, the 

quartets show vicinal as well as geminal coupling. The set of triplet of doublets at 3.48 

ppm and the doublet of triplets at 4.36 ppm correspond to the presence of two 

diastereotopic C3 protons that both show vicinal as well as geminal coupling. The greater 

chemical shift of these peaks is due to the presence of a deshielding electronegative 

nitrogen that is closer to, and therefore has a greater effect on, the C3 protons than on the 

C2 protons. The broad singlet at 5.4 ppm is consequently representative of the Cl proton.

The NMR of 2-hydroxy-2,3-dihydro-lH-benzo[f]quinoline-4-carboxylic acid tert- 

butyl ester (77a), however, unlike the NMR for 77b shows a distinctive set of doublet 

of doublets at 3.44 ppm and 3.12 ppm and a multiplet at 3.86 ppm consistent with 

hydroxylation occurring at the required 2 position. Again, due to the presence of a chiral 

carbon (that in this case is the C2 carbon) both the Cl and C3 protons are diastereotopic. 

The sets of double doublets at 3.44 and 3.12 ppm represent the two diastereotopic Cl 

protons and consequently show vicinal as well as geminal coupling. Further downfield, 

the multiplet at 3.86 ppm represents the two C3 protons. Comparing the relative amounts 

of the two isomers formed (79a (53%) and 79b (20%)) with the amounts of the two 

hydroxylated Cl isomers confirms that the electronic effects of the benzyllic intermediate 

directs the approaching hydride ion to the C2 position therefore forming 77a at a higher 

percentage than 77b. Furthermore, this discrimination is not apparent for the related Cl 

analogues where both isomers are formed in approximately equal amounts.
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'H NMR (C D C lj) Ô 4.42 (m, 1 H, C2-H), 3.86 (m, 2 H, C3-//H, C3-H//), 3.44 (dd, 1 H, C l- 

//H ),3 .1 2 (d d , 1 H ,C I-H //),

Ii

'H NM R (CDCI3 ) Ô 5.4 (br s, 1 H, C l-H ), 4.36 (dt, 1 H, C3-//H), 3.48 (td, 1 H, C3-//H), 2.2 

(dq, 1 H, C2-H //), 2.08 (dq, 1 H, C2-HN)

Fig 3.6 The ’H NMR o f 2-hydroxy-2,3-dihydro-lH-benzo[/]quinoline-4-carboxyiic acid te/'Z-butyl ester (77a, TOP) 

and the by-product 1-hydroxy-2,3-dihydro-lH-benzo[/]quinoline-4-carboxylic acid tert-butyi ester (77b, 

BOTTOM ).

Finally, chlorination of 77a gave the first of the cyclohexane ring-expanded CBI based 

prodrug, 78, as a clear film in 94% yield {Scheme 3.21).  Mass spectrometry, 'H NMR, 

NMR and elemental analysis confirmed the structure of the Boc prodrug. The 'H 

NMR spectrum of 78, shows that the C5 and C6 protons appear furthest downfield as a 

multiplet at 7.74-7.8 ppm due to the deshielding effect of the amide system. The CIO 

doublet follows due to its close proximity to the electronegative C2 chlorine followed by
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the doublet of the C7 proton. The two C8 and C9 protons are represented as ortho and 

meta-coupled triplets of doublets at 7.49 ppm and 7.44 ppm. The electronegativity and 

hence deshielding effect of the chlorine shifts the NMR signal of the C2 proton 

downfield to the signal of the Cl and C3 protons as a multiplet at 4.41-4.47 ppm. The 

chiral nature of the C2 carbon means that both pairs of Cl and C3 protons are 

diastereotopic and have individual signals on the spectra. The C3 protons, due to a 

combination of the deshielding effects from both the chlorine and the amide nitrogen, 

appear as a pair of doublet of doublets downfield to the Cl protons, with both sets of 

protons showing geminal as well as vicinal contributions. The two C3-H doublet of 

doublets both have different vicinal coupling constants that can be attributed to the cis or 

trans-like arrangement that the C2-C3 protons may have with each other (the trans 

relationship would have a larger coupling constant). However, this difference in vicinal 

coupling constants due to the cis-trans relationship is not apparent for the Cl protons. In 

addition, the two doublets of doublets upfield at 3.64 ppm and 3.30 ppm can be confirmed 

as being vicinal protons due to the distorted “roof’ nature of the two peaks with the inner 

peak of each doublet taller than the outer, a phenomenon attributed to coupled protons. 

Finally the distinctive singlet at 1.45 ppm corresponds to the Boc group methyls.

NBoc NBoc

77a 78

Schem e 3.21 (i) 2  equiv PPhj, CCI4 , CH2CI2 , 25 °C, 4  h , 94%.

3.3.4 Synthetic procedure for the cyclohexane, ring-expanded, analogue of CBI

Again, the synthesis of 83 was based on synthetic procedures already discussed 

previously in this document. Initial alkylation of analogue 70 (3 equiv NaH, 3 equiv Z-1- 

tributylstannyl-3-bromopropene, dry DMF, N2, 4 h) gave 79 as pale yellow oil in 85% 

yield {Scheme 3.22).
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NHBoc
0 )

OBn

NBoc

OBn

70 79

Schem e 3.22 (i) 3 equiv NaH, 3 equiv Z-1-tributylstannyl-3-bromopropene, DMF, 25 °C, 4 h, 85%.

The alkylated analogue was then cyclised as previously reported (0.2 equiv (Ph3P)4Pd, 

dry toluene, 50 °C, N2, 6 8 %) to provide the unstable analogue 80 as a clear oil that was 

confirmed by mass spectrometry, NMR and NMR {Scheme 3.23).

NBoc NBoc
(i)

OBn OBn

79 80

Schem e 3.23 (i) 0.2 equiv (Ph3 P)4Pd, toluene, N 2 , 50 °C, 2 h, 6 8 %.

Hydroboration-oxidation of the unstable quinoline 80 provided two isomeric 

hydroxylated products from which 81 was isolated by flash column chromatography 

{Scheme 3.24).

OH

NBoc
(i)

NBoc

OBnOBn

80 81 

Schem e 3.24 (i) 2 equiv BHj-SMez, THF, 0 °C, 16 h, 5 equiv NaB 0 3 -4 H2 0 , 25 °C, 24 h, 42%.

Hydroboration-oxidation of 80 was followed by chlorination to provide 82 as a yellow 

film in 94% yield. Although O-debenzylation has not, as yet, been attempted it will 

however follow procedures mentioned previously by the use of 10% Pd/C and HCO2NH4  

as the H2 source to give the final analogue 83 {Scheme 3.25).
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OH

NBoc NBocNBoc

OBn OHOBn
81 82  83

Schem e 3.25 (i) 2 equiv PPhj, CCI4 , CH2 CI2 , 25 °C, 4  h, 94% (ii) NH 4 CO2H, Pd/C, THF, N 2 , 25 °C, 18 h.

The NMR spectrum of 82 is very similar to the spectrum of 78. The downfield 

doublet at 8.3 ppm corresponds to the C7 proton, due to the presence of the 

electronegative oxygen, whereas the doublet at 7.8 ppm and the singlet at 7.2 ppm 

correspond to the CIO proton and the C5 protons respectively. The electron-donating 

effect of the benzyloxy group results in the upfield shift of the signal due to the C5 proton 

compared to the other protons. The remaining protons, as well as the protons of the 

benzyloxy benzene, are represented amongst the multiplets at 7.5-7.6 and 7.B-7.4 ppm.

The multiplet at 3.84 ppm represents the two C3 protons and appears downfield to the 

sets of double doublets that represent the Cl protons due to the electron-withdrawing 

effects of the amide. The diastereotopic nature of the C2 carbon means that individual 

peaks on the spectra should represent both the C3 protons and the Cl protons. 

However, in this case the two C3 protons are not represented individually but the two Cl 

protons are, furthermore, the diastereotopic nature of the C2 centre is responsible for the 

presence of geminal and vicinal coupling constants for the two Cl protons. Finally, as 

expected the singlet at 1.56 ppm represents the Boc group methyls.
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3.4 The deshydroxy DSA prodrug

With both the CBI and Cl subunits successfully synthesised, the design of a novel 

prodrug around a more elaborate duocarmycin subunit was a logical progression. With 

the already substantial literature data and the retro-synthetic analysis showing a workable 

synthetic procedure, the final subunit considered in this study was the duocarmycin SA 

alkylating subunit. In addition to lacking the characteristic delayed fatal hepatotoxicity of 

(+)-CC-1065, duocarmycin SA is the most stable and most potent (IC50 of 10 pM, L1210 

murine leukaemia cell line) of this class of agents available. Thermally-induced 

depurination and strand cleavage of labelled DNA showed that duocarmycin SA alkylated 

an adenine base flanked by two 5’ A or T bases with a preference for the 3-base sequence 

in the order 5’- AAA > 5 ’- TTA > 5 ’- TAA > 5 ’- ATA. The stability/activity graph (Fig 

3.2) shows that, as for the CBI analogues, the stability/activity relationship for DSA is 

very good. In fact, from all the analogues studied, the results show that the DSA motif 

contains the optimum structural requirements that give the most ideal stability/activity 

relationship, suggesting great potential for prodrugs based around this structure.

3.5 Key synthetic studies leading to DSA

Synthetic routes for the DSA alkylating subunits are, in the main, a part of the total 

synthetic procedure for the full natural duocarmycin SA analogue. The main synthetic 

procedures to be discussed are those carried out by the Boger, Tietze and the Fukuyama 

research groups. Boger’s method (Scheme 3.26) relied initially on a nucleophilic 

substitution of diethyl malonate to a p-quinone diimine at -78 °C to provide 84 that 

showed excellent regioselectivity. Subsequent reduction of the esters provided the diol 

85, which, after protection, was oxidised with Pb(0 Ac)4 to form 88. A second 

nucleophilic substitution with pyruvaldehyde dimethyl acetal (2  equiv) followed by mild 

acid hydrolysis and immediate cyclisation gave the indole 90 under Mitsunobu alkylation 

conditions. Débenzoylation of both N-benzoyl groups with NH2NH2 was followed by 

reprotection of the reactive C-3 amine with B0 C2O to provide 91. The dimethyl acetal 

substituent was deprotected in acidic conditions and after oxidation of the resulting 

aldehyde into the required ester the hydroxy benzyl-protecting group was removed.
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Resolution of the enantiomers and chlorination of the primary alcohol followed by NaH 

mediated spirocyclisation provided the alkylating subunit A^-Boc-DSA 96^̂ .̂

NCOPh X NHCOPh

(i)

OBn 

NCOPh

NHCOPh

OBn 

NHCOPh

M6O2C

(ii)

NHCOPh
84  X = C 02M e
85 X = CH2OH

OH OH
NCOPh NHCOPh

NHCOPhNCOPh PhOC OBn 
89

NCOPh NBoc

NHCOPh

PhOC OBn 

90
OBn

NBoc
(xiii)

M6O2C

94 X = OH
95 X = Cl

NBoc

91 R = CH(0 Me)2

92 R = CHO  

9 R = C 02M e

Schem e 3.26 (i) 1.1 equiv CH(C0 zMe)2 , 0.3 equiv NaOCH], THF, -30 °C, 2 h, 51-64%  (ii) 5 equiv NaBH 4 ,

Eton, 0-25 °C, 3 h, 71% (iii) 2 equiv M e2 C(OMe)2 , catalytic TsOH, DMF, 25 °C, 24 h, 99% (iv) 1 

equiv Pb(0 Ac)4 , CHCI3 , 0-25 °C, 2.5 h, 100% (v) 2 equiv pyruv-aldehyde dimethyl acetal, THF, 25 

°C, 10-15 min, THF-pH4 phosphate buffer (4:1) 25 °C, 4-24 h, 61% (vi) 2 equiv HCl, MeOH, 25 

°C, 2 h, 91% (vii) 1.5 equiv DEAD-PhjP, THF, 25 °C, 2 h, 100% (viii) NH 2NH 2 -EtOH, reflux, 18- 

24 h, (Boc)2 0 , THF, 25 °C, 30 min, 67% (ix) D M S0-pH 4 phosphate buffer-dioxane (1:2:12), 

reflux, 15 h, 91% (x) 5 equiv M n0 2 , 5 equiv NaCN, 0.2 equiv HOAc, MeOH, 25 °C, 89% (xi) 10% 

Pd/C, 25% aq. HC0 2 NH4 ,-THF (1:30), 25 °C, 2  h, 77% (xii) 3 equiv Phj, 9 equiv CCI4 , CH2 CI2 , 25 

°C, 3 h, 81% (xiii) 3 equiv NaH, THF-DMF (1 :2), 0 °C, 30 min, 85%.

Tietze et al disclosed an efficient synthesis of the 5eco-DSA-Boc analogue using a 

Fischer-indole synthesis to form the required tricyclic ring {Scheme 3.27). Commercially 

available 2-methoxy-4-nitroaniline was diazotised and immediately reduced, followed by 

reaction with methyl pyruvate to furnish the hydrazone 99. Fischer-indole cyclisation
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afforded 100 that was subsequently deprotected and reprotected with BnBr to give 102. 

Further Boc group protection followed by nitro group reduction with Lindlar catalyst 

under an atmosphere of H2 provided 104, which was Boc protected. Regiospecific C-4 

low temperature bromination followed by N-alkylation of the sodium salt with (£/Z)-1,3- 

dichloropropene afforded 107. Radical 5-exo-trig cyclisation with 

tris(trimethylsilyl)silane and catalytic AIBN gave 108 which was a precursor to the final 

extended analogue obtained after acidic deprotection and EDCI promoted coupling of the 

appropriate DNA binding subunit to give 110.

.NO2
(iii) M e0 2 C ^N

(iv)

OMe T■ « V
"  OMe

Me02C

( i)- ( ii)

(vii)

R = NH2

97 R : ^ N = N c P

98 R = NHNH2

MeÛ2C

99

(X) Me02C

1 0 3 R  = N Ü 2 

1 0 4 R  = NH2 

105 R = NHBOC

NHBoc 
(xi)

Boc OBn

OR
100 R = Me

101 R = H

102 R = Bn

NBocNBoc
(xii)

Boc BocOBn
107

OBn
108

,N

OR

(xiii)

(xiv) 1 0 9 R  = Bn 
-110 R = H

Schem e 3.27 (i) NaNÜ 2 , HCl, -10 °C, 5 min (ii) SnClz, -20 °C, 1 h 70% overall (iii) NaOAc, Methyl Pyruvate,

MeOH, 25 °C, 16 h, 99% (iv) PPA, xylene, 120 “C, 18 h, 64% (v) A IC I3, CH 2CI2 , 25 °C, 72 h, 70% 

(vi) BnBr, K2 CO3 , acetone, 40 °C, 8  h, 8 8 % (vii) (B oc)2 0 , DMAP, THF, 25 °C, 1 h, 98% (viii) 

Lindlar Catalyst, quinoline, EtOAc, H2 , 25 °C, 18 h, 91% (ix) (Boc)2 0 , THF, 25 °C, 18 h, 89% (x) 

NBS, THF, -78 °C, 4 h, 8 8 % (xi) NaH, DMF, 25 °C, 30 min, (E/Z)-1,3-dichloropropene, 25 °C, 12 

h, 92% (xii) TTM SS, AIBN, benzene, 80 °C, 3 h, 79% (xiii) 4M HCl-EtOAc, 2 h, 25 °C, TMI- 

CO2 H, EDCI, DM F, 25 °C, 18 h, 51% (xiv) 10% Pd/C, 25% HC0 2 NH 4 (aq), THF, 40 °C, 2 h, 91%
MO
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Finally, Fukuyama revealed a stereoselective synthetic route to duocarmycin SA that 

involved initial formation of the chiral indoline 115 {Scheme 3.28), Selective lithium- 

iodine exchange of 111 with «-BuLi followed by addition of 112 gave 113. This then 

underwent acidic hydrolysis, diol cleavage followed by immediate reduction. A second 

reduction, this time of the nitro group, was followed by conversion to 114 through the o- 

nosylamide. Copper catalysed aryl amination gave the required indoline that was then 

protected with TBSCl to give the key precursor 115. This indoline was converted to the 

iodide 118 {Scheme 3.29) that after a Heck reaction with 117 gave 118. Regioselective 

bromination followed by ring closure formed the tricyclic subunit 119 through a copper- 

mediated aryl amination. Deprotection of the A-benzyl provided the indoline 120 that was 

acylated with 121. The final spirocyclised compound was achieved after conversion of 

the TBS ether to the mesylate, deprotection of the benzyl and Cbz groups 122 and ring 

closure with excess cesium carbonate in acetonitrile to give 123^" \̂

- / o  112

NHBn (v)-(vi)

BnO

Br ^ O T B S

115

Schem e 3.28 (i) n-BuLi, toluene, -78 °C; then 112 in toluene, 20 min, 58% (ii) ACOH-H2O (1:4), reflux, 3 h,

quant (iii) HglO^, THF, 0 T ,  5 min; NaBH^, MeOH, -78 °C to 0 “C, 90% (iv) a. Fe, FeCl^, 1 N HCl, 

EtOH, reflux, 2 h b. o-NsCl, NaHCOj, CH2 CI2 -H2 O, 23 °C, 5 min c. BnBr, K 2 CO3 , DMF, 23 °C, 1 

h then PhSH, 23 °C, 1 h, 74% overall (v) Cul (10 mol%), CsOAc (1.4eq), DMSG, 23 °C, 24 h, 67%

(vi) TBSCl, imid, DMF, 23 °C, 10 min, quant.
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OTBS OTBSOTBS CbzHN

(iii)-(iv) (v)-(vi)
COjMe

BnOBnO'BnO
CbzHN’ BnBnBn 117 118 119

Me02C

(i) 1 1 5 X  = Br 
1 1 6 X  = I

OTBS — OMs
HN.

(vii)-(x)
,OCH;

HO'BnO
■0 CH3

OCHj 122120 121 OCH

HN

.OCH;

OCH3
123

(xi)

Schem e 3.29 (i) n-BuLi, THF, -78 °C, I], 97% (ii) 117, Pd(0Ac)2 , P(o-tolyl)3 , EtjN, CH3 CN, 90 °C, 4 h, 72% (iii)
NBS, DMF, 23 °C, 5 min, 82% (iv) Cul (2 equiv), CsOAc (xs), DMSO, 23 °C, 10 min, quant (v) 
TrocCI, N a H C 0 3 , C H 3C N , 70 °C, 20 min, 77% (vi) Zn, KH2PO4 , THF-HjO (5:1), 23 °C, 1 h, 58%
(vii) 121, pyr, CH2 CI2 , 0 °C, 10 min, 83% (viii) TBAF, THF, 23 °C, 30 min, 85% (ix) MsCl, pyr, 0 
°C, 10 min, 8 8 % (x) H2 , Pd-C, EtOAc-EtOH, 23 °C, 8  h, 81% (xi) CS2 CO3 , CH3 CN, 23 °C, 1 h, 
92%.

1 2 2



DSA Svnthesis

3.6 Retro-synthetic and SAR studies of the DSA prodrug.

The analysis of the prodrug structure of deshydroxy DSA suggested that the 5-exo-trig 

free radical cyclisation could be utilised and, in the retrosynthetic sense, would ultimately 

lead to commercially available ethyl 5-nitroindole-2-carboxylate {Scheme 3.30). 

However, key to the successful strategy was the use of protecting groups to prevent 

alkylation at the N-1 nitrogen but also allow final realisation of the target structure.

NBoc NO2
EtOoC

PhOCPhOC
[ protection )

regiospecific
iodination

5-exo-trig
radical

cyclisation

Schem e 3.30 Retrosynthetic analysis o f  deshydroxy DSA.

The left hand C6 ester (like the C5’ -OMe of the right hand subunit) becomes deeply 

embedded in the minor groove upon interaction of the analogue with DNA {Fig 3.7). It is 

the simple presence of this substituent, as opposed to any electronic effect, which is 

responsible for the increased activity of this analogue. The substituent serve to increase 

the analogues’ rigid length, therefore increasing the twist in the DNA bound 

conformation (and disrupting the vinylogous amide stabilisation) allowing a closer fit and 

enhancing the cytotoxicity of the compound. Furthermore the C6  ester and C5’ -OMe 

may also provide stabilising non-covalent interactions between these substituents and the 

DNA minor groove to further increase the analogues’ cytotoxicity {Fig 3.7).

1 2 -1 3 X
decrease in 

alkylation rate

20x decrease in 
alkylation rate^ O C H a  

OCH3

Ue02C\^

Removal of both ester and hydroxy functionalities leads 
to a 250x decrease in alkylation rate

Fig 3 .7  Structure/activity relationship o f  DSA-M I.
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3.6.1 Synthetic procedure for deshydroxy iV-Boc-DSA

The attempted synthesis of des OH -DSA prodrug started with commercially available 

ethyl 5-nitroindole-2-carboxylate. Ethyl 5-nitroindole-2-carboxylate was smoothly 

protected at the N1 position by reaction with benzoyl chloride (1.6 equiv), DMAP (1 

equiv) and EtgN (1 equiv) in DCM to provide 124 as a white powder in very good 8 6 % 

yield {Scheme 3.31). The product was characterised by mass spectrometry, NMR, 

NMR and elemental analysis. Inspection of the NMR of 124 shows that the doublet 

downfield at 8 .6 6  ppm corresponds to the C4 proton. The electron-withdrawing, and 

hence deshielding, effect of the nitro group and the peaks’ small coupling value (due to 

meta coupling with the C6  proton) confirm its identity. The C6 proton is represented as a 

doublet of doublets at 8.2 ppm and its ortho C7 neighbour as a doublet at 7.8 ppm. Again, 

the electron-withdrawing effects of the nitro group move the signal representing the C6 

proton downfield. In addition, this peak is coupled not only to its ortho neighbour {J= 7.6 

Hz) but is also subject to long range meta-coupling {J= 2 Hz) with the C4 proton, hence a 

signal that resembles a doublet of doublets. The doublet of doublets at 7.63 ppm 

corresponds to the two C2’ and C6 ’ protons of the benzoyl-protecting group. Both 

equivalent protons are subject to identical magnetic fields so their peaks are superimposed 

upon each other. The doublet of doublet splitting pattern is due to ortho {J= 6 .8  Hz) and 

meta {J= 1.2 Hz) coupling. The remaining protons of the benzoyl protecting group and 

the signal for the C3 proton correspond to the set of multiplets at 7.55-7.59 and 7.40-7.45 

ppm. The ester group protons are represented as a distinctive quartet (CH2) and a triplet 

(CH3) upfield at 4.0 ppm and 1.1 ppm respectively.

u /
" PhOC

124

Schem e 3.31 (i) Benzoyl Chloride, EtsN, DMAP, 86%.

Intermediate 124 then underwent palladium-catalysed reduction in dry THE under an 

atmosphere of hydrogen to provide the amine 125 as a yellow oil in a 8 6% yield {Scheme 

3.32). Again mass spectrometry, ^H NMR, NMR and elemental analysis confirmed 

the synthesis of the required analogue. The electron-donating and therefore shielding
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effect of the amine group means that where previously the C4 and C6  protons were the 

furthest signals downfield they now appear further upfield. The meta-coupled (J= 2 Hz) 

doublet at 7.0 ppm represents the C4 proton and the doublet of doublets, which are meta 

{ J=2  Hz) and vicinally (J = 8 Hz) coupled, appear at 6.92 ppm and correlate to the C6 

proton. The singlet at 7.26 ppm correlates nicely to the C3 proton. The C7-H and the 

remaining protons of the benzoyl group are represented as the set of multiplets downfield. 

Again the ester protons are seen downfield at 3.92 ppm (CH2) and 1.06 ppm (CH3) as a 

quartet and triplet respectively, interspersed with a broad singlet representing the amino 

protons (3.68 ppm).

N
PhOC PhOC

124 125

Schem e 3.32 (i) 10% Pd/C Hz, 96%

Regiospecific iodination of 125 in a method similar to those reported previously (THF, 

0.4 equiv TsOH, 0 °C, 2.6 equiv NIS, 25 °C, 16 h, 51%) gave 126 as the only product as 

yellow oil {Scheme 3.33). Comparison of the proton NMR of 126 to that of 125 shows the 

doublet representing the C4-H is missing in the proton NMR of 126 due to iodination 

occurring at that position. The doublet at 6 .8  ppm that corresponds to the C6 proton has 

lost the meta-coupling, hence, it shows only ortho {J = 8 .8  Hz) coupling to its C l 

neighbour. The C3 proton as expected is represented as a singlet in a similar position for 

the previous analogue at 7.12 ppm. The signal that represents the C l proton appears 

downfield at 7.55 ppm as a doublet with a coupling constant of 8.4 Hz. The benzoyl and 

ester protons match closely to where they appear in the ^H NMR for the non-iodinated 

precursor 125 as a triplet, quartet and a set of downfield multiplets. Finally, the amino 

protons are represented as a broad singlet at 4.05 ppm.

Et02C-<f II I ----------  Et02C-^
N

PhOC PhOC
125 126

Schem e 3.33 (i) N IS , TsOH, 51 %.
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The Boc protection {Scheme 3.34) of the amine group occurred smoothly (dioxane, 1 

equiv EtgN, 16 equiv (Boc)2 0 , under N 2, 100 °C, 16 h, 90%) to give analogue 127 with 

there being no evidence of any di-Boc impurities. The NMR confirms the presence of 

the Boc group as a singlet upfield at 1.14 ppm. The presence of the deshielding Boc group 

means that the NMR signal for the C6 proton appears downfield (7.90-7.95 ppm) as a 

broad doublet and the C3 proton appears as a singlet at 7.19 ppm. The broad singlet at

4.05 ppm that represented the amine protons for analogue 126 now appears as a broad 

singlet downfield at 6.74 ppm. Again the benzoyl protons and the C l proton all appear 

downfield between 7.63-7.36 ppm as a set a three multiplet peaks.

NBocNHBocNH2

PhOC PhOC PhOC
126 127 128

Schem e 3.34 (i) (Boc)zO, EtaN, Dioxane, 100 °C, 90%.

All attempts to alkylate compound 127 led to intractable mixtures and multiple products 

that were not characterised. It was likely that the benzoyl protecting group on the N l- 

position is too labile under the reaction conditions employed. Further work carried out by 

others in the research group has shown that replacement of the benzoyl with a Boc group 

leads to smooth alkylation at the carbamate NH. However, due to time constraints, this 

work was terminated at compound 127.
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3.7 The Biological Evaluation of CBI- based prodrugs

3.7.1 The in vitro cytotoxicity of CBI- based prodrugs and their active forms.

In vitro cytotoxicity studies in a variety of cell lines were carried out on analogues 66, 67, 

73 and 74. The studies were carried out by Prof. Mike Bibby (A2780, 2780AD and 

2780/Cp70) and Prof. Paul Smith (U-2 OS osteosarcoma and HoeR415 resistant variant). 

As for the Cl based prodrugs, the cytotoxic studies were followed by CYP-based 

metabolic studies to study the possibility of oxidative activation of the CBI prodrugs.

3.7.1.1 Results

IC50 (nM)
Compound A2780 2780AD 2780/cp70 U-2 OS U-2 OS/HoeR415

CBI-Boc 665.0 >1000 >1000 >1000 >1000

(73)

Deshydroxy CBI-Boc >1000 >1000 >1000 ND ND

(66)

CBI-MI 0.5 0.7 2.6 <4.6 <4.6

(74)

Deshydroxy CBI-MI >1000 >1000 >1000 >3000 >3000

(67)

Table 3.1 Growth Inhibition (IC5 0) o f  selected duocarmycin analogues and their deshydroxy derivatives against 

wild type and resistant human ovarian (A 2780) and osteosarcoma (U-2 OS) cell lines. ND -  Not 

determined

Again, as for the experiments with the Cl derivatives the selected CBI based duocarmycin 

and their deshydroxy derivatives were examined in a panel of three ovarian and two 

osteosarcoma cancer cell lines. As expected, cytotoxicities for these duocarmycin 

analogues confirmed that the Ml-based duocarmycin are substantially more cytotoxic 

than their Boc counterparts. This is again due to the added stability the MI group confers 

to the duocarmycin analogues via non-covalent interactions between the methoxyindole 

binding subunit and DNA, which in turn increases their cytotoxicity (see section 1.9.2 for
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discussion). The IC50 values showed CBI-MI, the most toxic of the analogues in this 

study, being at least 1200 fold more active than the CBI-Boc counterpart. Resistance 

profiles show an increase in resistance along the series of ovarian cancer cell lines in the 

order A2780>2780AD>2780/cp70 with CBI-MI showing a 5 fold decrease in cytotoxicity 

in the cisplatin resistance cell line 2780/cp70 compared to the wild type A2780. Similarly 

CBI-MI showed an approximately 500 fold increase in cytotoxicity in U-2 OS based cell 

lines when compared to CBI-Boc. Interestingly, CBI-Boc showed significant cytotoxicity 

in the wild type A2780 ovarian but not the resistant cell line. This supports the fact that 

there is major increase in potency of the duocarmycin when appropriate DNA interacting 

subunits are coupled to the left hand DNA alkylation subunit.

The previous cytotoxicity studies (see section 2.7) carried out on CI-Boc proved very 

interesting as the studies showed that cytotoxic activity for CI-Boc was observed in the 

A2780 wild type and the adriamycin resistant cells. This was unexpected as it has been 

previously well documented that CBI is a more superior cytotoxic agent than its single 

ring derivative. The CI-MI analogue is affected more by the resistance mechanisms in the 

2780/AD and 2780/cp70 cell lines than CBI-MI which shows a 1.6 fold and 5.2 fold 

decrease in cytotoxicity respectively compared with 2 and 10 fold for CI-MI.

IC50 values for the deshydroxy CBI-Boc and CBI-MI were all in excess of 1000 nM in all 

the cell lines used in this study. This again indicates that the deshydroxy derivatives are 

intrinsically inactive and may have potential as prodrugs assuming that a substrate- 

activating system in tumours is evident, (see section 1.5) Furthermore differences 

between the drug and potential prodrug are in certain cases in excess of 2000 fold (CBI- 

MI vs. deshydroxy CBI-MI) showing firstly the potential of the duocarmycin-based 

analogues to be used as prodrugs, and secondly, if a substrate-activating system is 

evident, that the CBI-based duocarmycin would potentially be better prodrugs than their 

Cl-based counterparts.
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3.7.1.2 Discussion

The cytotoxicity data in the above study, like those for the Cl drugs, are again consistent 

with previous reports that show the increased stability the DNA binding subunit (MI) 

confers to the interaction between DNA and the duocarmycin analogues via non-covalent 

DNA-drug interactions. This increased stabilisation, in the case of the CBI derivatives, 

gives up to a 1200 fold greater toxicity (CBI-MI vs. CBI-Boc) and has a potency typical 

for the more extended duocarmycin derivatives compared to shorter varieties. As for the 

Cl-based drugs the CBI derivatives also show a small cytotoxic variation in the 2780AD 

P-gp over expressing cell line compared to the A2780 wild type variety. The effect is 

small (cytotoxicity only decreases by 1.6 fold in 2780AD compared to A2780) and the 

drugs are unlikely to be substrates for P-gp.

The cytotoxicity data in the cisplatin-resistant cell line (2780/Cp70) proved to be very 

interesting. This cell line showed the greatest resistance to the duocarmycin analogues 

with a 5-fold decrease in cytotoxicity for CBI-MI and similarly CI-MI showed a 9-fold 

decrease (A2780 vs. 2780/Cp70). These results show that the CBI derivatives like the Cl 

may also be sensitive to deficiency in mismatch repair that is responsible for the increase 

in drug resistance seen in the 2780/Cp70 cell line.

The deshydroxy derivatives of the CBI duocarmycin all showed cytotoxicities in excess 

of 1000 nM with deshydroxy CBI-MI being over 2000 fold less toxic than its 

hydroxylated counterpart. An ideal prodrug should show low or no cytotoxicity, so with 

this in mind the deshydroxy CBI derivatives are potentially more useful prodrugs than 

their Cl counterparts due to the lower cytotoxicity of the CBI prodrugs. Further to this, 

the larger difference in the cytotoxicities of the hydroxylated over the deshydroxy 

duocarmycin analogues for the CBI derivatives compared to the Cl show that if an 

activating system is evident then the CBI prodrugs could provide more cytotoxic 

metabolites than their Cl counterparts.
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3.7.2 Metabolism of deshydroxy CBI- prodrugs in human liver microsomes.

3.7.2.1 Results

The authentic CBI analogues (CBI-MI and deshydroxy CBI-MI) and metabolised CBI 

samples were analysed by HPLC methodologies identical to those used for the Cl based 

analogues. The samples were analysed by a gradient elution system of 30% A (90% 

MeCN, 10% H2O, 0.1% TFA) to 95% A over a 40 minute period followed by a 5 minute 

isocratic step at 95% A. A 5 minute equilibration step (30% A) followed prior to the 

analysis of the next sample.

3.7.2.2 HPLC chromatogram for authentic CBI-MI and deshydroxy CBI-MI 
duocarmycin

C H I-M I Dcshvdroxv C B I-M I
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F ig  3 .8  H PLC  ch rom atogram  o f C B I-M I and deshydroxy  C B I-M I at 315 nm.
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r

J l l  O 

ne.shydroxy C B I-M I

F ig  3 .9  UV spectra  o f authen tic  C B I-M I and  deshydroxy  C B I-M I.
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Peak 
CBI-MI 

Deshydroxy CBl-Ml

RT
(min)
30.16
33.53

m̂ax
302.4, 342.2 
294.0, 330.4

T a b le  3 .2  H PLC  and UV data  for the C B l-M l and  deshydroxy  C B I-M I.

Fig 3 .8  shows the chromatogram of authentic CBI-MI and deshydroxy CBI-MI measured 

at 315 nm, and Fig 3 .9  shows the UV spectra of these two analogues. The peak 

representing CBI-MI at 30.16 min is analogous to the increase in polarity of CBI-MI due 

to the -OH group. CBI-MI and deshydroxy CBI-MI have X-max of 322.6 nm and 315.2 nm 

respectively {Table  3.2). Again, as for the Cl analogues, the addition of a hydroxy group 

increases the Xmax from 330.4 nm for deshydroxy CBI-MI to 342.2 nm for CBI-MI. This 

is because the CBI-MI analogue requires less energy to promote an unshared electron on 

the oxygen of the hydroxy group than deshydroxy CBI-MI that lacks these additional 

high energy electrons.

3.7.2.2 HPLC and UV chromatograms for the metabolites of deshydroxy CBI-MI 

after incubation with human liver microsomes.

As with the Cl based prodrugs, the CBI prodrugs were incubated with CYP microsomes 

(human liver microsomes were used where previously rat liver microsomes were used) in 

ice-cold buffer and the metabolism reaction was initiated with NADPH. Again, the 

mixture was incubated for 30 minutes at 37 °C after which the mixture was centrifuged 

and analysed by HPLC.
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F ig 3.10 R epresen tative H PLC chrom atogram  for the m etabo lism  o f 188 pM  d eshydroxy  C B I-M I w ith  hum an liver 

( 11L) m icrosom es.
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Fig 3.11 HPLC chromatogram and UV spectra for metabolites of deshydroxy CBI-MI in NADPH supplemented 

human liver microsomes.

RT
Peak (min) ^max (nm)

5 11.83 253.6, 320.6
6 18.32 323.4
7 18.81 320.4
8 25.31 294.6, 327.8

D e s h y d ro x y  C B I -M I 32.08 294.6, 330.4

Table 3.3 HPLC and UV data for the metabolites of deshydroxy CBI-MI after incubation following procedure 

outlined in section 5.1.

Fig 3 .1 0  and Table 3 .3  show data from representative spectra for the metabolism of 

deshydroxy CBI-MI using human liver microsomes. Metabolism using human liver 

microsomes shows four main metabolites that correspond to the labelled peaks 5-8 with 

the authentic deshydroxy CBI-MI also in evidence on above chromatograph. Again, as for 

the metabolism of deshydroxy CI-MI, the four metabolites (5-8) show that CYP-mediated 

metabolism has resulted in compounds that have higher polarities than deshydroxy CBI- 

MI and that multiple routes of metabolism of the duocarmycin prodrugs is occurring.
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Peak 8 (25.3 min), the major metabolite after incubation of deshydroxy CBI-MI with 

human liver microsomes, has a HPLC RT that elutes more closely to that of the authentic 

CBI-MI and also has a similar UV profile to that of deshydroxy CBI-MI. The UV 

spectrum of 8, however, by comparison with the authentic CBI-MI suggests that the 

required hydroxylation may not have been achieved. The amount of metabolism around 

this initial area however is not as extensive as that for deshydroxy CI-MI. Indeed the next 

major metabolite, 7, has a RT of 18.8 min. Metabolites 7 and 6 (18.3 min) also have very 

similar UV spectra to each other. Metabolite 5 has the highest polarity with a HPLC RT 

of 11.8 min. The UV spectra shows two main peaks of 253.6 nm and 320.6 nm which is 

very similar to the UV X-max of metabolites 6 and 7.

3.7.2.4 Discussion

Deshydroxy CBI is predicted to undergo hydroxylation to produce a number of hydroxy 

metabolites. Some of these would facilitate ring closure and hence DNA adduct formation 

leading to cytotoxicity (Scheme 3.35). However there are also several sites of 

hydroxylation that will not produce the required active hydroxy metabolite and could 

form metabolites that facilitate metabolic excretion.

r

Schem e 3.35 The positions on deshydroxy CBI-MI that after CYP mediated hydroxylation would facilitate 

spirocyclisation.

The different types of metabolites would be very similar to those shown in Fig 2.28 

namely hydroxylated, di-hydroxylated etc. metabolites. However, the additional ring for 

the CBI derivatives allows for a number of additional potential sites of metabolism. The 

metabolic profile for deshydroxy CBI-MI as shown in Fig 3.9, however, is very different 

to that of deshydroxy CI-MI.
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There is one major unidentified metabolite after incubation of deshydroxy CBI-MI with 

human liver supplemented microsomes. This metabolite (8) is more polar than 

deshydroxy CBI-MI but the difference in RT when compared to the authentic CBI-MI 

suggests that it is not the 5’ hydroxylated version. The RT of 8, compared to that of 

authentic CBI-MI, does however suggest that metabolite 8 could be a hydroxylated 

derivative of deshydroxy CBI-MI. The three other metabolites 5-7, maybe any number of 

possible products but because of their higher polarity it can be suggested that they may be 

di-, tri-hydroxylated or even demethylated derivatives.

Although the increase in polarity of the metabolites suggests hydroxylation is occurring 

the UV data is perhaps not as conclusive. None of the Imax shows the increase in 

wavelength that would be expected if  hydroxylation is occurring. However, as mentioned 

previously déméthylation (a common CYP metabolic procedure) may not necessarily 

show a substantial change in Imax but would show a change in HPLC retention time. 

Déméthylation may be responsible for the occurrence of metabolite 8, the major 

metabolite of CYP induced deshydroxy CBI-MI metabolism. The HPLC profile of the 

metabolites of the CI-MI and CBI-MI prodrugs would suggest that CI-MI prodrug is 

more extensively metabolised than CBI-MI implying that the CI-MI prodrug is a better 

substrate for the available CYPs.

3.8 Conclusion

The synthesis of the various CBI prodrug analogues was achieved (as for the synthesis of 

the Cl analogues) using the 5-exo-trig radical ring closure reaction on to a tethered vinyl 

chloride. In this instance the reaction proved successful in the synthesis of the active 

products and prodrugs. Attempts to synthesise the quinoline-based derivatives of CBI 

were successful but not so for the duocarmycin prodrug based on the DSA motif. Due to 

time constraints attempts at the DSA analogue reached a halt at the alkylation stage prior 

to 5-exo-trig radical cyclisation and required a different protection strategy for success. 

The in vitro cytotoxic evaluation of the CBI-based prodrug showed that they were in 

some cases at least 2000 fold less active than their hydroxy CBI counterpart. The 

preliminary metabolism studies using human liver microsomes indicated that CYP based 

metabolism was occurring although in this study the metabolites produced were not 

identified. The aryl nature of CBI would suggest that selected metabolites are anticipated
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to be hydroxyl derivatives. A full discussion of all the results achieved throughout this 

study is given in the following chapter.
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4.1 Conclusions

The decrease in the therapeutic efficacy of many anti-cancer drugs can be attributed to the 

non-specificity in their mode of action; this has become a problem in the treatment of 

cancer. The design of novel tumour-targeting agents has lead to the development of a 

wide array of pharmacologically-inactive prodrugs that can be re-activated by certain 

enzymes within the tumour cell. The generation of such potent tumour specific cytotoxins 

is therefore likely to improve treatment effectiveness, not only by more efficient cell 

killing, but also by reducing the risks of severe side effects. This study was concerned 

with the synthesis of a set of agents with the view to develop tumour-selective prodrugs 

based on the duocarmycin analogues. The deshydroxy CI-Boc, CI-MI, CBI-Boc and CBI- 

MI as well as the authentic hydroxylated analogues were successfully synthesised and 

analysed by ’H NMR, ^̂ C NMR spectroscopy, mass spectrometry and elemental analysis. 

These deshydroxy duocarmycins were metabolised by CYP enzymes into potentially 

cytotoxic agents that were subsequently studied by HPLC and DNA alkylation 

methodologies.

The synthesis of the analogues generally followed a similar route involving a 5-exo-trig 

cyclisation of a vinyl chloride onto an aryl radical intermediate employing AIBN (a 

radical initiator) and BusSnH. This method was successfully applied to the synthesis of all 

the prodrugs but it proved problematic in the synthesis of the parent duocarmycin CI-Boc 

and CI-MI. The synthetic procedures for these two analogues were modified, and 

procedures outlined by Warpehoski et and Boger et were used {see section 

2.6.3). These procedures effectively lengthened the overall synthetic process but were 

found to be more successful in the synthesis of the Cl analogues than the radical ring 

closure method. The asymmetric synthesis of Cl- and CBI- analogues was also attempted 

to provide isomerically pure Cl- and CBI- derivatives. This was achieved with somewhat 

limited success with the synthesis of the Cl derivatives proving especially problematic. 

The syntheses involved a Pd(0)-catalysed transmetallation ring closure followed by 

reductive elimination to regenerate the Pd catalyst. The hydroxylation of the resulting 

unstable quinoline was successfully carried out with BHs-SMo] to provide, for all the 

analogues studied, two hydroxylated isomers. The isomers were successfully purified for 

the CBI- derivatives and the synthetic procedures could continue to completion, but the 

mixture of isomers could not be purified for the Cl-based derivatives. Here, the formation
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of two hydroxy isomeric derivatives was compounded by the similar polarity of the two 

isomers which subsequently could not be purified. The formation of the extended 

analogues was not attempted for these ring expanded duocarmycin analogues.

After synthesis, attempts were made to establish the cytotoxicity of the prodrugs and to 

compare them to the authentic hydroxylated derivatives in a variety of human cancer cell 

lines. It was confirmed by experiments carried out by the group of Professor Mike Bibby 

and Professor Paul Smith that the prodrugs (deshydroxy Cl- and CBI-) were substantially 

less toxic than their hydroxylated counterparts (see section 2.7.1, 3.7.1). It was further 

confirmed that the extended analogues CBI-MI and CI-MI were substantially more 

cytotoxic than the Boc counterparts. The large differences in cytotoxicity between the 

deshydroxy and hydroxylated analogues highlighted the potential of the deshydroxy 

analogues as prodrugs. As suggested by Patterson et a f , an ideal cancer chemotherapeutic 

prodrug is completely inactive until metabolised by a tumour specific enzyme, or by an 

enzyme that is only metabolically competent towards the prodrug under physiological 

conditions unique to the tumour. The removal of the C-4 OH group is pivotal to the 

design of these duocarmycin prodmgs and should serve to inactivate the analogues. 

Furthermore, the increase in rigid length of the CBI-MI analogues should mean that they 

have a higher cytotoxicity than the CI-MI based analogues. Since DNA interaction seems 

to be apparent for deshydroxy CI-MI, especially in alkylation-resistant cell lines 

(2780/cp70), and that the toxicity is higher than that for the deshydroxy CBI-MI 

analogues, further research into the DNA interacting mechanisms of deshydroxy CI-Boc 

and MI analogues may be warranted, as it seems their anti-tumour activity is distinct to 

those of the other duocarmycin derivatives in this study and may perhaps be due to a 

mechanism other than that which does not involve DNA alkylation. Overall, the 

cytotoxicity results confirm that the deshydroxy duocarmycin analogues would be viable 

prodrugs if a tumour-selective activating system could be found, as in certain cases 

approximately a 2000 fold difference in cytotoxicity between the authentic and the 

prodrug duocarmycin analogues was observed.

The deshydroxy duocarmycin derivatives were then metabolised using rat and human 

liver microsomes as rich sources of CYP enzymes {see section 2.7). The CYP enzymes 

are known to be responsible for a wide variety of metabolic routes including 

hydroxylation. Attempts to metabolise the analogues were made by incubating them with
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rat or human microsomes in a buffer containing MgCh and NADPH. The incubation was 

then allowed to stand in a water bath at 37°C to facilitate metabolism. Aliquots of the 

incubate were then analysed for any evidence of CYP-mediated metabolism. An HPLC 

method based on a Waters Alliance 2690 quaternary pump chromatography system and a 

C l8 Hypersil ODS column was set up to analyse the metabolites using the deshydroxy 

and the authentic duocarmycin as reference points. Taking into account the non- 

specificity in action of the CYP enzymes and the numerous positions of possible enzyme 

interaction, it would be unlikely that metabolism would he limited to just mono- 

hydroxylation.

For deshydroxy CI-MI it could be seen that formation of a metabolite with a UV and RT 

profile characteristic of CI-MI was formed. In addition, a number of more polar 

metabolites were also formed. Whether any of the unknown metabolites were potentially 

cytotoxic was beyond the scope of this study hut as there is more than one position for 

hydroxylation on deshydroxy CI-MI to occur that would facilitate ring closure, it is 

possible. In addition, it is also possible that metabolism is occurring through other routes, 

as the CYP enzymes are also well known to metabolise through 0-demethylation and 

dihydroxylatin. The metabolic profile obtained was generally the same for rat and human 

liver microsomes, with the only difference being the extent of production of each 

metabolite. This difference may he species related although it may also be related to the 

integrity of the human tissue that can be variable.

The metabolism of CBI-MI revealed one major metabolite that appeared as 

approximately 58% of the total metabolites. This major metabolite had an RT that was 

different to that of the authentic CBI-MI. Again whether or not this analogue was an 

hydroxylated metabolite and if it was cytotoxic was beyond the scope of this study.

To assess whether the metabolites generated were potentially cytotoxic and to establish 

the effects of any metabolites generated on DNA integrity, DNA alkylation studies were 

carried out {see section 2.7.3). Hydroxylation of the deshydroxy duocarmycin at the 

required positions to facilitate spirocyclisation should produce a metabolite that can 

alkylate DNA. Electrophoresis of the treated DNA showed differences that could be 

attributed to the alkylation by CI-MI.
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In conclusion, the results in this study suggest there is good evidence to suggest further 

investigation of the deshydroxy duocarmycins as novel cytotoxic prodrugs. The CYP 

enzymes, which are known to be overexpressed in certain tumours, could provide tumour 

specific cytotoxins, validating the potential of the deshydroxy duocarmycins as tumour 

targeting analogues.

4.2 Future work

With the possibility that the deshydroxy duocarmycin prodrugs may have use as potential 

tumour targeting anticancer agents, and the ability of CI-MI to act as a substrate for CYP 

enzymes there are many directions that future research may take. As the research carried 

out in this study is the first of its kind on deshydroxy duocarmycin analogues, the first 

future research aim must be to elucidate each of the metabolites produced. This would 

require using LC-MS methodologies, which would provide accurate fragmentation 

patterns of the metabolites, from which the structure can be elucidated. Synthesis of the 

putative metabolites could then confirm their structures.

In parallel to metabolism studies the CYP isoforms responsible for metabolism should be 

demonstrated. It has previously been stated that there are at least 14 CYPs responsible for 

mammalian xenobiotic metabolism. Narrowing the actual group and indeed the specific 

isoform responsible for deshydroxy duocarmycin metabolism is a very attractive 

proposition, especially since it is known that particular tumour types over express certain 

CYPs. CYP inhibition studies using specific CYP inhibitors such as ketoconozole, 

erythromycin (CYP 3A4) and a-NF (CYP lA l, 1A2) could then be followed by 

recombinant CYP metabolic studies.

From a synthetic point of view there are a wide variety of modifications that could be 

made to the structure of the prodrugs to improve the extent of P450 metabolism and 

isoform selectivity. Control of positional metabolism by using functionalities to 

selectively block metabolism of non-activating positions can be achieved by blocking the 

position with a group that is inert to the activating enzymes and one that can be 

incorporated easily in to the synthesis of the prodrugs. With respect to deshydroxy CI-MI, 

the synthetic procedure can be modified by the use of 2-bromo-4-fluoroaniline {Scheme 

4.1) replacing 2-bromoaniline. The fluorine at the 4’- position could sterically hinder
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hydroxylation. Instead directing hydroxylation to either the 3 or the 5 positions, with both 

positions is able to cause duocarmycin spirocyclisation and eventual DNA interaction.

OCH:

Br
NH: NHN

o,p-directing

Schem e 4.1 o,p-directing effects of tluorinated CI-MI derivative

The use of solid phase synthesis {Scheme 4 .2) to provide a library of deshydroxy 

duocarmycins, with modified right hand DNA binding subunits, would also be an 

attractive proposition. Research into the solid phase synthesis of the duocarmycins has 

received much interest with Kumar and Lown‘"̂  ̂ providing the first reported method into 

the solid phase synthesis of seco -C B l  and related derivatives. An alternative route would 

involve the initial solution-phase synthesis of an appropriate deshydroxy duocarmycin 

that could then be attached on to a solid phase resin. The prodrug could then be linked 

with a variety of heterocyclic monomers that can be subsequently activated through CYP 

mediated hydroxylation directly on the solid phase.

O heterocyclic monomers

resin bound prodrug e.g.

BocHN
xHpH

Schem e 4.2 Solid phase synthesis of a library of extended deshydroxy CBI prodrugs
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5.1 Biology experimental

5.1.1 Measurement of cytotoxicity

Sub-confluent cells were harvested and cell concentrations were adjusted to 1 x 10  ̂

cells/ml. Culture suspension (180 pi) was added to each test well of a 96-well plate, and 

incubated for 24 hours at 37 °C to allow for cell adherence. The novel compounds were 

dissolved in DMSO and 20 pi aliquots were added to the cells to provide a range of 

concentrations (0.1, 1, 10, 100, and 1000 nM). The cell/drug combinations were 

incubated for 3 days at 37 °C. The media was removed and 3-(4,5-dimethylthiazol-2-yl)- 

2,5-phenyltetrazolium bromide (MTT) stock solution (20 pi) and fresh complete RPMI 

1640 media (180 pi) were added to each well and adhered cells were incubated for 

another 4 hours. The supernatant was removed and DMSO (150 pl/well) was added to 

solubilise the coloured MTT-formazan product. MTT formazan in each well was 

determined using a plate reader at 540 nm. The arrest of cell growth was determined by 

comparing drug treated cell growth to control cell growth, and an IC50 (concentration that 

inhibited cell growth by 50 %) calculated.

5.1.2 Preparation of microsomes

5.1.2.1 Human liver

Approximately 5 g of liver was snap-frozen in liquid nitrogen and ground in a percussion 

mortar and pestle. Powdered tissue was transferred into an ice-cold glass homogeniser 

along with 1 ml of homogenisation buffer (50 mM Tris-HCl, pH 7.4, containing 0.1 M 

NaCl, 0.25 M sucrose and 2 tablets of Complete Protease inhibitor cocktail) for every 0.1 

g of ground tissue. The resulting mixture was homogenised with 30 strokes using a teflon 

pestle with the first five strokes at greater pressure than the rest. The tubes were kept ice- 

cold during the homogenisation process. The homogenate was diluted to 5 volumes of 

liver weight (approximately 5 ml) and centrifuged at 2,400 g in a Sigma 6K10 centrifuge 

for 10 min which sediments the cell debris, nuclei and unbroken cells. The supernatant 

from the first centrifugation was transferred into 70 ml Beckman centrifuge tubes, which 

were filled to the top with homogenisation buffer. The supernatants were centrifuged at

9,000 g in a Beckman L8-60M centrifuge with a Beckman 45 TI rotor for 20 min to
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sediment the mitochondrial fraction and any broken fragments. After centrifugation, the 

supernatant was transferred to ultracentrifuge tubes and centrifuged at 180,000 g for 60 

min in the Beckman L8-60M centrifuge with a Beckman 70.1-TI rotor. The upper lipid 

layer and the cytosolic supernatant were removed and the microsomal pellets were 

resuspended in microsomal buffer (0.1 M Tris-HCl, pH 7.4 containing 15% glycerol, 1 

tablet of Complete Protease inhibitor cocktail) and brought to a final volume of 1 ml. 

Samples were stored at -80 °C. Protein concentration of the resulting rat liver microsomes 

was determined using the Bradford reagent with bovine serum albumin as the standard.

5.1.2.2 Rat Liver

Fresh liver (10 g) from (7-8 week old) female ACI rats was washed with cold isotonic 

saline (0.9% sodium chloride, 4 °C) to remove blood and connective tissue was excised. 

The liver was homogenised using an Ultra Turax T25 (Janke and Kunkel, IKA 

Labortecnik, Staufen, Germany) in 0.01 M Tris-HCl buffer, pH 7.4 containing 0.25 M 

sucrose, 15 % glycerol and 0.67 mM phenylmethanesulphonyl fluoride (PMSF). Having 

obtained a tissue homogenate, it was centrifuged at 4 °C and the sub-cellular fractions 

isolated. The tissue homogenate was centrifuged at 2,400 g for 10 min to pellet intact 

cells, cell debris, nuclei and unbroken cells. The resultant supernatant was transferred to 

tubes and centrifuged at 12,000 g for 20 min at 4 °C. After centrifugation, the supernatant 

was transferred to ultracentrifuge tubes and centrifuged at 180,000 g for 1 hour at 4 °C. 

The supernatant was then discarded and the microsomal pellet was re-suspended in 0.1 M 

Tris-HCl buffer, containing 15 % glycerol and 1 mM ethylenediaminetetraacetic acid 

(EDTA) at pH 7.4 and stored at -80 °C.
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5.1.3 Incubation of agents with human and rat liver microsomes

Humaif or rat liver microsomes were stored on ice. To an ice-cold mixture of 50 mM 

Tris-HCl buffer, 1 mM MgClz and human or rat liver microsomes (approximately 1 

mg/ml final protein concentration) at pH 7.4 was added 2 pi of drug (DMSO) solution 

(for CI-MI drug concentrations = 0.5, 0.9, 1.4, 2.4, 5.6, 11.8, 23.5 pM). The incubation 

mixture was pre-warmed at 37 °C for 5 min in a water bath after which the reaction was 

started by adding 2.5 mM NADPH so that the final incubation volume was 200 pi. After 

30 min of incubation, the reaction was cooled on ice and centrifuged at 2,000 g for 5 min. 

The resulting supernatant was then used for HPLC-fluorescence detector analysis.

5.1.4 HPLC analysis of drug and metabolites

The samples were analysed by high performance liquid chromatography using a gradient 

system. Mobile phase A (90 % MeCN, 10 % H2O, 0.1 % TFA) and mobile phase B (0.1 

% TFA) were used to develop a gradient which started at 30 % A and increased to 95 % 

A over 40 min and was maintained at 95 % A for an additional 5 min. A 5 min isocratic 

equilibration step between each injection was carried out at 30 % A. A CIS Hypersil ODS 

(25 cm X 4.6 mm; Hichrom Ltd, Reading. UK) column was used with a flow rate of 1.1 

ml/min. The flow rate was maintained, and samples were injected using a Waters 

Alliance 2690 (Milford, MA) quaternary pump chromatography system. Detection was 

performed using a Waters 996 photodiode array detector (l^ax = 315 nm), which was 

connected in series with the chromatographic system.

5.1.5 Preparation of Electrophoresis Gel Containing Ethidium Bromide

A suspension of 1.5 g of agarose in 150 ml of 1 x TAB and ethidium bromide (7.7 pi of a 

10 mg/ml solution) was heated to boiling with stirring until the solution was clear and 

allowed to cool slightly. An 8-tooth comb was inserted into a gel-casting rig and the hot 

agarose was poured into the rig and allowed to set (~ 1 h). When set, the comb was 

carefully removed and the gel was placed in an electrophoresis chamber. The chamber 

was then filled with enough 1 x T Æ  buffer so that the gel is completely covered and that 

no air bubbles were left in the wells
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5.1.6 Protocol for DNA nicking Assay

The molecular weight of (^F174 plasmid DNA is 3.5 x 10  ̂daltons (consists of 5386 base 

pairs). Therefore 0.25 pg in 10 pi gives 3.84 x 10"̂  pmoles. A 10:1 drug/base pair ratio 

requires a stock concentration of agent of 3.84 x 10"̂  pmoles/pl (1 in 10 dilution). 

Appropriate dilutions were made for other ratios. Stock $F174 plasmid DNA solution is 1

pg/pl.

(J)F174 plasmid DNA (2 pg) was suspended in 54 pi of Tris-HCl buffer (pH 8.0, 50 mM). 

7 pi of the suspension (0.25 pg DNA per 7pi of suspension) was measured into eight 

labelled 250 pi Eppendorf tubes. Each drug concentration (1 pi taken from metabolism 

assay vial) and Tris-HCl buffer (2 pi) was added to seven of the eight DNA suspension 

containing Eppendorf tubes. DMSO (1 pi) was added to the control and the mixture 

incubated at 37 °C for 1 h and then at 90 °C for 10 mins. The incubation was stopped by 

the addition of 4 pi of a loading buffer (20 % glycerol in Tris-HCl). The total amount in 

each tube (14 pi) was loaded into separate wells and gel electrophoresed at 50 V for 3 h. 

The gel-casting rig containing the gel was then removed and visualised with a UV 

transilluminator and photographed with a digital camera.

5.2 Chemicals and Reagents

All chemicals and biochemicals were obtained from Aldrich (Poole, Dorset), Lancaster 

(Morecambe, Lancashire) and VWR (Poole, Dorset). Anhydrous solvents were from 

Aldrich and were used without further purification. All other solvents were supplied by 

VWR. Silica for column chromatography: particle size 35-70 pm and 20-35 pm, was 

supplied by VWR. Aluminium backed thin layer chromatography plates were supplied by 

VWR.

5.3 Sample Analysis

Melting points were determined with a Stuart scientific SMP3 melting point apparatus. ^H 

and ^̂ C NMR spectra were measured on a Bruker Advance AM 400 (400 MHz) 

spectrometer. NMR spectra were processed using a Bruker XWIN NMR 3.5 program. 

Kersti Karu using a Carlo Erba CHN1108 Elemental Analyser performed elemental
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analysis. Fast atom bombardment (FAB+) and Mass spectra sample identification using 

FAB techniques were obtained on a ZAB SE instrument.

5.4 Synthetic protocols

A^-(2-Bromophenyl) benzamide [16A]

A solution of 2-bromoaniline (100 mg, 0.58 mmol), EtsN (74 pi, 0.58 mmol) and DMAP 

(71 mg, 0.58 mmol) in dichloromethane (10 ml) was treated with benzoyl chloride (108 

pi, 0.93 mmol) and the solution was stirred for 16 h. 10 % NaHCOs (10 ml) was then 

added and extracted with DCM (3 x 10 ml). The combined organic layers were then 

washed with H2O (10 ml), 5 % HCl (10 ml) and again with H2O (10 ml). The solution was 

dried with MgSÛ4, filtered and concentrated. The residue was purified by column 

chromatography (20% EtOAc-hexane) to afford 16A (110 mg, 68  %) as a clear film: R/= 

0.18 (EtOAc-Hexane = 20%); 'H NMR, Sh (400 MHz, CDCI3) 7.68-7.73 (m, 3 H, NH, 

C2’-H, C6 ’-H), 7.56 (dd, 1 H, C6 -H, y  = 1.5,7.8 Hz) 7.34 (tt, 2 H, C3’-H, C5’-H, J=  1.5, 

7.3 Hz), 7.21-7.26 (m, 1 H, C4’-H), 7.13 (td, 1 H, C5-H,y= 7.6, 1.8 Hz), 7.27 (dd, C3-H, 

J =  1.8, 7.6 Hz), 7.02 (td, C4-H, 7 =  7.6, 1.8 Hz); "C  NMR 6c (100 MHz, CDCI3) 172.8 

(C=0), 139.3 (Cl), 134.5 (C l’), 133.8 (C3), 132.4 (C4’), 130.8 (C3\ C5’), 130.6 (C5),

129.6 (C2’, C6 ’), 129.1 (C4), 128.5 (C6 ), 128.4 (C2); MS (ES+) m/z: 276, 278 [(M+H), 

30%, 28%], fragments (199, 201, 35%, 35%), (171, 173, 100%, 98%); Anal. Calcd. for 

CiiHi4BrN0 2 : C, 56.55; H, 3.65; N, 5.07. Found: C, 56.59; H, 3.68; N, 5.09.

t^rt-Butyl A"(2-bromophenyI) carbamate [16]

A mixture of 2-bromoaniline (100 mg, 0.58 mmol), dioxane (10 ml), (Boc)2 0  (507 mg, 

2.32 mmol) and EtgN (81 pi, 0.58 mmol) was heated to 100 °C under N2 for 24 h. Upon 

completion the resulting mixture was cooled, concentrated and purified by flash 

chromatography (10% EtOAc-hexane) to afford 16 (116 mg, 73 %) as a clear film: R/

= 0 .6  (EtOAc-Hexane = 10%); 'H NMR, 8 h (400 MHz, CDCI3) 8.16 (d, 1 H, C6 -H, 7  =

8.0 Hz), 7.54 (dd, 1 H, C3-H, 7 =  1.5, 8.0 Hz), 7.28 (td, 1 H, C5-H, 7 =  8.0, 1.5 Hz), 6.98 

(br s, 1 H, NH), 6 .8 8  (td, 1 H, C4-H, 7 =  7.8,1.5 Hz), 1.52 (s, 9 H, OC(C7 f3)3); '^C NMR 

5c (100 MHz, CDCI3) 152.5 (C=0), 136.2 (Cl), 132.3 (C3), 128.5 (C5), 124.1 (C4),

120.7 (C6 ), 112.5 (C2), 81.2 (C(CH3)3), 28.4 (C(CH3)3); MS (FAB+) m/z: 294, 296 [(M + 

Na)'", 10%, 10%], 272, 274 [(M + H )\ 20%, 18%], fragments [216, 218, 100%, 98%],

146



Experimental

[171, 173, 25%, 25%]; Anal. Calcd for CnHMBrNOz: C, 48.55; H, 5.19; N, 5.15. Found: 

C, 48.59; H, 5.23; N, 5.17.

tert-'RvLtyX A-(2-bromophenyl)-A^-(3-chloroprop-2-enyl) carbamate [17]

A solution of 16 (350 mg, 1.3 mmol) and DMF (7 ml) was cooled to 0 °C and NaH (93 

mg, 3.9 mmol) was added. The resulting mixture was stirred for 15 mins and 1,3- 

dichloropropene (360 pi, 3.9 mmol) was added. The mixture was allowed to warm to 25 

°C and stirred for 15 h. The mixture was concentrated and H2O (10 ml) was added. The 

aqueous mixture was extracted with EtOAc (3 x 10 ml) and the combined organic layers 

were dried with MgS0 4 , filtered and concentrated. The residue was purified by flash 

chromatography (10 % EtOAc-hexane) to afford 17 (400 mg, 89 %) as a pale yellow oil: 

Rf=  0.38 (EtOAc-Hexane = 10%); 'H NMR, Sh (400 MHz, CDCI3) 7.75-7.72 (m, 1 H, 

C6 -H), 7.28-7.36 (m,- 2 H, C3-H, C5-H), 7.16-7.24 (m, 1 H, C4-H), 6.04-6.22 (m, 2 H, 

CH2C/7=C77C1), 4.42-4.66 (m, 2 H, C%CH=CHCI), 1.35,1.54 (s, s, 9 H, 0 C(C%)3); "C  

NMR, Sc (100 MHz, CDCI3); 155.2 (C=0), 138.6 (Cl), 132.4 (C3), 127.8 (CH=CHC1),

127.6 (05), 126.6 (04), 124.1 (06), 120.9 (0H=Œ 01), 115.5 (02), 81.2 (C(OH3)3)), 51.0 

(OH2), 29.5 (OH3); MS (FAB^) m/z: 346, 348, 350 [(M + H)"", 33%, 50%, 15%], 

fragments [289, 291, 293, 26%, 34%, 8%], [254, 256, 69%, 70%], [130, 100 %]; Anal. 

Calcd for CwHi^BrClNO]: C, 48.51; H, 4.94; N, 4.04. Found: C, 48.57; H, 4.96; N, 4.06.

rerr-Butyl 3-chlorometbylmdoline-l-carboxylate [18]

A mixture of 17 (110 mg, 0.32 mmol) and AIBN (21 mg, 0.13 mmol) was prepared and 

toluene (10 ml) was added. The mixture was degassed for 15 mins with N% and then 

heated to 90 °C. BugSnH (84 pi, 0.32 mmol) was added to the mixture in four portions 

over an hour and the resulting mixture was stirred for a further 2 h. The mixture was then 

concentrated and purified by flash chromatography (EtOAc-hexane, 0% ->10%) to afford 

18 (50 mg, 59 %) as a clear oil: Rf=  0.3 (EtOAc-Hexane = 10%); NMR, Ôh (400 

MHz, CDCI3) 7.72 (d, 1 H, C7-H, J=  7.8 Hz), 7.35 (d, 1 H, C4-H, J=  7.8 Hz), 7.24 (td, 1 

H, C6 -H, y  = 7.8, 2.0 Hz), 7.04 (td, 1 H, C 5-H ,J=  7.6, 2.0 Hz), 4.08-4.15 (m, 1 H, C2- 

HR), 3.88-3.96 (m, 1 H, C2-IH7), 3.75 (dd, 1 H, C1CHF7, J  = 4, 10 Hz), 3.62-3.72 (m, 1 

H, 03-H), 3.55 (t, 1 H, OlHH, / =  10 Hz), 1.54 (s, 9 H, 0 0 (0 f t ) 3); '^0 NMR, Sc (100
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MHz, CDCI3) 152.1 (C=0), 130.4 (C4), 126.6 (C9), 125.5 (C5), 125.2 (C7), 123.6 (C6 ), 

113.9 (C8), 63.1 (C(CH3)3), 52.4 (CH2CI), 48.0 (C2), 43.7 (C3), 27.6 (€ (0 1 3 )3); MS 

(FAB+) m/z: 290, 292 [(M + Na)+, 27%, 10%], 267, 269 [(M )\ 30%, 10%], fragments 

[212,214,100%, 36%]; Anal. Calcd for Ci^ligCINOz: C, 62.80; H, 6.78; N, 5.23. Foimd; 

C, 62.97; H, 6.87; N, 5.29.

l-[(5’-Methoxyindol-2’-yl) carbonyl]-3-chloromethyl indoline [19]

A solution of 18 (200 mg, 0.75 mmol) in 15 ml of 4 M HCl-EtOAc was stirred at 25 °C 

for 2 h. The solvent was removed in vacuo and 5 -methoxyindole-2-carboxylic acid (129 

mg, 0.68 mmol) and EDCI (416 mg, 2.17 mmol) were added followed by anhydrous 

DMF (30 ml). The mixture was stirred at 25 °C for 16 b. The solvent was removed under 

vacuo, and the residue was dissolved in THF (4 ml) and loaded directly onto a silica gel 

column. Purification by flash chromatography (MeOH-DCM, 0-> 1%) gave 19 (102 mg, 

40 %) as a white solid: Rf=  0.15 (EtOAc-Hexane = 10%); Melting point 201.9-203 °C; 

’H NMR, 8 h  (400 MHz, CDCI3) 11.82 (s, 1 H, NH), 8.24 (d, 1 H, C7-H, J =  8.0 Hz), 7.46 

(d, 1 H, C7’-H, / =  8.4 Hz), 7.44 (d, 1 H, C4-H, 8.4 Hz), 7.36 (t, 1 H, C6 -H, J=  8.0

Hz), 7.16 (s, 1 H, C3’-H), 7.12 (t, 1 H, C5-H, 7  = 8.0 Hz), 7.06 (s, 1 H, C4’-H), 6.92 (dd, 

1 H, C6 ’-H, J=  2.4, 8 .8  Hz), 4.75-4.81 (m, 1 H, C2-HH), 4.36 (dd, 1 H, C2-7ÏH, 7  = 4.8,

10.4 Hz), 4.04-4.10 (m, 1 H, CXCYiH), 3.88 - 4.02 (m, 2 H, C3-H, CICHH), 3.76 (s, 3 H, 

0 0 7 /3); "C  NMR, 5c (100 MHz, CDCI3) 165.4 (0=0), 153.5 (05’), 140.9 (09), 138.4

(04), 136.5 (01’), 136.2 (08 ’), 133.5 (03’), 129.8 (08), 124.4 (05), 122.2 (06) 121.8 

(07), 115.5 (07’), 112.7 (0 2 ’), 110.9 (04 ’), 105.8 (06’), 59.1 (OCH3), 51.2 (CH2OI) 47.5 

(03) 44.3 (02); MS (FAB+) m/z-. 341, 343 [(M + H)"", 100%, 37%], [307, 23 %, 194, 42 

%]; Anal. Oalcd for O19H17OINO2: 0, 66.96; H, 5.03; N, 8.22. Found; 0, 66.92; H, 5.05; 

N, 8.27; FABHRMS m/z: 341.1067 [0 i9H,8 ’̂01N202  requires 341.1057].

tert-BvLty\ A-(3-hydroxyphenyl)carbamate [20]

A mixture of 3-aminophenol (1.0 g, 5.8 mmol), dioxane (100 ml), (Boc) 2 0  (2.54 g, 11.6 

mmol) and EtgN (810 pi, 5.82 mmol) was heated to 100 °C under N] for 16 h. The 

resulting mixture was then cooled, concentrated and purified by flash chromatography 

(EtOAc-hexane, 0->30 %) to afford 20 (1.32 g, 83 %) as a white solid: Rf=  0.41 (EtOAc-
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Hexane = 30%); Melting point 120.5-122 “C, Lit; 119.5-120 "C'""; 'H NMR, 8 » (400 

MHz, CDCI3) 9.24 (s, 1 H, C2-H), 9.18 (br s, 1 H, NH), 6.99 (t, 1 H, C5-H, / =  6.4 Hz), 

6.84 (d, 1 H, C6 -H, 6.4 Hz), 6.52 (ddd, 1 H, C4-H, J=  0.8, 2, 6.4 Hz), 1.54 (s, 9 H,

OC(CHi)i); '^C NMR, 8 c (100 MHz, CDCI3) 157.4 (C=0), 152.5 (C3), 141.8 (Cl), 129.8

(05), 109.2 (06), 109.0 (04), 105.4 (02), 79.6 (C(OH3)3), 29.8 (0(CH3)3); MS (FAB^) 

m/z: 210 [(M + H)"", 60 %], [154, 100 %]; Anal. Oalcd. for O11H15NO3: 0, 63.14; H, 7.23; 

N, 6.69. Found: C, 63.20; H, 7.48; N, 6.54.

A^-(3-benzyloxyphenyl) carbamate [21]

A mixture of 20 (100 mg, 0.48 mmol), K2CO3 (660 mg, 4.8 mmol), BnBr (170 pi, 1.4 

mmol) and acetone (10 ml) was prepared and stirred for 16 h. The reaction mixture was 

the diluted with H2O (10 ml) and extracted with EtOAc (3 x 10 ml). The combined 

organic layers were dried with MgS0 4 , filtered, concentrated and purified by flash 

chromatography (30 % EtOAc-hexane) to afford 21 (71 mg, 50 %) as a white solid: Rf

= 0 .6 8  (EtOAc-Hexane = 30%); Melting point 101-103 °0; 'H NMR, 8 h (400 MHz, 

ODOI3) 7.00-7.42 (m, 7 H, 0 0 H206l7s, 02-H, 06-H), 6.72 (d, 1 H, 04-H, 7 =  7.2 Hz), 

6.52 (dd, 1 H, 05-H, J =  2.8, 7.2 Hz), 6.32 (s, 1 H, NH), 4.92 (s, 2 H, OO^OgH;), 1.52 

(s, 9 H, 0 0 (0 / 73)3); '^0 NMR 8c (100 MHz, ODOI3) 160.1 (03), 152.5 (0=0), 140.4 

(ON), 137.3 (01), 129.8 (05), 128.8 (03 ’, 0 5 ’), 127.8 (04’), 127.5 (02’, 0 6 ’), 111.6

(06), 109.5 (04), 105.4 (02), 80.5 (OCH2), 70.2 (C(OH3)3), 29.9 (0 (0 1 3 )3); MS (FAB*) 

m/z: 322 [(M + Na)*, 5 %], 299 [(M)*, 35 %], fragments [244, 100 %]; Anal. Oalcd for 

O18H21NO3: 0 , 72.22; H, 7.07; N, 4.68. Found: 0, 72.20; H, 7.18; N, 4.56.

3-Benzyloxyaniline [22]

A mixture of 21 (7.43 g, 43.2 mol) in 4 M HCl-EtOAc (30 ml) was stirred for 48 h. The 

mixture was slowly diluted with 2M aqueous sodium hydrogen carbonate (30 ml) and 

extracted with EtOAc (3 x 30 ml). The combined organic layers were dried with MgS0 4 , 

filtered, concentrated and recrystallised from 10 % EtOAc-hexane to afford 22 (4.2 g, 57 

%) as white crystals: R/=  0.18 (EtOAc-Hexane = 10%); Melting Point 65.1-67.7 °C, Lit 

62-63 °0 “*  ̂ ‘H NMR, 8 » (400 MHz, ODOI3) 7.30-7.48 (m, 5 H, OOH2O6H5), 7.08 (t, 1 

H, 05-H, y  = 8.0 Hz), 6.42-6.50 (m, 1 H, 06-H), 6.28-6.36 (m, 2 H, 02-H, 04-H), 5.16 

(s, 2 H, OO/fzOsH;), 3.65 (br s, 2  H, NH2); '^0 NMR, 8c (100 MHz, ODOI3) 160.6 (03),
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153.2 (Cl), 137.8 (C r), 136.4 (€5), 132.5 (C3\ 0 5 ’), 124.7 (04’), 123.5 (02’, 0 6 ’),

110.2 (06), 105.1 (04), 103.7 (02), 70.9 (OCH2); MS (ES'') m/z: 200 [(M + H)+, 100 %], 

fragments [122, 30 %]; Anal. Oalcd for OuHuNO: 0 , 78.36; H, 6.58; N, 7.03. Found: 0 , 

78.25; H, 6.48; N, 6.85.

5-(Benzyloxy)-2-bromoaniline [23]

A solution of 22 (3.50 g, 20.4 mol) in THF (50 ml) was cooled in an acetone-dry ice bath 

and treated with three drops of concentrated H2SO4 and stirred for 5 mins. The cold 

reaction mixture was treated with NBS (3.62 g, 20.4 mol) in half-gram portions over 30 

mins and stirred for 1 h. Sodium carbonate (500 mg) was added, and the reaction mixture 

was warmed to room temperature. The THF was removed in vacuo and the residue was 

taken up into diethyl ether (50 ml), washed with water (50 ml) and saturated aqueous 

sodium chloride (50 ml), dried (MgS0 4 ), filtered and concentrated in vacuo. Purification 

by flash chromatography (EtOAc-hexane, 0->10 %) to afford 23 (2.1 g, 37 %) as pale 

yellow solid: Rp= 0.24 (EtOAc-Hexane = 10%); Melting point 77.5-80.2 °C, Lit 76-77 

°0 '“ ; 'H  NMR, 5h (400MHz, ODOI3) 7.30-7.42 (m, 5 H, OOH2O6/ /5), 7.28 (d, 1 H, 03- 

H, J=  7.2 Hz), 6.40 (d, IH, 06-H, / =  2 Hz), 6.30 (dd, 1 H, 04-H, 7.2, 2 Hz), 5.00 (s,

2  H, OO//2O6H5), 4.05 (br s, 2 H, NH2); "O  NMR, 8c (100 MHz, ODOI3) 160.2 (05),

145.6 (01), 137.5 (01’), 133.8 (03), 128.5 (04’), 128.2 (03’, 0 5 ’), 127.5 (02’, 0 6 ’),

106.8 (04), 102.5 (06), 100.5 (02), 70.2 (OCH2); MS (ES*) m/z: 278, 280 [(M -r H)*, 

100%, 98%]; Anal. Calcd for CnHnBrNO: C, 56.14; H, 4.35; N, 5.04. Found: C, 56.15; 

H, 4.23; N, 5.21.

tert-ButyX A-(5-benzyloxy-2-bromophenyl) carbamate [24]

A mixture of 23 (1.8 g, 6.5 mmol), dioxane (30 ml) and (Boc)2 0  (8.90 g, 40.9 mmol) was 

heated to 100 °C under N] for 16 h. The resulting mixture was then cooled, concentrated 

and purified by flash chromatography (EtOAc-hexane, 0->30 %) to afford 24 (1.63 g, 66  

%) as a white solid: Rf=  0.45 (EtOAc-Hexane = 10%); Melting point 81.6-82.6 °C, Lit 

82-83 °C'“ ; ‘H NMR, 8h (400 MHz, CDCI3) 7.40-7.08 (m, 7 H, OCH2C Æ , C3-H, C6 - 

H), 6.54 (d, 1 H, C4-H, /  = 8 Hz), 6.36 (br s, 1 H, HN), 5.08 (s, 2 H, OC/fzCgH,) 1.46 (s, 

9 H, 0 C(C%)3); "C  NMR, 5c (100 MHz, CDCI3) 161.4 (C5), 153.8 (C=0), 137.5 (Cl),

136.5 (C l’), 132.2 (C3), 124.8 (C3’, C5’), 123.5 (C4’), 123.2 (C2’, C6 ’), 110.6 (C4),
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105.1 (C2), 103.7 (C6), 81.0 (O Œ 2), 70.2 (C(CH3)3), 28.8 (€(0 1 3 )3); MS (FAB'") m/z: 

400,402 [(M + N a)\ 10%, 10%], 377, 379 ](M)+, 40%, 38%], fragments [322,324,60%, 

60%], [242,100 %]; Anal. Calcd for CigHzoBrNOs: C, 57.15; H, 5.33; N, 3.70. Found: C, 

57.16; H, 5.20; N, 3.89.

tert-ButyX A-(5-benzyloxy-2-bromophenyl)-7V-(3-chloroprop-2-enyl) carbamate [25]

A solution of 24 (100 mg, 0.27 mmol) and DMF (10 ml) was cooled to 0 °C to which 

NaH (20 mg, 0.8 mmol) was added. The resulting mixture was stirred for 15 mins and 

1,3-dichloropropene (74 jil, 0.8 mmol) was added. The mixture was allowed to warm to 

25 °C and stirred for 2 h. The mixture was then concentrated and diluted with H2O (10 

ml). The aqueous mixture was the extracted with EtOAc (3 x 10 ml). The combined 

organic layers were dried (MgS0 4 ), filtered, concentrated and the residue purified by 

flash chromatography (EtOAc-hexane, 0-> 30 %) to afford 25 (93 mg, 78 %) as a clear 

oil: Rf=  0.3 (EtOAc-Hexane = 10%); 'H  NMR, 3h (400 MHz, CDCI3) 7.32-7.50 (m, 6  H, 

C3-H, C4-H, 4 X Ar-H), 6.76-6.84 (m , 2 H, C4’-H, C6 -H), 5.92-6.08 ( m , 2 H, 

CH2CH=CH), 5.08 (s, 2  H, OCH2), 4.46, 4.22-4.34, 3.80-3.90 (2 H, C%CH=CH, dd, J  = 

4, 10 Hz, m, m), 1.28, 1.44 (s, 9 H, OC{CHi)^y, '^C NMR, 5c (lOOMHz, CDCb) 158.6 

(C5), 153.2 (C=0), 136.1 (Cl), 133.6 (C l’), 128.5 (C3), 127.5 (C3’, C5"), 127.1 (C4’),

126.8 (C2’, C6 ’), 126.2 (CH2CH=CHC1), 121.0 (CHzCH^CHCl), 120.7 (C4), 115.3 (C6 ),

114.8 (C2 ), 78.0 (OCH2), 70.2 49.5 (CHzCH^CHCl), 28.7 (C(CH3)a); MS

(FAS’") m/z: 474,476 [(M + N a)\ 5 %], 451, 453, 455 [(M)+, 12%, 15%, 5%], fragments 

[396, 398, 400, 70%, 100%, 29%], [221, 223, 95%, 90%]; Anal. Calcd for 

C2iH23BrClN0 3 : C, 55.71; H, 5.12; N, 3.09. Found: C, 55.85; H, 5.20; N, 3.16.

4-Benzyl oxy-l-chloro-2-nitrobenzene [29]

4-Chloro-3-nitrophenol (5.00 g, 28.80 mmol), in acetone (50 ml) and DMF (50 ml) was 

stirred with pulverized K2CO3 (6.36 g, 46.1 mmol) and benzyl bromide (4.10 ml, 34.6 

mmol) under argon for 16 h at 25 °C. The reaction mixture was concentrated and taken up 

in DCM and water. The organic phase was washed with water, dried (MgS0 4 ), filtered 

and concentrated. Recrystallisation from methanol afforded 29 (6.44 g, 85 %) as light 

yellow crystals: R/= 0.52 (EtOAc/Hex = 20%); Melting point 51-53 °C, Lit 50-52
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' h  NMR, 8h (400MHz, CDCI3) 7.47 (d, 1 H, C2-H, 7 = 3 .2  Hz), 7.42 (d, 1 H, C5-H, /  =

8.8  Hz), 7.34-7.40 (m, 5 H, ArH), 7.12 (dd, 1 H, C6 -H, 7 =  3.0, 8.8  Hz), 5.14 (s, 2 H, 

C%Ph); "C  NMR, 8c (100 MHz, CDCI3) 165.4 (C4), 155.5 (C2), 137.8 (C l’), 133.2

(06), 131.1 (04’), 129.6 (03’, 0 5 ’), 127.2 (02’, 0 6 ’), 120.1 (05), 118.5(01), 111.0(03),

70.4 (OH2); MS (ES"^ m/z: 264, 266 [(M -f H)+, 50%, 17%], fragments [229, 100 %]; 

Anal. Calcd for C13H 10CINO3: C, 59.22; H, 3.82; N, 5.31. Found: C, 59.25; H, 3.82; N, 

5.33.

Diethyl [4-(benzyloxy)-2-nltrophenyI]malonate [30]

NaH (1.57 g, 65.5 mmol) was washed with hexane under an argon atmosphere and 

suspended in 200 ml of DMSO. Diethyl malonate (10.3 ml, 68.0 mmol) was added 

slowly, with cooling to maintain the reaction temperature below 30 °C. To the mixture, at 

room temperature, was added 29 (6.64 g, 25.2 mmol). The reaction mixture was heated 

to 105-115 °C and stirred for 24 h. It was quenched with acetic acid (15 ml) and diluted 

with DCM (20 ml) and 0.5 M HCl (20 ml). The organic phase was washed with saturated 

NaCl (3 X 30 ml), dried (MgS0 4 ), filtered and concentrated. Purification by flash 

chromatography (EtOAc-hexane, 0->10 %) to afford 30^^  ̂ (6.3 g, 65 %) as yellow oil: Rf 

= 0.13 (EtOAc/ Hexane = 10%); ^H NMR, Ôh (400MHz, CDCI3) 7.65 (d, 1 H, C3-H, J  =

2.8 Hz), 7.35-7.43 (m, 6  H, C6 -H, ArH), 7.23 (dd, 1 H, C5-H, J=  2.8, 8 .8  Hz), 5.24 (s, 1 

H, C/7), 5.16 (s, 2 H, C/^zPh), 4.20 (q, 4 H, C//2CH3, J=  9.6 Hz), 1.27 (t, 6  H, CH2C//5, J  

= 10 Hz); ^̂ C NMR, 6c (100 MHz, CDCI3) 170.8 (C=0), 160.2 (C4), 150.6 (C2), 136.5 

(C l’), 132.4 (C6 ), 129.6 (C3’, C5’), 128.9 (C4’), 127.6 (C2% C6 ’), 120.6 (Cl), 120.7 

(C5), 110.3 (C3), 70.5 (CH2), 63.2 (CHz), 55.7 (CH), 15.2 (CH3); MS (ES^) m/z: 410 [(M 

+ Na)^, 100 %], 388 [(M + H)^, 70 %], fragments [356, 20 %]; Anal. Calcd for 

C20H21NO7: C, 62.01; H, 5.46; N, 3.62. Found: C, 62.07; H, 5.53; N, 3.64.

2-[4-(Benzyloxy)-2-nitrophenyI] propane-1,3-diol [31]

To an ice-salt-cooled solution of diisobutylaluminum hydride (25% in toluene, 10.7 g) in 

20 ml of dry THF, under an atmosphere of nitrogen, was added, over 1.5 h, a solution of 

30 (4.85 g, 12.5 mol) in 20 ml of dry THF and stirred for a further 1 h at RT. The mixture 

was quenched by pouring into 250 ml of 3N HCl, whilst stirring and cooling by the 

addition of ice, in a large vessel. The resulting mixture was extracted with EtOAc (3 x 50
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ml), and was then washed with saturated NaCl (3 x 50 ml), dried (MgS0 4 ), filtered and 

concentrated. Flash Chromatography (EtOAc-hexane, 30 %) afforded 31 (2.8 g, 74 %) as 

a pale brown solid: R f =  0.16 (EtOAc-Hexane =  40%); Melting point 98.3-100.5 °C, Lit 

97-99 °C"^; 'H NMR, 8h (400MHz, CDCI3) 7.44 (d, 1 H, C6 -H, / =  8 .8  Hz), 7.42 (d, 1 

H, C3-H, / =  2.8 Hz), 7.35-7.40 (m, 5 H, ArH), 7.17 (dd, 1 H, C5-H, J  = 2.8, 8.4 Hz), 

5.14 (s, 2 H, CH2PI1), 3.99 (dd, 4 H, 2 x CH2OH, / =  2.0, 6.4 Hz), 3.56 (quintet, 1 H, CH,  

J =  6.4 Hz), 2.30 (br s, 2 H, 2 x OH); "C  NMR, 5c (100 MHz, CDCI3) 158.2 (C4), 152.6 

(C2), 136.4 (C l’), 130.7 (Cl), 128.8 (C3’, C5’), 128.4 (C4’), 127.5 (C2’, C6 ’), 126.1 

(C6 ), 120.4 (C5), 110.9 (C3), 70.1 (CH2), 65.5 (CH2), 43.6 (CH); MS (ES+) m/z: 327 

[(M-tNa), 20%], 304 [(M-tH), 35%], fragments (271, 47%), (229,100%); Anal. Calcd for 

C16H17NO5: C, 63.36; H, 5.65; N, 4.62. Found: C, 63.42; H, 5.70; N, 4.67.

2-[2-Ammo-4-(benzyloxy)phenyI] propane-1,3-diol [32]

A mixture of 31 (1.0 g, 3.3 mmol), absolute ethanol (10 ml), and 84.5% PtOi was 

hydrogenated at 45 psi for 4 h. The liquid was decanted and filtered; the solids, 

containing most of the product, were slurried in DMF and filtered; and the filter cake was 

washed with more DMF. The filtrates were concentrated and recrystallised from 95% 

ethanol to afford 32 (600 mg, 67%) as a tan solid: Rf  = 0.25 (EtOAc-Hexane = 20%); 

Melting point 150.4-153.1 °C, Lit 152-154 °C "^ 'H  NMR, 5» (400MHz, DMSO) 7.47- 

7.40 (m, 5 H, Ar-H), 6.92 (d, 1 H, C6 -H, / =  7.2 Hz), 6.40 (d, 1 H, C3-H, 7 = 2  Hz), 6.26 

(dd, 1 H, C5-H, 7 =  2.4, 7.2 Hz), 5.14 (s, 2 H, C%Ph), 4.95 (br s, 2 H, NHz), 4.46-4.54 

(m, 2 H, OH), 3.56-3.62 (m, 4 H, CHz), 2.80 (quintet, 1 H, CH, 7 =  6.4 Hz); ‘̂ C NMR, Sc 

(400 MHz, DMSO) 162.1 (C4), 150.6 (C2), 144.2 (C l’), 132.5 (Cl), 129.8 (C3’, C5’),

128.5 (C4’), 127.6 (C2’, C5’), 127.2 (C6 ), 124.9 (C5), 109.5 (C3), 78.3 (CHj), 67.5 

(CHz), 33.8 (CH); MS (ES+) m/z: 274 [(M -t H)+, 100 %], fragments [256, 30 %]; Anal. 

Calcd for C16H19NO3: C, 70.31; H, 7.01; N, 5.12. Found: C, 70.35; H, 7.04; N, 5.13.

2-[4-(Benzyloxy)-2-(t-butoxycarbonylamino) phenyl] propane-1,3-diol [33]

A mixture of 32 (580 mg, 2.13 mmol), dioxane (30 ml), (Boc)2 0  (604 mg, 4.90 mmol) 

and Et]N (296 pi, 2.13 mmol) was heated to 100 °C under N2 for 16 hours. Upon 

completion the resulting mixture was cooled, concentrated and purified by flash
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chromatography (EtOAc-hexane, 30->40 %) to afford 33 (412 mg, 52 %) as a white 

solid: Rf=  0.72 (EtOAc-Hexane = 40%); Melting point 165.5-167.9 °C, Lit 166.5-168 

“C "“; 'H NMR, ÔH (400MHz, CDCb) 8.72 (s, 1 H, NH), 7.56-7.34 (m, 5 H, Ph-H), 7.15 

(br d, 1 H, CH-3, J =  3.2 Hz), 7.10 (d, 1 H, CH-6 , J  = 8 .8  Hz), 6.76 (dd, 1 H, CH-5,7  = 

2.8, 8.8  Hz), 5.05 (s, 2 H, OCHjPh), 4.80-4.86 (m, 2 H, OH), 3.82-3.75 (m, 2 H, 

C%OH), 3.55-3.45 (m, 2 H, C%OH), 3.06-2.92 (m, 1 H, CH), 1.45 (s, 9 H, 0 C(C%)3); 

'^C NMR, 8c (100 MHz, CDCb) 157.4 (C4), 153.2 (C=0), 138.5 (C l’), 137.8 (Cl),

128.4 (C2), 128.2 (C3’, C5’), 128.6 (04 ’), 127.8 (C2’, C6 ’), 127.7 (C6 ), 127.2 (C5),

110.9 (C3), 80.5 (CHi). 70.7 (C(CH;)3), 63.3 (CH;), 45.4 (CH), 28.1 (C(CH;)3); MS 

(ES’") m/z: 396 [(M + Na)’", 100 %], 374 [(M -r H)+, 40 %], fragments [317, 80 %]; Anal. 

Calcd for C21H27NO5: C, 67.54; H, 7.29; N, 3.75. Found: C, 67.64; H, 7.35; N, 3.72.

6-(Benzyloxy)-l-(t-butyloxycarbonyI)-3-(hydroxymethyl) indoline [34]

Diethyl azodicarboxylate (312 pi, 2.00 mmol) and triphenylphosphine (553 mg, 2.11 

mmol) were added to a solution of 33 (460 mg, 1.24 mmol) in dry THE (10 ml) under 

nitrogen and the solution stirred at room temp. After 20 mins the mixture was diluted with 

EtOAc (10 ml), washed with aq. NaCl ( 3 x 1 0  ml), and the organic phase dried (MgS0 4 ), 

filtered and evaporated. Purification by flash chromatography (EtOAc-hexane, 30^70  %) 

to afford 34 (317 mg, 72 %) as white solid: R f =  0.34 (EtOAc-Hexane = 30%); Melting 

point 108-110 °C, Lit 106-107 °C' ‘H NMR, 8h (400MHz, CDCb) 7.74 (br s, 1 H, C7- 

H), 7.44-7.58 (m, 5 H, Ph-H), 7.10 (d, 1 H, C4-H, y  = 9.2 Hz), 6.62 (dd, 1 H, C5-H, J=  2,

9.2 Hz), 5.05 (s, 2 H, 0 CH2Ph), 4.10 (dd, 1 H, C2-77H, J  = 10,12 Hz), 3.95 (dd, 1 H, C2- 

Hff, y =  4.0, 12 Hz), 3.71-3.81 (m, 2 H, C%OH), 3.41 -3.47 (m, 1 H, C3-H), 1.55 (s, 9 H, 

0 C(C%)3); '^C NMR, 5c (100 MHz, CDCb) 158.4 (C=0), 153.5 (C7), 145.8 (C l’),

138.1 (C9), 128.5 (C4), 128.2 (C3’, 0 5 ’), 127.5 (05), 127.3 (04’), 125.6 (02’, 0 6 ’),

108.7 (06), 103.5 (08), 80.9 (0H2), 70.3 (0(0H3)3), 65.5 (0H2), 52.4 (02), 40.1 (03),

28.4 (0 (CH3)3); MS (ES’") m/z: 378 [(M + Na)’", 45 %], 356 [(M + H)’", 70 %], fragments 

[282, 100 %]; Anal. Oalcd for O21H25NO4; 0, 70.96; H, 7.09; N, 3.94. Found: 0, 71.04; 

H, 7.13; N, 4.01.

6-(Benzyloxy)-l-(t-butyloxycarbonyl)-3-[(methanesulfonyloxy)methyl] indoline [35]
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A vigrously stirred solution of 34 (310 mg, 0,87 mmol) and triethylamine (243 |il, 1.75 

mmol) in DCM (10 ml) cooled in an ice-methanol bath was treated with methanesulfonyl 

chloride (108 p.1, 1.4 mmol) under nitrogen. After 25 min, the reaction mixture was 

treated with saturated aqueuos sodium bicarbonate and separated. The aqueous layer was 

extracted with DCM (3 x 10 ml), and the combined DCM layers were dried (MgS0 4 ), 

filtered and concentrated in vacuo. Purification by flash chromatography (EtOAc-hexane,

0->40 %) to afford 35 (339 mg, 90 %) as white solid: Rf=  0.43 (EtOAc-Hexane = 30%); 

Melting point 116.2-118.4 “C, Lit 112.5-113 “C"^; 'h  NMR, 8 h (400MHz, CDCI3) 7.65 

(br s, 1 H, C7-H), 7.35-7.45 (m, 5 H, Ph-H), 7.10 (d, 1 H, C4-H ,y= 8.8 Hz), 6.62 (dd, 1 

H, C5-H, J=  2.8, 8.8  Hz), 5.05 (s, 2 H, OCHjPh), 4.36 (dd, 1 H, O2SOCHH, J=  4.0,11.2 

Hz), 4.15 (dd, 1 H, C2-HH, 7  = 4.0, 12.4 Hz), 3.95-4.10 (m, 1 H, O2SOCHH), 3.90 (dd, 1 

H, C2-HH, J=  3.2,12 Hz,), 3.52-3.64 (m, 1 H, C3-H), 2.95 (s, 3 H, O SO jŒ j), 1.55 (s, 9 

H, 0 C(C%)3); "C  NMR, 8 c (100 MHz, CDCI3) 160.1 (C=0), 152.4 (C7), 144.8 (C l’),

136.2 (C9), 128.5 (C4), 128.3 (03’, 0 5 ’), 127.5 (05), 125.9 (04’), 121.5 (02’, 0 6 ’),

109.1 (06), 102.9 (08), 72.3 (OH2), 70.6 (C(OH3)3), 52.2 (OH2), 42.1 (02) 39.7 (03),

36.5 (OH3), 28.2 (0 (CH3)3); MS (ES" )̂ m/z; 434 [(M-t-H, 2 0 %], fragments (376, 45%), 

(333, 100%); Anal. Oalcd for O22H27NO6S: 0, 60.95; H, 6.28; N, 3.23. Found: 0, 60.97; 

H, 6.30; N, 3.26.

1-(t-Butoxycarbonyl)-6-hydroxy-3-[(methanesulfonyIoxy) methyl] indoline [36]

A suspension of 35 (330 mg, 0.76 mmol), 10 % palladium on carbon (135 mg, 0.41 eq. by 

wt) and 25% ammonium formate (aq) (2 ml) in dry THE (20 ml) was stirred at room 

temperature under N] for 18 hrs. The reaction mixture was filtered through Celite and the 

Celite pad was washed with EtOAc (3 x 20 ml). The combined filtrate and washings were 

concentrated in vacuo. Purification by flash chromatography (EtOAc-hexane, 0 ^4 0  %) 

to afford 36‘“  (256 mg, 98 %) as a clear oil: R/= 0.08 (EtOAc-Hexane = 10%); 'H NMR, 

8 h (400MHz, ODOI3) 7.45 (br s, 1 H, 07-H), 7.05 (d, 1 H, 04-H, y  = 8 .8  Hz), 6.45 (dd, 1 

H, 05-H, J =  3.2, 8 .8  Hz), 4.82 (br s, 1 H, OH), 4.35 (dd, 1 H, O2SOOHH, / =  6.0, 11.6 

Hz), 4.18 (dd, 1 H, 0 2 SOOHff, J  = 8 .8 , 11.6 Hz), 4.10 (dd, 1 H, 02-HH, / =  10.8, 12.8 

Hz), 3.85 (dd, 1 H, 02-Hff, J  = 6, 12.8 Hz), 3.60-3.70 (m, 1 H, 03-H), 2.95 (s, 3 H, 

OSO2OH3), 1.55 (s, 9 H, 00(0% )]); ‘̂ 0 NMR, 8c (100 MHz, ODOI3) 158.4 (0=0),

152.6 (07), 144.5 (09), 125.0 (04), 120.1 (05), 110.7 (06), 104.4 (08), 82.6 (0(0H])]),

70.2 (0H2), 52.6 (02), 40.5 (03), 38.7 (OH3), 29.4 (0 (0 H])3); MS (ES^ m/z; 344 [(M+H,
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65%], fragments (287, 50%), (243, 100%); Anal, Calcd for C15H21NO6S: C, 52.46; H, 

6.16; N, 4.08. Found: C, 52.54; H, 6.20; N, 4.13.

CI-Boc [37]

A mixture of 36 (256 mg, 0.75 mmol), dry DMF (20 ml), LiCl (95.0 mg, 2.24 mmol) was 

heated to 90 °C under N2 for 16 hours. Upon completion the resulting mixture was cooled, 

concentrated and purified by flash chromatography (EtOAc-hexane, 0->30 %) to afford 

37 (192 mg, 90.6 %) as a white solid: R f =  0.11 (EtOAc-Hexane = 10%); Melting point 

177.6-178.9 °C, Lit 174-175 “C '“ ; 'H NMR, Sh (400MHz, CDCb) 9.30 (br s, 1 H, C7- 

H), 7.10 (d, 1 H, C4-H, J=  8.0 Hz), 6 .6 8  (dd, 1 H, C5-H, / =  2.0, 8.0 Hz), 3.99-4.06 (m, 1 

H, C2-HH), 3.86 (dd, 1 H, C2-HH, J =  4.4,10.8 Hz), 3.74 (dd, 1 H, C1C77H, J =  4.4,11.6 

Hz), 3.72 (dd, 1 H, CICHH, J  = 6.0, 11.2 Hz), 3.57-3.65 (m, 1 H, C3-H), 3.30 (s, 1 H, 

OH), 1.52 (s, 9 H, OC(C//3)3); "C  NMR, 5c (1 0 0  MHz, CDCb) 157.5 (C7), 153.6 (C=0),

144.2 (C9), 125.1, (C4) 122.5 (C5), 110.7 (C6 ), 105.5 (C8), 80.5 (^C H ;);), 53.2 

(CICH2), 47.5 (C2), 42.1 (C3), 28.5 (C(CH3)3); MS (FAB+) m/r. 283, 285 [(M)+, 65%, 

61%], fragments [135, 100 %]; Anal. Calcd for C14H18CINO3: C, 59.26; H, 6.39; N, 4.94. 

Found: C, 59.30; H, 6.45; N, 4.98; FABHRMS m/r. 283.1072 [C14H18NO3CI 4- H  ̂

requires 284.1053].

CI-MI [38]

A solution of 37 (89 mg, 0.31 mmol) in 5 ml of 4 M HCl-EtOAc was stirred at 25 °C for 

1 h. The solvent was removed in vacuo and 5-methoxyindole-2-carboxylic acid (179 mg, 

0.94 mmol) and EDCI (1.25 mmol, 240 mg) were dissolved in anhydrous DMF (10 ml), 

and the mixture was stirred at 25 °C for 16 h. The solvent was removed under vacuo, and 

the residue was dissolved in THF (3 ml) and loaded directly onto a silica gel column. 

Purification by flash chromatography (EtOAc-hexane, 0-^50 %) provided 38 (87 mg, 77 

%) as a cream solid: R f =  0.44 (EtOAc-Hexane = 40%); Melting point 198-200 °C; 

NMR, ÔH (400 MHz, CDCI3) 11.64 (s, 1 H, NH), 9.46 (s, 1 H, OH), 7.72 (s, 1 H, C7-H), 

7.46 (d, 1 H, C7’-H, J=  8.8  Hz), 7.22 (d, 1 H, C4-H, / =  8.4 Hz), 7.16 (s, 1 H, C3’-H),

7.04 (d, 1 H, C4’-H, / =  2 Hz), 6.90 (dd, 1 H, C6 ’-H, J=  2.4, 8.8  Hz), 6.50 (dd, 1 H, C5-
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H, / =  2.4, 8,4 Hz), 4.64-4.72 (m, 1 H, C2-HH), 4.34 (dd, 1 H, C2-HH, / =  4.4,10.8 Hz),

4.04 (d, 1 H, CICHH, J =  11.2 Hz), 3.82-3.96 (m, 5 H, 0C % , CICHH, C3-H); "C  NMR, 

6c (100 MHz, CDCb) 165.2 (C=0), 160.6 (C6 ’), 154.8 (C7), 140.4 (C9), 134.6 (C2’),

134.2 (C9), 131.2 (C4), 130.9 (C4’), 129.5 (C5), 115.6 (C8), 113.0 (C6 ), 112.0 (C8 ’),

111.5 (C3'), 106.1 (C5’), 105.2 (C7’), 58.0 (OCH3), 51.5 (CICH2), 47.3 (C2 ), 41.9 (C3); 

MS (£$■") m/z: 357, 359 [(M + H)'", 40%, 15%], fragments [338, 70 %], [115, 100%]; 

Anal. Calcd. for C19H17CIN2O3: C, 63.96; H, 4.80; N, 7.85. Found: C, 64.10; H, 4.87; N, 

7.88.

Z-l-Tributylstannyl-3-bromopropene [40]

Propargyl alcohol (19 ml, 318 mmol) was added to a stirred suspension of lithium 

tetrahydroaluminate (6.20 g, 163 mmol) in THF (100 ml) at 0-5 °C to afford a clear 

solution that was further stirred for 23 h at 23 °C. The resulting suspension was cooled to 

-78 °C and treated with a solution of tri-n-butyltin triflate (40 g, 91 mmol) in ether over 

45 mins and then for a further 5 h at -78 °C. The suspension was then quenched with 

gaseous ammonia (1 1), methanol (100 ml), saturated NH3-NH4CI (50 ml), and hexane 

(100 ml) to provide crude 39 (20.5 g, 65%) as a yellow which was, without further 

purification, used to synthesise 40. 39 (14 g, 40.0 mol) was stirred with carbon 

tetrabromide (16.0 g, 48.5 mmol) and triphenylphosphine (14.7 g, 56.1 mmol) in DCM 

(50 ml) at 0 °C for 1 h. The solvent was removed under vacuo and hexane (20 ml) was 

added. The resulting residue was filtered and the solution concentrated to provide 40 

(15.5 g, 95%) as a yellow oil: R/= 0.9 (EtOAc-Hexane = 10%); NMR, §h (400 MHz, 

CDCI3) 6.70 (dt, 1 H, CH=C//CH2, 12.4, 7.6 Hz), 6.10 (d, 1 H, C//=CHCH2, J  = 

12.4), 3.88 (d, 2 H, CH=CHC//2, J=  7.6 Hz), 1.45-1.55 (m, 6  H, CH2 x 3), 1.25-1.35 (m, 

6 H, CH2 X 3), 0.95-1.02 (m, 6  H, CH; x 3), 0.86-0.92 (m, 9 H, CH3 x 3); "C  NMR, 8c 

(100 MHz, CDCb): 143.4 (SnC=CH), 136.6 (SnC=CH), 35.8 (CH2Br), 29.6 (CH;), 27.4 

(CH;), 14.5 (CH3), 11.1 (CH;); MS (ES+) m/z: 433, 435 [(M + Na)+, 10%, 10%], 411, 

413 [(M + H)-!-, 24%, 25%], fragments [102,100%].

^grr-Butyl A-(2-bromophenyl)-A-(3-tributylstannylprop-2-enyl) carbamate [41]

16 (100 mg, 0.37 mmol) was stirred in dry DMF (10 ml) and sodium hydride (27 mg, 1.1 

mmol) was added. After 15 mins, the suspension was treated with Z-l-tributylstannyl-3-
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bromopropene (451 mg, 1.1 mmol) in dry DMF (10 ml) and the resulting solution was 

stirred at 25 °C for 16 h. The solution was concentrated and water (10 ml) was added. The 

aqueous solqtion was extracted with EtOAc (3 x 10 ml), and the organic layers were 

combined, dried (MgS0 4 ), filtered and concentrated. Flash chromatography (hexane) 

afforded 41 (142 mg, 64 %) as a pale yellow oil: Rf=  0.78 (EtOAc-Hexane = 2%); 

NMR, ÔH (400 MHz, CDCI3) 7.62 (d, 1 H, C6 -H, J  = 8.4 Hz), 7.13-7.25 (m, 3 H, C5-H, 

C4-H, C3-H), 6.60-6.70 (m, 1 H, CH^CTfCHz), 5.91-6.05 (m, 1 H, C//=CHCH2), 4.62 

(dd, 1 H, CH=CHC%^= 4.8, 14.8 Hz), 3.75 (dd, 1 H, CH=CHC/72, J=  8.4, 14.8 Hz), 

1.52-1.64 (m, 6  H, CH2 x 3), 1.45 (s, 9 H, 0 0 (0 7 / 3)3), 1.15-1.25 (m, 6  H, OH2 x 3), 0.82- 

0.92 (m, 9 H, OH3 x 3), 0.60-0.75 (m, 6  H, OH2 x 3); ^^0 NMR, 5c (100 MHz, ODOI3)

156.2 (0=0), 138.5 (01), 134.9 (0H2CH=0H), 131.5 (03), 131.6 (05), 125.4 (04) 122.1 

(06), 115.2 (02), 118.7 (0H20H=CH), 75.5 (C(OH3)3), 52.0 (CH20H=0H), 28.5 

(0 (CH3)3), 26.8 (OH2 x3), 24.4 (OH2 x3), 15.2 (OH3 x 3), 10 .0  (OH2 x 3); MS (ES^) m/z: 

602, 604 [(M+H), 10%, 10%], fragments [(544, 546), 100%, 98%]; Anal. Oalcd. for 

026H44BrN02Sn: 0, 51.94; H, 7.38; N, 2.33. Found: 0, 52.05; H, 7.41; N, 2.37.

tert-Buty\ 1,2-dihydronaphthalene-l-carboxylate [42]

N2 was bubbled through a solution of 41 (750 mg, 1.3 mmol) in dry toluene (20 ml) for 

10 mins. Tetrakis(triphenylphosphine)palladium(O) (290 mg, 0.25 mmol) was added and 

the solution was heated to 50 °0 under N2 for 3 h. The solvent was then removed under 

vacuo and purification by flash chromatography (EtOAc-hexane, 0->5 %) afforded 42 

(210 mg, 73 %) as a clear oil: R/=  0.3 (EtOAc-Hexane = 5%); ^H NMR, 5h (400 MHz, 

CDCI3) 7.75 (d, 1 H, C8-H, J=  8.4 Hz), 7.20-7.48 (m, 3 H, C7, C6 , C5), 6.74 (d, 1 H, C4- 

H, y  = 9.0 Hz), 6.18-6.26 (m, 1 H, C3-H), 4.66-4.70 (m, 2 H, C2 -H2), 1.75 (s, 9 H, 

OCiCH})}); "C  NMR, 5c (100 MHz, CDCI3) 156.5 (C=0), 132.2 (C5), 130.1 (C7), 128.8 

(Cl), 126.5 (CIO), 125.8 (C9), 125.5 (C8), 124.2 (C2), 121.0 (C6 ), 82.5 (C(CHs)3), 41.7 

(C3), 29.3 (C(CH3)3); MS (ES+) m/z: 232 [(M+H), 5%], fragment [142, 100%]; Anal. 

Calcd. for CMHiyNO]: C, 72.70; H, 7.41; N, 6.06. Found: C, 72.80; H, 7.47; N, 6.10.

tert-Butyi 3-hydroxy-l,2,3,4-tetrahydroquinolme-l-carboxylate [43]

A solution of freshly distilled THF (1 ml) and BH3.SMe2 (157 pi, 1.65 mmol) was cooled 

to 0 °C under argon. To this was added a solution of 46 (190 mg, 0.83 mmol) in freshly
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distilled THF (1 ml) and the mixture was stirred at 0 °C for 4 h. The mixture was then 

allowed to warm to roon temperature and H2O (1.5ml) and NaB0 3 .4 H2 0  (320 mg, 2.1 

mmol) was added and the solution was stirred vigorously for 18 h. After 18 h the two 

phases were sperated and the aqueous layer extracted with ether ( 3 x 5  ml), dried 

(MgS0 4 ), filtered and concentrated in vacuo. Purification by flash chromatography (15 % 

EtOAc-hexane) afforded a inseparable mixture of 47a/b (140 mg, 69 %) as a clear oil: Rf  

= 0.23 (EtOAc-Hexane = 20 %); MS (FAB"") m/z: 272 [(M+Na), 15 %], 250 [(M+H), 35 

%], fragments [232, 56 %], [142, 100 %].

^er^Butyl A“(5-benzyloxy-2-bromophenyl)-A-(3-(tributylstannylpropen-2-yl) 

carbamate [45]

24 (700 mg, 1.9 mmol) was stirred in dry DMF (10 ml) and sodium hydride (223 mg, 

5.57 mol) was added. After 15 mins, the supension was treated with Z-l-tributylstannyl- 

3-bromopropene (2.28 g, 5.57 mmol) in dry DMF (10 ml) and the resulting solution was 

stirred at 25 °C for 16 h. The solution was concentrated and water (10 ml) was added. The 

aqueous solution was extracted with EtOAc (3 x 10 ml), and the organic layers were 

combined, dried (MgS0 4 ), filtered and concentrated. Flash Chromatography (EtOAc- 

hexane, 0 ^ 3  %) afforded 45 (1.15 g, 93 %) as a yellow oil: Rf =  0.65 (EtOAc-Hexane = 

1 0 %); 'H  NMR, Sh (400 MHz, CDCb) 7,32-7.64 (m, 7 H, ArH, C4-H, C6 -H), 6.84 (d, 1 

H, C3-H, J =  8.4 Hz), 6.53-6.67 (m, 1 H, CH2C7/=CH), 5.91 (d, 1 H, CHzCH^CTf, J  =

12.4 Hz), 5.04 (s, 2 H, OCH2), 4.55 (dd, 1 H, CH=CHC%, 4.8, 12.4 Hz), 3.66 (dd, 1 

H, CH=CHC%, J=  4.8, 14 Hz), 1.38 (s, 9 H, OC(CH^)i), 1.10-1.25 (m, 12 H, CH2 x 6 ), 

0.82-0.92 (m, 9 H, CH3 x 3), 0.64-0.75 (m, 6 H, CH2 x 3); '^C NMR, Sc (100 MHz, 

CDCI3) 163.2 (C5), 156.4 (C=0), 145.5 (Cl), 142.8 (C l’), 136.9 (C3), 132.4 

(CH2CH=CH), 128.6 (C3’, C5’), 127.2 (C4’), 126.5 (C2’, C6 ’), 122.7 (C4), 118.4 

(CH2CH=CH), 1 10.0 (C5), 102.5 (C2 ), 82.6 (OCH2), 71.1 (C(CH3)3), 53.4 (CH2CH CH ),

30.8 (C(CH3)3), 28.7 (CH2 x3), 25.3 (CH; x3), 15.7 (CH3 x 3), 10.3 (CH; x 3); MS (ES^ 

m/z: 708, 710 [(M+H), 20%, 18%], fragments [(650, 652), 40%, 40%], [(332, 334), 40%, 

40%], [142, 100%]; Anal. Calcd. for C33H5oBrN0 3 Sn: C, 56.03; H, 7.12; N, 1.98. Found: 

C, 56.13; H, 7.17; N, 2.04.

tert-^nty\ 7-benzyloxy-l,2-dihydronaphthalene-l-carboxylate [46]
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N] was bubbled through a solution of 45 (1.15 g, 1.63 mmol) and dry toluene (10 ml) for 

10 mins. Tetrakis(triphenylphosphine)palladium(O) (380 mg, 0.33 mmol) was added and 

the solution was heated to 50 °C under N2 for 3 h. The solvent was then removed under 

vacuo and purification by flash chromatography (EtOAc-hexane, 0-^5%) afforded 46 

(392 mg, 72 %) as a pale yellow oil: Rf =  0.36 (EtOAc-Hexane = 10%); NMR, Ôh (400 

MHz, CDCI3) 7.28-7.48 (m, 6 H, ArH, C5-H), 6.96 (d, 1 H, C8-H, J=  8.4 Hz), 6 .68  (dd, 

1 H, C6 -H, J =  2.8, 8.4 Hz), 6.32-6.36 (m, 1 H, C4-H), 5.84 (dt, 1 H, C3-H, J =  8 .6 , 4 

Hz), 5.08 (s, 2 H, OCH2), 4.32 (dd, 2 H, C2 -H2, / =  1.6, 4 Hz), 1.52 (s, 9 H, OC{CHi)i)\ 

NMR, ÔC (100 MHz, CDCI3) 158.4 (C7), 153.2 (C=0), 140.6 (C l’), 136.5 (Cl),

130.1 (C3’, C5’), 128.8 (C4’), 127.5 (C2’, C6 ’), 127.4 (C4), 126.7 (C6 ), 122.0 (C3),

120.5 (C5), 112.2 (C7), 110.9 (C8), 82.7 (OCH2), 70.4 (C(CH3)3), 46.2 (C2 ), 28.5 

(C(CH3)3); m s (E S i m/z\ 338 [(M + H) 10%], fragments [249 ,50%], [142 ,100%]; Anal. 

Calcd. for C21H23NO3: C, 74.75; H, 6.87; N, 4.15. Found: C, 74.80; H, 6.89; N, 4.19.

tert-Buty\ 7-benzyloxy-3-hydroxy-l,2,3,4-tetrahydroisoquinoline“l-carboxylate [47]

A solution of fi-eshly distilled THF (1 ml) and BH3.SMe2 (158 pi, 1.7 mmol) was cooled 

to 0 °C under argon. To this was added a solution of 46 (370 mg, 1.1 mmol) in fi-eshly 

distilled THF (1 ml) and the mixture was stirred at 0 °C for 4 h. The mixture was then 

allowed to warm to roon temperature and H2O (1.5 ml) and NaB0 3 .4 H2 0  (428 mg, 

1.7mmol) was added and the solution was stirred vigorously for 18 h. After 18 h the two 

phases were sperated and the aqueous layer extracted with ether ( 3 x 5  ml), dried 

(MgS0 4 ), filtered and concentrated in vacuo. Purification by flash chromatography (10 % 

EtOAc-hexane) afforded an inseparable mixture of 47a/b (250 mg, 64 %) as a clear oil: Rf  

= 0 .2  (EtOAc-Hexane = 10%); MS (FAB") m/z: 378 [(M + Na), 30 %], 355 [(M + H), 50 

%] fragments [282, 100  %].

tert-Butyl A-(naphthalen-2 -yl)earbamate [60]

A solution of 2-naphthoic acid (100 mg, 0.58 mmol) in t-BuGH (33 ml) was treated with 

Et3N (100 pi, 0.70 mmol) and 1 g of 4 X molecular sieves. Diphenylphosphoryl azide 

(150 pi, 0.70 mmol) was added, and the reaction mixture was warmed at reflux for 14 h 

until no starting material showed by TLC. The mixture was cooled to 25 °C and the 

solvent removed under vacuo. The residue was dissolved in EtOAc and the organic phase
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was washed with 10% aqueous HCl (3 x 15 ml), dried with MgS0 4 , filtered and 

concentrated in vacuo. Purification by flash chromatography (10 % EtOAc-hexane) 

afforded 60^^  ̂(108 mg, 77 %) as a pale yellow solid: R/=  0.65 (EtOAc-Hexane = 30%); 

Melting point 92-94 °C; NMR, Ôh (400MHz, CDCI3) 8.04 (br s, 1 H, Cl-H), 7.62-7.80 

(br m, 3 H, C8-H, C3-H, C4-H), 7.44 (td, 1 H, C7-H, J=  6.4, 1.6 Hz), 7.36 (td, 1 H, C6 - 

H, y  = 6.4, 1.6 Hz), 7.32 (dd, 1 H, C5-H, J  = 1.6, 6.4 Hz), 6.65 (br s, 1 H, NÆBoc), 1.56 

(s, 9 H, 0 0 (0 7 /3)3); ’^0 NMR, ÔC (100 MHz, ODOI3) 153.2 (0=0), 136.6 (01), 134.9 

(03), 130.2 (08), 129.5 (09), 127.6 (07), 127.5 (08), 126.5 (05), 124.5 (04), 119.8 (06),

114.5 (OlO), 81.4 (C(0 H3)3), 28.5 (0 (0 1 3 )3); MS (FAB^) m/z: 243 [(M^), 15 %], 

fragments [187, 45 %], [135, 100 %]; Anal. Oalcd. for O15H17NO2: 0, 74.05; H, 7.04; N, 

5.76. Found: 0, 74.28; H, 7.21; N, 5.70.

2-Naphthylamine [61]

Compound 60 (1.5 g, 6.2 mmol) was dissolved in EtOAc (10 ml) to which was added 4 M 

HOl-EtOAc (20 ml). The reaction mixture was stirred for 30 mins. The resulting solution 

was then diluted with sodium hydrogen carbonate (50 ml) and extracted with EtOAc (3 x 

30 ml). The combined organic layers were dried (MgS0 4 ), filtered and concentrated. The 

mixture was then recrystallised from 20 % EtOAc-hexane to afford 61 (740 mg, 84 %) as 

pale brown crystals: R/=  0.18 (EtOAc-Hexane = 30%); Melting point 107-110 °0, Lit 

108-110  “C"''*; 'H NMR, 8» (400 MHz, CDCI3) 7.71 (d, 1 H, C5-H, J=  6 .8  Hz), 7.67 (d, 

IH, C4-H, / =  6 .8  Hz), 7.60 (d, 1 H, C8 -H, J =  7.2 Hz), 7.38 (td, 1 H, C7-H, 7  = 6 .8 , 1.2 

Hz), 7.24 (td, 1 H, C6 -H, y  = 1.2, 6 .8  Hz), 6.99 (d, 1 H, Cl-H, / =  1.6 Hz), 6.95 (dd, 1 H,

03-H, J  = 1.6, 6 .8  Hz), 3.46 (br s, 2 H, NH2); "C  NMR, 8c (lOOMHz, CDCI3) 145.4 

(C2 ), 135.7 (CIO), 129.5 (C4), 127.8 (C5), 127.5 (C6 ), 126.3 (C8), 125.9 (C9), 122.5 

(C7), 117.0 (C3), 109.2 (Cl); MS (FAB+) m/z: 143 [(IVC), 100 %]; Anal. Calcd for 

C10H9N: C, 83.88; H, 6.34; N, 9.78. Found: C, 84.02; H, 6.46; N, 9.66.

l-Bromo-2-naphthylamine [62]

A mixture of 61 (100 mg, 0.70 mmol), TsOH (48 mg, 0.28 mmol) and THF (6  ml) was 

stirred and cooled to 0 °0. To the resulting mixture NBS (125 mg, 0.56 mmol) and THF 

(6  ml) was added and allowed to warm to 25 °0. The mixture was stirred for 3 h after 

which additional NBS (31 mg, 0.14 mmol) was added and stirred for a further hour until
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no starting material appeared by TLC. The mixture was diluted with 10% aqueous 

NaHCO] and extracted with CHCI3 (3 x 20 ml). The organic layers were combined, dried 

with MgS0 4 , filtered and concentrated. The residue was purified by flash 

chromatography (30 % EtOAc-hexane) to afford 62 (110 mg, 59 %) as a pale brown oil: 

R f=  0,31 (EtOAc-Hexane = 20%); Melting Point 63.7-64.7 °C, Lit 63 -  64 “0 '“’; 'H 

NMR, 8 h (400 MHz, CDCI3) 8.04 (dd, 1 H, C8-H, J=  1.2, 8.4 Hz), 7.68 (dd, 1 H, C5-H, 

/ =  1.2, 8.0 Hz), 7.62 (d, 1 H, C4-H, 8.4 Hz), 7.50 (td, 1 H, C7-H, J=  8.4, 1.2 Hz),

7.28 (td, 1 H, C6 -H, J =  8.0, 1.2 Hz), 7.00 (d, 1 H, C3-H, J =  8.4 Hz), 4.42 (br s, 2 H, 

NH2); "C  NMR, 8c (lOOMHz, CDCI3) 142.4 (C2), 133.8 (CIO), 129.3 (04), 128.7 (05),

127.5 (06), 125.2 (08), 123.4 (09), 118.7 (03), 104.1 (01); MS (FAB’̂  m/r. 221, 223 

[(M^, 85%, 85%], fragments [121, 100 %]; Anal. Oalcd. for OioHgBrN; 0, 54.08; H, 

3.63; N, 6.31. Found: 0, 54.08; H, 3.75; N, 6.26.

di-^er^Butyl (l-bromo-2-naphthyl) carbamate [63]

A mixture of 62 (100 mg, 0.37 mmol), DCM (5 ml), (Boc)2 0  (219 mg, 1.00 mmol), EtgN 

(62 pi, 0.45 mmol) and catalytic DMAP (5.0 mg, 0.04 mmol) was prepared. The reaction 

was refluxed at 50 °C for 24 h. The resulting mixture was washed with H2O ( 2x 1 0  ml), 

5% HCl (10 ml) and finally again with H2O (10 ml). The organic layers were combined, 

dried (MgS0 4 ), filtered and concentrated. The reaction was purified by flash 

chromatography (50% DCM-hexane) to afford 63 (125 mg, 72 %) as a white solid: Rf = 

0.43 (EtOAc-Hexane = 20%); Melting point 109.5-111.5 °C; NMR, 5h (400 MHz, 

CDCI3) 8.32 (d, 1 H, C3-H, / =  7.6 Hz), 7.86 (d, 1 H, C4-H, 7  = 8.0 Hz), 7.82 (d, 1 H, 

C8 -H, J=  8.0 Hz), 7.52-7.68 (m, 2 H, C6 -H, C7-H), 7.32 (d, 1 H, C5-H, J=  8.0 Hz), 1.54 

(s, 18 H, (0 C(C^3)3)2); ^̂ C NMR, 6c (100 MHz, CDCI3) 150.5 (C=0 x 2), 137.8 (C2),

134.4 (CIO), 132.5 (C4), 128.4 (C5), 128.2 (C6), 128.6 (C8), 127.5 (C9), 123.4 (C7),

100.8 (Cl), 82.5 (C(CH3)3 x 2), 28.8 (C(CH3)3 x 2); MS (FAB^ m/z\ 444, 446 [(M + 

N a)\ 33%, 36%], 422, 424 [(M + H)^, 5 %], fragments [310, 312, 49%, 55%], [288, 290, 

100%, 99%]; Anal. Calcd for C2oH24BrN0 4 : C, 56.88; H, 5.73; N, 3.32. Found: C, 56.90; 

H, 5.82; N, 3.38.

tert-Butyl-(l-bromo-2-naphthyl) carbamate [64]
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A solution of TFA (32 fil, 0.42 mmol) in DCM (4 ml) was added to 63 (100 mg, 0.2 

mmol) and stirred for 45 mins until reaction complete by TLC. The mixture was 

concentrated and recrystallised from hexane to afford 64 (26 mg, 34 %) as white crystals: 

Rf=  0.78 (EtOAc-Hexane = 20%); Melting point 85.8-87 °C; NMR, 5h (400 MHz, 

CDCI3) 8.36 (d, 1 H, C8 -H, J=  9.2 Hz), 8.16 (d, 1 H, C3-H, 7  = 9.2 Hz), 7.82-7.96 (m, 2 

H, C5-H, C4-H), 7.56 (t, 1 H, C7-H, 9.2 Hz), 7.44 (t, 1 H, C6 -H, J=  9.0 Hz), 7.32 (br

s, 1 H, N/ffiOC), 1.55 (s, 9 H, (0 C(C%)3)2); "C  NMR, 5c (100 MHz, CDCb) 153.6 

(C=0), 135.2 (C2), 132.4 (CIO), 130.7 (C5), 127.5 (C4), 127.4 (C6 ), 127.2 (C8), 125.0 

(C9), 120.1 (Cl), 80.6 (C3), 67.5 (C(CH])3), 29.2 (C(CH3)3); MS (FAS'") m/z: 321, 323 

[(M^), 30%, 30%], fragments [266, 268, 98%, 100%], [221, 223, 30%, 29%]; Anal. 

Calcd. for CisHieBrNOi: C, 55.92; H, 5.01; N, 4.35. Found: C, 56.06; H, 5.17; N, 4.27.

tert-ButyX A-(l-bromo-2-naphthyl)-A-(3-chloroprop-2-enyl) carbamate [65]

A solution of 64 (50 mg, 0.14 mmol) and DMF (5 ml) was cooled to 0 °C to which NaH 

(10 mg, 0.4 mmol) was added. The resulting mixture was stirred for 15 mins and 1,3- 

dichloropropene (38 pi, 0.41 mmol) was added. The mixture was allowed to warm to 25 

°C and stirred for 2 h. The mixture was then concentrated and the residue was purified by 

flash chromatography (10 % EtOAc-hexane) to afford 65 (56 mg, 93 %) as a clear film: 

R/= 0.67 (EtOAc-Hexane =10%); ^H NMR, Ôh (400 MHz, CDCI3) 8.35 (d, 1 H, C3-H, J  

= 8.4 Hz), 7.82-7.87 (m, 1 H, C4-H), 7.78 (dd, 1 H, C8-H, J=  2.2, 8.4 Hz), 7.55-7.65 (m, 

2 H, C6 -H, C7-H), 7.27 (dd, 1 H, C5-H, J  = 2.2, 8.4 Hz), 6.05-6.14 (m, 2 H, 

CYi2CH=CH), 4.60 (dd, C//2CH=CH, J  = 3.6, 15.6 Hz), 4.52 (dd, C i/2CH=CH, J=  6.4,

15.6 Hz), 4.40 (dd, C i/2CH=CH, J=  4.4, 16.0 Hz), 3.98 (dd, C//2CH=CH, J=  7.2, 15.6 

Hz), 1.35, 1.52 (s, s, 9 H, (OC(C//3)3)2); ^̂ C NMR, 5c (lOOMHz, CDCI3) 153.6 (C=0 ),

147.8 (C2), 133.2 (CIO), 128.3 (CH2CH=CH2C1), 127.8 (C5), 127.3 (C4), 127.8 (C8),

126.5 (C9), 123.2 (C7), 121.2 CH2CH=CH2C1), 117.3 (C3), 102.4 (Cl), 73.2 (C(CH3)3),

51.8 ( Œ 2CH=CH2C1), 28.6 (C(CH3)3); MS (EŸ) m/z: 396, 398, 400 [(M + H)^ 4%, 5%, 

2%], fi-agments [382, 384, 286, 15%, 20%, 7%], [339, 341, 343, 70%, 100%, 29%]; Anal. 

Calcd for C]gHi9BrClN0 2 : C, 54.50; H, 4.83; N, 3.53. Found: C, 54.80; H, 5.06; N, 3.52.

3-(tei*t-Butoxycarbonyl)-l-(chloromethyl)-l,2dihydro-3H-beiiz[e]indole [6 6 ]
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A  mixture of 65 (55 mg, 0.12 mmol) and AIBN (8.0 mg, 0.05 mmol) was prepared to 

which dry toluene (5 ml) was added. The mixture was degassed for 15 mins with N] and 

then heated to 90 °C. BugSnH (65 pi, 0.25 mmol) was added to the mixture in four 

portions over 1 h and the resulting mixture was stirred for a further hour. The mixture was 

then concentrated and purified by Flash Chromatography (10 % EtOAc-hexane) to afford 

66  (34 mg, 87 %) as a pale yellow oily film: R/=  0.66 (EtOAc-Hexane = 10%); Melting 

point 106.9-108 °C; 'H  NMR, 5h (400MHz, CDCI3) 7.72-7.84 (m, 4 H, C3-H, C4-H, C5- 

H, C8-H), 7.56 (t, 1 H, C6 -H, 7  = 8.0 Hz), 7.36 (t, 1 H, C7-H, 7 =  8.0 Hz), 4.29- 4.38 (m, 

1 H, C2-HH), 4.12 (dd, 1 H, C2-HH, 7 =  3.2, 8.0 Hz), 4.02-4.08 (m, 1 H, CICHH), 3.96 

(dd, 1 H, CIHH, 7 =  2.8, 8.0 Hz), 3.76 (m, 1 H, C3-H), 1.62 (s, 9 H, (0 0 (0 7 /3)3)2); "O 

NMR, 5c (lOOMHz, ODOI3) 150.5 (0=0), 131.7 (013), 130.8 (05), 130.6 (09), 128.2 

(010), 127.5 (O il), 126.5 (07), 124.8 (06, 08), 123.0 (012), 115.1 (04), 80.0 (C(OH3)3),

54.4 (OIOH2), 47.3 (02), 42.7 (03) 27.1 (0 (0 1 3 )3); MS (FAB+) m/z: 317, 319 [(IvT), 

25%, 8 %], fragments [262, 264, 100%, 30%]; Anal. Calcd for C18H20CINO2: C, 68.03; H, 

6.34; N, 4.41. Found: C, 68.13; H, 6.40; N, 4.48.

l-Chloromethyl-3-((5-methoxyindole-2-carbonyl)-l,2-dihydro-3Ff-benz[e] indole [67]

A solution of 6 6  (100 mg, 0.32 mmol) in 10 ml of 4 M HCl-EtOAc was stirred at 25 °C 

for 1 h. The solvent was removed under vacuo and 5-methoxyindole-2-carboxylic acid 

(54 mg, 0.28 mmol) and EDCI (176 mg, 0.92 mmol) were dissolved in anhydrous DMF 

(10 ml), and the mixture was stirred at 25 °C for 16 h. The solvent was removed under 

vacuum, and the residue was dissolved in THF (4 ml) and loaded directly onto a silica gel 

column. Purification by flash chromatography (EtOAc-hexane, 10->40 %) provided 67 

(50 mg, 41%) as a white solid: R/=  0.2 (EtOAc-Hexane =20%); Melting point 221-223 

°C; 'H NMR, 5h (400 MHz, CDCI3) 11.67 (br s, 1 H, NH), 8.42 (d, 1 H, C9-H, 7 =  8.8  

Hz), 8.04 (d, 1 H, C8 -H, 7 =  8.8  Hz), 7.96 (d, 1 H, C7-H, 7 =  8 .8  Hz), 7.92 (d, 1 H, C4-H, 

7 =  9.2 Hz), 7.58 (td, 1 H, C6 -H, 7 =  8 .8 , 1.2 Hz), 7.46 (td, 1 H, C5-H, 7 =  8.4, 1.2 Hz), 

7.40 (d, 1 H, C7’-H, 7 =  8 .8  Hz), 7.16 (d, 1 H, C3’-H ,7 =  2.4 Hz), 7.12 (d, 1 H, C4’-H, 7 

= 2.4 Hz), 6.94 (dd, 1 H, C6 ’-H, 7 =  2.4, 8.8  Hz), 4.84 (dd, 1 H, C2’-HH; 7  =9.6, 11.8 

Hz), 4.62 (dd, 1 H, C2’-HH, 7 =  2.4, 11.6 Hz), 4.36-4.44 (m, 1 H, C3-H), 4.10 (dd, 1 H, 

C1C/ÏH, 7 =  3.2, 11.2 Hz), 3.96 (dd, 1 H, CICHH, 7 =  6 .8 ,11.2 Hz), 3.84 (s, 3 H, OC//3); 

"C  NMR, Sc (100 MHz, CDCI3) 164.6 (C=0 ), 157.2 (C6 ’), 140.6 (C13), 138.5 (C2’),
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136.6 (C9’), 133.6 (C5), 132.7 (C4’), 127.8 (C9), 127.4 (C7), 126.4 (C ll), 124.6 (C7),

121.0 (C8), 120.4 (C6), 118.6 (C12), 117.0 (C3’), 113.4 (C4), 111.2 (C8 ’), 106.6 (C5’),

106.2 (C7’), 56.0 (OCH3), 48.2 (CH2CI), 45.0 (Cl), 42.4 (C2); MS (FAB*) m/z: 391, 393 

[(M + H)*, 90%, 23%], fragments [259, 261, 60%, 17%], [251, 100%]; Anal. Calcd. for 

C23H 19CIN2O2: C, 70.68; H, 4.90; N, 7.17. Found: C, 70.83; H, 4.84; N, 7.03; FABHRMS 

m/z: 391.1213 [C23H 19CIN2O2 + H* requires 391.1232].

ter^Butyl A^-(4-hydroxy-2-naphthyl) carbamate [68]

Naphthalene-1,3-diol (3.00 g, 18.7 mmol) and 4-methoxybenzylamine (3.30 ml, 22.8 

mmol) were refluxed under argon in anisole/benzene (1:2; 45 ml) in a Dean Stark 

apparatus. After collection of water had ceased (~3 h) the apparatus was converted for 

normal reflux, 5% H2SO4/ TFA (75 ml) was added and reflux under argon was continued 

until TLC indicated no starting material remained (~2 h). After cooling to room 

temperature, the mixture was poured into EtOAc and extracted with 1:1 conc. NH4OH/ 

brine making sure the aqueous layer pH was at least 10. The organic layer was dried 

(MgS0 4 ) and concentrated under reduced pressure, and the resulting crude product was 

heated to 100 °C with di-tert-butyl dicarbonate (16.3 g, 75.0 mmol) in 150 ml of dioxane 

under argon until TLC indicated complete reaction (~48 h). The solvent was removed 

under reduced pressure, and the residue was partitioned between EtOAc and brine. The 

aqueous layer was extracted with EtOAc (3 x 40 ml) and the combined organic layers 

were dried (MgS0 4 ), filtered and evaporated and the residue was chromatographed on 

silica gel. Elution with EtOAc-hexane (0->30 %) gave 68  (1.64 g, 34 %) as a yellow 

solid: Rf=  0.34 (EtOAc-Hexane = 10%); Melting point 151-153 °C; NMR, 5h (400 

MHz, CDCI3) 7.76 (d, 1 H, C8 -H, J=  6.4 Hz) 7.72 (s, 1 H, Cl-H), 7.64 (d, 1 H, C5-H, J  

= 6.4 Hz), 7.36 (t, 1 H, C7-H, J =  6.4 Hz), 7.34 (t, 1 H, C6 -H, / =  6.4 Hz), 7.26 (s, 1 H, 

NH), 6.52 (s, 1 H, C3-H), 1.52 (s, 9 H, (OC(CH3)3)2); "C NMR, 8c (100 MHz, CDCI3)

152.5 (C=0), 152.2 (C4), 147.5 (C2), 135.4 (CIO), 134.9 (08), 127.5 (09), 127.1 (07),

125.8 (06), 124.6 (05), 120.5 (01), 84.4 (03), 70.1 (C(OH3)3), 27.5 (0(CH3)3); MS (ES*) 

m/z: 282 [(M + Na)*, 100%], 259 [(M)*, 35 %], fragments [203, 85 %]; Anal. Oald for 

O15H17NO3: 0, 69.48; H, 6.61; N, 5.40. Found: 0,69.38; H, 6 .6 8 ; H, 5.40.

tert-Buty\ A-(4-benzyloxy-2-naphthyl) carbamate [69]
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N2 was bubbled through a solution of dry DMF (5 ml) and K2CO3 (0.54 mmol, 75 mg) for

15 mins. To this was added a solution of 68  (100 mg, 0.39 mmol) in dry DMF (5 ml), 

which N2 was also bubbled through for 15 mins. To this dry mixture were added BnBr 

(0.46 mmol, 55 ju l)  and n-Bu4NI (0.004 mmol, 2 mg). This final mixture was stirred for

16 h under N2 until it appeared complete by TLC. The solvent was removed under vacuo 

and the resulting crude compound was purified by flash chromatography (EtOAc-hexane, 

0 ^ 2 0  %) to give 69 (132 mg, 98 %) as a white solid: Rf=  0.42 (EtOAc-Hexane = 10%); 

Melting Point 136.1-136.9 °C, Lit 137.5 NMR, 5h (400 MHz, CDCI3) 8.22 (d, 1

H, C8 -H, y  = 6.4 Hz), 7.68 (d, 1 H, C5-H, 6.4 Hz), 7.52 (d, 2 H, C3’-H, C5’-H, J  =

6.4 Hz), 7.36-7.48 (m, 4 H, Cl-H, C7-H, C2’-H, C6 ’-H), 7.28-7.34 (m, 2 H, C4’-H, C6 - 

H), 7.04 (s, 1 H, C3-H), 6.64 (s, 1 H, NTT), 5.25 (s, 2 H, OCFfzCaHg), 1.55 (s, 9 H, 

OC(Ci/3)3); ^̂ C NMR, ÔC (100 MHz, CDCI3) 155.4 (C4), 153.6 (C=0), 137.1 (C2), 136.7 

(CL), 135.5 (CIO), 128.5 (C3% C5’), 128.9 (C4’), 127.5 (C2% C6 ’), 127.2 (C8), 126.8 

(C9), 124.4 (C6 ), 122.5 (C7), 122.2 (C5), 107.0 (Cl), 99.5 (C3), 81.1 (OCH2), 70.9 

(C(CH3)3), 28.4 (C(CH3)3); m s (ES^) m/z: 350 [(M + H)^ 70 %], fragments [294, 100 

%]; Anal. Calcd for C22H23NO3 : C, 75.62; H, 6.63; N, 4.01. Found: C, 75.60; H, 6.65; N, 

3.84.

tert-^Mty\ A-(4-benzyloxy-l-iodo-2-naphthyl) carbamate [70]

A mixture of 69 (130 mg, 0.37 mmol), TsOH (27 mg, 0.15 mmol) and THF (5 ml) was 

stirred and cooled to 0 °C. To the resulting mixture NIS (83 mg, 0.37 mmol) and THF (5 

ml) was added and allowed to warm to 25 °C. The mixture was stirred for 16 h. The 

mixture was diluted with 10 % aqueous NaHC0 3  (20 ml) and extracted with CHCI3 (3 x 

20 ml). The organic layers were combined, dried with MgS0 4 , filtered and concentrated. 

The residue was purified by flash chromatography (10 % EtOAc-hexane) to afford 70 (97 

mg, 55 %) as a pale yellow oil: R /= 0.73 (EtOAc-Hexane =30%); Melting point 114.4-

116.5 °C, Lit 111-112 ’H NMR, 5h (400 MHz, CDCI3) 8.24 (d, 1 H, C8 -H, J=  8.8  

Hz), 8.04 (d, 2 H, C5-H, C3-H, J =  9.0 Hz), 7.52-7.60 (m, 3 H, C7-H, C3’-H, C5’-H), 

7.36-7.48 (m, 4 H, C6 -H, C2’-H, C4’-H, C6 ’-H) 7.32 (s, 1 H, NFQ, 5.34 (s, 2 H, 

OCHiCe^s), 1.60 (s, 9 H, 0 0 ( 0 % ) ;  ^̂ C NMR, 5c (100 MHz, CDCI3) 156.4 (C4), 153.6 

(C=0), 152.1 (C2), 138.4 (C l’), 136.6 (CIO), 134.8 (C3% C5’), 131.2 (C4’), 128.7 (C2’,
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C6 ’), 128.6 (C9), 128.1 (C8 ), 127.8 (C7), 124.4 (C6 ), 123.8 (C5), 100.5 (C3), 82.8 

(0CH2), 75.2 (Cl), 70.6 (C(CH3)3), 28.1 (C(CH3)3); FAB MS m/z: 475 [(M^, 90 %], 

fragments [419, 55 %], [293, 100 %]; Anal. Calcd for C22H22INO2: C, 55.59; H, 4.67; N, 

2.95. Found: C, 55.50; H, 4.60; N, 2.80.

A^-(/ert-Butoxycarbonyl)-A^-(3-chloro-2-propen-l-yl)-4-(benzyloxy)-l-iodo-2- 

napbthylamine [71]

A solution of 70 (55 mg, 0.12 mmol) and DMF (5 ml) was prepared and N2 was bubbled 

through it for 15 mins. This mixture was then cooled to 0 °C and NaH (8 mg, 0.35 mmol) 

was added. The resulting mixture was stirred for 15 mins and 1,3-dichloropropene (48 pi, 

0.52 mmol) was added. The mixture was allowed to warm to 25 °C and stirred for 3 h. 

The mixture was then concentrated. H2O (20 ml) was added to the concentrate and 

extracted with EtOAc (3 x 20 ml). The combined organic layers were dried with MgS0 4 , 

filtered and concentrated. The mixture was concentrated and the residue purified by flash 

chromatography (10% EtOAc-hexane) to afford (42 mg, 66  %) as a clear oil: Rf  = 

0.61 (EtOAc-Hexane = 30%); NMR, Ôh (400 MHz, CDCI3) 5 8.35 (d, 1 H, C5-H, J  =

7.2 Hz), 8.22 (d, 1 H, C8 -H, J=  7.2 Hz), 7.30-7.74 (m, 7 H, C6 -H, C7-H, Ar-H), 6.65 (s, 

1 H, C3-H), 5.08 (s, 2 H, OCH2), 4.44-4.64, 3.72-3.90 (m, m, 2 H, Œ 2CH=CH), 1.35 (s, 

9 H, 0 0 (0 7 / 3)3); ^^0 NMR, ÔC (100 MHz, ODOI3) 155.5 (04), 136.2 (02), 132.8 (0=0),

128.6 (01’), 128.5 (OlO), 128.4 (03’, 0 5 ’), 128.3 (09), 128.2 (04’), 128.1 (02’, 0 5 ’),

127.3 (08), 126.5 (0H2CH=0H201). 126.4 (07), 126.3 (06), 122.5 (0H20H=CH201),

107.8 (05), 95.6 (03), 80.0 (OOH2), 70.9 (0 1 ), 50.2 (CH2 0 H=0 H201), 24.1 (0 (0 1 3 )3); 

MS (ES^) m/z: 550, 552, [(M + H )\ 25%, 8%], fragments [494, 496, 100%, 37%], [368, 

370, 80%, 25%]; Anal. Oalcd for O25H25OIINO3: 0 , 54.61; H, 4.58; N, 2.55. Found: 0 , 

54.72; H, 4.91; N, 2.58.

5-(Benzyloxy)-3-(terr-butoxycarbonyl)-l-(chloromethyl)-l,2-dihydro-3/f-benz[e] 

indole [72]

A mixture of 71 (530 mg, 0.97 mmol) and AIBN (63 mg, 0.39 mmol) was prepared and 

dry toluene (30 ml) was added. The mixture was degassed for 15 mins with N2 and then
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heated to 90 °C. BusSnH (770 ^1, 2.9 mmol) was added to the mixture in four portions 

over 1 h and the resulting mixture was stirred for a further 2  h until the reaction appears 

complete by TLC. The mixture was then concentrated and purified by flash 

chromatography (DCM-hexane, 10->50 %) to afford 72'^* (280 mg, 69 %) as a pale 

yellow oil: 0.17 (EtOAc-Hexane = 10%); 'H  NMR, 5h (400 MNz, CDCI3) 8.32 (d, 1

H, C7-H, y  = 8.0 Hz), 7.95 (br s, 1 H, C9-H), 7.65 (d, 1 H, C4-H, J=  8.0 Hz), 7.48-7.56 

(m, 3 H, C5-H, 2 x Ar-H), 7.42-7.46 (m, 2 H, 2 x Ar-H), 7.32-7.40 (m, 2 H, Ar-H, C6 -H),

5.28 (s, 2 H, OC%Ar), 4.20-4.27 (m, 1 H, C3-H), 4.16 (dd, 1 H, C2-HH, J  = 6.4, 11.0 

Hz), 3.92-4.04 (m, 2 H, CICHH, C2-HH), 3.46 (dd, 1 H, CICHH, J=  4.0, 10.6 Hz), 1.56 

(s, 9 H, OCfCH])]); "C  NMR, 8c (100 MHz, CDCI3) 156.4 (C=0), 154.6 (C6 ), 136.9 

(C4), 130.2 (C l’), 129.1 (C12), 128.5 (C3’, C5’), 128.5 (C4’), 127.3 (C2’, C6 ’), 124.1 

(CIO), 123.5 (C8 ), 123.6 (C ll), 122.7 (C9), 109.4 (C7), 100.0 (C13), 95.8 (C5), 73.4 

(C(CH3)3), 53.5 (CHz), 45.5 (CH2), 42.0 (CH), 30.1 (C(CH3)3); MS (FAB+) m/z: 423,425 

[(M*), 30%, 13%], fragments [367, 369, 100%, 40%], [317, 55 %]; Anal. Calcd for 

C25H26CINO3: C, 70.83; H, 6.18; N, 3.30. Found: C, 70.72; H, 6.26; N, 3.26.

N-Boc-CBI [73]

72 (100 mg, 0.24 mmol), HCO2NH4 (aq) (1.5 ml), 10% Pd/C (55 mg) and THF (1 0  ml) 

were stirred together vigorously under an atmosphere of nitrogen for 16 h. The mixture 

was the diluted with EtOAc (10 ml), filtered on a celite pad and thoroughly washed with 

EtOAc. The crude mixture was dried (MgS0 4 ), filtered, concentrated and purified by 

flash chromatography (EtOAc-hexane, 0->30 %) to afford 73 (55 mg, 70 %) as a pale 

yellow solid: Rf=  0.31 (EtOAc-Hexane = 10%); Melting point 155.5-157.5 °C, Lit 155 

'H NMR, Sh (400 MHz, CDCI3) 8.20 (d, 1 H, C7-H, / =  8.0 Hz), 7.76 (br s, 1 H, 

C9-H), 7.64 (d, 1 H, C4-H, J  = 8.0 Hz), 7.52 (td, 1 H, C7-H, J  = 8.0, 1.2 Hz), 7.32 (td, 1

H, C6 -H, J  = 8.0, 1.2 Hz), 6.36 (br s, 1 H, OH), 4.08-4.28 (m, 2 H, C2-HH, C2-HH), 

3.88-3.96 (m, 1 H, CICHH), 3.72-3.78 (m, 1 H, ClHfl), 3.42 (t, 1 H, C3-H, y  = 10.4 Hz),

I.68 (s, 9 H, OC(CHi)i); '^C NMR, Sc (100 MHz, CDCI3): 158.4 (C=0), 148.6 (C ll),

143.1 (C l3), 137.5 (C5), 122.4 (C7), 121.2 (C8 ), 120.8 (C9), 118.5 (C6 ), 117.2 (CIO),

109.3 (C4), 100.5 (C12), 73.8 (C(CH3)3), 47.6 (CH2), 46.4 (CH2), 42.0 (CH), 29.5 

(C(CH3)3); MS (FAB*) m/z: 333, 335 [(M*), 15%, 4%], fragments [277, 279, 55%, 20%], 

[243, 100 %]; Anal. Calcd. for C18H20CINO3: C, 64.77; H, 6.04; N, 4.20. Found: C, 

64.85; H, 6.07; N, 4.25.
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CBI-MI [74]

A solution of 73 (55 mg, 0.17 mmol) in 4 ml of 4 M HCl-EtOAc was stirred at 25 °C for 

1 h. The solvent was removed under vacuo and 5-methoxyindole-2-carboxylic acid (29 

mg, 0.15 mmol) and EDCI (92 mg, 0.48 mmol) were dissolved in anhydrous DMF (4 ml) 

and the mixture was stirred at 25 °C for 16 h. The solvent was removed under vacuum, 

and the residue was dissolved in THF (3 ml) and loaded directly onto a silica gel column. 

Purification by flash chromatography (CHCls-MeOH, 0->3 %) provided 74 (40 mg, 60 

%) as yellow solid: Rf  = 0.56 (EtOAc-Hexane = 40%); Melting point 263-265 ®C; 

NMR, ÔH (400 MHz, CDCI3) 11.64 (s, 1 H, NH), 10.38 (br s, 1 H, C9-H) 8.14 (d, 1 H, 

C7-H, J=  8.4 Hz), 8.06 (s, 1 H, OH), 7.74 (d, 1 H, C7’-H, 7  = 8.4 Hz), 7.55 (t, 1 H, C5- 

H, J=  8.0 Hz), 7.48 (d, 1 H, C4-H, J=  8.4 Hz), 7.35 (t, 1 H, C6 -H, J=  8.0 Hz), 7.15 (d, 1 

H, C3’-H, 1.6 Hz), 7.05 (d, 1 H, C4’-H ,/=  1.6 Hz), 6.90 (dd, 1 H, C6 ’-H, J =  1.6, 8.4

Hz), 4.85 (t, 1 H, C2-H/7. J=  8.8  Hz), 4.22 (dd, 1 H, C2-HR, J=  2.4, 8.8  Hz ), 3.70-3.85 

(m, 6  H, OCH3, CICHR, CICYLH, C3-H); NMR, 5c (100 MHz, CDCI3) 164.4 (C=0),

156.2 (C6 ’), 148.2 (C ll), 143.4 (C l3), 136.8 (C2’), 136.4 (C9’), 133.6 (C5), 132.5 (C4’), 

125.1 (C7), 120.4 (C8), 120.2(C9), 117.0 (CIO), 116.0 (C3’), 112.5 (C8 ’), 107.9 (C5’),

106.6 (C4), 106.2 (C7’), 100.3 (C l2), 56.6 (OCH3), 49.6 (CH2CI), 44.4 (C2), 43.4 (C3); 

MS (FAB^) m/z: 406, 408, [(NT), 95%, 33%], 429, 431 [(M + Na)" 20%, 5%] fragments 

[223, 100  %]; Anal. Calcd. for C23H 19CIN2O3: C, 67.90; H, 4.71; N, 6.89. Found: C, 

67.98; H, 4.75; N, 6.87.

tert-Butyl A-(l-bromonaphthalen-2-yl)-A-(3-tributylstannylprop-2-enyI) carbamate 

[75]

64 (900 mg, 2.8 mol) was stirred in dry DMF (20 ml) and sodium hydride (202 mg, 8.41 

mol) was added. After 15 mins, the supension was treated with Z-l-tributylstannyl-3- 

bromopropene (3.5 g, 8.4 mol) in dry DMF (20 ml) and the resulting solution was stirred 

at 25 °C for 1.5 h. The solution was concentrated and water (20 ml) was added. The 

aqueous solution was extracted with EtOAc (3 x 20 ml) and the organic layers were 

combined, dried (MgS0 4 ), filtered and concentrated. Flash chromatography (EtOAc- 

hexane, 0->3 %) afforded 75 (1.05 g, 58 %) as a pale yellow oil: R / =  0.64 (EtOAc- 

Hexane = 10%); 'H NMR, 8 h (400 MHz, CDCI3) 8.32 (d, 1 H, C3-H, J =  8.0 Hz), 7.82 (d.
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1 H, C4-H, J=  8.0 Hz), 7.74 (d, 1 H, C8 -H, J=  8.0 Hz), 7.62 (t, 1 H, C7-H, y  = 8.0 Hz), 

7.52 (t, 1 H, C6 -H, J =  8.0 Hz), 7.24 (d, 1 H, C5-H, / =  8.0 Hz), 6.71-6.77 (m, 1 H,

CH2CH=CH), 5.92 (d, 1 H, CHzCH=CH, J  = 1.2 Hz), 4.78, 3.82 (dd, dd, 2 H,

C%CH=CH, J=  4.0,15.2 Hz, / =  8.0,15.2 Hz), 1.32 (s, 9 H, OC(C%)3), 1.16-1.28 (m, 6 

H, CHz), 1.02-1.14 (m, 6  H, CH;), 0.76-0.86 (m, 9 H, CHj), 0.56-0.64 (m, 6  H, CHz); "C  

NMR, ÔC (100 MHz, CDClj) 160.4 (C=0), 154.5 (C2), 144.8 (CHzCH^CH), 130.0 (CIO),

126.9 (04), 126.5 (05), 126.3 (06), 125.8 (08), 125.2 (09), 122.8 (07), 117.1 (03), 116.4 

(0 H2 0 H =Œ ), 103.8 (01), 80.9 (C(OH3)3), 55.5 (CH2 0 H=0 H), 29.0 (OH; x 3), 27.6 

(OH; X 3), 13.2 (OH3 X 3), 10.6 (OH; x 3); MS (ES^ m/z: 652 [(M+H), 3%)], fragments 

[(623, 625), 20%, 20%], [(535, 537), 30%, 29%], [180, 100%]; Anal. Oalcd. for

C3oH46BrN02Sn: C, 55.32; H, 7.12; N, 2.15. Found: C, 55.44; H, 7.18; N, 2.20.

tert-^utyl l,2-dihydrobenzo[/]qumoline-l-carboxylate [76]

N] was bubbled through a solution of 75 (1.0 g, 1.5 mol) and dry Toluene (20 ml) for 10 

mins. Tetrakis(triphenylphosphine)palladium(0) (356 mg, 0.31 mol) was added and the 

solution was heated to 50 °C under N2 for 2 h. The solvent was then removed under vacuo 

and purification by flash chromatography (EtOAc-hexane, 0->10 %) afforded 76 (320 

mg, 74 %) as a yellow oil: Rf=  0.45 (EtOAc-Hexane = 10%); NMR, Ôh (400 MHz, 

CDCI3) 8.04 (d, 1 H, CIO-H, J =  8.0 Hz), 7.78 (d, 1 H, C9-H, 8.0 Hz), 7.72 (d, 1 H,

C5-H, J=  8.4 Hz), 7.62 (d, 1 H, C8-H, J=  8.4 Hz), 7.55 (td, 1 H, C6 -H, 7  = 8.0, 1.6 Hz), 

7.42 (td, 1 H, C7-H, J=  8.0, 1.6 Hz), 7.28 (d, 1 H, C4-H, 7 =  8.4 Hz), 6.18-6.28 (m, 1 H, 

C3-H), 4.40-4.47 (m, 2 H, C2 -H2), 1.55 (s, 9 H, NMR (100 MHz, CDCI3)

155.8 (C=0), 135.5 (C14), 130.7 (C6 ), 129.4 (C l2), 128.3 (C4), 126.7 (CIO), 126.3 

(C ll), 125 (C8), 123.7 (C3), 122.6 (C9), 122.4 (C13), 122.2 (C15), 82.5 (C(CH3)3), 40.1 

(C2), 28.8 (C(CH3)3); m s (ES^) m/z: 282 [(M+H), 5%], fragments (224, 20%), (192, 

100%); Anal. Calcd. for CigHigNO]: C, 76.84; H, 6.81; N, 4.98. Found: C, 76.90; H, 

6.85; N, 5.01.

tert-^VLty\ 2-hydroxy-l,2,3,4-tetrahydrobenzo[/]quinolme-4-carboxylate [77]

A solution of BH3SMc2 (218 pi, 2.3 mmol) dissolved in 1.15 ml of freshly distilled THF 

was cooled to 0 °C. This solution was added to a mixture of 76 (320 mg, 1.2 mmol) in 

freshly distilled THF (2 ml) and stirred for 24 h at 0 °C. After 24 h the mixture was
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warmed to room temperature and H2O (1.5 ml) and NaB0 ].4 H2 0  (265 mg, 1.72 mmol) 

were added and the subsequent mixture stirred vigorously for 4 h. The two phases were 

then separated and the aqueous layer was extracted with diethyl ether ( 3 x 1 0  ml). The 

organic layers were combined, dried (MgS0 4 ), filtered and concentrated in vacuo. 

Purification by flash chromatography (EtOAc-hexane, 0->10 %) afforded 77 (100 mg, 

53%) as a white solid: R f =  0.14 (EtOAc-Hexane = 20%); Melting point 103.4-105.6 °C; 

'H NMR, 8 h  (400MHz, CDCI3) I M  (d, 1 H, C8 -H, / =  8.4 Hz), 7.80 (d, 1 H, C5-H, y  =

8.0 Hz), 7.72 (d, 1 H, C9-H, 7  = 8.4 Hz), 7.64 (d, 1 H, CIO-H, J =  8.4 Hz), 7.50 (td, 1 H, 

C6 -H, y  = 8.4, 1.2 Hz), 7.44 (td, 1 H, C7-H, y  = 8.0, 1.2 Hz), 4.42-4.48 (m, 1 H, C2-H), 

3.70-3.86 (m, 2 H, C3-/7H, C3-HH), 3.44 (dd, 1 H, Cl-HH, y  = 6 , 17.6 Hz), 3.12 (dd, 1

H, Cl-H/7, y =  6.0, 17.6 Hz), 2.12 (d, 1 H, OH, y  = 4.8 Hz), 1.54 (s, 9 H, OC(C%)3); '^C 

NMR, Sc (100 MHz, CDCI3) 156.0 (C=0), 144.4 (C14), 133.2 (C6 ), 126.8 (CIO), 126.4 

(C ll), 126.0 (C12), 125.5 (C8), 121.8 {Cl), 117.6 (C l3), 117.2 (C5), 77.0 (C3), 72.7 

(C(CH;)3), 62.1 (C2), 38.9 (C4), 28.5 (C(CH3)3); MS (ES+) m/z; 300 [(M+H), 15 %], 

fragments (242, 50%), (197, 100%); Anal. Calcd. for C18H21NO3: C, 72.22; H, 7.07; N, 

4.68. Found: C, 72.27; H, 7.10; N, 4.71.

êr/“Butyl 2-chloro-l,2,3,4-tetrahydrobenzo[f]qumolme-4-carboxylate [78]

77 (50 mg, 0.17 mmol) in fi-eshly distilled DCM (2 ml) was treated with a prepared 

solution of PPhs (0.67 mmol, 177 mg) and CCI4 (800 pi) in fi-eshly distilled DCM (2 ml) 

at 25 °C. After 16 h the solvent was removed in vacuo and the mixture was purified by 

flash chromatography to afford 78 (50 mg, 94 %) as a yellow film: Rf  = 0.272 (EtOAc- 

Hexane = 10%); 'H NMR, 8» (400 MHz, CDCI3) 7.74-7.86 (m, 2 H, C8 -H, C5-H), 7.70 

(d, 1 H, C9-H, y =  8 .8  Hz), 7.65 (d, 1 H, CIO-H, y =  8 .8  Hz), 7.49 (td, 1 H, C6 -H, y =  8 .8 ,

I.2 Hz), 7.44 (td, 1 H, C7-H, y  = 8 .8 , 1.2 Hz), 4.41-4.47 (m, 1 H, C3-H), 4.10 (dd, 1 H, 

C3-Hff, y  = 2.4, 13.2 Hz), 3.77 (dd, 1 H, C3-//H, J=  8.4, 13.2 Hz), 3.64 (dd, 1 H, C l- 

H R ,J=  6.4,17.6 Hz), 3.30 (dd, 1 H, Cl-H/7, J=  6.4,17.6 Hz), 1.45 (s, 9 H, OCiCHi)}); 

"C  NMR, Sc (100 MHz, CDCI3); 155.5 (C=0), 135.2 (C14), 133.6 (C6 ), 132.1 (CIO),

127.8 (C ll), 126.4 (C l2 ), 126.2 (C8), 125.6 (C9), 125.5 (C7), 124.8 (C l3), 118.6 (C5),

80.3 (C(CH3)3), 55.7 (C3), 50.6 (C2 ), 35.1 (C4), 27.8 (C(CH3)3); MS (ES'") m/z: 318, 320 

[(M+H), 10%], fragments [(261, 263), 35%, 10%], (226, 100%); Anal. Calcd. for 

C18H20CINO2: C, 68.03; H, 6.34; N, 4.41. Found: C, 68.12; H, 6.39; N, 4.47.

171



Experimental

W-(4-benzyloxy-l-iodonaphthalen-2-yl)-7V-(3-(tributylstannylpropen-2-yl) 

carbamate [79]

70 (880 mg, 1.85 mol) was stirred in dry DMF (20 ml) and sodium hydride (133 mg, 5.55 

mol) was added. After 15 mins, the suspension was treated with Z-l-tributylstannyl-3- 

bromopropene (2.27 g, 5.55 mol) in dry DMF (20 ml) and the resulting solution was 

stirred at 25 °C for 16 h. The solution was concentrated and water (20 ml) was added. The 

aqueous solution was extracted with EtOAc (3 x 20 ml) and the organic layers were 

combined, dried (MgS0 4 ), filtered and concentrated. Flash chromatography (EtOAc- 

hexane, 0->5 %) afforded 79 (1.26 g, 85 %) as a pale yellow oil: Rf= 0.4 (EtOAc-Hexane 

= 10%); NMR, Ôh (400 MHz, CDCI3) 8.32 (d, 1 H, C5-H, J=  8.0 Hz), 8.24 (d, 1 H, 

C8-H, J  = 8.0 Hz), 7.58-7.32 (m, 7 H, Ar-H, C6 -H, C7-H), 6.78-6.84 (m, 1 H, 

CH2Ci/=CH), 6.65 (s, 2 H, C3-H), 5.92 (d, 1 H, CH2CH =Œ , J=  12.8 Hz), 5.24-5.38 (m, 

2 H, OCH2), 4.78, 3.67 (dd, dd, 2 H, CK^CYiCHi, J  = 4, 12.8 Hz, J = 8.4, 12.8 Hz), 1.29 

(s, 9 H, 0 0 (0 7 /3)3), 1.22-1.34 (m, 6 H,CH2 x 3), 1.02-1.16 (m, 6 H, OH2 x 3), 0.78 (m, 9 

H, OH3 X 3), 0.55-0.65 (m, 6 H, OH2 x 3); ^^0 NMR, 5c (100 MHz, ODOI3) 163.4 (04),

155.6 (02), 154.2 (0=0), 148.6 (01’), 138.6 (OlO), 132.8 (0H2CH=0H), 132.6 (03’, 

0 5 ’), 128.8 (04’), 128.6 (02’, 06 ’), 128.4 (09), 128.1 (08), 127.8 (07), 126.8 (06),

125.4 (0 H2 0 H=CH), 110.6  (03), 108.6 (01), 81.4 (OOH2), 70.0 (C(OH3)3), 54.2 

(CH2 0 H=0 H), 28.6 (OH2 X  3), 27.8 (0 (0 1 3 )3), 26.0 (OH2 x 3), 16.0 (OH3 x 3), 11.0 (OH2 

X  3); MS (ES"") m/z\ 805 [(M+H), 25 %], fi-agments (776, 50%), (690, 100%); Anal. 

Oalcd. for 037H52%N0 3 Sn: 0, 55.24; H, 6.52; N, 1.74. Found: 0, 55.33; H, 6.57; N, 1.78.

tert-^vityX 6-benzyloxy-3,4-dihydrobenzo[/]qumoline-4-carboxylate [80]

N2 was bubbled through a solution of 79 (600 mg, 0.75 mol) and dry toluene (20 ml) for 

10 mins. Tetrakis(triphenylphophine)palladium(0) (173 mg, 0.15 mol) was added and the 

solution was heated to 50 °0 under N2 for 2 h. The solvent was then removed under vacuo 

and purification by flash chromatography (EtOAc-hexane, 0->4 %) afforded 80 (200 mg, 

68  %) as a clear oil: Rf=  0.2 (10% EtOAc-Hexane = 10%); ^H NMR, 5h (400 MHz, 

CDCI3) 8.32 (d, 1 H, C7-H, J=  8.4 Hz), 8.04 (d, 1 H, CIO-H, J=  8.4 Hz), 7.55-7.68 (m, 3 

H, ArH, C8-H, C9-H), 7.34-7.45 (m, 4 H, ArH), 7.25 (br s, 1 H, C5-H), 7.22 (d, 1 H, Cl- 

H, y  = 8.4 Hz), 6.12 (dt, 1 H, C2-H, J=  8 .8 , 4.4 Hz), 5.25 (s, 2 H, OC//2), 4.35-4.40 (m, 2 

H, C3-%), 1.51 (s, 9 H, 0 C(C%)3); '^C NMR, 8c (100 MHz, CDCI3) 158.2 (C=0), 153.8
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(C12), 141.1 (Cr), 132.6 (C14), 129.5 (C6 ), 128.9 (C3% C5’), 127.6 (C4’), 127.5 (C 4),

127.3 (C2% C6 ’), 125.5 (C8), 121.2 (C3), 120.8 (CIO), 120.6 (C9), 118.2 (C7), 115.0 

(C ll), 94.4 (C13), 81.2 (CHz), 70.8 (C(CH3)s), 53.5 (CHz), 29.8 (C(CH3)3); MS (ES^) 

m/z; 388 [(M+H), 15 %], fragments (359, 35), (331, 50%), (287, 100%); Anal. Calcd. for 

C25H25NO3: C, 77.49; H, 6.50; N, 3.61. Found: C, 77.57; H, 6.54; N, 3.66.

tert-Butyl 6-benzyloxy-2-hydroxy-l,2,3,4-tetrahydrobenzo[/]qumoline-4-carboxylate 

[81]

A solution of BH3SMc2 (49 |il, 0.52 mmol) dissolved in 2 ml of freshly distilled THF was 

cooled to 0 °C. This solution was added to a mixture of 80 (200 mg, 0.52 mmol) in 

freshly distilled THF (2 ml) and stirred for 24 h at 0 °C. After 24 h the mixture was 

warmed to room temperature and H2O (3 ml) and NaB0 3 .4 H2 0  (398 mg, 2.58 mmol) 

were added and the subsequent mixture stirred vigorously for 4 h. The solution was 

transferred to a separating funnel with ether and a solid piece of potassium carbonate was 

added. The two phases were then separated and the aqueous layer was extracted with 

diethyl ether ( 3x10  ml). The organic layers were combined, dried (MgS0 4 ), filtered and 

concentrated in vacuo. Purification by flash chromatography (EtOAc-hexane, 5->20 %) 

afforded 81 (100 mg, 48 %) as a white solid: Rf =  0.5 (EtOAc-Hexane = 60%); Melting 

point 119.6-121.3 “C, Lit 117-118 NMR, 8h (400 MHz, CDCI3) 8.32 (d, 1 H, C7-H, 

J=  8.4 Hz), 7.84 (d, 1 H, CIO-H,/ =  8.4 Hz), 7.36-7.68 (m, 7 H, ArH, C8 -H, C9-H), 7.24 

(s, 1 H, C5-H), 5.26 (s, 2 H, OCH2), 4.44-4.56 (m, 1 H, C2-H), 3.92-3.86 (m, 1 H, C3- 

HR), 3.56-3.68 (m, 1 H, C3-HH), 3.44 (dd, 1 H, Cl-HH, / =  6.10, 17.0 Hz), 3.08 (dd, 1 

H, Cl-HH, y  = 4.8, 17.0 Hz), 2.02 (s, 1 H, OH), 1.58 (s, 9 H, 0 0 (0 7 /3)3); ' +  NMR, Sc 

(100 MHz, ODOI3) 158.6 (0=0), 155.5 (012), 145.2 (014), 141.8 (01'), 135.7 (06),

127.6 (03’, 0 5 ’), 127.4 (04’), 127.2 (02’, 0 6 ’) 126.0 (08), 122.1 (OlO), 119.8 (07),

119.4 (09), 116.5 (O il), 107.3 (05), 98.8 (013), 82.5 (OH2), 78.9 (OH), 73.0 (C(OH3)3),

65.0 (OH2), 40.5 (OH2), 29.1 (0 (CH3)3); MS (ES*) m/z; 406 [(M4-H), 15 %], fragments 

(349, 30%), (305, 50%), (199, 100%); Anal. Oalcd. for O25H27NO4: 0 , 74.05; H, 6.71; N, 

3.45. Found: C, 74.15; H, 6.76; N, 3.48.

tert-Butyl 6-benzyloxy-2-chloro-l,2,3,4-tetrahydrobenzo[/]quinoline-4-carboxylate

[82]
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81 (70 mg, 0.17 mmol) in freshly distilled DCM (2 ml) was treated with a prepared 

solution of PPh] (0.34 mmol, 90 mg) and CCI4 (400 pi) in freshly distilled DCM (2 ml) at 

25°C. After 16 h the solvent was removed in vacuo and the mixture was purified by flash 

chromatography (EtOAc-hexane, 0->20%) to afford 82^^  ̂ (68  mg, 95 %) as a yellow 

film: Rf=  0.67 (EtOAc-Hexane = 60%); NMR, 5h (400 MHz, CDCI3) 8.32 (d, 1 H, 

C7-H, J =  8.8 Hz), 7.86 (d, 1 H, CIO-H, / =  8.4 Hz), 7.53-7.65 (m, 3 H, ArH, C9-H), 

7.38-7.46 (m, 4 H, Ar-H, C8-H), 7.25 (s, 1 H, C5-H), 5.24 (s, 2 H, OCHi\ 4.40-4.48 (m, 

1 H, C2-H), 3.84-4.02 (m, 2 H, C3-HH), 3.38 (dd, 1 H, C1-/7H, J=  6 , 17.2 Hz), 3.02 (dd, 

1 H, Cl-H//, J=  6 , 17.2 Hz), 1.56 (s, 9 H, OC{CH^)^)\ ^̂ C NMR, ôc (100 MHz, CDCI3) 

155.5, (C=0) 153.0 (C6 ), 136.8 (C4), 135.5 (C l’), 133.0 (C12), 128.2 (C3’, C5’), 127.6 

(C4’), 127.4 (C2% C6 ’), 125.4 (CIO), 124.2 (C8), 123.0 (C ll), 122.4 (C9), 115.5 (C7),

105.0 (C13), 95.3 (C5), 80.5 (OCH2), 70.9 (C(CH3)3), 65.8 (C3), 60.1 (C2 ), 35.0 (Cl),

28.5 (C(CH3)3); m s (ES^) m/z\ 423, 425 [(M+H), 35%, 10%], fragments (395, 397, 50%, 

17%), (323, 325, 100%, 37%); Anal. Calcd. for C25H26CINO3: C, 70.83; H, 6.18; N, 3.30. 

Found: C, 70.95; H, 6.23; N, 3.36.

Ethyl l-benzoyl-5-nitroindole-2-carboxylate [124]

A solution of ethyl 5-nitroindole-2-carboxylate (1.5 g, 6.4 mmol), DCM (30 ml), Et3N 

(892 pi, 6.41 mmol), DMAP (783 mg, 6.41 mmol) was made up. To this mixture was 

added benzoyl chloride (1.20 ml, 10.3 mmol) and the entire solution was stirred for 16 h. 

10 % NaHC0 3  (10 ml) was then added and extracted with DCM (3 x 10 ml). The 

combined organic layers were then washed with H2O (10 ml), 5 % HCl (10 ml) and again 

with H2O (10 ml). The solution was dried with MgS0 4 , filtered and concentrated. The 

residue was recrystalised from 10 % EtOAc-hexane to afford 124 (1.86 g, 86  %) as a 

yellow powder: Rf = 0.28 (EtOAc-Hexane = 50%); Melting point = 109.9-110.3 °C; R, Ôh 

(400 MHz, CDCI3) 8 .6 6  (d, 1 H, C4-H, J=  1.6 Hz), 8.24 (dd, 1 H, C6 -H, J=  1.6, 8.0 Hz), 

7.88 (d, 1 H, C7-H, y  = 8.0 Hz), 7.63 (dd, 2 H, ArH, /  = 1.2, 8.0 Hz), 7.55-7.59 (m, 1 H, 

ArH), 7.40-7.45 (m, 3 H, ArH, C3-H) 4.05 (q, 2 H, C //2CH3, y =  6  Hz), 1.12 (t, 3 H, 

CH2C//3, y  = 6 Hz); ^̂ C NMR, ôc (100 MHz, CDCI3) 168.0 (C=0), 160.5 (C=0), 144.2 

(C9), 140.6 (C6 ), 134.9 (C l’), 134.7 (C2’, C6 ’), 134.6 (C3’, C5’), 129.9 (C4’), 129.7 

(C4), 126.5 (C2), 122.0 (C5), 119.6 (C7), 115.3 (C8), 114.4 (C3), 61.5 (CH2CH3), 14.0 

(CH2CH3); MS (FAB^) m/z: 339 [(M + H)^, 40%], 361 [(M + N a)\ 65%] fragments [234,

174



Experimental

100 %]; Anal. Calcd for C]gH]4N20 5 : C, 63.90; H, 4.17; N, 8.28. Found: C, 63.87; H, 

4.06; N, 8.22.

Ethyl 5-ammo-l-benzoyIindoIe-2-carboxylate [125]

A mixture of 124 (1.86 g, 5.50 mmol), dry THF (30 ml) and 10% Pd/C (440 mg) was 

prepared under Hz and stirred for 16 h. The resulting mixture was filtered through celite 

and washed with EtOAc (3 x 30 ml) and concentrated. The residue was purified by flash 

chromatography (EtOAc-hexane, 0->40 %) to afford 125 (1.63 g, 96 %) as a bright 

yellow oil: Rf = 0.22 (EtOAc-Hexane = 30%); ^H NMR, 5h (400 MHz, CDCI3) 7.72 -  

7.82 (m, 3 H, ArH, C7-H), 7.56 -  7.64 (m, 1 H, ArH), 7.48 -  7.56 (m, 2 H, ArH), 7.26 (s,

1 H, C3-H), 7.05 (d, 1 H, C4-H, J=  2 Hz), 6.92 (dd, 1 H, C6 - H , J =  2.0, 8.0 Hz), 3.92 (q,

2  H, C//2CH3, J =  8.0 Hz), 3.68 (br s, 2 H, N% ). 1.06 (t, 3 H, CHzCft, J=  8.0 Hz); "C  

NMR, 8 c (100 MHz, CDCI3) 168.4 (C=0), 143.0 (C=0), 137.5 (C6 ), 132.5 (C4), 132.8 

(C r), 131.2 (C 2\ C6 ’), 130.4 (C3% C5’), 129.8 (C4’), 128.8 (C4), 128.2 (C2 ), 117.0 

(C5), 115.4 (C7), 115.2 (C8 ), 106.0 (C3), 60.4 ( Œ 2CH3), 15.5 (CH2CH3); MS (FAB+) 

m/z: 308 [(M + H)*, 90%], fragments [263, 100 %], [158, 65 %]; Anal. Calcd for 

C18H16N2O3: C, 70.12; H, 5,23; N, 9.09. Found: C, 70.16; H, 5.18; N, 9.15.

Ethyl 5-amino-l-benzoyl-4-iodoindoIe-2-carboxylate [126]

Compound 125 (1.63 g, 5.29 mmol) and TsOH (364 mg, 2.12 mmol) were dissolved in 

THF (75 ml) and cooled to 0 °C. Upon cooling NIS (1.90 g, 8.46 mmol) was added along 

with further THF (75 ml). The reaction mixture was allowed to warm to 25 °C and stirred 

for 3 h where upon additional NIS (786 mg, 5.29 mmol) was added. The reaction was 

allowed to stir for a further 16 h after which it was diluted with 10 % NaHCOs (10 ml) 

and extracted with CHCI3 (3 x 30 ml). The combined organic layers were dried (MgS0 4 ), 

filtered and concentrated. The residue was purified by flash chromatography (EtOAc- 

hexane, 0->40 %) to afford 126 (1.17 g, 51 %) as a bright yellow solid: Rf = 0.48 

(EtOAc-Hexane = 30%); Melting point 163.7- 165.3 “C; 'H NMR, 8 h (400 MHz, CDCI3) 

7.59 -  7.62 (m, 2 H, ArH), 7.57 (d, 1 H, C7-H, / =  8 .8  Hz), 7.43-7.53 (m, 1 H, ArH), 

7.40-7.35 (m, 2 H, ArH), 7.12 (s, 1 H, C3-H), 6.82 (d, 1 H, C6 -H, J=  8 .8  Hz), 4.05 (s, 2 

H, N%), 3.85 (q, 2 H, CH2CH2, / =  7.2 Hz), 1.05 (t, 3H, C ftCH j, / =  7.2 Hz); '^0 NMR, 

Sc (100 MHz, CDCI3) 170.8 (C=0), 160.6 (0=0), 143.2 (06), 135.5 (04), 133.5 (01’),
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132.6 (C4’), 132.4 (C9), 130.2 (C2’, C6 ’), 129.8 (C3’, C5’), 117.0 (C2 ), 115.6 (C8 ),

115.2 (C7), 76.5 (C5), 60.8 (CH2CH3), 13.1 (CH2CH3); MS (FAB'^ m/z: 457 [(M + N a)\ 

10 %], 434 [(M + H )\ 100 %], fragments [389, 35 %], [309, 50 %]; Anal. Calcd for 

C18H 15IN2O3: C, 49.79; H, 3.48; N, 6.45. Found: C, 49.91; H, 3.52; N, 6.46.

Ethyl 5-(t^rt-butoxycarbonyIamino)-l -benzoyI-4-iodoindole-2-carboxylate [127]

A mixture of 126 (1.17 g, 2.70 mmol), dioxane (100 ml), (Boc)2 0  (9.40 g, 43.1 mmol) 

and EtgN (375 |al, 2.70 mmol) was heated to 100 °C under N2 for 48 h. Upon completion 

the resulting mixture was cooled, concentrated and purified by flash chromatography 

(EtOAc-hexane, 0->20 %) to afford 127 (1.3 g, 90 %) as a yellow oil: R/=  0.32 (DCM- 

Hexane = 70%); 'H NMR, 8 h (400 MHz, CDCI3) 7.92 (br d, 1 H, C6 -H, 7  = 7.2 Hz), 7.59 

-7.63 (m, 3 H, ArH, C7-H), 7.48-7.54 (m, 1 H, ArH), 7.36-7.42 (m, 2 H, ArH), 7.19 (s, 1 

H, C3-H), 6.74 (br s, 1 H, NHBoc), 3.93 (q, 2 H, CH3CH2, J  = 6  Hz), 1.47 (s, 9 H, 

0 C(CH})3), 1.02  (t, 3 H, CH3CH2, J =  6  Hz); "C  NMR, Sc (100 MHz, CDCI3) 168.2 

(C=0), 160.8 (C=0), 152.5 (C=0), 135.2 (C5), 135.5 (C4), 134.5 (C8), 133.1 (C l’),

132.3 (04’), 131.5 (02’, 0 6 ’), 124.5 (03’, 0 5 ’), 124.0 (02), 121.2 (07), 118.0 (03),

114.5 (08), 81.5 (05), 70.4 (C(0 H3);) 61.5 (CH2OH3), 28.8 (0 (0 1 3 )3), 13.0 (OH2O I 3); 

MS (FAS'") m/z: 535 [(M -t H)"", 40 %], fragments [489, 45 %], [478, 100 %], [433, 85 

%]; Anal. Oalcd for O23H23IN2O5: 0 , 51.70; H, 4.34; N, 5.24. Found: 0 , 51.80; H, 4.37; 

N,5.19.
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