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SUMMARY
Our studies on the synthesis and biological evaluation of novel anticancerdrugs consist
of three researchareas; namely, synthesisof Mitogen Activated Protein (MAP) kinase inhibitors,
Checkpoint (Chk 1) inhibitors and nordihydroguaiaretic acid (NDGA) analogues.

The first researchareainvolved synthesisof MAP kinaseinhibitors. MAP kinasesare a
family of serine I and threonine II kinases which can act together to generate a process of
phosphorylation events within the cell signalling pathway leading eventually to cell division. The
compounds made in this project were specifically designed to target the stress related kinases, a
MAP kinase pathway which controls the expressionof genesinvolved in cell proliferation.
The stress related kinases are known to have serine or threonine joined to a proline III
residue. In an attempt to prepare selective inhibitors of stress related kinases, compounds of
types IV and V were designedin which a conformationally restricted serine analogue is joined to
L-proline via an amide link in one of two possible ways. Examples of these two sets of
compounds were synthesised and those that were tested by Professor David Gillespie at the
Beatson Institute for Cancer Research, Glasgow were shown not to be inhibitors of these
kinases.
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The second research area concentrated on the checkpoint signalling pathway.
Componentsin the DNA damagecheckpoint signalling pathway such as ChK 1 could be
potentialtargetsfor chemicalintervention.CaffeineVI and pentoxifylline VII havebeenshown
to sensitise p53-deficient tumour cells to killing by DNA damage.We envisagedthat the
xanthinederivatives,caffeineVI andpentoxifyllineVII might also disrupt the G2 checkpointby
preventingactivationof Chk 1. To test this hypothesis,a range of xanthine derivativesshown
below werepreparedby alkylationof theophyllineVIII or theobromineIX.
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Thebiological evaluationof these xanthinederivativesby ProfessorGillespie revealed
G2/M arrestvery effectively.All three
that threeof thesecompounds,X, XI andXII, suppressed
activecompoundspossessa long aliphaticchainthat providesa largedegreeof flexibility to the
structures.The long aliphaticchainscould bind to a hydrophobicpocket in the enzyme's active
sitethat might confer selectivityon thecompounds.
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The third area,synthesisof NDGA analogues,was the major part of the syntheticwork.
NDGA XM is known to be a selectiveinhibitor of lipoxygenaseand blocks small cell lung
cancer growth in vitro and in vivo. In addition to its lipoxygenase activity, NDGA was
demonstratedto inhibit c-kit, a tyrosine kinasethat hasbeen observedpreferentiallyin SCLC.
The main drawbacks to the use of NDGA in cancer treatment are its poor solubility and
moderatepotency.Thereforechemicalmodificationsare requiredto provide better compounds
for clinical use. Preliminary work in our group was performed by McDonald and Macleod.
They synthesisedarangeof analoguesof NDGA which were testedfor their activity in vitro by
Professor Michael Seckl at the Medical Oncology Departmentof Hammersmith Hospital,
London. Improved potency over NDGA for new analogueswith 4-6 atomsbetweenthe two

aromaticrings was observed.Furthermoreintroduction of an amidelinkage betweenthe two
aromaticresiduesresultedin NDGA analogueswhich aremore activethanNDGA.
Based on these preliminary results, the structural modifications proposed for this project
focused on three areas. The main programme of research was drug solubilisation of new
analogues which have higher potency than NDGA for in vivo work. The second area of study
sought to introduce position variations of the amide linkage between the two aromatic residues.
The third area of work involved modification of the substituentson the two aromatic rings.

A rangeof NDGA analogueswas successfullysynthesisedand evaluatedfor anticancer
activity in vitro. CompoundsXIV and XV were confirmed as lead compoundswhich are ten
times more active than NDGA. CompoundXIV was successfullytransformedinto a water
soluble form XVI which is now availablefor in vivo work. In addition NDGA was converted
into a water soluble form which was more potent than NDGA in vitro. Moreover a NDGA
analogueXVII with no freehydroxy groupswasfound to be as activeas NDGA, which was an
unexpecteddiscovery.

OH
""Z
HO

OH

I
HO

HO

r"'

DC

H

OH

HO
XI

xv

O1
Y'll

O

O
ý

H3

4CI

O

NH3

xvI
oMe
Meo x)ool'ýI

OMe

MeO

xvii

OH

NH3

CONTENTS
Chapter 1 General Overview of Cancer and its Treatment 1
1.1 Basic Facts About Cancer

1

1.2 Cell ProliferationandCancer
1.2.1 Stagesof the Cell Cycle

1

1.2.2 DifferencesbetweenCancerCells andNormalCells
1.3 Causesof Cancer
1.3.1 Chemical Carcinogenesis

I
2
3
3

1.3.2 Radiation

5

1.3.3 Viruses
1.4 Treatmentof Cancer
1.4.1 Surgery

7

1.4.2 RadiationTherapy
1.4.3 Chemotherapy
1.4.3.1 DNA InteractiveCompounds
1.4.3.1.1 CrosslinkingAgents
1.4.3.1.2 Intercalatingagents
1.4.3.1.3 Topoisomeraseinhibitors
1.4.3.1.4 DNA CleavingAgents
1.4.3.2 Antimetabolites
1.4.3.2.1 Pyrimidine analogues
1.4.3.2.2 Folate antagonists
1.4.3.2.3 Purineanalogues
1.4.3.3 Antitubulin Agents

7
7
7
8
8
8
15
18
19
20
21
23
24
24

1.4.3.4 Anti-hormonalagents
1.5 The Searchfor New AnticancerDrugs

25

Chapter 2 Cell Signalling and MAP Kinase Inhibitors

28

2.1 Intracellularsignaltransduction
2.1.1 Proteinkinase
2.1.2 Mitogen-ActivatedProtein(MAP) KinasesCascade

28

2.1.2.1 Ras/ERKMAPK pathway
2.1.2.2 JNK/SAPK MAPK pathway
2.2 Model for MAP KinasesInhibitors

29
30

26

28
29

31

I

Chapter 3 Checkpoint Control

32

3.1 Checkpoint pathways
3.1.1 Rad3 Protein Kinase

32
32

3.1.2 ChkI Protein Kinase

33

3.1.3

Cdc25 Protein Kinases and 14-3-3 Protein Kinases

33

3.1.4

Cdc2 Proteins

34

3.2 Implications in Cancer Treatment

34

3.3 Caffeine-mediated Activation of Cdc2
3.4 Proposed Work

34

Chapter 4 NDGA and Its Mode of Action

36

4.1 Introduction

36

4.2 Structure Determination

36

4.3 Synthesis of NDGA
4.4 Mode of Action of NDGA

37

4.4.1 Small Cell Lung Cancer

35

39

40

4.4.1.1 Growth FactorsandTheir Receptor
4.4.1.2. Coexpressionof the StemCell Factor

41

andC-kit genesin SmallCell Lung Cancer
4.4.1.3 ArachidonicAcid Pathway
4.4.2 Nordihydroguaiareticacid (NDGA)

42
43
45

Chapter 5 Synthesisof L-Proline Derivatives

47

5.1 Introduction
5.2 Synthesisof L-Proline DerivativescontainingFluorine andMethoxy groups

47
47

5.2.1 Synthesisof N-TerminalL-ProlineamideDerivatives
5.2.2 Synthesisof C-TerminalL-ProlineamideDerivatives
5.3 Synthesisof L-Proline DerivativesContaininga Phenolicmoiety
5.4 Biological Test Results
5.4.1 Method of Testing
5.4.2 Results

48
49
51
54
54
55

2

Chapter 6 Synthesis of Theophylline Derivatives

56

6.1 Synthesisof AlkylatedTheophyllines

56

6.2 Synthesis of Theophylline Dimers

60

6.3 Biological Evaluationof TheophyllineDerivatives
6.3.1 Water Solubility of TheophyllineDerivatives

61

6.3.2 Method of Biological Assay
6.3.3

Results and Discussion

61
64
64

Chapter 7 Synthesisof NDGA Analogues

69

7.1 Synthesisof a C3-BridgedPhenolAnalogue
7.2 Synthesisof C4-BridgedAnalogues

69

7.3 Synthesisof ConformationallyRestrictedAnalogues
7.3.1 Synthesisof Amide (or Thioamide)Analogueswith a4 Atom Bridge

73

7.3.2

Synthesis of Amide Analogues with a5 Atom Bridge

7.4 Synthesisof AnaloguesContainingHeterocycles
7.5 AttemptedSynthesisof anAnalogueContainingan Alkenewith Z Geometry
7.6 Biological TestResults
7.6.1 Method of Biological Assay
7.6.2 ResultsandDiscussion

70
73
78

80
81
83
84
84

Chapter 8 Solubilisation of NDGA and Analogues

86

8.1 Synthesisof a TetraglycylEster
8.2 Synthesisof Amine Salts
8.2.1 Synthesisof C4-BridgedAromatic Amine Salts

86

8.2.2 Synthesisof NDGA Amine Salts
8.2.3 Synthesisof C6-BridgedAromatic Salts
8.2.4 Synthesisof an Analoguewith an NH Group in the Chain
8.3 Synthesisof NDGA AnaloguesContainingPolyamins
8.3.1 Synthesisof an AnalogueContainingDiaminobutane

87
87
89
90
91
92
92

8.3.2 Synthesisof an AnalogueContainingDiaminopropane
8.3.3 Synthesisof a Diamine Bridged NDGA Analogue

94

8.3.4 AttemptedSynthesisof anAnaloguecontainingSpermidine
8.4 Biological Resultsand Discussion

96

Chapter 9 Experimental

99

95
97

3

Appendixes

154

References

160

CHAPTER 1
General Overview of Cancer and its
Treatment
1.1 Basic Facts About Cancer
The World Health Organisation (WHO) reported that an estimated 10 million casesof
cancer occurred worldwide in 1998. Furthermore WHO predicted that the situation would get
I
worse with numbers rising to 14.7 million over the next 20 years.

Cancerhas afflicted our ancestors
throughoutthe history of mankind,but it has become
2
a major causeof mortality only in the last century. Although cancercan occur at all ages,it
becomesmore prevalentas people grow older. Epidemiological analysis shows dramatic
increasesin cancerincidencewith age,which accountsfor the prevalenceof cancerin our time.
The averagelife expectancyhas increasedsubstantially as a result of the elimination of
infectiousdiseasesthis century.2 This has resultedin a larger fraction of older individuals in
our populationandconsequentlyan increasedincidenceof cancer.
Thegoal of an ultimateconquestof cancerremainsa distanthope. Cancercells closely
resemblenormal cells, ascancerresultsfrom uncontrolledgrowth of otherwisenormal cells.2
Most of the drugs currently available for use in cancer treatmentact against all rapidly
proliferatingcells. Thus, they kill not only cancercells but also somenormal cells,particularly
thosethat are rapidly dividing. The effectivenessof treatmentis often severelylimited by the
toxic side effects of the drugs.The fundamentalproblem in cancertreatmentis to kill cancer
2
cellsselectivelywithout adversesideeffectsto thepatient.

1.2 Cell Proliferation and Cancer
1.2.1 Stagesof the Cell Cycle
DNA replicationhad beenthought to be a continualprocessbetweenthe period of cell
division, but early in the 1950sit wasfound this was not the caseas it then becamepossibleto
carry out someradioisotopic labelling experimentsusing the nitrogenousbase thymidine.3
These experimentsrevealeda distinct gap during and after DNA formation even in rapidly
proliferating cells and led to the discoveryof the cell cycle. The processof mitosis is now a
of eventsthat canbe convenientlyrepresentedasshownin Figure 1.3
well-definedsequence

i

G2/SDNA Damage
Checkpoint

G1/SDNA Damage
Checkpoint

Figure 1 The cell cycle

RNA andproteinsaresynthesisedin the G1 (gap 1) phaseand preparationsare madeto
begin DNA synthesis.The S (synthesis)phasethen follows whereDNA is replicated and the
DNA packing proteins, namelyhistones,are synthesised.The DNA is complexedwith the
proteinsandpreparationsaremadefor cell division in the G2 (Gap 2) phaseand finally the cell
nucleusand cytoplasmdivide in theprocessof mitosis,which is theM Phase.The two daughter
cells then undergothecycle againor entera restingphase,Gp. All cells undergothis cell cycle.
Cell replicationis normallycontrolledin responseto the needsof the whole organism.However
in somecases,thesecontrol mechanismsare lost resulting in excessivecell division to form a
massof cancercells.4

1.2.2 Differences betweenCancer Cells and Normal Cells5
Comparativestudies of cell growth and behaviour have identified the characteristic
differencesbetweencancercells andtheir normalcounterparts.
Most tumour cells divide indefinitely regardlessof the density-dependentinhibition of
proliferationthat is characteristicof normalcells in culture. In other words,tumour cells remain
in the M-phaseof thecell cycle until theydie asa result of exhaustionof nutrientsin the culture
media.However,cancercells stopproliferationat randompointsduringthecell cycle rather than
at theDNA checkpoints.
Onetype of cell normallyrespondsto growth factorssecretedby a different type of cell.
By contrast,sometumourcells secretegrowth factorsthat drive their own proliferation.In such
cases,abnormal production of growth factor results in continual autostimulation of cell
proliferation (autocrine growth stimulation). In other cases,tumour cells are continually
2

stimulated to proliferate independent of extracellular growth factors as a result of alteration of
their growth factor receptors.
In addition to their reduced dependence on extracellular growth factors, cancer cells
proliferate and migrate in an unregulated manner regardless of the contact with neighbouring
cells or the extracellular matrix.
Cancer cells produce enzymes, called proteases, that digest other proteins. Proteases
break down extracellular materials enabling the cancer cells to penetrate through surrounding
normal tissues. The further expansion of a tumour requires new blood vessels to provide
nutrients for tumour cell proliferation. The formation of new blood vessels is termed
angiogenesis.Secretion of proteasesand angiogenesisplay crucial roles in cancer metastases.
Cancer cells are characterised by loss of capacity to differentiate at early stages of
maturation. On the other hand, cancer cells fail to undergo programmed cell death, apoptosis,
which is relevant to the invasivenessand spread (metastases)of cancers. Finally, cancer cells are
the products of genetic mutations, which can lead to resistanceto chemotherapeutic agents.

Takentogether,thesepropertiesof cancercells arefound to contributeto the progressive
growth,invasiveness,
andmetastasis
of malignantneoplasms.

1.3 Causesof Cancer
Tobaccosmokingis undoubtedlythemajor causeof humancancer,accountingfor about
30%of all cancerdeaths.Smokingis responsiblefor themajority of lung cancersand has been
associatedwith the developmentof many other cancers;for instance,cancerof the oral cavity,
pharynx,bladder,kidney, pancreasand so on. Other commoncausesof humancancerinclude
alcoholabuse,radiation,carcinogenicmedicines,and occupationalcarcinogens,eachof which
6 Takentogether,it is
accountsfor only a few percentof total cancerdeaths.
estimatedthat up to
80%of humancancersmaybe attributableto environmentalrisk factors.
Most cancersare a result of a mutation in the sequenceof DNA. 7 The generationof
is closely correlatedto the induction of DNA changes(mutagenesis)
cancer(carcinogenesis)
broughtaboutby the following threeclassesof agents.

1.3.1 Chemical Carcinogenesis
The common feature of most chemical carcinogensis their ability to generateactive
electrophilic forms that can attackthe nucleophilic siteson DNA. Thesechemical carcinogens
can eitherundergoenzymemetabolismprior to action or can reactdirectly like dimethyl sulfate
1 and uracilmustard2 that areintrinsically electrophilic.8

3

I
12

The activation of the procarcinogento the active form may proceed directly or go
througha numberof lessreactiveintermediates
calledproximateforms.9 A variety of enzymes
are involved in theseprocesses
oftencatalysingconversionof the foreign lipophilic agentinto a
more hydrophilic form, and this enzymatic manipulation results in the production of a
carcinogenicelectrophile.
An exampleof such a processis shown in Figure 29 involving the polycyclic aromatic
hydrocarbon (PAH) benzo[a]pyrene3 which is one of the carcinogenspresent in tobacco
smoke. A series of enzymatic oxidations of the procarcinogenPAH leads to the 7,8dihydrodiol-9,10-epoxide.The mostreactiveelectrophilic epoxidesare formed near the bay
region of the PAH. This epoxidecan in turn reactwith the 2-aminogroup of guanineresidues
in DNA.

4

Bay region
\I\

y

Microsomal
//

Mono-oxygenase

8\//O
7

3I

Microsomal
epoxide
hydrolase

Microsomal
Mono-oxygenase

HdFOH

H
OH

7,8-dihydrodiol9,10-epoxide
DNA

DI,

Figure 2 Metabolic activation of benzo[a]pyrene

1.3.2 Radiation
Ionising Radiation

Ionising radiation has a higher energythan ultraviolet (UV) light and includes X-rays
andradiationproducedby thedecayof radioactiveparticles.The harmful natureof X-rays was
evident shortly after their discovery in 1895 by Roentgen. Radiologists who used X-rays
extensivelyin theearly 1900sexperienceda relatively high incidenceof leukaemia,skin cancers
and brain tumours. Subsequentanimal experiments revealed the induction of sarcomasin
laboratoryanimalsafter radiationexposure.10
The high energyassociatedwith ionising radiation causesgeneticmutations within the
DNA. Absorption of dissipated energy by water is critically important in mutagenesis;
ionisationultimatelyleadsto the generationof hydroxyl radicals,hydrogenradicalsand solvated
freeelectrons.11 On interactionwith DNA, thesecan leadto basedeletionsand alterationsand
attackon the sugarphosphatebackbone,which can causesingle,or double DNA strandbreaks
(Figure 3). 10

5

(1 ) An hydroxyl radicalattacksthymine forming an alteredbase
00

HN

off

0;

HO

HN

-º

0;

OH

(2) Cleavageof a glycosidicbondresultingin pyrimidine baseloss

AGCAC
TCG+
IIIIII

Figure 3

by

TCG

Basedamageand ionizing radiation

Ultraviolet Radiation
Ultraviolet light is the major causeof humanskin cancer. Skin canceris very common
but seldomlethalsincethe non-melanoma
skin cancersmetastasise
slowly and are consequently
highly curable.On the otherhandmelanomais a much more seriousform of skin cancerwhich
rapidly spreadsto other partsof the body.6
In contrast to high-energy ionising radiation,UV radiation is not thought to cause
geneticmutationthroughwidespreadnucleicacid bond-breakingprocesses.Its activityappears
to be associatedwith the generationof excited statesin DNA bases,which lead to mutagenic
photochemicalreactions.For example,excitation of pyrimidine bases (thymine or cytosine)
allows themto dimeriseto give a chemicallystablecyclobutanelinkage (Figure4). 12
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Figure 4 Photodimerisation of pyrimidines
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1.3.3 Viruses
Severalkinds of virusesarefound to inducehumancancers.HepatitisB virus-induced
liver cancer and papilloma virus-induced cervical cancers are thought to account for 10-20% of
13
overall cancer incidence. The study of animal tumour viruses is extremely important to

of cancerin general.
understandingthe mechanisms
Oncogenic viruses do not kill their host cell but alter their critical genes resulting in the
14
onset of cancer. Structurally a virus consistsof genetic material (DNA or RNA) encased in a
protein capsid. On entry into the host cell the protein coat disappears and the viral DNA is
integrated into the host's genome. After viral DNA integration, some of the viral genes are
copied into mRNA molecules that in turn are translated into viral protein. Some of these can
affect the activities of the host cell so that it becomes cancerous. Furthermore, these viral
proteins can become incorporated into new viral particles able to leave and infect surrounding
14
cells.

1.4 Treatment of Cancer
A variety of methodshave been developed in cancer treatment,and the choice of
15
treatmentis largely dependenton thenatureof thecancerandits extentof progression.

1.4.1 Surgery
Surgeryis thefirst treatmentoptionfor many cancers.Early stagecancersthat have not
yet metastasisedcan be completelyremovedand are thereforehighly curable.Unfortunately,
over half of cancersby thetime of diagnosishavealreadyspreadand cannotbe cured solely by
surgery.To improve theefficiency of treatment,thecombinationof surgerywith other therapies
describedbelow is the mostcommonstrategyadoptedtoday.16

1.4.2 Radiation Therapy 16
Radiationtherapyis similar to surgerybeing primarily a treatmentfor localisedcancers
although it can be usedto attack cancercells that have already spreadbeyond the surgical
scope.16 Radiationis frequentlyusedin conjugationwith surgeryto eliminatecancercells that
haveinfectedsurroundingtissuesoutwith theprimary tumour site.In addition,somecancersare
particularlyvulnerableto radiation,makingit preferentialin treatmentof thesediseases.
A variety of typesof irradiation sourcesare used in radiationtherapy,including X-rays,
and radioactive nuclei, such as cobalt-60 and radium. The basis for radiation therapy is to
damageDNA, eitherdirectly or by theproductionof freeradicalswithin cells.16 This damageis

7

most pronounced in actively proliferating cells, which unfortunately includes some normal cells
15
as well as cancer cells.

1.4.3 Chemotherapy
Chemotherapyis now the most widely used form of cancer treatment.The major
advantage of chemotherapy is that, unlike surgery and radiation that are localised treatments, it
15 However chemotherapy
can target cancer cells throughout the body.
also has its drawbacks.
Most of the currently used anticancer drugs target all rapidly proliferating cells including
normal cells as well as cancer cells. They can consequentlyproduce undesired side effects in the
patient. Another major problem in cancer treatment is the development of resistance,particularly
multidrug resistanceto anticancer drugs. In this case,exposure to one particular drug results in
15
resistanceto a variety of other agentsin addition to the initial drug.

In spite of these limitations, cancer chemotherapyhas achieved some remarkable
The chemotherapeuticagentsbriefly surveyedbelow are categorisedaccordingto
successes.
their mechanismof action.
1.4.3.1 DNA Interactive Compounds
A large number of anticancerdrugs exert their effect by damaging DNA or by
interferingwith DNA synthesis.Somedrugs causecovalentinteractionswith DNA or between
thebasepairs of DNA that can result in crosslinksin eitherthe minor or major groovesin an
intramolecularor intermolecularfashion.15
1.4.3.1.1

Crosslinking Agents

Nitrogen mustards
Studieson sulfur mustardgas [S(CH2CH2C1)21led to the nitrogen mustards;the first
class of compoundsto be investigated as anticancer agents. Mechlorethamine4, the first
nitrogenmustardto be synthesised,was found to depressthe white blood cell count effectively
15
andwas usedin thetreatmentof certainleukaemias.
Aliphatic nitrogen mustards
Nitrogen mustards are highly reactive and react readily with a wide range of
nucleophiles,which results in the observedtoxicities. The mechanismof action for aliphatic
nitrogen mustardsis illustrated in Figure 5.15 Under physiological conditions, the nitrogen
mustardsfirst undergoan intramolecularcyclisationwith anchimericassistanceof the nitrogen
8

lone pair of electrons to form cyclic aziridinium ions. This cation is highly strained and hence
highly reactive towards attack by the nucleophilic N-7-atom of a guanine residue in the major
groove of DNA. The second chloroethyl group then reacts in a similar manner with a second
guanine base on the complementary DNA strand. Thus the two strandsof DNA are crosslinked
15
and as a result DNA replication is terminated.
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Figure 5 Mode of action of the aliphatic nitrogen mustards

Due to its severetoxicity and short time of action mechloroethaminehas only very
limited application and is now confined for treatment of Hodgkin's disease and other
lymphomas.In order to solve theseproblems,aromaticnitrogen mustardswere developedas
milder alkylatingagents.
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Melphalan 5 and chlorambucil 6 are typical examplesof aromatic mustards. The
the rate of alkylation
electron-withdrawingeffectsof the aromaticring of theseagentsdecreases
considerably. This decreasedactivity allows time for absorption and distribution before
extensivealkylationoccursandthesedrugscan be takenorally which is a significantadvantage.
Melphalan5 wasdevelopedin the hopethat attachmentof the amino acid phenylalanine
to the nitrogen mustardmight facilitate selectiveuptakeby tumour cells. Although there is no
evidencesuggestingthis to be the case,it has found clinical utility in multiple myeloma,breast
andovariancarcinomaandin therareconditionof macroglobulinaemia.
Chlorambucil6 is probably the slowest acting and leasttoxic nitrogen mustard,often
usedin chroniclymphocyticleukaemiaandcarcinomaof thebreastandovary.15
Cyclophosphamide
Cyclophosphamide
7 was synthesisedwith a view to producingmore selectivemustards
15 The
as it was found that sometumours possesshigh concentrationsof phosphoramidases.
introductionof the P=O group into the lead compoundshould partially delocalisethe nitrogen
electronpair in a similar fashionto thephenyl ring of the aromaticmustards,thusdecreasingthe
rate of alkylation. The cyclophosphamidewas designedas a prodrug that would release the
active drug at the required site of action. In practice, the drug was found to undergo initial
metabolismin the liver prior to actingon tumourcells.
Figure 6 illustrates the metabolism of cyclophosphamide.17 Cyclophosphamide 7
remainsinert until metabolisedin the liver by hepaticcytochromeP450 oxidases.The oxidised
product 4-hydroxycyclophosphamide 8 exists in equilibrium with aldophosphamide9.
Aldophosphamide 9 is then conveyed to other tissues where it is transformed into
phosphoramidemustard13 and acrolein12. The metabolitephosphoramidemustard 13 is the
actualcytotoxic speciesandthesideproductacrolein 12 is responsiblefor haemorrhagiccystitis
17
of thebladder.
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7 provedto be the mostsuccessfulmustardand hasnow beenin use
Cyclophosphamide
for over 20 years.Cyclophosphamide
exhibitsa broadspectrumof activity in treatingmalignant
lymphomasandlymphoblasticleukaemiaaswell ascarcinomasof the bronchus,breast,ovary
15
andvarioussarcomas.
Aziridines15
The aziridinesclosely resemblethe aziridium ions formed from the nitrogen mustards.
Examplesof this groupof agentsare thiotepa14 andmitomycin 15 (mitomycin Q. Their mode
of action is similar to the mustards.Aziridines have an aziridinering already in their structure
andthe unchargedaziridinering in 14 is lessreactivethan the fully chargedaziridinium ions of
the mustards.However,at physiological pH the aziridine ring in 15 is likely to be protonated
due to the pKa of the aziridine nitrogen. Thus, in practice, the aziridinium ion may be the
15
reactivespecies.
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Mitomycin C is a natural antitumour antibiotic isolated from Streptomyces species,and
is considered to be the prototype bioreductive alkylating agent.15 The three components,
quinone, aziridine and carbamatemoieties of the mitomycin molecule arebelieved to be essential
for its mode of action (shown in Figure 7)18. It is thought that the action starts with an enzymecatalysed one electron reduction of the quinone ring system to a semiquinone radical. This
radical can rapidly disproportionate to mitomycin C and a hydroquinone, which acts as a
bifunctional alkylating agent. A molecule of methanol is lost from the hydroquinone and then
the aziridine ring opens to generate the alkylating agent. Research has now revealed that the
main mode of DNA interaction for mitomycin involves alkylation of two guanine-N-2 residues
on different DNA strands that give rise to an interstrand crosslink within the minor groove.
However the most prominent feature of mitomycin is its capability for bioreductive activation
15
prior to DNA interaction. It has been revealed that the centres of some tumours are hypoxic
due to a poor blood supply. Therefore the bioreductive ability of mitomycin is thought to
produce selective toxicity to hypoxic tumour cells. Mitomycin has now been successfully used
in the treatment of solid tumours such as those of the colon, lung and breast.15
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Nitrosoureas
Randomscreensperformedby theUSA National CancerInstitute in 1959 promptedthe
first work into nitrosoureasaspotentialchemotherapeutic
agents.19
Two examples of clinically useful nitrosoureas are carmustine 16 [N,N'-bis(2chloroethyl)-N-nitrosourea,BCNU] and lomustine 17 [N-(2-chloroethyl)-N-cyclohexyl-N
nitrosourea,CCNU].

CI%s)J%rQ

17

The mechanismof action of this group of agentshas not beenfirmly established.The
mode of action shownhere (Figure 8)20 was proposedby Reedet al.21 The nitrosoureasare
unstableat physiological pH and they decomposeto an isocyanateand 2-chloroethyldiazene
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hydroxide. It has been suggested that the latter compound spontaneously decomposes to 2chloroethylcarbonium ion that is the major alkylating moiety. The carbonium ion is then
attacked by the 0-6 position of a guanine (X) in one DNA strand followed by the slow loss of
This
chloride ion resulting in a second alkylation of base (Y) in the complementary strand.
explains the important fact that all of the nitrosoureas, even those with only one chloroethyl
moiety such as lomustine can form interstrand crosslinks in DNA.
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The most important feature of the nitrosoureasis their ability to cross the blood-brain
barrier,whichhasallowedtheir successfulapplicationto cerebralcancers.15 This featureis due
to the high lipophilicity of these agents. BCNU and CCNU have also been used to treat
malignant lymphomasand carcinomasof the breast,bronchus and colon. Unfortunately, the
15
nitrosoureassuffer from dose-limitingadverseeffectssuchasseverebonemarrowtoxicity.
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Platinum Compounds22

Cisplatin wasdiscoveredby chanceas has happenedwith many other clinically used
drugs. In 1965, Rosenberg and co-workers observed inhibition of bacterial division in an
electric cell containing platinum electrodes.They discoveredthat it was the electrolysis products
from the platinum electrode that causedthe inhibition. Four yearslater, the same research group
demonstrated
the anticancer activity of several platinum complexes and cisdiamminedichloroplatinum (18, cisplatin) was identified as the most active one. Interestingly, the
configurational isomer, trans-platin does not show any activity towards cancer cells.
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Unlike most other alkylating agents, cisplatin forms intrastrand crosslinks
predominatelyin themajorgrooveof DNA with preferentialinteractionbetweenthe N-7 atoms
of adjacentguanines,whichresultsin the local denaturationof theDNA chain.
Cisplatin wasintroducedinto clinical use in the UK in 1979and it is claimedto be the
of testicularand ovariancancers.59% of patientswith
most effectivedrug for the chemotherapy
testicular cancerand 30% with ovarian cancerwere cured in clinical trials using cisplatin in
15
combinationwith vinblastine. Cisplatin has also shown activitytowardsmany other tumours
including cancersof the lung, bladder, head and neck. Major side effects of cisplatin are
leukopaenia,extremenauseaand renal dysfunction that are usually dose limiting. Many
analogueshave beenpreparedin thehope of reducing the side effects of cisplatin. Of these,
carboplatin 19 is now in clinical use and offers lower side effects towards the kidneys and
nervoussystem.
1.4.3.1.2

Intercalating agents

Theseagentshavea flat shapedstructureusually containingthreeor four fused aromatic
rings. The molecularstructureallows them to insert betweenthe hydrophobicfacesof the base
pairs of DNA perpendicularto the axis of the helix. The insertion is held by interactionswith
DNA basepairs via hydrogenbondingandvan der Waals forces.15
Most examplesof this class of anticancerdrug were originally discoveredfrom natural
sources in screening programmes that tested antibiotics for cytotoxic activity.23 The

15

intercalating agents normally usedin the clinic are the anthracycline antibiotics (20,21 and 22),
mitoxantrone 23, and dactinomycin 24.

23 Mitoxantrone

20 RI=H, R2=H, R3=OH
Daunorubicin

PenmMtide laaone

*Pentuapeptide

lactone
H2

21 R1=OH,RrH, R3=OH
Doxorubicin
22 R=OH, RAH,
Epirubicin

R3=H
24 Dactinomycin

Anthracyclines15
The anthracyclineantibioticswerefirst isolatedfrom a variety of strains of Streptomyces
fungi. They are the bestknownfamily of intercalatingagents,consistingof a characteristicfourring structurethat is linked to an amino sugar.
The exact mechanismfor the activity of the anthracyclineshas still not been fully
elucidatedbut they are known to have severalcytotoxic actions. Firstly, intercalationof the
complementarystrandsof DNA is thoughtto interferewith DNA processingand transcription.
The planar polycyclic moiety is insertedperpendicularto the axis of the helix and the amino
sugarmoiety is believedto interactwith the sugarphosphatebackbonesof DNA to stabilisethe
adductthroughhydrogenbonding.
In addition, the anthracyclinesare known to form complexes with topoisomeraseII
leading to the inhibition of this group of enzymeswhich normally direct strand breakage,
uncoiling andannealingduring DNA replication(seeSection1.4.3.1.3).
Moreover,it hasbeenobservedthat anthracyclinescan bind to cell membranes,which
could causealteration of membranefluidity and ion transport, and consequentlychange the
biochemicalequilibriain thecell.
Finally, thequinonemoiety of theanthracyclinescanbe reducedby a variety of quinone
23
reductases. Generationof semiquinoneand dihydroquinone can produce free radicals that
causedamageto DNA and cells. As shown in Figure 9,23 the one electron reduction of
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anthracyclinesprovidesthesemiquinone,which thenreactswith oxygento generatesuperoxide
anion 02', while thetwo-electronreductionaffordsthedihydroquinonederivative,which reacts
with oxygento generate202°' or H202.23 Superoxideanion can dismutateto peroxidewhich
in combination with an iron chelated drug complex can produce hydroxyl radicals which are
believed to be responsible for the cardiotoxicity observedwith the anthracyclines.
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Figure 9 One-electron and two-electron reduction of anthracydines

Doxorubicin 21 is an important anticancerdrug exhibiting a wide range of activity
againsta variety of solid tumours including carcinomaof the breast,lung, thyroid and ovary.
Daunorubicin 20 hasan important role to play in the treatmentof acute lymphocytic and
myelocytic leukaemias.As doxorubicin and daunorubicinare valuablein clinical use, efforts
have been made to develop semi-synthetic analogues including epirubicin 22. The
anthracyclinesproduceuniquecardiotoxicreactionsin both adults and children,and also cause
nauseaandvomiting.15
severebonemarrow suppression,
Anthracenes15
Thesecompoundswere synthesisedas anthracyclineanaloguesand have three rather
than four fusedrings. Mitoxantrone23 is an example of an anthracenethat is used clinically to
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treat childhood and adult myelogenous leukaemia, non-Hodgkin's lymphoma and breast cancer.
These drugs have very low cardiotoxicity compared with the anthracyclines, as they are unable
to generatefree radicals.

Phenoxazines23
Dactinomycin 24 was isolated from Streptomycesparvulus in the 1940s.The compound
has two identical pentapeptide lactones that are linked to a phenoxazone ring system. Much
work has been done on the synthesis,biological action, and use of this drug.
At low concentrations, dactinomycin inhibits DNA-directed RNA synthesis preventing
chain elongation whereas at higher concentrations DNA synthesis is also inhibited. The
phenoxazonering can interact with the N-2-amino groups when inserted preferentially between
guanine-cytosine base pairs of DNA. The cyclic pentapeptide moieties interact with functional
groups in the narrow groove of DNA via hydrogen bonding and hydrophobic interactions,
which stabilise the DNA adduct with dactinomycin and block RNA polymerase. It is notable
that dactinomycin also causessingle-strand DNA breaks either through radical formation or by
interaction with topoisomerase.

Dactinomycinis employedin thetreatmentof paediatricsolid tumours,including Wilms'
tumour andEwing'ssarcoma.It has beenprovedeffectivefor gestationalchoriocarcinoma,and
is alsouseful in the chemotherapy
of sometesticularsarcomasand Kaposi's sarcoma;a tumour
associatedwith AIDS patients.
1.4.3.1.3

Topoisomeraseinhibitors24

Etoposide25 and teniposide26 are semisyntheticanaloguesof podophyllotoxin 27, a
microtubuleinhibitor foundin extractsof the Americanmandrakeplant. It was initially expected
that etoposide,too, would inhibit microtubulefunction. Further investigationindicatedthat its
II inhibition.
major activity arisesfrom topoisomerase
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The normal function of topoisomeraseII involves initial interaction with DNA forming a
noncovalent complex that is noncleavable,as removal of the enzyme at this stage would leave no
strand breaks. The enzyme then cuts both DNA strands, and one of the newly formed 5'phosphate ends of the DNA attaches to a protein subunit via covalent bonding. This enzymeDNA complex is considered cleavable, since dissociation of the complex at this point would
result in a permanent double strand break. However the cleavable complex is a transient form. In
the absenceof enzyme inhibitors, the complex either goes back to the noncleavablecomplex or,
after a topological change has been affected, the breaks are resealed with subsequent release of
the free enzyme from the DNA. Etoposide is known to stabilise the cleavable complex, thus
preventing it from converting back into the noncleavable complex or from completing
topological changes. As a result of this, the drug-complex may then undergo spontaneous
denaturation leading to the generation of unrepairable double-strand breaks at critical sites.

It hasbeenobservedthat etoposidetreatmentpreventsactivationof the protein kinase
p34. This kinase is usually activatedat the end of the G2 phaseof the cell cycle and has a
pivotal role in the initiation of mitosis. It is thought that the observedarrestof cells in the G2
phase,after treatmentwith etoposide,maybe due to interferencewith p34 function.25
Etoposideis claimedto be oneof themosteffective drugs for the chemotherapyof lung
cancerand testicular cancer; combinationtherapy with cisplatin and bleomycin is now the
standardtreatmentfor the lattercondition. Etoposidehas found clinical use in the treatmentof
lymphocyticleukaemiaandbraintumoursin adults.

1.4.3.1.4 DNA CleavingAgents
The bleomycins28 are a groupof metal-chelatingglycopeptideantibioticsisolatedfrom
culturesof Streptomycesverticillus. The generalstructureof the bleomycins is shown below.
Thesecompoundshavevery complexstructuresandhaveattractedmuchinterestamongorganic
chemists.The first total synthesisof bleomycinwasreportedin 1982.15
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28 General structure of the bleomycins

The most prominent feature of bleomycins is their ability to degrade DNA. 26
Bleomycin has been found to break single strands of DNA predominantly and thus causes
26 Theseagents
DNA fragmentation,but somedouble-strandbreakagehas also beenobserved.
exhibit their anticanceractivity by inhibition of DNA synthesisand havemuch less effect on
25
RNA andprotein synthesis.
Three distinct regions of bleomycin are believedto be essentialto its mechanismof
action.15 First, theplanar shapedbithiazolemoiety (top right as drawn) is thought to act as an
intercalatorwhich is insertedperpendicularto the axis of the DNA helix. The secondpart (top
left) consistsof primary amine,pyrimidine, and imidazolenitrogenswhich function asligands
to chelatewith ferrous iron forming a metal coordination site. The Fe(II) bleomycin complex
interactswith oxygen in a redox cycle to generatesuperoxideand/or hydroxyl radicalsleading
to single- and double-strandbreaks. The third region of bleomycin (bottom left) has a
glycopeptidestructurewhich hasno direct antitumouractivity of its own, but may contributeto
the watersolubility of thesedrugs.Bleomycin hasbeenfound to affect the G2 phaseof the cell
15
cycle andmitosis profoundlyandis alsoeffectivein Gp phase.
Bleomycin produces very little bone-marrowdepression which is a big advantage
comparedwith mostanticancerdrugs.It hasbeenwidely used,in particular for the treatmentof
testicularcarcinoma,squamouscell carcinomas,andlymphomas23
1.4.3.2

Antimetaboltes

An accumulationof nucleicacidsandproteinsis requiredin preparationfor cell division.
interferewith this processby either of the following pathways.27 Some of
The antimetabolites
20

the agentsprevent the synthesisof DNA by poisoning the enzymes required in the formation of
the deoxyribonucleoside triphosphates that are the immediate precursors for DNA synthesis,
and this occurs in the S phaseof the cell cycle. Alternatively, some antimetabolites are designed
as structurally closed mimics of normal purines or pyrimidines that are able to compete for
27
places in the nucleotide pathways. The main antimetabolites include pyrimidine analogues,

folate antagonistsandpurineanalogues.
1.4.3.2.1

Pyrimidine analogues

A well known antimetabolite is 5-fluorouracil 30 which was designed as a close
analogue of uracil 29 and thymidine 31, the corresponding bases in RNA and DNA

respectively.It is known to inhibit cell divisionin severalways.
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The structuralsimilarity with a nucleotideallows 5-fluorouracil to be incorporatedinto
DNA and RNA in placeof thymidine anduracil, respectively,causingmutationsin DNA and
RNA.
On the other hand, 5-fluorouracil exhibits its cytotoxic effect through inhibition of
thymidylate synthetase,the key enzyme in the conversion of deoxyuridine monophosphate
(dUMP) 32 into deoxythymidinemonophosphate(dTMP) 33 (Figures 10 and 11)28 with the
assistanceof a cofactor called tetrahydrofolate 34. Inhibition of thymidylate synthetase
interfereswith the production of thymidine and consequentlyDNA synthesisand hencecell
division is inhibited.
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Figure 10 Biosynthesisof dTMP
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In the absence of inhibitor, thymidylate synthetase catalyses the conversion of dUMP

into dTMP transferringa singlecarbonunit from tetrahydrofolateto the5-position on the uracil
skeleton,andthe thymidineformedis subsequentlyusedin DNA synthesis.

H

residues

ý.
J

0"
Hm

HN
02

residues

34 Tetrahydrofolate

7hymidylate Synthetase
DEOXYRIBOSE
Op

v
tF4
H"
_n

H

.

H, NN

ýH

HZý
I

/jý\

H

N
II

C-Glutamyl
11
C-Glutamyl msidues
msWues

35
dihydrofolate
35 dihydrofolate

H

o

residues

OH
O
Ha
O
O)
O

DEOXYRIBOSE

DEOXYRIBOSE
DEOXYRIBOSE

Figure 11 Inhibition of thymidylate synthetase

The modeof action of 5-fluorouracil is illustrated in Figure 11.28 5-Fluorouracil first
combineswith thymidylatesynthetaseandthe cofactor to form a transition statecomplex. In
this intermediatea methyleneunit of the tetrahydrofolatebondsto the 5-position on the uracil
skeleton.The nextstep,which usually involvestheloss of a protonfrom the 5-position of uracil
to releasethe enzyme,cannot occur as 5-fluorouracil has a fluorine atom at the 5-position
insteadof a hydrogen.Thereforefurtherreactionis impossiblesinceit would require fluorine to
leave as a positive ion. Consequently5-fluorouracil remainsbound to the active site of the
enzymeirreversibly.The synthesisof thymidine andhenceDNA synthesisis thus terminatedat
this stage.28
5-Fluorouracil is successfullyusedin the treatmentof skin canceras a 5% cream, and
has proved clinically useful in treating certain solid tumours such as those of the gastrointestinaltract,breastandpancreas.
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1.4.3.2.2

Folate antagonists

Methotrexate (MTX) 36 is a folate antagonistand has been widely used in cancer
chemotherapy.
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Thevitaminfolic acid 37, the core structurefor all folates,is essentialfor the synthesis
of purineand pyrimidine nucleotidesneededfor the biosynthesisof DNA. In order to act as a
coenzyme,folic acid must be reduced in two successivestepsby dihydrofolate reductase
34 (FH4)
(DHFR) to afford 7,8-dihydrofolate 35 (FH2) and then 5,6,7,8-tetrahydrofolate
(Figure 12).17 It is this final reducedform thatdelivers singlecarbonunits in the methylationof
dUMP to form dTMP (Figures10 and 11),and also in thede novo synthesisof purines.27
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Figure 12 Action of methotrexate
on thymidylate synthesis

The primary biochemical function of methotrexate is to inhibit DHFR activity.
Methotrexatebinds more strongly to the active site on DHFR than 37 and FH2 due to the
presenceof an extra amino group that increasesthe basicity of the pyrimidine ring. Oncethis
inhibition occurs,andthe tetrahydrofolateis usedup in dTMP synthesis,de novo productionof
27
uridineandthymidinenucleotidecease.
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Methotrexate is highly effective in the treatment of choriocarcinoma. It is also employed
in the treatment of acute leukaemia and many solid tumours.

1.4.3.2.3

Purine analogues27

The main purine analogues are 6-mercaptopurine and 6-thioguanine. They are first
subject to enzymatic conversion into their active forms that in turn inhibit several enzymatic
pathways in the biosynthesis of purines. Eventually DNA synthesis ceasesdue to a lack of the
purine bases adenine and guanine.The major problem of these drugs is their lack of selectivity,
since purines are involved in many cellular processesapart from nucleic acid synthesis. They

are usedprimarily to treatacutechildhoodleukaemias.
1.4.3.3

Antitubulin Agents29

Microtubulesareinvolvedin variouscellular functions including mitosis,cell movement
and cell shape.The major componentof microtubulesis protein tubulin. Polymerisationof
tubulin dimersto form microtubulesis an integral part of mitosis. Microtubulesexist in a very
sensitiveequilibrium betweenfree tubulin dimers andassembledpolymers.Antitubulin agents
act by disruptingthis equilibrium.
Vincaalkaloids
Two Vinca alkaloids, vinblastine38 and vincristine 39, which were isolated from the
Madagascarperiwinkle plant (Vinca rosea),play an important role in cancer chemotherapy.
Their cytotoxic effects arisefrom binding to the tubulin dimers,which disrupts the equilibrium
As a resultthe mitosisis blocked by
betweenmicrotubulepolymerisationanddepolymerisation.
29
cell arrest.
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Vinblastine is includedin severaldrug regimensfor treating Hodgkin's disease,breast
cancerand testicularcarcinoma.Vincristine is commonly used in drug combinationsfor the
treatmentof acutelymphoblastic,childhoodleukaemiasandmany other solid tumours.
24

Paclitaxel (Taxol)30
The important microtubule antagonist paclitaxel (Taxol) 40 was originally isolated from
the bark of the yew Taxus brevifolia. In contrast to the Vinca alkaloids, Taxol disturbs the
delicate tubulin-microtubule equilibrium in favour of microtubule formation. This causes
stabilisation of the microtubules and hence the construction of an abnormal bundle of

themitotic phaseof thecell cycle is disrupted.
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The clinical applicationof Taxol has beenhamperedby a lack of a syntheticsourceof
this very scarcenaturalproduct.The yew tree Taxusbrevifolia hasremainedasthemajor source
of this compounduntil recently.Taxol is now generallyobtainedby semi-synthesisfrom 10deacetylbaccatinIII, isolatedfrom the needlesof a relatedplant. Taxol has attractedmuch
interestamongcancerbiologists and organic syntheticchemistsfor its potential clinical value.
Its total synthesishas beenreportedby the groups of Holton31, Nicolaou32, Danishefsky33
34
andMukaiyama.
Taxol exhibits significant activity in the treatmentof a variety of cancersincluding
ovarian, breast, lung and head cancers.This promising agent is particularly useful in the
treatmentof theadvancedmetastaticforms of manycancers.
1.4.3.4

Anti-hormonal agents35

Tumoursderivedfrom sexually differentiatedtissuessuch as the endometrium,prostate
and breast can be strongly influenced by the levels of related hormones' in the body. This
hormone-dependent
to control the growth of
responsecan be exploited chemotherapeutically
35
cancer. Tamoxifen 41 and leuprolide are two successfulanticancerdrugs that have resulted
from this work.
Tamoxifen, an anti-oestrogenicagent, has pronounced activity in some cases of
breastcancer,andmaybe useful in preventingthesecancers.Tamoxifen is
hormone-dependent
knownto exertits activity by binding to the oestrogenreceptorsof the tumour cells preventing
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them from binding to endogenous oestrogens35 and it therefore inhibits the growth of
oestrogen-dependenttumour.
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41

Prostatecancersare hormoneresponsiveand are known to be stimulatedby androgens
like testosterone.Testosteroneis secretedby the Leydig cells of the testes in a process
controlled by gonadotrophinreleasing hormone (GnRH) and leuteinising hormone (LH).
Leuprolide,a clinically useddecapeptidedrug, works by competitiveinhibition of the GnRH
receptorstherebyreducingandrogenproduction.

1.5 The Search for New Anticancer Drugs
The precedingsectionshaveoutlinedthecausesand treatmentsof cancer,with particular
emphasison the anticancerdrugs and their mechanismof action. The discoveryof clinically
useful anticancerdrugshas arisenfrom a variety of areassuch as screeningof naturalproducts,
analoguestudiesof activecompoundsandserendipity.The recentuseof combinatorialmethods
has allowed the generationof libraries of compoundsfor screeningpurposes.Also, more
emphasis has been placed on rational drug design based on key biological targets since
substantialknowledgehasbeenacquiredof the fundamentalbiochemicaldifferencesbetween
normalandtumourcells. In additionX-ray crystalstructuresare now availablefor a numberof
important enzymesand computermodelling is being used to design new compoundswhich
shouldbe preparedfor evaluationasanticancercompounds.
Therehavebeenprodigiousadvancesin theunderstandingof the basisof malignancy,in
particular the role of oncogenesand tumour suppressorgenes.A large number of oncogenes
have now beenidentified and sequenced,and the technology to design and produce genetargetedagentsis rapidly advancing.Exciting developmentshavebeenmadein genetherapyin
which tumour suppressorgenesareinsertedinto the DNA of cancercells.
Recentadvancesin molecularbiology haveled to the developmentof new approaches
towardsselectivityenhancementof anticancerdrugs.For example,The ADEPT15 (AntibodyDirectedEnzymeProdrugTherapy)andGDEPT15 (Gene-DirectedEnzymeProdrug Therapy)
approacheshavebeeninvestigatedto enhancethe selectivity of cytotoxic agents.In ADEPT,
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firstly an antibody-enzyme conjugate is administered to the patient and this is delivered to the
tumour site. A prodrug is then administered and this prodrug can be converted into the active
cytotoxic agent only when contactedwith the enzyme at the tumour site.
As these and other novel therapies emerge, it is likely that dramatic advances in the

treatmentof cancerwill occurin thiscentury.
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CHAPTER 2
Cell Signalling and MAP Kinase Inhibitors
2.1 Intracellular signal transduction
Intracellular signal transductionis a processby which a signal is transmittedfrom the
36
cell surfaceto the nucleus. The signalling cascade,initiated by the binding of many diverse
extracellularstimuli to specificreceptormoleculeson thetargetcell surface,servesto transmita
signal through the cytoplasmto the cell nucleus,ultimatelyresulting in cell division or other
appropriatebiologicalresponse.

2.1.1 Protein kinases
Proteinkinasesplay a vital regulatory role within the cell signalling pathwaysin that
they catalysethe phosphorylationof target proteinsat specific sites in the pathways.Protein
37 The protein
phosphorylation is a common processfor signal transduction within cells.
kinases are activated by phosphorylation catalysed by upstream kinases and, in turn,
phosphorylateseveraldifferent downstreamkinasesand other functional substrates.Thus a
seriesof proteinkinasescan act as"molecular relay runners" to transmitsignals from the cell
surface to the nucleus, leading to changes in gene expression,DNA synthesis, and cell
proliferation.
The proteinkinasescomprisetwo main subdivisions:the protein tyrosine kinasesand
the protein serine/threoninekinases.38 The two groups of kinases are distinguishedby the
specific aminoacid residueswhich they modify by phosphorylation.In the phosphorylation
of ATP is transferredto the phenolicgroup of tyrosineresidueswhen
processthe y-phosphate
catalysedby tyrosinekinases,and to the alcohol groupsof serineor threonine residueswhen
catalysedby serine/threoninekinases. As a result the phosphatemonoesterand ADP are
formed(Figure 13).39
Phosphorylation of these phenolic and hydroxyl groups disrupts their hydrogen
bondingandchangestheir polarity causingtheenzymeto changeits tertiary structure,and as a
theactivity of the phosphorylated
proteinis frequentlyaltered.
consequence
Multiple signalling pathwaysintegrateinto a network within individual cells to elicit
variousphysiologicalresponsesincluding cell proliferation.Oneof the most importantof these
protein(MAP) kinasepathway.
pathwaysis themitogen-activated
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Figure 13 Phosphorylation Catalysedby Protein Kinase
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2.1.2 Mitogen-Activated Protein (MAP) Kinase Cascade40
kinaseswhich can act togetherto generate
MAP kinasesarea family of serine/threonine
a processof phosphorylationeventswithin the signallingpathway.It has beenrevealedthat the
MAP kinasesaredivided into threemainsubfamilies.The extracellularsignalregulatedkinases
(ERK1/2) comprise the first subdivision, which contains a mitogen-activatedMAP kinase
subfamily. The other two principal subfamilies are composedof the JNK/SAPK (stressactivatedprotein)andp38 kinases.
Four distinct MAP kinasepathwayshavebeen so far identified in yeast and three in
mammals.As an example,the best known ras/ERK MAPK pathway representssignalling
transductionin the phosphorylationcascade(Figure 14)'
2.1.2.1 Ras/ERK MAPK pathway41
The ERKs are activated by MEKs (MAP/ERK kinases) via phosphorylation of
threonineandtyrosineresidues.TheseMAPK-activatingenzymesare unusualin their ability to
catalysephosphorylationof both threonineand tyrosine residues.MEKs are in turn activated
by phosphorylationof two adjacent serine/threonine
residues by upstreamkinasesknown as
kinaseoncogenewhichappearsto require activationby association
raf. Raf is a serine/threonine
with rasin an undefinedevent.Ras,a G-protein (guaninenucleotidebinding protein),which is
only active in a GTP-boundstate,links receptortyrosine kinase activationto the intracellular
MAP linse pathway.
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Figure 14 rasIERK MAPK pathway
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2.1.2.2 JNK/SAPK MAPK pathway42
The JNK/SAPK pathway,which is activatedin responseto stressstimuli, representsa
distinct MAPK pathway,targetingtranscriptionfactor c-jun which controls the expressionof
genesinvolved in cell proliferation.
JNK/SAPKs areobservedto be strongly activatedby cellular stressstimuli and hence
thenamestress-activatedprotein kinase(SAPK) is derived.The SAPKs havebeen shown to
stimulatephosohorylationand activationof the transcriptionfactor c-jun and theyare believed
to be the main c-jun kinases(JNK).
Molecularbiologicalstudieshaverevealedthat the amino acid sequences(Serfrhr-ProGlu or Ser/Thr-Pro-Asp)representa preferred consensussequencefor phosphorylationby
JNK/SAPKs, and thatJNK/SAPKsoften bind directly to their substratesvia a distinct docking
domainasexemplifiedby the deltadomainof c-Jun.
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drugs and they are
SAPKs are activatedby chemicals,irritants or chemotherapeutic
importantfor growtharrest,repair,apoptosis,etc.
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2.2 Model for MAP Kinase Inhibitors
MAP kinases are involved in the regulation of a variety of transcription factors
necessary for the transcription of DNA. Mutations or enhanced activity by overexpression in
receptor tyrosine kinase or oncogenic forms of ras, raf or transcription factors, jun in the MAP
kinase pathway can lead to cancer. Consequently, targeting the MAP kinase family of enzymes
may lead to new drugs for the treatment of cancer.
Previous work in the area of synthesis of MAP kinase inhibitors in our research group
43 A series of aromatic compounds with oxygen substituents
was carried out by Pearson
modelled on serine 42 were synthesised and several of them showed inhibitory activities in the
MAP kinase biological assay.

The compounds in this project were designedto target the stress related kinases
specifically.As mentionedabove,thestressrelatedkinasesareknown to havea serine/threonine
joined to a proline 44 residue.In an attempt to prepareselectiveinhibitors of stressrelated
kinases,compounds45 and 46 were designedin which a conformationally restricted serine
analogueis joined to L-prolinevia an amidelink in two possibleways.
CR OH
N40U*46
H

45
R=F, OCH3,OH

Ry

Rj

R3
O

CO2H

46
Rl = F, OMe, OH
R2 = H, OMe
R3 = H, OMe

Thesetwo set of compoundswere synthesisedand tested for biological assay. The
synthsisandbiological test resultsare discussedin Chapter5.
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CHAPTER 3
Checkpoint Control
Cell cycle checkpoints are parts of signalling pathways which control key transitions in
the life of a cell to ensure the fidelity of DNA replication and chromosome segregation" In
the event of DNA damage checkpoint regulatory pathways are activated resulting in cell cycle
for the repair of damagedDNA,
arrests at both the G1/S and G2/M transitions to provide time
for
death.45
or in the caseof severedamage, activation of programmed cell

In responseto DNA damage,mammaliancellsactivatethe p53 tumour suppressorgene,
which induces transcription of p21C1I, a cyclin-dependentkinaseinhibitor, resulting in cell
46
cycle arrestat the G1/S checkpoint. On the other hand,G2/M arrestis causedby inhibitory
phosphorylationof p342 proteinkinasein both fission yeastand mammaliancells47.In the
following sectionwe will discussthe major featuresof the G2/M checkpointthat regulatethe
onsetof M-phaseduring thecell cycle.

3.1 Checkpoint pathways
The pioneering work in the checkpointcontrol field was carried out by Hartwell and
Weinert48who identifiedcheckpointmutantswhichwere ableto undergomitosis evenif DNA
damage was not repaired. In 1997 three groups of scientists`4,45,49 reported their
breakthroughwork in the understandingof the functions of checkpointproteins. Combining
their work, an elegantmode147(shownin Figure 15)for a checkpointpathwayemerged.

3.1.1 Rad3 Protein Kinase
After DNA damage,the proteinkinaseRad3is activated.Rad3is a rad mutantin the
fission yeast Schizosaccharomycespombe as it is sensitive to DNA damage causedby
50
radiation. Sequenceanalysisrevealedthat rad3 is relatedto ATM, a genemutated in ataxia
telangiectasia
patients.51 It is believedthat Rad3is required in activation of the DNA damage
45
process.
checkpointin which phosphorylationof Chkl is increasedby a Rad3-dependent
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3.1.2 Chkl Protein Kinase
In 1993Walworth et al.50 reportedthe identificationof Chkl protein kinasein fission
yeast which links the rad checkpoint pathway to cdc2, a crucial regulator for the onset of
52
mitosis. The sequenceof Chkl was found to be 30-40% identical to the family of
44
serine/threonineprotein kinases Researcherssuggestedthat in responseto DNA damage
Chk 1 is activatedby phosphorylationin a Rad3-dependentmanner.50 Activated Chk 1 then
functionsupstreamof Cdc25in fission yeastandin mammaliancells 45

3.1.3 Cdc25 Protein Kinases and 14-3-3 Protein Kinases44
Cdc25 are dual-specificity protein phosphataseswhich can form complexes with
Chk1.44Thereare threeCdc25homologuesincluding Cdc25A,Cdc25B and Cdc25C,and it is
Cdc25C which regulatesCdc2 at the onset of mitosis. Researchidentified Cdc25 as a direct
substrateof activatedChkl which phosphorylatesCdc25C on a physiologically significant
residue,Ser216.It appearedthat phosphorylationof Cdc25 itself does not directly inhibit
Cdc25.69Penget al.49 found phosphorylationof Cdc25C on Ser216facilitatesthe binding of
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14-3-3 protein as the Ser216residueis embeddedin a potential recognition motif for the
binding of 14-3-3proteins. 14-3-3proteinsare a family of small acidic proteins that bind to
Binding of 14-3-3proteinsdoes not inactivate
signalling moleculesincluding phosphatases.
Cdc25C53but may actby preventingentryof Cdc25Cinto the nucleus,thereforepreventingthe
activationof Cdc2. In this way, onsetof mitosis is blocked wheninhibitory phosphorylationof
Cdc2remainsintact.

3.1.4 Cdc2 Proteins
52 Cdc2
Cdc2is believedto be the ultimatetargetof the checkpointsignalling pathway.
is a cyclin-dependentkinasethat regulatesthe entry into M-phase.In responseto blockadeof
DNA replication, the inhibitory phosphorylationof Cdc2 causesarrestin the G2 phaseof the
cell cycle.Geneticstudiesrevealedthat phosphorylationof Cdc2occurson the Tyr15 residuein
both fission yeastSchizosaccharomyces
pombeandmammaliancells, and this phosphorylation
is maintainedin part by the activity of proteinkinasesWee1 and the inactivity of phosphatase
Cdc25.53Activation of Cdc2is essentialfor the inductionof mitosis and this can be facilitated
by activation of Cdc25 and inhibition of Weel activity that causedephosphorylationof the
Tyr15 residue in Cdc2. The phosphotyrosine15 in Cdc2 is located in the ATP binding site,
which suggeststhat part of the activationmechanisminvolves the removalof this phosphate
52
groupallowing the kinaseto useATP andhencethekinaseactivity appears.

3.2 Implications in Cancer Treatment
The tremendousadvancein understandingof the DNA damagecheckpointsignalling
pathwayprovidesa new approachto cancertreatment.The cancercells undergo mitosis with
damagedgenomeswhenthe DNA damagecheckpointcontrol is abrogated,and this eventually
leadsto tumour death.Componentsin thecheckpointsignallingpathwaysuch as Chkl, 14-3-3
or Cdc25 could be potential targets for chemical intervention. It is of interest that the
chromosomallocation of Chkl was mappedto l 1g24which is adjacentto the geneencoding
ATM at 11g23,and this region hasbeenassociatedwith a number of cancersincluding lung,
44
ovary andbreastcancers

3.3 Caffeine-mediated Activation of Cdc246
The tumour suppressorgenep53 playsa crucialrole in the induction of cell cycle arrest
at theG1 checkpointin responseto DNA damage.Its inactivationis believedto be responsible
for the resistanceof many cancersto genotoxic anticanceragents.Inactivationof the tumour
suppressorgenep53 is observedin many cancercells. DNA damageresults in preferential
accumulationof p53-deficientcancercellsat the GJM transitionsas thesecells fail to arrestat
34

G 1. Thus abrogation of G2 arrestvia chemical intervention may render those cancer cells more

sensitiveto DNA damagingagents.
Caffeine 47 and pentoxifylline 48 have been demonstrated to suppress the G2/M
46'54 presumably by inhibiting one or more
checkpoint and prevent activation of Chkl,
upstream steps in the DNA damage signal transduction process. Although the mechanism of
action of caffeine has not yet been fully elucidated, the upstream checkpoint kinases Rad3 in
yeast and ATM/ATR in vertebrate cells are likely targets for inhibition. Caffeine has been
shown to sensitise p53-deficient tumour cells to killing by DNA damage.This may provide a
promising therapeutic strategy for circumventing the resistance of p53-deficient cancers to
DNA damaging agents.
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3.4 Proposed Work
We envisagethat xanthine analoguesof caffeine 47 and pentoxifylline 48 may also
disrupt theG2 checkpointby preventingactivationof Chkl. To test this hypothesis,we sought
to preparea rangeof xanthinederivatives(asshownin Figure 17) by alkylation of theophylline
49.
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CHAPTER 4
NDGA and Its Mode of Action
4.1 Introduction
Nordihydroguaiaretic acid 50, more commonly abbreviated to NDGA, is a phenolic
lignan isolated from the resinous extracts of many plants, especially Larrea divaricata. 55

The speciesLarrea divaricata, also known asthe creosotebush, is indigenousto the
south westernUSA. The creosotebush grows in the desertand is one of the most drought
tolerantplantsof theregion.It can survivea periodof droughtof up to two years and individual
56
plants areknown to live for 100-200 years. It has beenused in treatmentof a variety of
diseasesby nativeAmericansfor thousandsof years57
The first isolation of NDGA 50 from the creosotebush was reportedby Waller and
Gisbold in 194555. NDGA has been used as an antioxidant in food and pharmaceutical
preparations.NDGA has a non-toxic nature58 and found potential applications in cancer
treatmentin the 1980s.It has provoked much interestamongstcancerbiologists in the past
twentyyears.

4.2 Structure Determination
The structure of NDGA was established by synthesis. NDGA was prepared by
Schroeter and his co-workers in 1918 from the dimethyl ether of guaiaretic acid by
demethylation.59 Theauthorssuggestedthe mesoconfiguration
hydrogenationand subsequent
for thetetramethyletherof NDGA. This compoundhas sincebeen synthesisedby Haworth et
al.,60 who assignedthecompoundas the racemate(the two enantiomersof NDGA are shown
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below). Later the work of Schrecker61 demonstrated that the naturally occurring optically

inactiveNDGA was themesoratherthantheracemicform.
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Perry et al.62 designeda number of experimentsin order to provide unambiguous
evidencefor the configurationof NDGA. The commercialNDGA was methylatedto give the
59,60,61
tetramethylether 53 whosemelting point was identicalwith that previously reported.
Brominationyielded thedibromoderivative54 in highyield (Figure 18). A single crystalX-ray
62
analysisof 54 confirmedthat NDGA hasthe mesoconfiguration.

Figure 18 Structure Determination of NDGA
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4.3 Synthesisof NDGA62
Severalsynthesesof the natural product meso nordihydroguaiareticacid have been
reportedin the literature.Among thesesyntheticpathwaysthe approach62(Figure 19) reported
by Perryet al. in 1972is the most efficient one and of practicalinterest.62 The creosotebush
hadremainedtheonly commercialsourceof NDGA beforePerry'ssynthesiswas published.
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Figure 19 Synthesisof NDGA

Perry'ssynthesisstartedwith a Friedel-Craftsacylation of 1,2-dimethoxybenzene
with
propionyl chloride which afforded the ketone 55 in quantitative yield. The ketone was
transformed into the a-bromoketone 56 in a high yield of 95%. The highly stereoselective
°C gavethe racemic
condensationof ketone55 with bromoketone56 in liquid ammoniaat -33
diketone almost exclusively. The proposed mechanismleading to this stereoselectivityis
depictedin Figure20.The cyclodehydrationwas achievedby refluxing the CH2C12solution of
diketone57 in thepresenceof methanolicHC1to give the furan 58 in high yield. A remarkable
solventeffect was observedin thehydrogenationof furan 58. The use of THE as a solvent and
gaverise to
palladiumoxideasa catalyst,togetherwith high pressureand elevatedtemperature,
a good yield of 78% in the conversionof furan 58 into NDGA tetramethylether 53. Finally,
demethylationof 53 with refluxing concentratedhydrobromicacidaffordedNDGA 50 as white
crystalsin 66% yield afterthreerecrystallisationsfrom 20% aqueousAcOH. The final product
wasreportedto be identicalwith a purified sampleof the naturalproduct.
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is as follows. Enolisationof ketone55
The mechanismproposedfor the stereoselectivity
shouldgivepredominantlythe (Z)-enolate59 which canreactwith eitherenantiomer56a or 56b
from eitheraboveor below 59. Howeverit would be lesshinderedwhenthe aroyl group of 56 is
furthest from the aroyl group of 59, and the methyl group of 56 is towards the oxygen of 59
rather than the aryl group.Thus in the sampleshownin Figure 20, the trans-enolate59 would
morelikely reactwith 56b than 56a, and substitutionof bromide with Walden inversionwould
leadto oneenantiomerof the racemicdiketone57. Likewise,with equalpossibility, attackof 56
from the top faceof 59 would givethe otherenantiomerof 57, with the netresult that the racemic
diketone57 is formed.

4.4 Mode of Action of NDGA
All known lipoxygenase(LO) inhibitors have a catecholgroup which is believedto
contributetowardstheir mechanismof action.Baicalein61 andesculetin62, both containingthe
63
catecholgroup,arefound to be LO inhibitors.
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It was observed that replacement of the two hydroxyl groups with methoxy groups
reducedthe activity of both baicalein and esculetin, which confirmed that the catechol group is
essential for their activities. This observation prompted work into NDGA
anticancer agent since it hastwo catecholgroups.

as a potential

NDGA, known as a 5-lipoxygenaseinhibitor, was found to suppressthe in vitro growth

of severaldifferent humancancerssuch as thosearising in the breast,lung, stomach,pancreas,
brain andcervix.64 Moreover,NDGA alsoblocksthe in vivo growthof severalof thesecancers
including both small cell (SCLC)andnon-smallcell lung cancer(NSCLC). Lung canceris the
commonestcancerkiller in thedevelopedworld andidentificationof noveltherapeuticstrategies
are urgentlyrequired.Thus,NDGA has becomea potentiallyimportantleadcompoundfor the
treatmentof this cancer.
Patients with SCLC usually die soonerthan those with NSCLC. Consequently,the
identificationof new treatmentsprolongingsurvivalare likely to be most rapidly discoveredin
patientswith SCLC. In order to arrive at the rational design of novel anticanceragents,it is
importantto understandthebiology of the cancercell andof SCLC in particular.

4.4.1 Small CeULung Cancer
Small cell lung cancer(SCLC) constitutesabout 20% of all lung cancersand causes
65 SCLC follows a highly aggressive
significant morbidity and mortality aroundthe world.
clinical courseand is a distinctclinicopathologicalentity amonglung cancers.SCLC has nearly
65
always metastasisedat the time of diagnosis, and although it is initially sensitive to
disease.Therefore,
chemo/radiotherapy,mostpatientsrapidly relapsewith treatment-resistant
65
thefive year survivalratefor thesepatientsis < 5%. consequently,the developmentof novel
therapeuticstrategiesfor SCLC is urgentlyrequired. The risk of developingSCLC is directly
linked to the numberof cigarettessmokedand it is very rare for a non-smokerto suffer from
this cancertype.
The searchfor noveltherapeuticstrategieshasbeendirectedby growth factorswhich are
implicated in the proliferation of tumour cells in autocrine/paracrineloops. The factors and
signalling pathwaysthat stimulate the proliferation of the tumour cell have been extensively
66
studied in SCLC. Multiple neuropeptideand certain polypeptide growth factors are now
recognised to drive the proliferation of SCLC cells in both an autocrine and paracrine
fashion.66" 67 Thesegrowth factorsbind to specificcell surfacereceptorsand elicit intracellular
signallingpathwayscommunicatingwith variouscellularcompartmentsincludingthe nucleusto
orchestratethe synthesisof newproteinsnecessaryfor DNA synthesisand cell division as well
assurvival and migration. It has becomeclear that the signalsusedby distinct growth factors
can overlap and so inhibition of such common signalling molecules may be an attractive
therapeuticstrategyto inhibit the actionsof thesedifferent growth factors68 One such common
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signalling pathway involves the metabolism of arachidonic acid (AA) which is involved in
tumour growth and metastasis58,69,70Therefore the developmentof small molecule inhibitors
which target lipoxygenasesprovides a novel therapeutic approach.However, targeting a single
molecule may be insufficient as cancersrapidly mutate their phenotype and so a better strategy
might be to identify small molecule inhibitors which inhibit several targets in cancer cells.

The elementsof growth factors and their receptorsand arachidonic acid metabolism
pathwaysareconsideredin thesucceedingsection.
4.4.1.1

Growth Factors and Their Receptors
Growthfactorsare secretedproteinswhich serveasstimulators/inhibitorsto regulatethe

proliferation of specificcell typesin responseto the needsof the whole organism.There are at
leasttwo typesof growth factors,the neuropeptidesandthe largerpolypeptidegrowth factors.
Both of theseareinvolvedin SCLC biology.66'71
Extracellulargrowth factors act by binding to specificreceptoron the surfaceof their
targetcells which then trigger a cascadeof intracellularsignal transduction.The intracellular
signalsare ultimatelytransmittedto the nucleus wherebythey alter the programmesof gene
72
expressionwhich controlcell behaviour.
Growth factorreceptorsact asexternalsensorsby transducingsignals from outsidethe
66' 71 Neuropeptidegrowth
cell to its interior, andbroadly canbe dividedinto at leasttwo types
domain receptorfamily and lack
factors receptorsare membersof the seventransmembrane
intrinsic kinaseactivity. Instead,they couple to intracellular signalsvia the heterotrimericG
protein family. In contrast,the polypeptidereceptorsspan the membraneonce consisting of
threepartswhich are extracellular,transmembrane
andintracellulardomains.The extracellular
domainis exposedoutsidethe cell surfaceto bind growth factors.The transmembranedomain
passesthrough the plasmamembraneto connectthe extracellulardomain with the intracellular
domain which interacts with signal transductingmoleculesinside the cell. The binding of a
73
growth factor to theextracellulardomainresults in dimerisationof two receptor molecules,
and the activation of the intracellular tyrosine kinase which phosphorylates the receptor
(auto/transphosphorylation)
anda numberof secondmessengersignalling molecules attracted
to theactivatedreceptor,thusconveyingsignalsfrom theoutsideto theinside of thecell.
Many growth factor receptors function as protein-tyrosine kinases, that is the
intracellulardomainsof thesereceptorsare enzymesthat activatetheir targetprotein molecules
by phosphorylationof the tyrosineresidue.Thesereceptorsare thereforecalled protein tyrosine
kinases(seeChapter 3).72 Intracellular signal transductionis a processof phosphorylation
eventswhich ultimately induce alterations in gene expressionin the nucleus and hence, cell
proliferation. The SCFreceptorc-kit, highly expressedin the SCLC cell line, belongs to the
proteintyrosinekinasefamily.
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In 1983 two groups of scientists,74 who were studying oncogene and growth factors,
serendipitously discovered, for the first time, that normal cell growth factors can act as
74
oncogenes. Growth factors secretedby one kind of cell normally stimulate proliferation of a
different kind of cell. The basic principle is that the type of cell does not respond to the growth
factor that it also produces. When a growth factor acts as an oncogene, this requirement is no
longer met, and a cell begins to produce a growth factor that stimulates its own proliferation.
This situation is called autocrine growth stimulation.72

Normal receptorprotein-tyrosinekinasescanbe activatedasoncogenesby eitherof two
kinds of alterations in their normal function.74 First, overexpressionof the normalreceptor
proto-oncogeneis sufficient to induce an exaggeratedcellular response to growth factor
binding,resulting in excesscell proliferation.Secondly,structurechangesof the normalprotooncogeneencodedreceptorproteinscanresult in cell transformation.For instance,deletionsof
the extracellulardomainscan convertthesereceptorsinto biologically active oncogenesas the
binding domains regulate the catalytic activity of the tyrosine kinase domain. Thus, the
oncogeneprotein functions constitutively, independentof growth factor binding, leading to
neoplastictransformation.In othercases,point mutationsat critical positionsin normalreceptor
proteinsare alsoresponsiblefor activatingoncogenes.
4.4.1.2.

Coexpression of the Stem Cell Factor and C-kit genes in Small Cell Lung

Cancer
Growth deregulation in humanSCLC results from multiple genetic defectsacting in
concert, rather than as independentevents, to induce complete loss of growth control.
Autocrine/paracrinestimulation has been a popular hypothesis used to explain the growth
deregulationof SCLC.70,75 Threeautocrinegrowth loopsinvolving gastrin-releasingpeptide
(GRP)growth factor, insulin-like growth factor-1(IGF-1) and stem cell factor (SCF) and their
threereceptorshavebeenimplicatedin deregulatedSCLC growth.70,75
SCF, alternatively namedmastcell growth factor (MGF),75 kit ligand (KL), or steel
factor, is a haemopoietic growth factor which, cooperatingwith other haemopoieticgrowth
factors,regulatesthe proliferationanddifferentiationin varioustypesof foetal and adult tissues
70,76 The proto-oncogenec-kit encodesa
asthe ligand of the c-kit proto-oncogeneproduct.
tyrosinekinasegrowth factor receptorwhich is involved in cell differentiation
transmembrane
77
andproliferationin variousmurinetissuesincluding thelung
SCF gene expression has been observed in a broad spectrum of human cancers
including SCLC. In contrast, c-kit transcripts are expressedin very restricted types of
78 Co-expressionof both the ligand SCF and the receptorc-kit has been observed
cancers.
preferentiallyin SCLC when comparedwith NSCLC and variousother cancers,suggestingan
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autocrine/paracrine mode of action via this autocrine growth loop in the pathogenesis of this
aggressivecancer.

Furthermore,evidenceexiststhat no c-kit proteinhasbeendetectedin foetal and adult
78
normal bronchial epithelial cells, indicatingthat c-kit expressionin SCLC is ectopic. It is
to the haemopoieticenvironmentof bone marrow much more
notable that SCLC metastasise
frequently than non-smallcell lung cancer.78 Strongevidencehas beenprovided that ectopic
expressionof c-kit in SCLC would enhancethe migration of SCLC cells in vivo. It has been
by the addition of
demonstrated78that the c-kit protein in SCLC was autophosphorylated
exogenousSCF,resulting in the induction of positive chemotacticresponseof SCLC cells in
vitro. This study has indicated that SCF can stimulate chemotaxisof the porcine aortic
endothelialcells transfectedwith the c-kit expressionconstruct,resultingin the acquisitionof a
higher invasive(metastatic)phenotype.
It is also of considerableinterestthat molecularbiological analysisrevealedan amino
acid substitution [CTG (leucine) insteadof ATG (methionine)] within the transmembrane
domain of c-kit in an SCLC cell line. This result suggeststhe possibility of eithera germ line
78
mutationor polymorphism.
The remarkableadvanceachievedin the understandingof the pathogenesisof lung
canceron the molecularandbiochemicalbasisis of great interestfor the managementof this
highly aggressivecancer.The important autocrinegrowth factors, SCF and its receptorc-kit
provide attractivetargetsfor therapeuticinterventionin SCLC.
In addition, the molecularbiological study on the pathogenesisof SCLC has revealed
that autocrine growth factors activate the lipoxygenasepathway of arachidonic acid (AA)
79
metabolism in SCLC cells. The eicosanoids,products of the AA metabolism,have been
found to be implicated in tumour promotion, cell proliferation, metastases,and immune
58
surveillance.

4.4.1.3 ArachidonicAcid Pathway58,70
Arachidonic acid (5,8,11,14eicosatetraenoic
acid) 63 is a polyunsaturatedfatty acid
which is providedfrom the diet. Arachidonicacid metabolismconsistsof two major pathways:
the cyclooxygenaseandthelipoxygenasepathways(Figure 21) 58,70
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Figure 21 The Metabolism of Arachidonic Acid
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Lipoxygenase catalyses the hydroperoxy substitution of AA to give allylic
hydroperoxides which are designated monohydroperoxyeicosatetraenoic
acids (HPETEs).
Thereis afamily of lipoxygenases(LO), namely5-, 12- and 15-LO, that differ in the position
(C-5,12 and 15) at which they oxygenatethe arachidonicacid (AA) backbone.The three
hydroperoxides(5,12 and 15-HPETE) are unstable,and they can be either reduced to the
acids(HETEs)or convertedinto leukotrienes(LTs).
correspondinghydroxyeicosateraenoic
Lipoxygenases
are iron containingenzymesin which the iron exists in either the 2+ or
3+ oxidationstate.To exerttheir oxidativeactivities,theFe2+ statemustfirst be oxidised to the
Fe3+ state.In the mode of action of 5-LO (Figure 22),8 Fe3+ specifically oxidises the 5,8
diene systemof AA to generatea pentadienylradical with the iron being reducedto the Fe2+
state.This radicalthenstereospecificallyreactswith molecularoxygenat C-5 to generatethe 5S-hydroperoxyradical which undergoeselectron transfer and protonolysis regeneratingthe
activeFe3+ and5-HPETE.
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Figure 22 Mode of Action of 5-Lipoxygenase
Fek
Fe2'

Fei

Activation
- CuHro

-º

Fe2+

-

Few

00
cod*

ý

CIIHI

-º

9

CIIH1y

OÖ

COÖ
+H+

Thecyclooxygenasepathwayleadsto the formation of prostaglandin which contribute
solely to the growth of tumours.On the other hand,the metabolitesof the LO pathwayhave
58,7° Thus
beenfoundto play an importantrole in tumourinitiation, promotionandmetastases
lipoxygenaseenzymespresentattractivetargetsfor developingtreatmentand chemopreventive
strategies.
4.4.2

Nordihydroguaiaretic acid (NDGA)

Researchhas suggestedthatNDGA exertsits antiproliferativeeffectsin the treatmentof
SCLCmainly by thefollowing two mechanisms.
Lipoxygenase inhibitor
NDGA is known to be a selectiveinhibitor of lipoxygenasesand blocks SCLC growth
in vitro and in vivo.A Studiesof the molecular events involved in growth factor signalling
suggeststimulation of or re-establishmentof apoptoticgrowth regulation resulting from the
interruption of the lipoxygenasepathway,as a possible mechanismfor the antiproliferative
effect of the lipoxygenaseinhibitors.80,81 Thus, lipoxygenaseinhibitors representa new
pharmacologicaltool to renewgrowthregulationin transformedcell populations.

Inhibition of c-kit receptor
The preliminary dataobtainedby Seckl et al.64 are consistentwith theabovefindings,
but they noticed that NDGA is a better inhibitor of SCLC growth than other more potent
lipoxygenaseinhibitors. Their resultsalso suggestthat NDGA has an alternativemechanismof
action in SCLC cells. It was demonstratedthat NDGA inhibits c-kit directly and also inhibits
theplatelet-derivedgrowth factor (PDGF) receptor,64' 82 which like c-kit has tyrosine kinase
activity. This dual mechanismof lipoxygenaseand c-kit inhibition may explain its superior
effectivenessasanantitumouragent.
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Nevertheless, NDGA itself has poor solubility and chemical modifications are required
to provide a compound for optimal clinical use. In addition, the structure of NDGA is distinct
from other lipoxygenase inhibitors and has not yet been exploited. Preliminary investigative
work was performed by McDonald8 and Macleod83, who synthesised a range of analogues of
NDGA which have been tested for their activity in vitro by Dr Michael Seckl at the Medical
Oncology Department of Hammersmith Hospital, London. Their results demonstrated
improved potency for new analogues with 4-6 atoms between the two aromatic rings over
NDGA8, and furthermore the structural modification work revealed that introduction of an

amidelinkage betweenthetwo aromaticresiduesresultsin NDGA analogueswhich are more
8' 83
activethanNDGA itself.
Basedon thesepreliminaryresults,the programmedstructuralmodificationsproposed
for this project focused on three areas. The main programme of research was drug
solubilisationof the candidateanalogueswhich havebetterpotencyover NDGA. The second
areaof study introducedposition variations of the amide linkage between the two aromatic
residues.The third areaof work involved modification of substitutionson the two aromatic
rings.
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CHAPTER 5
Synthesisof L-Proline Derivatives
5.1 Introduction
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Ri=F, OMe, OH
R2= H. Me
R3= H. OMe

The general biological backgroundof the inhibition of stress related kinases was
discussedin Chapter2 togetherwith the generalstructures45 and46 for the proposedstress
relatedkinaseinhibitors. Thesewere modelledon serine42 andL-proline 44. It is a common
tactic to design drugsto mimic the naturalsubstratesin order to make a good fit at the active
sitesof theenzymes.As long asthedrugsarein the activesites,they shouldblock accessto the
naturalsubstratesandthe enzymaticreactionsshould slow or stop. In the designedstructures
the serineportionis in a conformationallyrestrictedform and the amidelink also addsrigidity
to the molecules.Theserigid functional groupswereintroducedbasedon the conceptthat rigid
compoundsoftenhaveenhancedbiological activitiesand selectivities.In addition a numberof
fluorine compounds were synthesisedwith a view to introducing a fluorine atom as a
bioisosterefor ahydroxyl groupin the hopeof improving thepotencyandduration of action of
the newcompounds.

5.2 Synthesisof L-Proline Derivatives containing Fluorine
and Methoxy groups
The proposedstructuresfor the L-proline derivativeshave an amide link betweenthe
conformationally restricted serine portion and the L-proline. The amide bridge can be
positionedin two possibleways,thereforetwo setsof L-proline derivativeswere synthesised.
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5.2.1 Synthesis of N-Terminal L-Prolineamide Derivatives
This set of compounds was prepared in a three step procedure as shown in Figure 23.
The carboxyl group of the L-proline reacts with the amino group of the aniline derivative to
form the amide bond in this set of compounds. This is the key step in the synthetic route and
was achieved using DCC as coupling reagent and DMAP as a baseand acyl transfer reagent.

aR
[CNH

N IPBOC

csOQ20 xzco6

ti

Dioxaae.H2O
it, 18h, 76%

CO2H

CO2H
64

44

ýR

O
/ý

IH

DCC DMAP
.
,
dry DCM. rt,
24h. 50%

O
1M HCI -MeOH
Rt, 48h, 7983

H

65 R=F
66 R= OMe

Ho
Hv

67 R=F
68 R . OMe
Figure

23

Our first approachto maketheamidelink by condensingthe anilinederivativesdirectly
No signalsexpectedfor the productswerefound
with unprotectedL-proline was unsuccessful.
in the NMR spectrafor the complexreactionmixtures. Thereforewe decidedto protect the
aminegroup of the L-proline prior to carryingout thecouplingreactions.
L-Proline was protectedasBOC-proline 64 in a 75% yield by a modified procedure
84
usedby Ookawaand co-workers. The product was obtainedas long white crystalsgiving a
84
1H NMR spectrumrevealed
meltingpoint consistentwith that reportedin the literature. The
two singletsat 6 1.38 for the threemethyl groups indicatingthe presenceof rotamers,while a
4H and 2H multiplet in the aliphaticregion along with two deshieldedmethinemultiplets at 8
4.17 and4.28 gaveevidencefor theproline ring. The N-protectedL-proline was then subjected
to a coupling reaction with aniline in the presenceof DCC and DMAP according to the
85
procedureof HassnerandAlexania. The side product DCU of the reactioncausedproblems
during purification. The majority of thebyproductDCU precipitatedout of the reactionmixture
and was filtered off, and the filtrate was stored in a freezer to encourageprecipitationof the
remaining DCU. After filtration of the DCU precipitate and concentrationof the reaction
mixture, the crudeproduct was crystallisedfrom alcoholic solvents.After all theseattemptsto
removeDCU, the 1H NMR spectrafor the white crystalline productsstill had small peaksfor
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DCU, indicating contamination with a trace of DCU. This problem might be overcome by using
a water soluble version of DCC.
Finally the deprotection of the amine group was achieved in good yields under acidic
86
1H NMR
conditions. In the
spectra compounds 65 and 66 each gave peaks from 8 6.9 to 8.2
for the aromatic ring and also gave a sharp peak for the tert-butyl group at about 8 1.4, but for
compounds 67 and 68 there was no peak at 8 1.4. This indicates that the BOC group was
removed. The IR spectrum of the two final products 67 and 68 revealed characteristic
absorption frequencies in the 1684-1692 cm-1 region for the carbonyl bond and the NH
13C NMR
spectra supported these findings
stretching vibrations at about 3327-3494 cm-1. The
with the carbonyl carbon signals at 8 169 and 177. The parent ions at m/z 208 and 220 in the
mass spectrum gave further evidence for the proposed structure for compounds 67 and 68,
respectively.

5.2.2 Synthesisof C-Terminal L-Prolineamide Derivatives
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Figure 24

In orderto prepareproline derivativeswith the alternativeamidelinkage, the three step
route shownin Figure 24 was used.L-Proline was protectedas benzylproline69 in high yield
following the procedureof Neumanand Smith.87 The structureof this known compound 69
was confirmedby the spectroscopicdatacollectedand the meltingpoint recordedwas found to
be in agreementwith that in the literature.87 Our initial synthetic attemptstowards amide
formation using DCC and DMAP provedunsuccessful.It was found that the pH valueof the
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sample withdrawn from the reaction mixture was about 2. This indicated that the amine group of
the benzylproline would be protonated in this acidic condition, which could make the reaction
difficult. In order to change the pH value of the reaction, CDI was chosen as an alternative
coupling reagent and a modified version of the method by Paul and Anderson88 was employed.
The pH value of the sample taken from the reaction mixture was about 8 and the reaction was
monitored by TLC (2: 1 EtOAc-hexane + 5% AcOH or 5% NH3-H20). After stirring under
N2 at rt for 24 hours, completion of the reaction was confirmed by TLC which showed no sign
of starting material and a product spot which was stained bright orange by dragendorff reagent.
Following the procedure of Challis and coworkers, 89 catalytic hydrogenation of 73-75 over
palladium removed the benzyl group with easeaffording the final products 76-78 as crystals
with sharp melting points and analytical purity.

In the 1H NMR spectra,compounds73,74 and 75 eachgavean AB systemat about6
5.1 for the benzyl methyleneprotons and also gavepeaks at 6 4.6 and 4.3 for the methine
proton on theproline ring while compounds76,77 and 78 had no AB systemsignalsat 8 5.1,
which providedevidencefor theremovalof thebenzylgroups.It is worthy of note that both the
1H and 13C NMR spectragave two sets of signals for compounds73 to 78, due to the
presenceof rotamers.Integrationof peakheightson the 1H NMR spectraenabledthe rotameric
ratio for eachcompoundto be established.The ratio for the minormajor rotamersignalswere
calculatedasabout 1:2 for the six compounds.The 1H and 13C NMR spectraof compound77
were chosen to exemplify this NMR phenomenonexhibited by the amide series (see
Appendixes 1 and 2). From the 1H NMR spectrumof compound 77 (Appendix 1) a ratio of
1:2 for the minor:major rotamerswas established.The signals on the 1H NMR spectrumfor
the five-memberedproline ring wereevidentin the region 6 1.78 to 4.67. The threemethylene
groupsproducedthreepairs of multipletsat 8 1.78 and 1.90,8 2.10 and 2.37,8 3.31 and 3.69
respectivelywhile the methineproton on the ring gavea pair of multiplets at 6 4.14 and 4.67.
The 13C NMR spectrumof 77 (Appendix2) alsoprovideda very cleardemonstrationof paired
signals,a featurepreservedthroughoutthesix compoundseries.
Rotamericforms of amidesareconstantlyinterconvertingand,in most cases,the rate of
interconversionis fasterthan the gap betweenthe NMR pulses. Consequently,only one set of
signalsin the spectrumis usually observed.In the caseof amides73 to 78, the nitrogenatom is
on the proline ring and the carbonyl group is also conjugatedto the aromaticring. The two
decreasetherate of interconversionof the two rotamersdue to the increased
bulky substituents
energyrequirementfor theprocess.As a result a set of signals for eachrotamerwas observed
in eachNMR spectrum.
The 1H NMR spectrum of compounds73 to 78 showed multiplets in the aromatic
region for the benzenering while compounds74,77 and 75,78 gave a 3H singlet and a 6H
singlet,respectively,at 6 3.8 for the methoxy groups. Three characteristicstretchesat 17431757cm-1 regionwererecordedin the IR spectrumfor the carbonyl groups in compounds73
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to 78. The 13C NMR spectrum of 73 to 78 provided evidencefor the carbonyl groups through
the signals at ca 6168-176.

Synthesis of L-Proline Derivatives Containing a
5.3
Phenolic Moiety
In the foregoing section a fluorine atom was chosenas a bioisostereto replace the
hydroxyl group on the rigid serine mimic in the L-proline derivatives. Alternatively, the hydroxy
group was converted into a methyl ether in the conformationally restricted form of serine. This
section will discussthe synthesisof L-proline derivatives containing rigid serine portions with a

freehydroxyl group.
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Figure 25

In the initial approachtowards the targetcompound83,2-aminophenol was coupled
with BOC-proline in the presenceof DCC and DMAP without protection of the hydroxy
group.TLC analysisof thereactionmixture showeda streakindicatingan intractablemixture of
materialswhile the 1H NMR spectrumof the reactionmixture gave no signalsfor the desired
product.
This failure suggestedthat the free hydroxy group on 2-anunophenolshould be
protectedas the benzyl ether 81. Conversion of the 2-aminophenolinto the corresponding
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benzyl ether 81 was accomplished by a three-step procedure described by Humm and
Schneiderte (Figure 25). 2-Aminophenol was first protected as a phthalimide by heating at
reflux with phthalic anhydride in acetic acid for one hour. The mixture was then diluted with
water and heated to boiling. On cooling in ice, compound 79 crystallised in nearly quantitative
yield. This procedure demonstrateda great simplicity in the work up and purification processes.
The presence of the phthalimide moiety in compound 79 was confirmed by two characteristic
1H NMR spectrum. Subsequent benzylation of
multiplets at 6 7.68 and 7.85 observed in the
the N-protected 2-aminophenol 79 using benzyl bromide and sodium in dry EtOH proceeded
1H
smoothly affording compound 80, after crystallisation from hexane, in 75% yield. The
NMR spectrum and the melting point of the known compound 80 were in agreementwith those
90
reported in the literature. Deprotection of the amino group in compound 80 was achievedby
treatment with hydrazine hydrate. After the mixture was heated at reflux for one hour, TLC
analysis indicated that no starting material was left and there was a spot on the origin. On
completion of the reaction the side product phthaloyl hydrazide was removed by filtration from
the reaction mixture and the solution was made alkaline to yield the crude o-benzyloxyaniline
81 as the free base. All attempts to purify the crude aniline derivative by crystallisation were
0C) of the compound. However trituration of
unsuccessful due to the low melting point (30-40
the crude aniline derivative with water afforded compound 81 pure enough for synthetic work
1H NMR spectrum.
according to the

o-Benzyloxyanilinewasin turn coupledwith BOC-proline in the presenceof DCC and
DMAP to form the amide bond in compound82. TLC analysis showed,after the reaction
mixture was stirred at it for 24 hours,a homogeneousslowerrunning spot for the productthat
1H NMR spectroscopy identified
was stained bright orange by Dragendorff reagent.
compound 82 from the multiplets at 8 6.90 for the aromatic ring, S 5.04 for the benzyl
methylenegroupand a singletat S 1.29for the ten-butyl group,a 1H multiplet at S 8.38 for the
secondaryamidetogetherwith thetwo multipletsat S 4.21 and 4.39 for the methineproton on
theproline ring. Thereonly remainedthe needto unmaskthe NH2 and OH from the carbamate
andthebenzyletherasthefreeamineand the hydroxy group, respectively.As describedin the
abovesectiontheBOC protectinggroupwas successfullyremovedunder acidicconditionsand
the deprotectionof the hydroxy groupby hydrogenationwas straightforward.The completion
of deprotectionof theBOC groupwas evidentfrom TLC analysisshowing no startingmaterial
and a homogeneousslower running spot stainedorangeby Dragendorff reagent.The crude
product was used directly in the subsequenthydrogenationwithout further purification. The
debenzylationvia catalytic hydrogenationover palladium proceededsmoothly and affordedthe
crude product as a brown oil. Difficulties were experienced in the purification of the final
compound83 andwe wereunableto crystalliseit. The targetcompound83 was also unstableto
1H NMR
chromatographyon both silica and aluminacolumns, and this was evidentfrom the
spectrumof the column fractions.In an attemptto purify the compound83 the crudeproduct
was triturated sequentially with petroleum ether and dichloromethaneand dried in vacuo
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affording compound 83 as a brown solid in 67% yield. We also suspected that the final
compound 83 tended to be oxidised by 02 based on the observation that the brown solid
compound 83 became a dark oil readily after exposure to the air. The 1H and 13C NMR
spectraprovided another demonstrationof clearly paired signals. The successful deprotection of
the amino group and the hydroxy group was evident from the IH NMR spectrum with the
absence of the benzyl methylene signal at 8 5.04 and of the ten-butyl signal at 8 1.29. A broad
phenolic stretch and NH stretching vibrations at ca 3500 cm-1 in the IR spectrum along with a
parent ion at m/z 206 in the mass spectrum were also consistent with the proposed structure.
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Attemptedcoupling of proline benzyl ester 69 with salicylic acid failed as had the
attempt to couple BOC-proline with unprotected2-aminophenol.Both failures indicated the
coupling reaction conditions were not tolerant of free hydroxyl groups. Protection of the
hydroxyl group was therefore necessary. The conversion of salicylic acid into the
correspondingbenzyloxybenzoicacid proceededin two steps (Figure 26) according to the
91
procedureof Farkaset al. Benzylationsof the o-hydroxybenzoicacids with benzyl chloride
in the presence of ignited potassium carbonate afforded compounds 84 and 85, after
crystallisationasyellow crystalsin high yield. The meltingpoint for the known compound84
was identicalwith that reported.91 The 1H NMR spectrumrevealedtwo 2H singletsat 8 5.08
and 5.26 for thetwo benzylmethylenegroupsalongwith a 14H multiplet in the aromaticregion
providing further evidencefor the proposedstructure.In the 1H NMR spectrum of the novel
compound 85, the two benzyl methylene groups and the methoxy group produced two 2H
singletsat 6 5.01 and5.27 anda 3H singlet at 6 3.69respectively.The correspondingsignals in
the 13CNMR spectrumresonatedat 8 67.2,72.2 and56.2,respectively.
Thebenzyl esterswere then hydrolysed in concentratedNaOH solutions followed by

acidificationof thecarboxylatesaltswith 2M HCl producingtheo-benzyloxybenzoic
in
acids
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quantitativeyields. The successfuldeprotectionsof carboxyl groupsin compounds84 and 85
wereapparentthroughthe absenceof thebenzylmethylenesignalsat 6 5.08 and5.01 in the 1H
NMR spectrumwhile the carboxylic acid proton produceda broad singlet at ca 6 11.0. The
melting point for the known compound 86 was in agreementwith that reported in the
91 while the novel compound87 was fully characterised.Following the modified
literature,
versionof the procedureof Paul andAndersonasbefore,the o-benzyloxybenzoicacids86 and
87 werecoupledwith benzylproline69 using CDI in DMF at ambienttemperatureto form the
amidebonds.TLC (1:1 EtOAc-hexane,3% aceticacid)of the reactionmixture after stirring for
24 hoursrevealedno starting materialand a homogeneousfasterrunning product spot stained
orangeby Dragendorff reagent.The crudeproductswerepurified by columnchromatography
affording compounds88 and 89 in 66-70% yields. The benzyl estermethylenegroups of 88
and89 produced1H NMR signalscharacteristicof two AB systemsat 6 5.15 and 5.13 with J
valuesof 9.6 and 12.4 Hz, respectively.Two singletsat 6 5.03 and 4.96 for the benzyl ether
1H NMR spectrum.The two
methylenegroupsin 88 and89,respectively,wereobservedin the
methineprotonson the prolinering of 88 and89 gavetwo multipletsat 6 4.25,4.63 and 6 4.31,
4.63, respectively,in the 1H NMR spectrum.Hydrogenationover palladium carbonat rt in
ethanolsimultaneouslyremovedthe two benzyl groupswith ease.TLC of the reactionmixture
after 6 hours showed no starting material indicating the efficiency of the debenzylation.
Purificationof the two desiredcompoundsprovedproblematic.Attemptedcrystallisation of the
crudeproductswere unsuccessfulwhile chromatographyon both silica and aluminaresulted
1H NMR spectra for the column fractions.
only in extensivedecompositionevidentfrom the
Trituration of the crude productswith petroleum ether and concentrationin vacuo afforded
compounds90 and91 in 90% yield. Compounds90 and 91 were found, like compound83, to
be unstablein air possiblydueto theoxidationof thephenolic moiety. The 1H NMR spectrum
for the benzylmethylenegroupsconfirming the accomplishmentof the
showedno resonances
debenzylation.Clearly paired signalswere again observedin both the IH and 13C NMR
spectra for all four compounds88 to 91. Broad phenolic stretchesat ca. 3500 cm71 and
carbonylabsorptionsat ca. 1740-1750cm-1 in theIR spectrumalong with parentions found in
themassspectrumwere alsoin agreementwith theproposedstructures.

5.4 Biological Test Results
The proline derivatives preparedwere assessedfor their SAP kinase inhibition by
ProfessorDavid Gillespieat theBeatsonInstitutefor CancerResearch,Glasgow.

5.4.1 Method of Testing43
The MAP kinase enzyme employed in the test was the c-jun N-terminal kinase, a
componentof the SAPK pathway.This assay involvedthe use of a recombinantGST-c-jun

54

protein (purified from E. cola)bound to Sepharosebeads. This behavedas a combined affinity
matrix and substrate for the SAPK kinases. Cell extracts were prepared from primary avian
fibroblasts treated with anisomycin to provide the source of activated indigenous JNK to be
incubated with the GST-c-jun beads. The assay followed standardexperimental procedure and
reactions were performed for each proline derivative at concentrations of 500,50 and 5
micromolar. SDS gel electrophoresiswas used to resolve the bead-boundreaction mixtures and
following electroblotting, the labelling of the GST-c-jun from each reaction was visualised by
autoradiography.

5.4.2 Results
At the 5,50 and 500 µM compoundconcentrationsnoneof the proline derivatives 67,
68,76 to 78 containingfluorine or methoxy groups werefound to exhibit inhibitory activity in
the assay,which is an indication that the thesecompoundsmay be poor substratesfor stress
relatedkinases.In thelight of this failure we thoughtthe freehydroxygroup on the rigid serine
mimic moiety might be essentialfor their inhibitory activities,and thereforewe sought to
preparethe proline derivatives83,90 and91 containingthe rigid serineportion with the free
hydroxyl group. Compounds83,90 and 91 haveimprovedstructuresimilarity with the natural
substrates,which could make them more competitive for the active site of the enzyme.
Unfortunately, the compounds83,90 and 91 preparedhavenot yet been testedfor biological
activity.
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CHAPTER 6
Synthesis of Theophylline Derivatives
As outlined in Chapter 3, recent advancesin the researcharea of DNA damage
checkpointcontrol raisedthepossibilityof manipulatingthe checkpointpathways.In particular
theChkl pathway,which is implicatedin a numberof cancers,could be a potentialtarget for
therapeuticinterventionin thedevelopmentof anticanceragents.
We intend to test caffeine and theophyllineas referencecompoundswith a rangeof
relatedderivativespreparedby alkylation of theophylline49. The theophylline derivativeswill
be assessed
to seeif they overrideG2/M arrestby inhibiting Chk 1 kinasefunction.

6.1 Synthesisof Alkylated Theophyllines
A seriesof oxoalkyldimethylxanthineshas been synthesisedby Mohler et al.92 as
Basedon this preliminary work our
solubilisersfor varioustherapeuticallyuseful substances.
proposedstructural modifications involved variations of the oxoalkyl moiety. A range of
theophylline derivatives was synthesisedby alkylation at N-7 on the xanthine ring of
theophyllinewith bromidesprobablyvia an SN2 mechanism.
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The preparationof the targetcompound95 was achievedby a four step synthesiswhich
is depicted in Figure 27. The known compound94 was preparedin three steps following the
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92
patent procedure. The patent gavethe melting points (or boiling points) but no spectroscopic
data for each compound prepared. Reaction of 1,3-dibromopropane with ethyl acetoacetate
under basic condition in ethanol proceededuneventfully according to the TLC analysis, and the
standard work-up followed by fractional distillation under reduced pressure afforded
dihydropyran 92 in 76% yield as a pure clear oil. The pertinent features in the 1H NMR
spectrum were a 2H multiplet at 6 1.75, a 2H triplet at 6 2.23 with aJ value of 6.4 Hz and a
deshielded 2H triplet at 6 3.94 with aJ value of 4.2 Hz for the three methylene groups on the
pyran ring. The expected signals at 6 1.21 and 4.11 for the ethyl group and a 3H singlet at 6
2.15 for the exomethylene protons provided further evidence for the proposed structure. The
pyran ring was opened after stirring with 48% HBr at rt for two days followed by heating at
reflux for a further two hours. Following work-up and low pressure fractional distillation,
bromoketone 93 was isolated as a yellow oil in 62% yield. The four methylene groups were
observed as two 2H triplets and two 2H multiplets while the methyl group was seen as a 3H
IH NMR spectrum of 93. The 13C NMR spectrum revealed the expected six
singlet in the
resonances including the carbonyl functionality at 6 208.6. The nucleophilic substitution of
bromoketone 93 with theophylline was performed in 1M NaOH and the reaction mixture was
heated at reflux for 12 hours. TLC analysis showed a new spot for the product along with two
spots for the starting materials indicating that the reaction was incomplete. In an attempt to force
this reaction to completion, the reaction mixture was heated at reflux for two days; however no
improvement in yield was observed. After workup the crude product was crystallised from
isopropanol on cooling in a ice-NaCI bath to give the oxoalkyldimethylxanthine 94 in 19%
yield. The pure product 94 gave a melting point in agreement with that reported92 and was
further characterised by its 1H NMR spectrum. The most pertinent features of the 1H NMR
spectrum were two 2H multiplets at 6 1.49 and 1.82 along with two 2H triplets at 6 2.34 and
4.21 for the aliphatic chain between the 7-N and the carbonyl group. The 1H NMR spectrum
also produced signals characteristic of the xanthine skeleton at 6 3.33,3.35 and 7.49. Finally
NaBH4 reduction of the aliphatic ketone 94, according to the procedure of Maugras et -al. 93

proceededsmoothly at rt for one hour and the reactionwas quenchedby addition of a few
drops of conc. HCI. The by-product NaCl was removedby chromatography(Florisil®) and
crystallisationfrom isopropanolaffordedthe racemicalcohol 95 as a white solid in 50% yield.
The characteristicappearance
of the aliphatic proton resonancesfor the alkyl alcohol moiety
was observedin the 8 1.04-4.30region of the IH NMR spectrum giving evidencefor the
transformationof the ketone94 into alcohol 95, while the OH stretchingvibration at ca 3475
cm-1 was also found in the IR spectrum.The presenceof the xanthine skeletonwas verified
from the key featuresin the 1H NMR spectrumat 8 3.26,3.45 and 8.27. The characteristic
bandsat 1600and 1649cm-1 found in the IR spectrumfor the imidazolering and the carbonyl
groupsgave further supportfor thesefindings. The thirteenresonancesanticipatedin the 13C
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NMR spectrumcoupled with a parent ion at m/z 280 in the mass spectrum were also consistent
with the proposed structure.
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Figure 28

The syntheticroutefor theophyffinealkyl alcoholderivative 97 is illustrated in Figure
28. The known compound96 was preparedby a Michael addition according to a modified
92
versionof the literaturemethod. The Michael reactioncarriedout in dry pyridine afforded,
after workup andcrystallisationfrom isopropanol,the oxoalkyldimethylxanthine96 as a pale
92
yellow solid in 70% yield giving a melting point identicalwith that reported. The identity of
thecompound96 wasfurtherverifiedby the 1H NMR spectrumwith two 2H triplets and a 3H
singlet in the aliphaticregion for the alkyl ketonemoiety togetherwith two 3H singlets and a
1H singlet characteristicof the xanthine skeleton. Conversion of the ketone 96 into the
correspondingalcohol97 was accomplishedby NaBH4reductionasbeforegiving the racemate
1H NMR spectrumof the product 97 revealeda 3H doublet,a1H multiplet
of alcohol97. The
andtwo 2H multipletsin thealiphaticregionfor the alkyl alcohol moiety while the IR spectrum
showedcharacteristicOH absorptionfrequenceisat ca 3450cm-1 confirming thecompletionof
thereductionof theketone.The xanthineskeletonproducedthe expectedresonancesat 8 3.20,
3.39 and 7.89 while the characteristicpatternfor the imidazolering and carbonyl groups were
found at ca 1715 and 1596 cm' 1. The expectedeleven resonancesincluding the carbonyl
13C NMR spectrumand a parention at
at 8 152.8and 156.0were observedin the
resonances
m/z 252 in themassspectrumwere in agreementwith the proposedstructure.
In additionsomemore alkylatedtheophyllines(shown in Figure 29) were preparedvia
nuleophilicsubstitions.
Compound98 waspreparedin a fashionsimilar to thatdescribedfor compound94. The
alkylationof theophyllinewith hexyl bromidein 1M NaOH-EtOHafforded,after crystallisation
from hexane,thetheophyllinederivative98 as white crystalsin 14% yield. The presenceof the
six carbonaliphaticchainwas clearlyevidentfrom the IH NMR spectrumwhich containedtwo
triplets,a multipletanda singletin thealkyl region andthe 13C NMR spectrumshowedthe six
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resonances anticipated. The xanthine skeleton was clearly observed as three singlets at 6 3.33,
3.52 and 7.46 in the 1H NMR spectrum, and the 13C NMR and IR spectra of the product 98
were also in agreement with these findings. A parent ion at m/z 264 recorded in the mass
spectrum provided further support for the proposed structure.
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It is worthy of note that, despitethe claimed yield of 80% for compound94 in the
92 compounds94 and98 werepreparedin very low yields (19 and 14%,respectively)
literature,
following thepatentmethod92via SN2 reactionperformedin protic solvents,e.g. water/EtOH.
The low yields we obtainedwere expectedsince the protic solvent mixture waterlEtOH with
NaOH is not appropriatefor SN2 reactions.It is well known that the SN2 reactionis favoured
by a high concentrationof a strong (negativelycharged)nucleophilein an aproticpolar solvent
which dissolves ionic reagentschiefly through their bonding to the cation leaving the anion
relativelyfreeandhighly reactive.In order to improvethe conditions for the preparationof the
othertheophyllinederivatives,theaproticsolventDMF and strongerbaseNaH wereemployed
in placeof the NaOH and water/EtOHmixture.
in DMF with NaH was stirred
A mixture of theophylline49 and2-bromoacetophenone
at rt overnightandTLC analysisshowedno startingmaterialwas left. The solventwas removed
andthe crudeproductwas crystallisedfrom EtOH affordingcompound99 asyellow crystalsin
76% yield. The melting point for the known compound 99 was in agreementwith that
1H NMR spectrumshowing a
reported94and the proposedstructurewas confirmed from its
multiplet in the aromaticregion for the benzenering and a singlet at S 5.96 for the methylene
1H NMR spectraof
groupalong with the characteristicpatternsresemblingthose found in the

94 and95 to 98 for thexanthineskeleton.
compounds
Compound100 was preparedby the procedureusedto preparecompound99 exceptfor
the methodof workup. Dichloromethanewas addedto the reactionmixture to precipitatethe
unreactedtheophylline which was filtered off. The filtrate was concentratedand the crude
productwascrystallisedfrom isopropanolto givecompound 100 as a grey solid in 19% yield
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despitethe apparentefficiency of the reactionby TLC analysis.A 3H triplet at S 1.24,a 2H
quartetat S4.20 and a2H singletat S5.01 in the IH NMR spectrumalong with a characteristic
esterresonanceat 6 167in the 13CNMR spectrumconfirmedthat the ethyl esterwas present.
The samecharacteristicpatternsfor thexanthineskeletonwereobservedin theNMR andthe IR
spectraasfor those recordedfor the othertheophyllinederivatives.A parention at m/z 266 in
the massspectrumprovidedfurtherevidencefor theproposedstructure.
Compound 101 was preparedin 55% yield following the procedureusedto prepare
compound100. The acetalmoiety produceda 4H multiplet at S 3.79,a2H doubletat S 4.51 and
1H NMR spectrumtogetherwith four characteristicresonancesin
a1H triplet at S 5.51 in the
the 13C NMR spectrum.The NMR andIR spectrarevealedthe characteristicpatternsfor the
xanthine skeleton. The proposed structure was also confirmed by high resolution mass
spectrometry.Initially we envisagedthat compound101 should be readily convertedinto the
correspondingaldehydewhich appearedto be a good point for subsequentfunctional group
manipulations.Unfortunately,attemptsto hydrolyse the acetalto thealdehydein 10%HCl or
by treatmentwith PPTSwerenot successful.In consequence
this planwas abandoned.

6.2 Synthesisof Theophylline Dimers
A seriesof theophyllinedimerswas synthesised(Figure 30) in order to establish the
optimum bridging distancebetweenthetwo heterocycles.We postulatedthat the theophylline
dimersmight act asintercalatingagentswhichcould interactwith both DNA strands.
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All eleventheophyllinedimers102 to 112 were preparedin the samemannerfollowing
the procedureof Itaharaand Imamura.95 Alkylations of the dibromideswith theophyllinein a
suspensionof NaH in DMF were carriedout at ambienttemperatureovernight.To encourage
thecompletionof thesereactions,the reactionmixtures werethen heatedat 70 °C for 3h. TLC
analysis showed no starting material and a homogeneousspot for the product. Following
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completion of the reaction, product precipitation was achieved by the addition of water to the
cooled reaction mixture. The melting points for the seven known compounds 102 to 108 were
identical to those reported in the literature.95 No commonly used solvents were found to
dissolve compounds 103 and 104, therefore there are no NMR spectral data for them. The
parent ions at m/z 386 and 400 in the high resolution mass spectra gave evidence for the
IH NMR spectra of
proposed structures of compounds 103 and 104, respectively. The
compounds 102 and 105 to 108 revealed characteristic resonances for the two xanthine
skeletons with two 6H singlets at 8 3.34 and 3.49 along with a 2H singlet at 8 8.29, a feature
preservedthroughout the five compound series,which were consistent with literature findings95
for these known compounds. Compounds 110 and 111 produced a 4H singlet at ca 8 5.5 and
1H NMR spectrum for the xylylene moiety together
multiplets in the aromatic region in the
with distinct resonances for the two xanthine skeletons. The proposed structures were also
13C NMR, IR
and accurate mass spectrometry. Compounds 109 and 112 were
confirmed by
insoluble in commonly used solvents, and therefore NMR spectracould not be obtained. IR and
accurate mass spectrometry provided evidence for the proposed structures of compounds 109
and 112, and the purity of compound 109 was confirmed by combustion analysis.

6.3 Biological Evaluation of Theophylline Derivatives
6.3.1 Water Solubility of Theophylline Derivatives
The water solubility of each of our theophylline derivativeswas estimatedby Miss
IsabelFreerof the TissueCultureUnit, Universityof Glasgow.The results are shown in Table
1. For comparisonthetheobrominederivatives(shownbelow) werepreparedby Ms J. Milne in
her MSci projectin 1999andtheir water solubility dataareprovidedin Table 2.96
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Theo h lline Derivatives

Compound

Caffeine

Water Solubility
20 g/L

Theo h lline
ThN(CH2)4COMe

94

10g/L
10 mm

ThN(CH2)4CHOHMe

95

10 mm

ThN(CH2)2COMe

96

ThN(CH2)2CHOHMe

97

100mm
10 mm

ThN(CH2)5Me

98

1- lo mm

ThNCH2COPh

99

<0.1 mm

ThNCH2CO2Et

100

<0.1 mM

101

<0.1 mm

ThNCH2NTh

102

ThN(CH2)2NTh

103

< 0.01 mM
< 0.01 mm

ThN(CH2)3NTh

104

ThN(CH2)4NTh

105

ThN(CH2)5NTh

106

ThN(CH2)6NTh

107

< 0.01 mm
< 0.01 mm

ThN(CH2)10NTh

108

< 0.01 mm

ThNCH2CH=CHCH2NTh

109

o- ThNCH2C6H4CH2NTh
m- ThNCH2C6H4CH2NTh

110

<0.01 mm
< 0.01 mm

111

<0.01 mm

112

<0.01 mm

n]

p- ThNCH2C6H4CH2NTh
Theophylline= ThNH

49

< 0.01mm
< 0.01 mm

Table 1
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Theobromine Derivative

Compound

Water Solubility

Theobromine
ThNCH2CH2COMe

JM 13

100 mm

TbN(CH2)4COMe

im 55

1 mm

TbN(CH2)5Me

JM 66

ThNCH2COPh

iM 85

<0.1 mm
< 0.1 mm

TbN(CH2)4NTh

im 91

TbN(CH2)6NTb

JM 105

o- TbNCH2C6H4CH2NTb
m- TbNCH2C6H4CH2NTh

JM 115
im 99

< 0.01 mm
< 0.01 mm

p- TbNCH2C6H4CH2NTh
Theobromine= ThNH

im 111

< 0.01 mm

0.5 g1L

< 0.01 mm
< 0.01 ni.M

Table 2
for water solubility.
A rangeof theophyllineandtheobrominederivativeswas assessed
Much to our disappointmentbut not to our surprise,most of the compoundsexceptfor the
theophyllineandtheobromineketo andalcoholderivativeswerefound to be almost insoluble in
water (< 0.1 mM).

6.3.2 Method of Biological Assay
for their inhibition
The theophyllineandtheobrominederivativespreparedwereassessed
of G2/M arrestby ProfessorDavid Gillespie at the BeatsonInstitute for Cancer Research,
Glasgow.
DT40 B-lymphoma cells in exponential growth phase(200 ml total culture volume)
weredividedinto 33 individualreplicate5 ml cultures.Onereplicate5 ml culturewasnot treated
with irradiation or addition of test compoundapart from addition of 5µl of vehicle (DMSO).
The other32 replicateculturewereirradiatedwith 10 Gy y-irradiationfollowed by addition of 5
µl of vehicle or test compoundto 1 mM. 33 cultures were then incubatedat 37 °C overnight.
After fixation the harvestedcells were stainedwith propidium iodide and analysedby flow
cytometry.

6.3.3 Resultsand Discussion
The processof mitosisis a sequence
of eventscalledthe cell cyclewhich wasbriefly
in Chapter1.As shownin Figure1,the cell cycleconsistsof a numberof sequential
described
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stages:G1 phase; S (synthesis) phase;G2 phase;and M (mitosis) phase.After mitosis, the two
daughter cells undergo the cycle again or enter a resting phase,G. All cells undergo this cell
cycle. The sequential events in the cycle for DT40 B-lymphoma cells before irradiation
treatment were analysed by flow cytometry in our biological assayand they are shown in Figure
31 at the top.

Thecell cycle alsohastwo checkpoints:G1/S and G2/M. In the eventof DNA damage
checkpointregulatorypathwaysareactivatedresultingin cell cycle arrestsat both the G1/S and
G2IM transitionsto providetime for the repairof damagedDNA, or in caseof severedamage,
for activationof programmedcell death.DT40 B-lymphomacells, usedin the biologicalassay,
haveinactivatedtumour suppressor
genep53,a critical componentfor induction of G 1/Sarrest.
DNA damage(suchasirradiation) resultsin preferentialaccumulationof p53-deficientcancer
cells at the G2IM transitionas thesecells havean incompetentG 1/S checkpoint.The effect of
the irradiationin inducingG2/M arrestin DT40 B-lymphomacells is shownin Figure 31 at the
bottom, whereit is apparentthat the numberof eventsat the G2/M boundary has increased
substantiallyafter irradiation(DNA damage).
The preferential accumulation of these cells on the G2/M checkpoint raised the
possibility that pharmacologicalinhibition of G2/M may render these tumour cells more
sensitiveto DNA damagingagents.The biological evaluationof the xanthine derivativesis
shown in Figure 32. Most of the compoundsshow no effect on the G2/M boundaryevents
after irradiationexceptfor threeof them,98, JM66 and108. Theeffectsof thesecompoundson
irradiation of cells is shownin more detail in Figure 33. These three compoundssuppressed
GYM arrestvery effectively.The cancercellsundergomitosiswith damagedgenomeswhen the
DNA damagecheckpointG2/M is inhibited,andthis eventuallyleadsto tumourdeath.
All three activecompoundshave in common a long aliphatic chain which provides a
large degreeof flexibility to the structures.It is worthy of note that the ten-carbonchain of
compound108 is nearly twice aslong asthe sidechain (six carbonslong) of compounds98
andJM66. The long aliphaticchainscouldbind to ahydrophobicpocket in an enzyme's active
sitegiving rise to the activitiesof compounds98, JM66 and 108. On the other hand the large
alkyl chainsincreasethe bulk of the compoundsas a whole and this might assistthe uptakeof
the compoundsinto cells. If this is the case,it is not clear why these three compoundsare
effectivewhereascompoundswith slightly different alkyl chainssuchas107 arenot.
Caffeine47 has been demonstratedto suppressthe G2/M checkpointand to prevent
activationof Chk1,46,54 presumablyby inhibiting one or more upstreamcheckpointkinases
Rad3 in the DNA damagesignal transductionprocess.Compounds98,108 and JM66 may
exhibittheir inhibitory activity by a similar mechanism.It is not known why caffeine47 failed
to induceG2/M arrestin our experiments.It shouldbe notedthat the modeof action of caffeine
andits derivativeshasnot yet beenMy elucidated.
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Figure 31 Ionising radiation-induced G2/M arrest
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Figure 33 3 Compounds (98,108, and JM66) inhibit
G2/M arrest induced by Irradiation
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CHAPTER 7
Synthesis of NDGA Analogues
The synthesis of NDGA analogues was the major area of our synthetic work. NDGA
and its mode of action were briefly overviewed in Chapter4 together with the proposed research
work. This chapter describes our efforts on the synthesis of NDGA analogues along with the
preliminary test data.

7.1 Synthesisof a C3-Bridged Phenol Analogue
A C3-bridgedbiscatecholanaloguewaspreparedpreviouslyby McDonald.8 In order to
determineif the catecholmoiety is essentialfor biological activity, the C3-bridged phenolic
compound115 was preparedfollowing the modified procedureof McDonald8 exceptfor the
demethylationmethod.Compound115waspreparedvia a threestepsyntheticroute depictedin
Figure 34.
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The esterification of 4-methoxybenzoicacid was carried out under acidic conditions
affording the ethyl ester 113 as a colourlessoil in 88% yield. The characteristicethyl ester
resonancesat 81.30 and4.27 togetherwith multiplets for the aromatic ring in the IH NMR
spectrum were in agreement with those reported.97 The condensation of 4with the aromaticester113is the key stepin the synthetic approach.The
methoxyacetophenone
reactionwasundertakenwith a suspensionof NaH in refluxing toluene. 10% HC1was usedto
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quenchthereactionand,after workup in a standardmanner,the crudeproduct was crystallised
from EtOH affordingthe ß-diketone114in 28% yield. Despitethelow yield crystallisationwas
achievedin a straightforwardmannerto yield thepurecompound114. The melting point and
IH NMR spectrum of the known
compound 114 were identical with those reported97
Conversionof the ß-diketone114 into the targetcompound115 was achievedby a two step
procedure.The ß-diketone114 was hydrogenatedover Pd/C for five hours and then, without
purification,the crudeproductwas deprotectedin a refluxing mixture of 48% HBr and AcOH
affording the crudeproduct 115 as a yellow oil. Deprotectionwith 48% HBr was carriedout
following theprocedureof Kawasakiet al.98 Triturationof the crudeproduct 115 in petroleum
etherandthe following recrystallisationaffordedthefinal product115asa yellow solid giving a
melting point in agreementwith that reported99 The 1H NMR spectrum revealeda 2H
multipletanda 4H triplet in the aliphaticregion for the threecarbonalkyl bridge togetherwith
two 4H multiplets in the aromaticregion for the two benzenerings. The demethylationwas
of an OH protonresonanceat 6 4.76.
confirmedby the characteristicappearance

7.2 Synthesisof C4-Bridged Analogues
The trihydroxy substituteddiarylbutane 127 is more polar than the dicatecholbutane
126,henceis likely to be more soluble in water.Thereforewe soughtto examinethe effect of
adding one more hydroxy group to each aromaticring on the biological activity. For this
purpose the diarylbutanes126 and 127 were synthesisedvia a six step approach shown in
Figure 35 and 36.
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The substitutions of the benzyl alcohols with triphenylphosphinehydrobromide in
refluxing acetonitrileproceededsmoothly and afforded,after crystallisation from EtOH, the
phosphoniumsalts116 and 117 in high yields (Figure 35). The melting points of the products
116and117 wereidenticalwith thosereported8"100while the 1H NMR spectrarevealeda 15H
multiplet in the aromaticregion for the three phenyl groupsand a deshieldeddoublet at 8 5.2
for the methylene protons coupled with the adjacentP atom. The propionic acids were
elaboratedto thecorrespondingaldehydes120 and 121 in two steps(Figure 36). Reductionof
the acidsto thecorrespondingalcohols118 and 119 proceededwell with LiAIH4 in THE at it
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After quenching by 1M HCl-ether the products 118 and 119 were isolated in nearly quantitative
1H NMR
yields as viscous oils satisfactory for synthetic work without further purification. The
spectra of the two alcohols 118 and 119 were in agreement with those reported.101,102 The
subsequent oxidations proceeded in a straightforward manner following the standard Swern
103 to furnish the aldehydes 120 and 121 in high
yields as yellow oils pure
oxidation procedure
enough to use without further purification. In their 1H NMR spectra each oil 120 and 121
exhibited the characteristic peak at S 9.7 for the aldehyde proton and two 2H triplets at 8 2.7
and 2.8 together with signals for the aromatic ring and the methoxy groups, which were
104,105
consistent with literature findings.
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With the aldehydes(120 and 121) and the phosphoniumsalts(116 and 117) in hand,
attentionturnedto the employmentof theWittig reactionto install the double bonds.Treatment
of the phosphonium salts 116 and 117 with n-butyllithium in THE at 0 OC generatedthe
phosphoniumylids which then reactedwith the aldehydes120 and 121 at the sametemperature
to form the doublebonds.To facilitatethe purification of compound122, the reactionmixture,
after workup, wasstirredwith MeOH to precipitatethe majority of theproductas a yellow solid
while thefiltrate wasconcentratedandthensubjectedto chromatographyto yield the rest of the
product.The alkene122 was isolatedas a mixture of geometricalisomersand the purification
procedurewas found to affect the isomericratio. Integration of the characteristicpeaks in the
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1H NMR spectrum showed Z: E ratios of ca. 1:9 and 2: 1 for the alkene 122 purified from
trituration in MeOH and by chromatography, respectively. The two isomers could be readily
distinguished by the J value for the doublet of triplets for the homobenzylic methine proton with
the cis-isomer giving J values of 11.6 and 6.8 Hz and the trans-isomer 15.8 and 6.8 Hz.
Difficulties were experienced in the preparation of the trimethoxyphenylbutene 123 with a
streak observed on a TLC plate and a low yield of 14-20% obtained after chromatography. The
problem appeared to result from the inherent unstable nature of the anion generated from the
trimethoxybenzylphosphonium salt 117 by treatment with n-butyllithium. The three methoxy
substituents, as strong electron donors, increasedthe electron density of the conjugated system
of the anion and hencedestablisedthe ylid. As a consequence,this Wittig olefination gave a low
1H NMR
spectrum for the known compound 122 were found
yield. The melting point and the
to be consistent with those reported.8 The geometrical isomers of compound 123 were observed
1H NMR
spectrum, one at 8 5.59 with J values of 11.6
as a pair of doublets of triplets in the
and 6.8 Hz, the other at 6 6.11 with J values of 15.8 and 6.8 Hz for the homobenzylic methine
proton. The six methoxy groups of compound 123 were clearly seenas a 18H multiplet at ca 6
3.7 in the III NMR spectrum and there was a C-H stretching band at ca 2930 in the IR
spectrum. A parent ion at m/z 388 in the high resolution mass spectrum was in agreement with
the proposed structure. The mixture of alkene geometrical isomers was not separated as the
subsequent hydrogenation transformed the alkenes 122 and 123 into the corresponding alkanes
124 and 125. Catalytic hydrogenations over Pd/C, were carried out with ease to produce the
butanes 124 and 125 in good yields. The accomplishment of the hydrogenation was quite
1H
apparent through the absenceof the characteristic signals for the double bond protons in the
NMR spectrum. The known compound 124 provided a melting point identical with that
104 and produced signals in the 1H NMR spectrum in agreement with data cited in the
reported
literature.8 The symmetrical structure of the novel compound 125 was clearly evident from the
NMR spectra with the 1H spectrum showing a 4H multiplet and a 4H triplet in the aliphatic
13C NMR spectrum
gave the expected
region together with a 4H singlet at 6 6.31, and the
eleven resonances. The mass spectrum revealed a parent ion at the expected m/z 390 and a
combustion analysis provided further evidence for the proposed structure for compound 125.
The demethylation of the methyl ethers 124 and 125 was carried out by treatment with refluxing
48% HBr affording the corresponding phenolic diarylbutanes 126 and 127 in good yields. The
absenceof peaks for the methyl ether and the characteristic appearanceof the phenolic proton
1H NMR
spectra confirmed that demethylation had been successful. The
resonances in the
1H NMR
spectrum of the known compound 126 were found to be
melting point and the
106'8 The
consistent with thosereported in the literature.
presence of the six hydroxy groups in
IH NMR
spectrum as a 2H broad singlet at 6 7.7 and a 4H
compound 127 was observed in the
singlet at 6 8.6 along with the broad phenolic stretches at ca 3500 cm-1 in the IR spectrum.
Two 4H multiplets in the aliphatic region and a 4H singlet at 8 6.06 were also observed in the
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IH NMR spectrumandthe 13CNMR spectrumshowedthe expectedsix resonancesproviding
supportfor the structureassignmentof compound127. A parention at m/z 306 in the mass
spectrum accompaniedby a combustion analysiswere also consistent with the proposed
structure.

In conclusion, the synthesesof targetcompounds126 and 127 were accomplishedin
five stepswith overall yieldsof 40 and 9% for compounds126 and 127, respectively.The low
yield (14-22%)obtainedin thepreparationof alkene123 led to the low overallyield of 9% for
targetcompound127. Furtherefforts areneededin the developmentof an alternative route to
circumventthedifficulties in theinstallationof theC4 bridge in compound127.

7.3 Synthesis of Conformationally Restricted Analogues
As mentionedin Chapter4 preliminarywork in the Robins group revealedthat NDGA
analogueswith an amidelinkage betweenthe two aromaticrings aremore potent than NDGA
itself. To extend this work, a seriesof amide(or thioamide)analoguesof NDGA with both 4
and5 atomsbetweentherings weresynthesised.

7.3.1
Bridge

Synthesis of Amide (or thioamide) Analogues with a4

Atom

Given the improved potency of amide analogues of NDGA, we envisagedthat
replacementof the amide group by the thioamidegroup might result in the formation of an
analoguewith improved activity becauseof the increasedlipophilicity. To test this hypothesis,
thethioamidecompound132 was prepared.The thioamide132 was preparedby thionationof
the amide130and the synthesisis depictedin Figures37 and 38.
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We investigatedtwo methodsto form the amidebond. The coupling reagentsystem
EDCI-DMAP was employed in the procedure of McDonald8 to install the amide bond
affording the amides128 and 129 in good yields. However,consideringthe stability of the
starting materialsandthe products,we soughtto simplify the reactionconditions. It was later
found that the amides128 and 129 could be readily obtainedin high yields by simply heating
the acidsandthe aminestogetherat 1600C,andthis methodaidedtheprocedureof workup and
purification. After washing sequentiallywith dilute acid, baseand water, the amides were
obtainedfree of contaminants,andcouldbe useddirectly in the nextstep.Themeltingpoint and
1H NMR spectrum of the known compound 129 were found to be identical with those
Demethylationof the methyl
reported8while the novelcompound128 was fully characterised.
ether 129 was reported8to proceedin a low yield (15-20%),thereforeeffort was focused on
improving the efficiency of this reaction.Following the reportedprocedure8lM BBr3-DCM
solution was introducedto a DCM solutionof the methylether 129at -78 0C. The mixture was
stirred at the sametemperaturefor 20 min and then allowedto warmto 0 OCand stirred for a
further 50 minutes.TLC analysis(EtOAc-hexane,5% AcOH or NH3-H20) revealedonly a
single spotstickingat theorigin indicatingthat thestartingmaterialwasusedup. However,after
1H NMR spectrumshowedthat two-thirds the
of
crude product was the desired
workup, the
compoundandthe restwasstartingmaterial.The carbonyloxygenatomin theamide 129, as an
electrondonor, could chelatewith BBr3 to form a boron complex which stuck at the origin.
This might explainthe absenceof thestartingmaterialspoton theTLC plate.This indicatedthat
thereactiondid not proceedlongenoughto be complete.Furthermore,the reportedprocedure8
of work-upinvolvedwashingthe crudeproduct 131 with saturatedsodiumbicarbonateand this
was found to causefurther loss of product. TLC analysis of both the NaHCO3layer and the
organic layer revealedthat most of the crude product had been washedinto the NaHCO3
solution.This is not surprisinggiventhe considerablyhigher acidity of thedicatecholsystemof
compound131comparedwith a phenolicsystem.In addition,it was also noticedthat following
quenchof thereaction,the mixture should be left stirring for 30 minutes
an ice/water-mediated
to ensurethe completedecompositionof the product-boroncomplexas only the free hydroxy
product could be extractedinto EtOAc and hencebe isolated.The purification of compound
131also provedproblematicasthecompoundis sopolarthat it produceda streakon both silica
andaluminaTLC plateseluting with solventsystemscontaining3% AcOH or NH3-H20. Thus
the product could be lost on the column when purified by chromatography. Attempted
crystallisationwasnot successfulas the compoundwas highly hygroscopicand susceptibleto
oxidation. It was also found that compound 131 was only soluble in water and alcoholic
solventsand EtOAc. In the modified procedureof purification, the crude compound 131 was
extractedfrom theEtOAc extractsinto the NaHCO3solution.The NaHCO3 extractswerethen
acidified and re-extracted with EtOAc to remove organic contaminants.Trituration with
petroleumetherandDCM affordedthe product 131 as a brown solid in 87% yield reasonably
IH NMR spectrumidentical with those
pure for synthetic work giving a melting point and
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8
reported. BBr3 demethylation of 128 was carried out following the procedure of McOmie et
al. 107 The purification of the diphenol amide 130 was easier than that of dicatechol amide 131
as the diphenol amide 130 with two fewer hydroxy groups was less polar, less hygroscopic and
less susceptible to oxidation. The EtOAc solution of crude product 130 could be washed with
saturated NaHCO3 solution without loss of the product in the aqueous layer. Crystallisation
from EtOAc afforded the novel compound 130 as yellow crystals in 92% yield. Two 2H
singlets in the aliphatic region and two 4H multiplets in the aromatic region were recorded in the
1H NMR spectrum of compound 130 for the two methylene groups and the two benzene rings,
respectively while the absenceof the characteristic methoxy resonanceindicated the completion
of the demethylation. The phenolic groups were characterisedby the OH stretching band at ca
3300 cm- 1 in the IR spectrum. The amide bond was shown to be intact with a NH stretching
band near 3300 cm-1 and a carbonyl absorption frequency at 1650 cm-1 observed in the IR
13C NMR
spectrum. A parent ion
spectrum together with a carbonyl resonanceat S 175 in the
at m/z 257 in the mass spectrum and a combustion analysis provided further support for the
structure assignment of compound 130.

OH
/
H

R

Iaweuon
ceasmt

S

HO
130 R-H

N/
H

110

D1dE. ýetlwc
16h, 16 %

OH

ýý
132

131R=OH

Lviceon reagent,
DME or HMPA,
nflux

HO
OH

HOIý

N
H
in

OH

Figure 38

Lawessonandhis coworkers108have demonstratedthat the conversionof amidesinto
thioamidescould proceedsmoothly in very mild conditions when Lawesson's reagentwas
employed.They also reported109that the thionation using HMPA or DME as solvent was
tolerant of free hydroxy groups as HMPA and DME are known to form complexes with
hydroxyaromaticcompounds.Lawessonsuggestedthat HMPA and DME act as a protecting
agentfor hydroxy groupsin thesereactions.T'hereforewe decidedto carry out the thionation
following Lawesson's procedure with some modifications. Amide 130 was treated with
Lawesson'sreagentin DME and the suspensionwas heatedat reflux for 48 hours. DME was
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chosen as the solvent in this reaction rather than HMPA for two reasons: DME was
reported109to protect the phenol group more satisfactorily than HMPA in thionation; and
HMPA is much more toxic than DME. TLC analysisof the reactionmixture revealedseveral
higher running spotsand a starting materialspottogether with a lower running streak.In an
attemptto force the reaction to completion,the reactionmixture was heatedat reflux for a
further 24 hours; howeverTLC analysisshowedno improvement.Oneof the higher running
spots,which was stainedlight blue andrelatively easyto separate,was isolatedand its NMR
characteristicswere those expectedfor the thioamide132, but the yield was only 17%. The
conversionfrom compound130 into compound132 was confirmed by a major spectroscopic
differencebetweenthe thioamideand the parent amidein the13C NMR spectra,namelythe
carbonyl carbon in amide 130 cameinto resonanceat 6 175 while the thiocarbonylcarbon in
thioamide 132 resonatedat 8 204. This shift is due to poor orbital overlap,as the n-bonding
electronsin thioamidegroupsare not asdelocalisedasthoseof amides.This causesdeshielding
13CNMR chemicalshift of ca 8 200,
of the thioamidesp2-hybridisedcarbonatomleadingto a
some 30 ppm higher than that of the correspondingamide. Two 2H singlets at 8 3.76 and 8
4.58 for the two methylenegroupsof compound132 wererecordedin the 1H NMR spectrum
which were 0.4 ppm higher than thosefor the methylenegroups in the correspondingamide
130.The IR spectrumand a parention atm/z 273 in the high resolution massspectrumwerein
agreementwith theproposedstructure.
Thionation of compound131 underthe sameconditions as those for compound 130
was unsuccessful. Compound 131 was found to be insoluble in DME even at elevated
temperaturesandthis might be thereasonfor the failure. The thionationof compound131 was
then performed in HMPA in place of DME as compound 131 was soluble in HMPA;
unfortunatelythis attemptonly gavea complexmixturewithout a traceof the desiredproductas
1H NMR spectroscopicanalysis.Furthereffort to transformthe dicatecholamide
revealedby
131into the correspondingthioamide133wasnot attempted.
Compound135was preparedin an attemptto ascertainthe position of the amidegroup
requiredfor optimum activity of NDGA amideanalogues(Figure39).
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Compound 135 was preparedby the sameroute underthe samereaction conditions
employedin thepreparationof compounds130 and131 exceptfor the workup and purification
after demethylation.To quenchthe demethylation,the reactionmixture was poured into iced
water and shakenfor 30 minutes and the resulting grey suspensionwas filtered affording
compound135 asa grey solid in 91% yield pure enoughwithoutfurther purification. Two 2H
triplets in the aliphaticregionfor thetwo methylenegroupsandtwo singletsat 8 3.70 and 3.71
for the methoxy groupsin compound134 were observedin the 1H NMR spectrumalong with
13C NMR and
multipletsin thearomaticregioncharacteristicof protonson benzenerings.The
IR spectratogether with the accuratemassspectrum were found to be consistentwith the
proposed structure of compound 134. The successfuldeprotectionof compound 134 was
1H NMR spectrumwith the absenceof methoxy resonancesat ca 8
clearly evidentfrom the
3.7. The 1H NMR spectrumof compound135 revealedtwo triplets in the aliphaticregion and
13C NMR spectrum showed the expected
multiplets in the aromatic region while the
resonancesincluding the carbonyl functionality at 8 174. Characteristicphenolic and NH
1
stretchingfrequenciesat ca 3148cm- werefound in theIR spectrum.A parention at m/z 258
in the high resolutionmassspectrumwasconsistentwith theproposedstructure.

7.3.2 Synthesis of Amide Analogues with a Five Atom Bridge
Compound 137 (Figure 40) was prepared by the same proceduresused to prepare
compound131.
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Difficulty was encounteredin the purification of compound137. Like compound131,
the dicatechol amide 137 was too polar to be purified by chromatographyand it was also
hygroscopicand susceptibleto oxidation when exposedto air. Attemptedcrystallisationin a
varietyof solventswasunsuccessfulandthereforethecrude product was purified by trituration
from DCM and petroleumether affording compound137 as a brown solid in 66% yield. The
1H and 13C NMR spectraof compound137 are shown in Appendixes3 and 4. The three
methylenegroupsof compound137 cameinto resonanceas a 2H triplet and a 4H multipletin
the aliphaticregion and the characteristicappearanceof aromaticproton resonanceswas also
1H NMR spectrum.The characteristicOH and NH absorptionbands at ca
observedin the
3400cm-1 along with the carbonyl and aromaticabsorptionfrequenciesat 1600-1657cm-1
wererecordedin the IR spectrum.A parention at mlz304 in thehigh resolution massspectrum
providedfurthersupportfor thesefindings.

M
ýCO,H
Me0

4h,

OMe

M

moo
F.DCI, DMAP, DCM,
n, 16 6,33 %

BBr, CH2Cly

-78°C-0°C,
50 %Y1

NH2

MO

OMe

H

HC..%%yNy-,.
ýa
HOONNgor»

OH

OH
139

Figure 41

The intended amide coupling reaction of 3,4-dimethoxyaniline with 4-(3,4dimethoxyphenyl)butyricacid following the procedureusedin preparationof compounds128
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and 129 proved unsuccessful. In an attemptto improve the efficiency of the reaction, EDCI was
employed as the coupling reagentwhich has the advantageof facilitating the purification of the
product as the urea by-product resulting from EDCI could be readily removed by an aqueous
wash. Characteristic NH and carbonyl stretching bands observed at ca 3300 cm-1 and 1657
cm-1 respectively in the IR spectrum along with carbonyl resonancein the 13C NMR spectrum
were consistent with the expected compound from the successful amide coupling reaction. The
1H NMR spectrum of compound 138 revealed a 2H triple triplet and two 2H triplets in the
aliphatic region and three singlets for methoxy groups together with aromatic proton
13C NMR
resonances. The proposed structure was further confirmed by
and accurate mass
138
was undertaken following the procedure
spectra. Deprotection of the methyl ether
employed in the preparation of compound 131 with the exception of the isolation. The
demethylation was quenchedin iced water and the reaction mixture was shaken for 30 minutes.
A grey solid was observed to precipitate between the aqueous and the DCM layers. The grey
solid was collected and crystallised from EtOAc-EtOH to furnish the dicatechol amide 139 as a
brown solid in 50% yield. The accomplishment of demethylation in compound 138 was evident
from the absence of methoxy proton resonances in the 1H NMR spectrum along with the
presenceof the phenolic stretching band at ca 3400 cm-1 in the IR spectrum. The amide bond
1
was proved to remain intact with characteristic absorption frequencies near 1650 cm' for the
carbonyl bond and the NH stretching vibrations at ca 3400 cm-1 in the IR spectrum together
13C NMR spectrum. The NMR and the accurate
with carbonyl resonance at ca 6 175 in the

massspectrawereconsistentwith theproposedstructure.
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7.4 Synthesisof Analogues Containing Heterocycles
Isosteric interchangesare a common strategyusedto determinethe structure-activity
relationshipsof a leadcompoundand its analogues.Among the five-memberedheteroaromatic
heteroatom,has
thiophene,with the leastelectronegative
compoundscontainingoneheteroatom,
the greatestaromaticity and is usually introduced into a lead structure as an isostere of a
benzenering. The preparationof a number of NDGA analoguescontaining thiophenesis
describedin this section.
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Figure 42
Koßmehl et al. 110 have reported the preparationof 1,4-di(2-thienyl)butanein 49%
yield. We carriedout thereactionfollowing their procedurewith afew modifications;prolonged
reactiontime and elevatedtemperaturewereemployedto force the reactionto completion.The
crudeproductwaspurified by chromatographyaffordingcompound140 asa light yellow oil in
47% yield. The four methylenegroupsproducedtwo 4H multipletsin the aliphaticregion and
wererecordedasthree2H multipletsin the aromaticregion
the six thiopheneprotonresonances
in the IH NMR spectrumof compound140.

Rý
NR
M

H

160°C, 4 6,80 - 85 96

OMe

141 R-H
142 R=OMe

R=HorOMe

BBr, CH=C1,
lim
0°C
-780C -i
4h, 72-76%

H
143 R=H

OH

144 R. OH

Figure 43

The preparationsof compounds141 and 142 wereaccomplishedin a similar fashion to
thatdescribedfor compound128. Novel compounds141and 142 were fully characterised.The
1H NMR
successfuldeprotectionof the methyl ethers 141 and 142 were confirmed by the
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spectra with the absence of the methoxy proton resonance at ca 8 3.8 and the presence of the
OH peaks at ca 8 8.9 together with the IR phenolic stretching band. The IR spectra of
compounds 143 and 144 revealed characteristic absorption bands for NH and carbonyl
functionalities indicating that the amide bonds remain intact while the carbonyl resonance at ca
8 170 in the 13C NMR spectrum was also consistent with those findings. The accurate mass
spectra of the novel compounds 143 and 144 were in agreementwith the proposed structures.

7.5 Attempted Synthesisof an Analogue Containing an
Alkene with Z Geometry
As mentionedin the foregoing sectionpreliminarywork demonstratedthat more rigid
NDGA analoguesare superiorin biological activity by incorporatinga rigid functional group
suchasan amide.This resultpromptedus to investigatean alternativetacticto introducerigidity
into the lead structure,and thereforecompound151 (Figure 46) was designedin which the
amidegroupwasreplacedby a doublebond. We intend to preparean NDGA alkeneanalogue
asa single geometricalisomergiven the likely different biological activitiesof the E- and Zisomers. The control of double-bond geometry in the preparation of alkenes is well
documented.Schlosser'smodification of the Wittig reactionprovides an easy entry to cisalkenes.Thereforewe soughtto preparea NDGA alkeneanaloguewith Z-geometryfollowing
Schlosser'smethod.111
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The phosphoniumsalt150 waspreparedvia a five-stepprocedureasdepictedin Figures
44 and 46. According to Schlosser's procedurethe phosphine was prepared as follows.
Conversionof phenolinto thecorrespondingphenylether145 was performedby treatmentwith
sodiumhydride andchloromethyl methyl etherin DMF affording 145 as a colourlessoil in
63% yield. Two deshielded3H and 2H singletsin the aliphaticregion along with the aromatic
1H NMR spectrumconfirmed the proposedstructure.It was known
proton resonancesin the
that the introduction of the acetalfunction in compound145 could facilitate the metalationof
neighbouringpositionsrequiredfor thepreparationof the phosphine 146. Treatmentof phenyl
ether 145 with butyllithium at 0 OC in THE with TMEDA as cosolvent generateda 2alkoxyphenyllithiumintermediatewhich wasthen reactedwith triphenyl phosphite to provide
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the phosphine146 in 76%yield. The meltingpoint and the 1H NMR spectrumfor the known
compound146 werefound to be consistentwith thosereported.I 11
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LiAIH4 reduction of (3,4-dimethoxyphenyl)acetic
acid in THE at rt produced the
correspondingalcohol147which was thenelaboratedto the bromide149 andthe aldehyde148,
12 brominationof alcohol 147 with
respectively.Following theprocedureof Kocienski et all
carbontetrabromideandtriphenylphosphineproceededsmoothlyaffording the bromide 149 in
74% yield while the oxidation of the alcohol 147 was surprisinglydifficult. AttemptedSwern
oxidation of 147 gavea reactionmixture whoseNMR spectrashowedno tracesof the desired
aldehyde.Oxidationof 147with PCC wascarriedout following thegeneralprocedureof Corey
and Suggs.113 Thecruderesiduewaspurified by flash chromatographyaffording the aldehyde
148 as a colourlessoil in 29% yield. The melting point for the known bromide 149 was
identicalwith that reported114 and the 1H NMR spectrumof the two known compounds148
and 149were found to be in agreementwith thosereported.115,114
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The substitution of the bromide 149 with the phosphine 146 in refluxing EtOH
proceededsmoothly andprovided the phosphoniumsalt 150 in 68% yield. The phosphonium
salt 150 producedtwo multiplets in its 1H NMR spectrumat 6 2.83 and 3.70 for the four
methylene protons adjacentto the phosphorusatom which were different from those in the
bromide 149 giving two triplets at 8 3.02 and 3.47. The characteristicacetal resonances
1H NMR spectrumas two singletsat S 2.99 and 5.05. The proposedstructure
appearedin the
13C NMR and IR spectra.A parention at m/z 607 in the high resolution
was confirmedby
massspectrum provided further support for these findings. The attemptedWittig reaction
employing Schlosser'sprocedurewas unsuccessfulbecausethe ylid failed to be generated
from the phosphoniumsalt. The reactionusing NaNH2 was carriedon a 1.17 mmol scale,i.e.
0.04 g NaNH2 was needed.Practicaldifficulty was encounteredwhen 0.04 g chemicalwas
weighedin a drying box due to the pressurechanging,and also the purity of the NaNH2 in a
tiny amountwassuspicious.Lack of time preventedfurther work in this area.

7.6 Biological Test Results
The compoundssynthesisedin this project were assessedfor their inhibitory potential
on small cell lung cancer(SCLC) cells in vitro by Prof. Michael Seckl at the Medical Oncology
Departmentof HammersmithHospital,London.Thepreliminarytestdata are shownin Table 3.
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7.6.1 Method of Biological Assay8
Cell Culture: SCLCcell lines H-69 weremaintainedin RPMI 1640supplemented
with
'C
10%(v/v) foetal bovineserum(heatinactivatedat57 for 1 hour) in a humidifiedatmosphere
OC.They werepassagedevery 7 days. For experimentalpurposes,
of 10%C02/90% air at 37
the cells were grown in HITESA which consistedof RPMI 1640 supplementedwith 10 nM
hydrocortisone,5 µg/ml insulin, 10 µg/m1transferrin, lOnM oestradiol,30nM seleniumand
0.25%bovine serumalbumin.
Liquid Culture Assay: SCLC cells, 3-5 days post passage,were washed and
resuspendedin HITESA. Cells werethen aliquotedin 24 well Falcon platesat a density of
50,000cells in 1 ml HITESA in thepresenceor absenceof increasingconcentrationsof NDGA
analogues.One and two weekslater,cell numberwas determinedfrom a minimum of 3 wells
by passingthe cell
per condition usinga Coultercounter,after cell clumps weredisaggregated
suspension5 timesthrough a 19 and subsequently21 gaugeneedle.Thesetimes werechosen
to coincidewith log phaseandplateauphasegrowthof thecells.

7.6.2 Results and Discussion
The C3-bridgedbisphenolanalogue115 is surprisingly about asactive as NDGA and
much more potent than its counterpartC3-bridgedbiscatecholanaloguewhich had shown no
inhibitory activity againstthe H-69 SCLC cell line.8 However the C4-bridged dicatechol
analogue126 is the most activecompoundand is ten times more activethan NDGA. The C4bridged tetramethoxyanalogue124is also surprisinglyactive as it had beenthought that the
free hydroxy groups were obligatory. The tetramethoxy compound 124 may exhibit its
inhibitory potential via a different mechanism,and this needsfurther investigation.The C4bridgedbis(trihydroxy) analogue127 showsno increasein activity arising from the presenceof
the extra hydroxy groups.The biscatecholamide131 is nearly equipotentto analogue126,
thereforecompound131 is a new lead compound.Thioamide 132 and its amidecounterpart
130 were both found to be inactive.The bisphenolic amide135 is more active than 130 but it
does appear that the presenceof catechol groups is necessaryto increasethe activity. The
dihydroxy analogue 144 containing thiophene is less active than NDGA whilst the
monophenolicanalogue143 and the dithiophenecompound140 have no appreciableactivity.
This indicates that the presenceof catecholgroups is obligatory for good activity of amide
analogues.
In summarycompounds126 and 131 havebeenidentified as two new lead compounds
which areten timesmoreactivethanNDGA whentestedagainstthe H-69 smallcell lung cancer
cell line. Both new leadcompoundspossesstwo catecholgroupsjoined by a C4 bridge or a 4-
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atom amidelink. Part of the aboveresults have alreadybeenpublished,116 although we still
await thebiological resultsof theamideanalogues137and139with five atombridges.
NDGA and its analoguesarebelievedto exerttheir inhibition of SCLC cell growth by
targeting severalsignalling systemslike SCF and its receptorc-kit, lipoxygenasesand the
PDGF receptor. The precise relationship between the inhibitory effect of NDGA on
lipoxygenasesand the other two signalling systemshas not been elucidated.Inhibition of
severaltargetsin the SCLC cell line givesNDGA and its analoguessuperiorefficacy,and this
approachmight provideabetterstrategyfor developingeffectiveanticanceragentsthan having a
singletarget.
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CHAPTER 8
Solubilisation of NDGA and Analogues
Preliminary work on the synthesis of NDGA analogues revealed several compounds

that haveimproved potencyover NDGA. We soughtto transformthosepromising candidates
into their water solubleforms asgreatersolubility is essentialfor in vivo work.

8.1 Synthesisof a Tetraglycyl Ester
126is themost activeanalogueidentified from the
1,4-Bis-(3,4-dihydroxyphenyl)butane
structuralmodificationwork. A water solubletetraglycylsaltof this compoundwas synthesised
for in vivo work.
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BOC protectedglycine was esterifiedwith the dicatecholbutane126 utilising DCC and
pyridine ascouplingreagentsto install the four esterbondsin compound152 (Figure 47). The
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presence of the four BOC-glycine moieties in compound 152 was evident from the NMR
1H NMR spectrum
showing a 36H multiplet at 8 1.38 for the four tert-butyl
spectra with the
groups and a deshielded 8H multiplet at 8 4.04 for the four methylene groups adjacent to the
13C NMR spectrum contained carbonyl
amino groups. The
resonancesat 8 157 and 169 for
the carbamate and ester functionalities respectively which were further confirmed with
characteristic absorptions at 1681 and 1783 cm-1, respectively, in the IR spectrum. The
successful installation of all four ester functionalities was also confirmed by an observedpeak
in the mass spectrum at m/z 925 for (M+Na)+ run in the FAB+ mode. Deprotection of the
amino groups with subsequentformation of the HCl salt was achieved by passing dry HC1
through a cold solution of compound 152 in anhydrous EtOAc. After three minutes the amine
salt 153 precipitated and the reaction mixture was allowed to warm to rt and stirred for a further
two hours. The four ester functionalities proved inert to these reaction conditions. The 1H
NMR spectrum of compound 153 showed the deshielded 8H multiplet at 8 4.22 for the four
glycyl methylene groups while the removal of all four tert-butyl groups was evident from the
1H NMR spectrum. An ester absorption
at 1774 cmabsenceof the large peaks at 61.38 in the
1 was observed in the IR spectrum and a (M+H)+ peak at m/z 503 in the mass spectrum was

consistentwith theproposedstructure.

8.2 Synthesis of Amine Salts
A numberof aromaticaminesand analoguescontainingpolyamineswerepreparedwith
a view to introducing solubilising ammoniumgroupsinto the structuresof someof the active
compounds.

8.2.1 Synthesis of C4-Bridged Aromatic Amine Salts
In addition to the glycyl HCl salt 153, a water soluble form of the most potent
compound 126 was preparedwith solubilising ammonium groups directly on the aromatic
rings.
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Nitration of compound 124 with 70% HNO3 in glacial AcOH provided the
IH NMR spectroscopydistinguishedthe nitrobenzene 154
nitrobenzene 154 in 89% yield.
from compound124by the integralof the aromaticprotonswhich wasreducedfrom 6H to 4H.
The regiochemistryof the addition was apparentfrom the 1H NMR spectrumwith only two
singletsobservedin the aromaticregion confirming the introductionof the nitro groups in the
by 13C NMR and IR
6-positions. This novel nitro compound154 was further characterised
spectroscopy.A parent ion at m1z420 in the massspectrum together with the combustion
analysis were consistent with the proposed structure. Catalytic hydrogenation of the
nitrobenzene154 at 3.5bar over palladiumin a mixed solventof DCM and EtOH afforded the
aromaticamine155asa dark greensolid. The completionof the reductionof the nitro groups
1H NMR spectrum.A broad 4H singlet at 6 4.57 was observedfor the
was evident from the
two NH2 groupsin compound155 and the position of the aromaticsinglet for the H-5 proton
shifted from 6 7.52 to 8 6.32 as a result of being ortho to two electrondonating groups. The
demethylationof the crudeamine155with 48% HBr proceededsmoothly affording
subsequent
thetargetcompound156 in good yield. The removalof the methyl groups was apparentfrom
1H NMR spectrum.The identity of the
the absenceof the methyl singletsat ca. 8 3.6 in the
13C NMR spectrumwith the expected
watersolubleaminesalt 156 was further confirmedby
TheIR spectrumof the aminesalt 156 and a peak recordedat m/z 305 in the
eight resonances.
accuratemassspectrumfor [M(-2HBr)+H]+ run in the FAB+mode provided further support
for thosefindings.
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8.2.2 Synthesis of NDGA Amine Salts
As mentionedaboveNDGA is poorly soluble in water and thereforeit is one of our
objectivesto convertNDGA into a watersolubleform. Thesynthesisof a water solubleNDGA
aminesalt 158is depictedin Figure49.
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The preparationof the NDGA amine salt 158 was achievedby a four step synthesis
following the protocol of McDonald.8 Methylation of commercially availableNDGA with
dimethylsulfateproducedthetetramethylether53 in goodyield. The productwas obtainedas a
62
yellow solid giving a melting point identical with that reported. The presenceof the four
1H NMR spectrumwith a 12H singlet at 6 3.78. The
methoxy groupswas evidentfrom the
subsequentnitration of the tetramethyl ether 53 was undertaken following the procedure
employedin thepreparationof thenitro compound154in high yield. The melting point and the
IH NMR spectrum of compound 157 were found to be consistent with those reported.8
Hydrogenationof the nitrobenzene157 to the correspondingaromatic amine was carried out
under6.6 bar of hydrogenover palladium in a mixed solvent of DCM and MeOH and then,
withoutpurification, demethylationwith refluxing 48% HBr provided the NDGA amine salt
158 in good yield. The nitrobenzene157 and the NDGA amine salt 158 were identified as
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known compounds and the data recorded for thesetwo compounds were found to be consistent
8
with the findings reported in the literature.

8.2.3 Synthesis of C(-Bridged Aromatic Amine Salts
The C6-bridged analogue,1,6-bis-(3,4-dihydroxyphenyl)hexane,was found to be
equipotent with NDGA. Thus we set about the synthesisof an amine salt of this analogue
which is shownin Figure50.
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Friedel-Craftsacylationof veratrolwith adipoyl dichloride was undertakenaccordingto
l 17 using anhydrouschloroform in placeof tetrachloroethane.
the procedureof Fliedner et al.
The productwasobtainedas paleyellow crystalsin 66% yield giving a melting point identical
117 The regiochemistryof the addition was identified by the 1H NMR
with that reported.
spectrumwith two 1H doubletsanda1H doublet of doubletsin the aromaticregion. Diketone
159 was then subjectedto hydrogenationover palladiumin AcOH to furnish thediarylhexane
160in moderateyield. The melting point and the 1H NMR spectrumof this yellow crystalline
117 The subsequent
product 160 were found to be consistent with the literature findings.
nitrationof the diarylhexane160 followedby hydrogenationanddemethylationwerecarried out
in an analogousfashion to that usedin the synthesisof C4-bridgedaromaticamine 156. The
IH NMR spectrum of the novel nitro compound 161 revealedthree 4H multiplets in the
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aliphatic region for the six carbon bridge along with two 6H singlets for the four methoxy
13C
groups, and the aromatic protons were observed as two 2H singlets at 8 6.64 and 7.50. The
NMR spectrum showed the expected nine resonancesand the proposed structure of the nitro
compound was further confirmed by its IR spectrum and combustion analysis. A parent ion at
ndz 448 in the mass spectrum was also in agreement with these findings. The identity of the
1H NMR
spectrum with the characteristic
water soluble amine salt 162 was confirmed by the
appearance of the benzylic proton resonance at 6 2.41 and two 4H multiplets in the aliphatic
region together with two singlets in the aromatic region. The expected nine peaks were recorded
in the 13C NMR spectrum and the IR spectrum revealed characteristic phenolic stretching
bands at ca 3600 cm-1. An (M+H)+ peak at m/z 333 in the high resolution mass spectrum

provided further supportfor theproposedstructure.

8.2.4

Synthesisof an Analogue with an NH Group in the Chain

As previouslymentioned,thepreliminarywork produceda new lead compound,1,4-bis126.We envisagedthat isostericreplacementof one of the bridging
(3,4-dihydrophenyl)butane
methylenemoietieswith an ammoniumgroupcouldafforda water soluble derivativeas its HBr
salt. Thethreestepsyntheticroute developedby McDonald8is illustratedin Figure51.
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Condensationof 3,4-dimethoxybenzaldehyde
with 2-(3,4-dimethoxyphenyl)ethylamine
wasperformedin refluxing EtOH for 16 hours and then,without purification, the intermediate
imine was subjectedto a NaBH4 reduction to furnish the secondaryamine 163 in high yield.
Theproduct 163wasobtainedas a yellow solid that was identified as a known compoundand
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the data recorded for this compound were found to be consistent with the findings reported in
the literature.8 Demethylation of the amine 163 with 48% HBr proceeded smoothly to provide
the dicatecholamine salt 164 as tan coloured crystals giving a melting point and a1H NMR
8
spectrum identical with those reported. The proposed structure was further confirmed by the
13C NMR and IR spectrum together with the high resolution mass spectrum.

Synthesis
8.3
Polyaminen

of NDGA

Analogues

Containing

Polyaminesareknownto be implicatedin theregulationof cell growth, proliferationand
differentiation through interactions with a variety of cellular macromolecules,118 and
furthermoreresearchershave suggestedthat polyaminesmay also play a role in the cellular
118 Interferencewith polyamine biosynthesis may thus
process as "second messagers".
provide accessto anticancertreatment.We intendedto introducea polyamine componentinto
the structureof a leadcompoundto producea numberof water solubleanaloguesof NDGA as
their HBr salts.

8.3.1

Synthesisof an Analogue Containing Diaminobutane

Samejimaet all 19 have reportedthe synthesisof a range of polyamines using KFCeliteto promote the efficiency of alkylationsunder mild conditions.Thereforewe decidedto
apply their reactionconditionsto the alkylation of the secondaryamine163. A mixture of the
amine 163 and one equivalentof N-(4-bromobutyl)phthalimidein acetonitrile was heatedat
reflux for 48 hours. The reactionprovedsluggishwith the TLC analysisshowingonly a trace
of product. To drive the reactionto completion,three equivalentsof 4-bromobutylphthalimide
were employedand a catalytic amountof triethylamine was used.The reaction mixture was
heatedat reflux for four daysandthestartingmaterialcouldhardly be seenon a TLC plate. The
crudeproductwas purified by chromatographyaffording the diamine as a yellow oil in only
35% yield. To improve the efficiency of this reaction, attention was turned to an alternative
literaturemethod.Ozakiet all 20 havereportedthe synthesisof severaldiaminesvia alkylations
or N-(4-bromobutyl)phthalimidein the
of secondaryamineswith N-(2-bromoethyl)phthalimide
presenceof K2C03 with DMF as solvent. Therefore we chose to utilise this methodin our
167which is shownin Figure 52.
synthesisof the 1,4-diaminobutane
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The methodof Ozaki et a1120was modified as follows. A mixture of the secondary
amine 163, N-(4-bromobutyl)phthalimideand potassiumcarbonatewas heatedat 110 OC in
DMF for 48 hours. TLC analysisshowed a trace of starting material and a product spot that
was stained bright orange by Dragendorff reagent. The crude residue was purified by
chromatographyto furnish the product 165 as a light yellow oil in 53% yield. The conversion
of the secondaryamine163 into thetertiary amine165 was verifiedby NMR spectroscopy.The
1H NMR spectrum as two 2H
phthalimide protons provided a prominent feature in the
multipletsat b 7.6 and7.7.The benzylicprotonsadjacentto thenitrogenatom were observedas
a 2H singlet at 6 3.48 and a 4H multiplet was recordedfor the two methylenegroups between
the protectedcatecholmoiety andthe nitrogen atom. The four carbon chain betweenthe two
nitrogenatomswas identifiedby two 2H multipletsand two 2H triplets in the aliphaticregion
andthe twelve methoxyprotonscameto resonanceat ca. 8 3.7.The characteristicappearanceof
the imide stretchingbandwas observedat 1720-1770 cm-1 in the IR spectrumand the 13C
NMR spectrumsupportedthesefindings with the carbonyl carbon signals at ca. 6 167. The
structuralassignmentof compound165 was further confirmedby accuratemassspectrometry
with a peakat m/z 555 for (M+Na)+ run in the FAB+ mode.
The subsequentdeprotectionof the amino group in compound 165 with hydrazine
hydratewascarriedout in refluxing MeOH and, in turn, in refluxing 6M HCl accordingto the
120 to produce the diamine 166 in high yield. The
proceduredescribed by Ozaki et al.
completion of the deprotectionwas apparent from the absenceof the two characteristic
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multiplets in the 1H NMR spectrumat 8 7.63 and 7.75 for the phthalimideprotons. On the
otherhandthe diamine166produceda triplet at 8 2.42 for the methylenegroup adjacentto the
primary aminegroupwhich waspreviouslyfound to resonateat 8 3.58 whennext to the imide
group.Moreover,theprimary amineprotonsof the diamine166 wereobservedas a broad2H
singletat 6 1.69.
Finally the demethylationof compound166 was performedin refluxing 48% HBr to
1H and 13C NMR
yield the NDGA analogueas a diamine HBr salt167 in goodyield. The
spectra of compound 167 are shown in Appendixes5 and 6. The NMR spectrumof the
diamineHBr salt 167 showedthe absenceof the signalsfor the methoxygroupsconfirming the
by its
removalof the four methyl groups. The diamineHBr salt 167 was further characterised
IR spectrumwith phenolicandprimary ammoniumbandsat 3609 and 2402 cm-1 respectively,
togetherwith an aromaticbandat 1609cm-1. A (M+H)+ peakat m/z 347 in thehigh resolution
massspectrumwas consistentwith the proposedstructure.

8.3.2 Synthesisof an Analogue Containing Diaminopropane
The synthetic route for the preparation of the NDGA analogue 170 containing
diaminopropaneis illustratedin Figure53.
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The synthesisstartedwith a Michael additionof the amine163 to acrylonitrile following
121
a modified versionof the methodusedby Slater. A mixture of the secondaryamine163 and
oC
acrylonitrilewasheatedat 60-70 in a sealedtube for 48 hours andthe starting materialcould
hardlybe seenon a TLC plate.The cruderesiduewasthen purified by column chromatography
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to producethe nitrile 168 as a colourlessoil in good yield. The identity of the nitrile 168 was
verified by NMR, IR and accuratemassspectra.A 2H triplet at 8 2.30 was observedfor the
methylenegroup adjacentto thecyanidegroupanda 2H singlet at S 3.56 was recordedfor the
benzylic protonsnext to the tertiaryaminegroup while the remainingmethyleneprotons came
into resonanceas a 6H multiplet at S 2.72.Themethoxygroupsproducedfour singletsat ca. 6
3.8 and the characteristicaromaticproton resonances
were found asa 6H multiplet at 6 6.70.
The expectedtwenty-two resonances
wererecordedin the 13C NMR spectrumincluding the
cyanideresonanceat S 119.The important spectroscopicfeaturesof compound168 in the IR
spectrumwere the characteristicnitrile bandat 2245 cm-1 and an aromaticband at 1606cm-1.
A parent ion at m/z 384 in the mass spectrumprovided further support for the structural
assignment.
Reductionof the nitrite 168 with a mixture of LiA1H4 andA1C13in THE accordingto
the procedureof Slater121affordedthe primary amine169 as a light yellow oil in good yield.
The completion of the reductionwas evidentwith the appearanceof a 2H broadsinglet in the
1H NMR spectrumat 8 1.29characteristicof theaminogroupalong with a 2H triplet at S 2.46
for themethylenegroupadjacentto the aminogroup.Furthermore,the diamine169 exhibited a
2H triple triplet at 6 1.54 for the central methylenegroup on the propyl moiety that was
previously found to resonateat 8 2.30 whenadjacentto the cyanide group. The IR spectrum
providedfurther supportfor those findings with the presenceof amino stretchesat 3370 cm-1
13C NMR spectrumrevealedthe
and the absenceof the nitrite band at 2245 cm-1. The
expectedtwenty-two peaksand the proposedstructurewas further confirmedwith a (M+H)+
peakat m/z 389 in the high resolutionmassspectrum.
The diamine169 was finally demethylatedwith 48% HBr to yield the diaminesalt 170
in high yield. The demethylationwas apparentfrom the NMR spectraof compound170 with
the absenceof the signals for the four methoxy groups while the IR spectrum showed the
presenceof the characteristicphenol stretchesat 3570 cm-1. The structurewas confirmed by
accuratemassspectrometrywith anobservedpeakat m/z 333 in theFAB+ mode.

8.3.3 Synthesisof a Diamine Bridged Analogue
In designingNDGA diamine analogue,the diimine 171, which had been preparedby
Kliegman and Barnes,122 was viewed as an appropriate precursor,and indeed the diamine
analogue173 wasobtainedtherefromby severalfunctional groupmanipulations.
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The condensation of glyoxal with p-anisidine was performed in refluxing MeOH
accordingto the procedureof Kliegman and Barnes122to furnish the diimine 171 as bright
IH NMR spectrum in agreementwith those
yellow crystals giving a melting point and
previouslycited in theliterature.122 Reductionof thediimine 171 with sodiumborohydridein
refluxing EtOH affordedthe diamine 172 as a yellow solid in 91% yield. The characteristic
for thetwo para disubstitutedbenzenerings was
of the aromaticprotonresonances
appearance
found in the 1H NMR spectrumof thediamine172 as an AA'BB' systemat 8 6.55 and 6.72.
Furthermorethe diamine172provideda 6H singlet at 6 3.68 characteristicof the two methoxy
groupsalong with another4H singletat 8 3.25 for the two methylenegroups.The signals for
the two NH groupscollapsedto a 4H singletafter shakingthe samplewith D20. The expected
13C NMR spectrum,and the IR spectrum
revealeda NH
six peaks were observedin the
stretchingbandat 3274cm-1 alongwith a characteristicabsorptionfor thebenzenering at 1593
cm-1.A parention at m/z 272 that was observedin themassspectrumwas consistentwith the
structuralassignment.
The diamine 172 was then subjectedto demethylationwith 48% HBr to afford the
IH
analogue173asits HBr salt.The removalof the methyl groupswasconfirmedby the NMR
spectrum with no sign of methyl ether functionality and the diamine salt 173 was further
13C NMR and IR spectra together
with a combustion analysis. The
characterisedby its
structuralassignmentwas also verified by accuratemassspectrometrywith a peakat m/z 245
run in the FAB+ mode.

8.3.4 Attempted Synthesisof an Analoguecontaining Spermidine
Sincewe hadan analoguecontaininga diaminein hand,we soughtto extendthe diamine

backbone
to incorporate
a spermidine
moietyin theNDGA analogue.
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Michael addition of the diamine 166 to acrylonitrile according to the procedure of
Slater121afforded the nitrile 174 as a light yellow oil in 68% yield. The extension of the
diamine backbonewas confirmed by the 1H NMR spectrumwith each integral of the two
multiplets at 6 2.70and 6 2.35 increasedby 2H and the IR spectrumshowedthe characteristic
nitrite stretchingband.The subsequentreduction of the nitrite 174 with a mixture of LiAIH4
and A1C13led to the cleavage of the carbon-nitrogen bond of the tertiary amine moiety.
Alternativewaysto reducethe cyanidegroup to an aminegroup could be tried in future work.
The cyanide group may be hydrogenatedover Rh/A1203 or Rh/C under mild conditions to
minimise cleavageof the benzylic C-N band, and reductionof the nitrile by borane hydride
123
reagentscould be considered.

8.4 Biological Results and Discussion
The biologicalevaluationdatafor the NDGA analoguesareshownin Table 4. All of the
new compoundswere shown to be much more soluble in water (> 1 mM) than NDGA as
expected.The activity of the tetraglycyl tetrahydrochloridesalt againstSCLC cell line H-69
encouragingly matched its parent compound, the new lead compound 1,4-bis-(3,4dihydroxyphenyl)butane126 in vitro. The diamine salt 156 of the new lead compound was
found to be as active asNDGA at one week but less potent after two weeks in culture. The
diamine salt analogue158 of NDGA appearedto have slightly more activity than NDGA and
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the diamine salt 162 of the 1,6-bis-(3,4-dihydroxyphenyl)hexane was found to be slightly less
potent than its parent compound. The C4-bridged analogue 164 containing an amine salt in the
bridge was found to be significantly less active than NDGA and adding an aminopropyl group
in 170 reduced the activity further. The diamine salt 173 was also inactive. We still await the
results of the other analoguescontaining amine salts.
In conclusion the tetraglycyl tetrahydrochloride salt of the new lead compound 126 was
successfully synthesised and is now available for testing on animals. NDGA diamine salt 158
displays potency in the same region as NDGA. However the introduction of two amino groups
on the aromatic rings of the new lead compound 126 produces a compound 10 times less active
than its parent.

Number

IC50 (µmol)
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3.5
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0.3
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CHAPTER 9
Experimental
Reagentswerepurchasedfrom Aldrich ChemicalCompany(Gillingham, UK)
or Lancaster Synthesis(UK) and were used without further purification. Organic
Rorer and weredried,as necessary,
solventswereobtainedfrom Rhone-Poulenc
using
145
described
in
Leonard, Lygo and Procter.
Melting points were
the procedures
determinedin opencapillariesusing Gallenkampapparatusand are uncorrected.III
and 13CNMR spectrawere obtainedon a Bruker DPX/400 spectrometer
operatingat
400 MHz and 100MHz respectively.13CNMR spectrawereassignedwith the aid of
DistortionlessEnhancementby PolarisationTransfer (DEPT)-editedspectraand 1H
NMR couplingconstantswerecalculatedand reportedin Hz. The numberingschemes
shownare usedfor easeof assigningthe NMR spectraand do not refer to the system
of nomenclature.Thin layer chromatographywas performedusing Merck aluminiumbackedsilica platesof 0.25 mm thicknessand chromatogramswere visualisedusing
UV conditions at 254nm or using a variety of common stains preparedusing the
proceduresdescribedin Leonard,Lygo and Procter.124 Column chromatographywas
carriedout on silica gel (particlesize70-230mesh).Mass spectra(MS) wererecorded
on AEI MS12 or MS902spectrometers
usingthe electron-impactionisation(EI) mode
or, if stated,chemical ionisation(CI) or fast atombombardment(FAB) modes.Infrared (IR) spectrawere recorded on a Perkin Elmer PU 9800 FT-IR spectrometer.
Combustionanalysiswascarriedout on a Carlo-Erba1106elementalanalyser.

Experimental to Chapter 5
N-(t-Butoxycarbonyl)-Lproline 6484
s
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A modified version of the method by Ookawa and Soai84 was used. To a
solutionof L-proline(5 g, 43.5 mmol) in dioxane(25 ml) andwater (28 ml) was added
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potassium carbonate (13.1 g, 95 mmol) slowly with stirring. (BOC)20

(9.9 g, 47

mmol) in dioxane/water was added dropwise, and the reaction mixture was stirred
overnight. The reaction mixture was acidified with citric acid (saturated solution), and
the product extracted with DCM (3 x 50 ml). The organic extracts were washed with
brine (40 ml), dried over MgSO4, and concentrated in vacuo to give a white solid.
Recrystallisation from ethyl acetate/hexaneyielded compound 64 as white needles (7.1
OC (lit., 84 136-137 OC). SH (400 MHz, CDC13) 1.35
g, 33 mmol, 76%) mp 129-131

and 1.41(9H, two s, H-8 to 10), 1.82to 2.25 (4H,m, H-2 and 3), 3.26 to 3.52 (2H, m,
H-4), 4.23 (1H, m, H-1), 9.6 (1H, bs, C02H).
N-(t-Butoxycarbonyl)-N'-(2
fluorophenyl)-Lprolineamide 65
3
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A modifiedversionof the literaturemethod85was used. To a solution of N-(tbutoxycarbonyl)-L-proline(2 g, 9.3 mmol) in DCM (40 ml) was addedDCC (2.42 g,
11.2mmol) then DMAP (181.8 mg, 1.5 mmol) with stirring. 1h later 2-fluoroaniline
(1.2 ml, 1.41g, 12.6mmol) was added.Thereactionmixture was stirredfor 24 h under
N2 at roomtemperature.
The DCU precipitatewasfiltered off, and the filtrate stored in
a freezerovernight to encourageprecipitationof the remainingDCU. The DCU was
filtered, aceticacidwas addeddropwiseto thefiltrate, andthefiltrate washedwith brine,
dried (anhydrousMgSO4) and the solventevaporatedin vacuo to give a pale yellow
solid. Recrystallisationfrom EtOH yielded compound65 as white needles(2.4 g, 7.8
OC.vn
(KBr disc)/cm-1 3265s (NH), 3062m (Ar-H),
mmol, 84%), mp 150-152
1699-1620s(CO), 1598s(Ar), 1367s(C-F); SH (400 MHz, CDC13)1.42(9H, s, H-14
to 16), 1.89(2H, m, H-10), 2.14 and2.45 (2H, two bs, H-9), 3.38 (2H, m, H- 11), 4.42
(IH, m, H-8), 6.97to 8.25 (4H, m, H-3 to 6); SC(100 MHz, CDC13)24.0 (C-10), 27.2
(C-14 to 16),26.0 (C-9),46.1 (C-11), 59.8 (C-8), 80.0 (C-13), 113.7 (C-6), 113.8 (C3, JCF20 Hz), 120.6and 123.3(C-4 and 5), 126.0 (C-1, JCF23 Hz), 151.5 (C-2, JCF
243 Hz), 169.0 (CO); m/z (EI) 308.1537 (M+'). C16H21O3N2F requires 308.1538;
m/z (%) 308(10), 235 (12), 207 (5), 114 (95),70 (100), 57 (55).

100

N-(t-Butoxycarbonyl)-N'-(2-methozyphenyl)-L prolineamide 66
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Compound66 was preparedfrom 64 (1.92g, 8.95 mmol) ando-anisidine(1.50
g, 8.95 mmol) in thepresenceof DCC (2.33g, 11.28mmol) and DMAP (0.18 g, 1.41
mmol) by the modified methodusedto preparecompound65. Recrystallisationfrom
isopropanol/hexane
yieldedthe title compound66 (1.11 g, 3.50 mmol,40%). mp 213OC.
220
vmax (KBr disc)/cm-13327m (CONH), 1774sand 1691s (CONH), 1601s
(Ar); 8H (400 MHz, d4-MeOH) 1.44(9H, two m, H-14 to 16), 1.84to 2.33 (4H, m, H9 and 10),3.50 (3H, m, NH and H-11), 3.89 (3H, s, OCH3), 4.40 (1H, bs, H-8), 6.94
to 8.09 (4H, m, H-3 to 6); 6C (100 Mz, d4-MeOH) 26.5 and 27.2 (C-10), 28.9 (C-14
to 16),32.9 and 35.2 (C-9), 48.4 (C-11),49.6 (OCH3), 56.4 and 56.6 (C-8), 82.1 (C13), 111.9and 112.2(C-3 and6), 121.9and 126.6(C-4 and5), 124.0(C-1), 140.0 (C2), 176.3(CO); m/z (EI) 320.1736(M+'). C17H2404N2 requires 320.1736;m/z (%)
320 (30), 247 (13), 224 (8). 170(22), 114(92),70 (100), 57 (50).
N-(2-Fluorophenyl)-Lprolineamide 67
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A modified version of the method by Stahl and co-workers86 was used.
Compound 65 (0.5 g, 1.62 mmol) was dissolved in 1M HC1-MeOH (9 ml). The
reactionmixture wasstirred at room temperaturefor 48 h. The solventwas removedin
vacuoto yield a paleyellow solid which wasrecrystallisedfrom absoluteethanolgiving
thecompound67 aswhite needles(280 mg, 1.35 mmol, 83%), mp 223-229 OC.vmax
(KBr disc)/cm-13327s(NH), 1684s(CONH), 1608s(Ar), 1105 and 1384(C-F); SH
(400 MHz, d4-MeOH) 2.03 and 2.48 (4H, two m, H-9 and 10), 3.33 (2H, m, H-11),
4.44 (IH, m, H-8), 7.08 (3H, m, H-3 to 5), 7.82 (IH, m, H-6); 8C (100 MHz, d4MeOH) 25.5 and 26.5 (C-10), 31.7 and35.1 (C-9), 47.9 (C-11), 62.0 (C-8), 117.1 (C3, JCF 19.6Hz), 125.9(C-6, JCF4 Hz), 126.0(C-4, JCF 10 Hz) 126.7(C-1, JCF 14
Hz), 128.2(C-5, JCF7 Hz), 156.2(C-2, JCF240 Hz), 169.0 (CO); m/z (EI) 208.1015
(M+'). C11H 13ON2Frequires208.1018;mlz (%) 208 (5), 111 (10), 83 (5), 70 (100),
68 (5).
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N-(2-Methoxyphenyl)-L-prolineamide 68
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Compound68 waspreparedfrom 66 (0.4 g, 1.2mmol) by the methodused to
prepare67. Purification was by column chromatographyeluting with hexane-ethyl
acetate-conc.NH3 (2:1:0.3). The fractions Rf 0.2 were combined and the solvent
evaporatedin vacuoto yield 68 asa grey solid (0.2 g, 0.91 mmol, 79%), mp 218 OC
(from acetonitrile).vmax (KBr disc)/cm-1 3494s(NH), 1692s(CO), 1600s(Ar); 6H
(400 MHz, d4-MeOH) 2.05 and 2.42 (4H, two m, H-9 and 10), 3.26 (2H, m, H-11),
4.29 (1H, m, H-8), 6.94to 7.14 (3H, m, H-3 to 5), 8.05 (1H, dd, J 1.56 Hz, J8 Hz, H6); 8C (100 MHz, d4-MeOH) 26.4 (C-10), 32.0 (C-9), 48.1 (C-11), 56.7 (OCH3),
62.3 (C-8), 112.2(C-6), 121.9(C-3), 123.1(C-4), 126.8(C-5), 128.0 (C-1), 151.7 (C2), 176.8(CO); m/z(EI) 220.1209(M+') C12H1602N2 requires220.1206;m/z (°10)
220 (10), 123(18), 108(8), 70 (100), 68 (5).
L-Proline BenzylEsterHydrochloride6987
C1

67
xr0Ö

12
10

11

3

The methodof NeumanandSmith87was used.L-Proline(6 g, 52.2 mmol) was
suspendedin benzylalcohol(84 ml) anddry HCl was passedthroughfor 1h at 0 0C.
The mixture wasthenheatedat 85 °C for 1h underreducedpressureto removewater
and HCI. Ether (840 ml) was added to the cooled residue (0 0C) to give a white
precipitate,which wasstoredat 0 °C overnight.The solventwas removedand the solid
was dried in vacuoto give compound69 as a white powder (9.7 g, 47 mmol, 90%)
OC
87
0C).
which was satisfactoryfor syntheticwork, mp 147-148 (lit., 148-148.5
New data:6H (400 MHz, d4-MeOH) 2.00 and2.32 (4H, two m, H-10 and 11),
3.25 (2H, m, H-12), 4.39 (IH, dd,J 6.4 Hz, J 8.8 Hz, H-9), 5.18 (2H, AB system,J 6.8
Hz, H-7), 7.26 (5H, m, H-2 to 6); 6C (100 MHz, d4-MeOH) 24.9 and 25.1 (C-11),
29.7 and 30.2 (C-10),47.5 (C-12), 61.1 (C-9), 69.7 (C-7), 130.1to 130.2 (C-2 to 6),
136.8(C-1), 170.4(C-8).
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N-(2-Fluorobenzoyl)-L-proline Benzyl Ester 73
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A modified version of the method by Paul and Anderson88was used. 2Fluorobenzoicacid (0.6 g, 4.28 mmol) and compound69 (1.76 g, 8.56 mmol) were
dissolvedin DMF (21 ml). Carbonyldiimidazole(1.043 g, 6.42 mmol) was addedand
thesolution was stirred for 24 h underN2 at room temperature.The reactionmixture
was dissolvedin water (210 ml), and extractedwith ether (3 x 70 ml). The organic
extractswere washedwith saturatedNa2CO3 solution (100 ml), dried (anhydrous
Na2SO4) and concentratedin vacuo. The crude product was purified by coloumn
chromatography,eluting with hexane-ethylacetate(1:1). The fractions Rf0.3 were
combinedand the solventwas evaporatedin vacuoto yield compound73 asa yellow
oil (0.9 g, 2.7 mmol, 63%). vmax (neat)/cm-11745s(CO), 1610m(Ar), 1171s(C-F);
8H (400 MHz, CDC13)1.79 and 2.28 (4H, two m, H-9 and 10), 3.35 and 3.43 (2H,
two m, H-8), 4.24 and4.66 (1H, two m, H-11), 5.16 (2H, AB system,J 12 Hz, H-13),
7.09 (9H, m, H-3 to 6 and H-15 to 19),8C (100 MHz, CDC13) 21.0 and 23.1 (C-9),
29.8 and 31.6 (C-10), 46.9 and 48.6 (C-8), 59.3 and 60.7 (C-11), 65.6 and 67.3 (C13), 116.2(C-3, JCF 21), 124.9 (C-5, JCF 3.6 Hz), 125.2 (C-1, JCF 18 Hz), 127.9,
128.5,128.6,128.9and 129.4(C-15to 19),129.5(C-6, JCF6 Hz), 131.8(C-4, JCF 10
Hz), 135.4and 136.1(C-14), 158.9(C-2,JCF247 Hz), 165.9(C-7), 172.1(C-12); m/z
(EI) 327.1271(M+') C19H18O3NFrequires327.1271; m/z (%) 327 (4), 230 (20),
192(45), 160(10), 123(100), 98 (67), 91 (74),70 (44).
BenzylEster74
N-(2-Methoxybenzoyl)-L-proline
Me
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Compound74 was preparedfrom 69 (0.5 g, 3.29 mmol) and 71 (1.69 g, 8.23
mmol) in the presenceof CDI (0.8 g, 4.94 mmol) by the method used to prepare
compound73. Purification wasby column chromatographyeluting with hexane-ethyl
acetate(1: 2). The fractions Rf0.3 werecombinedand concentratedin vacuoto yield
74 asa viscous oil (0.90 g, 80%); vmax (neat)/cm-11744s and 1636s (CO), 1601s
(Ar); 6H (400 MHz, CDC13) 1.80to 2.17 (4H, three m, H-9 and 10), 3.25 and 3.33
(2H, two m, H-8), 3.71 (3H, s, OCHS),4.18 and4.65 (1H, two m, H-11), 5.14 (2H, AB
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system,J 13.2Hz, H-13), 6.86,7.07and7.26 (9H, three m, H-3 to 6 and H-15 to 19);
6C (100 MHz, CDC13)23.2 and 25.0 (C-10), 30.0 and 31.6 (C-9),46.6 and 48.4 (C11), 55.9 and 56.0 (OCH3), 59.0 and 60.7 (C-8), 67.11 and 67.18 (C-13), 111.4and
111.5(C-3), 121.2(C-5), 126.6and 126.8(C-1), 128.4to 128.9(C-6,15 to 19), 131.0
(C-4), 135.6and 136.2(C-14), 155.3and155.8(C-2), 168.4and 168.6(7-CO), 172.4
(12-CO); m/z (EI) 339.1472(M+'). C20H2104N requires 339.1474;m/z (%) 339
(5), 279 (5), 204 (35), 149(22), 135(100),91 (13), 86 (54), 77(18),49(15).
N-(2,4-Dimethoxybenzoyl)-L-proline Benzyl Ester 75
OMe O0
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Compound75 was preparedfrom 69 (0.6 g, 3.3 mmol) and 72 (1.36 g, 6.6
mmol) in the presenceof CDI (0.8 g, 4.94 mmol) by the methodusedto prepare73.
Purification was by columnchromatographyeluting with hexane-ethylacetate(1:2).
The fractionsRf0.4 werecombinedandconcentratedin vacuoto yield 75 as a viscous
oil (0.79 g, 64%); vmax (neat)/cm-11751s(ester), 1687sand 1638s(CON and Ar);
bH (400 MHz, CDC13)1.80,1.91and 2.18 (4H, three m, H-9 and 10),3.28 and 3.36
(2H, two m, H-11), 3.68and3.72 (6H, two s, OCHS),4.21 and 4.62 (IH, two m, H-8),
5.13 (2H, AB systemJ 13.6 Hz, H-13), 6.34 and 7.21 (8H, eachm, ArH); bC (100
MHz, CDC13),23.2 and25.1 (C-10),29.9 and 31.6 (C-9), 46.6 and 48.5 (C-11), 55.7
and 56.0 (OCH3), 59.1 and60.6 (C-8), 67.0 (C-13), 98.9 and 99.0 (C-3), 105.1 (C-5),
119.5and 119.7(C-1), 128.4to 128.9(C-15 to 19), 129.7and 129.9(C-6), 135.6 and
136.3 (C-14), 157.3 (C-2), 162.2 (C-4), 168.3 (7-CO), 172.5 (12-CO); m/z (EI)
369.1573 (M+'). C21H2305N requires 369.1570; m/z (%) 369 (9), 232 (4), 165
(100), 122(5), 91 (21), 77 (3).
N-(2-Fluorobenzoyl)-L-proline76
F0
211

10

37
89

46
5

CO2H

A modified versionof the methodby Challis and co-workers89was used. A
solution of compound73 (0.9 g, 2.7 mmol) in absoluteEtOH (20 ml) containing5%
Pd-C (45 mg) was stirred under a hydrogen balloon at rt for 6 h. The catalystwas
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removed by filtration, and the filtrate concentratedunder vacuum to give a yellow solid,
which was recrystallised from ethyl acetateto give 76 (0.35 g, 1.48 mmol, 55%), mp
165-166 0C; vmax (KBr disc)/cm-1 2485s (N+H ), 1757s and 1621s (CO and Ar),
1033s and 1346s (C-F); 6H (400 MHz, d4-MeOH) 2.06 and 2.40 (4H, two m, H-9

and 10),3.47 and 3.77 (2H, two m, H-11), 4.28 and 4.61 (1H, two m, H-8), 7.32 and
7.48 (4H, eachm, Ar-H); bC (100 MHz, d4-MeOH) 24.1 and 26.0 (C-10), 31.1 and
32.6 (C-9), 48.2 and50.2 (C-11), 60.8 and 62.5 (C-8), 117.5(C-3, JCF 21 Hz), 126.2
(C-1, JCF15Hz), 126.3(C-5, JCF 3.5 Hz), 130.3(C-6, JCF7 Hz), 133.6 (C-4, JCF 9
Hz), 160.1(C-2,JCF246 Hz), 167.9(CO), 175.5(CO2H); m/z (EI) 237.0802(M+').
C12H12O3NFrequires237.0803;m/z (%) 237 (5), 193 (80), 192 (75), 123(100),95
(65),75 (22).
77
N-(2-Methoxybenzoyl)-L-proline
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Compound77 was preparedfrom 74 (0.76 g, 2.2 mmol) in absoluteethanol
(20 ml) containing5% Pd-C (45 mg) by the methodusedto prepare76. Purification
by chromatographyeluting with EtOAc-hexane(2:1) containingaceticacid (5%), and
recrystallisationfrom EtOAc provided 77 aslight yellow crystals (0.34 g, 62%). mp
135OC.(Found:C, 62.71;H, 6.11; N, 5.51; C13H15NO4 requiresC, 62.65; H, 6.02;
N, 5.62%);vmax (KBr disc)/cm-12975s(C02-H), 2496s(N+ H), 1748s(CO), 1589s
(Ar); 6H (400 MHz, CDC13)1.80and 1.93(2H, two m, H-10), 2.12 and 2.33 (2H, two
m, H-9), 3.29 (2H, m, H-11), 3.78 (3H, s, OCHS), 4.10 and 4.69 (IH, two m, H-8),
6.79 to 7.34 (4H, m, ArH); 6C (100 MHz, CDC13) 23.0 and 24.9 (C-10), 28.6 and
32.0 (C-9), 46.5 and49.1 (C-11), 56.1 (OCH3),60.1 and 61.0 (C-8), 111.2 and 111.6
(C-3), 121.2and 121.3(C-5), 125.7(C-1), 128.4and 128.9(C-6), 131.1and 131.6 (C4), 155.6 (C-2), 168.9 (7-CO), 170.5 (CO2H); m/z (CI) 250.1077 (M+').
C13H15O4N requires 250.1075; m/z (%) 249 (2), 205 (25), 135 (100), 92 (10), 77
(18).
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N-(2,4-Dimethoxybenzoyl)-L-proline 78
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Compound78 was preparedfrom 75 (0.79 g, 2.1 mmol) in absoluteethanol
(20 ml) containing 5% Pd-C (40 mg) by the methodusedto prepare76. Purification
by chromatographyeluting with EtOAc-hexane(2: 1) containingaceticacid (5%), and
recrystallisationfrom EtOAc provided78 as light yellow crystals (0.34 g, 57%), mp
134-135OC. (Found: C, 59.89; H, 6.06; N, 4.94; C 14H17NO5 requiresC, 60.21; H,
6.09;N, 5.02%);vmax (KBr disc)/cm-12959s (C02-H), 2511s (N+ H), 1743s(CO),
1591s(Ar); 8H (400 HMz, CDC13)1.93 and 2.10 (2H, two m, H-10), 2.29 and 2.39
(2H, two m, H-9), 3.40 and3.69 (2H,two m, H-11), 3.80(6H, s, OCHS),4.24 and4.55
(IH, two m, H-8), 6.33 to 7.20 (3H, m, Ar-H), 8.06 (1H, bs, CO2H); 6C (100 Hz,
CDC13)24.9 (C-10), 28.4 (C-9), 49.3 (C-11), 55.9 and56.1 (OCH3), 60.4 (C-8), 99.1
(C-3), 105.3 (C-5), 118.1 (C-1), 129.8 (C-6), 157.2 (C-2), 162.8 (C-4), 171.1 and
173.2 (CO or CO2H); m/z (EI) 279.1109 (M+'). C14H17O5N requires 279.1112;
m/z(%) 279 (3), 235(20), 193(10), 165(100), 123 (35), 95 (8), 63 (8), 63 (7).
79 90
N-2-Hydroxyphenylphthalimide
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2-Aminophenol(5.45 g, 50 mmol) andphthalic anhydride(14.8 g, 100 mmol)
were addedto acetic acid (125 ml), and the mixture was heatedat reflux for 1 h, then
diluted with water (125 ml) and heatedto boiling. On cooling in ice, 79 (10.1655 g,
42.5 mmol, 85%) crystallised,mp 218-219OC0it.,90 223-224OC);8H (400 HMz, d6DMSO) 6.92 (IH, m, H-3), 7.01 (IH, m, H-5), 7.30 (2H, m, H-4 and 6), 7.91 (2H, m,
H-11 and 12), 7.96 (2H, m, H-10 and 13),9.87 (IH, s, OH).
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80 90
N-(2-Benzyloxyphenyl)phthalimide
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Compound 79 (5 g, 21 mmol) was added to a solution of Na (0.483 g, 21
mmol) in 99% EtOH (54 ml). Under rapid cooling, benzyl bromide (5.39 g, 31.5
OC. Water (130
mmol) was addeddropwiseandthe mixture washeatedfor 22 h at 80
ml) was addedto thereactionmixture while it was cooled in ice. Compound80 was
extractedwith DCM (100 ml x 3). The organic extractswerewashedwith 10% NaOH
(150 ml) and water(150 ml), dried with Na2SO4 and concentrated
in vacuoto give a
yellow solid which was recrystallisedfrom hexaneto yield 80 (5.1148g, 15.5 mmol,
75%), mp 143-144OC(lit., 147-148OC);8H (400 HMz, CDC13)5.02 (2H, s, H15),7.00,7.18 and 7.29 (9H, threem, H-17 to 21 and H-10 to 13),7.67 (2H, m, H-3
and4), 7.85 (2H, m, H-2 and5).
2-Benzyloxyaniline8190

cc0O
Hydrazinehydrate(0.6 ml) was addedto a solution of 80 (4.0 g, 12 mmol)
suspendedin EtOH (50 ml) andheatedto reflux for 1 h. After cooling,ether (150 nil)
was addedand the precipitatewas filtered off. The filtrate was concentratedand the
residuewasheatedin 10% HC1(40 ml). After cooling an excessof conc.NaOH was
added.The oily precipitatewasdissolvedin ether,washedwith water,dried (anhydrous
Na2SO4)andconcentratedin vacuoto yield compound81 as a brown solid (1.588 g,
8 mmol, 67%), mp 30 OC (lit., 37-39 OC); SH (400 HMz, CDC13) 3.74 (2H, bs,
NH2), 4.99 (2H, s, H-7), 6.64 and6.75 (each2H, eachm, H-3 to 6), 7.27 (5H, m, H-9
to 13).
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N-(t-Butoxycarbonyl)-N'-(2-benzyloxyphenyl)-L-prolineamide 82

15
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Compound82 was preparedfrom 64 (0.75 g, 3.5 mmol) and 81 (0.5 g, 2.5
mmol) in the presenceof DCC (0.72 g, 3.5 mmol) and DMAP (0.05 g, 0.4 mmol) by
the method usedto prepare65. Purification was by column chromatographyeluting
with hexane-ethylacetate(1:1). The fractionsRf0.4 werecombinedandconcentrated
in vacuoto yield 82 asa yellow solid (0.9g, 2.3 mmol,91%), mp 111-113OC.(Found:
C, 69.70; H, 7.01; N, 7.31; C23H2804N2 requires C, 69.69; H, 7.07; N, 7.07%);
vm (KBr disc)/cm-13316m(NH), 1698s(CO), 1597s(Ar); bH (400 MHz, CDC13)
1.29(9H, s, H-14 to 16), 1.45to 2.14 (4H, m, H-9 and 10),3.29 and 3.39 (2H, two m,
H-11), 4.21 and4.39 (1H, two m, H-8), 5.04(2H, m, H-17), 6.90to 8.38 (9H, m, ArH);
8C (100 MHz, CDC13)25.0 (C-10), 28.7 (C-14 to 16),32.0 (C-9), 47.0 (C-11), 81.0
(C-13), 111.8,120.5,121.8,124.1,127.6,128.6,129.1 and 147.0 (C-1 to 6 and C-18
to 23); m/z (EI) 396.2050 (M+'). C23H2804N2 requires 396.2051; m/z (%) 396
(35),340 (13), 226 (28), 170(30), 114(100), 70 (98),57 (53).
N-(2-Hydroxyphenyl)L-prolinamide83
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Compound82 (0.72 g, 1.8 mmol) was dissolvedin 1M HCl-MeOH (10 ml).
The reaction mixture was stirred at room temperaturefor 24 h. The solvent was
evaporatedin vacuoto yield a brown oil. The brown oil was then dissolvedin absolute
EtOH (20 ml) and Pd-C (0.5 g) was added.The reactionmixture was stirred under a
hydrogenballoonfor 24 h at A. The catalystwas removedby filtration, and the filtrate
concentratedundervacuumto give a dark brown oil, which was washed with DCM.
The DCM was separatedand the remainingbrown oil was concentratedin vacuo to
give 83 as a dark brown gum (0.2454g, 1.2 mmol, 67 %); vmax (neat)/cm713532s
(NH or OH), 1742s(CO), 1610s(Ar); 8H (400 MHz, d4-MeOH) 2.01,2.34 and 2.48
(4H, threem, H-9 and 10),3.33 (2H, m, H-11), 4.37 and4.50 (IH, two m, 8-H), 6.60 to

108

7.69 (4H, m, 3 to 6-H); SC (100 MHz, d4-MeOH) 25.0 and 25.5 (C-10), 31.8 and
32.3 (C-9), 47.9 and 48.0 (C-11), 61.7 and 62.2 (C-8), 116.8and 117.6(C-6), 120.9
and 121.4(C-3), 124.6,125.3,127.6and 131.7(C-4 and 5), 126.5(C-1), 150.3(C-2),
169(CO); m/z (EI) 206.1056(M+'). C11H 14O2N2 requires206.1057;m/z (%) 206
(10), 199(5), 122(4), 109(28 ), 80 (14), 70 (100), 62 (13), 55 (8).
Benzyl2-benzyloxybenzoate
8491
21

20
19
18
l3

432O1
15

17

12

517O
89
0

10

11

Salicylic acid (6 g, 43.4 mmol), ignited K2C03 (27 g, 195.3 mmol), benzyl
chloride (17.4 g, 137.5mmol) andDMF (50 ml) wereheatedat reflux with stirring for
2.5 h, then the mixture was diluted with water and stored at room temperature.
Compound84 (13.5 g, 42.0 mmol, 97%) crystallised,mp 48 OC (lit.,91 52-54 OC).
(Found:C, 79.19;H, 5.55;C21H1803 requiresC, 79.24;H, 5.66 %).
New data:8H (400 MHz, CDC13)5.08 and 5.26 (each2H, eachs, H-8 and 15),6.90
(2H, m, H-3 and5), 7.29 (11H, m, H-4,10 to 14 and 17 to 21), 7.77 (1H, in, H-6); 8C
(100 MHz, CDC13)67.0 and 71.0 (C-15 and 8), 114.1 (C-3), 120.9 (C-5), 127.5,
128.2,128.4,128.6,128.9,132.3and 133.9(C-4,6,10 to 14 and 17 to 21), 121.1 (C1), 136.2and 137.0(C-9 and 16), 158.6(C-2), 166.7(C-7).
85
Benzyl2-benzyloxy-5-methoxybenzoate
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Compound85 was preparedfrom 2-hydroxy-5-methoxybenzoicacid (2.0 g,
12.1mmol) andbenzylchloride(4.84 g, 38.6 mmol) in thepresenceof ignited K2C03
(7.5 g) by themethodusedto prepare84. Recrystallisationfrom DMF/water provided
85 as a yellow solid (2.9 g, 70%), mp 43-44 OC. (Found: C, 75.82; H, 5.76;
C22H2004 requiresC, 75.86;H, 5.75%); vmax (KBr disc)/cm-1 1691s(CO), 1606m
(Ar); 8H (400 MHz, CDC13)3.69 (3H, s, H-7), 5.01 and 5.27 (each 2H, eachs, H-9
and 16),6.90(2H, m, H-3 and 4), 7.23 to 7.48 (11H, m, H-6,11 to 15 and 18 to 22),
SC(100 MHz, CDC13)56.2 (C-7), 67.2 and72.2 (C-9 and 16), 116.6 and 119.8 (C-3
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and 6), 127.6,128.2,128.5,128.6 and 128.9 (C-4,11 to 15 and 18 to 22), 121.9 (C-1),
136.4 and 137.3 (C-10 and 17), 152.8 and 153.8 (C-2 and 5), 166.5 (C-8); m/z (EI)
348.1363 (M+'). C22H2004 requires 348.1364; m/z (%) 348 (10), 257 (6), 181 (18),

151(17), 91 (100),82 (23),65 (7).
2-Benzyloxybenzoic
acid 8691
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Compound84 (1.2 g, 3.7 mmol) was hydrolysedby heating it at reflux in a
mixture of MeOH (31 ml) and 40 % NaOH (6 ml) for 2 h. Dilution with water and
acidificationwith HC1precipitated86 as pale yellow crystals(0.7585g, 3.6 mmol, 94
91 76-78OC).(Found:C, 72.9; H, 4.84; C13H1003 requiresC,
off),mp 64_66OC(111,,
72.89; H, 4.67 %).
New data:SH (400 HMz, d6-DMSO) 5.2 (2H, s, H-8), 7.01 (1H, m, H-3), 7.20 (1H,
m, H-5), 7.30,7.40 and 7.50 (6H, three m, H-4,and 10 to 14),7.62 (IH, m, H-6); SC
(100 MHz, d6-DMSO) 69.9 (C-8), 114.2 (C-3), 120.7 (C-5), 127.4,127.9,128.7,
130.9and 133.2(C-4,6 and 10 to 14), 157.2(C-2), 167.7(C-7), 122.3 (C-1), 137.3
(C-9).
2-Benzyloxy-5-methoxybenzoic
acid 87
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Compound87 was preparedfrom 85 (2.8 g, 8 mmol) and 40% NaOH (11.8
ml) in MeOH (65 ml) by the method used to prepare 86. Purification by
eluting with EtOAc-hexane(1:1) containingaceticacid (2%) afforded
chromatography
87 as a yellow solid (1.84 g, 90 %), mp 81-84 0C. (Found: C, 70.03; H, 5.45;
C15H1404 requires C, 69.77; H, 5.42%); vm (KBr disc)/cm71 3234m (CO2H),
1727s(CO), 1619m(Ar); 8H (400 MHz, CDC13)3.74 (3H, s, H-7), 5.17 (2H, s, H-8),
7.01 (2H, m, H-3,4), 7.33 (5H, m, H-10 to 14), 7.61 (1H, m, H-6); bC (100 MHz,
CDC13)56.2 (C-7), 73.3 (C-8), 115.3 and 116.7 (C-3 and 6), 122.4 (C-4), 128.4,
129.0,129.5 and 129.6(C-10to 14), 119.0(C-1), 134.8(C-9), 151.9 154.9 (C-2 and
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5), 165.5 (C-15); m/z (EI) 258.0893(M+). C15H1404 requires258.0894;m/z (%)
258 (15), 150 (5), 91 (100),82 (9), 65 (7).
N-(2-Benzyloxybenzoyl)-L-proline benzyl ester 88
24
23
4

18

Compound88 was preparedfrom 86 (0.6 g, 2.80 mmol) and 69 (0.87 g, 4.2
mmol) in the presenceof CDI (0.68 g, 4.2 mmol) by the method usedto prepare73.
Purification was by column chromatographyeluting with hexane-ethylacetate(1:1).
ThefractionsRf 0.3 werecombinedandconcentrated
in vacuoto yield 88 as a viscous
oil (0.77 g, 66%). (Found:C, 75.08;H, 6.16;N, 3.35; C26H25NO4 requiresC, 75.18;
H, 6.02; N, 3.37 %); vmax (neat)/cm-11751sand 1624s(CO), 1600s(Ar); 8H (400
MHz, CDC13)1.66to 2.19 (4H, m, H-9 and 10),3.30 and 3.71 (2H, two m, H-8), 4.25
and4.63 (1H, two m, H-11), 5.03 (2H, s, H-20), 5.15 (2H, AB system,J 9.6 Hz, H-13),
6.78 to 7.44 (14H, m, ArH); 6C (100 MHz, CDC13) 23.3 and 25.0 (C-9), 29.9 and
31.5 (C-10), 46.6 and 48.4 (C-8), 59.1 and60.5 (C-11), 66.1 and67.1 (C-13), 70.8 (C20 ), 113.2 and 113.5 (C-3), 121.7 (C-5), 127.3,128.2,128.3,128.5,128.8,128.9,
129.0and 130.9(C-4,6,22 to 26 and 15 to 19), 127.4 (C-1), 136.3and 137.2(C-14
and 21), 154.8 (C-2), 168.3 (C-7), 172.4 (C-12); m/z (EI) 415.1785 (M+').
C26H2504N requires 415.1786; m/z (%) 415 (14), 324 (13), 280 (13), 211 (80),
188(7),120(12), 91 (100), 70 (11), 65(7).
benzylester 89
N-(2-Benzyloxy-5-methoxybenzoyl)-L-proline
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Compound89 was preparedfrom 87 (0.9 g, 3.7 mmol) and 69 (1.06 g, 5.2
mmol) in the presenceof CDI (0.84 g, 5.2 mmol) by the methodusedto prepare73.
Purification by column chromatographyeluting with hexane-ethyl acetate (1: 1)
afforded 89 asa viscous oil (1.19 g, 73%). (Found: C, 72.71; H, 6.20; N, 3.14;
C27H2705N requiresC, 72.81;H, 6.06; N, 3.14%); vm (neat)/cm-13064w (Ar-H),
1744s(CO), 1648m(Ar); 8H (400 MHz, CDC13)1.66 to 2.19 (4H, m, H-10 and 11),
3.33 and 3.71 (2H, eachm, H-9), 3.59 and 3.66 (3H, eachs, H-7), 4.31 and4.63 (1H,
eachm, H-12), 4.94and4.96(2H, eachs, H-21), 5.13 (2H, AB system,J 12.4 Hz, H14), 6.71 to 7.32 (13H, m, ArH); SC (100 MHz, CDC13)23.3 and 25.0 (C-10), 29.9
and 31.5 (C-11),46.7 and48.4 (C-9), 56.0 and 56.1 (C-7), 59.1 and 31.5 (C-11), 46.7
and48.4 (C-9),56.0 and56.1 (C-7), 59.1 and60.5 (C-12), 67.0 and 67.1 (C-14), 71.9
and 72.1 (C-21), 113.4,113.8,115.9,116.8 and 116.9 (C-3,4 and 6), 127.5,128.2,
128.3,128.5,128.6,128.7,128.8,128.9and 129.0(C-1,16 to 20 and 23 to 27), 136.2,
137.3and 137.5(C-15 and 22), 148.8and 154.5(C-2 and 5), 167.9 (C-8), 172.3 (C13); m/z (EI) 445.1888(M+'). C27H2705N requires445.1887; m/z (%) 445 (14),
354 (5), 241 (28),204 (12), 150(22), 91 (100), 44 (14).
90
N-(2-Hydroxybenzoyl)-L-proline
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Compound90 was preparedfrom 88 (1.34 g, 3.23 mmol) in absoluteethanol
(15 ml) containing 5% Pd-C (600 mg) by the methodusedto prepare76. Trituration
with petroleumether afforded 90 as a white solid (0.78 g, 92%), mp 31-330C. vmax
(neat)/cm7l3489s(OH), 1747s(CO),1594m(Ar); 6H (400 MHz, CDC13)1.82,1.98
and 2.26 (4H, threem, H-9 and 10),3.67 (2H, in, H-8), 4.15 and 4.60 (1H, two m, H11), 6.74 to 7.44 (4H, m, H-3 to 6), 7.83 (IH, bs, OH or CO2H); 8C (100 MHz,
CDC13)24.9 and26.3 (C-9), 31.1 and 32.5 (C-10), 48.8 and50.4 (C-8),58.7 and 60.9
(C-11), 117.0and 117.7(C-3), 120.8(C-5), 124.8(C-1), 129.5and 130.1 (C-6), 132.0
and 132.9 (C-4), 156.4(C-2), 170.9 (CO); m/z (EI) 235.0847 (M+'). C 12H1304N
requires235.0849;m/z (%) 235 (33), 217 (10), 190(28), 121 (100), 93 (17), 70 (100),
65 (25), 41 (5).
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N-(2-Hydroxy-5-methoxybenzoyl)-L-proline 91
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Compound91 was preparedfrom 89 (0.95 g, 2.14 mmol) in absoluteethanol
(15 ml) containing 5% Pd-C (680 mg) by the methodusedto prepare76. Trituration
with petroleumetherafforded91 asa grey solid(0.54g, 94 %), mp 32 OC; vnm (KBr
disc)/cm-13438s(OH), 1743s(CO), 1583s(Ar); 6H (400 MHz, d4-MeOH) 1.89 and
2.24 (4H, two m, H-10 and 11),3.47 (2H, m, H-9), 3.60 and 3.64 (3H, two s, H-7),
4.33 and 4.46 (IH, two m, H-12), 6.62 to 6.78 (3H, m, ArH); 6C (100 MHz, d4MeOH) 24.0 and26.2 (C-10), 31.1 and 32.5 (C-11),48.9 and 50.0 (C-9), 56.6 (C-7),
60.9 (C-12), 113.8,114.0,118.8 and 118.9(C-1,3,4 and 6), 148.0,149.0 and 154.5
(C-2 and 5), 176.5(CO); m1z(EI) 265.0949(M+'). C13H1505N requires265.0948;
m/z(%) 265 (21), 235 (7), 219 (28), 150(100), 121(23), 107(12), 70 (83).

Experimental to Chapter 6
9292
2-Methyl-3-ethoxycarbonyl-5,6-dihydropyran
439
S
6

0
ON%ý.
IO

A mixture of potassium carbonate (11.2 g), 99% ethanol (14 ml), 1,3dibromopropane (8.08 g, 40 mmol) and ethyl acetoacetate(5.2 g, 40 mmol) was heated
OC, then heated
at reflux overnight. The reaction mixture was
with stirring to 60
concentratedin vacuo and the residue was mixed with water (60 ml). The resulting oily
layer was separated,and the aqueousphasewas extracted with ethyl acetate (3 x 50 ml)
and the ethyl acetatelayer was combined with the yellow oil. After drying with sodium
sulfate the ethyl acetatewas evaporatedand the residue was fractionally distilled to give
92 as a colourless oil bp 65-70 OC (>1 mmHg, vacuum pump), (5.15 g, 30.3 mmol, 76
%).

New data:SH (400MHz, CDC13)1.21(3H, t, J 7.2 Hz, H-10), 1.75(2H, m, H-5), 2.15
(3H, s, H-7), 2.23 (2H, t, J 6.4 Hz, H-4), 3.94 (2H, t, J 4.2 Hz, H-6), 4.11 (2H, q, J 7.2
Hz, H-9).

113

6-Bromohexan-2-one 9392
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48% Hydrobromic acid (9.5 ml) was slowly addedat room temperatureto 92
(5.1g, 30 mmol). After standingfor 2h at room temperaturethe mixture was heatedto
reflux for 2 h, then diluted with an equal volumn of iced water. The mixture was
extractedwith chloroform (20 ml x 3), and the organic extracts were washedwith
saturatedsodium bicarbonatesolutionand dried with sodiumsulfate.The chloroform
was evaporatedin vacuo, and the residuewas fractionally distilled to yield 93 as a
yellow oil, bp 60-70OC(> 1 mmHg,vacuumpump), (3.34g, 18mmol, 62 %).
New data:SH (400 MHz, CDC13)1.65 and 1.79 (each2H, each m, H-2 or 3), 2.08
(3H, s, H-6), 2.40 (2H, t, J 7.2 Hz, H-4), 3.34 (2H, t, J 6.4 Hz, H-1); 8C (100 MHz,
CDC13)22.6 (C-3), 30.2 (C-6),32.4 (C-2), 33.6 (C-4), 42.9 (C-1), 208.6(CO).
7-(5'-Oxohexyl)-1,3-dimethylzanthine
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A solution of 1-bromohexan-5-one
(3.4 g, 18.9 mmol) in ethanol(30 ml) was
graduallymixed at the boil with theophylline (5.13 g, 28.5 mmol) in 1M NaOH (40
ml). After heating at reflux overnight the alcohol was evaporated,and the residual
aqueousphasewas cooled andmadealkaline and extractedwith chloroform (3 x 60
ml). The chloroform was evaporatedin vacuo and the residue recrystallised from
isopropanolto yield 94 (1.0 g, 3.6mmol, 19 %). mp 70-72OC(lit.,92 75-76OC).
New data:8H (400 MHz, CDC13)1.49 and 1.82 (each2H, eachIt, eachJ 7.2 Hz, H-9
or 10),2.07 (3H, s, H-13), 2.43 (2H, t, J 7.2Hz, H-11), 3.33 and 3.51(each3H, eachs,
H-1 or 3), 4.21 (2H, t, J 7.2 Hz, H-8), 7.49 (1H, s, H-5).
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7-(5'-Hydroxyhexyl)-1,3-dimethylxanthine 95
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A modifiedversionof the literaturemethod93was used.Compound94 (0.60 g,
2.16 mmol) was dissoved in MeOH (20 ml). While cooling in ice, NaBH4 (0.24 g,
6.48 mmol) was added to the solution portionwise. The reaction mixture was stirred at
rt for 1 h, then conc. HCl (0.4 ml) was added slowly to quench the reaction. The
solvent was evaporated in vacuo to give a white solid. By-product NaCl was removed
by chromatography (Florisil®) eluting with EtOAc-MeOH (10: 1). The fractions Rf
0.36 were combined and solvent evaporatedto yield compound 95 as a white solid (0.3
OC (isopropanol). (Found: C, 55.86; H, 7.22; N, 20.10;
g, 1.08 mmol, 50 %) mp 89-90
C13H2203N4 requires C, 55.71; H, 7.14; N, 20.0%); vmax (KBr disc)/cm-1 3475s
(OH), 1710s, 1649s and 1600w (imidazole ring and CO); 8H (400 MHz, d4-MeOH)
1.04 (3H, d, J 6.0 Hz, H-13), 1.30 (4H, m, H-9 and 10), 1.81 (2H, m, H-11), 3.26 and
3.45 (each 3H, each s, H-1 and 3), 3.62 (IH, m, H-12), 4.30 (2H, t, J 6.8 Hz, H-8), 8.27
(1H, s, H-5); 8C (100 MHz, d4-MeOH) 23.9 (C-13), 28.9 and 31.1 (C-1 and 3), 32.0
(C-9 or 10), 39.7 (C-11), 49.2 (C-8), 68.6 (C-12), 108.4 (C-4), 142.2 (C-5), 148.1 (C6), 153.1 and 156.4 (C-2 and 7); m/z (EI) 280.1532 (M+'). C13H2003N4 requires
280.1528; m/z (%) 280 (67), 236 (18), 207 (23), 180 (100), 149(19), 82 (77), 78 (26),
44(58).
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7-(3'-Oxobutyl)-1,3-dimethylxanthine
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Theophylline(0.9 g, 4.99 mmol), methylvinyl ketone (0.4 g, 4.99 mmol) and
dry pyridine (7.5 ml) were heatedat reflux overnight. The solvent was removed in
vacuoand the residuewas recrystallizedfrom isopropanol.Compound96 was a pale
OC
92
OC).
yellow solid (0.8411g, 3.4mmol, 70%), mp 142 (lit., 144-146
New data:SH (400 MHz, CDC13)2.07 (3H, s, H-11), 3.03 (2H, t, J 6Hz, H-9), 3.33
and 3.52(each3H, eachs, H-1 and 3), 4.43 (2H, t, J 6Hz, H-8), 7.62 (IH, s, H-5).
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7-(3'-Hydroxybutyl)-1,3-dimethylxanthine
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Compound97 was preparedfrom 96 (0.37 g, 1.48 mmol) and NaBH4(0.14 g,
3.7mmol) by the methodused to prepare95. Purificationby chromatographyeluting
with EtOAc-MeOH (10:1) afforded97 as a white solid (0.19 g, 0.75 mmol,51%), mp
119-120OC.(Found:C, 52.30;H, 6.39;N, 22.22;C1IH 1603N4 requiresC, 52.38; H,
6.35; N, 22.22%);vmax (KBr disc)/cm-13450s(OH), 1715sand 1596m (imidazole
ring and CO); 8H (400 MHz, D20) 1.12 (3H, d, J 6.4 Hz, H-11), 1.89 (2H, m, H-9),
3.20 and 3.39 (each3H, each s, H-1 and 3), 3.70 (IH, m, H-10), 4.27 (2H, m, H-8),
7.89 (1H, s, H-5); 6C (100 MHz, D20) 22.4 (C-11), 28.3 and 30.2 (C-1 and 3), 38.9
(C-9),44.5 (C-8), 65.1 (C-10), 107.3(C-4), 143.3(C-5), 148.9(C-6), 152.8and 156.0
(C-2 and 7); m/z (EI) 252.1222 (M+'). C11H 1603N4 requires 252.1222;m/z (%)
252(87), 207 (36), 194(100), 180(52), 149(16), 123(16), 95 (28), 68 (13),44 (33).
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7-Hexyl-1,3-dimethylxanthine
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Compound 98 was preparedfrom 1-bromohexane(1.65 g, 10 mmol) and
theophylline(1.80g, 10 mmol) togetherwith IM NaOH (15 ml) by the methodused to
prepare94.Recrystallisationfrom hexaneafforded98 as white crystals (0.35 g, 14%),
mp 50 0C. (Found: C, 59.10; H, 7.57; N, 21.20; C13H2002N4 requires C, 59.09; H,
7.57; N, 21.21%);vmx (KBr disc)/cm-1 1715m,1646mand 1597m(imidazole ring
andCO); 8H (400 MHz, CDC13)0.80 (3H, t, J 6.8 Hz, H-13), 1.24 (6H, s, H-10 to
12), 1.79(2H, tt, J 7.2 Hz, H-9), 3.33 (3H, s, H-3), 3.52 (3H, s, H-1), 4.21 (2H, t, J 7.2
Hz, H-8), 7.46 (IH, s, H-5); 6C (100MHz, CDC13)12.9(C-13), 21.4 (C-12), 25.0 (C11),26.9 (C-3),28.7 (C-1), 29.8 (C-10), 30.1 (C-9),46.3 (C-8), 105.9(C-4), 139.7 (C5), 147.9 (C-6), 150.7 and 154.1 (CO); m/z (EI) 264.1587 (M+'). C13H2002N4
requires264.1588; m/z (%) 264 (100), 235 (10), 221 (14), 207 (22), 180 (80), 123
(12), 95 (16),55 (8).
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7-Benzoylmethyl-1,3-dimethylxanthine
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Compound99 (1.143g, 3.8 mmol,76%) was obtainedfrom theophylline(0.9
(1 g, 5 mmol) in the presenceof NaH (60%
g, 5 mmol) and 2-bromoacetophenone
suspension,0.3 g, 7.5 mmol) in DMF (50 ml) with stirring overnight at room
temperature. DMF was evaporatedoff, and the residual solid was collected and
recrystallisedfrom EtOH,mp 184OC(lit.,94 mp 190-191OC).
New data:SH(400 HMz, d6-DMSO) 3.16 and3.47 (each3 H, eachs, H-1 or 3), 5.96
(2H, s, H-8), 7.60 to 7.77 (6 H, m, H-5 andArH); SC(100 HMz, d6-DMSO) 27.7 and
29.8 (C-1 and3), 52.9 (C-8), 106.9(C-4), 128.4,129.4 and 134.6(C-11 to 15), 134.4
(C-10), 143.7(C-5), 148.3(C-6), 151.4and 154.8(C-2 and 7), 192.8(C-9).
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7-Ethoxycarbonylmethyl-1,3-dimethylxanthine
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Compound100 waspreparedfrom theophylline (0.7 g, 3.9 mmol) and ethyl
bromoacetate(0.65g, 3.9 mmol) in thepresenceof NaH (60 % suspension,0.21 g, 5.0
mmol) by the modified methodusedto prepare99. DCM was addedto the reaction
mixture to precipitatethe unreactedtheophyllinewhich was filtered off, and the filtrate
was concentratedin vacuoto give a dark oil. Recrystallisationfrom isopropanolgive
100 (0.19 g, 0.72 mmol, 19%) as a grey solid, mp 136-1390C. (Found:C, 49.45; H,
5.38; N, 21.01; C 11H 14O4N4requires C, 49.62; H, 5.26; N, 21.05%);vmax (KBr
disc)/cm-11760m,1636m(imidazolering andCO); 8H (400 MHz, CDC13) 1.24 (3H,
t, J 7.2 Hz, H-11), 3.31 and 3.53 (each3H, eachs, H-1 and 3), 4.20 (2H, q, J 7.2 Hz,
H-10), 5.01 (2H, s, H-8), 7.53 (1H, s, H-5); 8C (100 MHz, CDC13)14.4 (C-11), 28.2
and30.1 (C-1 and 3), 47.7 (C-10), 62.7 (C-8), 107.5 (C-4), 142.2(C-5), 148.9(C-6),
152.0and 155.6 (C-2 and 7), 167.4(C-9); m/z (EI) 266.1016(M+'). Cl IH 1404N4
requires 266.1017;m/z (%) 266 (100), 252 (18), 220 (59), 193 (58), 152 (13), 109
(36), 81 (24), 67 (18).
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7-(1,3-Dioxolylmethyl)-1,3-dimethylxanthine
101
O8O):
690

O2N4

N
1
3

Compound 101 was prepared from theophylline (2.0 g, 11 mmol) and 2bromomethyl-1,3-dioxolane
(1.86 g, 11 mmol) in the presence of NaH (60%
suspension, 0.57 g) by the modified method used to prepare 100. Recrystallisation
from EtOH provided 101 as pale yellow needles (1.61 g, 6 mmol, 55 %), mp 137-138
0C. (Found: C, 49.80; H, 5.29; N, 21.04; C 11H 1404N4
requires C, 49.62; H, 5.26; N,
21.05%); vmax (KBr disc)/cm-1 1760m, 1636m (imidazole ring and CO); 8H (400
MHz, CDC13) 3.34 and 3.52 (each 3H, each s, H-1 and 3), 3.79 (4H, m, H-10 and 11),
4.51 (2H, d, J 3.2 Hz, H-8), 5.15 (111,t, J 3.2 Hz, H-9), 7.58 (IH, s, H-5); 6C (100
MHz, CDC13) 28.3 and 30.1 (C-1 and 3), 48.3 (C-10 and 11), 65.8 (C-8), 101.2 (C-9),

107.7 (C-4), 142.6 (C-5), 148.7 (C-6), 152.0 and 155.7 (C-2 and 7); m/z (EI)
266.1014(M+'). C11H 1404N4 requires 266.1013;m/z (%) 266 (10), 193 (6), 180
(5), 149 (2), 109(5), 73 (100).
7,7'-Methylenebis(theophylline)
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Sodium hydride (60% suspension,0.17 g, 4.2 mmol) and dibromomethane
(0.24 g, 1.4mmol) wereaddedto a solution of theophylline(0.5 g, 2.8 mmol) in DMF
(20 ml). The mixture was stirred at room temperatureovernightthen heatedat 70 OC
for 3 h. Theresultingmixture was pouredinto water to give 102 as a white solid (0.36
g, 0.97 mmol, 69 %), mp 327-328OC(lit., 95 mp > 300 OC). 8H (400 MHz, CDC13)
3.34 and 3.49(each6H, eachs, H-1 and 3), 6.66 (2H, s, H-8), 8.29 (2H, s, H-5).
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7,7'-(1,2-Ethanediyl)bis(theophylline)
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Compound103(0.41 g, 1.07mmol, 77%)waspreparedfrom theophylline(0.5
(0.26g, 1.4mmol) in the presenceof NaH (60 %
g, 2.8 mmol) and 1,2-dibromoethane
0.17 g, 4.2 mmol) by the methodusedto prepare102, mp 335 OC (lit.,95
suspension,
mp > 300 OC);m/z (EI) 386.1453(M+'). C16H1804N8 requires 386.1455;m/z (%)
386 (48), 278 (21), 221 (11),206 (100), 180(46), 122(20), 95 (17), 67 (8).
7,7'-(1,3-Propanedyl)bis(theophylline)10495
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Compound104 (0.30 g, 0.75 mmol, 54%) waspreparedfrom theophylline(0.5
g, 2.8 mmol) and 1,3-dibromopropane(0.28 g, 1.4 mmol) in the presenceof NaH
0.17 g, 4.2 mmol) by the modified methodused to prepare102, nip
(60% suspension,
268-270 OC(lit., 95 mp 283-285 OC); m/z (EI) 400.1608 (M+'). C17H2004N8
requires400.1608;m/z (%) 400 (63), 386 (7), 207 (100), 194 (65), 180 (15), 109 (17),
82 (35), 67 (12).
10595
7,7'-(1,4-Butanediyl)bis(theophylline)
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Compound105 (0.28g, 0.70 mmol, 55%) was preparedfrom theophylline
(0.27 g, 1.25mmol) in the presenceof NaH
(0.45 g, 2.5mmol) and 1,4-dibromobutane
(60% suspension,0.15 g, 3.8 mmol) by the methodused to prepare102, mp 280 OC
(lit.,95 mp 297-299OC);8H (400 MHz, CDC13)1.86(4H, tt, J 6.4 Hz, H-9), 3.33 and
3.52(each6H, eachs, H-1 and 3), 4.26 (4H, t, J 6.4 Hz, H-8), 7.51 (2H, s, H-5).
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7,7'-(1,S-Pentanediyl)bis(theophylline)10695
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Compound106(0.13g, 0.31mmol, 22%)was preparedfrom theophylline(0.5
(0.32 g, 1.4mmol) in thepresenceof NaH (60%
g, 2.8 mmol) and 1,5-dibromopentane
suspension,0.17 g, 4.2mmol) by themethodusedto preparecompound102, mp 221223 OC(lit.,95 mp 230-232OC);8H (400 MHz, CDC13)1.30 (2H, tt, J 7.6 Hz, H-10),
1.88 (4H, tt, J 7.6 Hz, H-9), 3.33 and3.52 (each6H, eachs, H-i and 3), 4.21 (4H, t, J
7.2 Hz, H-8), 7.49 (2H, s,H-5).
7,7'-(1,6-Hexanediyl)bis(theophylline)10795

\N

)5

8

10

I

0
N
N

NýNX1,

T/1@ o

N

13
Compound107 (0.43g, 0.97 mmol, 69%) waspreparedfrom theophylline(0.5
(0.34 g, 1.4mmol) in the presenceof NaH (60%
g, 2.8 mmol) and 1,6-dibromohexane
0.17 g, 4.2 mmol) by the methodusedto preparecompound102, mp 232suspension,
OC
(1it,95 mp 243-245 OC); 8H (400 MHz, CDC13) 1.30 (4H, m, H-10), 1.82
235
(4H, m, H-9), 3.33 and3.51 (each6H, eachs, H-1 and 3), 4.19 (4H, t, J 7.2 Hz, H-8),
7.46 (2H, s, H-5).
7,7'-(1,10-Decanediyl)bis(theophylline)10895
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Compound108(0.47 g, 0.95 mmol, 68%) was preparedfrom theophylline(0.5
g, 2.8 mmol) and 1,10-dibromodecane(0.42 g, 1.4 mmol) in the presenceof NaH
0.17 g, 4.2 mmol) by the methodusedto preparecompound102, mp
(60% suspension,
161-163OC(lit.,95 mp 169-171OC); SH (400 MHz, CDC13)1.20 (12H, m, H-10 to
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12),1.80(4H, m, H-9), 3.33 and 3.51 (each6H, eachs, H-1 and 3), 4.20 (4H, t, J 7.2
Hz, H-8), 7.46 (2H, s, H-5).
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7,7'-(1,4-but-2-enediyl)bis(theophylline)
O
O

Oý

N

CG

INIO

N

Compound109 (0.23 g, 0.57 mmol, 41%) waspreparedfrom theophylline(0.5
g, 2.8 mmol) and 1,4-dibromo-2-butene(0.30 g, 1.4 mmol) in the presenceof NaH
(60% suspension,
0.17 g, 4.2 mmol) by the methodusedto prepare102, mp 292-293
OC.(Found:C, 52.21;H, 4.89; N, 27.04;C18H2004N8 requiresC, 52.39; H, 4.85; N,
27.17 %); vmax (KBr disc)/cm-1 3117m(Ar-H), 1708s,1646sand 1602m(imidazole
ring and CO); m/z (EI) 412.1609 (M+'). C18H2004N8 requires412.1611; m/z (%)
412 (33), 232(100), 180(13), 147(33), 121(21),94 (16),80 (8), 67 (7).
110
7,7'-o-Xylylenebis(theophylline)

Compound 110 (0.44 g, 0.94 mmol, 75%) was preparedfrom theophylline
(0.45 g, 2.5 mmol) anda, a-dibromo-o-xylene(0.33 g, 1.25 mmol) in the presenceof
0.15 g, 3.8mmol) by the methodusedto prepare102, mp 298
NaH (60% suspension,
0C. (Found:C, 56.99;H, 4.71; N, 23.91; C22H2204N8 requiresC, 57.14; H, 4.76;N,
24.24%);vmax (KBr disc)/cm713112m(Ar-H), 1719sand 1602m(imidazolering, Ar
and CO); 8H (400 MHz, CDC13)3.29 and 3.51 (each6H, each s, H-1 and 3), 5.59
(4H, s, H-8), 7.04 and7.28 (each2H, eachm, ArH), 7.46 (2H, s, H-5); 8C (100 MHz,
CDC13)28.3 and 30.2 (C-1 and 3), 47.5 (C-8), 107.3 (C-4), 129.3 and 129.8 (C-10
and 11), 133.6 (C-9), 141.6 (C-5), 149.3 (C-6), 151.9 and 155.6 (C-7); m/z (EI)
462.1762(M+'). C22H2204N8 requires462.1760;m/z (%) 462 (70), 282 (100), 281
(30), 198(35), 130(33), 104 (22),78 (7).
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7,7'-m-Xylylenebis(theophylline)111

/1

Compound 111 (0.50 g, 1.08 mmol, 87%) was preparedfrom theophylline
(0.45 g, 2.5 mmol) anda,a'-dibromo-m-xylene(0.33 g, 1.25mmol) in the presenceof
NaH (60% suspension,
0.15 g, 3.8 mmol) by the methodusedto prepare102, mp 265
OC;vmax (KBr disc)/cm-1 3110m (Ar-H), 1731s (imidazolering, Ar and CO); 8H
(400 MHz, CDC13)3.33 and3.50(each6H, eachs, H-1 and3), 5.40 (4H, s, H-8), 7.19
to 7.31 (4H, m, Ar-H), 7.51 (2H, s, H-5); 8C (100 MHz, CDC13)28.3 and 30.1 (C-1
and3), 50.3 (C-8), 107.2(C-4), 128.0,128.4 and 130.2 (C-10,11 and 12), 136.8 and
138.5 (C-9), 141.1 (C-5), 149.3 (C-6), 151.9 and 155.6 (C-2 and 7); m/z (EI)
462.1765(M+'). C22H2204N8 requires462.1766;m/z (%) 462 (90), 282 (100), 198
(18), 171(8), 130(9), 104(27),78 (9).
7,7'p-Xylylenebis(theophylline)112
0

rýD

0

ýo
oIN"

Compound 112 (0.48 g, 1.04 mmol, 84%) was preparedfrom theophylline
(0.45 g, 2.5 mmol) anda, a'-dibromo-p-xylene(0.33 g, 1.25 mmol) in the presenceof
NaH (60% suspension,0.15 g, 3.8 mmol) by the method usedto prepare102, mp >
340 OC;vmax (KBr disc)/cm-13104m (Ar-H), 1727sand 1597m(imidazolering, Ar
and CO); m/z (EI) 462.1767(M+'). C22H2204N8 requires 462.1770;m/z (%) 462
(15), 282(100), 231 (3), 185(4), 104(38),78 (5).
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Experimental to Chapter 7
11397
Ethyl 4-methoxybenzoate
p

3

z8
ýý

p"\
6

Me0 q

5

To a stirring suspensionof p-anisic acid (3.0 g, 19.7 mmol) in EtOH (18 ml) was added
concentrated H2SO4 (0.4 ml) dropwise and the mixture was heated at reflux for 24 h. The
EtOH was evaporatedand the residue was taken into EtOAc (50 ml). The EtOAc solution was
washed with 1M NaOH (2 x 25 ml), water (25 ml) and brine (10 ml) before drying over
MgSO4. Concentration in vacuo gave 113 as a colourless oil (3.11 g, 17.3 mmol. 88%) pure
enough for synthetic work without further purification. SH (400 MHz, CDC13) 1.30 (3H, t, J
7.2 Hz, H-9), 3.78 (3H, s, OCH3), 4.27 (2H, q, J 7.2 Hz, H-8), 6.84 (2H, m, H-3 and 5). 7.92
(2H, m, H-2 and 6); SC (100 MHz, CDC13) 13.4 (C-9), 54.4 (OMe), 59.6 (C-8), 112.5 (C-3

and5), 121.9(C-1), 130.5(C-2 and 6), 162.2(C-4), 165.4(CO).
11497
1,3-Bis-(4-methoxyphenyl)propane-1,3-dione
O

OH

2
3ý78ý
MeO

b
S

OMe

(1.17 g, 7.57 mmol) in dry toluene(10 ml) was
A solution of 4-methoxyacetophenone
added dropwise to a stirred suspensionof NaH (0.43 g, 60% dispersion,7.57 mmol) in dry
toluene (50 ml) at rt. After 2 min a solution of ethyl ester113 (1.50 g, 8.33 mmol) in dry
toluene(5 ml) was introduceddropwiseat rt, and the mixture was heatedat reflux for 24 h.
After cooling to rt, thereactionwasquenchedby the cautiousadditionof 10% HCl (40 ml) and
themixture was extractedwith EtOAc (2 x 50 ml). The combinedorganic layers were washed
with water (60 ml) andbrine (50 ml) beforedrying over MgSO4.Concentrationin vacuogavea
yellow solid which wasrecrystallisedfrom EtOH affording 114 asbright yellow crystals (0.60
97
g, 2.11 mmol, 28 %). mp 106-108OC(lit., 108 0C); 8H (400 MHz, CDC13) 3.80 (6H, s,
OCH3), 6.65 (1H, s, H-8), 6.88 (4H, in, H-3 and 5), 7.91 (4H, m, H-2 and 6); 8C (100 MHz,
CDC13)54.4 (OCH3), 90.5 (C-8), 112.9 (C-3 and 5), 127.2(C-1), 128.1 (C-2 and 6), 161.9
(C-4), 183.6(CO).
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11599
1,3-Bis-(4-hydroxyphenyl)propane
Z7

e
011

HO ql -6I
5

OH

A solution of compound 114 (0.34 g, 1.19 mmol) in EtOH-EtOAc (4: 1) (60 ml)
containing Pd/C (10%, 1.0 g) was shaked under 7 atm of hydrogen at 28 OC for 5 h. The
mixture was filtered through Celite® and concentratedin vacuo to give a coloureless oil (0.25 g)
which solidified to white crystals on standing. The crude methyl ether was taken up in glacial
AcOH (2.5 ml). 48% HBr (5 ml) was added to the AcOH solution and the mixture was heated
at reflux for 4 h. the solvent was evaporated and the residue was taken up in EtOAC (10 ml).
The EtOAC solution was washed with saturatedNaHCO3 (3 x5 ml), water (5 ml) and brine (5
ml) before drying over MgSO4. Concentration in vacuo to give a yellow oil which was then
washed with petroleum ether affording crude 115 as a yellow solid. Recrystallisation from
EtOAc yielded compound 115 as a yellow solid (0.10 g, 0.44 mmol, 37%), mp 105-106 OC
(lit,,99 108-109 °C); SH (400 MHz, CDC13) 1.79 (2H, m, H-8), 2.48 (4H, t, J 7.8 Hz, H-7),
4.76 (2H, bs, OH), 6.68 (4H, m, H-3 and 5). 6.96 (4H, m, H-2 and 6); SC (100 MHz, CDC13)
33.8 (C-8), 34.8 (C-7), 115.5 (C-3 and 5), 129.9 (C-2 and 6). 135.0 (C-1), 153.8 (C-4).

triphenylphosphoniumbromide1168
3,4-Dimethoxybenzyl
MOO 32+4/6
moo
5

A mixture of triphenylphosphine hydrobromide (4.08 g, 11.9 mmol) and 3,4dimethoxybenzylalcohol (2.0 g, 11.9mmol) in dry acetonitrile(120 ml) was heatedat reflux
overnight. The mixture was concentratedin vacuo to give a pale yellow solid which was
recrystallisedfrom ethanolaffording compound116 aswhite crystals(5.3 g, 95%), m.p. 235
OC(lit., 8 235-237 0C). SH (400 MHz, CDC13)3.45 and 3.72 (each3H, each s, OCHS),5.22
(2H,d, JH_p13.8Hz, CH2), 6.52-6.75(3H, m, H-2,5 and6), 7.53-7.71(15H, M, PPh3).
bromide 117100
3,4,5-Trimethoxybenzyl
triphenylphosphonium
MeO

MeO

217+
PPyBr

S6
OMe
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A mixture of triphenylphosphine hydrobromide (3.5 g, 10.1 mmol) and 3,4,5trimethoxybenzyl alcohol (2.0 g, 10.1 mmol) in dry acetonitrile (140 ml) was heated at reflux
overnight. Concentration in vacuo gave a pale yellow solid which was recrystallised from
100 234-236
ethanol affording 117 as white crystals (4.8 g, 9.18 mmol, 90%), mp 232 OC (lit.,
OC); 8H(400 MHz, CDC13) 3.43 (6H, s, OCHS), 3.69 (3H, s, OCHS), 5.31 (2H, d, JH_p 14.0

Hz, CH2), 6.42 (2H, d, J 2.8 Hz, ArH), 7.51-7.71(15H, m, PPh3).
3-(3,4-Dimethoxyphenyl)propan-l
-ol 118101
MeO 31

279
8

OH

/6
Me0

5

A solution of 3-(3,4-dimethoxyphenyl)propionic
acid (8.7 g, 42.8 mmol) in dry THE
(20 ml) was addeddropwiseto a stirring slurry of LiAIH4 (2.44 g, 64.2 mmol) and THE (100
ml) at 0 0C. After stirring at rt for 5h the reactionwas quenchedby the cautiousaddition of
The aqueouslayer was extracted
moistetherfollowed by 1M HC1till the layerswereseparated.
with EtOAc (2 x 100 ml) and the combinedorganic layers were washedwith brine (50 ml)
before drying over MgSO4.Concentrationin vacuo afforded compound118 as a viscous oil
OC
which was satisfactoryfor syntheticwork without furtherpurification(7.7 g, 94%), bp 159 >
1mmHg (lit., 8 150-152OC>1 mmHg, vacuumpump); SH (400 MHz, CDC13)1.52 (1H, bs,
OH), 1.80 (2H, m, H-8), 2.58(2H, t, J 7.9Hz,H-7), 3.60 (2H, t, J 6.4 Hz, H-9), 3.78 and 3.79
(each3H, eachs, OCHS),6.65-6.73(3H, m, ArH).
3-(3,4,5-Trimethoxyphenyl)propan-l-ol119102
2179

Moo

OH
4g

6

Me0
OMe

A solutionof 3-(3,4,5-trimethoxyphenyl)propionic
acid (3.0 g, 12.5 mmol) in dry THE
(10 ml) was addeddropwiseto a stirred suspensionof LiAIH4 (0.71g, 18.8 mmol) in THE (40
ml) at 0 0C. After stirring at rt for 5h the reaction was quenchedby the cautiousaddition of
water and ether followed by 1M HCl till the layers were separated.The aqueouslayer was
brine (50
extractedwith EtOAc (2 x 80 ml) andthe combinedorganic layers werewashedwith
ml) beforedrying over MgSO4.Concentrationin vacuo afforded 119 as a colourlessoil which
was satisfactoryfor syntheticwork without further purification (2.4 g, 10.62mmol, 85%). bp
102 b.p. 120-1300C(1 mmHg)]; 8H(400 MHz,
148-158OC(> 1 mmHg, vacuumpump) [lit.,
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CDC13) 1.75 (1H, bs, OH), 1.81 (2H, m, H-8), 2.58 (2H, t, J 8.0 Hz, H-7), 3.61 (2H, t, J 6.4 Hz,
H-9), 3.74 (3H, s, OCH3), 3.77 (6H, s, OCH3), 6.35 (2H, s, ArH).

3-(3,4-Dimethoxyphenyl)propionaldehyde
120104
0
Me0 321

9H

48
Me0

56

A solution of DMSO (6.7 g, 6.1 ml, 85.6 mmol) in dry DCM (25 ml) was added
dropwiseto a stirred solution of oxalyl chloride(5.0 g, 3.4 ml, 39.2 mmol) in dry DCM (180
ml) at -60 0C. After 2 min a solution of alcohol 118 (7.0 g, 35.7 mmol) in dry DCM (50 ml)
wasintroduceddropwiseat the sametemperatureandstirring was continuedfor 30 min. Et3N
(18.1 g, 24.9 ml, 178.9mmol) wasaddeddropwiseto thewhite cloudy solution and the mixture
was allowedto warm to rt over lh. Water(250 ml) wasaddedand the resultanttwo layers were
separatedand the aqueouslayer was further extractedwith DCM (150 ml). The combined
organic layerswere washedwith 10% HCl (100 ml) and brine (150 ml) before drying over
MgSO4. Concentrationin vacuoaffordedcompound120asa light yellow oil (6.7g, 97%) pure
enoughto be usedwithout furtherpurification. 6H(400MHz, CDC13)2.68 and 2.83 (each2H,
eacht, J 7.2 Hz, H-7 and 8), 3.77 and 3.79 (each3H, eachs, CH3O), 6.64-6.73(3H, m, ArH),
9.74 (1H, s, CHO).
3-(3,4,5-Trimethoxyphenyl)propionaldehyde
121105

moo
I
MeO 46

27
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S
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A solution of DMSO (0.92 g, 0.84 ml, 11.8 mmol) in dry DCM (2 ml) was added
dropwiseto a stirred solution of oxalyl chloride (0.69 g, 0.47 ml, 5.4 mmol) in dry DCM (35
ml) at -60 0C.After 2 min a solutionof alcohol 119 (1.1 g, 4.9 mmol) in dry DCM (5 ml) was
introduceddropwiseat thesametemperatureandstirring was continuedfor 30 min. Et3N (2.49
g, 3.4 ml, 24.5 mmol) was addeddropwiseto the white cloudy solution and the mixture was
allowed to warm to rt over 1 h. Water (30 ml) was added and the resultanttwo layers were
separatedand the aqueouslayer was further extractedwith DCM (30 ml). The combined
organic layers were washedwith 10% HCl (10 ml) and brine (15 ml) before drying over
MgSO4. Concentrationin vacuoafforded121asa yellow oil (1.08 g, 98%) pure enoughto be
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usedwithout further purification. 8H(400 MHz, CDC13) 2.71 and 2.83 (each 2H, each in, H-7
and 8), 3.72 (3H, s, OCHS), 3.77 (6H, s, OCHS), 6.34 (2H, s, ArH), 9.73 (1H, s, CHO).

1,4-Bis-(3,4-dimethoxyphenyl)but-l-ene
1228

To a stirred suspensionof phosphoniumsalt116 (14.9 g, 30.2 mmol) in dry THE (250
ml) was addedn-butyl lithium (15.8ml, 2.1M in hexanes,33.2 mmol) dropwiseat 0 0C. After
stirringthe dark red solution for a further 15 min aldehyde120 (5.5 g, 28.5 mmol) in THE (40
ml) wasintroduceddropwiseat the sametemperature.The resultantfawn colouredsuspension
was stirred at 0 OCfor 30 min then allowed to warm to rt and stirred for a further 3h before
pouringinto iced water (500 ml). The mixturewasextractedinto ethyl acetate(3 x 250 ml) and
the combined organic layers were washedwith brine (200 ml) before drying over MgSO4.
Concentrationin vacuogavea darkyellow gum which becamea mixture of crystalsand sticky
oil afterleavingat rt overnight.The mixture was stirred with MeOH (150 ml) at rt for 2h. The
yellow suspensionwas filtered and washedthoroughly with MeOH affording 122 as a yellow
solid(4.7 g, 50%, E:Z = 9). Concentrationof the filtrate in vacuo gavea yellow oil which was
purified by silica gel columnchromatographyaffordingmore of 122 (2.1 g, 22%, E:Z = 2). mp
60 OC(lit.,8 58 0C). 8H(400 MHz, CDC13)(E)-isomer:2.42 (2H, m, H-9), 2.66 (2H, m, H-10),
3.80 (12H, M, CH3O),6.05 (1H,dt, J 15.8Hz and 6.8 Hz, H-8), 6.29 (1H, in, H-7), 6.64-6.82
(6H, m, ArH); (Z)-isomer.2.58 (2H,m, H-9), 2.66 (2H, in, H-10), 3.80 (12H, m, CH3O), 5.55
(1H, dt, J 11.6Hz and6.8 Hz, H-8), 6.29(1H, m, H-7), 6.64-6.82(6H, m, ArH).
123
1,4-Bis-(3,4,5-trimethoxyphenyl)but-l-ene

n-Butyl lithium (3.5 ml, 1.6 M in hexanes,5.6 mmol) was addeddropwiseto a stirred
suspensionof phosphoniumsalt 117 (2.69 g, 5.1 mmol) in dry THE (30 ml) at 0 0C. After
stirring the dark red solution for a further 15 min, aldehyde121 (1.1 g, 4.9 mmol) in THE (6
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ml) was introduced dropwise at the same temperature. The resultant yellow suspension was
stirred at 0 OCfor 30 min then allowed to warm to rt and stirred for a further 3h before pouring
into iced water (50 ml). The mixture was extracted into ethyl acetate (3 x 40 ml) and the
combined organic layers were washed with brine (20 ml) before drying over MgSO4.
Concentration in vacuo gave a dark yellow gum which becamea mixture of crystals and sticky
oil after leaving at rt overnight. The mixture was purified by column chromatography to give
123 as a mixture of geometricalisomers (0.61 g, 1.57 mmol, 32%, Z: E = 1); mp 98 °C; vmax
(neat)/cm-12937s (OCHS), 1588s(C=C); 8H(400 MHz, CDC13) (E)-isomer: 2.44 (2H, m, H9), 2.65 (2H, m, H-10), 3.75 (18H, in, OCHS), 6.11 (1H, dt, J 15.8 Hz and 6.8 Hz, H-8), 6.28
(1H, m, H-7), 6.33-6.49 (4H, m, ArH); (Z)-isomer: 2.61 (2H, m, H-9), 2.65 (2H, m, H-10), 3.75
(18H, m, OCHS), 5.59 (1H, dt, J 11.6 Hz and 6.8 Hz, H-8), 6.28 (1H, m, H-7), 6.33-6.49 (4H,
m, ArH); 8C(100 MHz, CDC13)29.9,33.8 and 35.3 (C-9 and 10), 55.1 (OCH3), 102.0,102.4,
104.3,104.4,104.9,105.5,128.3,128.6
and 129.4 (CH), 129.4,130.4,132.4,135.1,136.5,
150.5,151.8,152.1,152.3 and 152.4 (C); m/z (EI) 388.1884 (M+). C22H2806 requires M
388.1882; m/z (%) 388 (45), 360 (12), 345 (8), 207 (86), 181 (100), 176 (34), 149(7), 106 (5).

124104
1,4-Bis-(3,4-dimethoxyphenyl)butane

Palladium on charcoal(10%, 1.0 g) was addedto a stirred solution of 122 in EtOAcMeOH (1: 5) (370 ml) andthe mixture was stirredundera hydrogenballoon at rt for 24 h. The
mixture was filtered throughCelite®. Concentrationin vacuo gave a white solid which was
OC
recrystallisedfrom aqueousMeOH affording 124 as white crystals (3.9 g, 92%), mp 89
(lit.,10490-910C); 6H(400 MHz, CDC13)1.60(4H, m, H-8), 2.51 (4H, t, J 6.8 Hz, H-7), 3.77
and3.78 (each6H, eachs, OCHS),6.62-6.72(6H, m, ArH).
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1,4-Bis-(3,4,5-trimethoxyphenyl)butane 125

Pd/C (10 %I 0.2 g) was addedto a stirred solution of 123 (0.41 g, 1.06 mmol) in
EtOAc-MeOH (1:4) (40 ml) andthe mixture was stirred undera hydrogenballoon at rt for 24
h. Themixture wasfiltered through Celite®.Concentrationin vacuo gavea white solid which
was recrystallisedfrom aqueousMeOH affording125 as whitecrystals(0.36 g, 86 %), mp 96
OC.(Found:C, 67.79;H, 7.79; C22H3006requiresC, 67.69;H, 7.6 %); vmax (KBr disc)/cm-1
2932s (OCHS),1587s(Ar); 8H (400 MHz, CDC13)1.60 (4H, m, H-8), 2.52 (4H, t, J 6.8 Hz,
H-7), 3.75-3.79(18H, m, OCH3), 6.31 (4H, s, ArH); 8C(100MHz, CDC13)31.5 (C-8), 36.6
(C-7), 56.4 and 61.2 (OCH3), 105.7(C-2 and6), 136.4and 138.7(C-1 and 4), 153.5 (C-3 and
5); m/z (EI) 390.2044(M+). C22H30O6requiresM 390.2046;m/z (%) 390 (23), 362 (25), 282
(12), 208 (4), 181(100), 151 (10), 83 (17).
126106
1,4-Bis-(3,4-dihydroxyphenyl)butane

A mixture of compound124 (1.8g, 5.5 mmol),48% HBr (30 ml) andglacial AcOH (12
ml) washeatedat reflux underN2 for 6 h. After cooling to rt the mixture was pouredinto water
(300 ml) and extractedwith EtOAc (2 x 200 ml). The organic layers were decolourisedby
activatedcarbonandwashedwith brine (2 x 60 ml), dried over MgSO4 and concentratedin
vacuo to give a light brown solid. Recrystallisationfrom ether-hexaneafford 126 as brown
106 136-1380C). 6H(400 MHz, d6-DMSO) 1.47 (4H,
crystals (1.1 g, 72%), mp 139 OC(lit.,
bs, H-8), 2.40(4H, t, J 6.2 Hz, H-7), 6.38-6.62(6H, m, ArH), 8.60 (4H, bs, OH).
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127
1,4-Bis-(3,4,5-trihydroxyphenyl)butane

A mixture of 125 (0.13 g, 0.33 mmol), 48% HBr (3.5 ml) and glacial AcOH (1.4 ml)
was heated at reflux under N2 for 6 h. After cooling to rt the mixture was poured into water (30
ml) and extracted with EtOAc (2 x 20 ml). The organic layers were decolourised by activated
carbon and washed with brine (10 ml), dried over MgSO4 and concentrated in vacuo to give a
light brown solid. Recrystallisation from ether-hexaneafforded 127 as yellow crystals (0.073 g,
72%), mp 191-192 0C. (Found: C, 62.50; H, 6.23; C16H1806 requires C, 62.34; H, 6.49%).
vmax (KBr disc)/cm713455s (OH), 1611s (Ar); 8H(400 MHz, d6-DMSO) 1.36 (4H, in, H-8),
2.32 (4H, m, H-7), 6.06 (4H, s, H-2 and 6), 7.70 (2H, bs, OH), 8.57 (4H, bs, OH); 8C(100
MHz, d6-DMSO) 31.1 (C-8), 35.0 (C-7), 107.3 (C-2 and 6), 131.0 and 132.7 (C-1 and 4),
146.2 (C-3 and 5); m/z (EI) 306.1100 (M+). C16H1806 requires M 306.1096; m/z (%) 306

(65), 246 (5), 178(14), 139(100), 122(5), 65 (7), 53 (10).
128
N-(4-Methoxybenzyl)-4-methoxyphenylacetamide
(ýrOMe
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of 4-methoxyphenylacetic acid (0.8 g, 4.81 mmol) and 4methoxybenzylamine(0.59 g, 0.56 ml, 4.33 mmol) was heatedwith stirring under nitrogen at
160OCfor 4 h. The brown solid formed dissolvedin CH2C12and the organic solution was
A mixture

washedsuccessivelywith saturatedNaHCO3(10 ml), 5% citric acid (10 ml), water (10 ml) and
brine (10 ml) beforedrying over MgSO4. Concentrationin vacuo gave128 as a yellow solid
which wasrecrystallisedfrom ethyl acetateproviding 128 asyellow crystals(1.0 g, 81%), rap
136-138°C. (Found: C, 71.61; H, 6.73; N, 4.88; C17H19NO3 requiresC, 71.58; H, 6.67; N,
4.91 %). vmu (KBr disc)/cm-13284s(CONH), 2834m (OCHS), 1644s(CO), 1609s(Ar). SH
(400 MHz, CDC13)3.47 (2H, s, H-9), 3.70 and 3.71 (each3H, eachs, OCH3), 4.25 (2H, d, J
5.6 Hz, H-7), 5.60(IH, bs, NH), 6.78 (4H, m, H-3,5,12 and 14), 7.06 (4H, m, H-2,6,11 and
15); SC(100 MHz, CDC13)41.9 and42.0 (C-7 and 9), 54.2 (OCHS), 113.0and 113.4 (C-12,
14,3 and 5), 125.7and 129.2(C-1 and 15), 127.9 and 129.5 (C-2,6,11 and 15), 157.8 and
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157.9 (C-4 and 13), 170.2 (CO). m/z (EI) 285.1363 (M+). C17H1903N requires M
285.1361;m/z(%) 285(20),227 (3), 177(4), 121(100),91 (5), 78 (8), 77 (7).
N-(3,4-Dimethoxybenzyl)-3,4-dimethoxyphenylacetamide1298
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Compound 129 was prepared from (3,4-dimethoxyphenyl)acetic acid (0.8 g, 4.07 mmol)
and veratrylamine (0.61 g, 0.55 ml, 3.67 mmol) by the method used to prepare 128.
Recystallisation from ethyl acetate afforded 129 as a yellow solid (1.14 g, 90%), mp 130-132
°C (lit., 8 127-129 °C); 6H (400 MHz, CDC13) 3.49 (2H, s, H-9), 4.27 (2H, d, J 5.6 Hz, H-7),
3.78 (9H, s, OCHS)03.79 (3H, s, OCHS), 4.27 (2H, d, J 5.4 Hz, H-7), 5.63 (1H, bs, NH), 6.64

6.76 (6H, m, ArH).
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The procedureof McOmie et al.107 was modified asfollows. To a stirred solution of
128 (2.0 g, 7.0 mmol) in dry CH2C12(250 ml) was addedboron tribromide (28.1 ml, 28.07
mmol, 1M in DCM) dropwise at -78 0C. This was stirred for 1h then allowed to reach0 OC
and stirredfor 2.5 h beforepouringinto iced water (50 ml). The mixture wasstirred for 1h and
The aqueouslayer was extractedwith ethyl acetate(3 x 150 ml),
the two layerswereseparated.
and the initial organic layer was concentratedin vacuo to give a yellow solid which was
combinedwith the ethyl acetateextracts.The ethyl acetatesolution was washedwith saturated
NaHCO3 (2 x 150 ml), water (150 ml) and brine (150 ml) before drying over MgSO4.
Concentration in vacuo gave a yellow solid which was recrystallisedfrom ethyl acetate
affording 130asyellow crystals(1.66 g, 92%), mp 171-173°C. (Found: C, 70.12; H, 5.77; N,
5.29;C15H15NO3requiresC, 70.04; H, 5.84; N, 5.45 %). vmax(KBr disc)/cm-13349m and
3239m(OH andCONH), 1648s(CO), 1611sand 1598s(Ar). 6H (400 MHz, d4-MeOH) 3.30
(2H, s, H-9), 4.13 (2H, s, H-7), 6.62 (4H, m, H-3,5,12 and 14),6.96 (4H, m, H-2,6,11, and
15);8C (100 MHz, d4-MeOH) 43.5 and44.2 (C-7 and9), 116.6and 116.7(C-3,5,12 and 14),
128.1and 131.0(C-1 and 10), 130.4and 131.5(C-2,6,11 and 15), 157.8and 158.1(C-4 and
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13), 174.8 (CO). m/z (EI) 257.1051 (M+). C15H1503N requires M 257.1050; mlz (%) 257

(27), 199(2), 163 (3), 121(7), 107(100),77 (12), 51 (2).
N-(3,4-Dihydroxybenzyl)-3,4-dihydroxyphenylacetamide 1318
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To a stirred solution of 129 (0.4 g, 1.16 mmol) in dry CH2C12 (10 ml) was added BBr3
(8.1 ml, 8.1 mmol, 1M in CH2C12) dropwise at -78 °C. This was stirred for 1h then allowed to
reach 0 °C and stirred for 2.5 h before pouring into iced water (30 ml). The mixture was stirred
for 1h and the two layers were separated.The aqueouslayer was extracted with EtOAc (3 x 30
ml). The combined EtOAc extracts were extracted into saturatedNaHCO3 (40 ml) which was
then acidified by 10 % HCI, and re-extractedwith EtOAc (3 x 40 ml). The EtOAc solution was
washed with brine (30 ml), dried over MgSO4 and concentrated to give 131 as a dark brown
8
°C); SH (400
solid (0.29 g, 1.0 mmol, 87%), mp 177-179 °C (EtOAc-EtOH) (lit., 179-182
MHz, d6-DMSO) 3.23 (2H, s, H-9), 4.11 (2H, d, J 5.6 Hz, H-7), 6.42-6.73 (6H, m, ArH), 8.25

(1H, t, J 5.6 Hz, NH), 8.8 (4H, bs, OH).
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N-(4-Hydroxybenzyl)-4-hydroxyphenylthioethanamide
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To a stirred solutionof 130 (0.12 g, 0.467 mmol) in DME (5 ml) was addedLawesson's
reagent(0.25 g, 0.63 mmol) portionwise. The resultant suspension was heated at reflux
overnight.After coolingto rt, the reactionmixture was pouredinto water (25 ml) and extracted
with EtOAc (3 x 25 ml). The combined organic extracts were washed successivelywith
saturatedNaHCO3 (3 x 25 ml), water (25 ml) and brine (25 ml) before drying over MgSO4.
The solventwas evaporatedand the residuewas purified by chromatographyto give 132 as a
yellow solid (0.02g, 0.072mmol, 16%),mp 134-137cC (EtOAc). vmax(KBr disc)/cm-13379s
(OH and CSNH), 1608s(Ar), 1511m (CSN). SH (400 MHz, d4-MeOH) 3.76 (2H, s, H-9),
4.58 (2H, s, H-7), 6.62 (4H, m, H-3,5,12 and 14),7.04 (4H, m, H-2,6,11 and 15); SC (100
MHz, d4-MeOH) 50.8 (C-9), 52.7 (C-7), 116.6and 116.7(C-3,5,12 and 14), 129.3and 129.6
(C-1 and 10),130.9and 131.3(C-2,6,11 and 15), 157.9and 158.4 (C-4 and 13),204.5 (CS).
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m/z (EI) 273.0824 (M+). C 15H 15O2NS requires M 273.0824; m/z (%) 273 (30), 257 (3), 199

(4), 167(9), 133(10), 107(100),77 (18),44 (10).
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N-(4-Methoxyphenyl)-4-methoxyphenylpropanamide
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A mixture of 3-(4-methoxyphenyl)propionic acid (1.0 g, 5.58 mmol) and p-anisidine
(0.69 g, 5.58 mmol) was heated with stirring under nitrogen at 160 OC for 4 h. The dark solid
formed dissolved in CH2C12and the organic solution was washed successively with saturated
NaHCO3 (10 ml), 5% citric acid (10 ml), water (10 ml) and brine (10 ml) before drying over
MgSO4. Concentration in vacuo gave 134 as a dark purple solid which was pure enough for
OC (EtOAc). (Found: C, 71.36; H,
use without further purification (1.06 g, 67 %), mp 154-155
6.74; N, 4.96; C 17H 19NO3 requires C, 71.58; H, 6.67; N, 4.91 %). vmax (KBr disc)/cm-1
3309m (CONH), 2953m (OCHS), 1656s(CO), 1601 (Ar). SH (400 MHz, CDC13) 2.52 (2H, t,
J 7.4 Hz, H-8), 2.91 (2H, t, J 7.4 Hz, H-9), 3.70 and 3.71 (6H, each s, OCH3), 6.75 (4H, m, H3,5,12 and 14), 7.06 (2H, d, J 8.6 Hz, H-11 and 15), 7.25 (2H, m, H-2 and 6); SC (100 MHz,
CDC13) 29.8 (C-8), 38.6 (C-9), 54.3 and 54.4 (OCH3), 113.0,113.1 and 120.9 (C-3,5,12,14,
2 and 6), 128.3 (C-11 and 15), 129.8 and 131.7 (C-1 and 10), 155.4 and 157.1 (C-4 and 13),
169.3 (CO); m/z (EI) 285.1363 (M+). C17H19O3N requires M 285.1361; m/z (%) 285 (60),
227 (15), 123 (100), 121 (38), 108 (25), 83 (12), 77 (6).
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BBr3 (8.42 ml, 8.42 mmol, 1M in DCM) was addeddropwiseto a stirred solution of
134 (0.64 g, 2.24 mmol) in DCM (16 ml) at -78 °C. The brown suspensionwas stirred for 1h
°C and stirredfor 2.5 h. The reactionmixture was poured into iced
andthen allowedto reach0
water(30 ml) and shakenfor 20 min. The resulting suspensionwas filtered affording 135 as a
°C. vm
grey solid (0.53 g, 91%) pure enough to use without further purification, mp 190
(KBr disc)/cm713148s(OH andCONH), 1654s(CO), 1601s(Ar). 8H (400 MHz, d4-MeOH)
2.45 (2H, t, J 7.4 Hz, H-8), 2.78 (2H, t, J 7.4 Hz, H-9), 6.60 (4H, m, H-3,5,12 and 14),6.94
(2H, m, H-11 and 15), 7.14 (2H, m, H-2 and 6); SC (100 MHz, d4-MeOH) 32.6 (C-8), 40.5
133

(C-9), 116.5,116.6and 124.0(C-2,6,3,5,12 and 14), 130.8(C-11 and 15), 131.9and 133.4
(C-1 and 10), 155.8 and 157.2(C-4 and 13), 174.1(CO); Found:[M+H]+ (FAB) 258.1133.
C15H1603N requires258.1136.
N-[2-(3,4-Dimethoxyphenyl)ethyl]-3,4-dimethoxyphenylacetamide 136
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Compound136 (1.70g, 93%) was preparedfrom (3,4-dimethoxyphenyl)acetic
acid (1.0
(0.92 g, 0.86 ml, 5.10 mmol) by the method
g, 5.10 mmol) and 3,4-dimethoxyphenethylamine
°C. (Found: C, 66.63; H, 7.05; N, 3.92; C20H25NO5
used to prepare 128, mp 102-103
requires C, 66.85; H, 6.96; N, 3.90%). vm (KBr disc)/cm-13323m (CONH), 2837m and
2915m(OCHS), 1649s(CO), 1607s(Ar). 8H (400 MHz, CDC13)2.61 (2H, t, J 6.8 Hz, H-10),
3.37 (2H, m, H-9), 3.40 (2H, s, H-7), 3.75 (6H, s, OCH3), 3.77 (3H, s, OCH3), 3.78 (3H, s,
OCHS), 5.38(1H, bs, NH), 6.44-6.73(6H, m, ArH); 8C (100 MHz, CDC13)35.4 (C-10), 41.1
(C-9), 43.8 (C-7), 56.1,56.2 and 56.3 (OCHS), 111.5,111.8,112.1and 112.8 (C-2,5,12 and
15), 120.9and 121.9(C-6 and 16), 127.6 and 131.4 (C-1 and 11), 148.0,148.7,149.4 and
149.6 (C-3,4,13 and 14), 171.6 (CO). m/z (EI) 359.1729(M+). C20H2505N requires M
359.1725;m/z(%) 359 (18). 195(5), 164(100), 151(38), 107(5).
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Compound137 (0.56 g, 66 %) was preparedfrom 136 (1.0 g, 2.79 mmol) and BBr3
(19.5 ml, 19.5 mmol, 1M in DCM solution) by the method used to prepare131, mp 38 °C.
vmax(KBr disc)/cm-13418s(OH and CONH), 1600s(Ar). 6H (400 MHz, d4-MeOH) 2.49
(2H, t, J 7.2Hz, H-10). 3.22(4H, m, H-7 and9), 6.54(6H, m, ArH); 8C (100 MHz, d4-MeOH)
36.2 (C-10), 42.9 (C-9), 43.8 (C-7), 116.8,116.9,117.2 and 117.7(C-2,5,12 and 15), 121.6
and 122.0(C-6 and 16), 128.6 and 132.3 (C-1 and 11), 145.2,145.8,146.6 and 146.8(C-3,4,
13 and 14), 175.1and 175.2(CO); Found:[M+H]+ (FAB) 304.1188.C 16H1805N requires

304.1191.
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N-(3,4-dimethoxyphenyl)-3,4-dimethoxyphenylbutanamide138
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A solution of 4-(3,4-dimethoxyphenyl)butyric acid (1.22 g, 5.35 mmol) and EDCI (1.03
g, 5.35 mmol) in dry DCM (50 ml) was stirred at rt for 10 min before DMAP (72.7 mg, 0.59
mmol) was added. After stirring the mixture for a futher 15 min, 3,4-dimethoxyaniline (0.85 g,
5.6 mmol) was added and the brown mixture was stirred at rt for 24 h. The reaction mixture was
washedsuccessively with saturatedNaHCO3 (3 x4 ml), 5% citric acid (3 x 40 ml), water (40
ml) and brine (20 ml) before drying over MgSO4. Concentration in vacuo gave a brown solid
which was recrystallised from MeOH affording the compound 138 as grey fluffy crystals (1.02
g, 2.84 mmol, 53 %), mp 107-109 °C (EtOAc). (Found: C, 66.74; H, 7.06; N, 3.95;
C20H25NO5 requires C, 66.85; H, 6.96; N, 3.90%). vmax (KBr disc)/cm-l 3299m (CONH),
2937m (OCHS), 1657s (CO), 1603s(Ar). SH (400 MHz, CDC13) 1.97 (2H, tt, J 7.4 Hz, H-9),
2.26 (2H, t, J 7.4 Hz, H-8), 2.59 (2H, t, J 7.4 Hz, H-10), 3.77,3.78 and 3.79 (12H, each s,
OCHS), 6.65-7.30 (6H, m, ArH); SC (100 MHz, CDC13) 26.0 (C-9), 33.7 (C-8), 35.6 (C-10),
54.8,54.9 and 55.1 (OCHS), 103.8,110.2,110.3,110.6,110.8 and 119.3 (C-2,5,6,12,15
and
16), 130.6 and 132.9 (C-1 and 11), 144.7,146.3,147.9 and 148.0 (C-3,4,13 and 14), 169.9
(CO). ndz (EI) 359.1729 (M+). C20H2505N requires 359.1725; m/z (%) 360 (20), 359 (80),
195 (100), 153 (40), 151 (35), 110 (8), 83 (14).
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To a stirred solutionof 138 (0.6g, 1.67mmol) in dry CH2C12(15 ml) was addedBBr3
(11.7 ml, 11.70mmol, 1 M in CH2C12)dropwiseat -78 °C. The reaultingbrown mixture was
stirred for 1h andthenallowed to warm to 0 OCand stirred for 2.5 h before pouring into iced
water (30 ml). After shaking the mixture for 20 min, a grey solid precipitatedbetweenthe
aqueousand the DCM layers.The solid was filtered off and recrystallisedfrom EtOAc-EtOH
to give 139as a brown solid (0.25 g, 50%), mp 56 °C. vmax(KBr disc)/cm713387s(OH and
CONH), 1646s(CO and Ar). 8H (400 MHz, d4-MeOH) 1.90 (2H, m, H-9), 2.34 (2H, t, J 7.6
Hz, H-8), 2.53 (2H, t, J 7.6 Hz, H-10), 6.47-7.17(6H, m, ArH); 6C (100 MHz, d4-MeOH) 29.4
(C-9), 36.1 (C-8), 37.5 (C-10), 110.6,114.0,116.5,116.8,117.0 and 121.2(C-2,5,6,12,15
and 16), 132.2and 134.9 (C-1 and 11), 143.9,144.8,146.5 and 146.6 (C-3,4,13 and 14),
174.9 (CO). Found:[M+H]+ (FAB) 304.1191C16H18O5Nrequires 304.1197.
135

1,4-Di(2-thienyl)butane140110
4
5

3
\2

ý

S

S
1

The procedureof Koßmehl et al. 110 was modified asfollows. Thiophene (0.5 g, 6
mmol) was dissolvedin dry THE (7 ml) undernitrogen. After the addition of n-butyl lithium
(2.4 ml, 2.5 M in hexane,6 mmol) the resulting mixture was heatedat reflux for 2 h. After
(0.28 ml, 2.4 mmol) was addeddropwiseto
cooling to -60 OCa solutionof 1,4-dibromobutane
the reactionmixture which was stirred for 2h then allowedto warm to rt and stirred for a
further 5 h. Finally the mixture was heated at reflux for 5h to complete the reaction before
pouring into iced water (15 ml). The mixture was neutralised with 10% HCl and extracted with
diethyl ether (3 x 15 ml). The combined organic layers were washed with water (20 ml) and
brine (20 ml) before drying over MgSO4. Concentration in vacuo gave a black oil which was
purified by silica-gel column chromatography, eluting with hexane. The fractions Rf0.3 were
combined and concentrated in vacuo to yield 140 as a light yellow oil (0.25 g, 1.12 mmol,
47%). SH (400 MHz, CDC13) 1.69 (4H, m, H-7), 2.79 (4H, in, H-6), 6.70 (2H, in, H-3), 6.83

(2H, m, H-4), 7.02 (2H, m, H-5).
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N (4-Methoxybenzyl)thiophene-2-acetamide
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A mixture of thiophene-2-aceticacid (0.8 g, 5.63 mmol) and 4-methoxybenzylamine
(0.69 g, 0.66 ml, 5.07 mmol) was heatedwith stirring undernitrogen at 160 OC for 4 h. The
brown solid formed wasdissolvedin CH2C12andthe organicsolutionwaswashedsuccessively
with saturatedNaHCO3(10 ml), 5% citric acid (10 ml), water (10 ml) andbrine (10 ml) before
drying over MgSO4.Concentrationin vacuogave141as abrown solid which was pure enough
for usewithout furtherpurification (1.28 g, 4.4 mmol, 79 %), mp 95-97 0C. (Found: C, 64.47;
H, 5.81; N, 5.30; C14H1502NSrequires C, 64.37; H, 5.75; N, 5.36%); v,,,ax(KBr disc)/cm-4
3256s(CONH), 2841m(OCHS), 1658s(CO), 1611s(Ar). 8H(400 MHz, CDC13)3.71 (3H, s,
OCHS)03.73(2H, s, H-6), 4.28 (2H, d, J 5.6 Hz, H-8), 5.82 (1H, bs, NH), 6.74-7.19 (7H, m,
aromaticH); 8C(100MHz, CDC13)36.5 (C-6), 42.1 (C-8), 54.3 (OCH3),113.0(C-11 and 13),
124.6,125.3 and 125.4(C-3 to 5), 127.9(C-10 and14 ), 129.0and 135.1 (C-2 and 9), 157.9
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(C-12), 168.6(CO); mlz (EI) 261.0823(M+). C14H1502NSrequires261.0823;m/z (%) 261
(24), 203 (3), 177 (12), 121(100), 97 (12), 82 (9), 78 (6).
N-(3,4-Dimethoxybenzyl)thiophene-2-acetamide 142
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Compound 142 was preparedfrom thiophene-2-aceticacid (0.8 g, 5.63 mmol) and
veratrylamine (0.85 g, 0.76 ml, 5.07 mmol) by the method used to prepare 128.
Recrystallisationfrom ethyl acetateafforded 142 asayellow solid, mp 91-92 0C. (Found: C,
61.73; H, 5.82; N, 4.77; C15H1703NSrequires C, 61.86; H, 5.84; N, 4.81 %); vmax(KBr
disc)/cm713294s(CONH), 2832m (OCH3), 1656s(CO), 1593s(Ar). 8H(400 MHz, CDC13)
3.75 and 3.76 (6H, two s,OCH3),3.78 (2H, s, H-6), 4.29 (2H, d, J 5.6 Hz, H-8), 5.86 (1H, bs,
NH), 6.66-7.17(6H, m, aromaticH); SC (100 MHz, CDC13)36.6 (C-6), 42.4 (C-8), 54.8 and
54.9 (OCHS),109.7and 110.1(C-11 and 14), 118.7(C-10), 124.6,126.3and 126.4(C-3 to 5),
129.5(C-2), 135.1,147.4and 148.1(C-9,12 and 13), 168.6(CO); m/z (EI) 291.0926(M+).
C15H1703NSrequires 291.0923;m/z (%) 291 (50), 193 (5), 176 (7), 151 (100), 97 (14), 65
(3).
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The procedureof McOmie et al. 107 was modified as follows. To a stirred solution of
141 (0.5 g, 1.9 mmol) in dry CH2C12(18 ml) was addedboron tribromide (3.8 ml, 3.8 mmol,
iM in DCM) dropwiseat -78 0C. This was stirred for 1h then allowed to reach0 OCand
stirredfor 2.5 h beforepouringinto iced water (50 ml). The mixture was stirred for 1h andthe
The aqueouslayer was extractedwith ethyl acetate(3 x 30 ml), and
two layerswereseparated.
theorganiclayerwasconcentratedin vacuoto give a yellow solid which was combinedwith the
ethyl acetateextracts.The ethyl acetatesolution was washedwith saturatedNaHCO3 (2 x 50
ml), water (50 ml) andbrine(50 ml) beforedrying over MgSO4.Concentrationin vacuo gavea
brown solid which was recrystallisedfrom ethyl acetateaffording 143 as colourless crystals
(0.34 g, 72%), mp 115-1170C. vnm (KBr disc)/cm-13395m and 3200s (OH and CONH),
1652s(CO). 8H(400 MHz, d6-DMSO) 3.67 (2H, s, H-6), 4.15 (2H, d, J 5.6 Hz, H-8), 6.68-
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7.36 (7H, m, aromaticH), 8.45 and 9.29 (2H, m and bs, NH and OH); 8C (100 MHz, d6DMSO) 36.9 (C-6), 42.2 (C-8), 115.4(C-11 and 13), 125.1,126.3and 126.9(C-3 to 5), 129.0
(C-10 and 14 ), 129.7and 138.1(C-2 and 9), 156.6(C-12), 169.2 (CO); m/z (EI) 247.0664
(M+)" C13H13O2NSrequires247.0661;m/z (%) 247 (17), 163 (15), 120 (4), 107 (100), 97
(22), 77 (9), 49 (4).
N-(3,4-Dihydroxybenzyl)thiophene-2-acetamide
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Compound144 waspreparedfrom 142(0.35 g, 1.2mmol) andBBr3 (4.8 ml, 4.8 mmol,
IM solution in DCM) by the methodusedto prepare130. Recystallisationfrom ethyl acetateIs
hexaneafforded144 asayellow solid (0.24 g, 76%), mp 1050C. vmax(KBr disc)/cm-13481
and3170s(OH and CONH), 1652s(CO), 1600s(Ar). 8H(400 MHz, d6-DMSO) 3.67 (2H, s,
H-6), 4.09 (2H, d, J 5.6 Hz, H-8), 6.46-7.36(6H, m, H-10,13,14 and3 to 5), 8.40-8.85(3H, in,
NH and OH); SC (100 MHz, d6-DMSO) 36.8 (C-6), 42.4 (C-8), 115.4and 115.6 (C-10 and
13), 118.7 (C-14), 125.1,126.3 and 126.8 (C-3 to 5), 130.3 (C-2), 138.1 (C-9), 144.6 and
145.5(C-11 and 12) 169.1(CO); m/z (EI) 263.0613(M+). C13H1303NSrequires263.0610;
m/z (%) 263 (30), 179(15), 123(100),97 (27),77 (9), 51 (4).
Methoxymethylphenyl ether 145111
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The methodof Schlosserandhis coworkers111was modified as follows. A solution of
phenol (5.16 g, 54.8 mmol) in dry DMF (10 ml) was added into a slush of NaH (60%
dispersion,2.43 g, 60.9 mmol) in dry DMF (30 ml). After stirring for 30 min chloromethyl
methyl ether(3.2 ml, 3.42g, 42.5mmol) wasaddeddropwiseat 0 0C. After stirring for 3h at it,
the resultantgrey suspensionwaspouredinto water(150 ml), which was extractedwith hexane
(3 x 100ml). The combinedorganicextractswerewashedwith 1M NaOH (100ml), water (2 x
100 ml) and brine (100 ml) before drying over Na2SO4. Concentrationin vacuo gave a
colourlessoil which wasdistilled underreducedpressureto yield 145 as a colourlessoil (3.69
111 bp 63-65°C at 8
g, 26.74 mmol, 63%), bp 74-75 °C (> 1 mmHg,vacuum pump) (lit.,
mmHg). 8H (400 MHz, CDC13)3.41 (3H, s, H-8), 5.10 (2H, s, H-7), 6.96 (3H, m, H-2,4 and

6), 7.21(2H, m, H-3and5).
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solution of 145 (4.0 g, 28.99 mmol) and N, N,N', N'tetramethylethylenediamine (6.74 g, 8.7 ml, 57.98 mmol) in dry THE (55 ml) was added n-butyl
lithium (24 ml, 2.5 M in hexanes, 60.87 mmol) dropwise. After stirring the dark red solution for
2h at 25 °C, triphenyl phosphite (6.60 g, 5.6 ml, 21.26 mmol) was added dropwise at 0 °C. The
To

an ice-cooled

resultant yellow solution was stirred at 25 OC for 16 h. The solvent was evaporated and the
residue was purified by silica gel column chromatography to give a white solid which was
recrystallised from EtOAc to yield 146 as white crystals (3.24 g, 7.32 mmol, 76%), mp 125-126
OC (lit., l 11 128-129 °C). 6H (400 MHz, CDC13) 3.16 (9H, s, H-8), 5.03 (6H, s, H-7), 6.73

(3H, m, H-2), 6.83 (3H, m, H-4), 7.04 and7.22 (each3H, eachm, H-3 or 5).
147115
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Compound147 (2.91g, 75%) was preparedfrom (3,4-dimethoxyphenyl)acetic
acid (4.0
g, 20.39mmol) andLiAIH4 (1.55 g, 40.78 mmol) by the methodusedto prepare118, mp 4344 oC (lit,, 115mp 44-45OC).6H (400 MHz, CDC13)1.41(1H, bs, OH), 2.75 (2H, t, J 6.4 Hz,
H-7), 3.77 (2H, t, J 6.4 Hz, H-8), 3.79 and3.81 (6H, two s,OCHS),6.68-6.77(3H, m, ArH).
bromide 149114
2-(3,4-Dimethoxyphenyl)ethyl
moo

Me0

217

Br
6

5

To a stirred solutionof alcohol 147 (1.50 g, 8.24 mmol) andCBr4 (3.42 g, 10.30mmol)
in CH2C12(25 ml) was addedPh3P(3.25 g, 12.36mmol) portionwise with ice-bath cooling.
After additionwas complete,the mixture was stirred for 40 min, whereuponthe solvent was
removed in vacuo. Ether (50 ml) was added and the white precipitate was filtered off. The
filtrate was concentratedin vacuoand the residuewas purified by column chromatographyto
11447-50 OC). SH
give a paleyellow solid(1.49 g, 6.07mmol, 74%), mp 50-510C(EtOH) (lit.,
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(400 MHz, CDC13) 3.02 (2H, t, J 7.6 Hz, H-7), 3.47 (2H, t, J 7.6 Hz, H-8), 3.79 and 3.81 (each
3 H, each s, OCH3), 6.66-6.76 (3H, m, ArH).

2-(3,4-Dimethoxyphenyl)ethyltris(o-methoxymethyleneoxyphenyl)phosphonium
bromide150
Is
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A mixture of compound 149 (1.00 g, 4.08 mmol) and 146 (1.0 g, 2.26 mmol) in EtOH
(30 ml, distilled over Na2CO3) was heated at reflux for 8 h. The solvent was evaporatedand the

residue was washedwith ether (3 x 100 ml). The white precipitatewas recrystallisedfrom
EtOAc to yield 150 (1.05 g, 1.53 mmol, 68%), mp 140-142°C. 8H (400 MHz, CDC13)2.83
(2H, m, H-10), 2.99 (9H, s, H-8), 3.70 (2H, m, H-9), 3.73 and 3.80 (each3H, eachs, H-17 or
18),5.05 (6H, s, H-7), 6.37-6.81(3H, m, H-12,15 and 16),7.19-7.67(12H, m, H-3 to 6); 8C
(100 MHz, CDC13)23.7 (C-10), 28.3 (C-9), 55.7 (C-8), 54.9 and55.5 (C-17 and 18),93.8 (C7), 105.1(C-1, Jcp 90 Hz), 110.1,111.1 and 114.0 (C-12,15 and 16), 118.9,121.7,121.8,
134.2and 135.9(C-3 to 6), 131.1(C-2,Jcp 10Hz), 146.8,148.1 and 158.4(C-11,13 and 14).
Found: [M+H]+ (FAB), 607.2458.C34H40O8Prequires607.2455.
148115
3,4-Dimethoxyphenylacetaldehyde
MeO

`ý6

CHO
8

MCO3
5

To a stirred suspensionof pyridinium chlorochromate(1.61 g, 7.47 mmol) in CH2C12
(10 ml) was added147 (0.8 g, 4.4 mmol) in CH2C12(10 ml). After being stirred at 23 OCfor 2
h, thereactionmixture was poured into dry ether (150 ml), and the precipitatewas filtered off.
Thefiltrate wasconcentratedin vacuo andthe residuewas purified by chromatographyto give
148as a colourlessoil (0.23 g, 1.24 mmol,29 %). 8H (400 MHz, CDC13) 3.55 (2H, s, H-7),
3.81 (6H, s, OCHS),6.32-6.80(3H, m, H-2,5 and6).9.62 (1H, s, H-8).
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Experimental to Chapter 8
N-Boc protected glycine ester 152
\OJNH
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Pyridine (1.2 g, 1.2ml, 14.6mmol) wasaddeddropwiseat 0 OCto a stirred solution of
126 (1.0 g, 3.3mmol) andN-(tert-butoxycarbonyl)glycine
(2.6 g, 14.6mmol) in dry EtOAc (80
ml). After the addition was completethe mixture was stirred for a further 5 min before DCC
(3.0 g, 14.6mmol) was addedandthemixture was allowedto warm to rt. After stirring for 24 h
the precipitatedDCU was removedthroughCelite®,and the filtrate was storedin a freezerfor
12 h to precipitate further DCU which was filtered off through Celite®. The solution was
washedsuccessivelywith 5% citric acid(2 x 60 ml), 5% NaHCO3 (80 ml), water (100 ml) and
brine (80 ml) beforedrying over MgSO4. The organic solution was concentratedaffording the
glycine ester152aswhite crystals(2.4 g, 80%), mp 101-1040C. vmax (KBr disc)/cm-11681s
(carbamate),1783s(ester);8H(400 MHz, CDC13)1.38and 1.39 (36H, two s, H-13 to 15), 1.48
(4H, m, H-8), 2.47 (4H, in, H-7), 4.04 (8H, m, H-10), 6.45-7.02(6H, m, ArH); SC(100MHz,
CDC13)28.7 (C-13 to 15),31.0 (C-8), 35.3 (C-7), 42.7 (C-10), 80.6 (C-12), 123.2,123.3 and
127.2 (C-2,5 and 6), 138.5,140.0 and 141.9 (C-1,3 and 4), 156.6 (C-11), 168.5 (C-9).
Found:[M+Na]+ (FAB), 925.4058.C44H62N4016Narequires925.4057.
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Glycine ester tetrahydrochloride salt 153
+

CI-

is

Cl-

Dry HC1wasbubbledinto a solutionof 152 (250mg, 0.28 mmol) undernitrogen in dry
EtOAc (4 ml) at0 OCfor 3 min. A white solidprecipitatedfrom the reactionmixture which was
allowed to warm to rt and stirred for a further 2h. The mixture was filtered and the solid was
0C.
washedthoroughlywith EtOAc affording 153 as a white solid (0.12 g, 88%), mp 192-195
vm (KBr disc)/cm-11774s(ester),1594s(Ar); 6H(400 MHz, D20) 1.52 (4H, in, H-8), 2.52
(4H, m, H-7), 4.22 (8H, m, H-10), 6.44-7.22(6H, m, ArH); 8C(100 MHz, D20) 30.1 (C-8),
34.5 (C-7), 40.5 (C-10), 117.6,122.7,and 128.5(C-2,5 and6), 138.5,140.4 and 144.2(C-1,3
and 4), 167.2(CO). Found: [M+H]+ (FAB) 503.2146.C24H31N40grequires503.2150.
154
1,4-Bis-(4,5-dimethoxy-2-nitrophenyl)butane
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M32'
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Concentratednitric acid (70%) (0.30 ml, d 1.42,6.85mmol) wasaddeddropwiseat rt to
a stirred solution of 124 (300 mg, 0.91 mmol) in glacialAcOH (4.3 ml). The resultantyellow
suspensionwas stirred for 2 h. After water (27 ml) was added to the reaction mixture, the
suspensionwas extractedwith CHC13(3 x 25 ml) and the combined organic layers were
washed.with saturatedNa2CO3(40 ml), water (40 ml) and brine (40 ml) before drying over
MgSO4. Concentrationin vacuo gavea solid which was satisfactoryfor syntheticwork without
further purification (0.343g, 0.81 mmol, 89 %), mp 170 0C. (Found: C, 56.92; H, 5.79; N,
6.49; C20H2408N2requiresC, 57.14; H, 5.71;N, 6.67 %); vniax(KBr disc)/cm711616m(Ar),
1327mand 1525s(NO2); SH (400 MHz, CDC13)1.68(4H, it, J 7.0 Hz, H-8), 2.91 (4H, t, J 7.0
Hz, H-7), 3.86 and 3.90 (12H, two s, OCH3), 6.64 (2H, s, H-2), 7.52 (2H, s, H-5); SC(100
MHz, CDC13)31.0 (C-8), 33.9 (C-7), 56.7 and 56.8 (OCHS), 108.6 (C-2), 113.6 (C-5), 133.3,
141.4,147.5 and 153.4 (C-1,3,4 and 6); m/z (EI) 420.1534 (M+). C2OH24OgN2requires
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420.1535; m/z (%) 420 (55), 375 (20), 325 (10), 206 (65), 180 (100), 151 (50), 136(14),77
(12).
1,4-Bis-(2-amino-4,5-dimethoxyphenyl)butane 155
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/
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OMe
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6
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5

NHZ

A solution of 154(0.26 g, 0.62 mmol) in CH2C12-EtOH(2:1) (25 ml) containing10%
Pd-C (0.1 g) was stirredunder3.5 atm of hydrogenat 25 OCfor 5 h. The mixture was filtered
throughCelite.® Concentrationin vacuogaveablack solid (0.13g, 0.36 mmol,58 %), mp 149150 0C.vmax(KBr disc)/cm-11613m (Ar), 3383 m (NH2); 8H(400 MHz, d6-DMSO) 1.52
(4H, m, H-8), 2.38 (4H, m, H-7), 3.60 and 3.65 (12H, two s, OCHS),4.57 (4H, bs, NH2), 6.32
(2H, s, H-5), 6.52 (2H, s, H-2); 8C(100 MHz, d6-DMSO) 29.1 (C-8), 30.2 (C-7), 55.7 and
57.0 (OCH3), 101.9 (C-5), 115.5(C-2), 118.8(C-1), 138.2,141.4 and 148.0 (C-3,4 and 6);
m/z (EI) 360.2047 (M+). C20H2804N2requires 360.2044; m/z (%) 360 (50), 330 (8), 206
(10), 166(100), 122 (15),82 (9), 57 (5).
dihydrobromide156
1,4-Bis-(2-amino-4,5-dihydroxyphenyl)butane
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A mixture of 155 (0.2 g, 0.55 mmol) and 48% HBr (7 ml) was heatedat reflux under
N2 for 4 h. After cooling to rt theprecipitatedbrown solid wascollectedon suctionto yield 156
asa brown solid (0.21 g, 0.47 mmol, 84%), mp > 330 °C. vmax(KBr disc)/cm713485s (OH),
1635s(Ar); 8H(400 MHz, D20) 1.52(4H, m, H-8), 2.48 (4H, m, H-7), 6.76 and 6.77 (4H, two
s, ArH); &C(100MHz, D20) 29.2 and29.3 (C-7 and 8), 111.5(C-5), 117.7 (C-2), 120.1(C-1),
128.5,143.1 and 144.9 (C-3,4 and 6); Found: [M (-2HBr) + H]+ (FAB), 305.1497.
C16H2104N2requires305.1493.
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(meso)-1,4-Bis-(3,4-dimethoxyphenyl)-2,3-dimethylbutane
538
2

The procedure of Perry et al. was modified as follows. 62 A solution of KOH (0.21 g,
3.75 mmol) in MeOH (0.65 ml) and water (1 ml) was added dropwise to a stirred solution of
NDGA (0.25 g, 0.83 mmol) in MeOH (2 ml). To the resultant brown solution was added
dimethyl sulfate (0.84 g, 0.63 ml, 6.66 mmol) dropwise and the mixture was stirred for a further
23 h ensuring the mixture was maintained at pH 8-9 by periodic addition of more KOH
solution. Ammonia solution (35%, 5 ml) was added to the tan coloured suspension and the
mixture was stirred for a further 30 min. The resultant mixture was extracted with EtOAc (30
ml) and the organic extracts were washed with water (10 ml) and brine (10 ml) before drying
over MgSO4. Concentration in vacuo gave a yellow coloured solid (0.25 g, 0.71 mmol, 86 %),
8
mp 99-100 °C (MeOH-H20) (lit., 100-102 OC). SH (400 MHz, CDC13) 0.75 (6H, d, J 6.6

Hz, H-9), 1.70(2H, m, H-8), 2.23 (2H, dd, J 13.4Hz and9.2 Hz, H-7), 2.68 (2H, dd, J 13.4 Hz
and4.9 Hz, H-7), 3.78(12H, two s, OCH3),6.58-6.72(6H, m, ArH).
(meso)-1,4-Bis-(3,4-dimethoxy-6-nitrophenyl)-2,3-dimethylbutane
1578

Compound157 was preparedfrom 53 (1.0 g, 2.79 mmol) and 68% HNO3 (0.67 ml,
10.32mmol) in glacial aceticacid (8 ml) by the method usedto prepare154. Recrystallisation
from MeOH afforded 157 asyellow crystals (1.15 g, 92 %), mp 149-150cC (lit, 8 150-151
OC).6H (400 MHz, CDC13)0.80 (6H, d, J 6.8 Hz, H-9), 1.80 (2H, m, H-8), 2.60 (2H, dd, J
13.0Hz and 9.5 Hz, H-7), 3.29(2H, dd, 113.0 Hz and4.1 Hz, H-7), 3.86 and 3.91 (12 H, two
s, OCHS),6.68 (2H, s, H-2), 7.54 (2H, s, H-5).
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(meso)-1,4-Bis-(3,4-dihydroxy-6-aminophenyl)-2,3-dimethylbutane dihydrobromide 1588

NH3

A solution of 157 (1.10 g, 2.46 mmol) in DCM-EtOH (1: 1) (40 ml) containing 10%
Pd/C (0.5 g) was stirred under 6 atm of hydrogen at 25 OC for 7.5 h. The mixture was filtered
through Celite®. Concentration in vacuo gave a semi-solid (0.8 g, 84%) which was dissolved in
48% HBr (9 ml). The mixture was heated at reflux for 3h and the resultant brown precipitate
8
was collected to give 158 as a brown solid (0.72 g, 75%), mp > 250 °C (lit., mp>250 °C). 6H
(400 MHz, D20) 0.74 (6H, d, J 6.6 Hz, H-9), 1.75 (2H, m, H-8), 2.31 (2H, dd, J 14.6 Hz and
10.1Hz, H-7), 2.66 (2H, dd, J 14.6 Hz and 4.5 Hz, H-7), 6.75 and 6.80 (4H, two s, ArH).

159117
1,6-Bis-(3,4-dimethoxyphenyl)hexane-1,6-dione
OMe
O
MeO 3Z19
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MeO
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PowderedA1C13(4.05 g, 30.37 mmol) was addedin portions to a stirred solution of
veratrole(3.5 g, 25.33mmol) in dry CH2C12(50 ml) under nitrogen at 0 OC.After the addition
was complete,adipoyl dichloride (2.78 g, 2.2 ml, 15.2 mmol) was added dropwise and the
mixture was stirred at 0 OCfor a further 4 h. The yellow suspensionwas poured into a flask
containingiced water(180 ml) andconcentratedHCl (7 ml) andthe mixture was stirred for 1h
with moreCH2C12addedto ensuretwo homogenouslayers.The layers were separatedand the
aqueouslayerwas furtherextactedwith CH2C12(2 x 30 ml). The combinedorganiclayers were
washedwith saturatedNaHCO3(2 x 50 ml), water (50 ml) and brine (60 ml) beforedrying over
MgSO4.Concentrationin vacuogavea yellow solid which wasrecrystallisedfrom ethyl acetate
affording compound 159 as pale yellow crystals (3.2 g, 8.3 mmol, 66%), mp 139-140 OC
(lit., 117 149-150OC).8H(400 MHz, CDC13)1.4(4H, m, H-9), 2.91 (4H, in, H-8), 3.86 (6H, s,
OCHS),3.87 (6H, s, OCHS)6.84 (2H, m, H-5), 7.45 (2H, d, J2 Hz, H-2), 7.52 (2H, m, H-6).
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160117
1,6-Bis-(3,4-dimethoxyphenyl)hexane
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Pd/C (10%, 1 g) was added to a solution of 159 in glacial AcOH (75 ml) and the
mixture was stirred under a hydrogen balloon overnight. The mixture was filtered through
Celite®. Concentration in vacuo gave a dark brown oil which was taken into CH2C12 (20 ml).
The CH2C12 solution was washed with 10% NaOH (15 ml), water (10 ml) and brine (10 ml)
before drying over MgSO4. The solvent was evaporatedin vacuo to yield a brown solid which
was recrystallised from MeOH affording compound 160 as pale yellow crystals (0.81 g, 2.3
OC(lit., 117 78-79 0C). 8H(400 MHz, CDC13)1.28 (4H,
m, H-9), 1.53
mmol, 58 %), mp 72-73

(4H, m, H-8), 2.48 (4H, m, H-7), 3.78 (6H, s, OCHS), 3.79 (6H, s, OCHS),6.39 (4H, m, H-2
and5), 6.72 (2H, m, H-6).
1,6-Bis-(4,5-dimethoxy-2-nitrophenyl)hexane
161
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Me0 3279
OMe
4'
MeO

5

6a
NOz

Compound 161 (0.45 g, 77 %) was prepared from 160 (0.47 g, 1.31 mmol) and
concentratednitric acid (70 %, 0.47 ml, 7.3 mmol) in glacial acetic acid (7 ml) by the method
used to prepare 154, mp 148-149 0C. (Found: C, 58.71; H, 6.35; N, 6.06; C22H28N208
requires C, 58.93; H, 6.25; N, 6.25 %); vniax(KBr disc)/cm-1 2932m and 2853s (OCHS)1
1614s(Ar), 1584sand 1525s(N02); 8H(400 MHz, CDC13) 1.40 (4H, m, H-9), 1.58 (4H, m,
H-8), 2.84 (4H, m, H-7), 3.85and 3.90 (each6H, eachs, OCH3),6.64 (2H, s, H-2), 7.50 (2H, s,
H-5); 8C(100 MHz, CDC13)28.2 (C-9), 29.5 (C-8), 32.8 (C-7), 55.2 and 55.3 (OCHS),107.2
(C-5), 112.2(C-2), 132.3,140.0,146.0and 152.0 (C-1,3,4 and 6); m/z (EI) 448.1842(M+).
C22H2808N2requires448.1839;m/z (%) 448 (80), 403 (44), 369 (8), 190(35), 180 (100), 151
(84), 107(13), 77 (11).
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1,6-Bis-(2-amino-4,5-dihydroxyphenyl)hexane dihydrobromide 162
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A solution of 161 (0.4 g, 0.89 mmol) in EtOH-DCM (3:2) (40 ml) containing 10%
Pd/C (0.15 g) was stirred under 3 atm of hydrogenat 25 OCfor 5 h. The mixture was filtered
through Celite®. Concentrationin vacuo provideda dark greensolid (0.34 g, 97%). 8H(400
MHz, d6-DMSO) 1.34 (4H, m, H-9), 1.47 (4H, m, H-8), 2.35 (4H, m, H-7), 3.61 and 3.65
(each6H, eachs, OCH3),4.66 (4H, br, NH2), 6.33 (2H, s, H-5), 6.53 (2H, s, H-2). The dark
greensolid (0.21 g, 0.54 mmol) was dissolvedin 48% HBr (7 ml) and the mixture was heated
at reflux for 3h and the resultantbrown precipitatewascollectedto give 162 as a brown solid
(0.18 g, 71%). mp 320 0C. vmax(KBr disc)/cm-13597s (OH), 1641s(Ar); 8H(400 MHz,
D20) 1.23(4H, m, H-9), 1.43(4H, m, H-8), 2.41 (4H, t, J 7.6 Hz, H-7), 6.73 and 6.74 (4H, two
s, H-2 and 5); 8C(100 MHz, D2O) 28.6 (C-9), 29.4 (C-8), 29.7 (C-7), 111.5 (C-5), 117.7 (C2), 120.1(C-1), 128.9,143.0 and 144.9 (C-3,4 and 6). Found: [M+H]+ (FAB) 333.1811.
C18H2504N2requires333.1808.
bromide 1638
N (3,4-Dimethoxybenzyl)-N-[2-(3,4-dimethoxyphenyl)ethyl]ammonium
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2-(3,4-Dimethoxyphenyl)ethylamine(0.57 g, 0.53 ml, 3.16 mmol) was added to a
(0.50 g, 3.01 mmol) in dry EtOH (15 ml) and the
solution of 3,4-dimethoxybenzaldehyde
mixture washeatedat reflux underN2 for 18h. After cooling to rt the mixture was concentrated
in vacuo to give the intermediateimine as a brown oil. The crude imine was taken up in fresh
EtOH (20 ml) andtreatedportionwise with NaBH4 (0.57 g, 15.04 mmol). The mixture was
heatedat reflux for I h, allowedto cool and stirred overnight at rt. The resultant mixture was
pouredinto water(60 ml), extractedwith CHC13(2 x 20 ml) and the combinedorganic extracts
were washedwith water(20 ml) andbrine (20 ml) beforedrying over MgSO4.Concentrationin
vacuo gavea white solid which was recrystallisedfrom 48% HBr to give compound163 asa
8
yellow solid (1.2g, 97%), mp 185-186aC (lit., 187OC).SH (400 MHz, d6-DMSO) 2.91 (2H,
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t, J 9.1 Hz, H-9), 3.11 (2H, m, H-8), 3.72,3.74,3.76 and 3.78 (each3H, eachs, OCH3), 4.11
(2H, t, J 5.6 Hz, H-7), 6.74-7.26(6H, m, ArH), 8.34 (2H,bs, NH2).
N-(3,4-Dihydroxybenzyl)-N-[2-(3,4-dihydroxyphenyl)ethyl jammonium bromide 164 8
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Compound 164 (0.16 g, 72 %) was preparedfrom 163 (0.25 g, 0.61 mmol) and 48%
HBr (10 ml) by the methodusedto prepare115.8H (400MHz, d4-MeOH) 2.75 (2H, m, H-9),
3.06 (2H, m, H-8), 3.95 (2H, s, H-7), 6.47-6.96(6H, m, ArH).
New data. mp 199-201OC;6C (100 MHz, d4-MeOH) 33.0 (C-9), 50.0 (C-8), 52.6(C-7),
117.1,118.5,121.4and 123.3(C-2,5,6,11,12 and 15), 123.9and 129.5 (C-1 and 10), 145.9,
147.3 and 148.2(C-3,4,13 and 14).
N-{4-[N'-(3,4-Dimethoxybenzyl)]-N'-[2-(3,4-dimethoxyphenyl)ethyljbutyl)
phthalimide 165

Themethodof Ozaki and his coworkers120was modified as follows. A mixture of 163
(2.0 g, 6.04 mmol), N-(4-bromobutyl)phthalimide(2.05 g, 7.25 mmol) and K2CO3 (2.09 g,
15.1mmol) in DMF (35 ml) was stirredat 110OCfor 48 h. The resulting mixture was diluted
with water (200 ml) and extractedwith CHC13(2 x 150 ml). The combined CHC13extracts
were washedwith saturatedNaHCO3 (2 x 200 ml), water (2 x 200m1)and brine (100 ml)
beforedrying over Na2SO4.The solventwas evaporatedand the residuewas purified by silica
gel columnchromatography(EtOAc-petroleumether 1:2 with 10% Et3N) to give compound
165 asa light yellow oil (1.71 g, 3.2 mmol, 53%). vm (neat)/cm12935s (OCHS), 1719s and
1770s(imide), 1607s(Ar); SH (400 MHz, CDC13)1.48 (2H, in, H-17), 1.62 (2H, in, H-18),
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2.45 (2H, t, J 7.0 Hz, H-16), 2.59 (4H, m, H-8 and 9), 3.48 (2H, s, H-7), 3.58 (2H, t, J 7.2 Hz,
H-19), 3.74,3.75,3.76 and 3.77 (12H, each s, OCH3), 6.69 (6H, m, H-2,5,6,11,12
and 15),
7.63 (2H, m, H-24 and 25), 7.75 (2H, m, H-23 and 26); 8C (100 MHz, CDC13) 23.5 (C-17),

25.5 (C-18), 32.0 (C-9), 36.9 (C-19), 52.1 and 54.5 (C-8 and 16),57.3 (C-7), 54.8 and 54.9
(OCH3), 109.7,110.1,110.8 and 111.1(C-2,5,12 and 15), 119.5 and 119.7 (C-6 and 11),
122.1(C-23 and 26), 131.4and 132.3(C-1 and 10), 131.1(C-22 and 27), 146.2,146.8,146.8,
147.7 and 147.8 (C-3,4,13 and 14), 167.4 (CO). Found: [M+Na]+ (FAB), 555.2475.
C31H36O6N2Narequires555.2479.
N-(3,4-Dimethoxybenzyl)-N-[2-(3,4-dimethoxyphenyl)ethyl]-1,4-butanediamine
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A solution of 165 (1.36 g, 2.56 mmol) and hydrazinehydrate(0.14 g, 0.14 ml, 2.82
mmol) in MeOH (7 ml) was heatedat reflux for 3.5 h and concentratedin vacuo.The residue
was taken into 6M HCl (11 ml) and the reactionmixture was heatedat reflux for 2 h. The
precipitatewas filtered off andthe filtrate wastreatedwith 5% NaOH (75 ml). The resulting
milky mixture wasextractedwith CHC13(2 x 120 ml) andthe combinedextractswerewashed
with water(2 x 120ml), brine(120 ml) anddried over Na2S04. Concentrationin vacuoyielded
166 as a brown oil (0.96 g, 2.39 mmol, 93 %) pure enough without further purification.
vmax(neat)/cm'3367s(NH2), 2935s(OCH3); SH (400 MHz, CDC13)1.34and 1.44 (each2H,
eachm, H-17 and 18), 1.69(2H,bs, NH2), 2.42 (2H, t, J 7.0 Hz, H-19), 2.78 (2H, t, J 7.0 Hz,
H-16), 2.63 (4H, m, H-8 and 9), 3.50 (2H, s, H-7), 3.77,3.78,3.79 and 3.80 (12H, each s,
OCHS), 6.69(6H, m, ArH); SC(100 MHz, CDC13)23.5 (C-17), 30.6 (C-18), 32.1 (C-9), 41.2
(C-19), 52.6 and54.5 (C-8 and 16),54.8 and54.9 (OCH3), 57.3 (C-7), 109.7,110.1,110.8and
111.1(C-2,5,12 and 15), 119.6and 119.7(C-6 and 11), 131.5and 132.4(C-1 and 10), 146.2,
146.8,147.7and 147.8(C-3,4,13 and 14).Found: [M+H]+ (FAB), 403.2596. C23H3504N2
requires403.2595.

149

N-(3,4-Dihydroxybenzyl)-N-[2-(3,4-dihydroxyphenyl)ethyl J-1,4-diaminobutane
dihydrobromide 167

A mixture of 166 (0.31 g, 0.77 mmol) and 48% HBr (3 nil) was heated at reflux under
N2 for 3 h. The resulting dark brown solution was concentrated in vacuo to give 167 as a
brown solid (0.35 g, 0.69 mmol, 90%), mp 156-157 0C. v,,, (KBr disc)/cm' 3609s (OH),
2402s (NH+), 1609s (Ar and NH3);

6H (400 MHz, D20) 1.62 (4H, m, H-17 and 18), 2.73

(2H, m, H-9), 2.86(2H, t, J 7.6Hz, H-19), 3.02 (2H, m, H-16), 3.13 (2H, m, H-8), 4.06 (2H, dd,
J 16 and 2.4Hz, H-7), 6.68 (6H, m, ArH); 8C (100 MHz, D20) 20.9 (C-18), 24.3 (C-17), 29.3
(C-9), 39.1 (C-19), 52.5 (C-16), 53.4 (C-8), 57.6 (C-7), 116.7,116.8,118.7,121.4 and 124.2
(C-2,5,6,11,12 and 15), 128.9(C-1 and 10), 143.4,144.6,144.8and146.1(C-3,4,13 and
14). Found: [M+H]+ (FAB) 347.1975.C19H2704N2 requires347.1979.
N-(2-Cyanoethyl)-N-(3,4-dimethoxybenzyl)-N-[2-(3,4-dimethoxyphenyl)ethyl]amine
168
12
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MeO 3217$
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A mixture of 163 (0.50 g, 1.51 mmol) and acrylonitrile (0.08 g, 0.10 ml, 1.51 mmol)
was heatedat 60-70 OCin a sealedtube for 48 h. The remainingacrylonitrilewas distilled off
and the residuewaspurified by silica gel chromatography(EtOAc-petroleumether 1:1.5 with
1 2936s
10% Et3N) to yield 168 asa colourlessoil (0.44 g, 1.16 mmol, 77%). vm,
x(neat)/cm
(OCH3), 2245s(CN), 1606s(Ar); 6H (400 MHz, CDC13)2.30 (2H, t, J 6.8 Hz, H-17), 2.72
(6H, m, H-8,9 and 16),3.56(2H, s, H-7), 3.78,3.79,3.80 and 3.81 (12H, each s, OCH3), 6.70
(6H, m, ArH); 8C (100 MHz, CDC13) 17.0 (C-17), 33.8 (C-9), 49.6 (C-16), 56.1 (C-8), 56.2
and 56.3 (OCH3),58.7 (C-7), 111.2,111.6,112.0 and 112.5 (C-2,5,12 and 15), 119.4 (CN),
120.9 and 121.0(C-6 and 11), 131.8 and 133.0(C-1 and 10), 147.8,148.6,149.2 and 149.5
(C-3,4,13 and 14).mlz (EI) 384.2050 (M+). C22H2804N2 requires384.2050; m/z (%) 384
(3), 233 (13), 151(100), 107 (4), 106(3).
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N-(3,4-Dimethoxybenzyl)-N-[2-(3,4-dimethoxyphenyl)ethyl]-1,3
propanediamine169
12
1ICI
Me0
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16
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To a stirred suspension of LiAlH4 (0.05 g, 1.33 mmol) in dry THE (6 ml) was added
A1C13(0.18 g, 1.37 mmol) portionwise and the resulting mixture was stirred for 10 min. A
solution of 168 (0.24 g, 0.62 mmol) in THE (2 ml) was added dropwise and the mixture was
stirred at rt for 18 h. The mixture was cooled with an ice bath and excess LiAlH4 was
decomposed via careful addition of water (0.06 ml), 15% NaOH (0.16 ml) and water (0.06 ml).
The resulting solid was filtered off and the filtrate was concentrated in vacuo to give a light
yellow oil which was taken into CHC13 (5 ml). The CHC13 solution was washed with 15%
NaOH (1.5 ml) and the aqueous layer was re-extracted with CHC13 (2 ml). The combined
organic layers were washed with brine, dried over Na2SO4 and concentrated in vacuo to give
169 as a light yellow oil (0.167 g, 0.43 mmol, 69%) pure enough without further purification.
1
v.. (neat)/cm 2935s (OCH3), 3370s (NH2), 1590s (Ar); SH (400 MHz, CDC13) 1.29 (2H,
bs, NH2), 1.54 (2H, tt, J 6.8 H, H-17), 2.46 (2H, t, J 6.8 Hz, H-18), 2.65 (6H, m, H-8,9 and 16),
3.49 (2H, s, H-7), 3.77,3.78 and 3.79(12H, each s, OCH3), 6.70 (6H, m,,ArH); SC (100 MHz,
CDC13) 29.9 (C-17), 32.0 (C-9), 39.5 (C-18), 50.3 (C-16), 54.5 (C-8), 54.8 and 54.9 (OCHS)1
57.4 (C-7), 109.7,110.2,110.8 and 111.1 (C-2,5,12 and 15), 119.6 and 119.7 (C-6 and 11),
131.5 and 132.3 (C-1 and 10), 147.2,147.9,147.7 and 147.8 (C-3,4,13 and 14). Found:
[M+H]+ (FAB) 389.2443. C22H3304N2 requires 389.2445.

N-(3,4-Dihydroxybenzyl)-N-[2-(3,5-dihydroxyphenyl)ethyl]-1,3-diaminopropane
dihydrobromide170
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A mixture of 169 (0.10 g, 0.27 mmol) and 48% HBr (2 ml) was heatedat reflux under
N2 for 3 h. Concentrationin vacuoyielded 170 as a grey solid (0.1271 g, 0.257 g, 97%). mp
179-1800C.v,. (KBr disc)/cm' 3570s(OH), 1606s(Ar); 8H (400 MHz, D20) 1.99 (2H, m,
H-17), 2.75 (2H, m, H-9), 2.88 (2H, t, J 7.8 Hz, H-18), 3.14 (4H, m, H-8 and 16),4.13 (2H, s,
H-7), 6.72 (6H, m, ArH); 6C (100 MHz, D20) 22.0 (C-17), 29.2 (C-9), 36.9 (C-18), 50.1 (C151

16), 53.5 (C-8), 57.7 (C-7), 116.8,116.9,118.8,121.5 and 124.3 (C-2,5,6,11,12
and 15),
128.8 (C-1 and 10), 143.5,144.6,144.8 and 146.2 (C-3,4,13 and 14). Found: [Free base+H+]
(FAB) 333.1813. C18H2504N2 requires 333.1812.

171122
N, N'-Bis(p-anisyl)ethylenediimine
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Glyoxal (0.7ml, 0.88 g, 40% aqueoussolution,6.1mmol) was addeddropwiseto a hot
solution of p-anisidine(1.5 g, 12.18mmol) in MeOH (10 ml). The resultingyellow suspension
washeatedat reflux for a further 40 min. The precipitatewas collected,washedwell with cold
MeOH, etheranddriedto yield 171 as yellow needles(1.26 g, 4.68 mmol, 77%) pure enough
122 mp 153-1540C). 8H (400 MHz, CDC13) 3.77
without furtherpurification,mp 153OC(lit.,
(6H, s, OCHS),6.87 (4H, q, J 8.9 Hz and3.3 Hz, AA'BB' system,H-3 and5), 7.25 (4H, q, J 8.9
Hz and 3.3 Hz, AA'BB' system,H-2 and6), 8.34 (2H, s, H-7); SC (100 MHz, CDC13) 54.5
(OCH3), 113.6(C-3 and 5), 122.0(C-2 and 6), 141.9(C-1),156.6(C-7), 158.7(C-4).
172
N, N'-Bis(p-anisyl)-1,2-diaminoethane
ýOMe
2

Hý
__

MeO

67H
5

To a solutionof 171 (0.3g, 1.12mmol) in dry EtOH (25 ml) was addedNaBH4 (0.42
g, 11.2mmol) portionwise.The mixturewas heatedat reflux for 4 h, allowedto cool and stirred
overnight at rt. The resulting mixture was poured into water (15 ml) and the EtOH was
evaporated.The remaining aqueoussolution was extracted with CHC13 (2 x 15 ml). The
combined CHC13 extracts were washed with brine (10 ml), dried over Na2SO4 and
concentratedin vacuoto give 172 asa yellow solid (0.28 g, 1.02 mmol, 91%) pure enoughfor
synthetic work without further purification, mp 132-133 0C. vm. (KBr disc)/cm' 2849s
(OCHS), 3274s(NH), 1593(Ar); 6H (400 MHz, D20 + CDC13)3.25 (4H, s, H-7), 3.68 (6H,
s, OCH3), 6.55 (4H, q, J 8.9Hz and 3.6 Hz, AB system,H-3 and 5), 6.72 (4H, q, J 8.9 Hz and
3.6 Hz, AB system,H-2 and 6); 8C (100 MHz, CDC13)43.4 (C-7), 54.8 (OCH3), 113.6 and
113.9 (C-2,3,5 and 6), 141.0 (C-1), 151.5(C-4).m/z (EI) 272.1528 (M+). C16H2002N2
requires272.1531;m/z(%) 272 (30), 136(100), 122(14), 121(8), 108(6), 93 (4), 77 (4).

152

N, N'-Bis(p-hydroxyphenyl)-1,2-diaminoethane dihydrobromide 173
OH
ý+

2

/
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2Br-

A solutionof 172(0.21 g, 0.77 mol) in 48% HBr (20 ad) was heatedat reflux for 4 h.
Concentrationin vacuoafforded173 as a brown solid (0.22 g, 0.54 mmol, 70%), mp 175-176
0C. (Found: C, 41.51; H, 4.37; N, 6.88; C14H18N2O2Br2
requires C, 41.38; H, 4.43; N,
'
6.90%);vm. (KBr disc)/cm 2849s (OCH3), 3274s(NH), 1593 (Ar); 8H (400 MHz, D20)
3.65(4H, s, H-7), 6.89 (4H, m, H-3 and5), 7.15(4H,m, H-2 and6); SC (100 MHz, D20) 45.7
(C-7), 117.3(C-3 and5), 123.6(C-2 and6), 156.6(C-4), 128.0(C-1). Found: [M+H]+ (FAB)
245.1287.C14H17N202requires245.1284.
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