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Abstract

Abstract

The world suffers under a serious threat of malaria with about 584 000 deaths reported each year
and most of these fatalities being children under five years of age. Malaria is caused by the
protozoan parasite of the genREsmodium Five different malaria species infect humans and
cause diseas®. vivax, P. malariae, P. ovale, P. knowlasd the cause of most malaria deaths,

P. falciparum.Several drugs have been used for the treatment of malaria sincé"tbentiry.

The drugsin use act on different stages of the malaria life cycle. However, most antimalarial
drugs target the asexual stage of malaria, but not the gametocytes. Hence, new strategies are
urgently needed to disrupt parasite reproduction, thus breaking the miééaggcle. Studies

have shown that calcinglependent protein kinases (CDPKs) are an attractive drug target
because of their uniqgueness to plants and apicomplexans. Since the CDPKs are absent from
humans (host), this makes them a potential target for deuglabmentPlasmodiaspeciehave

five CDPKs that share the characterigt@main architecture of plant CDPKand studies have

shown that these CDPKs play a vital roleverious stages of the life cycle of plasmodia and

otherapicomplexan parasites.

Pyrrolo[2,3-d]pyrimidine and pyrimidine aretwo of the most important heterocycles commonly
found in natural products and medicinaoducts.These two scaffolds havereceived much
attention from researcherand foundapplications inseveral areas of pharneadical and
agrochemical researc8tudies have shown thBt falciparumCDPK1 PfCDPK1) is nvolved in
the regulation of parasite motility and controls zyyakevelopment and transmission, while

PfCDPK4 is required for male gametocyte exflagellation axdial reproduction of the parasite.

The work detailed in this PhD involved three aspects of research. The first part of this project
involved using the recently solvedrdy crystal structure offEDPK4 to design inhibitors with
either a pyrrolo[2,3]]pyrimidine or branched pyrimidine scaffold. Flexible docking protocols

were developed and compounds displaying the best binding interactions were synthesised.
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The second part of this thesis involved the synthesis of pyrrold[@y8imidine derivatives that
are potential inhibitors of £ DPK4 and FCDPK1. These novel compounds were characterised
by NMR spectroscopy (where possible) angdhhresolution mass spectromeifRMS) and
testedin awhole cell antiplasmodium assay. The most promising compound cfetties was -5
(2-ethoxynaphthale®-yl)-7-(2-morpholinoethy7H-pyrrolo[2,3-d]pyrimidin-4-amine,  which
exhibited antimalarial activity in the low micromolar rangesgl€E 8 . 2 & M) .

The third part of this PhD project involved the synthesis of branched pymgnanalogues in an
attempt to identify a simpler scaffold for the development of kinase inhibitors. We have
successfully managed to prepare a library of 10 analogues containing the pyrimidine ring.
Sequential mono nucleophilic displacement followed bysealed tube reaction and final
Sonogashira cross coupling reaction allowed for the smooth preparation of these branched
pyrimidine analogues. Once again, the antimalarial activity of the compounds prepared was
assessed in an vitro P. falciparumscreen o thedrug sensitive strai\*-(Cyclopropylmethy!)
5-[2-(2-methoxyphenyl)ethynyflyrimidine-4,6-diaminewas the only compound in this series to

displayantimalarial activity (1Go=21.1e M) .
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Chapter 1: Introduction

CHAPTER 1: BACKGROUND

1.1 Nitrogen-containing heterocycles and their biological significance

Heterocglic compounds constitute the largest and most diverse family of organic compounds.
They are cyclic compounds which contain at least one heteroatohe most common
heteroatoms araitrogen, sulfir and oxygenbut heterocyclic cmpounds containing other
hetercatoms are also commonly knowrExamples of simple heterocyclic compounds are
pyridine, pyrrole, thiophene, and furgdRigure 1). A molecule of pyridie possesses a ring
containing six atomsfive carbon atoms and one nitrogen atom. Pyrrole, thiopleer furan
molecules each contain faraembered rings, composed of four carbon atoms and one atom of
nitrogen, sulfur, or oxygen, respectiveByridine and pyrrole are both nitrogen heterocycles and
were discovereih the 1850s in anily mixture formed ly strong heating of boné®yridine and
pyrrole rings occur in @ny important compounds including pharmaceuticals, vitamins and

porphyrins, etc.

B [y

N7 N
Pyridine Pyrrole
7\ I\
S (0]
Thiophene Furan

Figure 1: Simple heterocyclic compounds known

Heterocyclic compounds haee significant role inmany scientific fields including medicinal
chemistry and biochemistryBiological molecules such as DNA and RNA, haemoglobin,
chlorophyll, vitamins and many mqreontaina heterocyclic ring. Medicinal chemistry is an
important fieldin chemistrythat draws on classical branches of science: chemistry, biology and
some areas of physics, in order to study diseases and find treatrfibistdranch othemistry
originated wherchemists, pharmacstand physicians isolated and purifietlogically active
materials from plantsnicro-organisns and their fermentation product§here are an enormous

number of pharmacologically active heterocyclic compounds which are in regular clinical use.
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Some of thesera naturallyoccurring productsior example, antibiotics such as penicillirand
cephalosporing, alkaloid$ such asicotine3, morphine4 and reserping, shown inFigure 2.
The majority areheterocyclic compounds which have fouextensive usen pharmaceutical
appications as anticarcer agents,antibacterial agentsantimalarial agents, analgesics,
antidepressants, et©ther heterocyclic compounds have wide range ofapplications as
pesticides, insecticides, hetlales,corrosion inhibitorsdyestuffs and antioxidants.

H
CH H -
OH N
O
Penicillin G 1 Cephalosporins 2 Nicotine 3
AN
O
@)
AN
@]
/

Morphine 4

Reserpine 5

Figure 2: Someheterocyclic compounds which are in regular clinical use.

Nitrogen containing heterocyclic compounds are fundamental building blocks used to sgnthesis
compounds of medicinal oiiddogical interest to chemistin the section that follogy some key
biological activities of heterocyclic compounadated to this projeatill be discussed.

1.2 Pyrrolo[2,3-d]pyrimidine

One of the heterocye$ of interest in this project wake fused bicyclic heteroaromatic

pyrrolo[2,3-d]pyrimidine, or 7-deazapurine.Pyrrolo[2,3d]pyrimidine is one of the most
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important heterocycles commonly found in natural products and medipmoducts The
skeleton has received much attention from researelnelis several areas of pharmaceatiand
agrochemical research

For example, 7-deazapurines have demonstrated antibacterial, antitumor, antiviral,
anti-inflammatory andantihyperglycemic activitie5.Due to their structuratesembance to
purines and pyrimidinespyrrolo[2,3d]pyrimidines are used as alternatives for canonical

constituents of DNA and RNA arate also employed in nucleic acid sequenéing.

Pyrrolo[2,3-d]pyrimidines are named according to systematic nomenclature as shown below
(Figure 3). The pyrrolo[2,3d]pyrimidine skelebn contains one nitrogen atom in the five
membered pyrrole ring and two nitrogen asamthe sixmembered pyrimidine ring where the

two rings are fused to afford the title compound. Hence, these bicyclic compounds represent
structural analogues of biogerpurines and they can be considered as potential antimetabolites
in nucleic acid metabolisnyrrolo[2,3d]pyrimidine and its derivatives also display strong-UV

blue fluorescence and are used as fluorescent functional resdurces.

Figure 3: 7H-pyrrolo[2,3-d]pyrimidine

1.2.1Naturally occurring pyrrolo[2,3 -d]pyrimidines

There are a few naturally occurringyrrolo[2,3-d]pyrimidines. For example,tubercidin 6,
sangivamycin7 and toyocamycin8 (Figure 4), were isolated fsm Streptomycesultures®
Cytotoxic studies of these-deazapurine nucleosidegere conducted in th#960s, and all the
compounds displayed potent cytotoxic activity against cancer cell'fidéthough hese natural
7-deazapuringe have structural simarities their modes of action are differenThese

pyrrolo[2,3d]pyrimidinespossesslifferent substituents at the-& position of thepyrrole ring of
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the pyrrolo[2,3-d]pyrimidine nucleus, and this appears to have an influence on their biological

activity.*

Figure 4: Naturally occurring #deazapurines.

Compounds6-8 are phosphorylated by cellular kinases to their mode, and triphosphate
forms and the resultant nucleotides get incorporated both into RNA and Dilh wauses
inhibition of proteosynthesis and DNA damage, respectivElybercidin damages numerous
cellular processes such as 4pn&NA processing, mitochondrial respiration, purine synthesis,
rRNA processing, and methylation of tRNA.In addition, tuberddin 6 also inhibis S
adenosylhomocysteine hydrola€m the other hand, compoufichas been identified as a potent
inhibitor of protein kinase C, anthis is how it exerts itTytotoxic effect® Recently, by
comparisonWakao and cavorkers have studiethe mechanism of action of sangivamy@in
and have showthat it acts through inhibition of Akt and Erk in primary effusion lymphoma
cells!* Despite thespromisingresults none of the naturally oaering 7-deazapurine nucleoside

compoundsaveproceeed to clinical trials:
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Structural modifications of thesenatural 7-deazapurine nucleosides have been reported. For
exanple the brominated counterpdtof tubercidin hasbeenshown to reversibly inhibithe
synthesis of cellular RNAICso = 1513 0 )€°Mhe brominated derivative also inhibits
adenosine kinase and the synthesis of viral DNA but ibkeasshown to baneffective against
RNA viruses. The cytotoxic effect of bromotubercidin results fromorporation of its
triphosphate form inteellular RNA and inhibition of RNA synthesi8.

1.2.2Pyrrolo[2,3-d]pyrimidines as kinase inhibitors

The pyrrolo[2,3d]pyrimidine scaffold makes the same hydrophobic and hydrbgeding
contacts with the hinge region of kinases as the adenine rirdgnbsine triphosphate (ATP) as
shown belowin Figure 5. Hence, pyrrolo[2,&]]pyrimidines representan attractive scaffold for

the development oATP analogues and for the synthesis of novel derivatives by modification of

the substitution patterh.

o— Hinl

NHHypl \H

/k Hybrophobic Hay
region . Hydrophobic
H. N O 0 fin2 O, pocket

~y—H

N
e O :,"" H ﬁ Adenine Hyp3
Q}Qq Y\R H\I\i O ] N~H iy = reglon 0
H N
LT s

. S [T NZ | A o-p [ O\ /=0

_ s g )1 Ly

Qrrimmrnssninn H N N Huc \ J
N Q Sug /

—"\ 6}0 0 Hydrophoblc

H <

< channel
\ & Sugar o

region \ Sug2

Figure 5. Schematic representation j@yrrolo[2,3d]pyrimidine scaffoldbinding site(left). ATP binding site with
different regions highlightetight).*’

Adenosine is an extracellular purine nucleoside which contnalsy ghysiological processes
Adenosine kinase (ADK) is an enzyme that catalyzes the conversion of adenosine to adenosine
5NP-monophosphate (AMP). Inhibition of this enzyme leads to increased adenosiné®l&igls.
Deoxy-5-iodotubercidin 10, which is also a naturally occurring-déazapurine nucleoside

isolated from a marine red alga a potent inhibitor of mammalian adenesikinases (165 = 9

5
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nM against human ADK) and does not bind to adenosine receffigsire 6). The
pyrrolopyrimidines were also found to be poweriitibitors of protein kinases, such as the
enzyme Janus kinase 3 (JAK 3). JAK 3 belongs to a family afptagmic protein tyrosine
kinases which play an importanmle in cytokinetriggered signalling events by activators of
transcription (STAT) proteingia tyrosine phosphorylatiolf. The association of JAK 3 with
cytokine signalling pathwaymakes itan important target for therapeutic intervention in the
treatment of inflammatory diseases, autoimmune disorders and organ transplant réjecien.
inhibition of this kinase bypyrrolopyrimidinescan be usful for the treatment of several
immunological syndymes.For exampleCP-690,55011 is a JAK 3 inhibitor from Pfizer that
has already progressed into Phase Il clinical trials for acute rejection in kidney transplant
patients™®

NH, |
N™ SN o] I\O\/ ~
L. N
N N
Me\d NC le A A\
R N N
HO  ©OH H
11, CP-690,550
10

Figure 6: Pyrrolopyrimidine kinase inhibits.

Tofacitinib 12 and Ruxolitinib 13 (Figure 7) are 4substituted pyrrolopyrimidine kinase
inhibitors which received FDA approval in 2011 and 2012, respecti¥dlpfacitinib inhibits
Janus kinase 1 (JAK1) and Janus kinase 3 (JAK 3) and is used foedtmeent of rheumatoid
arthritis, while Ruxolitinibis an inhibitorof JAK1 and JAK2 and is used for the treatment of

myelofibrosis?*
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Figure 7: FDA approved 4ubstituted pyrrolopyrimidines.

The treatment of chronic paremains a major challenge in healthcare, with currently used pain

drugs suffering from poor efficacy and ddsuiting toxicity. Studies have shown that the
voltagegated sodium ion channéNa,1.7) is an important regulator of human pain, and
inhibition of this channel by selective agents may result in a new class of pain relief
therapeuticd? Hence, Chakka and ceworkers have synthesised a series e$ubstituted
pyrrolo[2,3d]pyrimidinesas potent and stattependent inhibitors ofoltagegated sodiumon
channelhNa1.7 for the treatment of chronic pa{ffigure 8).?> Compound14 displayed a

hNavl1l.7 PX (PatchXpress)dev al ue of 0. 11 g®Mf @GNaGle®™M, PXume&
mi crosome (HLM) cl ear anlOx setettivityl &ydindteman ethien / mg , e
go-go related genehERG, while compoundl5 displayed ahNavl.7 PX (PatchXpress) 4&

value of 3.6 Mandhuman livermicrosome (HLM) clearance of &L / mi.n / mg

Figure 8: Pyrrolo[2,3d]pyrimidines used fothe treatment of chronic pain.
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Figure 9 below shows the different structural types of pyrrolopyrimidines (deazapynviach
includes5-deazapuring 6-deazapurineand #deazapuring The msition of the nitrogen atom

in the pyrrolopyrimidine heterocytic core influences the properties of the corresponding
deazaptine. In this project, the heterocycle of interest7ideazapurineand in the following

section thesynthesis of ®leazapuringewill be discussed.

’
1

/

H

i —
NN '\J'\ NH
L)y ASES
. = - N
- N \ \\
) 6-deazapurine
5-deazapurine

’
1

1

TI\\ A\
~

.7 N

N" O H
7-deazapurine

Figure 9: Pyrrolopyrimidine scaffolds.

1.3 Synthesis of pyrrolo[2,3d]pyrimidines

Considering thewidespread applicationsf pyrrolo[2,3-d]pyrimidines, various methods have
been reported in the literature for the synthesis of this interesting scaffalditiondly, two
methodologiesaward the synthesis of pyrr¢&y3-d]pyrimidines prevail. One appach for the
preparation of pyrrol@,3-d]pyrimidinesis that the pyrindine ring is constructed onto a suitably
substituted pyrrol&ia two consecutive amide bondssing urea derivatives, formamidesters,
or their retresynthetic analogues, e.g., ortbstersor isocyanateas Ctbuilding blocks (oute
A, Figure 10).%3
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o)
H,N . _NH
H,N 2 2
B T
N
HN™ N
R
Ng. RO\H/R
N~ N\ A A\ O
- | \ — |
+
RN | HNT N
HZN\”/H
o) Y
RO \
| R-N=C=0
HNT N

Figure 10: Methodology for the synthesis of thgrrolo[2,3-d]pyrimidine scaffold.

The otherapproach is the synthesis ofafhinopyrimidines, containing substituent at the-5
position. In this case, the pyrrole ring is constructed onto the substitutethesnbered
pyrimidine ring to form the pyrro[@,3-d]pyrimidine scaffold. The amino group on the -4
position and the substituent at th@dsition of the pyrimidine undergo heteroannulatiofiorm
thedesired fused pyrrole (route Bigure 11).%

R

o i o
~
g o NG
\S
R™ "N™ "NH, R” N7 NH,
R . -
N7 B N
LI = e ey
N
RN K R™SNTONH, R)\\N NH,
R
J X
N | + %(R
s
R”SN" > NH, 5

Figure 11: Methoddogy for the synthesis of thgyrrolo[2,3d]pyrimidine scaffold.
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Apart from the twosynthetic approachasentioned above, a variety of entries to the scaffold
have been reported in the literature. For exanifiechel and cavorkers reported the use af
basemediatel proceduredr the synthesis adhe 5membered ringia a 5-endodig cyclization®
The 5halogenated (bromo or iodo) derivati¥é was coupled with an alkyney Sonogashira
reaction, and the resultingroductwas treated with a strong bagetassiumtert-butoxide) at
room temperaturdurnishing the substitutepyrrolo[2,3-d]pyrimidine 17 through a favoured-5
endadig cyclization in a yield of 61% (Scheme 1).

Me Me P Bu
Br —
i&i o e
|
~ .
Me” “N” “NH, (i) Me)\N/ NH,
16
Me

y
Voo
N/
~
g

Scheme 1Reagents and condition®) Pd, (i) KOtBu (1.3 eq), NMP, 60 °C, 5 h, 61%s.

Another method for the preparation of the scaffisiem similar substratesicludes aonepot
procedurein which the scaffold is constructed and a substitution reaction is effeCied
synthesis involves the usé microwave irradiationfor example, whef-chloropyrimidinel8is
treated with alkylamines, hydrazine, or anilines and potasgurbutoxide in acetonitrile, the
corresponding Bubstituted pyrrolopyrimidines9 or 20 areobtained in moderate to gogaklds
(Scheme 2§5°%

10
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_NR?R?
HN
N™
m \ Arl
Nig N
Me
1 19
Cl > Ar RIR2NH or
N Ar’NH, (2 eq)
[ > or
= .Me .
kN N (i)
H
18 ArZ,
NH
NT X
l \ Arl
N~ N
Me
20

Scheme 2Reagents and conditiang) KOtBu, CH;CN, MW, 100 °C, 560 min, 2799%2

The pyrrolo[2,3d]pyrimidine scaffold can also be made from 1;8i&zines with aminopyrroles

via a retro-Dielsi Alder approach’ This approach falls into the category discussed previously
where the pyrimidine ring is constructed onto a substituted pyrifebe.example, when 1,3,5
triazine 21 undergoes nonconcerted reaction withe N-alkylated 2 aminopyrrole22, to form

the cycloadduct23, it eliminated a nitrile througha retro-Dielsi Alder reaction®®? The nitrile

then reaad with the free amino group of the pyrrole, forming an amidinium2dnwhich by

final elimination and aromatisation proddcthe pyrolo[2,3-d]pyrimidine 25 in good vyields
(Scheme 3¥° Dang and cavorkers have reported that electnithdrawing substituents such as
trifluoromethyl and esters increase the reactivity of the triazine, allowing the reaction to occur at

room temperatur&.

11
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X N
)\ R2 x\f X Rz R2
iy + /N () AN | - s
X7 N7 X HoN N X Hy,N N X7 N NH'\!
R1 23 Ry +H2Nﬁ/ Ry
v — 22 X 24
21a: X = CO,Et Y= CE. R.=tB
21b: X = H 3 Fm B
21c: X = CF5
X
Ry Conditions: (i) Yield:
N~ N\ 2la: DMSO; rt 25a: 96%
—_—
P \ 21b: DMSO; 95°C 25b: 57%
X NN 21c: ACOH: rt 25¢: 92%
25 Ry

Scheme 3Tandem DielsAlder approacto formpyrrolo[2,3d]pyrimidine scaffold®”*

1.4 Methodology for functionalization of the pyrrolo[2,3-d]pyrimidine scaffold

An efficient method to itroduce different substituentsitm heterocyclic scaffoldss by direct
carborni carbon lond formingreactons. During the past 40 yeargansition metals and directed
ortho lithiation chemistry have been employéar the functionalization othe pyrrolo[2,3

d]pyrimidine scaffold®

Palladiumis one of the mostvidely used transition metaia the synthesis of functionalized
pyrrolo[2,3d]pyrimidines. There are a variety of palladiycatalyzed methods for the synthesis
of substitutedpyrrolo[2,3-d]pyrimidines. One such method theSuzukiMiyaura crosscoupling
reaction between organoboromnepounds and various aromatic halides or triflates in the
presence of auitablebase. These coupling reactions offer several advantagg4)ofild
reaction coniions and high product yields; X2seof a small amount of catalyst;)(@8pgication

in onepot synthesis; (Awater stability;(5) toleranceof a wide range of functional group)

easy separation of inorganic botoyproducts(7) environmentally friendlines$

12
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Other coupling reactions including Sono@shira, Stille and Heck reactionshave been
extensivelyappliednot only in academic laboratoriesjttalso in industrial process&sn cross
coupling reactions, cheap and readily available aryl and heteroaryl halidigypieadly usedas

starting materials.

In the section that followsthe use of these methodologies for the functionalization of the

pyrrolo[2,3-d]pyrimidine scaffold will be discussed.

1.4.1Synthesis of 2substituted pyrrolo[2,3-d]pyrimidines

Numerous reactions for the functionalization of plyerolo[2,3-d]pyrimidinesscaffold have been
reported in the literature, but there ardyaom few on the synthesis ofslibstituted pyrrolo[2;3
d]pyrimidines Choi and ceworkers have reported the synthesis of a serieg-safbstituted
pyrrolo[2,3d]pyrimidines as inhibitors ofocd adhesion kinas¢FAK).** FAK is a protein
tyrosine kinase found at the cell membrane thatliates focal adhesion, regulates processes
such as cell migration and anchoratgpendent proliferatiorandis thus related to metastasis.
Their synthesis stariewith ammonolysis of trihalogenad pyrimidine26 to afford amine27,
followed bya palladiumcatalysed Stille couplmreaction to give vinyl ethet8. Cyclization in
refluxing HCI solutionin the presence dfimethoxyanilinefurnished the key intermeate 29,
providing the 2-substituted pyrrolo[2;&8]pyrimidine in excellent yield. Substituents iHt7 were
introduced by Ullmartype couplings and gave compoun8B in good to excellent yields
(Scheme 4§°

13
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= “OEt
Br , Br SnBug Ny X OFt
— XX - A
' > Z cl” N7 ONH,
Cl)\N/ cl CI” N7 TNH, (i)
26 >7 28
NH,
N~
s
NS\ HNT N N
)l\ ~ Ar
MeO OMe N
HN™NT N
OMe -
_ .
(i (iv) MeO OMe 30
MeO OMe OMe
OMe
Ar = Py, 2-thiophenyl, 2-thiazole
3-(4-F-Py), 3-(4-OMePy),
29 4-Cl-Pyrimidine

Scheme 4:Reagnts and conditiongi) NHz (aq), THF, 25 °C, 94%; (ii) Pd(PBl, toluene, reflux, 58%; (iii) HCI,
BUOH, 90%; (iv) ArBr, Cul, KsPQ,, trans-1,2-diaminacyclohexane, 4®0%3*%

In other papers, palladincatalyzed reactions of -éhloropyrrolo[2,3d]pyrimidine with
arylboronic acids were investigated in order to obtain popdrsphatidylinositeB-kinases
(PI3Ks). Chen and cavorkers have synthesised and evaluated a series(iwforpholind-
yl)pyrrolo[2,3-d]pyrimidines, bearing different structural uiin position 2 of the scaffolds
PI3Ks inhibitors® The synthesis startedith chlorination of compoun®1 by heating with
phosphorus oxychloride (PO4{lfollowed by selective nucleophilic substitution with the
morpholino group at mition 4 to give intrmediate32. Suzuki crossoupling of 32 with the
pinacol ester of 4aminophenylboronic acid in DME in the presence of Pd{RRit 130 °C
under microwave irradiation gave compou8I1 Thiswas converted tthe urea derivative34 by
reactionwith triphosgne in the presence of a bagallowed by treatment with appropriate

amines(4-aminopyridine in this ca$€¢Scheme 5)

14
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. O ot Y

Nl)j\/\> (). (i) NN -~ NHT%
HO)\N/ N P (i) NT N
H c” NN H
HoN
31 32 33
@]

N
(iv) _ '\1%
N7 0 N” N
H

Pt @

34

Scheme 5:Reagents and condition§) POCE, 120 °C,microwave 30 min;(ii) morpholine (1.5 eq)Et:;N (3 eq),
EtOH, rt 68% (iii) 4-aminophenylboronic aciginacol este 1.3 eq),Pd(PPh), (5 mol %), DME, 2 M NaCQG;,
130 °G microwave 30 min 83% (iv) triphosgene (0.6 eq), £t (3 eq), 4aminopyridine (5 eq), C¥l,, rt, 12 h,
16%3°

1.4.2Synthesis of 4substituted pyrrolo[2,3-d]pyrimidines

As previously mentioned in sectidh2.2 Chakkaand ceworkers synthesised a series of 4
substituted pyrrolo[2;8l]pyrimidines agnhibitors ofvoltagegated sodium ion channeNa,1.7

for the treatment othronic pairf? The synthesis of these typef compounds startedith N-
benzylation of commercially available4-chloropyrrolo[2,3d]pyrimidine 35 using benzyl
bromide in acetonitrile under basic conditions to afford comp®&érid excellent yield Scheme
6). Compound36 was then subjecteid nucleophilic aromatic substitution with Bgeotected 4
hydroxypiperidine using potassiuntert-butoxide as the base, followed by Boc group
deprotection using trifloroacetic acid (TFA) in dichloromethane to afford campd 37 in a
yield of 99%. Reductive aminatiowith 2-formyl pyridine and sodium cyanoborohydride
(NaBH;(CN)) gave the desired-gubstituted pyrrolo[28pyrimidine 14.%2

15
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\ N N
35 Bn Bn
36
I X
e} N~
HI\O\ /N \ H I\O\
(@] == e}
g NT (iv) N
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Scheme 6:Reagents and condition@) BnBr, K,COs, CH;CN, rt, 2 h, 99%; (ii) KOtBu, CECN, rt, 2 h,56%; (iii)
TFA, CH,Cl,, rt, 2 h, 99%; (iv) NaBK(CN), 1,2dichloroethane, rt, 16, 48%2

In 2010, Bennani and eworkers reportedthe synthesis oflternative analogues targeting
JAK2. Their synthsis started from auguki couplingof chlorinatedpyrrolopyrimidineswith 2-
acetamidophenylboronic acigsing Pd(PP4), as the catalysfollowed by acyl depreiction with
HCI to give theintermediate39 (Scheme 7) Condensationof compound39 with several
aldehydes in methanol and Hdlbxane was examinedifarding tetracyclic compound&0a-f in
goodyields. Condensation of compour® with methyl o-formylbenzoate and ethyl-@xo-2-
phenylacetates gave the amitleand the estet2, respectivelyScheme 75

16
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Y

Scheme 7:Reagents and conditian@) Pd(PPh),, K,CO;, DME, 130 °C, 18 h90%. (i) 12M HCI, reflux, 84%.
(iii) MeOH, 4M HCl-dioxane, 100 °C30 min, >90%; (iv) 4M HCldioxane, 100 °C30 min,>90%; (v) 4M HC}
dioxane, 100°C30 min, >90%

1.4.3Synthesis of Bsubstituted pyrrolo[2,3-d]pyrimidines

The first synthesis of &ubstituted pyrrol@,3-d]pyrimidine nucleosides using palladium
catalysed cross coupling reaction was in 1989byV. Hobbs® Commecially available 5
iodopyrrolo[2,3d]pyrimidine nucleoside analogsie43 were treated with N-(prop-2-yn-1-
yhtrifluoroacetanide under Sonogashira reaction kditions in DMF and the desire8-
alkynylpyrrolo[2,3d]pyrimidines 44 were obtained in good yieldé&Scheme 8) From their
observation, theatio of palladium(0) to copper(l) was found to be very significlliot.reaction
occurred when the ratio ¢?d(0) to Cu(l)was 1:1.The bestresuls were obtained when the
Sonogashir&ross couplingeaction was cared out in DMF and the ratio of Pd(0) to Cu(l) was
1:238

17
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Scheme 8Reagents and conditiang) cat. Pd(PP}),, Cul, NEt, DMF, rt, 4 h®

Aryl 5-substituted pyrrolo[2,3]]pyrimidines have been synthesizeals anticancerand
antibacterial agents. Taylat al. developed a synthetiapproach forthe potent thymidylate
synthase (TS) and dihydrofolate reductase (DHFR) inhibitor Pemetréxethe Sonogashira
reaction was used in the synthesis of the key intermedi@tdrom 5-iodopyrrolo[2,3
d]pyrimidine 47 and dethyl N-(4-ethynylbenzoyBL -glutamate48 (Scheme 9f°

o)
NH
o ”CCOOEt
0 | NH COOEt
O HN N\ = @) 0 //
PPN | vz cooet VW
tBu” N7 N~ N HN | N\
H H COOEt PN
48 t-BUOCHN” °N ” 46
47
65%
o)
NH
”CCOZH
CO,H
—_— O
HN
> s
N
HN" N7 N

Scheme 9Reagents and conditian@) cat. Pd(PP}),, Cul, NEt, DMF, rt, 2 h*

In 2000 Gangjeeet al. reported an altern@e method for the synthesis d?emetrexed
analogue&’ 5-lodopyrrolo[2,3d]pyrimidines 49 were treated with trimethylsilylacetylene, and
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the resulting compoursdveresubjected to a fluoride ion sourtefacilitatesilyl deprotection to
furnish 5ethynylpyrrolo[2,3-d]pyrimidines 50. Compound 50 were then successfully coupled
with 4-iodobenzoylL-glutamate under Sonogashira réan conditions to give diestei51 in

good vyield of up to 85%. Subsequent catalytic hydrogenation and hydrolysis afforded the
carresponding antifolates2aand52b (Scheme 10§°

T™MS
e cHy /]
N =—TMS CHj; // 3
Ly —— A N
PivHN™ N Nia (i) bt A\ (i) o HN)I\N, \
~
1 PivHN" N7 N v R,
49 Ry 92-95%
70-91%
Ry =H, Bn 50
o) o)
, NH
CCOOEt " —CO,H
COOEt CCOzH
(iii) CH, // e CH4
NTX
PR AL
. )\ “~N H.N N N
PivHN™ ~N N 51 2 R
Ry 1
43-85% R. = H. 52a
1= )
=Bn, 52b

Scheme 10Reagents and conditian@) cat. Pd(PP¥),, Cul, NEg, DMF, rt; (ii) TBAF, THF, rt; (iii) diethylN-(4-
iodobenzoyBL-glutamate, cat. Pd(PBR Cul, NEt, THF, rt*°

1.4.4Synthesis of ésubstituted pyrrolo[2,3-d]pyrimidines

There are many synthetic methods for the formatigoyaflo[2,3-d]pyrimidines but only a few
methods are available for the preparatior6-@ubstituted pyrrolo[2;8lpyrimidines. Hovever,
to address this shortag&angjeeet al. designed and synthesized a series @ulgstituted
pyrrolo[2,3d]pyrimidinesfrom key intermediat®&3 accessed from commercially available-2,4

diamina-6-hydroxypyrimidine 54 (Scheme 11§* Hence, compounds4 was treated with
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chloroacetaldehyde in the presenceagfueoussodium acetatdollowed by treatmentwith
pivaloyl chloride in pyridine, which resulted in the formation5f Compound55 was then
subjectedto chloromercuration using mercuric acetate in glaa&cetic acid, followedby
treatment witha saturated sodium chloride solutito give the desired produsfi as a mixture of
regioisomersin 50% overall yield. The resultant mixture was treated with iodine in
dichloromethane to afford theorrespondingaddo derivativess7a and 57b. Purification using

silica gel column chromatography gave the desirem6 compound7a in 64% yield.

o) 0 o
HN - HN \ HN \
| (i) s | i g )b
HZN)\\N NH, HN™ “N” N 0 PivHN)\\N N
54 53 55

\j

O R, o R
(i) )\)KJE%*RZ N ’

PivHN~ "N~ "N - PivHN™ N
H 56 (iv) H
R; = H; R, = HgCl 21 i E;RRZ—:I-: 57a
R; =HgCI; R, =H 1=hR2= 57b
0 H o
HN
[ D L o N
PivHN” SN~ N v) ERPS -
H PivHN™ "N H
57a
0
HN | N\
— s
- H,N™ TN H
80% 58

Scheme 11Reagents and condition§) CICH,CHO, NaOAc, HO, 100 °C; (ii) PivCl, pyridie, 120130 °C; (iii)
(1): Hg(OAc), (2): NaCl, (iv) b, (v) Phenylacetylene, cat. Pd(RRhCul, EtN;, DMF, rt*

The next step waa palladiumcatalyzed Sonogashira coupling reaction of compdadwith

the appropriate phenylacetylen@me example giwn in Scheme 1lipllowed by reduction of
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the triple bond using 5% palladium on charcoal (Pd/Chaatalyst undean atmosphere of
hydrogen.A few drops of concentrated ammonium hydroxide were added to the reaction to
prevent reduction of the pyrroleng. Finally, deprotection of th&-amingivaloyl group was
accomplished using M sodium hydroxide to afford the desireds@bstituted pyrrolo[2;3

dJpyrimidine 58 in yields ranging from 480% (Scheme 115!

Numerous CH activation reactions have beeneported to access functionalized
pyrrolo[2,3d]pyrimidines. GH activation reactions are currently one of the newest fields in
organic synthesis and they are becoming an essential tool in the modification of heterocycles
including pyrrolo[2,3d]pyrimidines For example, Hocek and -waorkers have synthesized 6
arylpyrrolopyrimidines by iridiurrcatalyzed CH borylation  of  substituted
pyrrolo[2,3d]pyrimidine with iodoarene¥ Reaction of SENMprotected 4chloropyrrolo[2,3
d]pyrimidine 59 with NaOMe in metharlagave the nucleophilic substitution prodég;, which

was subjected to’i® borylation/Suzuki crossoupling with 4iodoanisole in a onpot reaction

to give the desired SEMrotected @rylated pyrrolo[2,&]pyrimidine 61 in 70% yield(Scheme

12).
Cl OMe OMe
~ (ii) z
Iy - UL )ome
NN 0 NN SN
SEM 6o SEM ' OMe SEM
(iii) 70%
OMe o)
N7 o HN
(iv) SN v) S
N N N
H H
62

Scheme 12Reagents and condition§) NaOMe, MeOH 18 h, 99% (ii) Bispinacolatodiboron, [Ir(COD)OMeg|5
mol%), dtbpy (10 mol%), THF, 80 °C; (iii) Pd(dppf}Gb mol%), K;COs;, DMF, 90 °C, 1 h; (iv) (1) TFA, rt, 1 h,
(2) aq.NHs, rt, 18 h 90% (v) TMSCI (5 eq), Nal (5 eq), CIEN, 80 °C, 18 h85%***
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Compound6l was then SEMieprotected an@®-demethylated using trifbroacetic acid (TFA)
followed by aqueous ammonia and iodotrimethylsilane genenatsitl (from TMSCI andNal)

in acetonitrile, respectively, to furnigharyl-pyrrolo[2,3d]pyrimidin-4-one62 (Scheme 12§

1.54,6-Diamino pyrimidines

Other heterocyclic compoundsf interest in this projectare 4,6-diaminopyrimidines. The
pyrimidine nucleus is present in makinase inhibitors. 2:Disubstituted pyrimidines are a ctas
of compounds that have beentensively studied as inhibitors of diverse kinases, including
CDKs, Aurora, p38, KDR, and GsK3. Crystallographic studies have shown tha2,4
dianilinopyrimidines typically form a hydrogen bomd interaction with themino acid in the
hingeregionof many kinasesising the pyrimidine N&and the aniline NH at the C2 positi(see
structure63 below; e.g for CDK2 enzyme irFigure 12).”® In contrast,the 4,6-disubsituted
pyrimidinesrepresent a class of kinase inhibitthat has been less explorbdcause they are
usuallynot as pant as their corresponding zZdgioisomers, due to the lack of attaining the s
cis conformation required for the hinge region intéi@t.*® However, they have been shown to
display potent activity against tiepidermal growth factor recept¢EGFR)for the treatment of

a range of cancers.

CF;

Figure 12: Hydrogenbonding interactions a?,4-disubstituted primidines withthe backbone of enzyme residues
Glu81 and Leu83 of CDK2.

EGFRis one of the firsteceptor tyrosine kinases to be identified by the pharmaceutical industry

for drug development. This is due to lsiversaloverexpression in a variety ofmours.Zhang
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and coeworkers at the Genomics Institute of the Novartis Research Foundation synthesised a
library of 4,6disubstituted pyrimiding aspotent inhibitos of EGFR?’ The 4,6disubstituted
pyrimidine shown belowHKigure 13) has displayed selecily against EGFR when evaluated
against a panel of 55 recombinant kinases at a concentration|d¥.1This 4,6disubstituted
pyrimidine inhibitorpossesses an enzymatigd®@alue of21 nM against EGFR kinasé vitro

and blocks receptor autophosphongatin cells. Inhibitor64 was coincidentally discovered
using a celbased reporter gene assay (RGA) for modulators of protein stability. Zhang-and co
workers have hypothesized that the EGFR selectivity of inhibdaresultsfrom its ability to

form three hydrogefbonding interactions with the hinge region while occupying a hydrophobic
pocket made accessible due to the small gatekeeper threonine 766. This was observed using the
known EGFR cecrystal structuredn addition,compounds4 displayedstrong nhibition of two

EGFR mutants associated walclinical response to gefitinib: L861Q (3= 4 nM) and L858R

(ICso = 63 nM). Unfortunately, 4:@lisubstituted pyrimidine compoun@4 showed a much
weaker activity against Her 4 (6= 7640 nM)*’

o

M769 _N
O----
§: H [ j 64

Figure 13: Inhibitor 64 bound to the ATP site of the EGFR kinase domain (left). Superimposition of intiditor
with erlotinib in the ATP site of EGFR kinase domain (right).

In the following paragrdms, severamethods used to preparesdbsituted pyrimidireswill be

explored.
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1.5.1Preparations of substituted pyrimidine derivatives using metatatalysed reactions

PalladiumcatalyzedSuzukiMiyaura crosscouplingreactions have been widely usedonmganic
chemistry for thdormationof carboncarbon bonds. Of particular relevance to this project, Qing
and ceworkers have used the Suzuki cross coupling reaction for the preparation-of 4,6
disubstituted pyrimidine derivativé®. When 4,6dichloropyrinidine was treated with two
equivalents of a boronic acid under Suzuki coupling conditions, using P){RBlhe catalyst,

the expected 4:fisubstituted pyrimidine were afforded in excellent yields (Schema).1l
However, when the same reaction was penéxl under Kumadaross coupling conditions,

usingNi(dppp)Ch in THF, the desired product was obtainedlightly loweryield.*”®
Cl

F F F
NTX cat. Pd(PPhg), O ‘
| + HO. > a
L~ B 1

Na,COg3, toluene

N d 6H Ny N
79%

Cl . E F
NN Q Ni(dpPPICl, O ‘
L 2 ' BrMg THF ~ 3

N~ CI NN

63%

Scheme 13Synthesis of 4 @lisubstituted pyrimidinesia Suzuki and Kumada coupling reimn.*

In other example, 2,48i(hetero)aryisubstituted pyrimidines were synthesised using apate
palladiumcatalysedreaction by Muller and cworkers(Scheme 14%° The authors found that
palladium catalysed reaction of a&tectronpoor (hetero)gl halide and a terminal propargyl
alcoholproceedwia a couplingisomerization sequence. Subsequamiocondensationeaction
of this intermediate with aramidinium salt furnishes the&,4,6tri(hetero)aryisubstituted
pyrimidines in moderate to excafleyields® It was found that the electramithdrawing nature

of the (hetero)aryl halide is critical for the successful coupls@merization step
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(

OH . AN
W = e | YT

Br

Br

Scheme 14Reagents and conditions: (i) 2% Pd(BRBI,, 1% Cul, EtN, THF, reflux, 56%"

Apart from using the abovmentioned reactions to access substituted pyrimidine derivatives,
their preparation could also be achieved over a number of steps which include the Sonogashira
coupling reaction. Gomtsyan and-aorkers haveeported the synthesis and biological activity

of substituted pyrimidines as potent adenosine kinase (AK) inhibftofslenosine is an
extracellular purine nucleoside which contratsany physiological processesntra= and
extracellular adenosine conceattons can be controlled by the inhibition of adenosine kirase.

*3 Gomtsyanet al have reported the synthesis of adenosine kinase inhibitors that codain a
amino-6-[6-(4-morpholing-3-pyridinylethynyl]pyrimidine coré® Bennet and covorkers also
reported that the substituent at thepésition of the pyrimidine ring plays an important role for
adenosine kinase activity because it is responsible for the hydrophobic interactions with the
protein>>’ Compounds with 2to 3-atom linkers in the fosition exhibited the highest AK
inhibition. For example compourb with a 3atom linker exhibited good efficacy (&= 57

pMM/kg) in an animal model. The substituted pyrimidine derivatives were obtaineoderate to

good yields (Scheme 15
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OH Cl NH,

N _ 0 RO (i) (A, -CHO
l/ l/ g m/

N OH N~ Cl N~ CI

NH2 e NHp o
" N0 2~ 070
- D - |
kN Cl L|\|/|

Y
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Scheme 15Reagents and conditions: (i) PQADMF, 1 h, 0 °C, stir 30 mirtas at rt, and then reflux, 3 h, 5566)
NHs, toluene 50-60 °C, 0.5 h, TLC monitored, 67%ii) N-Methylbenzylamine, AcOH, NaB(OAg)l, CH,Cl,, rt,
15 h, 466. (iv) Nal, 40% HI, 70 °C, 10 minutes, and then,8@&; work-up, 67%.(v) cat. Pd(PP§.Cl,, Cul,
MeCN-EN, rt, 1.5 h, 629627

1.6 Closing remarks

Thepyrrolo[2,3d]pyrimidine core represents an interegtscaffold for drug discovery, owing to

its prevalencein a number of biologically active compounds including antibiotics,- anti
inflammatory agents antiviral agentsand anticanceragents The pyrrolo[2,3d]pyrimidine

scaffold makes the same hydrophobic and hydrdgerding contacts with the hingegion of

kinases as the adenine ring of adenosine triphosphate (ATP), hence the development of new
effective analogues that are affordable can be achieved by modification of the sehold.

Diaminopyrimidines have also been shown to act as inhibitodiveirse kinases, including
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CDKs, Aurora, p38, KDR, andEFGR As discussed above, there are efficient methods for the
preparation and modification of thescaffolds. We plamedto usesimilar approaches in our
synthesigo generate a library of compoundsntaining both theyrrolo[2,3-d]pyrimidine and
4,6-diaminopyrimidines scaffold@nd evaluate thenfior antiplasmodial activity, as will be

outlined later in the thesis.
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CHAPTER 2: MALARIA TREATMENT, KINASES AND KINASE
INHIBITORS

2.1 Introduction

Malaria, one of the most significant infectious diseases in the world, is caused by the protozoan
parasite of the geni®asmodiumIn 2016 the World Health Organization (WHO) reported that
about 3.2 billion people are at risk afontracting malaria, and close to 2df#llion cases of
malaria and more than 400,000 deaths occurred in the samd isdife-threatening infectious
disease is caused by five differéhasmodiunspecies, and among thd’lasmodium falciparum

is documented to be the most severe form of malaria and causes the most human ififections.

The principalway in whichmalaria spreagifrom one person to another is by the bites of female
mosquitoes of thAnophels species. Therare more than 480 speciesAfophels mosquitoes,

but only about 50 species are capable of transmitting malaritae human bloodstream, the
sporozoites migrate and replicate to yield merozdiégure 14). On rupture of the host cells,

the merozoitesnvade red blood cells (RBCs). A cycle of asexual replication occurs, which
results in the release of increasing numbers of merozoites into the bloodstream every 48 hours.
Some of the merozoites in these cells undergo sexual replication resulting orrtfaidn of

male and female gametocytes, which circulate in the bloodsfréam.

Q macrogamete

R Mosquito Host
9 o, T10SqUItO

/—\
)
o m C:DPKEA g§ g;:if fertlhzat:on z ote

microgamete

. (';‘
ookinete "S5y

asexual cycle ©

merozoite hepatocyte  sporozoite sahvarygland

Mammalian Host

Figure 14: A pictorial illustration of the life cycle ahe malaria parasité.
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2.2 Distribution of the malaria parasite

Malaria is distributed worldwide, depending mainly dimatic factors such as temperature,
rainfall and humidity. The malaria parasite is transmitted in tropical and subtropical regions,
where the Anophelesmosquitoes can survive, multiply and complete their growth cycles.
Generally, at low temperaturd®, falciparumcannotcomplete its growth cycle in thenopheles
mosquito, thus transmission is not posstbi@he highest malaria transmission is found

predominanthyin subSaharan AfricgFigure 15).°

Since 2000, South Africa has been successful in sul@hameducing the burden of malaria
mor bidity and mortality. Within South Africabd
north-eastern KwaZukNatal and low altitude regions of Limpopo and Mpumalanga. Malaria

transmission normally occurs betweie months oSeptember and May (rainy seasth

Figure 15: Global distribution of malaria (taken from WHO Malaria Report, 2617).

2.3 Malaria control and prevention

There have beewarious strategies adopted to combat malaria in many parts of thi wo
including vector control; the use of bednets, indoor residual spraying (IRS) of insecticides and

more recently by the promising vaccine development. Mosquito bedretsffective as they
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form a physical barrier betweethe Anophelesmosquitoes and manhus preventing malaria
transmission. IRS is applied by spraying the interior surfaces of houses with insecticides and
reducing the life span of female mosquitoes. This strategy continues to be of significant value
because it slows malaria transmissiotunfortunately the development of véar resistance to
insecticides has been identified, and as a resataria vaccines have gained much attention.

They target different stages of the malaria life cycle. There areafled transmission blocking
vacdnes, which interrupthe transmission of the parasite to mosquitoes in the gastete.
Pattaroycet al developed a number of vaccines that underwent-scgke clinical trials? one

of which was the threeomponent vaccine (SPf66) which unfortunateigt not show clinical
effectiveness*® RTS6S [centr al rRagneodium falcaim®R)) T-celf t he
epitopes (T), hepat#t B surface antigen (B)s a preerythrocytic vaccinevhich preverd the

infection of red blood cells, the cause of sevee f or ms of mal ari a. The RT
clinical trials, and it has shown a 50% protective efficiency against clinical di¥ddseever,

malaria eradication continues to rélgavilyon the use of effective antimalarial drdgs.

2.3.1 Antimalarial d rugs and resistance

Several drugs have been used for the treatment of malaria since the 17th century. Most existing
antimalarial drugs have lost their effectiveness due tenfergence of drug resistancehis has

made nalaria contol and treatmenmore complicated® Quinine (66, Figure 1§ is an alkaloid

which was isolated as the active compound from the batkeofinchona tree in 1820. vas

used widely for the treatmemf malaria until World War ll,and is still used today for the
treatment of cebral malaria. Due to toxicity issuesifoets were maden the searchfor
synthetic antimalarial drugs thatere structurally related to quininéhe following quinoline
derivatives were synthesised and have found widespread use for the treatmentriaf, mala
mefloquine(67) chloroquing(68) and amodiaquings9). Chloroquine §8) has been widely used

for both the treatment and prophylaxis Rf falciparum malariasince its discovery in 1946.
Unfortunately, drug resistandeas made this antimalarial largeineffective. P. falciparum
resistance to chloroquine first emerged in Thailand in 1957. Its resistance was seen in South
America and susaharan Africa in the 1970s. Many factors caused resistance to chloroquine,

these include uncontrolled losigrm treament regimes. However, in countries where
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chloroquine is still effective, it is used for the treatmen® ofivax malaria'**? Mefloquine 67)

has recently been a topic of media attention due to occurrence of sayousapic side effects

in some paents. For example in 2018, it was reported that a number of Australian Defence
Force personnel deployed in East Timor had suffered such serious side Bféficdquine has a

long haltlife in vivo;, hence it is an excellent prophylactic drug amongstimanune travellers
because of the onaeweek dosag&® Amodiaquine €9) belongs to the same family as
chloroquine, but it is less efficient, more expensive and more toxic than chloroquine. Hssuse
been limited since the mid980s owing to the appearanoé occasional agranulocytosis in

travellers taking this drutf.

HO

Figure 16: Structure of antimalarial drugs.

Antimalarial antifolates areother class of compounds that has the potential for both the
treatment and prewéion of malaria and other infectious diseasas,well ascancer. These
interestingcompounds are also known #date antagonists and they belong to the group of
nucleic acid biosynthesis inhibitofs.Proguanil (70, Figure 17 was thefirst antimalarial

antifolate that was discovered in 1945 and was found to be more active than quinine against
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avian malaria. Proguanil is a prodrug which metabolizedin vivo to its triazine form,
cycloguanil 71) which is an inhibitor of the parasite dihydrofolate rddse (DHFR).
Pyrimethamind72) is a 2,4 diaminopyrimidine and belongs to a family of class Il antifolates. In
1940, Hitchings and cworkers reported the synthesis of this class of compounds as
antimalarials and tested them as analogues of folic acidhén treatment of tumours.
Pyrimethamine has been widely used in combinations with sulfad@x8)ewhich inhibits a
different enzyme, DHPSn the treatment of malaria. Pyrimethamisgfadoxine, known as PS

or Fansidar, has been highly effective in mosilaria endemic areas. However, PS has lost its
effectiveness in many countries due to the development of drug resistaRcdatdiparum
caused by point mutations in the target enzymes DHFR and BHPS.

NH NH;
HN— N=(
HN:H<N HN Cl cytochrome P450 . H2N—<\ NOCI
~ N—$
70 n
NH “
2 |c|) N4\|N
N S
. Sy o
H,N” N OMe
H,N
72 3

Figure 17: Structures of antimalarial antifolates.

Artemisinin (74, Figure 1§ is a sesquiterpene lactone (three isoprene units bound to cyclic
organic esters) first isolated from a sweet wormwood phariefisia annugin the late 1976

It has been found to haymtent activity againdPlasmodiunspecies. Studies have shown that
artemisinin and its derivatives act by release of free radicals into the parasite vacuoles. They
exhibit higher rates of reduction of parasitemia, hence they can be used for the treftroémt

complicated and uncomplicated malaria, unlike other antimal&fi&lsmisynthetic artemisinin
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derivatives that have been developed include artemétBerafteether{6) andartemisone (7).
Artemisoneis the most recently developsgmisyntheticartemisinin derivative, with the best
pharmacokinetic/pharmacodynamic profile. It exhibited, compared to other derivates, better
efficacy and lack of neurotoxicity in preclinical testifigrhis analogue is not metabolizéd

vivo to the bioactive compout) dihydroartemisinir(78), like the other artemisinin derivatives.
Artemisinin and its derivatives have been used in monotherapy, but because of their short
duration of action there is a high rate of disease relapse associated with these drugs. Kence, the
are usually used in combination therapy with other loagéing antimalarial drugs.
Unfortunatelyin some areas of the world, the parasite degeloped resistance to artemisinin

and its derivatived! At this stage, the resistance is not widespread.

Figure 18: Artemisinin and its derivatives.

Most antimalarial drugs target the asexual stage of malaria, but not the gametocytes.

Gametocytes are sexual stages that are formed in the human erythrocytes, which arin critical
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the spread of the disease. Artemisinin combination ther&&T,( e.g artemethe75 and
lumefantrine79 shown belowFigure 19) and primaquin@&0 have antigametocyte activity. ACT

only kills immature gametocytes, while primaquine kills maturenmitimmature gametocytes.

The two drugs are therefore imperfect for preventing malaria transmission to mostuitoes.
Hence, new strategies are urgently needed to disrupt parasite reproduction, thus breaking the

malaria life cycle.

80

Figure 19 Structures of artemeth&b, lumefantrine/9 and primaquin&0.

The development of neweffective, affordable antimalarial drugs needs a deep understanding of
the basis of restance Current antimalarials drugare rapidly losing their eftdiveness against

P. falciparumdue to resistance. Hence, there is an urgent need fodngs that are cheap, safe
and effective against both wild type and mutant strain®lasmodiunspecies. Th@ew drugs
should ideallybe able to block transmissior the parasite from one infected person to another

via the mosquito and tbreak the cycle of infection.

TheP. falciparumkinases have been shown to be essential for both sexual and gd@ambf
the multifaceted parasititife cycle. Hence, theyprovide potential targets that coubé pursued

in the searchfor antimalarials®**** Interestingly, it has been shown that artemisinin inhiBits
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falciparum phosphatidylinositeB-kinase PfPI3K), andan increase in levels #fPI3K with a
C580Y mutation s beembserved in resistant straifrs

2.4 Protein kinases and kinase inhibitors

Protein kinasesare enzymes that p)a an essenti al role in-catal)
phosphate group from adenosine triphosphate (ATP) to substrates that usually contain a tyrosine,
serine or threonine residuBigure 20). Out of the known amino acids, only threonine, serine,

and tyrsine have the appropriate functional group (hydroxyl, OH) to accommodate
phosphorylation. Protein kinase phosphorylation is a common mechanism of regulation that is
important in almost every activity of eukaryotic cells, including gene expression, motility

proliferation and apoptosis.

O
Q OH ©
HO/\HkOH MOH OH
NH
Serine Threonine Tyrosine
o
N=\ o i lFl /IT\OH
T\ NP1 TO
HzN\(g(N Sj\ °"on © on

Adenosine triphosphate

Figure 20: Structure of ATP with known amino acids essential for protein phosphorylation.

2.4.1Kinase inhibitors

Kinase inhibitorsare distinguished by their mode of binding in the Ajliding site.
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Type | inhibitors. This type of inhibitos targets the ATP binding site when it is in its active
conformation. Type | inhibitors or ATBompetitive inhibitors contain a heterocyclic scaffold
which serves to form the same hydrophobic cdstas ATP and makes similar hydrogen bonds

with the kinase hinge region, as can be sedfigare 21a.%’

Type Il inhibitors. Type Il inhibitors recognize the inactive conformation of the kinase and
occupy the hydrophobic site that is directly adjacenth® ATP binding pocket. Type I
inhibitors are also called neATP competitive inhibitors. The inactive conformation is
sometimes referred to as DRt motif because of the rearrangement of the activation loop
(Figure 21b). Hubbardand ceworkers have sted that the amino acids surrounding this pocket

are less conserved compared to those in the ATP binding pocket, thus it may be easier to achieve
kinase selectivity with type Il inhibitors. Type Il inhibitors occupy an additional site called the

allostert site, and this provides an advantage over Type | inhibftors.
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Figure 21: Binding modes of kinase inhibitor type | and II. (taken fidature Review<2009 9.)’
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The other type of kinase inhibitors argpe Il (irreversible or covalent inhibitors). This type

of inhibitors irreversibly inhibit their target protein by forming a covalent bond to a nucleophilic
cysteine residue located in the ATP active site. The irreversible inhibitors consist of a
heterocyclic core (driving group) which forms the sameak hydrogen bond interactions with

the hinge region, just like the reversible counterpattavever, he covalent inhibitors hawvibe
advantage of carrying a suitable electrophildi
covalent bond with aucleophilic cysteine residue, usually by undergoing a Michael addition
reaction, as shown below iigure 22 The structure of an irreversible inhibitor, Ibrutirf&d) is

also shown belowFigure 23). The number of covalent inhibitors enteriagticancerclinical

trial studies is gradually increasing. To date, fiveversible kinase inhibitors of the epidermal
growth factor receptor (BFR),are being assessed in lung cancer clinical tfafs.

H+
N H P 3 H
/\[]/N\{ Driving Group ] > Cys SVP/N\{ Driving Group ]

9 S
Cys/\ SH

H

N
> Cys SV\[]/N\( Driving Group ]

O

Figure 22: Reaction nechanisms of irreversible inhibitors with cysteine residue.
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Hinge region

Hydrophobic pocke

Cys

Figure 23: Diagram showing binding sites of the irreversible or covalent inhibitor, ibrutinib.

The DFGmotif, which is a sequence of three residues, Aspaigt®henylalanine (Flycine

(G) (Figure 24), has been used in drug discovery to design novel generations of protein kinase
inhibitors. Protein kinases may adopt two important confoonati DFGIn (active form) and
DFG-out (inactiveform). In the OFG-in conformation, the aspartate residue (f@)ntsinto the

ATP bindng pocketand the phenylalanine is rotatesvay from the ATP binding siteéThe
phenylalanine points ithe opposite direction and creates or exposes an additional hydrophobic
binding site adjcent to the ATP pocket for inhibitors to utilise in the BD&@ conformation.
Some nhibitors make use of a specific conformation of a protein kinase for ligand binding. For
example, Type Il (allosteric inhibitors) and type Il (irreversible inhibitorgkenuse gfand
stabilize the DFGout conformational state, whilst Type | inhibitors (ATP competitive) make
use of and stabilizethe DFGin conformation. The DF@ut conformation is an attractive target

of several kinase inhibitof<.
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DFG-in conformation B Vil DFG-out conformation o«C-Helix

Figure 24: DFG-in conformation (left panel) and DFGut conformation (right panelf.

2.5 Calciumdependent protein kinases (CDPKSs)

Studies have shown that calcitdapendent protein kinases (CDPKs) are an attractive drug
target because of their uniqueness to plantsapmmbmplexans. Calcium controls a wide variety

of biological processes in the malaria parasite, such as cell invasion, gametogenesis, circadian
rhythms, gliding motility and migration. These CDPKs consist of Ererminus (catalytic
domain), a junctional @main and a sequence of calcium binding known as EF hdinds
junctional and calmoduliiike regionstogetherare known aghe calcium activation domain

(CAD, Figure 25). According to the biochemical studies done by Hagieal on plant CDPKs,

the CDPK ativity is regulated bythe junctional domain by interacting with both the kinase

domain and th€-terminal Calmodulidike domain*?
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Figure 25: Schematic representation of CDPKs.

Since the CDPKs arabsent from humans (host), this makes tteepotental target for drug
developmentPlasmodiumhas five CDPKs that share the characteridbmain architecture of
plant CDPKsand studies have shown thiaeseCDPKSs play a vital role ivarious stages of the
parasitic life cycleof plasmodiaand otherapicanplexan parasitesSebastian and eaorkers
have reported tha®. falciparum CDPK1 (PfCDPK1) is nvolved in the regulation of parasite
motility and controls zyget development and transmissiinFurthermore, CDPK1 gene
disruption inP. falciparumhas notbeen possible, suggesting that teizymeis essential for

parasite survivalPfCDPK5 has beefoundto be important for malaria parasite egress regulation
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from erythrocyteswvhile PICDPK3 has animportantfunction in ookinete gliding motility and
invasionof mosquito midgut§>

In contrastPfCDPK4 is required for male gametocyte exflagellation and sexual reproduction of
the parasite. It has been shown that disrupting the gene of CDPFK4brgheicauses severe
imperfections in mosquito transmission asexual reproductiof® Hence, these studies
demonstrated the significance of this enzymePiasmodiumbiology and suggested that
PfCDPK4 may serve as a target for transmissitmtking drugs. When a mosquito bites a
person infected with the malaria patasgametocytes can be taken up with blood and allowed to
mature in the mosquito gut. Researchers at the University of Washington have shown that this
maturation can be blocked by inhibition Blasmodium falciparuncalciumdependent protein
kinase 4 PfCDPK4)* Among the five different types of Plasmodial CDPKs discussed above,
both PfCDPK1 andPfCDPK4enzymes play a vital role in the parasitic life cycle and only a few
inhibitors against these two enzymes are reported in the literRf@BPK1 andPfCDPK4 have

not been studied broadly as targets in antimalarial drug developbeatto the structural

similarity of these two kinasemhibitors of RCDPK4 are also often inhibitors of CDPK1.

Ojo and ceworkers have synthesized transmisdibocking compunds (bumped kinase
inhibitors) which selectively and potently inhiB®fCDPK4 without being toxic to mammalian
cells. Thesecompounds contain a pyrazolo[3ffpyrimidine scaffold which makes the same
hydrophobic and hydrogemonding contacts with the hje region as the adenine ring of ATP.
They have introduced large aromatic groups at th@ gdsition of the pyrazolopyrimidine
nucleus, becaudefCDPK4 has a small gatekeeper residue, serine, which is smaller compared to
the larger gatekeeper residuesirid in human kinases. €hbulky groupat the G3 position,
which is sterically hindered, occupigee hydrophobic pocket adjacent to this gatekeeper residue
and impars selectivity for RCDPK4 over most kinases that have a larger residue at this position.
Ojo et al reported that compound 129B8idure 26) is a synthetic bumped kinase inhibitor of
PICDPK4 and it is capable of preventing malaria transmisSi@ompound 1294 contains a
larger liphophilic group which can be accommodated in the hydrophobiepotkhe ATP
binding siteowing to a smaller gatekeepresidue, thus it can providelectivity for plasmodial
kinases. It is also reported that compound 1294 has a better bioavailability and longjér half
(41 14 hours, depending on dosehen comparedo other precursors; hence this transmission

blocking agent could be used in combination with current treatments such as ACT to eradicate
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malaria. Compound 1294 did not show signs of toxicity when examined in mice after high dose

administration.

Larger aromatic moieties
needed due to the small gatekeeper
residues (serine) of PFCDPK4

\,N PFCDPK4 enzyme
N~ "N 1Cgy=0.010 pM

Compound 1294
Figure 26: Structure of compound 1294,

Ojo and ceworkers further showedhat compound 1294 blocks malaria transmission by
inhibition of PICDPK4 using structure activity relationship (SAR) studies anddnemting a
drugresstant P. falciparumNF54 strainthat has a methionine residue as the gatekeeper of
PfCDPK4. Hence, thisPfCDPK4 inhibitor,(compound 1294can be used as a lead to discover
new antimalarial drugs that have the potentialldoth treatment of malaria andepention of

malaria transmission from mosquitoes to humans.

2.6 Discovering new kinase inhibitors

The search folP. falciparumkinaseinhibitors with better potency anplasmodial selectivity
constituts more than half of current research effort animalarid drugdevelopment® As only

a small portion of the human kinome can currently be targeted by a selective and potent
inhibitor, there is an urgent need for medicinal chesristdevelop strategies fdhe effective
discovery and optimization of nekinase inhibitors. However, studies have demonstrated that
protein kinases are difficult to targEtProtein kinases that are involved in replicatioellular

proliferation and apoptosis have been inhibited by a number of natural products from plant or
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microbial sources. Examples of natural products that are selective and potent inhibitors include
the alkaloid staurosporinég82), the purine olomoucing83) and the flavonoid rohitukin€g4).

Several therapeutic inhibitors of protein kinag8%, 86, 87 and 88, Figure 27 that are
structurallyrelatedto natural products such as these are currently in the various stages of clinical

testing®
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Figure 27: Natural producbased protein kinase inhibitors.

To date, eight ythetic therapeutic protein kinase inhibitdi®9-96, Figure 28 have been
approved by the FDA (Food and Drugrihistration) in the US® All of the eight are indicated
for the treatment of oncological diseases. These US-&ppkoved, smalinolecule inhbitors

can generallybe classified depending on the protein kinase they are targdimmgexample,
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Gleevec (Imatinib, Neertis), dasatinib and nilotinilnhibit BCR-ABL fusion protein kinase, in

chronic myeloid leukemia.
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Figure 28: FDA approved protein kinase inhibitors.

The discovery of thesterapeutic protein kinase inhibitaad other kinase inhibitors in clinical
trials has been possibldue tothe significant understanding of how &y bind to their target
kinases, in either a classical or nonclassical manfteeseUS-FDA-approved small molecules,

bind at or near the ATP pock&hemical modification or analogue synthesis was performed to
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identify inhibitors of a new kinase target. These efforts have led taifo®very of many
scaffolds that recognise the Afihding site, including pyrimidines, purines, quinazolines and
quinolines.To date, only dew therapeutic protein kinase inhibitadnave been developed using

the differentapproacks discussed abave

2.7 Aims of this PhD project

The first part of this project involvedising the recently solved Xay crystal structure of
PICDPK4 to design inhibitors with either a pyrrolo[2ipyrimidine or branched pyrimidine
scaffold. Initially, Biovia Discovery Studicsoftware,and later, Schrodingeavailable from the
Centre for High Performance ComputirgHPQ in South Africa wereutilized for this purpose.
Flexible docking protocols were developed and compounds displaying the best binding
interactionswvereconsicered for synthesis.

The second part of this projedescribes the synthesis pyrrolo[2,3d]pyrimidine derivatives
(Figure 29) that are potential inhibitors of FCDPK4 and FCDPK1. The application of
microwave(MW) assisted ring closure in comibdition wih Suzuki couplingvereemployed as
key steps in theynthesisof suitably substituteghyrrolo[2,3-d]pyrimidines. Different functional

groupswereincluded at the N of thepyrrolo[2,3-d]pyrimidine nucleus.

R4
(0]
w, O
T
kN/ N

Figure 29 Proposed structure of pyrrolo[2@pyrimidine derivatives.
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Our proposed synthetic route (Schen® 1o these compounds involve@duction of the
commercially available 4;8iaminopyrimidine2-thiol 97 in the presence of Raney nickel to
afford pyrimidine4,6-diamine 98. lodination at €5 would be achieved with iodine and
potassium carbonate in dimethylformamide (DMF) and water. The halogenated conSound
would then be subjected to Sonogashira coupling conditions using TMS acetylene in the
presence ofatalyic Pd(PPh).Cl, to give productlOOfollowed bytetrabutylammonium fluoride
(TBAF) deprotection in tetrahydrofuran to give a terminal alky& The next step would be a

ring closure using microwave irradiation with cesium carbonate in dimethyl sulf@M&0O)

to afford #deazapurind02 While compoundlL02is commercially available, it is expensive to
purchase and sold in small quantities. Hence, wenpldto synthesise this intermediate.
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Scheme 16Proposed routfor synthesis ofargeted pyrrolo[2,3l]pyrimidines.

With this key intermediat&02 in hand, iodination at & of the pyrrolo[2,ad]pyrimidine core
would be accomplished usimMdtiodosuccinimide (NISjo afford the desired compoudd3, and

this would be folleved by reaction with appropriately substituted alkyh)(Rromides or

49



Chapter 2: Malaria treatment and kinase inhibitors

tosylates in dimethylformamid® afford compound 04 The final step in the synthesis of these
potentialkinase inhibitorsl05would be the introduction of appropriate aryl substituant§-5

via SuzukiMiyaura coupling with boronic acids.

The third part othis PhD project involv@the synthesis dfranchedoyrimidine analogues in an
attempt to identify a simpler scaffold for the development of kinase inhibltothis aspect of
the project wewishedto usethe Sonogashira cross coupling reaction to gain access to the kinase
inhibitors containing the pyrimidine ringOur pioposed synthetic route (Scheme) 1@ these
compoundsis shown below.These compounds could be prepared by monaleophilic
displacement of chlorine as our starting point on-dighloropyrimidine 106 to afford
compound 107a-d. With compoundslO7ad in hand, our next synthetic step would be to
perform the second nucleophilic displacement of the remaining chlatome using agueous
ammonia in ethanol to give the desired produ€i8-d. The third synthetistepwould be to
prepare the iodopyrimidisel0%9%-d using iodinein water and DMF Thereafter, Sonogashira
coupling reaction with different alkynyl derivativesuld be performed to possibly construct the
4,5,6trisubstituted pyrimidine derivativet10a-d as potential protein kinase inhibitors.
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Scheme 17Proposed route towards synthesis of branched pyrimidine.

We planned to seen & final compounds containing the pyrrolo[2§8yrimidine or branched
pyrimidine scaffold for biological activity in a series of assays conducted at Wits University and
Rhodes University. This included both enzymatic asseRfCDPK4 and a whole cell
antiplasmodium assayActive compounds that displayed promising biological activity would be
assessed further for cytotoxicity. Unfortunately, we were not able to obtain the results of enzymatic
assay in time before submission of this thesis. However rélienmary whole cell results indicating
antiplasmodl activity will be discussed.

51



Chapter 2: Malaria treatment and kinase inhibitors

2.8 References

[ —

. Wabhigren, M., Bejarano, M.TNature 1999 400, 506.

2. Kumar, A., Katiyar, S.B., Agarwal, A., Chauhan, P.MGurr. Med. Chem.2003 10,
1137; (b) Shriastava, S.K., Chauhan, P.M.Syrr. Med. Chem2001, 8, 1535.

3. Kumar, A., Katiyar, S.B., Agarwal, A., Chauhan, P.MI3rugs Future2003 28, 243.

4. Hay, S.l., Guerra, C.A., Gething, P.W., Patil, A.P., Tatem, A.J., Noor, A.M., Kabaria,
C.W., Manh, B.H., Elgzar, |.R., Brooker, S2009 PL0oS Med 6.

5. Vaughan, A.M., Aly, A.S.1., Kappe, S.H.Cel Hos. & Mic, 2008 4, 209.

6. Kato, K., Sudo, A., Kobayashi, K., Sugi, T., Tohya, Y., Akashi,R4rasitol Int, 2009
58, 394.

7. Qjo, K. K., Pfander, C., Mueller, N..RBurstroem, C., Larson, E. T., Bryan, C. M., Fox,
A .M .W., Reid, M. C., Johnson, S. M., Murphy, R. C., Kennedy, M., Mann, H., Leibly,
D. J., Hewitt, S. N., Verlinde C. L. M. J., Kappe, S., Merritt, E. A., Maly, D. J., Billker,
O., Van Voorhis, W. CJ.Clin. Invest.2012 122 2301.

8. www.cdc.gov/malaria distribution.

9. Breman J. GAm. J. Trop. Med. Hyg2001, 64, 1.

10.Malaria Cases per Year, National Department of Health, www.doh.g@0@a

11.World Health Organization. World MalariagRort2017 2014[Geneva 27, Switzerland].

12.Gahan,, J. B., Travis, B.V., Morton, F.A., Lindquist, A.\\W..Econ. Entoma| 1945 38,
223.

13.The RTSS Clinical Trials PartnershipN. Engl. J. Med 2011, 365, 1863.

14.Patarroyo, M. E., Amador, R., Clavijo, P., Moreno, A., Gan, F., Romero, P., Tascon,
R., Franco A., Murrilo, L. A., Ponton, Q\ature 1988 332 158.

15.D'Alessandro, U., Leach, A., Drakeley, C. J., Bennett, S., Olaleye, B. O., Fegan, G. W.,
Jawara, M., Langerock, P., George, M.O., Targett, G.@ncet 1995 346, 462.

16.Nosten, F., Luxemburger, C., Kyle, D. Eancet 1996 348 701.

52



Chapter 2: Malaria treatment and kinase inhibitors

17.Dondorp, A. M., Nosten, F., Yi. P., Das, D., Phyo, A.¥. Engl. J. Med 2009 361,
455.

18.Noedl, H.,Trends Parasito| 2005 21, 404.

19.Winstanley, P. A.Parasitol. Today200Q 16, 146.

20.QOlliaro, P.,Pharm. Ther, 2001, 89, 207.

21.Wells, T. N., Poll, E.M.Discov. Med.201Q 9, 389.

22.White N. J.New. Engl. J. Med1996 335 800.

23.Shapiro, T. A., Goldberg, D. BPharmacol Ther, 2006,1021.

24.Foye, W. O., Lemke, T. L., Willias) D.A.,Princi. Med. Chem 1995 Chap 32.

25. Olliaro, P.,Pharmacol. Ther.2001, 89, 207.

26.Hitchings, G. H., Elion, G. B., Falco, E. A., Singer,B.Biol. Chem 195Q 183 1.

27.Hyde, J. E.Pharmacol. Ther.199Q 48, 45.

28. Sirawaraporn, W., Sathitkull., Sirawaraporn, R., Yuthavong, Y., Santi, D.¥roc.
Natl. Acad. Sci.1997 94, 1124.

29.White, N. J. Antimicrob. Agents Chemothgt997, 41, 1414.

30.Ramharter, M., Burkhardt, D., Nemeth, J., Adegnika, A. A., Kremsner, RnG.J. Trop.
Med. Hyg, 2006 75, 637.

31.Winstanley, P. A., Mberu, E. K., Szwandt, I. S., Breckenridge, A. M., Watkins, W. M.,
Antimicrob. Agents. Chemothgt995 39, 948.

32.Wilairatana, P., Krudsood, S., Tangpukdee Kdrean J. Parasito] 201Q 48, 179.

33.Lucet, I. S., Tobin, A., Bewry, D., Wilks, A. F., Doerig, CFuture. Med. Chem2012
4, 2295.

34.Derbyshire, E. R., ZuzaHeuis, V., Magalhaes, A. D., Kato, N., Sanschagrin, P. C.,
ChemBio®em, 2014 15, 1920.

35.Pandharkar, T., Liu, H., Estiu, G., Stahelin, R. V., Rizk, S. SundaP015 520 683.

36.Fischer, E. H., Graves, D. J., Crittenden, E. R., Krebs, EJ.@iol. Chem. 1959 234
1698.

37.Zhang, J., Yang, P. L., Gray, N. Slature Review2009 9.

38.Hubbard, S. R., Wei, L., Ellis, L., Hendrickson, W. Nature 1994 372 746.

39.Schwartz, P. AProc. Natl. Acad. Sci2014 111, 173.

40.Akinleye, A.,J. Hemat. Onco}2013 6, 59.

53



Chapter 2: Malaria treatment and kinase inhibitors

41.Garuti, L., Roberti, M., Bottegoni, GCurr. Med. Chem201Q 17, 2804.

42.Harper, J. F., Huang,iF., Lloyd, S. J.Biochemistry1994 33, 7267.

43.Sebastian, S., Brochet, M., Collins, ., Schwach, F., Jones, M., Goulding, D.,
Rayner, JC., Choudhary, 5., Billker, O.,Cell. Host. Microbe 2012 12, 9.

44.Vidadala, RS.R., Ojo, K.K., Johnson$S. M., Zhang, Z., Leonard, &., Mitra, A., Chao,
R., Reid, M.C., Keyloun, K.R., Fox, A.M. W., Kennedy, M., SilveBrace, T., Hume, J.
C.C., Kappe, S., Verlinde, €. M. J., Fan, E., Merritt, EA., Van Voorhis, W.C., Maly,
D. J.,Eur. J. Med. Chem2014 74, 562.

45.0jo, K. K., Eastman, R. TVidadalaR. S. R.Zhang,Z., Rivas,K. L., Choi,R., Lutz, J.
D., Reid,M. C.,Fox, A. M. W., Hulverson M. A., KennedyM., Isoherranem., Kim, L.
M., ComessK. M., Kempf, D. J,, Verlinde, C. L. M. J, Su X., KappeS.H. I., Maly D.
J., Fan E.,Van Voahis, W. C., J. Infect. Dis, 2014 209, 275.

46.Lucet, I. S., Tobin, A., Drewnb., Wilks, A. F., Doerig, C.Future Med. Chem2012, 4,
2295.

47.Vitari, A. C., Deak, M., Morrice, N. A., Alessi, D. RBBjochem. J 2005 391, 17.

48.Grant, S. K.Cell. Mol. Life Sci, 2009 66, 1163.
49.Savag, D. G., Antman, K. HN. Engl. J. Med 2002 346, 683.

54



Chapter 3. Synthesis of pyrrolo[2,3d]pyrimidines

CHAPTER 3: SYNTHESIS OF PYRROLO[2,3-d]PYRIMIDINE
ANALOGUES.

As discussed in Chapter 2, the aim of this projegas to synthesise novel
pyrrolo[2,3d]pyrimidine anabguesas potentialinhibitors of RCDPK4 and RCDPKL. It has
been reported that inhibition dflasmodium falciparuntalciumdependent protein kinase 4
(PfCDPK4), enzyme responsible fosexual stage development in the mosquibbocks
gametocytes maturatidn the mosquitd.Vidadala and cavorkers have shown that structural
features can be exploitedMiICDPK46s ATP binding site td achie
Hence, this suggests thRfCDPK4 represents a promising drug target for the developafent
malaria transmission blocking agent®yrazolopyrimidins have been synthesized as
transmissiorblocking compounddy Ojo and ceworkers® These compounds contabulky
groups at the C-3 position of the pyrazolopyrimidine nucleudue to thesmall gatekeper
residue serine, ofPfCDPK4. The bulky groups occupy the hydrophobic pocket adjacent to this
gatekeeper residue and impart selectivity f6@€BPK4 over most kinases that haveaager

residue at this position (Scheme 18).

R
_B
R, O \o
NH B or
2 X Ry-Y NHz - x HO™ “oH
AN
'\i/ N K,CO3 or Cs,CO5 I\i YN PA(PPhy),
N H > kN/ N aq Na,COs3
DMF, rt or Heat R, >
DME, 80 °C
X =Br, |
NH, R,
N™ 7N\
OﬁN
N~ N
R

Scheme 18Synthesis of pyrazolopyrimidine compounds used by Ojo awdockers?
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Due to the structural similarity of these two kinasefCHPK4 and FCDPK1, and the
availability of a crystal structure #fCDPK4, we hopé to design and synthesizecompound

with the potential to inhibit botiPfCDPK1 andPfCDPK4. We planed to develop a dual
PICDPK1/RCDPK4 inhibitor, which would be suitable for both treatment of malaria and
prevention of transmission. We pleedto do this by synthesising a seri@scompounds that
contain the pyrrolo[2&lpyrimidine nucleusl11 (Figure 30), which is different to the scaffold
reported by Ojo and eworkers.These compounds were designed based on Compound 1294
(Figure 26, shown in the previous chap}ewhich is asynthetic inhibitor of CDPK4 and it
inhibits exflagellation of gametocytes. Compound 1294 has a better bioavailability and longer
half-life when compared to precursors; hence this transmisdamking agent could be used in
combination with current tréments such as ACT to eradicate malande wanted to explore

the possibility of using a different heterocyclic core for this purpose.

Figure 30: 7H-pyrrolo[2,3d]pyrimidine.

3.1 Molecular modelling

In order to rationdy design novel inhibitors targeting CDPKs, we have used molecular
modelling of the recently solved-bay crystal structure offEDPK4 (4QOX from the RSCB
protein data bank). Pyrrolo[2@pyrimidine derivativesvere docked intaghe ATRbinding site

of the PfCDPK-4 model to identify the key interacting residuesng Biovia Discovery Studio
softwareinitially; and then later Schrodinger (2047 Maestro 11.4). The change in software
came about as a result of changes in licensing rights to the CentredgiorRdiformance
Computing (CHPC) and academic institutions in South Africa. Usingombination of
modelling, the results obtained by Ojo and-veorkers; and depending on commercial
availability of suitable fragments, we planned t®sign andsynthesise a ibrary of

pyrrolo 2,3-d]pyrimidines bearing a variety of substituents a? Mind G5. We considered a
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series of aromatic substénts br C-5; including 2methoxyphenyland 3,4-dimethoxyphenyl
(owing to the commercial availability of these boronic acids)well as bulkier naphthalenes to
bind in the hydrophobic pocket of the binding skeg(ire 31).

L o™
OMe - OMe :LLL

X =
OEt O\/\oEt
NO G-
NH, x
AN 5
[P
7 N
X
Y= o
< |
A s
N\fo N
RS
Boc

Figure 31 Proposegyrrolo[2,3d]pyrimidines bearing a variety of substituents af ldnd G5.

For N-7 of thepyrrolo[2,3d]pyrimidine nucleus we wanted to include both hydrophobic groups
and those with the potential to form hydrogemds with Glu154 in the sugar pocket. As there is

an additional hydrophobic pocket near the carbohydrate binding region; both hydrophobic and
hydrophilic groups have the potential to form good binding interactions in this region. We
therefore includectyclopropylmelyl, N-acetyl piperidinyl methylN-Boc piperidinyl ethynyl

and 2morpholinoethyl groups in this positiole then dockedhe pyrrolo[2,3-d]pyrimidines
bearing these functional groups at7/Nand G5 into thePfCDPK4 active site (using glide; in
Schrodinger) and ligands were ranked according to their docking scores and glide scores.

Docked poses of each compound were assessed vigaallyentify whether the expected
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hydrogenbonding interactions with key amino acid residues in the hinge region were present;
notably Asp148 and Tyr150. See for exampigure 32, which shows hydrogehonding of the
pyrrolo[2,3-d]pyrimidine core to Aspl4&nd Tyrl150.

Figure 32 A picture from themolecular modelling showing hydrogen bond interactions with

the piperidine moiety and ttpyrrolo[2,3-d]pyrimidine core.

Interestingly; pyrrolo[2,3-d]pyrimidines bearing cyclopropylmethyl at N7 gave rise toposes
with the bestdocking and gliding scores; followed by those bearing piperidinyl groTips
results also showed that 3,4dimethoxyphenylsubstituent at & is better than the-
methoxyphenylsubstituent in general. Th8,4-dimethoxyphenylcompound can form an
additional Hbond with Asp215Kigure 33, a); while pi interaction with Lys99 is observed for
2-methoxyphenylcompounds Kigure 33, b). However thepyrrolo[2,3d]pyrimidines bearing
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naphthalenesubstituents at S showed better binding ovelakthan either of the2-
methoxyphenylcompounds The naphthyl substituents are able to fill the large hydrophobic
pocket in this region better than the phenyl substitudfitpufe 33, ¢). We also noticed that
compounds with anethoxy substituent othe G5 naphthalenegroup seemedo show better

resultsthanthose bearing long@thersge.g.ethoxy and ethoxyethoxy substitugnt
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Figure 33 A picture from themolecular modelling showing comparison betw8ghdimethoxyphenytompounds
and 2-methoxyphenylcompounds; as well ds/drogen bond interactions with compounds bearing the naphthalene

group on G5.
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Compounds bearing the piperidine moiety also shogeald hydrogen bond acceptor/donor
interactions. Additional hydrogen bonding was alsceolrsd when this moietywasprotected by

an acyl or Bogprotectinggroup. The results from our modelling studies showed tpap&ridine
compoundsgave lower docking scores than thepiperidine counterpartsuggesting better
binding interactiongFigure 34, a). Extending the alkyl chain by an additional carbon atom was
also promising; and additionatbbnding interactions could be identifideigure 34, b).
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Figure 34 A picture from themolecular modelling showing hydrogen bond interactions with 3piperidine
moiety, ethyl piperidinel-carboxylate and thpyrrolo[2,3d]pyrimidine core.

A number of hydrogen bond acceptor/donor interactions were seen between the compounds
bearing the2-morpholinoethyl side chaiand key amino acids residu@ssp148 and Tyr150in

the hingeregion but the expected additionakibbnd with Glul54 in thearbohydratéinding

region was nobbserved Kigure 35, a). However; we did not explore induced fit docking of
these compounds to increase the potential for tiesaction. Compounds with a benzyl group at

N-7 docked as expected in the active site, but generally gave higher docking scores; indicating

weaker bindingKigure 35, b).
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Figure 35 A picture from themolecular modelling showing hydrogen bond iatgions with key amino acids

residues.

The results from our modelling studies stlalthat thesepyrrolo[2,3d]pyrimidines bearing
benzyl, cyclopropylmethyl(N-acetylpiperidird-yl)methyl, 2-(1-Boc-piperidin-4-yl)ethyl and 2
(morpholin4-yl)ethyl on N-7 of the scaffoldcould potentially act as inhibitors BfCDPK4.Key
hydrogenbonding interactions were observed between Tyrl50 and Aspl148 in the hinge region
of PICDPK4and N3 and «NH, groups of theyrrolo2,3-d]pyrimidine scaffold As discussed in

the pevious chapterthe interaction shown by thespl48and Tyrl50 residues with the-3y 4-

NH and H2 of pyrrold2,3-d]pyrimidine heterocyclés crucial for the interaction witthe kinase
domain of the protein. We therefore embarked on the synthesis ofbeafy of compounds

bearing these groups.

3.2 Synthesis of novel pyrrolo[2,3]pyrimidine analogues as kinase inhibitors of
Plasmodium falciparunmcalcium-dependent protein kinases.

The proposed synthetic route towards novel pyrrolefp§rimidine analogue (Scheme 16,
shown in previous chapderinvolves reduction of the commercially available -4,6
diaminopyrimidine2-thiol in the presence of Raney nickel to afford pyrimiedh&diamineg

which would be subjected to iodination followed $gnogashira couplinreaction with TMS
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acetylene in the presence of Pd(PRPI; to give a terminal alkyneSubsequent ring closure
using microwave fadiation with cesium carbonatgives the desired M-pyrrolo[2,3
d]pyrimidin-4-amine. With this key intermdiate in hand, iodation at G5 would be
accomplished usingN-iodosuccinimide (NIS), and this would be followed by reaction with
appropriately substituted alkyl {(Rbromides or tosylates in dimethylformamide. The final step
to these kinase inhibitors would be the intrddc of appopriate aryl substituents atEvia
SuzukiMiyaura coupling with boronic acidQur synthesis of potential protein kinase inhibitors

followed this ten step process.

3.21 Synthesis of pyrimidine4,6-diamine’

NH, NH,
4 4
N~ X\5 - N~ X5
pp L
HS 2 N” 6 NH, N" 6 NH;
97 08

Scheme 19Reagents and conditions: Raney Ni, agsNHO, reflux, 2 h, 96%.

Our synthetic route to these compounds started with commercially available 4,6
diaminopyrimidine2-thiol 97. Our first synthetic step (Schert), was to perform reduction of
4,6-diaminopyrimidine2-thiol usirg freshly prepared &ey nickel. The reaction was conducted
by heating to reflux in amgueous ammonigolution for 2 hours. The pyrimidirg 6-diamine
product was formed as a single spot on TLC indicating complete consamgtial,&
diaminopyrimidine2-thiol. Excess catalyst was filtered off (not filtering to dryness) under
vacuum using Buchner funnel. Afteremovalof the solvenin vacuq the reduced product was

isolated as a light yellow solid in 96% yield.

The formationof 98 was confirmed by bothH NMR and**C NMR spectroscopy. In thtH
NMR spectrum, the only significant difference from the starting material wasighal at 7.81
ppm due to H2 and the absence of ar Signal.In the*C NMR spectrum theignaldue b G-2
shiftedto 157.8 ppmfrom 175.6 ppnindicating the success of the reaction.

62



Chapter 3. Synthesis of pyrrolo[2,3d]pyrimidines

3.2.2Synthesis of Siodopyrimidine -4,6-diamine®

NH, 4NH2
I
N > N~ g
m ~ 2& Z
N NH, N” 6 NH,
98 99

Scheme 20Reagents and conditions; K,COs;, DMF/H,0, 45 °C, 4 h, 76%.

lodination reagbns of pyrimidines are known to affordi@dinated products. This reaction is
completely regioselective and typically none of thedinated products are isolatedhus,
compound98 was dissolved in a mixture of DMF and water and to this solution wdsdad
potassium carbonate followed by iodine (Scheme 20). The resulting reaction mixture was heated
at low temperatures ranging from 4045 °C according to the literature proced¥i@nd the
progress of the reaction was monitored by TLC analysis. After lepenponversion of all of the
starting material to the product, the reaction was quenched with sodium tiestife desired
product99 precipitated out of solution and was collected by filtration as a yellow solid in a good
yield of 76%.

In the'H NMR spectrum,the singlet signal at 5.38 ppm had disappeared and iHGhBIMR
spectrum the signal due to-Zshiftedto 55.21 ppm from 82.6 ppmindicating successful
iodination at this position. The proton signal due to H2 between the two nitrogen atontsl was s
visible at 7.72 ppm in th&H NMR spectrum, initating that no substitution hadken place at

this position.

3.2.3Synthesis of g (trimethylsilyl)ethynyl] pyrimidine -4,6-diamine by utilisation of the

Sonogashira reaction

NH, NHy TS
| 4
N N o N N 7/8
L T L L
N™ NH, N6 NH,
99 100
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Scheme 21Reagents and conditions: cat. Pd(BRICul, diisopropylamine, THF, 70 °C, 4 h, 48%.

The Sonogashira coupling reactionais extremely useful reactian organic chemistryor the
coupling of aryl haliés and terminal alkynes the presence of a palladium(0) or palladium(ll)

catalyst, copper(l) coatalyst, and an amine base in a solvent such as DMF of THF.

The catalytic cycléFigure 36) starts with an oxidative addition of the’Pd.2to the RX to form
four-coordinatedoalladium complexL13 The next step in the cycle involves intersection of the
palladium cycle with the copper cycle to form a palladium acetylide. This step is called
transmetallation and is often the rate determining step in the catalytic 'tyEtansktis
rearrangement occurs next, and the final step is the bond formation between the two organic

moieties. This step is called reductive elimination.

R!——R?
0 R'X
Pd°L,
112
reductive oxidative
elimination addition
L
L— Pd R! R-Pd —Xx
|
// L 113
7
R? )
——R
trans- Cu
metallation
gls/traps RaN*H, X-
isomerization
Rz—Pd—R1
R;N
Cu*X
\\/ H— RZ
Ccu*X-

Figure 36: Mechanism for the Sonogashira crassipling reaction.
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For the formation ofcompound100, 5-iodopyrimidine4,6-diamine 99, copper(l) iodide and
Pd(PPh), were placed in a two neck round bottom flask and degassed usgeasnd vacuum
sequentiallyfor 10 7 15 minutes(Scheme 21) A degassed solution of THF, theade
diisopropylamine andxcessthynyltrimethylsilanavas discharged into the reaction medim
a dropping funnelThe resulting mixture was heated at 4O for 4 hours undea nitrogen
atmosphere. After workup and purification by slicgel column chmmatography, 5

[(trimethylsilyl)ethynyljpyrimidine-4,6-diamine100was obtained in an average yield of 48%.

Three signals were observed in it NMR spectrum ofL00. A singlet in the aromatic region
was assignedot H2 and a broad singlet at 6.3%pm integating for four protonswas
characteristic of the NHprotons. In the glihatic region, a singlet at 0.28m integrating for
nine protons was assigned to the trimethylsilyl group. A close examination 6fGhEMR
spectrum showetlvo signak at 994 ppmand 972 ppm indicating the presence of the alkyne
functionality. IR analysis showed a stretching band at 2438, which is an indicatiorof the

CIC bond of the al kynyl group.

3.2.4Synthesis of Sethynylpyrimidine -4,6-diamine

NH
NH TMS 2
2 F 4 Z2
N 7
N~ - | 5
L - N
N NH, N 6 NH,

Scheme 22Reagents and conditions: TBAF, THF, 0-°@&, 3 h, 85%.

The next step in the synthesis was to remove the trimethylsilyl groaffdi the terminal
alkyne.According to the literature,epprotection of the trimethylsilyl group could behieved by

using potasium carbonate in methafbbr tetrabutylammainm fluoride (TBAF) in THE? We
decided to use the TBAF method due to shorter reaction times. The desilylation reaction was
carried out by dissolving the starting matediDin THF & 0 °C. TBAF was then added to the
reaction flask drojwise (Scheme 22)The resulting mixture was warmed to room temperature
and stirred for three hour#fter normal workup, the crude product was purified dpjJumn

chromatographyo furnish the desiredrpduct10las a yellow solid in a good yield of 85%.
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The disappearance of the chaeaistic upfield singlet at 0.28pm in the'H NMR spectrum due
to the trimethylsilyl group and the appearancanéw signal at 4.57 ppm due to terminal alkyne
H8 confimed the formation of the desired product. Bignal previously found at 0.Gipm due

to the trimethylsilyl group in thé®C NMR spectrum had alsalisappeared. This further
confirmed the formation of the desired productethynylpyrimidine4,6-diamine 101 The

alkynyl carborsignal also shifted to 77.ppm and 76.1 pprfor C8 and C7respectively.

3.2.5Heteroannulation to afford pyrrolo[2,3-d]pyrimidine.

3.2.5.1 Literature methods for the heteroannulation of terminal alkynes.

There are numerous methods the literature that have been employed with the aim of
convertingheteroaromaticSonogashira couplingroductsinto indoles, pyrrolopyrimidines and
azaindoles?® This includes the use of reagents ranging from bases to metal salts in order to
achieve tlese conversions. This type of reaction betwetarrainal alkyne and an amino group

to form a fuseepyrrole ringby anendodig cyclisationreactionis highly favouredaccording to

Bal dwi nbs rul es.

Koradin and ceworkers treated 2,6-aminopyridine deriative with potassiuntert-butoxide in
N-methylpyrrolidinone (NMP) at room temperature to afford tiie- 7-azaindole derivativV@in

an excellent yield of 95%Scheme 233). Other researchers have reported the use of microwave
irradiation assisted synthe$or the conversion cbonogashira products using bases and water as

the solvento form a fuseebyrrole ring(Scheme 23).'®
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Scheme 23Reagents and conditions: (i) KOtBu, NMP, rt, 95%, (ii) NaHQ@®O, 200°C, 200 W, 52%

(iii) Cul (10 mol%), EtN, MeOH, reflux, 3h, 50 82%."

Moreover, in 2007, Nyffenegger acd-workersreported the synthesis of pyrrolo[ZBriazines
by Sonogashira/copper{tatalysed heteroannulation iafluxing methanol (Scheme 28). As

shown below, they have obtained these biologically important heterocycles in good‘yields.

However, for the purpose of this PhD project we wanted to form the pyrroldjf2/8midine

ring by Sonogashira heteroanrtidga. As mentioned previously, there are various methodologies
that involve substrates containing a pyridine ring but very limited ones for those containing a
pyrimidine ring.In the sections that follow, our attemptiseffectingthis ring closing reactio will

be discussed.
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3.2.5.2 Attempted synthesis ofH-pyrrolo[2,3-d]pyrimidin -4-amine using TFAA/TFA

mixture

Y

. R
| X (I) 2 AN A
_ | Ry
N NH» H

Scheme 24Reagents and condition$; TFA, TFAA, MeCN, 100 °C.

During his tenure at the Unikgty of the Witwatersrand, Dr Leboho andworkers synthesised
7-azaindole derivatives of general structdre4 (Scheme 24" They usedan acidcatalysed
reaction employing 1 equivalent of trfiroacetic acid (TFA) and 1.3 equivalents of trifloacetc
anhydride (TFAA) in acetonitrile to facilitate this transformatibime above reaction worked well for

their synthesis and theazaindole derivatives were obtained in good yields.

We tested this methodology using the same condit{@theme 25)n an datemptto form our
7H-pyrrolo[2,3d]pyrimidin-4-amine ring102 Unfortunately, the methodology used to prepare
7-azaindole derivatives was not successful in our case. After workup and purification by column
chromatography, the starting material aragliousproducts not includingl102 were isolatedn

low yield. This might be due to the difference in the reactivity of the two substrates, pyridine vs
pyrimidine. It has beereportedin the literature that the-and 4amino groups of pyrimidinare
relatively norrnucleophilic under normal condition$ This could explain why the reaction shown

below inScheme5 was not successful.

NH, NH,
AV4 o N™ S\

m I~ /\ o m —
N~ “NH, NTTN

Scheme 25Reagents and conditions: TFA, TFAA, MeCN, 100 °C.
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Further attempts to facilitatdneé ring closure reaction included conducting the reaction using
compoundLO0in the presence of iodine and acetonitrile as a solvent, followed by treatment with
potassium carbonate in methanol as describgd Rao and cavorkers (Scheme26).*
Unfortunately,this attempt was not successfwith only 5-ethynylpyrimidine4,6-diamine 101
isolated as the produrtstead of the desiretD3

NH, TMS NH,

|
=

NS S VA NS

m 7 m P
N NH» N N
H
100 103

Scheme 26Reagents and conditions: (3) K.COs, CH;CN; (2) MeOH, KCO:s.

3.2.5.3 Synhesis of H-pyrrolo[2,3-d]pyrimidin -4-amine using microwave

irradiation
NHz NH
8 2
& 4 9 5
N X 7 N AN \
L - L e
~
N~ “NH, NN H7
101 102

Scheme 27Reagents and conditionssfCO;, DMSO, MW, 100 W, 180 °C, 15 min, 50%.

As we had not been successful in effecting ring closuidford our desired pyrrolopyrimidine,

we next attempted the use of microwave irradiation to perform our ring closure step. The use of
microwaveirradiationhas beersuccessfullyapplied in organic chemistry. The reaction times are
short and minimal amants of solvent are required. Hence, it is considered a green method in

organic synthesi&,

To this end, Eethynylpyrimidine4,6-diamine 101 was placed in a microwave tube anéated

with DMSO and cesium carbonaf8cheme 27)The resulting reaction mixte was irradiated at
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100 W and 180 °C for 15 minutes and afteorkup and purification by silica gel column
chromatography7H-pyrrolo[2,3d]pyrimidin-4-aminel02was isolated in 3% yield.

The formation of the product was confirmed using NMR and infrapettroscopyln the 'H
NMR spectrum,the singlet signal at 4.57 ppm due to H8 had disappedtesl.'H NMR
spectrum of the produd02 contained twodoublet of doublet signalsat 7.05 ppm and 6.51
ppm, integrating fooneproton each, accounting fbi6 ard H5 respectivelyThe broad signal at
11.42 ppm integrating for one proton was due bl.Nn the'*C NMR spectrum, two signals at
77.4 and 76.1 ppm due to the CIC bond had
confirmed by the disappearanof the fretching band previously found at 2092 tin the IR

spectrum due to the alkyne group.

Several other experimental methods watempted for this ring closune an attempt to improve
the yield of product, but we were unfortunately unsuccessfulpreparing the H-
pyrrolo[2,3d]pyrimidin-4-amine ring from Eethynylpyrimidine4,6-diamine by any other
method. This included the use of potassi@mt-butoxide inN-methylpyrrolidinone (NMP)?
potassium carbonate in methanol (Me@Hand Cul (2 md¥) in N,N-dimethylformamide
(DMF).* In some cases, the starting materia&tBynylpyrimidine4,6-diamine, was recovered,

while under other reaction conditions, unknown products were isolated.

3.2.6Synthesis ofs-iodo-7H-pyrrolo[2,3-d]pyrimidin -4-amine

NH, NHy
9

(0 oS
~ ~

N 2 8 N7

N H N H
102 103

Scheme 28Reagents and conditions: NIS, DMF, 60 °C, 4 h, 57%.

Having successfully prepared thHeey intermediatel02, our next synthetic tgp was to
functionalise the & positionfor subsequent reactiohl-iodosuccinimie& (NIS) is an effective
iodinating agent that is used for electrophilic iodinations andh aurce ofiodine. 7H-
Pyrrolo[2,3-d]pyrimidin-4-amine 102 was treated with NISin DMF according to a literature
proceduré’ affording the iodinated compound83in 57% yield.
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It is important to mention that the@ositionof the H-pyrrolo[2,3-d]pyrimidin-4-amine skeleton
is the most reactive towards electrophilic substitution. This can be explained on the Basis of
electron density, frontier electron density aodalization energ%# Hence, iodination of this

moiety will takeplace at the preferredgosition.

Four signals were observed in th&é NMR spectrum of the product compared to the five signals
thatwerepreviously observed in théd NMR spectrum of the atting material. In théH NMR
spectrum, a doublet of doublets@b1 ppmcorresponding to H5 had disappeared. A signal at
50.1ppm in the"*C NMR spectruntorresponding to € further confirmed the formation of the
desired productThe molecular ion wasonfirmed by HRMS to be [M+H] 260.9644hich was

consiséent with a molecular mass of 260.9688lculated for GHgIN 4.

3.2.7Synthesis of7-benzyl5-iodo-7H-pyrrolo[2,3-d]pyrimidin -4-amine

With our iodinated pyrrolopyrimidine in hand; we were now in &sifian to introduce
functionality at N7 and G5.

Br
NHy | é
m
_ Y
N
N©H

103

Scheme 29Reagents and conditions: LL£;, DMF, 70 °C, 18 h, 59%.

We initially tested théN-alkylation with benzyl bromide and compouh@3 It is worth mentioning

that the compounds bearing the benzyl moiety af Mere not optimal in molecular modelling
studies. However, we used this series as a model study for the development of the methodology for
this library of compoundsTo this end, Sodo-7H-pyrrolo[2,3d]pyrimidin-4-amine 103 was
dissolved in DMF and treated with benzyl bromide. The resulting reaction mixture was heated at
70°C for 18 hours under basic conditiogf@heme 29 After normal extraction and purification

by column chromatography, compouh@a was i®lated as a light brown solid isn average
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yield of 59%."H NMR and**C NMR spectroscopy confirmed formatioh compoundlO4a. In
the'H NMR spectrum, the phenyl protons appeared as a muliipeB82i 7.22 ppmintegrating
for five protons A singlet at5.32 ppm was assigned tel The mass spectrum also corresponded

well with the expected mass of the product.

3.2.8Synthesis of7-benzyl5-(2-methoxyphenyl)7H-pyrrolo[2,3-d]pyrimidin -4-amine

and analoguedy utilisation of the Suzukii Miyaura cross coupling reaction.

Yy

" 104a

HO.__OH
B

Yy

Scheme 30Reagents and conditions: Pd(Bghaq NaCO;, DME, 18 h, 45% 48%.

Having successfully prepared compodda, we were now set for the Suzuki coupling reaction
with commercially ®&ailable 2-methoxyphenylboronic acid(Scheme 30) and3,4
dimethoxyphenylboronic acid

The SuzukiMiyaura coupling reactiomvolves formation of a carbecarbon bondln essence,

this reaction facilitates the coupling of aromatic moieties, forming allharyd between these
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two moieties. The reaction is usually catalysed by a palladatadyst and it involves coupling
between halider triflate and an organoboronic acid or ester under basic condititiriBhis G

C bond formation reactiofinds extensie application for ie preparation of pharmaceutical
drugs andn thetotal synthesis of natural products.

The SuzuktMiyaura cross coupling reactiobhegins with an oxidative addition whetlee aryl
halide couple with the palladium catalyst Pd(0) to yieth organopalladiufi) complex
(Figure 37). In this catalytic cycle, the oxidative addition is often the-dateermining stef” In
general, the oxidative ddion step is quicker for iodderivatives andmuch slower for chloro
compounds, roughlyipllowing thetrend I1>OTf>Br>>Cl|.%®

R—R'
118 RX
PdOL,
rel_du_ctiV_e oxidative
elimination addition
14
] L
o R—Fl’d—” X
R-Pdi—oL L 116
RI
rearrangement quaér:;”ation RB(OH)2
L
R—Fl’d”—R‘ XB(OH),
L 117

Figure 37: Mechanism of the Suzuhiliyaura crosscoupling reaction.

Once formed, ntermedate 116 reacts withthe organolmron compound to give palladigH)

complex 117, where plladium mantains its oxidation state of +2. This step is called
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transmetallation.Once trans/cis rearrangements complete it is followed by the final step
(reductive elimination) to furnish the desired prod@t8 and regenerates tHed(0) species

which reentersthe catalytic cycle.

With thetwo moieties in hand required for the Suzbkiyaura coupling reaction, we were now
in a position to test the final step for the preparation of potential protein kinase inhibitors

containing the pyrrolo[2;8]pyrimidine coe, as shown in Scheme 30.

To this end; compoundO4a was treated with catalytiPd(PPh), and commercially available
boronic acids in DME at 80 °C. In each case; a new product was isolated in moderate yields.
Table 1 below shows the key diagnostic signédund in bottH NMR and**C NMR spectra for

each of the products. The HRMS results of the products are also given in the table. In each case,
the dehalogenated starting material was recovered from the reaction, accounting for the moderate
yields of theproduct C5 in compound&15ab was now observed at approximately 126 ppm.

Table I Key spectroscopic signals for Suzuki coupling prodat&a-b found in both'H NMR
and™C NMR spectra.

Entry | Product Yield NMR  spectroscopi( HRMS
information/ ppm (*H
%) " ppm (
and—C)
1 'H: 8.13 (s, H2),7.66| Calculated for
T 7.58 (m, H@', 3.78 C20H19N4OZ
(s, OMa. 331.1561
48 found: [M + HJ'

¥%c: 1583 (G4),
151.7 (G2), 125.5 (G
5), 101.4 (G6), 56.0
(OMe).

331.1534.
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'H: 8.16 (1H, s, H2)| Calculated for
6.15 (2H, S, N|2|), C21H21N402:
3.79 (s,OMe), 3.789| 361.1666

45 (s, OMe). found: [M + HJ'
| . Be: 1577 (G4), 361.1622.
ol > 152.2 (G2), 127.6 (G
5 4.3 5), 56.1 (OMe), 55.8

(OMe), 476 (C-1).

As mentioned aboveesults from the molecular modelling showed that the benzyl misietgt
accommodated particularly well ithe active site of the enzyme. Hence, only two final
compounds of this series were prepatg¢dwever, the methodoljy we have developed for the
synthesis of substituted pyrrolopyrimidines appears to work well, and as such we embarked on
the synthesis of analogues. To this end, a number of boronic acids were prepared which could be

utilised in our synthetic route.

3.29 Preparation of 6-methoxynaphthalen2-yl-2-boronic acid and analogue$’?

The last step of the synthesisaifr novel protein kinase inhibitors containitige pyrrolo[2,3
d]pyrimidine skeletornis to performa Suzuki coupling reactiomsing a palladiumatalystand an
appropriate boronic acid or boronate pinacol esérile some boronic acids are commercially
available, we had to prepare a range of boronic acids containing a naphthalene skeleton.
Boronate pinacol ¢srs can be prepared fraoms(pinacdato)diboron, Pd(I1)Ch(dppf), KOAc in

DMSO or dioxane at 85C,* whereas boronic acids can be prepared by utilising conditiens (
butyllithium, triisopropyl borate in THF) well known in the literatdfé® Although both

methods are easy to perform, we shdo prepare the boronic acids due to economic reasons.

Hence,a numberof aryl boronic acidsvereprepared by first alkylating-Bromonaphthalei-ol
119 using alkyl halides. This reaction was performed by dissolvibgohonaphthalei-ol in
acetone ando this was added the base potassium carbonateQd followed by the alkyl

halide (Scheme 31T.he reaction mixture was refluxed for 18 hodrise progress of the reaction
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was monitored by TLC (20% EtOAc/hexane). After filtration aedoval of the sohent in
vacuq the crude product was purifiéy silica gel chromatographyn the synthesis d-bromeo
6-methoxynaphthalen@20a compound119 was treated as described with methyl iodide to

afford the producas a cream white solid in 93¢4eld.

The succes of the reaction was confirmed by NMR spectroscopy. IftheMR spectrum, the
aromatic region contained six signals as expected. In the aliphatic region, a definitive signal that
confirmed the success of the reaction was the singlet visible at 3.83yprothe methyl

group. The®*C NMR spectrum showed a signal at 55/8n due tahe methoxy carbon.

Two other analogue$20b-120c were prepared in a similar manner using the above procedure
(Scheme 31)Table 2 below shows the results obtained for thefedént alkyl halides used

together with the NMR spectroscopic information of each of the products.

BI’ Br 5 4
—
.R
OH 7 o 1
8 1
119 120a-c

Scheme 31Reagents and conditions;®0s, alkyl halide, acetone, reflux, 8®3%.

Table 2 Key signasin the®H NMR spetra ofalkylatedcompound 120a12Cx.

Entry | Alkyl halide used NMR spectroscopi
R Product information/ ppm {H)
' (% yield)
1 CH;—I CHy—$— 93 H: 7.89 (d,J = 2.0 Hz,H5),
3.89 (3H, s, OMe)
120a
CHCH,—B H: = ]
2 3CH, r CH3CH2—§— 88 H: 4.11 @, J = 7.0 Hz, HY),
HZ HY 1.46 (3H, tJ= 7.0 Hz, H2
120b
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85 |'H: 3.847 3.82 (2H, m H2),
3.61 @H, g, J = 7.0 Hz, H3)
1.25 @H,t, J= 7.0 Hz,H4)

Br 3 2
3 /\O/\/ . /\ O/\j?;
1

120c

For our specific neex] as a precursor to the Suzlkiyauracoupling reaction, it was essential to
synthesise théoronic acid from the previouslprepare®-bromo-6-methoxynaphthalen&20a

and analoguesThe preparation of an aryl boronic acid is achieved by firstly forming an
organolithium moiety from an aromatic or heteroaromatic halide. The organolithium
intermediate is thetreated with trimethyl borate oriisopropyl borate. The newly formed aryl

borateester is themydrolysed to the corresponding boronic acid using dilute acid.

Br (?H
- _B
o” O
O/
120a 121a

Scheme 32Reagents and conditions:BuLi, B(O'Pr), dry THF,-78 °C, then HCI (aq}$ h, 89%

Using this protocql6-methoxynaphthale@-yl-2-boronic acidl2la was prepared by treating 2
bromo6-methoxynaphthalen&20a with n-BuLi (2.0 M/THF) in dry THF at-78 °C undera
nitrogen atmosphee (Scheme 32). To thiwas added an excess of triisoprofpgratevia a
syringe. The reaction was then treated with 10% aqueous hydrochloritodeidirolysethe

borate ester to the corresponding boronic acid. TLC analysis showed the formation of the
boronic acidas it is more polar than the starting materiab/@mo6-methoxynaphthalene.
However, 6methoxynaphthalef-yl-2-boronic acid 121a was not purified further due to

instability (decomposes on silica) amas used asolatedin the next step.
Two other aryl boronic acid analogué21b-121c were prepared sing the above procedure
(Schene 33. All boronic acid analoguesvere used in the subsequent coupling step without

purification.
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Br OH

_B
_R; HO
(@) Ry
(@]

120b-c

\

R, = CH3CH2-%—, 90% 121b

= oY L 83% 121c

Scheme 33Reagents and conditions: §BuLi, B(O'Pr), dry THF,-78 °C, the HCI (aq)4 h.

3.2.10 Synthesis of 7-(cyclopropylmethyl)-5-(2-methoxynaphthalen6-yl)-7H-pyrrolo[2,3-
d]pyrimidin -4-amine and analogues.

With the successful synthesisafmpoundLO3completed, wavere now able to continueith
the next step of our synthesis.

3.2.101 Synthesis of A(cyclopropylmethyl)-5-iodo-7H-pyrrolo[2,3-d]pyrimidin -4-amine

Br NH, |

> | 6
N| A N ZKN/8 N~z
L Ay

N"H

2] 104b
103

Scheme 34Reagents and conditions: L££;, DMF, 70 °C, 18 h, 57%.

The heterocyclic@ampoundl03was treated witla series oalkyl bromide#osylatesin the first
instance, he reaction was carried out by dissolving the starting mat&€ialin dry DMF.
Cesium carbonate &CQO;), was then added to the reaction flask in one portion. This was
followed by a dropwise addition gbromomethyl)cyadpropanevia a syringe(Scheme 34)The

resultant reaction mixture was heated afCCdor 18 hours and the progress of the reaction was
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monitored by thin layer chromatography (TLC) urtdmplete consumption of the starting
materialwas observedAfter namal extraction, removabf the organic solvenin vacuoon a
rotary evaporator and purification by silica gel column chromatography, comdd4idwas

obtained as a light orange solidanaverage yield of 57%.

In the 'H NMR spectrum, the singlet signdue tothe N-H proton of the starting material at
11.95ppm had disappeared. The multipletGab1 i 0.35 ppm was assigned to the two €H
groups of the cyclopropyl group broad signal at 6.59 ppthatintegrated for two protonsas
assignedo the aminogroup. A signal at 48.@pm in the"*C NMR spectrum was assigned te5C

of the pyrrolopyrimidine ring. Aliphati carborsignalswere observed at 49.8 ppm,.1ppm and

4.1 ppm. The molecular ion was confirmed by HRMS to be [M+H] 315.0118 which was

consisént with a moleculamass of 315.010&alculated for GoH12IN4).

Alkylation to introduce other moieties nto the N7 nitrogen atom of the

pyrrolo[2,3d]pyrimidine skeletorwill be discussed later.

3.2.10.2Suzuki-Miyaura coupling to synthesise 7(cyclopropylmethyl)-5-(2-

methoxynaphthalen6-yl)-7H-pyrrolo[2,3-d]pyrimidin -4-amine and analogues.

With the two moieties in hanekquired for the Suzukvliyaura coupling reactignve were now

in a position to prepare the desired final compaumabential protein kinase inhibitors
containing the pyrrolo[2;8]pyrimidine core, as shown in Scheme 3blence, 7
(cyclopropylmethyh5-(2-methoxynaphthalef-yl)-7H-pyrrolo[2,3d]pyrimidin-4-amine 122a
was synthesised by placing(@yclopropylmethyh5-iodo-7H-pyrrolo[2,3-d]pyrimidin-4-amine
104b, Pd(PPB)4 and 6methoxynaphthale@-yl-2-boronic aadl 121a in a flame dried zheck
round bottom flask undea nitrogen atmosphere. The dropping funnel containing the aqueous
sodium carbonate solution and -Hifnethocyethane was degassed for-1% minutes and

discharged into the reaction vessel. The resultant mixture was then heated at 80 °C for 18 hours
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under a nitrogen atmosphere. After workup and purification Isjica gel column
chromatography the desired coupfrdductl22a was obtained i yield of 55%.

%
2 8 N7 \llli"llil\
\
2' 1 2 k N/

121a
2' 1"

104b

Scheme 35Reagents and conditions: cat. Pd(j)Rfag NaCO;, DME, 18 h, 55%.

The formation of 7-(cyclopropylmethyh5-(2-methoxynaphthale6-yl)-7H-pyrrolo[2,3
d]pyrimidin-4-aminewas confirmed by bothH NMR and**C NMR spectroscopyin the *H

NMR spectrum, eight signals were observed in the aromatic region as expected. This is due to
the six protons from the naphthalene moiety and two protons (H2 and H6) from the pyrfolo[2,3
d]pyrimidine core. Two multiplets a0.657 0.46 ppmeach integrating for two protons were
assigned to the two GHyroups (H3) of the cyclopropyl group. Aliphaticarbonsignalswere
observed at 52.9 ppm, 47pm, 96 ppm and 1.4pm. The IR spectrumhswed a broad, strong

N-H stretch at 3462 cth The molecular ion was confirmed by HRMS to be [M+H] 345.1694
which was consistent with molecular mass of 345.17Xalculated for @H>1N4O.

Two other analogue$22b-122cwere prepared in a similar mannging the above procedure
(Scheme 36). In addition; the reaction was carried out with coomilg available boronic
acids; 2-methoxyphenylboronic acid ar@l4-dimethoxyphenylboronic acitb afford products
122d-e. Table 3 below shows the results obtainta the different boronic acids used together

with key spectroscopidataof each of the products.
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R\
0
A
NH, | T
N | N\ PH -
k\N N + HO/B\(;[/Q‘\\\: — NH,
NP )\O,R Nk/ | N\
</ 104b \N N 122a-e
Scheme 36Reagents and conditions: Pd(BRghagq NaCO;, DME, 18 h, 35 69%.
Table 3: Spectroscopic data of ttf8uzukicoupling reactiomproductsl22a-e.
Entry Product Product (%] Key NMR | HRMS
yield) spectroscopic
signals/ppm (*H and
13c)
1223 'H:8.17 6,H2), 7 . 9 | Calculated for
7.88 (m, H4' andH7’), C,1H21N4O:
3.94 6, OMe), 0.65i | 345.1717 found:
55 0.59 (m, H3"), 0.4971 | [M + H]*

0.46(m, H3").

3C: 156.5(C-4), 155.7
(C-2), 1489 (C-2),
148.0 (C-8), 52.9
(OMe), 9.6 (G2"), 1.4
(C-3").

345.1694.

81



Chapter 3. Synthesis of pyrrolo[2,3d]pyrimidines

122b 'H: 8.18 (H2), 6.19 (s, Calculated for
NHz), 4.17 (q,J = 6.9 C22H23N40:
Hz, H4Y, 1.41 (t,J = | 359.1874 found:
6.9Hz, H5"). M+  H"
s 359.1848.
60 C: 155.7(C-4), 149.1
(C-2), 47.1 (G1"), 12.2
(C-5"), 9.6 (G2").
122c — 'H: 8.19 (M), 4.29 i | Calculated for
4.26 (m, H4"), 39017 C24H27N4OZ
3.87(m, H5"). 403.2136 found:
35 13 M + H]*
C: 155.6(C-4), 147.9
403.2116
2 (C-2), 65.8 (G4"), 64.9
(C-6"), 12.5(C-7"), 9.6
(C-2").
122d 'H: 8.02 H2), 3.72]| Calculated  for
(OME) C17H19N4O:
13 295.1561, found:
C: 161.6(C-4), 160.9 X
55 M+ H
(C-2), 525 (OMe).
295.1548
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'H: 7.98 (M), 3.66 &, | Calculated for

OMe), 3.65 S, OMe) C18H21N4Os:

13 325.1666 found:
C: 157.7(C-4), 151.9

69 M+  H]'
(C-2), 1504 (C-8),
325.1672.

149.4 (C-4), 56.1
(OMe), 55.9 (OMe).

122e

Analysis of the results representedliable 3 shows that tese novel compounds were obtained
in average to good yields of 3569%. As observed in Table 3, HRMS also confirmed the
formation of compound&22a122e Yields of some final products, especially those below 50%
could still be improved by revisiting theonditions. Nonethelessf anportancewould be the
biological screening of these substitutéd-pyrrolo[2,3-d]pyrimidin-4-amines for antiplasmodial
activity in an in vitro screen andactivity againstPfCDPK4 in a biochemical enzyme assay
Optimisation ofthe reaction conditions for each product was therefatecarried out at this

stage.

3.2.11Synthesis ofl-{4-[(4-amino-5-(2-methoxynaphthalen-6-yl)-7H-

pyrrolo[2,3-d]pyrim idin-7-yl)methyl]piperidin -1-yl} ethanoneand analogues.

Based ontte promising results from our molecular modelling studies, we decided to prepare

inhibitors bearing the piperidine moiety atMbf the H-pyrrolo[2,3d]pyrimidin-4-amine core.

3.2.11.1 Synthesis of (acetylpiperidin-4-yl)methyl 4-methylbenzenesulfonateand 1-{4-

[(4-amino-5-iodo-7H-pyrrolo[2,3-d]pyrimidin -7-yl)methyl]piperidin -1-yl}ethanone

To this end, (dacetylpiperidind-yl)methyl 4methylbenzenesulfonate was prepared in two steps
by firstly treating (piperidirmd-yl)methanol 123 with one @uivalent of acetic anhydride in

dichloromethane at room temperature for 4 hours under basic conditicsi®uld be noted that

83



Chapter 3. Synthesis of pyrrolo[2,3d]pyrimidines

under these conditions the reaction takes place at the more nucleopHilgrduip and not the

OH group. The acylated produtihat formed was not isolated but rather reacted wih 4
toluenesulfonyl chloride (TsCl) in order to convert the OH group into a better leaving group (
OTs). To this end, 4oluenesulfonyl chloride was added slowly to the same reaction vessel and
stirred for5 hours at room temperature. Thin layer chromatography (TLC) showed formation of
a new product spot. Aftevorkup with water and ethyl acetatemoval of the organic solveint
vacuoon a rotary evaporator and purification by silica gel column chromegtbgr compound

124 was obtained as a viscous oil in an average yield of 48% (Scheme 37).

2
H —
i O]

123 N

Iz
N
I
H
N
~

Scheme 37Reagents and conditions: (i): (a)8; EgN, DCM, 4 h, rt, (b) TsCl, 5 h, rt, 48%.

The formation of124 was confirmedby both*H NMR and**C NMR spectroscopy. Th&H

NMR spectrum contained two doublets at 7.78 ppm and 7.36 ppm due to H7 and HS,
respectively. In the aliphatic region, a singlet integrating for three protons at 2.06 ppm was due
to H5. The'®C NMR spectrum ofthe product showed eleven signals in total, as expected.
Notably, a signal at 168.8 ppwasdue to the carbonyl carbon, and four signals in the aromatic

region were indicative of the phenyl group.

Compoundl24was then subjected to thealkylation reacton already described with compound
103 using cesium carbonate as the base in dry DMF. The product of this reaefibifi(41
aminoe5-iodo-7H-pyrrolo[2,3d]pyrimidin-7-yl)methyl]piperidin1-yl}ethanone  104c  was
obtained as a yellow solid in 79% yield (Scleeg8).
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OTs NH, |

4o /s
N/

I L

NH, | N N” 8 N7
/§ 12 10

N/| N\ 0 " 11
ls N > \ 12

N H 103 14\\< 7
o 104c

Scheme 38Reagents and conditions: LL£;, DMF, 80 °C, 18 h, 79%.

'H NMR and **C NMR spectra confirmed the formation of this product. In tHeNMR
spectrum, three signals were observed due to H2, H6 andaBlHxpected. The piperidine
moiety was observeds a series of signals at 4.830.95ppm. The IR spectrum also confirmed
the presence of the C=0O group with a signal visible at 1649, dthe molecular ion was
confirmed by HRMS to be [M + H]400.0597 which ws consistent witla molecular mass of
400.0636calculated for GH19INsO.

3.2.11.2Suzuki-Miyaura coupling to synthesise ¥{4-[(4-amino-5-(2-methoxynaphthalen6-

yl)-7H-pyrrolo[2,3-d]pyrimidin -7-yl)methyl]piperidin -1-yl}ethanone and analogues.

Having successfully prepared compouf@4c we were now set for the SuzelMiyaura
coupling reaction with different boronic acids (Scheme 39). The reaction was carried out as
described for compoundsl5ab in section3.2.8 The success of this couplingacion in each

case was confirmed by NMR and IR spectroscopy and HRMS of the products isolated.
Diagnostic signals for theovel potential kinase inhibitod25a125earetabulated belowTable

4).
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R\
10
NH2 | Ir’:’\\\»
Ni 9 5 ,L"'
. on NH
25N N7 2
12 10 + HO’B\C['?:\ > N~ | A\
11 .
- 12 et O/R L\N N
14 N
\\< 13
o)
104c
\‘(N 125a-e
o)
Scheme 39Reagents andonditions: Pd(PPJu, ag NaCO;, DME, 18 h, 54 76%.
Table 4: Key spectroscopic signals for Suzuki produ8a-e.
Product Yield (%) NMR spectroscopi¢ HRMS
information/ ppm(*H and
13C)
'H: 8.14 6, H2), 3.83 6, | Calculated for
OME), 2.10 (S,H14). C21H26N5021
380.2088 found:
N C: 170.1 (C=0), 157.] .
A 54 M+ HI
(C-4), 49.3 (OMe) 19.8
12 10 380.2044
13 t (C'14)-
12
14\«N 4 125a
0
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'H: 8.04 6, H2), 4.02 (d,J | Calculated for
= 7.3 HZ, HlO), 3.78 $, C22H28N5O3:
OMe), 3.77 (s, OMe). 410.2194 found:
66 13 M + H]*
C: 170.0 (C=0), 157.4
410.2153.
(C-4), 49.2 (OMe), 45.9
(OMe).
'H: 8.20 6, H2), 7. 9 2 Calculated for
7.89 (m, H4' andH?'), 2.10| Co5H28N500:
(s, H14). 430.2245 found:
74 13 [M + H]*
C: 170.1 (C=0), 158.]
430.2214.
(C-4), 157.1 (G2, 19.8
(C-14).
'H: 8.20 6, H2), 7.89i | Calculated for
7.80(m, H4" andH7"), 1.49| CysH30N50.:
(t,J=7.0 Hz, H2"). 444.240]1 found:
M + H]"
¥¢c: 170.0 (C=0), 157.:[ :
444.2375
76 (C-4), 157.2 (G2'), 19.8
(C-14), 13.7 (G2").
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'H: 4.291 4.20 (m, H1"), | Calculated for
4.20 (d,J = 7.3 Hz, H10), | CogH3aNsOx:

3.907 3.89(m, H2"), 2.11| 488.2663 found:
54 (s, H14). M + H]*

s 488.2622.
C: 168.3 (C=0), 156.9

(C-2), 21.8 (G14), 15.6
(C-4").

Products 125a-e were obtained in moderate yields. The formation of these produass
confirmed usingNMR andIR spectroscopy and HRMS. In this catse'H NMR spectrgplayed

a very important role especially by the presence of new signals in the aromatic region of the
newly formed productdn the3C NMR spectrathe carbonyl carborQ=0) signal was visible at
approximately 0.0 ppm for each product As the piperidine moiety prefers a chair
conformation similar to cyclohexane, the protons gave rise to signals grouped according to their
axial or equatorial positionsThe equatorialand axial protons for H13 were visible at
approximately 4.00 ppm and 3.00 ppraspectivelyWhile the equatorial and axial protons for

H12 were visible at approximately60 ppm and 1.25 ppm, respectively.

From our molecular odelling studieswe hoped to epare analogues with the potential to form
a Hbond with Glul54 in the sugar binding pocket. While the acyl group actsHxbond
acceptor to the Glul54 NHhere is also the potential for abbénd to the Glul54 carbonyl
group. We therefore consideredmaving the acyl group on the piperidine moiety for this

purpose.
We atempted to remove the acyl grouping sodium hydroxide in methanol for 18 fB&heme

40).% However, this attempto get the deprotected compoui@5 was unsuccessful. The

majority d the startng material (95%) was recovered in this case.
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OJ
Ray i
“i j N\ +’ NH

\\SDN

|
kN/ N
Scheme 40Reagents and conditions: NaOH, methanol, rt 18 h.

z

125f

3.2.12Synthesis ofl-{3-[(4-amino-5-(2-ethoxynaphthalen6-yl)-7H-

pyrrolo[2,3-d]pyrimidin -7-yl)methyl]piperidin -1-yl} ethanoneand analogues.

The results from oumolecular modelling studies also shed that the hydrogen bonding
interaction can be improved when (piperi@yl)methanol is used. Hence, the potential kinase
protein inhibitors beamg this moiety at N7 were prepared in a similar manner to that of
(piperidin-4-yl)methanol described aboy8cheme 37)

3.2.12.1 Synthesis of (acetylpiperidin-3-yl)methyl 4-methylbenzenesulfonate and-{3-

[(4-amino-5-iodo-7H-pyrrolo[2,3-d]pyrimidin -7-yl)methyl]piperidin -1-yl}ethanone
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OH 9
0) A D W/
> 2 o 9 10
NH 6 3
T
7

Scheme 41Reagents and conditions: (i): (a)8; EEN, DCM, 4 h, rt, (b) TsCl, 5 h, rt, 52%.

To this end, (dacetylpiperidh-3-yl)methyl 4methylbenzenesulfonate was paegd in two steps

by firstly treating (piperidir3-yl)methanol 126 with one equivalent of acetic anhydride in
dichloromethane at room temperature 4ohours under basic conditionBhe acylated product
that formed was not isolated but rather reacted @viibiuenesulfonyl chloride (TsCI) in order to
convert the OH group into a better leaving growpT(s). To this end,-4oluenesulfonyl chloride
was added slowly to the same reaction vessel and stirred for 5 hours at room temperature. Thin
layer chromatogrdyy (TLC) showed formation of a new product spot. After normal extraction,
removal of the organic solvemt vacuoon a rotary evaporator and purification by silica gel
column chromatography, compoud@7 was obtained aa viscous oil in anaverage vyield of
52% (Scheme 4]l Similar changes were also observed in the NBffectra of the product
obtained in this casérhe formation of127 was confirmed by botiH NMR and**C NMR
spectroscopyThe 'H NMR spectrum contained two doublets7af8 ppm and 7.36 ppm euo

H9 and H10 respectively. In the aliphatic region, a singlet integrating for threemps at 2.06
ppm was due to H7n the **C NMR spectruma signal at 168.8 ppmwas an indicative of the

carbonyl carbon.

Compoundl27was then subjected to tiNealkylation reaction already described with compound
103 using cesium carbonate as the base in dry DMF. The product of this reaeffi4l
amino5-iodo-7H-pyrrolo[2,3-d]pyrimidin-7-yl)methyl]piperidin1-yl}ethanone  104d  was
obtained as a yellow solid irB& yield (Scheme 42).
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OTs l\”"z |

9 A5

N~ N\

127 k\ | 6

NH, | N 2SN N7

. /V/O 15 10

NL | N\ _ u 11

N = 12
N~ "N 103

H 13N 1044
/=0

Scheme 42Reagents and conditions: LL€;, DMF, 80 °C, 18 h, 63%.

'H NMR and **C NMR spectra confirmedhe formation of this product. In th#H NMR
spectrum, e piperidine moiety was observad aseries of signals at 3.370.51ppm. In the
13C NMR spectrum, a signal at 170.3 ppm dugéhtecarbonyl was visibleThe IR spectrum also
confirmed the presence of the C=0 group with a signal visible at 1649Tme molecular ion
was confirmed by HRM$o be [M + HJ 400.0597 which was consistent via molecular mass
of 400.0636calculated for g4H19INsO).

3.2.12.2 Suzuki-Miyaura coupling to synthesise I{3-[(4-amino-5-(2-ethoxynaphthalen6-
yl)-7H-pyrrolo[2,3-d]pyrimidin -7-yl)methyl]piperidin -1-yl}ethanoneand analogues.

Having successfully prepared compouh@4d we were now set for the SuzeMiyaura
coupling reaction with two different boronic acids (Scheme 43). The reaction was carried out as
described for compoundsl5ab in section3.2.8above. The success of this coupling reaction in
each case was confirmed by NMR and IR spectroscopy and HRMS of the products isolated.
Diagnostic signals for th@ovel potential kinase inhibitor$28a128b are tabulated below
(Table 5). The acylsignalfor both compoundsl28a128b was still visibleat 1.28 ppm. The
formation of compound28bwas also confirmed by the appearance of aromatic signalsGit

6.36 ppm.
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NH,
» N~ N\
R ls | \

Scheme 43Reagents and conditionsat. Pd(PPR),4, ag NaCOs;, DME, 18 h, 44 49%.

Table 5: Key spectroscopic signals for Suzuki produ@8ab.

Product

Yield (%)

NMR spectroscopi
information/ ppm (*H and
13c)

HRMS

49

H: 8.14 6, H2), 3.83 6,
OMe), 1.27(s, H186).

¥¢c: 1701 (C=0), 49.9
(OMe), 19.8 (G16).

Calculated
C21H26Ns0z:

for

380.2088 found: [M

+ H]" 380.2044
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'H: 7.40 (s,H2), 6.521 6.43| Calculated for
(m, H3' and H6), 1.28 $, C26H30N502:
H16). 444.2401 found: [M

44 N + H]* 444.2375
C:170.3 (C=0), 157.2 (C

4), 130.9 (G-2), 19.8(C-16),
13.7 (G2".

Only two compounds bearing thep®eridin-1-yl side chainwere prepared. This is due to the

fact that the Suzuliliyaura coupling reaction with thisedvative did not go to completion
when using the other boronic acids prepared in our laboratories. The products were also difficult
to purify because they typically had the same retention factyra@the staring material
Unfortunately, all attempts tget the reaction to go to completion; and altermapurification

protocols (e.gpreparative layer chromatography and recrligtlon) were not successful.

3.2.13Synthesis oftert-butyl 4-{2-[4-amino-5-(3,4-dimethoxyphenyl)-7H-pyrrolo[2, 3-

d]pyrimidin -7-yl]ethyl} piperidine-1-carboxylate and analogues

In our continued search for thgotential kinase protein inhibitors, we were interested in
lengthening the chain ohé moiety at N7 by one carbon to see the effect this would have on
biological activity. Ideally, we would like to target an additionalbbnding interaction with
Glul54 in the active site dPfCDPK4. In the modelling studies, thmoieties bearinga two
carbonlinker appear to be within proximity to interact withe hydrophold residues in the
ATP-binding site by means of vater Waals interactions. It shoudtsobe noted that these type

of inhibitors still form hydrogen bonding with the Asp148 and Tyrl50 residigeshe 7H-
pyrrolo[2,3d]pyrimidin-4-aminecore Taking into @nsideration what is commercially available,

we decided to use tert-butyl 4-(2-hydroxyethyl)piperidin€l-carboxylate and +2-
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chloroethyl)morpholine hydrochlorider this purpose. We also hoped to be able to remove the
Boc protecting group tallow for pdentialH-bonding.

3.2.13.1 Synthesis of-p1-(tert-butoxycarbonyl)piperidin -4-yllethyl 4-
methylbenzenesulfonate andert-butyl 4-[2-(4-amino-5-iodo-7H-pyrrolo[2,3-

d]pyrimidin -7-yl)ethyl]piperidine -1-carboxylate

tert-Butyl 4-(2-hydroxyethyl)piperidinel-carboxylate was introduceahto the7H-pyrrolo[2,3
d]pyrimidin-4-amine core by firstly reacting it with 4-toluenesulfonyl chloride in
dichloromethane for 5 hours under basic conditi@wheme 44)The reaction was monitored by
thin layer chromatography using 80% EtOAc/hexaR§l-(tert-Butoxycarbonyl)piperiding-
yl]ethyl 4methylbenzenedfonate129 (1.85 g, 55%) had the same retention factqj &R the
starting material, hence it was used in the next step without purificktamever; from the'H
NMR spectrum key signals for Boc and tosyl groups were visible.

(.?C
OH _

OHG 9 10
(@]

0) (A

Y

Boc

Scheme 44Reagents and conditions: (i) TsCl, 5 h, rt, 55%.

2-[1-(Tert-butoxycarbonyl)piperidift-yl] ethyl 4methylbenzenesulfonate?9 was then reacted
with 5-iodo-7H-pyrrolo[2,3-d]pyrimidin-4-amine 103 in dry DMF under basic conditions. The
resultant reaction mixture was heated afCCor 18 hours and the progress of the reaction was
monitored by thin layer chromatography (TLC) untdmplete consumption of the starting
material.After normal extraction, removal of the organic solventacuoon a rotary evaporator
and purification by silica gel column chromatography, compal@ewas obtainedn a good
yield of 66%(Scheme 45)
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OTs
NH,
9_(5
AN
Nﬁ]ﬁe
~
N 12 Z>N7 8 N7
NH | 10
2 | Boc 11
Nk/ | N\ - 12)—_13
N 1 14
N H 14—~N 104e
103 |

Scheme 45Reagents and conditions: L£€;, DMF, 18 h, 80 °C, 66%.

The formation of compoun#il04ewas confirmed byNMR, andIR spectroscopy and HRM$

the’'H NMR spectrum, the singlet signal duethe N-H proton at 11.9ppm had disappeareA.
multiplet at 4.16 4.13 ppm integrating for two protons was assigned to H10. A singlet signal at
1.39 ppm integrating for nine protons was consistent with the presence of the BocTe\i@.

NMR spectum contained a new signa 857.6ppm accounting for the carbonyl carbon of the
Boc group Aliphatic carbonsignalswere observed at 781914.8 ppm.The molecular ion was
confirmed by HRMS to be [M + H]418.1210 which was consistent wia molecular mass of
418.1211(calculated br CigH27INs05).

3.2.13.2Suzuki-Miyaura coupling to synthesiseert-butyl 4-{2-[4-amino-5-(3,4-dimethoxyphenyl)-

7H-pyrrolo[2,3-d]pyrimidin -7-yl]ethyl} piperidine-1-carboxylate and analogues

With the heteroaromatic compou@@4ein hand, ve embarked on the final step of the synthesis
which isthe SuzukiMiyaura coupling reaction with different boronic acids. The Suidiaura
coupling procedure described in sect®@.8was used to prepare these novel potential kinase
protein inhibitors $cheme 46). This was successful with the commercially available boronic
acids andl2la Although we attempted Suzuivliyaura coupling reaction of compourid4e

with other boronic acids, we were not able to isolate the pure compounds. Reactions did not go
to completion, and the starting materd@4eand our desired compounds had the same retention

factor (R) value. Attempts to optimise the reaction conditions to get the reaction to go to
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completion were not successful. A variety of alternative purificaoethods were also
attempted, including preparativhin layer chromatography. At this stage, no further work was
done on these compoundsable 6 below shows the results obtained for the reactions that were
successful, including the different boronic a&cigsed together with the spectroscopic information

of each of the products.

R\
0
A
NH2 | ! \I)I)
N7 o
. oH N,
N~ N _B 2.
+ HO B > N~
1P e
104e NG R SN N
130a-c
N
Boc
N
Boc
Scheme 46Reagents and conditions: Pd(BRhagq NaCO;, DME, 18 h, 46 48%.
Table 6. Key spectroscopic signals for Suzuki produc@®ac.
Product Yield (%) NMR spectroscopi¢ HRMS
information/ ppm(*H and
13C)
'H: 8.10 @LH, s,H2), 4.19] Calculated for
(t, J=7.2 Hz,H10), 3.76| CpsH3sNsO3: 452.2663
(s, OM@, 1.39 6, H12|found: [M + HT
46 and CCH3)3). 452.2648.

13c: 157.9 (BoeC=0),
156.9 (G4), 154.3 C-2 0
28.6 (3xCH).
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'H: 8.04 6, H2), 6.97 1 | Calculated for
6.93(m, Ar-H), 3.78 6, 2| CogHaeNsOs:  482.2769
x OMe),1.34 6,H12 and| found: [M + HJ
48 C(CH2)s). 482.2743,

3c: 158.0 (C=0) 155.1
(C-4), 150.4 C-2), 27.3
(3%CH).

'H: 8.21 6,H2), 7.90 (dJ | Calculated for
= 2.3 Hz, H7), 3.95 6,| CogH3eNsOs:  502.2820
OMe), 1.46 (IOH, s, H12 found: [M + HTJ
46 and CCHa)s). 502.2818.

1¥3c: 158.0 (Boc-C=0),
155.2 (G4), 154.3 (G2,
27.3(3xCHy).

In analysing théH NMR spectrathe presence of the Boc group and the aromatic protons helped
us to confirm that we had indeed formed the desired prod86esc. For example, théH NMR
spectrum of product30a, showed the presence of the Boc moiety by a signal at 1.39 ppm
integrating for ten protons due to overlap with2aHThe aromatic protons appeared as signals at
7.3771 7.04 ppm. In addition, IR spectroscopyso confirmed the formation of the desired
productsl30a13QCc. For example, the C=0 peak appeared as a signal at approximatelgni678

Yin each case.

We also attempted thdeprotectionof compound13Gb using 50% TFA/dichloromethane
(Scheme 473 The am was to get a free ane in order to maximise the-bbnding affinity of

the molecule in the active site of the enzyme. TLC showed formation of the new spot together
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with that of the starting material; however attespi isolate compound30d using column
chromatography and preparativilain layer chromatographywere not successful. This
deprotectiorwas also attempted dr80a without succesdJnfortunately due to time constraints;

no further work was done on these compounds.

5 &
A

Scheme 47Reagents and conditions: 50% TFA/DCM, rt.

3.2.14Synthesis of5-(3,4-dimethoxyphenyl)-7-(2-morpholinoethyl)-7H-pyrrolo[2,3 -

d]pyrimidin -4-amine and analogues

As described earlier, we hoped to prepare analogues witigarltinker andhe potential to H
bondin the active site oPfCDPK4 and commercially availablmorpholinoethylhydrochloride

wasidentified as auitablefragment for this purpose.

3.2.14.1 Synthesis of-®do-7-(2-morpholinoethyl)-7H-pyrrolo[2,3-d]pyrim idin -4-amine
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Cl HoN |

N -HCl
NH, | ( /7 N
10
K)I\g ° . 12 104f
N >~
H

11
N
130
Scheme 48Reagents and conditions: LL£;, DMF, 18 h, 80 °C, 63%.

5-lodo-7-(2-morpholinoethy7H-pyrrolo[2,3-d]pyrimidin-4-amine 104f was thereforeprepared
using the sam&l-alkylation procedure to thatfacompoundl04ain section3.27. 5-lodo-7H-
pyrrolo[2,3-d]pyrimidin-4-amine 103 was dissolved in dry DMF and treated with(2-
chloroethyl)morpholine hydrochloridat 80 °C for 18 hours under basic conditioB&sium
carbonate was used as thase for thigeaction. After this time, purification of treeude product
by glica gel column chromatography using 10% MeOH)/chlorofgawve compoundl104f as a
yellow solid in a yield of 63%. ThéH NMR spectrum ofL04f showed the presea of the two
methylene proton$i10 and H1llat 4.19 ppm and 2.68pm respectively The presence of the
morpholine group was also observed in the aliphatic region ofHhBIMR spectrumwith
signals between 3.562.37 ppm The molecular ion was confirmed by HRMS to be [M + H]
374.0479vhich was consistent with a molecular mass of 374.0480, calculateg:FbyIC!sO.

3.2.14.2Suzuki-Miyaura coupling to synthesise &3,4-dimethoxyphenyl)-7-(2-

morpholinoethyl)-7H-pyrrolo[2,3-d]pyrimidin -4-amine and analogues

Having sucessfully prepared compoui@4f, we were now set for the SuztMiyaura coupling
reaction with different boronic acids (Scheme 49). The reaction was carried out as described for
compoundsl15ab in section3.2.8 The reaction was tested using commerciatlailable
boronic acids and21b. The other two compounds bearing a methoxy and ethoxyethoxy groups
on the naphthalene moietfanalogues ofl25c and 1259 were not prepared due to time
constraints. Nevertheless, we were still delighted with the resuéibe the ethoxy counterpart

was prepared and can be used for strueotiity relationship studies. The success of this
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coupling reaction in each case was confirmed by NMR and IR spectroscopy and HRMS of the
products isolatedDiagnostic signals for th@ovel potential kinase inhibitor$31a131d are
tabulated belowTable 7).

Z
NZ
=
o
s
+
T
o)
\
C}m
o
/___I
Q
Py
Y
Z
%
S/ N\

Scheme 49Reagents and conditions: Pd(BRhagq NaCO;, DME, 18 h, 5% 67%.

Table 7: Key spectroscopic signals for Suzuki produ@gad.

Product Yield (%) NMR spectroscopi¢ HRMS
information/ ppm (*H and
13C)
'H: 8.10 6, H2), 4.27 (t,J = | Calculated for

6.6 HZ,HlO), 3.76 6, OMe) C19H24N502:

s 354.1932 found: [M
C: 157.4 (G4), 156.4 (G .
52 + H]* 354.1930.
2), 57.6 (OMe) 55.3 (G

11).
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66

'H: 8.13 6,H2), 4.28 (t,J =
6.6Hz, H10), 3.81(s, OM8,
3.80(s, OMe).

13C: 157.7(C-4), 155.7(C-
2), 149.5 (C-3"), 130.8 (C-
4",57.6(2 x OMe).

Calculaed for
Ca0H26N50s:
384.2037 found: [M
+ H]" 384.20083.

67

'H: 8.02 (s, ), 3.70 &,
OMe), 2.69 (t,J = 6.6 Hz,
H11).

13C: 151.9 (C-4), 150.6(C-
2), 1494 (C-2), 58.2
(OMe), 56.1 (C-11), 48.2
(C-10).

Calculated for
C19H23CINsOy:
388.1542 found: [M
+ H]* 388.1508.

51

'H: 8.10 (sH2),4.08 (g,J =
6.9 Hz, H1")1.37 (t,J=7.0
Hz, H2").

13c: 157.7 (&4), 157.2 (G
2", 133.9 (C10), 34.8 (G
10), 13.7 (G2").

Calculatel for
C24H28N50s:
418.2245 found: [M
+ HJ]" 418.2240.

The successful synthesis of compourddlal31ld was confirmed by using NMR, and IR

spectroscopy and HRM3he potential kinase protein inhibitoi81a131d shown inTable 7
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were obtained in moderatgelds H2 for compoundl3lcis at 8.02 ppm, quite shielded
compared to all the others at approximately 8.10 ppiso C4 in compound.31cis at 151.9

ppm compared to all the others at approximately 157 ppm.

3.3 Closing remarks

We were able to prepare a alinibrary of compounds bearing a variety of substituents-&t N

and G5 of the pyrrolo[2,3d]pyrimidine skeleton. Difficulties were encountered with the
purification of some substrates; however, we were able to prepare several compounds in each
series. e compoundsvere tested forantiplasmodial activityin anin vitro whole cell assay
(Chapter 5) Although not available at present; we also intend to assess the potential for these
compounds to inhibiPfCDPK4 andPfCDPK1, in enzyme inhibition studies. iShwill form part

of the future work in this proje¢Chapter 6)
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CHAPTER 4: SYNTHESIS OF POTENTIAL PROTEIN KINASE
INHIBITORS WITHA SUBSTITUTED PYRIMIDINE CORE.

For the purpose of this PhD study, we wished to develop methodology for the synthesis of novel
4,5,6trisubstituted pyrimidine derivativeas alternativego the pyrrolo[2,ad]pyrimidine as
kinase inhibitors The synthesis of 4,5#isubstituted pyrimidine derivativesl10 utilized
commercially available 4:@ichloropyrimidine as the startingnaterial Sequential mono
nucleophilic displacement of each chiwi atom affordd our suitably substituted
diaminopyrimidines. Thereafter, Sonogashira coupling reaction with different alkynyl derivatives
would be performed to possibly construct the 4&i€ubstituted pyrimidine derivatives as
potential protein kinasénhibitors igure 38). We planned to introduce similar functional
groups onto the pyrimidine core as had been done on the pyrrethigydnidine scaffold.To

this end, gclopropylmethanaminebenzylamine, cyclohexylamine a@emorpholinoethanamine
were used to prepare the 4,8jisubstituted pyrimidine derivatives as potential protein kinase

inhibitors.
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NH,
N !
N NH +
L SO —
o

< ; g . K
0
NH,

Cl
N~ + Br
N i
N R —
Nl 0 L

1
|

Figure 38 Retrosynthesis of 4,58isubstituted pyrimidine derivatives from 4giichloropyrimidine.

The proposedyrimidines110were assessed silico using the same docking protocol used for
the pyrrolo[2,3d]pyrimidines described in chapter 3. We noted that these compounds could also
potentially bind in the active site dPfCDPK4. Key hydrogeibonding interactionswvere
observed between Tyrl50 and Aspl148 in the hinge regidAf@DPK4 and N3 and 4NH;
groups of thegyrimidine scaffold. Howeveithe expected additional-blond with Glu154 in the
sugarbinding region was nobbserved Eigure 39). In general, these corapnds gave higher
docking scoresthan the pyrrolo[2,&l]pyrimidine counterpartsindicating weaker binding.

Nevertheles,we embarked on the synthesis of a library of compounds bearing these groups.

106



Chapter 4 Synthesis of 4,5,6trisubstituted pyrimidines

N
LEU ay
76 153 -
GLU
\ 154 o
GL* .

Figure 39 A diagramfrom themolecular modeshowinghydrogen bondnteractions with key amino acidsidues.

4.1 Synthesis of @€hloro-N-(cyclopropylmethyl)pyrimidin -4-amine and analogues

Our route towards the synthesis of the substituted pyrimidine ring derivatives started with the
nucleophilicdisplacerent of a chlorine atom on 4;@ichloropyrimidine106 .This was done by
dissolving 106 in dioxane and treating the resultant solution with dlp@ropriate amine and
eitherN,N-diisopropylethylamine or triethylamine as the base, accordimagliteraturereported
method® The reaction mixture was heated at 9D for 18 hours. When the reaction was
complete as evideffitom TLC analysis the mixture was allowed to cool to room temperature. In
the synthesis of -8hloro-N-(cyclopropylmethyl)pyrimidird-amine 107a, compound106 was
treated withcyclopropylmethanamine hydrochloritte afford the product in an excellent yield of
80% (Scheme 50).

107



Chapter 4 Synthesis of 4,5,6trisubstituted pyrimidines

Cl
6
Cl N - 5
NH ~
s HO ,
N Cl
106 107a .

9

Scheme 50Reagents and conditions: DIPEA, dioxane; @018 h, 80%.

The formation ofthe productlO7awas confirmed using NMR and infrared spectroscopy. In the

'H NMR spectrum, a peak at 1.00 ppm integrating for one proton and multiplets &t @X%

ppm integrating for four protons were indicative of the cyclopropyl moiety. *FheN\MR
spectrum also showed the presence of a singlet at 8.24 ppm and another singlet at 7.82 ppm due
to H2 and NH, respectivelyA singlet at 3.18 ppm integrating for two protomasassigned to

H7.1n the IR spectrum, a stretching band was observed at 323@werto NH.

Analoguesl07b-107d were prepared in a similar manner using the above procedure (Scheme
51). In each case, the products were isolated in good yields and were characterised using NMR
spectroscopyT able 8below gives a summary of the NMR spestiopic data for the products
107b-d. As observed fronTable 8 compoundd.07a107dwere obtained in higher yields of 75

- 85%.

cl Cl
N7 N~
N | + R—NH, —_— N |
N Cl N NH

107b 107c 107d

Scheme 51Reagents and condition3IPEA/EtN, dioxane, 90 °C, 18 h, #B5%.
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Table 8 Key signals in the NMR spectra of compouddsa-107d.

Entry Product Product NMR spectroscopic information/ ppl
_ (*H and®*C)
(% yield)
1 ! 'H: 8.24 6,H2), 7.82 6, NH)
N/ 5
S | 80 13C: 163.0 (G4), 158.5 (G6), 103.5
2 N7 4"NH
7 (C-5),44.6 (G7)
107a
99
2 cl 'H: 8.251 8.22 (m,H2 and NH), 7.38
6
NEE i 7.22(m, Ar-H).
N |
2 N7 4"NH 13
; - C: 163.1 (G4), 158.5 (G6), 103.7
107b |18 . (C-5), 43.6 (C7).
10 10
11
3 cl H: 822 6, H2), 1.88 1 1.05 (m,
6
Nk/ | 5 cyclohexytH).
2 N7 NH 13
7 75 C: 162.3(C-4), 158.5(C-6), 25.1(C-
8 8
10), 24.4(C-9).
107¢ ° °
10
4 cl 'H: 8.26 6, H2) 3.57 ¢, J = 4.7 Hz
N~ |5 H10), 3.45 3.42 (m, H7).
ZK\N 2> NH
7 " 13C: 163.6 (G4), 158.9 (G6), 66.6 (G
107d 8 o 10), 57.5(C-8), 53.8 (G9).
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With the synthesis of compound®7a107d completed $cheme 5@nd 3), our next synthetic

step was to perform the second nucleophilic displacement of the remaining chlorinesatgm
agueous ammonia (Scheme).5%hen componds 107a107d were treated separately with
agueous ammonian isopropanol overnight at different temperaturesoifn temperature to
reflux), thin layer chromatography analysis did not show the formation of a new\8pot.
assumed that this was due to thlgghtly poorer electrophilicity of the amino substituted
pyrimidine ring. Hence, we employed forcing conditions for the displacement of the second
chlorine moiety. This displacement reaction was accomplished by ple@mgoundsl07a-d in

a sealed tube withthanol and aqueous ammoaiad heatingat 170 °C for 48 hourSAfter this

time, the reaction vessel was cooled to room temperature, and the reaction mixture was
concentratedn vacuoand purified by silica gel column chromatography. In the first instance
this gave compountl08a as an orange solid in an excellent yield of 87%. In this ¢asBIMR
spectroscopy played an important role in confirming formation of the desired product in the
appearance of a broad signal at36gpm due to the newly added Migroup. Furthermore,
infrared spectroscopy also showed the stretching band due to NH argidigs. Interestingly,

a significant shift in the signal due t6@ the *C NMR spectrumwas observed from 158.5

ppm to 172.6 ppm.

NH, ag. NH, ¢l Nz
N v N7 25% aq NH3 N7
N | = /\ k\N | NH EtOH, sealed tube TN |
N7 NH . ' No A
R Isopropyl alcohol, R R
reflux 108a-d

- ) O O

108a,87%  108b, 8o%  108c, 88% 108d, 83%

Scheme 52Ammonolysis of the chloropyrimidine derivative using different conditions.

Analogues108b-d were prepared in the same manner and the prodiispdayed similar

spectroscopichanges as expectefiable 9 below gives a summary of the NMR sp@scopic
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data for the products08b-d, which were isolated in good yield&s observed fronTable 9, a

broad signain the'H NMR spectraof compoundsl08ad at 6.04 ppmi 6.35 ppm confirmed

the success of the reactidrhe significant shift observed f@6 in compound.08awas not seen
for compound4.08b-d.

Table 9 Key spectroscopic signals for ammonolysis prodlif&ad.

Entry Product Product NMR spectroscopianformation/ ppm
_ (*H and®*C)
(% yield)
1 GNHz 'H: 8.23(s, H2), 6.33(s, NH>), 6.12 (t,
NP5 J=5.7 Hz, NH)
k\ | 87 13
2SN7ONH C: 172.6 (G6), 162.0 (G4), 81.3 (G
! 5), 44.5 (G7)
° 108a
9 T
2 NH, H: 7.86 6, H2), 7.10 (t,J = 6.3 Hz,
6
N( |5 NH), 6.04 6, NH,)
2SN NH 13
7 89 C: 162.5 (G6), 160.8 (Z4), 56.4(C-
o , 108b 5),44.2 (G7)
10 10
11
3 NH, H: 7.8 (s,H2), 6.05(s, NH-), 5.40 (d,
6
N7 5 J=8.0 Hz, NH)
I
2 N74°NH 13
7 88 C: 165.4 (C-6), 162.5 (G4), 82.6 (C
8 8
108¢ . 5), 51.1 (G7)

10
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4 NH, 'H: 7.93 6, H2), 6.84 6, NH), 6.35 6,

N NH
< ?
ZSNTONH

7 108d - 13C: 162.2 (G4), 161.9 (G6), 79.2(C-

8 o 5), 65.5 (G10), 52.8 (C9)
Nﬂlo
9&0
10

4.2 Synthesis oN*-(cyclopropylmethyl)-5-iodopyrimidine -4,6-diamine and analogues

NH, 6NH2
|
k\N NH 2SN7DNH
7
108a 109a /g

Scheme 53Reagents ahconditions: 4, K,CO;, DMF/H,0, 401 45°C, 4 h, 83%.

The third step in our synthesis pdtential protein kinase inhibitors was to prepare a Sonogashira
precursorpy iodinating our 4,&liaminopyrimidinesl08a108&d.

Hence, compound$0%-109d were syntlsised using the previously described methodology,
employing iodine as the reagent. Therefd@% was prepared by treating a suspensiohl’bf
(cyclopropylmethyl)pyrimidine4,6-diamine 108 in water and DMF withpotassium carbonate
followed byiodine Theresulting purple mixture was heated at a mild temperature for 4 hours
according to a literature proceddrelpon completion of the reaction, theixture was quenched
and filtered to give produciO% in an excellent yield of 83%. Once agaitd NMR
spectoscopy played an important role in confing the formation of compoun#i0%a. The
singlet signal previously appearing@60 ppmdue to H5 had disappearedhe success of the
reaction was also indicated byshift in the C-5 signal, from 81.3pm to 56.50pm in the™*C

NMR spectrumThe molecular ion was confirmed by HRMS to be [M+H] 290.1002 which was

consistent witta molecular mass of 290.104&lculated for @H15IN4.
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Three other analogud9%-109d were prepared in a similar manner and similar changere

observedn both NMR and IR spectr&uccessful iodination to afford compounti39b-10d

was also confirmed by HRMS spectroscopwble 10 below gives a summary of the NMR

spectroscopic data for the produt®9-d. As observed inrable 10 a signficant shift for C5

was seen for all the other compourdd@®b-d.

Table 10: Key spectroscopic signals for iodination produdSad.

Entry | Product Yield NMR spectroscopi¢ HRMS
information/ 'H and
%) " ppPmM(
C)
1 6NH2 1H: 7.80(s, H2), 6.30(s, | Calculated for
|
Nk/ | 5 NHz) CgH12|N4:
2SN7SNH 290.1042 found:
7 13C: 1623 (C4), 160.7 .
100a |, 83 M+ H
(C-6), 56.5 (C-5), 45.4
9y 290.1002
(C-7)
2 NH, 'H: 7.77 (s, H2), 6.34(s, | Calculated  for
6
N~ |5| NHz),457 (d,J:6.1HZ, Cy1H12IN4:
ZL\N 4"NH H7) 327.0108 found:
7
109b 84 M + H1*
o 8 13C: 162.5 (C-4), 160.8 [ :
9 327.0095.
10 10 (C-6), 56.4 (C-5), 44.2
" (C-7).
3 NH, 'H: 7.80 6, H2), 6.32 6, | Calculated  for
6
ngfl NHz) CioH1sl N4:
2 N7 NH - 319.0421 found:
7 109¢c C: 162.4 (C-4), 159.9 .
8 8 89 [M + H]
(C-6), 57.0 (C-5), 49.6
9 o 319.0415.

10

(C-7).
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4 NH, 'H: 7.89 6, H2), 6.56] Calculated  for
Nk/ |5' (dd, J = 14.3, 8.6 Hz| CigHiINO:
SNTONH g0q NH and NH) 350.0480 fourd:

I 76 . M+  H]
N C: 162.4 (G4), 160.8
Nﬂ 10 350.0475.
. (C-6), 56.8 (G5)
(@]
10

Now that we hadsuccessfully prepared the aromatic iodide, our next step was to prepare the
second Sonogashira precurstre terminal alkynein order to gain access to our desired

substituted pyrimidine ring derivatives as potainpirotein kinase inhibits.

4.3. Synthesis of [d2-methoxynaphthalen6-yl)ethynyl]trimethylsilane and analogue$

Br\“\‘l 2% 1 5 4
o~ 7

120a 132a

Y
(2]
%
N
o]
\

Scheme 54Reagents and conditionsrifethylsilylacetylene Pd(PPk).Cl,, Cul, diisopropylamine, DMF,&°C,
5h, 79%.

For the synthesis of terminal alkynege utilised naphthalenel?0a-c prepared previously by
reaction of commercially awilable 6bromonaphthale2-ol with different alkyl halids, as
discussed in sectioBd.2.9 We commenced our synthedowards the aromatic terminal alkyne
by firstly performingthe Sonogashira coupling reaction on compaii2a-c usinga palladum
catalyst and copper(l) iodédTo this end, a degassed mixture dirdmo6-methoxynaphthalene
120a, coppe(l) iodide and HE(PPRh).Cl, was treated with a degassed solution of
trimethylsilylacetylengdiisopropylamine and DMEScheme 54)The resulting reaction mixture
was heated at 70 °C for 5 hours undenitrogen atmosphere. After workup extraction and
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purification by columm chromatography20% EtOAc/hexane), the desired prodd&2a was
isolated as a yellow solid (1.68 g, 79%).

In the '"H NMR spectrum of132a, the upfield singlet at 0.26 ppm was assignedth®
trimethylsilyl group. Thé*C NMR spectrum of the product showaltyne signals at 106.4 ppm
and 93.5 ppm due to-C and G2', respectively.The success of the reaction was further
confirmed by astretching band visible at 2118 in the IR spectrum, which is an indication of
the @ Qroup

Two other analogue$32b-c were prepared in a similar manner usthg above procedure and
similar changes were observiedboth NMR and IR spectra (Scheme .5Eable 11below gives
a summary of the NMR spectroscopic data for the prodii8Bs-c. The alkyne signals of

compoundd.32b-c were also observed at 106.4 ppm and 93.5 ppm.

TMS

Br
%(551043
R
o DSOS

7 -
9 2
8 1 O

Y

120b-c

R, = CchHz-‘gz— 132b

= oY 132

Scheme 55Reagents and conditionstifethylsilylacetylenePd(PPH).Cl,, Cul, diisopropylamine, DMF, 7%C, 5
h, 737 76%.
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Table 11 Key signals in the NMR spectra of tB®nogashira coupling reactigmoductsl32a-

13.
Product Product (%| NMR spectroscopic informatior
yield) ppm ¢H and*C)
TMS IH: =
N, S H: 7.91 (d,J = 1.3 Hz,H5), 3.88
¥ (s, OM@, 0.26 (s, TMS).
7 ~ 79
9 2>0
& 3c: 106.4 (G1'), 93.5 (G2, 0.0
132a
(TMS).
TMS__ ., 'H: 7.91 (d,J = 1.3 Hz,H5), 1.47
N, 3ot
OO . (t, J= 7.0 Hz,H2), 0.27 (STMS).
7 A >0 N
81 23 3c: 106.4 (G3'), 105.7 (G1),
132 935 (G4), 635 (G1), 00
(TMS).
HEN 'H: 3.841 3.82(m, H2), 3.61 (q,
6'%5 6 > 10 4
OO . | J=7.0 Hz, H3)0.27 (s,;TMS).
7 P) > O/\/Iovlzl
81 2z 3 13C: 106.4 (G5'), 93.5 (G6'), 68.8
132¢ 76

(C-3), 15.2(C-4), 0.0 (TMS).
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4.4 Synthesis of Zthynyl-6-methoxynaphthalené and analogies

TMS .
R 2§1 6 2 10 A
7 -Ry
O,Rl N 9 N 2°0

132a 133a-c

R, = HsC¥ 1333, = CH3CH2-Z(— 133b
= oY 133c

Scheme 56Reagents and conditions: TBAF, THF, 0-°@, 3 h,77 - 88%.

Our next synthetic step was to remdhe TMS protecting groupn compoundsl32a13Z in

order to gain access the terminal alkyne required foour final step(Scheme 56)There are
numerous methods in the literature used forémeoval of silyl protecting group¥’ In this case,

we decided to useetrabutylammonium fluoride (TBAF) itetrahydrofuran THF) due to the

short reaction times. Heaccompound432a13Z were dissolvedn THF at 0°C. TBAF was

then added to the reaction flaskd he resulting mixture was warmed to room temperature and
stirred for three hourd'he progress of the reaction was monitored by TLC. When complete, the
read¢ion mixture in each case was quenched with saturated aqueous ammonium chloride and
extracted with ethyl acetate. Purification by silica gel column chromatography furnished
compoundd33a133in excellent yields of 77 88%.

In theH NMR spectrum ofil33a, theupfield singlet at 0.26 pprdue to the trimethylsilyl group

had disappeared, and a singlet integrating for one proton ap@mionfirmed the formation of

the desired product. In tH&C NMR spectrum, the alkyne signals were visible at 84.2 arfsl 63
ppm. Similar changes in thiH and**C NMR spectra of analogud83b-133 were observed as
expected.Table 12 below gives a summary of the NMR spectroscopic data for the products
133%-c. As observed in Table 12, the terminal proton for compour88H-c was also seen at

3.10 ppm.
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Table 12 Key spectroscopic signals for TMS deprotection prodi88ac.

Product Product (%] NMR spectroscopic  informatior
yield) ppm ¢H and**C)
N Sl H: 7.95(s, H5), 3.10 6, H2)
72 o~ 88 13c: 157.9(C-2), 84.2 (G1'), 63.5
133a (C-2)
N, %0 4, 'H: 7.94 6, H5), 4.14 (q,J = 7.0
OO v Hz, H1), 3.10 6, H4), 1.48 (t,J =
! N o7 N\ 87
8 1 7.0 Hz,H2").
133b
13c: 157.7 (G2), 84.2 (G3Y), 63.5
(C-4Y, 14.8 C-2).
N, 50 4 'H: 7.89(d, J = 2.0 Hz,H5), 4.19
OO v s (dd,J=5.7, 4.0 HzH1"), 3.61 (q,J
7 9 2 O/\/OV 77
g 1 2 3 = 7.0 Hz, H3, 3.10 6,H6").
133c

13c: 157.1(C-2), 84.3 (G5'), 67.5
(C-1'), 63.5 (G6'"), 15.2(C-4").

118



Chapter 4 Synthesis of 4,5,6trisubstituted pyrimidines

4.5 Synthesis of substituted 4,5;&isubstituted pyrimidines using Sonogashira coupling
reaction of 109a109d with various alkynes

\j

NH,
oS
St U0

o

109a 133b

Scheme 57Reagents and conditions: cat. Pd(B§21,, Cul, diisopropylamine, DMF, 70 °C, 5 48%.

The secondlast step inour synthesis of substituted pyrimidine ring compounds as potential
protein kinase inhibitors wolved the Sonogashira coupling of our iodinated pyrimidir@s-d

and alkyned 33-c. As mentioned earlier, Sonogashira reactions allow for the formatior®f C
bonds by reacting aromatic halides with terminal alkynes, using a palladium complex as a
catalyst and copper(l) iodide as theaaialyst. Diisopropylamine was used as the base. Different
solvents (THF, DMF, DMSO) can be used to perform this reaftidhlowever, in this case we

have used,N-dimethylformamide (DMF) due to the poor solubility of compouthf8a-109d

in THF. Therefore, to a degassed mixture Nt-(cyclopropylmethyl)5-iodopyrimidine4,6-
diamine109, coppe(l) iodide, catalyticPd(PPB).Cl, and 2ethoxy-6-ethynylnaphthalen&33o

was added a degassed solution of diisopropylamine and DMF. The resulting reaction mixture
was heated at 70 °C for 5 hours undenitrogen atmospheréAfter complete reaction, as
indicated by TLG the reaction mixtre was worked up aritie crude produgburified by dlica

gel column chromatography. N*(Cyclopropylmethyl)5-[2-(2-ethoxynaphthale®-
yl)ethynyllpyrimidine-4,6-diaminel10awas isolated in an average yield of 48% (Scheme 57).

The'H NMR spectrum confirmathe formation of compountilOa by the appearanas signals
due to the naphthalene moiety at 7181.19 ppm. A quartet integrating for two protons and a
triplet integrating for three protons in the aliphatic region were assigned to H1" and H2",

respetively. The cyclopropyl moiety was still visible in the aliphatic region of #HHeNMR
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spectrum. The success of the reaction was further confirmed by the alkyne signals at 80.9 and
79.0 ppm in thé*C NMR spectrumThe molecular ion was confirmed by HRM& tie [M+H]
359.1881which was consistent with a molecular mas8%8.1874(calculated foiC,,H23N40).

Other analogued.10b-110i were prepared in a similar manner using the above procedure
(Scheme 58)Table 13 below shows the results obtained for thefedént alkynes (including
both commercially available alkynes and those prepared in our laboratories) used together with

the spectroscopic data of the product.

R
~._0O
NH, e
NP g
| N s NH
N S 2
N"ONH * . > y
\ L _R =
=N Nk |
109a-d | SN T NH

110b -i

Scheme 58Reagents and conditionsat. Pd(PPR),Cl,, Cul, disopropylanine, DMF, 70 °C, 5 h, 4979%.
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Table 13 Theresults of the Sonogashicaupling reaction wittvarious alkynestogether with
key signasin the'H NMR and™*C NMR spectra, and HRMS analysis.

Product Product NMR spectroscopi| HRMS
(%yield) | information/ ppm (*H and
13C)
H: 0 7 (s, 9H2), 6.58 (s, | Calculated  for
NHz), 4.16 (q, J=75 HZ, C22H23N40:
H1"). 359.1874 found:
L [M + HI*
C: 162.1 (C6), 156.9 (G
359.1881
48 2),80.9 (C10), 79.0 (G11)
H: 0 7 s9H8), 6(54 6, | Calculated  for
NHz), 3.91 S, OME) C17H19N4O:
13 295.1561, found:
C: 163.1 (C-6), 161.8 (C- .
54 M + H]
2", 86.5(C-10), 79.2(C-11),
295.1548
56.3(C-7), 45.2(OMe).
H: 0 7.93 (s, K), 7.83i | Calculated  for
7.81(m, H4' and H8)). CigH21N4Oy:
13 325.1666 found:
C: 162.1(C-6), 157.6(C-4 .
49 M + H]

and G2'), 80.9 (C-10), 79.0
(C-11), 55.8 (OMe).

325.1672.
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5
o

'H: 7.93 6,H2), 7.80 (d,J =
8.7 Hz,H4' and HY, 4.23i
4.22 (m, H1"), 3.787 3.76

Calculated for,
C24H27N4OZ
403.2136 fourd:

60 (m, H2"). M+ H
. 403.2116
C: 156.9 (C-2), 80.9 (C-
10), 79.0 (G11), 78.9 (C5),
12.0(C-8), 3.8(C-9).
H: o 8. 2J1= 1(4Hz,| Calculated  for
H5Y, 7.317 7.29(m, Ar-H). | CorHarN4O»:
13 o 439.2136 found:
C:u 1 q@6), 157.5(C- .
65 M+  H]
4 and G2'), 80.9(C-13), 79.1
439.2115.
(C-14), 66.2 (C-3"), 43.9(C-
7), 15.6(C-4").
'H: 6.757 6.60 (m, H2 and| Calculated  for]
H6’), 3.15 S, OME) C19H23N40:
13 323.1874 found:
C: 165.2 (G6), 161.1 (G .
74 M+  H

2, 80.9 (G11), 78.9 (G12),
56.3 (OMe).

323.1873.
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'H: 4 8. 1J7= 1(6 Hz,| Calculated for
H5'), 7.95 é, H2), 7.80 (d,J C24H27N4O:
= 8.9 Hz,H4' and H8")4.15| 387.2187 found:
64 (q,d = 7.0 Hz, H1"). M+ H
. 387.2177.
C: 168.0(C-6), 80.9 (G
11), 78.9 (G12), 63.2(C-1"),
14.6(C-2").
H: 7.847 7.79(m, H2 and| Calculated for
H4'), 3.53 (q,J = 7.0 Hz, C26H31N402:
H3"). 431.2449 found:
61 13 M + H]*
C: 168.0 C-6), 160.7 (C
431.2445.
4), 157.0 (G2"), 80.9 (G11),
789 (C-12), 65.6 (-3,
49.0 (G7).
H: 0 7 .s9HR), 1697 | Calculated  for
7.66 (m, H2), 2.49 7 2.40| C1gH22Ns50:
(m, H8 ancH9). 324.1826 found:
9 13 M + H]"
C: 162.4 (G6), 80.9 (G
324.1824.
11), 79.0 (G5), 78.9 (G12).

All the 4,5,6trisubsttuted pyrimidineproducts shown iffable 13were obtained in moderate to

good yields. The formation of these products was confirmed using NMR and IR spectroscopy
and HRMS.In the **C NMR spectra, the alkyne moiety was visible as signals appearing at
apprximately 80.9 and 79.0 ppm. The products bearing a cyclopropyl, benzyl or cydlohexy

moiety were easier to prepatteanthosebearing the morpholino moiety. Only one compound

bearing the morpholinoethyl side chain was prepared. This is due to the fdbetBahogashira
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coupling reaction with this derivative did not go to completion when using the
ethynylnaphthalenes prepared in our laboratories. The products were also difficult to purify
because they typically had the same retention factgr 4R the string material. Several
separation methods were attempted, including preparative TLC but we were unfortunately

unsuccessful imsolating our desired products in pure form.

The above compoundslOa110i were assessddr antiplasmodial activityn anin vitro screen
andwill be tested foractivity againstPtfCDPK4 andPfCDPKL1 inbiochemical enzyme assay

Thebiological resultobtainedrom compound<d.10ai will be discussed in the next chapter.

4.6 Synthesis oN’-(cyclopropylmethyl)-5-[2-(2-ethoxynaphthden-6-yl)ethynyl]pyrimidine -

4 6-diamine 134

Y

Scheme 59Reagents and conditiorgd/C, H (g) balloon, EtOHirt, 18 h 70%.

In the absece of enzymatic inhibition dataye sought tointroduce increased structural
flexibility by reduction of the alkyne functionality of one example of compourids To this
end, treatment of an ethanoic solution of compolb@awith hydrogen in the presence of Pd/C
catalyst at ambient temperature for 18 hours gave, after purificatipnsilica gel

chromatography, compouri@4in 70% yield.

The 'H NMR spectrum confirmed the formation of compout®# by the appearancef two
triplets at 2.96 ppm and 2.66 ppm due to H10 and H11, respectively. {{CtMR spectrum,
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two new signals wereisible in the aliphatic region at 33.0 ppm and 14.8 ppm due to H10 and
H11, respectively. A signal previously appearing at 2087 in the IR spectrum due theC [ C
stretchhad disappeared.

4.7 Closing remarks

A second library of compoundsontainng a pyrimidine coras alternative to thpyrrolo[2,3
d]pyrimidines template,as potentibkinase inhibitors, was prepare@nce againdifficulties
were encountered in the purificatiah some analogues. Nonetheleasyariety of substituted
4,6-diaminogyrimidineswere prepared for biological assessmdhtwas alsodemonstrate that
the alkyne functional group could be reduced to affordenil@xible analogueshould this be

required.
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Chapter 5 Biological evaluation

CHAPTER 5! BIOLOGICAL EVALUATION OF
PYRROLO[2,3-d]PYRIMIDINE = AND BRANCHED PYRIMIDINE
ANALOGUES PREPARED.

The pyrrolo[2,3d]pyrimidines and 4,5,&risubstituted pyrimidines synthesized were sent to Prof
Heinrich Hoppe at Rhodes University for biological testing. As mentioned earlier, we were not
able to obtain the results tifie PICDPK4 enzymatic assain time before submission of this
thesis. However, I of the final compounds synthesised were evaluated in a whole cell
antiplasmodium assaysing theparasite lactate dehydrogengpeDH) assay Compounds that
displayed antiplasmodial activityn vitro were assessed for cytotoxicity in a Hetall assay.

The biological results from the two assaysdiscussed in the following sections.

5.1 Results and Discussion

The compounds prepared in this study were designed using the crystal strucRieeDéfK4.
Inhibition of PICDPK4 does not, however, result inraaite death as this enzyme is not essential
for parasite survival. By comparisoRfCDPK1 is essential for parasite survival, although the
parasite has demonstrated the ability to compensate for this to some extent in recerit\steidies.
had hoped to degin inhibitors that would be effective against b#CDPK4 andPfCDPK1,
owing to the sequence similarity of these enzymes. Any antiplasmodial activity obsewted
is therefore potentially due ®fCDPKZ1 inhibition. From work reported by Ojo andworkers,
potent inhibitors of P[CDPK1 displayed moderate antiplasmodial activity vitro (low

micromolar rangej.

5.1.1 @.DH (Malaria) assay- single concentration screening

Firstly, malaria parasitesPlasmodium falciparunstrain 3D7)were maintained in RPM1640
medium containing 2mM d{glutamine and 25mM Hepes (Lonza). The mediwas further
supplemented with 5% Albumax Il, 20 mM glucose, 0.65 mM hypoxanthine, 60 pg/mL
gentamycin and-2% hematocrit human red blood cells. The parasi@® cultured at 37C
under an atmosphere of 5% 6% Q, 90% N in sealed T25 or T75 culture flasks.
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For screening compounds against amial parasites, compounds at| @ wereadded to parasite
cultures in 96well plates and incubated for 48in a 37°C CQ;, incubator. Afer 48h, the plates
wereremoved from the incubator. Twenty pL of cultwvasremoved from each well and mixed
with 125 pL of a mixture of Malstat solution and NBT/PES solution in a fresivélbplate.
These solutions measure the activity of phé®H enzme in the cultures. A purple produgas
formed whenpLDH was present, and this produatas quantified in a 9évell plate reader by
absorbance at 620m (Abszg). The Abgy reading in each welvas thus an indication of the

pLDH activity in that well andalso the number ofiable parasites in that well.

For each compound concentratié, parasite viability 7 the g.DH activity in compound
treated wells relative to untreated contriolsas calculated. Compounderetested in duplicate
wells, and a standardeviation (SD)was derived. ily the compounds that reducedH
activity to less than 25% parasite viability after dosing for 48 hours were carried through to
obtain 1Gy values. Pyrrolo[2,&l]pyrimidines 122b, 125, 125d 131d and 4,5,6trisubstituted
pyrimidine 110b had a significant effect on the viability Bf falciparumat 20 uM. Hence, they
were evaluated further to determinesdGralues. Compounds for which 1§ values were
obtained are shown ifiable 14, with a conparison to chloroquine (an amalarial drug) used as

a drug standard Of the five compounds that showed activity; four were from the
pyrrolo[2,3d]pyrimidine series. Each of these were substituted with either an ethoxynaphthyl
group at G5; or a substituent at-W which could potentil form an additional Fbond to
Glul54 in the sugar pocket (piperidinyl and morpholine substituents). Significantly, none of
these compounds displayed cytotoxicity at a single concentration jo¥128gainst a HelLa cell

line. None of the compounds bearing methoxynaphthyl substituent at-%C showed

antiplasmodial activityn vitro.
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Table 14 Results of in vitro antimalarial

pyrrolo[2,3d]pyrimidine and branched pyrimidine compounds.

assay and cytotoxicityfor selected

Compound Parasite Viability % | ICso values (uUM) pLDH | HeLa assay 20puM % cell
assay viability
Chloroquine 0.011 0.016
<O
0 24.1 3.81 18.7+£0.8 79.8
NH, O
N N\
k\N!}
122b
N
o
/
o
NH,
N7 N\
I\\N I » 2.74 £ 3.87 121 +11.4 79.3
N
O 125b
-2.29+1.83 142 +1.7 71.7
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o
NH2
J -12.0+2.6 8.2 47.0
N | AN
k\N N
ﬁ 131d
»
Hela IG,
e 2.6 UM
N b 9.1£2.4 21.1 oF
'N/ " (18.8% cell viability)
# 110b

The most ative compound from the pyrrolo[2,3d]pyrimidine series bearing a
cyclopropymethylsubstituent at NV was122b with an IGpovalueof 18 . 7 €M agai nst
sensitivestrain.While we were happy with this outcome; we were surprised to find that this was
the only compound othis series bearing a cyclopropyéthyl substituentwhich showed
promising antimalarial activityThe other compoundsith this group at N7 performed poost
against the malaria parasite. CompouhiiSaand 115b bearing a benzyl grougid not reduce

the pLDH activity to less than 25%, hence they were not evaluated furthéreiolCso values.
Compounds with apjperidin-1-yl)ethanonemoiety at N7, showed better parasite inhibition

with the best etivity obtained from compound25band125dgiving the % parasite viability of

2.74 and-2.29 respectively, andCso values of 12.1 uM and 14.2 uM, respectively. However,
both werdess potent than the existing antimalarial drug, chloroquine with grvétie of 0.016

MM. However, the olervedactivity could be attributed to the methyl(piperidiryl)etharone
substituent on N possibly hydrogen bonding to GlulR4ust like compound22h compound

125d also has amthoxynaphthyl substituent at% Hence, it can be concluded that an ethoxy
group influencedhe activity of these compounds, as the methoxynaphthyl analogues were not
active. Surprisingly, compound.25e with a longer chain orthe 2position of the naphthyl
moiety did notdisplay promising activityThe pyrrolo[2,3d]pyrimidine cerivative131dbearing

a morpholinoethyl substituent at&showedstrongestactivity againstPlasmodium falciparum

in vitro with anlCsg value of 8.2 uM. Once more, compouh8ldhas an ethoxy substituent on
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the 2-position of the naphthalene moiety. Hentteere was no doubt thdtis group influenced

the activity of these compounds.

As observed iTable 14, compoundL10bwas the only compound from the branched pyrimidine
series which showed activitpgainst Plasmodium falciparumin vitro. Interestingly, his
compound did not bear an ethoxynaphthyl substituent or a substituent that cbalitd Ho
Glul54 at N7. This was also the only compound that showed significant cytotoxicity |20
and therefore an Kgvalue was obtained of 2)8M against the HeLaell lines. It is not clear
whether this was the causé the apparent antiplasmodial activity or not (i.e. whether the red
blood cells in which the antimalarial assayperformedwere affected by the compound rather
than the parasite). All other branchegtimidine final compounds did not reduceQH activity

to less than 25%hence they were not evaluated further @y, values

In summary the reslis obtained in this studgre very promising Somecompounds showed
moderateactivity againstPlasmodiumfalciparum in vitro, which could suggest inhibition of
PfCDPK1. We also noticed that the presence of an ethagiithyl group at G5 of the
pyrrolo[2,3d]pyrimidine derivatives played a very important role in their activity. This
ethoxynaphthylfunctionalgroup resulted in some of the compounds being potential inhibitors of
the enzyme. Moreover, structure activity relationshigwvealed that pyrrolo[2@pyrimidine is a
better scaffold tharthe branched pyrimidine. This can be seen by comparing the gcofit
compoundl22b and 110a (% parasite viability of 88.8)In this case, it may be worthwhile to

consider reducing the alkyne functional group to afford more flexible analogues.
All the final compounds containing the pyrrolo[2jpyrimidine or branchedpyrimidine

scaffold will be screened for biological activity a PFCDPK4 enzymatic assagnce the assay is

available in oucollaborators research groups (Wits University and Rhodes University).
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CHAPTER 6: CONCLUSION AND FUTURE WORK

6.1 Conclusions and future work pertaining to Chapter 3

In conclusion, we have successfully prepared a seesuitably substituted pyrrolo[23
d]pyrimidines to be evaluated for biological activity. The synthesized compounds were analysed
by means offH NMR and *C NMR spectroscopy andigh resolution mass spectrometry
(HRMS). This first generation of cqmundscontaining a pyrrolo[28l]pyrimidine scaffold
were synthesised in twelve stgf@heme 60)Our synthesis commenced witeduction of the
commercially available 4;8iaminopyrimidine2-thiol in the presence of Raney nickel to afford
pyrimidine-4,6-diamire 98. Selective iodination at -6 was achieved using iodine in
dimethylformamide (DMF) and water. The resulting halogenated compwsasdubjected ta
Sonogashiracoupling reactionto afford compoundlO0, which was then deprotected using a
source of fluoide ion, TBAF, to give a terminal alkyri®1in good yieldof up to85%. The key
step in this synthesis was the formation of the pyrrolef@y$rimidine ring 102, and thiswas
prepared by the use of microwave irradiation in dimethyl sulfoxide (DMSO)r upasc
conditions. With this key intermediate in hand, iodination é8 Was accomplished usingy-
iodosuccinimide (NIS), followed by reaction with appropriately substituted alkyl{mides

or tosylates in dimethylformamide. The final step in the sssith of thesgotential kinase
inhibitors was the introduction of appropriate aryl substituents -8t @& SuzukiMiyaura
coupling reactions witltifferent boronic acids. This gave the suitably substituted pyrrole[2,3
d]pyrimidine analogued15ab, 122ae, 125ae, 128ab, 130ac and 131ad in yields ranging
from 3576% (Scheme 0
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NH, NH, NH,
(ii)
X i N™ ™ —_— |
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Scheme60: Reagents and condition$) Raney Ni, aq Nk H,O, reflux, 2 h, 96%. (ii),, K,COs, DMF/H,0, 45 °C,
4 h, 76%.(iii) TMS-acetylenecat. Pd(PP}),4, Cul, diisopropylamine, THF, 70 °C, 4 h, 48@%) TBAF, THF, 0 °C
- 1t, 3 h, 85%(v) Cs,COs, DMSO, MW, 100 W, 180 °C, 15 min, 50%i) NIS, DMF, 60 °C, 4 h, 57%vii) Ri-X,
CsCO;, DMF, 70°C, 18 h, 5% - 79% (viii) ArB(OH),,Pd(PPh),, aq NaCOs;, DME, 18 h 35% - 76%.

Antimalarial activity of the pyrrolo[2&]pyrimidine compounds prepared was evaluated in a

whole cell antiplasmodium assay usitiige parasite lactate dehydrogenapeH) assay The
pyrrolo[2,3d]pyrimidine series bearim a methylcyclopropybsubstituent at N (1221 showed
someactivity in the antiplasmodiumassay(ICsc1 8. 7 N 3. 81 & M) . Addi tio
d]pyrimidine 131d was the most potent compound of this series; displaying &of@.2 uM

(Figure 40). Further evaluation of this compound will be carried out in order to better understand

this result. Unfortuately, all of our pyrrolo[2,&]]pyrimidine compoundswvere found to be
significantly less potent than the drug stangatdoroquine ICso value of ~0.016uM).
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(0]
N
L
N N

8 131d
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-
Figure 40 Pyrrolo[2,3d]pyrimidine showing the greateantimalarialactivity.

Whilst the 1Go values of these compounds are nothie nanomolar range and cannot compete
with chloroquine, a number of motivating conclusions and future work can be derived from these
results.In the absence of biochemical enzyme askdg, the whole cell antiplasmodial assay has
given us an indication of potentiBfCDPK1 inhibition.CompoundL31dwas shown to be one of

the most promising compounds/nthesized in this serie®/ith the useof molecular modelling
against a homology mobef PICDPK1 we could assesshether synthetic modification to the
molecule could result in a lower d€value Further investigation into compousd22b, 125b
and125dthrough molecular modellingould suggessuitablemodifications that could be made

to the substituentsf the pyrrolo[2,3-d]pyrimidine scaffold, perhaps increasimgficacy of these

compounds.

In future, we would like to use the methodology developed in this project to modify the
structural features associated with the compounds prepartbdsifirstseries The synthesis of
more potent inhibitors with the aid of moldar modelling forms part of thiuiture work. The
encouraging results obtained from the biological screening together with the molecular
modelling would be undertaken to danine thepreferredsynthetic modificationgor generabn

of alibrary of 2! generation compounds. Importantly; enzyme inhibition assays are needed in

order to prepare a second generation of potential inhibitors with improved biological activity.

The results from our modelling studies sheathat these compounds could potentially act as

inhibitors of PICDPK4. For example, compoud@5dwhich containghe 4-(methyl)piperidinl-
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yl)ethanonemoiety at N7 wasobservedo make a hydrogen bond wikley amino aids residues
(Aspl148 and Tyrl50jn the hingeregion of PfCDPK4 and with Glul54 in the sugar pocket
region of PICDPK4 (Figure 41). The fact that this compound docked well in the active site of
PfCDPK4 in silico, and also showed moderate activity agaistalciparumin vitro, suggests
that there is potential to develop a dHCDPK1/PfCDPK4 inhibitor; which could prevent

malaria transmission.

Figure 41 Structure of potential kinase inhibitd25d showing hydrogen bond wittkey amino acids residues
(Aspl148 and Tyr150).

6.2 Conclusions and future work pertaining to Chapter 4

While awaiting thebiological resultsof the first series of compoundsie embarked on the
synthesis of branched pyrimidine analogues as potential protein kinase inhiGitorsaite
towards he synthesis of 4,5®isubstituted pyrimidine derivativesl10 started with the

sequential monaucleophilic displacement of each chlorine atom4,6dichloropyrimidine to
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afford suitably substituted diaminopyrimidin&88ad (Scheme 61)Thereafter,a Sonogashira
coupling reaction with different alkynyl derivativesas performed to construct the 4,5,6
trisubstituted pyrimidine derivativelslOai in yields of 48i 79% (Scheme6l).

Cl cl
N i N*
| + R*NHZ #} k\ |
N N NH
N Cl I
106 R ,
r\rrrf \Sg JV\IIW K
107a 107b 107c¢ O~ 107d
cl o NH, NH,
N7 (iii) N7 I
| N* > |
k\N NH s | s
I N |}“_| N I}IH
107a-dR 108a-d R 109a-d R
R
0 1
b O
R
o) 1

N° NH 110ad
R

Scheme6l: Reagents and aditions: (i) DIPEA, dioxane, 90C, 18 h, 75% 85%. (ii) 25% aq NH, EtOH, sealed
tube, 48 h, 70 °C, 838%%. (iii) 1, K,COs, DMF/H,0, 407 45 °C, 4 h,83 - 8%%. (iv) cat. Pd(PP$).Cl,, Cul,
diisopropylamine, DMF, 70 °C, 5, 48- 7%.

Once again, allthe 4,5,6trisubstituted pyrimidine derivatives synthesised were tested for
antimalarial activity in a whole cell antiplasmodium assay usitige parasite lactate
dehydrogenasel DH) assay Compoundl10bwas the onlyonefrom the branched pyrimidine
series which showed significant activity in thantiplasmodiumassay(ICsp 21.1 + 2.40e M
Figure 42). However, this wadound to be significantly less potent than the drug standard

(chloroquine), 1Gy ~0.016 uM.Furthermore, the compound was shown to be cytotoxic at the

136



Chapter 6. Conclusion and future work

therapeutic concentratiomhis biological esult suggests that pyrad2,3-d]pyrimidine is a better

scdfold than branched pyrimidine.

Figure 42 Branched pyrimidin@howing the greateantimalarialactivity.

In future, we would like to use the methodology developed in this projeatottify the
structural features of the first seriesaoimpounds prepare@nce again,hte synthesis of more
potent inhibitors with the aid of molelar modelling forms part of thisiture work.The results
from our modelling studies shea that these compouals couldalso bind in the active site of
PICDPK4. For examplekey hydrogerbonding interactions were observed between Tyr150 and
Asp148 in the hinge region HCDPK4 and N3 and 4NH; groups of thepyrimidine scaffold
(Figure 43). However, it may be befieial to reduce the alkyne functional group to improve

these interactions.
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Figure 43

The effect ofthis change to affordlexible analogues of the 4,5tfsubstituted pyrimidines
(Figure 44) on biological activitywill also be assessed in the futufiéhe flexibility of these
compounds may result in increased binding affinity with the amino acid residues in the active

site, and could potentiallgnhance the biological activity of these compounds.

Figure 44

138



Chapter 7. Experimental section

CHAPTER 7: EXPERIMENTAL SECTION

7.1General Procedures

All reagents were purchased from Sigidrich (South Africa) or Merck KGaA (South Africa)

and were used as received. All solvents for reactions were of analytical grade quality purchased
from SigmaAldrich (Souh Africa), Merck KGaA (South Africa) or Minema Chemicals (South
Africa). Solvents for column chromatograpligthyl acetate andhexaney and acetone for
cleaningwere purchased from Protea Chemicals (South Africa) and were distilled before use to
remove norvolatile components Acetonitrile was distilled from calcium hydride and
tetrahydrofuran (THF) was distilled from sodium/ benzophenone ketyl both under a nitrogen
atmospherelN,N-Dimethylformamide (DMF) was distilled from calcium hydride and stored over
molecular sieves. Dichloromethane, chloroform, ethanol and methanol were purchased and used

as received.

Column chromatographic purification was doneMachereyNagel silica gel 60 (particlsize
0.063mm to 0.200mm). Thin Layer Chromatogmhic analysis \&s done on MercRluminium

foil backed plates coated with silica gel 6@s4F

Melting points were recorded orSauart SMP1@pparatus and are uncorrected.

'H Nuclear Magnetic Resonan¢®IMR) data were acquired on Bruker 30 or 500 MHz
spectrometeat room temperature, using the specified deuterated solvent. For those compounds
soluble in deuterated chloroform (CR¥Ithe solvent contained tetramethylsilane (TMS, 0.05%
v/v) as internal standard. For others, the residual sokigntlwas used for refencing.’*C
Nuclear Magnetic Resonance data were acquired on the same instrubatatprocessing was
done using MestreNova Software under licensenfMestrelab Research, CA, USA.

The following abbreviations are used to designate the multiplicitysiegiet, d = doublet, t =
triplet, g = quartet, p = pentet, m = multiplet, dd = doublet of doublets, dhdiblet of doublet
of doublets, ddt = doublet of doublet of triplets, tdriplet of doublets, H= axial proton, H=

equatorial proton.
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Infra-redspectravere recordedeaton aBruker Tenso#27 Fourier Transform spectrometer

Mass Spectra (High Resolution) were recorded on a SYNAPT G2 HDMS mass spectrometer
(ESI) at University of the Witwatersrand and Stellenbosch University.

7.2 Synthesis of Siodo-7H-pyrrolo[2,3-d]pyrimidin -4-amine

7.2.1Synthesis of pyrimidine-4,6-diamine’ 98

NH»
4

N~ X5

L

N~ 6 NH,

To a mixture of4,6-diaminopyrimidine2-thiol (5.00 g 35.2 mma) in water(500 ml)and25%
agueousammonia(20.0 ml)was added Raney kel (10.0 g) in portions. The resulting mixture
washeated ateflux for 2 hours after which it was cooled to room temperature, and the catalyst
was removed by filtrationon a Buchner funnel. The filtrate was evaporated to dryness on a
rotary evaporator tturnish pyrimidine4,6-diamine98 (3.70 g, 96%) as a light yellow solid.

R (10% MeOH/dichloromethane) 0.32p 271-272°C.*H NMR (300 MHz, DMSO-dg): U
7.81 (LH, s,H2), 6.02 @H, s, 2 x M), 5.38 (LH, s,H5); *C NMR (75 MHz, DMSO-dg): i
163.5 (G4 ard C-6), 157.8 (G2), 82.6 (G5); IR (Vmadcm™): 3445, 3303N-H); 3092 (=GH);
1634 (C=N); 147%C=0).

7.2.2 §nthesis of 5iodopyrimidine -4,6-diamine? 99
NH,

p |
K

P
2N

6 NH2

To a suspension of pyrimidirg6-diamine98 (3.00 g, 27.2 mmglin water(70.0 ml) and DMF
(20.0 ml)was added potassium carbonéies5 g, 40.9 mmol, 1.5 egand ioding(13.8 g, 54.4
mmol, 2 eq) The resulting raction mixture was heated at 4@5 °C for 4 hours. TLC analysis

showed consumption of the starting miter The reaction mixture wasooled to room
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temperature and quenched withM2 aqueous sodium thiosutéa (40.0 ml) to give a clear
solution. The product that formed was collected by filtration and wiasiite water (3 25 ml)
to give 5iodopyrimidine4,6-diamine99 (4.91 g, 76%}ps a yellowsolid.

Rf (10% MeOH/dichloromethane) 0.3fp 160 °C.'H NMR (300 MHz, DMSO-dg): i 7. 7 2
(1H, s,H2), 6.31 @H, s, 2 x N,); °C NMR (75 MHz, DMSO-dg): i (@Ce 2nd &6),

156.9 (C-2), 55.2 (G5); IR (Vmad/cm): 3455, 3277(N-H); 3067 (=GH); 1627 (C=N); 1459
(C=0); 626.6 (CI).

7.2.3 Synthesis o&-[(trimethylsilyl)ethynyl] pyrimid ine-4,6-diamine® 100
NH, T™MS

4 -
N~ ~Nyg 7

NG

~
N”" 6 NH,

To a degassed mixture oti@dopyrimidine4,6-diamine 99 (500 ny, 2.12 mmol), copper(l)

iodide (12.0 mg, 6.36 x10° mmol, 3 mole % and Pd(PP}); (122 mg, 0.106mmol, 5 mole %

was added a degasseatiusion of ethynyltrimethylsilang3.02 ml, 21.2 mmol), diisopropgimine

(3.00 ml, 21.2 mmoll0 eq) and tetrahydrofuran (20.0 mThe resulting browmixture was
heated at 70 °C for 4 hours undemnitrogen atmosphere. After consumption of the starting
material, the reaction mixture was quenched with a saturated aqueous ammonium chloride
(NH4CI) solution and the THF was removed on a rotary evaporator. The remaining agueous
residue was washed three times with ethyl acetate (100 ml) and the organic layers w
combined, dried over MgS(and filtered through celite and excess solvent removed on a rotary
evaporator. The crude product was purified by column chromatogr8pbf EtOAc/hexane) to
furnish 5[(trimethylsilyl)ethynyljpyrimidine-4,6-diamine 100 (0.21 g, 48%).as a light yellow

solid.

R: (80% EtOAc/hexane) 0.64np 190-192°C. *H NMR (300 MHz, DMSO-dg): 782 (LH, s,

H2), 6.36 @H, s, 2 x NH,), 0.23 OH, s, TMS); **C NMR (75 MHz, DMSO-dg): U (@C®&3. 4
and G6), 156.5(C-2), 99.4 (G7), 97.2 (G8), 782 (G5), 0.00(TMS); IR (Vmad/cm): 3457,
3291(N-H); 3089 (=GH) ; 2136 (CIC),(C=625 (C=N); 1463
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7.2.4 Ynthesis of 5ethynylpyrimidine -4,6-diamine” 101

NH,
4 4

N™ Ny, 7

2lN/e NH,
To a solution of {(trimethylsilyl)ethynyl]pyrimidine4,6-diamine100 (200 mg, 0.969 mmol) in
tetrahydrofuran(20.0 ml) wasaddedtetrabutylammonium fluoridel.0 M in THF,(0.561 ml,
1.94 mmol,2 eq) at 0 °C. The reton mixture was then allowed to séit roomtemperature for
3 hours.TLC analysis showed consiption of the starting material. The reaction mixturasw
guenched witrsaturated aqueous ammonium chloride and was extracted with ethyl #8etate
25 ml). Thecombinedorganic extracts were dried with Mggdiltered through celite and excess
solvent wa removed on a rotary evaporator. The crude product was purified by column
chromatography to give-&thynylpyrimidine4,6-diamine101(0.11g, 85%) as a yellow solid.

R (80% EtOAc/hexane) 0.581p 202203°C. 'H NMR (300 MHz, DMSO-dg): i 7 12  (
H2), 6.42 @H, s, 2 x Ni,), 4.57 (H, s,H8); *C NMR (75 MHz, DMSO-dg): U (C4@ 8nd 9
C-6), 156.5(C-2), 91.1 (G5), 77.4 (G8), 76.1 (G7); IR (Vmadcm'): 3551, 3252N-H); 3158
(=CH) ; 2092 (CIC),CXp28 (C=N); 1470

7.2.5 Snthesis of H-pyrrolo[2 ,3-d]pyrimidin -4-amine® 102

A mixtute of Sethynylpyrimidine4,6-diamine 101 (300 ng, 2.24 mmol), cesium carbonate
(1.469, 4.47mmol) andDMSO (4.00 ml) in a 10.00 ml microwave tube was irradiated at 100 W
and B0 °C forl5 minutes. After this time, the reaction mixture was cooled to room temperature
and pourednto a separating funnel containing 100 ml water and 100 ml ethyl acetate. The
agueous layer was extracted with EtQ&cx 100 ml) Thecombinedorganic extracts ere dried

with MgSQ,, filtered through celite and excess solvent was remavecua Purification by
column chromatography (80% EtOAc/hexan€l0% MeOH/CHCI,;) gave H-pyrrolo[2,3
d]pyrimidin-4-amine102(0.15 g,50%) as a off-white solid
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R (10% MeOHgdichloromethane) 0.28np 257-259 °C. H NMR (300 MHz, DMSO-d): u
11.42 (LH, s, NH), 8.01 (H, s,H2), 7.05 (H, dd,J = 3.5, 2.1 HzH6), 6.85 @H, s, NH,), 6.51
(1H,dd,J = 3.4, 1.8 HzH5); *C NMR (75 MHz, DMSO-d¢): 1%7.8 (G4), 152.0 (G2), 151.1
(C-8), 121.3 (GB), 102.7 (G9), 99.3 (G5); IR (Vma/cm™): 3414, 3291(N-H); 3086 (=GH);
1640 (C=N); 147%C=0).

7.2.6 Snthesis of 5iodo-7H-pyrrolo[2,3-d]pyrimidin -4-amine® 103

NH,
4 o s
N™ SN
LA
2 N~ 8 H7

7H-Pyrrolo[2,3d]pyrimidin-4-amine102 (200 ng, 1.49mmol) was dissolved in dry DME.00

ml) and to his was addedl-iodosuccinimide @.402g, 1.79mmol). The resulting brown mixture

was heated at 60 °C for 4 hours. The reaction progress was monitored by TLC (80%
EtOAc/hexane). When completéhe reaction mixture was cooletb room temperature,
guenched vth water and extracted with ethyl aceté2ex 100 ml) The combined organic layers
were driedover MgSQ,, filtered through celite and excess solvent was removed on a rotary
evaporator. The residue was purified by silica gel column chromatography (804/E¢®ane

as eluent) to give the desired prodi@8(0.22 g, 57%psviscous oil.

Rf (10% MeOH/dichloromethane) 0.584 NMR (300 MHz, DMSO-dg): 11195 (H, s, NH),
8.05 (LH, s,H2), 7.36 (LH, d, J = 1.6 Hz,H6), 6.54 @H, s, NH,); *C NMR (75 MHz, DMSO-
de): 169 (C4), 151.7 (G2), 150.5 (G8), 126.7 (G6), 102.6 (G9), 50.1 (C-5); IR
(Vmadcm®): 3411, 3288(N-H); 3085 (=GH); 1632 (C=N); #60 (C=C). HRMS (ES") m/z
calculated folCsHglN4: 260.9639found: [M + HJ 260.9641

7.3 General procedure for alkylation of 6bromonaphthalen-2-ol.

Br K,CO3 Br
e - O
OH Acetone, heat o Ry

120a-c
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To a suspension of-Bromonaphthale2-ol 119 in acetone (200 ml) waadded potassium
carbonate (2 eq) and alkyl halide (1.1 eq). The resultant mixture was refluxed overnight and
reaction progressnonitored by thin layer chromatography. After completion, the reaction
medium was cooled to room temperature, filtered on ahBerc funnel and the filtrate was
concentratedn vacuo The residue was purified by silica gel column chromatografp9o(

20% EtOAc/hexane) to givé20a-120c in good yields. The following products were prepared

using this methodology:

7.3.1 Snthesis of2-bromo-6-methoxynaphthalen€ 120a

4
Br 5 10
2
7 ~
9
8 1 o

6-Bromonaphthalet2-ol 119 (5.00 g,22.4 mmol) was dissolved in acetone (200 np the
clear solution was added potassium carbonate (6.28.§ mmol) and methyl iodide (1.53 ml,

24.7mmol). The pure produdi20a(4.95g, B%)wasisolated as a cream white solid.

R (20% EtOAc/hexane) 0.82np 105°C. *H NMR (300 MHz, CDCls): i 7 1t @,J 2.0
Hz, H5), 7.89i 7.56(2H, m,H4 and H$, 7.48 (H, dd,J = 8.7, 2.0 HzH7), 7.14 (LH, dd,J =
8.9, 2.5 HzH3), 7.07 (LH, d, J = 2.5 Hz, H1), 3.89 (3H, s, OMe}’C NMR (75 MHz, CDCls):
U 157.9(C-2), 133.0(C-9), 130.0(C-7), 129.6(C-5), 129.8 (C-4), 128.5(C-8), 128.4(C-10),
119.7(C-3), 117.0(C-6), 105.8(C-1), 55.3 (OM&; IR (Vmad/cm™): 2967 (=GH); 1262 (C=C);
1030 (GO).

7.3.2 Snthesis of 2bromo-6-ethoxynaphthalené 120

5 4

Br 10 s
D@
1
7 9 O/\ 2

8 1

6-Bromonaphthalet2-ol 119 (8.00 g,35.9 mmol) was dissolved in acetone (200 ml). To the
clear solution was added potassiuarbonate (9.91 g/1.7 mmol) ard ethyl bromide (2.92 ml,

39.5mmol). The pure produdi20b(7.93 g, 88%Wwasisolated as a cream white solid.
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Rr (20% EtOAc/hexane) 0.82np 96 °C. *H NMR (300 MHz, CDCls): U 7 (118, 8,J = 2.0
Hz, H5), 7.63i 7.57(2H, m,H4 and H$, 7.47 (H, dd,J = 8.7, 1.9 HzH7), 7.14 (H, dd,J =
8.9, 2.5 HzH3), 7.06 (H, d, J = 2.4 Hz,H1), 4.11 @H, g, J = 7.0 Hz, HY), 1.46 @H,t, J= 7.0
Hz, H2"); ®C NMR (75 MHz, CDCl3): 1§7.2 (G2), 133.1 (C9), 129.9 (C7), 129.6 (C5),
129.5 (G4), 128.4 (G8), 128.3 (C10), 120.0 (€3), 1169 (C-6), 106.5 (C1), 63.5 (C1), 14.8
(C-2); IR (Vimax/cm™®): 2985 (=GH); 1453(C=C); 1115 (GO).

7.3.3 §nthesis of 2(2-ethoxyethoxy)6-bromonaphthalene120c
Br 5 10 ¢
8 3
OO - o~ 4
! 8 o 1 O/\j 3
To a solution of @romonaphthale®-ol 119(5.00 g,22.4 mmol) in acetone (200was added

potassium carbonate (6.2045.8 mmol) and ibromo2-ethoxyethane (2.78 m24.7 mmol). A
light brown solid poduct120c(5.65 g, 85%) was isolated.

Rf (20% EtOAc/hexane) 0.8np 76 °C. 'H NMR (300 MHz, CDCls): i 7 118 8,3 < 2.0
Hz, H5), 7.62i 7.53(2H, m,H4 and H$§, 7.46 (LH, dd,J = 8.8, 2.0 HzH7), 7.19 (LH, dd,J =

9.0, 2.5 HzH3), 7.07 (H, d, J = 2.5 Hz,H1), 4.19 @H, dd,J = 5.7, 4.0 HzH1'), 3.84i 3.82
(2H, m,H2), 3.61 @H, g, J = 7.0 Hz, H3, 1.25 BH, t, J = 7.0 Hz,H4"); **C NMR (75 MHz,

CDCl3): U 157.1(C-2), 132.9(C-9), 130.1(C-7 and G5), 129.5(C-4), 128.4(C-8 and G10),

120.1 (C-3), 117.1(C-6), 106.7 (C-1), 68.8 (C-3), 67.5(C-1'), 66.9 (C-2"), 15.2 (C-4"); IR

(Vmaxlcm™): 2875 (=GH); 1452 (C=C); 1061 (GO). HRMS (ES") m/z calculated for
CiaH16 "BrO,: 295.0335found: [M + HJ 295.0312.

7.4 General procedure for the preparaton of boronic acids.

OH

Br n-BuLi é
R - HO~™

ot dry THF, -78°C R

o

Each of ompound 120a - 120c was dissolved ifreshly distilled, dry tetrahydrofuran (30l) in

a two neclkd round bottom flask and degassed for about 15 minutes. The resultant reaction
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mixture was lhien cooled te78 °C under nitrogen atmospheaad n-butyllithium (2.0 M/THF,

2.0 eq) was added dropwise to the reaction medium via a syringe. The resulting yellowish
reaction mixture was stirred further at the same temperature for one hour. FresHiddistil
triisopropyl borate (3.0 eq) was thslowly addedto the reaction mixtutelhe resulting reaction
mixture was stirred at78 °C for another one houthen slowly allowed to warm up to room
temperatureover two hours. The reaction mixture was then cleed with 10% aqueous
hydrochloric acid50 ml) and poured into a separating funnel containing diethyl ¢8teml).

The aqueous layer waxtracted withdiethyl ether(2 x 30 ml) The organic extracts were dried
over MgSQ,, filtered through celite and egss solvent was allowed to evaporate in the fume
hood to give aream white solid in good yieldue to decomposition on silica géhe boronic
acids 121a - 121c prepared were used in the next step without further purification
characterisationHowever, crude'H NMR spectra were obtained showing the desired product as

the major produdn each case.

7.4.1 Snthesis of Bmethoxynaphthalen2-yl-2-boronic acid 121a

OH

.B
UL
o~

2-Bromo-6-methoxynaphthalen&20a (2.00 g 8.44 mma) was dissolved in THFE30 ml) and
cooled to-78 °C under nitrogen atmosphereButyllithium (1.60 m| 16.9 mmol,2.0 eq) was
then addegfollowed by triisopropyl borate6(00 ml, 25.3 mmol3.0 eq).6-Methoxynaphthalen
2-yl-2-boronic acidl21a(1.52 g, 89%)wvas i®lated as an oftvhite solid.

7.4.2 Snthesis of 6ethoxynaphthalen2-yl-2-boronic acid 121b

OH

B
"
o >

2-Bromo-6-ethoxynaphthalen&20b (2.00 g 7.96 mmol) was dissolved in THF (30 ml) and
cooled to-78 °C under nitrogen atmsphere n-Butyllithium (150 ml, 15.9 mmol,2.0 eq) was
then addegdfollowed by triisopropyl borate5(51ml, 23.9 mmol,3.0 eq).6-Ethoxynaphthale2-
yl-2-boronic acidl21b(1.55 g, 90%)wvas isolated as an effhite solid.
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7.4.3 S§nthesis of 6(2-ethoxyahoxy)naphthalen-2-yl-2-boronic acid 121c

OH

_B
"
O/\/OV

2-(2-Ethoxyethoxy)6-bromonaphthalen@20c (2.00 g 6.78 mmol) was dissolved in THF (30
ml) and cooled te78 °C under nitrogen atmosphereButyllithium (1.30 ml, 13.6 mmol,2.0
eq) was then addedollowed by triisopropyl borate4(69 ml, 20.3 mmol, 3.0 eq). -@-
Ethoxyethoxy)naphthaleB-yl-2-boronic acidl21c(1.46 g, 8%0) was isolate@s a browrsolid.

7.5 Synthesis of Substituted 7-(cyclopropylmethyl)-7H-pyrrolo[2,3-d]pyr imidin -4-amines.

With our iodinated pyrrolopyrimidinel03 in hand; preparation of potential protein kinase
inhibitors bearing a cyclopropylmethyl moiety at7Nof 7H-pyrrolo[2,3-d]pyrimidin-4-amine

will be explained.

7.5.1 Synthesis of {cyclopropylmethyl)-5-iodo-7H-pyrrolo[2,3-d]pyrimidin -4-amine 104b

4NH2 |
N

| 6
ZKN/ 8 N7

A mixture of 5iodo-7H-pyrrolo[2,3d]pyrimidin-4-amine 103 (100 nyg, 0.385 mmol), cesium
carbonate@.250g, 0.769 mmol, 22q) and (bromomethyl)cyclopropar@§10ml, 0.423 mmol,

1.1 eq) in dry DMF (10.0 ml) was heated at 70 °C for 18 hours. After formation of a new product
spot, visible by TLC, the reaction mixture was cooled to room temperature and jaored
separating funnel containingater 00 m) and ethyl aceta (100 m). The aqueous layer was
extracted with EtOAdq2 x 100 ml) The combinedorganic extracts were drieaver MgSQO,,

filtered through celite and excess solvent was remawedacuo Purification by column
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chromatography (80% EtOAc/hexane) gave -(¢ydopropylmethyl}5-iodo-7H-pyrrolo[2,3-
d]pyrimidin-4-amine104b(0.069 g,57%) as dight orangesolid.

R: (80% EtOAc/hexane) 0.2p 250252 °C. *H NMR (500 MHz, DMSO-d¢): 809 (LH, s,
H2), 7.53 (LH, s,H6), 6.59 @H, s, NH,), 3.96 @H,d,J= 7.2 Hz,H10), 1.23i 1.20 (1H m, H1"),
0.511 0.35(4H, m, H2"); **C NMR (125 MHz, DMSO-dg): i (CB8)715582(C-2), 149.9
(C-8), 129.8(C-9), 103.3(C-6), 49.8 (G10), 48.7 (G5), 12.1 (G1"), 4.1 (G2); IR (Vmadcm™):
3420, 3292(N-H); 3080 (=GH); 1641 C=N). HRMS (ES") m/z calculated forCioH12lNa:
315.0108 found: [M + HJ 315.0118.

7.5.2 General procedure fo Suzuki-Miyaura cross coupling

To a flame dried hecked round bottom flask(100 m) under nitrogen gas containing 7
(cyclopropylmethyB5-iodo-7H-pyrrolo[2,3-d]pyrimidin-4-amine 104h,
tetrakis(triphenylphosphine) palladium(0) (0.1 eq) dhd relevant boronic acid (2 egyvas

added a degassed solution of-dithethoxyethane (30 ml) and 2V aqueous sodium carbonate

(4 eq). The resulting mixtur&as then heated to 80 °C for 18 hours under nitrogen atmosphere.
After completion, the reaction mixture was allowed to cool and quenched with(&@ter) and
transferred to a separating funnel. The organic compound was extracted with ethyl acetate (3 x
100 ml). The organic layers were combined, dried over MgSidered through celite and
excess solvent was removed on a rotary evaporator. Purification by silica gel column
chromatography usingn ethyl acetate/hexane mixture (bB0%) gave title compousdl22a-

122ein good yields. The following products were prepared using this methodology:
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7.5.2.1Synthesis of 7#(cyclopropylmethyl)-5-(2-methoxynaphthalen6-yl)-7H-pyrrolo[2,3-

d]pyrimidin -4-amine 122a

To a nixture of %(cyclopropylmethyB5-iodo-7H-pyrrolo[2,3d]pyrimidin-4-amine 104b (60.0
mg, 0.191 mmol), Pd(PBa (0.0221 g, 0.0191 mmol), and-néethoxynaphthale@-yl-2-
boronic acid(77.0 ng, 0.382 mmolwas added a solution of DME (30m@) and 2M aqueos
NaCOs (0.4 ml, 4 eq). The product22a(0.036 g, 55%)was isolated as a yellow solid after
purification by column chromatography (80% EtOAc/hexane).

R (10% MeOH/EtOAC) 0.48mp 215217°C.*H NMR (300 MHz, MeOD): U 8 1H, §H2),

7.91 {2H, ¥, HB'&NMHT), 7.81 (H, d, J = 9.0 Hz,H8"), 7.59 (LH, dd,J = 8.3, 1.9 Hz,
H5", 7.35 (LH, s,H6), 7.30 (LH, d, J = 2.5 Hz,H3), 7.19 (H, dd,J = 9.0, 2.5 HzH1), 4.11
(2H,d,J = 7.1Hz, H1"), 3.94 BH, s, OMe), 1.37 1.28 (1H m, H2"), 0.65 0.59(2H, m,H3"),

0.491 0.46(2H, m H3"); **C NMR (75 MHz, MeOD): Ui 156.5(C-4), 155.7(C-2), 148.9(C-2),

148.0(C-8), 132.3(C-10"), 128.0(C-6' and G9'), 127.7(C-5 and G8'), 127.5(C-4"), 125.7(C-

7', 125.3(C-5"), 121.9(C-1"), 115.2(C-6), 103.9(C-3' and G9), 52.9 (OMe), 471 (C-1"), 9.6
(C-2"), 1.4 (G3"); IR (Vinax'cm™): 3462(N-H); 3060 (=GH); 1500(C=C); 1454 (CH); 1020 (G

0).HRMS (ES") m/z calculated folC1H21N4O: 345.1717 found: [M + HJ 345.1694.
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7.5.2.2Synthesis of 7#(cyclopropylmethyl)-5-(2-ethoxynaphthalen6-yl)-7H-pyrrolo[2,3-

d]pyrimidin -4-amine 122b

To a mixture of #(cyclopropylmethyB5-iodo-7H-pyrrolo[2,3d]pyrimidin-4-amine 104b (80.0
mg, 0.255 mmol), Pd(PRha (30.0 ng, 0.0255 mmol), and-6thoxynaphthale®-yl-2-boronic
acid (0.1D g, 0.509 mmol) was added a solution of DME .BMl) and 2M aqueousNa&COs
(0.500 ml, 4 eq). The product22b (0.055 g, 60%)was isolated as a light yellow solid after
purification by column chromatography (80% EtOAc/hexane).

Rr (10% MeOH/EtOAC) 0.48mp 215-216°C. *H NMR (300 MHz, DMSO-dg): U 8 1H, §,
H2), 7.92i 7.86(3H, m,H4', H5' and H8, 7.62 (H, d, J = 4.4 Hz,HT7"), 7.51 (H, s,H6), 7.36
(1H,d, J = 2.5 Hz,H3), 7.19 (H, dd,J = 8.9, 2.5 HzH1), 6.19 @H, s, NH), 4.17 @H,q, J =
6.9 Hz, H4Y, 4.06 (H,d,J = 7.2 Hz,H1"), 1.41 @H,t, J= 6.9 Hz,H5"), 1.37i 1.28 (1H m,
H2", 0.55i 0.42(4H, m,H3"); °C NMR (75 MHz, DMSO-dg): &I 155.7(C-4), 153.0 (G2),
149.1(C-2), 148.0 (G8), 1339 (C-10"), 130.2(C-6), 130.1(C-9"), 129.0 (G8"), 127.6(C-5),
127.0(C-4), 125.8(C-7"), 125.3(C-5"), 117.9(C-1'), 107.3 (G6), 104.7(C-3' and G9), 61.7(C-
4"), 47.1 (G1"), 12.2 (G5"), 9.6 (G2"), 1.4 (G3"); IR (Vmadcm™): 3464 (N-H); 3062 (=GH):
1455(C=C); 1222 (CH): 1020 (GO). HRMS (ES") m/z calculated foiC,H2sN,O: 359.1874
found: [M + HJ 359.1848.
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7.5.2.3Synthesis of 5[2-(2-ethoxyethoxy)naphthalen6-yl]-7-(cyclopropylmethyl)-7H-

pyrrolo[2,3-d]pyrimidin -4-amine 122c

To a mixture of #(cyclopropylmethyB5-iodo-7H-pyrrolo[2,3d]pyrimidin-4-amine 104b (80.0
mg, 0.255 mmol), Pd(PRRh (30.0mg, 0.0255 mmol), and-@-ethoxyethoxy)naphthale?yl-
2-boronic acid (0.132 g, 0.509 mmol) was added a solution of DMB (8l) and2 M aqueous
NaCOs (0.500ml, 4 eq).The productl22c(0.036 g, 35%)wvas isolated as a light yellow solid
after purification by column chromatograp{80% EtOAc/hexane). Yield

R (10% MeOH/EtOAC) 0.48mp 216218 °C.*H NMR (300 MHz, MeOD):&i 8. 19 ) 1 H,
7.91 {(2H,mM,.H8 &nd HY, 7.83 (1H, dJ = 9.0 Hz, H8, 7.60 (1H, ddJ = 8.5, 1.7 Hz,
H5), 7.38 (1H, s, H6), 7.33 (1H, d,= 2.5 Hz, 8), 7.23 (1H, dd, = 8.9, 2.5 Hz, H'), 4.29i

4.26 (2H, m, H4y, 4.13 (2H, dJ = 7.1Hz, H1"), 3.90 3.87 (2H, m, HS), 3.66 (2H, gJ = 7.0
Hz, H6Y, 1.37i 1.27 (4H, m, H2" and H}"'0.64i 0.59 (2H, m, H3"), 0.50 0.45 (2H, m, H3:

13C NMR (75 MHz, MeOD): Ui 155.6 (G4), 148.7 (G2' and G8), 147.9 (€2), 132.2 (G10),

130.9(C-6), 130.1 (G9), 128.1 (G8'), 127.7(C-5), 127.6 (G4"), 125.7 (CT7"), 125.3 (C5),

122.1 (G1'), 115.2 (G6), 104.9 (G3), 99.1 C-9), 67.3 (G5"), 65.8 (G4"), 64.9 (G6"), 47.1 (G
1), 12.5 (G7"), 9.6 (G2"), 1.4(C-3"); IR (Vma/cm): 3443, 3277 (NH); 3065 (=GH): 1631
(C=N); 1062 (GO). HRMS (ES") m/z calculated for gH,7N4O: 403.2136, found: [M + H]
403.2116.
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7.5.2.4 Synthesis of ?(cyclopropylmethyl)-5-(2-methoxyphenyl} 7H-pyrrolo[2,3-d]pyri midin-4-

amine 122d

To a mixture of #(cyclopropylmethyB5-iodo-7H-pyrrolo[2,3d]pyrimidin-4-amine 104b (60.0
mg, 0.191 mmol), Pd(PRRa (0.0221 g, 0.0191 mmol), andr@ethoxyphenylboronic acid (60.0
mg, 0.382 mmol) was added a solution of D8D.0 ml) and 2V aqueousNa,COs (0.400ml, 4
eq). The product22d (0.031 g, 55%)was isolated as a light yellow solid after purification by
column chomatography (80% EtOAc/hexane).

R (10% MeOH/EtOAC) 0.48mp 221-222°C.*H NMR (300 MHz, DMSO-dg): 802 (1H, s,
H2), 7.30 (1H, dddJ = 8.4, 7.3, 1.8 Hz, W), 7.22 (1H, ddJ = 7.5, 1.8 Hz, 18), 7.12 (1H, s,
H6), 7.03 (1H, dJ = 8.5 Hz, H3, 6.95 (1H, tdJ = 7.5, 1.1 Hz, H5; 3.99 (2H, dJ = 7.1 Hz,
H7Y, 3.72 BH, s, OM8, 0.82i 0.78 (1H, m H8"), 0.52i 0.48 (2H, m, H9), 0.367 0.34(2H, m,
H9); °C NMR (75 MHz, DMSO-dg): U 1 €)1 166.9 (€2, 154.3 (G2), 152.9(C-8),

127.9 C-4Y), 127.2(C-6Y, 125.3 (G5), 124.7 (C-1), 116.0(C-5"), 115.1 C-3), 107.4 (G6),

105.9 (G9), 58.6(C-7), 52.5(0OMe), 15.0 (G8), 6.8(C-9"); IR (Vmax/cm™): 3445, 3225N-H);

3115 (=GH); 1632 (C=N); 1060 (D). HRMS (ES") m/z calculated for ¢H1gN4O: 295.1561,
found: [M + HJ] 295.1548.
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7.5.25 Synthesis of ?(cyclopropylmethyl)-5-(3,4-dimethoxyphenyl)-7H-pyrrolo[2,3-

d]pyrimidin -4-amine 122e

To a mixture of #(cyclopropylmethylh5-iodo-7H-pyrrolo[2,3-d]pyrimidin-4-amine 104b (100
mg, 0.318 mmal, Pd(PPk)4 (0.0368 g, 0.0318mmol), and 3,4imethoxypkenylboronic acid
(0.120 g, 0.637mmol) was addea solution of DME (30 ml) and 1 aqueousNaCO; (0.700
ml, 4 eq. The producti22e(0.071g, 8®%). was isolated as a light yellow solid after purification
by column chromatography (80% EtOAc/hexane).

R (10% MeOH/EtOAc) 0.48mp 201-202°C. *H NMR (500 MHz, DMSO-dg): U 7 11 8, (
H2), 7.21 (H, s,H6), 6.92i 6.88(2H, m,H2' and Hf, 6.82 (H, dd,J= 8.1, 2.0 HzH5), 5.92
(2H, s, NHy), 3.86 @H, d,J = 7.1 Hz,H7), 3.66 BH, s, OMg¢, 3.65 BH, s, OMe), 1.15/ 1.09
(1H, m, H8"), 0.37i 0.26(4H, m, H9"); **C NMR (125MHz, DMSO-dg): U (C8)715179
(C-2), 150.4(C-8), 149.4(C-4"), 148.3(C-3"), 127.9 (C1", 123.3(C-5), 120.9(C-6"), 115.5(C-

5, 112.9(C-2"), 112.8(C-6), 100.5(C-9), 56.1 (OMe), 55.9 (OMe), 48.5(C), 12.1 (C8", 4.1
(C-9Y; IR (Vmaxd/cm™): 3444, 3203N-H); 3108 (=GH); 1632 (C=N); 1061 (). HRMS (ES")
m/z calculated folC1gH,1N4O»: 325.1666 found: [M + HJ 325.1672.

7.6 Synthesis of Substituted 7-benzyt7H-pyrrolo[2,3-d]pyrimidin -4-amines.

In the following sections, preparati of potential protein kinase inhibitors bearing benzyl moiety

at N-7 of 7H-pyrrolo[2,3-d]pyrimidin-4-aminewill be discussed.
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7.6.1 §nthesis of Zbenzyt5-iodo-7H-pyrrolo[2,3-d]pyrimidin -4-amine 104a

NH, |

AN i

N/B N7

Compound104a was synthesized from -todo-7H-pyrrolo[2,3-d]pyrimidin-4-amine 103 (100

mg, 0.385mmol), cesium carbonat®.250g, 0.769 mmol, Z2q) and benzyl bromid® (0500 ml,
0.423mmol, 1.1 eq) in dry DMF (10.0 ml) using the procedure’.6f1 After extraction and
purification by column chromatography using 80% EtOAc/hexanebeiizyt5-iodo-7H-

pyrrolo[2,3d]pyrimidin-4-amine104a(0.08g, 59%)was isolated as a light brown solid

R (80% EtOAc/hexane) 0.3Tp 220-221°C.*H NMR (300 MHz, DMSO-dg): 812 (LH, s,
H2), 7.54 (LH, s,HB6), 7.32i 7.22(5H, m, ArH), 6.63 @H, s, NH,), 5.32 @H, s,H1"); *C NMR
(75 MHz, DMSO-dg):  1%8.2 (G4), 152.2 (G2), 150.7 (G8), 138.6 (G2'), 129.0 (C3"), 127.9
(C-4"), 127.6 (G5'), 112.8 (G6), 100.5 (@9), 48.7 (G5), 47.6 (G1); IR (Vmax/cm™): 3452, 3275
(N-H); 3064 (=GH); 1630 (C=N); 1461(C=C); 626.8 (Gl). HRMS (ES") m/z calculated for
CisH12N4: 351.0108 found: [M + H] 351.0104.

7.6.2Synthesis of7-benzyl5-(2-methoxyphenyl)7H-pyrrolo[2,3-d]pyrim idin-4-amine 11%

To a mixture of benzyts-iodo-7H-pyrrolo[2,3-d]pyrimidin-4-amine 104a (40.0 ng, 0.114
mmol), Pd(PP¥)4 (0.0132 g, 0.0114 mmol), andr2ethoxyphenylboronic acid (347 gn 0.228
mmol) was added a solutiasf DME (30.0 ml) and 2M aqueousN&CO; (0.30 ml). Using
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general procedurd.5.2 productl15a (0.018 g, 48%)was isolated as a light yellow solid after
purification by column chromatography (80% EtOAc/hexane).

R (10% MeOH/EtOAc) 0.50mp 240241°C.*H NMR (300 MHz, MeOD): 118.13 (LH, s,H2),

7.661 7.58 (LH, m,H6"), 7.361 7.22 6H, m, ArHand H4' ' ) (2H,™,HB"landH§, 7 . 0 4
7.02 (LH,t,J= 7.4 Hz,H5"), 5.41 @H, s,H1), 3.78 BH, s,OMe); **C NMR (75 MHz, MeOD):

0158.3 (G4 and G2"), 151.7(C-2), 150.8(C-8), 138.9(C-2'), 132.8(C-4"), 130.5(C-3)), 130.1

(C-4), 128.8(C-6"), 125.5(C-5 and G5, 122.2(C-1" and G5"), 112.6(C-3"), 101.4(C-6),

100.1 (G9), 56.0 (OMe), 47.6 (@"); IR (Vmad/cm™): 3476 (N-H); 3107 (=GH); 1581 (C=0);

1452 (CH); 1026 (GO). HRMS (ES") m/z calculated forCyoH1oN4O: 331.1561 found: [M +

H]* 331.1534.

7.6.3 Synthesis of -benzyt5-(3,4-dimethoxyphenyl)-7H-pyrrolo[2,3-d]pyrimidin -4-amine

11%

Reaction of benzyt5-iodo-7H-pyrrolo[2,3d]pyrimidin-4-amine 104a (500 ng, 0.143 mmol),
Pd(PPh)4 (0.0165 g, 0.0143 mmol), 3gimethoxyphenylboronic &t (0.0520 g, 0.286 mmol)
and 2M aqueousNa,CO; (0.300 ml, 4 eq) as described in general procediuse? afforded, after
filtration and column chromatography using 80% EtOAc/hexane as elubenzyt5-(3,4
dimethoxyphenyh7H-pyrrolo[2,3-d]pyrimidin-4-aminel115b(0.023 g, 45%) as a yellow solid.

R: (10% MeOH/EtOAC) 0.50mp 242244°C*H NMR (300 MHz, DMSO-dg): 4 8. 16 ( 1H,
H2), 7.37 (1H, s, H6), 7.31 (5H,,Mr-H), 7.06i 7.01 (2H, m, H2" and H%"6.96 (1H, ddJ =
8.1, 2.0 Hz, 18"), 6.15 (2H, s, Nk), 5.38 (2H, s, HY), 3.79 BH, s, OMe), 3.789 (3H, s, OMe);
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3C NMR (75 MHz, DMSO-dg): U 1 #8)7 1522 (G-2[; 150.7(C-8), 149.4 (G3"), 148.3
(C-4"), 138.6(C-2"), 129.0(C-3), 127.9 (G4"), 127.9 (C1"), 127.6(C-5 and G5, 123.4 (G6"),

120.9 (G5"), 116.1 (G2"), 112.8 (G6), 100.5(C-9), 56.1(OMe), 55.9(0OMe), 476 (C-1); IR

(Vmaxiem™): 3425 (N-H); 3108 (=GH); 1579(C=C); 1029 (GO). HRMS (ES") m/z calculated
for Cx1H21N4O2: 361.1666found: [M + H] 361.1622.

7.7 Synthesis of Substituted 7piperidin -4-yl-7H-pyrrolo[2,3-d]pyrimidin -4-amines

7.7.1 Synthesis of (dacetylpiperidin-4-yl)methyl 4-methylbenzenesulfonat®124
0 7 8

1]

7 8

N

(Piperidin-4-yl)ymethanol123 (2.00 g, 17.4 mmol), acetic anhydride (1.64 ml, 17.4 mmol, 1.0
eq), and triethylamine (6.05 ml, 43.4 mmol, 2.5 eq) inq2dl) dichloromethane were stirred

room temperature for 4 hours.Téluenesulfonyl chloride (4.97 g, 26.0 mmol, 1.5 eq) was added
slowly to the same reaction medium and stirred for 5 hours at room temperature. The reaction
mixture was diluted with ethyl acetat&00 ml) washed with dilte aqueousNaHCG; (50.0 ml)

1 M aqueoudHClI and brine (5@ ml). The organic layers were combined, dried over MgSO
filtered through celite and excess solvent was removed on a rotary evaporator. (1
Acetylpiperidin4-yl)methyl 4methylbenzenesulfonafe4 (2.60 g, 48%) was obtained as a light
yellow viscousoil after purification using 80% EtOAc/hexane solvent.

Rr (80% EtOAc/hexane0.15."H NMR (300 MHz, CDCls): i 7 2H, & J =(8.3 Hz,H7), 7.36
(2H, d, J = 8.1 Hz,H8), 4.697 4.47 H, m, H4), 3.90i 3.83 @BH, m,H1 and H3, 3.11i 2.94
(1H, m,H4), 2.50i 2.46 (4H, m,H4 and H10, 2.06 BH, s,H5), 1.97i 1.87 (LH, m, H2), 1.76
(2H, 1, J = 13.2 Hz,H3), 1.27i 1.03 @H, m,H3); 3C NMR (75 MHz, CDCly): i 1 @=0)8
145.0(C-9), 132.8(C-6), 129.9(C-8), 127.9(C-7), 737 (C-1), 45.9(C-4), 29.3(C-3), 21.7(C-
10), 21.4 (G5), 20.9(C-2); IR (Vmad/cm-): 2936 (GH); 1621 (C=Q; 1440 (CH); 1188 (S=0);

156



Chapter 7. Experimental section

1151 C-0). HRMS (ES") m/z calculated forCisHoNO,S: 312.1271 found: [M + HJ
312.1261.

7.7.2 §nthesis of {4-[(4-amino-5-iodo-7H-pyrrolo[2,3-d]pyrimidin -7-yl)methyl]piperidin -

1-yl}ethanonel04c

N 8

14 N

Compoundl04cwas prepared from the reaction efdalo-7H-pyrrolo[2,3-d]pyrimidin-4-amine

103 (70.0 ng, 0.270 mmol), cesium carbonate (0.175 g, 0.538 mmol, 2 eq) and (1
acetylpiperidird-yl)methyl 4methylbenzenesulfonat24 (0.109 g, 0.349 mmol, 1.3 eq) using
the proceure of 7.5.1. Purification of the crude product by silica gel column chromatograph
(10% MeOH/chloroform)  gave -#-[(4-amino5-iodo-7H-pyrrolo[2,3-d]pyrimidin-7-
yl)methyl]piperidin1-yl} ethanonel04¢(0.085 g, 79%gas a yellow solid

R: (10% MeOH/chloréorm) 0.28.mp 210212 °C. *H NMR (500 MHz, DMSO-dg): & 8. 09
(1H, s, H3, 7.44 @H, s,H6), 6.59 @H, s, NH,), 4.31 (LH, d, J = 13.0 Hz,H:13), 4.00 @H, d,J =

7.2 Hz,H10),3.76 (H, d, J = 13.1 HzHc13), 2.97i 2.87(1H, m, H13), 2.44 (LH, td, J = 127,

2.9 Hz,H,13), 2.04 (H, td,J = 7.6, 3.8 HzH11), 1.95 BH, s, H14), 1.45( 1.42(2H, m, Hc12),

1.167 0.95(2H, m, Ha12). *C NMR (125 MHz, DMSO-dg): Ui 168.4 (C=0), 157.6 (@), 152.2

(C-2), 150.3 (G8), 130.5 (G9), 103.3 (G6), 49.55 (G10), 45.80 (C5), 36.79 (C13), 30.21 (€

11), 29.46 (C14), 2174 (G12); IR (Vmad/cm™): 3427 (N-H); 3058 (=GH); 1649 (C=0); 1440

(C=0); 1249 (GN); 940.9 (GO). HRMS (ES") m/z calculated forCisHi9INsO: 400.0636

found: [M + HJ 400.0597
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7.7.3 Synthesis ofl-{4-[(4-amino-5-(2-methoxyphenyl)}7H-pyrrolo[2,3-d]pyrim idin-7-

yl)methyl]piperidin -1-yl}ethanone 25a

Reaction of Y4 -[(4-aminc5-iodo-7H-pyrrolo[2,3-d]pyrimidin-7-yl)methyl]piperidin-1-
yl}ethanone 104c (70.0 ng, 0.175 mmol), Pd(PBha (20.0 ng, 0.0175 mmol), 2-
metoxyphenylboronic acidb@3mg, 0.351 mmol) and R aqueoudNa,CO; (0.40 ml, 4 eq) as
described in general procedut®.2 afforded, after filtration and column chromatography using
10% MeOHcthloroform as eluent, -§4-[(4-amino-5-(2-methoxyphenyh7H-pyrrolo[2,3-
d]pyrimidin-7-yl)methyl]piperidin1-yl} ethanonel 25a(0.036 g, 54%) as a light yellow solid.

R (10% MeOH/chloroform0.28 mp 215217°C. *H NMR (500 MHz, MeOD): i 8 1H, 4, (
H2), 7.42 (H,ddd,J= 8.3, 7.4, 1.8 HZ14"), 7.33 (H,dd,J= 7.5, 1.8 HzH6"), 7.15 (H, dd, J
= 8.4, 1.0 HzH3), 7.13 (H, s,H6), 7.07 (H, td, J = 7.6, 1.1 HzH5"), 4.551 4.51(1H, m,
Hel3), 4.15 @H, d, J = 7.3 Hz,H10), 3.96i 3.92(1H, m, Hel3), 3.83 BH, s, OM&, 3.08 (LH,
ddd,J = 13.8, 12.4, 2.8 H#41,13), 2.61(1H, td, J = 12.9, 2.9 HzH,13), 2.23i 2.18(1H, m,
H11), 2.10 BH, s, H14), 1.71i 1.65 (2H, m, H12), 1.35( 1.25 (2H, m, H12); *C NMR (125
MHz, MeOD): 1101 (C=0), 157.7(C-4), 156.9(C-2"), 150.5(C-2), 149.4(C-8), 131.5(C-4"),
129.1(C-6"), 124.7(C-5), 123.0(C-1"), 120.8(C-5"), 112.1(C-3"), 111.2(C-6), 102.4(C-9), 54.7
(C-10), 49.3 (OMe), 49.(C-13), 41.2 (C13"), 36.9(C-11), 298 (C-12), 29.1 (C12"), 19.8(C-
14); IR (Vmax/cm™): 3419(N-H); 2933 (=GH); 1633 (C=0); 1474C=C); 1252 (GN); 1027 (G
0). HRMS (ES") m/z calculated folC21H26Ns0,: 380.2088 found: [M + HJ 380.2044
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7.7.4 Synthesis of {4-[(4-amino-5-(3,4-dimethoxyphenyl)-7H-pyrrol o[2,3-d]pyrimidin -

7-yl)methyl]piperidin -1-yl}ethanone 25b

Reaction of Y4-[(4-amino5-iodo-7H-pyrrolo[2,3-d]pyrimidin-7-yl)methyl]piperidir 1-
yl}ethanone 104c (80.0 mg, 0.200 mmol), Pd(PBh (0.0232 g, 0.0200mmol), 3,4
dimethoxyphenylboronic acid (73.0 mg, 0.400 mmol) ahnd @&queous N£O; (0.400 ml, 4 eq)
as described in general procedur®.2 afforded, after filtration and column chromatography
using 10% MeOH)/chloroform as elue@®5b(0.054 g, 66%) as gellow solid.

R (10% MeOH/chloroformn0.28 mp 215216°C.'*H NMR (500 MHz, MeOD): i 8 1H) &, (
H2), 7.07 (H, s,H6), 6.971 6.91(3H, m,H2', H5' and H6'"), 4.48 4.39(1H, m, H:13), 4.02
(2H,d,J=7.3 Hz,H10), 3.82 H, m,H13), 3.78 @H, s, OMe), 3.775(3H, s, OM¢, 2.95 (LH,
ddd,J = 13.7, 12.3, 2.8 HA,13), 2.48 (LH, td, J = 12.9, 2.9 HzH,13), 2.10 (H, ddt,J = 11.5,
7.7, 3.9 HzH11), 1.97 @H, s, H14, 1.54 @H, tdd,J = 11.8,4.0,2.2 Hz,H12), 1.217 1.11 (2H,
m, Hi12); °C NMR (125 MHz, MeOD): 170.0(C=0), 157.4(C-4), 150.8(C-2), 149.7(C-8),
149.4(C-4"), 148.7(C-3"), 127.3(C-1", 123.6(C-5), 121.0(C-6"), 116.5(C-5"), 1125 (G2,
112.1 (CG6), 100.6 (C9), 62.9 (C10),49.2(OMe), 45.9 (OMe)41.1(C-13 and C13'), 36.9(C-
11), 29.8(C-12), 29.1 (G12Y), 19.8 (G14); IR (Vmadcm™): 3468 (N-H); 2923 (=GH); 1612
(C=0); 1440(C=0); 1231 (GN); 1023 (GO). HRMS (ES") m/z calculated forC,;H2gNsOs:
410.2194found: [M + HJ 410.2153.
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7.7.5 Synthesis of {4-[(4-amino-5-(2-methoxynaphthalen-6-yl)-7H-

pyrrolo[2,3-d]pyrim idin-7-yl)methyl]piperidin -1-yl}ethanone 25c

To a mixture of 3{4-[(4-amino5-iodo-7H-pyrrolo[2,3-d]pyrimidin-7-yl)methyl]piperidin1-
yl}ethanone 104c¢ (80.0 mg, 0.200 mmol), REPR),; (0.0232 g, 0.0200 mmol), -6
methoxynaphthale@-yl-2-boronic acid (0.0810 g, 0.401 mmol) was added a degassed solution
of DME (30 ml) and 2V agueous N#O; (0.400 ml, 4 eq). The product;{4-[(4-amino5-(2-
methoxynaphthaleB-yl)-7H-pyrrolo[2,3-d]pyrimidin-7-yl)methyl]piperidin1-yl}ethanonel25c
(0.064 g, 74%)was isolated as a yellow solid after purification by column chromatography
(10% MeOH/chloroform).

R: (10% MeOH/chloroform0.28.mp 214216°C.*H NMR (500 MHz, MeOD): &i 8 1R 6§, (
H2) , 7. 92H, m,H47and8i®), 7.83 (H, d,J=9.0 Hz,H8"), 7.60 (H,dd,J=8.4, 1.8
Hz, H5", 7.32 @H,d,J= 2.6 Hz,H3'), 7.31 (LH, s,H6), 7.21 (H, dd,J = 9.0, 2.5 HzH1), 4.54
(1H, dt, J = 13.0, 2.1 HzH13), 4.19 @H, d, J = 7.3 Hz,H8"), 3.96 @H, s, OMe), 3.94 3.93
(1H, m,Hel1), 3.09 (H, td, J = 13.5, 2.7 HzHJ11), 2.62 ((H,td,J=12.9,29HzH1 1) , 2. 28
2.22(1H, m Hel1), 2108 H, s, H1 4 X2H, ml K12"p 1.35i 1123 @, m, H12");

3C NMR (125 MHz, MeOD):  170.1(C=0), 158.1(C-4), 157.1(C-2"), 150.3(C-2), 149.8(C-

8), 133.8(C-10", 129.3(C-6' and G9'), 129.2(C-8"), 128.9(C-5), 127.4(C-4"), 126.8(C-7"),
124.2(C-5, 119.1(C-1", 105.4(C-6), 100.6(C-3' and G9), 545 (C-10), 49.3(OMe), 45.9(C-
13), 41.2 (G13"), 36.9(C-11), 29.8(C-12), 29.1 (C12'), 19.8(C-14); IR (Vmadcm™): 3300(N-

H); 2917 (=GH); 1606 (C=0); 1440(C=C); 1259 (GN); 1026 (GO). HRMS (ES’) m/z
calculated foIC,sH2gNs02: 430.2245found: [M + HJ 4302214,
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7.7.6 Synthesis ol-{4-[(4-amino-5-(2-ethoxynaphthalen6-yl)-7H-

pyrrolo[2,3-d]pyrim idin-7-yl)methyl]piperidin -1-yl}ethanone 25d

To a mixture of I4-[(4-amino5-iodo-7H-pyrrolo[2,3d]pyrimidin-7-yl)methy]piperidin-1-
yl}ethanone 104c (100 mg, 0.251 mmol), Pd(PBh (289 mg, 0.0251 mmol), -6
ethoxynaphthale2-yl-2-boronic acid (0.108 g, 0.501 mmol) was added a degassed solution of
DME (30 ml) and 2M aqueous N#Os; (0.500 ml, 4 eq). The product;{4-[(4-amino-5-(2-
ethoxynaphthale®-yl)-7H-pyrrolo[2,3-d]pyrimidin-7-yl)methyl]piperidin1-yl}ethanone 125d
(0.084 g, 76%) was isolated as a yellow solid after purification by column chromatography
(10% MeOH/chloroform).

R: (10% MeOH/chlorofor0.28 mp 215217 °C. *H NMR (500 MHz, MeOD): i 8 12 8, (
H2), 7.89i 7.80(2H, m, H4' andH7’), 7.81 (LH, d, J = 8.9 Hz,H8), 7.59 (H,dd,J = 8.5, 1.7

Hz, H5), 7.291 7 .(ZHBnBH3" and H§, 7.19 (H, dd,J = 8.9, 2.5 HzH1Y), 4.54 (H, ddt, J
=13.3, 4.5, 2 Hz,Hel3), 4.221 416(4H, m, H10 and (1HIm,H19),63.08. 95
(1H, ddd,J = 13.7, 12.3, 2.7 HAH,13), 2.61 (H, td, J = 12.9, 2.9 HzH,13), 2.26i 2.21(1H,

m, H11), 2.10 BH, s, H14), 1.71 1.65(2H, m,H12), 1.49 BH, t, J = 7.0 Hz H2"), 1.36i 1.29

(2H, m, Ha12"); *C NMR (125 MHz, MeOD):  1T10.0(C=0), 157.3(C-4), 157.2(C-2"), 150.3

(C-2), 149.9(C-8), 133.9(C-10"), 129.2(C-6' and G9'), 129.1(C-8'), 128.9(C-5), 127.3(C-4"),
126.8(C-7'), 124.2(C-5"), 119.4(C-1'), 1062 (C-6), 100.6(C-3' and G9), 63.2(C-1"), 49.3(C-

10), 45.9(C-13), 41.1(C-13"), 36.9(C-11), 29.8(C-12), 29.1 (C12'), 19.8(C-14), 13.7(C-2");
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IR (Vmax'cm'1): 3468 (N-H); 2923 (=GH); 1612 (C=0); 144GC=C); 1231 (GN); 1023 (GO).
HRMS (ES") m/z calculated foiCeH3oNsO,: 444.2401 found: [M + H[ 444.2375

7.7.7 Synthesis of ¥{4-{[ 5-(2-(2-ethoxyethoxy)naphthalen6-yl)-4-amino-7H-

pyrrolo[2,3-d]pyrim idin-7-yllmethyl}piperidin -1-yl}ethanone P5e

Reaction of Y4 -[(4-aminc5-iodo-7H-pyrrolo[2,3-d]pyrimidin-7-yl)methy]piperidin-1-
yl}ethanone 104c (70.0 ng, 0.175 mmol), Pd(PBn (0.0203 g, 0.0175mmol), 6(2-
ethoxyethoxy)naphthale?yl-2-boronic aa (0.0912 g, 0.351 mmol)na 2M aqueousNaCO;
(0.40 ml, 4 eq) as described in general proceduke?2 afforded, after filtration and column
chromatography using ¥  MeOH/chloroform as eluent, -{8-{[5-(2-(2-
ethoxyethoxy)naphthaleyl)-4-amino 7H-pyrrolo[2,3-d]pyrimidin-7-yllmethyl} pipelidin-1-

yl} ethanonel25e(0.046 g, 54%) as a light browmscousoil.

Rr (10% MeOH/chloroform0.28 mp 215216 °C. *H NMR (500 MHz, MeOD) i 8 12, §,
H2) , 7. 92M, ni,H47andoHd), 7.85 (H, d, J = 9.0 Hz,H8), 7.61 (H, dd, J = 8.5,1.8
Hz, H5), 7.34 (H, d, J = 2.6 Hz,H3), 7.32 (LH, s,H6), 7.25 (H, dd,J = 8.9, 2.5 HzH1"), 4.29
i 4.20(2H, m,H1"), 4.20 @H, d, J = 7.3 Hz,H10), 3.95 (H, d, J = 13.6 Hz,Hc13), 3.90i 3.89
(2H, m, H2"), 3.69i 3.65(3H, m, H13 and H3), 3.10 (LH, td, J = 13.5, 2.8 HzH13), 2.62
(1H, td, J = 13.0, 3.0 HzH,13), 2.25 (H, ddt, J = 15.3, 7.7, 3.8 HZH11), 2.11 GH, s, H14),
1.727 1.67(2H, m,Hel2), 1.36i 1.30(2H, m,Hal2), 1.27 BH, t, J = 7.0 Hz, H4")°C NMR
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(125 MHz, MeOD).  168.3(C=0), 157.7 (&4), 156.9 (G2, 152.0(C-2), 151.0 (G8), 133.5
(C-10"), 130.3 (GB"), 129.8 (€9, 129.2 (C8"), 128.0 (C5), 127.9 (C4), 126.9 (C7"), 124.6
(C-5Y), 119.7 (G1), 107.2 (G6), 100.4 (C3' and G9), 68.8 (G1"), 67.8 (G2"), 66.2 (G3"), 49.4
(C-10), 45.9 (C13), 30.4 (C11), 29.6(C-12), 21.8 (C14), 15.6 (CA"); IR (Vmadcm): 3301(N-
H); 3108 (=GH):; 1644 (C=0); 1473C=C); 1272 (GN); 1029 (GO). HRMS (ES" m/z
calculated folC,gH34Ns0s: 488.2663 found: [M + HJ 488.2622.

7.8 Synthesis of Substituted 7-piperidin -3-yl-7H-pyrrolo[2,3-d]pyrimidin -4-amines

7.8.1 Synthesis of (dacetylpiperidin-3-yl)methyl 4-methylbenzenesulfonate 127

10 9

1]

10
2 9

6 3
s~_N.__O
T
7
Following the procedure of.7.1, (1-acetylpipeidin-3-yl)methyl 4methylbenzenesulfonat27
(2.8 g, 52%) was isolated as a light yellow viscous oil after purificdtiosilica gel column

chromatography using 80% EtOAc/hexane as eluting solvent.

R (80% EtOAc/hexane0.15."H NMR (300 MHz, CDCls): &17.78 @H, d, J = 8.3 Hz,H9), 7.36
(2H,d,J = 8.1 Hz,H10), 4.69i 4.47 (LH, m, H3), 3.90i 3.83 BH, m,H1 and H3, 3.117 2.94
(1H, m,H4), 2.50i 2.46 (4H, m,H4 and H12, 2.06 @H, s,H7), 1.97i 1.87 @H, m, H5), 1.76i

1.65(1H, m,H2), 1.27i 1.03(2H, m,H6): *C NMR (75 MHz, CDCl;):i 168. 8 ( C=0) ,

(C-11), 132.8 (€8), 129.9 (C10), 127.9 (&9), 73.7 (C1), 45.9 (G3), 44.8 (G4), 29.3 (C2),
29.3 (G6), 22.9(C-5), 24.3 (G12), 21.7 (C7); IR (Vmax/cm™): 2936 (GH); 1621 (C=Q; 1440
(CHp); 1188 (S=0); 1151 (@©). HRMS (ES) m/z calculated forCisH,oNO,S: 312.1271
found: [M + HJ 312.1261.
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7.8.2 Synthesis of -{3-[(4-amino-5-iodo-7H-pyrrolo[2,3-d]pyrimidin -7-

yl)methyl]piperidin -1-yl}ethanone 104d
NH, |

495
N7 7N\

Zk\ | N76

N 8

12
13 N
/=0
16
Compoundl04dwas prepared from éhreaction of S5odo-7H-pyrrolo[2,3-d]pyrimidin-4-amine
103 (80.0 mg, 0.308 mmol), cesium carbonate (200 mg, 0.61bol, 2 eq) and
acetylpiperidin4d-yl)methyl 4-methylbenzenesulfonate27 (0.124 g, 0.399nmol, 1.3 eq) using
the procedure o7.5.1. Purification of the crude product by silica gel column chromatography

(10% MeOH/chloroform)  gave -{3-[(4-aminc5-iodo-7H-pyrrolo[2,3-d]pyrimidin-7-
yl)methyl]piperidin1-yl} ethanonel04das a yellow solid0.077 g, 63%

Rr (10% MeOH/chloroform0.28.mp 210212 °C. *H NMR (300 MHz, MeOD): i 7 1§ (

H2), 6.52(1H, s, H6),3.37 @H, d J = 7.3Hz, H10), 2.93 (LH, d, J = 11.3 Hz, piperidine),

1.97 @H, dd, J = 24.6, 14.8 Hz, piperidinkl), 1.28 GH, s, H16, 1.01 GH, d, J = 10.2 Hz,
piperidineH), 0.74i 0.51(3H, m, piperidineH); *C NMR (125 MHz, MeOD): i 170. 3 ( C=0O
157.2 (G4),150.6 (G2), 149.9 (G8), 130.5 (€9), 106.2 (G6), 57.8(C-10), 49.2 (G5), 460 (C-

12), 44.7 (G13), 29.9 (G11), 29.4 (G15), 22.9 (G14), 21. 2(C-16); IR (Vma/cm™): 3427 (N-

H); 3058 (=GH); 1649 (C©); 1440(C=C); 1249 (GN); 940.9 (GO). HRMS (ES") m/z

calculated folC14H19IN5O: 400.0636 found: [M + H] 400.0597
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7.8.3 Synthesis of 43-[(4-amino-5-(2-methoxyphenyl)}7H-pyrrolo[2,3-d]pyrimidin -7-

yl)methyl]piperidin -1-yl}ethanone 28a

Reaction of  1-{3-[(4-amina5-iodo-7H-pyrrolo[2,3-d]pyrimidin-7-yl)methyl]piperidin1-
yl} ethanone 104d (70.0 ng, 0.175 mmol), Pd(PRBha (20.0 ng, 0.0175 mmol), 2-
methoxyphenylboronic acid83mg, 0.351 mmol) and Bl aqueoudNa,COs; (0.40 ml, 4 eq) as
described in general procedu®.2 afforded, after filtration and column chromatography using
10% MeOH/chloroform as eluent,1-{3-[(4-amino-5-(2-methoxyphenyh7H-pyrrolo[2,3
d]pyrimidin-7-yl)methyl]piperidin1-yl} ethanonel 28a (0.033 g,49%) as aviscousoil.

R (10% MeOH/chloroformn 0.28 *H NMR (500 MHz, MeOD): ti 8 1H, 4,H2), 7.42 (LH,
ddd,J = 8.3, 7.4, 1.8 HZH4"), 7.16(1H, dd,J = 8.4, 1.1Hz, H6), 7.13 (LH, s,H6), 7.07i 6.83
(A1H, m, H3" anH5"),3.83 8 H, s, OMe)(2H, B, HW)N 2.95(1H3d, B=211.3 Hz,
piperidineH), 1.97 @H, dd,J = 24.6, 14.8 Hz, piperidinkl), 1.27(3H, s, H16), 1.0Z3H,d,J =
10.2 Hz, piperidineH), 0.747 0.51 @H, m, piperidineH); *C NMR (125 MHz, MeOD): u
170.1(C=0), 157.7(C-4), 156.9(C-2"), 150.5(C-2), 149.4(C-8), 131.5(C-4"), 129.1(C-6"),
124.7(C-5), 123.0(C-1"), 120.8(C-5", 112.1(C-3"), 111.2(C-6), 102.4(C-9), 54.7 (G10), 49.3
(OMe), 459 (C-12), 44.8 (C13), 41.2 (G14), 36.9 (C-11), 298 (C-15), 19.8 (C-16) IR
(Vmaxlcm™): 3419 (N-H); 2933 (=GH); 1633 (C=0); 1474C=C); 1252 (GN); 102 (C-O).
HRMS (ES") m/z calculated folC21H26Ns0,: 380.2088 found: [M + HJ 380.2044
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7.8.4 1{3-[(4-amino-5-(2-ethoxynaphthalen6-yl)-7H-pyrrolo[2,3-d]pyrimidin -7-

yl)methyl]piperidin -1-yl}ethanone 128b

Reacton of  1-{3-[(4-aminc5-iodo-7H-pyrrolo[2,3-d]pyrimidin-7-yl)methyl]piperidin1-
yl} ethanone 104d (90.0 ng, 0.226 mmol), Pd(PP%)s (30.0 mg, 0.0226mmol), 6(2-
ethoxyethoxy)naphthan-2-yl-2-boronic acid (90.0 mg, 0.450imol) and 2M aqueousNaCO;
(0.500 ml, 4 eq) as described in general procedufe? afforded, after filtration and column
chromatography using 10% MeOH/chloroform as elueni-{3-[(4-aminc5-(2-
ethoxynaphthale®-yl)-7H-pyrrolo[2,3d]pyrimidin-7-yl)methyl]piperidin1-yl} ethanone 128b
(0.0449, 44%) as a lighyellow solid.

R (10% MeOH/chlorofor0.28 mp 215217°C. *H NMR (300 MHz, MeOD): i 7 (1H §,
H2) , 7. X2H, m,H47andoHI), 6.99 (H, d, J = 9.0Hz, H8), 6.77 (H, d, J = 8.3 Hz,

H5), 6.527 6.43 @H, m,H3' and Hf, 636 (1H,d,J=8.9 Hz,HL"' ), 3 .(4H0m,H10 3.

and H1Y, 2.93 (H, d,J=11.3 Hz, piperidindd), 1.97 @H, dd,J = 24.6, 14.8 Hz, piperidingl),

1.28 @3H, s, H16, 1.01 @H, d, J = 10.2 Hz, piperidinéH), 0.747 0.51 GH, m, piperidineH and
H2"): *C NMR (125 MHz, MeOD): ti 1 7@=0)3 157.2 (&4), 150.9 (G2, 150.6 (G2),

149.9 (CG8), 133.8 (C10), 129.1 (C6' and G9'), 129.0 (C8), 127.4 (C5), 127.3 C-4"), 126.8
(C-79, 124.0 C-5), 119.4 (G1"), 106.2 (G6), 100.6 (C3' and G9), 63.2 C-1"), 59.2 (C10),
49.7 (G12), 44.8 (C13), 29.4 (C11), 29.1 (C15), 22.9 (C14), 19.8(C-16), 13.7 (G2"); IR

(Vmaxlcm™): 3304 (N-H); 2928 (=GH); 1607 (C=0); 143§C=C); 1261 (GN); 1041 (GO).
HRMS (ES") m/z calculated folC,6H30Ns0,: 444.2401 found: [M + HJ 444.2375
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7.9 Synthesis of Substituted ™-pyrrolo[2,3-d]pyrimidin -4-amine N-boc derivatives

7.9.1Synthesis of 2[1-(tert-butoxycarbonyl)piperidin -4-yl] ethyl 4-methylbenzenesulfonate

129
(.? 7 8
210 g
4 4
II\I 5
Boc

To a eaction oftert-butyl 4-(2-hydroxyethyl)piperidne-1-carboxylate (2.00 g, 8.7&xmol) and
triethylamine (3.04 ml, 21.8 mmol, 2.5 eq) in dry dichlorometh@®0 ml) was added 4
toluenesulfonyl chloride (2.49 g, 13.1 mmol, 1.5 eq) portiase. The resultig brownish
solution was stirred at room temperature for 5 hours. After this time, TLC analysis showed the
formation of a new product, and then the reaction mixture was diluted with ethyl gd€tate

ml), washed with dilutaqueousNaHCG; (50.0 ml)and bme (500 ml). The organic layers were
combined, dried over MgSQfiltered through celite and excess solvent was remowedl rotary
evaporator. g1-(tert-Butoxycarbonyl)piperidird-yl] ethyl 4methylbenzenedfonate 129 (1.85

g, 55%) had the same retamtifactor (R) asthe starting material, hence it was used in the next

step without purification.

7.9.2Synthesis oftert-butyl 4-[2-(4-amino-5-iodo-7H-pyrrolo[2,3-d]pyrimidin -7-

yl)ethyl]piperidine -1-carboxylate 104e

NH, |

9 (5
N~ \ 6
fl/g

N/8 N7
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A mixture of 5iodo-7H-pyrrolo[2,3-d]pyrimidin-4-amine 103 (100 ng, 0.385 mmol), cesium
carbonate (0.25g, 0.769 mmol, 2 eq) and-[2-(tert-butoxycarbonyl)piperidif-yl] ethyl 4
methylbenzenesulfonaf?9 (0.193 g, 0.499 mmol, 1.3 eq) in dry DMF.00 ml) was heated at
70 °C for 18 hours. The reaction was monitored by TLC (80% EtOAc/hexane). &hegilete,
the reaction mixturgvas cooled to room temperatuféteredand pourednto a separating funnel
containing 100 ml water and 100 ml ethyl &ate. The aqueous layer was extracted with EtOAc
(2 x 100 ml) Thecombinedorganic extracts were dried with MggQdiltered through celite and
excess solvent was removéd vacuo Purification by column chromatography using 80%
EtOAc/hexane gave  tert-buty 4-[2-(4-amince5-iodo-7H-pyrrolo[2,3d]pyrimidin-7-
yl)ethyl]piperidine 1-carboxylatel04e(0.120 g, 66%) as a light browscousoil.

R (80% EtOAc/hexane) 0.48H NMR (500 MHz, DMSO-de): i 8 1H, §,H2), 7.50 (H, s,

H6), 6.59 @H, s, NHy), 4.167 4.13(2H, m,H10), 3.88 @H, d, J = 13.0Hz, Hel4), 2.65i 2.60

(2H, m,H1 4) , 1. (#H) m,H11BAnd6&B3), 1.39 OH, s, CCH3)3), 1.30 (H, tt, J = 7.3,
38Hz,H 2) , 1. (RHm,H.13) *ONMR (125MHz, DMSO-dg): U 15-CT=0§ ( Boc
154.3(C-4), 152.2( C-2), 150.1 (G8), 129.8 (G9), 103.3(C-6), 78.9 (i CCHs), 50.0 (C-10),

49.9 (G5), 41.9 (G14), 36.7 (G11), 33.1 (G13), 28.6 (3xCH), 14.8 (G12); IR (Vmadcm™):

3485, 3277(N-H); 2930 (=GH); 1679 (C=0); 1453C=C). HRMS (ES") m/z calculated for
CigH27INsOy: 4721211, found: [M + HJ 472121Q

7.9.3 Synthesis ofert-butyl 4-{2-[4-amino-5-(2-methoxyphenyl}7H-pyrrolo[2,3-

d]pyrimidin -7-yl] ethyl}piperidine -1-carboxylate 13Ca

Boc
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To a mixture of tert-butyl 4[2-(4-aminc5-iodo-7H-pyrrolo[2,3d]pyrimidin-7-
yl)ethyl]piperidine1-carboxylate104e (80.0 ng, 0.169 mmol), Pd(PRBh (0.0196 g, 0.0169
mmol), and2-methoxyphenylboronic aci¢b16 mg, 0.339 mmol) was addedsolution of DME
(30 ml) and 2M aqueousN&COs; (0.40 ml). The producttert-butyl 4-{2-[4-aminc5-(2-
methoxyphenyh7H-pyrrolo[2,3d]pyrimidin-7-yl]ethyl} piperidine 1-calboxylate 130a(0.035 g,
46%), was isolated as a visgs oil after purification by column chromatography (80%
EtOAc/hexane).

R (80% EtOAc/hexane) 0.48H NMR (300 MHz, DMSO-dg): i 8 1H, 8,H2j, 7.37 (LH,
ddd,J = 8.3, 7.3, 1.8 HZH4), 7.26 (LH,dd,J = 7.5, 1.8Hz, H6"), 7.22 (H, s,H6), 7.14 (H, dd,
J=8.4, 1.1 HzH3), 7.04 (H, td, J = 7.4, 1.1 HzH5), 5.84 QH, s, NH2), 4.19 @H, 1, J= 7.2
Hz, H10), 3.90 @H, d, J = 13.1 Hz,Hc14), 3.76 BH, s, OM8&, 2.64 @H, s,Ha14), 1.77i 1.69
(4H, m, H11 andHe13), 1.39 (LOH, s,H12 and CCHa)s), 1.107 0.95(2H, m,Ha13): *C NMR
(75MHz, DMSO-dg): U 1 5-T=09 156.B(64), 154.3 (G2'), 151.8 (G2), 150.1 (G8),
132.0 (Ar-C), 129.3 (ArC), 124.2 (ArC), 123.9 (ArC), 121.3 (ArC), 112.1 (ArC), 111.2 (G
6), 102.3 (G9), 78.9 (CCHsz), 55.8 (G10 and OMe)41.7 (G14), 36.7 (G13), 33.3 (G11), 28.6
(3xCHa), 14.9 (G12); IR (Vmadcm™): 3485 (N-H); 2930 (=GH); 1679 (CO); 1453(C=0);
1161 (GN); 759.9 (GO). HRMS (ES") m/z calculated foiCosH34Ns0s: 452.2663 found: [M +
H]* 452.2648.

7.9.4 Synthesis ofert-butyl 4-{2-[4-amino-5-(3,4-dimethoxyphenyl)-7H-pyrrolo[2,3-

d]pyrimidin -7-yl] ethyl}piperidine -1-carboxylate 13M

169



Chapter 7. Experimental section

Compound 130b was synthesized from a mixture ort-butyl 4-[2-(4-aminc5-iodo-7H-
pyrrolo[2,3-d]pyrimidin-7-yl)ethyl]piperidine- 1-carboxylate 104e (90.0 ng, 0.191 mmol),
Pd(PPh)s (20.0 ng, 0.0191 mmol), and ,&dimethoxyphenlporonic acid 695 mg, 0.382
mmol) using Suzuki Miyaura coupling procedure describedrib.2. To this mixture was added

a degassed solution of DME (30.0 ml) anM2aqueousNaCOs (0.4 ml). The productl30b
(0.044 g, 48%) was isolatd as brown oil after purification by column chromatography (80%
EtOAc/hexane).

R (80% EtOAc/hexane) 0.48H NMR (500 MHz, MeOD): i 8 1M, 4,H2), 7.10 (H, s,
H6), 6.971 6.93(3H, m, ArH), 4.17 @H, t, J = 7.3 Hz,H10), 3.93 @H, dt, J = 14.6, 3.6Hz,
Held), 3.78 6H, s, 2 x OMe), 2.61 2.59 (2H, m,Ha14), 1.69i 1.62(4H, m, H11 and kL3),
1.34 (LOH, s,H12 and CCHs)s), 1.051 1.02(2H, m, Ha13); *C NMR (125 MHz, MeOD): U
158.0 (C=0), 155.1 (@), 150.4 (G2), 149.4 (G8), 148.6 (G3' and G4'), 127.3 (G1"), 123.0
(C-5), 120.9 (G6"), 116.7 (G2' and G5'), 112.5 (G6), 112.1 (G9), 79.6 { CCHs), 55.1 (2 x
OMe and G10), 41.8 (G14), 36.5 (G11), 33.3 (G13), 27.3 (3xCH), 14.8 (G12); IR (Vma/cm’

1): 3485(N-H); 2862 (=GH); 1678 (C=0); 1453C=C); 1244 (GN); 865.3 (GO). HRMS (ES")
m/z calculated folCeH3sNs04: 482.2769found: [M + HJ 482.2743.

7.9.5 Synthesis ofert-butyl 4-{2-[4-amino-5-(2-methoxynaphthalen6-yl)-7H-

pyrrolo[2,3-d]pyrimidin -7-yl] ethyl}piperidine -1-carboxylate 130c
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Reaction oftert-butyl 4-[2-(4-amino5-iodo-7H-pyrrolo[2,3d]pyrimidin-7-yl)ethyl]piperidine 1-
carboxylate 104e (100 mg, 0.212 mmol), Pd(PP¥. (0.0245 g, 0.0212mmol), 6-
methoxynaphthale@-yl-2-boronic acid(857 mg,0.424 mmol) and 21 agueousNa,CO; (0.400
ml, 4 eq) as described in general proceddrg?2 afforded, after filtration and column
chromatography using 80% EtOAc/hexane as eluaetit-butyl 4-{2-[4-amino5-(2-
methoxynaphthaleg-yl)-7H-pyrrolo[2,3-d]pyrimidin-7-yl]ethyl} piperidine 1-carboxylate 130c
(0.0490 g, 4806) as dight brown viscous oil.

R: (80% EtOAc/hexane) 88.*H NMR (500 MHz, MeOD): ti 8 1 4,H2), 7.90 (H,d,J=
2.3 Hz,H7), 7.82 (H,dd,J = 9.1, 2.3Hz, H5), 7817 7.63(2H, m, H4'and H8), 7.37 (H, d,J
= 2.5 Hz,H3"), 7.32 (H, s, H6), 7.22 7.19(1H, m,H1"), 4.35 @QH, t, J = 7.3 Hz,H10), 4.06
(2H, d, J = 13.5 Hz,Hc14), 3.95 BH, s, OM@, 2.73 @H, s,Ha14), 1.84 @H, m, H11 andH:13),
1.46 (LOH, s, H12 and @Ha)s), 0.917 0.89 (2H, m, Ha13); **C NMR (125 MHz, MeOD): i
158.0(Boc-C=0), 155.2 (4), 154.3 (G2'), 152.2 C-2), 150.1 (G8), 133.9(C-10"), 132.4(C-
6'), 130.8 (G9"), 129.0(C-8"), 127.4(C-5), 127.1(C-4"), 126.8(C-7"), 123.7 (G5'), 119.2 (C1),
107.2 (G6), 105.4 (€9 and G3'), 79.6 (CCHs), 54.5(C-10 and OMe) 36.5(C-14), 33.3(C-
11), 29.3 (C-13), 27.3(3%xCH), 14.8 (G12); IR (Vmadcm™): 3459 (N-H): 2871 (=GH); 1623
(C=0); 1453(C=C); 1209 (GN); 852.6 (GO). HRMS (ES") m/z calculated forC,gHzeNsOxs:
502.2820 found: [M + H] 502.2818.

7.10 Swythesis of 5substituted pyrrolo[2,3-d]pyrimidin -4-amine morpholinoethyl
derivatives

With our iodinated pyrrolopyrimidind03 in hand; N-alkylation with commercially available
morpholinoethyl hydrochloride followed by SuztMiyaura couplingreactionswith different

boronic acids will be discussed.

171



Chapter 7. Experimental section

7.10.1 Synthesis of Bodo-7-(2-morpholinoethyl)-7H-pyrrolo[2,3-d]pyrimidin -4-amine 104f

NH, |
9_(5
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N7
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N—12
0

13

N

L

=
N~ 8

Compoundl104f was prepared from the reaction efdalo-7H-pyrrolo[2,3-d]pyrimidin-4-amine
103 (0.280 g, 1.08 mmol), esium carbonate (0.701 g, 2.1mol, 2 eq) and 42-
chloroethyl)morpholine hydrochlorid®.240 g, 1.29 mmol, 1.2q) using the procedure 5.1
Purification of the crude product by silica gel column chromatography (10&Hy&loroform)
gave5-iodo-7-(2-morpholinoethy)7H-pyrrolo[2,3-d]pyrimidin-4-amine104f (0.253 g, 63%) as

a yellow solid.

R (10% MeOH/chloroform0.26;mp 215218°C. *H NMR (500 MHz, MeOD): &i 7 119 §,
H2), 7.27 (LH, s,H6), 4.19 @H, t, J = 6.5 Hz H10), 3.567 3.50 @4H, m, H13), 2.63 @H,t, J =
6.5 Hz,H11), 2.44i 2.37 @H, m,H12); **C NMR (125 MHz, MeOD): 15i7.3(C-2 and G4),
151.1(C-8), 149.5(C-9), 103.5(C-6), 66.5(C-13), 60.2 (C5), 57.7 (C11),53.3(C-12), 41.4 (C
10); IR (Vmadcm™): 3330, 3175N-H); 3066 (=GH); 1560 (C=C); 1242 (GN); 1061 (GO).
HRMS (ES") m/z calculated forC;,H171NsO: 374.0480Qfound: [M + H] 374.0479

7.10.2 Synthesis 0b-(2-ethoxyphenyl)7-(2-morpholinoethyl)-7H-pyrrolo[2,3-d]pyrimidin -
4-amine 1351
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Reaction of compound04f (210 ng, 0.563mmol), Pd(PP¥)4 (65.0 mg, 0.0563nmol) and 2
methoxyphenylboronic aci@.171 g, 1.13mmol) in DME (30.0 ml) as described in general
procedure 75.2, afforded 5(2-methoxyphenyb7-(2-morpholinoethyl}7H-pyrrolo[2,3
d]pyrimidin-4-aminel131a(73.2 mg, 52%ps a light yellow solid after purification by silica gel
column chromatography (10% MeOH/chloroform).

R (10% MeOH/chloroforn 0.26: mp 221-223 °C.*H NMR (300 MHz, DMSO-dg): U 8. 10
(1H, s,H2), 7.38i 7.35(1H, m,H5 ' ) , 7 .(2H/m,H3' aidd. HB, #.14 (H,dd,J=8.4, 1.1

Hz, H6"), 7.04 (H, td, J = 7.4, 1.1 HzH4"), 5.85 @H, s, NH,), 4.27 @H, t, J = 6.6 Hz,H10),

3.76 BH, s, OM@, 3.55 @H,t, J= 4.7 Hz, H13), 2.74 2.68(2H, m,H11), 2.47i 2.44(4H, m,

H12); *C NMR (125 MHz, DMSO-dg): U 18)715604 (€2 151.2 (G2), 149.7 (G8),

131.4 (G4, 128.8 (C6'), 124.3 (C5), 123.3 (C1"), 120.8 (G5"), 111.6 (C3'), 110.6 (C6),

101.8 (G9), 66.1 (G13), 57.6 (OMe) 55.3 (G11), 53.1 (G12), 40.7 (G10); IR (Vmad/cm™):
3327,(N-H); 3056 (=GH); 1694 (C=N); 146(qC=C); 1436 (CH); 1115 (GO). HRMS (ES")

m/z calculated folC19H24NsO»: 354.1932found: [M + HJ 354.1930.

7.10.3 Synthesis of §3,4-dimethoxyphenyl)-7-(2-morpholinoethyl)-7H-

pyrrolo[2 ,3-d]pyrimidin -4-amine 13D

Reaction of compoun#l04f (100 ng, 0.268mmol), Pd(PP¥)4 (30.9 mg, 0.0268nmol) and3,4-
dimethoxyphenylboronic aci(®7.5 mg, 0.536nmol) in DME (30.0 ml)as described in general
procedurer 5.2, affordedcompoundl31b (68.0 mg, 66%gas a yellow solid.
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R (10% MeOH/chloroform) 0.26mp 220221 °C.*H NMR (300 MHz, DMSO-dg): U 8. 1 3
(1H, s,H2), 7.33 (LH, s,H6), 7.08i 6.95(3H, m,H2', H5' and H§, 6.09 @H, s, NH,), 4.28 @H,

t, J = 6.6 Hz, H10), 3.81(3H, s, OM¢, 3.80(3H, s, OM¢, 3.54 @H,t, J=4.7 Hz,H13), 2.70
(2H,t, J = 6.6 Hz,H11), 2.47i 2.44(4H, m,H12);*C NMR (75 MHz, DMSO-de): U 1 §CZ . 7
4), 155.7(C-2), 150.7(C-8), 149.5(C-3"), 130.8(C-4"), 128.4(C-1"), 125.4(C-5), 125.0(C-6"),
124.9(C-5"), 112.6(C-2"), 110.9(C-6), 102.3(C-9), 66.5(C-13), 57.6(2 x OMe) 55.0(C-11),
53.3(C-12), 41.3(C-10); IR (Vmad/cm™): 3230, 3082N-H); 3020 (=GH); 1566 (C=C); 1234
(C-N); 1068 (GO). HRMS (ES") m/z calculated forCygH,6NsOs: 384.2037 found: [M + HT
384.2003.

7.10.4 Synthesis of 5(5-chloro-2-methoxyphenyl)-7-(2-morpholinoethyl)-7H-pyrrolo[2,3-

d]pyrimidin -4-amine 13k

Compoum 131c was synthesized froh04f (120 mg, 0.322 mmol), Pd(PBh(37.2 mg, 0.0322
mmol) and 5chloro-2-methoxyphenylboronic acid (0.120 g, 0.643 mmol) in DME (50.0 ml) and
purified by column chromatography (10% MeOH/chloroformatiord 131¢(83.5 mg 67%) as

a yellow solid.

R: (10% MeOH/chlorofori0.26:mp 220-222 °C.*H NMR (300 MHz, MeOD): i 8 1€ (
H2), 7.25 (H, dd, J = 8.8, 2.7 HzH4), 7.19 (H, d, J = 2.7 Hz,H6), 7.10 @H, s,H6), 6.99
(1H, d, J = 8.8 Hz,H3), 4.24 @H, t, J = 6.6 Hz,H10), 3.70 @H, s, OMe), 3.56 3.53(4H, m,
H13), 2.69 @H, t, J = 6.6 Hz, H11), 2.42 @H, dd, J = 5.6, 3.7 HzH12); *C NMR (75 MHz,
MeOD): 1%1.9(C-4), 150.6(C-2), 149.4(C-2'), 148.2(C-8), 127.8(C-4"), 123.8(C-6"), 120.8
(C-5' and G1'), 115.5(C-5), 112.8(C-3' and G6), 100.4(C-9), 66.7(C-13), 58.2(OMe), 56.1
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(C-11), 53.7(C-12), 48.2 (C-10); IR (Vmax'cm™): 3330, 3174N-H); 3066 (=GH); 1560(C=0);
1242 (GN); 1061 (GO). HRMS (ES") m/z calculated foiC19H23CINsO,: 388.1542 found: [M
+ H]" 388.1508.

7.10.5 Synthesis of §2-ethoxynaphthalen6-yl)-7-(2-morpholinoethyl)-7H-

pyrrolo[2,3-d]pyrimidin -4-amine 134

Compoundl31d was synthesized froh04f (0.250 g, 0.670 mmol), Pd(PBh(77.4 mg, 0.0670
mmol) and éethoxynaphthalef-yl-2-boronic acid (0.291 g, 1.34 mmol) in DME (40.0 mhda
purified by column chromatography (10% MeOH/chloroform) to affl3dd (85.3 mg 51%) as

a viscous oil.

R (10% MeOH/chloroform0.26.*H NMR (300 MHz, MeOD): &i 8 . 1 §H2}, 1.80i 7.68
(3H, m,H4', H7' and H§! 7.46 (LH, dd,J = 8.6, 1.8 HzH5"), 7.22 (H, s,H6), 7.17 (H,d,J =
2.6 Hz, 18, 7.07 (H, dd,J = 8.9, 2.5 HzH1"), 4.29 @H, t, J = 6.5 Hz,H10), 4.08 @H, q,J =
6.9 Hz, H1"), 3.57 3.54 (4H, m,H13), 2.76i 2.71(2H, m,H11), 2.49i 2.44(4H, m,H12),
1.37 BH, t, J = 7.0 Hz,H2"); *C NMR (75 MHz, MeOD): U 1 8)7157.2 (€2} 155.7
(C-2), 150.7 (G8), 133.9 (10", 129.9 (€9, 129.2 (C6"), 129.1 (€8"), 127.3 (C5), 127.1 (C
4", 126.8 (C7"), 124.2 (G5"), 119.4 (G1)), 106.2 (G6), 100.6 (C3' and G9), 66.4 (C13), 63.2
(C-1"), 55.1 (G11), 53.2 (G12), 34.8 (C10), 13.7 (C2"); IR (Vmadcm™): 3233, 3079N-H);
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2990 (=GH); 1560(C=0C); 1070 (GO).HRMS (ES") m/z calculated folCo4H2gNsOy: 418.2245
found: [M + HJ 418.2240.

PART 2: Synthesis of novel 4,5:@risubstituted pyrimidine derivatives.

7.11 Synthesis of Subdituted 4,6-diamino pyrimidines

7.11.1 General procedure for nucleophilic displacement reéions of 4,6dichloropyrimidine

Cl

W -] é ESW S

To a solution of 4.4lichloropyrimidine in dioxane (50.0 ml) was added N,N-
diisopropylethylamineor triethylamine(2 eq)andan appropriate amine (1.1 eq). The ukimg
mixture was heated at 9C€ °for 18 hours. The reaction progress was monitored by TLC (20%
EtOAc/hexane). After consumption of the starting matenatach case, the reaction mixture
was poured into a separating funnel containing water (100 ml) and ethyl acetate (10Beml).
mixture was shaken to partition the contefise combined organic extracts for each reaction
were driedover MgSQ,, filtered tirough celite and solvent was removed on a rotary evaporator.
The crude products were purified by silica gel column chromatography (20% EtOAc/hexane as

eluent). The following products were prepared using this methodology:
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7.11.1.1 Synthesis of-6hloro-N-(cyclopropylmethyl)pyrimidin -4-amine® 107a

Cl
6

N~ |5

2 NH

Reaction of 4,&lichloropyrimidine106 (2.00 g,13.4 mmol), N,N-diisopropylethylaming4.58
ml, 26.9mmol), and cyclopropylmethanamine hydrochlori@lés9 g, 14.8 mmolyave 6chloro-
N-(cyclopropylmethyl)pyrimidird-amine 107a (1.98 g, 80%)as a yellow solid product after
purification by column chromatography (280% EtOAc/hexane).

R (50% EtOAc/hexane) 0.54np 81-82 °C. 'H NMR (500 MHz, DMSO-dg): U 8 112, 4,
H2), 7.82 (H, s, NH), 6.51 (H, s,H5), 3.18 @H, s,H7), 1.00 (LH, ddt, J = 10.2,7.2, 3.6 Hz,
H8), 0.467 0.43(2H, m, H9), 0.22i 0.19 (2H, m, H9); *C NMR (125 MHz, DMSO-de): U
163.0 (G4), 158.5 (@6), 156.8 (G2), 103.5 (G5), 44.6 (G7), 10.4 (G8), 3.3 (G9); IR
(Vmax/cm™): 3230, 3082(N-H); 3020 (=GH); 1566 (C=C); 1327 (GN). HRMS (ES") m/z
calculated folCgH11CINs: 184.0643found: [M + H] 184.0641.

7.11.1.2 Synthesis of Menzyk6-chloropyrimidin -4-amine’ 107b

Cl
6
N/ 5

N

NS
2 N7 4" NH

10 10

Reactionof 4,6-dichloropyrimidine106 (2.00 g, 13.4nmol), DIPEA (4.58 ml, 26.9nmol), and
benzylamine (1.61 ml, 14.&mol) gaveN-benzyt6-chloropyrimidin4-amine 107b (2.51 g,
85%) as a yellow solid product after puriftan by column chromatography (%o
EtOAchexane).
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R (50% EtOAc/hexane) 0.69np 85-86 °C. 'H NMR (300 MHz, DMSO-dg): Ui 8. 822
(2H, m,H2 and NH), 7.38 7.22(5H, m, ArH), 6.59 (H, s,H5), 4.571 4.55(2H, m,H7); **C
NMR (125 MHz, DMSO-de): U 163.1 (G4), 158.5 (G6), 157.1 (G2), 1389 (C-8), 128.4 (C
10), 127.3 (€11), 126.9 (€9), 103.7 (C5), 43.6 (G7); IR (Vmadcm®): 3212(N-H); 3066 (=G
H); 1590(C=C); 1217 (GN).

7.11.1.3 Synthesis of-6hloro-N-cyclohexylpyrimidin -4-amine™ 107¢c

Cl
6
N/|5
N™ 4 NH

7
8 8

2\

9 9
10
Reaction of4,6-dichloropyrimidine106 (4.00 g, 26.8mmol), EgN (7.48 ml, 53.7 mmol), and
cyclohexylamine (3.38 ml, 29./namol) gave €chloro-N-cyclohexylpyrimidir4-amine 107¢
(4.24 g, 75%) as an offhite solid product after purification by column chromatography420
EtOAc/hexane).

R: (20% EtOAc/hexane) 0.20np 80-81 °C. *H NMR (300 MHz, DMSO-dg): I 8 11, 8, (
H2), 7.60 (H, d, J = 6.2 Hz, NH), 6.46 (LH, s,H5), 3.80 (H, s,H7), 1.887 1.50 6H, m,
cyclohexytH), 1.31i 1.05 6H, m, cyclohexyH); °C NMR (75 MHz, DMSO-dg): i 1 g2 . 3
4), 158.5(C-6), 156.8(C-2), 103.5(C-5), 48.8(C-7), 32.1(C-8), 25.1(C-10), 24.4(C-9); IR
(Vmax/cm™®): 3253(N-H); 2930 (=GH); 1587(C=C); 1449 (CH); 1337 (GN).

7.11.1.4 Synthesis of-6hloro-N-(2-morpholinoethyl)pyrimidin -4-amine 107d

Cl

N/
Ny

N 4 NH

5
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Reaction of 4,&lichloropyrimidine106 (4.00 g, 26.8 mmol)N,N-diisopropylethylamine (9.16
ml, 53.7 mmol), and 2morpholinoethanamine (3.87 ml, .89mmol) furnished &hloro-N-(2-
morpholinoethyl)pyrimidird-amine 107d (5.48 g, 84%) as a yellow solid product after

purification by silica gel column chromatography (20% EtOAc/hexane).

R (80% EtOAc/hexane) 0.7%p 8586 °C. 'H NMR (500 MHz, DMSO-de): i 8. 26 ( 1H,
H2), 7.62 (1H, s, NH), 6.57 (1H, s, H5), 3.57 (4H] £ 4.7 Hz, H10) 3.45i 3.42 (2H, m, H7),

2. 46 {6H,e,.H8 and H9)*C NMR (125 MHz, DMSO-de): i 1 6 34), 58.9 (G6),

157.4 (G2), 104.2 (G5), 66.6 (G10), 57.5(C-8), 53.8(C-9), 37.7 (G7); IR (Vmadcm™): 3299,

3140 (N-H); 2848 (=GH); 1589 (C=C); 1020 (GO). HRMS (ES") m/z calculated for
C10H16CIN4O: 243.1014found: [M + H] 243.1011.

7.12 Synthesis of sudtituted 4,6-diaminopyrimidines

NH,

N/

g S T (M '
w4 Ay O

7.12.1General procedure for ammonolysif 4-amino-6-chloropyrimidines

To a solution ofeach ofcompound 107a - 107 in ethanol(5.00 ml) was added aqueous
ammonia (40.0nl). The resulting reaction mixtusevere placedseparatelyn a sealed tube dn
heated at 170 °C for 48 hours. After this time, the reaction mixtueach caseas cooled and
then concentrateith vacuo The resulting residueom each reactiowas purified with silica gel

columnchromatography using0 - 80% EtOAc/hexane as eluetd give the following products:
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7.12.1.1 Synthesis of Ndcyclopropylmethyl)pyrimidine -4,6-diamine 108a

Reaction of échloro-N-(cyclopropylmethyl)pyrimidird-amine 107a(2.00 g, 10.9 mmolwith
ammonia(40.0 ml)in ethanol (5.00 ml) as described in general proced&&2.1, afforded

compoundl08a (1.56 g, 87%Hhas amorange solid.

R (80% EtOAc/hexane) 0.26np 92-93 °C. *H NMR (500 MHz, DMSO-dg): U 8 (112, 3,
H2), 6.50 (1H, s, H5), 6.3%H, s, NH2), 6.12 (H, t, J = 5.7 Hz, NH), 3.18 @H, s,H7), 1.00
(1H, ddt, J = 10.2,7.2, 3.6, HzH8), 0.46i 0.43(2H, m, H9), 0.22i 0.19 (2H, m, H9); *C
NMR (125 MHz, DMSO-dg): Ui 1 7 26), 862.0 (C4), 156.3 (G2), 81.3 (G5), 44.5 (G7),
10.7 (G8), 3.2(C-9); IR (Vmax'cm™): 3230, 3082N-H); 3020 (=GH); 1566(C=C); 1327 (GN).
HRMS (ES") m/z calculated foiCgH13N4: 165.1142found: [M + HJ 165.1144.

7.12.1.2 Synthesis of Nbenzylpyrimidine-4,6-diamine 108b

10 10

Following the same proceduas above, compountD7 (2.00 g, 9.10dnmol) was dissolved in
ethanol (5.00 ml). To the light yellow solution was ad@egieousammonia(40.0 ml) The
product108b (1.62 g, 89%)was isolated as a light orange solid after purification with column

chromatogaphy % MeOH/ethyl acetaje
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R (2% MeOH/ethyl acetate) 0.2hp 9596 °C. *H NMR (300 MHz, DMSO-dg): i 7 1 6 (
s,H2), 7.34i 7.20(5H, m, ArH), 7.10 (H, t, J = 6.3 Hz, NH), 6.04 @H, s, NH,), 5.37 (H, s,

H5), 4.38 @H, d, J = 6.3 Hz,H7); *C NMR (75 MHz, DMSO-de): Ui 162.5 (G6), 160.8 (C4),
156.7 (G2), 140.5 (G8), 128.1 (C10), 126.8 (€9), 126.4 (C11), 56.4(C-5), 44.2 (G7); IR
(Vmax/cm™): 3466, 3410(N-H); 3123 (=GH); 1570 (C=C); 1242 (GN). HRMS (ES") m/z
calculated foiC11H13N4: 201.1142 found: [M + HJ 201.1131.

7.12.1.3 Synthesis of Ndyclohexylpyrimidine-4,6-diamine 108c

N7 y°

NG

N 4 NH
;
8 8

9 9
10
Following the same procedure as above, compdidra (3.00 g, 14.2nmol) was dissolved in
ethanol 7.00 ml). To the light yellw solution was addedqueousammonia. The produd08c
(2.39 g, 88%)was isolated as a light orange solid after purification with column chromatography
(50% EtOAc/hexane).

R (50% EtOAc/hexane) 0.3%np 90-91 °C. *H NMR (300 MHz, DMSO-dg): U Z (118, s,
H2), 6.05(2H, s, NH,), 5.40 (H, d, J = 8.0 Hz, NH), 5.37 (1H, s, H5), 1.801.51 (5H, m,
cyclohexytH), 1.38i 1.05 EH, m, cyclohexytH); *C NMR (75 MHz, DMSO-dg): U 146G
6), 162.5 (G4), 155.4 (G2), 82.6 (G5), 51.1 (G7), 33.4 (C-8), 28.2 (C-10), 237 (C-9); IR
(Vmaxd/cm™®): 3393, 3303 (NH); 2930 (=C-H); 1571 (C=C); 1157 (GN). HRMS (ES") m/z
calculated folC1gH17N4: 193.1455found: [M + HJ 193.1450.
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7.12.1.4 Synthesis of Ng2-morpholinoethyl)pyrimidine -4,6-diamine 108d

Following the same procedure as above, compdYd (2.00 g, 8.24mmol) was dissolved in
ethanol 6.00 ml). To the light yellow solution was addaqueousammonia. The produdt08d
(1.53 g, 83%)was isolated as a light orangelid after purification withsilica gel column
chromatographyl(0% MeOH)/chloroform

R (10% MeOH/chlorofor0.26.mp 9597 °C.*H NMR (300 MHz, DMSO-dg): U 7 1H9 8  (
H2), 6.84 (LH, s, NH), 6.35 @H, s, NH,), 5.46 (H, s,H5), 3.63 @H, s,H10), 334 2H, s,H7),
2651 2 (6H, 0, H8 and H9):**C NMR (75 MHz, DMSO-de): i 1 6 24), 261.0 (©6),
156.3 (G2), 79.2(C-5), 65.5 (G10), 56.9 (G8), 52.8 (G9), 36.9 (G7); IR (Vmad/cm'): 3383,
3329(N-H); 2861 (=GH); 1596(C=C); 1445 (CH); 1093 (GO). HRMS (ES") m/z calculated
for C1oH1sNsO: 224.1513found: [M + HJ 224.1511.

7.13 Synthesis oN*(cyclopropylmethyl)-5-iodopyrimidine -4,6-diamine and analogues

In the following sections, iodination of compourid¥®ad will be discussed using the preusly

described methodology.

7.131 General procedure for iodination

To a suspension dftarting materiall0O8 - 10&d in water (50.0 ml)and DMF (10.0 ml) was
added potassium carbondie5 eq and ioding(2 eq) The resulting raction mixture was heate
at 40- 45 °C for 4 hours. TLC analysis showed congtiion of the starting material in each
case. After this time,he reaction mixture wasooled downto room temperature anithen

guenched with 21 aqueous sodium thiosale (400 ml). In each case, thedinatedproduct
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precipitated out of solution and wedallected by filtrationwashel with water (3 25 ml) to give

the following compound&09a- 10d in good yields.

7.13.1.1 Synthesis dfl*-(cyclopropylmethyl)-5-iodopyrimidine -4,6-diamine 109a

Reaction of N*-(cyclopropylmethyl)pyrimidinet,6-diamine 108a (1.92 g 11.7 mmol),
potassium carbonate (2.42ky,.5mmol), and iodine (5.94 ¢3.4 mmol) inwater (50.0ml) and
DMF (20.0 ml) gave N*(cyclopropylmethyl)5-iodopyrimidine-4,6-diamine 109a (2.8 g, 834)

as a light yellow solid after drying with high vacuum.

R (80% EtOAc/hexane) 0.28np 105106°C. *H NMR (300 MHz, DMSO-de): 11 7.80 (LH, s,
H2), 6.30 @QH, s, NH,), 6.12 (1H, t, J= 5.7 Hz, NH), 3.247 3.15 @H, m,H7 ) , 1. 1M,
m, H8), 0.421 0.31 @H, m,H9), 0.2571 0.16 @H, m,H9); *C NMR (75 MHz, DMSO-d): i
162.3 (G4), 160.7 (G6), 156.8 (G2), 56.5 (G5), 45.4(C-7), 11.3 (G8), 3.2 (G9); IR
(Vmax/cm™): 3455, 3280(N-H); 3073 (=GH); 1627 (C=N); 1487C=C); 1455 (CH). HRMS
(ES") m/z calculated folCgH12IN4: 291.1042 found: [M + H] 291.1002.

7.13.1.2 Synthesis dfl*-benzyt5-iodopyrimidine -4,6-diamine 109b
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Following the same procedure as above, compd®&d (900 mg, 4.49mmol) was dissolved in
water (500 ml) and DMF (200 ml). To the purple solution was added potassium carbonate
(0.92 g, 6.74mmol) followed by ioding2.28 g, 8.98mmol). N*-Benzy}5-iodopyrimidine4,6-
diaminel09b(1.249, 84%) was isolated as yellow solid.

R (2% MeOH/ethyl acetate) 0.48p 107109 °C. 'H NMR (300 MHz, DMSO-dg): U 7 . 7 7
(1H, s,H2), 7.32i 7.17(5H, m, ArH), 6.77 (H,t, J = 6.1 Hz, NH), 6.34 @H, s, NH,), 4.57

(2H, d, J = 6.1 Hz,H7); °C NMR (75 MHz, DMSO-de): 162.5(C-4), 160.8 (G6), 156.7 (C

2), 140.5 (G8), 128.1 (C10), 126.8 (€9), 126.4 (C11), 56.4 C-5), 44.2 (G7); IR (Vmadcm™):

3465, 3408(N-H); 3121 (=GH); 1571 (C=C); 1241 (GN). HRMS (ES") m/z calculated for
C11H12IN4: 327.0108found: [M + H] 327.0095.

7.13.1.3 Synthesis dfi*-cyclohexyt5-iodopyrimidine -4,6-diamine 109¢

NH,
6 |
N/|5
N\
2 N4 NH
7
8 8
9 9

10

Following the same procedure as above, compdi®& (1.00 g 5.20mmol) was dissolved in
water (500 ml) and DMF (200 ml). To the purple solution was addedassium carbonate (1.08
g, 7.80mmol) fdlowed by iodine (2.64 g, 10.mol). N*-Cyclohexy}5-iodopyrimidine4,6-
diaminel09c(1.47g, 89%%) was isolated agellow solid.

R (50% EtOAc/hexane0.40.mp 102-103°C.*H NMR (300 MHz, DMSO-dg): U 7 1 6, (
H2), 6.32 @H, s, NH,), 5.40 (LH, d, J = 8.0 Hz, NH), 1.80 1.51 (5H, m, cyclohexyH), 1.38i
1.05 BH, m, cyclohexytH); *C NMR (75 MHz, DMSO-dg): i 14§C24), 159.9(C-6), 156.8
(C-2), 57.0(C-5), 49.6(C-7), 32.4(C-8), 25.2(C-10), 24.7(C-9); IR (Vmax/'cm™): 3395, 3303 (N

H); 2925 (=GH); 1578 (C=C); 1471 (CH; 1157 (GN). HRMS (ES’) m/z calculated for
CioH16IN4: 319.0421 found: [M + HT 319.0415
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7.13.1.4 Synthesis of-®do-N*(2-morpholinoethyl)pyrimidine -4,6-diamine 109d

NH»
|
I
NN
Z N7 NH
7
8 9
Nﬂlo
9&/0

10

Reaction of N*-(2-morpholinoethyl)pyrimidine4,6-diamine 108d (2.30 g, 10.3 mmol),
potassium carbonat@.(4g, 15.5mmol), and iodineX.23g, 20.6 mmol) in water(50.0 ml) and
DMF (20.0 ml) gave 5iodo-N*(2-morpholinoethyl)pyrimidinet,6-diamine109d (2.75 g, 76%6)

as ayellow solid

R (10% MeOH/ethyl aceta)ed.28. mp 111-113 °C. 'H NMR (300 MHz, DMSO-de): U 7. 89
(1H, s,H2), 6.56 @H, dd,J = 14.3, 8.6 Hz, N and NH, 3.82 @H, t, J = 4.7 Hz,H10), 3.66
(2H,q,J = 5.8, Hz,H7), 3.31i 3.24(6H, m, 6H):3C NMR (125 MHz, DMSO-de): U 162.4 (G

4), 160.8 (G6), 156.3 (C2), 63.5 (G10), 56.8 (G5), 56.2 (G8), 51.5 (G9), 36.1 (G7): IR
(Vmax/cm™): 3413 3291 (N-H); 3032 (=GH): 1582 (C=C); 1456 (CH,); 1070 (GO). HRMS

(ES") m/z calculated folC;oH17INsO: 350.0480Qfound: [M + HJ 350.0475.

7.14 General procedure for the synthesis of {@-methoxynaphthalen6-
yl)ethynyl)trimethylsilane and derivatives by Sonogashira coupling reaction

To a degassed mixture odbmpoundd 20a- 120c, copper(l) iodide 3 mole % and Pd(PP).Cl,

(5 mole % was added a degassed solutioretbfynyltrimethylsilang10 eq), diisopopylamine

(10 eq) and tetrahydrofurax DMF (20.0 ml). The resultinplack mixture was heated at 7C°

for 5 hours under nitrogen atmosphere. After comgtion of the starting material determined by

TLC, the reaction mixture was quenched with a saturatgetous ammonium chloride (NEl)

solution and the THF was removed on a rotary evaporator. The aqueous residue was washed
three times with ethyl acetate (100 ml) and the organic layers were combined, dried ovar MgSO
filtered through celite and excess st rem@ed on a rotary evaporator. Each of trede
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producst was purfied by column chromatography@2 EtOAc/hexanas eluentto furnishthe

following products,132ai 132¢ in good yields.

7.14.1Synthesis off2-(2-methoxynaphthalen6-yl)ethynyl] trim ethylsilane'! 132a

TMS__ ..
2'\\ 6 5104

7 2 o

8 1

To a mixture oR-bromao6-methoxynaphthalen#20a(2.00 g, 8.44 mmol), copp@) iodide (480
mg, 0.253 mmol) and Pd(PP).Cl, (0.296 g, 0.422 mmblunder nitrogen atmosphere, was
added a degassed sabut of trimethylsilylacetylene 11.9 ml, 84.4 mmg| diisopropylamine
(12.9 ml, 84.4 mmgland DMF (0.0 m). The productl32a(1.68 g, 79%)was isolated as a

yellow solid after purification by column chromatogragB9% EtOAc/hexane).

R (20% EtOAc/hexa) 0.95 mp 96 °C. *H NMR (300 MHz, CDCl3): 41791 (1H, d,J = 2.0
Hz, H5), 7.89i 7.54(2H, m,H4 and H$, 7.48 (H, dd,J = 8.7, 2.0 HzH7), 7.13(1H, dd, J =
8.9, 2.5 HzH3), 7.07 (LH, d, J = 2.5 Hz, H1), 3.88 (3H, s, OM€),26 (9H, s, TMS); *C NMR
(75 MHz, CDClg): 1%i7.9(C-2), 133.0(C-9), 130.0(C-7), 129.6(C-5), 129.6(C-4), 128.5(C-
8), 128.4(C-10), 119.7(C-3), 117.0(C-6), 106.4 (G1'), 105.8(C-1), 93.5 (G2'), 55.3 (OM#,
0.0 (TMS):IR (Vmacm™®): 3285 (=GH) ;: 2110 (G=C)a040 (GD)6 3 5

7.14.2Synthesis of[2-(2-ethoxynaphthalen-6-yl)ethynyl]trimethylsilane ** 132

TMS 3
4.% 5 5 10 4
|OO 1'
7 /\
3 9 1 2°0 >

To a mixture of2-bromao-6-ethoxynaphthalen&20b (2.00 g, 7.96 mmol), copp@) iodide (46.0

mg, 0.239 mmol)and Pd(PP.Cl, (0.279 g, 0.398 mmbplunder nitrogen atmosphereasv
added a degassed solution of trimethylsilylacetyleiie3( ml, 79.6 mmg| diisopropylamine
(11.3 ml, 79.6 mmgland DMF (0.0 m). The productl32b (1.56 g, 73%)was isolated as an

off-white solid after purification by column chromatogragh9% EtOAchexane).
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R (20% EtOAc/hexane) 0.9%np 96 °C. *H NMR (300 MHz, CDCl3): U 7 119,d,J % 1.3
Hz,H5) , 7. T2, m,HAAnNd648, 7.46 (H, dd,J = 8.4, 1.7 HzH7), 7.13 (H, dd, J =
8.9, 2.5 HzH3), 7.07 (H, d, J = 2.5 Hz,H1), 4.14 @H, g, J = 7.0 Hz,H1), 1.47 @H,t, J= 7.0
Hz, H2), 0.27 OH, s, TMS): ®C NMR (75 MHz, CDCly): U 1-8)713462 (G9)C131.8 (C
7), 129.0 (C5), 128.2 (C4), 126.6 (C8 and G10), 119.6 (C3), 117.8 (C6), 106.4 (C3'), 105.7
(C-1), 93.5 (G4"), 63.5 (G1), 14.7 (G2'), 00 (TMS): IR (Vmadcm?): 3271 (=GH): 2104
( CI C) ;(C=C)p1a4a (GO).

7.14.3Synthesis of2-[2-(2-ethoxyethoxy)naphthalen6-yllethynyl}trimethylsilane 132c

T™MS 5
6'% 6 R 10 4
DOWPY
7 NI
8 9 1 20 2 3

To a mixture of2-(2-ethoxyethoxy)s-bromonaphthalené 20c (3.00 g, 10.2 mmol), copp@)y

iodide (0.0580 g, 0.305 mmaql)and Pd(PP.Cl, (0.357 g, 0.508 mmbplunder nitrogen
atmosphere, was added a degassed solution of trimethylsilylacetyiéde njl, 102 mmog|

diisopropylamine 14.4 ml, 102 mmol) and DMF @0.0 m). The productit32¢(1.63 g, 76%)was
isolated as a brown solid after purification by column chromatogrégii¥y EtOAc/hexane).

R (20% EtOAc/hexane) 0.9%np 101°C. *H NMR (300 MHz, CDCls): U 7.89(1H, d, J = 2.0

Hz,H5),7 . 70 {2H, M,H8 81d HY, 7.4 (1H, dd,J = 8.8, 2.0 HzH7), 7.19 (LH, dd,J =

9.0, 2.5 HzH3), 7.07 (H, d, J = 2.5 Hz,H1), 4.19 @H, dd,J = 5.7, 4.0 HzH1'), 3.84i 3.82

(2H, m,H2), 3.61 @H, g, J = 7.0 Hz, H3, 1.25 BH, t, J = 7.0 Hz,H4"), 0.27 OH, s, TMS); **C

NMR (75 MHz, CDCls): 1 157.1(C-2), 132.9(C-9), 130.1(C-7), 129.5(C-4 and G5), 128.4

(C-8 and G10), 120.1(C-3), 117.1(C-6), 106.7(C-1), 106.4 (G5'), 93.5 (G6'), 68.8(C-3"),

67.5(C-1"), 66.9(C-2"), 15.2(C-4"), 0.0 (TMS);IR (Vmacm™): 2931 (=GH) ; 2190 ( CI C) ;
(C=C); 1040 (GO). HRMS (ES") m/z calculated forC;gH.50,Si: 313.1626 found: [M + HT

313.1620.
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7.15 General procedure for the deprotection of [Z2-methoxynaphthalen6-

yhethynyl)trimethyl silane and analogues using TBAF

[2-(2-Methoxynaphthalei®-yl)ethynyljtrimethylsilane and analoguegere dissolvedseparately

in dry tetrahydrofuran (30 ml) and cooled to 0 °C.éfrabutylammonium fluoride (1.2 eq) was
added slowy to the reaction medium and the reaction mixture turned brown. The resultant brown
mixture was allowed to warm to room temperature and stirred for 3 Ridu€sanalysis showed
consumption of the starting material. The reaction mixture was quenched \s#lturated
agueous ammonium chloridmlution and was extracted with ethyl acetate (3 x 25 ml). The
organic extracts were dried with Mga@iltered through celite and excess solvent was removed
on a rotary evaporator. The crude product in each case wifisgpby column chromatography

(20% EtOAc/hexanas eluentto furnish the following products:

7.15.1Synthesis of2-ethynyl-6-methoxynaphthalené? 133

oot
7 : P : > O/
Following the same procedure as above, compdida (1.00g, 3.93mmol) was dissolved in
dry THF (300 ml). After complete dissolution, TBAFL(37 ml, 4.72mmol) was added. The

terminal alkyne product33a (0.63 g, 88% was isolated as a light orange solid after purification

by column chomatography (20% EtOAc/hexane).

R (20% EtOAc/hexane) 0.98np 102°C. *H NMR (300 MHz, CDClg): i 7 119, 5, HS),
7.717 7.66(2H, m,H4 and H§, 7.49 (H, dd,J = 8.5, 1.6Hz, H7), 7.16 (H, dd,J = 9.0, 2.5
Hz, H3), 7.11 (H, d, J = 2.5 Hz,H1), 3.93 BH, s, OM8, 3.10 (H, s,H2"); **C NMR (75 MHz,
CDCl3): 157.9(C-2), 133.0(C-9), 130.0(C-7), 129.6(C-5), 129.6(C-4), 128.5(C-8), 128.4
(C-10), 119.7 (C-3), 117.0 (C-6), 105.8 (C-1), 84.2 (C1'), 63.5 (G2'), 55.3 (OMg IR
(Vmadcm™): 3256 (=GH) ; 2105 (C=C)A063(CD)6 25
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7.15.2Synthesis of2-ethoxy-6-ethynylnaphthalene? 132

4%3'6 5 5 4
10O
”
s °y 20

[2-(2-Ethoxynaphthalei®-yl)ethynyljtrimethylsilanel32a(1.50 g, 5.59mmol) was dissolved in
dry THF (3.0 ml). After complete dissolution, TBAFL(94 ml, 6.71 mmol)was addedo the
reaction mixture 2-Ethoxy-6-ethynylnajthalenel33b (0.95 g, 87% was isolated as a yellow
solid after purification by column chromatography (20% EtOAc/hexane).

R (20% EtOAc/hexane) 0.98np 102 °C. *H NMR (300 MHz, CDCly): i 7 119, 4, H5),
7.70i7.63(2H, m, H4 and Hg 7.47 (H, dd,J = 8.5, 1.6Hz, H7), 7.15 (H, dd, J = 8.9, 2.5 Hz,
H3), 7.08 (H, d, J = 2.4 Hz,H1), 4.14 @H, g, J = 7.0 Hz,H1), 3.10 (H, s,H4), 1.48 GH, t, J
= 7.0 Hz,H2'): 1°C NMR (75 MHz, CDCl3): Ui 157.7 (G2), 134.4 (G9), 132.1(C-7), 129.3(C-
5), 129.1(C-4), 128.2(C-8), 126.8(C-10), 119.8 (G3), 116.8 (G6), 106.5 (C1), 842 (C-3),

63.5 (G4'), 63.5 (C1'), 14.8 (C2); IR (Vmadcm™): 3271 (=GH) : 2104 ((CCL) ;

1044 (GO).

7.15.3Synthesis of2-(2-ethoxyethoxy)-6-ethynylnaphthalene 138

o
1 ,
OO oA
7 S > O/\/ Y
%

8 1

Following the same procedure as ahove{2-[2-(2-ethoxethoxy)naphthale-
yllethynyl}trimethylsilanel32c¢(1.00 g, 3.20nmol) wasdissolved in dry THF (@.0 ml). After

complete dissolution, TBAF1(11 ml, 3.84 mmol) was addedo the reaction mixture2-(2-

ethoxyethoxy¥6-ethynylnaphthalend33 (0.59 g, 77%) was isolated as a yellow solid after

purification by column chromatography (20% EtOAc/hexane).

R (20% EtOAc/hexane) 0.98np 115°C. *H NMR (300 MHz, CDCl3) Ui 7.89(1H, d, J = 2.0
Hz, H5), 7.70i 7.66(2H, m,H4 and H§, 7.4 (1H, dd,J = 8.8, 2.0 HzH7), 7.19 (H, dd,J =
9.0, 2.5 HzH3), 7.07 (H, d, J = 2.5 Hz,H1), 4.19 @H, dd, J = 5.7, 4.0 HzH1"), 3.84i 3.82
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(2H, m,H2), 3.61 @H, g, J = 7.0 Hz, H3, 3.10 (LH, s,H6"), 1.25 @H, t, J = 7.0 Hz,H4"); *C

NMR (75 MHz, CDCl3): Ui 157.1(C-2), 132.9(C-9), 130.1(C-7 and G5), 129.5(C-4), 128.4

(C-8 and G10), 120.1(C-3), 117.1(C-6), 106.7(C-1), 84.3 (G5'), 68.8(C-3'), 67.5(C-1"), 66.9

(C-2"), 63.5 (G6'), 15.2(C-4); IR (Vmad/cm™®): 3246 (=GH) ; 2196 (G=C)A063(G1596
0). HRMS (ES") m/z calculated folC16H170,: 241.1230found: [M + HJ 241.1232.

7.16 Synthesis of 4,5;&isubstit uted pyrimidine derivatives

7.16.1 General proceduredr the preparation of compounds 11Qusing Sonogashira

cross coupling reaction

To a flame dried heck round bottom flaskLlOO m) under nitrogen gas containirgach of
compoung 109ai 109d, Cul (5 mole %) and Pd(PBBCI, (5 mole %) was added a degassed
solution of diisopropylamine (10 eq) and DMF (@@nl) usinga dropping funnel. The resultant
reaction mixture in each case was heated at 70 °C for 5 hours under nitrogen atmospgrere. Aft
this time, each reaction mixture was cooled to room temperature and poured into a separating
funnel containing water (100 ml) and ethyl acetate (100 ml). The aqueous layer was extracted
twice with 100 ml ethyl acetate. The combined organic layers fdr ezactionvere dried over
magnesium sudfte, filtered through celite arekcess solvent was removed on a rotary evaporator,
followed by purification using silica gel column chromatogragb@% EtOAc/hexandg 10%

MeOH/EtOAQ. Each of the following produsfl10a110iwas prepared using this method:
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7.16.11 Synthesis ofN*(cyclopropylmethyl)-5-[2-(2-ethoxynaphthalen6-

yhethynyl]pyrimidine -4,6-diamine 110a

Reaction ofN*(cyclopropylmethyl)5-iodopyrimidine-4,6-diamine109a (230 mg, 0.793 mmol),
coppefl) iodide (7.55mg, 0.0396 mmol), Pd(PPh).Cl, (27.8 mg, 0.0396Gnmol) andcompound
133b(0.311 g, 1.59mmol) as described afforded, after extraction and column chromatography
using 50% EtOAc/hexane as ehti110a(0.136 g, 48%) aapale yellow solid.

R: (50% EtOAc/hexane0.24.mp 212214°C. *H NMR (500 MHz, DMSO-dg): i 8 1H, 8, (
H5Y, 7.93 (LH, s,H2), 7.81i 7.73(2H, m,H4' and H8, 7.74 (H, d, J = 8.7 Hz,H7"), 7.33 (H,
d,J=2.6 Hz,H1), 719 (1H, dd,J = 8.8, 2.6 HzH3), 6.69 (H, t J= 5.9 Hz, NH), 6.58 @H, s,
NH,), 4.16 @H, q,J = 7.5 Hz, H1), 3.29 @H, d, J = 7.3 Hz,H7), 1.40 BH, t, J = 6.9 Hz, H2"),
1. 15 TIH, M, HB)30.421 0.41(2H, m,H9), 0.8 0.27 (2H, m, H9); *C NMR (125
MHz, DMSO-dg): U 1 §(6), 157.6(C-4 and G2'), 156.9(C-2), 134.1(C-9'), 131.9(C-5"),
130.8(C-7"), 129.6(C-4"), 129.3(C-10'), 127.0(C-8"), 120.0(C-3'), 118.7(C-6"), 107.3(C-1"),
80.9(C-10), 79.0 (G11), 78.9 (G5), 63.7(C-1"), 45.0 (C-7), 15.1(C-2"), 12.0(C-8), 3.8(C-9);

IR (Vmadcm®): 3478 3422(N-H); 3056 (=GH) ; 2187 ((C=C)C1)436(CH,B TL07
(C-0). HRMS (ES") m/z calculated foiCz:H2aN40: 359.1874found: [M + H] 359.1881.
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7.16.12 Synthesis ofN*-(cyclopropylmethyl)-5-[2-(2-methoxyphenyl)ethynyl]pyrimidine-

4 6-diamine 110b

Reaction ofN*(cyclopropylmethyl)5-iodopyrimidine4,6-diamine109a (200 mg, 0.689 mmol),
coppefl) iodide 6.56mg, 0.0345mmol), Pd(PPh).Cl, (24.2 mg, 0.03435nmol) and lethynyl
2-methoxybenzend0.182 g, 1.38mmol) as described afforded, after extraction and column

chromatography using 50% EtOAc/hexane as elddrith (0.11 g, 54%) aaviscous oil.

R (50% EtOAc/hexane0.24."H NMR (500 MHz, DMSO-de): i 7 1+9, 6,H2j, 7.65i 7.63
(1H, m,H5), 7.36 (H, ddd,J = 8.9, 7.5, 1.8 HzH4"), 7.11 (H, d, J = 8.3 Hz,H6), 7.01 (LH,
td, J=7.6,1.0 Hz, F8), 6.54 PH, s, NH), 6.34 (LH, t, J = 5.8 Hz, NH), 3.91 @H, s, OM&, 3.31
(2H, d, J = 6.4 Hz,H7), 1.13i 1.08(1H, m, H8), 0.48i 0.45(2H, m,H9), 0.28i 0.25(2H, m,
H9); 2C NMR (125 MHz, DMSO-de): i 1 §(36), 161.8(C-2"), 159.3(C-4), 157.0(C-2),
132.0 (G6'), 129.2(C-4), 120.9(C-5'), 112.5(C-3"), 111.5(C-1"), 97.9(C-5), 86.5(C-10), 79.2
(C-11), 56.3(C-7), 45.2(OMe), 11.8(C-8), 3.7 (C-9): IR (Vmadcm™)): 3467, 340ZN-H); 3078
(=CH) : 2197 ( C-D)CHRMS (ESYWMI/z dal@ilated forCiHiN,O: 295.1561,
found: [M + HJ 295.1548
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7.16.13 Synthesis ofN*(cyclopropylmethyl)-5-[2-(2-methoxynaphthalen6-

yhethynyl]pyrimidine -4,6-diamine 110c

Reaction ofN*(cyclopropylmethyP)5-iodopyrimidine4,6-diamine10%a (120 mg, 0.414nmol),
copper (1) iodide .94 mg, 0.0207mmol), Pd(PPB).Cl, (14.5 mg, 0.020™mol) andcompound

133a (0.151 g, 0.82Tmol) as described afforded, after extraction and column chromatography
using 50% EtOAc/hexane as eluetit¥Dc(0.070 g, 49%) aalight yellow oil.

R (50% EtOAc/hexang0.24.'H NMR (500 MHz, DMSO-dg): i 80 818 (1H, m, H5),

7.93 (LH, s, H2), 7.83i 7.81(2H, m,H4' and HE, 7.75 (H, dd,J = 8.5, 1.7 HzH7'), 7.34 (LH,

d,J= 2.7 Hz,H1), 7.20 (LH, dd, J = 8.9, 2.6 HzH3'),6.70 (LH, t, J = 6.0Hz, NH), 6.58 @H, s,

NH,), 3.89 BH, s, OM8, 3.29 @H, d, J = 6.5 Hz,H7), 1.16i 1.11(1H, m,H8), 0.44i 0.37 (2H,

m, H9), 0.28i 0.26(2H, m,H9); °C NMR (125 MHz, DMSO-dg): Ui 1 §(26), 157.6(C-4

and G2'), 156.9(C-2), 134.1(C-9"), 131.9(C-5'), 130.8(C-7'), 129.6(C-4), 129.3(C-10"),127.0

(C-8"), 120.0(C-3"), 118.7(C-6"), 107.3(C-1'), 80.9(C-10), 79.0 (C11), 78.9 (C5), 55.8 (OMe),

45.0(C-7), 12.0(C-8), 3.8(C-9); IR (Vimax/cm™)): 3476 3430(N-H): 3066 (=GH) ; 2116 ( CI C
1573(C=C); 1436 (CH,); 1056 (GO). HRMS (ES") m/z calculated forCigH»1N4Oy: 325.1666

found: [M + HJ 325.1672.
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7.16.1.4 Synthesis of-f2-[2-(2-ethoxyethoxy)naphthalen6-yl]ethynyl} -N*-

(cyclopropylmethyl)pyrimidine -4,6-diamine 110d

.
o >

Reacton of N*-(cyclopropylmethyl5-iodopyrimidine4,6-diamine10%a (80.0 mg, 0.276nmol),
copper () iodide Z2.63mg, 0.0138mmol), Pd(PPB).Cl, (9.68 mg, 0.01381mol) andcompound
133c¢(0.133 g, 0.552nmol) as described afforded, after extraction and columnoncatography
using 50% EtOAc/hexane as eluetit0d(0.067 g, 60%) aa pale yellow oil.

R: (50% EtOAc/hexang0.24.'H NMR (500 MHz, DMSO-de): i 8 1H,® J <(1.5 Hz,H5"),
7.93 (LH, s,H2), 7.80 @H, d, J = 8.7 Hz,H4' and H8, 7.74 (LH, dd,J = 8.4 1.6 Hz,H7'), 7.35
(1H,d,J = 2.5 Hz,H1), 7.22 (H, dd,J = 8.9, 2.5 HzH3'), 6.70 (LH, t, J = 6.0 Hz, NH), 6.58
(2H, s, NHy), 4.23i 4.22(2H, m,H1"), 3.78i 3.76(2H, m,H2"), 3.54 @H, q,J = 7.0 Hz, H3),
3.29 @H,d,J = 4.9 Hz,H7), 1.15 @H, t, J = 7.0 Hz,H8 and H4"), 0.44 0.39(2H, m,H9), 0.28
i 0.25(2H, m, H9); *C NMR (125 MHz, DMSO-de): Ui 1 §@6), 157.6(C-4 and G2,
156.9(C-2), 134.1(C-9'), 131.9(C-5"), 130.8(C-7"), 129.6 (C-4'), 129.3(C-10'), 127.0(C-8"),
120.0(C-3"), 118.7(C-6"), 107.3(C-1'), 80.9(C-10), 79.0 (G11), 78.9 (G5), 68.7 (C-1"), 67.8
(C-2"), 66.2(C-3"), 45.0(C-7), 15.6 (C-4"), 12.0(C-8), 3.8 (C-9); IR (Vma/cm™): 3481, 3430
(N-H); 3061 (=GH) ; 2188 (CI C); -DpHRMS (ES¥Fn¥2 calculatddifcs
Co4H27N,4O: 403.2136 found: [M + HJ 403.2116
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7.16.1.5 Synthesis of-f2-[2-(2-ethoxyethoxynaphthalen-6-yl]ethynyl} -N*-
benzylpyrimidine-4,6-diamine 110e

3
o\

To a mixture ofN*-benzyl5-iodopyrimidine4,6-diamine10% (100 mg, 0.307 mmol), coppér
iodide 2.92mg, 0.0153mmol), and Pd(PRhCI, (10.8 mg, 0.0158nmol) and compound33c
(0.147 g, 0.613 mmoljunder nitrogen atmosphere,asv added a degassed solution of
diisopropylamine @.434 ml, 3.0d/mmol) and DMF (10.0 ml). The produtiOewas isolated as
brownoil (0.087g, 6506) after purificatiorby column chromatograph$@% EtOAc/hexane).

R: (80% EtOAc/hexane0.45."H NMR (500 MHz, DMSO-de): i 8 12, d, J X 1.4 Hz,H5),

7.78 BH, m,H2, H4' and Hg, 7.35 (H, d,J = 2.5 Hz,H1"), 7.31i 7.29(5H, m, ArH), 7.29i

7.19(2H, m,H7' and H3, 6.66 @H, s, NH,), 4.67 @H, d, J = 6.3 Hz,H7), 4.23i 4.21(2H, m,
H1"), 3.77i 3.76(2H, m,H2"), 3.53 @H, g, J = 7.0 Hz, H3), 1.14 BH, t, J = 7.0 Hz, H4"):*C

NMR (125 MHz, DMSO-dg): U 1 §@6), 157.5(C-4 and G2, 156.8(C-2), 141.2(C-8),

134.0(C-9", 131.9 (G5'), 130.8(C-7"), 129.6(C-4"), 129.4(C-10), 129.3 (€9), 128.6 (C10"),

126.9 (G8' and G11),119.9(C-3'), 118.8(C-6"), 107.4(C-1'), 101.6(C-5), 80.9(C-13), 79.1 (C

14), 68.7 (C-1"), 67.8(C-2"), 66.2(C-3"), 43.9(C-7), 15.6(C-4"); IR (Vmadcm™): 3476 (N-H);

2972 (=CGH) ; 2 1161571 (CEQL)1056 (GO). HRMS (ES") m/z calculated for
Co7H27N4O2: 439.2136found: [M + HT 439.2115.
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7.16.1.6 Synthesis ol“*-cyclohexy}t5-[2-(2-methoxyphenyl)ethynyl]pyrimidine-4,6-diamine
110f

Reaction 01N4-cyclohexyL5—iodopyrimidine4,6diaminelogc(llo mg, 0.346mmol), coppefl)
iodide (.29 mg, 0.0173mmol), Pd(PP¥.Cl, (121 mg, 0.0173mmol) and 1-ethyny}2-
methoxybenzen€0.0914 g, 0.69Immol) as described afforded, after extractiow aolumn
chromatography using0% EtOAc/hexanas eluent110f(0.12g, 74%) as a browioil.

R (50% EtOAc/hexane0.38.'H NMR (300 MHz, MeOD): i 6. 66668(2H, m,H2 and H#),

6.597 6.49 (LH, m,H4), 6.26 (LH, d, J = 8.3 Hz,H3"), 6.16 (H, td, J = 7.5, 0.8 HzH5), 3.15
(3H, s, OM8@, 1.301 0.83 GH, m, cyclohexyH), 0.64i 0.45 GH, m, cyclohexytH); *C NMR

(75 MHz, MeOD): 165.2 (G6), 161.1 (G2'), 159.1(C-4), 157.1 (G2), 133.6 (G6"), 132.8 (C
4", 130.0 (65", 112.5, (€3, 111.5 (G1), 80.9 (G11), 79.0 (G5), 78.9 (G12), 56.3 (OMe),
49.2 (G7), 33.4 (G8), 25.7 (G10), 25.1 (G9); IR (Vmax'cm™): 3334, 3310 (NH); 2960 (=GH);

2116 (CIC); 15 60). HRMS%ES) m/z daloutaed fg§iGzH2aN,0: 323.1874
found: [M + HJ 323.1873.
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7.16.1.7 Synthesis dfi*-cyclohexyt5-[2-(2-ethoxynaphthalen6-yl)ethynyl]pyrimidine -

4,6-diamine 110g

Reaction ofN*-cyclohexy}5-iodopyrimidine4,6-diamine109 (200 ng, 0.629 mmol), coppé)
iodide 6.99 mg, 0.0314mmol), Pd(PP¥.Cl, (22.1 mg, 0.034 mmol) andcompound133b
(0.247 g, 1.26nmol) as described afforded, after extractiod @aolumn chromatography using
50% EtOAc/hexane as eluet,0g (0.16 g, 8%) as a brown oil.

R: (50% EtOAc/hexang0.38."H NMR (300MHz, DMSO-de): i 8 1H, d,J <(1.6 Hz,H5"),
7.95 (LH, s,H2), 7.80 @H, d, J = 8.9 Hz,H4' and H8, 7.71 (H, dd,J = 8.4, 1.6 HzH7), 7.32
(1H, d, J = 2.5 Hz,H1Y), 7.19 @H, dd,J = 8.9, 2.5 Hz, H3"6.62 @H, s, NH,), 6.02 (LH, d, J =
8.3 Hz,NH), 4.15 @H, g, J = 7.0 Hz, H1"), 3.98 3.94(1H, m,H7), 1.87 @H, dd,J = 8.7, 4.7
Hz, cyclohexyiH), 1.747 1.58 (3H, m, cyclohexyH), 1.4671 1.17 (8H, m, cyclohexyH and
H2"); *C NMR (125 MHz, DMSO-de): Ui 163.0(C-6), 160.7(C-4), 157.8(C-2"), 156.4(C-2),
133.6 (C-9'), 130.3(C-5"), 129.1(C-10"), 128.8(C-4"), 126.6(C-8'), 119.5(C-3"), 117.9(C-6"),
106.2(C-1"), 80.9 (G11), 79.0 (C5), 78.9 (G12),63.2(C-1"), 49.0(C-7), 32.5(C-8), 25.2(C-
10), 24.9(C-9), 14.6(C-2"); IR (Vmax/cm™): 3290, 3285 (NH); 2960 (=GH) ; 2196 ( CI C) ;
(C=C); 1210 (GO). HRMS (ES") m/z calculated forC,4H,7N4O: 387.2187 found: [M + HJ
387.2177.
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7.16.1.8 Synthesis of-f2-[2-(2-ethoxyethoxy)naphthalen6-yl]ethynyl} -N*-

cyclohexylpyrimidine-4,6-diamine 110h

Reaction of\N*-cyclohexyt5-iodopyrimidine4,6-diamine10% (160mg, 0.503 mmol), coppé)
iodide @.79 mg, 0.0251mmol), Pd(PP%).Cl, (17.6 mg, 0.025Immol) andcompound133c
(0.242 g, 1.0Immol) as described afforded, afeextraction and column chromatography using
50% EtOAc/hexane as eluetlCh (0.13 g, 6%) as dight brown oil.

R (50% EtOAc/hexang0.38."H NMR (300MHz, DMSO-dg): i 81. 8118(1H, m,H5"), 7.84
i 7.79(2H, m,H2 and H4, 7.72 ((H, dd,J = 8.5, 1.6 Hz, H"), 7.63i 7.57(1H, m,H8", 7.36
(AH,d,J=2.5 Hz,H1), 7.22 H,dd,J = 9.0, 2.5 HzH3), 6.62 @H, s, NH,), 6.03 (LH,d,J =
8.3Hz, NH), 4.24i 4.21(2H, m, H1"), 4.00i 3.95(1H, m,H7), 3.78i 3.75(2H, m,H2"), 3.53
(2H, g, J = 7.0 Hz, H3), 1.88 @H, d, J = 10.7 Hz,cyclohexytH), 1.7571 1.59 (3H, m,
cyclohexytH), 1.4371 1.34 (3H, m, cyclohexyH), 1.207 1.12 (5H, m, cyclohexyH and H4");
3C NMR (125 MHz, DMSO-dg): Ui 163.0(C-6), 160.7 (G4), 157.0 (G2, 156.4 (G2), 133.6
(C-99, 130.3 (G5"), 129.2 C-10", 128.8 C-4"), 128.7 C-8), 119.4 (C3"), 118.1 (C6"), 106.9
(C-19, 80.9 (G11), 79.0 (G5), 789 (C-12), 68.2 (C2"), 67.3 (C1"), 65.6 (C3"), 49.0 (C7),
32.5 (G8), 25.2 (G10), 24.9 (G9), 15.1 (G4"); IR (Vmadcm™): 3331, 3305 (NH); 2965 (=G
H) ; 2190 (CIC); 1®).6HRMS( (ESF) Gr)/z; calcll&ted] 0forCgeHGiN4O-:
431.2449found: [M + HJ 431.2445.
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7.16.1.9 Synthesis dfi*-(2-morpholinoethyl)-5-(2-phenylethynyl)pyrimidine -4,6-diamine

110i

10

Reaction of Sodo-N*(2-morpholinoethyl)pyrimidinet,6-diamine109d (100 mg, 0.286 mmol),
copper (I) iodide (2.73 mg, 0.0143 mmol), Pd(BF®I, (10.1 mg, 0.0143 mmol) and
phenylacetylene (0.0630 ml, 0.573 mmol) as described afforded, after extraction and column

chromatography using 10% MeOHy/ethyl acetate as elt&6t(0.073 g, 79%) as a brown solid.

Re (10% MeOH/ethyl aceta}ed20. mp 205207 °C. 'H NMR (300 MHz, DMSO-dg): i 7 . 9 4
(1H, s,H2), 7.691 7.66(2H, m, H2"), 7.44 7.35(3H, m,H3' and H4), 6.62 @H, s, NH,), 6.48
(1H,t, J = 5.4Hz, NH), 3.56 @H, t, J = 4.6 Hz,H10), 3.49 @H, d, J = 5.9 Hz,H7), 2.49i 2.40

(6H, m, H8 andH9); *C NMR (75 MHz, DMSO-dq): 1l 162.4 (G6), 160.8 (G4), 156.3 (C2),

132.2 (G2'), 128.4 (G4"), 128.3 (C3'), 122.7 (CL), 80.9 (G11), 79.0 (C5), 78.9 (G12), 63.5
(C-10), 56.2 (C8), 51.5 (G9), 36.1 (C7); IR (Vma/cm): 3334, 3310 (NH); 2976 (=GH); 2190

(CI C); 15 ¢HBMS((ESS @z calculated forCigHoNs0: 324.1826 found: [M + HJ
324.1824.
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7.16.1.10 Synthesis df*-(cyclopropylmethyl)-5-[2-(2-ethoxynaphthalen6-

yhethynyl]pyrimidine -4,6-diamine 134

N’*-(cyclopropylnethyl)-5-[2-(2-ethoxynaphthales-yl)ethynyl]pyrimidine-4,6-diamine ~ 110a
(180 mg, 0.502 mmphas dissolved in ethan¢l0 ml) before adding 10%et Pd/C (17.6 mg,

33 mole %. Oxygen was removed from this systbynvacuum before introdureg hydrogen gas

from a balloon; this step was repeated 3 times before the mixture was kft 8 room
temperature for ~1Bours. The reaction was stopped upon completion and the Pd/C was filtered
over a bed of celite followed by the evaporation @f $olventin vacuo The poduct134(0.128

mg, 70%)was purified by preparative TLC @3 EtOAc/hexane)and was isolated as a light

yellow oil.

R (50% EtOAc/hexane0.22.'H NMR (300 MHz, CDCl): i 8 .119, 8, HY), 7.67i 7.61
(2H, m,H4' and Hg, 7.53(1H, s,H2), 7.22 (H, dd,J = 8.4, 1.7 Hz, H'), 7.13 (H, dd,J = 8.9,
2.5 Hz,H3), 7.09 (H, d, J = 2.3 Hz,H1), 4.37 @H, s, NH,), 4.22 (H, d, J = 4.5 Hz,NH), 4.14
(2H, g, J = 7.0 Hz,H1", 3.07 @H, dd,J = 7.0, 5.1 HzH7), 2.96 @H, t, J = 7.1Hz, H10), 2.66
(2H,t,J = 7.1 Hz, H1), 1.48 BH, t, J= 7.0 Hz,H2"), 0.82i 0.71 (LH, m,H8), 0.41i 0.29 @H,
m, H9), 0.20i 0.00(2H, m,H9); *C NMR (75 MHz, CDCly): i 1 §®6), 259.9(C-4), 156.8
(C-2), 155.6(C-2), 136.1(C-6"), 133.4(C-9'), 129.1(C-10"), 128.9(C-4"), 127.3(C-7"), 127.3
(C-5, 126.4(C-8"), 119.4(C-3'), 106.5(C-5), 94.8(C-1"), 63.5(C-1"), 46.4(C-7), 33.0(C-10),
26.8 (G11), 14.8 (C-2"), 10.7(C-8), 3.2 (C-9). HRMS (ES") m/z calculated forCpHaN4O:
363.2187 found: [M + H] 363.2185.

200



Chapter 7. Experimental section

7.17 References

© N o g &

Rao, K. V., Prasad, M. R., Rao, A. R. Heterocycl. Chem2014, 51, 380.

Gomtsyan, A., Didomenico, S., Lee, C. H., Matulenko, M.kAm, K., Kowaluk, E. A.,
Wismer, C. T., Joe, M., Yu, H., Kohlhaas, K., Jarvis, M. F., Bhagwat, Sl. $ed.
Chem, 2002 45, 3639.

Minakawa, N., Kawano, Y., Murata, S., Inoue, N., MatsudaCAemBioChem2008§ 9,
464.

Lee, J. K., Lee, B. S., Nam, B, Chi, D. Y.,Synlett 2006 1, 65.

Pearson, S. E., Nandan, Synthes, 2005 15, 2503.

Song, Y., Ding, H., Dou, Y., Yang, R., Sun, Q., Xiao, Q., JuSynthesis2011 9, 1442
Xia, J., Tong, G.Chem. Abstr 2007,149, 235.

Ojo, K. K., Pfander, C.Mueller, N. R., Burstroem, C., Larson, E. T., Bryan, C. M., Fox,
A .M .W.,, Reid, M. C., Johnson, S. M., Murphy, R. C., Kennedy, M., Mann, H., Leibly,
D. J., Hewitt, S. N., Verlinde C. L. M. J., Kappe, S., Merritt, E. A., Maly, D. J., Billker,
0., Van Voohis, W. C. J. Clin. Invest.2012 122 2301.

van der Westhuyzen, C. W., Rousseau, A. L., Parkinson, Tetdahedron 2007, 63,
5394.

10. Stephens, R. D., Castro. C. E.Org. Chem, 1963 28, 3313.
11.0Orsini, A., Vitérisi, A., Bodlenner, A., Weibel, M., Pale, P.Tetrahedron Lett 2005

46, 2259.

12.Banfi, L., Guanti, G.Eur. J. Org. Chem2002 86, 3745.

201



APPENDICES:

'H and **C NMR spectra for Compound99
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TDS-03A.10.fid

Donald:TDS-03A:DMS0:26/10/2015:1H,13C:300NMR

Appendices

'H and **C NMR spectra for Compound 100
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'H and **C NMR spectra for Compound104b
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'H and **C NMR spectra for Compound122a
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'H and **C NMR spectra for Compound104c
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'H and **C NMR spectra for Compound125d
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'H and **C NMR spectra for Compound130a
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'H and **C NMR spectra for Compound131b
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'H and **C NMR spedra for Compound 131c
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'H and **C NMR spectra for Compound109b
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'H and **C NMR spectra for Compound133b
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'H and **C NMR spectra for Compound110g
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'H and **C NMR spectra for Compound134
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