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ABSTRACT

Asmarines, a group of cytotoxic compounds isolated from the marine sRasgailia spfound
in the Red Sea, has been a target of total synthesis sirdiscitsrery in the late B®s! At its
core,Asmarines contaithe tricyclictetrahydrodiazepinopurin€THDAP) ring systemA which

has presented various synthetical challenges.

An initial route to THDAPs starting from a pyridine derivative was attempted. This method
was found to be unsuitable for the synthesis THD{extion 2.1)

One other possible synthetic routevas al® attemptedstarting from commercially available
adenine, in which a major challenge is the selective alkylation oNtfAeposition over the
preferredN-9 position (Section 2.2)In this Project a method for constructiny-7 substituted
adenine is preséed. The new synthetic route did not go according to plan, but did produce an
interesting hemiaminal ether, which can possibly be a useful intermediate in the total synthesis of

asmarines.

N NN 7
P L. N/>9
Asmarine A A

During the project, a novel methodology for the reduction of elegiomm Boeprotected purines
to the corresponding 7~@hydropurines was discoverethese arémportant intermediates in the

synthesis opotentiallybioactive Zsibstituted purine$?
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1. INTRODUCTION

This section will provide é&brief introduction to natural products and theurrrent role in
pharmaceutical Existing information available on asmarines will semmarized, such as their
origin and biological activity as well as the synthetic endeavors that have been carirethisut

areathus far.

1.1 NATURAL PRODUCTS

Nature is a vast source of biologically active compounds of great potential Beflediy. are
callednatural productsand encompass all molecules that are produced by a living orgdrism.
percentage of drugs approved by the FDA between 1981 and 2006 that was either a natural
product or inspired by a natural product wasgtdy 52 % Only about 30 % were completely

synthetic in origin.Of the 155 small molecule antancer drugspproved, 47 % were natural

products or natural product derivatveBhes e number s rostdnlireleds amat ur e

inspiration fornew pharmaceuticals.

Avastmajorityo f nat ur ed6s bi osecohdary metabotited phesaiancdnslecalas e
that do not directly play a role in the development and reproduction of an organism, but provides
some other evolutionary advantage to the organism, like fighting off microbes or repelling
herbivores. These metabolites are important sources of new drugsyasdready elicit powerful

biological activity needed for these compounds to benefit the organism.

1.1.1 Traditional sources of natural products

Higher plants hvebeen an important source of natural prodsatse the isolation of morphine
(Figure1) from the poppyapaver somniferurim 1804° Examples of importartompoundshat

has been isolated frorthe plant kingdaon include digoxin, quinine, quinidinevincristine |,
vinblastine and atropintTaxol, isolated from the bark of the Pacific yew tfEsxus brevifolia

is a potent anticancer drug that became a huge commercial success for the treatment gf ovarian
breast and some lungancers in the late 19904n 2000, about onén four drugs prescribed
worldwide originated from planfs.

10



O
Taxol - N
Anticancer agent z
N
Quinidine

Morphine
Analgesic agent

Antiarrhythmic agent

Figure 1. The gructure of morphine, taxol and quinidine; natural products used as drugs.

The discovery of penicillin in 1928mawned an era of exploration of microorganisms as a source
of drugs® Massive screening efforts were carried out aftter Second World War looking for

new antibiotics. Some of the most important drugs resulting from this screening include
erythromycin cephalosporin C andaunorubicin Daunorubicin(Figure 2) served as a starting
point for the synthesis of many other teth compounds callednthracyclinesincluding the
important doxorubicinused in cancer chemotherapy. These compounds are some of the most
effective antineoplastic compoundsscovered with the widest spectrum of activity in human
cancers.

Animals also produce compounds with attractprearmaodogical properties:*! For instance, ti

was estimated that approximately 4 % of 800 evaluated arthropod extracts in the 1970s showed
some degree of cytotoxicity. Insects also provide a host of various chemical substances of
interesting biological activity. Many of these substances are present in insects because of their
extensive use of chemicals aslefense mechanisf.vVenoms and toxirfrom snakes, spiders

and frogs also contain potential lead compounds for novel therap&dfidEpibatidine, a
poisonous alkaloid present on the skin of certain species of poison dartvirgyshownto
possess analgesic properti@d2imes more potent than morphifi@lthough it is too poisonous

to be used as a drug, it serves as a lead compound for the development of less toxic détivatives.

11
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ji]f\/x Daunorubicin
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Antibiotic agent

Figure 2. The structure of Epibatidine; penicillin G and Daunorubicin.

1.1.2 Marine sources of natural products

In recent years, there has been an upsurge in drug discovery of natural products and lead
compounds fronmarine source¥. The most common such sources are the marine invertebrates
which comprise around 60 % of all marine animal diver$iffhese organisms are often soft
bodied, sedentey life-forms and henceoften rely on chemical defense for survivabince an
agueous environment quickly dilutes any chemical substances excreted by an organism, these
molecules must possess potent biological activity in order to achieve its intendetd®effes

creates an environment that is rich in potent bioactive compoundsanteorganismsare thus

attractive targets for the bioprospectingpxftential drugs®?*

Some of the earliest examples of natural productsiveld from marine sources are
spongothymidineand spongouridine (Figure 3) isolated from the sea spongderyptotethia

crypta??
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HN <\ / N NH
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0" N N N° "0
ﬁ‘OH JOE‘OH 0 OH
HO OH HO ‘OH HO ‘OH
R =H, Spongouridine Vidarabine Cytarabine

R = Me, Spongothymidine
Fig_ure 3. Structure of spondbymidine,spongouridinevidarabine and cytarabine;opounds possessing antiviral
activity.
These compounds were the inspiration for drugs sueldasabineandcytarabinein clinical use
today®® Vidarabine wasinitially planned to be an anticancer drug but was in the process
discovered to possess significant antiviral acti¢itJoday, it is typically useéh the treatment of
diseases caused hgrpes, poxand rhabdoviruses.

The occurrence of cytotoxic activity in extracts of marine orgasiemexceeds that of terrestrial
samples® Despite the abundance of potent, biologically active compounds fiounaarine
ecosystems, very fewlinically approved drugs of marine origin is found on the markeere
areseveral reasons for thigut perhaps the biggest reason is the lack of biomass available from
wildstocks. The limited supply of material m=el for drug development, severdiynders

advancement in this area of drug discov@ry.

Bioprospectingof marine natural products till a relatively new endeavobut has already
produced thousands of new compoutitB.ue t o t he oiversiyntiiesumbar gie bi o
discovered marine natural products as candidates for novel pharmaceutical agents is only

expected to rise.
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1.2 ASMARINES

Asmarines are a class marine alkaloids first reported isolated in 1998 from the sea sponge
Raspailia® Initial screening revealed they possess significant cytotoxicity against various types
of cancer cells, includingome importantiuman cancer cell les. The discovery of these
compounds a their close similarity toagelasinesand agelasimines another set of marine
alkaloids previously studied in our group shown to possess antimicrobial and antineoplastic
activities?®®* has prompted research to try to synthesize these molecules. So fataho

synthesis of any of the asmarine analogs has been repotieditarature.

1.2.1 Isolation, structure and biological activity

The discovery of the first asaarines was a result of a collaboration between researchers at the
School of Chemistry with the T-éviv University in Israel and the Oceanographic Research
Institute (ORI) in the Republic of South Afriéa.A sample of the marine spondraspailia
(Demospongiae, Poecilosclerida, Microcionina, Raspailijd@eindin the Red Sea othe coast

of Eritrea was collected and frozen on site. Chemical analysis ofréleeedried sample,
revealed three novel structurally related metabolites, named asmaiin€. Ahe same gup
reported three new asmarin@i F)in 2000and five morgG 1 K) in 2004for a total of eleven

compoundgFigureXx).3#34

NN NN NN

PDW, L =0 |t )
kN/ N kN/ N\ kN/ N

AR=0H C R = H, *-epi IR =O0H

B R = OH, *-epi DR =H, JR=H

G R=0OMe E R =OMe

HR=H F R = OMe, *-ep1

KR =H, *-epi

Figure 4. The structures of all asmarines currently known.
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Asmarines G and H was isolated from sponges Shanoniin the Wasini Channel of southern
Kenya while asmarines I, J and K appear in sponges in the waters near the Nosy Be Islands of
Madagascar. Asmarines A and F are the only asmarines that have appeared in all of the three

areas investigated.

Asmarinesconsist of afused diterpenéeterocyclic structure. The diterpepertion of the
molecule resembles naturally occurriciglodané® and contains five stereocenters. Only one of
the stereocenters (marked in Figdiehas shown variation among the asmarine analbigs.
heterocyclic part of the molecule is based on adenine. Conjugation of thesadweties is

believed to be the biosynthetic origin of asmarihes.

Initial screening of asmarine A and B has revealed cytotoxicity against cell culture38& P
murine leukemia, A49 human lung carcinoma, FZ® human colon carcinoma and M2B

human melanomZ.The results of these studies are listed in Table

Table 1. Anti-tumor activity of Asmarine A and B listed assivalues in uM.

P-388 A-549 HT-29 MEL -28
Asmarine A 1.18 1.18 1.18 1.18
AsmarineB 0.24 0.12 0.12 0.24

Asmarines A and B, together with several synthetic analogs, was later tested for cytotoxic
activity against DU145 prostate, IGROET ovarian, SKMEL-28 melanoma, A549 NSCL,
PANC1 pancreas, HT29 colon and LOVO colon cancer cell lin@sble 2).3°

Table 2. Glsg-values of asmarine A and B against various cancer cellitineg/mL.

Prostate Ovarian Melanoma NSCL Pancreas Colon
DU-145 IGROV-ET SK-MEL- A549 PANC1 HT29 LOVO
28
Asmarie A 2.7 0.7 2.7 4.1 1.1 0.4 1.0
Asmarine B - - 0.5 0.4 - 0.04 -
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All synthetic analogs were found to Beleast one order of magnitude less active than asmarine
B. The importance of the hydroxgroup in asmarine A and B for biological activity was also

established; asmarine dthowsno cytotoxic activity.

1.2.2 Related compounds

Two other subclasses of bioactive metabolites from marine spoAgetagsp., Raspailiasp.)

are known: Agelasines and agelasimines. Far more is known about the biologittsl @cthese
compounds than for the related asmarir@sveral synthetic analogs have been prepared and
many of are even more potent than the naturally occurring compdintisyical activitiesrange

627,29 |3,26,27,31 Fl,37,38
i) H

from antibacteriaf’ antifunga antiprotozoa antineoplastic activity?®**° to

biofilm inhibition and antifouling propertie§:*?

‘ -
NH; //y H\Y N|
x—N
»c )
NT N cr N
\ |
Agelasine A Agelasimine A

Figure 5. Structure of agelasine A and agelasimine A.

The close resemblance of agelasines and agelasimines to asmarines becomes evidentrérom Figu
5. A key differenceis the lack of the sevemembered ring seen in asmarinfgelasines also

contain an Nguaternary functionality.

1.3 PREVIOUS ATTEMPTS ON THE SYNTHESIS OF
DIAZEPINOPURINE RING-SYSTEMS

So far, m asmarinehas been prepared by townthesis. Most of the chemistry reported on

asmarine total synthesis has been on the heteropgation of the molecule. This-56-, 7-
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membered tricyclic structure is referred to as THDAP (tetrahjldjdiazepino[l,2,3

ghlpurine) (Figure6).
9 8
10
HN 7 p 5 ¢
1 193 tob g 6 1 5 N J
NN N> N/\IN\> 4NW7
| 73 | 8
3 4 3 H 2
9
THDAP Purine 1,4-Diazepine

Figure 6. Numbering system fgpurine, diazepine anthe THDAP core structure

The main difficulty in synthesizing the THDAP rirgystem lies in the construction of the seven
membered, diazepingng. Thesynthesis of THDAP and its derivatives can be divided into five
strategies d-€) basedon which bond is formed in the rirgjosing step of thaliazepinering
(Figure?).

Figure 7. Bondsa-e referto the fivedifferentstrategies used to categortbe majorsynthetic routes to THDAP
molecules.

This section will give an overview of previous attempts at constructing the THDARy#tgm.

1.3.1 The first appearances of THDAPSs in literature

The firstexample ofthe heterotricyclic diazepinopurine rirgystemappearingn literature was

in 1977 by Glushkov et & While working on xanthine derivatives in the search for new
spasmolytic drugshey managedtring-closeanN-7 alkylated 3methykanthineby treatment in

neat phosphoryl chloridg&chemel).

17



0 f7 \Nﬂ
POCI,

HNTY) N/> N N)IN/>
O)\N N 8-53%" A N
|

Schemel. Ring-closing of anN-7 alkylated 3methylxanthine derivative using phosphoryl chloridedividual

yields were not reported.

In 1985,Brahme and Smith reported synthesizangHDAP from adenineby addition of acrylic
anhydride in dry DMS@Scheme2).**

o
NH, HNL}
NN N Acrylic anhydridi NN N
L R
N E DMSO, 60 °C, 24 h N N

25 %
Scheme2. Synthesis of7,8-dihydro|[1,4]diazepino[1,2,3yh]purin-9(10H)-one™

1.3.2 Synthetic studies toward asmarines
The first synthesis of a THDAP systediirected towardshe total synthesis adsmarines, was
performed by Kashman et §5chemes).*

TH H \
1-Bromo-3-chloropropane
I\ll)il\g propanc 1\{)IN> HCI
/4 " Y
kN N Et;N, 80 °C, 24 h kN N
| |
Bn

Bn

Scheme3. Synthesis of denzyl THDAP asinHClI salt.” No yields reported.

In this case, the bulky benzyl group at3N\steers further alkylations to take placeNal rather
than the now sterically crowd@dt9 position, thus making it possible to form the desired THDAP

system.

18



The same grouplso proposed and tested twabssiblecyclizationsto form the 1Ghydroxy
THDAP system seen in moagmarinesThe two routesnvolve either going through synthon S1,
cyclizing onN-7 (strategye) or through synthon S2 cyclizing &6 (strategyb) (Figure8).

N N\> NS N>
l Z~N l z N/ PG: Protecting Group
N H N LG: Leaving Group
S1 S2

Figure 8. Two proposed synthons for the synthesis ohyfraxy-THDAP .*°

T h e gsattemp a cyclizinghrough an Stype moleculdailed as cyclization took placen
N-1 rather than oiN-7 (Schene 4).

BnO\N/\/\OH OBn
SOC]2
N N\ °HC1
LAY
N II\{I CHC13

Schemed. Cyclization on N1. "No yields reported.

On the other hand, ringosure of an S2ype molecule has onlyne possible site of cyclization,
namely N6. Indeed this reaction producte: intended THDAP ringystem (Schems).

Cl
BDO~N

BnO\NH ////
NN N K,CO;,
l _ +/> - k +>
N N DMSO, 60 °C, 3 days
Bn

Schemeb. Cyclization producing a possible Hydroxy-THDAP precursor using strategy bNo yields reported.

However, a method to deprotect the-bénzyhted THDAP system to produce thmore
interestingL0-hydroxy THDAP was revealed to be problematft.

19



Ohba et alhasreported methods to synthesiz8-hydroxyTHDAP, 4methyt5-oxo-THDAP
and 10methoxy4-methyt5-oxo-THDAP, the three majorstructural motifs for the tricyclic
skeleton of asmariné$

The synthesis of *@ydroxyTHDAP was achievedby cyclization ofa pyrimidine derivative
(Schemeb).

OMOM
HN

Cl MOMO~N HO‘N

Cl H
NTX N 2O 3 steps N XN Et;N
N”“NH, NZN 1-BuOH HF

Schemes. First successful synthesis of-h§droxy-THDAP.*’

The reasoning behind the use of this route is that direct alkylatiorcbfoGopurine ly alkyl
halides or under Mitsunobu conditions is reported to occur preferentiaMy®1i°’ By starting
with 4-amino-6-chloro-5-formamidopyrimidine the desiredhitrogen can be kylated under basic

conditions and then cyclized to form the purine ring.

Strategya hasonly beenused tosynthesizeTlHDAP-systems unsubstituted in the diazepiimg).
It is, howeveralsothe only method to haveroducedhe 4methyt5-oxo-THDAP motif seen in
asmarineC-F (Schemg).

Cl Cl @ R‘N
H

1) Br(CH,);NRBoc N EtN
N N N
(X -0 - L Lo e U *0 ot ome
N~ N 2) TFA N N\ 1-BuOH
\

Scheme7. Ring-closing by nucleophilic aromatic substitution.

Strategyb is so far the only strategsuccessfullyusedto form G9-substitutedTHDAPs*®°8

Starting from 6chloropurine, theN-9 position is protec® and a nucleophilic aromatic

20



substitution introduces the hydroxylated nitrogen (Sch8m&ubsequent alkylation at tin7
position carries the desired substituents and the right functionality to allovelosigg under

Mitsunobu conditions.

cl Cl BnO-\n
N)\IN\> benzhydrol N)\IN\> BnONH, N)\IN\>
| > | > |
kN/ N DIAD, PPh, kN/ N K,CO; reflux kN/ N
H THF, 40 % DPM 94 % DPM
DPM: CHPh
2 OH DMF, A
Br/\)\R 87 - 95 %
R R HO HO

R BnO R
HO~N>W BnO‘Na nO- 1y

N)\IN> HBr AL N> DIAD, PPh, )I s N>
I ) = | /4 7
kN/ N AcOH NP N THF, 68-95% L N  DCM, 40 - 45 % k
100 °C DPM

66 -93 %

Scheme8. Ring-closing using stratedyto afford G9 substituted THDAPE

Limitations to this synthesis are low yields in the protection and deprotection step and the lack of

stereochemicatontrol in the ringclosing step

Strategyd has previously been used in our group to synthesize THDAP byclosgg
metathesis (RCM)? Stereochemistry is not an issue in this route. Jahne et al. showed that
selectiveN-7-allylation of &chloropurine can be achieved by using ad®mplex®® Using this
reaction circumvented the need fé9-protection. After introducing an allylamirgroup in the
6-position, the double bond could selectively be aged toN-alyl -7-(1-propen1-yl) purin-6-
amineunder basic conditions to allow severembered ringormation after the RCM reaction
(Scheme).
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f f/
/J HN /;
NH2CH2CH CH2 K2CO3

N§N> VL —— U
LA~ Pyridine, 100°C &N/ 7 Meoma P
93 % 100 %

(Boc),O0
DMAP, MeCN
68 %

HN/\} 1. H,, Pd/C Boc\N/W Boc. f/J
EtOAc Hoveyda-Grubbs II

Nﬁ% - Nﬁlﬁ -
lN/ N 2.HCl, MeOH lN/ /  DCE.A 95% k

70 %

Schemed. Synthesis of THDAP by ringlosing metathesis.
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1.4 Chemistry

This section willcover some aspectsibfe chemistyuy s ed i n t he. masterdés proc

1.4.1 Nucelophilic aromatic substitution on purines and pyrimidines

The electrorpoor nature of purines and pyrimidines means they are activated towards
nucleogilic aromatic substitution reactions \(&). Halogens in the 2 4- and 6position of
pyrimidines and the-2and 6position of purines provide excellent substrates for the introduction

of a diverse number of substituents and are therefore common stamabegrials and
intermediates in organic synthesis. Activation in these positions is a result of both inductive and
mesomeric withdrawal of electrons by adjacent nitrogens as well as the inductive withdrawal of
electrons by the halogen itsélfPolyhalogenated purines and pyrimidines will in most cases
preferentially undergo substitution at theafd 6position, although mixtures are common. The

rate of reaction is largely determined by the electronegativity of the halogen. An increase in
electronegativity will more strongly polarize the carb@logenbond leaving carbon with a
greater partial positive charge and thus more prone to nucleophilic attack. The leaving group
ability of the halogen has little to no impact on the reaction rate as the initial attack forming the
Meisenheimer compleand breakig aromaticity is the ratdetermining step (Scheni€). The
aromaticity is restored in the second step when the leaving group is eliminated and is thus a fast
reactonThi s means that the halogen6és order of re
is: F>CI>Br>1, which is the opposite of regulajlSnd $2-type reaction§?

X N
(\)ﬁ/—\ ©ONu X !
NS Lk k k Ng
X =F, Cl,Br, I ) Meisenheimer complex )

Schemel0. Reaction mechanism of nucleophilic aromatic substitution on pyrimidine.

23



The presencef other substituents can greatly affect the propensity for nucleophilic aromatic
substitution. As a general rule, electhithdrawing groups will increase reaction rates, while
electrondonating groups will decrease reaction rafélse presence of eleomrwithdrawing
groups can inductively and mesomerically help stabilize the negative charge introduced by the
nucleophile to lower the activation barrier of the +détermining step. On the other hand, an
electrondonating group will increase the aromsastabilization of the reactant molecuded
destabilize the negative charge increasing the activation barrier.

1.4.2 The tert-butoxycarbonyl (Boc) group 1 the role of DMAP

The tert-butoxycarbonyl (Boc) group is one of the most frequently used protecting doo
amines in organic syntheSiSConversion of amines to the comesdingtert-butyl carbamate
drastically alters the reactivity of the amine allowing for other reastmmake place that would
otherwise affect the amingroup. Boegroups are usually stable under basic conditions, resistant
to catalytic hydrogenolysisand inert towardnost nucleophiles. It cleaves undeoderate to
strong acidic conditions, making it an ideal orthogonal partner to benzyl esteretterd

carbamates commonly used in peptide synttfésis.

Boc-protection of amines is generally achieved by addinterdbutyl dicarbonateto the free

amine in a suitable solvent with or without added bases such as triethylamine or
diisopropylethylamine (DIPEAY The addition of catalytic amounts oftdmethylaminopyridine
(DMAP) will in many cases decrease reactions times and even allow for protection of groups that
otherwise does not reac@ometimesddition of DMAP completely changes the outcome of the

reaction®

DMAP acts as a nucleophilic catalyst in acylation reactfd¥sThe basis for thecatalytic
properties lies in its ability to form-acyl pyridinium salts (Schemgl). These salts are often

more reactive than the pateamhydride and thus facilitate acylation.
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Schemell. Catalyticaction of DMAP with anhydrides to produce reactivacy! pyridinium salts.

Boc-protection of purinalerivatives will in most casesqgruce theN-9 protected isome¥ " It

has been suggested that, in the presence of DMAP, rstons are reversible and will initially
produce mixtures oN-7 and N-9 protected isomers that over time resolves into the more
thermodynamically stable productThis would indicatethe presence of an intermediate salt
(Schemel?2).

R,

N7 N7
)I >4 | N\/ — )\ @> @
\_/“ Ree

Schemel2. Action of DMAP on Bocprotected purine§-

Deprotection oBoc-groups areusually achieved in neat trifluoroacetic acid (TFA) or mixtures of
TFA in DCM.®® Other common protocols are HCI in methanol or dioxane. The mechanism of
deprotection is depicted in Sche®®?
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Schemel3. Mechanism of Bodeprotectior??

As shownin Schemel3, N-7 andN-9 Boc-protected purineare prone to deprotection under non
acidic conditions. Even simple heating in nucleophilic solvents like methanol will deprotect Boc
proteted adenine in th&l-9 position®® This effect can be attributed to the resonasteilized

imidazolideion formed in such nucleophilic deprotections.

1.4.3 Reductions using borane and sodium borohydride

Borane complexes like BATHF asAdM8H ar ag ageamtd eomimonly used in

hydroboration§? The reagenadds across double boridsa concerted step most often producing
the antiMarkovnikov product (Scheme). The anttMarkovnikov product is formed because of
steric interactionbetween the carbon substituents and boron.

.H t
H\B H

\ N H
)%/4 H I\\ 'B\_H >§(BH2
\ —_— H —_—

TS Anti-Markovnikov
Product
Schemel4. Mechanism of borane addition over double bond.

The hydroborated product can serve as a useful intermediate for following chemical
transformabns. The product can be treated with aqueous acidic solutions to afford the reduced,

nonfunctionalized product or, more commonly, treated with hydrogen peroxide to afford the
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alcohol. The latter, twestep hydroboration/oxidation reaction is a powerfuitbgtic toolusedto

makealcohols from alkenesy cis-addition of watef?

Limited information exists regarding the interaction of purinadboranesHirota et al. reduced
inosinederivatives to the corresponding 2iBiydroinoshe./? The proposed mechanism involves
complexation of borane to-R of the purine followed by hydridéelivery to the adjacent-2.
The proposed mechanism for the boraeduction performedin this project is outlind in
Schemel5.

H. _H
B
H
(Boc),N / H (Boc),N H‘B’: (Boc),N H‘B/H (Boc),N H
A O H ,

NN N NN NSANCH 0 NOYNCH

NT N N~ N N" TN H,0 "N N
Boc Boc Boc Boc

Schemel5. Proposed mechanism of theranereduction used in this project.

Sodium borohydridés a widely used reducing agent in organic chemiStiy.is often chosen
over other reducing agents fas safety and ease of handling. A major drawback is its relatively
weak reducing strength, only capable of reducing the most reactive functional groups like imines,

aldehyles ketonesand acyl chloride&’

Sodium borohydride is a source of nucleophilic hydiates, he reactivity ofwhich can be
enhancedy the addition of methandt.’® When alcohols react with sodium borohydride, various
alkoxy hydroborates are produced. These intermediate species possess greater reducing
cambilities than the original borohydride due to the electtonaing ability of the alkoxy group
(Scheme X).The reaction will eventually lead to alkyl borate, quenching the reductive
hydroborate intermediates.

H ROH — H
H-BH o RO-B"H + H,
H H

Schemel6. Reaction between simple alcohols and the borohydride ion. The eldctnating ability of the alkoxy
groups increases the nucleophilicity of the hydiimies.
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1.4.4 Michael addition

Michael addition allows for the introduction afkyl chains withan electrorwithdrawing group
three carbons away from the nucleophi{fcheme 17) Typically the functional group is a
carbonyl, but also othgroups such as nitriles and nigooups areised Although the traditional
Michael additionis a conjugate addition @ n -Wwhsafurated carbonyl compound to the enolate
of a ketone or aldehydegny nucleopile undergoing 1;&ddition will be referred to as a

Michaektype reaction in this thesis.

fiiH O EWG —— g’ix/\éEWG ;iX/\/EWG

O H
Schemel?7. Mechanism of conjugate addition.

Conjugate addition is favorable witmoderate tosoft nucleophiles like amines, thiols and

malonate$? This makes purines excellesibstrates for Michag¢ype additions.°
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2. SYNTHESIS

This section will cover all chemistry done

2.1 Synthesis of THDAPs using strategy e
The proposed synthetic route is outlined in Sch@®e€This route was selected in order to test
whether or not a pyrimidinderivative would act differentlythan its purine analog in the

cyclization step previously reported to occur ol &

Cl HN™ >"OH HN™ "l
N\ NH NN NH; N\ NH
| | |
kN/ cl kN/ cl kN/ cl
1 2 3

WYY ey
NTX N - N NH _ N NH
l 7 /> l = t =
N~ N N NH, N~ ~cl
6 5 4

Schemel8. Original synthetic route.

2.1.1 Synthesis of 3-((5-amino-6-chloropyrimidin-4-yl)amino)propan-1-ol (2)
5-amino4,6-dichloropyrimidinel was reacted with -@minc1-propanol through a nucleophilic
aromatic substitution to form-@5-aminc-6-chloropyrimidin4-yl)amino)proparl-ol 2 (Scheme

19). The reaction is reported in the literatufte*

Cl HN™ "OH
NN NN N
l 2 l =
N’ >l NN
1 2

Schemel9. Reagents and conditiord:Aminopropanl-ol, 1,4dioxane, 90 °C, 20 h.
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Using an excess @&aminol-propanol, the reaction shows complete convarsitber about 20
hours at 90 °C'H NMR- and TLGanalysisreveal the reaction produces a single product
Yields usually lie between 5065 % when purifying by recrystallizatigrsomewhat less thahe
reported literature values of 80 81 % Recrystallization from wateras reported in the
literature®® affords the monohydrate not suitable for further chemistry withedensive
drying. Purifying the product using flash column chromatography instead of recrystallization

increases the yield to 92 % and avoids the need to remove water from the product.

2.1.2 8-chloro-3,4-dihydro-2H-pyrimido[1,6-a]pyrimidin-9-amine
hydrochloride (7)

Analogous to the scheme used by Kashman & alompound2 was treated with thiuyl
chloride Although a likely intermediate,oenpound3 was not isolated as ringjosureoccurred
spontaneously. However, the intended produetas not observed. Instead, riolpsuretook

place orN-1 affording compound as the kdrochloride sal{Scheme20).

HN™ >"OH HN™ "l HN/W fll\l
NH NH NH
N” >l “>c1 NZ >l SNl
2 3 4 7

........................................................................

Scheme20. Reagents and conditions: SQCIHF, 1 hour at 0 °C then 1.5 hours at r.t.

Monitoring the reaction by LC, full conversion is seen after 2 hoymoducingtwo main spots
one of which resides on the baseline eluting with DCM:MeOH (94:6). MtRysis of the crude
reaction mixtureshowstwo products in a 2:1 ratio witbompound7 being the major. pon
standing the minor compoundjradually disappearsover thecourse of a few days at room
temperature in the NMR tube, leaving compouras the sole produdlS analysisshows a peak
corresponding to compourl(Scheme21), which is the proposed reactive molecule producing
compound? over time. Stirring thevapoated reaction mixturgn THF at room temperature for

three dayproducegproduct7 in quantitative yields.
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HN "1 (\Il\l
NH, NH, . gy

N/| — N

N K

Cl N Cl

Scheme21. Conditions: THF, r.t., 3 days.

When triethylamine is added to keep the pH lefehe reaction solution more stable, no traces
of compound3 can be spotted either by MS, TLC %t NMR analysis. This is likely due ta
lower promrtion of reactant molecules in @rotonatedstate and thusmore likely to act as
nucleophils (Figure9).

Cl Cl

K/\NH

& NH
. )\TLNHZ $&+HN O NH,
| |
kN/ cl kN/ cl
.
Nucleophilicty

Figure 9. Protonation decreases the propensity of nucleophilic attack.

2.1.3 Substrate modification

A similar reaction pathway was attemptegdubstituting 3aminoproparl-ol with 3-
(methylamingpropanl-ol to test the effect of the methyl group on the reaction outcome. Since
ring-closure at thé&-1 position in this case woulgfoducea permanentlgharged product, it was
anticipated that this would alter the dynamics of the reaction in suchy asveo produce the

neutralseveamembereding-closed product instead (Sche@®.
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Scheme22. Possiblereaction directioaafter introduction of methysubstituent.

2.1.4 Synthesis of 3-((5-amino-6-chloropyrimidin-4-yl)(methyl)amino)propan-
1-ol (10)

3-((5-Amino-6-chloropyrimidin4-yl)(methyl)amino)propai-ol (10) was preparedn the same
manner as compouri(Scheme23).

Cl SNTN"0H
N7 NH, NN NH,
| |
kN/ Cl kN/ cl

1 10

Scheme23. Reagents and condition3-Methylaminopropari-ol, 1,4dioxane, 20 h reflux.

Complete conversion is observed af2érh by TLGanalysis showingone big product spot along

with otherminor spotsof higher polarity The yield isexcellent(96 %).

2.1.5 Synthesis of 9-amino-8-chloro-1-methyl-
1,2,3,4-tetrahydropyrimido[1,6-a]pyrimidinium chloride (11)
Treatingcompound10 with thionyl chloride, analogous to the reaction in Sch&edid not
produce the desiresevermemberedproduct9. Also this reactiorafforded theN-1 ring-closed
compoundScheme24).
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AN NH, NN NH: | NH,
| K> |
L cl 7 cl S cl
10 8 11
A

________________________________________________________

Scheme24. Reagents and conditions: SQCIHF, 90 min. at 0 °C then 1 h at r.t.
Yet again the crude NMR spectra showed a major product anda onie (~14:1) disappearing
over ti me. This ti me, the spectrum di d2iét «cl e

upon standingPurification of the salt was difficult.

2.1.6 Attempted ring-closure of  3-((5-amino-6-chloropyrimidin-4-
yl)amino)propan-1-ol (2) under Mitsunobu conditions

After thelack of success followinthe original schemewvhere cyclizatioris brought about by a
two-step process of leaving group transformation and subsequent alkylation, an attempt at uniting

the two by virtue dthe Mitsunobu reactiorwas made.

The Mitsunobu reaction has gaineddespread popularity as an effective way to displace
hydroxyl groups with a variety of nucleophi®&® The proposed mechanism is outlined in
Scheme2s.
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R-Nu RO-P(Ph); Nu
; S,

O=P(Ph);

Scheme25. Mechanism of the Mitsunobu reatifh.

Compound failed to produce any product under two common variatiorise condition®f the
Mitsunobu reaction (Schena®).

HN” >""0OH HN/T

N NH, a,b N NH
l z l =

N Cl N Cl
2 4

Scheme26. Reagentsrad conditionsa’i A solution of2a and triphenylphosphine (1.1 eq.) in THF was added
slowly to a solution of DIA(1.1 eq.) in THF at 0 °C over 35 min., warmed to r.t. and stirred fob3 A solution

of 2ain THF was added slowly to a preade solutia of DIAD (1.1 eq.) and triphenylphosphine (1.6 eq.) in THF at
0 °C over 30 min., heated to reflux and stirred for 18 h.

In both instances (a and b of Sche@®, only starting material could be observed by NMR
analysis of the crudesaction mixtureAn explanation for this lack of reactivity may be that the
pK, of the nucleophiligrimary arylnitrogen is not sufficiently low to allow deprotonationthg
formed betaine (step 2, Scheme #%)spreventing anyurther reactionThis limitation is well-

knownin the literaturé®®’
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2.1.7 Attempted oxidations of 3-((5-amino-6-chloropyrimidin-4-
yl)amino)propan-1-ol (2)
A few attempts at oxidizing compour@ to the corresponding aldehyd®were made. The

objectivewas to ringclose by reductive amination (Sche@ig.

AN, HN/W

N V2 NN~ NH
L L -

N~ >l N~ >l
12 4

Scheme27. Ring-closure byreductive amingon.

Three oxidation strategies were tried: Swern oxidation, IMzgsin oxidation andoxidation

using pyridinium chlorochromat{&cheme?8).

HN™ "OH HN "0
N SN NH2 a, b,C N AN NHZ
(> L.
NS N7 >l
2 12

Scheme28. Reagents and conditiorsi DMSO, oxalyl dloride, triethylamine, THF, 1.5 h. at8 °C then 24 h. at
r.t. b7 DessMartin Periodinane, THF, 30 min. at 0 °C then 24 h. ati.tPyridinium chlorochromate, DCMHF,
4 h. atr.t.

The Swern oxidatiornproduced an array of unidentified produatsd no amount of the desired
aldehydel2 wasobservablen the crudereaction mixtureby either NMRor MSanalysis. Other
possible products suds the ringclosed imine analog of compoudar the ringclosed enamine
analog of compound were not found eithetCommon sideproducs of Swern oxidationsre
methylthiomethyl ethersesulting froma pummereitype rearrangement dlie ylide 2#%° No such
side-products were observe@xidation by DesdViartin periodinane failed to produce any of the
desired aldehyd&2. Immediately after addition of the periodinane, a sudden change of color to a
deep red was observed. TiabDalysisof the reaction showed a large array of highly polar
compounds on or close to the baseline eluting with DCM in MeOH (®4¢ to the large
number of inseparable products, identification was diffic@ixidation using pyridinium

chlorochromate also proded a vast number of highly polar compounds difficult to analyze
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2.2 Synthesis of THDAPs using Strategy b

A different approach to the ringjJosure of the diazepine ring was conceiadrting from
commercially available adeniricheme30). Based on stratggo (Figure 7), the new synthetic
route would ringclose by intramolecular imindormation The iminefunctionality allows for
nucleophilic addition on @ forming substituted 9methy}THDAPs asfound in the asmarines.
Having the G9 carbon in the +Il oxidtion state not only allows for nucleophilic addition, but

also means thahe alkylchain can be introduced via a Michagbe addition oriN-7.

R O
N Michael-type
HN addition N dehydratlon NH2 addltlon NH,
N)\IN> — N )I )I )/
| /
L Ay k o . L
QG
0o
@) O)k\da

.PG
Michael-type NH2

PG. PG //>/ PG,
N addition E Reduction Protection
~ X
1 ) — 1 y — \> —
l z l _ k k
N~ N N~ N
PG

PG
PG: Protecting Group

Scheme29. Retrosynthetic analysis afstrategyb-type synthetic route.

Adenineitself does not selectively produde?7 alkylated products under Michael conditicass

the N-9 isomers are favoréd® This can be mitigated through the use of protectingups In

order to retaira neutralN-9 protectedN-7 alkylatedcompoundga reduction/oxidation is required
after protection/deprotection. This allows for easier purification of products as well as milder
conditions andpossibly improved selectivity during Michael addition due to the increased
nucleophilicity of theN-7 nitrogen.Thenew synthetic route igutlined in Schem8L1.
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Scheme30. Syntheticroute based on strate@y

The first step can be achieved following a literature procetiee reductionMichael addition
and subsequent deprotection/oxidation lzaed onprocedursby D v o %®#akused on similar

substrate&?

2.2.1 Synthesis of tritert-butyl 9,10,10-adenineetricarboxylate (14a)
Tritert-butyl 9,10,10adenineetricarboxylatd4a was made by treating adenia8 with di-tert-
butyl dicarbonaten THF together with catalyti@mouns of 4-dimethylaminopyridingDMAP)
(Schemes2).

Scheme31. Reagents andonditions:Di-tert-butyl dicarbonateDMAP, THF, 22 h. at r.t.
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