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Chapterr 1 

Introduction Introduction 

1.11 Adenosin e deaminas e 

Adenosinee deaminase (ADA, EC 3.5.4.4) plays a crucial role in purine metabolism where it 

degradess both adenosine (1, Ado) and 2'-deoxyadenosine (2, dAdo) producing inosine 4 or 

2'-deoxyinosinee 5 respectively. 

NH 2 2 

I M J ^ L - NN ADA,H2O 

II Tx>8 : 
HÖ3 3 

H O - ii n 

HOO R HOO R 

OH H 

HOO R 

l , R = OH H 
2,, R =H 

4,, R= OH 
5,, R= H 

TheThe general action of ADA on adenosine 

Schemee 1.1 

Furtherr metabolism of these deaminated nucleosides leads to hypoxantine, which can be 

eitherr transformed into uric acid by xantine oxidase or salvaged into mononucleotides by the 

actionn of hypoxantine-guanine phosphoribosyltransferase. Besides Ado and dAdo, a number of 

otherr modified purine nucleosides are also possible substrates for adenosine deaminase (ADA) 

includingg purine nucleosides with F, CI, Br, I, NHMe, NHNH2, and OMe groups at the 6 

position.. The major route in purine nucleotide and nucleoside catabolism surrounding the 

dcaminationn of adenosine and deoxyadenosine is shown in Figure 1.1. 

5 5 
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ATP P Ribose-5P P (iTP P 

AA DP PRPP P GDP P 

IMPP -

Inosinc c 

'V V 
/poxantine e 

— » -- XMP 

'11 N 
Xanthosine e 

'44 , 
XX an tine 

-I I 
Uricc acid 

»» GMP 

Guanosine e 

// '4 
Guanine e 

SAMM I 

AMPS:: adenylosuccinate, HCYS: homocysteine, MET: methionine, MTA : 5'-deoxy-5'-methylthioadenosine, SAH: 
S-adenosylhomocysteine,, SAM: S-adenosylmethionine, SAMI: decarboxylated-s-adenosylmethionine. 
1.. Phosphoribosylpyrophosphate synthetase, 2. de novo biosynthesis, 3. Adenylosuccinate synthetase, 4. 
Adenylosuccinatee lyase, 5. AM P deaminase, 6. IM P dehydrogenase, 7. GMP synthetase, 8. GMP reductase, 9. 5 '-
nucleotidase,, 10. Adenosine kinase, 11. Adenosine deaminase, 12. Purine-nucleoside phosphorylasc, 13. Xantine 
ox idase,, 14. Guanine deaminase, 15. Adenine phosphor ibosy l t ransferase, 16. Hypoxantine-guanine 
phosphoribosyltransferase,, 17. S-adenosylhomocysteine hydrolase, 18. Methyltransferase, 19. Methionine 
adenosyltransferase,, 20. Betainhomocysteine methyltransferase, 21. SAM decarboxylase, 22. Polyamine synthesis, 
23.. Methyladenosine phosphorylasc. 

SchemeScheme of purine metabolism1 

Figuree 1.1 

Thee highest activity of ADA in mammalian tissues is found in lymphoid tissues, including 

circulatingg lymphocytes, spleen, and thymus. The increase of ADA concentration in certain 

biologicall  fluids is used as an indicator for the presence of an infectious agent that is causing a 

cellularr immune response. Several studies show that measurement of ADA concentration in 

pleurall  fluid is useful in the assessment of tuberculosis.2 High ADA concentration in serum is 

foundd in typhoid fever, brucellosis, viral hepatitis and acquired immunodeficiency syndrome 

(AIDS),, among others; 

Thee ADA levels have been shown to be high in developing T cells, the stomach and 

intestine,, and fetal interface, which suggests the roles related to the growth rate of cells and 

embryoss and in implantation. Upon discovery of the relationship between ADA and the 

developmentt of the immune system, the ADA gene was located in the long arm of chromosome 

6 6 



Introduction Introduction 

20.. The c-DNA for ADA was one of the first to be cloned; the amino acid sequence of the 

enzymee from Echerichia coli, mouse and human is now available. In the last 10 years, ADA, 

whichh was considered to be cytosolic, has been found on the cell surface of many cells as well 

andd therefore it can be considered to be an ecto-enzyme.4 

Thee function of ADA is also critical in controlling the effects of adenosine in a variety of 

systems.. Adenosine is an endogenous compound with anticonvulsant and antihypoxic 

propertiess and a modulator of blood flow, platelet aggregation, lipolysis, g lycogenosis, and 

neurotransmissionn and performs its action via adenosine receptors. There are increasing 

therapeuticc applications for adenosine receptor agonists and antagonists that act at the different 

adenosinee receptor subtypes A,, A2A, A2B and A v
5 Some of these receptors play a modulatory 

rolee in inflammatory responses and there are examples for the use of adenosine and its analogs 

inn treatment of severe inflammatory diseases such as arthritis, asthma6 and anoxia7. 

1.22 Immunodeficiency diseases caused by ADA deficiency 

Thee immune system consists of two major functional arms: 

Cell-mediatedd immunity, effected primarily by a class of lymphocytes referred to as 

TT cells; 

Humorall  immunity, mediated by antibodies produced by a class of lymphocytes termed B 

cellscells and by their plasma-cell descendents. 

Thee lack of ADA activity causes loss of both T and B lymphocytes and therefore is 

associatedd with severe combined immunodeficiency (SCID), which seems to be due to an 

accumulationn of deoxyadenosine, subsequently phosphorylated to dATP which inhibits 

ribonucleotidee reductase, thus preventing DNA biosynthesis and cell proliferation. The 

phosphorylationn of deoxyadenosine is particularly active in lymphoid tissue, which explains the 

apparentt tissue-specific effect on the immune system. SCID is invariably fatal in infancy because 

off  the high susceptibility to acquire by opportunistic infections.89 

Ass in all immunodeficiency states, supportive care is essential, consisting of varying degrees 

off  isolation and antisepsis combined with vigorous antibiotic therapy for specific infections. In 

vieww of the seriousness of the situation the following treatments are considered: 

Bonee marrow transplantation: This was used before the discovery of the molecular basis 

off  SCID. 

Enzymee replacement therapy using polyethylene glycol adenosine deaminase (PEG 

ADA) :: This modification of ADA extends the half-life of the circulating enzyme but 

interferess with uptake by the cell. In fact, a high proportion of ADA remains extracellular 

thuss indicating that initially effective deamination of adenosine nucleosides can occur 

outsidee the cell and subsequent interaction of ADA with cell surface molecules can play a 

rolee in restoring the immune function.4 

7 7 
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Genee therapy: Extensive characterization of the molecular biology of ADA allows the 

applicationn of gene therapy. Blaese and coworkers have presented a well documented 

examplee of treatment involving gene therapy with a 4 year old girl suffering from 

SCID.100 T cells from peripheral blood were separated and grown in culture using growth 

stimulationn and stimulation of cell division. The ADA gene was introduced in the cells 

viavia a retrovirus vector. After reinfusion of the cells into the patient in one-year the ADA 

levelss increased to about a quarter of the normal level, while recovery of the immune 

systemm was observed too. The patient is still doing well without extraordinary precautions 

againstt immunodeficiency. 

1.33 Activation of drugs by ADA 

ADAA can have a beneficial effect on drugs. Most of the antiviral drugs that have been 

licensedd for clinical use worldwide belong to the class of purine and pyrimidine nucleoside 

analogs.. Among them are the most promising inhibitors of human immunodeficiency virus 

(HIV )) replication, which are targeted at the virus-specific reverse transcriptase, for instance the 

2',, 3'-dideoxy nucleoside analogs." 

Dideoxyadenosinee (ddA, 6) is less effective than dideoxyinosine (ddl, 7). ddA is a good 

substratee for ADA and is thus metabolized to ddl so that the antiviral compound is formed by the 

actionn of ADA (Figure 1.2). ddl is approved for application in an AIDS treatment in the USA. 

NH22 OH 

N N 

HO O 

LV>> ^  ?v> 
NN I HO N I 

DeaminationDeamination of ddA to ddl by ADA 

Figuree 1.2 

1.44 ADA inhibit ion 

Theree are several reasons for synthesizing ADA inhibitors and study their interaction with 

thee enzyme: 



Introduction Introduction 

1.4.11 Inhibition of ADA in cancer cells 

Studiess have shown that in some human carcinomas the activity of this enzyme is strongly 

enhanced.. So with an inhibitor of ADA, selective inhibition of growth of cancer cells might be 

expected.. 2'-Deoxycoformycin (dCF, Figure 1.3) shows excellent clinical activity against two 

formss of cancer: Hairy cell leukemia and childhood Acute Lymphatic Leukemia. 2-Chloro-2'-

deoxyadenosinee (2-CdA) has been shown to be highly active, at nanomolar concentrations, in the 

inhibitionn of various human malignant T or B-lymphocytes in vitro. '2" Due to general toxicity 

however,, serious side effects are observed. 

" O HH NH2 NH2 

ojj CHC6H1 3
 H J 

CHOHH y _ y 
OHRR CH3 OH 

R== OH, coformycin EHNA 2-CdA 

R== H, dCF 

structurestructure of important ADA inhibitors. 

Figur ee 1.3 

1.4.22 ADA inhibitors as co-drugs 

ADAA inhibitors have been used in combination with antitumor agents, both with adenosine 

andd 2'-deoxyadenosine to inhibit the degradation of the antitumor compounds by ADA. In this 

respectt understanding the interaction of ADA with its inhibitors and its substrates at a molecular 

levell  wil l be important for the development of the next generation of pharmaceutical agents that 

cann act as inhibitors or substrates. When adenosine analogs are combined with erythro-9-(2-

hydroxy-3-nonyl)-adeninee (EHNA), a marked synergism with cordycepin (3'-deoxyadenosine) 

andd adenine arabinoside is observed in leukemia cells in culture.14 More recent experiments with 

dCFF demonstrate marked potentiation by dCF on the cytotoxic effects of cordycepin, 

xylosyladenine,, adenine arabinoside and other adenosine analogs in mouse lymphoid leukemia 

cellss both in vitro and in vivo due to increased half lives of these nucleosides.15,16 

9 9 
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1.4.33 Protection of tissues 

Increasedd levels of adenosine protect injured tissues in cerebral and myocardial ischemia by 

facilitatingg purine salvage for ATP synthesis.'7 The effects of the adenosine deaminase inhibitor 

2'-deoxycoformycinn (DCF) on renal malondialdehyde (MDA) and ATP levels have been studied. 

Thesee studies showed that MDA levels increased after reperfusion. 2'-Deoxycoformycin 

pretreatmentt (2.0 mg/kg i.m.) decreased MDA and increased ATP levels during the ischemia-

reperfusionn period. This exemplifies that dCF therapy could be beneficial in the treatment of 

ischemia-reperfusionn renal injuries and consequently for the need for ADA inhibitors in 

general.18 8 

1.55 Crystal s structur e of ADA wit h differen t inhibitor s 

Three-dimensionall  structures of complexes of enzymes with catalytically relevant ligands 

havee provided a detailed understanding of enzyme mechanisms. While several X-ray structures 

off  complexes with transition-state analogs have been analyzed, there are few complexes of 

whichh the structure was determined that closely mimics the transition state. In the case of ADA 

twoo X-ray structures of this enzyme with different inhibitors wil l be discussed.'920 In the 

followingg paragraph two of those X-ray structures have been considered namely of ADA with 

hydratedd nebularine (1,6-dihydropurine ribonucleoside, HDPR) and with 1-deazaadenosine 

(DAA) . . 

1.5.11 Atomic structure of ADA complexed with HDPR 

Nebularinee (purine ribonucleoside) is a competitive inhibitor of ADA . There is no 

substituentt at C6 and the molecule is not bound to the enzyme in the form that is abundant in free 

solution,, but rather as a 1,6-addition product, resembling the transition state. 

Nebularinee is considered to be a ground state analog with an apparent inhibition constant K; 

off  2.8 (iM. Although crystals of ADA were obtained and stored in solutions containing high 

excesss concentration of purine ribonucleoside, the ligand bound in the site is 6(R)-hydroxy-,6-

dihydropurinee ribonucleoside (HDPR). This rare hydrated species is thought to be a nearly ideal 

transitionn state analogue with calculated affinity (K, - 10 n M). From the same studies it appears 

thatt the diastereomer 6R-HDPR is recognized preferentially by ADA. The active site with bound 

HDPRR is buried and made inaccessible to the bulk solvent by a hinged motion of one or two 

peptidee loops that serve as a lid to the active site pocket. 

Thee X-ray structure of crystals of murine ADA with 6-hydroxy-1,6-dihydropurine 

ribonucleosidee (a transition state analog) shows: ADA contains a parallel a/[3-barrel motif with 

eightt center (5-strands and eight peripheral a-helices.2! The enzyme has five additional helices. 

10 0 
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Thee long peptide segments (residues 9 to 76) located between pi and eel fold into a loop of three 

helicess (identified as HI , H2, and H3 to distinguish them from the helices in the p-barrel). 

Followingg oe8, the polypeptide chain terminates into two anti parallel COOH-terminal helices 

(H44 and H5) that lie across the NH2-terminal of the P-barrel. 

AA Zn2+ cofactor is bound to the active site located in a deep pocket at the C-terminus of the jj 

barrel.. It is penta-coordinated to the side chains of three His residues (His15, His17, His'14), one 

Aspp residue (Asp295), and the 6(R)-hydroxy of HDPR. The location of the zinc ion and key 

catalyticc residues confers the precise stereospecificity of the site and the hydrolytic reaction. 

His-238 8 

—— M 

OO « ^ 

Asp-295—ÜQ Q 

o<- --

Asp-296 6 

/ * * 0 0 
H ''  ..H ,-H  k 

Zni++ HN,'?V'Nv\ HN > 

;; o ' "*I5>-N 
Glu-217—(<;00 ; YuV^-CH2OHN 

^ -N-^__ 1 , 1 , , 
OHH OH-.. Vv^-Asn-IQ 

Gly-1844 \ , - (/ A S p l a 

\H20 0 

SchematicSchematic diagram of the active site interaction in ADA-HDPR. 

Figuree 1.4 

1.5.22 Detailed structure of ADA complexed with DAA20 

Thee structure of the ADA-DA A complex and the interaction between ADA and 

1-deazaadenosinee (DAA) is shown in Figure 1.5. DAA represents a nearly ideal ground-state 

analog,, having all the attributes of molecular recognition for a substrate but incapable of getting 

protonatedd by an acid residue, which is a requirement in catalytic reaction. 

i ; ; 
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His-238 8 

, -H H 

Asp-295—UQQ ' s - . Q , - ' 
66 : HO' ' 

*Zn2+ + 

NH22 HO 

N' ' 

Asp-296 6 

/*=*00 His-17 

PH H 

'O O 

"» » 

G l u - 2 1 7 ^^ ') L /V-CH 2OH% > 

ii  W N N 

Gly-184 4 " . . .. V^Asp-19 
-- o K 

H20 0 

SchematicSchematic diagram of the active site interactions in ADA-DAA. 

Figur ee 1.5 

1.66 An insight into action of ADA: The catalytic mechanism 

Inn the proposed mechanism of action of ADA, Glu217, ideally located coplanar with the 

purinee ring, plays an important role. This amino acid residue donates a proton to the Nl of 

adenosine,, thereby reducing the N1-C6 double bond character. The C6 is therefore susceptible to 

nucleophilicc attack by a zinc bound water molecule (whose proton has been abstracted by His238) 

leadingg to a tetrahedral adduct.22,23 The broad leaving group specificity for ADA even with 

groupss having larger steric demands than NH, implies that few or no specific interactions are 

involvedd in the activation of the leaving group. 

12 2 
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Asp-29 5 5 

His-23 8 8 

H yy \ \ Asp-29 6 

Adenosine e 

W W 
Gly-184 4 

H N ' A A 

Asp-29 5 5 HO HO 
OHH HO 

Asp-29 6 6 

''  --'IJL S> 
OHH ^ . , ^ ~ - N 

ilu-21 77 / OO ' 
H H 

Gly-184 4 

Asp-29 5 5 
// Asp-29 6 

NH 22 HO 

- ( © © 

i l u - 2 1 7 — / / 
OHH ^ M ^ ^ N 

OO i 
H H 

„N U U 

Gly-184 4 

HIS S 

i i y y 
Asp -295 —UQ Q 

o-- . . 

Asp-29 6 6 

. . o .. .

'' o - > 
ilu-2177 ^ j ) 

kX> > 

Gly-184 4 

ProposedProposed addition-elimination or SfjAr catalytic mechanism of ADA 

Figur ee 1.6 

Thee largest energetic barrier for adenosine deamination is formation of the sp' transition 

state,, which requires loss of the aromaticity. Therefore the formation of the tetrahedral 

intermediatee is believed to be the rate determinating step.24 

1.77 Transit ion state structure 

Thee transition state structure for enzyme-catalyzed SNAr reaction refers to the highest energy 

structuree on the reaction coordinate. The transition state barrier for decomposition of the putative 

intermediatee is likely to be modest relative to that for hydroxy attack and requires minimal 

enzymaticc assistance. Indirect information of the transition state structure for adenosine 

deaminasee is provided from the crystal structure with purine riboside, from the transition state 

inhibitors,, and from active site-directed mutagenesis. Direct information has been obtained from 

kineticc isotope effects for the l5N-leaving group and from D20 solvent studies. 

II 3 



ChapterChapter 1 

Thee current body of experimental evidence for the transition state structure is incomplete, but 

obviouslyy includes those features represented in coformycin and purine riboside hydrate. Those 

tightt binding analogs resemble the unstable intermediate since they are fully hybridized to .v/r'at 

thee position equivalent to C6 in the substrate. This qualifies the inhibitors as reaction 

intermediatee analogs. The tight binding of intermediate analogs indicates that the transition state 

forr hydroxylation is late, that it resembles the sp' hybridized intermediates, and that it does not 

requiree the presence of the 6-amino group for tight-binding interactions. 

Thee first step of the ADA catalyzed reaction is addition of water to C6 to make a hydrate 

tetrahedrall  intermediate. The extent of hydration not only can effect the chemical and spectral 

propertiess of molecules in aqueous solution but can also play an important role in defining the 

biologicall  activity of the purine ribonucleoside. 

1.88 Classificatio n of inhibitor s for ADA 

Lookingg at the mechanism action of ADA two groups of inhibitors wil l be discussed.25 

1.8.11 Ground state inhibitors 

Thee first group of ADA inhibitors are analogs of the substrate. These 

compoundss show a weak binding with the enzyme (which ranges from 2 

xlO77 to 1.2 xlO"5M). The initial structure of the active site of the enzyme 

appearss to be appropriate for binding the ground state of the substrate. 

1-Deazaadenosinee as well as nebularine are good examples of this group. 

1.8.22 Transition state inhibitors 

Ass discussed before the transition state of the hydrolysis of adenosine 

NN by ADA is believed to be a tetrahedral intermediate. Nucleosides which 

N '' resemble this tetrahedral intermediate, like deoxycoformycin belong to 

J thiss group of inhibitors. In case of dCF the inhibition constant is 10"'2 

N.M.. The observed strong inhibition is attributed to the extremely tight-

bindingg interaction of dCF with ADA, mimicking the transition state 
structuree that occurs during the ADA-catalyzed hydrolysis of adenosine. 

R=OHorHH ° 
Thee same explanation may also be valid for the methanol adduct of 

purinee riboside, l ,6-dihydro-6-hydroxymethylpurine riboside (DHMPR), although this 

compoundd does not bind to ADA as strongly as deoxycoformycin. 

OHH OH 

X== N, C 

14 4 
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1.99 Previously reported ADA inhibitors 

Coformycinn and 2'-deoxycoformycin are stoichiometric tight-binding inhibitors and are 

clinicallyy applied.26 However the toxicity of 2'-deoxycoformycin especially at high doses results 

inn a severe effect in the kidneys (acute renal failure) and central nervous system (lethargy, 

seizures).. These side effects of 2'-deoxycoformycin show the need for development of new 

alternativess for ADA inhibition.I7 

Thee search for new inhibitors of ADA has been the subject of studies in many research 

groups.272S3- ,00 Some effects of modification of the purine ring as well as modification in the 

sugarr part of adenosine have been reported. M-i2M In Table l.l the activity of adenosine 

derivativess with a modified sugar part towards ADA are listed (entry I-3). The most potent 

inhibitorr is m/7iro-9-(2-hydroxy-3-nonyl)adenine (EHNA). Adenine itself only shows marginal 

inhibitionn activity. M " The effect of the modifications in the sugar part of nebularine derivatives 

(entryy 5, 6) has a much less pronounced effect. 

Tablee 1.1 

entryy Nucleoside K,(uM) 

100 0 

450 0 

0.007 7 

150 0 

3.77 7 

== 2.7 

1 1 

2 2 

3 3 

4 4 

5 5 

6 6 

2',, 3'-dideoxyadenosine 

5'-deoxyy adenosine 

EHNA A 

adenine e 

nebularine e 

2'-deoxynebularine e 

Inn general, substitution of a purine nitrogen atom by a carbon atom yields deaza 

derivatives,, which are not accepted as substrate by ADA. In Table 1.2 the inhibition constants of 

ADAA in the presence of these nucleosides are presented. 1-Deazaadenosine is a good inhibitor, 

whilee 3-deazaadenosine is a very weak inhibitor.-6 The simultaneous deletion of Nl and N3 in 

thee dideaza derivative (entry 3) yields a competitive inhibitor with an affinity between that of 1-

deazaa and 3-deazaadenosine. 
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Tablee 1.2 

entryy Nucleoside K, (fiM ) 

11 1-deazaadenosine37 0.66 

22 3-deazaadenosine,K 359 

33 l,3-dideazadenosinew 110 

1.100 Outline of the thesis 

Thee aspects of ADA research, which are mentioned in this chapter, stimulated our interest in 

synthesizingg new ADA inhibitors and potential substrates, with the aim of clarifying the 

requirementss of the ADA inhibitory site and possibly providing new therapeutics. To design the 

modifiedd nucleosides, we focused on modification in the purine ring. As discussed in § 1.6.1, 

purinee riboside (ncbularine) exist as the 1,6-double bond hydrate in the ADA-inhibitor complex. 

Substratee analogs that undergo reversible covalent hydration may represent a good class of 

inhibitorss since the hydrated product has higher structural similarity to the transition state 

structuree and therefore would be expected to exhibit greater potency and specificity as an 

inhibitor.. In this respect, increasing the electrophilicity of the purine ring is expected to generate 

betterr inhibitors for ADA. 

Inn the following 3 chapters the synthesis of a new series of nucleosides is described: 

-- Modification of the substrate by deletion of Nl is presented in chapter 2. To prepare 

modifiedd l-deazaanalogs with nitrogen containing substituents, a new regioselective nitration 

methodd was introduced. In this nitration method a mixture of TBAN/TFAA at 0 °C is used. 

Subsequentt conversion of the nitro group to other functional groups produced a wide group 

off  modified l-deazaadenosincs. 

-- Modification of the purine ring by substitution at C2 is explained in chapter 3. In this group 

firstt functionalization of C2 is described using the same nitrating agent (TBAN/TFAA) . 

Next,, conversion of the nitro group to several functionalities like an amino group, a 

hydroxylaminoo group and a methoxy group are shown. A complete study on the synthesis 

andd dimerization of 2-nitrosoadenosine is described in this chapter as well. 

-- In chapter 4 synthesis of l-deaza-2-azapurine riboside is described. For the synthesis of the 

modifiedd purine part, a new hetero Diels-Alder approach has been developed. 

-- In chapter 5 kinetic studies on ADA from calf intestinal mucosa (adenosine aminohydrolase; 

ECC 3.5.4.4) with these new nucleosides is described. The effect of C2 substitution on the 

affinityy towards ADA is explained. Also the effect of the 6-amino group in 1-deaza purines 

forr binding to ADA is discussed in this chapter. 
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Chapterr 2 

1-Deazaadenosine1-Deazaadenosine Analogs 

2.11 Introduction 

Substitutionn of nitrogen by carbon at the 1,3 or 7 position of the purine ring changes the 

chemicall  and physical properties of the purine ring system rather than the shape of the molecule 

(Figuree 2.1). 1-Deazaadenosines are not substrates for ADA1; therefore they provide a potential 

groupp of inhibitors. Actually their affinity for ADA is different, depending on which nitrogen 

atomm is replaced by carbon. 

Inn our effort to synthesize modified purine nucleosides, we selected 1-deazapurine 

derivativess since, 1-deazaadenosine (7-amino-3-/^D-ribofuranosyl-3#-imidazo[4,5-è]-pyridine) 

22 exhibits good inhibitory activity on adenosine deaminase (ADA).1 

NH2 2 

HO O 

HOO HO 

NH2 2 

CXN> > 

HOO HO 

NH2 2 

TO TO 
H O nn O 

NH? ? 

I I 
\ \ 

N ^ N N 

HO-,, Q. 

HOO HO HOO HO 

StructuresStructures of: Adenosine (I) and the WPAC numbering for this ring system; 1-deazaadenosine (2); 

3-deazaadenosine3-deazaadenosine (3); 7-deazaadenosine (4). 

Figur ee 2.1 

Inn the following paragraphs first the synthesis of the l-deazapurine skeleton is described. 

Nextt a regioselective nitration method for this ring system is introduced.2 The substituents, 

whichh could affect the nitration reaction, are extensively described. At the end conversion of the 

nitroo group to several other functionalities is shown. 
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2.22 Synthesis of the 1-deazapurine ring system 

Inn this part the synthesis of the base part of 1-deazapurine riboside via two different 

approachess wil l be discussed. The 1-deazapurine ring system (9) was synthesized by two 

differentt approaches. 

Thee first procedure is starting from 2-chloropyridinc 5 as shown in Scheme 2.1.3 Oxidation 

off  5, nitration and reduction of both the nitro group and the /V-oxide with Raney nickel as a 

catalystt followed by a second nitration gave compound 7. Reduction of 7 and substitution of 

chloridee with ammonia gave the 2,3,4-triamino pyridine 8. Ring closure on this compound with 

triethyll  orthoformate gave the desired skeleton 9 as major isomer, as well as the 3-deaza-isomer 

10. . 

N022 NH2 

O--

55 6 7 

NH2 2 

^ LL ^NH2 

NN NH2 

88 9 10 

Conditions:Conditions: a) acetic acid, H202, b) H2SO/HNO„ c) Ra/Ni, H245psi, d) H,SO/HNO„ e) NH4OH, 100'C.f) 
Ra/Ni,Ra/Ni, H2 45 psi, g) triethyl orthoformate, ethylene glycol, 140 °C, 20 min. 

Schemee 2.1 

Thee overall yield of this approach was low so that a different synthetic route for this 

compoundd was applied (Scheme 2.2). Imidazo[4,5-/;]pyridine 12 was synthesized by 

condensationn of 2,3-diamino pyridine (11) with triethyl orthoformate in 73% yield.4 The 

ribosylationn of 12 with l,2,3,5-tetra-0-acetyl-/}-D-ribofuranose and SnCl4 takes place at three 

positionss resulting in formation of the isomers 13, 14 and 15.5 Since this ribosylation is in an 

earlyy stage of the synthesis, a regioselective approach seemed necessary. Oxidation of 12 with 

H2022 to N-oxide 16 and subsequent ribosylation of this system resulted in the formation of 

compoundd 17 in 82% yield as the sole product.6 This /V-oxide was suitable for the synthesis of a 

seriess of modified nucleosides, which wil l be discussed in § 2.3. 

I ^ II i 2 
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NH, , 

NN NH2 

11 1 

""  fY\ 

12 2 

b,c c 

rib(Ac)3 3 

13 3 

c c 
rib(Ac)3 3 

O' ' 
14 4 

I I 
nb(Ac)3 3 

15 5 

II /> 

16 6 

b,, e 

rib(Ac)3 3 

N N 

I II  /> 

17 7 

Conditions:Conditions: a) triethyl orthoformate, reflux, 100%, b) hexamethyldisilazane, pyridine, 120 °C, c) 1,2,3,5-tetra-O-
acetyl-p-D-ribofuranose,acetyl-p-D-ribofuranose, SnCl4, CH,CN, rt, d) acetic acid, H,0,, 75"C, 87%, e) see c, 82%. 

Schemee 2.2 

2.33 Functionalization of C6 in 1-deazapurines 

Functionalizationn of 1-deazapurine at C6 (purine numbering) has already been described in 

thee literature.7 Chlorination is performed on ribosylated compound 17 (Scheme 2.3).8 It is also 

possiblee to introduce a nitro group in l-deazapurine-3-oxide 16 at C6 followed by ribosylation, 

whichh is an efficient method to prepare the N9 riboside.49 In the following part first the 

chlorinationn and then the nitration will be discussed. 

2.3.11 Chlorination of C6 

Thee reaction of iV-oxide 17 with phosphoryl chloride or Vilsmeier reagent (phosphorous 

oxychloridee and dimethylformamide) led to the exclusive formation of 6-chloro-1-deazapurine 

(18)) in 78% yield.8 As is shown by 'H NMR data in the experimental section, the anomeric 

protonn of this compound appeared at comparatively low field (6.75 ppm), suggesting that the 

chlorinee atom was introduced in the vicinity of the anomeric proton, that is in the 6 position. It is 

noteworthyy that in the case where the Vilsmeier reagent was used as chlorinating agent, an 

increasedd yield of compound 18 was obtained with a reduced reaction time. Treatment of 18 with 

mercuricc bromide in toluene in the presence of l,2,3,5-tetra-0-acetyl-/3-D-ribofuranose gave the 

?ra«i-glycosylatedd product 19 in 76% yield.6 
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rib(Ac)33
 c l hb(Ac)3 CI 

0 -- rib(Ac)3 

177 18 19 

Conditions:Conditions: a) POCl,, DMF, 0°C, b) HgBr2, 1,2,3,5-tetra-O-acetyl-fi-D-ribofuranose, toluene, reflux. 

Schemee 2.3 

2.3.22 Nitration of C6 

Ribosylationn of 1-deazapurine 16, is the key step in the synthesis of 1-deazapurine 

nucleosides.. Since this reaction occurs at N7 a modified approach was carried out.4'9 Substitution 

att C6, inhibits Nl-ribosylation because of steric interference, and leads to a straightforward 

ribosylationn on N9. A mixture of trifluoroacetic acid and fuming nitric acid at 90 °C for 3 h gave 

nitrationn at the 6-position (75% of 16). Deoxygenation of the resulting nitro compound was 

achievedd with phosphoroustrichloride in DCM at 70 °C, and compound 21 was obtained in 82% 

yield.. Ribosylation of this compound occurred exclusively at N9, compared with ribosylation of 

12,, which gave three isomers (§ 2.2.1). Compound 22 was obtained in 82% yield.5 

N022 N02 N02 

NN ^ N ^ N N N N++ N N 
i i 
O" " 

rib(Ac c 

200 21 22 

Conditions:Conditions: a) HNO/CF ,COOH, 3h, b) PCI,, DCM, c) l,2,3,5-tetra-0-acetyl-P-D-ribofiiranose/SnCI4, 82%. 

Schemee 2.4 

2.44 Functionalizatio n of C1 or C2 of 1-deazapurin e riboside s 

Literaturee procedures for the synthesis of the anticipated CI and C2 functionalized 

l-deazapurinee ribosides are in general based on introduction of substituents in the pyridine ring, 

priorr to construction of the imidazole ring and attachment of the sugar moiety. Since several 

goodd syntheses are available for l-deazapurine ribosides (imidazo[4,5-£>]pyridine ribosides), we 
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investigatedd the possibilities for functionalization of the pyridine ring in a later stage of the 

synthesis.. So first a new nitration reaction wil l be discussed. Subsequently, detailed synthesis of 

neww nucleosides wil l be explained. 

2.4.11 Nitration reactions 

Recentlyy a nitration method has been used for functionalization of benzocycloheptane 23.10 

Thiss compound contains a pyridine and phenyl ring system; use of tetrabutylammonium nitrate-

trifluoroaceticc anhydride (TBAN/TFAA) " resulted in exclusive nitration at the 3-position of the 

pyridinee ring. 

25-50%% 0 2 N ^ / = * / \ " V , R ' 

RR R 

R'== H, CI 

233 24 

Structuree of benzylcycloheptane and the product of nitratio n by TBAN/TFA A 

Schemee 2.5 

Thee observation that a normal benzene ring, present in the same molecule, was unreactive to 

TBAN/TFAAA makes a radical mechanism12 more probable than a classical, electrophilic type of 

reaction. . 

Bu4NN033 + (CF3CO)2 - CF3COON02 - CF3COO ' + N02 

GenerationGeneration of the reactive nitro species in the TBAN/TFAA mixture 

Schemee 2.6 

Thiss mixture of tetrabutylammonium nitrate (TBAN) and trifluoroacetic anhydride (TFAA) 

inn dry DCM has been chosen to carry out a more extensive investigation due to its several merits: 

mildd reaction conditions, clean mononitration and fast reaction rates. These advantages can be 

comparedd with reaction conditions in electrophilic substitution (HNO/H,S04), which besides the 

strongg acids usually needs high temperature or long reaction times. This wil l be discussed in 

Chapterr 3 for nitration of purine analogs. 
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2.4.22 Nitration of pyridine and its N-oxide 

Electrophilicc aromatic substitution of the pyridine ring system takes place only under forcing 

conditionss and often with very low yields.'3 This is typical for the nitration of pyridine and its 

substitutedd derivatives. For instance nitration of pyridine with HN03/H2S04 gave 3% of 

3-nitropyridine.. A different mechanism is suggested for nitration with N205 or N02BF4 in 

MeN02,, THF or MeCN to first form the yV-nitropyridinium salt which is then reacted with an 

aqueouss solution of a nucleophile to give the 3-nitro compound in moderate to good yield.' 

Electrophilicc nitration of pyridine-/V-oxide gives the 4-substituted product in high yield.15 

Thiss selectivity is also observed for the nitration of pyridine derivative 21 (§ 2.3.2). Some 

unusuall  selectivity can be found in the nitration of pyridine-N-oxide with benzoyl nitrate to give 

mixturess of 3-nitro- and 3,5-dinitropyridine-/v-oxides in 10-20% yield.16 

Applicationn of the TBAN/TFAA nitrating conditions to pyridine-N-oxide (25) resulted in fast 

formationn of 3,5-dinitropyridine-/V-oxide (26) in 40% yield, together with a small amount of the 

mono-nitroo product 27. This result shows that compound 27 under these conditions is nitrated 

moree easily than 25 itself. 

N02 2 

66 — o -*- °>Nx?m*. cy°! 
ff  Y v* v+ 

o-- o- o- o-
28(69%)) 25 26(40%) 27(3%) 

Conditions:Conditions: a) HNO/H2S04 b) TBAN/TFAA at 0'C, in DCM. 

Schemee 2.7 

Unsubstitutedd pyridine produced no C-nitrated products under these conditions since 

Af-nitrationn is prevailing." 

2.4.33 Nitration of 1-deazapurine ribosides 

Onlyy a few nitration reactions of nucleosides are known in the literature18,19 due to the 

instabilityy of the glycosidic linkage towards acidic conditions and/or high temperatures. A couple 

off  these examples are shown in chapter 3 (§ 3.2). 

24 4 



11 -Deazaadenosine Analogs 

Nitrationss with the TBAN/TFAA reagent are generally performed at 0 °C in DCM, and one 

equivalentt of TFA is formed during the substitution reaction. 

Inn this series of nitration on the 1-deazapurine riboside (imidazo[4,5-£>]pyridine riboside) ring 

system,, we studied the effects, which could change the regioselectivity as well as the yield of 

thiss nitration reaction. The first system, which has been nitrated, was compound 17. Nitration 

withh 1.5 cq. of the TBAN/TFAA mixture gave clean mono-nitration to 29 in 47% yield, together 

withh unchanged starting material. 

rib(Ac)33 rib(Ac)3 

ii  i 

o-- o-
177 29 

Conditions:Conditions: a) 1.5 eq. TBAN/TFAA, DCM, 0°C, 47 %, b) 3 eq. TBAN/TFAA, 2.5 eq. Cs2CO, DCM, 0°C, 85%. 

Schemee 2.8 

Surprisinglyy this nitration could not be brought to completion by addition of an excess of the 

nitratingg reagent. Probably, as the reaction progresses TFA quarternizes the pyridine nitrogen, 

renderingg the molecule unreactive to any further nitration. To increase the yield of this reaction 

wee added several organic bases, but in all cases there was no improvement. Addition of cesium 

carbonatee as a heterogeneous catalyst increased the conversion of the starting material and the 

yieldd was improved to 85%. 

Thee same conditions were applied to l-deazapurine-7-riboside 30 (Scheme 2.9). This 

compoundd was prepared by reduction of 17 with a catalytic amount of Raney nickel and 

hydrogen.. The results showed that the iV-oxidation of the pyridine ring is necessary both for the 

yieldd of the reaction as well as for the regioselectivity. In this case reaction occurred both on CI 

andd C8 and probably upon workup the C8 nitro group was substituted by water leading to 32. 

rib(Ac)33 rib(Ac)3 rib(Ac)3 

177 — C X > — XX > X JCN>=O 

300 31(10%) 32(32%) 

Conditions:Conditions: a) Ra/Ni, H2, 50 psi, 69%, b) 1.6 eq. TBAN/TFAA, DCM, 0°C. 

Schemee 2.9 

Thee influence of substitution of the imidazole ring was studied by nitration of N9-riboside 

33.. This compound was prepared by transribosylation of 30 under standard conditions. The same 

resultss as for compound 30 were obtained and 34 was formed in 13% yield. 
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rib(Ac)33 H 

rib(Ac)33 rib(Ac)3 

300 33 34 

Conditions:Conditions: a) 1,2,3,5-tetra-O-acetyl-fi-D-ribofuranose (1 eq.), HgBr2 (1 eq.), toluene, reflux, 5 h, 58%, rest 

recoveredrecovered starting material, b) TBAN/TFAA (1.6 eq), DCM, 0°C, 13%. 

Schemee 2.10 

Thee nitration on the ring system in 33 was also influenced by oxidation at N3. Thus oxidation 

off  30 with mCPBA gave 35. This oxidation was rather difficult and after 24 h reflux the yield of 

thee reaction was only 37%. Nitration with TBAN/TFAA in the presence of 4 eq. of cesium 

carbonatee resulted in mono nitration at the 2-position to give compound 36. 

NN a ^\-N b
N ^ ^ - N 

rib(Ac)33 o- rib(Ac)3 Q- rib(Ac)3 

300 35 36 

Conditions:Conditions: a) mCPBA, DCM, reflux, 24 h, 37%, b) TBAN/TFAA (2 eq.), Cs2CO, (4 eq.) DCM, 2 h, 64%. 

Schemee 2.11 

Fromm these nitration reactions it can be concluded that: 

-- N-oxidation of the pyridine ring enhances the yield and regioselectivity. 

-- Addition of an inorganic base such as Cs2CO,, prevents complexation of the starting 

N-oxidee with trifluoroacetic acid and improves the yield. 

-- The position of ribose (N7 or N9) has no influence on the regioselectivity of the nitration 

reaction. . 

2.4.44 Nitration of C6 substituted 1-deazapurine ribosides 

Inn all the studies up to now the modification of these ring systems was carried out before 

couplingg to the ribose.20 Functionalization of 1-deazapurine riboside system at C2 introduces a 

26 6 



1-Deazaadenosine1-Deazaadenosine Analogs 

neww series of nucleosides, which can be used as precursors for further conversions. After 

studyingg the nitration of unsubstituted 1-deazapurine ribosides, the same nitration method was 

appliedd to nitration of C6 substituted 1-deazapurine ribosides. 

Nitrationn of compound 19 with TBAN/TFAA reagent gave a regioselective nitration at C6, 

resultingg in compound 37 in 72% yield. Nitration of nitro compound 22 gave also a fast and 

regioselectivee mono nitration at C2 to provide 2,6-dinitro compound 38 in 73% yield. 

-N
xxx TBAN/TFAA f \ C \ 

^ NN 0 2 N ^ N ^ N 
rib(Ac)33 rib(Ac)3 

ff R= CI 37 R= CI, 72% 
222 H - NU 2 3 8 R = N Q 2 I 730 

NitrationNitration reaction on C6 substituted pyridines. 

ee 2.12 

Att the early stages of this studies the site of nitration was not clear, but later derivatization of 

thee resulting nitro compounds and X-ray analysis of a 41 (Scheme 2.13) gave a clear answer to 

thee site the of the nitration.21 

Comparingg the results of nitration of these Co-substituted ring systems with unsubstituted 

1-deazapurinee ribosides like compound 17 (Scheme 2.8) shows that the electron withdrawing 

substituentss in this position increase the yield of the nitration probably by preventing the 

quarternizationn of N3 by TFA, or N02'. Also the radical stabilizing properties of these 

substituentss may play a role. 

2.55 Nitrate d 1-deazapurine s as precursor s of new modifie d nucleoside s 

Inn the following paragraphs the synthesis of new analogs of l-deazaadenosine, using the 

nitratedd nucleosides 37, 38 is described. 

2.5.11 2-Nitro-1 -deazaadenosine 

Thee synthesis of 2-nitro-l-deazaadenosine 42 could be achieved by starting from 38, as it is 

shownn in scheme 2.13. The nitro groups at C6 and C2 activate the pyridine ring for nucleophilic 

substitution.. Reaction of sodium azide with 38 gave in a fast and clean reaction, substitution of 

onee of these nitro groups with azide. Reaction of 39 with triphenylphosphine gave 
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iminophosphoranee 40. This compound was converted to the amine by hydrolysis to give 41 in 

51%% overall yield. Deprotection of this compound with KCN/MeOH gave 2-nitro-l-

deazaadenosinee (42) in 93% yield. The site of both the nitration and the substitution by azide 

weree established unequivocally by X-ray structure of compound 41. The Chem 3D view of the 

crystall  structure is presented in § 2.6. 

N02 2 

NN a 

rib(Ac) ) 

38 8 

N N 

III » 
0 2 N ^ N ^ NN 02N N "J 

N=PPn3 3 

OPN'' ' N ^ N 
rib(Ac) ) 

39 9 

rib(Ac)3 3 

40 0 

NH2 2 

02NN N 

411 R = = rib(Ac)3 

422 R = = ribose 

Connditions:Connditions: a) NaN, 1.0 eq.. DMF, 0'C, b) PPh, 1.2 eq.. <:)  CH3COOH/water, 40 'C. 51% 3 steps. 
d)d) KCN/MeOH. 93%. 

Schemee 2.13 

2.5.22 2-Amino-1-deazaadenosine 

Reductionn of compound 38 with a catalytic amount of Raney nickel and hydrogen at 40 psi, 

forr 8 h gave reduction of both nitro groups in the nucleoside (72%). Deprotection of di-amine 43 

withh a saturated solution of ammonia in methanol worked efficiently and 2-Amino-1-

deazaadenosinee 44 was formed in 84% yield. 

NH2 2 NO, , 

0?N N 

N N 

rib(Ac): : 

H,N N 

NH2 2 

Jl" > > 
rib(Ac)3 3 

II > 
H2NN N N N 

ribose e 

38 8 43 3 44 4 

Conditions:Conditions: a) Ra/Ni, H2. 40 psi. 72%, b) MeOH/NH,, 84%, 

Schemee 2.14 
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2.5.33 2-Nitro-1  -deazapurine riboside 

Removall  of the amino group towards 2-nitro-l -deazapurine riboside 46 was accomplished by 

reductivee deazotization of compound 41 with isoamylnitritc in 84% yield. The standard removal 

off  acetate protecting groups with a saturated solution of ammonia/methanol gave 46 in 73% 

yield. . 

NH H 

OO — X J D — XXN> 
0?NN N N 02N N N 02N N N 

rib(Ac)33 rib(Ac)3 ribose 

411 45 46 

Conditions:Conditions: a) isoamylnitrite, THF, 2 h, reflux, 84%, b) MeOH/NH,, 73%. 

Schemee 2.15 

2.5.44 1 -Nitro-1 -deazapurine riboside 

1-Nitro-1-deazapurinee riboside 48 was prepared via two different routes: 

Thee first approach was transribosylation of 47 which was obtained from deoxygenation of 

N-oxidee 29 (Scheme 2.8). Temperature control turned out to be very important to avoid ribose 

migrationn to N3-riboside 49. The structure of the latter was characterized by 'H NMR, which 

showss the anomeric proton at lower field. 

rib(Ac c 3 3 
0 2 N .. n„M ~ ... N v ^ u * - N . 

>> \ T >> _ b r iT \\ II  L  N> 299 — i;.i i — ix:> NN - N — N N N 

rib(Ac)33
 rib<Ac)3 

477 48 49 

Conditions:Conditions: a) PCl„  DCM, 1.5 h, 94%., b) HgBr2, 1,2,3,5-tetra-0-acetyl-/5-D-ribofuranose, toluene, 105 "C, 

2.52.5 h, 75%. 

Schemee 2.16 

29 9 



ChapterChapter 2 

AA second approach to 48 proceeds via deoxygenation of 36 with PCI, in DCM. Next, 

deprotectionn with NH,/MeOH gave nucleoside 50 in 78%. The disadvantage of this approach is 

thee low yield in the preparation of 36 (§ 2.4.3). 

V^NN V^JI V V 
£-- rib(Ac)3

 rib(Ac>3 nbose 

366 48 50 0 

Conditions:Conditions: a) PC!,, DCM, rt, 18 h, b) NH/MeOH. 

Schemee 2.17 

2.5.55 1 -Amino- 1-deazapurine riboside 

Forr the studies on ADA 1-amino-1-deazapurine riboside 51 is of considerable interest. From 

thee crystal structure it is assumed that the free electron pair of Nl in nebularine is important for 

thee interaction with the enzyme and with 51 it can be studied whether an electron pair in a 

slightlyy different position can fulfil l the same role. For the same reason compound 53 in § 2.5.6 

iss of considerable interest. 1-Amino-1-deazapurine riboside was obtained by reduction of 50, 

withh Raney nickel and hydrogen (50 psi) in 39% yield. 

O z N - ^ ^ v NN Ra/Ni, H2 ^ M ^ ^ N 

XX JL "> "  X L  x> 
%j^ " -NN 50psi ^N N 

ribosee ribose 

500 51 

Schemee 2.T8 

2.5.66 2-Amino-1 -deazapurine riboside 

Inn preparation of 2-amino-1 -deazapurine riboside 53 compound 37 was used as starting 

material.. Reduction of the nitro group as well as dechlorination with Pd/C and hydrogen gave the 

protectedd nucleoside (52) in 92% yield, which after deprotection by NH3/MeOH gave the free 

nucleosidee 53. 
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Cl l 

02N N 
II > 

N N 

rib(Ac)3 3 

H?N N 
HH X> N N 

rib(Ac)3 3 

111 X> 
H2NN N N N 

ribose e 

37 7 52 2 53 3 

Conditions:Conditions: a) Pd/C, H2, 3 h, 92%, 92%, b) MeOH/NH,, 39%. 

Schemee 2.19 

2.5.77 2-Nitro-1-deazainosine 

Thiss inosine analog, 2-nitro-l-dcazainosine 55 was prepared starting from compound 38. 

Substitutionn of the nitro group at the 6-position was already carried out in the synthesis of 

2-nitro-l-deazaadenosinee (§ 2.5.1), and the site of substitution was proven with X-ray 

crystallography.. In analogy, regioselective hydrolysis of the 6-nitro group in 38 was performed 

ass it is shown in scheme 2.20. 

NO? ? 

-N N 

JL X> > 
0 2 N '' " N ^ N 

rib(Ac)3 3 

OH H 

0?N N 

N N 

N N 

rib(Ac)3 3 

OpN N 

OH H 

ribose e 

38 8 54 4 55 5 

Conditions:Conditions: a) benzoic acid, DMAP, Et,N, DMF, 18 h, 53%, b) MeOH/NH,, 53%. 

Schemee 2.20 

2.5.88 2-Nitro-6-methoxy-1 -deazapurine riboside 

Sincee l -deazaadenosine is a good inhibitor of ADA we were interested in affinity of other 6-

substitutedd l-deazapurines towards ADA. Deprotection of 38 with KCN/methanol led to 

substitutionn of the nitro group at C6 followed by deprotection of the acetate protecting groups 

resultingg in 56 in 55% yield. 
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N022 OCH3 

,,-NN KCN/MeOH ^ \ ^ N 

nb(Ac)33 ribose 

388 56 

Schemee 2.21 

2.5.99 1 -Nitro-2-chloro-1 -deazapurine riboside 

Chlorinationn of N-oxide 29 with the Vilsmeier reagent (phosphoryl 
rib(Ac)3 3 
^^ chloride and dimethylformamide) led to exclusive formation of the 2-chloro 

/)) compound 57 in 51% yield. The site of chlorination was deduced from 

'HH NMR, since the anomeric proton in 57 was at 6.10 ppm, which is a normal 

positionn for this proton. This was compared with the corresponding 6-chloro 

CI I 

N N 

18 8 

compoundd 18 which has this absorption at 6.75 ppm. 

Transribosylationn of 57 was done under standard conditions to give the N9 riboside 58. 

Removall  of the acetate protecting groups with NH,/MeOH gave l-Nitro-2-chloro-l -deazapurine 

ribosidee 59 in 38% yield. 

rib(Ac)33 rib(Ac)3 n M 

 ' 1 ribose 
O O rib(Ac)3 3 

299 57 58 59 9 

Conditions:Conditions: a) POC1,, DMF, 3 h, 34%, b) HgBr2, 1,2,3,5-tetra-O-acetyl-P-D-ribofuranose, toluene, reflux, 48%, 
c)c) MeOH/NH„ 38%. 

Schemee 2.22 

2.66 Structur e determinat io n 

'HH NMR was used to study the position of the nitro group in products from the TBAN/TFAA 

nitrationn reaction. In compounds 29. 31 and 36 the nitro substituent was exclusively at the meta 

positionn with respect to the nitrogen in the pyridine ring. Appearance of two doublets with 

couplingg constant of 2.2 Hz is a normal meta coupling of the two remaining protons. 

32 2 



11 -Deazaadenosine Analogs 

0,N N 

N; ; 

rib(Ac)3 3 

N N 

/> > 
-N N 

0,N N 
rib(Ac)3 3 

111 > 
0?N N 

III  X> 
N+ + 

( j ~~ riD(Ac)3 

29 9 31 1 

StructuresStructures of the nitrated nucleosides 

Figur ee 2.2 

36 6 

Twoo additional methods have been used to prove the site of nitration in this system namely 

long-rangee NMR and X-ray analysis of a related compound. 

Thee structure of dinitro nucleoside 38 was proven by gradient accelerated HMBC 

spectroscopyy (heteronuclear multiple bond correlation) optimized for 10 Hz coupling constants 

andd gradient accelerated HMQC (heteronuclear multiple quantum correlation) spectroscopy. By 

thiss method the correlation of hydrogen atoms with a carbon atom at a 3-bond distance is 

detected.. An illustrative example of the relevant data of the gradient accelerated HMBC 

spectrumm of 38 is given in Table 2.1. 

0,NN N ^ N 

AcO O 

Tablee 2.1: important C-H interactions for 38. 

Selectedd 3-bonds interactions 

AcOO OAc 

111 1 
H8 8 
HI ' ' 

C5 5 
C4,, C5.C1' 
C8,, C4, C3', C4 

38 8 

Thee site of nitration is shown to be at C2 in 38, since only one interaction between HI and C5 

iss observed whereas after nitration at CI, two long-range interaction should be present (H2-C4 

andd H2-C6). 

Definitivee proof of the site of nitration was obtained by X-ray analysis of acetate protected 

2-nitro-l-deazaadenosinee (42, § 2.5.1), prepared by selective replacement of the 6-nitro group by 

ann amino substituent. 
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JI3 3 
O z N'' ^ N ^ N 

AcOO ) — \ 
AcOO OAc 

42 2 

C/iemm 3D view o/r/ie crystal structure of 2-nitro-1 -deazaadenosine triacetate 

Figuree 2.3 

2.77 Conclusions 

AA new nitration method for 1-deazanucleosides is presented. When compared to the existing 

methodss for functionalization of this ring system, this nitration method is fast and mild. With this 

methodd we obtained a wide variety of possibilities for synthesis of new modified nucleosides. 
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2.99 Experimental 

Generall  information . All reactions were carried out under an inert atmosphere of dry nitrogen. Standard syringe 

techniquess were applied for transfer of dry solvent. Dichloromethane was distilled freshly prior to use subsequently 

fromm phosphorus pentaoxide and calciumhydride. All other reagents and solvents were used as commercially 

available,, unless indicated otherwise. Flash chromatography" refers to purification using the indicated eluent and 

Janssenn Chimica silica gel 60 (0.030 - 0.075 mm). EtOAc, petroleum ether 40-60 (PE) and CH2C12 used for flash 

chromatographyy were distilled prior to use. When ammonia or triethylamine containing eluents were used, the silica 

gell  was pre-treated with this eluent. Melting points were measured on a Leitz melting point microscope. Melting and 

boilingg points are uncorrected. Infrared (IR) spectra were obtained from CHC1, solutions unless indicated otherwise, 

usingg a Bruker IFS 28 FT-spectrophotometer and wavelengths (v) are reported in cm"1. Proton nuclear magnetic 

resonancee ('H NMR) spectra and carbon nuclear magnetic resonance (L1C NMR; APT) spectra were determined in 

CDC1,, using a Bruker ARX 400 (400 MHz, 100 MHz respectively) spectrometer, unless indicated otherwise. 

Chemicall  shifts (8) are expressed in ppm relative to an internal standard of CHC1, (7.26 ppm for 'H NMR and 77.0 

ppmm for 1?C NMR. Mass spectra and accurate mass measurements were performed using a JEOL JMS-SX/SX 102 A 

Tandemm Mass Spectrometer using Fast Atom Bombardment (FAB) or Electron Impact (El). A resolving power of 
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10,0000 (10% valley definition) for high resolution electron impact or FAB mass spectrometry was used. For the 

NMRR assignments of the products in the experimental part the IUPAC systematic numbering as shown for 

1-deazaadenosinee (7-amino-3-/3-D-ribofuranosyl-37/-imidazo[4,5-fc]-pyridine, following structure) has been used. 

HOO OH 

2-Ch.loro-4-nitropyridine-(V-oxid ee (6) : 
AA mixture of 2-chloropyridine (5) (5.0 g, 44 mmol), glacial acetic acid (26.5 mL) and 27.5 mL hydrogen peroxide 
(35%)) was heated at 60 'C for 48 h. The excess acetic acid and hydrogen peroxide were distilled in vacuo to yield 2-
chloropyridine-N-oxidee in 100% yield (6.45 g. 44 mmol) as a yellow oil. 'H NMR (200 MHz): 5 8.44 (dd, 1H, J = 
3.5,, 2.1 Hz, H4), 7.52 (dd, LH, J = 7.9, 2.1 Hz, H5), 7.33-7.22 (m, 2H, H3, H6). 

Too 8.5 mL of concentrated sulfuric acid was added 2-chloropyridine-/V-oxide (6.4 g, 44 mmol) while cooling in ice. 
Thenn a mixture of 8 mL of concentrated sulfuric acid and 15.2 mL of fuming nitric acid was added dropwise with 
stirringg over a period of 45 min. The mixture was heated slowly to 95 'C and stirred for I h. Then the mixture was 
cooledd down, poured into ice/water (10 mL) and neutralized with sodium carbonate. The yellow precipitate was 
filtered,, dried and recrystallized from chloroform/methanol (2:1) to yield 5.0 g of the product (65%). Mp 158-159 
°C;; 'H NMR (200 MHz): 5 8.43-8.32 (m, 2H, H3, H6), 8.04 (dd, 1H, J = 3.1, 7.2 Hz, Hl, H5); '3C NMR (200 
MHz):: 8 143.2, 141.5, 140.8, 121.6, 118.2. 1R: 1344, 1280. 

2-Chloro-3-nitro-4-aminopyridin ee (7) : 
Compoundd 6 (4 g, 23 mmol) was hydrogenated over Raney nickel catalyst in 25 ml. methanol at 45 psi. The 
reactionn mixture was filtered over hyflo; the solvent was evaporated to give 2-chloro-4-aminopyridine in 96% yield 
(2.844 g, 22 mmol) as a brown solid.'H NMR: 5 7.87 (d, IH, J = 5.7 Hz, H6), 6.49 (d, 1H, J = 2.0 Hz, H3), 6.39 (dd, 
1H,, 7 = 2.0, 5.7 Hz, Hl, H5), 4.63 (b, s, NH,); °C NMR: S 155.1. 151.9, 149.4, 108.8, 108.4. IR: 3331, 1602. 
Too this compound (2.5 g, 19 mmol) was added slowly 10 mL of concentrated sulfuric acid. The reaction mixture 
wass cooled to 0'C and fuming nitric acid (7 mL) was added dropwise. Then it was warm up to room temperature 
andd after 90 min it was poured into 50 ml. of crushed ice/water solution. It was partly neutralized to pH= 5-6 by 
additionn of ammonium hydroxide. The residue was filtered, and dried to give 2.61 g (15 mmol, 77%) of the product. 
'HH NMR (200 MHz, d„-OMSO): 8 8.41 (d, 1H, 7 = 5.6 Hz, H6), 7.54 (d, lH,,/= 1.8 Hz, H3), 7.40 (dd. 1H, 7 = 1.8, 
5.66 Hz, Hl, H5). 

2,3,4-Triaminopyridin ee dihydrochlorid e (8) : 

Compoundd 7 (2.5 g, 14.9 mmol) was added slowly to concentrated sulfuric acid (25 mL), the mixture stirred at 100 
"CC for 1.5 h, poured over crushed ice and neutralized with ammouin hydroxide. The red-brown precipitate was 

filteredd and dried to give 2.12 g (12 mmol. 82%) of the 3-nitro-4-aminopyridine.'H NMR (200 MHz, d,,-DMSO): 5 
8.8511 (s, 1H, 116), 8.11 (b, s, NH,). 6.97 (s, IH, H3). 

Thee product (0.833 g, 4.80 mmol) was dissolved in ammonium hydroxide (50 mL) and was heated at 100 'C for 18 

hh after removing the solvent in vacuo. 2,4-Diamino-3-nilropyridinc was obtained as yellow precipitate (0.496 g, 2.64 

mmol,, 55%). Mp 195-197 "C; 'H NMR (200 MHz, D,0): 8 8.00 (b, s, 2H, NH,), 7.70 (b, s, 2H, NH;), 7.57 (d, 1H.7 
== 5.8 Hz, H6), 6.09 (d, 1H, 7 = 5.8 Hz, H5). 

Thiss compound (0.4 g, 2.07 mmol) was dissolved in methanol (20 mL) and reduced with hydrogen and Raney nickel 

att 45 psi for 3 h. The solution was filtrate over hyflo into HC1 (I mL). The solvent was evaporated and the 
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precipitatee was dried to yield 87 mg (0.43 mmol. 21%) of 8. 'H NMR (200 MHz, CD3OD): 5 7.98 (d, 1H, J = 5.8 

Hz,, H6). 7.62 (b, s, 2H, NH2), 7.41 (b, s, 2H, NH,), 7.21 (b, s, 2H. NH2), 6.80 (d. 1H, J = 5.8 Hz, H5). 

7-Amino-imidazo[4,5-£]pyridinee (9): 
Compoundd 8 (160 mg, 0.81 mmol) and 171 mg of triethyl orthoformatc (1.64 mmol) were dissolved in 10 mL 

ethylcneglycoll  and heated at 140 °C for 20 min. Methanol (5 mL) was added to precipitate the product. Flash 

columnn chromatography with (15-30% MeOH/DCM, 1% NH,), gave two products (29 mg and 42 mg, 0.3 land 0.21 

mmol),, total yield 39% yield. 

Compoundd 9, 'H NMR (200 MHz, D:0): 8 8.54(b. s, 2H. NH;), 7.67 (d, 1H. J = 7.2 Hz, H5). 6.37 (d. 1H, J = 7.2 

Hz,, H6). 

Compoundd 10, !H NMR (200 MHz. D,0): 6 8.47(b, s, 2H, NH,). 8.07 (d, IH. J = 6.8 Hz, H5), 6.68 (d, 1H, J = 6.8 

Hz,, H7). 

Imidazo[4,5-/>]pyridin ee (12): 
AA mixture of 20 g (0.183 mmol) of 2,3-diaminopyridine ( 11) and 400 ml, of tnethyl orthoformate was heated at 

refluxx for 3 h. The solution was evaporated to dryness in vacuo, and the residue was heated at reflux with 200 mL of 

concentratedd hydrochloric acid for 1 h. The mixture was allowed to cool, neutralized with solid Na2C03, and 
extractedd with ethyl acetate. The combined extracts were dried, and the solvent was removed at reduced pressure. 

Thee residue was dissolved in absolute ethanol, treated with charcoal, filtered, and then solvent was evaporated to 
givee 16 g of 12 as brown crystals (73% yield). Mp 152-153 DC; 'H NMR (df,-DMSO): 5 8.54 (s, 1H, H2), 8.45(d, 

1H,, J = 5Hz, H5), 8.1 l(d, 1H, J = 8 Hz, H7), 7.3 (m, 1H,H6). 

Imidazo[4,5-b]pyridine-4-oxidcc (16) : 

Too the 20.39 g (0.137 mol) of the brown crystals of 12 was added 34.9 mL (0.61 mol) of acetic acid (100%) and 8.7 
mLL (0.10 mol) of H,02 (35%). The mixture was heated at 75 "C for 2 h after which acetic acid and water were 

evaporatedd in vacuo. To the resulting red-brown solution again 34.9 g acetic acid (100%) and 8.7 mL H202 (35%) 

weree added. After heating for 3 hours at 75 "C the mixture was cooled to rt and the yellow precipitate was filtered 
andd washed with acetic acid and ether. The resulting goldish crystals were dried and washed again with ether 14.27 

gg (0.074 mol, 54%) of goldish crystals of 16 were obtained. 'H NMR (d,,-DMSO): 5 8.44 (s, 1H, H2), 8.20 (d, 1H,7 
== 6.3 Hz, H5), 7.61 (d, 1H,7 = 8.1 Hz, H7), 7.22 (dd, 1H. 7 = 6.3. 8.1 Hz, H6). 

l-(2',3',5,-Tri-0-acctyl-/3-D-ribofuranosyl)-l//-imidazo[4,5-ft]pyridine-4-oxide(17): 3 3 

AA suspension of 13.85 g (71.5 mmol) of 16 and 0.5 g of ammonium sulphate in 60 mL of hexamethyldisilazane and 
1000 mL of' pyridine was refluxed for 3 h. The mixture was concentrated in vacuo to provide the trimethylsilyl 

derivativee as a colorless solid. This was dissolved in 200 mL of anhydrous acetonitrile and 25 g (79.0 mmol) of 

L2,3.5-tetra-0-acetyl-/3-D-ribofuranosee was added to the solution, followed by 10.0 mL (86.4 mmol) of anhydrous 
stannicc chloride. The solution was stirred for 6 h at room temperature. The reaction mixture was poured into sodium 

bicarbonatee solution (60 g in 600 mL of water) and the suspension was extracted successively with two 300 mL 
portionss and three 50 mL portions of chloroform. The dried organic layer was evaporated in vacuo to give a foam, 

whichh was purified with silica gel column eluting with ethanol-chloroform (1:9 V/V) to give 23.1 g (82%) of 17 as a 

foam.. 'H NMR: 6 8.31 (m, 2H, H6, H8), 7.62 (d, 1H .7 = 8.3 Hz, H2), 7.17 (t. 1H, J = 8.1 Hz, HI), 6.06 (d, IH, J = 

4.77 Hz, HI) , 5.52 (t, IH, J = 5.0 Hz, H2'), 5.35 (t, IH, J -5 .4 Hz, H3'), 4.54 (m, IH, H4'), 4.45 (m, 2H, H5'), 2.17, 

2.16.. 2.14 (3xs, 3H.COCH,). 

7-Chloro-l-(2',37-Chloro-l-(2',3,,,5'-triO-acetyl-/3-D-ribofiiranosyl)-l//-imidazo[4,5-ft)-pyridine,5'-triO-acetyl-/3-D-ribofiiranosyl)-l//-imidazo[4,5-ft)-pyridine  (18) : 

Too a solution of 19.0 g (48.3 mmol) of 17 in 70 mL of chloroform at 0 °C was added Vilsmeyer reagent, prepared 

fromm 9.0 mL (96.7 mmol) of phosphoryl chloride and 7.5 mL (96.7 mmol) of dimethylformamide. The mixture was 
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stirredd at room temperature for an hour, poured into sodium bicarbonate solution (60 g in 500 mL of water), and 

extractedd with three 100 mL portions of chloroform. The dried organic layer was concentrated in vacuo to give a 
syrup,, which was purified over a silica gel column, eluted with ethanol-chloroform (5:95 V/V) gave 15.26 g (77%) 

off  18 which was crystallized from hexane. Mp 88-92 'C; H NMR: 5 8.86 (s, 1H, H2), 8.48 (d, 1H, 7 = 5.3 Hz, H6>, 
7.277 (d, 1H, 7 = 5.3 Hz, H5). 6.75 (d, 1H, 7 = 4.1 Hz, HI') , 5.64 (t, 7 = 5.5 Hz, 1H, H2'), 5.42 <t, 7 = 5.5 Hz, 1H, 
H3;),, 4.48 (m, 1H, H4'), 4 44 (m, 2H, H5'), 2.19, 2.13, 2.12 (3x s, 3H, COCH,). 

7-Chloro-3-(2',3',S'-tri-0-acetyl-/ï-D-ribofuranosyl)-3W-iiTiidazo[4,5-*]pyridine(19) 6: : 
AA solution of 14.26 g (34.7 mmol) of 18 and 11.0 g (34.6 rnmol) of l,2,3,5-tetra-Ü-aceiyl-/J-D-ribofuranose in 200 
mLL of toluene was refluxed for 3.5 h in the presence of 12.5 g (34.7 mmol) of mercuric bromide. The solvent was 
distilledd off in vacuo to give a residue to, which were added 300 mL of chloroform and 250 mL of 30% potassium 
iodide.. The organic layer was washed with another 250 mL of 30% potassium iodide and then with 300 mL of 
water.. Concentration of the dried chloroform solution gave a foam, which was purified over a silica gel column, 
elutingg with chloroform to give 10.83 g (76%) of 19 as pale yellow foam. 'H NMR: 8 8.24 (d, 1H, 7 = 5.2 Hz, H6), 
8.233 (s, IH, H2), 7.27 (d, 1H, 7 = 5.2 Hz, H5), 6.22 (d, 1H, 7 = 5.1 Hz, HI'), 5.98 (t, 7 = 5.5 Hz, 1H, H2'), 5.64 (t, 7 
==  5.5 Hz, IH, H3'), 4.48 (m, IH, H4'), 4.45 (m, 2H, H5'), 2.19, 2.13, 2.12 (3x s, 3H, COCH,). 

7-Nitro-imidazo[4,5-6]pyridine-4-oxidee (20)9: 

Too a cold (0 °C) solution of 13.6 g (0.1 mol) of 16 in 100 mL of trifluoroacetic acid was added, in a dropwise 
manner,, 65 mL of 90% fuming nitric acid. The mixture was heated at 90 °C for 3 h, cooled, and poured into crushed 

ice.. Neutralization was carried out with concentrated ammonium hydroxide while maintaining the temperature 

beloww 30 °C. The resulting solid was filtered, washed with ice water, and dried to give 13.5g of 20 as light-yellow 

needless (75% yield). 'H NMR (dfi-DMSO): 8 8.07 (s, IH, H2), 7.96 (d IH, 7 = 7.1 Hz, H5), 7.76 (d IH, 7 = 7.1 Hz, 
H6). . 

7-Nitroimidazo[4,5-i>]pyridin ee (21): 

Too a solution of 8.0 g (44.4 mmol) of 20 in 150 mL of dry acetonitrile was added dropwise 34 mL of 

phosphorustnchloridee and the mixture was heated at 80 °C for 2 h. After cooling, a yellow solid precipitated, which 
wass collected by filtration and washed with ether and with saturated sodium carbonate solution. Recrystallization 

fromm water provided 5.7 g (82%) of 21 as yellow needles. Mp 219-222 °C dec; 'HNMR (d^-DMSO): 8 11.14 (br s, 
IH,, NH), 8.9 (s, IH, H2), 8.75 (d, IH, J = 5.5 Hz, H7), 8.05 (d, IH, 7 = 5.5 Hz, H5). 

7-Nitro-3-(2',3',S'-tri-ö-acetyl-/ï-D-ribofuranosyl)-3//-imidazo[4,5-ft]pyridine(22) : : 
Too a mixture of 5.0 g (15.0 mmol) of l,2,3,5-tetra-0-acetyl-/3-D-ribofuranose (TAR) in 150 mL of dry acetonitrile 
andd 2.5 g (15.0 mmol) of 21 was added dropwise 3.7 mL of freshly distilled stannic chloride and the solution was 
stirredd at room temperature for 7 h. The reaction mixture was neutralized with 15 g of NaHCO, in 150 mL of water 
andd then extracted several times with chloroform. The organic layers were dried (Na2S04) and evaporated. The 
residuee was chromatographed on a silicagel column eluting with CHCl,-MeOH (85:15 V/V) to give 5.2 g (82%) of 
222 as a pure solid. 'HNMR: 5 8.6 (d, IH, 7=5.3 Hz, H6), 8.5 (s, IH, H2), 7.97 (d, IH, 7=5 Hz, H5), 6.31 (d, IH, 7 
== 4.5 Hz, HI'), 5.9 (t, IH, 7 = 5.3 Hz, H2'), 5.6 (t, IH, 7 = 5.3 Hz, H3'), 4.5 (m, 3H, H4', H5'), 2.12, 2.09, 2.06 (3x s, 
9H,, COCH,); IR (KBr): 1535 (N02). 

3,5-Dinitropyridine-iV-oxid ee (26): 
AA solution of TBAN (0.457 g, 1.5 mol) and TFAA (0.211 ^L, 1.5 mol) in 2 mL DCM was added to a suspension of 

pyridine-/V-oxidee 25 (0.048 g, 0 5 mol) and Cs2CO, in 1,5 mL DCM It was stirred at 0°C for 2 h. Then it was 
directlyy applied to a column of silica and eluted with 2% MeOH in EtOAc. The fast moving compound was 
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collectedd and evaporated. Trituration with methanol produced 0.037 g of 26 (40%, 0.2 mol) as a yellow solid. Next 

mono-nit.roo compound 27 was eluted and obtained as a solid. 

Dataa for 26: 'H NMR (dfl-DMSO): 8 9.42 (br. s, 2H), 8.64 (br, s, 1H); nC NMR (drrDMSO): 5 146.5, 140.3, 114.7; 

IRR (KBr): 1543, 1348, 1283; no mass M+ observed (instable). 

Dataa for 27; 'H NMR (dr, DMSO); 8 8.77 (m, 1H, H2), 8.32 (d, J = 7,2 Hz, 1H, H9), 7.91 (dd, J = 8.5, 1.4 Hz, 1H, 
H6),, 7.52 (m, H5). 

6-Nitro-l-(2',3',5'-tri-0-acetyl-^-D-ribofuranosyl)-l//-imidazo[4,5-Z>]pyridine4-oxid ee (29): 
AA solution of 2.34 g (7.65 mmol) of tetra-n-butylammonium nitrate and 2.36 mL (7.65 mmol) of trifluoroacetic 

anhydridee in 5 mL dry DCM at 0 °C was added to a solution of 17 (1 g, 2.55 mmol) and 2.08 g (6.38 mmol) of 
Cs2C033 in 2 mL of dry DCM The reaction mixture was stirred vigorously for 2h at 0 °C. Then it was warmed up to 

roomm temperature, poured slowly into a saturated solution of sodium hydrogen carbonate and extracted with 

dichloromethanee (3 times with 10 mL). The organic layer was dried and evaporated in vacuo. Purification with a 
silicaa gel column, eluting with DCM-methanol (99:1) gave 0.93 g (2.1mmol, 85%) of 29. 'H NMR: 5 9.16 (d, J = 

2.22 Hz, H5), 8.57 (d, 1H,J = 2.2 Hz. H7), 8.52 (s, 1H, H2), 6.15 (d, 1H, J = 5.0 Hz, HI'), 5.51 (t, J = 5.2 Hz, 1H, 

H2'),, 5.36 (t, ./ = 5.0 Hz, 1H, H3'), 4.59 (m, 1H, H4'), 4.42 (m, 2H, H5'), 2.13, 2.13, 2.20 (3x s, 9H, COCH,); l3C 

NMRR (100 MHz): 5 170.0, 169.5, 169.4, 151.1, 145.4, 141.5, 131.1, 126.8, 106.9, 88.3, 81.8, 73.6,69.4, 62.2, 20.6, 

20.3,, 20.2; IR (KBr): 1746.2, 1532.4, 1352.8 (NO,), 1229.6 (NO), HRMS (EI): obs. mass 439.1105, calcd mass 
Cl7H„N 4Ol(l (M+H)) 439.1 101. 

l-(2',3',5'-Tri-0-acetyl-P-D-ribofuranosyl)-li/-imidazo[4,5-ft]pyridin ee (30): 
/V-oxidee 17 (1.93 g, 4.91 mmol) was hydrogenated in methanol with excess Raney-Ni at 50 psi. After completion of 

thee reaction the catalyst was removed by filtration and the solvent was evaporated. At this stage some deacetylation 
hadd occurred, according to TLC. Reacetylation with excess pyridine/acetic anhydride (rt, overnight) followed by 

evaporationn of the solvents and chromatography (10% MeOH in EtOAc) gave pure 30 as an oil (1.27 g, 3,37 mmol, 
69%).. 'H NMR: 5 8.62 (d, 1H, J = 1.8 Hz, H5), 8.37 (s, 1H, H2), 7.98 (d, 1H, J = 1.8 Hz, H7), 7.26 (m, 1H, H6), 

6.088 (d, 1H, J = 5.6 Hz, HI'), 5.56 (t, 1H, J = 5.6 Hz, H2'), 5.54 (t, 1H J = 5.6 Hz, H3'), 4.50 - 4.42 (m, 3H, H4', 

H5');; 2.17, 2.16, 2.10(3x S, 3H, COCH,). 

6-Nitro-l-(2',3',5'-tri-0-acetyl-p-D-ribofuranosyl)-lW-imidazo[4,5-ft]pyridinee (31): 

Thee reaction was performed with 0.30 mmol 30 under standard nitration conditions, using 1.6 eq. of TBAN/TFAA. 
Afterr 2 h starting material had disappeared almost completely, and several products were formed. Aqueous workup 

andd chromatography over silica (2% MeOH in EtOAc) gave compound 32 in 32%, and compound 31 in 10% yield. 
Dataa for 31 'H NMR: 5 9.48 (d, 1H, J = 2.0 Hz, H5), 9.03 (d, 1H, J = 2 Hz, H7), 8.63 (s, 1H. H2), 6.14 (d, 1H, J = 

5.99 Hz, HI'), 6.05 (m, 1H, H2'),5.75(m, 1H, H3'), 4.57-4.37 (m, 3H. H4', H5'), 2.10, 2.08. 2.05 (3x s, 9H, COCH,). 

Dataa for 32: 'H NMR: 5 10-11 (s, b, NH), 9.06 (d, 1H. J = 1.7 Hz, H5), 8.28 (d, 1H, J = 1.7 Hz. H7), 6.08 (d, 1H, J 

== 3.4 Hz, HI'), 5.69 (t, 1H, J = 3.4 Hz, H2'), 5.49 (m, 1H, H3'), 4.56-4.39 (m, 3H, H4', H5'), 2.17, 2.18, 2.07 (3x s, 
9H,, COCH,). 

3-(2\3\5'-Tri-0-acetyl-P-D-ribofuranosyl)3//-imidazo[4,5-£>]pyiïdinee (33) 

AA mixture of 30 (0.754 g, 2.0 mmol), tetra-O-acetyl-p-D-ribofuranose (0.636g, 2.0 mmol) and HgBr, (0.721 g, 2.0 

mmol)) was refluxed in dry toluene (12 mL) during 5 h. The solvent was evaporated and the residue was dissolved in 

CHC1,, (15 mL) and washed with aqueous Kl (2 x 13mL, 30%). Chromatography over silica (2% MeOH in EtOAc 
->> 10% MeOH in EtOAc) gave resp. TAR, the 3-isomer (0.435 g, 1.15 mmol, 58%) and starting material (0.30 g, 

0.8000 mmol, 40%). 'H NMR: 6 8.4! (d, 1H,7= 1.8 Hz, H5). 8.19 (s, 1H, H2), 8.09 (d, 1H, J= 1.8 Hz, H7), 7.29 (m, 
1H,, H6), 6.28 (d, 1H, J = 5.1 Hz, HI'), 6.05 (t, IH, J =5.1 Hz, H2'). 5.75 ft. 1H J = 5.6 Hz. H3'), 4.50 - 4.42 (m, 

311,, H4', H5'); 2.14, 2.1. 2.07 (3x s, 9H, COCH,) 
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6-Nitro-2-imidazolonee (34): 
Thee reaction was performed with compound 33 (0.12 g, 0.30 mmol) under standard nitration conditions (as in 

compoundd 36), using 1.6 eq. of TBAN/TFAA. After 2 h, starting material had disappeared, and several products 

weree formed. Aqueous workup and chromatography (EtOAc) 34 (13%) as oil. 'H NMR: 6 10.15 (s, b, NH), 8.12 (d, 
77 = 1.0 Hz, H5), 7.55 (d, 1H, 7 = 1.0 Hz, H7), 7.01 (m, 1H, H6), 6.2b (d, 1H, 7 = 4.3 Hz, HI'), 6.02 (m, 1H, H2'), 

5.899 (m, 1H, H3'), 4.30-4.51 (m, 1H, H4'), 4.42 (m, 2H, H5"), 2.09, 2.04, 2.03 (3x s, 9H, COCH3);
 nC NMR: 5 

170.62,, 169.5, 169.4, 153.9, 142.6, 140.9, 127.4, 122.1, 118.2, 84.5, 79.5, 71.9, 70.5, 63.2, 20.6, 20.4. IR (KBr): 

1372,, 1349, HRMS (El): obs. mass for 394.1263, calcd mass C,7H2()N3OK (M'J 394.1250. 

3-(2',3',5'-Tri-0-acetyl-P-D-ribofuranosyl)-3W-imidazol4,S-ft]pyridine-yV-oxid ee (35): 
AA mixture of 30 (0.200 g, 0.53 mmol) and anhydrous MCPBA (1.5 mmol) in DCM (2 mL) was refluxed during 24 

h.. Chromatography over silica (EtOAc -> 10% MeOH in EtOAc) gave the /V-oxtde 35 (78 mg, 0.20 mmol, 37%) as 

aa glass. 'H NMR: 5 8.34 (s, 1H.H2), 8.08 (d, 1H, 7 = 6.3 Hz, H7), 7.66 (d, 1H, 7 = = 6.3 Hz, H6), 7.38 (d, 1H, 7 = 3.8 

Hz,, HI'), 7.12 (m, 1H, H6), 5.66 (m, 1H, H2'), 5.36 (m, 1H, H3'), 4.50 (m, 3H, H4', H5'); 2.10, 2.05, 2.02 (3x S, 9H, 
COCH,);; "C NMR: 8 170 0, 169.4, 169.2, 141.5, 140.5, 136.4, 134.9, 120.3, 119,2, 88.7, 79.4, 75.0, 69.0, 62.3, 

20.6,20.3. . 

6-Nitro-3-(2',3',5'-tri-0-acetyl-p-D-ribofuranosyl)-3W-imidazo[4,5-è]pyridine-Ar-oxidee (36): 

AA nitrating mixture prepared from TBAN (0.122 g, 0.40 mmol) and TFAA (56 \i\, 0.40 mmol) in DCM (1.5 mL) at 
00 °C was added via syringe to an ice cold mixture of 35 (0.087 g, 0.22 mmol) and Cs2CO, (0.260 g, 0.8 mmol) in 

DCMM (1.5 mL). After stirring for 2 h the reaction mixture was poured into a stirred mixture of sat. NaHCO, (5 mL) 

andd water (5 mL). The water layer was extracted with DCM (2 x 5 5 mL) the combined organic layers were dried over 
Na2S044 and the solvent evaporated in vacuo. Chromatography over silica with EtOAc as eluent gave the nitro 

compoundd (0.062 g, 0.141 mmol, 64%) as a yellow glass. 'H NMR: 5 8.96 (d, 7 = 1.6 Hz, H5), 8.55 (m, 2H, H7, 
H2),, 7.13 (d, 1H, J = 4.1 Hz, HI'), 5.51 (m. 1H, H2'), 5.30 (m, 1H, H3'), 4.59 (m, IH, H4'), 4.42 <m, 2H, H5'), 2.09, 

2.04,, 2.03 (s, 9H, COCH,); '3C NMR: 5 169.9, 169.5, 169.4, 144.2, 141.8, 139.7, 138.6, 131.8, 116.3, 89,3, 89.2, 

80.0,, 75.2, 69.2, 20.7. 20.3, 20.2; IR (KBr): 1372, 1349; HRMS (EI): obs. mass for 439.1105, calcd mass 
C,7H,4N4Olü(M')) 439.1101. 

5-Nitro-7-chloro-3-(2',3,,5'-tri-6>-acetyl-/3-D-ribofuranosyl)-3//-imidazo[4,5-fc]pyridin ee (37): 
Too 1.0 g of compound 19 (2.4 mmol) in 2 mL DCM at 0 °C was added a mixture of 0.88 g (2.88 mmol, 1.2 eq) of 
TBANN and 0.41 mL of (2.88 mmol) TFAA in 5 mL of DCM. The reaction mixture was stirred for 3 h at 0 °C. Then 

itt was warmed up to room temperature. Work up was done as usual with sodium hydrogen carbonate, extraction 

withh DCM (3x10 mL). Purification with a silica gel column, eluting with ethyl acetate gave 0.727 g (1.37 mmol, 
72%-)) of 37 as a glass 'H NMR: 6 8.92 (s, IH, H2), 8.79 (s, IH, H6), 6.35 (d, IH, 7=6.5 Hz, HI'), 5.82 (m, IH, 
H2'),, 5.65 (m, IH, H3'), 4.53 (m, IH, H4'), 4.45 (m, 2H, H5'), 2.14, 2.06, 2.05 (3x s, 9H, COCH^); L,C NMR: 5 

169.7,, 169.0, 168.9, 151.3, 147.2, 143.7, 137.1, 136.6, 113.6,86.8,80.2,73.0,70.2,62.7,20.3,20.0, 19.7; IR: 1549, 
1371,, 1336.4, 1230; HRMS (FAB*): obs. mass 457.0759, calcd mass for C17H1HN4OyCl(M+H) 457.0762. 

5,7-I>initro-3-(2',3',5'-tri-0-acetyl-P-D'ribofuranosyl)-3W-imidazo[4,5-fc]pyridin ee (38): 
AA nitrating mixture prepared from TBAN (3.49 g, 11.45 mmol) and TFAA (161 mL, 11.45 mmol) in DCM (30 mL) 
att 0 aC was added via a. syringe to an ice cold solution of 22 (3.45 g, 8.17 mmol) in DCM (30 mLj. After stirring for 

3.55 h, the reaction mixture was poured into a stirred mixture of sat. NaHCO, (75 mL), water (75 mL) and ether (ca 

600 mL). The layers were separated and the organic layer was washed successively with dilute NaHCO, (twice) and 
withh water, dried over Na2S04. Chromatography with EtOAc as eluent gave the dinitro compound (2.78 g, 5.96 

mmol,, 73%) as yellow foam. H NMR: 5 8.92 (s, IH, H6), 8.79 (s, IH, H2), 6.34 (d, IH, 7 = 5.1 Hz, HI') , 5.81 (t, 

39 9 



ChapChap te}- 2 

IH,J=IH,J=  5.1 Hz, H2'). 5.65 (t, 1H7=5.1 Hz. H.V). 4.52 (m. 3H. H4', H5'); 2.16, 2.10, 2.09 (3x S. 9H. COCH,); "C 

NMR:: 8 170.6, 170,1. 169.5, 151.6, 150.7, 147.7. 145.2. 132.2. 108.6. 83.4, 82.0, 73.7, 70.4. 62.0. 20.7, 20.5, 20.3; 

IR:: 1549, 1371, 1336.4, 1230; HRMS (FAB*): ohs. mass 468.0998. calcd mass for C^H^NjOj, (M+H) 468.1003. 

5-Nitro-7-azido-3-(2',3',5,-tri-<7-acetyl-P-D-ribofuranosyl)-3f/-imida2o[4,5-fclpyridin ee (39): 

Sodiumm azide (33 mg, 0.51 mmol) was added to a solution of 38 (0.234 g, 0.50 mmol) in dry DMF(1.5 mL) at 0 °C. 

Thee reaction mixture was stirred at 0 °C during 1.5 h and subsequently at rt for 30 min. Aqueous work-up and 

extractionn with ether/KtOAc 1/1 gave crude azide, which was used in the next step without purification. 'H NMR: 5 

8.33 (s, 1H, H2), 7.6 (s, 1H, H6). 6.2 (d, 1H. 7 = 4.9 Hz, HI'), 5.7 (t, 1H, 7 = 4.9 Hz. H2"). 5.6 (t, 1H 7=5.1 Hz. H3), 

4.33 (m. 3H. H4', H5'); 2.16. 2.10, 2.09 (3.x s, 9H. COCH,); L,C NMR: S 170.0, 169.3, 169.2. 152.7, 145.1, 144.7, 

142.2,, 132,2, 103.6, 87.0. 80.5, 78.7, 74.4, 62.9, 20.7, 20.5, 20.3. 

5-Nitro-7-amino-3-(2',3,,5,-tri-0-acetyl-(?-D-ribofuranosyl)-3//-imidazo[4,5-fr]pyridin ee (41): 
Compoundd 39 was dissolved in DCM (5 mL). Then 0.144 g of triphenyl phosphine (0.55 mmol) was added, 

immediatelyy resulting in the formation of the iminophosphorane (40), as was observed by gas evolution and the 

developmentt of a yellow product. 'HNMR: 5 7.9 (s, IH, H2), 7.7 (m, 6H, H6, Ar), 7.3 - 7,5 (m, 9H, Ar), 6.1 (d, 1H, 

JJ = 4.7 Hz. HI'), 5,8 (m, IH, H2'), 5.67 (tm. IH, H3), 4.4 - 4.4 (m, 3H, H4', H5'), 2.16. 2.10, 2.09 (3x s, 9H, 

COCH,);; "C NMR: 5 170.2, 169.3, 169.2, 154.08, 144.3, 140.9, 134.6, 132.5. 105.9, 86.60, 80.1, 73.3, 70.3, 63.2, 

20.5,, 20.3, 20.2. 

Thee solvent was evaporated after 0.5 h at rt, the residue was dissolved in HOAc (3 mL) and water (1 mL) was 
added.. After stirring at 40 °C during 2 h and aqueous Na2CO/EtOAc workup, compound 41 (0.111 g, 0.254 mmol, 

51%)) was obtained by crystallization from methanol. The crystal structure of this compound was obtained as well 

Mpp 186-187 T ; 'H NMR: 5 8.11 (s, IH, H2), 8.43 (s, IH, H6), 6.22 (d, IH, 7 ~ 5.8 Hz, HI'), 5.81 (t, IH, 7 = 5.8 
Hz,, H2"), 5.70 (i, IH 7 = 5.1 Hz, H3'), 5.36 (s, b, 2H, NH2), 4.50 (m, 3H, H4', H5'); 2.16, 2.10, 2.09 (3x s, 9H, 

COCH,);; "C NMR: S 170.62, 169.5, 169.0, 154.0, 147.15, 144.0, 141.2, 126.7, 97.4, 86.8, 80.3, 73.5, 70.7, 63.2, 

20.6,, 20.4, 20.3; IR; 1644, 1616, 3469; HRMS (FAB+): obs. mass 438.1270, calcd mass for Cl7HaiN,0, (M+H) 

438.1261. . 

5-Nitro-7-amino-3-fJ-D-ribofuranosyl-3//-imidazo[4,5-ftlpyridin ee (42): 
Compoundd 41 (0.123 g, 0.254 mmol) was dissolved in hot MeOH (4 mL) and KCN (10 mg) was added. The 

mixturee was stirred overnight at rt, the resulting suspension was concentrated until ca 1 mL was left and the product 
wass obtained by filtration (61 mg, 0.20 mmol, 79%). Mp 269-273 'C; 'H NMR (d,-DMSO): 5 8.62 (s, IH, H2), 7.40 

(s,, IH, H6), 7.26 (s, b, 2H. NH2), 5.96 (d, IH, .7 = 5.9 Hz, HI'), 5.47 (d, IH. 7 = 6.1 Hz, OH). 525 (d, IH, 7= 5.6 
Hz,, OH), 4.99 (t, IH, 7 = 5,9 Hz, H2'), 4.64 (t, 1H7 = 5.1 Hz, H3'), 4.20 (d, 1H,7= 5.6 Hz. OH), 4.18 (d, 1H,7 = 

56.11 Hz, OH). 3.68 - 3 58 (m, 3H, H4', H5'): MC NMR (d„-DMSO): 5 153.7, 148.7, 144.5, 143.1, 125.8. 96.2, 87.2, 

85.7,, 73.5. 70.5, 61 5; IR: 164.3. 1616. 3469; HRMS (FAB*): obs. mass 312.0939. calcd mass for CMH,4N,Of, 

(M+H)) 312.0944. 

5,7-Diamino-3-(2',3',5,-tri-0-acetyl-P-D-ribofuranosyl)-3W-imidazo[4,5-&]pyridine(43) : : 

Compoundd 38 (0.47 g, 1.0 mmol) was hydrogenated in methanol (5 mL) with a catalytic amount Raney nickel at 50 

psi.. After completion of the reaction, the catalyst was removed by filtration and the solvent was evaporated. 

Purificationn over a silica gel column, eluting with ethyl acetate: 5% methanol and 0.5% Aqueous ammonia gave 

0.293gg (0.72 mmol, 72%) of 43. H NMR: 5 7.64 (s, IH. H2), 6.00 (m, 2H, H6, HI'), 5.86 (t, IH, J = 4.6 Hz, H2"), 

5.577 <m, IH. H3'), 4.45 - 4.1 1 (m, 3H, H4', H5"), 4.44 (m. 2H. H5'). 2.08, 2.04, 2.02 (3x s. 9H. COCH3); 13C 

NMR:: ( 170.5. 169.6, 169.4. 157.0. 146 9, 145.4. 135.8. 119.1, 87.7. 86.2. 79.3, 72.8, 60.2, 20.5, 20.4. 20.3; HRMS 

(LI) :: obs. mass for 408.1506, calcd mass CI7H,:N\07 <M') 408.1519. 
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5,6-Diamino-3-_-D-ribofuranosyi-3H-imidazo[4,5-b]pyndinee (44): 

Inn 20 mL of dry methanol, presaturated with dry ammonia at 0 (C, 1.0 g (2.15 mmol) of compound 43 was 
dissolved.. The solution was stirred for 15 h at 0(C. The solution was concentrated in vacuo. The solid was 
crystallizedd from ethanol to give 0.63 g (1.94 mmol, 90%) of compound 44. Mp 115-117 °C; lH NMR (D20): S 7.90 
(s,, 1H, H2), 5.92 (d, 1H, 7 = 4.4 Hz, HI'), 5.76 (s, 1H, H6), 4.31 (m, 1H, H2'), 4.17 (m, 1H, H3'), 3.70 - 3.75 (m, 
3H,, H4', H5); nC NMR (D20): o 165.1, 154.2, 150.4, 142.1, 125.1, 96.7, 94.2, 79.8, 76.3, 68.4; HRMS (El): obs. 
masss for 318.1200, calcd mass Cl4H16N504 (M + H) 318 1202. 

5-Nitro-3-(2',3',5'-tri-0-acetyl-P-D-ribofuranosyl)-3iï-imidazo[4,5-A]pyridine(45): : 
Compoundd 41 (0.050 g, 0.11 mmol) was refluxed in a mixture of isoamylnitrite (1 mL) and THF (2 mL) during 2 h. 
Thee volatiles were removed in vacuo and the residue was crystallized from a small amount of methanol to give 45 
(0.0399 g, 0.92 mmol, 84%) as a glass. 'H NMR: S 8.46 (s, 1H, H2), 8.33 (s, 2H, H7, H5), 6.31 (d, 1H, 7 = 5.0 Hz, 
HI') ,, 5.86 (m, 1H, H2'), 5.75 (m, IH, H3'), 4.55-4.46 (m, 3H, H4', H5'), 2.18, 2.11, 2.10 (3x s, 9H, COCH,), 1?C 
NMR:: 5 170.7, 169.9, 169.8, 152.5, 144.4, 140.5, 131.1, 114.2, 96.4, 87.5, 81.0, 71.1, 63.6, 21.1, 20.9, 20.7. IR 
<KBr):: 1338, 1495; HRMS (EI:) obs. mass for 423.1155, calcd mass Cl7H iyN40, (M+) 423.1152. 

5-Nitro-3-p-D-ribofuranosyl-3//-imidazo[4,5-6]pyridine(46): : 
AA mixture of 45 (17 mg, 0.040 mmol) and KCN (0.003 g) in MeOH (1 mL) was stirred at rt during 16 h. Removal 
off  the solvent followed by chromatography over silica (8% MeOH in EtOAc) and crystallization (MeOH/ether) gave 
thee free riboside (8 mg, 0.029 mmol, 72%). Mp 171-173 °C; 'H NMR (d6-DMSO): 8 9.09 (s, IH, H2), 8.49 (d, IH, 7 
== 1.7 Hz, H7), 8.33 (d, IH, 7 = 1.7 Hz, H5), 6.09 (d, IH, 7= 5.9 Hz, HI'), 5.50 (d, IH, J =2.1 Hz, OH), 5.30 (d, 
IH,, 7 = 2.1 Hz, OH), 5.01 (d, IH, 7 = 2.1 Hz, OH), 4.70 (m, IH, H2'), 4.21 (m, IH, H3'), 3.88 (m, 3H, H4', H5'); 
nCNMRR (d6-DMSO): 5 152.1, 149.8, 144.9, 140.3, 131.2, 114.3, 88.3, 86.5, 74.1, 71.0, 61.8. IR (KBr): 1338, 1495; 
HRMSS (EI): obs. mass for 297.0845, calcd mass CuHnN4Of i (M+) 297.0835. 

6-Nitro.3-(2',3',5'-tri-0-acetyl-p-D-ribofuranosyl)-3tf-imidazo[4,5-*]pyridine(47) : : 
Too a solution of 29 (300 mg, 0.68 mmol) in 6 mL CH2C12 was added drop wise 0.32 mL (3.61 mmol) PCI, and and 
stirringg was continued for 1.5 h. The reaction mixture was poured into 20 mL saturated aqueous Na2COrsolution, 
stirredd until CO, formation stopped (after about 30 min) and then extracted with 5x 5 mL of CHC13. The extracts 
weree dried (MgS04) and concentrated in vacuo. Yield: 270 mg (0.64 mmol, 94%) pale yellow foam. 'H NMR: 5 
9.511 (d, IH, J = 2.4 Hz, H5), 8.92 (d, IH, 7 = 2.4 Hz, H7), 8.65 (s, IH, H2), 6.15 (d, IH, 7 = 5.8 Hz, HE), 5.52 (dd, 
IH,, 7 = 5.4, 5.8 Hz, H2'), 5.40 (dd, IH, 7 = = 4.1 and 5.4 Hz, H3'), 4.56-4.59 (m, 2H, H4', H5'), 4.39 (dd, IH, 7 = 13.4 
Hzz and J = 3.0 Hz, H5'), 2.22, 2.19, 2.12 (3x s, 9H, COCTLj; nCNMR: 5170.10, 169.42, 169.29, 159.78, 147.68, 
141.86,, 140.24, 123.62, 115.95, 87.80, 80.99, 73.21, 62.47, 69.79, 20.62, 20.39, 20.22. 

6-Nitro-3-(2',3',5'-tri-Ö-acetyl-P-D-ribofuranosyl)-3//-imidazo[4,5-6]pyridine(48): : 
Firstt route, starting from 47: 

AA solmion of 47 (250 mg, 0.59 mmol), TAR (188 mg, 0.59 mmol) and HgBr2 (213 mg, 0.59 mmol) is stirred in 
toluenee an oil bath (105°C bath temperature) for 2.5 h. The temperature of the oil bath may not exceed the given 
value,, because higher temperatures favour formation of side products. The solvent is distilled off and last traces 
weree removed with the oil pump (1 h). The residue is dissolved in 25 mL of CHCI„  washed with 2x 10 mL aqueous 
30%% KI and 10 mL water and the organic layer dried on MgS04. Concentration in vacuo affords a clear yellow 
viscouss liquid. The product was chromatography over silica (EtOAc/PE 2/1) to give 184 mg (0,443 mmol, 75%) of 
yelloww white foam of compound 48. 
Dataa for compound 48: 

'HH NMR: 5 9.35 (d, IH, 7 = 2.2 Hz, H5), 8.92 (d, IH, 7 = 2.2 Hz, H7), 8.43 (s, IH, H2), 6.31 (d, IH, 7 = 5.1 Hz, 

HE),, 5.95 (dd, IH, 7 = 5.1 and 5.2 Hz, H2'), 5.64 (dd, IH, 7=5.1 and 5.2 Hz, H3'), 4.37-4.51 (m, 3H, H4', H5'), 
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2.17,, 2.13, 2.09 <3x s. 9H, COCH,); nC NMR: 5170.19, 169.51, 169.30, 149.32, 141.52, 141.17, 135.02, 124.25, 

86.76,, 80.38, 73.11, 70.45, 62.90, 20.70. 20.45, 20.30. Remark: the C6-signal could not be detected. 

'HH NMR data tor compound 49: 
'HH NMR (400 MHz, CDCL,): 6 9.31 (d, 1H, 7 = 2.3 Hz, H5), 8.89 (d, 1H, H7), 8.59 (s, 1H, H2), 6.87 (d, 1H, 7 = 5.5 

Hz,, HI'), 5.82 (t. 1H, J = 5.5 Hz, H2'), 5.55 (dd, 1H, J = 5.5 and 4.2 Hz. H3'), 4.28-4.44 (m, 3H. H4', H5'), 2.08, 

2.11,, 2.16 (3xs,9H, COCH,)-
Secondd route, deoxygenation of 36, 
PCI,, (0.3 mL) was added to a solution of 36 (0.098 g, 0.274 mmol) in dry DCM (4 mL). The solution was stirred 

duringg 18 h at rt, poured into aqueous NaHCO-, and stirred during 2 h. The organic layer was separated, dried with 

Na2S04,, evaporated and 0.08 g of 48 was obtained. 

6-Nitro-3-p^D-ribofuranosyl-37/-imidazo[4,5-&]pyridin ee (50): 
Compoundd 48 (430 mg. 102 mmol) was dissolved in a cold, saturated solution of NH? in MeOH (40 mL) and stirred 

forr 18 h at 0 °C. The solution was concentrated in vacuo to ca. 5 mL and crystallization initiated by scratching with 

aa metal spoon. The pale yellow crystals were isolated and dried with the oil pump (234 mg, 0.79 mmol, 78%). 

Mpp 167-168 °C; 'HNMR (CD,OD): 5 9.24 (d, 1H, J = 2.3 Hz, H5), 8.89 (s, 1H. H2), 8.83 (d. 1H, J = 2.3 Hz, H7), 

6.200 (d, 1H, J = 5.2 Hz, HI'), 3.80 (dd, IH, J =12.3 Hz, J = 3.2 Hz, H5'); 3.91 (dd, IH, J =12.3 Hz, J = 2.9 Hz, H5'); 

4.177 (in, IH, H4'); 4.39 (dd, IH, 7 = 4.3 and 5.0 Hz, H3'); 4.71 (dd, IH, J = 5.0 and 5.2 Hz, H2'); 4.85 (s, 3x OH, 

H :0);; L,C NMR (CD,OD): 5 150.60, 149.15, 142.78, 141.81, 135.83, 124.52, 90.74, 87.42, 76.02, 72.01, 62.79. 

HRMSS (EI): obs. mass for 297.0830, calcd mass CnH„NA,(M* ) 297.0835. 

6-Amino-3-(5-D-ribofuranosyl-3//-imidazo[4,5-Z»]pyridinee (51) 
Too a solution of 50 (100 mg, 0.34 mmol) in MeOH (30 mL) was added a catalytic amount of Raney-Ni and the 

resultingg suspension was shaken in a Parr-apparatus (50 psi) for 2 h. The catalyst was filtered off over hyflo, the 

solventt evaporated in vacuo and the residue chromatographed over silica (EtOAc/MeOH 4/1). Yield: 35 mg (0.13 

mmol,, 39%) pale yellow crystals. Mp. 133-135 °C; 'H NMR (dr,-DMSO): 5 8.41 (s, IH, H2), 7.82 (d, IH, J = 2.2 

Hz,, H5), 7.24 (d, IH, 7 = 2.2 Hz, H7), 5.90 (d, IH, J = 6.2 Hz, HI'), 5.41 (d, J = 6.2 Hz, OH), 5.37 (m, IH, OH), 

5.166 (q, IH, J = 4.3 Hz, OH), 5.13 (bs, 2H, NH,), 4.67 (m, IH, H2"), 4.16 (m, IH, H3'), 3.96 (m, IH, H4"), 3.68 (bd, 

IH,, 7=12.0 Hz, H5'), 3.56 (bd, IH, 7=12.0 Hz, H5'); "C NMR (dft-DMSO): 5 170.50, 164.29, 143.13, 138.10, 

134.83,, 113.63, 91.49, 88.06, 74.88, 72.85, 63.68; HRMS (EI): obs. mass for 267.1079. calcd mass C!lH15N4Oi(M
+) 

267.1079. . 

5-Amino-3-(2',3',5'-tri-0-acetyl-P-D-ribofuranosyl)-3W-imidazo[4,5-ft]pyridinee (52): 

Too a solution of 37 (220 mg, 0.48 mmol) in 5 mL methanol was added a catalytic amount of Pd (10% on activated 

carbon)) and the resulting suspension stirred for 3 h h at room temperature under atmospheric H2-pressure. The catalyst 

wass filtered off over hyflo. rinsed with 50 mL MeOH and the filtrate concentrated in vacuo. Chromatographic 

purificationn (EtOAc/PE 2/1) afforded 52 (173 mg, 0.44 mmol. 92%) as white foam. 'H NMR: 5 7.84 (s, IH, H2), 

7.799 (d, IH, J = 8.6 Hz, H7), 6.47 (d, IH, J = 8.6 Hz, H6), 6.05-6.09 (m, 2H, H2', HI'), 5.95-5.98 (m, IH, H3'), 4.57 

(bs,, NH2), 4.49 (dd, J= 11.8 and J -3 .5 Hz, H5'), 4.40-4.43 (m, IH, H4"), 4.34 (dd, IH, J = 11.8 and J = 4.9 Hz, 

H5'),, 2.13, 2.09, 2.05 (3x s, 9H, COCH3); l3C NMR: 6 170.60, 169.62, 169.39 ,155.78, 144.90, 136.46, 130.25, 

127.50,, 105.86, 86.74, 79.52, 72.87, 70.54, 63.02.20.66. 20.55, 20.46; HRMS (EI): obs mass for 303.1427, calcd 

massCl7H2lN407(M
+)) 303.1410 

5-Amino-3-P-D-ribofuranosy!-3//-imidazo[4,5-è]pyridine(53): : 

1755 mg (0.45 mmol) of 52 was dissolved in a cold, saturated solution of NH, in MeOH (ca 20 ml) and stirred for 18 
hh at 0°C. The solvents were evaporated and the residue chromatographed (EtOAc/MeOH/aq.NH, 78/20/2) to give 53 

ass a white foam (115 mg, 0.43 mmol, 97%). Recrystallization from MeOH afforded white crystals. Mp 169-171 °C; 
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!HH NMR (CT^OD): 5 8.11 (s. IH, H2), 7.73 (d, IH, 7 = 8.7 Hz, H7), 6.55 (d, 1H. 7 = 8.7 Hz, H6), 591 (d, IH.7 = 
6.55 Hz, HI'», 4.86 (s, 3x OH, NH2, H20), 4.81 (m, 1H, H2'). 4.33 (m, 1H, H3'), 4.17 (m, 1H, H4'), 3.90 (dd, 1H,7 = 
12.44 Hz, J= 2.3 Hz, H5"), 3.76 (dd, 1H, 7 = 12.4 Hz. 7 = 2.1 Hz, H5"); "C NMR (CD,OD): 5158.31, 145.44, 

140.95,, 130.97, 129.26. 107.25, 91.16, 87.90, 74.70, 72.91; IR (KBr): 1613, 1503, 1427, 1379, 1333, 1286, 1087; 

HRMSS (El): obs. mass for 267.1079, calcd mass CnH]5N404(M* ) 267.1093. 

5-Nitro-7-hydroxy-3-{2',3',S'-tri-0-acetyl-P-D-riboFuranosyl)-3H-imidazo[4,5-ft]pyridine(54): : 

AA mixture of 38 (0.47 g, 1 mmol), benzoic acid (2 mmol), DMAP (5 mg) and triethyl amine (0.166 mL, 1.2 mmol) 

inn dry DMI-' (5 mL) was heated at 40 °C during 18 h. The reaction was quenched with water, acidified with oxalic 
acidd and extracted with EtOAc (3x 10 mL). The extracts were dried with Na2S04 and the solvents were removed by 

evaporation.. Chromatography (EtOAc -> EtOAc/3% MeOH) gave pure product (0.231 g, 0.53 mmol, 53%) as a 
glass.. 'H NMR: 5 12 50 1 LOO (s, b, OH), 8.48 (s, 1H, H2), 7.68 (s, 1H, H6), 6.30 (d, 1H, .7 = 5.4 Hz, HI'), 5.85 (t, 
1H,, 7 = 5.4 Hz, H2'), 5.73 (t, IH 7 = = 5 1 Hz, H3"), 4.50 (m, 3H, H4'. H5'); 2.15, 2.13, 2.10 (3x s, 9H, COCH,); nC 

NMR:: 5 170.3, 169.6, 169.5, 158.2, 154.5, 145.9. 144.5, 133.3, 102.2, 87.4, 81.9, 73.7. 70.5, 63.0, 20.6, 20.4, 20.2; 
IR:: 3107, 1551, 1330; HRMS (FAB+): obs. mass 439.1121, calcd mass for Cl7Hiy N4Ol0 (M+H) 439.1101. 

5-Nitro-7-hydroxy-3-fi-D-ribofuranosyl-3//-imidazo[4,5-6]pyridin ee (55): 
Aqueouss ammonia (6 mL, 25%) was added to solution of 54 (0.227 g, 0.52 mmol) in MeOH (3mL). After stirring at 
rtt during 4 h the solvents were removed by evaporation and the product was obtained by trituration with ethanol. 

Recrystallizalionn (water/aceton) gave the unprotected riboside (0.126 g, 0.404 mmol, 78%) as yellow crystals. 'H 
NMR(d,-DMSO):: 5 8.24 (s, 1H, H2), 6.86 (s. 1H, H6), 5.88 (d, 1H, 7=6.3 Hz, HI'), 5.40 (s, b, IH, OH), 5.17 (s, b, 

d,, lH,OH),5.IO(s, b, lH,OH),4.66(t, IH, 7=6.3 Hz, H2'), 4.17 (t, IH7 = 5.1 Hz, H3'), 3.68 - 3.58 (m, 3H, H4'. 

H5');; MC NMR (d„-DMSO): 6 153.7, 148.7, 144.5, 143.1, 125.8, 96.2, 87.2, 85.7, 73.5, 70.5, 61.5; IR: 1643, 1616, 

3469;; HRMS (FAB+): obs. mass 297.0830, calcd mass for CMHnN4Of, (M+H) 297.0835. 

5-Nitro-7-methoxy-3-/J-D-ribofuranosyl-3//-imidazo[4,5-&]pyridine(56): : 
Inn 20 mL of dry methanol, presaturated with dry ammonia at 0 °C, 1.0 g (2.47 mmol) of compound 38 was 
dissolved.. The solution was stirred for 15 h at 0 °C. The solution was concentrated in vacuo. The solid residue was 
crystallizedd from ethanol to give 0.28 g (228.5, 1.24 mmol, 55%) of compound 56. Mp 175-177 °C; 'H NMR 
(CD,OD):: 5 8.76 (s, IH, H6), 7.89 (s, IH, H2), 6.15 (d, IH, 7 = 5.4 Hz, HI'), 4.75 (t, IH, 7 =5.4 Hz, H2'), 4.41 (t, 
IH,, 7= 4.1 Hz, H3'),4.26(s, 3H, OCH,), 4.17 (m, IH, H4'), 3.96 - 3.81 (m, 2H, H5'); l,C NMR (CD,OD): 5 172.49, 
172.64,, 160.62, 153.72, 149.09, 146.07, 133.29, 109.35, 88.92, 83.69, 76.15, 74.77, 64.96; HRMS (FAB + ): obs. 
masss 327.0940, calcd mass for Ct2H„N 407 (M+H) 327.0941. 

5-Chloro-6-nitro-l-(2',3',5'-tri-0-acetyl-P-D-ribofuranosyl)-lH-imidazo[4,5-b]pyridin ee (57): 
AA solution oi' 0.18 mL (1.82 mmol) POCI, and 0.15 mL (1.82 mmol) DMF immediately settles as a white solid. 
Thenn a solution of 29 (0.40 g, 0.91 mmol) in 4 mL CHCI, was added at 0 "C. The reaction mixture was stirred at rt 

forr 3 hours and poured dropwise into saturated NaHCO, solution at 0 "C. The mixture was extracted with 3 portions 

ott 10 mL CHC1, and dried over Na2S04. The solvent was removed in vacuo and the raw product was purified with a 
silicaa column (eluent 1% MeOH/EtOAc), leaving 0.232 g (1.2 mmol, 34%) of the product 57 as a yellow-orange 

foam.. 'H NMR: 5 8.70 (s, IH, H6/H8), 8.60 (s, IH, H6/H8), 6.10 (d, IH, 7 = 5.5 Hz, HI'), 5.45 (t, IH, 7 = 5.5 Hz, 

H2'),, 5.35 (t, IH, 7 = 4.4 Hz, H3), 4.56 (m, 2H, H5'), 4.36 (m, IH, H4'). 2.17, 2.16, 2.11 (3x s, 911, COCH,); "C 

NMR:: 5 170.05, 169.45, 156 71, 148.20, 140.13, 138.54, 122.85, 119.15, 88.07. 80.83, 73.40, 69.57, 62.38, 20.48, 
20.29,20.16. . 

NOEE difference spectroscopy: 

Irradiatedd nucleus: HI'; enhanced signals: H7. H2, H2', H4'. 

Irradiatedd nucleus: H2; enhanced signals: HI', H2', H3'. 
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5-Chloro-6-nitro-3-(2 ,.3',5'-tri-0-acetyl-p-D-ribofuranosyl)-3H-imidazo[4,5-è]pyridine(58): : 

0,4677 g (1.02 mmol) of 57, 0.327 g (1.03 mmol) of TAR and 0.373 g o I' HgBr, were dissolved in 2 mL dry 

acctonitrilee and 20 mL dry toluene. The mixture was refluxed lor 5 hours. 'H NMR of this crude reaction mixture 

showedd 96% conversion. The solvents were evaporated in vacuo. Then 10 mL CHC13 was added and this mixture 

wass washed twice with KI-solution (309") and once with distilled water. The organic layer was dried over Na; S04 

andd the raw material was purified with a silica gel column (eluent 1:8:16 MeOH: PE: EtOAc). 0.217 g (48% yield, 

0.499 mmol). Further purification was performed by recrystallization 58 from ElOAc/PE. Mp 128-130 "C; 'H NMR: 

ÖÖ 8.66 (s, 1H, H6/H8), 8.39 (s, 1H, H6/H8), 6.26 (d, 1H, J = 5.4 Hz, HI ') , 5.84 (t, 1H, .7 = 5.5 Hz, H2'), 5.62 (t, 1H, 

JJ = 4.7 Hz, H3'), 4.49 (m, 1H, H4'), 4.43 (m, 2H, H5'), 2.18, 2.14, 2.10 (3x s, 9H, COCH,); nC NMR: 5 170.1, 

169.4,, 169.2. 146.4, 145.9, 141.4. 138.9, 134.1, 126.9, 86.5, 80.5, 73.1, 70.3, 62.8, 20.6. 20.4, 20.20; IR: 1536.0, 

1375.0,, HRMS (FAB*) : obs. mass 444.0889. calcd mass for CI7H,„N,0,;C1 (M+H) 444.0809. 

5-Chloro-6-nitro-3-/3-D-ribofuranosyl-3W-imidazo[4,5-fc]pyridin ee (59). 

Too 60 mg (0.1 3 mmol) of compound 58 was added 3 mL of MeOH, saturated with NH, and the mixture was stirred 

overnightt at 0 °C. Al l volatile chemicals were evaporated off in vacuo, yielding a green oily substance. This was 

purifiedd with a silica gel (eluent 20%MeOH/ 0.3% NH/EtOAc}  yielding 16 mg (0.05 mmol, 38%) of product. 'H 

NM RR (CD,OD): 5 8.87 (s. 1 H. H2/H7), 8,78 (s, 1H, H2/H7), 6.16 (d, \H. J = 5.0 Hz, Hi ' ) , 4.68 (t, 1H, J = 5.0 Hz, 

H2'),, 4.38 (t, 1H, J = 4.7 Hz, H3'), 4.16 (m, 1H, H4'), 3.91 (m, 1H.7 = 12.3 Hz, J = 3.5 Hz, H5'), 3.81 (m, 1H,7 = 

12.22 Hz, J = 3.5 Hz, H5'); nC NMR (CD,OD): 5 150.59, 148.16, 143.6, 141.81, 135.83, 125.62, 90.74, 87.12, 

76.12,, 72.00, 62.60; HRMS (FAB+): obs. mass 331.0450, calcd mass for CM H1 ;N40,C1 (M+H) 331.0445. 
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AdenosineAdenosine Analogs 

3.11 Introduction 

Transitionn state inhibitors frequently exhibit extraordinarily high binding affinities and 

enzymee specifities. High affinity is achieved because TS inhibitors engage in full complement of 

interactionss used by the enzyme during catalysis to preferentially stabilize the TS and thereby 

lowerr the reaction energy barrier. Another approach involves the use of substrate analogs, which 

uponn action of the enzyme are converted to TS inhibitors. Purine riboside (1, nebularine) is a 

goodd example in this series, which upon action of ADA is converted to enzyme-bound 

6-hydroxy-l,6-dihydro-purinee riboside (2).1 

no o xi xi 
HOO HO 

ADA,, H,0 
H.. .OH 

HN N 

H O - ,, n 

HOO HO 

11 2 

StructuresStructures of purine riboside 1 and the transition state analog of purine riboside 2 from action of ADA 

Schemee 3.1 

Wee tried to influence this inhibitory character by introduction of several electron 

withdrawingg and/or electron donating groups in different positions of the purine ring. Also we 

studiedd the interaction of these modified nucleosides with ADA to determine the requirements 

andd limits for interaction of these compounds as inhibitors or substrates of ADA. In this chapter 

thee synthesis of substituted purine ribosides is described. The structure-activity relationships of 

thesee adenosine analogs with ADA will be discussed in chapter 5. 

Inn this chapter we wil l first introduce a regioselective nitration method to substitute C2 in 

purinee ribonuclcosides and deoxyribonucleosides and discuss the advantages and limitations of 
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thiss method.2 Conversion of this nitro substituent to a nitroso group is extensively discussed in 

paragraphh 3.3. The mechanism of the nitration reaction is discussed in § 3.5. and structural 

determinationn of the products is shown in § 3.6. At the end of this chapter the substitution at C6 

withh different amines and substitution al N1 with hydroxyl and/or amine is discussed. 

3.22 Functionalization of C2 in the purine ring 

Adenosinee analogs substituted at the 2-position show interesting activity in several biological 

systems.. Apart from activity of these nucleosides with ADA, these compounds have shown 

interestingg properties in different studies. The apoptosis inducing properties of some 

2-halo-substitutedd adenosine analogs have been described.3 In addition, introduction of carbon, 

aminoo or oxygen substituents at the adenosine 2-position increases the selectivity of binding of 

thesee molecules to the different adenosine receptors.4 Most of the procedures towards the 

synthesiss of 2-substituted purines are based on 2,6-dichloropurine or use guanosine as starting 

material.5,6 6 

Onlyy a few nitration reactions of nucleosides are known in the literature due to the instability 

off  the glycosidic linkage towards acidic conditions and/or high temperatures.7 Treatment of 

uridinee triacetate with copper(H) nitrate/acetic anhydride gives 3-nitro-uridinc triacetate.8 

Nitrationn of protected inosine (3) using a reagent prepared from TFAA and ammonium nitrate is 

describedd in the literature, which gives the Nl nitrated nucleoside 4.7 

O O 

HN N M"NT-N ,XX NH4N03,TFAA 0 2 N . N J I N 

LL II > ^  L JL > 
1STT N D C M _20 - c 70o/o N - ^ - N 

rib(Ac)33 rib(Ac)3 

Schemee 3.2 

Thee TBAN/TFAA nitrating agent improved the availability of disubstituted purine systems 

startingg from 6-substituted purine nucleosides. Nitrations with this reagent are in general 

performedd at 0 °C in DCM, and one equivalent of TFA is formed during the substitution 

reaction.. Nitration of 6-chloropurine riboside (5) with TBAN/TFAA is an excellent example of 

thiss method Scheme 3.3. We tried to extend this method to several other purine nucleosides. But 
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ass wil l be discussed there are some limitations when functional groups like OH or NH2 are 

presentt in the molecule. 

CII CI 

M - ^ V - NN TBAN/TFAA(1.7eq) M ^ V - N 

II  xx> *  X X x> 
% j - ^ - NN 0'C, 2h, 65-71% 02N N N 

rib(Ac)33 rib(Ac; 

Schemee 3.3 

1 1 

3.2.11 2-Nitroadenosine 

Directt nitration with TBAN/TFAA nitrating agent of adenosine triacetate (7) was not 

successfull  and protection of the amine group seemed crucial. Protection of the amine with one 

acetatee was not enough for nitration, but with the use of penta-acetylated adenosine 8 the 

nitrationn gave the desired product (9) in 55% yield. Removal of the acetate protecting groups 

fromm 9 was not successful and already under mild conditions such as KCN in methanol, 

replacementt of the nitro group occurred as a side reaction, affording 2-methoxyadenosine 10 in 

62%% yield and only 10% of the desired compound. In particular removal of the second A^-acetyl 

groupp was rather slow, so substitution of the nitro group dominated to give 2-methoxyadenosine. 

NH22 N(Ac)2 N(Ac)2 NH2 

uu X N> — I X  x> - ^  X X x> — X J O 
rib(Ac)33 rib(Ac)3 rib(Ac)3 ribose 

77 8 9 10 

Conditions:Conditions: a) aceüc anhydride, DMAP, reflux, b) 1.5 eq TBAN/TFAA, DCM, 0 'C, 55%, c) 1.2 eq KCN, MeOH, 48 h. rt, 62%. 

Schemee 3.4 

Ann alternative synthetic procedure starts with 6-chloropurine riboside 5, which is readily, 

availablee from inosine (Scheme 3.5).9 First it was nitrated to give 6 then it was converted to 

2-nitroadenosinee triacetate 13 by replacement of the chloro substituent with sodium azide 

followedd by conversion of the azide to the corresponding amine. 
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R R 

Nuc" > > 
rib(Ac)3 3 

1—— 3 R= OH 
a a 

1-»-- 5 R= C! 

N, , 
1 1 

0 2 N ^ N ^ N N 

rib(Ac)3 3 

11 1 

b b 

CI I 

02NN N 

6 6 

NPPh3 3 

0 2 N ^ N ^ N N 
rib(Ac)3 3 

12 2 

> > 

rib(Ac)3 3 

e,, f 
—»--

c c 

NH2 2 
i i 

0 2 N ^ N ^ N N 
R R 

13,, R= rib(Ac)3 

14,, R= ribose 

Conditions;Conditions; a) POCI,. dimethylaniline, b) TBAN/TFAA (1.7 eq.), DCM. 65-71% over three steps, c) 1.0 eq. NaN„ 
DMF,DMF, -18 "C, d)PPh„ 1.1 eq.. DCM. rt. e) AcOH,/H20 3/1, 45 "C 1.5 h. 64%. over three steps, f) KCN, MeOIl. 2 h, 

rt.rt.  80%. 

Schemee .1.5 

2-Nitroadenosinee could be used as a precursor for several 2-aminated purines; for instance 

reductionn of 14 with Pd/C gives 2-hydroxylamino adenosine (15) whereas reduction with Raney 

Nii  results in complete reduction of the nitro group to yield diamino purine riboside (16). 

1 44 a)15, R=NHOH 

b)) 16, R=NH2 

Conditions:Conditions: a) Pd/C. ethanol. 60%. b) RaNi, ethanol. 55%. 

Schemee 3.6 

3.2.22 2-Nitroinosine 

Thee TBAN/TFAA nitrating reagent proved to be very sensitive to the presence of hydroxyl 

orr amino groups in our system. Therefore direct nitration of inosine triacetate did not give the 

desiredd nucleoside. But starting from 6 and replacement of chloride under controlled conditions 

gavee 2-nitro inosine 18 in good yield. The key step is the choice of nucleophile in the 

substitutionn of chloride, since hard nucleophiles result in decomposition of the nucleoside. 
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CII OH CTNH3
+ 

O . N ^ N ^ NN 0 2 N ^ N ^ N 0 2 N ^ N ^ N 

rib(Ac)33 rib(Ac)3 ribose 

66 17 18 

Conditions:Conditions: a) Sodium acetate (10 eq.), ethanol, reflux 8h. 84 %. b) NH,/MeOH, 0'C, 24 h, 46%. 

Schemee 3.7 

3.2.33 2-Nitropurine riboside 

Nebularine,, 9-(2,3,5-tri-0-acetyl-/3-D-ribofuranosyl)-9W-purine 19 was prepared from 

chloridee 5 by a literature method (Scheme 3.8).'° Direct nitration of 19 was not successful. In our 

previouss experience on nitration of pyridine systems TBAN/TFAA nitrating agent was effective 

whenn pyridine was oxidized to the corresponding A'-oxide (see chapter 2, § 2.5)." So we checked 

iff  oxidation of 19 improved the nitration reaction. This oxidation was performed with several 

oxidants.. mCPBA. which usually is applied in this type of reactions, did not work. On the other 

hand,, DMDO oxidation gave l-oxo-9-(2,3,5-tri-0-acetyl)-|3-D-ribofuranosyl-9//-purine 20 in 

60%.. The nitration reaction with TBAN/TFAA was performed with different amounts of the 

reagent,, different reaction times and different temperatures. But in all cases either the starting 

materiall  was recovered or it was decomposed. It seems likely that no suitable position for 

C-nitiationn in 20 is available. The unprotected nucleoside 21 was used for enzyme studies 

(chapterr 5). 

bb O - M ^ V - N c N V \ - N 

% j ^ NN S M ^ - N ^ N ^ N 

fib(Ac)33 rib(Ac)3 ribose e 

199 20 21 

Conditions:Conditions: a) PdJC, //,. b) DMDO, I h, 60%, c) KCN/MeOH. 

Schemee 3.8 

Thee site of oxidation was established by comparison of 'H NMR spectra of 21 with 

imidazo[4,5-b]pyridinee (22) and imidazo[4,5-b]pyridine-4-oxide (23). As is shown in Figure 3.1 

oxidationn at N3, which is close to the sugar, shifts the absorption of HI ' to lower field. In 

N-oxidee 21 the HI ' has an absorption at 6.26 ppm. 
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O.. . 
N-- N N 

ux: > > 
H O - ,, O 

HOO HO 

21 1 

,6.266 ppm 

-N N 

H O - ii O 

HOO HO 

22 2 

.6.288 ppm 
HO O 

-N N 

I I 
O " " 

Ov v 

HOO HO 

23 3 

.7.388 ppm 

Comparisonn of the imidazo[4,5-b]pyridine and its A'-oxide with 21. 

Figuree 3.1 

Sincee direct nitration was not successful, a different approach was used. Reductive 

diazotizationn of 13 succeeded but problems arose during removal of the acetate protecting 

groups,, and instead of 2-nitropurine riboside (26), 2-methoxypurine (25) was obtained as the 

mainn product. 

NH2 2 

O P N ^ N ^ N N O o N ^ N ^ N N 

N N 

J, , 
MeOO ^N 

0 2 N ^ N ^ N N 

ribosee ribose rib(Ac)33 rib(Ac)3 

133 24 25 

Conditions:Conditions: a) isoamyl nitrite (50 cq), THF, 48 h reflux, 37%. b) KCN/MeOH 

Schemee 3.9 

26 6 

Too overcome this problem compound 27 was used in which the fert-butyldimethylsilyl group 

(TBS)) was used as protecting group. This compound was prepared from 5 by protection with 

TBS.. Conversion of 27 to the protected nitro adenosine 30 was carried out via the same route as 

iss shown the Scheme 3.5. After reductive diazotization to 31 the TBS-groups were removed with 

fluoridee ion under mild conditions to form the desired riboside. 
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CII CI 

V N v \\ c
 N < ? \ - N 

27 7 

rib(TBS)33 rib(TBS)3 

28 8 

N N 

0 2 N ^ N ^ " N N 

N N 
e.f f 

rib(TBS) ) 

NH2 2 
1 1 

xX'> xX'> 
rib(TBS)3 3 

30 0 

g g 

*-- 1X> > 
0 2 N ^ N ^ N N 

R R 
// 31 , R=rib(TBS)3 

»  26. R= ribose 

29 9 

Conditions:Conditions: a) KCN/MeOH, b) TBDMSCl, imidazole, c) TBAN/TFAA , 85 %, d) NaN\ e) TPP.fi HOAc/H20 59% 
overover three steps, g) isoamylnitrite, 80 "C, 20 h, 68 %, h) TBAF/HOAc/THF, 38 %. 

Schemee 3.1U 

3.33 2-Nitrosoadenosine 

Aromaticc C-nitroso compounds can be formed as reactive intermediates in biological 

systems.. The interacellular lifetime of C-nitroso drugs is short, estimated to be about 30 min. At 

loww concentrations their cytotoxic effects are negligible and they are converted to non-toxic 

species.12 2 

3.3.11 Synthesis of 2-nitrosoadenosine 

Forr ADA inhibition studies, 2-nitrosoadenosine 32 seems to be an interesting target. The first 

attemptt for the synthesis of this compound was direct oxidation of hydroxylamine 15, using 

sodiumm periodate as oxidant. Oxidation with excess amount of this reagent resulted in cleavage 

off  the C3'-C2' bond (glycol cleavage). Under milder conditions and using less than one 

equivalentt of oxidant the desired oxidation of the hydroxylamine function to nitroso occurred. It 

iss known in the literature that the nitroso compound undergoes reaction with the starting material 

too give two isomeric azoxy dimers. The same reaction was observed in this case to produce 

compoundd 33 (E and Z isomer). The next reagent for this oxidation was r-butyl hypochlorite 

(t-C(t-C44H,,OC\)H,,OC\) but this reagent also oxidized the NH, at C6. 
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NH? ? 

HOHN N Cl} Cl} 
ribose e 

15 5 

Nal04,, H20 

NH2 2 

0=N N JÓÖ Ö 

32 2 

N N 
ribose e 

«.J J 
N N 

ribose e 

NH22 NH2 

0~ ~ 

N N 

ribose e 

33 3 
Azoojt)**  formation from NaI04 oxidation of 15. 

Schemee 3.11 

Afterr these attempts, a different approach using acetate protected 2-nitroso adenosine 36 was 

used.. Reduction of 2-nitro-6-azidopurine 11 gave 34 in one step. The oxidation to 36 occurred 

smoothlyy but deprotection of the acetate protecting groups using several reagents resulted in 

decompositionn before all the acetate groups were removed. Using TBS as protecting group and 

repeatingg the same sequence gave the TBS-protccted nitroso compound 37 in good yield, but the 

problemm of deprotection of the hydroxyl groups by using fluoride could not be solved, since 

decompositionn occurred before the last TBS was removed. 

0?N N xtxy xtxy 
NH, , 

HOHNN N JÓÖ Ö 0=N N 

NH2 2 

cc or d LL 32 

111 R=rib(Ac)3 
288 R=rib(TBS)3 

344 R=rib(Ac)3 

355 R=rib(TBS)3 

366 R= rib(Ac)3 

377 R=rib(TBS)3 

Conditions:Conditions: a) H2, Pd/C. EtOAc/EtOH, 45 "C, b) NaI04, H20, EtOAc, c) NH/MeOH, or KCN, MeOH, or 
MeONa/MeOH,MeONa/MeOH, d) TBAF or HOAc/11,0 or NH4F/MeOH. 

Schemee 3.12 
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Itt is well documented that the mtroso group can participate in cycloaddition reactions.1' We 

tookk advantage of this cycloaddition for the synthesis of 2-nitroso adenosine 32. Diels-Alder 

reactionn of 36 with cyclopentadiene at the room temperature gave the cycloadduct 38 

(22 diastereomers in a 1:1 ratio) in 100% yield. Deprotection of the acetate protecting groups with 

aa catalytic amount of potassium cyanide in methanol gave a mixture of the dcprotected ribosides 

399 in 75% yield. The major isomer was crystallised and thermal retro Diels-Alder reaction with 

thiss compound gave the 2- nitrosoadenosine 32 in approximately 50% yield. 

NH22 NH, NH 

36 6 
NN b N ^ S ^ N v c N * ^ N ^ N v 

rib(Ac)33 / - " ^ o ribose ^ . ribose 

O O 
388 39 32 

Conditions:Conditions: a) cyclopentadiene, 100%, b) MeOH/KCN, 75%, c) DMF, N2, 100 'C, 50%. 

Schemee 3.13 

Aromaticc nitroso compounds show a strong tendency to form dimers and the amount of 

dimerizationn in solutions strongly depends on concentration, temperature, solvent and the 

presencee of substituents on the aromatic system.'4 Although there is a lot of information about 

aromaticc C-nitroso compounds16 nitroso-purines are not known in the literature. Nitrosobenzene, 

however,, exist solely as the cis dimer, whereas 2,6-dimethylnitrosobenzene is exclusively in the 

trans-azodioxytrans-azodioxy form.11' '6 In case of 2-nitrosoadenosine the detected dimer in solution has been 

assumedd to be in the cis form by analogy with the data from nitrosobenzene. 

NH 2 2 

ribosee r i b o s e Ó" 6 r i b e 

322 40 

t t 
ribose e 

NH22 NH2 
11 1 

^ NN N=N_ N 

ó""  6 

TheThe dimerization of nitrosoadenosine. 

Schemee 3.14 
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3.3.22 UV studies of the nitroso compounds 

NH2 2 

xtxy xtxy N N 
ribose e 

32 2 

Thee UV studies on 2-nitroso adenosine 32 were carried out in 

waterr at different concentrations. Three major absorption bands 

(namelyy 202, 247 and 31 1 nm), and a shoulder at 400 nm were 

observed.. The ratio of molar absorptions at 3 11 over 400 nm is 

dependentt of the concentration of the nitroso compound. Therefore 

itt can be concluded that absorption at 311 nm is mainly from the 

monomerr and absorption at 400 nm belongs to dimer 40, as shown 

inn Figure 3.2. 

Onee could conclude that the amount of monomer is increasing by dilution but a 

quantitativee amount of monomer or dimer could not be detected. These results are rather 

differentt from C-nitroso aromatic compounds like nitroso-benzene, since in low concentrations 

thee only species is monomer. This could be explained by the steric effect of the two hydrogens in 

thee ortho positions to the nitroso group, which makes the dimerization processes more difficult , 

C o m p a r edd With 2-nitroso adenosine. The absence of hydrogen a toms in the Ot'tfl O pos i t ions facilitates dimerization. 

Concentration n 

inn D20 

11.11 p.M 

22.22 U.M 

52.00 U.M 

1111 M-M 

2222 U.M 

3333 MM 

Abs s 

(3l lnm) ) 

1.22 2 

0.78 8 

0.41 1 

( 1 21 1 

0.10 0 

0.08 8 

Tablee 3.1 

Abs s 

(4000 nm) 

0.34 4 

0.26 6 

00 18 

0.12 2 

0.07 7 

0.06 6 

A31I/A400 0 

3.62 2 

3.0 0 

2.3 3 

1.75 5 

1.31 1 

11 11 

300 0 

A 3 1 1 / " 0 0 

A 4 000 20° 

100 0 

50 0 

0 0 

concentrat ionn ( M M ) 

AbsorptionAbsorption at 311 and 400 nm in different concentrations of 32 in water. 

Figur ee 3.2 

Thee same study for 2-nitroso adenosine triacetate was performed. At concentrations suitable 

forr UV measurements, many aromatic nitroso compounds exist predominantly in monomer 

form.177 Figure 3.3 shows the UV absorption of 36 in chloroform at different concentrations. 
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NH2 2 

X X 
0 = N ' ' 

J3 3 N N 
rib(Ac)3 3 

36 6 

UVV absorption of 36 in chloroform at three different 
concentrations s 

Figuree 3.3 

Theree are two absorption bands, at 248 and 371 nm in chlroform and 259 and 400 nm in 

DMSO,, of comparable molar absorptivity. In a given solvent and in solutions containing 50 |iM 

too 150 (iM , the ratio of molar absorptivities at these two wavelengths is independent of 

concentrationn of the nitroso compound. 

Thesee results show that 2-nitroso adenosine triacetate 36 in these two solvent is present 

mostlyy in the monomeric form. Since a satisfactory conclusion could not be obtained from the 

UVV studies on 32 and 36, 'H NMR experiments were carried out to find a clear answer to the 

monomer/dimerr distribution. 

Tablee 3.2 

RelationshipRelationship between concentration of 36 and absorption ratio in different solvents. 

Concentration(CHCl,)) Abs(248 nm) Abs(371 nm) A248/A37' 

500 (iM 

1000 uM 

1500 uM 

0.74 4 

1.53 3 

2.18 8 

0.20 0 

0.42 2 

0.62 2 

3.6 6 

3.6 6 

3.5 5 

Concentration(DMSO)) Abs(259 nm) Abs(400nm) ) A 2 5 9 / A 4 00 0 

50uJvI I 

1000 uM 

1500 uM 

0.68 8 

1.32 2 

1.76 6 

0.22 2 

0.45 5 

0.58 8 

3.1 1 

3.0 0 

3.0 0 
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3.3.33 1H NMR studies of 2-nitrosoadenosine 

'HH NMR spectra at different temperature and concentration of 2-nitrosoadenosine triacetate 

(36)) were recorded. At concentrations of the order of 10 ' M, typically used in NMR studies, the 

dimerr of 2-nitroso adenosine is found in amounts comparable to those of the monomer; whereas 

att 253 K in CD2C12 the major species of 36 is the dimer. A complete characterization of the 

dimerr is present in the experimental. The equilibrium of monomer/dimer is shifted to the 

formationn of the monomer at high temperatures so we tried to characterize the monomer by 

elevatingg the temperature. 'H NMR spectra of the monomer were recorded at higher temperature 

(3400 K), but since high concentrations are necessary for '3C NMR studies, the carbon spectra of 

thee monomer under these conditions could not be detected, also 36 is moderately stable at higher 

temperatures. . 

Thee following table shows the ratio of dimer and monomer of 36 at different temperatures 

andd concentrations, in CDC1V The integral of H8 in both cases is used to determine the 

monomer/dimerr ratio. As it is shown at room temperature and low concentration, the ratio of 

monomer/dimerr is more than 1 and at higher concentration probably the predominate species is 

thee Z-dimer. 

Tablee 3.3 

IntegralIntegral ofH2 in mixture of monomer/dimer of 36 

entryy Concentration(temperature) Monomer (8.77 ppm) Dimer (8.51 ppm) Monomer/dimer* 

11 7 0 0 u M ( 3 0 0 K) 1 0.8 125 

22 3500 uM (300 K) 1 3 0.33 

33 3500 \iM (340 K) 1 0 -

44 700 uM  (253 K) 0 1 -

**  These ratio's are based on the integral of H8, not the molar ratio's. In entries 1-3 the solvent is CDCl,, but in entry 

44 the solvent is CD,Cl,. 

'HH NMR studies on 2-nitrosoadenosine 32 at room temperature showed that the major 

speciess is the dimer even at very low concentrations. 
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Tablee 3.3 Dimer/Monomer of 32 ratio at different 
concentrationsconcentrations in D^O 

Concentration n 

D,0 0 

25M.M M 

500 tiM 

11 10 uM 

4400 uM 

monomer r 

(8.655 ppm) 

1 1 

I I 

1 1 

1 1 

dimer r 

(K.333 ppm) 

1.4 4 

!!  6 

1.9 9 

3.6 6 

Idime e r r 

1.4 4 

1.6 6 

1.9 9 

S.6 6 

I d i m e r / / 
I m o n o m e r r 

1000 200 300 

Concentratio nn (p.M) 

Figur ee 3.4 

Bothh tables show that at higher concentrations as expected the equilibrium is shifted to 

dimerr formation. In case of 2-nitroso adenosine even at very low concentration dimerization is in 

favorr although at this concentrations the known nitroso compounds such as nitroso-benzene are 

inn monomeric form. Probably the solvent (D,0) plays a role in shifting the equilibrium towards 

thee dimer. 

3.44 Functionalization of C2 in 2'-deoxyadenosine 

Adenosiness containing a halogen atom at the 2-position display cytotoxic activity, and 

especiallyy 2-chloro-2'-deoxyadenosine (cladribine), which is a potent inhibitor of DNA 

synthesis,, is currently used against leukemia and in the treatment of chronic lymphoid 
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malignancies.188 More importantly, 2-substituted-2'-deoxypurines are good inhibitors of ADA.19 

Thereforee the synthesis of 2-nitro-2'-deoxy-adenosine was undertaken. Selective protection of 

2-nitroadenosinee as its 3', 5'-0-(l ,1,3,3-tetrawopropyldisiloxan-l ,3-diyl) derivative (41) 

proceededd satisfactory. 

14 4 

NH2 2 

0 2 N ^ N ^ N N 

O --

( / P r ) ^ ' ' 

(// Pr)2Si—O OH 

41 1 

NH2 2 

0 2 N ^ N ^ N N 

(// Pr^Si—O 

OPh h 

42 2 

NH2 2 

0 2 N ^ % l " ^ N N 

(/Pr)2S S 

CX X 

O. . 
ii Pr)2Si—O 

Conditions:Conditions: a) l,3-dichloro-l,l,3,3-tetraisopropyldisiloxane (1.25 eq.), pyridine, b) 

phenylchlorothionocarbonatephenylchlorothionocarbonate (1.1 eq.), DMAP, c) AlBN. tributyltin hydride. 

Schemee 3.15 

Functionalizationn of 41 at C2' with phenoxythiocarbonyl chloride, employing 

4-(7V,N-dimethylamino)pyridinee (DMAP) as the catalyst, afforded the 3',5'-0-protected 2'-0-

(phenoxythiocarbonyl)) ester (42). Free radical-mediated deoxygenation with tributyltin hydride, 

usingg a,a'-azobis(/.?obutyronitrile) (AIBN) as the initiator, did not give the deoxygenated 

product,, although usually under these conditions good results are obtained with adenosine and 

otherr nucleosides.20 This could be caused by the nitro group in the purine ring, which probably 

disturbss the radical reaction. 

Thee desired compound 48 could be prepared using an alternative rout starting from 

2'-deoxyadenosine.. As was described for the nitration of adenosine triacetate (Scheme 3.4), 

directt nitration of these systems without protection is not possible. First the sugar has to be 

protectedd with acetate groups and the amino group was converted into a chloride by diazotization 

off  acetate protected amino compound. Nitration on 43 by TBAN/TFAA gave 44 in 72% yield. 

Afterwardss the chloride was converted back into to the amine 48 using the same route as 

describedd for compound 13 (Scheme 3.5). 
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2'-deoxyadenosine e 

CI I 

J J 

c c 

0 2 N " % J ^ N N 

A c O — s / N N 

AcO O 
H H 

43 3 
AcO O 
H H 

44 4 

0 2 N ^ N ^ N N 

O O 

NH? ? 

AcO O 

AcO O 

I—— 45 R= N3 ee L^46 R= NPPh-, 

XX JLX> 
0 2 N ^ N ^ N N 
RO O 

R'O O 

,—— 47 R'= Ac 
99 I _ 48 R'=H 

Conditions:Conditions: a) Ac20, b) t-C4H9ONO, pyr. HCl, DCM, c) TBANfTFAA (1.5 eq) 72%. d) NaN„ e) PPh,, f) AcOH, 
H,0,H,0, g) KCN, MeOH 64%. 

Schemee 3.16 

3.55 Mechanism of the nitration 

Nitrationn with TBAN/TFAA, which is mild nitration method, was applied in several systems. 

Thee TBAN/TFAA nitration proved to be a strongly substrate dependent process, since 

nucleosidess such as adenosine triacetate 7 or nebularine triacetate 19 did not give any of the 

expectedd nitrated products. Formation of polar side products as a result of A'-nitration and/or 

glycosidicc bond cleavage was observed in some cases. 

Sincee the conventional "nitronium-ion" nitration mechanism was introduced2' numerous 

alternativee processes have been studied, all as a result of the many forms NO„ can adapt. In a 

recentt publication, Ridd reviewed a group of unconventional nitration pathways; most of them 

basedd on radical species and/ or electron transfer processes.22 Only a few examples are known in 

whichh electron deficient substrates are nitrated at room temperature and from these, the nitration 

reactionss of chloro-nitrobenzenes using N205/HNO, give a clear indication of a radical addition.23 

Thee nitro-nitrate-addition products, formed as intermediates, were observed by l5N CIDNP-NMR 

andd support a radical addition mechanism, although electrophilic processes catalyzed by HNO, 
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seemm to dominate the formation of the end products. NO,' itself is not reactive enough for 

substitutingg the aromatic ring and therefore a more reactive species such as NO,', which is 

formedd in equilibrium from N205, initiates the substitution reaction. Comparable mechanisms 

weree suggested to explain the unusual selectivity during Kyodai nitration with N0, /0 ,, although 

electronn transfer from electronrich substrates to NO, was postulated as the initiating step.24 

Inn the TBAN/TFAA system presumably trifluoroacetyl nitrate splits homolytically into N02 ' 

andd the trifluoroacetate radical (Scheme 3.17).25 

BU4NNO33 + (CF3CO)2 - CF3COONO2 - CF3COO ' + N02 

GenerationGeneration of NO,'from TBAN/TFAA 

Schemee 3.17 

Itt should be noted that in theory N,05 and consequently NO," can be formed during the 

TBAN/TFAAA nitrations. Addition of the reactive trifluoroacetoxy radical to the imidazole C8 in 

55 gives a highly delocalized radical that can be stabilised by a substituent at C6 (Scheme 3.18). 

Inn the next step combination of the radical with N02 ' takes place at C2. Elimination of 

trifluoroaceticc acid from the unstable intermediate affords the product. In view of the high 

oxidationn potential of purines, an alternative mechanism via electron transfer to NO,' seems 

unlikely. . 

ci i 

^L^L  N 

CII CI 

XMM N02 N ^ N * N
X nn -HOR N^r\ 

rib(Ac)33
 r i b ( A c > 3 r ib<Ac)3 

ProposedProposed mechanism for nitration ofó-clüoropurine riboside 

Schemee 3.18 

Anyy concurrent electrophilic processes during TBAN/TFAA nitration were excluded by a 

controll  experiment using nitronium tetrafluoroborate. No nitration was observed under these 

conditionss and the starting material was completely recovered. In addition, Evans25 and Njoroge 

havee already shown that radical capture by adding 4 equivalents of TEMPO (2,2,6,6-tetramethyl-

1-piperidinyloxy)) to this nitrating mixture (TBAN/TFAA) almost completely inhibited the 

reactionn with benzocycloheptane as substrate.25'2 

Althoughh additional studies are necessary to clarify the exact mechanism, similarities between 

N,055 and the TBAN/TFAA nitrating mixture are obvious. The ease of handling the 

TBAN/TFAAA mixture, in combination with the relatively mild acidic reaction conditions makes 

thiss reagent preferable over several other nitrating agents. 
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Too summarize, for successful nitration the following substrate requirements can be deduced 

fromm these studies: 

—— Acidic protons (e.g. NH or OH) are not tolerated. 

—— Nucleophilic nitrogen atoms (as in pyridine) are not tolerated. 

—— Radical stabilizing substituent (Cl, NR2, N-oxide) is required. 

3.66 Structure determination by 1H NMR studies 

Thee structure of 2-nitro-6-chloropurine (6) was proven by gradient accelerated HMBC 

spectroscopyy (heteronuclear multiple bond correlation) optimized for 10 Hz coupling constants 

Ass an illustrative example, a part of the gradient accelerated HMBC spectrum of 6 is shown in 

tablee 3.5. These data exclude the possibility of C8 nitration. 

H8 8 

HI ' ' 

Tablee 3-5 

Selectedd 3-bonds interactions 

C4,, C5, CI' 

C8,C4,, C3',C4' 

AcOO OAc 

0,N N 

OHH OH 

3.77 13C NMR assignment of 2-nitroadenosine 

Carbon-11 3 magnetic resonance spectroscopy affords a possibility to 

studyy in detail the structure of the molecular framework. To assign the 

chemicall  shifts of C2, C6 and C8 in 2-nitroadenosine the proton-coupled 
nnCC spectrum of this compound was recorded in d6-DMSO. The peak from 

C88 is split into to a multiplet, due to coupling with H8. 

Literaturee information about the position of the C6 absorption is not 

unequivocal.. A gross correlation of carbon-13 shift data with theoretical 

estimationss of charge density is mostly used to determine the position of this carbon.27 

Inn the case of 2-nitroadenosine the nC NMR distinction between C2 and C6 was rather 

difficult .. The presence of the amine group at C6 was helpful. The proton decoupled nC of this 

compoundd in d6-DMSO before and after addition of a drop of D20 was recorded. By addition of 

D200 the amine proton is exchanged slowly and this exchange effects the chemical shifts of C6 in 

thee 13C NMR. This exchange made a clear distinction between C2 and C6, since C6 was divided 

intoo a couple of peaks. This process was followed for 20 h and the selective nC NMR is shown 

inn Figure 3.7. 
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C6-NH2,, 5= 156.30 ppm C2,, 5 = 155.10 ppm 

C6-NH2,, 5= 156.26 ppm 
C6-NHD,, 8= 156.19 ppm 
C6-ND2,, 5= 156.12 ppm 

C2,, 5= 155.05 ppm 

^^y/^vXA^vV^wv ^ ^ W*<v«'\WV%v'v-Wwvv'jA^A<yYiY*'* **  W*MA<wV\^^fy A-''A^«VV»/v"l'Y'/'v^^ 

/Vw** A*WVwV»vVVV  V ^ ^V V A Y 1^ ' ' ^^ ' 'v * * v ,^^V^^ n 

77?ee "C NMR (125 MHz) of 2-nitroadenosine a) solution in d6-DMSO, b) after addition of 20 \lL D20 and 10 min., 
c)c) the same mixture after 18 h. 

Figuree 3.5 
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3.88 Funct ional izat io n of th e purin e nucleosid e at C6 

Ass mentioned in chapter 1 substituents like methylamino, methoxyamino, hydroxylamino 

andd halogens are converted into a hydroxy group by the action of ADA. We studied the effect of 

thee size of the substituent on N-6. Starting from 6-chloropurine these compounds could easily be 

prepared.. The procedure was to couple a small number of different amines to 6-chloro-purine 

ribosidee by a reaction in which the amine displaces the chloride.28 The amines chosen for these 

reactionss were iV-methoxy-A-methylamine, A-methoxyamine, A-methyl-A-hydroxylamine and 

/V-hydroxylamine. . 

CII NRR' 

N ^ V NN EtOH, reflux N ^ N 50 R= OMe, R'= Me, 50% 
II If x> + RR'NH : „ | F x> 51 R= OMe, R'= H, 52% 

NN N 52 R= OH, R'= Me, 58% 
r i b o s ee ribose 53 R= OH, R'= H, 60% 

49 9 

Schemee 3.19 

6-iV-hydroxylamine-purinee riboside (53) is a substrate for ADA , but its isomer 6-0-

hydroxylamine-punnee riboside (54) is not known in literature.28 The synthesis of 54 would give 

anotherr interesting Co-substituted purine with a product like structure. 

U M ^ O HH .NH2 

HNN o 

riboseribose Jibose 

533 54 

Structuree of A'-hydroxylaminopurine and its isomer O-hydroxylaminopurineriboside. 

Schemee 3.20 

Firstt we tried a model reaction with 9-THP-6-chloropurine 57.~' The reagent A-hydroxy-

phtalimidee 55, was prepared by a literature method.1" 
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O O 

NOHH + 

b b 

55 5 

OH H 

CI I 

&} &} N N 

THP P 

56 6 

'&} '&} N N 

THP P 

58 8 

bb 57 

ONH2 2 

k k II > 
N N 

THP P 

59 9 

W W 
N N 

>̂ > 
N N 

THP P 

60 0 

Conditions:Conditions: a) DMSO, NaH, b) NH,N1ICH„ DCM, -20 'C, c) acetone, rt. 

Schemee 3.21 

Deprotectionn of 57 gave 60. But the compound was so reactive under these conditions that we 

couldd only detect hydroxyderivative 58 in the 'H NMR spectra. The same observation has been 

madee for the synthesis of 6-O-hydroxylamine-purine.31 The compound 59 was characterized by 

makingg the oxime 60 in situ with acetone. These results lead to the conclusion that the aminooxy 

groupp on carbons adjacent to electron-withdrawing heterocyclic nitrogen atoms, is too reactive to 

alloww its isolation. This makes ADA inhibition studies impossible. 

3.99 Functionalization of purine riboside at N1 

Cleavagee of the heterocyclic ring of the bases of nucleic acids (and their derivatives) can 

occurr through the action of a number of reagents. Sometimes this opening of the ring is an 

intermediatee stage of the reaction (Scheme 3.22) and is followed by its closure by groups of 

atoms,, which differ from those in the original ring. In our group this ring opening of the purine 

systemss at C2 was studied intensively." 
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Whenn a strongly electron-withdrawing group such as the 4-nitrophenyl is attached to the Nl 

atomm of the hypoxanthine ring as in 62, the C2 becomes electrophilic enough to react with 

nitrogen-nucleophiless (Scheme 3.22). This leads to a fast ring reclosure of the formamidine 

intermediate,, favoured by the loss of 2,4-dinitroaniline as the leaving group, to give the inosine 

derivative.""  Following a literature route l-(2,4-dinitrophenyl)inosine triacetate (62) was 

obtainedd by treatment of inosine triacetate with 2,4-dinitrochlorobenzene and potassium 

carbonatee in dimelhylformamide at 80 °C. In 'H NMR this compound was present as a mixture 

off  rotamers. 

o o 

HN N N N 

LL  I ) 
rib(Ac)3 3 

0,N N 

bb or c 

62 2 

'2 '2 

O O 

HN-C=N N 
RR H rib(Ac) ) 

to to N N 
ribose e 

b)63,, R = NH2 

c)) 64, R = = OH 

Conditions:Conditions: a) 2,4-dinitrobenzene (2.5 equiv.), K,COt (2.5 equiv.), DMF, 91% b) NH2NH2 (50% aq.), 4h, 50 °C, c) 
NHNH22OHOH (10 mole equiv.), 4h, 80 "C. 

Schemee 3.22 

Byy treatment of compound 62 with hydrazine (50% aq) compound 63 was obtained. 

Recrystallizationn from methanol gave pure crystals of 1-amino-inosine 63 in 18% yield. When 

compoundd 62 was treated with hydroxylamine product 64 was obtained in 40% yield. 
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3.100 Conclusions 

AA new and mild nitration procedure using TBAN/TFAA for functionalization of C2 in the 

purinee ring is introduced. This nitro group was converted to a new series of 2-substituted purines. 

Inn the known synthetic procedures for 2,6 disubstituted purines 2,6-dichIoropurine ribosides is 

used.. This nitration method make an easy access to 2-nitro-6-chloropurine riboside 6 which is a 

cheaperr alternative for the preparation of 2,6-disubstitutcd purines. 2-Nitrosoadenosine was 

preparedd from the same precursor and a detailed study was carried out on the 

monomer/dimerizationn of this compound. 

3.111 Acknowledgements 

Martinn Wanner is gratefully acknowledged for performing part of the syntheses described in 

thiss chapter. Hester van Lingen is acknowledged for the syntheses of Nl-substituted inosine 

derivativess in §3.9. 

3.122 Experimental 

Generall  methods. For general details see section 2.9, on page 34. For the NMR data assignments of the compounds 

inn this chapter the following numbering has been used: 

6 6 
N N 

V V 
NN N 

HOO OH 

1 1 

2-Nitro-6-chloro-9-(2,3,, 5-tri-0-acetyl-P-D-ribofuranosyl)-9//-purine (6): 

AA nitrating mixture was prepared at 0 °C by adding of TFAA (6.34 mL, 45 mmol) to a solution of TBAN (13.7 g, 45 
mmol)) in dry DCM (75 mL) in ca 2 min. After 10 min this solution was added via syringe to an ice-cold solution of 
6-chloro-9-(2,3,5-tri-0-acetyl-P-D-ribofuranosyl)-purinee (5)'J (12.39 g. 30 mmol) in DCM (75 mL). The reaction 
wass quenched after 3 h at 0 "C by pouring the reaction mixture into a stirred mixture of sat. NaHCO, (200 mL), 
waterr (200 mL) and ether (ca 250 mL). The water layer was extracted with a 2/1 mixture of ether and DCM, the 
combinedd organic layers were washed successively with dilute NaHCO, (2 x 30 mL) and with water (30 mL) and 
driedd over Na,S04 (sometimes crystallisation of the product occurs during the extraction procedure). The pale 
yelloww product was obtained by trituration with methanol (9.75 g, 21.3 mmol. 71%). An analytical sample was 
obtainedd by recrystallization from EtOAc. Mp 170 - 172 "C; 'H NMR: 5 8.58 (s, 1H, H8), 6.30 (d 1H. J = 5.3 Hz, 
HI') ,, 5.76 (dd. 1H. J = 5.3 and 5.3 Hz. H2't. 5.57 (m, 1H, H3'). 4.52 (m. 1H. H4'), 4.44 (m. 2H. H5'), 2.16, 2.09, 
2.066 (3x s, 9H. COCH,); "C NMR: 5 170.0 and 169.4 and 169.4 (COCH,). I53.1(C2), 152.7 (C6), 151.3 (C4), 
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147.üü (CS), 134.8 iC5), 87.13 (Cl'), 81.16 (C4'), 73.53 (C2'), 70.53 (C3"), 62.82 (C5'); 20.56 and 20.35 and 20.14 (3 

xx COCH,j; IR (KBrj: 1348, 1495; HRMS (HI) obs. mass for 458.0712, calcd mass ClflH17N5OyCl (M+H) 458.0719. 

6-A',.\'-Diacetylamino-9-(2,3,S-tri-0-acetyl)-P-D-ribofuranosyl-9f/-purine(8): : 
AA solulion of adenosine (2.67 g, 10 mmol) and DMAP (0.050 g) in acetic anhydride (25 ml.) was heated in an oil 

bath,, and the acetic acid was distilled off during the reaction together with Ac20 (Bp 122-126'C). According to TLC 

aa 1 / 1 mixture of tetra- and pentaacetate was formed. Additional amounts of DMAP (0.050 g) and acetic anhydride 
(100 inL) were added and distillation was continued for 2 h. Evaporation of the volatiles and chromatography over 

silicaa with EtOAc as eluent gave 8 as a glass (3.77 g, 7.88 mmol. 79%). 'H NMR: 5 8.98 (s, IH, H2), 8.28 (s, III , 

H8),, 6.26 (d, 1H, 7 = 5.2 Hz, HI'), 5.98 (dd, 1H, J = 5.2 and 5.3 Hz, H2'), 5.69 (m, 1H, H3'), 4.45 (m, 1H, H4'), 4.40 
(m,, 2H, H5'),2.37(s, 6H, NCOCH,); 2.16, 2.12, 2.11 (3x s, 9H, COCH,). IR (KBr): 1748, 1602, 1577, 1368, 1221. 

2-Nitro-6-diacetylamino-9-(2,3,5-tri-0-acetyl)-|3-D-ribofuranosyl-9//-purine(9): : 
Compoundd 8 (0.238 g, 0.5 mmol) was nitrated using 1.5 eq. nitrating agent. A clean reaction occurred, giving only 
productt and starting material. The reaction was quenched after 1 h at 0 °C by pouring the reaction mixture into a 
stirredd mixture of sat. NaHCO, (10 mL), water (10 mL). The water layer was extracted with a 2/1 mixture of ether 
andd DCM, the combined organic layers were dried over Na2S04. Flash chromatography and ethyl acetate as eluent 
gavee 9 (0.082 g, 0.157 mmol) in 55% yield. 'H NMR: 5 8.55 (s, 1H, H2). 6.30 (d 1H, 7 = 5.1 Hz, HI'), 5.73 (dd, 1H, 
JJ = 5.1 and 5.3 Hz, H2'), 5.58 (m, 1H, H3'), 4.48 (m, 1H, H4'), 4.06 (m, 2H, H5'), 2.37 (s, 6H, NCOCH,), 2.13, 
2.06,, 2.05 (3x s, 9H, COCH,); L1C NMR: 6 171.2, 170.6, 169.4, 153.7, 153.4, 151.4, 147.8, 133.0, 87.2, 81.0, 73.5, 
70.4,, 62.8, 60.2, 26.2, 20.5, 20.3, 20.23; IR (KBr): 1336, 1423; HRMS (FAB+) obs. Mass 523.1426, calcd mass 
CjnH2,N(1Onn (M+H) 523.1425. 

2-Methoxy-adenosinee (10): 

Compoundd 9 (0.070 g, 0.13 mmol) was dissolved in 5 mL of methanol. A catalytic amount of KCN was added and 

thee mixture was stirred for 48 h. Evaporation of the solvent and recrystalization from methanol gave the product in 

62%% yield (26 mg, 0.08 mmol). Mp 206 - 209 °C; 'H NMR (D,0): 5 8.12 (s, 1H, H8), 5.95 (d, !H, 7 = 6.8 Hz, HI'), 
4.600 (m, 1H, H2'), 4.20 (m, 1H, H3'), 3.98 (m, IH, H4'), 3.81 (s, 3H, CH,), 3.6 (m, 2H, H5'); L1C NMR (dr,-DMSO): 

55 162.5, 157.2, 151.5, 139.8, 116.0, 88.4, 86.2, 73.7, 71.2, 62.3. HRMS (FAB+) obs. mass 330.1050, calcd mass 
C|,Hu,N5077 (M+H) 330.1059. 

2-Nitro-6-azido-9-(2,3,5-tri-0-acetyl)-(i-D-ribofuranosyl-9//-purine(ll): : 
Sodiumm azide (0 325 g, 5 mmol) was added to a solution of 6 (2.29 g, 5 mmol) in DMF (20 mL) at -18 °C (bath 
temperature).. Alter 1 h at this temperature, stirring was continued at 0 °C for 2 h. Water (20 mL) was slowly added, 
resultingg in crystallization of the product. The mixture was kept for 2 h at 0 °C, filtered and the azide was washed 
withh water (3 x) and with 1/1 water/methanol, and dried in vacuo (2.06 g, 89%.)- A pure sample was obtained by 
recrystalli/ationn from EtOAc. Mp 164 - 166 T ; 'H NMR: S 8.39 (s, IH, H2), 6.28 (d, IH, J = 5.5 Hz, HI'), 5.76 
(dd,, IH, J = 5.3 and 5.3 Hz, H2'), 5.58 (m, IH, H3"), 4.52 (m, IH, H4'), 4.46 (m, 2H, H5'), 2.16, 2.12, 2.09 (3x s, 
9H,, COCH,); nC NMR: 5 169.8, 153.1, 152.7, 155.0, 153.9, 152.2, 145.0, 127.1, 87.3, 81.7, 73.5, 71.4, 20.6, 20.4, 
20.2;; IR (KBr): 2162, 1746, 1429, 1348, 1495; HRMS (EI) obs. mass for 456.1089, calcd mass C„,Hl7NH0, (M+H) 
456.1088. . 

2-Nitroadenosinee triacetate (13): 

Triphenylphosphinee (1.32 g, 5 mmol) was added in portions to a solution of 11 (2.06 g, 4.44 mmol) in DCM (25 

mL).. After the nitrogen evolution stopped, the solvent was removed by evaporation to give crude iminophosphorane 
12,, which was used without purification in the next step. 

Compoundd 12 was dissolved in acetic acid (12 mL). diluted with water (4 mL) and stirred during 1.5 h at 45 - 50 °C. 
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Thee acid was neutralized using aqueous Na2CO, and the product was extracted with EtOAc. Crystallization of the 

residue,, obtained after drying and evaporation, yielded 13 as pale yellow crystals (1.40 g, 3.20 mmol, 72%). 

Dataa for 12 ;H NMR: 5 8.09 (s, 1H, H2), 7.90 (m, 5H, Ar), 7.54 (m, 10H, Ar), 6.18 (d, 1H. J = 5.2 Hz, HI'), 5.78 
(dd,, 1H, J = 5.2 and 5.3 Hz, H2'), 5.65 (m, IH, H3'), 4.47 (m, 1H, H4'), 4.42 (m. 2H. H5'), 2.13, 2.09, 2.05 (3x s, 

9H,, COCH,). 
Dataa for 13: Mp 145 - 146 °C; 'H NMR: 8 8.16 (s, IH, H2), 6.23 (d, IH, J = 5.5 Hz, HI"), 6.18 (s, b, NH2), 5.76 (dd, 

IH,, J = 5.3 and 5.3 Hz, H2'), 5.63 (m, IH, H3'), 4.48 (m, IH, H4'), 4.46 (m, 2H, H5'), 2.17, 2.12, 2.09 (3x s, 9H, 

COCH,);; nC NMR: 5 170.2 and 169.8 and 169.6 (COCH,), 156.3 (C2), 155.2 (C6), 148.8 (C4), 142.3 (C8), 121.7 

(C5).. 86.7 (CI'). 80.6 (C4'), 73.5 (C2'), 63.2 (C3'), 60.2 (C5'); 20.8 and 20.4 and 20.2 (3 x COCH,); IR (KBr): 1345, 

1416;; HRMS (FAB+) obs. mass 439.1210, calcd mass C^H^N.O, (M+H) 439.1214. 

2-Nitroadenosinee (14): 
Compoundd 13 (864 mg, 2.0 mmol) was dissolved in methanol (10 mL) and 20 mL THF, and catalytic amount of 

KCNN (0.065 g, 1.0 mmol) was added. Stirring at room temperature for 2 h followed by addition of TFA (77 jiL , 

II  mmol). CAUTION: HCN is formed. Crystallization over night at 4 'C, gave the product in 80 % yield (0.498 g). 

Mp2l88 - 220 °C; 'H NMR (d„-DMSO): 3 8.67 (s, IH, H2), 8.3Us, b, NH2), 5.92 (d, IH, J = 6.8 Hz, HI'), 5,53 (d. 

IH,, 7 = 6.1 Hz, OH), 5.27 (d, IH, J = 5.0 Hz, OH), 5.02 (d, IH, J = 5.6 Hz, OH), 4.59 (dd, IH, J = 6,8 and 5.3 Hz, 

H2'),, 4.18 (m, IH, H3'), 3 98 (m, IH, H4'), 3.60 (m, 2H, H5'); l 'C NMR (dft-DMSO): 8 158.9, 157.6, 151.4, 

146.8,124.5,, 91.6, 88.8, 76.8, 73.4, 64.4; HRMS (FAB+): obs. mass 313.0895, calcd mass CinH,.,NftOfi (M+H) 
313.0897. . 

2-A'-Hydroxylamino-adenosinee (15): 
AA mixture of 14 (50 mg, 0.16 mmol) and palladium on carbon (10 mg, 10%) in ethanol (5 mL) was hydrogenated at 

11 atm for 15 minutes. The mixture was filtered over hyflo and washed with 20 mL of ethanol, then concentrated in 

vacuo.vacuo. Trituration with ethanol gave the product in 60% yield (28 mg, 0.096 mmol). Mp 185 - 195 °C; 'H NMR (d„-

DMSO):: S 8.56 and 8.27 (s, b, NHOH), 8.03 (s, IH. H2), 6.96(s, b, NH2), 5.80 (d IH, J -6 .8 Hz, HI'), 5.39 (d, IH, 
yy = 6.1 Hz, OH), 5.20 (d. IH, J = 5.0 Hz, OH), 5.14 (d, IH, J = 5.6 Hz, OH), 4.59 (dd, IH, J = 6.8 and 5.3 Hz, H2'). 

4.188 (m, IH, H3'), 3.98 (m, IH, H4'), 3.60 (m, 2H, H5'); l3C NMR (drrDMSO): 8 162.8, 156.2, 155.9, 151, 137.1, 

114.8,, 86.9, 85.7, 73.2, 70.8, 64.9; HRMS (FAB+) obs. mass 299.1103, calcd mass C,0Hl5Nr,O5 (M+H) 299.1104. 

2-Aminoadenosinee (16): 
Too a solution of 14 (50 mg, 0.16 mmol) in ethanol (5 mL), excess Raney nickel was added, and it was hydrogenated 

att 1 atm for 2 h. The mixture was filtered over hyflo and it was washed with 20 mL of ethanol, then concentrated in 

vacuo.vacuo. The product was obtained by filtration after trituration with ethanol in 55% yield (24 mg, 0.088 mmol). Mp 

2355 - 239 °C; 'H NMR (d6-DMSO): 8 7.93 (s, IH, H2), 6.77 (s, b, NH2), 5.72 (s, b, NH2), 5.72 (d, IH, J = 6.8 Hz, 

HI') ,, 4.59 (dd, IH,./ = 6.8 and 5.3 Hz, H2'), 4.18 (m, IH, H3"). 3.98 (m, IH, H4'), 3.60 (m, 2H, H5'); l3C NMR (dfl-

DMSO):: 8 158.9, 157.6, 151.4, 146.8, 141.2, 124.5, 91.6, 88.8, 76.8, 73.4, 64.4; HRMS (FAB+): obs. Mass 

283.1154,, calcd mass C„,H15Nf,04 (M+H) 283.1155. 

2-Nitroinosinee triacetate (17): 
Compoundd 6 (0.458 g, 1.0 mmol) and sodium acetate (0.82 g, 10 mmol) were rcfluxed in ethanol (10 mL) for 8 h. 
Thee mixture was diluted with methanol (10 mL) and oxalic acid (0.81 g, 9 mmol) was added. Silica (10 g) was 

addedd and after removal of the solvents the residue was applied to a column of silica, packed with 2% MeOH in 

EtOAc.. Flution with 15% MeOH in EtOAc gave the product as a yellow glass (0.370 g, 0.84 mmol, 84%). 'H NMR: 
88 7.26 (s, IH, H8), 6.16 (d, IH, J -5 .4 Hz, HI'), 5.72 (t, J = 5.4 Hz, IH, H2'), 5.61 (t, J = 5.4 Hz IH, H3'), 5.2 (m, 

IH,, H4'j, 4.42 (in, 2H, H5'): IR (KBr): 1631, 1430, 1369, 1325; HRMS (FAB+): obs. mass 440.1055, calcd mass 
CUlHIBNsO!(ll (M+H) 440.1053. 
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2-Nitroinosinee (ammonium salt) (18): 

Compoundd 17 (0.370 g, 0.84 mmol) was stirred in a mixture of methanol (5 mL) and aqueous ammonia (25%, 15 

mL)) at rt during 24 h. Evaporation of the solvents, co evaporation with ethanol and trituration with hot ethanol gave, 

afterr cooling in ice 2-nilroinosine as an amorphous, yellow ammonium salt (0.127 g, 0.39 mmol, 46%). Mp dec. 
abovee 250 "C; 'H NMR (D,0): 5 8.34 (s, 1H, H8), 6.08 (d, IH, J = 6.1 Hz, HI'), 4.84 (t, J = 6.1 Hz, 1H, H2'), 4.75 

(m,, 1H, H3), 4.45 (m, 1H, H4'), 3.96 (m, 2H, H5'); l3C NMR (D20): 5. 169.6, 158.3, 151.1, 129.4, 91.6, 88.6, 76.4, 
73.7,, 64.4. HRMS: no spectrum could be obtained with EI and FAB. 

9-(2,3,5-tri-0-acetyl)-rj-D-ribofuranosyl-9//-purine(19): : 

6-Chloro-9-[(2,3,5-lri-0-acetyl)-P-D-ribofuranosyl]-purinee 5 (1.60 g, 3.87 mmol) and sodium acetate (0.80 g) were 
dissolvedd in 50 mL ethanol and 15 mL EtOAc and hydrogenated using 10% palladium on carbon (0.20 g) at 50 psi 

duringg 6 h. The catalyst was removed by filtration (Hyflo) and the filtrate concentrated in vacuo. Flash 
chromatographyy using KtOAc as the eluent gave 23. (1.30 g, 3.44 mmol, 89%). 'HNMR: 8 9,18 (s, 1H, H6), 9,02 (s, 
ÏH,, H8), 8.26 (s, 1H, H2), 6.26 (d, 1H, J = 5.2 Hz, HI'), 5.99 (t, J = 5.4 Hz, 1H, H2'), 5.69 (t, J = 5.4 Hz 1H, H3'), 
4.455 (m, 3H, H4', H5"), 2.16 and 2.12 and 2.09 (s, 3H, COCH,). 

l-A ,-Oxo-9-(2,3,5-tri-0-acetyl)-fi-Ü-ribofuranosyl-9//-purine(2ü): : 

Freshlyy prepared dimethyldioxirane (DMDO, 8mL in acetone) was added at 0°C to 19 (37.8 mg, 0.10 mmol). 

Stirringg at 0"C for 5 h gave the compound in 56% (22 mg, 0.056 mmol) yield. The reaction mixture was purified by 
flashh chromatography on silica (10% methanol in DCM); the compound showed blue fluorescence on TLC. 'H 

NMR:: 6 8.92 (d,7= 1.7 Hz, 1H, H6), 8.90 (d, J = 1.7 Hz, 1H, H8), 8.32 (s, 1H, H2), 6.26 (d, 1H, J = 5.2 Hz, HI'), 
6.177 (t, J = 5.2 Hz, 1H, H2'), 5.87 (t, J = 5.4 Hz 1H, H3'), 5.56 (m, 3H, H4', H5'), 2.16 and 2.13 and 2.09 (s, 3H, 

COCH?);;
 l1C NMR: 6 169.7, 169.1, 145.4, 142.3, 134.2, 86.7, 85, 73.6, 71.6, 61.7, 20.5, 20.2, 20.1. APT and j -

resolvedd C-H correlation shows an extraordinary large coupling constant between H8 and C8; IR (KBr): 1421, 1374; 
HRMSS (FAB+): obs. mass 394.1125, calcd mass CiSH,RN40(l (M+H) 394.1124. 

l-A r-Oxo-9-P-D-ribofuranosyl-9//-puriiie(21): : 

Compoundd 20 (0.1 g, 0.254 mmo!) was dissolved in dry methanol. A catalytic amount of KCN was added. And the 

reactionn mixture was stirred over night. Concentration in vacuo and recrystallization of the product from methanol 
gavee the product in 92% (63 mg, 0.235 mmol). Mp 190 - 192 "C; 'H NMR (D20): 5 9.18 (s, 1H, H6), 9.98 (s, 1H, 

H8),, 8.37 (s. 1H, H2), 6.24 (d, 1H, 7 -5 .4 Hz, HI'), 4.88 (t, J = 5.4 Hz, 1H, H2'), 4.80 (t, J = 5.4 Hz 1H, H3'), 4.49 

(m,, 3H, H4', H5'); nC NMR (D,0): 5 152.0, 147.8, 147.3, 140.7, 135.9, 108.3, 91.2, 87.7, 81.9, 76.2, 72.5, 63.4; IR 

(KBr):: 1421. 1337, 1258; HRMS (FABf): obs. mass 269.0887, calcd mass C|„HL,NaO; (M+H) 269.0886. 

2-Nitro-9-(2,3,5-tri-0-acetyl-fi-D-ribofuranosyl-9tf)purine(24): : 
AA solution of 2-mtroadenosinc triacetate (13) (0.200 g, 0.46 mmol) in a mixture of THF (6 mL) and isoamyl nitrite 

(88 mL) was stirred at 60 °C for 64 h. Evaporation and flash chromatography on silica (EtOAc) gave the deaminated 
compoundd (0.071 g, 37%) as a glass. 'H NMR: 5 9.27 (s, 1H, H6), 8.55 (s, 1H, H8), 6.35 (d, 1H, J = 5.6 Hz, HI'), 

5.800 (t, J = 5.6 Hz, IH, H2'), 5.63 (t, J = 5.4 Hz, 1H, H3'), 4.50 (m, 3H, H4', H5'), 2.20 and 2.13 and 2.10 (s, 3H, 

COCH,);; !>C NMR: 5 170.4, 169.8, 169.7, 155.0, 152.1, 152.1, 149 8, 137.5,87.0, 81.4,73.9,71.0,63.3, 21.0,20.8, 
20.6;; IR(KBr): 1421, 1374; HRMS (FAB+): obs. mass 424.1097, calcd mass C|(SHIHN,Oy (M+H) 424.1105. 

2-Methoxy-9-P-D-ribofuranosyl-9//-purinee (25): 

Removall  of the acetates of compound 24 was carried out with a catalytic amount of KCN in methanol. During this 

reactionn the nitro group was substituted by methoxy group. This substitution is complete even before the last acetate 

hass been removed. 'H NMR (D;0): 8 9.44 (s, IH, H-6), 9.16 (s. IH, H8), 6.28 (d. IH. J = 6.3 Hz, HI'), 5.70 (m, IH, 
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H2').. 5.5 (m, 1H, H.V). 4.71 (m, 1H, H4'). 4.02 (s, 3H. CH,). 3.6 (m. 2H, H5'). 

2-Nitro-6-chloro-9-(2,3,5-tri-0-^rt-but}ldimethyIsilyl-P-D-ribofuranosyl)-9//-purine(28): : 

AA nitrating mixture was prepared at Ü °C hy adding TFAA {0.21 mL, 1.5 mmol) to a solution of TBAN (0.457 g. 1.5 

nunol)) in dry DCM (3 mL). This mixture was added via syringe to an ice-cold solution of 6-chloro-9-(2,3,5-tn-0-
butyldimethylsilyl-P-D-ribofuranosylJ-purinee 27 {0.62 g, 1.0 mmol) in DCM (2 mL). The reaction was quenched 

afterr 3 h at 0 °C by pouring the reaction mixture into a stirred mixture of sat. NaHCO, (10 mL), water (10 mL) and 

etherr (15 mL). The water layer was extracted with a 2/1 mixture of ether and DCM, the combined organic layers 
weree washed successively with dilute NaHCO, (2 x 10 mL) and with water (10 mL) and dried over Na:S04. After 

chromatographyy on neutral A1203 (PE/EtOAc 10/1) 0.561 g (0.85 mmol, purity 95% according to NMR) was 
obtained.. 'H NMR: 8 8.86 (s, 1H, H8), 6.12 (d, IH, J = 4.2 Hz, HI'), 4.59 (dd, 1H, J = 4.2 and 4.3 Hz, H2'), 4.20 

(m,, 1H, H3'), 4.18 (m, 1H, H4'), 3.83 (m, 2H. H5'), 0.96, 0.92, 0.81 (3x s, f-Bu); 0.17, 0.16, 0.11 (3x s, SiCH,); l?C 

NMR:: 8 152.4 (C2), 152.1 (C6), 151.1 (C4), 148.0 (C8), 134.8 (C5), 89.6 (CI'), 85.6 (C4'), 76.2 (C2'). 71.1 (C3'), 
61.88 <C5'), 25.7 and 25.4 (2x CCH,). 18.4 and 17.9 (2x CCH,), -4.5, -4.9, -4.9, -5.1 (4x SiCH,); IR (KBr): 1345, 
1490;; HRMS (FAB+): obs. mass 674.2988, calcd mass for C2KH5,N,OfiClSi, (M+H) 674.2992. 

2-Nitro-6-amino-9-(2,3,5-tri-ö-ïert-butyldimethyIsilyl)-P-D-ribofuranosyl-9//-purinee (30): 

Sodiumm azide (0.052 g, 0.80 mmol) was added to a solution of 28 (0.526 g, 0.80 mmol) in DMF (2.5 mL) at -18 °C. 

Afterr 1 h at this temperature and 3 h at 0 °C, the reaction was quenched with water and extracted with ether. The 
azidee from this reaction was dissolved in DCM (5 mL) and triphenylphosphine (0.223 g, 0.85 mmol) was added. 

Whenn the nitrogen evolution had stopped the solvent was evaporated and the resulting iminophosphoranc was 
dissolvedd in THF (20 mL). Acetic acid (4 mL) and water (7 mL) were added and the solution was stirred at 50 °C 

duringg 16 h. Aqueous Na2CO, workup, ether extraction and chromatography (PE / EtOAc 4 / 1) gave pure 30 as a 

glasss (0.300 g, 0.47 mmol, 59% over 3 steps). 'H NMR: 8 8.45 (s, 1H, H8), 7.39 (s, b, NH2), 5.99 (d, IH, J = 4.2 Hz, 

HI') ,, 4.66 (dd, IH, J = 4.2 and 4.3 Hz, H2'), 4.33 (m, IH, H3'), 4.15 (m, IH, H4'), 3.83 (m, 2H, H5'), 0.94, 0.91, 

0.8211 (3x s, /-Bu); 0.15, 0.13, 0.09, 0.07, 0.00, -0.01 (4x s, SiCH3),
 l3C NMR: 5 156.6, 155.7, 148.9, 142.9, 121.7, 

89.9,, 85.5, 75.9, 71.4, 26.3, 26.0, 26.0, 25.9, 21.2, 18.8, 18.3, 18.1, 4.1, 4.6, -4.5, -4.7, -5.1, -5.3. 

2-Nitro-9-(2,3,5-tri-0-tert-butyldimethylsilyl)-r3-D-ribofuranosyl-9H-purine(31) : : 
AA solution of 2-nitro-2,3,5-tri-0-TBS-adenosine (0.300 g, 0.46 mmol) in a mixture of THF (4 mL) and isoamyl 

nitritee {4 mL) was refluxed at 80 °C during 20 h. Concentration of the solution, chromatography (PE/EtOAc 3/1) 

gavee the dcaminated compound (0.200 g. 0.32 mmol. 689? 1 as a glass. !H NMR (500 MHz): 5 9.22 (s, IH, H6), 8.88 
(s,, IH, H8). 6 14 (d, IH, J = 4.2 Hz, HI'), 4.63 (dd. IH, J = 4.2 and 4.3 Hz, H2'), 4.33 (m, IH, H3'). 4.22 (m, IH, 

H4').. 3.83 (m, 2H, H5'), 0.97,0.92,0.82 (3x s./-Bu). 0.17. 0.16. 0.10, 0.09, 0.01 (4x s, SiCH,); ''C NMR: 5 156.6, 

155.7,, 137.5. 126.7. 100.4. 96.3. 85.5,67.0. 71.4, 26.3. 26.0, 26.0, 25.9, 21.2, 18.8, 18.3, 18.1,-4.1, -4.6,-4.5, -4.8, -

5.1.. -5.3. 

2-Nitropurin ee riboside (26): 
Telrabutylamimoniumm fluoride 3H20 (0.38 g, 1.20 mmol) was added to a solution of compound 31 (0.160 g, 0.26 
mmol)) and acetic acid (0.084 mL, 1.4 mmol) in THF (5 mL). After stirring at rt during 20 h the solution was diluted 

withh some PE and directly applied to a column of silica in EtOAc. Elution with 8 % MeOH in EtOAc and 
crystallizationn from methanol gave 2-nitro-nebularine 26 (28.7 mg, 0.097 mmol, 38%). Mp 172 - 176 "C; 'H NMR 
(D :0):: 5 9.24 (s. IH. H6), 9.10 (s, IH, H2). 6.22 (d, IH, V - 4.9 Hz, HI'), 4.75 (dd. IH, J = 6.8 and 5 3 Hz, H2'), 

4.433 (m. Ill , H3'), 4.12 (m, IH, H4'), 3.85 (m, 2H, H5'); "C NMR (dr,-DMSO): 8 154.0, 151.6, 149.5, 148.9, 136.9, 
877 9. 85 8, 73.7. 69.9. 60.8; HRMS (FAB*): Obs. mass 298.0779, calcd mass for C„,Hl2N?Of, (M+H) 298.0788. 

Azo-oxyy formation from 15 with NaI04 (33): 
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2-Hydroxylaminoo adenosine 15 (0.5 g, 1.67 mmol) in water (2 mL) was added sodium periodate (0.171 g, 0.8 

mmol).. After a few minutes solid product was formed. After addition of water the azoxy compound was obtained in 
30%.. Since this compound is a mixture of E and Z isomers (60:40) the 'H NMR of the mixture is reported here. 

'HH NMR (d„-DMSO): 5 8.60, 8.41 (2x s, H2), 8.15, 7.66 (s, b, NH2), 5.91 (d, 1H, J= 4.2 Hz, HI'). 5.86 (d, 1H, 7= 

4.55 Hz, HI'), 4.52 (m, 2H. H2'), 4.13 (m, 1H, H3' in E or Z), 3.99 (m, 1H, H3' in E or Z), 3.61-3.25 (m, 6H, H4', 
H5'). . 

2-Hydroxyamino-6-amino-9-[(2,3,5-tri-0-acetyl)-[i-D-ribofuranosyl]-9//-purine(34): : 
Too 93 mg of 2-nitro-6-azidopurine 11 (0.09 g, 0.2 mmol) in a mixture of EtOAc and EtOH (2/0.5 mL) was added 5 
mgg of Pd/C and 1 atm of H2. After 3 h h at 35 °C the mixture was filtrate over hyflo and the solvent was evaporated to 
aa glass (quantitative). 'H NMR: 5 8.42 (s, b, NHOH), 7.71 (s, 1H, H2), 6.45 (s, b, NH2), 6.06 (d, 1H, J = 4.1 Hz, 
HI') ,, 5.98 (dd, 1H, J = 4.1 and 5.3 Hz, H2"), 5.78 (m, 1H, H3'), 4.39 (m, 3H, H4', H5'), 2.10, 2.05, 2.02 (3x s, 9H, 
COCH,). . 

2-Nitroso-6-amino-9-(2,3,5-tri-0-acetyl-|3-D-ribofuranosyl)-9//-purine(36): : 
Too 22 mg (20.5 mg, 0.05mmol) of compound 34 in EtOAc (1 mL), was added sodium periodate (12.8 mg, 0.06 
mmol)) in 0.5 mL water. After 1 h at room temperature the mixture was extracted with EtOAc (2x 10 mL), dried and 
thee solvent evaporated to give the product in 54% (12 mg, 0.028 mmol). As mentioned before this compound in 
NMRR studies at low temperature (-20 °C) consist of only the dimer. 
[HH NMR (CD2C12) at 253 K (dimer): S 8.29 (s, 1H, H2), 6.45 (s, b, NH2), 6.27 (d, 1H, J = 6.0 Hz, HI'), 5.58 (m, 1H, 
H2'),, 5.45 (m. 1H, H3'), 4.422 (m, 3H, H4', H5'), 2.10, 2.05, 2.02 <3x s, 9H, COCH,). 

'3CC NMR (CD2CI2) at 253 K 5 172.10 (C2), 170.56, 170.05 (COCH,), 154.90 (C6), 154.62 (C5), 149.52 (C8), 

119.144 (C4), 86.87 (CI'), 81.67 (C4'), 74.08 (C2'). 71.89 (C3'), 63.57 (C5'), 20.98, 20.90 (COCH3). 

Dataa for monomer: 'H NMR (dfi-DMSO) at 340 K: 5 8.64 (s, 1H, H2), 7.07 (s, b, NH2), 6.36 (s, b, 1H, Hl'),6.06 (s, 

b,, 1H, H2'), 5.74 (s, b, 1H, H3'), 4.35-4.46 (m, 3H, H4', H5'), 5.45, 5.43 (2x m, 1H, H3'), 2.52, 2.51, 2.00 (3x s, 
9H,, COCH3). 
13CC NMR of the mixture of monomer, dimer at 293 K: 175.2, 172.6, 169.5, 169.5, 169.1, 165.6, 156.5, 154.4, 148.6, 
144.6,, 141.2, 118.9, 85.9, 84.3, 79.9, 71.7, 70.1, 62.8, 20.5, 20.4, 20.0. 

2-{2-Oxa-3-aza-bicyclo[2.2.1]hept-5-en-3-yll-9-(-D-nbofuranosyl-9H-purine(38): : 
Too 85 mg of compound 36 (0.084 g, 0.2 mmol) was added 30 „L (0.5 mmol) cyclopentadiene, and the mixture 
stirredd at room temperature for 10 min. According to 1H NMR a 1:1 ratio of two isomers 37. 

Deprotectionn of acetates with KCN/MeOH on this mixture overnight gave 54 mg (0.15 mmol, 75%) of 38 two 
diasteomerss in 1:1 ratio. The major isomer was crystalized. The other isomer was obtained as glass by 

chromatographyy of the filtrate. Data for major isomer: Mp above 200 °C dec; 1H NMR ( 8.09 (s, IH, H2), 7.15 (s, 
b,, NH2), 6.42, 6.35 (2x d, 2H, J = 5.8 Hz, H4", H5"), 5.77 (d, J= 5.2, IH, HI'), 5.45, 5.43 (2x m, IH, H3'), 4.64 (s, 
IH,, H2', for one isomer), 4.50 (s, IH, H2', for the other isomer), 4.50-4.41 (m, 2x 3H, H4\ H5'). 

2-Nitrosoo adenosine (32): 

Compoundd 38 (40 mg, 0.11 mmol) was heated in DMF at 90 °C for 15 min, under a dry nitrogen flow to remove the 
resultingg cyclopentadiene. Evaporation of the solvent and recrystallization from water gave the product in 51% yield 
(0.166 mg, 0.056 mmol). 

IHH NMR (CD30D, 330 K) only monomer: 8.59 (s, IH, H8), 6.12 (d, IH, J= 5.4 Hz, HI'), 4.80 (m, IH, H2'), 4.42 
(m,, IH, H3', H4'j, 3.79-3.96 (m, 2H, H5'). 

'HNMRR (df,-DMSO, 330 K) of the monomer ( 8.68 (s, H2), 7.70 (b, s, 2H, NH2), 6.05 (d, IH, J = 5.4 Hz, HI') , 4.99 

(t.. J = 4.6 Hz, H2'), 4.87(m, IH, H3'), 4,67 (t, IH, J = 5.4 Hz, H4'), 4.24 (d, IH, J = 4.2 Hz, OH), 4.02 (d, lti,J = 
3,99 Hz, OH) 3.62-3.72 (m, 2H, H5'). 
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'HH NMR (CD,OD, 300 K) dimer/monomcr in 4:3 ratio (0.8 mg of 32 in 0.5 niL of solvent): 8.63. 8.53 (2x s, 1H, 

H8),, 6.13 (d. IH. ./= 5.8 Hz. HI', monomer). 5.78 (d. IH, ./= 5.2 Hz, HI', dimer). 3.48-4.82 (rest of sugar hydrogens 

forr both species). No mass spectra could be obtained. 

2-Nitro-3',5'-0-(l,l,l,3,3-tetrai.vopropyldisiloxan-l,3-diynadenosincc (41): 
Too a suspension of 2-nitroadenosine 14 (0.125 g. 0.39 mmol) in dried pyridine (2.5 mL) was added 1.3-dichloro-

l,l,3.3-tetra/.vf;propyl-disiloxanee (0.158 mL. 158 mg, 0.5 mmol) and the mixture was stirred for 3 h at ambient 

temperaturee while protected from moisture. Volatile materials were evaporated in vacuo, and the residue was 
partitionedd between EtOAc and water. The organic phase was successively washed with ice-cold HC1 (2x 5 mL), 

water,, saturated NaHC03 and saturated brine. Then it was dried and evaporated. The resulting compound 41 (0.33 
mol,, 0.184 g, 83%) was pure enough to be used in the next step. 'H NMR: 6 8.16 (s, IH, H8>, 6.10 (s, b, NH2), 6.00 

(d,, IH,./ - I I Hz, HI') , 5.00 (dd. IH, 7 = 4.2 and 1.1 Hz. H2'). 4.61 (m, IH, H3'), 4.05 (m, 3H. H4\ H5'), 3.33 (s, 
b,, OH), 1.12, 1.11, 1.10. 1.08, 1.07, 1.06, 1.05, 1.04 (8x s, CH,). 

2-Nitro-2'-0-(phenoxyy thiocarbonyl)-3',5'-0-(l,l,3,3-tetraisopropyldisiloxan-l,3-diyl)adenosine (42): 
Too 0.184 g (0.33 mmol) of 41 were added dried acetonitrile (2.3 mL), DMAP (0.085 g, 0.7 mmol), and 

propylchlorothionocarbonatee (60 U.L, 75.8 mg, 0.44 mmol). The solution was stirred for 16 h at room temperature, 

evaporatedd to dryness in vacuo, and worked up as described for compound 41. 'H NMR: 8 8.22 (s, IH, H8), 7.41-

7.133 (m, 5H, Ar), 6.50 (s, b, NH2), 6.31 (d. IH, J = 5.3 Hz, H2'), 6.24 (d, IH, J = 1.1 Hz, HI'), 5.13 (m, IH, H3'), 

4.21-4.011 (m, 3H, H4', H5'), 1.11, 1.10, 1.06, 1.05, 1.02 (8x s, CH?). 

2-Nitro-6-chloro-9-(2-deoxy-3,5-di-0-acetyl-f3-D-ribofuranosyl)-9H-purine(44): : 

AA nitrating mixture was prepared at 0 °C by adding TFAA (49 uX, 0.35 mmol) to a solution of TBAN (10.7 mg, 
0.355 mmol) in dry DCM (1.5 mL) in ca 2 min. Then this solution was added via syringe to an ice-cold solution of 42 

(700 mg, 0.2 mmol) in DCM (5 mL). The reaction was quenched after 3 h at 0 °C by pouring the reaction mixture 
intoo a stirred mixture of sat. NaHCO, (5 mL), water (5 mL) and ether (5 mL). The water layer was extracted with a 

2/11 mixture of ether and DCM, the combined organic layers were washed successively with dilute NaHCO, (2x 10 

mL)) and with water (10 mL) and dried over Na2S04. Column chromatography gave product 44 in 72% (50 mg, 0.14 
mmol).. 'H NMR: 5 8.64 (s, I H, H8), 6.56 (t, IH, J = 7.0 Hz. HI'), 5.42 (in, IH, H3'), 4.38 (m. 3H, H4', H5'), 2.75-

2.911 (in, 2H, H2'), 2.12. 2.05 (2x s, 6H, COCH,); 1R (KBr): 1741, 1348, 1495; HRMS (EI): obs. mass 400.0667, 
calcdd mass for CI4H,,N,07C1 (M*) 400.0660. 

2-Nitro-6-amino-9-(2-deoxy)-(3-D-ribofuranosyl-9//-purinee (48): 
Sodiumm azide (0.163 g, 2.5 mmol) was added to a solution of 44 (1.038 g, 2.5 mmol) in DMF (20 mL) at -18 °C 

bathh temperature. After 1.5 h at this temperature stirring was continued at 0 "C for 2 h. Water (10 mL) was slowly 
added,, the mixture was kept for 2 h at 0 DC. whereas compound 45 precipitated. It was filtered and the azide was 

washedd with water (3 x) and with 1/1 water/methanol, and dried in vacuo (0.895 g, 85%). 

Triphenylphosphinee (0.66 g. 2.5 mmol) was added in portions to a solution of 45 (0.9 g, 4.25 mmol) in DCM (15 
mL).. After the nitrogen evolution stopped, the solvent was removed by evaporation to give crude iminophosphorane 

46,, which was used without purification in the next step. 

Compoundd 46 was dissolved in acetic acid (5 mL), diluted with water (2 mL) and stirred during 1 h at 45 - 50 CC. 

Thee acid was neutralized using aqueous Na,CO, and the product was extracted with EtOAc. Crystallization of the 

residue,, obtained after drying and evaporation, yielded the amine as pale yellow crystals (0.633 g, 1.60 mmol, 72%). 

Too 120 mg of 47 (0.303 mmol) dissolved in 1:1 mixture of methanol and THF, and 3.3 mg of KCN (0.05 mmol) 

wass added. After 4 h at room temperature, it was concentrated in vacuo and the residue recrystallized from ethanol 
too give 39.5 mg of 48(0.14 mmol. 649}, needles). Mp 24(1 T ; 'H NMR (D,0): 5 8.57 (s, IH, H8), 6.33 (t, IH, 7 = 

7.00 Hz, HI'). 4.43 (m, IH. H3'), 4.38 (in, 3H, H4'. 115), 3.63-3.54 (m, 2H, H2'): !<C NMR (D20): 5 156.8, 156.1, 
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149.1,, 143.5, 121.6, 88.5, 84.6, 71.2, 62.0, 40.1; IR (KBr): 1348, 1495; HRMS (FAB*): obs. mass 297.0938, calcd 

masss for C]()Hl3Nfl05 (M+H) 297.0947. 

6-(Ar-Methoxy,Ar-methyi)amino-9-P-D-ribofuranosyl-9H-purinee (50): 

<3,/V-Dimethylhydroxylaminee hydrochloride (0.682 g, 7 mmol) was neutralized by dissolving in a solution of KOH 
(0.3966 g, 0.7 mmol) in 10 mL dry ethanol. The resulting solution was stirred at room temperature for 30 min. and 

thenn filtered to remove KC1. To 5 mL of this solution 0.203 mg of 6-chloropurine riboside (0.7 mmol) was added 
andd the reaction mixture was stirred for 3.5 h. at 79 °C. Solvent was evaporated in vacuo. The resulting oil was 

crystallizedd from ethanol. 'H NMR (200 MHz, d6-DMSO): 8 8.59 and 8.38 (s, 2H, H2 and H8), 5.96 (d, 1H, J = 5.6 

Hz,, HI') 4.53 (m, 1H, H2'), 4.16 (m, 1H, H3'), 3.83(m, 1H, H4"), 3.77 (s, 3H, CH3), 3.43 (m, 2H, H5'), 2.82 (s, 3H, 
CH});; l3C NMR (d6-DMSO) 5 61.2, 70.2, 74.0, 85.6, 87.3, 124.2, 139.7, 145.6, 146.0, 154.0, HRMS (FAB+): obs. 

masss 312.1309, calcd mass for C12HIS N5 O, (M+H) 312.1308. 

6-(Af-Methoxyamino)-9-P-D-ribofuranosyl-9//-purinee (51): 
Methoxylaminee hydrochoride (2.9 g, 34.7 mmol) was dissolved in a solution of 1.96 g of KOH (34.9 mmot) in 35 

mLL of dry EtOH. The resulting solution was stirred at room temperature for 30 minutes and then filtered. To this 
solution,, 6-chloropunne riboside (1.01 g, 3.51 mmol) was added and the reaction mixture was refluxed for 8 h. After 

188 h at 0 °C the product crystallised. Crystals were separated, washed with water. Recrystalization from ethanol 
gavee the product in 52% yield (0.543 g, 1.83 mmol). Mp 199 - 201 C; 'H NMR (200 MHz, dfi-DMSO): 5 8.25 and 

7.799 (s, 2H, H2 and H8), 5.81 (d, 1H, J = 5.6 Hz, HI') 4.84 (m, 1H, H2'), 4.12 (m, 1H, H3'), 3.94 (m, 1H, H4"). 3.78 

(s,, 3H, CH3), 3.45 (m, 2H, H5'); HRMS (FAB*): obs. mass 298.1150, calcd mass for CMH16N505 (M+H) 298.115!. 

6-<7V-Methyl,, N-hydroxyI)amino-9-p-D-ribofuranosyl-9//-purin e (52): 
Thee amine was liberated by dissolving 2.90 g of MeNHOHHCl (34.7 mmol) in a solution of 1.96 g of KOH (34.9 
mmol)) in 35 mL dry EtOH. The resulting solution was stirred at room temperature for 30 min and filtered. To this 
solutionn 6-chloropurine riboside (1.03 g, 3.59 mmol) was added and the reaction mixture was refluxed for 2 h. After 
allowedd to cooling down to room temperature, the precipitate was recrystallized from ethanol to give 0.616 g of 
productt (2.07 mmol, 58%). 'H NMR (200 MHz, d6-DMSO): Mp 197 - 200 °C; 'H NMR (400 MHz, d„-DMSO): S 
8.2455 and 8.29 (s, 2H, H2 and H8), 5.94 (d, 1H, J= 5.6 Hz, HI'), 5.80-4.85 (s, b, NOH), 4.60 (m, 1H, H2'), 4.16 (m, 
1H.. H3'), 3.98 (m, 1H, H4'), 3.66 (s, 3H, CH,), 3.62 (m, 2H, H5'); HRMS (FAB+): obs. mass 289.1150, calcd mass 
forr CMHlftNsOs (M+H) 289.1151. 

6-(N-Hydroxyl)amino-9-P-D-ribofuranosyl-9//-purin ee (53): 
Thee amine was liberated by dissolving 2.45 g of hydroxylamme hydrochloride (35.3 mmol) in a solution of 1.98 g of 
KOHH (35.3 mmol) in 18 mL dry EtOH. The resulting solution was stirred at room temperature for 30 min. and 

filtered.. To the filtrate 6-chloropurine riboside (1.03 g, 3.59 mmol) was added and the reaction mixture was refluxed 
att 79 °C for 3.5 h. After cooling down to room temperature, sediment was recrystallized from ethanoi to give 0.613 

gg of product (2.16 mmol, 60%): Mp 210 - 212 °C; "H NMR (200 MHz, d6-DMSO): 5 8.15 and 7.83 (s, 2H, H2 and 
H8),, 5.79 (d, 1H, 7= 5.6 Hz, HI'), 4.48 (m, 1H, H2'), 3.96 (m, 1H, H3'), 3.59 (m, 1H, H4'), 3.43 (m, 2H, H5'); 
HRMSS (FAB+): obs. mass 289.1151, calcd mass for CnH1(,N?05(M+H) 289.1152. 

6-Phtalimido-9-(tetrahydro-2-pyranyl)purin ee (57): 
jV-hydroxyphtalimidee 55 (0.057 g, 0.3 mol) was dissolved in 8 mL of dry DMSO at room temperature. Then sodium 

hydridee (NaH, 0.02 g, 8mol) was added. The solution turned red-brown due to formation of the anion. After adding 

compoundd 56 (0,086 g, 0.29 mmol) the solution was stirred at room temperature for 36 h. After addition of 50 mL of 

ethyll  acetate and extraction with water (2x 50mL) the organic layer was dried. Crystallization from ethyl acetate/ 

petrolumm ether gave the product in 75% yield (90 mg, 0.22 mmol). 'H NMR (200 MHz): 8 8.46 (2x s, 2H, H2, H8), 
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7.944 (m, Ar), 7.83 (m, Ar), 5.78 (m, 1H, THP), 4.18 (m. 1H, THP), 3.7 (m, 1H, THP). 2.03-2.16 (m, 3H, THP), 

1.74-1.788 (m, 3H,THP). 

6-0-Hydroxyamino-9-(tetrahydro-2-pyranyl)purin ee (59): 
500 mg (0.12 mmol) of 57 was dissolved in dry DCM. Methyl hydrazine (6 (J.L, 0.12 mmol) was added at-20 °C, and 

thee reaction mixture was stirred for 3 h. Since it was not possible to purify the sample, an oxime derivative was 
madee in situ by addition of acetone. Evaporation of solvent gave a mixture of 60 and 59. Chromatography with 

EtOAc/11 % MeOH gave 60 in 34% yield (0.04 mmol, 0.01 g). 

Dataa for oxime 60:'H NMR: 5 10.22, 9.72 (2x s, 2H, H2, H8), 5.78 (m, 1H, THP), 4.18 (m, 1H, THP), 3.51 (m, 1H, 
THP),, 2.10, 2.13 (2x s, 6H, CH,), 2.15-2.20 (m, 3H, THP), 1.84-1.88 (m, 3H, THP); HRMS (FAB+) obs. mass 

246.1106,, calcd mass for Cl2H l402N4 (M+H) 246.1117. 

l-(2,4-Dinitrophenyl)inosinee triacetate 61.14 

AA mixture of 3 (1.97 g, 5.0 mmol), 2 eq of 2,4-dinitrochlorobenzene (2.59 g, 12.8 mmol) and 2 eq of potassium 

carbonatee (1.74 g, 12.6 mmol) in anhydrous dimethylformamide (25 mL) was heated at 80 for 2 5 5 h. After cooling, 

thee mixture was kept at 4 °C for 18 h.The precipitate was filtered and washed with chloroform. The filtrates and 

washingg were concentrated in vacuo. Purification with flash column chromatography with gradient 

methanol/chloroformm (0 to 4%) gave 61 in 87% yield. 'H NMR: 5 8.9 (1H, m, H2), 8.57 (1H, m, H8), 8.2 (1H, Ar), 

7.55 (1H, Ar), 7.78 (IH , in, Ar), 6.10 (d, 1H, J = 4.2 Hz, HI) , 5.81 (m, 1H, H2"), 5.51 (m, 1H, H3'), 4.42 - 4.23 (m, 

3H,, H4' and H5'). 

1-Amino-inosinee 62. 
Compoundd 61 (520 mg, 0.93 mmol) was treated with 13.5 mL of hydrazine (1:1 water) and stirred for 18 h, A 
mixturee of 62 and the ring open compound was formed. The brown crystals which were obtained from 

methanol/chloroformm appeared to be the desired product (46 mg, 18%). Evaporation of the rest gave 135 mg of the 
openn ring compound. Data for 63. Mp 215-218 °C; H NMR (d,-DMSO): 5 8.39, 8.43 (2H, s, H2 and H8), 5.89 (d. 
1H,, 7 = = 4.2Hz, HI'), 5.51 (1H, OH), 5.22 (1H, OH), 5.07 (t, 1H, OH), 4.5 (in, 1H, H2'), 4.15 (m, IH, H3'), 3.96 (m, 

1H,, H4'), 3.60 (m, 2H, H5'); "C NMR (dft-DMSO): 5 153.9, 146.0, 146.6, 139.7, 124.2, 87.3, 85.6, 74.0, 70.2, 61.2; 
HRMSS (FAB+): obs. mass 284.1010, calcd mass for C10H14N,O? (M+H) 284.0995. 

1-Hydroxy-inosinee 63. 
Hydroxylaminee hydrochloride (697 mg, 10 mmol) was dissolved in ethanol (12.5 mL) and the mixture was refluxed 

forr 3 h. A solution of potassium hydroxide (560 mg, 10 mmol) in ethanol (5mL) was added to it. After 10 minutes a 

solutionn of compound 61 (436 mg, 0.78 mmol) in DMF (11 mL) was added and the mixture was heated at 80 °C for 
4.55 h. The reaction mixture was dried in vacuo, treated with ammonium hydroxide (10 mL) stirred for 18 h and 

concentratedd in vacuo. The residue it was crystallized from CH?CI/ MeOH ( I I ) and further purified by flash 
columnn chromatography on silica (CH3Cl/MeOH, 30%). Recrystallisation from methanol gave the product 63 in 

40%% yield. Mp 215-218 °C; 'H NMR (d6-DMSO): 5 8.59, 8.39 (2x s, IH, H2, H8), 5.87 (d, IH, 7= 5.6 Hz, HI'), 

5.522 (s, b, OH), 5.22 (s, b, OH), 5.06 (s, b, OH), 4.49 (m, IH, H2'), 4.14 (m, IH, H3'), 3.95 (m, IH, H4'), 3.58 (m, 
2H,, H4', H5'); nC NMR: 5 61.2, 70.2, 74.0, 85.6, 87.3, 124.2, 139.7, 145.6, 146.0, 154.0; HRMS (FAB+): obs. mass 

285.0861,, calcd mass for ClnH13N4Ofi(M+H) 285.0835. 
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1-Deaza-2-azaadenosine1-Deaza-2-azaadenosine Analogs 

4.11 Introduction 

Base-modifiedd nucleosides and nucleic acid bases have been the subject of many studies due 

too their potential activity as enzyme inhibitors resulting in antiviral and antitumor activity. 

Therefore,, improved syntheses of such compounds or their precursors are of considerable 

interest.. In connection with our effort to develop inhibitors of nucleic acid synthesis,1'2 we 

decidedd to synthesize l-deaza-2-azapurine 1 and the corresponding riboside 2? 

ribose e 

11 2 

StructuresStructures of the 1 -deaza-2-azapurine and its riboside. 

Figur ee 4.1 

Thiss modified purine ring system, an imidazo[4,5-c]pyridazine 1, has not received much 

attentionn in the literature, probably because its reported synthesis requires the use of hazardous 

startingg materials and high pressure reaction conditions.4 The following scheme shows a classical 

pathwayy for the synthesis of this ring system. 

CI I 

rV' ' KK KK 

c c 

a a 

CI I 

N N 

CI I 

A A LLJ J 

/ N H 2 2 

^NH 2 2 

/ N H 2 2 

XCI I 

d d 

b b 
CI I 

A A 

CI I 

N N 

NH2 2 

NHNH H 

Conditions:Conditions: a)NH,/EtOH, 125'C, 5 h, b) hydrazine hydrate, c) Ra/Ni, H,, d) ethyl orthoformate. 

Schemee 4.1 
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4.22 lmidazo[4,5-c]pyridazine via a hetero Diels-Alder reaction 

Recentlyy the synthesis of benzimidazoles by [4+2] cycloaddition of a carbon dienophile with 

aa protected vinylimidazole was described.5 We reasoned that the use of an analogous diazo 

dienophilee in a hetero Diels-Alder reaction would lead directly to the desired 

imidazo[4,5-c]pyridazinee which can be considered as a l-deaza-2-azapurine ring system. 

Ph h 

<// 1 C W ^ V O CHC1 
N ^ ^^ + \=J rpflnv reflux x 

Schemee 4.2 

4.33 Preparation of the diene 

Imidazoless are known to react with dienophiles to give cycloadducts across the 2,5 positions 

off  the heterocyclic ring.6 In other attempts it was shown that 4-vinyl imidazoles with electron-

withdrawingg alkenyl substituents could react as dienophiles in [4+2] cycloadditions with simple 

dienes.5,77 In our study we used these compounds as the diene in cycloaddition reactions. 

Twoo different TV-protecting groups were used for the vinylimidazole: mcthoxymcthyl (MOM) 

33 which was used before for this type of compound5 and TVyV-dimethylsulfonyl 4 (Scheme 4.3). 

Ann electron withdrawing sulfonyl group wil l influence the diene character of the vinylimidazole. 

RR R Ft 

f / >> - ^ T/>-TBS ~ T/>-TBS 

33 R= MOM 5 R= MOM 7 R= MOM 
44 R= S02NMe2 6 R= S02NMe2 8 R= S02NMe2 

Conditions:Conditions: a) n-BuLi/THF. -78 'C, TBSCl, -78 "C to n. b) n-BuLi/THF, -78 "C. DMF. -78 'C to rt, c) n-BuLi/THF, 

[Ph[Ph33PCHPCH33rr  Br, -78 'C to rt. 

Schemee 4.3 
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MOM-protectedd 5-vinylimidazole 7 was prepared according to a literature procedure.8 

Synthesiss of AT,N-dimethylsulfonyl protected 5-vinylimidazole 8 was accomplished from N,N-

dimethylsulfonylimidazolee 4 via the same route (Scheme 4.3). Aldehyde 6 was prepared from 4 

inn a one-pot procedure and converted to vinyl imidazole 8 by Wittig reaction in an overall yield 

off  75%. The TBS-protecting group at 01, which was required for selective C5 lithiation was not 

removedd at this stage but in the last step of the synthesis. 

4.44 Choice of dienophile 

Diels-Alderr reaction of MOM-protected vinylimidazole 7 was attempted first with diethyl 

azodicarboxylatee (9) as a dienophile, but this reaction did not proceed to completion. The Diels-

Alderr adduct (10) was formed in 5% yield and efforts to increase the amount of product formed, 

failed. . 

MOMM M O M 

^ NN CDCI3 , / ^ - N 
/>> + ^ N = N ^ I ,\ 

MM EtOOC COOEt  Ftnnr-N. J~-KI 
NN reflux "OOG ^ N 

COOEt t 

99 10 

TheThe Diels-Alder reaction of vinyl-imidazole with diethyl azodicarboxylate. 

Schemee 4.4 

Changingg to the more reactive dienophile 4-phenyl- l,2,4-triazoline-3,5-dione (PTADf 11 

didd not give substantial improvement of the yield of Diels-Alder adduct 12 (Scheme 4.5). 

Apparently,, judging from these results in combination with observations made in the literature5 

thiss reaction is reversible, with the equilibrium lying on the side of the starting materials. 

/V-Sulfonyll  protected vinylimidazole 8 on the other hand gave a fast cycloaddition reaction 

withh 11 resulting in the desired ring system 13 in high yield. Product 13. which easily gave retro 

Diels-Alderr reaction upon heating or with acid treatment, directly crystallized from the reaction 

mixture.. The favorable shifting of the equilibrium towards the adduct is probably a result of this 

crystallization.. Decrease of the aromaticity in the imidazole ring in 8 by the presence of the 

electronn withdrawing sulfonamide substituent may also influence the equilibrium. 

SI I 
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-TBS S 

77 R = MOM 
88 R = SONMe2 

N=N N 

1 1 

Ph h 

11 1 

MeOH, , 0"C C 

R R 

nLnL  ^" TBS 

Phh 0 

122 R = MOM,5% 
133 R = SONMe2, 85% 

Schemee 4.5 

Reteroo Diels-Aldcr reaction of this adducts is fast, but rearomatization of the imidazole ring 

mightt prevent this reaction. The acid catalyzed aromatization of the imidazole ring in 13 was not 

possiblee again due to retro Diels-Alder reaction, thus DBU was used to isomerize the double 

bond,, producing 14 in quantitative yield. 

Phh O 

S02NMe2 2 
i i 

N N 
>—TBS S DBU/DCM M 

100% % 

Phh O 

S02NMe2 2 

N N 
/>-TBS S 

N N 

13 3 14 4 

Schemee 4.6 

4.55 Removal of the protecting groups 

Deprotectionn of 13 was examined, beginning with the 4-phenylurazole ring system. 

Conversionn of triazole to hydrazines is a difficul t process, e.g. prolonged treatment with 

potassiumm hydroxide in refluxing water-ethylene glycol or lithium aluminum hydride in 

refluxingg tetrahydrofuran are necessary.10 Refluxing 13 with saturated potassium hydroxide in 

methanol,, which is one of the known procedures was performed. This reaction resulted in 

removall  of the TBS group. Besides this, also one of the urea bonds was cleaved but even after 
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longerr reaction times the second bond was not affected, leading to an open ring product 

(structuree 15 or 16) in low yield. 

SO-iNMeii Q D . M M C c n . M H f , , /le2 2 

r ^ V N \\ KOH, MeOH / X ^ N / " \ _ - N 

,N-\,N-\ NH H N - A 
Phh O p h " P h ' S 0 

133 15 16 

Schemee 4.7 

Hydrazinolysiss of 14 with neat hydrazine hydrate proved to be very effective for the urazole 

deprotection.. Two isomers 17 and 18 were formed as a result of ring opening by attack on either 

off  the two carbonyl positions. 

S0 2 NMe 22 S0 2 NMe 2 S0 2 NMe 2 

r^rKr^rK NH2NH2 r " N A ï r ^ V \ 
AA X ^ > ~ T B S  o N

f J / M B S PhHN^i J/>-TBS 
n=<< N N

 4 8 h | r t
N ~ N A N % ^ N 

N - ^^ O NPh A 
Ph '' O Y H2NHN O 

NHNH2 2 

144 17(91%) 18(5%) 

Schemee 4.8 

Thee structure of these compounds was established by 

NMRR and mass spectroscopy and by X-ray analysis of the 

crystallinee isomer 18. The structure of 18 was proven by 

masss and 'H NMR data. Intramolecular deprotection of 

thee main isomer 18 was a simple process performed just 

byy heating in DMSO (Scheme 4.8). During this reaction in 

DMSOO several other reactions occurred, leading directly 

too completely deprotected 1. 

3D3D view of the X-ray crystal structure of 18 

Figur ee 4.2 
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S02NMe22 S02NMe2 

DMSO,, H20, 100"C ^ ^ - N ^ 115'C r^^rTN\ 177 ~-r*  ~v~ ^ 
H H 

TBSOHH Pht\f HN-NH 
NHNH H 

i i 
Ph h 

19 9 

HH ' " ^ N M e 2 

H^ NN r?* 0 0 0 
H H 

H-<^^ NA ... . ^ \ ^ N - NN <>^-N) air x 

HH MezNSOH H H20 

00 1 

(48%% from 17) 

ThermolysisThermolysis of 17 to the completely aromatic system 1. 

Schemee 4.9 

Thee following sequence of events was assumed to take place: 

Thermolysiss in aqueous DMSO (100 °C, 5 h) started with removal of the TBS-group from the 

2-position,, yielding 19. 

AA comparable process was described recently for the removal of several TBS-ethers with 

DMSO/H20.""  When the temperature was raised to 115 °C, 4-phenylurazole was formed from 19 

ass mentioned before, producing the unprotected cyclic hydrazine. Next elimination of the N,N-

dimethylsulfonyll  substituent occurred. Although a simple sulfonamide hydrolysis reaction was 

expected,, the isolation of the completely aromatized ring system gives an indication that an 

intramolecularr reaction takes place as is shown in Scheme 4.9. In a 6-membered transition state 

sulfitee is eliminated, leading to a double bond in the tetrahydropyridazine ring. Finally, complete 

aromatizationn by oxidation with oxygen from the air completes this intriguing series of reactions. 

Thiss one-pot deprotection procedure (leading to 48% yield of 1) was reproduced on multigram 

scale. . 

4.66 Ribosylation of imidazo[4,5-c]pyridazine 

Ribosylationn of 1 was accomplished via silylation with hexamethyldisilazine (HMDS), and 

subsequentt coupling with tetra-acetyl-B-D-ribofuranose in the presence of SnCl4 (Scheme 

84 4 



11 -Deaza-2-azaadenosine Analogs 

4.10).122 Although this reaction could give rise to either N7 or N9 substitution only the 

N9-ribosidee 21 was obtained, probably due to the lower nucleophilicity of N7 in 1 compared to 

thee normal purine system. The structure of nucleoside 21 was confirmed by NMR experiments. 

Inn contrast to normal purine systems, the presence of an H-atom at C6 in l-deaza-2-azapurines 

makess NOE measurements possible. Upon irradiation of HI ' 13% enhancement of the H6 signal 

wass observed, confirming N7 ribosylation. In the same experiment a positive NOE of the H4' 

signall  (2.6%) established the B-configuration of the riboside.13 The sugar attachment to the 

heterocyclee was assigned as 7-ribosyl (vs 9-ribosyl) by these NOE difference experiments. 

iWV V >«« II 
7 N ' ' 

HH 6 

a,, b 

N N 

-~NN c 

H H 6 6 

~Hu ~Hu 

A c O - ii O N 

H 4 '' \ f ' noe 13% 

AcOO OAc 

20 0 

N N 

'J 'J 
H O - ,, o 

HOO OH 

21 1 

-"N N 

Conditions:Conditions: a) hexamethyldisilazane, pyridine, 120°C, b) 1,2,3,5-tetra-O-acetyl-p-D-ribofuranose, SnCl4, CHfCN, rt 

85%,85%, c) KCN/MeOH, 18h, 51%, 

Schemee 4.10 

Deprotectionn with KCN/ MeOH gave the deprotected nucleoside 21 in 51% yield. Further 

functionalizationn of this ring system was problematic, although several methods were examined. 

Sincee we were interested in N9 ribosides functionalization of C6 is one of the options to 

directt the ribosylation to the right nitrogen. In the 1-deazapurines iV-oxidation and subsequent 

nitrationn was a useful method (see § 2.3.2) but in the case of compound 1 oxidation was not easy 

andd a mixture of products are formed. 

4.77 Conclusions 

Inn summary, a short and efficient synthesis of imidazo[4,5-c]pyridazine via a hetero Diels-

Alderr reaction was accomplished. Since MOM protection gave unsatisfactory results in the 

cycloadditionn reaction a strongly electron withdrawing sulfonyl protecting group was introduced 

onn the imidazole-Nl. The improved yield in Diels-Alder reaction of PTAD with sulfonyl 

protectedd imidazole 8 might be explained by precipitation of the Diels-Alder adduct 13 and/or 
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reducedd aromaticity of the starting vinyl imidazole. Our effort for ribosylation of N9 was not 

successful.. Functionalization of C6 and subsequent ribosylation would overcome this problem. 
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4.99 Experimental 

Generall  methods. For general details see section 2.9, on page 34. For the NMR assignments of the products in the 

experimentall  part the IUPAC systematic numbering as shown for Imidazo[4,5-c]pyridazine has been used. 

33 4 

HH 7 

1 1 

l-(AyV-Dimethylsulfamoyl)imidazol ee (4): 
Dimethylchlorosulfonamidee (35.4 raL, 330 mmol) and triethylamine (50.2 mL, 360 mmol) were added to a solution 
off  imidazole (20.4 g, 300 mmol) in 480 mL benzene. The solution was stirred over night. The resulting suspension 
wass filtrated, and evaporated. The white solid was dissolved in dry THF (500 mL). The mixture was filtrated and the 
solventt was evaporated. Drying in vacuo resulted in 48.0 g (274 mmol. 91%) of 4 as a white solid, Further 
purificationn by vacuum distillation gave 91 % of the product (0.4 mmHg, 110 °C). Mp 41-42 °C; 'Ft NMR (200 
MHz):: 8 7.86 (s, 1H, H2), 7.22 (s, 1H, H4), 7.11 (s, 1H, H5), 2.92 (s, 6H). 

l-[A',A'-Dimethylsulfamoyl-2-toNbutyldimethyl-silvi]-5-formyl-iniidazol ee (6): 
Compoundd 4 (27 g, 150 mmol) was dissolved in 250 mL dry THF under an atmosphere of dry nitrogen and cooled 
too -78 °C. n-Butyllithium in hexane (100 mL, 160 mmol) was added dropwise. After 15 minutes a solution of TBS 
chloridee (17.1 g, 160 mmol) in 20 mL dry THF was added and the solution was stirred at room temperature for 2 h. 
Thee mixture was cooled to -78 °C again and n-butyl lithium in hexane (100 mL, 160 mmol) was added dropwise. 
Afterr 1 h 90 mL of DMF was added and the solution was stirred over night. The reaction mixture was poured into 
1000 mL of ice water and extracted with THF (3x 25 mL). The organic layer was dried on Na2S04 and concentrated 
inin vacuo which gave 43.4 g (91%) of 6as an oil. The product was purified by column chromatography (PE/ElOAc, 
2:1).. 'H NMR: 5 10.0 (s, CHO), 7.90 (s, 1H, H4), 2.86 (s, 6H), 0.99 (s. 9H, (BuSi), 0.41(s, 6H, MeSi). 

l-Methoxymethyl-2-tert-butyldimethylsilyl-5-vinyl-imidazol ee (7): 

Too a suspension of methyl-triphenyl phosphine bromide (3.18 g, 8.9 mmol) in THF at 0 'C was added n-butyl 
lithiumm in hexane (12.9 mL, 8.9 mmol). The solution was stirred at 0 °C for 30 min and next 30 minutes at room 
temperature.. Then it was cooled down to -78 °C. Compound 58 (2.3 g, 8.9 mmol) in dry THF was added and after 
455 min it was warmed-up to room temperature. After 45 min at room temperature 100 mL of ethyl acetate and 20 
mLL water was added. Separation and drying of the organic layer gave 3.37 g (6.8 mmol) of the product in 70% 
yield.. The product was purified by column chromatography (EtOAc/PE, 3:1). 'H NMR: 6 7.35 (s 1H, H4), 6.52 (dd, 
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1H,, 7= 17.1 and 9.7 Hz vinyl), 5.57 (dd, IH, 7 = 1.5 and 17.1 Hz, vinyl), 5.23 (m, 3H, CH2OCH,, vinyl), 3.28 (s, 
3H,, CH2OCH,), 0.99 (s, 9H, tBuSi), 0.38 (s, 6H, MeSi). 

l-/V^V-Dimethylsulfamoyl-2-ïcrt-butyldimethyl-5-vinyl-imidazol ee (8): 
Too a suspension of methyltriphenylphosphonium bromide (7.47 g, 20.9 mmol) in THF at 0 "C was added «-butyl 
lithiumm in hexane (30.3 mL, 20.9 mmol). The solution was stirred for 30 min at 0 °C and 30 min at room 

temperature.. Then it was cooled down to -78 °C. Compound 6 (6.03 g, 19.0 mmol) in dry THF was added and after 
455 min it was warmed-up to room temperature. After 45 min at room temperature 50 mL of ethyl acetate and 10 mL 

waterr was added. Separation and drying of the organic layer gave 5.62 g (17.27 mmol) of the product in 85% yield. 

Thee product was purified by column chromatography (EtOAc/PE, 2:1). 'H NMR: 8 7.26 (s IH, H4), 6.83 (dd, 1H, 7 
== 17.4, 9.7 Hz, vinyl), 5.62 (dd, IH, 7 = 1.3, 17.4 Hz, vinyl), 5.30 (dd, IH, 7 = 1.3, 9.7 Hz, vinyl), 0.97 (s, 9H, 

tBuSi),, 2.86 (s, 6H), 0.98 (s, 9H, /BuSi), 0.36 (s, 6H, MeSi); '3C NMR: 5 155.8, 133.3, 129.5, 124,2, 117.1, 37.9, 

27.2,, 18.3,-3.6. 

MOMM  protected Diels Alder  adduct 10: 
Onee equivalent of compound 7 (0.5 g, 1.9 mmol) and one equivalent diethylazodicarboxylate (33 mg, 0.19 mmol) in 
55 mL DCM was refluxed for 5 h. The solvent evaporated, flash chromatography (EtOAc) gave the product (40 mg, 

0.0955 mmol, 5 %). 'H NMR: 5 5.39 (d, IH, 7= 1.7 Hz, H4), 5.18 (d, IH, 7 = 1.7 Hz, H8), 4.85 (m, 2H, CH2OCH3), 

4.711 (m, 2H, H7, H8), 4.36 (m, 4H, CH,CH2OCO), 3.25 (s, 3H, CH2OCH_3), 1.8 (m, 6H, CHtCH2OCO), 0.99 (s, 9H, 
rBuSi),0.38(s,, 6H, MeSi). 

MOMM  protected Diels-Alder  adduct 12: 

Onee equivalent of compound 7 (0.5 g, 1.9 mmol) and one equivalent of PTAD (0.32 g, 1.82 mmol) in 10 mL 
methanoll  at 0 °C, were stirred for 1 h at 0 °C and warmed-up to room temperature, and stirred for 5 h. The solvent 
wass evaporated and flash chromatography (EtOAc/MeOH, 10:1) gave 0.04 g (0.1 mmol, 5 %) of the product. 'H 
NMR:: 5 8.28 (s, IH, imidazole), 7.24 (m 5H, Ph), 5.78(d, 1H,7= 1.4 Hz, H4), 5.03 (d, 1H,7= 1.4 Hz H8), 4.85 (m, 
2H,, CH2OCH,), 4.48 (d, IH, 7 = 7.7 Hz, H7), 4.10 (d, IH, 7 = 7.7 Hz, H7), 3.25 (s, 3H, CH2OCH3), 0.99 (s, 9H, 
rBuSi),, 0.38 (s, 6H, MeSi). 

Sulfonamidee protected Diels-Alder  adduct 13: 

Onee equivalent of compound 8 (1.3 g, 3.64 mmol) and one equivalent of PTAD (0.61 g, 3.48 mmol) were dissolved 
inn 5 mL methanol at 0 °C. It was stirred for 15 min at 0 °C and warmed up to room temperature. The white 

precipitatee was filtrated to give 1.7 g (3.5 mmol, 85% yield) of the product. 'H NMR: 8 7.45 (m 5H, Ph), 5.87 (d, 
IH,, 7 = 3 Hz, H4), 5.80 (d, IH, 7 = 3 Hz H8), 4.52 (d, IH, 7=10 Hz, H7), 4.19 (d, IH, 7 = 10 Hz, H7), 2.90 (s, 6H), 

1.033 (s, 9H, /BuSi), 0.38 (s, 6H, MeSi); l3C NMR: 5 170.12, 149.70, 147.74, 146.46, 131.43, 128.34, 129.00, 

125.70,, 102.60, 88.91, 37.78, 35.63, 27.30, 21.30, -3.81, -3.95; HRMS (FAB4): obs. mass 491.1907, calcd mass for 
C21HMNfl04SSii  (M+H) 491.1897. 

Rearrangedd Diels-Alder  adduct 14: 

Too a 10 g (20 mmol) of 13 in 10 mL DCM was added catalytic amount of DBU (0.2 mmol, 0.03 g). After 15 min the 

solventt was evaporated and the residue was triturated with methanol which gave 9.9 g of the product (99% yield). lH 

NMR:: 5 7.45 (m 5H, Ph), 4.05 (t, 2H, 7 = 5.7 Hz, H8), 3.14 (t, 2H, 7 = 5.7Hz, H7), 2.88 (s, 6H), 1.07 (s, 9H, rBuSi), 
0.400 (s, 6H, MeSi); ljC NMR: 8 170.1, 150.1, 149.7, 146.5, 131.4, 129.4, 129.1, 125.8, 101.5, 37.8, 35.6, 27.3, 21.0, 
-3.8,, -3.9; HRMS (FAB+): obs. mass 491.1902, calcd mass for C21H„N 604SSi (M+H) 491.1897. 
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Deprotectionn of 13 to compound 16: 
0.33 g of 13 (0.71 mmol) was dissolved in 5 mL of 5% potassium hydroxide solution in methanol. It was refluxed for 

11 h. Evaporation and purification of the residue with flash chromatography (EtOAc/MeOH, 8:1) and 
recrystallizationn from methanol gave compound 16 in 12% (33 mg). 'H NMR: S 8.29 (s, b, 1H, NH), 7.45 (m 5H, 

Ph),, 7.31 (s, IH , H2), 4.95 (s, b, IH, NH), 3.97 (m, 2H, H6), 2.86 (s, 6H, NCH,), 2.16 (m, 1H, H7). 

Reactionn of hydrazine hydrate with 14: 
55 g of 14 (10 mmol) in 20 mL of hydrazine hydrate was stirred at room temperature for 48 h. Evaporation and 
purificationn of the residue with flash chromatography (5% methanol in EtOAc) gave respectively compounds 17 in 

91%% (9.1 mmol, 4.75 g,) and 18 in 5% (0.5 mmol, 0.26 g). 

17:: Mp 186 189 °C; 'H NMR: 6 8.78 (s 1H, NH), 7.56 (s, 1H, NH), 7.4 (d, 2H, J = 8 Hz, Ph), 7.27 (d, 2H, J = 8 Hz, 

Ph),, 7.02 (m, IH, Ph), 4.78 (in, 1H), 3 - - 4 (s, b, NH,). 2.9 (m, 3H), 2.89 (s, 6H), 1.04 (s, 9H, rBuSi), 0.42 (s, 6H, 
MeSi);; "C NMR: 5 170.8, 159.6, 152.0, 151.3, 138.8, 137.6, 128.8, 123.8, 119.6, 114.2,59.0,40.2,37.8,27.2,21.3, 

20.8,, 20.6, 18.2, 14.0, -3.8, -3.9; HRMS (FAB+): obs. mass 523.2265, calcd mass for C2lH35Ns04SSi (M+H) 

523.2271. . 

18:: 'H NMR: 5 10.02 (s IH, NH), 7.52 (d, 2H, J = 8 Hz Ph), 7.32 (d, 2H, J = 8 Hz, Ph), 7.08 (m, IH, Ph), 4.76 (m, 

IH),, 2.9 (m, 3H), 2.92 (s, 6H), 1.05 (s, 9H, rBuSi), 0.46 (s, 6H. MeSi); 13C NMR: 5 170.8, 159.6, 152.0, 151.2, 

138.8,, 137.6, 128.9, 123.8, 119.5, 114.2, 60.2, 40.1, 37.7, 27.2, 21.2, 20.8, 20.6, 18.2, 14.0, -3.7, -3.8; HRMS 
(FAB+):: obs. mass 523.2247, calcd mass for C2lH„04NsSSi (M+H) 523.2271. 

lmidazo[4,5-c]pyridazinee (1): 
100 g of compound 17 was dissolved in 500 mL DMSO and 25 mL water. It was heated at 105 °C under N2 

atmospheree over night. At this step the TBS protecting group was removed resulting in compound 19. 'H NMR (dfi-
DMSO):55 9.56(s IH, NH), 8.5 (s IH, NH, ring), 8.1 (s IH, imidazole), 7.52 (d, 2H, J = 8 Hz, Ph), 7.32 (t, 2H, J = 8 

Hz,, Ph), 7.10 (m, IH, Ph), 4.45 (m, IH), 3.97 (s, b, NH2). 3.1 (m, IH), 2.90 (s, 6H), 2.76 (m, 3H); l3C NMR 

(CD3CN):: 5 160.6, 153.7, 139.6, 139.3, 134.9, 129.9, 129.6, 124.5, 120.6, 120.5, 114.7, 41.7, 38.6, 38.4, 21.7; 

HRMSS (FAB+): obs. mass 409.1388, calcd mass for C,,H21NR04S (M+H) 409.1406. 

Thee solution then was exposed to air and heated at 125 °C over night, in this step the sulfonamide protecting group 
wass removed and aromatization took place to give the end product imidazo[4,5-c]pyridazines 1 in 45% yield. 'H 

NMRR (CDjOD): 5 7.95 (d, IH, J = 5.7 Hz), 8.7 (s, IH), 9.06 (d, IH, J = 5.7 Hz); nC NMR (CD,OD): 5 148.3, 
133.0,, 114.7, 100.5, 99.7; HRMS (EI+): obs. Mass 120.0438, calcd mass for C5H4N4 (M

+) 120.0436; UV: 208 nm. 

l-(2,3,5-Tri-0-acetyl-/J-D-ribofuranosyI)-l//-imidazo[4,5-c]pyridazinee (20): 

AA mixture of 1 (0.2 g, 1.7 mmol) and 15 mg of ammonium sulfate in 30 mL of hexamethyldisilazane (HMDS) was 

refluxedd for 28 h. The solids dissolved within 30 minutes. The excess HMDS was removed under reduced pressure 
leavingg the yellow-brown crystalline silyl derivative, which was not further purified. It was dissolved in dry 

acetonitrilee (10 mL) and treated with 0.6 g of l,2,3,5-tetra-0-acetyl-/3-d-ribofuranose (1.9 mmol) and SnCl4 0.2 mL 
(1.99 mmol) at 85 °C for 1 h. This solution was cooled to 0 °C and poured into 50 mL of saturated NaHCO,, 

extractedd with EA (3 x 20 mL), dried and evaporated. The residue was chromatographed (cluted with EtOAc/MeOH 

(90:10)) gave 0.547 g (1.445 mmol, 85%) of the product. 'H NMR: 6 9.07 (s, IH, H2), 8.60 (d, 1H,7= 5.1 Hz, H6), 
8.00 (d, IH, 7 = 5.1 Hz, H-5), 6.2 (d, IH, J = 2.9 Hz, HI') , 5.81 (m, IH, H2'), 5.62 (m, IH, H3'), 4.56 (m, IH, H4'). 

4.322 (m, 2H, H5'), 2.16, 2.13, 2.0(3x s, 9H, COCH,); nC NMR: 5 170.2, 169.3, 169.2. 146.5, 132.7, 114.4. 99.6, 

81.9,, 75.0, 70.3. 62.5, 60.3, 20.92, 20.6, 20.3; HRMS (FAB+): obs. mass 379.1252, calcd mass for C|fiH!MN407 

(M+H)) 379.1254. 

l-/3-D-Ribofuranosyl-l//-Imidazor4,5-c]pyridazinee (21): 
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2000 mg of 20 (52 mmol) was dissolved in dry methanol (5 mL) and a catalytic amount of potassium cyanide was 

added.. The solution was stirred at room temperature for 18 h. Evaporation of the solvent and «crystallization from 

methanol/etherr gave the deprotected product 2 as white precipitate in 5 1% yield (68 mg). 'H NMR (D20): 5 9.01 (s, 

1H,, H2), 8.58 (d, 1H, J =5 .1 Hz, H6), 7.85 (d, 1H, 7 - 5 .1 Hz, H5), 6.17 {d, 1H, J = 2.8 Hz, H I ' ) , 5.75 (m, 1H, 

H2'),, 5.60 (in, 1H, H3'), 4.49 (m, 1H, H4'), 4.28 <m, 2H, H5'); ' 'C NMR (D20): 5 168.2, 164.3, 147.67, 134.25, 

118.3,, 104.2, 88.6, 78.4, 72.5, 63.5; HRMS (FABT): obs. mass 253.0941, calcd mass for Cl l ( H13N404 (M+H) 

253.0973. . 
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Chapterr  5 

EnzymeEnzyme  Studies 

5.11 Introductio n 

Adenosinee deaminase (ADA) is a monomeric zinc metallo-enzyme which catalyzes the 

irreversiblee deamination of adenosine and 2'-deoxyadenosine to their respective hypoxanthine 

derivatives.. It has attracted considerable attention since its discovery, and some aspects of its 

specificityy were first reported in 1932.' 

ADAA inhibition studies are interesting for several reasons: 

-Understandingg the catalytic mechanism of ADA is of special interest because ADA 

degradess analogs of adenosine with chemotherapeutic potential.2 If detailed information 

wouldd be available how ADA interacts with these compounds these drugs could be 

modifiedd to have longer pharmacological half-life. Inhibition of ADA activity has 

significantt physiological consequences due to accumulation of these substrates. 

Studiess have shown that in some human carcinomas the activity of this enzyme is 

stronglyy enhanced. So with an inhibitor of this enzyme, selective inhibition on growth of 

cancerr cells might be expected. ADA inhibitors have found application in disease control, 

becausee of their ability to prevent cell division in lymphocytes. In particular several types 

off  leukemia, for example Hairy Cell Leukemia and Acute Lymphocytic Leukemia, were 

successfullyy treated by deoxycoformycin, a naturally occurring ADA inhibitor. 

ADAA inhibition leads to higher adenosine half live values and influences receptor 

mediatedd effects on neurological, vascular, and blood platelet functions. It potentiates the 

cardio-- and neuroprotective effects of adenosine against ischemia/reperfusion injury. 

2'-Deoxycoformycinn (dCF, pentostatine) is a potent inhibitor of ADA. The long and nearly 

irreversiblee inhibition (Ks = 10"'2) of intracellular ADA offers a likely explanation for toxicities 

observedd with dCF therapy. A shorter-acting ADA inhibitor than dCF could permit a controlled 

durationn of chemotherapeutic efficiency while avoiding toxicities associated with long term 

inhibitionn of ADA. 

Inn the present chapter we evaluate the potential inhibition of adenosine analogues, with three 

differentt classes of adenosine analogs that have been synthesized as reported in previous 

chapters.. The synthetic pathway to these nucleosides relies on the availability of adenosine 

analogss as starting material. We described a procedure for the nitration of these nucleosides and 

conversionn of the nitro group to several other functional groups in chapter 2 and 3. 
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Inn this chapter the effect of these substituents on the affinity of the resulting nucleosides for 

ADAA is studied. 

5.22 Mechanism of action of ADA 

Thee ADA-catalyzed process is known to be an addition-elimination reaction proceeding via 

Zinc-assistedd formation of 1,6-hydrated adenosine, (6R)-6-amino-l,6-dihydro-6-hydroxy-9-(P-

£>-ribofuranosyl)-purinee 2, as an intermediate. This mechanism has been supported by 

crystallographiess computational,4 and mutagenic5 analyses. The hydrolytic deamination consists 

off  two steps: nucleophilic addition of a water molecule to form a tetrahedral intermediate 

followedd by elimination of ammonia to yield inosine. \6 

HOO HO 

++ H,0 

+ADA A 

H2N.. .OH 

HN N ii: > > 
"N N 

HO- i i 
\ \ 

HOO HO 

-NH3 3 

-ADA A 

HO O 

OH H 

HOO HO 

3 3 

DeaminationDeamination of adenosine to inosine by adenosine deaminase (ADA). 

Schemee 5.1 

5.33 Role of zinc in the catalytic action of ADA 

Thee zinc (II) ion is important among biological transition metal ions and serves as a Lewis 

acidd without participating in electron transfer reactions. In catalytic sites zinc generally forms 

complexess with any three nitrogen, oxygen and sulfur donors of His, Glu, Asp and Cys in the 

bindingg frequency H i s» Glu> Asp> Cys. Water is always a ligand to the catalytic zinc ion. 

Ionizationn of the activated water or its polarization, initiated by an active site basic amino acid, 

providess hydroxide ions under mild conditions.7 

AA proposed enzyme-bound tetrahedral intermediate with the zinc cofactor and the active-site 

residuess involved in catalysis is shown in Figure 5.1. This intermediate is based on the crystal 

structuree of purine riboside (nebularine) with ADA (see § 5.7.3). 
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SchematicSchematic diagram of the tetrahedral intermediate in the active site of enzyme. 

Figuree 5.1 

Thee nucleophilic species attacking the C6 of the substrate is a hydroxide ion, which is formed 

byy His 238 assisted deprotonation of the Zn2+-bound water molecule. Hydrogen bonding with 

Aspp 295 confers the correct orientation to the hydroxide oxygen. Donation of a proton from Glu 

2177 to Nl of the substrate reduces the Nl to C6 double bond character and thereby facilitates the 

formationn of the tetrahedral intermediate. The mechanism of ammonia elimination still needs to 

bee elucidated. It is likely that the process involves transfer of a proton from the 6-OH to the 6-

NH22 of the tetrahedral intermediate. Both Glu 217 and Asp 295 are suggested as potential 

candidatess for catalyzing this process.'' In contrast to the 6-OH adduct of the intermediate, which 

interactss with the Zn2+ ion and polar residues, the 6-NH2 leaving group is situated in a 

hydrophobicc pocket. This energetically unfavorable position of the 6-NH2 compared to the 6-OH 

promotess ammonia elimination and renders the process essentially irreversible. 

5.44 Rational and design of new inhibitors 

Inhibitionn of enzymes is usually accomplished by unreactive isosteric structural analogs of a 

substratee or the transition state of the reaction. This suggests that substrates and substrate analogs 

competee for a place on the enzyme, in accord with the fact that enzyme-substrate complexes and 

enzyme-substratee analogs both are formed during the catalytic transformations.8 

Inn case of ADA the competitive inhibitor nebularine 4, lacking a substituent at C6, is not 

boundd in the form that is abundant in free solution, but rather as a 1,6-addition compound (5).9 

Thiss enzymatic hydration product resembles the transition state of the enzymatic hydrolysis of 

adenosine,, and it would be of interest to study the effect of C2 substitution in the purine ring on 

thee affinity of these modified nucleosides (7) towards ADA. 
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NebularineNebularine (4), hydrated-nebularine 5, 1-deazaadenosine 6. 

Figuree 5.2 

Thee next group of designed inhibitors is derived from 1-deazaadenosine analogs. 

1-Deazaadenosinee (6) itself is a ground state inhibitor for ADA with a K, value of 0.33 |J.M. We 

triedd to affect this inhibition by introduction of different functional groups on C2 or C3 (8). 

Thee third group of inhibitors is based on 3-deaza-l-azapurine riboside (9), although 

derivatizationn of this ring system was problematic. 

NH22 NH2 

o55 ït> t i > 
RR N 

3 3 

N99 ^^ (M-^^N ^ - - " ^ N 
ribosee ribose ribose 

8 8 

StructuresStructures of ring modifications. 

Figuree 5.3 

5.55 General aspect s of enzyme inhibitio n 

Enzymee inhibition kinetics are divided into two main categories, reversible and irreversible 
inhibition.10 0 

5.5.11 Irreversible enzyme inhibitors 

Irreversiblee inhibitors can be distinguished in two main categories: 

-Reactivee molecules that form covalent bonds within or outside the active site, leading to 

non-competitivee inhibition, sometimes called affinity labels. 
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-So-calledd suicide inhibitors or mechanism-based inhibitors. This group consists of 

unreactivee molecules that are typically metabolized to a reactive species in the active site 

off  the enzyme. The reactive intermediate covalently binds to the enzyme resulting in loss 

off  its catalytic activity. 

AA characteristic feature of irreversible enzyme inhibition is its time-dependent kinetics resulting 

fromm a steadily increasing amount of covalently modified enzyme. This results in decreasing 

enzymee activity, so a lower Vmax. 

5.5.22 Reversible enzyme inhibitors 

Reversiblee inhibition is characterized by non-covalent binding of the inhibitor at the active 

site,, thereby competing with binding of the substrate. Reversible inhibitors can be divided into 

twoo classes, competitive and noncompetitive inhibitors. 

Competitivee inhibitors bind at the same site as the substrate so they compete with the 

substratee for the same binding site. As a consequence, competitive inhibition can be overcome by 

increasingg the substrate concentration so Vmax is not altered in the presence of a competitive 

inhibitor,, while Km is increased to Km(app). The kinetic scheme and a Lineweaver-Burk plot at 

differentt concentrations of inhibitor illustrating this feature are given in Figure 5.4. 

EE + S « ' ES » E + P 

K,, [1] 
" " 
EI I 

K,mapp)=Km(l+[I]/K, ) ) 

K,, dissociation constatnt of enzyme/inhibitor complo 

[I]]  inhibitor concentration 

KineticKinetic consequences of competitive enzyme inhibition. 

Figuree 5.4 

1. [S! ! 
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EE + S . ES E + P 

K,, Ijl ] K,||[I] 

EII  + S * EIS 

V„,ax(a„p,== V n l ax( l+ [ I ] /K , ) 

Kii  dissociation constant of enzyme 
inhibitorr complex 

[I ]]  inhibitor concentration 

KineticKinetic consequences of reversible noncompetitive enzyme inhibition 

Figur ee 5.5 

Non-competitivee inhibitors do not interfere with substrate binding. They bind to a different 

placee in the enzyme active site and block the enzymatic conversion of the substrate to the 

product.. This results in a decreased Vmax, represented by VmaxUpp), while the Km remains 

unchanged. . 

AA unique class of reversible inhibitors is the transition state analogs. They are based on 

Pauling'ss postulate:" 

"I"I  think that enzymes are molecules that are complementary in structure to the activated 

complexescomplexes of the reactions that they catalyze, that is, to the molecular configuration that is 

intermediateintermediate between the reacting substances and the products of reaction for these catalyzed 

processes.processes. The attraction of the enzyme molecule for the activated complex would thus lead to a 

decreasedecrease in its energy, and hence to a decrease in the energy of activation of the reaction. " 

Inn other words, the enzyme has evolved to bind more efficiently a transition state (TS) 

intermediatee between substrate (S) and product (P) than the product or substrate themselves in 

theirr ground state. Transition state analogs behave as very potent inhibitors, not transformed into 

productss and having an association constant for the enzyme larger than the substrate itself. This 

typee of inhibitors is interesting for exploring the struclure of the active site or the mechanism of 

enzymee catalysis.12 

Inn case of ADA, due to the immunosuppressive effects of irreversible ADA inhibition, most 

applicationss of adenosinergic therapy would call for a reversible inhibitor. 

Alternativelyy substrate analogs that undergo reversible covalent hydration may represent an 

evenn better strategy since the hydrated product has higher structural similarity to the TS structure 

andd therefore would be expected to exhibit greater potency and specificity.'4 

1/[S| | 
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5.66 Assays for adenosine deaminase activity 

Generall  information: Adenosine, 2-amino-6-chloropurine riboside and adenosine deaminase 

fromm calf intestinal mucosa (Type VIII ) were purchased from Sigma Chemical Co. 

Kineticc investigations on adenosine deaminase (adenosine aminohydrolase; EC3.5.4.4) are 

greatlyy facilitated by the adoption of the continuous optical assay first described by Kalckar.15 

Thiss method is a continuous spectrophotometric assay for ADA, using both adenosine and 

2-amino-6-chloropurinee riboside as substrates.'6 

Thee absorption of guanosine 11 (the product of the hydrolysis of 10, ^.max = 254nm shown 

inn Scheme 5.2, does not interfere with the absorption of 10 nor with most of the inhibitors and 

thiss makes the measurements easier. On the other hand inosine and adenosine both have 

absorptionn at 265 nm and some correction have to be made. This wil l be discussed in §.5.7. For 

eachh inhibitor at least two or three different inhibitor concentrations were used. 

CII OH 

y \\ ADA N ^ - N 

H2NN N 7 H2N N 
I., , 

ribosee ribose 

100 11 

HydrolysisHydrolysis of 2-amino-6-chloro-adenosine by ADA. 

Schemee 5.2 

Thee deamination of substrates was monitored with a HP spectrophotometer. For adenosine 

thee variation in absorbance at 265 nm was recorded and this was converted to rate using Beer's 

law.. The mAe value (millimolar different extinction coefficients between adenosine and inosine) 

iss 8.1 mM cm'1 at these wavelengths and at pH 7.0. The concentration of adenosine for inhibition 

studiess was typically 25, 50, 75, 100, 125 uM.17 '8 

Whenn 2-amino-6-chloropurine riboside was used as substrate the decrease in absorption of 

substratee was monitored at 307 nm. The concentration of 2-amino-6-chloropurine riboside was 

typicallyy 50, 75, 100, 150, 200, and 250 |iM. 

Al ll  kinetic measurements were performed at 25 °C in KG/ potassium phosphate buffer, pH 

7.00 at 0.1 M ionic strength in 1.0 cm light path cuvettes. 
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5.6.11 ADA solutions 

Onee enzymatic unit is the amount of enzyme, which converts 1 (J.Mol of adenosine to inosine 

perr minute at pH 7.5 at 25 C. The activity of ADA (from calf intestinal mucosa suspension in 

3.22 M (NH4)-,S04 in pH = 6), was approximately 200 units per mg protein. 

Thee ADA solutions were prepared in two concentrations: 

-ADAA solution 1 (A1): 5 (J.L of the commercial enzyme preparation was diluted to 50 mL with 

0.055 M phosphate buffer (pH 7.4). 

-ADAA solution 2 (A2): 50 \xL of the commercial enzyme preparation was diluted to 10 mL 

withh the same buffer. 

Thesee solutions were stable for at least 10 days. 

5.6.22 Km for adenosine and for 2-amino-6-chloropurine riboside 

2-Amino-6-chloro-purinee riboside was dissolved in 0.05 phosphate buffer (pH 7.4) to a 

standardd solution of about 400 p:M. Different volumes of the standard solution were diluted to 3 

mLL using the phosphate buffer and were equilibrated at 25 °C for 15 min. The reaction was 

initiatedd by addition of 100 p:L of the A' enzyme solution and the rate of hydrolysis was 

measuredd by the decrease in UV absorbance at 307 nm. The Km value was obtained 60  5 |iM. 

50 0 

-00 05 0 00 0 05 0 10 0.15 

1/SS (|iM) 

Lineweaver-BurkLineweaver-Burk plot for hydrolysis of2-amino-6-chloro-purine riboside by ADA. 

Figuree 5.6 

Thee same method was used for adenosine. In this case the measured wavelength was 265 nm, 

thee measured value for Km was 31  4 ]iM. 
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5.6.33 Test for substrate activity of modified nucleosides 

Compoundss were dissolved in phosphate buffer, as above, to standard solutions of about 400 

|iM.. The solutions (3.0 ml) were equilibrated at 25°C for 15 minutes, then the A1 enzyme 

solutionn was added. The UV spectrum of the mixture was scanned over the range 220-400 nm at 

one-minutee intervals for up to 15 minutes. If there was no, or minimal, change in the spectrum 

thee experiment was repeated using the A2 enzyme solution. 

Thosee compounds, which showed no substrate activity using the A1 enzyme solution, were 

investigatedd for inhibitory activity in later assays. 

5.6.44 Calculation of the Kt 

Al ll  the inhibitors were assayed to determine the time course of the enzyme reaction with and 

withoutt preincubation in the presence of inhibitor at 25 °C in order to establish the class of 

inhibitor:: readily reversible, semi-tight binding, or tight binding.19 

Thee enzyme was preincubated with a fixed concentration of inhibitor, the reaction was started by 

additionn of substrate and the rate of the enzymatic reaction was compared with the rates obtained 

withh later addition of inhibitor to the enzyme. In the results of our inhibition studies no 

differencee was observed, so it can be concluded that the inhibition was fully reversible. 

Inn general from the Lineweaver-Burk and Dixon plots the kinetic constants Km (the Michaelis 

constant)) and Vmax (the Maximum velocity) can be obtained.20 Using the Enzpac (Biosoft® 

program,, © 1996) non-linear regression program for the Michaelis-Menten kinetic. These two 

constantss may also be obtained directly from the substrate and inhibitor concentrations/ rate data. 

Inn all cases if inhibition was observed it was the competitive type, which implies that the Vmax in 

thee presence or absence of inhibitor was the same. The formula for calculation of K, is as 

follows: : 

Km(app)== Km(l+[I]/Ki ) 

Lineweaver-Burkk plots of the three series of data points obtained with three inhibitor 

concentrationss yielded three straight lines with a common intercept on the y-axis. The Km and 

Vmass values corresponding to each series of data points can be determined graphically or by 

computation. . 

AA Lineweaver-Burk plot and a Dixon plot of inhibition of hydrolysis of 2-amino-6-chloropurine 

ribosidee in presence of 2-nitroadenosine with ADA are presented as an example in Figure 5.7. 
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gg Lineweaver-Burk plot 

X SS 1=40 MM 

1== 25 uM 

1=0 0 

-0.055 -0.025 0 0.025 0.05 0.075 

1/S(u.M) ) 

Dixonn plot for 2-Nitroadenosine 

1/V(umol/min) ) 

K,=8.1u.M M 

-300 -20 -10 0 

10 0 
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S== 50 uM 

ff S= 75 U.M 

40 0 

TheThe Lineweaver-Burk plot (top) and Dixon (bottem) for inhibition of'ADA-catalyzed hydrolysis of 2-amino-6-

chloropurinechloropurine riboside by 2-nitroadenosine. 

Figuree 5.7 

5.77 Results and discussion 

Inn the following paragraphs, the interaction of the new nucleosides with ADA wil l be 

discussed.. These analogs are divided in three groups, based on variation in the heterocylic base 

partt of the nucleosides. First, in the purine series, the effect of C2 substitution of adenosine on 

affinityy towards ADA as a substrate or inhibitor was studied. In the C6 deaminated purine 

analogs,, the effect of electron withdrawing groups and electron donating groups on the inhibition 

off  ADA wil l be discussed. In a number of 1-deazaadenosine analogs the influence of an amino 
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substituentt at C6 on interaction with ADA wil l be discussed. Also in this ring system the effect 

off  electron withdrawing and/or electron donating group at C2 and/or C3 on the inhibition of 

ADAA wil l be shown. 

Att the end of this section the interaction of 3-deaza-6-azapurine ribonucleoside with ADA is 

shown. . 

5.7.11 Adenosine analogs 

l_ll  Q|_| The proposed mechanism for ADA-catalyzed deamination invokes 

H N ^ \ ^ NN the addition of water across the purine 1,6-bond to yield the tetrahedral 

L.. J L . ./ intermediate 5. The extent of hydratation not only can effect the 
NN N 

fibosee chemical and spectral properties of molecules but can also play an 

importantt role in defining the biological activity of the compound. This 

couldd result in increased affinity towards ADA compared to the parent 

compound.. The results of hydration free energy21 show that hydration of 

heteroaromaticc compounds is highly dependent on the presence and position of heteroatoms in 

thee ring, their protonation state, and the position and nature of the substituents attached to the 

ring.. Electron withdrawing groups enhance hydration, whereas electron donating and sterically 

bulkyy groups diminish hydration. Thus, analogs of adenosine with substitution at C2 could be 

expectedd to show an increase in the catalytic reaction rate, or could change a substrate into an 

inhibitor. . 

Tablee 5.1 shows the results of ADA studies on adenosine as well as on 2-substituted adenosines. 

Firstt of all, the substrate activity of the new nucleosides was examined, and none of them was 

hydrolyzedd by ADA. 

Next,, inhibition of ADA with these nucleosides was studied. As shown in the table all the new 

nucleosidess (14-17) showed activity in the |aM range. It is already known that 

2-aminoadenosinee 12 is a good substrate for ADA (Table 5.1).22 On the other hand a chloride 

substituentt at C2 of adenosine (compound 13) yields a stable analog of adenosine towards 

ADA.21-- 24To explain the change in behavior from a substrate in adenosine to an inhibitor in the 

modifiedd nucleosides we focused on the electronic changes at C6 by L1C NMR. The differences 

inn chemical shifts however were not significant, probably because the substituents at C2 are in 

thee metu position compared to C6 and only an inductive electron withdrawing effect plays a role. 

Thee other important interaction is from Nl with Glu-217. In compound 12 the 2-NH2 is 

conjugatedd to Nl and increases electron density of this nitrogen, which might be essential 

substratee activity. In general the 2-amino group also increases the electron density of N3 

whichh might result in a stronger hydrogen bridge with the NH of Gly-184. 

Thesee studies show that except for 2-NH2, substitution at C2 inhibits the normal substrate 

bindingg of adenosine nucleosides with ADA. 
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Tablee 5.1 

InhibitionInhibition studies on ADA by 2-substituted adenosines. 

Compoundd number Compound C6"(ppm) Xmj,(nm) K (jiM) 

WJLV> > 
156.4 4 265 5 

substrate e 

Km=33 3 

12 2 IT ) ) 157.6 6 244 4 

substrate e 

K,„„  = 34 

13 3 

IX) ) 
25(1 1 K,, =2.1 

14 4 

H3COO N 
I II  "> 

156.8 8 268 8 K,, = 8.5 

15 5 NHS S 

H O H N ^ N ^ N N 
rjbose e 

156.2 2 25') ) 

273 3 

K:: = 7.9 

16 6 311 1 

400 0 

K == 6.6-2.3 

17 7 

NH2 2 

ribose e 

156.4 4 260 0 

303 3 

K.. = 8.1 

'C'C NMR is measured in d6-DMSO to compare the electrophilicity of this carbon by substitution at C2. 
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5.7.22 2-Nitrosoadenosine 
NH2 2 

^ NN 2-Nitrosoadenosine (16) in solution is mainly present as dimer and the 
JLL JJ / dimerization of this compound has been extensively studied in chapter 3. 

0=NN N N 

ribosee ^ e ^m a' c o n c' u s ' o n from t n e concentration studies of this equilibrium 

166 showed that even at low concentrations, namely 25 p.M in water solution, 

thee main species in solution is the dimer. Extensive kinetic studies using 

bothh 'H NMR and enzyme inhibition have been carried out with this system. First of all, it was 

confirmedd that this compound was not hydrolyzed by ADA. Next, the inhibition studies were 

carriedd out. Generally the reaction rate in the enzyme inhibition studies is measured in at least 

twoo different concentrations of inhibitor. But in this case changing the concentration of the 

inhibitorr resulted in a change of the Vmax as well as Km(appl The results are shown in the Table 5.2. 

Tablee 5.2 

Concentrationn (uM) K„,1Jp[11 (uM) V„ u> (nMmin ') 

6.66 16 4.2 

10.11 31 3.1 

23.66 48 2.9 

Fromm these results it is clear that 2-nitrosoadenosine inhibits the action of ADA, but the exact 

Kjj  value varies in different concentrations probably due to the influence of dimerization. 

5.7.3 3 

Thee X-ray structure of ADA complexed with 

nebularinee was the first one for a 

purine/pyrimidinee deaminase enzyme.26 Although 

Asp-295—( ê'~-- Asp-296 ADA was crystallized in the presence of the 

purinee riboside, the ligand bound in the active 

sitesite is the hydrated form of nebularine. 

Thiss is the result of an enzyme-catalyzed 

stereospecificc addition of a zinc-activated water 

moleculee to the C6 position of nebularine. The 

purinee riboside hydrate is anchored in the active 

Schematicc diagram of the x - ray site by nine hydrogen bonds and by coordination 
ADA-66 (R)hydroxypurine r i bonuc leosi  o f t he 6_h v d r o x y]  g r o up t 0 a zinc ion. 

Figuree 5.8 

N33 is hydrogen-bonded to a NH of a glycine residue of the polypeptide backbone. Nl is 

hydrogen-bondedd to a glutamic acid residue. The N3 interaction is essential for binding and also 

Purine Purine 

o. . 

Q - -- -. 

analogs analogs 

; : . . 
~,Zn2 + ' ' 

,o' ' 
l u -217— — ?-e e 

o o 

N N 
I I 

HO'^-H H 

--mmCx Cx 
N N 

H H 

His s 

-~NH H 

8 8 

Asp-296 6 

, H O ^

N N 

N N 
Ribose e 
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forr catalysis while the Nl interaction is essential for catalysis but not for binding. The remaining 

hydrogenn bonds with the sugar part are not shown here. 

Too study the effect of C2 substituents in purine ribosides towards hydration by ADA, the 

compoundss 19-21 (Table 5.3) were synthesized and inhibition of ADA with these nucleosides 

wass compared with nebularine 18. These substituents change the electrophilicity of C6 and this 

changee might facilitate or retard the first attack of water at C6. 

Thee results of interaction of these modified purine ribonucleosides with ADA are 

summarizedd in Table 5-3. In contrast to the 6-substituted nucleosides these analogs can not be 

hydrolyzedd by ADA-catalyzed reaction. The inhibition studies of these compounds show that 

nebularinee Nl-oxide 21 is not an inhibitor. On the other hand the 2-nitro compound 20 shows 

inhibitorr activity towards ADA, although it is considerably less potent than the 2-amino analog 

19 9 

Tablee 5.3 

InhibitionInhibition .studies on ADA by modified purine ribonucleosides. 

Entryy Compound C6(ppm) \  ̂ K, fliM) 

2377 3.8 

262 2 

2444 1.0 

308 8 

2211 169 

273 3 

2233 no inhibition 

323 3 

Thee change in electrophilicity of C6 was studied by following the chemical shifts of C6 by 
nCC NMR. Since the differences in chemical shifts are small, also in this case no correlation 

betweenn these values and the K, values could be established. 

Thee decrease in activity of 20 compared to 19 could be due to the loss of extra interaction 

betweenn 2-amino and Glu-217, and/or to a change in electron density at N3. 

Fromm these data it is clear that by substitution of Nl with a negative oxygen atom (compound 

21)) an inhibitor is converted into an inert compound. This is an indication for the importance of 

18""  N V 149.0 

N N N N 

199 H2 fA^ y 150.7 
ribose e 

200 O 2 N ^ N ^ N 151.6 
ribose e 

211 S A / 147,8 

ribose e 
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thee interaction of Nl with Glu-217. The same effect was observed by blocking the Nl in 

adenosinee by oxidation. 

Fromm these values there is no indication for conversion of purine ribosides 20 and 21 into 

Transitionn State inhibitors as in the case of nebularine. 

5.7.44 Inosine analogs 

Inosinee is the product of the action of ADA on adenosine, and acts as a weak inhibitor for 

ADAA itselves." As shown in table 5-4, the substitution of the hydrogen atom at C2 by a nitro 

groupp did not influence the inhibition significantly. 

Tablee 5.4 

TheThe inhibition studies of ADA with 2-nitroinosine 

Entryy Compound Xm„(nm) K, (uM) 

OH H 

ribose e 

OH H 

2488 160 

253 3 

222 N^V-N 234 230 

o , N ^ N ^ " NN 343 

5.7.55 1-Deazaadenosine 

1-Deazaadenosinee 23 is a good competitive inhibitor for ADA with a K, value of 0.33 (xM. The 

X-rayy structure of ADA with 1-deazaadenosine revealed a hydrogen bond between Gly-184 and 

purinee N3. This is postulated to help in the orientation of C6 and stabilize the transition state for 

hydrolyticc deamination. In contrast to the activity of 23, deletion of N3 in adenosine produces a 

veryy weak inhibitor with a K, value of 257 (iM.2s 
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Asp-2955 (I'Q X^ 

0 --
- - - - . . " - .. e . ' N H ; HO' 

; H 0 0 

OHH % ^ ~ N 

"~~\"~~\ 1 Ribose 

Asp-296 6 

/ ^ O O 

SchematicSchematic diagram of the X-ray structure of ADA and 1 -deaza-adenosine 23. 

Figuree 5.9 

Thee effect of C2 substitution in the I-deazaadenosine system and interaction on ADA was 

studiedd next. First two 1-deazaadenosines were synthesized, where C2 was substituted either 

withh an electron-withdrawing group (25) or an electron-donating group (26). As shown in Table 

5.55 none of the modified 1-deaza nucleosides were substrates for ADA, as was found from 

incubationn studies with ADA. The data in Table 5.5 show that by C2 substitution with a chloro 

atomm 29 or nitro group a decrease in inhibition activity is observed. In contrast to this, with 

2-amino-11 -deazaadenosine 26 the inhibition is comparable to that of the unsubstituted 

1-dcazaadenosine. . 

Tablee 5.5 

TheThe effect of C2 substitution in inhibition of ADA with 1-deazaadenosines. 

numberr Compound .̂max (nm) K, (uM) 

NH2 2 

233 r Y ) 222/265 0.3 

ribose e 

NH2 2 

24-''' [X ""-)  not available 30 

ribose e 

MH2 2 

255 \ W 250/295/ 8.1 
NN ^N V 361 (shoulder) 

ribose e 

NH 2 2 

266 f ^ f N - ) 223 1.0 
' i i 

262,, 286 
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Thee decrease of activity of compound 24 and 25 compared to other compounds is probably due 

too the electron withdrawing character of these groups. The electron density of the ring especially 

att N3 probably is an important factor for binding of these inhibitors to ADA. 

Thee enhancement in affinity of 26 can be compared with 2-aminoadenosine 12 (§ 5.7.1). The 

aminoo substituent mesomerically donates electrons to N3 and improves the strength of the 

hydrogenn bonding with Gly-184. 

5.7.66 1-Deazapurine riboside analogs 

Thee first step of the action of ADA is the hydration at C6. Substitution in the ring as well as 

deletionn of Nl changes the electrophilicity of C6. We chose l-deazapurine riboside and 

substitutedd 1-deazapurines to study this effect. 

Thee effect of the position of the amine substituent in the purine ring of l-deazapurine 

ribonucleosidess on ADA inhibition is summarized in Table 5.6. The data in Table 5-6 show that 

byy shifting the amine from C6 to CI and/or C2 the inhibition activity of the resulting nucleoside 

stronglyy decreases. 

Tabicc 5.6 

StudyStudy of the effect of the position of amine in inhibition. 

numberr Compound Xm„  (ppm) K, (uM) 

222// 265 0.3 

3099 70 

3188 96 

Sincee from the X-ray structure of ADA with 1-dcazaadenosine 2311 no direct interaction has 

beenn observed, the enhancement of inhibitory activity should be a result of electrostatic changes 

inn the pyridine ring as was explained in § 5.7.5. The amino group in compound 23 is suitable for 

donationn of electrons to N3. Furthermore, both 27 and 28 have a substituent at positions that 
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mightt give steric hindrance in the active site although the 2-amine shows stronger affinity than 3-

aminoo towards ADA. 

Inn the next table 1-deazapurines with nitro substituents are presented. Since in this series of 

modifiedd 1-deaza nucleosides C6 amino is not present the same decrease in inhibition activity is 

observedd and the original inhibition of 23 is not restored by adding nitro groups to the 

1-deazapurinee ring and only complete loss of inhibition is observed. 

Tablee 5.7 

TheThe inhibition study of substituted 1-deazapurine ribonucleosides. 

number r 

23 3 

25 5 

29M M 

30 0 

31 1 

32 2 

33 3 

Compound d 

Nl-I, , 

a3 3 
ribose e 

NH2 2 

f\ f\ 02NN N 

ex. ex. 
N N 

a a 
02NN N 

XX XX 
N N 

OCh h 

h h 
02NN N 

OH H 

02NN N 

-N N 

-N N 
ribose e 

N N 

N N 
ribose e 

-N N 
> > 
ribose e 

-N N 

-N N 
ribose e 

3 3 

-N N 

- N N 

ribose e 

1, , 

Xm„„ (ppm) 

222 2 

265 5 

29? ? 

361 1 

242 2 

238 8 

306 6 

370 0 

306 6 

370 0 

316 6 

351 1 

364 4 

- J U U 

K,, (\iM) 

0.33 3 

8.1 1 

44 2 

noo inh ib i t ion 

noo inh ib i t ion 

noo inh ib i t ion 

noo inh ib i t ion 
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5.7.77 3-Deaza-6-azapurine riboside 

,,Nkk _N N'' "V- N The only compound available in this series is 9. It has no affinity towards 

Uv,, i*~~.-/ ADA (neither as a substrate nor inhibitor) This su"™orts the idea that the N3 

ribosee of adenosine is essential in hydrogen bonding at Gly-184 at the active site. 

5.88 Conclusion s 

AA new series of inhibitors for ADA was introduced and the resulting inhibition data provide 

additionall  evidence for the mechanism of action of ADA. 

Thee results in the 2-substituted adenosine series show that groups like methoxy, nitro and 

hydroxylaminoo (compounds 14-16) change a substrate into an effective inhibitor. This could be a 

resultt of the diminished interaction of Nl with ADA, which is essential for substrate activity. 

Inn the purine ribonucleoside series blocking of Nl (21) converts an inhibitor into an inert 

compound.. Substitution at C2 with an amino group (19) improves the inhibition activity whereas 

nitroo substitution reduces the inhibition activity. The basicity of N3 of the purine ring is an 

importantt factor in binding of these purine analogs to the active site of ADA, which may be the 

reasonn of a decrease in inhibition activity by a nitro substituent. 

1-Deazaadenosinee analogs (23-26) produce a stronger binding to ADA compared to purine 

ribonucleosidee (29) because Nl (in purine ribonucleoside) removes electrons from the ring and 

thuss deletion of Nl increases the electron density of N3 and thus leads to stronger inhibitor. 

Inn 1-deaza adenosines deletion of the amine from C6 (1-deazapurine ribonucleosides) results 

inn a significant decrease in inhibitory activity. This might also be an indication that the electron 

densityy at N3 has a strong influence on the activity of these inhibitors towards ADA. For the 

samee reason in 1-deazapurines a nitro substituent with an electron withdrawing character in the 

pyridinee ring results in a decrease or complete loss of inhibitory activity. 

Althoughh the evidence for the influence of substitucnts in different purine and 1-deazapurine 

systemss on the activity as a substrate or an inhibitor of ADA is not always unequivocal the 

followingg rules seem to apply: 

-Too produce a good substrate one should increase the electron density of N1 in adenosine. 

-Too produce a good inhibitor the electron density at N3 should be increased. 
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SynthesisSynthesis and Biological Activity of New Nucleoside Analogs 
asas Inhibitors of Adenosine Deaminase 

Adenosinee deaminase catalyzes (ADA) the hydrolytic deamination of adenosine and 

2'-deoxyadenosinee to form inosine or 2'-deoxyinosine and ammonia. Several studies show that 

measurementt of ADA concentration in pleural fluid is useful in the assessment of tuberculosis. 

Highh adenosine deaminase concentration in serum is found in typhoid fever, brucellosis, viral 

hepatitiss and acquired immunodeficiency syndrome (AIDS). A brief introduction about the 

history,, mechanism of action of ADA and importance of its inhibitors is presented in 

Chapterr  1. 

Sincee 1-deazaadenosine is a good inhibitor for ADA Chapter  2 introduces the synthesis 

andd functionalization of this ring system. Purpose of this investigation was to determine the 

requirementss and limits for interaction of substituted 1-deazaadenosine derivatives with ADA. 

Duringg our investigations towards selective derivatization of 1-deazapurine we introduced the 

tetrabutylammoniumm nitrate/trifluoroacetic anhydride (TBAN/TFAA ) system for the 

regioselectivee nitration of electron deficient and acid labile nucleosides. This easy to handle 

reagentt requires mild reaction conditions and shows high selectivity for nitration in the pyridine 

ring.. Nitration occurred at the a or P-position with respect to the pyridine nitrogen atom, 

dependingg on the substituents in the ring. Nitration of 6-substituted systems 1 produced a 2,6-

disubstitutedd 1-deazapurine nucleosides 2. 

rr N. TBAN/TFAA N N 

-N'' 'M OCDCM L H 
nb(Ac)33

2 N N 'T. , 
vv ' J nb(Ac)3 

R== CI or N02 

11 2 

Thee regioselectivity of the nitration using TBAN/TFAA could be influenced by 

introductionn of an electronwithdrawing substituent in the pyridine ring. The fact that an 

electronn withdrawing group facilitates the nitration excludes an electrophilic process. The 

resultingg new nitro substituted nucleosides were converted into a variety of deazaadenosine 

analogs. . 
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tïb(Ac)33 rib(Ac)3 

^^ TBANATFAA 0 2 N . ^ . N ''  > —- xx> 
ii  i 

o-- o-

Inn Chapter  3 substitution of C2 in the purine ring system is described. For the 

functionalizationn of this ring system TBAN/TFAA nitrating agent was used. This reagent 

selectivelyy nitrates C6 substituted purines at the 2-position. Thus 6-chloro-purine riboside 

triacetatee 5 was cleanly nitrated (DCM, 0 °C, 71%) and converted into nitro substituted 

adenosinee and inosine in a few simple steps. This nitration is limited to substrates without free 

NHH or OH substituents. 

CII CI 

N^Srtt TBANATFAA N^SrA 

rib(Ac)33 rib(Ac)3 

AA general approach to l-deaza-2-azapurines by a hetero Diels-Alder reaction is described in 

Chapterr  4. Reaction of sulfonamide protected 5-vinylimidazole 7 with 4-phenyl-l,2,4-

triazoline-3,5-dionee in methanol gave the Diels-Alder adduct 8 in 85% yield. Deprotection of 

thee resulting A'-phenyltriazole derivatives was efficiently accomplished by ring opening with 

hydrazinee followed by heating in DMSO. The completely deprotected and aromatized purine 

analogg 9 was obtained directly from this one-pot reaction in 48% yield. 

RR S02NMe2 H 

NN - ^ \ ^ N rr' rr' 
Phh O 
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Thee results of enzyme inhibition studies on ADA, for compounds described in chapter 2, 3 and 4 

aree presented in Chapter  5. The main interactions of Nl and N3 in the purine ring and 

1-deazapurinee ring system with the enzyme is shown in the following figure. 

NH2 2 

Glu-217-Or.00 I } i b o s e ; ' i b o s e 

O O 
HH H 

Gly-1844 Gly-184 

Inn general, our studies have shown that for a good inhibitor and/or substrate substituents which 

improvee the electron density on N3 in the purine ring as well as in the 1-deazapurine ring are 

beneficiall  since the hydrogen bond between N3 and Gly-184 becomes stronger. A number of the 

modifiedd nucleosides synthesized and tested are shown in the following figure. 

NH2 2 

XX X 
RR N 

100 R=NO 
111 R=OCH3, 
12R=NHOH H 

-N N 

-N N 
ribose e 

NH? ? 

02N N 

NH, , 

^ KK H,N^^N^~"N 
ribosee n 2 M IN I 

N N 
ribose e 

133 X=N 
144 X=CH 15 5 

NN H 2 N ^ N ^ N 0 2 N - ^ N ^ N 
ribosee ribose ribose 

166 17 18X=N 
199 X= CH 

Thee effect of electron withdrawing and donating substituents in adenosine derivatives 10 to 12 

andd 1-deazaadenosine derivatives 14 to 17 was studies. In the purine and 1-deazapurine series 

thee effect of a nitro group on the ADA catalyzed conversion of 18 and 19 to transition state 

structuress was studied. 
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SynthesisSynthesis And Activiteit van Nieuwe Nucleoside Analogs als 
RemmerRemmer van Adenosine Deaminase 

Adenosinee Deaminase (ADA) katalyseert de hydrolytische deaminering van adenosine en 2'-

deoxyadenosine,, hetgeen resulteert in de vorming van inosine en 2'-deoxyinosine en ammonia. 

Uitt verschillende studies blijkt dat bepaling van ADA concentraties in pleuraalvocht bruikbaar is 

voorr de vaststelling van tuberculose. Hoge ADA serumconcentraties worden gevonden bij 

typhus,, brucellose, virale hepatitis en acquired immunodeficiency syndrome (AIDS). Een korte 

inleidingg over de historie en het werkingsmechanisme van ADA en het belang van remmers van 

hett enzym wordt gepresenteerd in Chapter  1. 

Omdatt is gevonden dat 1-deazaadenosine een goede remmer is van ADA wordt in Chapter  2 

dee synthese en funktionalisering van dit ringsysteem beschreven. Het doel van dit gedeelte van 

hett onderzoek was om de voorwaarden en beperkingen te bestuderen voor de interaktie van de 

gesubstitueerdee 1-deazaadenosine derivaten met ADA. Tijdens dit onderzoek naar de selektieve 

derivatiseringg van 1-deazapurine werd voor het eerst het tetrabutylammonium 

nitraat/trif luorazijnzuuranhydridee (TBAN/TFAA ) systeem geïntroduceerd voor de 

regioselectievee nitrering van elektronen-deficiënte en zuurlabiele nucleosiden. Dit gemakkelijk 

hanteerbaree reagens vereist milde reaktiecondities en vertoont hoge selektiviteit voor nitrering in 

dee pyridine ring. Afhankelijk van overige substituenten vindt nitrering plaats op de 2- of 3-

positiee van de pyridine ring. Nitrering van de 6-gesubstitueerde systemen 1 levert 2,6-

digesubstitueerdee nucleosides 2. 

NN TBAN/TFAA N N 

NN 0-C.DCM X JL} 
l . M .. . OzN N N 

nb(Ac)33
 d I.. ... . vv ' J nb(Ac)3 

R=ClorN0 2 2 

11 2 

Dee regioselektiviteit van de nitrering met TBAN/TFAA kon worden beïnvloed door het 

invoerenn van een elektronenzuigende substituent in de pyridinering. Dit bleek bovendien de 

nitreringsreaktiee te versnellen, hetgeen een elektrofiele substitutie uitsluit. De op deze wijze 

verkregenn nieuwe nitro gesubstitueerde nucleosiden werden omgezet in een aantal 

1-deazaadenosinee analoga. 
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rib(Ac)33 rib(Ac)3 

^^ TBANATFAA 0 2 N ^ r . ^ 

ó-- o-

Inn Chapter  3 wordt de substitutie op C2 in de purinesystemen beschreven. Voor de 

funktionaliseringg werd ook in dit geval het TBAN/TFAA nitreringsreagens gebruikt, hetgeen 

leidtt tot selektieve nitrering op C2 van C6 gefunktionaliseerde purines. Op deze wijze werd 

6-chloorpurinee riboside triacetaat 5 eenvoudig genitrcerd (DCM, 0 °C, 71%) en vervolgens 

omgezett in 2-nitro gesubstitueerd adenosine en inosine. De nitrering is beperkt tot substraten 

zonderr vrije NH of OH substituenten. 

Cll Cl 

N^y\N^y\ TBAN^FAA N |T N \ ) 

rib(Ac)33 rib(Ac)3 

Eenn algemene benadering tot L-deaza-2-azapurines via een hetero Diels-Alder reaktie wordt 

beschrevenn in Chapter  4. Reaktie van sulfonamide beschermd 5-vinylimidazool 7 met 4-fenyl-

l,2,4-triazoline-3,5-dionn in methanol leidde tot het Diels-Alder adduct 8 in 85% opbrengst. 

Ontschermingg van de gevormde N-fenyltriazool derivaten werd effectief gerealiseerd via 

ringopeningg met hydrazine, gevolgd door verwarmen in DMSO. Het volledig ontschermde en 

gearomatiseerdee purine analogon 9 werd via deze "one-pot" reaktie verkregen in 48% opbrengst. 

//// TBS N NN  J 
Phh O 

S02NMe2 2 

N N 
/ ^ -TBS S 

N N 

»» -^ ^ 
** r S i ' ' 

H H 
-N N 
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Dee resultaten van de enzymstudies met ADA met de verbindingen verkregen in de 

hoofdstukkenn 2, 3 en 4, worden beschreven in Chapter  5. De belangrijkste interacties van NI en 

N33 van het purinesysteem met het enzym worden in de volgende figuur geïllustreerd. 

NH2 2 

ribosee ! ribose 

H H 

Gly-1844 Gly-184 

Inn het algemeen tonen onze studies aan dat voor effektieve remming of voor aktiviteit als 

substraat,, substituenten die de elektronendichtheid op N3 verhogen gunstig zijn, zowel in de 

purinesystemenn als in de deazapurine analoga, omdat dit leidt tot een sterkere waterstofbrug 

tussenn N3 en Gly-184. Een aantal van deze analoga wordt hieronder weergegeven: 

NH22 N H a *o. . 
N N 

III ^ II 02N N 
ribosee | l b o s e H2N N N 

10R=NOO 1 3 X = N 

11R=OCH3,, 14X=CH 1 5 

12R=NHOH H 

ribose e 

H?N N 

i33 n"> f t > 
N ^ NN H 2 N - ^ N ^ N 0 2 N - ^ N ^ N 

riboseribose ribose ribose 

1 66 17 18X=N 
19X=CH H 

Hett effekt van elektronenzuigcnde en -stuwende groepen in de adenosinederivaten 10 tot 12 

enn de 1-deazaadenosine derivaten 14 tot 17 werd eveneens bestudeerd, alsmede het effekt van de 
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nitro-groepp in de purine- en deazapurine systemen 18 en 19 op de ADA gekatalyseerde 

omzettingg tot de 6-gesubstitueerde transition state analoga. 
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