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1.11 SOLID PHASE SYNTHESIS AND COMBINATORIA L CHEMISTR Y 

Thee progress that molecular biology has made in the past two decades allowed for the 

automatedd biological screening of drug candidates, a procedure which is known as high-

throughputt screening (HTS). In order to speed up the costly drug development process, 

medicinall  chemists were now challenged to provide numerous drug candidates for many novel 

therapeuticc targets in a short time and combinatorial chemistry was the device. In initial 

approaches,, gigantic numbers of oligomeric molecules were prepared as mixtures of all possible 

combinationss of a given set of building blocks. The philosophy was to create such a diverse set 

off  compounds that screening was bound to produce a hit. But the often undefined quality of 

thesee 'real' combinatorial libraries soon emerged as a serious drawback and focus shifted to the 

automatedd parallel synthesis of single compounds of defined structure, which started a period 

off  turbulent evolution of solid phase synthesis.1 

Thee founding father of solid phase synthesis is undoubtedly R. Bruce Merrifield, who 

revolutionisedd peptide synthesis in 1963 by reporting the preparation of a tetrapeptide on 

insolublee cross-linked polystyrene beads.2 Twenty-one years later, he was rewarded the Nobel 

prizee for his 'development of methodology for chemical synthesis on a solid matrix'. Shortly 

afterr Merrifield's principal solid phase peptide synthesis Letsinger3 and Khorana4 each 

reportedd a modified strategy, which formed the groundwork for automated solid phase 

oligonucleotidee synthesis, a technique that has proved invaluable in modern genetic 

engineering.. The exemplary method of Khorana, who's contribution to polynucleotide 

synthesiss was rewarded with the Nobel prize in 1968, is outlined in Scheme 1.1. It involved the 

initiall  attachment of a nucleoside, thymidine 2, to previously synthesised 4-methoxytrityl-

chloridee polystyrene polymer 1. The resulting polymer 3 was subjected to repeated nucleotide 

couplingg steps and final cleavage of the desired oligonucleotide from the polymer was achieved 

underr mild acidic conditions furnishing TpTpT 6 in 84 % yield from polymer bound 

thymidinee 3. This example clearly demonstrates the benefits of synthesis on a solid support: 

easyy work-up by simple washing and filtration steps and the use of reagents in excess to drive 

thee reactions to completion. These procedures soon turned out te be quite applicable to 

automation. . 

Thee high-throughput synthesis and screening innovation in medicinal chemistry required 

translationn of 'classical' solution phase organic chemistry to solid supported chemistry in order 

too produce the desired drug-like molecules. This demanded a serious understanding of 

polymerr properties.5 Although a growing number of new solid supports become available for 

applicationn in solid phase chemistry, the classic Merrifield-type polystyrene cross-linked with 

11 or 2 % divinylbenzene is still the most widely used support for solid phase operations. 

Functionalisationn of the phenyl groups in the polystyrene matrix permits the attachment of 
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Schem ee 1.1. Khorana's polymer supported oligonucleotide synthesis from 1966, reference 4. (a) pyridine, 
thenn MeOH; (b) pyridinium salt of 4 (20 equiv), pyridine, mesitylene sulfonylchloride (30 equiv); (c) 1 M 
NaOCH33 in MeOH-DMSO-pyridine (1:5:4); (d) TFA-CHCI3 (1:99), 0 , 5 min, 6: 84 % yield from 3. T = thym-
ine. . 

substrates.. Since more than 99 % of the reactive sites are inside these resin beads, they must be 

swollenn in the reaction solvent in order to be accessible to reagents.6 The choice of reaction 

solventt is therefore crucial in polymer supported reactions and the optimum solvent may not 

bee the same as used in analogous reactions in solution. In fact, the swollen cross-linked 

polymerss are said to be the solvents in which the reactions are performed.50 The gel-phase 

polymer-solventt system does not allow the use of heterogeneous reagents and accordingly 

precipitationn of side-products from the gel-phase is a typical nuisance in solid phase chemistry. 

Thee attachment of the substrate to the polymer, sequential polymer supported synthesis 

stepss and final detachment, poses divergent demands on the linkage between polymer and 

substrate.. On the one hand, the linkage has to remain stable during the diversification steps 

preventingg premature cleavage; on the other hand, facile release from the support must be 

guaranteed,, without affecting the desired end-product. Obviously, much of the research in 

solidd phase organic synthesis is devoted to the development of practical linker systems.7 

3 3 
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Givenn the long development time associated with transferring chemistry to solid phase and 

thee difficulties with monitoring solid supported reactions,8 the practice of synthesising drug 

candidatess entirely on a solid support has seen a decline in use over the past few years.9 Other 

solidd phase applications are becoming increasingly important in organic synthesis, such as the 

usee of polymer supported reagents,10 that allow the easy work-up by filtration, and polymer 

supportedd catalysts,11 that can be re-used, and scavenger resins to trap odorous or toxic species 

orr reagents used in excess.10,12 

Judgingg from the commodious collection of solid phase reactions that has been reported in 

thee past decade13 and the large and ever expanding amount of products that is commercially 

availableavailable for solid phase and combinatorial chemistry, including new solid supports, solid 

supportedd reagents, pre-loaded resins and building blocks, solid phase techniques have become 

ann established arsenal for the synthetic chemist. 

Thee philosophy behind combinatorial library design has changed radically since the early days 

off  vast, diversity driven libraries.9 A reconsideration was imperative because the large numbers 

off  compounds synthesised did not result in the increase in drug candidates that was originally 

envisaged.. Whereas the amount of new chemical entities has remained relatively constant 

betweenn 1990 and 2000, averaging approximately 37 per annum,14 the number of compounds 

synthesisedd and screened has increased by several orders of magnitude.15 The idea of 

maximisingg diversity is now mostly abandoned and current design strategies involve 

interactionss between various disciplines with inputs from biotechnology, biomedical 

engineering,, informatics, proteomics and genomics.1617 In this collective approach the library is 

fashionedd to bind to specific biological targets such as enzymes or receptors.14 Because these 

'thematical'' - as opposed to 'diverse' - libraries focus on processes with a common biochemical 

mechanism,, they can potentially cross over to multiple therapeutic areas. Therefore, a drug-

discoveryy strategy based on these thematic libraries may offer an increased probability for 

therapeuticc success. 

1.22 ADENOSINE RECEPTORS 

Thee endogenous nucleoside, adenosine, is ubiquitous in mammalian cell types. Adenosine is 

relatedd both structurally and metabolically to the bioactive nucleotides adenosine triphosphate 

(ATP),, adenosine diphosphate (ADP), adenosine monophosphate (AMP) and cyclic adenosine 

monophosphatee (cAMP); to the biochemical methylating agent S-adenosylmethionine (SAM); 

andd it is present as a structural element in RNA and the coenzymes NAD, FAD and 

4 4 
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coenzymee A. Together adenosine and these related compounds are important in the regulation 

off  many aspects of cellular metabolism. 

Adenosinee itself is produced in many cell types with a basal concentration in the 

micromolarr range. The concentration of endogenous adenosine in interstitial fluid has been 

estimatedd between 30 and 300 nM.18 The biosynthesis of adenosine proceeds primarily by two 

pathways.. The first is a cascading hydrolysis pathway, from ATP to ADP to AM P to adenosine 

catalysedd by 5'-nucleotidase enzymes and this process can occur both intracellularly and 

extracellularly.199 The second is the intracellular enzymatic hydrolysis of S-adenosyl-

homocysteinee to adenosine.20 Transport of intracellularly produced adenosine out of the cell 

proceedss primarily by facilitated diffusion through equilibrative or concentrative nucleoside 

transporterr proteins.21 The lifetime of adenosine in circulation is in the order of several 

secondss and this rapid degradation means that adenosine acts locally, close to the site where it 

firstt enters circulation.22 The elimination of extracellular adenosine generally takes place by 

uptakee back into the cell through the nucleoside transporters or by deamination to inosine 

catalysedd by adenosine deaminase. Intracellular adenosine is either phosphorylated to AM P by 

adenosinee kinase or metabolised enzymatically by adenosine deaminase to inosine.23 

ADENOSINEADENOSINE AND G-PROTEINS 

Adenosinee mediates many of its physiological effects via cell surface receptors named 

adenosinee receptors.24 To date four adenosine receptor subtypes have been identified: three 

withh affinity for the endogenous ligand adenosine in the nanomolar range, (Ai , A2A and A3) 

andd one with affinity in the micromolar range (A2B)- The adenosine receptors belong to the 

extensivee family of guanine nucleotide binding-protein (G-protein) coupled receptors 

(GPCR's),, which all consist of seven membrane spanning a-helices, that together constitute the 

bindingg site for extracellular ligands (e.g. adenosine).25 The heterotrimeric G-protein is 

composedd of an a, P and y subunit and transduces the binding of an extracellular ligand to the 

receptorr into an intracellular response (see Figure 1.1 on page 6).26 This process is called signal 

transduction.. Stimulation of this transduction mechanism is effected when an extracellular 
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secondd messengers: 
-cAMP P 

Figur ee 1.1. Mode of action of G-protein coupled receptors. 

ligandd enters the binding site of the G-protein coupled receptor and thereby causes a change in 

thee relative orientation of the transmembrane helices. These alterations then affect the 

conformationn of the intracellular loops of the receptor that interact with the G-protein, thereby 

uncoveringg previously masked binding sites on the a-subunit where GDP is enclosed. 

Subsequentt GDP release from the a-subunit of the G-protein allows GTP to enter the available 

bindingg site. The GTP-bound a-subunit dissociates from the Py-subunit and either part can 

activatee an effector system, also known as second messenger system. This is usually an enzyme 

suchh as adenylate cyclase or a phospholipase, a transport protein or an ion channel specific for 

Ca2+,, K+ or Na+. This signal transduction mechanism is turned off when the a-subunit 

hydrolysess the bound GTP to GDP and the three subunits recombine under formation of the 

inactivee heterotrimeric G-protein. Recently, regulatory proteins have been identified that 

acceleratee GTP hydrolysis and thereby return the a-subunit to its inactivated GDP-bound 

form.277 Several classes of G-proteins can be distinguished that are each associated with a 

distinctt second messenger system. They include Gs, which activates adenylate cyclase; Gj, which 

inhibitss adenylate cyclase and Gq, which activates phospholipase C. 

Eachh of the adenosine receptor subtypes has been classically characterised by the adenylate 

cyclasee effector system.24 Adenylate cyclase is an integral membrane protein and catalyses the 

intracellularr conversion of ATP to the second messenger cAMP, which in turn affects a very 

widee range of cellular processes. The Aj and A3 receptors are coupled with Gj proteins, that 

inhibitt adenylate cyclase, leading to a dectease in cellular cAMP levels. The A2A and A2B 

receptorss couple to Gs proteins, that activate adenylate cyclase, leading to an increase in cellular 
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cAMPP levels. At present adenosine receptors are associated with many more effector systems 

otherr than adenylate cyclase and recently accessory proteins have been discovered that 

influencee the receptor/G-protein interaction and thus modulate the signalling reaction.28 

Al ll  four adenosine receptor subtypes have recently been cloned from a variety of mammals, 

includingg humans. While there is a high sequence homology between A\, A2A and A2B 

receptorss among mammals, the A3 subtype forms an exception. The amino acid identity 

betweenn human and rat adenosine receptor subtypes is 94 % (Ai) , 84 % (AIA)> 86 % (A2B) and 

722 % (A3).Z4 The lesser homology exhibited for the A3 subtype is reflected by the significant 

differencess in pharmacology between rat and human, including binding of ligands,29 tissue 

distribution,, and diversity of structure with respect to G protein-coupling and effector 

systems.30 0 

Thee adenosine receptor subtypes are variously expressed in effectually every organ and tissue 

inn the body where they modulate a multiplicity of physiological processes. Adenosine receptors 

playy an important role in the central nervous system and the cardiovascular system, in 

immunologicall  and inflammatory responses, respiratory regulation and in the kidney. 

ADENOSINEADENOSINE IS AN AGONIST 

Adenosinee is the endogenous ligand for the adenosine receptors. When this nucleoside binds 

too the adenosine receptor, it activates signal transduction pathways. By definition adenosine is 

thereforee an agonist, a compound that gives a maximal response (Figure 1.2). Exposure of any 

GPCRR to agonists for some time commonly leads to the attenuation of the agonist response.31 

Thiss phenomenon is termed desensitisation and has been demonstrated for all adenosine 

100%% . 

response e 

0% % 

fulll agonist 

partiall agonist 

antagonist t 

logg (concentration) 

Figuree 1.2. Dose-response curves for a full and a partial agonist and an antagonist (no response). 
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receptorss subtypes.30 The studies towards desensitisation of the adenosine receptors were 

carriedd out on receptors stably transfected into tissue derived cell lines and on recombinantly 

derivedd receptors. Desensitisation of the A\ receptor occurs relatively slowly, with a half life of 

66 to 8 hours, the A2A and A2B receptor responses are attenuated in less than an hour, while the 

A33 receptor desensitises very rapidly, within a few minutes. More research is required towards 

thee desensitisation mechanisms and how these events observed in cultured cells will translate 

inin vivo. 

Obviously,, when adenosine receptors are to be exploited as therapeutic targets, the 

attenuationn of the desired receptor response is undesired. A partial agonist may induce less 

receptorr desensitisation.32 A partial agonist is a compound that displays a submaximal response 

(seee Figure 1.2), whereas a compound that blocks the receptor for activation is called an 

antagonist.. Other advantages of the therapeutic use of partial agonists may be the reduced 

chancee of side effects and increased subtype selectivity.33 A compound can be a full agonist in 

onee system and at the same time be a partial agonist in another system. 

THERAPEUTICTHERAPEUTIC POTENTIAL OF ADENOSINE RECEPTOR AGONISTS. 

Adenosinee is involved in a wide variety of physiological functions by stimulating the adenosine 

receptors.. Cloning of the four adenosine receptor subtypes and their expression in 

recombinantt systems allowed the design and discovery of subtype selective ligands and revealed 

thatt adenosine analogues may act as agonists for the adenosine receptors. By modifying the 

endogenouss adenosine molecule selectivity for one of the receptor subtypes can be obtained 

(seee next section). In this section the role of the adenosine receptor subtypes in various 

(patho)physiologicall  processes is described and several prospects are indicated for therapeutic 

interventionn by selective activation of the adenosine receptor subtypes. 

Centrall  nervous system. 

Withinn the central nervous system (CNS), adenosine is an important modulator of 

neurotransmission,, and has been implicated in many physiological functions such as regulation 

off  arousal and sleep, anxiety, cognition and memory.34 Thus Ai receptor agonists may serve as 

sleepp promoters and have been implicated as potential drugs in the treatment oi: anxiety. 

Adenosinee regulates pain transmission particularly by activation of adenosine Ai receptors at 

spinal,, supraspinal and peripheral sites.35 Several known pain killers alter the extracellular 

availabilityy of adenosine and subsequently modulate pain transmission. Acute exposure to 

capsaicin,, the 'hot' component of chilli peppers, induces a reduced sensitivity to chemicals, 

heatt and pressure. Capsaicine and also the opioid morphine increase endogenous adenosine 

8 8 
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releasee in the spinal cord, which is believed to account for their analgesic (pain killing) effect. 

Whenn given spinally, adenosine can provide a long-lasting analgesia in both rats and humans. 

Underr certain pathological conditions, like trauma, ischaemia (stroke) and seizure activity, 

adenosinee can serve a significant neuroprotective function.36 These traumas involve an increase 

inn neurotransmitter release. The excessive firing of neurotransmitters is ultimately responsible 

forr neural degeneration and destruction of nerve cells, which leads to brain damage or 

eventuallyy death. The development of drugs that (indirectly) activate the Aj receptor, 

consequentlyy inhibiting neurotransmitter release, may therefore be clinically useful in the 

treatmentt of ischaemia or epilepsy. 

Alsoo in chronic neurological disorders such as Alzheimer's or Huntington's disease 

activationn of adenosine receptors can be of clinical importance.37,38 The most widely used drugs 

inn Alzheimer's disease increase the availability of acetylcholine in central cholinergic pathways 

byy inhibiting the enzyme acetylcholinesterase.37 Another strategy to enhance cholinergic 

transmissionn might be to activate adenosine A2A receptors, which facilitate acetylcholine 

release,, or to block adenosine Aj receptors, which inhibit acetylcholine release.39 In rodent 

modelss of Huntington's disease both adenosine Ai receptor agonists and adenosine A2A 

receptorr antagonists appear to attenuate the striatal lesions as well as the dystonia, the 

repetitivee muscle contractions that cause the typical jerking movements of body parts.38 

Cardiovascularr  system 

Adenosinee is clinically used as an antiarrythmic agent, Adenocard™ (i.v.), to restore normal 

heartt rhythm in patients with abnormally rapid heartbeats originating in the upper chambers 

off  the heart, so-called paroxysmal supraventricular tachycardia. The therapeutic effect is 

broughtt about by activation of the Ai receptors localised on the sinoatrial node, which 

interruptss the excessive electrical impulses in the sinus and atrioventricular nodes. Selective 

actionn at the site of administration can be achieved as a result of the rapid metabolism of 

adenosine.222 Development of stable adenosine agonists that can be orally administered may be 

usefull  in the management of cardiac arrhythmias. 

Vasodilationn of coronary vessels is achieved by activating A2A receptors and adenosine itself, 

marketedd as Adenoscan™ (i.v.), is applied for cardiac imaging in the evaluation of coronary 

arteryy disease. Selective A2A agonists are currently in clinical trials as potent vasodilators.40 

Inflammator yy responses 

Elevatedd levels of adenosine have been measured in the lung fluid and the exhaled breath 

condensatee of patients with inflammatory disorders of the airways such as asthma and chronic 

obstructivee pulmonary disease (COPD). Adenosine has therefore been suspected to have a 

pathogenicc role in such chronic disorders.41 Inhaled adenosine has the effect of causing mast 
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cell-dependentt bronchoconstriction in asthmatic subjects, but causes bronchodilation in 

nonasthmatics.. Degranulating mast cells that release allergic mediators like histamine, are 

consideredd to be play a crucial role in these diseases. Activation of A3 and A2B receptors has 

beenn shown to facilitate the release of allergic mediators from mast cells, while activation of 

A2AA receptors leads to inhibition of histamine release. The inhalation of the nonselective 

adenosinee receptor antagonist theophylline (present in tea) is widely used as an antiasthmatic 

therapyy and its mechanism of action may involve blocking of the low affinity A2B receptor. 

Alternatively,, selective A2A agonists are currently in clinical development as anti-inflammatory 

agentss for the treatment of asthma and COPD.40 

Cancer r 

Significantlyy elevated levels of adenosine are found in the extracellular fluid of solid tumors, 

suggestingg a role of adenosine in tumour growth.42 Adenosine was found to exert its effects on 

proliferationn and on cell death mainly through the A3 adenosine receptors. Exposure of 

variouss cell lines to A3 receptor selective agonists showed inhibition of cancer cell proliferation, 

whilee stimulating the growth of bone marrow cells.45 These results suggest that A3 agonists may 

havee potential as anticancer agents and could be useful as adjuvants to chemotherapy. 

Agonistss of A2A receptors are proposed to be used as vasodilators of intratumoural blood 

vessels,, facilitating the delivery of anticancer drugs into the tumour tissue. This might be 

particularlyy important for malignant brain tumours, where the limited effectiveness of 

chemotherapyy has been attributed to insufficient drug delivery into the tumour cells.42 

Thee diverse physiological functions of adenosine, some of which have been mentioned above, 

demonstratee the significant benefits of developing therapeutics for the regulation of adenosine 

receptors.. However, the widely spread distribution of adenosine receptors in mammalian cell 

types,, the existence of at least four distinct subtypes together with the variability of 

physiologicall  responses means that exploiting this potential requires agonists and antagonists 

thatt are highly subtype and tissue type selective to be of value as therapeutics. 

DEVELOPMENTDEVELOPMENT OF SUBTYPE SELECTIVE ADENOSINE RECEPTOR AGONISTS 

Adenosinee receptor research over the past 20 year has shown that all adenosine receptor 

agonistss are derivatives of the native adenosine structure.24,44 The ribose moiety appears to be 

essentiall  for affinity and agonist activity, although modifications at the 3' and 5' position are 

tolerated.. Increase in affinity and selectivity has been effected by modification of the ribosyl 5'-

positionn and the 2- and N6-positions. Generally, N6-monosubstitution with a bulky cycloalkyl 

orr arylalkyl group enhances A] selectivity relative to the A2A and A3 subtypes as exemplified by 

10 0 
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Figur ee 1.3. Classical examples of adenosine receptor subtype selective agonists with their binding affinities K 
inn nM at the rat and human receptors. Data taken from reference 24a ora 45 orb 46. 

2-chloro-6-cyclopentyladenosinee 7 (CCPA) in Figure 1.3. The N6-substituents may contain 

heteroatoms,, while stereochemistry is an also an important determinant. The 2-position can 

toleratee small, selectivity enhancing substituents, such as halogen or oxo groups. Removal of 

thee 2'- and 3'-hydroxyl groups leads to partial agonism with weak activity. Selectivity for the A2A 

receptorr is favoured by large substituents on the 2 position and 5'-ethylcarboxamido or 5'-

azacyclicc modifications on the ribosyl part. Both polar and apolar C2 linkers such as NH, O 

andd alkynyl with lipophilic cycloalkyl or phenylalkyl groups are required for A2A affinity and 

selectivity.. An A2A selective agonist frequently used as a pharmacological tool is adenosine 

analoguee 8 known as CGS21680. For the low affinity A2B receptor 5'-N-ethylcarboxamido-

adenosinee (NECA) 9 remains one of the most potent agonists, although it is not selective for 

thee A2B receptor. Selectivity at A3 adenosine receptors had been achieved through optimisation 

off  substituents at the N and 5'-positions of adenosine. Specifically, a benzyl group on N 

seemss to be preferred by A3 receptors and produced decreased potency at Ai and A2A receptors. 

Thee A3 selectivity was further enhanced by the addition of 5'-N-methylcarboxamido groups as 

inn CUB-MECA 10. 

Whil ee adenosine analogues were usually screened for selectivity at the rat adenosine 

receptors,, recently human recombinant adenosine receptors expressed in mammalian cell lines 

havee become available. Marked differences in subtype selectivity between rat and human 
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adenosinee receptors have come to light. Agonists, like CGS21680 8 that have been used as 

pharmacologicall  tools for their subtype selectivity on rat adenosine receptors, have now been 

shownn to be less selective at human receptors as becomes evident from Figure 1.3. 

Inn addition, with the functional evaluation of more compounds on the most recently 

discoveredd A3 receptor surprising results have been obtained concerning the functional activity 

off  adenosine analogues. While 2-alkynyl adenosine analogues are known to be potent agonists 

att the human adenosine receptors, Cristalli's group discovered that several 8-alkynyl adenosine 

analogues,, are in fact antagonists for the A3 receptor.47 This is remarkable since adenosine 

derivativess with an unmodified ribose moiety have always been considered to act as (partial) 

agonistss at the adenosine receptors. Accordingly, it has often been assumed that adenosine 

derivativess that activate one receptor subtype would likely activate other subtypes at 

concentrationss at which binding is observed. Jacobson and coworkers, however, have recently 

shownn that the known A] selective agonist CCPA 7 is actually an antagonist of the A3 

receptor.29,488 These findings require a reconsideration of the classical paradigm that adenosine 

analoguess are always agonists of the adenosine receptors. 

Lately,, more sophisticated di- and trisubstituted adenosine analogues have been reported 

withh high affinity and selectivity for the adenosine receptors. It has become increasingly 

difficul tt to predict the effect of these multiple substitutions on subtype selectivity, affinity and 

efficacy.241.. The recently synthesised 2-triazenyladenosine derivative 11, was reported to be a 

potentt and selective agonist for the human A] receptor with a Kj value of 2.8  0.8 nM, and a 

755 fold selectivity over A2A and 214 fold over A3 receptors.46 The 2,6-disubstituted NECA 

derivativee 12 was reported by researchers at Glaxo Wellcome as a potent and selective agonist at 

thee A2A receptor.49 A 4'-(2-alkyltetrazoyl) adenosine derivative related to 12, GW-328267, is 

currentlyy in clinical trials for inhalation therapy for asthma and COPD.40 While 2-alkynyl 

HNN ^ HN ^ 

O O 

O H H 

''  Ï I > 

HO O 

HO O 

11:: AT selective 

OH H 

HO O 

12:: A2A selective 

Figur ee 1.4. Modern multisubstituted adenosine analogues as agonists for the adenosine receptors. 
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adenosinee analogues are potent agonists at the human adenosine A2A and A3 receptors,473 the 

introductionn of an additional N6-substituent on 2-alkynyladenosine derivatives was shown to 

increasee selectivity for the human A3 receptor and N -methyl analogue 13 displayed a Kj value 

off  3.4 (2.0-5.8) nM and 500 and 2500 fold selectivity over the Ai and A2A receptors 

respectively.47* * 

Thee combination of site-directed mutagenesis, molecular modelling and the screening of 

knownn and new adenosine analogues has offered a progressive understanding of receptor-

ligandd interactions.29,47b-50'53 This multidisciplinary approach may boost the development of 

potentiall  therapeutic agents with selectivity for the adenosine receptor subtypes. 

1.33 NUCLEOSIDES AS ANTI-PARASITI C AGENTS 

Thee World Health Organisation estimates that more than two billion people are affected by 

tropicall  diseases, like malaria, African sleeping sickness, Chagas' disease and leishmaniasis.54 

Thee etiological agents of these diseases are unicellular parasites belonging to the kingdom of 

thee Protozoa. In this section a brief description of each of these parasitic diseases and their 

relatedd problems concerning current chemotherapy is presented. Subsequently, the role that 

modifiedd nucleosides might play as potential anti-parasitic agents, is discussed. 

Malari a a 

Approximatelyy 40 % of the world's population lives in tropical and subtropical areas where 

malariall  parasites are endemic, and 300 to 500 million people worldwide are afflicted with the 

diseasee annually. Plasmodium falciparum, the agent that causes the most severe form of malaria 

inn humans, is responsible for 1.5 to 2.7 million deaths per year, of which more than 1 million 

occurr in children under 5 years of age. P. falciparum is an obligate intracellular protozoan 

parasitee that undergoes a number of developmental stages in the human host and multiplies 

asexuallyy in the red blood cell to give rise to all of the clinical symptoms of malaria: fever, with 

orr without other indications such as headache, muscular aches and weakness, vomiting, 

diarrhoea,, cough. Death may be due to infected red blood cells blocking blood vessels 

supplyingg the brain (cerebral malaria), or damage to other vital organs.55 

Malariaa parasites enter their mammalian host via the bite of an infected female Anopheles 

mosquitoo (see also Box 1.1 on page 14). They make their way first, via the bloodstream, to the 

liverr where a single parasite, 'sporozoite', invades a liver cell. Once inside, it multiplies to 

producee thousands of 'merozoites'. The liver cell swells and eventually bursts, releasing the 

merozoitess into the circulation, where they set about invading the red blood cells of their host. 

Withinn the red blood cell the parasite grows via the ring stage to become a 'trophozoite'. In this 
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Boxx 1.1. Parasite and disease facts. 

Disease e 

Malaria a 

African n 
sleeping g 

Chagas' ' 

sickness s 

disease e 

Leishmaniasis s 

People e 
att  risk 

-- 2 billion 

600 million 

400 million 

3500 million 

Parasite e 

genus s 

Plasmodium m 
spp p 

Trypanosoma Trypanosoma 
bruceibrucei spp 

Trypanosoma a 

cruzi cruzi 

Leishmania Leishmania 

spp p 

order r 

Apicom--
plexa a 

Kineto--
plastida a 

Kineto--
plastida a 

Kineto--
plastida a 

Insect t 
vector r 

mosquito o 
(Anopheless ) 

tsetsee fly 
(Glossina) ) 

reduviidd bug 
(Triatoma) ) 

sandfly y 
(Phlebotomus) ) 

Geographical l 
location n 

>> 100 countries in 
thee tropics and sub-
tropics s 

366 countries in sub-
Saharann Africa 

Centrall  and South 
America a 

Worldwidee tropical 
andd subtropical 
regions s 

stagee the parasite takes up nutrients from its host and starts growing rapidly until it reaches the 

'schizont'' stage and the parasite subdivides to produce 20 to 30 daughter merozoites. Then 

approximatelyy 48 hours after the initial invasion, the infected red blood cell bursts, releasing 

thee merozoites, and a new cycle begins. Its various stages and the strategy of living inside the 

cellss of its host helps the parasite evade the host's immune system. 

Althoughh chemotherapy and prophylaxis are available, the rapidly growing resistance against 

classicall  (and inexpensive) drugs like quinine, chloroquine and mefloquine (Lariam®) and drug 

toxicityy articulate the acute need for more efficacious and less toxic drugs. 

Africann sleeping sickness 

Africann sleeping sickness, caused by Trypanosoma brucei spp, is transmitted to humans through 

thee bite of the tsetse fly of the genus Glossina.56 When present in the insect vector the parasite 

iss in the procyclic form, but upon introduction into the host, the trypanosomes adopt the 

bloodstreamm form, and they proliferate in the blood and lymphatic systems, before invading the 

centrall  nervous system. Cerebral invasion is responsible for the disturbances in patients' sleep 

patternss and other neuropsychiatric disorders. Sleeping sickness falls into two clinical 

categoriess depending on which trypanosome subspecies is responsible: T. b. gambiense causes a 

chronicc disease that takes several years to progress to the second meningoencephalitic stage; 

T.. b. rhodesiense, however, causes an acute form of the disease, taking just a few weeks to reach 

thiss second stage. Sleeping sickness is a daily threat to more than 60 million people in 36 

countriess of sub-Saharan Africa, 22 of which are among the least developed countries in the 

world.. The estimated number of people thought to have the disease is between 300 000 and 

5000 000. However, only 3 to 4 million of these people are under surveillance and the 50 000 
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deathss reported in 2001 do not reflect the reality of the situation, but simply show the absence 

off  case detection. If untreated, both forms of the disease are fatal at the second stage, and 

unfortunatelyy the treatment of African trypanosiomasis is still unsatisfactory. Eflornithine, the 

solee drug developed in recent times, is effective only for late-stage gambiense disease and is very 

expensive.577 However, production of eflornithine is once again commercially viable thanks to 

itss cosmetic properties in the control of unwanted facial hair (Vaniqa™ cream).58 Two other 

drugs,, pentamidine and suramin which are incapable of crossing the blood-brain barrier, are 

usedd for the treatment of early-stage gambiense and rhodesiense disease, respectively, but have 

seriouss side effects. Since its introduction in 194959 the arsenical drug melarsoprol remains the 

first-linee drug for late-stage disease of both forms of sleeping sickness, but is very toxic and even 

fatal.. Up to 10 % of the patients die from melarsoprol induced reactive encephalopathy.60 

Moreover,, none of the African trypanocides can be given orally. 

Chagas'' disease 

Chagas'' disease is caused by Trypanosoma cruzi, for which many kinds of wild and domestic 

mammalss act as hosts and hence as reservoirs of the disease.61 This flagellated protozoan 

parasitee is transmitted to humans in different ways, either by the blood-sucking reduviid bug, 

orr vinchuca, which deposits its infective faeces on the skin at the time of biting, or directly by 

transfusionn of infected blood or by congenital transmission. T. cruzi infection has a wide 

distributionn in Central and South America, where it is endemic in 21 countries. The disease 

affectss 16 to 18 million people, and about 5 to 6 million of these have developed chronic 

incurablee complications, such as cardiac lesions, digestive disorders, peripheral neurological 

lesions,, appearing 10 to 20 years after the initial acute phase of the disease. The number of 

lethall  cases, mostly among children, reported in 2002 was 13 000. There have been significant 

improvementss in the control of Chagas' disease by breaking the transmission of the disease 

throughh targeting the insect vectors. Treatment with nifurtimox and benznidazole is available 

forr acute stages of the disease only. New drugs are thus still needed, especially to overcome the 

chronicc form of the disease. 

Leishmaniasis s 

Overr 20 different species of the genus Leishmania are known to be pathogenic for humans.62 

Theyy are all transmitted by the bite of an insect vector, the phlebotomine sandfly. The 

promastigotee forms of the leishmanial parasite enter the human host where they are ingested 

byy macrophages. There they metamorphose into amastigote forms and reproduce by binary 

fission.. They increase in number until the cell eventually bursts, then infect other phagocytic 

cellss and continue the cycle. The leishmaniases are divided into three general clinical patterns 

accordingg to the form of the disease: cutaneous, visceral and mucocutaneous. Over two million 
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neww cases of leishmaniasis are estimated to develop each year in 88 countries, with more than 

3500 million people at risk and a reported 59 000 deaths in 2002. New drugs are needed for 

leishmaniasiss because the standard treatments can only be given parenterally, and the 

treatmentt courses are long, expensive, and may induce severe adverse reactions. Moreover, key 

productss such as antimonials are being compromised by drug resistance.63 

Chemotherapy,, even if not satisfactory, remains the principal instrument for the control of all 

thesee diseases. Vaccine development has proved difficult because many of these parasites have 

evolvedd intricate mechanisms for evading their host's immune system. Nevertheless a handful 

off  vaccine candidates against malaria and leishmaniasis has recently moved into development 

forr clinical trials.64 The limited number of available drugs is simply a consequence of market 

economyy principles: since people most at risk from tropical diseases are among the poorest in 

thee world, pharmaceutical companies are reluctant to invest in the development of new drugs. 

Off  the 1399 new chemical entities registered and marketed between 1975-1999, only 13 

specificallyy concerned tropical diseases.66,67 

NUCLEOBASENUCLEOBASE AND NUCLEOSIDE TRANSPORT 

Thee identification of fundamental biochemical disparities between a parasite and its host 

offerss a promising strategy for the development of new chemotherapy against parasitic diseases. 

AA striking metabolic difference between all protozoan parasites and their mammalian hosts is 

thee purine biosynthetic pathway. Whereas mammalian cells can synthesise the purine ring 

fromm amino acids and other small molecules, all protozoan parasites studied to date are 

incapablee of synthesising purines de novo.6® Instead, each genus of protozoan parasite has a 

distinctt and unique complement of purine transporters and salvage enzymes that enable the 

parasitee to scavenge preformed purines from the host. The salvage of host purines is initiated 

byy their translocation - either across the parasite plasma membrane or, possibly, in the case of 

ann intracellular parasite, across the parasitophorous vacuolar or host plasma membrane. Thus, 

nucleobasee and nucleoside transporters serve a vital nutritional function for the parasite. 

Nucleobasee and nucleoside transporter proteins - and with the (near) completion of parasitic 

genomee sequences, a growing number of their encoding genes - have been identified for the 

kinetoplastids,, Trypanosoma brucei10'18 and Leishmania species,79"82 and for the apicomplexan 

parasitess Plasmodium falciparum8^8*  and Toxoplasma gondii.85'81 The protozoan nucleoside 

transporterr genes identified to date have been classified as belonging to the extensive 

equilibrativee nucleoside transporter family, which includes the human equilibrative nucleoside 

transporters.21,888 Members of this equilibrative nucleoside transporter family characteristically 

possesss eleven transmembrane domains with a large intracellular hydrophilic loop linking 
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transmembranee domains 6 and 7.89 The number of biochemically distinct nucleoside 

transporterss in these various parasites remains to be (genetically) determined in virtually all 

speciess except L. donovani, where it has been genetically established that there are only two 

nucleosidee transporters.90 

Inn general, uptake by transporters can be a basis for selective drug action against the 

parasite,, if the host cells do not express an equivalent protein or if the host transporter is 

sufficientlyy different so as to have a much lower affinity or rate of uptake for the drug. A better 

understandingg of the substrate recognition motifs of human and parasite permeases may offer 

leadss for the development of new drugs that are selectively taken up by parasites and not by 

hostt cells.76 Nevertheless, if drug action is dependent on selective uptake, resistance may arise 

uponn loss or mutation of the transporter involved in the uptake. Of course the mere uptake of 

nucleosidee analogues or for that matter any potential drug is not sufficient for selective 

therapeuticc effects and further studies of metabolic pathways within the parasite are required 

forr the rational design of antimetabolites as parasite cytostatics. 

NUCLEOSIDENUCLEOSIDE TRANSPORTERS IN TRYPANOSOMES 

Severall  nucleobase and nucleoside transport systems that are in fact proton symporters have 

beenn characterised in Trypanosoma brucei cells.70"72,91 The PI type system, encoded by the 

TbNTT gene family,73,74 mediates the uptake of purine nucleosides, and is detected in both the 

bloodstreamm form and procyclic form of the parasite life cycle.69 The P2 transporter, encoded 

byy the gene TbATl,75 recognises adenosine, adenine and several important antitrypanosomal 

drugss and is detected only in the bloodstream form of the parasite.69 In addition, five 

nucleobasee transporters have been found to date. The hypoxanthine transporters HI , H2, H3 

andd H4 and the uracil transporter U l . The HI nucleobase transporter is expressed in procyclic 

trypanosomess and transports hypoxanthine, adenine, xanthine, and guanine.72 In bloodstream 

formm trypanosomes, there are two purine nucleobase transporters: H2, which is insensitive to 

inhibitionn by guanosine, and H3 which transports guanosine and is also inhibited by this 

nucleoside.700 While the genes coding for the T. brucei purine nucleobase transporters of the 

HI ,, H2 and H3 family have not been identified to date, recently De Koning and co-workers 

identifiedd and cloned a gene, TbNBTl, that encodes a new, high affinity hypoxanthine 

transporter,, designated H4.77 This permease is expressed in T. b. brucei procyclics and mediates 

thee transport of hypoxanthine, adenine, xanthine, guanine and, unlike the HI transporter, 

alsoo guanosine. In a recent paper Landfear's group described the cloning and functional 

expressionn of a novel nucleobase transporter gene, TbNT8.l, which is closely related to the 

TbNBTlTbNBTl gene.78 Both leishmanial and trypanosomal nucleoside transporters have a much 
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higherr affinity for their nucleoside or nucleobase ligands than do mammalian nucleoside 

transporters.80,92 2 

Inn a systematic survey De Koning and Jarvis assessed the substrate recognition motifs for the 

PII  and P2 adenosine transporters, which are summarised in Figure 1.5.92 For the PI 

transporterr the presence of a ribose moiety is essential for binding and transport, considering 

thatt pur ine nucleosides are actively transported, whereas purine and pyrimidine nucleobases 

doo not affect this transporter. Both the 3' and 5' hydroxyl groups are involved in interactions 

withh the transporter, but a 2'-hydroxyl group is not required. A C-6 substituent, like the 6-

aminoo group in adenosine, is probably not involved in binding to the PI permease, since 

guanosinee and inosine, with a 6-keto functionality, are also effectively transported. In the 

purinee ring N3 and N7 are essential as hydrogen bond acceptors. 

6-NH22 not essential 

H-bondd acceptor' 

H-bonds s 

NH22 / 

O— — 
HO O 

H-bondd donor 

H-bondd acceptor 

OH H 

HO O 

H-bondd acceptor NH2 electrostatic 

Ti-Tii interactions HO O 

ribosee not essential 

-N N 

~N^"-N8+ + 

o— — 

interactions s 

OH H 

HO O 

P11 P2 

Figur ee 1.5. Substrate recognition motifs or the T. brucei P1 and P2 transporters.; adapted from ref. 92 and 93. 

Forr the P2 transporter the presence of a ribosyl group is not a critical requirement, since 

adeninee displays an even higher affinity than adenosine. The region most essential for binding 

too the P2 transporter is formed by the N1-C6-N H amidine moiety, where N l acts as a 

potentiall  hydrogen bond acceptor and the 6-amino group as a possible hydrogen bond donor. 

Cooperat ionn between these bonds results from the withdrawal of electron density from the 

aminee group through the formation of a hydrogen bond to N l . In addition, Fairlamb and co-

workerss have suggested that the presence of a large and lipophilic residue on N6 is favourable 

forr binding to the P2 permease.94 Also N9 was identified as essential for high-affinity binding, 

althoughh it is not involved in hydrogen bonding. Rather, the N9 lone pair of electrons would 

bee mostly fed into the rt-system of the pyrimidine ring, thereby creating a partial positive charge 

onn N9 and making the 7t-system more electron rich. Thus, electrostatic interactions with N9 

andd 7t-n interactions with the pyrimidine ring were inferred as vital elements for substrate or 

permeantt binding. 
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Figur ee 1.6. Trypanocidal drugs that are transported by the P2 permease. 

Antitrypanosomall  drugs that share these essential elements with purine nucleobases, are 

shownn to be internalised by the P2 transporter.95 They include the diamidines like 

pentamidinee and berenil, and the melaminophenylarsenicals, like melarsoprol. In fact, drug 

resistancee due to loss of the P2 transporter has been reported.69,95 

NUCLEOSIDENUCLEOSIDE UPTAKE BY PLASMODIA SPECIES 

Thee symptoms of malaria are caused by plasmodium parasites invading the red blood cells. The 

enclosuree of the plasmodium parasite in a parasitophorous vacuole within the infected red 

bloodd cell requires that the uptake of nutrients from the human host into the parasite cytosol 

occurss across multiple membranes. Nutrients generally must be transported across the red 

bloodd cell membrane, the parasitophorous vacuolar membrane, and the parasite plasma 

membrane.. After malaria infection the parasitised red blood cell undergoes marked alterations 

inn its basic membrane transport properties. These nutrient permeation pathways involve 

variouss complex and novel elements including transporters, channels, ducts, and the 

tubovesicularr membranes, an interconnected network extending from the parasitophorous 

vacuolarr membrane to the periphery of the infected erythrocyte.97 The altered transport 

capabilitiess of the infected red blood cell, known as the new permeation pathways, appear 10 

too 20 hours after invasion and are partly attributed to a non-saturable, anion selective channel 

onn the red blood cell membrane that transports nucleosides, polyols, amino acids, sugars and 

alsoo exhibits significant permeability to cations.9798 In addition, the unusual capacity to 

mediatee the transport of unnatural L-nucleosides underlines the broad substrate selectivity of 

thee new permeation pathways.96 Also the tubovesicular membrane network has been 

implicatedd in nucleoside transport within the infected red blood cell.99 

Thee eventual transport of nucleosides across the parasite plasma membrane into the parasite 

cytosoll  was shown to be mediated by a saturable nucleoside permease. Two groups 
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independentlyy described the cloning and functional characterisation of this equilibrative 

nucleosidee transporter from P. falciparum?  ̂ The transporter designated PfNTl exhibits broad 

substratee selectivity for purine and pyrimidine nucleosides and unnatural L-adenosine but not 

nucleobases.833 The permease designated PfENTl, that has an identical amino acid sequence 

exceptt for position 385, which contains Leu instead of Phe, also effectively transports 

nucleobasess such as adenine, guanine and hypoxanthine and nucleoside analogues used as 

anti-virall  and carcinostatic drugs.84 Functionally, the similar affinities of adenine and 

adenosinee suggest that the purine system may play a major role in substrate recognition by 

PfENTl,, unlike the situation with the mammalian equilibrative nucleoside transporters, which 

appearr not to transport nucleobases. The PfNTl transporter was localised on the parasite 

plasmaa membrane100 and is expressed throughout the intraerythrocytic phase of the parasite's 

lif ee cycle, but is upregulated in the early trophozoite stage, before the onset of nuclear division. 

Analysiss of the P. falciparum genome has not revealed the presence of homologous sequences 

andd implies that Pf(E)NTl is the sole representative of the equilibrative nucleoside transporter 

familyy in the parasite. In addition, homologues of other nucleoside and nucleobase transporter 

familiess have not been found to date. These findings indicate that Pf(E)NTl may be the only 

mechanismm for nucleoside and nucleobase uptake into the parasite. The reliance of Plasmodium 

speciess on purine salvage and the unique transport properties of Pf(E)NTl suggest that this 

transporterr protein might be a viable target for the development of novel anti-malarial drugs. 

ADENOSINEADENOSINE ANALOGUES AS POTENTIAL ANTIPROTOZOAL DRUGS 

Ass argued in the previous section, parasite transporters may be practical targets for 

antiprotozoall  chemotherapy by inhibiting nutrient transport and hence depriving the parasite 

off  building blocks essential for its development. Alternatively, these permeases can play a role 

inn the selective internalisation of cytotoxic agents, that target vital processes within the 

unicellularr parasite. To date, attention has largely focused on the cytotoxic drugs approach and 

several,, involving adenosine analogues, are discussed below. 

AA promising strategy for the development of new anti-trypanosomal drugs comprises the 

obstructionn of parasite glycolysis. Unlike the insect form, the bloodstream form of T. brucei 

lackss a functional citric acid cycle and mitochondrial oxidative phosphorylation and depends 

solelyy on glycolysis for energy production.10' Disrupting carbohydrate catabolism in 

bloodstreamm form T. brucei significantly hampers parasite proliferation.102 In Kinetoplastida, the 

firstt seven glycolytic enzymes are enclosed in peroxisome-like organelles called glycosomes, in 

contrastt to the situation in other organisms where the glycolytic enzymes are present in the 

cytosol.. Any selective inhibitor developed against a T. brucei enzyme may also be effective on the 
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Tablee 1.1. Effect of adenosine analogues on glycolytic enzyme inhibition and parasite growth.' 
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aa Data taken from references 106 and 108. b bloodstream form.c mammalian stage. 

correspondingg enzyme of other trypanosomatids, and vice versa. Therefore most of the 

glycolyticc enzymes are possibly also good drug targets in T. cruzi and Leishmania species, despite 

thee larger contribution of mitochondrial processes in the mammalian stages of these 

parasites.103 3 

Gelbb and coworkers reported on the design, synthesis and screening of substituted 

adenosinee analogues as inhibitors of trypanosomatid glycolytic enzymes.104108 Inhibitors of 

T.. brucei and T. cruzi glyceraldehyde-3-phosphate dehydrogenase (GAPDH) and T. brucei 

phosphoglyceratee kinase (PGK) were identified. Although many compounds were synthesised 

andd evaluated for their enzyme inhibitory activity, only the best enzyme inhibitors were 

subsequentlyy tested for in vitro growth inhibition of trypanosomatids. Some examples are given 

inn Table 1.1, that showed anti-trypanosomal activity in the low micromolar range. Remarkably, 

thee best antitrypanosomal compound was not the best GAPDH-inhibitor. Alternatively, this 

compoundd might act on a target other than or in addition to the GAPDH enzyme. 

A nn alternative, effective method of selectively killin g protozoa proved to be the inhibition of 

thee parasite polyamine biosynthetic pathway.109111 In fact, D,L-a-difluoromethylornithine 17 

(DFMO,, eflornithine, or Ornidyl™ manufactured by Aventis) is the drug of choice for 

treatmentt of late-stage western African human trypanosomiasis caused by T. b. gambiense, 
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althoughh the drug is not effective against acute T. b. rhodesiense infections." Eflornithine is an 

irreversiblee inhibitor of ornithine decarboxylase (ODC), the first enzyme in the polyamine 

biosyntheticc pathway. 

NH+
3 3 

H2Nkk / \ J \ ,0 
p 2 H CC O H,N 

OR R 

RO O 

177 Eflornithine 18 R = H (MDL73811) 

199 R = Ac 

Figur ee 1.7. Inhibitors of enzymes involved in polyamine biosynthesis. 

Anotherr key enzyme in the regulation and synthesis of polyamines is S-adenosylmethionine 

decarboxylasee (AdoMetDC). Sufrin and coworkers recently published a study towards the anti-

trypanosomall  activity of a known irreversible inhibitor or S-adenosylmethionine decarboxylase, 

thee adenosine analogue 18 (MDL73811).112 Several derivatives of 18 were synthesised and 

antitrypanosomall  evaluation in vitro identified the 2',3'-diacetylated analogue 19 as a potent 

trypanocide,, which displayed ten-fold higher IC50 values than parent compound 18 (Table 1.2). 

Remarkablyy the AdoMetDC enzyme inhibitory effect of 19 was a ten-fold lower. The reason for 

thiss discrepancy is not exactly understood. 

Tablee 1.2. In vitro inhibition of AdoMetDC and antitrypanosomal activity of adenosine analogues 18 and 19.a 

18 8 

19 9 

AdoMetDCC (IC50)
b 

0.0788 pM 

0.822 pM 

1.. b. mutei UC50) 
243d d 

0.11 pM 0.04 pM 

0.0144 pM 0.014 pM 

T.. b. rhodesiense (IC50) 

269ee 243 As 10-3f 

0.222 pM 0.1 pM 

0.022 pM 0.054 pM 
aa Data taken from reference 112. b AdoMetDC from L1210 murine leukemia cells.c EATRO 110 strain. d KETRI 243 strain, 
melarsoproll and diamidine resistant. e KETRI 269 strain and  KETRI 243 As 10-3 strain both highly arsenical resistant. 

Inn order to identify adenosine analogues as potential drugs against malaria the group of Link 

synthesisedd many nucleoside analogues via a combinatorial approach. While generally N -

monosubsti tutedd adenosine analogues showed insignificant antimalarial activity with IC50 

valuess not below 10 m M , m the screening of a library of 5'-N-amido-5'-deoxy-N6-disubstituted 

adenosinee analogues revealed several compounds with reasonable activity against the multidrug 

resistantt Plasmodium falciparum strain Dd2.114 Some of the most active compounds are shown in 
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Figuree 1.8. With respect to the different modification patterns of their adenosine analogue 

libraries,, the authors concluded that not a single molecular target is recognised, but that 

potentiall  targets may include a variety of nucleotide dependent enzymes, the parasite's 

nucleosidee uptake machinery, and unrelated cell functions. 

NH H 
/// V V / \N 

NH H 

^W^ N N o--
O. . 

II  1 X> 
O O 

HN N 

XJXJ H 

HH H 0 

V^V^N N o— — 
OHH M I H V ^ X>H 

~ ^ N f ^ "" H O (^^^^^ HO 
OCH3 3 

20:: IC50 = 1.3 uM 21: IC50 = 3.2 uM 

Figur ee 1.8. Antiplasmodial activity of A^ö'-disubstituted adenosine analogues; data taken from reference 114. 

Cyclin-dependentt kinases (CDK's) are essential for the regulation of the eukaryotic cell cycle, 

andd several enzymes of this family have been identified in P. falciparum^*1'™ These enzymes 

probablyy have a crucial role in parasite growth and differentiation.116 Significant differences 

existt between plasmodial and human CDK's, suggesting that these enzymes might also 

representt attractive targets for novel antiparasitic agents. Kinases have been targeted in 

anticancerr chemotherapy118 and several purine-derived kinase inhibitors were synthesised. A 

largee library of these purine derivatives has been screened for activity against P. falciparum and 

severall  purines with moderate to poor activity against mammalian CDKl/cycl i n B activity 

showedd submicromolar activity against the chloroquine resistant P. falciparum strain FCR-3."9 

Forr example, adenine derivatives 22 and 23 demonstrated a minor inhibitory effect on the 

purifiedd mammalian CDKl/cycl i n B enzyme system with IC50 values higher than 25 pM, while 

F3C C 
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N N 
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HH » 

-NHo o 
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22::  IC50 = 0.63  0.18 uM 23: IC50 = 0.83  0.23 uM 

Figur ee 1.9. Antimalarial activity of purine derivatives; data taken from reference 119. 
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theyy showed activity against P. falciparum in submicromolar concentrations (Figure 1.9). 

Unfortunately,, their inhibition data on plasmodial protein kinase activity were not provided. 

1.44 OUTLIN E OF TH E THESI S 

Thee main theme of this thesis consists of the development of new, fast sorting methodology to 

producee adenosine analogues as selective agonists for the adenosine receptors and as 

compoundss with antiprotozoal activity. In Chapter 2 the development of the first reported 

libraryy of nucleoside monomers entirely prepared on a solid support is described. In this case 

thee nucleoside is attached to the solid support by an ester linkage between the nucleoside 5'-

hydroxyll  group and a carboxyl functionalised polystyrene resin. Functionalisation of the purine 

ringg was effected by nitration on solid support. The developed strategy was illustrated by the 

constructionn of a small combinatorial library of 2,N6-disubstituted adenosine analogues. To 

expandd the solid phase methodology to the modification of the ribosyl moiety a sequence was 

developedd involving the safety-catch principle, described in Chapter 3. A safety-catch linker 

remainss inert during the solid supported diversification steps and can be 'switched on' at will , 

too allow for cleavage of the substrate from the resin. Thus, two small libraries were synthesised, 

composedd of 5',N6-disubstituted and 2,5',N6-trisubstituted carboxamidoadenosine analogues. 

Chapterr 4 deals with the construction of conformationally restricted adenosine analogues, 

makingg use of macrocyclisations involving the nitro substitution reactions that were so 

fruitfull yy applied in the solid supported syntheses described in the preceding chapters. The 

conformationallyy restricted adenosine derivatives were biologically evaluated at the adenosine 

receptors.. The antiprotozoal evaluation of the synthesised nucleoside libraries is described in 

Chapterr 5. The versatile purine nitration reaction constitutes the key step in the synthetic 

strategiess described in this thesis. In Chapter 6 the mechanism of this purine nitration reaction 

iss elucidated by evaluation of extensive NMR measurements. The observation of CIDNP 

effectss in the 15N-NMR spectra established the involvement of radicals in this reaction. 
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Solidd phase synthesis of 2JS6-
disubstitutedd adenosine analogues 

ABSTRACT T 

AA small combinatorial library of 2,N6-disubstituted adenosine analogues II I was prepared on 
solidd support. Nitration of polystyrene supported 6-chloropurine riboside furnished 2-nitro-6-
chloropurinee nucleoside II , a highly reactive difunctionalised species. Amines were selectively 
introducedd by 6-chloro displacement at room temperature without affecting the 2-nitro group. 
Subsequentt substitution of the 2-nitro group by amines was achieved at 80-90 °C. Removal of 
thee riboside protective groups under mildly acidic conditions, followed by cleavage of the nucle-
osidess from the resin, yielded 2,N6-disubstituted adenosine analogues III . 
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ChapterChapter 2 

2.11 INTRODUCTIO N 

Thee solid phase combinatorial synthesis of di- and trisubstituted purines, to obtain for instance 

cyclin-dependentt kinase inhibitors, is well documented.2 However, reports of solid supported 

synthesess of purine nucleosides are restricted to the synthesis of DNA- and RNA-oligomers' 

andd the more stable carbocyclic analogues.4' The general interest in the synthesis and 

applicationn of adenosine analogues prompted us to fil l up this synthetical void and to develop 

aa solid phase route towards the combinatorial substitution of purine riboside systems. We 

chosee to introduce diversity elements on the purine ring at the 2 and the 6 position, since 

severall  2,N6-disubstituted analogues of adenosine are described as potent adenosine receptor 

agonists6-7,88 and inhibitors of Trypanosoma brucei phosphoglycerate kinase.9 Moreover, 

adenosinee analogues are potential therapeutics against malaria caused by drug-resistant 

PlasmodiumPlasmodium falciparum.10 

2.22 FUNCTIONALISING THE PURINE SKELETON 

Thee introduction of amino substituents on the 2- and 6-positions is generally achieved via 

nucleophilicc displacement of 2-6-dihalogenated purine systems. The 2-halogen functionality is 

typicallyy introduced by conversion of an amino group, as present in guanine or guanosine 

derivatives,, to halogen substituents via a diazotation-halogenation sequence (Scheme 2.1).1U2'13 

AA recently developed method published by Kato and coworkers involves 2-halogenation of 2-

tributylstannyl-6-chloropurinee riboside, which is obtained by lithiation-stannylation of 6-

chloropurinee riboside.14 

O O 

HNUC" > > 
Ribose e 

Inosine e 

O O 

H 2 N ^ N ^ N N 

CI I 

Rib(PG)3 3 

Rib(PG)3 3 

lithiation-stannylation n 

XX = SnBu3 

CI I 

Rib(PG)3 3 

diazotation-halogenation n 
XX = halogen 

Ribose e 

Guanosine e 

Schem ee 2.1. Known literature methods for functionalisation of the purine 2-position. 
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Thee purine 6-position is the most reactive towards nucleophilic substitution and, although 

activatedd by the electron-withdrawing effect of a halogen atom on G 2, moderately elevated 

temperaturess (25-80 °C) are usually applied for the introduction of aliphatic or aromatic 

aminess at C-6. Displacement of the halogen on the 2-position requires more forcing conditions 

(120-1300 °C) and is restricted to aliphatic amines.15 These harsh conditions are not favoured in 

(automated)) solid phase synthesis. 

Recently,, the functionalisation of the 2-position in triacetyl-protected 6-chloropurine 

ribosidee 1 by nitration with a mixture of tetrabutylammonium nitrate and trifluoroacetic 

anhydridee (TBANTFAA ) was developed in our group (Scheme 2.2 and see also chapter 6).16 

Thee electrophilicity of the purine C-6 in 2 was greatly enhanced by the 2-nitro group, and 

OO O 

AA A 
CII F 3 C  C F3 CI R~NH 

NN \T% Bu4N NO-3 N ifA R~NH2
i
 N <SrA 

S J ^ NN O 2 N"S^N C ' O2N"HAN 
Rib(Ac)33 Rib(Ac)3 Rib(Ac)3 

11 2 3 

Schem ee 2.2. TBAN-TFAA nitration followed 6-chlorosubstitution by nitrogen nucleophiles. 

introductionn of amino substituents could be achieved at temperatures below 0 °C, as was 

shownn in the synthesis of several 2-nitro-N6-subsituted adenosine analogues 3, identified as 

highh affinity adenosine receptor agonists.17 Under these conditions the nitro and acetate 

groupss were not affected. During ammonolysis of the acetate protecting groups of 3 undesired 

substitutionn of the nitro group was observed. Intrigued by this nitro substitution, we dissolved 

2-nitro-6-chloropurinee riboside triacetate 1 in n-butylamine at room temperature, which gave 

2,6-dibutylaminopurinee riboside 4 in 88 % yield (Scheme 2.3). This preliminary result 

promptedd us to explore the nitro displacement for beneficial use. 

Cll " " " ^ - ^ N H 

2 N ^ N ^ NN rt,l6h,88%' - — ^ N - S A N 
Rib(Ac)33

 n Ribose 

2 2 

Schem ee 2.3. 6-Chloro and 2-nitro substitution with /7-butylamine. 
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2.33 THE NITRO GROUP AS A LEAVIN G GROUP 

Thee nitro group is rarely encountered as a leaving group in S>jAr reactions; instead, it mainly 

servess as a precursor to an amino substituent via a reductive pathway. This is primarily due to 

thee poor synthetic availability of nitrobenzenes containing ortho or para electron-withdrawing 

substituents,, which considerably facilitate aromatic nucleophilic substitution. Classical, 

electrophilicc nitration o( aromatic rings containing one electron-withdrawing group 

predominantlyy results in the formation of meta-substituted products. In heterocyclic systems, 

suchh as pyridines and pyrimidines, a- and y-nitrogen atoms are strongly activating towards SNAr 

reactions.44 But again these electron poor positions cannot be nitrated by classical methods. In 

thiss view, the introduction of a nitro group on the electrophilic 2-position in the purine ring is 

exceptionall  and most likely proceeds via a radical process, thus creating a highly activated nitro 

substituent.. A conclusive mechanistic study of this nitration reaction is presented in chapter 6. 

Thee nitro group acting as a leaving group has been reported to be particularly successful in 

activatedd aromatic systems,18 comparable to fluorine.19 In SNAr reactions an approximate order 

off  leaving group ability is: F > N 02 > OTs > SOPh > Cl,Br,I.20 Of course, this greatly depends 

onn the nature of the nucleophile and aromatic substrate. With translation of the substitution 

too the solid phase in mind, the 2-nitro displacement at room temperature is a considerable 

improvementt compared with the 2-halogen substitutions, that require elevated temperatures 

evenn in solution. 

Havingg established that the 6-chloro and the 2-nitro groups are convenient handles for 

introducingg structural diversity on the purine skeleton, we turned our attention to 

combinatoriall  solid phase synthesis. In this chapter the development of a solid phase route 

towardss 2,N6-disubstituted adenosine analogues is described, which is validated through the 

synthesiss of a small combinatorial library. 

2.44 SOLID SUPPORTED SYNTHESES 

AA solid phase modification of nucleosides was envisaged via coupling of the riboside 5'-

hydroxyll  to a polystyrene resin, leaving the purine system free for substitution (Scheme 2.4). 

Next,, functionalisation of the solid supported 6-chloropurine riboside 5 by TBAN-TFAA 

nitrationn would lead to the highly reactive 2-nitro-6-chloro-purine system 6. This on-resin 

nitrationn offers considerable advantages over the coupling of an already 2,6-difunctionalised 

purinee riboside: the attack of nucleophilic species on the activated electrophilic C-6 in the 

nitratedd system under coupling conditions is prevented,21 and furthermore, 6-chloropurine 

ribosidee is commercially available. Introduction of diversity elements on the purine scaffold 

wouldd provide, after deprotection and cleavage, the disubstituted purine ribosides 7. 
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Schem ee 2.4. Solid phase strategy towards 2,6-disubstituted purine ribosides. 

Carboxypolystyrenee 8, the solid phase version of the benzoyl protecting group for alcohols, 

wass selected as a solid support, since it is stable towards acidic and moderately 

basic/nucleophilicc conditions. Alcohols are easily coupled to this resin by using standard 

esterificationn reagents, e.g. diisopropylcarbodiimide, DIC, in combination with DMAP. For 

reasonss of solubility and selectivity, 6-chloropurine riboside was 2',3'-diol-protected prior to 

attachmentt to the solid support. The 2',3'-isopropylidene protected 6-chloropurine riboside 922 

wass esterified to carboxypolystyrene 8 in the presence of DIC and catalytic DMA P leading to 

immobilisedd 6-chloropurine 10 (Scheme 2.5). A malachite green test23 after 16 hours proved 

thatt no remaining COOH-groups were present on the resin. 

CI I 

@-OiH H 
O— — 

HO O 

DIC C 
cat.. DMAP 

CH2CI2,, 16 h 

O O 
OO A _ / 

10 0 

Schem ee 2.5. Coupling of the nucleoside to carboxypolystyrene resin. 

Inn solution the TBAN-TFAA nitration of 6-chloropurine riboside triacetate 2 is performed 

att 0°C.16 For simplicity, however, room temperature conditions are preferred in automated 

solidd phase syntheses. The nitration of solid supported 10 at room temperature was optimised 

too 90 % using a 0.15 M solution of TBAN-TFAA (= 3 equivalents) in dichloromethane. After 

cleavingg the nucleosides from the resin using a cocktail of sodium methoxide in methanol-

THF,, the conversion of 10 to 11 was determined by NMR and HPLC analysis of the crude 

mixturee of products. The quantitative substitution of the chloro and nitro groups by methoxy 

groupss provides a mixture of 6-methoxy- and 2,6-dimethoxypurine ribosides 12 and 13, 
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Cl l 

J J 

Wo o 
10 0 

TBAN/TFAA A 
0.155 M 

CH2CI2,, 2.5 h 

CI I 

0 2 N ^ N ^ ^ 

J J 

®Y0-V)o o 

11 1 

OCH3 3 

N"W" r r 
cleavage:: n 

NaOCH33 X ^ N ^ 

THF-MeOHH Q 

12:XX = H(from10) 

13:XX = OCH3(from11) 

Schem ee 2.6. Nitration on solid support and monitoring by cleavage from the resin. 

correspondingg to starting material and product, respectively. It is remarkable that no 

electrophilicc nitration of the polystyrene matrix is observed,24 thus supporting the radical 

mechanismm of the TBAN-TFAA nitration (see chapter 6). 

Chloroo displacement of 11 by aliphatic or aromatic amines, in the presence of 

diisopropylethylaminee (DIPEA) occurred in dichloromethane at room temperature without 

affectingg the nitro group (Scheme 2.7). These solid phase substitution reactions proceeded 

considerablyy slower as compared to those in solution, where nitro displacement was already 

observedd at room temperature. In the next step, amines were introduced by nitro substitution 

off  solid supported 14, which required elevated temperatures. N-Methyl-2-pyrrolidone (NMP) 

appearedd to be a valuable solvent, because its resin swelling properties are excellent and a large 

temperaturee range can be applied.2' Subjecting resin 14 to an amine and DIPEA in NMP at 80-

900 °C for 24 hours led to efficient formation of 15. With aromatic amines as nucleophiles 

substitutionn of the 2-nitro group was not accomplished. Undesired aminolysis of the ester 

linkage,, resulting in cleavage of the nucleoside from the resin, was not observed under the 

differentt reaction conditions applied. 

0 2 N ^ N ^ N N 

o o 

o— o— 

o o 
o--

R1-NH2 2 

NHR1 1 

0 2 N ^ N ^ N N 

O O 

o— — 

o o 
0 --

R2NH2 2 

NHR1 1 

R 2 H N ^ N ^ " N N 

\&^o \&^o 

111 14 

Schem ee 2.7. Selective aminations. (a) DIPEA, CH2CI2, rt, 4 h; (b) DIPEA, NMP, 80-90 , 24 h. 
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PROTECTIVEPROTECTIVE GROUP ISSUES 

Att this point, the removal of the 2',3'-isopropylidene group from 15 confronted us with 

significantt problems. Usually, this protecting group is removed in aqueous solutions 

containingg AcOH.26 These conditions, however, are not compatible with polystyrene resins, 

sincee they do not swell in protic solvents.2' Trifluoroacetic or hydrochloric acid in 

dichloromethanee or THF were used instead. When applied to resin-bound 15, concomitant 

cleavagee of the glycosidic bond was observed, while under milder acidic conditions removal of 

thee isopropylidene group was sluggish and incomplete. 

O— — 
TBDMSO O 

TFA-H20-THFF (1:1:4) 
1 1 

00 , 4.5 h, 96 % 

OTBDMS S 

TBDMSO O 

16 6 

CI I 

Nur3 3 
o--

HO O 

TBDMSO O 

17 7 

OTBDMS S 

Schem ee 2.8. Selective 5'-desilylation. 

Thereforee we focussed on the TBDMS-ether, which can be removed without the use of acid. 

2',3'-DiTBDMSS protected 6-chloro purine riboside 17 was obtained in 96 % yield by efficient 

andd selective acid catalysed removal of the 5'TBDMS-ether from 2',3',5'-tri-OTBDMS 

protectedd nucleoside 1614 (Scheme 2.8).2' 

Couplingg of 2',3'-diTBDMS protected 6-chloropurine riboside 17 to carboxypolystyrene 8 

proceededd smoothly, but resin-bound 6-chloropurine 18 did not give a clean nitration. 

Furthermore,, on-resin deprotection with various fluoride salts, for example NH4F, TBAF and 

33 HF-Et3N, was obstructed by incomplete removal of the silyl groups. 

^-^y~i^-^y~io o 

CI I 
17 7 

DIC C 

= \\ P H cat. DMAP 

N N 

CH2CI2,, 16 h 
« y O O 

O O 

OTBDMS S 

OTBDMS S 

18 8 

uncleann nitration 
». . 

incompletee removal of 

silyll protecting groups 

Schem ee 2.9. Solid phase approach using 2',3'-diTBDMS protected 6-chloropurine riboside. 
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Eventually,, we switched to the 2',3'-methoxymethylidene protecting group, a more acid 

labilee variant of the isopropylidene moiety (Scheme 2.10). 2',3'-Methoxymethylidene protected 

6-chloropurinee riboside 20 was prepared by condensation of 6-chloropurine riboside 19 with 

trimethyl-orthoformatee according to a literature procedure.28 As expected, coupling to resin 8 

CI I 

CH(OCH3)3 3 

pTsOH-H20 0 

O— — 
HO O 

8 8 

DIPCDI I 
DMAP P 

HO O 

19 9 

O O 

20 0 

O O 
o o 

o--

OCH3 3 

O O 

21 1 

O O 

OCH3 3 

Schem ee 2.10. Coupling of 2',3'-methoxymethylidene protected 6-chloropurine riboside to the resin. 

proceededd without difficulty furnishing immobilised 21. The nitration of 21 provided a clean 

conversionn to 22 and after the selective amination steps leading to 23 and then 24, complete 

on-resinn deprotection of 24 was achieved under mild conditions (0.1 M pTsOH in 

21 1 
aa 02N N N t 

aYo-H o o 
OCH3 3 

22 2 

NHR1 1 

0 2 N ^ N ^ N N 

OCH3 3 

23 3 

NHR1 1 

XX JlN> 

O O 

OCH3 3 

24 4 

NHR1 1 

N N 

R2HNN ^N 
HH > 

W V / O O 
o--

OH H 
00 HO 

25 5 

NHR1 1 

N N 

R2HNN N 
HH > 

y^y^ OH 
HO O 
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Schem ee 2.11. (a) 0.15 M TBAN-TFAA, CH2CI2; (b) R1-NH2, DIPEA, CH2CI2; (c) R2-NH2, DIPEA, NMP, 80-
900 ; (d) ^TsOHH20, CH2CI2-MeOH 97:3; (e) NaOCH3, MeOH, THF. 
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dichloromethane-methanoll  97:3) to render 25 without affecting the glycosidic bond. Cleavage 

off  the resin-bound disubstituted nucleosides was brought about with a mixture of sodium 

methoxidee in methanol-THF to yield the desired nucleoside analogues 26. 

2.55 LIBRAR Y SYNTHESIS 

AA small combinatorial library was synthesised in order to validate the developed solid phase 

sequencee from methoxymethylidene protected 6-chloropurine riboside 20 to adenosine 

analoguess 26 (see Table 2.1 on page 38). Most of the amines selected for substitution at the 2-

andd the 6-position are active pharmacophores known from adenosine receptor studies and 

trypanosomall  research, for example cyclopentylamine, 3-iodo-benzylamine, diphenyl-

ethylamine,, aniline and histamine. Compounds 26a-p were obtained in 64-97% purity after 

cleavage,, as determined by HPLC. Minor amounts of side-products could be traced back to 

incompletee nitration or nitro substitution. In order to biologically evaluate the library higher 

puritiess were mandatory. Therefore, products 26a-p were purified using semi-preparative 

HPLC,, furnishing the 2,N6-disubstituted adenosine analogues in acceptable overall yields and 

highh purity. 

2.66 CONCLUDIN G REMARK S 

I nn conclusion, it was shown that resin bound 6-chloropurine riboside could be efficiently 

nitratedd by the TBAN-TFAA mixture without affecting the polystyrene matrix. The resulting 2-

nitroo group in the purine ring not only activates the C-6 position towards nucleophilic attack, 

butt can also be easily substituted by nucleophiles. The solid phase sequence we developed 

openss the way to generate larger combinatorial libraries of disubstituted adenosine analogues. 

Biologicall  evaluation of the synthesised adenosine analogues is described in chapter 5. Further 

syntheticc efforts addressing substitution reactions at the 2-nitro purine system are discussed in 

thee two following chapters. 
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Tablee 2.1. Library of disubsituted adenosine analogues. 

Productt R1 R2 2 Purityy after Purity after Yield after 
cleavagee (%) prer>HPLC (%) prep-HPLC (%) 

26a a 

26b b 

26c c 

26d d 

26e e 

26f f 

26g g 

26h h 

26i i 

26j j 

26k k 
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26n n 

26o o 

o o 
o o 
o o 
Ph h 

Ph' ' 

Ph h 
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99 9 
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32 2 
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38 8 
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68 8 

56 6 

31 1 

28 8 

61 1 

16 6 

24 4 

20 0 
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2.88 EXPERIMENTAL 

Generall  information Al l reactions involving moisture sensitive compounds were carried out under a 
dryy nitrogen atmosphere. Dichloromethane (phosphorous pentaoxide and calciumhydride), tetrahy-
drofurann (sodium/benzophenone ketyl) and light petroleum (60-80) were distilled freshly prior to use. 
Al ll  other commercially available chemicals were used without further purification. Peptide grade sol-
ventss were used for solid phase chemistry. Carboxypolystyrene (0.88 mmol g'1) was purchased from 
Rappp Polymere, Tubingen, Germany. Solution phase reactions were monitored by using thin-layer 
chromatographyy (TLC) on silica coated plastic sheets (Merck silica gel 60 F254) with the indicated elu-
ent.. The compounds were visualised by UV light (254 nm), I2 or spraying with a solution of ninhydrin 
inn EtOH (0.4%) followed by charring at 140 °C. Flash chromatography29 refers to purification using 
thee indicated eluent and Acros silica gel (0.030-0.075 mm). Infrared spectra of resins were measured in 
KBrr using a DRIFT module (Bruker), vibrations are reported in cm'1. Nuclear magnetic resonance 
spectraa {lH NMR and 13C NMR, APT) were determined in the indicated solvent using a Bruker ARX 
4000 (!H: 400 MHz, 13C: 100 MHz) at 300 K, unless indicated otherwise. Peakshapes in the NMR spec-
traa are indicated with the symbols 'q' (quartet), 'dq' (double quartet), 't' (triplet), 'dt' (double triplet), 
'd'' (doublet), 'dd' (double doublet), 's' (singlet), 'bs' (broad singlet) and 'm' (multiplet). Perdeuterated 
solventss were obtained from Cambridge Isotope Laboratories Ltd. Chemical shifts (8) are given in ppm 
downfieldd from tetramethylsilane (1H, I3C) and coupling constants J in Hz. NH and OH signals were 
identifiedd after mixing the sample with a drop of D2O. Melting points were measured with a Leitz 
meltingg point microscope and are uncorrected. Mass spectra and accurate mass measurements were 
performedd using a JEOL JMS-SX/SX 102 A Tandem Mass Spectrometer using Fast Atom Bombarde-
mentt (FAB). A resolving power of 10,000 (10% valley definition) for high resolution FAB mass spec-
trometryy was used. Analytical HPLC was performed on a C18 column (Inertsil ODS-3, particle size 3 
mm;; 4.6mmx50mm) using the following elution gradient: linear gradient of 5 % to 95 % aqueous 
CH3CNN containing 0.04 % H C 02H over 5 min, then 95 % aqueous CH3CN containing 0.04 % 
HCO2HH for 2 min at 2.0 mL min'1. Semi-preparative HPLC was performed on a C18 column (Poly-
gosill  60 C-18, particle size 10 mm; 20mmx250mm) using one of the following elution gradients: 
Methodd A, linear gradient of 5 % to 95 % aqueous CH3CN containing 0.04 % HCO2H over 15 min, 
thenn 95 % aqueous CH3CN containing 0.04 % H C 02 H for 6 min at 7.0 mL m in1 Method B, 
linearr gradient of 5 % to 95 % aqueous CH3CN over 15 min, then 95 % aqueous CH3CN for 6 min 
att 7.0 mL min'1. Products were detected at X = 254 nm. 

Generall  solid phase procedures: Large-scale solid phase reactions (> 200 mg of resin) were performed 
inn dried glass scintillation vessels, bubbling nitrogen gas through the resin suspension. Small-scale solid 
phasee reactions (100-200 mg of resin) were run under a nitrogen atmosphere in Radleys Carousel Reac-
tionn Station™ using oven-dried modified glass reaction tubes. The tubes were fitted with a glass frit 
andd luer tip to facilitate work-up on the 1ST VacMaster-20 Sample Processing Station™. Small-scale 
reactionss were gently stirred with a magnetic stirring bar. The modified tubes were heated in a sand-
bathh fitted in the Carousel Reaction Station™. Resins were suspended in 1 mL solvent/100 mg resin. 
Thee resins were washed according to the indicated sequence. 

2-/!-Butylamino-M-n-buryladenosinee (4). A solution of 2-nitro-6<hloro-(2,3,5-tri-acetyl-p,-D-ribofurano-
syl)-9H-purinee 2 (75 mg, 0.16 mmol) in n-burylamine (2 mL) was stirred onder a nitrogen atmosphere 
forr 16 h. The solution was evaporated to dryness and the residue was subjected to flash chromatogra-
phyy (EtOAc with 5-» 15% MeOH). Drying in vacuo at 55 °C for 16 h and trituration with Et20 fur-
nishedd 4 (55 mg, 88%) as a white solid, mp 141-142 °C. 'H-NMR (CDC13) S 7.88 (1H, s, H-8), 7.29 
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(1H,, br s, N6-H), 6.19 (1H, br s, 2-NH), 5.73 (1H, d,) 6.1, H-l'), 5.35 (1H, d, J 6.1, OH), 5.18 (1H, br s, 
OH),, 5.10 (1H, d, J 4.6, OH), 4.60 (1H, m, H-2'), 4.13 (2H, dd, J 8.1 and 4.6, H-3'), 3.90 (1H, dd, ] 7.2 
andd 3.7, H-4'), 3.63 (1H, m, H-5'a), 3.52 (1H, m, H-5'h), 3.42 (2H, m, NCH2), 3.24 (2H, m, NCH2), 
1.555 (4H, m, butyl), 1.34 (4H, m, butyl), 0.91 (6H, t, J 7.3, butyl); m/z 395.2415 (M++H, C1 8H3iN 604 

requiress 395.2407). 

6-Chloro-(2,3-di-0-tert-butyldimethylsiIyl-P-D-ribofuranosyl)-9H-purin ee (17): This compound was syn-
thesisedd following a modified literature procedure.27 To a stirred solution of 6-chloro-(2,3,5-tri-0-tert-
butyldimethylsilyl-f}-D-ribofuranosyl)-9H-purinee 1614 (3.75 g; 5.96 mmol) in THF (75 mL) was added 
aqueouss TFA (38 mL, TFA-H2O 1:1) at 0 °C. After stirring for 4-5 h at 0 °C, the reaction mixture was 
neutralisedd with saturated aqueous NaHCOï and diluted with ethyl acetate (200 mL). After separa-
tion,, the organic phase was washed with H20 and brine, dried over anhydrous Na2S04 and evapo-
ratedd at reduced pressure. The residue was subjected to flash chromatography (light petroleum-EtOAc 
1:1)) to provide 17 as a white solid (2.98 g; 5.78 mmol; 96 %), mp 156-157 °C. The product was recrys-
tallisedd from light petroleum-EtOAc prior to coupling to the resin. ^ - N M R (CDCI3) 8 8.78 (1H, s, 
H-2),, 8.19 (1H, s, H-8), 5.88 (1H, d, J 7.8, H-l'), 5.52 (1H, d, J 9.7, OH), 5.52 (1H, dd, J 7.8 and 4.6, 
H-2'),, 4.34 (1H, d, J 4.6, H-3'), 4.19 (1H, m, H-4'), 3.94 (1H, d,) 13.0, H-5'J, 3.73 (1H, dd,} 13.0 and 
9.7,, H-5'b), 0.95 and 0.74 (18H, 2xs, 2xt-Bu), 0.13, 0.12, -0.13, -0.65 (all 3H, s, SiCH,). 

Generall  procedure for  the coupling of 2\3'-diol protected 6-chloropurine ribosides to carboxypolysty-
rene.. To a suspension of carboxypolystyrene (1.0 g; 0.88 mmol) in 10 mL of CH2C12 was added the 
2',3'-dioll  protected 6-chloropurine riboside (1.78 mmol), D1PCDI (0.28 mL; 1.78 mmol) and DMAP 
(433 mg; 0.35 mmol). The reaction was monitored with a malachite green test.23 After 16 h the reaction 
wass complete and the resulting resin was washed with CH2CI2 (6x), MeOH, CH2CI2, MeOH, Et20, 
CH2CI2,, Et20, CH2CI2 and dried in vacuo at 50 °C. 

Generall  procedure for  the nitratio n of resin bound 2',3'-diol protected 6-chloropurine ribosides. A 
0.155 M nitrating mixture was prepared at 0 °C by adding TFAA (0.54 mL; 2.55 mmol) to a solution of 
tetrabutylammoniumm nitrate (TBAN, 0.77 g; 3 mmol) in dry CH2CI2 (17 mL) during 2 min. After stir-
ringg for 10 min this solution was added via syringe to the resin-bound 2',3'-diol protected 6-chloropu-
rinee riboside (0.88 mmol). After 2.5 h the resin was washed with CH2CI2 (6x), MeOH, CH2CI2, 
MeOH,, Et20, CH2C12, Et20, CH2C12 and dried in vacuo at 50 °C. 

Generall  procedure for  the amination by chloro substitution of resin-bound 2-nitro-6-chloropurines. To 
aa suspension of the resin-bound 2-nitro-6-chloropurine (0.54 mmol) in CH2CI2 (8 mL) was added 
DIPEAA (0.73 mL; 4.32 mmol) and the amine (3.24 mmol). After 4 h the resin was washed with 
CH2CI22 (6x), MeOH, CH2C12, MeOH, Et20, CH2C12, E t20 and CH2C12 and dried in vacuo at 50 °C. 
Forr aromatic amines a longer reaction time (16 h) was employed to ensure complete chloro substitu-
tion. . 

Generall  procedure for  the amination by nitr o substitution of resin-bound 2-nitro-6-aminopurines. To a 
suspensionn of the resin-bound 2-nitro-6-aminopurine (0.10 mmol) in NMP (1.5 mL) was added DIPEA 
(0.144 mL; 0.8 mmol) and cyclopentylamine (60 uL; 0.6 mmol). After heating at 80-90 °C for 24 h the 
resinn was washed with NMP(3x), CH2C12 (3x), MeOH, CH2C12, MeOH, Et20, CH2C12, E t20 and 
CH2C12. . 
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Generall  procedure for  the removal of the 2',3'-methoxymethylidene group from resin bound 24 (25). 
Resinn 24 (0.10 mmol) was washed twice with a solution of f>TsOH-H20 (18 mg/mL) in CH2CI2-
MeOHH (97:3). After subjection to this solution for 16 h resin 25 was washed with CH2Cl2-MeOH 
(97:3;; 3x), CH2Cl2-DIPEA (90-10; 3x), CH2CI2 (3x), MeOH, CH2C12( MeOH, Et20, CH2CI2, EtzO 
andd CH2CI2. 

Generall  procedure for  cleavage of the 2*A^-di$ubstitute d adenosine analogues from resin 25 (26). To a 
suspensionn of resin 25 (0.10 mmol) in THF (1.5 mL) was added a solution of 5.24 M NaOMe in 
MeOHH (76 uL; 0.40 mmol). After 1 h the resin was washed with THF (2x), MeOH, THF, MeOH, 
THFF and MeOH. The washings were passed over an SPE column (Supelco, packed with 1 g silica gel) 
andd analysed with HPLC. The products 26d, 26h, 261 and 26p were purified via semi-preparative 
HPLCC using method A. Al l other products were purified by using method B. The products were iso-
latedd by lyophilisation furnishing the 2,N6-disubstituted adenosine analogues 26a-p as white solids. 

2-Cyclopentylamino-A^-cyclopentyladenosinee (26a). !H-NMR (d6-DMSO) 8 7-89 (1H, s, H-8), 7.10 (1H, 
brr s, N6-H), 6.12 (1H, br s, 2-NH), 5.73 (1H, d, J 6.0, H-l'), 5.36 (1H, d, J 4.7, OH), 5.12 (2H, m, 
2xOH),, 4.59 (1H, br, H-2'), 4.49 (1H, br, NCH), 4.15 (2H, m, NCH and H-3'), 3.89 (1H, dd,) 7.5 and 
3.9,, H-4'), 3.63 (1H, m, H-5'a), 3.53 (1H, m, H-5'b), 1.92 (4H, m, cyclopentyl), 1.66 (4H, m, 
cyclopentyl),, 1.49 (8H, m, cyclopentyl); m/z 419.2416 (M++H, C2oH3iN 604 requires 419.2407). 

2-(A^-lVyptamino)-A^-cyclopentyladenosine(26b).. !H-NMR (d6-DMSO) 8 10.80 (1H, s, indole NH), 
7.922 (1H, s, H-8), 7.62 (1H, d, J 7.8, indole 4-H), 7.35 (1H, d, J 7.9, indole 7-H), 7.18 (2H, br, N6-H and 
indolee 2-H), 7.08 (1H, t, 7 7.9, indole 6-H), 7.00 (1H, t,J 7.8, indole 5-H), 6.28 (1H, br s, 2-NH), 5.79 
(1H,, d,} 6.0, H-l'), 5.38 (1H, d, ] 5.9, OH), 5.23 (1H, br s, OH), 5.12 (1H, d, J 4.4, OH), 4.61 (1H, m, 
H-2'),, 4.53 (1H, br, NCH), 4.15 (1H, m, H-3'), 3.93 (1H, dd, J 6.9 and 3.5, H-4'), 3.64 (1H, m, H-5'a), 
3.422 (3H, m, H-5'b and NCH2CH2), 2.97 (2H, t, J 7.5, NCH2CH2), 1.94 (2H, m, cyclopentyl), 1.69 
(2H,, m, cyclopentyl), 1.56 (4H, m, cyclopentyl); m/z 494.2489 (M++H, C25H32N7O4 requires 
494.2516). . 

2-(2-Benzyloxyethylamino)-M-cyclopenryladenosine(26c).. 'H-NMR (d6-DMSO) 8 791 (1H, s, H-8), 
7.355 (4H, m, Ar-H), 7.29 (1H, m, Ar-H), 7.21 (1H, br s, N6-H), 6.17 (1H, br s, 2-NH), 5.74 (1H, d, J 6.1, 
H-l') ,, 5.36 (1H, d, ] 5.9, OH), 5.23 (1H, br s, OH), 5.13 (1H, d, J 4.3, OH), 4.59 (1H, m, H-2'), 4.52 
(2H,, s, PhCH2), 4.45 (1H, br, NCH), 4.13 (1H, m, H-3'), 3.91 (1H, m, H-4'), 3.57 (6H, m, 5'-H, 
NCH2CH2,, NCH2CH2), 1.94 (2H, m, cyclopentyl), 1.64 (2H, m, cyclopentyl), 1.53 (4H, m, 
cyclopentyl);; m/z 485.2507 (M++H, C24H33N605 requires 485.2512). 

2-(JVc-HistidylWV lS-cyclopenryladenosine(26d).. [H-NMR (d6-DMSO) 8 8.21 (1H, br s, Im-2-H), 7.90 
(1H,, s, H-8), 7.59 (1H, br s, Im-NH), 7.15 (1H, br s, N6-H), 6.86 (1H, br s, Im 4-H), 6.31 (1H, br s, 2-
NH),, 5.74 (1H, d,} 5.6, H-l'), 4.63 (1H, m, H-2'), 4-48 (1H, br, NCH), 4.25 (1H, m, H-3'), 3.91 (1H, 
dd ,)) 7.8 and 3.9, H-4'), 3.65 (1H, m, H-5'a), 3.51 (3H, m, H-5'b and NCH2CH2) , 2.73 (2H, m, 
NCH2CH2),, 1.92 (2H, m, cyclopentyl), 1.66 (2H, m, cyclopentyl), 1.52 (4H, m, cyclopentyl); m/z 
445.22999 (M++H, C2oH29N804 requires 445.2312). 

2-Cyclopentylamino-iV<ï-(2,2-diphenylethyl)adenosine(26e).. LH-NMR (d6-DMSO) 8 784 (1H, s, H-8), 
7.311 (8H, m, Ar-H), 7.19 (3H, m, Ar-H and N6-H), 6.28 (1H, br s, 2-NH), 5.71 (1H, d,) 5.2, H-l'), 5.36 
(1H,, br s, OH), 5.11 (2H, br s, 2xOH), 4.62 (1H, m, H-2'), 4.55 (1H, m, Ph2CH), 4.22 (1H, br, NCH), 
4.122 (1H, m, H-3'), 4.03 (2H, m, Ph2CHCH2), 3.88 (1H, m, H-4'), 3.64 (1H, m, H-5'a), 3.51 (1H, m, 
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H-5'b),, 1.93 (2H, m, cyclopentyl), 1.69 (2H,m, cyclopentyl), 1.51 (4H, m, cyclopentyl); m/z 531.2723 
(M++H,, C2 9H 3 5N 604 requires 531.2720). 

2-(AVTryptamino)-A*-(2a-diphenylethyl)adenosine(26f).. 'H-NMR (d6-DMSO) S 10.82 (1H, s, indole 
NH),, 7.89 (1H, s, H-8), 7.63 (1H, d, ) 7.5, indole 4-H), 7.36 (1H, d,} 8.0, indole 7-H), 7.23 (12H, m, 
Ar-H,, N6-H and indole 2-H), 7.08 (1H, m, indole 6-H), 6.98 (1H, m, indole 5-H), 6.49 (1H, br s, 2-
NH),, 5.77 (1H, m, H-l'), 4.59 (2H, m, H-2' and Ph2CH), 4.13 (1H, m, H-3'), 4.03 (3H, m, H-4' and 
Ph2CHCH2),, 3.49 (4H, m, 5'-H and NCH2CH2), 2.98 (2H, m, NCH2CH2); m/z 606.2822 (M++H, 
C34H36N7044 requires 606.2829). 

2-<2-Benzyloxy-ethylamino)-M-(2>diphenyIethyl)adenosinee (26g). 'H-NMR (d6-DMSO) 5 7.86 (1H, s, 
H-8),, 7.36-7.26 (14H, m, Ar-H and N6-H), 7.19 (2H, m, Ar-H), 6.35 (1H, br s, 2-NH), 5.72 (1H, d, J 
5.6,, H-l'), 5.35 (1H, d, J 6.0, OH), 5.22 (1H, br s, OH), 5.12 (1H, d, J 4.4, OH), 4-61 (1H, m, H-2'), 
4.566 (1H, m, Ph2CH), 4.53 (1H, s, PhCH2), 4.12 (1H, m, H-3'), 4.03 (2H, m, Ph2CHCH2), 3.88 (1H, 
m,, H-4'), 3.58 (6H, m, 5'-H, NCH2CH2); m/z 597.2846 (M++H, C3 3H3 7N605 requires 597.2825). 

2-(Afc-Histamino)-A^-(2,2-diphenylethyl)adenosine(26h).. 'H-NMR (cU-DMSO) 6 8.18 (1H, br s, Im-2-
H),, 7.85 (1H, s, H-8), 7.62 (1H, br s, Im-NH), 7.29 (9H, m, Ar-H and N6-H), 7.19 (2H, m, Ar-H), 6.85 
(1H,, br s, Im-4-H), 6.48 (1H, br s, 2-NH), 5.72 (1H, d, J 5.0, H-l'), 4.61 <2H, m, H-2' and Ph2CH), 
4.233 (1H, m, H-3'), 4.03 (2H, m, Ph2CHCH2), 3.90 (1H, m, H-4'), 3.58 <4H, m, 5'-H and NCH2CH2), 
2.855 (2H, m, NCH2CH2); m/z 557.2641 (M++H. C2 9H3 3N804 requires 557.2625). 

2-Cyclopentylamino-A^-(3-iodobenzyl)adenosine(26i).. 'H-NMR (d6-DMSO) Ö 7.97 (1H, br s, N6-H) 
7.944 (1H, s, H-8), 7.74 (1H, s, Ph 2-H), 7.59 (1H, d,) 7.7, Ph 4-H), 7.37 (1H, d, J 7.7, Ph 6-H), 7.12 (1H, 
t,, 7 7.7, Ph 5-H), 6.21 (1H, br s, 2-NH), 5.74 (1H, d, ) 6.0, H-l'), 5.36 (1H, d,} 6.0, OH), 5.11 (2H, m, 
2xOH),, 4.57 (3H, m, H-2' and N6-CH2), 4.12 (2H, m, H-3' and NCH), 3.89 (1H, dd, J 7.5 and 3.9, H-
4'),, 3.65 (1H, m, H-5'a), 3.54 (1H, m, H-5'h), 1.84 (2H, m, cyclopentyl), 1.64 (2H, m, cyclopentyl), 1.45 
(4H,, m, cyclopentyl); m/z 567.1216 (M++H, C22H28N604I requires 567.1217). 

2-(Af ft-Tryptamino)-iV6-(3-iodobenzyl)adenosine(26j).. 'H-NMR (d6-DMSO) 5 10.79 <1H, s, indole NH), 
8.011 (1H, br s, N6-H), 7.96 (1H, s, H-8), 7.75 (1H, s, Ph 2-H), 7.57 (2H, m, indole 4-H and Ph 4-H), 
7.366 (2H, m, indole 7-H and Ph 6-H), 7.09 (3H, m, indole 2-H, indole 6-H and Ph 5-H), 6.98 (1H, m, 
indolee 5-H), 6.36 (1H, br s, 2-NH), 5.79 (1H, d, J 5.6, H-l'), 5.39 (1H, d, J 6.1, OH), 5.19 (1H, br s, 
OH),, 5.12 (1H, d, 7 4.7, OH), 4.62 (3H, m, H-2' and N6-CH2), 4.15 (1H, m, H-3'), 3.92 (1H, dd, ] 7.3 
andd 3.8, H-4'), 3.65 (1H, m, H-5'a), 3.52 (3H, m, H-5'h and NCH2CH2) , 2.93 (2H, t, J 7.4, 
NCH2CH2);; m/z 642.1337 (M++H, C27H29N704I requires 642.1326). 

2-(2-Benzyloxyethylamino)-A^-(3-iodobenzyl)adenosine(26k).. 'H-NMR <d6-DMSO) Ö 8.01 (1H, br s, 
N6-H),, 7.95 (1H, s, H-8), 7.73 (1H, s, Ph 2-H), 7.58 (1H, d, ) 7.9, Ph 4-H), 7.32 (6Ht m, C6H 5CH20 
andd Ph 6-H), 7.10 (1H, t, ] 7.9, Ph 5-H), 6.26 (1H, br s, 2-NH), 5.74 (1H, d,} 5.9, H-l'), 5.37 (1H, d, ] 
5.8,, OH), 5.22 (1H, br s, OH), 5.13 (1H, d, J 4.4, OH), 4.54 (3H, m, H-2' and N6-CH2), 4.46 (2H, s, 
PhCH2),, 4.13 (1H, m, H-3'), 3.91 (1H, m, H-4'), 3.65 (1H, m, H-5'a), 3.52 (5H, m, H-5'h, NCH2CH2) ; 

m/zz 633.1298 (M++H, C26H30N6O5I requires 633.1322). 

2-(iVc-Histamino)-iV ,5-(3-iodobenzyl)adenosine(26l).. 'H-NMR (d6-DMSO) 8 8.17 (1H, br s, Im-2-H), 
7.999 (1H, br s, N6-H), 7.94 (1H, s, H-8), 7.75 (1H, s, Ph 2-H), 7.58 (2H, m, Ph 4-H and Im-NH), 7.38 
(1H,, d, J 7.7, Ph 6-H), 7.10 (1H, t, J 7.7, Ph 5-H), 6.81 (1H, br s, Im-4-H), 6.40 (1H, br s, 2-NH), 5.75 
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(1H,, d, J 5.6, H-l*) , 5.02 (3H, band, 3xOH), 4.62 (3H, m, H-2' and N6-CH2), 4.24 (1H, m, H-3'), 3.90 
(1H,, m, H-4'), 3.67 (1H, m, H-5'a), 3.51 (3H, m, H-5'b, NCH2CH2), 2.73 (2H, m, NCH2CH2); m/z 
593.11166 (M++H, C22H26N804I requires 593.1122). 

2-Cyclopentylamino-A*-phenyladenosine(26m).. *H-NM R (d6-DMSO) 5 9.51 (1H, br s, N6-H), 8.07 
(1H,, s, H-8), 8.05 (2H, d, ƒ 7.7, Ph 2-H), 7.29 (2H, t, J 7.7, Ph 2-H), 6.99 (1H, t, J 7.7, Ph 4-H), 6.61 
(1H,, br s, 2-NH), 5.80 (1H, d,) 6.0, H-l'), 5.41 (1H, d, J 6.1, OH), 5.15 (1H, d,) 4-7, OH), 5.05 (1H, 
brr s, OH), 4.64 (1H, m, H-2'), 4.18 (2H, m, H-3' and NCH), 3.91 (1H, del, J 7.8 and 4.2, H-4'), 3.67 
(1H,, m, H-5'a), 3.56 (1H, m, H-5'b), 1.94 (2H, m, cyclopentyl), 1.70 (2H, m, cyclopentyl), 1.53 (4H, m, 
cyclopentyl);; m/z 427.2117 (M++H, C21H27N604 requires 427.2094). 

2-(7Vfc-Tryptamino)-A^-phenyladenosinee (26n). 'H-NMR (d6-DMSO) 8 10.82 (1H, s, indole NH), 9.46 
(1H,, br s, N6-H), 8.10 (1H, s, H-8), 8.03 (2H, d, ]  7.7, Ph 2-H), 7.63-7.59 (1H, m, indole 4-H), 7.35 (1H, 
d,, / 8.1, indole 7-H), 7.25 (2H, t, J 7.7, Ph 3-H), 7.20 (1H, s, indole 2-H), 7.08 (1H, m, indole 6-H), 6.99 
(2H,, m, indole 5-H and Ph 4-H), 6.74 (1H, br s, 2-NH), 5.85 (1H, d, J 4-9, H-l'), 5.43 (1H, d, J 6.0, 
OH),, 5.15 (1H, d, J 4.7, OH), 5.11 (1H, m, OH), 4.64 (1H, m, H-2'), 4.18 (1H, m, H-3'), 3.95 (1H, dd, 
JJ 7.5 and 4.0, H-4'), 3.60 (4H, m, 5'-H and NCH2CH2), 2.93 (2H, t, J 7.6, NCH2CH2); m/z 502.2236 
(M++H,, C2 6H2 8N704 requires 502.2203). 

2-(2-Benzyloxy-ethylamino)-A*-phenyladenosine(26o).. ^ - N M R (d6-DMSO) 5 9.47 (1H, br s, N6-H), 
8.099 (1H, s, H-8), 8.01 (2H, d, J 8.0, Ph 2-H), 7.30 (7H, m, C6H 5CH20 and Ph 3-H), 6.99 (1H, t, J 7.3, 
Phh 4-H), 6.65 (1H, br s, 2-NH), 5.81 <1H, d,) 6.0, H-l'), 5.41 (1H, d, J 6.0, OH), 5.16 (1H, d, 7 4.8, 
OH),, 5.12 (1H, br s, OH), 4.63 (1H, m, H-2'), 4.53 (2H, s, PhCH2), 4.16 (1H, m, H-3'), 3.93 (1H, m, 
H-4'),, 3.59 (6H, m, 5'-H, NCH2CH2); m/z 493.2209 <M++H, C25H29N605 requires 493.2199). 

2-(A^-Histamino)-A^-phenyladenosine(26p).. ]H-NMR (d6-DMSO) 8 9.45 (1H, br s, N6-H), 8.20 (1H, 
brr s, Im-NH), 8.08 (1H, s, H-8), 8.03 (2H, d,) 7.6, Ph 2-H), 7.59 (1H, s, Im-2-H), 7.28 (2H, t, ]  7.6, Ph 
3-H),, 6.99 (1H, t, 7 7.6, Ph 4-H), 6.86 (1H, s, lm-4-H), 6.77 (1H, br s, 2-NH), 5.81 (1H, d, J 5.7, H-l'), 
5.222 (3H, band, 3xOH), 4.64 (1H, m, H-2'), 4.27 (1H, m, H-3'), 3.93 (1H, m, H-4'), 3.67 (1H, m, H-
5'a),, 3.51 (3H, m, H-5'b, NCH2CH2), 2.81 (2H, m, NCH2CH2); m/z 453.2011 (M++H, C2iH 25N804 
requiress 453.1999). 
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Solidd phase synthesis of 
di-- and trisubstituted 

5'-carboxamidoadenosinee analogues 

ABSTRACT T 

Applicationn of the hydrazide safety-catch linker allowed the solid phase synthesis of two small 

combinatoriall  libraries of di- and trisubstituted 5'-carboxamidoadenosine derivatives, respec-

tively.. A 5'-carboxylate nucleoside scaffold is attached to the solid support via an aryl hydrazide 

linkage.. Following diversification reactions at the purine system and removal of the 2',3'-protec-

tivee groups, the hydrazide linkage in I is oxidised. The resulting acyl diazene species I I reacts 

withh amines in situ releasing 5'-carboxamidoadenosine analogues III . 
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3.11 INTRODUCTIO N 

Inn the previous chapter a robust solid phase synthesis of 2,N6-disubstituted adenosine 

analoguess was decribed, in which the nucleoside was anchored to the solid support by the 5'-

hydroxyll  functionality and diversity elements were introduced on the purine skeleton. The 

targett adenosine derivatives make up for potential therapeutics in the treatment of African 

trypanosomiasis1,22 and malaria3 (see chapter 5). Moreover they constitute a promising class of 

drugss acting at the adenosine receptors, which play a modulatory role in a myriad of cellular 

functions.44 In our efforts to design solid phase mononucleoside syntheses allowing for the 

automatedd preparation of these molecules, it was our desire to expand our methodology to the 

modificationn of the ribosyl moiety. 

Adenosinee 5'-carboxamide analogues are known as highly active agonists for the adenosine 

receptor.11 Probably the most conspicuous example, depicted in Figure 3.1, remains 5'-N-

ethylcarboxamidoo adenosine 1, NECA,6 which is a high affinity, non-selective adenosine 

receptorr agonist (see also chapter 4). Usually, the affinity for the adenosine receptors increases 

whenn the 5'-hydroxyl moiety is replaced with a 5'-N-(m)ethylcarboxamido group.' In the field of 

antiprotozoall  research 5'-modified adenosine analogues are known as growth inhibitors of 

multidrugg resistant Plasmodium falciparum (cf. structure 2 in Figure 3.1),9 inhibitors of 

trypanosomall  glycolytic enzymes10 and inhibitors of enzymes involved in trypanosomal 

polyaminee synthesis." 

NH2 2 

N03 3 
0 0 

^ NN X ^ I I 
HH y^  -OH 

HO O 

11 NECA 

affinityy for adenosine receptors 

hA,, =12nM 

hA2AA = 60 nM 

hA2BB =2200nM 

hA33 =11 nM 

OCH33
 H 

HO O 

antimalariall activity0: 

IC500 = 1.3uM 

Figur ee 3.1. Biologically active 5'-modified adenosine analogues;a values taken from reference 8; b values 
takenn from reference 9. 
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Literaturee methods for the solution phase synthesis of 5'-subsituted carboxamidoadenosine 

analoguess are summarised in Scheme 3d. They entail 5'-oxidation of 2',3'-isopropylidene (2-

chloro)adenosinee with potassium permanganate under strongly basic12 or acidic5 conditions, 

orr oxidation of 2',3'-isopropylidene inosine with chromiumtrioxide in glacial acetic acid,15 

leadingg to a 5'-carboxylic acid residue in moderate to good yields (50-84 %). Immediate 

amidationn is followed, mediated by thionyl chloride or a peptide coupling reagent. Any 

subsitutionss on the purine base are brought about subsequently. 

O— — 
HO O 

O O 

^ ^ 
XX = OH, NH2 

YY = H, CI 

SOCI22 or 

couplingg reagent 

R-NH2 2 

X X 

N N N N 

X1N> > 
O O 

R„ „ O--

o o 
o--

XX = CI, NH2 

YY = H, CI 

purine e 
modifications s 

Schem ee 3.1. Literature methods for the synthesis of 5'-carboxamidoadenosine analogues. 

Ourr objective consisted of generating 5'-carboxamidoadenosine analogues in a divergent 

way,, thus allowing for the introduction of pharmacophores both on the purine 2 and N 

positionss as described in the previous chapter, and on the sugar 5'-position. Consequently, a 

proceduree had to be devised that granted both the attachment of the nucleoside scaffold to a 

solidd support and the introduction of diversity elements on three different positions. The 

proposedd strategy involving the safety catch principle14 is outlined in Scheme 3.2. Suitably 

protectedd 6-chloropurine riboside 5'carboxylic acid is coupled to the solid phase via a dormant 

linker.. Modifications can be realised on the purine skeleton, while the linker remains intact. 

Whenn the ribosyl protective groups are removed and the nucleoside is ready for cleavage, the 

CI I 

O O 

&t &t 
o--

off' ' 
OPG G 

linkerr ÓPG 

1.. modifications 
onn solid support 

2.. linker activation 

NHR1 1 

R 2 HN-^N"^N N 

o o 

©--e e 
o--

OH H 

OH H 

R3-NH2 2 

Schem ee 3.2. Proposed strategy involving the safety catch principle. 

NHR1 1 

R 2 H N ^ N ^ N N 
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R3HN N 
OH H 
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linkerr is 'switched on', thereby setting the stage for combined cleavage and introduction of the 

finall  diversity element, leading to the aimed nucleoside carboxamide analogues. In this way the 

5'-positionn serves both as the anchor to the solid support and the reactive functionality in the 

finall  diversification/cleavage step. 

SAFETYSAFETY CA TCH APPRO A CH 

Thee safety catch principle has first been described by Kenner in 1971 in the field of solid phase 

peptidee chemistry.14 The concept relies on complete stability of the safety catch linker over a 

widee range of reaction conditions, while at the end of the solid phase sequence a two step 

cleavagee process is applied. The first step involves activation of the linker, the second step 

involvess the actual cleavage. The main advantage of these linkers is that if there is a need to use 

condit ionss similar to the cleavage conditions during the synthesis, this can be accommodated 

ass the linker is stable until activated.15 The safety catch principle is perhaps best illustrated by 

thee rediscovery and improvement of Kenner's method by Backes and Ellman, as is depicted in 

Schemee 3.3d6"19 A carboxylic acid is coupled to a sulfonamide linker affording acylsulfonamide 

5.. Under strongly basic or nucleophilic conditions the acylsulfonamide NH is deprotonated 

(pKaa - 2.5), thereby deactivating the carbonyl moiety and preventing nucleophilic attack. When 

thee solid supported synthesis is completed, N-alkylation activates the linker towards 

nucleophilicc displacement. Kenner's original procedure involved treatment with diazomethane 

too afford the N-methyl acylsulfonamide 6a. Backes and Ellman however improved this 

activationn method by using iodoacetonitrile as alkylating agent to generate N-cyanomethyl 

acylsulfonamidee 6b.17 The enhanced reactivity of 6b enables cleavage with aromatic amines. An 

O O 
II I 

HCT-R1 1 

33 or 4 
coupling g 

^ S : N A R 1 1 

H H 

5 5 

alkylation n 
-̂-

%  A 
WW

 R 2 

6aa R2 = CH3 

6bb R2 = CH2CN 

R V R 4 4 

H H 
cleavage e 

7 7 

O O 
3 3 

Schem ee 3.3. Kenner's safety catch approach. 
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alternativee linker, alkanesulfbnamide 4, was developed to facilitate activation of acylsulfon-

amidee 5, when carboxylic acid residues with a-electron-withdrawing groups, like amino acids, 

aree attached.17 Both sulfonamide linkers have successfully been applied in peptide chemistry,18-
222 solid phase organic synthesis16'23 and polymer assisted solution phase synthesis.9'24 Over the 

pastt decade many other safety catch linkers have been developed, that are activated by for 

examplee oxidation reactions25 or removal of protective groups.26 

Inn this chapter the development is described of a solid phase sequence towards di- and 

trisubstitutedd 5'carboxamidoadenosine derivatives by application of the safety catch principle. 

3.22 SOLI D PHASE SYNTHESES WIT H KENNER' S SULFONAMID E LINKE R 

Initiall  synthetic efforts towards substituted 5'carboxamidoadenosine derivatives addressed the 

couplingg of 6-chloropurine riboside-5'carboxylic acid to Kenner's sulfonamide linker. The mild 

TEMPO-iodobenzenee diacetate oxidising system reported for the 5'-oxidation of common 2',3'-

protectedd nucleosides was applied to 2',3'-isopropylidene protected 6-chloropurine riboside 8 

affordingg 5'-carboxylic acid 9 in excellent yield (Scheme 3.4).27 Kenner's benzenesulfonamide 

00 0 N' ' 

O O 
HO O 

CI I 

Nun" > > 
O O 

O--
HO O 

O O O O 

o--
8 8 

O--

9 9 

Schem ee 3.4. (a) TEMPO, iodobenzene diacetate, CH3CN, H20, 92 %; (b) for coupling methods see Table 3.1. 

linkerr 3 was selected for its complete stability towards strongly basic/nucleophilic and strongly 

acidicc conditions. Although it was noted that loading efficiencies with Kenner's original 

benzenesulfonamidelinkerr 3 were poor, especially with sterically demanding carboxylic acids,18 

thiss linker was at first preferred over Ellman's alkanesulfonamide linker 4. The solid phase 

synthesiss of trisubstituted 5'carboxamidoadenosine derivatives requires the on-resin nitration 

off  the purine 2-position. The risk of concomittant N-nitration of benzenesulfonamide linker 3 

iss reduced because the nucleophilicity of the acylsulfonamide NH is attenuated by the electron-

withdrawingg benzene ring. 

Thee reactivity of the sulfonamide linker has been compared to that of an alcohol.18 

Thereforee typical esterification reagents are to be used in the coupling procedure. However, 

attachmentt of nucleoside 5'-carboxylic acid 9 to Kenner's linker 3 offered significant problems. 
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Thee success of attachment to the resin can be assessed by the appearance of a strong carbonyl 

vibrationn at approximately 1735 cm"1 in the infrared spectrum of the immobilised nucleoside 

5'carboxylicc acid derivative. Many coupling procedures were employed, most of them known 

fromm the attachment of aminoacid residues to the Kenner linker. But loading of the resin, 

thoughh quite insufficient, was only inferred from experiments with the symmetrical anhydride 

methodd or with 2-chloro-l,3-dimethylimidazolidiniurn hexafluorophos-phate, CIP, a coupling 

reagentt known to be particularly effective for sterically demanding couplings (see Table 3.1).28 

Tablee 3.1. Coupling methods used for loading Kenner's linker. 

entry y couplingg method'1 
oase e j lvent t result t 

acidd 9 (5 equiv), DIC (5 equiv), 1-Melmh (5 equiv) 

acidd 9 (3 equiv), DIC (3 equiv), DMAP (0.4 equiv) 

acidd 9 (3 equiv), CIP (3 equiv) 

acidd 9 (3 equiv), PyBOP (3 equiv) 

acidd 9 (3 equiv), DBCC (3 equiv) 

symm.. anhydride of 9 (5 equiv), DMAP (1 equiv) 

DCM M 

DCM M 

DIPEAA (6 equiv) DCM 

DIPEAA (6 equiv) DM F 

pyridinee (4 equiv) DMF 

DIPEAA (5 equiv) DCM V--
aa Couplings endured 20-24 h;b 1-Melm=1-methylimidazole, see reference 29;c DBC=2,6-dichlorobenzoylchloride. 

Modell  experiments in solution (DIC-DMAP, EDC-DMAP, pentafluorophenylester) with 

carboxylicc acid 9 and linker analogue 12, obtained by amidation of benzoic acid 11 with 

benzylamine,, failed to produce acylsulfonamide 13 (Scheme 3.5). 

HO O 

OO O 

NH? ? 
BnHN N 

s' ' 
^ r "" ^NH2 

O O O O 

11 1 

/y /y 

12 2 

9 9 

b b 

& 3 3 
O.. .O O 

BnHN N 

s; ; o--

13 3 
o--

Schem ee 3.5. (a) Benzylamine, EDC, HOBt, THF, 76 %. (b) see text for coupling attempts. 

Thee poor results on solid phase and even in solution were partly ascribed to the moderate 

nucleophilicityy of the benzenesulfonamide linker. Therefore, attachment of carboxylic acid 9 to 

Ellman'ss modified alkanesulfonamide linker 4 was attempted, a linker especially designed for 

enhancedd nucleophilicity.17 Concisely, all efforts using the coupling methods mentioned before 

gavee a comparably poor outcome. From these results, we concluded that steric hindrance 

combinedd with the moderate nucleophilicity of the Kenner-Ellman linkers frustrated 

50 0 



5'-Carboxamidoadenosine5'-Carboxamidoadenosine analogues 

immobilisationn of the nucleoside 5'-carboxylic acid and the sulfonamide strategy was 

suspended. . 

Remarkably,, months after this approach was abandoned a study appeared in literature 

concerningg the coupling in solution of N6-benzoyl-2',3'-isopropylidene adenosine 5'-carboxylic 

acidd to various sulfonamides.30 Among the various methods explored the best results were 

reportedd with 1.1 equivalents of DCC/DMAP and two equivalents of sulfonamide. 

Nevertheless,, coupling required stirring in dichloromethane for four days, indicating the 

sluggishnesss of the reaction, which makes it unsuitable for solid phase applications. 

3.33 SOLI D PHASE SYNTHESES WIT H THE HYDRAZID E LINKE R 

Thee experiments with the sulfonamide linker indicated the need for a sterically undemanding 

linkerr that would allow the attachment of the sterically encumbered nucleosidic carboxylic acid 

too the resin. In our opinion the arylhydrazide safety catch linker31 makes up for a good 

alternative.. The linker was originally introduced in 1970 by Wieland and coworkers for the 

solidd phase synthesis of peptides.32 The safety catch concept relies on the fact that the linker is 

acidd and base stable and can be activated under oxidative conditions to generate the reactive 

acyldiazenee as is outlined in Scheme 3.6. A carboxylic acid residue is attached to hydrazine 

II
Q^y\\-mQ^y\\-m 22

 H  R . 0 - ^ - N - N A R mOdifiCati0n ? Q-^^N-N A R< 
144 15 16 

OO O 
[ox]] /-* /= \ A  Nuc_  r=\ A 

».. 1 / X—M=Kr ^ Q ' - .A—/. .\ + N2 + Nuc R' 
^ - < T ~ V - N = NN R' ^—- Q"A^) 

17 7 

Schem ee 3.6. Safety catch approach with the aryl hydrazide linker. 

resinn 14 furnishing aryl hydrazide 15. At the end of a solid phase sequence aryl hydrazide 16 is 

oxidisedd to afford the highly electrophilic acyldiazene species 17. Subsequent attack by a 

nucleophilee present releases nitrogen gas and carboxylic acids, esters or amides, when water, 

alcoholss or amines are used as nucleophiles. Recent applications of this linker involve the 

synthesiss of (cyclic)33 peptides,34 while elegant work of Waldmann's group was reported using a 

diametricall  approach, represented in Scheme 3.7, in which a functionalised aryl hydrazine was 
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XXyCyC==\\ H O 
OO \\ //—N-NHp L, ,—, 

D HH ^ H NJ_y 

O O 

Schem ee 3.7. Traceless linker concept of the aryl hydrazide linkage. 

coupledd to a resin bound carboxylic acid, thus allowing for the solid supported synthesis of 

substitutedd aromatic species without leaving a trace of the linkage to the solid support.35 The 

aryll  hydrazide linker was shown to be stable under a wide range of reaction conditions, 

includingg palladium catalyzed transformations, as well as Witti g and Grignard reactions. 

NN55 yN^-DISUBSTITUTED 5 '-CARBOXAMIDOADENOSINE ANALOGUES 

Thee choice for the aryl hydrazide linker proved to be rewarding in the sense that the solid 

phasee synthesis of N5 ,N-disubstituted 5'-carboxamido-adenosine analogues could be 

accomplished.. The sequence using the aryl hydrazide safety catch linker is depicted in 

Schemee 3.8. After removal of the Fmoc group from commercially available 4-Fmoc-

hydrazinobenzoyll  AM resin 18 with 20 % piperidine in DMF, 5'-carboxylic acid 9 was coupled 

too hydrazine resin 19 by using DI C as a coupling reagent to render hydrazide 20. Literature 

methodss for the acylation of resin 19 involve a diimide in combination with an additive like 1-

hydroxybenzotriazole,, HOBt.3334 In our system we observed that HOBt displaces the 

chloroatomm in the purine ring.36 Although omission of this additive required a longer coupling 

period,, effective loading of the resin was achieved as indicated by a bromophenol blue test. 

Introductionn of an amino substituent on the purine 6-position was effected in NMP at 50 CC 

affordingg purine 21. The 2',3'-isopropylidene group was removed by using a cocktail of TFA, 

ethyleneglycoll  and dichloromethane (5:1:5) to yield resin bound 22, which was now ready for 

cleavagee from the resin. The hydrazide linkage was oxidised by the method of Lowe and 

coworkerss using 0.5 equivalent of copper(II)acetate in the presence of a nitrogen 

nucleophile.34bb Only catalytic quantities of copper(II) are required due to the rapid aerial 

oxidationn of copper(I) ions. Although 0.1 equivalent of copper(II) is essentially enough to effect 

oxidation,, a larger amount was used to reduce reaction times. The amine present in solution 

servess a triple goal; firstly, deprotonation of the hydrazide, secondly, complexation of the 

O O 
modifications s iss  / -J l H 

^ ^ " ^ N u cc + N2 + 
.R R 

/ / / 
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Schem ee 3.8. (a) 20 % piperidine in DMF; (b) 9, DIC, DMF; (c) R1-NH2 , NMR 50 ; (d) TFA-HO(CH2)2OH -
CH2CI22 (5:1:5), (e) 0.5 equiv Cu(OAc)2, R

2-NH2, THF. 

copperr ions, thereby preventing them to precipitate from solution and finally nucleophilic 

releasee under formation of carboxamide 23. The copper salts were easily removed by passing 

thee solution of the crude product over a silica gel cartridge. 

Inn order to validate the developed solid phase sequence a small 20-membered library was 

synthesised.. Again, amines were selected that contained pharmacophores known from 

adenosinee receptor and antiprotozoal research. Purities after solid phase extraction using a 

silicaa gel cartridge ranged from 64 to 99 %. Nevertheless, all compounds were subsequently 

purifiedd by semi-preparative HPLC and isolated by lyophilisation to allow for reliable biological 

evaluation.. Products 23a-t were obtained in reasonable yields (19-54 % over four solid phase 

steps)) and high purities (see Table 3.2 on page 54). 

2,N2,NSS',N',N66-TRISUBSTITUTED-TRISUBSTITUTED S'-CARBOXAMIDOADENOSINE ANALOGUES 

Whilee disubstituted adenosine analogues 23a-t were readily synthesised by application of the 

hydrazidee resin, our second goal was the preparation of trisubstituted 5'-carboxamido-

adenosinee analogues, which required nitration of the purine 2-position. Not surprisingly, 

TBAN-TFAAA nitration of hydrazide resin bound 6-chloropurine resulted in premature release 

off  the nucleoside from the solid support by N-nitration or oxidation of the hydrazide linkage 

andd subsequent cleavage by present nucleophiles. Another approach by linking a 2-nitro-6-
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Tablee 3.2. Library of /V^/V^-disubstituted 5'-carboxamidoadenosine analogues.3 

.JO.JO ^.JO  JO HN N 

Ï.. j O 

OH H 

HO O 

23aa 43 % (>99 %) 

HN N 

ÖO O 
OH H 

HO O 

23ee 50 % (>99 %) 

lO O 

OH H 

HO O 

23ii  54 % (97 %) 

il l 

II  jO 

'OH H 

HO O 

23mm 54 % (>99 %) 

Ph h 

N -- ^ N 

k.i: > > N N N N 

OH H 

HO O 

23qq 31 % (97 %) 

uu 1 x> 
N N 

HH V ^ ~OH 

HO O 

23bb 37 % (97 %) 

HN'' \ Il 

Nu O O 
% - ^ N N 

OH H 

HO O 

23ff  46 % (98 %) 

OO ' 
N N 
HH V ^ "O H 

HO O 

23jj  44 % (98 %) 

HN N 

OH H 

HO O 

23nn 50 % (99 %) 

HN N Oh h 

WW 1 N> 
0~ ~ 

N N 
HH V - "  ~ 0 H 

HO O 

23rr  32 % (95 %) 

II  JL" > 
cu u N N 

HH y ~OH 
HO O 

23CC 28 % (>99 %) 

H N ''  \ 4 

N N 

HH V ^ "OH 

HO O 

23gg 45 % (99 %) 

N N 

^^  // 

a..i i 
N N 
HH Y ^  ~0H 

HO O 

23kk 50 % (>99 %) 

as s 
N N 
HH Y ^  " 0H 

HO O 
23oo 36 % (98 %) 

Ph h 

HN N 

$ $ 
^00 o 
^X^X  A " V - - V N - V V 

HH Y 
HO O 

Ph h 

- N N 

- N N 

A A ,X ,X ''  'OH 

23SS 25 % (99 %) 

J> J> 
uu> > 

N N 
H H 

HO O 

23dd 32 % (99 %) 

OH H 

N N N N 

oi:> > NN N N N ^ ^  N N 

HH y ^ OH H Y ^ 0 H H J^ OH 

HO O 

23hh 30 % (94 %) 

HN^A_^ ^ 
_NN I 

o.i:> > N ^ N N 

22 / 
N N 

HO O 

2311 34 % (92 %) 

HN N 

OH H 

a a 1 11 x> 

OH H 

HO O 

23pp 42 % (94 %) 

Ph h 

H N ' ^ ^ p h h 

N N N N 

% - ^ N N 

OO — 
NN " 
H H 

HO O 

23tt  19 % (99 %) 

OH H 

aOveralll yield (purity) after HPLC purification. 
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chloropurinee riboside 5'-carboxylic acid to the hydrazine resin, was not an option, because of 

thee high reactivity of the purine 6-position in that system. Therefore a different strategy was 

pursuedd entailing a combined solution and solid phase diversification of the nucleoside. 

1.. TFAA (3 equiv) 
»» » 

CH2CI2,, 0 C 
OO O 
UU II o-

F 3 C ^ O O 
O O 

3.. aqueous 
work-up p 

CI I 

2.. TBAN (2 equiv) N ' N N 
III  » 

O O 

HO O 

N N 

O— — 

O O 

244 (94 %) 

Schemee 3.9. Nitration of 6-chloropurine riboside 5'-carboxylic acid. 

Att first, 6-chloropurine 9 was nitrated in solution as is represented in Scheme 3.9. The 

carboxyll  group was protected in situ with TFAA under formation of the mixed anhydride, while 

subsequentt addition of TBAN to the reaction mixture resulted in efficient nitration of the 

purinee ring at C2. Aqueous work-up in order to liberate the carboxyl moiety gave 2-nitro-6-

chloropurinee 24 in high yield. At this point, the fitst amino diversity element was introduced 
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Schemee 3.10. (a) DIPEA, CH2CI2, rt; (b) DIC, HOBt, DMF; (c) DIPEA, NMP, 80 ; (d) TFA-HO(CH2)2OH-
CH2CI2,, 5:1:5; (e) 0.5 equiv Cu(OAc)2, THF. 
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inn solution by 6-chloro displacement furnishing 6-aminopurine 25 (Scheme 3.10). Ensuing 

attachmentt to hydrazine resin 19 was brought about under standard acylation conditions, i.e. 

DI CC in combination with HOBt. The use of the additive was allowed as no highly reactive 

electrophilicc positions were present in purine 25. A bromophenol blue test confirmed 

quantitativee formation of resin 26. Substitution of the 2-nitro group by nitrogen nucleophiles 

requiredd gentle heating in NM P to obtain 2,6-diamino purine 27. Removal of the 2',3'-

isopropylidenee group under acidic conditions gave 28, which was now fi t for cleavage from the 

solidd support. Copper(II) mediated oxidation of the hydrazide linkage in the presence of the 

finall  amino diversity element released the desired 2,N ,N -trisubstituted 5'-carboxamido-

adenosinee analogues 29. 

Again,, a small library was prepared to demonstrate the efficiency of the developed solid 

phasee route. After oxidative cleavage from the resin, the copper salts were removed by solid 

phasee extraction, using a silica gel cartridge, and products were obtained in 67-87 % purity. 

Subsequentt semi-preparative HPLC and lyophilisation afforded trisubsituted carboxamido-

adenosinee analogues 29a-h in 20-57 % yield over four solid phase steps and high purity, ready 

forr biological evaluation (see Table 3.3). 

Tablee 3.3. Library of 2,A^,A^-trisubstituted 5'-carboxamidoadenosine analogues.3 

<x x 

OH H 

HO O 

29aa 27 % (>97 %) 

/ - — ii  N 

\ A >> 1 » NN N 
H H 

OH H 

HO O 

29bb 26 % (96 %) 

a a 

OH H 

HO O 

29cc 35 % (98 %) 

a. . 
CXCX I l N> 

HH y ^ ^ O H 
HO O 

29dd 35% (99%) 

NH H 

aa iV> 
OH H 

HO O 

29ee 30 % (92 %) 

1 X > > 
N ^ NN N 

aH.° ° 
OH H 

HO O 

29ff  57 % (91 %) 

\ = // "NH 

HH 0 

HH V 1 

HO O 

29gg 21 % (99 %) 

NH H 

a: : XX  1 N > 

N N 
H H 

HO O 

29hh 38 % (91 %) 

OH H 

aOveralll yield (purity) after HPLC purification. 
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3.44 CONCLUDIN G REMARK S 

Inn summary, it was shown that the safety-catch approach towards di- and trisubstituted 5'-

carboxamidoadenosinee derivatives succeeded by application of the aryl hydrazide linker. 

Despitee many efforts with Kenner's sulfonamide linker we could not effect appreciable 

couplingg of the nucleoside 5'-carboxylic acid to this linker, which was expected to be stable 

duringg solid supported nitration conditions. As the aryl hydrazide linker was not compatible 

withh the TBAN-TFAA nitration, the solid phase synthesis of trisubsituted 5'-

carboxamidoadenosinee analogues required a combined solution-solid phase diversification 

procedure.. The generation of two small combinatorial libraries demonstrated the validity of 

thee aryl hydrazide resin supported syntheses leading to di- and trisubstituted 5'-

carboxamidoadenosinee derivatives 23a-t and 29a-h, respectively. 
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3.66 EXPERIMENTA L 

Generall  information . For experimental details see section 2.8. 4-Fmoc-hydrazinobenzoyl AM resin, 
100-2000 mesh, 0.98 mmol/g, was purchased from Novabiochem, N-(4-Sulfamoylbenzoyl)aminomethyl 
polystyrene,, 200-400 mesh, 0.9 mmol/g, was purchased from Fluka, N-(4-Sulfamoylbutyryl)aminome-
thyll  polystyrene, 200400 mesh, 1.09 mmol/g, was a gift from Solvay Pharmaceuticals, Weesp. For the 
end-productss 23 and 29 coupling constants J of H-2', H-3' and H-4' were determined after mixing the 
samplee with a drop of DjO. 

6-Chloro-(2,3-Ö-isopropylidene-5-carboxy-P-D-ribofuranosyl)-9H-purinee (9). This compound was syn-
thesisedd according to a modified literature procedure.27 A mixture of iodobenzene diacetate (6.72 g; 
20.88 mmol), TEMPO (296 mg; 1.90 mmol) and 2',3'-isopropylidene protected 6-chloropurine riboside 
88 (3.10 g; 9.49 mmol) in water-acetonitrile 1:1 (20 raL) was stirred for 4 h. The reaction mixture was 
carefullyy poored into 0.5 M aqueous NaHCOa (125 mL). After stirring for 10 min the mixture was 
washedd with CH2CI2 (3x40 mL). The combined organic layers were back-extracted with water (20 mL). 
Thee aqueous layers were combined, acidified with 1 M aqueous HC1 and extracted with CF^CLz-EtOH 
95:55 (4x40 mL). Drying with Na2S04 and coevaporation with toluene gave 5'-carboxylic acid 9 as a 
whitee solid (2.98 g; 8.74 mmol; 92%). ]H-NMR (d6-DMSO) 8 12.92 (bs, 1H, COOH), 8.84 and 8.78 
(2xs,, 2xlH, H-2 and H-8), 6.52 (s, 1H, H-l'), 5.64 (d,} 5.9, 1H, H-2'), 5.58 (dd, J 5.9 and 1.3, 1H, H-
3'),, 4.80 (d,) 1.3, 1H, H-4'), 1.55 (s, 3H, CH3), 1.39 (s, 3H, CH3). IR (KBr) v 3200, 1728. 
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Attemptedd coupling of carboxylic acid 9 to sulfonamide resins 3 or  4. In a typical experiment to a sus-
pensionn of the sulfonamide resin (100 mg; 0.09 mmol) in 1 mL of DMF was added carboxylic acid 9 
(1533 mg; 0.45 mmol), D1C (70 pL; 0.45 mmol) and 1-methylimidazole (36 pL; 0.45 mmol). After 20 to 
244 h the the resulting resin was washed with the solvent of the reaction (3x), CH2CI2 (3x), MeOH, 
CH2C12,, MeOH, Et20, CH2C12, Et20, CH2C12 and dried in vacuo at 50 °C. No coupling was observed 
judgingg from the absence of a sulfonamide carbonyl vibration at =1735 cm'1. For other coupling condi-
tionss see Table 3.1. 

iV-BenzyI-4-sulfainoyl-benzamidee (12). A mixture of 4-sulfamoyl-benzoic acid (5.0 g; 25 mmol), ben-
zylaminee (5.57 mL; 50.0 mmol), EDC (5.75 g; 30.0 mmol) and HOBt (4-05 g; 30.0 mmol) in DMA-
CH2C122 1:1 (2 mL) was stirred for 2 h. Et20-EtOAc 1:1 (1 mL) and 5% aqueous KHSO4 (1.5 mL) were 
addedd and after stirring for 5 min the mixture was washed with water (3x2 mL). Drying with Na2S04 

andd evaporation of the solvent yielded N-Benzyl-4-sulfamoyl-benzamide 12 as white crystalline solid 
(4.866 g; 19.0 mmol; 76%). LH-NMR (d6-DMSO) 8 9.27 (t, J 6.0, 1H, NH), 8.07 (d, J 8.4, 2H, HCOA r). 
7.922 (d, J 8.4, 2H, HCOAr), 7.50 (bs, 2H, NH2), 7.37-7.32 (m, 4H, HBn), 7.29-7.27 (m, 1H, HBn), 4.52 (d, 
JJ 6.0, 2H,CH2) . 

Attemptedd coupling of carboxylic acid 9 to sulfonamide 12 (13). 
Inn a typical experiment a mixture of carboxylic acid 9 (80 mg; 0.23 mmol), sulfonamide 12 (50 mg; 
0.200 mmol), EDC (54 mg; 0.28 mmol) and DMAP (2.5 mg; 0.02 mmol) in DMA-CH2C12 1:1 (2 mL) 
waswas stirred at rt. After 18 h still no reaction had taken place as indicated by TLC analysis. After work-
upp of the reaction mixture only starting material was recovered. 

Fmocc removal from 2-Fmoc-hydrazinobenzoyl AM resin 18 (19). A suspension of 2-Fmoc-hydrazi-
nobenzoyll  AM resin 18 (1.0 g; 0.98 mmol) in DMF-piperidine 4:1 (10 mL) was mixed by nitrogen 
flushingg for 30 min. Resin 19 was washed with DMF (3x), CH2C12 (3x), MeOH, CH2C12, MeOH, 
Et20,, CH2C12, EtzO, CH2Cl2 and dried in vacuo at 50 °C. 

Couplingg of carboxylic acid 9 to hydrazinobenzoyl AM resin 19 (20). To a suspension of hydrazinoben-
zoyll  AM resin 19 (0.78 g; 0.98 mmol) in DMF (10 mL) was added carboxylic acid 9 (0.84 g; 
2.455 mmol) and DIC (384 pL; 2.45 mmol). The reaction was monitored with a bromophenolblue test. 
Afterr 16 h the reaction was complete and resin 20 was washed with DMF (3x), CH2C12 (3x), MeOH, 
CH2C12,, MeOH, Et20, CH2C12) Et20, CH2C12 and dried in vacuo at 50 °C. 

Generall  procedure for  the amination by chloro substitution of resin-bound 6-chloropurines 20 (21). A 
suspensionn of resin-bound 6-chloropurine 20 (200 mg; 0.18 mmol) and the amine (0.71 mmol) in 
NMPP (2 mL) was gently stirred at 50 °C. After 18 h resin 21 was washed with NMP (3x), CH2C12 (3x), 
MeOH,, CH2C12, MeOH, Et20, CH2C12, EtzO and CH2C12. 

Generall  procedure for  the removal of the 2',3'-isopropylidene group (22). The resin-bound isopropyli-
denee protected riboside 21 (0.18 mmol) was washed with a solution of TFA-HO(CH2)2OH-CH2Cl2 

5:1:55 (2 mL). After subjection to this solution (2 mL) for 18 h the resin was washed with CH2C12 (3x), 
CH2C12-DIPEAA 9:1 (3x), CH2C12 (3x), MeOH, CH2C12, MeOH, CH2C12) Et20, CH2C12) Et20 and 
CH2C12. . 

Generall  procedure for  oxidative cleavage of the nucleosides from the resin (23). A suspension of resin 
222 (0.18 mmol), amine (0.89 mmol) and Cu(OAc)2 (16 mg; 0.09 mmol) in THF (2 mL) was gently 
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stirredd for 22 h. The resin was washed with THF (3x), MeOH, THF, MeOH, THF, MeOH, THF (2x). 
Thee combined washings were passed over a silica gel cartridge (Supelco, 1 g of silica) 
andd the solvents were evaporated. The end products were purified by semi-preparative HPLC and iso-
latedd by lyophilisation. 

J/V*-Cyclopentyl-5'-A r-methylcarboxamidoadenosine(23a).. 28 mg; 0.077 mmol; 43%. *H-NM R (d6-
DMSO)) 5 8.98 (q, J 4.5, 1H, CONH), 8.41 and 8.31 (2xs, 2xlH, H-2 and H-8), 7.88 and 7.79 (2xd, J 
5.0,, 1H, N6-H rotamers), 5.98 (d,7 7.5, 1H, H-l'), 5.77 (bs, 1H, OH), 5.57 (d, J 5.8, 1H, OH), 5.12 and 
4.533 (2xm, 1H, CH rotamers), 4.61 (dd, } 7.5 and 4.7, 1H, H-2'), 4.34 (s, 1H, H-4'), 4.16 (d,} 4.7, 1H, 
H-3'),, 2.74 (d, ƒ 4.5, 3H, CH3), 2.01-1.93 (m, 2H, cyclopentyl), 1.77-1.72 (m, 2H, cyclopentyl), 1.72-1.54 
(m,, 4H, cyclopentyl). m/z 363.1789 (M++H. C16H23N6O4 requires 363.1781). 

M-CycIopentyl-S'-AT-ethylcarboxamidoadeiiosine^b).. 25 mg; 0.067 mmol; 37%. ^ - N M R (d6-
DMSO)) 8 8.94 (t, / 5.3, 1H, CONH), 8.40 and 8.28 (2xs, 2xlH, H-2 and H-8), 7.88 and 7.76 (2xd, J 
6.3,, 1H, N6-H rotamers), 5.98 (d, } 7.5, 1H, H-l'), 5.76 (d, ) 3.9, 1H, OH), 5.56 (d, J 6.3, 1H, OH), 
5.122 and 4.55 (2xm, 1H, CH rotamers), 4.63 (dd, ] 7.5 and 4.7, 1H, H-2'), 4.32 (d, ]  1.3, 1H, H-4'), 
4.166 (dd, J 4.7 and 1.3, 1H, H-3'), 3.24 (dq, J 7.0 and 5.3, 2H, CH2), 2.00-1.94 (m, 2H, cyclopentyl), 
1.76-1.733 (m, 2H, cyclopentyl), 1.70-1.56 (m, 4H, cyclopentyl), 1.10 (t, J 7.0, 3H, CH3). m/z 377.1927 
(M++H.. Ci7H25N604 requires 377.1937). 

JV*-Cyclopentyl-5'-W-cyclopentylcarboxamidoadenosinee (23c). 21 mg; 0.050 mmol, 28%. ^ -NM R (d6-
DMSO)) 8 8.55 (d, J 7.0, 1H, CONH), 8.42 and 8.22 (2xs, 2xlH, H-2 and H-8), 7.89 (bs, 1H, N6-H), 
5.977 (d, J 7.5, 1H, H-l'), 5.74 (d, J 4.3, 1H, OH), 5.56 (d,} 6.4, 1H, OH), 5.09 and 4-62 (2xm, 1H, CH 
rotamers),, 4.724.68 (m, 1H, H-2"), 4.32 (d,) 1.6, 1H, H-4'), 4.15-4.08 (m, 2H, H-3' and CH), 2.00-1.81 
(m,, 4H, cyclopentyl), 1.77-1.32 (m, 12H, cyclopentyl). m/z 417.2247 (M++H. C20H29N6O4 requires 
417.2250). . 

A^-Cyclopentyl-5'-A^-phenylcarboxamidoadenosinee (23d). 24 mg; 0.057 mmol; 32%. ^ - N M R (d6-
DMSO)) 8 10.52 (s, 1H, CONH), 8.47 and 8.23 (2xs, 2xlH, H-2 and H-8), 7.91 (bs, 1H, N6-H), 7.65 (d, 
JJ 7.7, 2H, HAr), 7.40 ( t ,; 7.7, 2H, HAr), 7.16 (t, J 7.7, 1H, HAr), 6.07 (d,) 7.1, 1H, H-l'), 5.87 (d, J 4.3, 
1H,, OH), 5.67 (d, } 6.3, 1H, OH), 5.09 and 4.59 (2xm, 1H, CH rotamers), 4.63 (dd, J 7.1 and 4.5, 
1H,, H-2'), 4.54 (d, ) 1.9, H-4'), 4.34 (dd,) 4.5 and 1.9, 1H, H-3'), 1.99-1.96 (m, 2H, cyclopentyl), 1.75-
1.700 (m, 2H, cyclopentyl), 1.67-1.59 (m, 4H, cyclopentyl). m/z 425.1908 (M++H. C2iH25N604 requires 
425.1937). . 

A^-Bcn/vl-S'-A-methylcarboxamidoadenosinee (23e). 35 mg; 0.090 mmol; 50%. !H-NMR (d6-DMSO) 8 
8.922 (q, J 4.6, 1H, CONH), 8.56 (bs, 1H, N6-H), 8.44 and 8.31 (2xs, 2xlH, H-2 and H-8), 7.37-7.29 
(m,, 4H, HAr), 7.23 (t, J 7.4, 1H, HAr), 6.00 (d,) 7.6, 1H, H-l'), 5.77 (d, J 4.0, 1H, OH), 5.59 (d, J 6.3, 
1H,, OH), 5.19 and 4.74 (2xbs, 2H, CH2 rotamers), 4.62 (dd, ] 7.6 and 4.6, 1H, H-2'), 4.34 (d, J 1.1, 
1H,, H-4'), 4.17 (dd, 7 4.6 and 1.1, 1H, H-3'), 2.73 (d, } 4.6, 3H, CH3) . m/z 385.1633 (M++H. 
C18H21N6O44 requires 385.1624). 

A*-BenzyI-5'-A r-ethylcarboxamidoadenosine(23f).. 33 mg; 0.083 mmol; 46%. 'H-NMR (d6-DMSO) 8 
8.900 (t, J 5.6, 1H, CONH), 8.56 (bs, 1H, N6-H), 8.44 and 8.28 (2xs, 2xlH, H-2 and H-8), 7.37-7.29 
(m,, 4H, HAr), 7.23 (t, ] 12, 1H, HAr), 5.99 (d, J 7.6, 1H, H-l'), 5.79 (d, ) 3.9, 1H, OH), 5.60 (d,) 6.1, 
1H,, OH), 5.20 and 4.70 (2xm, 1H, CH2 rotamers), 4.63 (dd, ) 7.6 and 4.7, 1H, H-2'), 4-32 (d, J 1.2, 
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1H,, H-4'), 4.16 (dd, J 4.7 and 1.2, 1H, H-3'), 3.24 (dq, J 7.2 and 5.6, 2H, CH2), 1.09 (t, J 7.2, 3H, 
CH3).. m/z 399.1758 (M++H. C,9H23N604 requires 399.1781). 

A/*-Benzyl-5,-A^-cyclopentylcarboxamidoadenosine(23g).. 35 mg; 0.081 mmol; 45%. 'H-NMR (do-
DMSO)) 5 8.57-8.52 (m, 2H, CONH and N6-H), 8.47 and 8.22 (2xs, 2xlH, H-2 and H-8), 7.37-7.29 (m, 
4H,, HAr), 7.23 (t, 7 7.1, 1H, HAr), 5.99 (d, J 7.4, 1H, H-l'), 5.75 (d, J 4.2, 1H, OH), 5.58 (d,J 6.3, 1H, 
OH),, 5.18 and 4.74 (2xm, 1H, CH2 rotamers), 4.65-4.62 (m, 1H, H-2'), 4.33 (d,} 1.4, 1H, H-4'), 4.17-
4.088 (m, 2H, H-3' and CH), 1.92-1.84 (m, 2H, cyclopentyl), 1.73-1.67 (m, 2H, cyclopentyl) 1.62-1.39 
(m,, 4H, cyclopentyl). m/z 439.2116 (M++H. C22H27N604 requires 439.2094). 

A^-Benzyl-S'-JV-phenylcarboxamidoadenosinee (23h). 24 mg; 0.054 mmol; 30%. ] H-NMR (d6-DMSO) 8 
10.499 (s, 1H, CONH), 8.58 (bs, 1H, N6-H), 8.52 and 8.23 (2xs, 2xlH, H-2 and H-8), 7.65 (d, J 8.1, 
2H,, HAr), 7.41-7.29 (m, 6H, HAr), 7.24-7-22 (m, 1H, HAr), 7.15 (t,) 7.3, 1H, HAr), 6.08 (d, J 7.0, 1H, H-
1'),, 5.90 (bs, 1H, OH), 5.70 {bs, 1H, OH), 5.17 and 4.76 (2xm, 1H, CH2 rotamers), 4.66-4.61 (m, 1H, 
H-2'),, 4.55 (d, J 1.7, H-4'), 4.35 (dd, J 4.5 and 1.7, 1H, H-3'). m/z 447.1808 (M++H. C2 3H 2 3N 604 

requiress 447.1781). 

A*-(3-Iodobenzyl)-5'-JV-methylcarboxamidoadenosinee (23i). 37 mg; 0.073 mmol; 54%. 'H-NMR (d6-
DMSO)) 5 8.89 (q, J 4.7, 1H, CONH), 8.60 (bs, 1H, N6-H), 8.47 and 8.32 (2xs, 2xlH, H-2 and H-8), 
7.755 (s, 1H, HAr), 7.61 (d,) 7.8, 1H, HAr), 7.39 (d, J 7.8, 1H, HAr), 7.13 (t, J 7.8, 1H, HAr), 6.00 (d,} 7.5, 
1H,, H-l'), 5.76 (d, } 4.1, 1H, OH), 5.58 (d, ) 6.2, 1H, OH), 5.15 and 4.70 (2xbs, 2H, CH2 rotamers), 
4.622 (dd, J 7.5 and 4.7, 1H, H-2'), 4.34 (d, J 1.3, 1H, H-4'), 4.17 (dd, J 4.6 and 1.3, 1H, H-3'), 2.73 (d, J 
4.7,, 3H, CH3). m/z 511.0599 (M++H. Ci8H20lN 6O4 requires 511.0591). 

iV s-(3-Iodobenzyl)-5,-A r-ethylcarboxamidoadenosine(23j).. 31 mg; 0.059 mmol; 46%. 'H-NMR (d6-
DMSO)) 5 8.86 (t, J 5.5, 1H, CONH), 8.61 (bs, 1H, N6-H), 8.46 and 8.29 (2xs, 2xlH, H-2 and H-8), 
7.755 (s, 1H, HA,), 7.61 (d,) 7.8, 1H, HAr), 7.39 (d, J 7.8, 1H, HAr), 7.13 (t, J 7.8, 1H, HAr), 6.00 (d, ] 7.5, 
1H,, H-l'), 5.77 (d, 7 4.1, 1H, OH), 5.59 (d, J 6.3, 1H, OH), 5.15 and 4-70 (2xm, 1H, CH2 rotamers), 
4.633 (dd, 7 7.5 and 4.6, 1H, H-2'), 4.33 (s, 1H, H-4'), 4-17 (d, J 4.6, 1H, H-3'), 3.23 (dq, J 7.2 and 5.5, 
2H,, CH2), 1.09 (t, J 7.2, 3H, CH3). m/z 525.0752 (M++H. C19H22IN 604 requires 525.0747). 

7V6-(3-Iodobenzyl)-5'-Ar-cyclopentylcarboxamidoadenosine(23k).. 38 mg; 0.068 mmol; 50%. ]H-NMR 
(d6-DMSO)) 5 8.61 (bs, 1H, N6-H), 8.51 (d, J 7.1,1H, CONH), 8.49 and 8.23 (2xs, 2xlH, H-2 and H-8), 
7.755 (s, 1H, HAr), 7.61 (d, J 7.8, 1H, HAr), 7.39 (d, J 7.8, 1H, HAr), 7.13 (t, J 7.8, 1H, HAr), 6.00 (d, J 7.4, 
1H,, H-l'), 5.75 (d, 7 3.5, 1H, OH), 5.59 (d, J 5.6, 1H, OH), 5.16 and 4.69 (2xm, 1H, CH2 rotamers), 
4.65-4.622 (m, 1H, H-2'), 4.33 (d, i 1.4, 1H, H-4'), 4.17-4.08 (m, 2H, H-3' and CH), 1.98-1.80 (m, 2H, 
cyclopentyl),, 1.74-1.69 (m, 2H, cyclopentyl) 1.58-1.39 (m, 4H, cyclopentyl). m/z 565.1039 (M++H. 
C2 2H2 6IN 6044 requires 565.1060). 

A^-(3-Iodobenzyl)-5'-A'-phenylcarboxainidoadenosine(23l).. 26 mg; 0.046 mmol; 34%. LH-NMR (d6-
DMSO)) 6 10.47 (s, 1H, CONH), 8.61 (bs, 1H, N6-H), 8.54 and 8.24 (2xs, 2xlH, H-2 and H-8), 7.75 (s, 
1H,, HAr), 7.65 (d, 7 8.1, 2H, HNHAr ), 7.61 (d, J 7.8, 1H, HAr), 7.41-7.31 (m, 3H, HAr and HNHAr), 7.17-
7.111 (m, 2H, HA r and HNHAr ), 6.09 (d,} 7.0, 1H, H-l'), 5.91 (bs, 1H, OH), 5.71 (bs, 1H, OH), 5.19 and 
4.694.611 (2xm, 2H, CH2 rotamers and H-2'), 4.56 (d, J 2.0, H-4'), 4.35 (dd,) 4.5 and 2.0, 1H, H-3'). 
m/zz 573.0770 (M++H. C2 3H2 2IN 604 requires 573.0747). 
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M-(2-Phenethyl)-5'-A^methylcarboxaniidoadenosine(23m).. 29 mg; 0.073 mmol; 54%. 'H-NMR (d6-
DMSO)) 8 8.95 (q, ] 4.5, 1H, CONH), 8.42 and 8.36 (2xs, 2xlH, H-2 and H-8), 8.05 (bs, 1H, N6-H), 
7.35-7.299 (m, 4H, HAr), 7.23-7.20 (m, 1H, HAr), 5.99 (d, J 7.5, 1H, H-l'), 5.76 (d, ] 4.2, 1H, OH), 5.57 
(d,, J 6.4, 1H, OH), 4.61 (dd,) 7.5 and 4.5, 1H, H-2'), 4.33 (s, 1H, H-4'), 4.17 (d,) 4.5, 1H, H-3'), 4.10 
andd 3.75-3.72 (2xm, 2H, CH2 rotamers), 2.95 (t, J 7.5, 2H, PhCH2), 2.74 (d, ] 4-5, 3H, CH3). m/z 
399.17744 (M++H. C19H23N604 requires 399.1781). 

M-(2-Phenethyl)-5'-A t̂hylcarboxamidoadenosinee (23n). 28 mg; 0.068 mmol; 50%. 'H-NMR (d6-
DMSO)) 8 8.92 (t, J 5.5, 1H, CONH), 8.42 and 8.32 (2xs, 2xlH, H-2 and H-8), 8.56 and 7.94 (2xbs, 
1H,, N6-H rotamers), 7.33-7.28 (m, 4H, HAr), 7.23-7.20 (m, 1H, HAr), 5.99 (d,) 7.6, 1H, H-l'), 5.77 (d, ) 
4.1,, 1H, OH), 5.58 (d, J 6.4, 1H, OH), 4.63 (dd,} 7.6 and 4.6, 1H, H-2'), 4.33 (d, J 1.1, 1H, H-4'), 4.17 
(dd,, ) 4.6 and 1.1, 1H, H-3'), 4.10 and 3.77-3.73 (2xm, 2H, CH2 rotamers), 3.24 (dq, J 7.2 and 5.5, 2H, 
CH2),, 2.95 (t,; 7.5, 2H, PhCH2), 1.11 (t, J 7.2, 3H, CH3). m/z 413.1943 (M++H. C20H25N6O4 requires 
413.1937). . 

A*-(2-Phenethyl)-5'-iV-cyclopentylcarboxamidoadenosine(23o).. 22 mg; 0.049 mmol; 36%. TH-NMR 
(d6-DMSO)) 8 8.55 (d,) 7.0, 1H, CONH), 8.43 and 8.26 (2xs, 2xlH, H-2 and H-8), 8.05 and 7.97 
(2xbs,, 1H, N6-H rotamers), 7.31-7.27 (m, 4H, HAr), 7.24-7.20 (m, 1H, HAr), 5.98 (d,) 7.4, 1H, H-l'), 
5.777 (bs, 1H, OH), 5.59 (bs, 1H, OH), 5.18 and 4.74 (2xm, 1H, CH2 rotamers), 4.65-4.61 (m, 1H, H-
2'),, 4.33 (s, 1H, H-4'), 4.15 (d,} 4.5, 1H, H-3'), 4.174.09 (m, 1H, CH), 4.06 and 3.76-3.72 (2xm, 2H, 
CH22 rotamers), 2.95 (t, ) 7.4, 2H, PhCH2), 1.98-1.82 (m, 2H, cyclopentyl), 1.74-1.62 (m, 2H, 
cyclopentyl)) 1.59-1.36 (m, 4H, cyclopentyl). m/z 453.2255 (M++H. C23H29N604 requires 453.2250). 

A*-(2-Phenethy!)-5'-A^phenylcarboxamidoadenosine(23p).. 26 mg; 0.057 mmol; 42%. !H-NMR (d6 

DMSO)) 8 10.46 (s, 1H, CONH), 8.48 and 8.26 (2xs, 2xlH, H-2 and H-8), 7.98 (bs, 1H, N6-H), 7.65 
(d,)) 7.5, 2H, HNHAr), 7.40 (t, J 7.5, 2H, HNHAr), 7.34-7.27 (m, 4H, HAr), 7.23-7.20 (m, 1H, HAr), 7.16 (t, 
JJ 7.5, 1H, HAr), 6.08 (d, J 7.0, 1H, H-l'), 5.81 (d,} 4.2, 1H, OH), 5.63 (d, J 6.1, 1H, OH), 4.70 (dd,) 
7.00 and 4.6, 1H, H-2'), 4.55 (d,} 2.0, 1H, H-4'), 4.35 (dd, / 4.6 and 2.0, 1H, H-3'), 4.04 and 3.78-3.74 
(2xm,, 1H, CH2 rotamers), 2.96 (t, J 7.5, 2H, PhCH2). m/z 461.1953 (M++H. C24H25N604 requires 
461.1937). . 

7V*-(2,2-Diphenylethyl)-5'-̂ -methylcarboxamidoadeno$inee (23q). 26 mg; 0.056 mmol; 31%. *H-NMR 
(d6-DMSO)) 8 8.93 (q, J 4.7, 1H, CONH), 8.39 and 8.36 (2xs, 2xlH, H-2 and H-8), 7.96 (bs, 1H, N6-
H),, 7.36 (d, J 7.3, 4H, HAr), 7.30 (t, J 7.3, 4H, HAr), 7.19 (t, ]  7.3, 2H, HAr), 7.20 (t, 7 7.2, 2H, HAr), 5.97 
(d,, J 7.4, 1H, H-l'), 5.77 (bs, 1H, OH), 5.58 (bs, 1H, OH), 4.684.55 and 4.184.14 (2xm, 5H, H-2', H-
3',, CH2 and CH rotamers), 4.33 (s, 1H, H-4'), 2.74 (d, ) 4.7, 3H, CH3). m/z 475.2067 (M++H. 
C25H27N6044 requires 475.2094). 

A^-(2,2-DSiphenylethyl)-5'-^-ethylcarboxamidoadenosine(23r).. 28 mg; 0.058 mmol; 32%. ]H-NMR 
(d6-DMSO)) 8 8.90 (t,J 5.6, 1H, CONH), 8.36 (s, 2H, H-2 and H-8), 7.96 and 7.76 (2xbs, 1H, N6-H 
rotamers),, 7.36 (d,) 7.3, 4H, HAr), 7.32 (t,} 7.3, 4H, HAr), 7.19 (t,) 7.3, 2H, HAr), 5.97 (d, J IA, 1H, H-
1'),, 5.78 (bs, 1H, OH), 5.58 (bs, 1H, OH), 4.644.54 and 4.174.13 (2xm, 5H, H-2', H-3', CH2 and CH 
rotamers),, 4.32 (s, 1H, H4'), 3.23 (dq, ] 7.2 and 5.6, 2H, CH2), 1.11 (t, J 7.2, 3H, CH3). m/z 489.2241 
(M++H.. C26H29N604 requires 489.2250). 

Arti-(2,2-Diphenylethyl)-5,-Ar-cyclopentylcarboxamidoadenosine(23s).. 24 mg; 0.045 mmol; 25%. ]H-
NMRR (d6-DMSO) 8 8.52 (d, ]  7.2, 1H, CONH), 8.38 and 8.29 (2xs, 2xlH, H-2 and H-8), 7.97 and 

61 1 



ChapterChapter 3 

7.733 (2xbs, 1H, N6-H rotamers), 7.35 (d, J 7.4, 4H, HAr), 7.29 (t, J 7.4, 4H, HAf), 7.19 (t, J 7.4, 2H, HAr), 
5.966 (d, J 7.3, 1H, H-l') , 5.73 (d, J 4.3, 1H, OH), 5.55 (d, J 6.4, 1H, OH), 4.64-4.54 and 4.19-4.08 
(2xm,, 6H, H-2', H-3', CH and CH2 and CH rotamers), 4.32 (s, 1H, H-4'), 1.97-1.82 (m, 2H, 
cyclopentyl),, 1.73-1.69 (m, 2H, cyclopentyl) 1.58-1.32 (m, 4H, cyclopentyl). m/z 529.2547 (M++H. 
C2 9H 3 3N 6044 requires 529.2563). 

A^-^-DiphenylethyO-S'-W-phenylcarboxamidoadenosine^t).. 18 mg; 0.034 mmol; 19%. !H-NMR 
(d6-DMSO)) 5 10.49 (s, 1H, CONH), 8.44 and 8.31 (2xs, 2xlH, H-2 and H-8), 7.97 and 7.79 (2xbs, 1H, 
N6-HH rotamers), 7.65 (d, ] 7.8, 2H, HNHAr), 7.42-7.28 (m, 10H, HNHAr and HAr), 7.21-7.10 (m, 3H, 
HNHArr and HAr), 6.06 (d, J 6.9, 1H, H-l'), 5.88 (bs, 1H, OH), 5.68 (bs, 1H, OH), 4.704.60 (m, 2H, H-
2'' and CH), 4.54 (s, 1H, H-4'), 4.34 (m, 1H, H-3'), 4-18-4.14 (m, 1H, CH2). m/z 537.2259 (M++H. 
CJ0H29N6O44 requires 537.2250). 

2-Nitro-6-chloro-(2,3-0-isopropylidene-5-carboxy-p-D-ribofuranosyI)-9H-purinee (24). TFAA (1.27 mL; 
9.00 mmol) was added to a suspension of 6-chloropurine carboxylic acid 9 (1.07 g; 3.0 mmol) in dry 
CH2CI22 (24 mL) at 0 °C and the mixture was stirred until a clear solution was obtained (30 min). 
TBANN (1.46 g; 4.8 mmol) was added and the reaction mixture was stirred for an additional 2h at 0 °C. 
Thee reaction mixture was divided between water (20 mL) and Et20 (75 mL) and the organic layer was 
washedd with water (3x20 mL). The combined water layers were extracted with EtOAc (20 mL) and the 
EtOAcc layer was washed with water (10 mL). D1PEA (3.6 mL; 20 mmol) was added to the combined 
organicc layers and they were extracted twice with water (60 mL, 30 mL). Extra DIPEA (0.3 mL; 
33 mmol) was added to the organic layer, which was washed with water (30 mL). The combined water 
layerss were washed with E t20 and the pH was adjusted to -2-3 with oxalic acid (0.54 g; 6.0 mmol). 
Afterr extraction with EtOAc (40 mL; 15 mL, 15 mL) and washing of the combined organic layers with 
waterr (20 mL) the organic layer was dried with Na2S04 and the solvent was evaporated. Nitrated prod-
uctt 24 was obtained as a yellow foam (1.09 g; 2.82 mmol; 94%). 'H-NMR (d6-DMSO) 5 12.97 (bs, 1H, 
OH),, 9.20 (s, 1H, H-8), 6.62 (s, 1H, H-l'), 5.67 (d, J 5.9, 1H, H-2'), 5.63 (d, J 5.9, 1H, H-3'), 4.77 (s, 
1H,, H-4'), 1.57 (s, 3H, CH3), 1.40 (s, 3H, CH3). 

2',3'-0-Isopropylidene-2-nitro-Arti -cyclopentyladenosine5,-carboxylicacid(25a).Too a so lut ion of 2-
nitro-6-chloropurinee 24 (1.09 g; 2.82 mmol) in CH2C12 (15 mL) was added DIPEA (1.97 mL; 
11.33 mmol) and cyclopentylamine (0.36 mL; 3.67 mmol) and the solution was stirred for 18 h. The 
reactionn mixture was divided between water (75 mL) and E t20 (50 mL) and the organic layer was 
extractedd with water (2x20 mL). The combined water layers were washed with Et20 (25 mL) and the 
pHH was adjusted to =2-3 with oxalic acid. The acidic water layer was extracted with EtOAc (3x30 mL) 
andd the combined organic layers were washed with water (20 mL), dried with Na2S04 and coevapo-
ratedd with toluene (3x). Trituration with CH2C12 furnished adenosine carboxylic acid 25a as a yellow 
solidd (0.70 g; 1.61 mmol; 57%). 1 H-NMR (d6-DMSO) 6 12.78 (bs, 1H, OH), 8.80 (d, J 7.7, 1H, NH), 
8.566 (s, 1H, H-8), 6.44 (s, 1H, H-l'), 5.68 (dd,) 5.8 and 1.5, 1H, H-3'), 5.52 (d, J 5.8, 1H, H-2')( 4.74 
(d,, J 1.5, 1H, H-4'), 5.13 and 4.50 (2xm, 1H, CH rotamers), 2.01-1.96 (m, 2H, cyclopentyl), 1.75-1.55 
(m,, 6H, cyclopentyl), 1.54 (s, 3H, CH3), 1.39 (s, 3H, CH3). 

2%3'-0-Isopropylidene-2-nitro-7V*-(3-iodobenzyl)adenosinee 5'-carboxylic acid (25b). Th is c o m p o u nd 
wass prepared by the method described for 25a. After trituration with CH2C12 adenosine carboxylic 
acidd 25b was obtained as a yellow solid (0.92 g; 1.58 mmol; 53%). *H-NMR (d6-DMSO) 6 12.81 (bs, 
1H,, OH), 9.36 and 9.24 (2xt, } 6.1, 1H, NH rotamers), 8.60 (s, 1H, H-8), 7.85 and 7.78 (2xs, 1H, HA r 

rotamers)) 7.64 (d,) 7.7, 1H, HAr), 7.45 (d, J 7.7, 1H, HAr), 7.16 (t, J 7.7, 1H, HAr), 6.46 (s, 1H, H-l'), 

62 2 



S'-CarboxamidoadenosineS'-Carboxamidoadenosine analogues 

5.699 (dd, J 5.9 and 1.5, 1H, H-3'), 5.52 (d, J 5.9, 1H, H-2'), 4.75 (d, J 1.5, 1H, H-4'), 5,21 and 4.66 
(2xd,, J 6.1, 2H, CH2 rotamers), 1.54 <s, 3H, CH3), 1.38 (s, 3H, CH3). 

Generall  procedure for coupling of carboxylic acid 25 to hydrazinobenzoyl AM resin 19 (26). To a sus-
pensionn of hydrazinobenzoyl AM resin 19 (0.78 g; 0.98 mmol) in DMF (5 mL) was added carboxylic 
acidd 25 (1.47 mmol), HOBt (198 mg; 1.47 mmol) and DIC (230 uL; 1.47 mmol). After 16 h the reac-
tionn resin 26 was washed with DMF (3x), CH2C12 (3x), MeOH, CH2C12, MeOH, E t20, CH2C12, 
Et20,, CH2C12 and dried in vacuo at 50 °C. 

Generall  procedure for the animation by nitro substitution of resin-bound 2-nitropurines 26 (27). A sus-
pensionn of resin-bound 2-nitropurine 26 (200 mg; 0.16 mmol) and the amine (0.71 mmol) in NMP 
(22 mL) was gently stirred at 80 °C. After 24 h resin 27 was washed with NMP (3x), CH2C12 (3x), 
MeOH,, CH2C12, MeOH, Et20, CH2C12, Et20 and CH2C12. 

Generall  procedure for the removal of the 2',3'-isopropylidene group (28). See general procedure for 
22. . 

Generall  procedure for oxidative cleavage of the nucleosides from the resin (29). See general procedure 
forr 23. 

2-Cyclopentylamino-A'*-cyclopentyl-5'-;V-ethylcarboxamidoadenosinee (29a). 20 mg; 0.043 mmol; 27%. 
*H-NM RR (d6-DMSO) 8 8.14 (bs, 1H, CONH), 8.00 (s, 1H, H-8), 7.18 (bs, 1H, N6-H), 6.16 (bs, 1H, 2-
NH),, 5.84 (d, J 6.8, 1H, H-l'), 5.59 (bs, 1H, OH), 5.51 (d,} 5.7, 1H, OH), 4.74-4.70 (m, 1H, H-2'), 
4.504.444 (m, 1H, N6-CH), 4.25 (s, 1H, H-4'), 4.21-4.15 (m, 2H, 2-NHCH and H-3'), 3.27-3.23 (m, 1H, 
HCH),, 3.22-3.11 (m, 1H, HCH), 1.95-1.89 (m, 4H, cyclopentyl), 1.77-1.31 (m, 12H, cyclopentyl), 1.03 
(t,, J 7.0, 3H, CH3). m/z 460.2685 (M++H. C22H34N704 requires 460.2672). 

2-Cyclopent>lamino-A^-cyclopentyl-S'-A-cyclopentylcarboxamidoadenosinee (29b). 21 mg; 
0.0422 mmol; 26%. ^ -NM R (d6-DMSO) 8 8.05 (s, 1H, H-8), 7.88 (d, 1 7.1, 1H, CONH), 7.13 (bs, 1H, 
N6-H),, 6.21 (bs, 1H, 2-NH), 5.87 (d, ] 6.8, 1H, H-l'), 5.53 (bs, 2H, 2xOH), 4.66-4.62 (m, 1H, H-2'), 
4.53-4.455 (m, 1H, N^CH), 4.27 (s, 1H, H-4*), 4.22 (m, 1H, H-3'), 4.21-4.15 (m, 1H, 2-NHCH), 4.05-
4.000 (m, 1H, CONHCH), 1.94-1.33 (m, 24H, cyclopentyl). m/z 500.2982 (M++H. C2 5H3 8N704 
requiress 500.2985). 

2-(2-Phenethylamino)-A^-cyc]opentyl-5'-7V-ethylcarboxamidoadenosinee (29c). 28 mg; 0 .056 mmol; 
35%.. 'H-NMR (d6-DMSO) 8 8.11 (bs, 1H, CONH), 8.03 (s, 1H, H-8), 7.33-7.18 (m, 6H, N6-H and 
HAr),, 6.35 (bs, 1H, 2-NH), 5.86 (d,) 6.8, 1H, H-l'), 5.60 (d, J 3.6, 1H, OH), 5.51 (d,} 5.7, 1H, OH), 
4.75-4.711 (m, 1H, H-2'), 4.54-4.48 (m, 1H, N6-CH), 4.27 (s, 1H, H-4'), 4.19 (m, 1H, H-3'), 3.53-3.43 
(m,, 2H, 2-NHCH2), 3.22-3.16 (m, 1H, HCH), 3.14-3.07 (m, 1H, HCH), 2.89-2.86 (m, 2H, PhCH2), 
1.99-1.966 (m, 2H, cyclopentyl), 1.75-1.71 (m, 2H, cyclopentyl), 1.68-1.51 (m, 4H, cyclopentyl), 1.00 (t,J 
7.2,, 3H, CH3). m/z 496.2686 (M++H. C25H34N704 requires 496.2672). 

2-(2-Phenethylamino)-7V*-cyclopent>l-5'-/V-cyclopent>Icarboxamidoadenosinee (29d). 30 mg; 
0.0566 mmol; 35%. !H-NMR (d6-DMSO) 8 8.09 (s, 1H, H-8), 7.91 (d, J 7.0, 1H, CONH), 7.31-7.20 (m, 
6H,, N6-H and HAr), 6.41 (bs, 1H, 2-NH), 5.89 (d,7 5.7, 1H, H-l'), 5.53 (bs, 2H, 2xOH), 4.674.63 <m, 
1H,, H-2'), 4.534.49 (m, 1H, N6-CH), 4.29 (s, 1H, H4'), 4.21 (m, 1H, H-3'), 4.044.00 (m, 1H, CON-
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HCH),, 3.59-3.44 (m, 2H, 2-NHCH2), 2.88-2.84 (m, 2H, PhCH2), 1.97-1.94 (m, 2H, cyclopentyl), 1.83-
1.244 (m, 14H, cyclopentyl). m/z 536.2975 (M++H. C28H38N7O4 requires 536.2985). 

2-CyclopentyIamino-A'<i-(3-iodobenzyl)-5,-Ar-ethylcarboxainidoadenosiiic(29e).. 30 mg; 0.045 mmol; 

30%.. ]H-NMR (d6-DMSO) 5 8.15-7.99 (m, 3H, CONH, H-8 and N6-H), 7.77 (s, 1H, HAr), 7.59 (d,) 
7.7,, 1H, HAr), 7.40 (d, J 7.7, 1H, HAr), 7.13 (t, J 7.7, 1H, HAr), 6.20 (bs, 1H, 2-NH), 5.86 (d, J 6.8, 1H, 
H-l') ,, 5.45 (bs, 2H, 2xOH), 4.70 (dd, J 6.8 and 5.5, 1H, H-2'), 4.63-4.59 (m, 2H, N6-CH2), 4.26 (d, ] 
2.0,, 1H, H-4'), 4.20 (dd, J 5.5 and 2.0, 1H, H-3'), 4.14-4.11 (m, 1H, 2-NHCH), 3.24-3.10 (m, 1H, 
CONHCH.2),, 1.91-1.84 (m, 2H, cyclopentyl), 1.68-1.60 (m, 2H, cyclopentyl), 1.52-1.43 (m, 4H, 
cyclopentyl),, 1.03 (t,) 7.2, 3H, CH3). m/z 608.1456 (M++H. C24H31IN7O4 requires 608.1482). 

l-Cyclopentylamino-A^HS-iodobenzyO-S'-Af-cyclopentylcarboxamidoadenosinee (29f). 5 5 mg; 

0.0866 mmol; 57%. >H-NMR (d6-DMSO) 8 8.10 (s, 1H, H-8), 7.99 (bs, 1H, N6-H), 7.87 (d, J 6.9, 1H, 
CONH),, 7.75 (s, 1H, HAr), 7.59 (d, J 7.8, 1H, HAr), 7.38 (d,) 7.8, 1H, HAr), 7.13 (t, J 7.8, 1H, HAr), 
6.300 (d, ]  7.3, 1H, 2-NH), 5.87 (d, J 6.5, 1H, H-l'), 5.52-5.49 (m, 2H, 2xOH), 4.65-4.59 (m, 3H, H-2' 
andd N6-CH2), 4.27 (s, 1H, H-4'), 4.22 (m, 1H, H-3'), 4.14-4.10 (m, 1H, 2-NHCH), 4.09-4.00 (m, 1H, 
CONHCH),, 1.84-1.25 (m, 16H, cyclopentyl). m/z 648.1769 (M++H. C27H35lN704 requires 648.1795). 

2-(2-Phenethylamino)-JV
6-(3->odobenzyl)-5'-Af-ethylcarboxamidoadenosine(29g).. 20 mg; 0.032 mmol; 

21%.. 'H-NMR (d6-DMSO) 8 8.14-8.00 (m, 3H, CONH, H-8 and N6-H), 7.77 (s, 1H, HAr), 7.60 (d, J 

7.8,, 1H, HAr), 7.39 (d,) 7.8, 1H, HAr), 7.28 (t, J 7.3, 2H, HPh), 7.24-7.10 (m, 4H, HAr and HPh), 6.49 (bs, 
1H,, 2-NH), 5.89 (d,) 6.9, 1H, H-l'), 5.51 (bs, 2H, 2xOH), 4.724.62 (m, 3H, H-2' and N6-CH2), 4.29 
(d,, J 2.1, 1H, H-4'), 4.21 (m, 1H, H-3'), 3.51-3.33 (m, 2H, 2-NHCH2), 3.23-3.16 (m, 1H, HCHCH3), 
3.14-3.088 (m, 1H, HCHCH3), 2.81 (t, ] 7.0, 2H, PhCH2), 1.00 (t, J 7.2, 3H, CH3). m/z 644.1458 
(VT+H.. C27H3iIN 704 requires 644.1482). 

2-(2-Phenethylamino)-A?6-(3-iodobenzyI)-5,-Ar-cyclopentylcarboxamidoadenosinee (29h). 39 mg; 

0.0577 mmol; 38%. 'H-NMR <d6-DMSO) 8 8.14 (s, 1H, H-8), 8.06 (bs, 1H, N6-H), 7.92 (d, J 7.3, 1H, 
CONH),, 7.75 (s, 1H, HAr), 7.59 (d, J 7.7, 1H, HAr), 7.38 (d, J 7.7, 1H, HAr), 7.30 (t, J 7.1, 2H, HPh), 
7.20-7.099 (m, 4H, HA r and HPh), 6.47 (bs, 1H, 2-NH), 5.90 (d, J 6.7, 1H, H-l'), 5.54 (m, 2H, 2xOH), 
4.68-4.622 (m, 3H, H-2' and N6-CH2), 4.29 (d, J 2.0, 1H, H-4'), 4.22 (m, 1H, H-3'), 4.05-4.01 (m, 1H, 
CONHCH),, 3.45-3.33 (m, 2H, 2-NHCH2), 2.81-2.77 (m, 2H, PhCH2), 1.81-1.76 (m, 2H, cyclopentyl), 
1.60-1.255 (m, 6H, cyclopentyl). m/z 684.1805 <M++H. C30H35IN7O4 requires 684.1795). 
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Thiss chapter contains an account of the research that was carried out in collaboration with Dr. Margot 

Beukers,Beukers, Jacobien von Freitag Drabbe Künzel and Prof. Dr. Ad IJzerman from Leiden University. 

ABSTRACT T 

Twoo types of conformationally restricted adenosine analogues were synthesised by methods 

involvingg nucleophilic nitro substitution. Type I contains a tether between N and C2, allowing 

forr the spatial confinement of pharmacophores. Type I I contains a chain connecting C5' and 

C2,, thereby covalently restricting the nucleoside in the syn conformation. Binding studies at 

adenosinee receptors revealed A3 selectivity of nucleosides of type I, while the complete absence 

off  receptor affinity of the syn restricted adenosine analogues I I confirmed that binding to the 

receptorr requires the anti conformation. 
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4.11 INTRODUCTIO N 

Inn the previous chapter the synthesis of 2,N6-disubstituted adenosine analogues was described. 

Thee 2-nitro group, introduced by our TBAN-TFAA purine nitration method, was used both as 

ann enhancer of C-6 electrophilicity and as a leaving group in nucleophilic substitution 

reactions.. In our ongoing efforts to exploit the benefit of the 2-nitro group, we considered it an 

appealingg idea to use it for intramolecular substitution reactions, thus allowing the formation 

off  cyclophanes. A few 2,N6-polymethylene bridged adenosine derivatives have been reported, 

butt these compounds have not been evaluated biologically (see Figure 4.1).' The preparation of 

thesee cyclophanes involved elaborate construction of the purine skeleton. The natural 

nucleotidee cyclic ADP-ribose (cADPR), a general mediator involved in Ca2+ signalling, contains 

aa diphosphate-ribosyl bridge between N-l and C-5'.2 cADPR is readily hydrolysed at the 

unstablee N-1-glycosidic linkage and many stable analogues have been synthesised since the 

discoveryy of this natural cyclic nucleotide in 1987.3 

I I 
NH H 

Ö"" HO 

Polymethylenee bridged cyclic ADP-ribose 

adenosinee analogue 

Figur ee 4.1. Literature examples of cyclonucleosides 

Thee rotational freedom of pharmacophores on the purine ring can be restricted by attaching 

themm to the cyclophanes. In this way better insight in the binding of ligands to their biological 

targetss can be obtained. In adenosine receptor research structure-activity relationships dictate 

thatt the 2'- and 3'-hydroxyl groups be unaffected and that an N6-hydrogen atom is mandatory 

forr adenosine receptor agonist activity.4 With the objective of synthesising agonists for the 

adenosinee receptor, two macrocyclic motifs then immediately come to mind (see Figure 4.2). 

Thee first comprises a connection between N6 and C2, accomplished by ring-closure of a chain 

connectedd to N (ring A) via nucleophilic nitro substitution. The second theme consists of a 

connectionn between the ribose 5' and the purine C2 position, achieved by cyclisation of a 

chainn connected to the ribose 5'-position (ring B). Depending on the ring-size a marked 

influencee on the purine-ribose syn/anti ratio can be expected (vide infra). 

ff NH 
(CH2)nn M . ^ \ - N 

o--
HO O 

OH H 

HO O 

Oh h 

H 0 ^ > > 

O O 

X' ' 
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ringg A 

protonn required for binding 
NH2 2 

O 2 N T N ^ N N 

HO O 
hydroxyll groups essential for agonism 

Figur ee 4.2. General idea for synthesising macrocyclic adenosine analogues. 

N6-(R)-(Phenylisopropyl)adenosine,, R-PIA, is a potent and selective Aj receptor ligand that 

containss a phenyl pharmacophore.5 The phenyl group is relatively mobile in this molecule and 

byy conformationally restricting this aromatic moiety more insight might be obtained in the 

structuree and mutual orientation of the binding regions at the receptor. An approach 

constrainingg the phenyl group onto the adenine framework has been reported by Quinn and 

coworkers.66 They prepared several R-PIA congeners and investigated efficacy and affinity 

towardss the rat adenosine Ai (rAi ) and A 2A (rA2A) receptors and found agonist activity and 

selectivityy for the rAj receptor. The affinity of their most active compound, with a K, value of 

0.611 uM at the rA] receptor, was about 500 fold lower than for R-PIA with a K, value of 

1.22 nM. The authors inferred the presence of a N6-proton (purine numbering), a known 

structurall  necessity for agonist activity,4 by tautomerism. Moreover N-l is substituted, although 

thiss might not necessarily have a deleterious effect, since various N-l substituted7 and 1-deaza8 

adenosinee analogues are known as potent adenosine receptor agonists. 

NH H 

I* * 

HO O 

N N 

N '' -N 

O O 

HOO OH 

R-PIA A 

H P N - ^ N - ^ N N 

rA,, 1.2 nM 
rA22 120 nM 
rA33 160 nM 

12 2 

HO O 

HOO OH rAïï 0.61 uM 

Figur ee 4.3. Affinities for rat adenosine receptors of R-PIA (ref. 7) and Quinn's conformationally restricted 
congener(ref.6a). . 

Moree phenyl containing adenosine analogues are known as active adenosine receptor 

agonists.. As shown in Figure 4.4, N6-Phenyl adenosine is an Ai selective agonist,9 N6-benzyl 

69 9 



ChapterChapter 4 

NH H 

^ ^ 

rAi i 
rA2 2 

hA3 3 

300 nM 

11 uM 
1400 nM 

HO O OH H E C 5 0 A 2 BB 6.3 Mm 

NH H 

H \\ O 

R R 
HOO OH 

3 3 

rA!!  120 nM 
rA2AA 280 nM 

Figur ee 4.4. Affinities or biological activities of other phenyl containing adenosine analogues. Data taken from 
referencess 9 and 10. 

adenosinee also exhibits Ai selectivity, albeit less pronounced.10 If the location of this phenyl 

groupp would be constricted by tethering it to the purine part and subsequently allowing the 

phenylenee moiety to 'walk' through this tether as depicted in Figure 4.5, one would increase 

thee knowledge of the spatial position of the phenyl group required for selective binding to the 

differentt adenosine receptors. 

Ribose e 

Figur ee 4.5. Confining the phenyl pharmacophore in a cyclophane. 

Thee orientation of the ribose moiety with respect to the nucleobase, is an important factor 

thatt determines the binding of nucleosides to adenosine receptors." This orientation is 

characterisedd by the glycosidic torsion angle x, which is defined by the dihedral angle between 

C 8 - N 9 - C l ' - 0 4 '.. Nucleosides exist in two predominant rotamers called syn and anti. For the 

synsyn conformer % has a typical value of 230  30°, while for the anti conformation it is 45  40°. 

5'-N-Ethylcarboxamidoo adenosine, NECA, is a high affinity, non-selective adenosine 

receptorr agonist (Figure 4.6).12 The x-ray structure of this compound revealed a syn 

conformationn around the glycosyl linkage in which a hydrogen bond is observed between the 

N-33 position of the adenine ring and the NH of the carboxamide group." In solution, NECA 

preferss a syn conformation as determined from its nuclear Overhauser effect (NOE) of the 'H 

NM RR spectra.14 Although initiall y this conformation was thought to be one of the important 

factorss responsible for receptor binding activity,13 later publications seriously doubted this idea. 

Moreover,, an anti configuration between purine base and ribose moiety has frequently been 
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OH H 

synsyn anti 

Figur ee 4.6. NECA in syn-antiequilibrium favouring the syn conformation. 

proclaimedd to be imperative for receptor binding of adenosine derivatives, i.e. with a 'normal' 

5'-hydroxyll  group.15 In a reported evaluation of C2-alkynyl-NECA derivatives, which also 

displayedd a preferred syn conformation in solution, the syn conformational requirement was 

questionedd by the absence of positive correlations of the glycosyl conformation and sugar-

puckeringg to the receptor affinity.16 While NECA in the crystal structure is in the syn 

conformationn due to the intramolecular hydrogen bonding between N-3 and NH of the 

carboxamide,, molecular modelling has shown that the energy barrier between the syn and the 

antii  conformers is only 2.1 kcal/mol in favour of the syn conformation.17 These findings 

supportedd the idea that NECA can readily adopt both the syn and the anti conformation in 

solution,, therefore not excluding the proposed anti mode of binding to the receptor. 

Too obtain more clarity in this matter, nucleosides ought to be synthesised and evaluated at 

thee adenosine receptors that are constrained in certain conformations, like cyclonucleosides 

whichh are fixed by a bridge between the sugar and nucleobase moieties. In our opinion, 

cyclonucleosidess with a connection between the purine 2 and the ribose 5' position wil l be 

appropriatee syn restricted conformers, cf. ring B in Figure 4.2, with all essential requirements 

forfor receptor binding still present: an intact purine system, a N6-ptoton and the 2' and 3' 

hydroxyll  groups. 

Inn this chapter the synthesis and biological evaluation of several 2,N - and 2,5'-cyclophane 

adenosinee derivatives wil l be described. 

4.22 SYNTHETIC APPROACH TOWARDS 2JV6
 TETHERED ADENOSINE ANALOGUES 

Wit hh the solid phase route towards 2,N6-disubstituted adenosine analogues described in 

Chapterr 2 in mind, a solid supported synthesis of 2,6-tethered adenosine analogues was 

envisaged,, aiming for profitable use of the pseudo-dilution effect.18 Since the molecules are 

anchoredd to the solid phase, they may be more or less prevented from interaction with each 

other,, thus lowering the chance of intermolecular side reactions. In this respect cyclisation 
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reactionss can be achieved on solid support, while cross-couplings wil l be thwarted in the 

absencee of interaction between the sites. Successful macrocyclisations ate known on solid 

support.199 For preliminary studies 1,6-diaminohexane was selected as a simple ©-diamine for 

couplingg to solid supported 2-nitro-6-chloro purine riboside 4 (see Chapter 2) as depicted in 

Schemee 4.1. Several attempts at ring-closing 5 by displacement of the 2-nitro group failed. 

A:> > 02NN N N 

oo H 
OO O 

OCH3 3 

H2N(CH2)6NH22 6 equiv 

DIPEA A 

NH H 

NNxX"> xX"> 

CH2CI2,, 3 h, rt 
 ®Y°~VN 

0 0 0 

0CH3 3 

5 5 

Schemee 4.1. Solid phase approach. 

Analysiss of the reaction by cleaving the nucleoside from the resin learned that no cyclisation 

hadd occurred. Instead an unidentified mixture of polymers was obtained. Cross-coupling and 

amidationn of the amino-tether to the carboxyl linker were suspected, although this was not 

furtherr investigated. 

Duringg the past three decades there has been much debate on the matter of site isolation 

versuss site interactions.20 The current view is that a dynamic equilibrium exists between site 

separationn and site isolation and that this equilibrium is influenced by factors like resin 

capacityy and cross-linking.21 In addition, the reactivity of the reactants determines whether they 

aree suitable for ring-closing reactions on solid support. Examples of attempted macrocycle 

preparationn on solid phase are known where besides the desired ring-closing metathesis 

primarilyy cross-coupling reactions were observed.22 

Thee solid phase approach made us clear that the macrocyclisation was not a straightforward 

process.. Therefore we switched to a solution phase strategy for obtaining these cyclophanes, 

allowingg for closer monitoring of this reaction. 

4.33 MACROCYCLE S DERIVE D FROM SYMMETRICA L DIAMINE S 

W h enn dealing with symmetrical diamines the approach depicted in Scheme 4.2 was envisaged. 

Thee diamine is selectively coupled to suitably protected 2-nitro-6-chloropurine riboside by 
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NH22 NH2 

N N 
I I 
Rib(PG)3 3 

1.. A, high dilution 
». . 

2.. deprotection 

Schem ee 4.2. Solution phase approach with symmetrical diamines. 

addingg the chloropurine to an excess of diamine. Subsequent ring closure by nitro substitution 

wil ll  be effected by heating the coupled free amine under high dilution conditions to avoid 

dimerisation.. Removal of the protective groups then leads to the 2,N6-tethered macrocyclic 

adenosinee analogues. 

Severall  diamines were chosen for this strategy, ranging from simple o>alkyl diamines, that 

aree commercially available to more complicated amines that contain pharmacophores in the 

chain.. In order to create a series containing a phenyl ring in the tether ortho- and para-

bis(cyanomethyl)benzeness were hydrogenated using platinum(IV)oxide in an acidic solution 

(Schemee 4.3). After trituration diamines 7 (ortho) and 8 (para) were isolated as their di-HCl 

salts. . 

NC--

CN N 
H2 2 

cat.. Pt02 

EtOH,, HCI 
H2N N 

22 HCI 

77 o : 4 8 % 

88 p:65% 

Schem ee 4.3. Catalytic hydrogenation of o and />bis(cyanomethyl)benzenes. 

Substitutionn of the chloro atom in TBS-protected 2-nitro-6-chloropurine riboside 923a by 

severall  diamines proceeded smoothly and in good yields furnishing the cyclisation precursors 

lOa-gg (see Scheme 4.4 and Table 4.1 on page 74). Cyclisation in acetonitrile with a nucleoside 

Rib(TBS)3 3 

NH H 
NH2 2 

0 2 N - % - ^ N N 

Rib(TBS)3 3 

10a-g g a a 

~NH H 

HH R 

11a-dRR = Rib(TBS)3 

2a-dd  R = ribose 

Schem ee 4.4. (a) diamine 5-10 equiv, Et3N, CH2CI2, 0 ; (b) DIPEA, CH3CN (1 mM), A, 3-7 d; (c) NH4F, 
MeOH,, A. 
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Tablee 4.1. Reactions with symmetrical diamines.' 

NH22 NH2 NH 

// / / ' 
Diaminee (H2C)6 (H2C)9 (H2C), 

(CH2)2NH22 (CH2)2NH2 CH2NH2 (CH2)3NH2 

NH2 2 NH2 2 

VV \\ // 
NH2 2 

(CH2)2NH22 (CH2)2NH2
 C H : NH; ; (CH2)3NH2 2 

O O 
Couplingg 10a 8 8% 10b 88 % 10c 76 % lOd 87 % 10e 74 % lOf 75 % lOg 90 % 

Cyclisationn 11a 3 6% l i b 6 3% l i e 52% l i d 4 9% 

Deprotectionbb 12a 56 % 12b 63 % 12c 44 % 12d 45 % 

aa Structure number followed by isolated yields; b Pure product after trituration. 

concentrationn of 1 mM required refluxing for several days. Compounds lla-d were isolated in 

moderatee to good yields. Al l attempts at cyclising amines lOe-g failed. Apparently, a 

considerablee degree of rotational freedom is required for successful nitro substitution. 

Subsequentt removal of the silyl protecting groups from lla-d with ammonium fluoride 

furnishedd 2,N6-bridged adenosine analogues 12a-d in moderate isolated yields after trituration 

withh diethyl ether. 

4.44 MACROCYCLE S DERIVE D FROM ASYMMETRICA L DIAMINE S 

Wit hh the idea of confining a phenyl moiety in the tether-ring to various positions we made the 

phenyll  ring 'walk' through the tether in order to obtain information on the optimal position of 

thee aromatic moiety required for binding to the receptor (Figure 4.7). From the cyclisation 

experimentss of lOd and 10e with chains containing a phenylene group we learned that only a 

metaa orientation of the aminoalkyl anchors as in lOd resulted in ring closure. Wi t h the 

symmetricall  derivative 12d already in hand, synthesis of the asymmetrical analogues required 

anotherr approach. Because the 2-nitro group is not substituted by aniline nitrogen 

nucleophiless as discussed in Chapter 2, synthesis of the 2-anilino derivative was not 

undertaken. . 

NH H 

Ribose e 

12h h 

\\ — / NH NH H 

12i i 

i i 
Ribose e 

12d d 

NH H 

Ribose e 

12j j 

Figur ee 4.7. Phenyl moiety 'walking' through the tether. 
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1.. Fmocv 

H H 

DIPEA A 

2.. DBU 

NH2 2 (( NH 
NH2 2 n n 

02NN N I I 
Rib(TBS)3 3 

10 0 

1.. A, high dilution 

2.. deprotection V NN N 
H H Ribose e 

12 2 

Schem ee 4.5. Approach towards asymmetric tethers. 

Thee scenario for generating the asymmetrical tethered adenosine analogues required a slight 

modificationn of the method described for the symmetrical macrocycles. This is depicted in 

Schemee 4.5. Coupling of a mono N-Fmoc-protected diamine to the C-6 position of 2-nitro-6-

chloropurinee 9 is followed by removal of the Fmoc group with a non-nucleophilic base, like 

DBU,, to avoid premature nucleophilic substitution of the 2-nitro group. Cyclisation and 

desilylationn as described in the previous paragraph wil l then lead to the desired phenylene 

tetheredd cyclophanes. First the Fmoc-protected phenylene diamine precursors were synthesised. 

N02 2 

NHFmoc c 

14 4 15 5 16 6 

Schem ee 4.6. (a) 3-azidopropylphosphonium bromide, KOBu, THF, 0 , 86%; (b) H2, Pd/C, MeOH, 74%; (c) 
FmocCI,, DIPEA, CH2CI2, 0 , 79%. 

Thee synthesis of l-amino-3-(4-N-Frnoc-aminobutyl)benzene 16 involved Witti g coupling of 3-

nitrobenzaldehydee 13 and 3-azidopropylphosphorous ylid, which was generated in situ from 3-

azidopropylphosphoniumm bromide via a modified literature procedure (Scheme 4.6).24 The 

olefinationn resulted exclusively in the formation of Z-alkene 14. Subsequent catalytic 

hydrogenationn with palladium on carbon as the catalyst efficiently reduced both the nitro and 

azidoo groups and the double bond yielding diamine 15. Fmoc protection of the aliphatic amino 

functionalityy of 15 gave 3-(4-N-Fmoc-aminobutyl)aniline 16. 

aa or b 
NH2 2 NHR R 

177 R = Fmoc 

188 R = = Boc 

Schem ee 4.7. (a) FmocCI, DIPEA, CH2CI2, 0 , 94%; (b) Boc2Q, CH2CI2, 82%. 
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Forr the synthesis of the N-Fmoc-3-(3-aminopropyl)benzylamine 22 and 3-(3-N-Fmoc-

aminopropyl)benzylaminee 26, a complementary strategy was pursued. First propargylamine was 

eitherr Fmoc or Boc protected via modified literature methods to obtain 17 and 18 in good 

yieldss (Scheme 4.7).2' Under Sonogashira conditions acetylenes 17 and 18 were coupled to 

Fmocc or Boc protected 3-iodobenzylamine, 19 and 23 respectively, providing the orthogonally 

protectedd diamino precursors 20 and 24 (Scheme 4.8). Catalytic hydrogenation with palladium 

18 8 

NHFmoc c 

19 9 

NHBoc c 
NHR R 

c c 
NHFmoc c 

211 R = Boc 

22RR = H 

NH, , 

17 7 
NHFmoc c 

NHFmoc c 

NHR R 

c c 255 R = Boc 

26RR = H 

Schem ee 4.8. (a) FmocCI, DIPEA, CH2CI2, 85%; (b) Boc20, CH2CI2, 84%; (c) [PPh3]4Pd, Cul, Et3N, DMF, 20: 
70%,, 24: 69%; (d) H2, Pd/C, EtOAc, quantitative; (e) TFA, CH2CI2, quantitative. 

onn carbon furnished arylalkanes 21 and 25. Subsequent removal of the Boc groups under 

acidicc conditions gave N-Fmoc-3-(3-aminopropyl)benzylamine 22 and 3-(3-N-Fmoc-amino-

propyl)-benzylaminee 26. 

mm n 

a,, b 
NH22 A iN:> 

0 2 N ' ' 

10hh  m=0,n=4 

10ii  m=1,n=3 

10jj  m=3,n=1 

N N 
I I 
Rib(TBS)3 3 

-c; ; 11hm=0,n=4 ,, R=Rib(TBS)3 

2hh m=0,n=4, R=ribose 

Schem ee 4.9. (a) mono-Fmoc-diamine, DIPEA, CH2CI2; (b) DBU, CH2CI2, 10h: 80%, 10i: 61%, 10j: 63%; (c) 
DIPEA,, CH3CN 1 mM, 6 d 11h: 45%; (d) Et3N-3HF, THE, 12h:61%. 
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Couplingg of Fmoc-amines 16, 26 and 22 to 2-nitro-6-chloropurine 9 and subsequent Fmoc 

removall  with DBU proceeded smoothly providing 2-nitro adenosine analogues lOh-j , 

respectivelyy (Scheme 4.9). Ring-closure was only observed for the m=0,n=4 derivative lOh 

allowingg for cycloadenosine l l h in 45 % yield. Removal of the silyl protecting groups 

eventuallyy gave the m=0,n=4 phenylene tethered adenosine analogue 12h. Despite ample 

effortss the cyclisation of the m=l,n=3 derivative lOi and the m=3,n=l derivative lOj  was not 

accomplished;; instead decomposition was observed upon prolonged heating. 

4.55 'OPEN' 2,6 DISUBSTITUTE D ANALOGUE S 

I nn order to compare the binding affinity of the cyclic analogues with their 'open' counterparts 

thee latter were synthesised as depicted in Scheme 4.10. For the preparation of the open 

congenerr of the Cio macrocycle 12c, triacetyl protected 2-nitro-6-chloropurine riboside 278,23 

wass stirred in neat 1-pentylamine. In this one pot reaction both substitution of the chloro and 

nitroo groups and aminolysis of the acetate groups were effected furnishing the pure dipentyl 

analoguee 28 in 50 % yield. The open counterpart of phenylene cyclophane 12d was generated 

byy allowing 27 to react selectively at the 6 position with phenethylamine at 0 °C to give the 6-

substitutedd analogue 29 quantitatively. Stirring this compound in 70 % aqueous ethylamine 

resultedd in 2-nitro substitution and acetate aminolysis. Pure 2-ethylamino-N6-phenethyl 

adenosinee 30 was isolated in 37 % yield. 

-^-^ NH 

HH ' 
Ribose e 

299 30 

Schem ee 4.10. (a) 1-pentylamine, neat, 50%; (b) phenethylamine, DIPEA, CH2CI2, 0 ; (c) 70% aqueous 
EtNH2,, 37% (2 steps). 

'NH H 

xtx} xtx} 
'N N 
H H 

N N 
I I 
Ribose e 

28 8 

NH H 

0 2 N ^ N ^ N N 

Rib(Ac)3 3 
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4.66 2,5' -TETHERE D ADENOSINE ANALOGUE S 

I nn order to study whether NECA, a high affinity, non-selective adenosine receptor agonist (see 

Figuree 4.6), is able to bind to the receptor in the syn conformation, we chose to force this 

nucleosidee in the syn conformation by linking the purine 2- and the sugar 5'-position by short 

chains.. The constricted NECA congener 38 and propylcarboxamide analogue 39 were 

synthesisedd as depicted in Scheme 4.11. 2-Nitro adenosine 318'2' was 2',3'-isopropylidene 

protectedd under standard conditions to give acetonide 32. The TEMPO-iodobenzene diacetate 

oxidisingg system reported for the 5'-oxidation of common 2',3'-protected nucleosides was 

appliedd to 2',3'-isopropylidene protected 2-nitro adenosine 32 generating 5'-carboxylic acid 33 

inn 85 % yield.26 Coupling of monotritylated 1,2-diaminoethane and 1,3-diaminopropane to 

carboxylicc acid 33 by using EDC-HOBt as standard coupling reagents generated amides 34 and 

35.. Intramolecular nitro substitution was realised by acidolysis of the trityl groups and 

subsequentt heating in the presence of 20 equivalents of DIPEA in a diluted acetonitrile 

solution.. Probably, the template effect due to hydrogen bonding between N-3 and the 

carboxamidee NH greatly facilitated ring closure and lactams 36 and 37 were obtained in high 

NH, , NH? ? NH2 2 

O P N ^ N ^ N N 

O--
HO O 

OH H 

TrHN N 

HO O 

31 1 

OzN N 

V̂  ^ 

NH2 2 

NH H 

^ ^ 

I I A A 
X] X] 

 i 
344 n = 

355 n = 

O O 

== 1 

== 2 

0 2 N ^ N ^ N N 

o— — 
HO O 

d,e e 

32 2 

NH2 2 

N N N N 

X1N> > 
0 2 N ^ N ^ N N 

OO _ 
HO' " " 

O O 

o--
33 3 

NH2 2 

38nn = 1 

39nn = 2 

Schem ee 4.11. (a) HC(OCH3)3, yoTsOH.H20, acetone, 61%; (b) TEMPO, iodobenzene diacetate, CH3CN, H20, 
855 %; (c) tritylaminoalkylamine, EDC, HOBt, DMF, THF, 34: 80%, 35: 78%; (d) TFA, CH2CI2, then MeOH; (e) 
DIPEA,, CH3CN, 80 , 36: 79%, 37: 99% (over 2 steps); (f) TFA-H20, 38: 79%, 39: 80%. 
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yield.. Removal of the isopropylidene group under aqueous acidic conditions furnished the 

desiredd carboxamide cycloadenosine derivatives 38 and 39. 

Anotherr approach leaving the 5'-methylene group intact, thereby creating syn restricted 

adenosinee analogues, was investigated as shown in Scheme 4.12. The amino acids glycine and 

^-alanine,, protected as their sodium salts, were coupled to 2',3'-isopropylidene protected 2-

nitroo adenosine 32 by displacement of the nitro group. After acidification with acetic acid 

carboxylicc acids 40 and 41 directly crystallised from the reaction mixture. Lactonisation of 41 

withh EDC-DMAP furnished lactone 42 in 49 % yield. Hydrolysis of the isopropylidene 

protectingg group furnished the desired cycloadenosine derivative 43. Al l attempts at cyclising 

40,, for example with EDC-DMAP, Mukayama's reagent or the pentafluorophenyl ester, 

resultedd in formation of a mixture of polymers and no further efforts were made to obtain this 

lactone. . 

NH2 2 

0 2 N ^ N ^ N N 

O— — 
HO O 

HO O 

O O 

O--

32 2 

NH2 2 

"HH J 
HO'V lo o 

40nn = 1 

411 n = 2 

NH2 2 

/ - N ^ N ^ - N N 

£ HH ^ o''  o OR R 

RO O 

422 R = >C(CH3)2 i —— i t i-i = >i 
CC L ^  43 R = H 

Schemee 4.12. (a) sodium glycinate or sodium (3-alaninate, DMF-H20, 80 , then HOAc, 40: 75%, 41: 64%; 
(b)) EDC, DMAR DMF, 49%; (c)TFA-H2Q, 74%. 

CONFORMATIONALCONFORMATIONAL ANALYSIS 

Itt has been shown that in purine nucleosides the H2' chemical shift can be used as an 

indicatorr of the sugar-base orientation.2' Typical chemical shift values for H-2' measured in 

DMSOO are around 5.0 ppm for adenosine analogues with a strong preference for the syn 

conformation,, like 8-(a-hydroxyisopropyl)adenosine with 4.98 ppm, while analogues that are 

restrictedd to the anti conformation show values around 4.2 ppm, like 8,5'-cyclo-8-oxoadenosine 

withh 4.24 ppm. The change in chemical shift of H-2' has been attributed to the influence 

exertedd on this proton by the ring current of the purine system and the anisotropy of N-3, 

whenn the orientation of the nucleobase changes from and to syn.21" Since the syn-anti 

equilibriumm is very rapid with respect to the NMR time scale, the chemical shift wil l have an 

intermediatee value determined by the probability of finding the molecule in one of the two 
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conformations.. Thus for adenosine, with an H-2' chemical shift value of 4.62 ppm, a slight 

preferencee for the syn conformation was inferred.27c 

Inn Table 4.2 the H-2'-chemical shift values are displayed of the syn restricted (carboxamido) 

adenosinee analogues 38, 39 and 43. The values for adenosine and NECA have been added for 

comparison.. The chemical shift value of 5.06 ppm of H-2' of the syn restricted adenosine 

analogue,, lactone 43, shows that the maximum value is indeed around 5.0 ppm. For the 

carboxamidoo derivatives 38 and 39 a similar trend is observed. The more the nucleoside is 

confinedd to the syn orientation, the higher the chemical shift value of H-2'; cf. NECA with 

4.622 ppm, trimethylene bridged carboxamide 39 with 4.83 ppm and dimethylene bridged 

carboxamidee 39 with 4.99 ppm. The di- and trisubstituted 5'-carboxamidoadenosine analogues 

discussedd in Chapter 3 display typical H-2'- chemical shift values between 4.60 and 4.73 ppm. 

Tablee 4.2.1H NMR H-2' chemical shift values for (carboxamido) adenosine analogues.3 

Compound d 

55 (H-2') 

adenosine e 

4.62 2 

lactonee 43 

(CH2)22 tether 

5.06 6 

NECA A 

4.62 2 

carboxamidee 38 
(CH2)22 tether 

4.99 9 

carboxamidee 39 

(CH2)33 tether 

4.83 3 
aa measured in d6-DMSO at 27 . 

Besidess the use of the chemical shift value of H-2' as a tool for estimation of the syn-anti 

rotamerr distribution, also NOE experiments can be employed to determine the predominant 

conformation.. If saturation of H-8 of the purine ring produces a strong NOE at H-l' and small 

oness at H-2' and H-3', then the syn orientation should be preferred. In a reverse experiment 

saturationn of H-l ' should render a significant NOE at H-8. If, on the other hand, saturation of 

H-88 results in a strong NOE at H-2' and a smaller one at H-l', the anti orientation should 

dominate.. An elaborate study was reported by Seela's group concerning the application of 

NOEE spectroscopy for a semiquantitative estimation of the syn-anti conformer population of 

nucleosides.288 Their method involved the set-up of a calibration graph by using the NOE values 

off  H-l', H-2' and H-3' after irradiation of H-8 of a syn and anti fixed nucleoside respectively. 

Thus,, they estimated a 60 % syn population for adenosine. 

Inn NOE measurements three different cases can be discerned depending on the tumbling 

ratee of the measured molecules.29 They are referred to as the fast, the intermediate and the slow 

motionn regimes. For molecules that tumble rapidly compared to the spectrometer observation 

frequency,, the NOE has a positive value. At the other extreme, relatively slowly tumbling 

moleculess show negative NOE values. Between these two extremes lies the intermediate region 

inn which the NOE changes sign and even can become zero. Within this region the magnitude 

andd sign of the NOE is highly sensitive to the rate of the molecular motions. The point at 

whichh this region is entered will be dependent on a number of factors; the size and shape of 

thee molecule, solution conditions, like viscosity, temperature and possibly pH, and 
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Tablee 4.3. Enhancements (%) of H-1' and H-2' obtained after saturation of H-8.a 

carboxamidee 38 

(CH2)22 tether 

carboxamidee 39 

(CH2)33 tether 

lactonee 43 

(CH2)22 tether 

NECA A 

Adenosine e 

4000 MHz, 

H-r r 

8.5 5 

6.5 5 

4.8 8 

6.5 5 

6.99 (6.7C) 

277 °C 

H-2' ' 

3.8 8 

== 1 

== 0 

3.1 1 

3.55 (3.2C) 

4000 MHz 

H-1' ' 

14.3 3 

15.9 9 

13.7 7 

11.6 6 

9.3 3 

600 °C 

H-2' ' 

0 0 

0 0 

0 0 

1.5 5 

3.5 5 

2000 MHz, 

H-1' ' 

14.9b b 

13.1 1 

13.5 5 

13.7 7 

11.6 6 

200 °C 

H-2' ' 

0.9b b 

0 0 

0 0 

3.2 2 

4.1 1 

aSampless of 8-10 mg in 0.6 mL d6-DMSO; "From 2 experiments; cValues taken from reference 28. 

spectrometerr field strength. The actual zero cross-over point occurs when the molecular 

tumblingg rate approximately matches the spectrometer observation frequency. 

Wee investigated the effect of solvent viscosity and spectrometer field strength on NOE 

intensitiess of adenosine derivatives, applied to determine the syn-anti rotamer distribution. 

Tablee 4.3 shows the enhancements of H-1' and H-2' obtained after saturation of H-8 of 

adenosine,, NECA and the syn restricted (carboxamido) adenosine analogues 38, 39 and 43. 

Saturationn of H-8 gives more reliable results than saturation of H-1', since the latter can confer 

itss energy to neighbouring protons (see experimental part). Clearly, the results obtained with a 

4000 MHz machine at 27 °C are quite unreliable, indicating that the intermediate molecular 

tumblingg region applies to these conditions. Raising the temperature to 60 °C, thereby 

reducingg the viscosity of the solvent, significantly improves the NOE data, but a slightly 

differentt distribution is found as compared with the measurements on the 200 MHz 

spectrometer.. This minor difference is most probably the consequence of the temperature 

effectt on the syn-anti rotamer equilibrium. Although not explicitly mentioned in their 

publication,, the NOE's reported by Seela's group were probably measured on a 400 MHz 

spectrometerr at room temperature, judging from the similar values found by us at that 

observationn frequency.28 Our findings put the reliability and usefulness of their extended 

NOE-publicationn to question. 

Forr NECA only irradiation of H-1' was reported in the literature and 22 % enhancement of 

H-88 was obtained with a 100 MHz spectrometer.14 In our experiments H-8 enhancements of 

15.11 % (60 °C, 400 MHz) and 17.5 % (200 MHz) were obtained, which is in agreement with 

theirr measurements at 100 MHz. 
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4.77 BINDIN G STUDIES AT THE ADENOSINE RECEPTORS 

Thee conformationatly restricted adenosine analogues were tested in radioligand binding assays 

too determine their affinity for the human adenosine receptors hA], hA2A, hA2B and hA3.
30 

Bindingg affinities at the adenosine receptors are given in micromolar or percentage 

displacementt of the radioligand at 10 or 1 micromolar (see Table 4.4). For comparison, the 

affinitiess of the nonselective adenosine receptor agonist NECA have been added. They were 

determinedd with the same test system. 

Withh the exception of 12a which showed minor displacement of the radioligand, the tested 

compoundss did not display binding to the low affinity hA2B receptor. This is not surprising, 

sincee even the most active agonists known for this receptor, like NECA, have affinities in the 

loww micromolar range. Another observed motif is the lack of affinity for the hA2A receptor of 

alll  tested compounds. Generally, A2A selectivity is favoured by large C2 substituents on 

adenosine,, whereas N6-substituted analogues favour binding to the Aj receptor.31 Remarkably, 

forr the tested 2,N6-disubstituted adenosine analogues hA2A affinity is virtually absent, while 

variouss 2,N6-modified adenosine analogues were reported as highly active and selective agonists 

forr this receptor.1032 

Quitee remarkable is the hA3 selectivity of the 2,N6-cyclophanes. A clear relation can be 

deducedd between tether size and hA3 selectivity and activity. The affinity for the hA3 receptor 

increasess in the order C6<C9<C]o<Cphenyiene, going from 4.33  0.59 uM for 12a to 

1.477 0 uM for 12d. One can imagine that the more rotational freedom the tether has, i.e. 

withh increasing tether size, the better it is capable of folding into a hydrophobic pocket. For the 

hAii  receptor the opposite is observed: affinities fall off in approximately the same order, 

leadingg to an increasing hA3 vs hA] selectivity. For comparison, the conformational̂ restricted 

PIA-analoguess reported by Quinn's group6 (see Figure 4.3) displayed low micromolar affinities 

forr the rA] receptor, but no affinities for the A3 receptor were reported. 

Thee hA3 selectivity of the 2,N6-bridged adenosine derivatives indicates that at the hA3 

receptorr the C-2 and N6 regions seem to have partial overlap, while for the hA] receptor 

differentt binding sites for C2 and N6 substituents are recognised, which was suggested before.30 

Accordingly,, hAj affinity is fairly restored when the 2,N6 chain is broken, for example in 

compoundd 28, allowing the two substituents to occupy different pockets. The two alkyl 

substituentss in 28 are not well tolerated by the hA3 receptor, judging from the reduced affinity. 

Forr I1A3 binding activity an aromatic group linked to N6 is favourable, as can be seen from the 

mostt active cyclophane 12d and 'open' structure 30 which both contain a 2-phenethyl group on 

N6.. The latter compound even has the highest hA3 affinity of all tested compounds, with a Kt 

valuee of 0.32 uM. The beneficial effect on A3 affinity of an aromatic residue on N6 is best 
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Tablee 4.4. Affinities of the conformationally restricted adenosine analogues in radioligand binding assays at 
thee human Ai , A2A, A2B and A3 receptors. 

2,N6<yclic c 
analogues s 

open n 
analogues s 

2,5'-cyclic c 
analogues s 

12a a 

12b b 

12c c 

12d d 

12he e 

28 8 

30 0 

38* * 

39* * 

43* * 

NECA8 8 

Kjj  SEM in uM 

hAia a 

40.44 % 

41.44 % 

29.22 % 

15.33 % 

--

3.522  0.38 

39.33 % 

2.855 % 

20.44 % 

0% % 

0.0122 (0.096-0.015) 

(n=3)) or 

hA2A
b b 

0.77 % 

17.99 % 

22.11 % 

17.00 % 

--

3.00 % 

6.22 % 

0% % 

2.44 % 

0.66 % 

0.0600

%% displacement at 

0.010 0 

hA2B< < 

17.77 % 

1.00 % 

1.00 % 

1.33 % 

--

ND f f 

ND D 

ND D 

ND D 

ND D 

2.200

[00 pM or 

0.60 0 

11 uM* (n=2) 

hA3
d d 

4.333  0.59 

3.177  0 .89 

1.888  0.06 

1.477  0.10 

--

41.33 % 

0.322 (n=2) 

2.77 % 

0% % 

0% % 

0.0111  0.008 

aa displacement of pHJDPCPX from human A1 receptors expressed on CHO cells; b displacement of [3H]-ZM241,385 from 
humann A2A receptors expressed on CHO cells;c displacement of [3H]DPCPX from human A2B receptors expressed on 
CHOO cells; d displacement of [125I]-ABMECA from human A3 receptors expressed on HEK293 cells;  insoluble.' not deter-
mined.. 9 values taken from reference 30. 

illustratedd by N6-f3-iodo-4-aminobenzyl)-5'-methylcarboxamido adenosine, 1AB-MECA, one of 

thee highest affinity agonists known for the human A3 receptor with a K, value of 0.64 nM.33 

Whilee phenylene derivative 12d displayed the highest A3 affinity from the tested 

cyclophanes,, unfortunately the influence of a migrating phenylene moiety in the tether could 

nott be studied, because the m=0,n=4 analogue 12h appeared insoluble in the test medium and 

cyclisationn of the m=l,n=3 and m=3,n=l derivatives could not be realised, as described in 

Sectionn 4.4 . 

Thee syn restricted analogues 38, 39 and 43 displayed a near complete lack of affinity for all 

adenosinee receptors. These findings indeed corroborate the idea that an anti-orientation 

betweenn purine base and sugar is imperative for binding to the adenosine receptors.1115 On the 

otherr hand it should be noted that not just the syn-anti conformation but also the spatial 

orientationn of the amide substituents in 38 and 39, cf. the N-ethyl group in NECA, and the 

sugarr puckering might have an influence on receptor binding. 
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4.88 CONCLUDIN G REMARK S 

Variouss macrocyclic adenosine derivatives were prepared by methods involving nucleophilic 

nitroo displacement. In adenosine receptor studies the 2,N6-bridged adenosine analogues show 

selectivityy for the adenosine A 3 receptor, thereby revealing that in the A3 receptor partial 

overlapp may exist between the C2 and N6 binding domains. The complete absence of receptor 

affinityy of the syn restricted 2,5'-tethered (5'-carboxamido)adenosine analogues emphasises that 

bindingg to the receptor requires the nucleoside anti conformation. 
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4.100 EXPERIMENTA L 

Generall  information . For experimental details see section 2.8. Radioligand binding studies were per-
formedd as described in reference 30. NOE's were measured on a Bruker ARX 400 (400 MHz) spec-
trometerr or on a Bruker AC 200 (200 MHz) machine applying a 4.5 seconds presaturation time (see 
Tablee 4.5 at the end of this section). 

l,3-Bis-(2-aminoethyl)benzenee (7). A suspension of 1,3 bis-(cyanomethyl)benzene (1.0 g; 6.4 mmol), 
platinum(IV)oxidee (100 mg; 0.44 mmol), cone. HC1 (1.3 ml) in EtOH (20 raL)  was stirred vigorously 
underr a hydrogen atmosphere (balloon) for 3 days. After filtration over highflow the solvent was evapo-
rated.. Trituration with a mixture of MeOH/EtOAc afforded the diamine-2 HCl salt as a grey solid 
(0.733 g; 3.1 mmol; 48 %). [H NMR (d6-DMSO) 5 8.16 (bs, 6H, NH3

+), 7.30 (t, J 7.4, 1H, HAr), 7.18-7.15 
(m,, 3H, HAr), 3.05-3.02 (m, 4H, 2xCH2), 2.92-2.88 (m, 4H, 2xCHz). The free amine was obtained by 
takingg the di-HCl salt (0.6 g; 2.5 mmol) up in EtOH (2.5 mL) and adding sat. aqueous K 2C03 (10 
mL).. The suspension was stirred for 45 min. and was extracted with CH2CI2 (2x25 mL). The collected 
organicc layers were washed with brine (1x25 mL) and dried with Na2S04 to yield 7 as a viscous liquid 
(0.377 g; 2.3 mmol; 90%). 

l,4-Bis-(2-aminoethyl)benzenee (8). This compound was synthesised by the method described for 1,3-
bis-(2-aminoethyl)benzenee 7. The diamine-2 HCl salt of 8 was isolated as an off-white solid (0.88 g; 
3.77 mmol; 58 %). ! H NMR (d6-DMSO) 6 8.10 (bs, 6H, NH3

+), 7.24 (s,4H, HAr), 3.05-2.99 (m, 4H, 
2xCH2),, 2.89-2.85 (m, 4H, 2xCH2). 

2',3'^'-Tri-O-tert-butyldiraethylsilyl-Z-nitro-Mtó-aminohexyO-adenosine (10a).. 2 -N i t ro -6 -ch lo ro-
(2,3,5-tri-0-tert-butyldimethylsilyl-p-D-ribofuranosyl)-9H-purinee 9 (0.165 g; 0.25 mmol) was added to a 
stirredd solution of 1,6-diaminohexane (0.29 g; 2.5 mmol) in dry CH2C12 (20 mL) at -18 °C. After stir-
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ringg for 30 min at 0 °C the mixture was immediately applied to a silica column. Flash chromatography 
(CH2Cl2/EtOHH 99:l->CH2Cl2/EtOH/Et3N 88:10:2) afforded amine 10a as a colourless glass (0.16 g; 
0.211 mmol; 88 %). The product was immediately used for the next step. 

l'^'^'-Tri-O-tórt-butyldimethylsilyH-nitro-A^^^aminononyl^adenosin ee (10b). The same m e t h od 
wass used as described for amine 10a. Flash chromatography (CH2Cl 2 /MeOH 99:1—»95:5—> 
CH2Cl2/MeOH/Et3NN 88:10:2) afforded amine 10b as a yellow foam (0.172 g; 0.22 mmol; 88 %). lH 
NMRR 5 8.28 (s, 1H, H-8), 6.25 (bs, 1H, NH), 5.96 (d, J 4.6, 1H, H-l'), 4.72 (m, 1H, H-2'), 4.32 (t, J 
3.9,, 1H, H-3'), 4.16-4.06 (m, 2H, H 4' and H-5'a), 3.79 (dd, ) 11.0 and 2.7, 1H, H-5'b), 3.68-3.66 (m, 
2H,, CH2), 3.52-3.48 (m, 2H, CH2), 2.80 (t,) 7.1, 2H, NH2), 1.70-1.54 (m, 4H, 2xCH2), 1.38-1.26 (m, 
10H,, 5xCH2), 0.95, 0.93 and 0.81 (3xs, 3x9H, 3xtBu) 0.15, 0.13, 0.11, 0.09, -0.02 and -0.17 (6xs, 
6x3H,, 6xCH3). 

2'3%5'-lVi-O-terr-butyldimethylsilyl-2-nitro-iV*-(10-aininodecyl)-adenosine(10c). Thee same method 
wass used as described for amine 10a. Cycloadenosine 10c was isolated as a yellow foam (0.150 g; 
0.199 mmol-, 76 %). lH NMR (d6-DMSO) 8 8.84 (bs, 1H, NH), 8.69 (s, 1H, H-8), 5.94 (d, J 5.6, 1H, H-
1'),, 4.96 (m, 1H, H-2'), 4.38 (m, 1H, H-3'), 4.06-4.04 (m, 2H, H-4' and H-5'a), 3.77-3.75 (m, 1H, H-
5'b),, 3.44-3.39 (m, 2H, CH2), 3.35-3.33 (m, 2H, CH2), 2.78 (m, 2H, NH2), 1.68-1.42 (m, 4H, 2xCH2), 
1.28-1.222 (m, 12H, 6xCH2), 0.96, 0.89 and 0.72 (3xs, 3x9H, 3xtBu) 0.15, 0.14, 0.12, 0.07, -0.09 and 
-0.311 (6xs, 6x3H, 6xCH3). 

Z'^'jS'-Tri-O-tert-butyldimethylsUyl-l-nitro-A^-tl-fS-tZ-aminoethylJ-phenylJethyll-adenosineClOd).. A 
solutionn of 2-nitro-6-chloro-(2,3,5-tri-0-tert-butyldimethylsilyl-P-D-ribofuranosyl)-9H-purine 9 (0.165 g; 
0.255 mmol) in dry CH2C12 (10 mL) was added dropwise to a stirred solution of l,3-bis-(2-aminoe-
thyDbenzenee 7 (0.37 g; 2.3 mmol) and Et3N (0.35 mL; 2.5 mmol) in dry CH2C12 (40 mL) at 0 °C. 
Afterr stirring for 2 h silica gel (3 g) was added and the solvent was evaporated. Flash chromatography 
(CH2Clz/MeOH/Et3NN 92:5:3^87:10:3) afforded the product as a colourless glass (0.34 g; 0.43 mmol; 
877 %). ! H NMR 5 8.25 (s, 1H, H-8), 7.24 (t, J 7.8, 1H, HAr), 7.10-7.06 (m, 3H, HAr), 6.44 (bs, 1H, 
NH),, 5.95 (d, J 4.6, 1H, H-l'), 4.744.71 (m, 1H, H-2'), 4.334.31 (m, 1H, H-3'), 4.154.07 (m, 2H, H4' 
andd H-5'a), 3.96-3.94 (m, 2H, CH2), 3.79 (dd, J 11.0 and 2.7, 1H, H-5'b), 3.00-2.97 (m, 4H, 2xCH2), 
2.744 (t, J 6.6, 2H, CH2), 0.95, 0.93 and 0.81 (3xs, 3x9H, 3xtBu) 0.15, 0.13, 0.11, 0.09, -0.02 and -0.17 
(6xs,, 6x3H, 6xCH3). m/z 802.4523 (M++H, C38H68N706Si3 requires 802.4539). 

2%3%5'-Tri-Ö-tórr-butyldimethylsilyl-2-nitro-jV ,s-{2-[4-(2-aminoethyl)-pheiiylJethyl}-adenosine(10e). . 
Thee same procedure was used as described for amine lOd. Amine 10e was isolated as a yellow foam 
(1744 mg; 0.22 mmol; 74%). lH 5 8.27 (s, 1H, H-8), 7.24-7.12 (m, 4H, HAr), 6.54 (bs, 1H, NH), 5.96 (d, J 
4.6,, 1H, H-l'), 4.804.76 (m, 1H, H-2'), 4.334.31 (m, 1H, H-3'), 4.174.06 (m, 2H, H-4' and H-5'a), 
3.96-3.900 (m, 2H, CH2), 3.81-3.78 (m, 1H, H-5'b), 3.28-3.26 (m, 2H, CH2), 3.05-2.92 (m, 4H, 2xCH2), 
0.95,, 0.93 and 0.81 (3xs, 3x9H, 3xtBu) 0.14, 0.11, 0.10, 0.09, -0.01 and -0.20 (6xs, 6x3H, 6xCH3). 
Attemptss at cyclising this compound failed. 

2%3%5'-Tri-0-tert-butyldimethylsilyl-2-nitro-A',s-(3-cis-aininomethyl-cyclohexylmethyl)-adenosine(10f)--
AA mixture of cis-l,3-bis-(aminomethyl)cyclohexane-2 HC1 (0.50 g; 2.5 mmol), obtained by addition of 
HC11 to a cis,trans mixture (Aldrich) and selective crystallisation, and Cs2C03 (2.44 g; 7.5 mmol) in dry 
THFF (40 mL) was stirred vigorously stirred at 0 °C. After 5 min a solution of 2-nitro-6-chloro-(2,3,5-tri-
0-tert-butyldimethylsilyl-[3-D-ribofuranosyl)-9H-purinee 9 (0.328 g; 0.5 mmol) in dry THF (10 mL) was 
addedd dropwise. After stirring for 30 min silica gel (3 g) was added and the solvent was evaporated. 
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Flashh chromatography (CH2Cl2/MeOH/Et3N 92:5:3^82:15:3) afforded the product as a colourless 
glasss (0.29 g; 0.37 mmol; 75 %). 'H NMR (d6-DMSO) 8 8.82 (bs, 1H, NH), 8.62 (s, 1H, H-8), 5.92 (d, 
JJ 5.4, 1H, H-l'), 4-94 (m, 1H, H-2'), 4.38 (m, 1H, H-3'), 4.03 (m, 1H, H4'), 3.78-3.75 (m, 1H, H-5'a), 
3.45-3.155 (m, 5H, H-5'b, 2xCH2), 2.36 (m, 1H, HCH), 1.80-1.58 (m, 5H, HCH and 2xCH2), 1.214.19 
(m,, 1H, HCH), 0.84-0.79 (m, 2H, CH2), 0.60-0.54 (m, 1H, HCH), 0.92, 0.87 and 0.73 (3xs, 3x9H, 
3xtBu)) 0.13, 0.11, 0.06, 0.05, -0.09 and -0.28 (6xs, 6x3H, 6xCH3). Attempts at cyclising this com-
poundd failed. 

2%3,,5'-Tri-0-terr-butyIdimethylsilyl-2-nitro-A^-{2-[4-(2-aminoethyl)-piperaziii-l-yl-ethyl}-a£lenosine e 
(lOg).. The same method was used as described for amine 10a. Amine lOg was isolated as a yellow foam 
(0.1855 g; 0.23 mmol; 90 %). TH NMR 5 8.24 (s, 1H, H-8), 8.18 (bs, 1H, NH), 5.95 (d,) 4.5, 1H, H-l'), 
4.699 (m, 1H, H-2'), 4.32 (t,i 4.0, 1H, H-3'), 4.144.09 (m, 2H, H-4' and H-5'a), 3.80-3.77 (m, 3H, H-5'b 

andd CH2), 3.11-3.08 (m, 2H, CH2), 2.8-2.3 (m, 14H, NH2 and 6xCH2), 1.87-1.85 (m, 4H, 2xCH2), 
0.94,, 0.92 and 0.82 (3xs, 3x9H, 3xtBu) 0.14, 0.13, 0.10, 0.08, -0.01 and -0.14 (6xs, 6x3H, 6xCH3). 
m/zz 838.5164 (M++H, C3sH76N906Si3 requires 838.5226). Attempts at cyclising this compound failed. 

2',3\5'-Tri-O-tert-butyldimethylsilyl^-nitro-M-IS^-aminobutylJphenyll-adenosinee (lOh). A solution 
off  2-nitro-6-chloro-(2,3,5-tri-0-tert-butyldimethylsiIyl-p-D-ribofuranosyl)-9H-purine 9 (0.329 g; 
0.500 mmol) and 3-(4-N-Fmoc-aminobutyl)aniline 16 (0.193 g; 0.50 mmol) and D1PEA (0.096 mL; 
0.555 mmol) in dry DMF (2 mL) was stirred at 50 °C. After 2.5 h the reaction was complete as indi-
catedd by TLC analysis. Water (10 mL) was added and the mixture was extracted with Et20 (2x5 mL). 
Thee combined organic layers were washed with water (3xl5mL) and dried with Na2SC»4. Evaporation 
off  the solvent afforded the crude Fmoc protected product. 'H NMR 8 8.45 (s, 1H, H-8), 7.14 (s, 1H, 
NH),, 7.86 (s, 1H, HAr), 7.74 (d, ]  7.5, 2H, HFmoc), 7.64-7.61 (m, 1H, HAr), 7.58 (d,) 7.4, 2H, HFmoc), 
7.39-7.255 (m, 5H, HFmoc and HAr), 7.00 (d, J 7.2, 1H, HAr), 6.02 (d, J 4.4, 1H, H-l'), 4.90 and 4.59 
(2xbs,, 1H, NH rotamers), 4.69 (t, J 4.3, 1H, H-2'), 4.38 (d, J 6.9, 2H, HFmoc), 4.33 (t, J 4.1, 1H, H-3'), 
4.22-4.111 (m, 3H, HFmoc, H-4' and H-5'a), 3.82 (dd, J 11.2 and 2.5, 1H, H-5'b), 3.27-3.22 and 3.13-3.10 
(2xm,, 2H, CH2 rotamers), 2.71 (t, J 7.0, 2H, CH2), 1.76-1.55 (m, 4H, 2xCH2), 0.97, 0.93 and 0.82 
(3xs,, 3x9H, 3xtBu) 0.17, 0.16, 0.11, 0.10, 0.00 and -0.13 (6xs, 6x3H, 6xCH3). 

Thee crude Fmoc protected product was taken up in CH2C12 (4 mL), cooled to 0 °C and DBU 
(0.1044 mL; 0.70 mmol) was added. After stirring for 1 h the solution was diluted with light petroleum 
(44 mL) and immediately applied to a silica column. Flash chromatography (CH2Cl 2 /MeOH 
98:2->95: 5̂ ^ CH2Cl 2/MeOH/Et3N 88:10:2) furnished free amine lOh as a yellow foam (0.318 g; 
0.3977 mmol; 80%). 'H NMR 8 8.44 (s, 1H, H-8), 7.91 (s, 1H, NH), 7.80 (s, 1H, HAr), 7.66 (dd, J 8.0,) 
1.5,, 1H, HAr), 7.34 (t, ] 7.8, 1H, HAr), 7.01 (d, J 7.8, 1H, HAr), 6.04 (d,) 4.6, 1H, H-l'), 4.71 (t, J 4.4, 
1H,, H-2'), 4.34 (t, ] 4.1, 1H, H-3'), 4.184.10 (m, 2H, H-4' and H-5'a), 3.82 (dd, ] 11.2 and 2.7, 1H, H-
5'h),, 2.76-2.67 (m, 4H, CH2 and NH2), 1.76-1.70 (m, 2H, CH2), 1.57-1.51 (m, 2H, CH2), 1.16-1.12 (m, 
2H,, CH2), 0.97, 0.94 and 0.83 (3xs, 3x9H, 3xtBu) 0.18, 0.16, 0.11, 0.10, 0.00 and -0.14 (6xs, 6x3H, 
6xCH3). . 

2%3%5'-Tri-0-tert-buty]dimethylsilyl-2-nitro-Al*-{3-[3-aminopropyl]benzyI}-adenosine(10i).. A solution 
off  2-nitro-6-chloro-(2,3,5-tri-0-tert-butyldimethylsilyl-p-D-ribofuranosyl)-9H-purine 9 (0.329 g; 0.50 
mmol),, amine 26 (0.81 g; 0.21 mmol) and DIPEA (0.14 mL; 0.8 mmol) in dry CH2C12 (2 mL) was 
stirredd at rt. After 3 h the mixture was diluted with light petroleum and immediately applied to a silica 
column.. Flash chromatography (EtOAc/light petroleum l:2-»2:3) afforded the crude Fmoc protected 
productt (0.144 g; 0.13 mmol; 62%). ]H NMR 8 8.30 (s, 1H, H-8), 7.75 (d, ] 7.6, 2H, HFmoc), 7.58 (d,) 
7.2,, 2H, HFmoc), 7.39 (t, J 7.4, 2H, HFmüC), 7.32-7.24 (m, 5H, HFmoc and HAr), 7.13-7.11 (m, 1H, HAr), 
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6.722 (bs, 1H, NH), 5.97 (d, ) 44, 1H, H-l'), 4.83 (m, 2H, ArCH2NH-), 4.79 and 4.45 (2xbs, 1H, NH 
rotamers),, 4.68 (m, 1H, H-2'), 4.41 (d, J 6.8, 2H, HFmoc), 4.33 (m, 1H, H-3'), 4.21 (m, 1H, HFmoc), 4.16-
4.100 (m, 2H, H 4' and H-5'a), 3.80 (dd, J 11.2 and 2.8, 1H, H-5'b), 3.23-3.20 and 3.15-3.10 (2xm, 2H, 
CH22 rotamers), 2.64-2.61 and 2.59-2.56 (2xm, 2H, CH2 rotamers), 1.89-1.82 (m, 2H, CH2), 0.95, 0.93 
andd 0.83 (3xs, 3x9H, 3xtBu) 0.15, 0.14, 0.11, 0.09, 0.00 and -0.12 (6xs, 6x3H, 6xCH3). 
Thee crude Fmoc protected product was taken up in CH2C12 (5 mL), cooled to 0 °C and DBU (49 uL; 
0.322 mmol) was added. After stirring for 1 h the solution was diluted with light petroleum (4 mL) and 
immediatelyy applied to a silica column. Flash chromatography (CH2Cl2/MeOH/Et3N 96:2:2—»93:5:2) 
furnishedd free amine lOi as a yellow foam (0.229 g; 0.286 mmol; 99%). The product was immediately 
usedd for cyclisation experiments. Cyclisation was not accomplished. 

l'^SS'-Tri-O-tórt-butyldimethylsilyl-l-nitro-A^-JS-IS-taminomethyOphenyllpropylJ-adenosineClOj). . 

Followingg the method described for adenosine analogue 101 the Fmoc protected product was acquired 
(0.444 g; 0.40 mmol; 64%). LH NMR 8 8.25 (s, 1H, H-8), 7.75 (d, J 7.5, 2H, HFmoc), 7.59 (d, J 7.2, 2H, 
HFmoc),, 7.39 (t, J 7.4, 2H, HFmoc), 7.31-7.23 (m, 5H, HFmoc and HAr), 7.14-7.10 (m, 1H, HAr), 6.09 (bs, 
1H,, NH), 5.94 (d, ) 4.6, 1H, H-l'), 5.29 and 5.11 (2xbs, 1H, NH rotamers), 4.70 (m, 1H, H-2'), 4.45 
(d,, 7 6.9, 2H, HFmoc), 4.37 (d, J 5.6, 2H, ArCH2NH), 4.32 (t, ] 4.0, 1H, H-3'), 4.23 (t, J6.9, 1H, HFmoc), 
4.154.088 (m, 2H, H-4' and H-5'a), 3.79 (dd, J 11.1 and 2.7, 1H, H-5'b), 3.74-3.72 (m, 2H, CH2), 2.76 (t, 
JJ 7.5, 2H, CH2), 2.07-2.03 (m, 2H, CH2), 0.95, 0.93 and 0.81 (3xs, 3x9H, 3xtBu) 0.15, 0.14, 0.11, 0.09, 
-0.022 and -0.17 (6xs, 6x3H, 6XCH3). Removal of the Fmoc group was achieved as described for lOi. 
Freee amine lOj was obtained as a yellow foam (0.314 g; 0.391 mmol; 98%) after flash chromatography. 
Thee product was immediately used for cyclisation experiments. Cyclisation was not accomplished. 

I'^SS'-Tri-O-tert-butyldimethylsilyl-A^^-hexamethylene-l-aminoadenosinee (11a). A s o l u t i on of 
aminee 10a (0.16 g; 0.21 mmol) and DIPEA (0.29 mL; 1.6 mmol) in dry acetonitrile (200 mL) was 
refluxedd under a nitrogen atmosphere for 3 days. Evaporation of the solvent and flash chromatography 
(lightt petroleum/EtOAc 4:1) afforded cycloadenosine 11a as a colourless glass (53 mg; 0.075 mmol; 
366 %). [H NMR 5 7.75 (s, 1H, H-8), 5.99 (t, J 5.6, 1H, NH), 5.82 (d, J 4.7, 1H, H-l'), 4.96 (t, J 5.9, 
1H,, NH), 4.57 (t, J 4.5, 1H, H-2'), 4-29 (t,) 4.2, 1H, H-3'), 4.06 (dd,} 7.1 and 4.2, 1H, H4'), 3.98 (dd, 
JJ 11.3 and 4.2, 1H, H-5'J, 3.76 (dd, J 11.3 and 2.9, 1H, H-5'b), 3.57-3.52 (m, 2H, CH2), 3.43-3.37 (m, 
2H,, CH2), 1.66-1.60 (m, 4H, 2xCH2), 1.44-1.40 (m, 10H, 5xCH2), 0.94, 0.92 and 0.83 (3xs, 3x9H, 
3xtBu)) 0.11, 0.10, 0.09, 0.08, -0.03 and -0.11 (6xs, 6x3H, 6xCH3). 

2%3,,5'-Tri-Ö-fórr-butyldimethylsilyl-A^A6-nonamethylene-2-aminoadenosinee ( l ib) . The same method 
wass used as described for cycloadenosine 11a. Cycloadenosine l i b was isolated as a colourless glass (86 
mg;; 0.11 mmol; 63%). XW NMR 8 7.72 (s, 1H, H-8), 5.82 (d, J 4.8, 1H, H-l'), 5.76 (t, J 6.5, 1H, NH), 
4.800 (t, J 6.6, 1H, NH), 4.53 (t, J 4.5, 1H, H-2'), 4.29 (t, J 4.1, 1H, H-3'), 4.06 (dd, J 7.0 and 4.0, 1H, H-
4'),, 3.99 (dd, ] 11.2 and 4.3, 1H, H-5'a), 3.76 (dd, J 11.2 and 2.9, 1H, H-5'b), 3.57-3.51 (m, 2H, CH2), 
3.41-3.355 (m, 2H, CHZ), 1.66-1.60 (m, 4H, 2xCH2), 1.44-140 (m, 10H, 5xCH2), 0.94, 0.92 and 0.83 
(3xs,, 3x9H, 3xtBu) 0.11, 0.10, 0.09, 0.08, -0.03 and -0.11 (6xs, 6x3H, 6xCH3). 

l'^'^'-Tri-O-tórt-butyldimethylsüyl-A^^V^-decamethylen^-aminoadenosinee (l ie). The same method 
waswas used as described for cycloadenosine 11a. Cycloadenosine l i e was obtained as a white foam (75 
mg;; 0.098 mmol; 52 %). !H NMR 8 7.70 (s, 1H, H-8), 5.82 (d, J 5.1, 1H, H-l'), 5.49 (t, J 6.5, 1H, NH), 
4.655 (t, J 4.7, 1H, H-2'), 4.56 (t, J 6.4, 1H, NH), 4.29 (t, ] 3.9, 1H, H-3'), 4.074.05 (m, 1H, H4'), 3.99 
(dd,, J 11.2 and 4.6, 1H, H-5'a), 3.76 (dd, J 11.2 and 3.0, 1H, H-5'b), 3.67-3.64 (m, 2H, CH2), 3.53-3.50 
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(m,, 2H, CH2), 1.64-1.54 (m, 4H, 2xCH2), 1.43-1.27 (m, 12H, 6xCH2), 0.94, 0.92 and 0.82 (3xs, 3x9H, 
3xtBu)) 0.11, 0.10, 0.09, 0.08, -0.04 and -0.15 (6xs, 6x3H, 6xCH3). 

2%3\5'-Tri-0-/<?rt ,-butyldimetbylsilyl-protectedd cycloadenosine (l id) . A solution of amine lOd (100 mg; 
0.133 mmol) and DIPEA (0.2 mL; 1.3 mmol) in dry acetonitrile (90 mL) was refluxed under a nitrogen 
atmospheree for 7 days. Evaporation of the solvent and flash chromatography (light petroleum/EtOAc 
4:1)) afforded cycloadenosine l i d as a colourless glass (47 mg; 0.064 mmol; 49 %). 'H NMR 8 7.85 (s, 
1H,, H-8), 7.60 (s, 1H, HAr), 6.73-6.64 (m, 3H, HAr), 5.74 (bs, 1H, NH), 5.46 (t,} 6.9, 1H, NH), 4.69-

4.533 (m, 4H, H-l \ H-2', CH2), 4.19 (dd, J 4.2 and 2.9, 1H, H-3'), 4.01 (dd, J 6.7 and 2.9, 1H, H-4'), 
3.900 (m, 1H, H-5'a), 3.72 (dd, ] 11.2 and 2.6, 1H, H-5'h), 3.36-3.26 (m, 2H, CH2), 3.11-3.04 (m, 2H, 
CH2),, 2.49-2.43 (m, 2H, CH2), 0.94, 0.91 and 0.78 (3xs, 3x9H, 3xtBu) 0.11, 0.10, 0.08, 0.07, -0.11 
andd -0.29 (6xs, 6x3H, 6xCH3). 

Z'^'^'-Tri-O-^rt-butyldimethylsilyl-protecte dd cycloadenosine (l lh) . A solut ion of free amine lOh 
(0.3188 g; 0.40 mmol) and DIPEA (0.5 mL; 3.1 mmol) in dry acetonitrile (200 mL) was refluxed under 
aa nitrogen atmosphere for 6 days. Evaporation of the solvent and flash chromatography (light 
petroleum/EtOAc/Et3NN 3:1:0.04) afforded the cycloadenosine l l h as a light yellow foam (0.134 g; 
0.1788 mmol; 45%). lH NMR 8 8.45 (bs, 1H, NH), 7.84 (s, 1H, H-8), 7.56 (s, 1H, HAr), 7.19 (t, ] 7.8, 
1H,, HAr), 6.86 (d, J 7.7, 2H, HAr), 5.88 (d, J 5.0, 1H, H-l'), 4.74 (m, 1H, NH), 4.66 (t, 1 4.6, 1H, H-2'), 
4.311 (t, J 3.9, 1H, H-3'), 4.10-4.08 (m, 1H, H-4'), 4.01 (dd,7 11.2 and 4.5, 1H, H-5'a), 3.80 (dd.J 11.2 
andd 2.8, 1H, H-5'b), 3.55 (dd, J 12.4 and 6.3, 2H, CH2), 2.71 (t, J 7.3, 2H, CH2), 1.87-1.82 (m, 2H, 
CH2),, 1.77-1.72 (m, 2H, CH2), 0.97, 0.95 and 0.84 (3xs, 3x9H, 3xtBu) 0.14, 0.13, 0.12, 0.11, -0.02 
andd -0.14 (6xs, 6x3H, 6xCH3). 

A^^-hexamethylene-l-aminoadenosinee (12a). A solution of cycloadenosine 11a (53 mg; 0.075 mmol) 
andd ammonium fluoride (0.185 mg; 5 mmol) in MeOH (4 mL) was refluxed for 20 h. After allowing 
thee sample to cool to rt silica gel was added {1 g) and the solvent was evaporated. Flash chromatogra-
phyy (EtOAc/MeOH 99: l ->EtOAc/MeOH 88:12) followed by crystallisation from water yielded 
cycloadenosinee 12a as a white solid (15.3 mg; 0.042 mmol; 56 %); mp 213-216 °C. lH NMR (d6-
DMSO)) 5 7.87 (s, 1H, H-8), 7.68 (t, ] 5.2, 1H, NH), 6.42 (t, J 5.6, 1H, NH), 5.71 (d, ] 6.4, 1H, H-l'), 

5.544 (bs, 1H, OH), 5.40 (bs, 1H, OH), 5.15 (bs, 1H, OH), 4.55 (t,) 5.5, 1H, H-2'), 4.10 (m, 1H, H-3'), 
3.911 (m, 1H, H-4'), 3.67-3.62 (m, 1H, H-5'a), 3.58-3.52 (m, 1H, H-5'b), 3.42-3.39 (m, 2H, CH2), 3.29-
3.266 (m, 2H, CH2), 1.63-1.59 (m, 4H, 2xCH2), 1.51-1.43 (m, 4H, 2xCH2). m/z 365.1946 (M++H, 
Ci6H2sN6044 requires 365.1967). 

./VVV-nonamethylene-l-aminoadenosinee (12b). The same procedure was used as described for cycloade-
nosinee 12a. The crude product was obtained as a white solid (35 mg; 0.086 mmol; 78%) after flash 
chromatography.. Trituration with E t20 afforded pure cycloadenosine 12b as a white solid (28 mg; 
0.0699 mmol; 63%); mp 193-195 °C. ]H NMR (d6-DMSO) 8 7.87 (s, 1H, H-8), 7.53 (t, J 6.1, 1H, NH), 
6.244 (t, ] 6.1, 1H, NH), 5.70 (d, J 6.3, 1H, H-l*) , 5.51 (bs, 1H, OH), 5.37 (bs, 1H, OH), 5.13 (bs, 1H, 
OH),, 4.53 (m, 1H, H-2'), 4.10 (m, 1H, H-3'), 3.91 (m, 1H, H-4'), 3.66-3.63 (m, 1H, H-5'a), 3.55-3.52 
(m,, 1H, H-5'h), 3.37-3.31 (m, 2H, CH2), 3.27-3.23 (m, 2H, CH2), 1.61-1.51 (m, 4H, 2xCH2), 1.42-1.35 
(m,, 10H, 5xCH2). m/z 407.2406 (M++H, C19H31N604 requires 407.2407). 

TVVV^-decamethylene-I-aminoadenosinee (12c). The same procedure was used as described for cycloade-
nosinee 12a. The crude product was obtained as a white solid (30 mg; 0.071 mmol; 73 %) after flash 
chromatography.. Tr i turat ion with E t2 0 afforded the pure product as a white solid (18 mg; 
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0.0433 mmol; 44 %); mp 173-176 °C. *H NMR (d6-DMSO) 8 7.88 (s, 1H, H-8), 7.30 <t, J 6.1, 1H, NH), 
6.044 (t, J 6.2, 1H, NH), 5.71 (d,) 6.3, 1H, H-l'), 5.43 (bs, 1H, OH), 5.36 (d, J 6.2, 1H, OH), 5.11 (d,) 
4.0,, 1H, OH), 4.54 (m, 1H, H-2'), 4.11 (m, 1H, H-3'), 3.91 (m, 1H, H-4'), 3.67-3.63 (m, 1H, H-5'a), 
3.57-3.400 (m, 3H, H-5'b and CH2), 3.35-3.32 (m, 2H, CH2), 1.61-1.51 (m, 4H, 2xCH2), 1.40-1.25 (m, 
12H,, 6xCH2). m/z 421.2554 (M++H, C20H33N6O4 requires 421.2563). 

Deprotectionn of cycloadenosine l id . A solution of tri-TBDMS protected cycloadenosine l i d (32 mg; 
0.0433 mmol) and ammonium fluoride (80 mg; 2.15 mmol) in MeOH (2 mL) was refluxed for 2 h. 
Afterr allowing the sample to cool to rt silica gel was added (30 mg) and the solvent was evaporated. 
Flashh chromatography (CH2Cl2/MeOH 99:1—>85:15) afforded crude 12d. A pure sample was obtained 
byy trituration with Et20 yielding cycloadenosine 12d as a white solid (8 mg; 0.019 mmol; 45%). ! H 
NMRR (d6-DMSO) 8 7.93 (s, 1H, H-8), 7.72 (s, 1H, HAr), 7.09 (bs, 1H, NH), 6.69-6.64 (m, 3H, HAr), 
5.955 (bs, 1H, NH), 5.58 (d, J 4.6, 1H, H-l'), 5.43 (bs, 1H, OH), 5.33 (bs, 1H, OH), 5.09 (bs, 1H, OH), 
4.55-4.399 (m, 3H, H-2', CH2), 4.04 (m, 1H, H-3'), 3.85 (m, 1H, H-4'), 3.61-3.46 (m, 2H, H-5), 3.27-
3.188 (m, 2H, CH2) , 3.01-2.92 (m, 2H, CH2) , 2.45-2.34 (m, 2H, CH2) . m/z 413.1935 (M++H, 
C2oH25N6044 requires 413.1937). 

Deprotectionn of cycloadenosine l lh . A mixture of tri-TBDMS protected cycloadenosine l l h (48 mg; 
0.0777 mmol) and Et3N-3 HF (0.2 mL) in THF (1 mL) was stirred for 3 days. The white precipitate was 
filteredd off and washed with THF (2 mL). Trituration with MeOH afforded pure cycloadenosine 12h 
ass a white solid (19 mg; 0.047 mmol; 61%); mp >250 °C, decomp. ] H NMR (d6-DMSO) 8 9.39 (bs, 
1H,, NH), 8.47 (s, 1H, HAr), 8.07 (s, 1H, H-8), 7.22 (d, J 8.0, 1H, NH), 7.14 (t,) 7.7, 1H, HAr), 6.80 (d, J 
7.2,, 1H, HAr), 6.52 (bs, 1H, NH), 5.79 (d, ]  5.9, 1H, H-l'), 5.40 (d, ] 6.0, 1H, OH), 5.20 (bs, 1H, OH), 
5.133 (d, J 4-4, 1H, OH), 4-55 (m, 1H, H-2'), 4.14 (m, 1H, H-3'), 3.92 (m, 1H, H-4'), 3.69-3.65 (m, 1H, 
H-5'a),, 3.58-3.55 (m, 1H, H-5'b), 3.43-3.38 (m, 2H, CH2), 2.62-2.58 (m, 2H, CH2), 1.70-1.61 (m, 4H, 
2xCH2).. m/z 413.1937 (M++H, C2oH33N604 requires 413.1937). 

1,3-Azidopropylphosphoniumm bromide. 1,3-Azidopropylphosphonium bromide was synthesised accord-
ingg to a modified literature procedure.24 A mixture of triphenylphosphine (26.2 g; 50 mmol) and 1,3-
dibromopropanee (40 mL; 200 mmol) in toluene (125 mL) was stirred at 80 °C for 18 h. Filtration fur-
nishedd 3-bromopropyltriphenylphosphonium bromide as a white solid (23.6 g; 50 mmol), which was 
usedd without further purification. A mixture of 3-bromopropyltriphenylphosphonium bromide 
(9.299 g; 20 mmol) and sodium azide (1.95 g; 30 mmol) in H20-EtOH (1:1) was refluxed for 10 h. After 
concentrationn the mixture was extracted with CH2Cl2. Drying with Na2S04 and evaporation of the 
volatiless gave the crude product which was taken up in warm CH2C12 and precipitated with EtOAc 
andd then Et20. The product was filtrated and dried in vacuo at 50 °C to yield azidopropylphospho-
niumm bromide as a white solid (8.0 g; 19 mmol; 94 %). ]H NMR (d6-DMSO) 8 7.95-7.90 (m, 3H, HAr), 
7.87-7.777 (m, 12H, HAr), 3.70-3.63 (m, 2H, CH2), 3.55 (tj 6.5, 2H, CH2), 1.82-1.76 (m, 2H, CH2). 

co-Azidoo alkene (14). Potassium tert-butoxide (1.79 g; 16 mmol) was added in 3 portions to a solution 
off  3-nitrobenzaldehyde (2.71 g; 18 mmol) and azidopropylphosphonium bromide (6.82 g; 16 mmol) in 
THFF (70 mL) at 0 °C. After stirring for 30 min. the reaction mixture was quenched with NH4C1. After 
55 min water was added and the mixture was extracted with Et20. Flash chromatography (light petro-
leum/EtOAcc 2:1) afforded Z-azido alkene 14 (3.0 g; 13.8 mmol; 86%). XH NMR 8 8.13 (m, 2H, HAr), 
7.599 (d, 7 7.7, 1H, HAr), 7.52 (t, J 1.1, 1H, HAr), 6.62 (d, ] 11.6, 1H, ArCHCH-), 5.86-5.80 (m, 1H, 
ArCHCH-),, 3.43 (t,) 6.7, 2H, -CH2N3), 2.63-2.57 (m, 2H, -CH2CH2N3). 
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3-(4-Aminobutyl)anilin ee (15). A mixture of azide 14 {2.5 g; 11.5 mmol)) and 10 wt-% palladium on car-
bonn (0.5 g) in MeOH (50 m l) was stirred under a hydrogen atmosphere (balloon) for 1 night. Extra 
palladiumm on carbon was added (0.2 g) and the reaction was allowed to continue for 16 h. The mixture 
wass filtrated over highflow and the filtrate was concentrated to dryness. Flash chromatography 
(EtOAc/MeOH/conc.. NH4OH 78:20:2) afforded 3-(4-aminobutyl)aniline 15 (1.4 g; 8.5 mmol; 74%). 
'HH NMR (d6-DMSO) 5 6.90 (t, J 7.6, 1H, HAr), 6.39-6.32 (m, 3H, HAr), 4-91 (bs, 2H, ArNH2), 3.34 (bs, 
2H,, NH2), 2.55-2.51 (m, 2H, CH2), 2.41 (t, J 7.6, 2H, CH2), 1.57-1.49 (m, 2H, CH2), 1.38-1.31 (m, 2H, 
CH2). . 

3-(4-7V-Fmoc-aminobutyl)aniline(16).. A mixture of 3-(4-aminobutyl)aniline 15 (0.198 g; 1.21 mmol), 
D1PEAA (0.24 mL; 1.4 mmol) and Fmoc chloride (0.337 g; 1.3 mmol) in CH2C12 (4 mL) was stirred at 0 
°CC for 3 h. The mixture was diluted with light petroleum and immediately applied to a silica column. 
Flashh chromatography (EtOAc/light petroleum 1:1) afforded 3-(4-N-Fmoc-aminobutyl)aniline 16 as a 
whitee solid (0.368 g; 0.95 mmol; 79%). ]H NMR 5 7.76 (d, 7 7.5, 2H, HFmoc), 7.59 (d, J 7.2, 2H, 
HFm0c),, 7.40 (t, J 7.4, 2H, HFmoc), 7.32 (dt, J 7.4 and 1.0, 2H, HFnioc), 7.07 (t, J 7.7, 1H, HAr), 6.58 (d, ) 
7.4,, 1H, HAr ), 6.53-6.50 (m, 2H, HAr), 4.70 and 4.43 (2xbs, 1H, NH rotamers), 4.40 (d, J 6.8, 2H, 
HFm0c),, 4.21 (t, J 6.8, 1H, HFmoc), 3.60 (bs, 2H, NH2), 3.22-3.20 and 3.10-3.08 (2xm, 2H, CH2 rotam-
ers),, 2.54 (t,J 7.2, 2H, CH2), 1.64-1.55 (m, 4H, 2xCH2). 

jV-Fmoc-propargylamin ee (17). This compound was synthesised according to a modified literature pro-
cedure.255 A mixture of propargylamine (0.688 mL; 10 mmol), DIPEA (2.09 mL; 12 mmol) and Fmoc 
chloridee (2.59 g; 10 mmol) in CH2C12 (20 mL) was stirred at 0 °C for 3 h. The mixture was stirred for 
ann additional hour at rt. The organic layer was washed with water (2x20 mL) and dried with Na2S04. 
Afterr evaporation of the solvent the crude product was triturated with Et20/ l ight petroleum to 
affordedd Fmoc-progargylamine 17 as a white solid (2.6 g; 9.4 mmol; 94%). LH NMR 5 7.77 (d, J 7.5, 
2H,, HFmoc), 7.59 (d, ] 7.3, 2H, HFmoc), 7.41 (t, J 7.4, 2H, HFmoc), 7.31 (dd, J 7.4 and 0.9, 2H, HFmoc), 
4.955 (bs, 1H, NH), 4.43 (d, J 7.0, 2H, HF mJ, 4.25-4.22 (m, 1H, HFmoc), 4.00 (m, 2H, CH2), 2.26 (t,) 
2.4,, 1H, CCH). 

7V-Boc-propargylaminee (18). This compound was synthesised according to a modified literature proce-
dure.255 A mixture of propargylamine (0.688 mL; 10 mmol) and Boc20 (2.4 g; 11 mmol) in CH2C12 

(200 mL) was stirred for 4 h. Evaporation of the solvent and crystallisation from light petroleum at 
-200 °C afforded N-Boc-propargylamine 18 as a white solid (1.27 g; 8.2 mmol; 82%). 'H NMR 5 4-68 
(bs,, 1H, NH), 3.92 (m, 2H, CH2), 2.26 (t, J 2.5, 1H, CCH), 1.45 (s, 9H, t-Bu). 

jV-Fmoc-3-iodobenzylamine(19).. A mixture of 3-iodobenzylamine (0.47 g; 2.0 mmol), DIPEA 
(0.399 mL; 2.2 mmol) and Fmoc chloride (0.52 g; 2 mmol) in CH2C12 (10 mL) was stirred at 0 °C for 3 
h.. The mixture was washed with water (2xl0mL), the organic layer was dried with Na2S04 and the sol-
ventt was evaporated. Trituration with E t20 afforded N-Fmoc-3-iodobenzylamine 19 as a white solid 
(0.788 g; 1.71 mmol; 85%). 'H NMR 5 7.76 (d, ] 7.6, 2H, HFmoc), 7.63-7.58 (m, 3H, HFmoc and HAr), 
7.411 (t, J 7.4, 2H, HFmoc), 7.32 (t, J 7.3, 2H, HFmoc), 7.24-7.21 (m, 1H, HAr), 7.07 (t,7 7.6, 1H, HAr), 5.06 
(bs,, 1H, NH), 4.48 (d, J 6.7, 2H, HFmoc), 4.33 (d,) 5.9, 2H, CH2), 4.23 (t, J6.7, 1H, HFmoc). 

Sonogashiraa coupling of acetylene 18 and aryliodide 19. By the method described for aryl acetylene 24 
aryll  acetylene 20 was obtained as a solid after trituration with Et20/ l ight petroleum (0.335 g; 
0.6955 mmol; 70%). lH NMR 5 7.77 (d, ) 7.5, 2H, HFmoc), 7.60 (d, J 7.4, 2H, HFmoc), 7.41 (t, i 7.4, 2H, 
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Hpmoc),, 7.38-7.20 (m, 6H, HFmoc and HAr ), 5.06 (bs, 1H, NH), 4.73 (bs, 1H, NH), 4.47 (d, J 6.8, 2H, 
HFmoc),, 4.36 (d, J 5.9, 2H, ArCH2), 4.25 (t, J6.8, 1H, HFmoc), 4.15 (m, 2H, CH2), 1.47 (s, 9H, t-Bu). 

Catalyticc hydrogenation of acetylene 20. A suspension of acetylene 20 (0.30 g; 0.62 mmol) and 10 wt-
%% palladium on carbon (100 mg) in MeOH (10 mL) was stirred at 50 °C for 20 h under a hydrogen 
atmospheree (balloon). The mixture was filtrated over highflow and the filtrate was concentrated to dry-
nesss affording arylalkane 21 (0.30 g; 0.62 mmol; 99%). *H NMR 5 7.77 (d, J 7.5, 2H, HFmoc), 7.60 (d, ) 
7.3,, 2H, HFmoc), 7.40 (t, J 7.4, 2H, HFmoc), 7.32-7.23 (m, 3H, HFmoc and HAr), 7.11-7.09 (m, 3H, HAr), 
5.122 and 4.93 (2xbs, 1H, NH rotamers), 4.56 (bs, 1H, NH), 4.45 (d, ]  6.9, 2H, HFmoc), 4.36 (d,) 5.8, 
2H,, ArCH2NH), 4.23 (t, J6.9, 1H, HFmoc), 3.15-3.12 (m, 2H, CH2), 2.63 ( t j 7.7, 2H, CH2), 1.80 (quin-
tet,, J 7.7, 2H, CH2), 1.46 (s, 9H, t-Bu). 

yV-Fmoc-3-(3-aminopropyl)benzylaminee (22). By the method described for amine 26 the crude arylpro-
pylamine-TFAA salt 22 was obtained as a solid (0.31 mg; 0.62 mmol; 99%). This compound was used 
withoutt further purification. 

jV-Boc-3-iodobenzylaminee (23). A mixture of 3-iodobenzylamine (0.5 g; 2.15 mmol) and Boc20 (0.65 g; 
3.00 mmol) in dry CH2C12 (5 mL) was stirred for 4 h at rt. The mixture was diluted with light petro-
leumm and immediately applied to a silica column. Flash chromatography (EtOAc/light petroleum 1:4) 
affordedd N-Boc-3-iodobenzylamine 23 as an oil (0.60 g; 1.80 mmol; 84%). lH NMR 8 7.63 (s, 1H, 
HAr),, 7.59 (d,7 7.9, 1H, HAr), 7.24 (d, ]  7.8, 1H, HAr ), 7.06 (t, 7 7.8, 1H, HAr ), 4.81 (bs, 1H, NH), 4.26-
4.277 (m, 2H, CH2), 1.46 (s, 9H, t-Bu). 

Sonogashiraa coupling of acetylene 17 and aryliodide 23. To an argon flushed solution of acetylene 17 
(0.4155 g; 1.5 mmol) and aryliodide 23 (0.275 g; 0.87 mmol) in dry DMF (3 mL) was added cop-
per(I)iodidee (0.038 g; 0.2 mmol), palladium(0)tetrakistriphenylphosphine (0.115 g; 0.1 mmol) and tri-
ethylaminee (0.152 mL; 1.1 mmol). The mixture was stirred for 4 h under an argon atmosphere. Water 
(100 mL) was added and the mixture was extracted with Et20 (2x5 mL). The combined organic layers 
weree dried with Na2SC>4 and the solvent was evaporated. Flash chromatography (EtOAc/light petro-
leumm 1:2) afforded aryl acetylene 24 as a solid (0.278 g; 0.595 mmol; 69%). ! H NMR 8 7.77 (d, ) 7.6, 
2H,, HFmoc), 7.61 (d, J 7.1, 2H, HFmoc), 7.40 (t, J 7.4, 2H, HFmoc), 7.35-7.24 (m, 6H, HFmoc and HAr), 5.00 
(bs,, 1H, NH), 4.79 (bs, 1H, NH), 4.44 (d, ] 7.0, 2H, HFmoc), 4.30-4.20 (m, 5H, CH2, CH2 and HFmoc), 
1.466 (s, 9H, t-Bu). 

Catalyticc hydrogenation of aryl acetylene 24. A suspension of acetylene 24 (0.1 g; 0.21 mmol)) and 10 
wt-%% palladium on carbon (5 mg) in EtOAc (4 mL) was stirred under a hydrogen atmosphere (balloon) 
forr 3 h. The mixture was filtrated over highflow and the filtrate was concentrated to dryness offering 
arylalkanee 25 (0.1 g; 0.21 mmol; 99%). 'H NMR 8 7.76 (d, ] 7.5, 2H, HFmoc), 7.59 (d,) 7.4, 2H, HFmoc), 
7.400 (t, ] 7.4, 2H, HFmoc), 7.31 (t, / 7.4, 2H, HFmoc), 7.26-7.23 (m, 1H, HAr), 7.12-7.07 (m, 3H, HAr), 
4.824.733 and 4.45 (2xm, 2H, 2xNH rotamers), 4.41 (d, J 6.8, 2H, HFmoc), 4.304.20 (m, 3H, CH2 and 
HFmoc),, 3.25-3.20 and 3.11-3.08 (2xm, 2H, CH2 rotamers), 2.65-2.57 (m, 2H, CH2 rotamers), 1.85-1.82 
andd 1.73-1.69 (2xm, 2H, CH2 rotamers), 1.46 (s, 9H, t-Bu). 

3-(3-jV-Fmoc-aminopropyl)benzylatninee (26). TFA (1 mL) was added to a solution of arylalkane 25 
(0.11 g; 0.21 mmol) in dry CH2C12 (2 mL). The solution was stirred for 1 h. The mixture was diluted 
withh toluene (2 mL) and the volatiles were evaporated. Co-evaporation with toluene (2 mL) furnished 
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thee crude benzylamine-TEA salt 26 (104 mg; 0.21 mmol; 99%). This compound was used without fur-
therr purification. 

2-Pentylamino-A^-pentyladenosinee (28). A solution of 2-nitro-6^hloro-9-(2,3,5-triacetyl-pM3-ribofurano-
syl)-9H-purinee 278,23 (250 mg, 0.55 mmol) in 1-pentylamine (5 mL) was stirred under a nitrogen atmos-
pheree for 16 h. The solution was evaporated to dryness and the residue was subjected to flash 
chromatographyy (methyl-t-butylether with 5-» 15% MeOH). Drying in vacuo at 55 °C for 2 days and 
triturationn with Et20 furnished adenosine analogue 28 (116 mg, 0.27 mmol; 50%) as a white solid, mp 
144-1455 °C. 'H-NMR (d6-DMSO) 6 7.88 (s, 1H, H-8), 7.28 (br s, 1H, N6-H), 6.19 (br s, 1H, N2-H), 
5.722 (d, J 6.1, 1H, H-l'), 5.35 (d, J 6.1, 1H, OH), 5.19 (br s, 1H, OH), 5.11 (1H, d, J 4.6, OH), 4.60 
(1H,, m, H-2'), 4.12 (dd, 7 8.0 and 3.5, 2H, H-3'), 3.90 (m, 1H, H-4'), 3.67-3.62 (m, 1H, H-5'a), 3.56-
3.511 (m, 1H, H-5'b), 3.41-3.29 (m, 2H, NCH2), 3.26-3.22 (m, 2H, NCH2), 1.62-1.51 (m, 4H, pentyl), 
1.32-1.288 (m, 8H, pentyl), 0.90-0.987 (m, 6H, pentyl); m/z 413.2740 (M++H, C20H35N6O4 requires 
423.2720). . 

2',3',5'-Tri-0-acetyl-2-nitro-M-(phenethyl)adenosine(29).. Phenethylamine (99 u.L; 0.79 mmol) was 
addedd to a solution of 2-nitro-6-chloro-9-(2,3,5-tri-0-acetyl-p,-D-ribofuranosyl)-9H-purine (0.30 g; 
0.666 mmol) and DIPEA (0.22 mL; 1.32 mmol) in CH2CI2 (8 mL) at 0 °C and the solution was stirred 
forr 8 h under a nitrogen atmosphere. EtOAc (20 mL) was added and the mixture was washed with 1% 
aqueouss oxalic acid (3x15 mL). Drying withNa2S04 and evaporation of volatiles afforded crude 29 as 
aa yellow foam, which was used without further purification. *H-NMR 8 8.08 (s, 1H, H-8), 7.34-7.22 (m, 
5H,, HAr), 6.32 (bs, 1H, NH), 6.22 (d, J 5.3, 1H, H-l'), 5.74 (t,) 5.4, 1H, H-2'), 5.63-5.60 (m, 1H, H-3'), 
4.48-4.422 (m, 3H, H-4' and H-5'), 4.00-3.95 (m, 2H, NCH2), 3.02 (t, J 7.0, 2H, PhCH2), 2.17, 2.12 and 
2.099 (3xs, 3x3H, 3xAc). 

2-Ethylamino-7V*-phenethyladenosinee (30). A solution of 2-nitro-N6-phenethyladenosine 29 (194 mg, 
0.366 mmol) in 70% ethylamine in water (25 mL) was stirred for 4 h. The product was adsorbed to sil-
icaa and volatiles were evaporated. Flash chromatography (methyl-t-butylether with 5—» 15% MeOH), 
andd drying in vacuo at 55 °C for 1 day was followed by trituration with E t20 to yield adenosine ana-
loguee 30 as a white solid (55 mg; 0.13 mmol; 37%), mp 180-181 °C. lH-NMR (d6-DMSO) 5 7.90 (s, 
1H,, H-8), 7.37 (br s, 1H, N6-H), 7.34-7.20 (m, 5H, HAr), 6.27 (br s, 1H, N2-H), 5.74 (d, J 6.1, 1H, H-l'), 
5.366 (d, J 6.1, 1H, OH), 5.17 (br s, 1H, OH), 5.12 (1H, d, J 4.6, OH), 4.63-4.60 (1H, m, H-2'), 4.12 (dd, 
)) 8.1 and 4.6, 2H, H-3'), 3.91-3.89 (m, 1H, H-4'), 3.68-3.62 (m, 3H, CH2 and H-5'a), 3.57-3.51 (m, 1H, 
H-5'b),, 3.30-3.25 (m, 2H, NCH2), 3.08-3.02 (m, 2H, NCH2), 2.92 (t, J 8.0, 2H, CH2), 1.15 (t, J 7.1, 3H, 
CH3).. m/z 415.2097 (M++H, C20H27N6O4 requires 415.2094). 

2%3'-0-Isopropylidene-2-nitro-adenosinee (32) A mixture of 2-nitro adenosine8,23 31 (0.936 g; 3 mmol), 
£>TsOH-H200 (0.95 g; 5 mmol) and trimethyl orthoformate (1.64 mL; 15 mmol) in dry acetone (60 mL) 
wass stirred for 20 min. The mixture was neutralised with triethylamine (0.696 mL; 5 mmol) and the 
solventt was evaporated. Flash chromatography (EtOAc with 6% MeOH) furnished 2',3'-protected 2-
nitro-adenosinee 32 as a yellow solid (0.641 g; 1.82 mmol; 61%); mp 154-157 °C. 'H-NMR (CDClj/d6-
DMSO)) 6 8.30 (s, 1H, H-8), 7.35 (bs, 2H, NH2), 5.93 (d, J 3.8, 1H, H-l'), 4.99 (dd, J 6.0 and 3.8, 1H, 
H-2'),, 4.90 (dd,i 6.0 and 1.9, 1H, H-3'), 4.29 (s, 1H, H-4'), 3.71 (dd,i 12.5 and 2.4, 1H, H-5'a), 3.59 
(dd,, J 12.4 and 3.0, 1H, H-5'h), 1.45 (s, 3H, CH3), 1.19 (s, 3H, CH3). 

Mono-/V-triryl-l,2-diaminoethane .. A solution of trityl chloride (3.5 g; 12.5 mmol) in CH2CI2 (50 mL) 
waswas added dropwise to a stirred solution of 1,3 diaminoethane (5.0 mL; 75 mmol) in CH2CI2 (50 mL). 
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Whenn the reaction was complete as judged by TLC analysis, the mixture was washed with 1 M NaOH 
(255 mL) a nd water (2x25 mL) and d r i ed w i t h Na2SC>4. F lash c h r o m a t o g r a p hy 
(EtOAc/MeOH/NH4OHH 83:15:2 afforded the product as an oil (3.0 g; 9.9 mmol; 79%). 'H-NMR (d6-
DMSO)) 8 7.42 (d, J 7.6, 6H, trityl) , 7.30 (t, J 7.6, 6H, trityl) , 7.19 (t, J 7.6, 3H, trityl) , 2.68-2.64 (m, 2H, 
CH2),, 2.03-2.00 (m, 2H, CH2). 

Mono-Ar-trityl-l,3-diamiiiopropane.. The same procedure was used as described for mono-N-trityl-1,2-
diaminoethanee affording mono-N-trityl-l,3-diaminopropane as an oil (2.8 g; 8.8 mmol; 70%). *H-NMR 
(d6-DMSO)) S 7.41 (d, J 7.5, 6H, trityl) , 7.30 (t, J 7.5, 6H, trityl) , 7.19 (t, J 7.5, 3H, trityl) , 2.57 (t,) 6.8, 
2H,, CH2), 2.02 (t, J 6.8, 2H, CH2), 1.54 (quintet, ƒ 6.8, 2H, CH2). 

2',3'-0-Isopropylidene-2-nitro-adenosine-5'-carboxylicc acid (33). This compound was synthesised 
accordingg to a modified literature procedure.26 A mixture of iodobenzene diacetate (0.354 g; 
1.100 mmol), TEMPO (16 mg; 0.10 mmol) and 2',3'-0-isopropylidene-2-nitro-adenosine 32 (0.176 mg; 
0.500 mmol) in water/acetonitrile/light petroleum/toluene 1:1:1:1 (2 mL) was stirred for 4 h. The 
resultingg precipitate was filtered and triturated with E t20 to yield 5'-carboxylic acid 33 as a solid 
(1566 mg; 0.426 mmol; 85%); mp 165 °C decomp. 'H-NMR (d6-DMSO) S 12.74 (bs, 1H, COOH), 8.56 
(s,, 1H, H-8), 8.29 (s, 2H, NH2), 6.43 (s, 1H, H-l'), 5.67 (m, 1H, H-3'), (d, J 5.6, 1H, H-2'), 4.74 (s, 1H, 
H-4'),, 1.54 (s, 3H, CH3), 1.38 (s, 3H, CH3). 

2,
r3

,-0-Isopropylidene-2-nitro-5'-A'-(2-[Ar-trityl-amino|ethyl)carboxamidoadenosinee (34). A mixture of 
2\3'-0-isopropylidene-2-nitro-adenosine-5'-carboxylicc acid 33 (73 mg; 0.20 mmol), N-Trityl-l,2-diami-
noethanee (76 mg; 0.25 mmol), EDC (76 mg; 0.40 mmol) and HOBt (7 mg; 0.05 mmol) in DMF-THF 
(1:2;; 3 mL) was stirred for 1.5 h. The mixture was diluted with Et20 (6 mL) and washed with water 
(3x55 mL). The combined water layers were extracted with E t20 (6 mL) and the organic layers were 
combinedd and dried with Na2SC>4. Evaporation of the volatiles afforded the crude carboxamide 34 as a 
yelloww solid (103 mg; 0.16 mmol; 80%), which was used without further purification. ^ - N M R S 8.09 
(s,, 1H, H-8), 7.32-7.13 (m, 16H, CONH and trityl) , 6.36 (bs, 2H, NH2), 6.10 (d, J 3.6, 1H, H-l'), 5.30-
5.244 (m, 2H, H-2' and H-3'), 4.75 (m, 1H, H-4'), 3.66-3.60 (m, 1H, HCH), 3.10-3.08 (m, 1H, HCH), 
2.23-2.200 (m, 1H, HCH), 2.11-2.08 (m, 1H, HCH), 1.65 (s, 3H, CH3), 1.37 (s, 3H, CH3). 

2,
r3

,-0-IsopropyIidene-2-nitro-5'-Ar-(3-[jV-trit>l-aminolpropyl)carboxaniidoadenosinee (35). Th is com-
poundd was prepared by the method described for carboxamide adenosine 34. Flash chromatography 
(EtOAc)) furnished carboxamide 35 as a yellow solid (104 mg; 0.157 mmol; 78%). 'H-NMR 5 7.93 (s, 
1H,, H-8), 7.43-7.18 (m, 15H, trityl), 6.88 (bs, 1H, CONH), 6.62 (bs, 2H, NH2), 6.15 (s, 1H, H-l'), 5.38 
(s,, 1H, H-2'), 5.28 (s, 1H, H-3'), 4.72 (s, 1H, H-4'), 3.40-3.36 (m, 1H, HCH), 3.31-3.28 (m, 1H, HCH), 
2.03-1.999 (m, 1H, HCH), 1.79-1.70 (m, 3H, HCH and CH2), 1.67 (s, 3H, CH3), 1.33 (s, 3H, CH3). 

2'r3'-0-Isopropylidene-Ar2A5'-dimethy]ene-5,-carboxamido-2-aminoadenosinee (36). Crude tritylamine 
344 (90 mg; 0.14 mmol) was dissolved in CH2C12 (2 mL) and TFA was added (2 mL) upon which the 
solutionn turned bright yellow. After stirring for 30 seconds MeOH (2 mL) was added and the solution 
waswas stirred for 1 min until the yellow colour disappeared. Toluene was added (20 mL) and volatiles 
weree evaporated (20 mbar, bath temperature <, 40 °C!). A second co-evaporation with toluene (5 mL) 
affordedd the free amine-TFA salt which was taken up in acetonitrile (16 mL). DIPEA (0.5 mL; 
2.88 mmol) was added and the solution was refluxed for 4 h. The product was adsorbed to silica and 
volatiless were evaporated. Flash chromatography (EtOAc with 0—»20% MeOH) afforded lactam 36 
(400 mg; 0.11 mmol; 79%). 'H-NMR (d6-DMSO) 5 9.76 (bs, 1H, CONH), 7.93 (s, 1H, H-8), 7.22 (bs, 
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2H,, NH2), 6.94 (bs, 1H, NH), 6.12 (d,J 4.8, 1H, H-l'), 5.17 (t, J 5.3, 1H, H-2'), 5.06-5.04 (m, 1H, H-
3'),, 4.62 (s, 1H, H-4'), 3.88-3.82 (m, 1H, HCH), 3.59-3.52 (m, 1H, HCH), 3.07-3.04 (m, 1H, HCH), 
2.80-2.755 (m, 1H, HCH), 1.62 (s, 3H, CH3), 1.35 (s, 3H, CH3). 

Z'^J'-O-Isopropylidene-A^^'-trimethylene-S'-carboxamido-l-aminoadenosine(37).Thiss compound 
wass prepared by the method described for amine 36. Flash chromatography (EtOAc with 5—>8% 
MeOH)) gave lactam 37 (58.5 mg; 0.156 mmol; 99%). 'H-NMR (d6-DMSO) 5 9.27 (bs, 1H, CONH), 
7.944 (s, 1H, H-8), 6.95 (bs, 2H, NH2), 6.86 (dd, J 8.1 and 5.6, 1H, NH), 6.04 (d,) 5.4, 1H, H-l'), 5.21 
(t,, J 5.4, 1H, H-2'), 4.97 (dd, J 5.9 and 1.2, 1H, H-3'), 4.51 (d, ] 1.2, 1H, H-4'), 3.36-3.32 (m, 1H, 
HCH),, 3.16-3.10 (m, 2H, HCH and HCH), 2.99.-2.95 (m, 1H, HCH), 2.11-2.09 (m, 1H, HCH), 1.61 
(s,, 3H, CH3), 1.33 (s, 3H, CH3), 1.31-1.26 (m, 1H, HCH). 

A^,A*'-dimethylene-5'-carboxamido-2-aiiiinoadenosinee (38). Lactam 36 (39 mg; 0.11 mmol) was dis-
solvedd in TFA-water (9:1; 2 mL). After stirring for 15 min the mixture was evaporated to dryness (20 
mbar,, bath temperature < 40 °C!). Flash chromatography (EtOAc/MeOH 8:2) and trituration with 
E t200 afforded lactam 38 as a solid (29 mg; 0.087 mmol; 79%), mp 177-179 °C. 'H-NMR (d6-DMSO) 5 
9.788 (bs, 1H, CONH), 7.89 (s, 1H, H-8), 7.00 (bs, 2H, NH2), 6.89 (m, 1H, NH), 5.83 (d, J 8.3, 1H, H-
1'),, 5.69 (d, J 3.6, 1H, OH), 5.59 (d, J 6.7, 1H, OH), 5.01-4.98 (m, 1H, H-2'), 4.34-4.31 (m, 2H, H-3' 
andd H-4'), 3.87-3.82 (m, 1H, CH), 3.49-3.42 (m, 1H, CH), 3.10-3.06 (m, 1H, CH), 2.79-2.73 (m, 1H, 
CH).. m/z 322.1271 (M++H, Ci2H1 6N704 requires 322.1264). 

A^^'-trimethylene-S'-carboxamido-l-aniinoadenosinee (39). This compound was prepared by the 
methodd described for lactam 38. Lactam 39 was isolated as a white solid (36.5 mg; 0.11 mmol; 80%), 
mpp 243-245 °C (needles, obtained after recrystallisation with water). lH-NMR (d6-DMSO) 8 9.57 (bs, 
1H,, CONH), 7.88 (s, 1H, H-8), 6.97-6.93 (m, 3H, NH2 and NH), 5.83-5.80 (m, 2H, H-l ' and OH), 
5.488 (d, J 6.9, 1H, OH), 4.86-4.81 (m, 1H, H-2'), 4.29 (s, 1H, H-4'), 4.09 (t, J 4.1, 1H, H-3'), 3.24-2.99 
(m,, 4H, 2xCH2) , 2.15-2.12 (m, 1H, HCH), 1.31-1.25 (m, 1H, HCH). m/z 336.1424 (M++H, 
C13H18N7044 requires 336.1420). 

2',3'-Isopropylidene-2-(Ar-glycyl)adenosine(40).. A mixture of 2',3'-isopropylidene-2-nitro-adenosine 32 
(1000 mg; 0.31 mmol) and sodium glycinate-5 H 2 0 (0.29 g; 1.55 mmol) in DMF-H20 (1:1; 3 mL) was 
stirredd at 80 °C for 2 h. After allowing the mixture to cool down to rt the pH was adjusted to = 5-6 
withh acetic acid (420 uL) upon which the product precipitated from the solution. Filtration and wash-
ingg with water (0.5 mL) afforded 2-N-glycyl-adenosine 40 as a white solid (88 mg; 0.23 mmol; 75%). 
'H-NMRR (d6-DMSO) 5 7.92 (s, 1H, H-8), 6.85 (bs, 2H, NH2), 6.50 (bs, 1H, NH), 6.00 (d,) 2.4, 1H, H-
1'),, 5.41 (m, 1H, H-2'), 4.99 (dd, J 6.2 and 2.7, H-3'), 4.12 (m, 1H, OH), 3.87-3.81 (m, 3H, H-4' and 
CH2),, 3.57-3.50 (m, 2H, H-5'), 1.54 (s, 3H, CH3), 1.35 (s, 3H, CH3). 

2',3'-IsopropyIidene-2-/V-(3-aIanyll  adenosine (41). This compound was prepared by the method 
describedd for 2-N-glycyl-adenosine 40 using sodium (3-alaninate-3 H 20. 2-N-p-alanyl-adenosine 41 was 
obtainedd as a white solid (76 mg; 0.193 mmol; 64%), mp 205-207 °C. 'H-NMR (d6-DMSO) 8 12.12 (bs, 
1H,, COOH), 7.91 (s, 1H, H-8), 6.81 (bs, 2H, NH2), 6.31 (t, J 5.8, 1H, NH), 6.01 (d, J 2.2, 1H, H-l'), 
5.411 (m, 1H, H-2'), 5.06 (bs, 1H, OH), 4.99 (dd, J 6.2 and 2.8, H-3'), 4.144.10 (m, 1H, H-4'), 3.57-3.41 
(m,, 4H, H-5' and NHCH2), 2.54 (d, J 1.9, 2H, CH2CO), 1.54 (s, 3H, CH3), 1.34 (s, 3H, CH3). 

Lactonisationn of 41. A mixture of 2-N-P-alanyl-adenosine 41 (39.4 mg; 0.10 mmol), EDC (105 mg; 
0.555 mmol) and DMAP (18.3 mg; 0.15 mmol) in THF-DMF (8:3; 5.5 mL) was stirred for 16 h. Aque-
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ouss work-up and flash chromatography (EtOAc with 5—» 10% MeOH) furnished lactone 42 as a solid 
(18.55 mg; 0.049 mmol; 49%). ^ - N M R (d6-DMSO) 7.87 (s, 1H, H-8), 6.74 (bs, 2H, NH2), 6.61 (dd, J 
7.77 and 5.4, 1H, NH), 5.90 (d, J 3.5, 1H, H-l'), 5.45 (dd, J 6.5 and 3.5, 1H, H-2'), 5.29 (dd, J 6.5 and 
3.7,, H-3'), 4.89 (dd, J 12.9 and 1.4, 1H, H-5'a), 4.29 (m, 1H, H-4'), 4.12-4.04 (m, 1H, HNHCH), 3.87 
(dd,, 7 12.9 and 2.4, 1H, H-5'b), 3.19-3.12 (m, 1H, HNHCH), 2.65 (dd, J 13.7 and 6.5, 1H, COHCH), 
2.055 (dd,7 13.7 and 8.9, 1H, COHCH), 1.58 (s, 3H, CH3), 1.35 (s, 3H, CH3). 

Deprotectionn of lactone 42. Isopropylidene protected lactone 42 was dissolved in TFA-H2O 9:1 (2 mL). 
Afterr stirring for 15 min the solution was evaporated to dryness (20 mbar, bath temperature <, 40 °C). 
Flashh chromatography (EtOAc with 15% MeOH) furnished a glass which was triturated with a mixture 
off  MeOH and E t20 to yield lactone 43 as a whitee solid (12.1 mg; 0.036 mmol; 74%); mp 190 °C 
decomp.. 'H-NMR (d6-DMSO) 7.93 (s, 1H, H-8), 7.21 (bs, 2H, NH2), 6.89 (bs, 1H, NH), 5.62 (d,} 5.4, 
1H,, H-l'), 5.34 (bs, 1H, OH), 5.20 (bs, 1H, OH), 5.06 (dd, ) 5.4 and 5.1, 1H, H-2'), 4.96 (d, ) 12.2, 
1H,, H-5'a), 4.55 (dd, J 5.1 and 4.1, H-3'), 4.03 (m, 1H, H-4'), 3.99-3.93 (m, 1H, HNHCH), 3.87 (d, J 
12.2,, 1H, H-5'b), 3.26-3.22 (m, 1H, HNHCH), 2.66 (dd, J 12.9 and 6.3, 1H, COHCH), 2.13 (t, 7 12.9, 
1H,, COHCH). m/z 337.1260 (M++H, C] 3H1 7N605 requires 337.1260). 

Tablee 4.5. Nuclear Overhauser Enhancements (%).' 

irradiated d 

proton n 

carboxamidee 38 
(CH2)22 tether 

carboxamidee 39 
(CH2)33 tether 

lactonee 43 
(CH2)22 tether 

NECA A 

Adenosine e 

H-8 8 

H-l' ' 

H-8 8 

H-l ' ' 

H-8 8 

H-l ' ' 

H-8 8 

H-l ' ' 

H-8 8 

H-l ' ' 

H-l ' ' 

8.5 5 

4000 MHz, 27 °C 

H-2'' H-8 

3.8 8 

5.5 5 

6.5 5 == 1 

3.4 4 

4.8 8 * 0 0 

1.6 6 

6.5 5 3.1 1 

8.0 0 

6.9(6.7)cc 3.5(3.2)c 

6.99 (6.8)c 

4000 MHz, 

H-l '' H-2' 

14.3 3 0 0 

600 °C 

H-8 8 

14.9 9 

15.9 9 0 0 

11.5 5 

13.7 7 0 0 

4.4 4 

11.6 6 1.5 5 

15.1 1 

9.3 3 3.5 5 

9.7 7 

2000 MHz, 

H-l '' H-2' 

14.9b b 0.9b b 

200 °C 

H-8 8 

11.2b b 

13.1 1 0 0 

6.5 5 

13.5 5 0 0 

4.5 5 

13.7 7 3.2 2 

17.5 5 

11.6 6 4.1 1 

12.3 3 
aSampless of 8-10 mg in 0.6 mL d6-DMSO; bFrom 2 experiments; cValues taken from ref. 28. 
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Antiprotozoall  evaluation of 
adenosinee analogues 

ThisThis chapter contains an account of the research that was carried out in collaboration with Prof. Dr. 

KetoKeto Brun from the Swiss Tropical Institute. 

ABSTRACT T 

Thee adenosine analogues that were synthesised as discussed in chapters 2 (I), 3 (II) and 4 (III ) 

weree evaluated for in vitro antiprotozoal activity. Several compounds were identified that dis-

playedd significant growth inhibitory activity against Trypanosoma brucei rhodesiense, the parasite 

thatt causes African sleeping sickness, and against Plasmodium falciparum, the parasite that is 

responsiblee for the most lethal form of malaria. 
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5.11 INTRODUCTIO N 

Protozoann parasites, including Trypanosomatidae and Plasmodia species, are incapable of de novo 

purinee synthesis themselves; they depend solely on purine salvage from their host.1 Both 

plasmodial233 and trypanosomal4'2 and leishmanial13"16 nucleoside and nucleobase transporters 

havee been identified and they exhibit a broad substrate specificity, unlike the mammalian 

nucleosidee transporters. Therefore, modified purine nucleosides are prone to selective uptake 

andd may interfere with biological processes within the parasite, which may ultimately cause 

protozoall  death. The adenosine analogues synthesised as described in chapters 2, 3 and 4 were 

screenedd in vitro for antiprotozoal activity. The results are discussed in this chapter. 

5.22 ANTIPROTOZOA L SCREENING 

Thee compounds were tested against the chloroquine resistant Plasmodium falciparum Kl strain 

andd against three trypanosomatids, Trypanosoma brucei rhodesiense (STIB 900 strain), 

TrypanosomaTrypanosoma cruzi (Tulahuen C4 strain) and Leishmania donovani (MHOM-ET-67/L82 strain). 

Thee adenosine analogues did not display IC50 values below 30 uM against the South-American 

parasitess T. cruzi and L. donovani (data not shown) and accordingly were considered to have 

insubstantiall  growth inhibitory activity against these parasites. The activities against the other 

twoo parasites P. falciparum and T.b. rhodesiense are discussed in the remainder of this chapter. 

2,N2,N66-DISUBSTITUTED-DISUBSTITUTED ADENOSINE ANALOGUES 

Thee in vitro screening results of the adenosine analogues from chapter 2 are given in Table 5.1. 

Generally,, the 2-methoxy and the 2-histamino derivatives were inactive as antiprotozoals. Only 

2-histamino-NN -diphenylethyladenosine (entry 9) displayed a moderate antimalarial activity 

withh an IC50 value of 8.17 |LlM. The N6-m-iodobenzyl adenosine analogues did not manifest 

distinctt antiprotozoal activity with the exception of the 2-cyclopentylamino derivative (entry 

11),, which showed a moderate inhibitory effect on T.b. rhodesiense growth with an IC50 value of 

5.444 JJ.M. Some N6-phenyl analogues (entries 16 to 18) demonstrated moderate antiprotozoal 

activity,, whereas the 2-cyclopentylamino derivative (entry 16) had significant trypanocidal 

capacity.. Obviously, substituting the 2-position of the purine ring with a cyclopentylamino 

groupp offered promising antitrypanosomal activity. All 2-cyclopentyl derivatives (entries 1, 6, 11 

andd 16) displayed activity against T.b. rhodesiense in low micromolar concentrations, while the 

biscyclopentyll  adenosine analogue (entry 1) even had a submicromolar IC50 value o{ 0.40 JlM. 

Althoughh the N6-diphenylethyl analogues (entries 6 to 10) did not show significant 

trypanocidall  activity, they offered low micromolar antimalarial activity, with the 2-tryptamino-
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Tabl ee 5 .1 . 

E n t r y y 

s tandard d 

1 1 

2 2 

3 3 

4 4 

5 5 

6 6 

7 7 

8 8 

9 9 

10 0 

11 1 

12 2 

13 3 

14 4 

15 5 

16 6 

AntiprotozoalAntiprotozoal evaluation c 

Antiprotozoall evaluation of 2,/V f f-disubstituted adenosine analogues. 

R1 1 

o--
o o 
o o 
o o 
o o 
P h ^ ^ 

P h ^ ^ 

P h v ^ ^ 
P h ^ ^ 

Ph h 

Phh ^ 

Ph h 

Phh ^ 

1 1 

1 1 

1 1 

\ V A A 

\ V A A 

o--

NHR1 1 

ribose e 

R2 2 

O N H H 

Co o 
N N 
H H 

NH H 

B n 0 - ^ N H H 

H H 

CH30 0 

["Y-NH H 

GrY Y 
N N 
H H 

-NH H 

NH H 

B n O ^ N H H 

^ NN v 

H H 

CH3O O 

O N H H 

Co o 
N N 
H H 

-NH H 

NH H 

B n H H 

H H 

CH3O O 

O N H H 

-NH H 

aa STIB 900 strain.b K1 strain.c L6 strain.d melarsoprol. 

T.T. b. rhodesiense* 

IC500 (uM) 

0.0056d d 

0.40 0 

20.8 8 

4-19 9 

37.8 8 

32.9 9 

8.00 0 

25.1 1 

27.7 7 

71.5 5 

36.0 0 

5.44 4 

20.0 0 

27.0 0 

42.9 9 

26.7 7 

2.06 6 

P.. falciparum^ 

IC500 (uM) 

0.20e e 

>> 10 

>> 10 

>> 10 

>> 10 

>> 10 

3.28 8 

1.83 3 

3.06 6 

8.17 7 

>> 10 

>> 10 

>> 10 

>> 10 

>> 10 

>> 10 

6.06 6 

ee chloroquine.f mefloquine. 

)ƒƒ adenosine analogues 

C y t o t o x i c i t y y 

IC50(uM) ) 

4.76f f 

97.3 3 

48.4 4 

78.8 8 

ND D 

51.6 6 

ND D 

ND D 

ND D 

ND D 

ND D 

51.7 7 

ND D 

ND D 

ND D 

ND D 

36.3 3 
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Tablee 5.1 

Entry y 

17 7 

18 8 

19 9 

20 0 

21 1 

22 2 

Antiprotozoall evaluation of 2,/V?-disubstituted adenosine analogues, (continued) 

R ! ! 

o--
o--
\Jt~ \Jt~ 

\JT~ \JT~ 
CH3(CH2)4 4 

\J~^_ \J~^_ 

NHR1 1 

R 2 \ \ 

R2 2 

\ J T \\ NH 
N N 
H H 

B n H H 

^-NN ^—NH 
H H 

CH30 0 

CH3(CH2)4NH H 

CH3CH2NH H 

T.. b. 1 

IC50 0 

18.8 8 

8.43 3 

76.3 3 

83.3 3 

6.47 7 

14.2 2 

rhodesienserhodesiense3 3 

(pM) ) 
P.. falciparum 

IC5 00 (uM) 

5.55 5 

7.38 8 

>> 10 

>> 10 

>> 10 

>> 10 

Cytotoxicity0 0 

IC500 (uM) 

13.2 2 

53.8 8 

N D D 

N D D 

>200 0 

>200 0 

aa STIB 900 strain.b K1 strain.c L6 strain.d melarsoprol.e chloroquine.f mefloquine. 

N6-diphenylethyll  analogue having the lowest IC50 of 1.83 jlM against P. falciparum of all 

compoundss listed in Table 5.1. 

Substitutingg the 2 position combined with the N6 position offered structural leads for 

antiprotozoall  activity against P. falciparum and the African parasite T.b. rhodesiense. Thus, for 

antitrypanosomall  activity the cyclopentylamino group on the 2 position combined with a small 

apolarr substituent on N6 seems to be required. For antimalarial activity a large aromatic moiety 

onn N6 in combination with a large group on C-2 looks promising. 

Withh these assumptions in mind we synthesised and screened a follow-up library (Table 5.2 

onn page 101) containing the following components: firstly, several cycloalkylamino substituted 

adenosinee analogues to examine the relation between ring size and trypanocidal activity; 

secondly,, derivatives with an open chain alkyl group on N6 combined with a cycloalkylamino 

groupp on C-2 to assess the need for cyclic aliphatic N6-substituents; thirdly, piperidine 

substitutedd analogues to investigate the requirement of N2 or N6 protons; fourthly, analogues 

withh a large lipophilic bulk like the adamantyl moiety on N6, which could offer information 

whetherr lipophilicity is a cardinal factor for antitrypanosomal action; and finally, adenosine 

derivativess substituted with various aromatic substituents, which might tell something about 

thee nature of the aromatic groups required for antiplasmodial activity. 

Fromm the data in Table 5.1 and Table 5.2 a clear relationship between ring-size of the 

cycloalkyll  substituent and antitrypanosomal capacity can be deduced. This trend is graphically 

representedd in Figure 5.1. Concisely, both for the N2 and the N6 position the cyclopentyl 
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Tablee 5.2. Antiprotozoal evaluation of follow-up 2,/Vff-disubstituted adenosine analogues. 

Compound d 

standard d 

1 1 

2 2 

3 3 

4 4 

5 5 

6 6 

7 7 

8 8 

9 9 

10 0 

11 1 

12 2 

13 3 

14 4 

15 5 

16 6 

aa STIB 900 strain 

R1 1 

O" " 
O-NH H 

ONH H 

P^NH H 

O" " 
Q-Q-m m 
^ ^ ^ ^ N H H 

O O 
ÜC^NH H 

| ^ N H H 

O N H H 

O N H H 

O O 
Ph h 

P h % J H H 

NH H 

N N 
H H 

R1 1 

NN iT 

NH H 

"N N 
ribose ribose 

R2 2 

O-NH H 

o« « 
Q-NH H 

ONH H 

o— — 
ONH H 

C/-NH H 

O N H H 

(T// NH 

D>-NH H 

O N H H 

o o 
o o 

NH H 

Phh NH 

H H 

.bb K1 strain.c melarsoprol.d artemisinin. 

T.. b. rhodesiense* 
IC50(pM) ) 

0.0060c c 

1.43 3 

0.49 9 

3.06 6 

1.84 4 

0.71 1 

0.71 1 

0.64 4 

11.2 2 

34.1 1 

172 2 

7.26 6 

29.8 8 

87.2 2 

17.3 3 

24.1 1 

26.5 5 

P.P. falciparum^ 

IC500 (uM) 

0.0039d d 

>> 10 

9.05 5 

6.79 9 

>> 10 

>> 10 

8.95 5 

>> 10 

>> 10 

6.20 0 

>10 0 

9.62 2 

4.91 1 

>> 10 

1.56 6 

1.76 6 

2.46 6 
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moietyy appears to be optimal among the structures tested. When substituents are much larger, 

lik ee cycloheptyl or adamantyl, or when they are smaller, like cyclopropyl, activities against T.b. 

rhodesienserhodesiense markedly fall off. Also when another cycloalkyl group than cyclopentyl is present on 

N22 or N6, antitrypanosomal activity is greatly reduced (10 to 13 in Table 5.2). A proton on the 

NN position seems to be required for trypanocidal ability, since introduction of a piperidyl 

groupp on the purine 6 position (8 in Table 5.2) results in substantial loss of activity. The 

sensitivityy for the ring-size of the N and N substituents implies an essential trypanosomal 

enzymee as the mutual target of these alkyl substituted adenosine derivatives, considering that 

theyy seem to satisfy the substrate recognition motifs known to date for both the P1 and the P2 

trypanosomall  nucleoside transporters (see Chapter 1, Figure 1.5). Nevertheless, more research 

iss required to determine whether these adenosine derivatives merely bind to the transporters or 

aree indeed taken up into the parasites. 

IC500 value 

/V^substituent t 

Figur ee 5.1. Optimisation of N6and /V^ substituents for trypanocidal activity. 

tryptyl l 
benzyloxyethyl l 

cycloheptyl l 
cyclohexyl l 

cyclopentyl l 
cyclopropyl l 

/ / A/^substituent t 

Forr antiplasmodial activity introduction of a 2,2-diphenylethyl group on the N6 position 

appearedd quite favourable. While in the first batch the combination with a tryptamino 

substituentt on the 2 position furnished the highest antimalarial activity with an IC50 value of 

1.833 uM (Table 5.1, entry 7), replacing this 2-substituent with a naphtylmethyl group (14 in 

Tablee 5.2) resulted in a slightly improved activity with an IC50 value of 1.56 uM. Also 

introduct ionn of a naphtylmethyl group on the N6 position (15 in Table 5.2) offered 

considerablee antimalarial activity with an IC50 value of 1.76 pM. 
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Thee antiplasmodial activity of adenosine analogues substituted with large aromatic groups 

mightt be attributed to K-K interactions with heme molecules, which play a crucial role in 

P.. falciparum metabolism.17 The classical antimalarial quinolines, quinine and chloroquine, are 

alsoo believed to act via complexation to heme molecules.1819 

S'-CARBOXAMIDOADENOSINES'-CARBOXAMIDOADENOSINE ANALOGUES 

Althoughh the di- and tri-substituted 5'-carboxamidoadenosine derivatives from chapter 3 were 

originallyy designed as ligands for the adenosine receptors, we were eager to have them screened 

inin vitro against Plasmodium falciparum and Trypanosoma brucei rhodesiense to study the effect of 5'-

substitution.. Gelb and coworkers reported on the design and synthesis of several 5'-modified 

adenosinee analogues as inhibitors of trypanosomal glyceraldehyde-3-phosphate dehydro-

genase.20211 While some structures displayed moderate activity as GAPDH inhibitors, 

unfortunatelyy in vitro antitrypanosomal screening data were not provided. After screening a 

libraryy of 5'-N-amido-5'-deoxy-N6-disubstituted adenosine analogues Link's group identified 

severall  compounds with growth inhibitory activity against the multidrugresistant P. falciparum 

strainn Dd2 in low micro molar concentrations.22 Based on these findings we may expect 

interestingg antiprotozoal activity of our 5'-modified adenosine analogues. The screening results 

aree listed in Table 5.3 on page 104. 

Thee introduction of a cyclopentyl group on N2 or N6 does not lead to considerable 

antiprotozoall  activity, which is remarkable since cyclopentyl substituted adenosine analogues 

belongedd to the most active trypanocidal compounds of the previous screenings. Generally, a 

smalll  5'-substituent, like methyl or ethyl, is not favourable for antiprotozoal activity. For the N6-

benzyll  and N6-m-iodobenzyl and N6-phenethyl substituted adenosine derivatives the 

combinationn with a 5'-cyclopentyl group is optimal for antiplasmodial action, while, except for 

thee N6-m-iodobenzyl analogues, combination with a 5'-phenyl group is optimal for trypanocidal 

activity.. N6-Benzyl-5'-N-phenylcarboxamidoadenosine (entry 8) even has submicromolar 

antitrypanosomall  activity with an IC50 value of 0.91 uM. As also emerged from the previous 

screenings,, the N6-diphenylethyl derivatives display mainly antimalarial activity. Especially the 

combinationn with an aromatic residue on the 5' position (entry 20) leads to promising activity 

withh an IC50 value of 1.78 uM. Judging from the modest activities of entries 21 to 28, 

introductionn of an additional substituent on C2 does not lead to improved antiprotozoal 

capacity. . 
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Tablee 5.3. Antiprotozoal evaluation of di- and trisubstituted 5'-carboxamidoadenosine analogues. 

Entry y 

NHR1 1 

R 2 " - N ^ N N 

RJHN N 

T.. b. rhodesiense3 P. falciparum Cytotoxicitŷ  

IC500 (pM) IC50 (]M) IC50 (uM) 
OH H 

HO O 

R1 1 

standard d 

11 O 
22 O 
33 O 
44 O 
55 O A 
66 O A 
77 O A 
88 O A 
99 ta-x 

\ = / \ \ 

R2 2 

H H 

H H 

H H 

H H 

H H 

H H 

H H 

H H 

H H 

R5 5 

CH3 3 

CH3CH2 2 

G-G-
\J~ \J~ 
CH3 3 

CH3CH2 2 

0-0-
O O 
CH3 3 

0.0069d d 

>75 5 

>75 5 

30.3 3 

5.42 2 

37.2 2 

9.66 6 

4.11 1 

0.91 1 

5.10 0 

0.00511' ' 

>> 10 

>> 10 

7.15 5 

7.18 8 

>> 10 

9.70 0 

3.00 0 

4.59 9 

6.38 8 

5.55f f 

>> 225 

>225 5 

ND D 

ND D 

ND D 

ND D 

ND D 

ND D 

ND D 

10 0 CH3CH2 2 4.01 1 3.38 8 ND D 

11 1 tK K 4.96 6 2.67 7 ND D 

12 2 

13 3 

14 4 

15 5 

16 6 

17 7 

tu tu 
O-^ O-^ 
0~\_ _ 
GA_ _ 
GA_ _ 
Ph h 

Phh ^ 

H H 

H H 

H H 

H H 

H H 

H H 

\J~ \J~ 

CH3 3 

CH3CH2 2 

A A 
V A A 

CH3 3 

5.42 2 

>75 5 

38.3 3 

9.39 9 

3.30 0 

27.4 4 

3.58 8 

>> 10 

9.72 2 

5.96 6 

6.02 2 

>> 10 

ND D 

>> 225 

ND D 

ND D 

ND D 
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aa STIB 900 strain.b K1 strain.c L6 strain.d melarsoprol.e artemisinin.' mefloquine. 
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Tablee 5.3. Antiprotozoal evaluation of di- and trisubstituted 5'-carboxamidoadenosine analogues, (continued) 

Entry y 

18 8 

19 9 

20 0 

21 1 

22 2 

23 3 

24 4 

25 5 

26 6 

27 7 

28 8 

R1 1 

Ph h 

Phh ^ 
Ph h 

Ph77 ^ 
Ph h 

o o 
o o 
0--
0--
b^ b^ 
tK K 
t H H 
tK K 

NHR1 1 

R 2 ^ N ^ ^ 
o o 

J J 

J J 

HO O 

R2 2 

H H 

H H 

H H 

Q - N H H 

CyCym m 

o^ N H H 
o^ N H H 
C^ N H H 

^ N H H 

Ov NH H 

G^ NH H 

R3 3 

CH3CH2 2 

0 0 
\J^~ \J^~ 
CH3CH2 2 

0 0 
CH3CH2 2 

0 0 
CH3CH2 2 

0 0 
CH3CH2 2 

0--

T.. b. rhodesiense" 

IC500 (pM) 

28.3 3 

11.4 4 

8.95 5 

16.5 5 

12.1 1 

10.2 2 

6.16 6 

11.4 4 

6.49 9 

6.84 4 

3.88 8 

P.. falciparum 

IC500 (jiM) 

>> 10 

5.80 0 

1.78 8 

9.84 4 

7.79 9 

5.68 8 

4.85 5 

5.84 4 

3.37 7 

5.48 8 

4.11 1 

Cyto tox ic i ty 1 1 

IC500 (uM) 

ND D 

ND D 

ND D 

ND D 

ND D 

ND D 

ND D 

ND D 

ND D 

ND D 

ND D 

aa STIB 900 strain.b K1 strain.c L6 strain. d melarsoprol. e artemisinin.' mefloquine. 

MACROCYCLICMACROCYCLIC ADENOSINE ANALOGUES 

Thee results of in vitro screening of the conformational̂ restricted adenosine analogues from 

chapterr 4 against Plasmodium falciparum and Trypanosoma brucei rhodesiense are provided in 

Tablee 5.4 on page 106. The 2,N6-ring closed adenosine derivatives did not exhibit remarkable 

antiprotozoall  activity with the exception of the N6-phenyl cyclophane (entry 5) with an IC50 

valuee of 2.66 \lM. This constrained compound has a significantly higher antiplasmodial 

activityy than the 'open' N6-phenyl adenosine analogues (Table 5.1, entries 16 to 20). The spatial 

orientationn of the phenyl ring, which for the macrocyclic analogue points in the direction of 
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Tabl ee 5.4. Antiprotozoal evaluation of macrocyclic adenosine analogues. 

Entryy Structure 

standard d 

NH H 

xlxlNN> > 
HH L 

Ribose e 
NH H 

HH l u 

Ribose e 
NH H 

AÏ N> > 
HH I 

Ribose e 

T.. b. rhodesiense3 P. falciparum Cytotoxicity"" 
IC500 (pM) IC50 (uM) IC50 (pM) 

0.0056J J 

44.5 5 

31.0 0 

43.8 8 

50.2 2 

41.7 7 

61.3 3 

0.20e e 

>> 10 

>> 10 

>> 10 

>> 10 

2.66 6 

>> 10 

4.76' ' 

ND D 

ND D 

ND D 

ND D 

ND D 

ND D 

HH X 1 N> 

OH H 

OH H 

NH2 2 

HH L Ji > 

OH H 

OH H 

59.9 9 

61.6 6 

>> 10 

>> 10 

ND D 

ND D 

11 STIB 900 strain. b K1 strain. c L6 strain. d melarsoprol. echloroquine.' mefloquine. 
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N l ,, seems to play an important role in determining antimalarial activity. 

Thee 2>5'-cyclised adenosine analogues (entries 6 to 8), where the purine base and the 

ribosidee moiety are constrained in a syn conformation, did not substantially inhibit protozoal 

growth. . 

5.33 CONCLUDIN G REMARK S 

Thee in vitro screening of several libraries of adenosine analogues identified structural leads for 

agentss with antiprotozoal activity. From a structure-activity analysis the introduction of 

cyclopentylaminoo groups both on C2 and C6 of the purine skeleton appears optimal for 

trypanocidall  activity with an IC50 value of 0.48 pM. Determination of the biological target, 

presumablyy an essential trypanosomatid enzyme, requires further investigation. Another 

antitrypanosomall  lead structure came forward from the 5'-carboxamidoadenosine derivatives; 

N6-benzyl-5'-N-phenylcarboxamidoadenosinee displays an IC50 value of 0.91 uM. 

Thee combination of a N6-diphenylethyl substituent with either a large aromatic moiety on 

C22 or an aromatic 5'-carboxamido residue led to compounds that inhibit plasmodial growth in 

loww micromolar concentrations. 
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5.55 EXPERIMENTA L 

Generall  information . For chemical experimental details see section 2.8. 

Inn vitr o assays: 
TrypanosomaTrypanosoma brucei rhodesiense. Minimum Essential Medium (50 pi) supplemented according to Baltz 
ett al.23 with 2-mercaptoethanol and 15% heat-inactivated horse serum was added to each well of a 96-
welll  microtiter plate. Serial drug dilutions were prepared covering a range from 90 to 0.123 ug/mL 
Thenn 104 bloodstream forms of Trypanosoma brucei rhodesiense STIB 900 in 50 uL were added to each 
welll  and the plate incubated at 37 °C under a 5% CO2 atmosphere for 72 hours. 10 uL of Alamar 
Bluee (12.5 mg resazurin dissolved in 1 L distilled water) were then added to each well and incubation 
continuedd for a further 2-4 hours. The plate was then read in a Spectramax Gemini XS microplate 
fluorometerr (Molecular Devices Cooperation, Sunnyvale, CA, USA) using an excitation wavelength of 
5366 nm and emission wavelength of 588 nm.24 Fluorescence development was measured and expressed 
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ass percentage of the control. Data were transferred into the graphic programme Softmax Pro (Molecu-
larr Devices) which calculated IC50 values. Cytotoxicity was assessed using the same assay and rat skele-
tall  myoblasts (L-6 cells). 

TrypanosomaTrypanosoma cruzL Rat skeletal myoblasts (L-6 cells) were seeded in 96-well microtiter plates at 2000 
cells/welll  in 100 ul RPMI 1640 medium with 10% FBS and 2 mM L-glutamine. After 24 hours the 
mediumm was removed and replaced by 100 pL per well containing 5000 trypomastigote forms of 
T.. cruzi Tulahuen strain C2C4 containing the £-galactosidase (Lac Z) gene. 48 hours later the medium 
wass removed from the wells and replaced by 100 mL fresh medium with or without a serial drug dilu-
tion.. Seven 3-fold dilutions were used covering a range from 90 mg/mL to 0.123 mg/mL. Each drug 
wass tested in duplicate. After 96 hours of incubation the plates were inspected under an inverted 
microscopee to assure growth of the controls and sterility. Then the substrate CPRG/ Nonidet (50 mL) 
wass added to all wells. A colour reaction developed within 2-6 hours and could be read photometri-
callyy at 540 nm. Data were transferred into the graphic programme Softmax Pro (Molecular Devices) 
whichh calculated IC50 values. 

LeishmaniaLeishmania donovani. Mouse peritoneal macrophages (4 x 104 in 100 uL RPMI 1640 medium with 
10%% heat-inactivated FBS) were seeded into wells of Lab-tek 16-chamber slides. After 24 hrs 1.2xl05 

amastigotee Leishmania donovani in 100 uL were added. The amastigotes were taken from an axenic 
amastigotee culture grown at pH 5.4. Four hrs later the medium containing free amastigote forms was 
removedd and replaced by fresh medium. Next day the medium was replaced by medium containing dif-
ferentt compound dilutions. Parasite growth in the presence of the drug was compared to control wells. 
Afterr 96 hours of incubation the medium was removed and the slides fixed with methanol for 10 min 
followedd by a staining with a 10% Giemsa solution. Infected and non-infected macrophages were 
countedd for the control cultures and the ones exposed to the serial drug dilutions. The infection rates 
weree determined. The results were expressed as % reduction in parasite burden compared to control 
wells,, and the IC50 calculated by linear regression analysis. 

PlasmodiumPlasmodium falciparum. Antiplasmodial activity was determined using the Kl strain of P. falciparum 
(resistantt to chloroquine and pyrimethamine). A modification of the [3H]-hypoxanthine incorporation 
assayy was used.25 Briefly, infected human red blood cells in RPMI 1640 medium with 5% Albumax 
weree exposed to serial drug dilutions in microtiter plates. After 48 hours of incubation at 37 °C in a 
reducedd oxygen atmosphere, 0.5 mCi  3H-hypoxanthine was added to each well. Cultures were incu-
batedd for a further 24 h before they were harvested onto glass-fiber filters and washed with distilled 
water.. The radioactivity was counted using a Betaplate™ liquid scintillation counter (Wallac, Zurich, 
Switzerland).. The results were recorded as counts per minute (CPM) per well at each drug concentra-
tionn and expressed as percentage of the untreated controls. From the sigmoidal inhibition curves IC50 
valuess were calculated. Assays were run in duplicate and repeated once. 

Follow-upp librar y of 2r/V*-disubstituted adenosine analogues. The 2,N6-disubstituted adenosine ana-
loguess were obtained in 38-71 % yield and > 94 % purity. 

l-Cyclopropylamino-A^-cyclopentyladenosineCl).. ]H-NMR S 7.90 (s, 1H, H-8), 7.12 (bs, 1H, N6-H), 
6.499 (bs, 1H, N2-H), 5.75 (d, / 6.0, 1H, H-l'), 5.37 (d, J 6.1, 1H, OH), 5.10 (d, J 4.6, 1H, OH), 5.06 (t, J 
5.8,, 1H, OH), 4.69-4.65 (m, 1H, H-2'), 4.49 (bs, 1H, N6CH), 4.20 (m, 1H, H-3'), 3.90 (dd, J 7.7 and 
4.0,, 1H, H-4'), 3.67 (dd, ) 12.0 and 4.0, 1H, H-5'a), 3.54 (dd, J 12.0 and 4.0, 1H, H-5'b), 2.72-2.68 (m, 
1H,, N2CH), 2.00-1.92 (m, 2H, cyclopentyl) 1.73-1.70 (m, 2H, cyclopentyl), 1.59-1.51 (m, 4H, 
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cyclopentyl),, 0.65-0.61 (m, 2H, cyclopropyl), 0.47-0.43 (m, 2H, cyclopropyl); m/z 391.2064 (M++H, 

Ci8H27N6044 requires 391.2094). 

2-Cyclohexylamino-A^-cyclopeiityladenosine{2).. 'H-NMR 8 7.88 (s, 1H, H-8), 706 (bs, 1H, N6-H), 
5.966 (bs, 1H, N2-H), 5.72 (d, J 5.8, 1H, H-l'), 5.36 (bs, 1H, OH), 5.17 (bs, 1H, OH), 5.10 (bs, 1H, OH), 
4.62-4.588 (m, 1H, H-2')t 4.47 (bs, 1H, N6CH), 4.15 (m, 1H, H-3'), 3.90 (dd, J 7.4 and 3.7, 1H, H4'), 
3.70-3.644 (m, 2H, N2CH and H-5'a), 3.54 (dd, J 11.9 and 3.7, 1H, H-5'b), 1.97-1.93 (m, 4H, cyclopentyl 
andd cyclohexyl), 1.72-1.69 (m, 4H, cyclopentyl and cyclohexyl), 1.60-1.48 (m, 5H, cyclopentyl and 
cyclohexyl),, 1.33-1.11 (m, 5H, cyclopentyl and cyclohexyl); m/z 433.2537 (M++H, C21H33N6O4 requires 
433.2563). . 

2-Cycloheptylamino-^-cyclopentyladenosine(3).. 'H-NMR 8 789 (s, 1H, H-8), 7.07 (bs, 1H, N6-H), 
5.944 (bs, 1H, N2-H), 5.73 (d, J 5.9, 1H, H-l'), 5.36 (bs, 1H, OH), 5.18 (bs, 1H, OH), 5.11 (bs, 1H, OH), 
4.61-4-577 (m, 1H, H-2'), 4.49 (bs, 1H, N6CH), 4.14 (m, 1H, H-3'), 3.91-3.87 (m, 2H, N2CH and H-4'), 
3.644 (dd, J 12.0 and 3.8, 1H, H-5'a), 3.54 ( d dj 12.0 and 3.8, 1H, H-5'b), 2.00-1.92 (m, 4H, cyclopentyl 
andd cycloheptyl), 1.72-1.11 (m, 16H, cyclopentyl and cycloheptyl); m/z 447.2711 (M++H, C22H35N6O4 
requiress 447.2720). 

2-Cyclopentylamino-A^-cycIopropyladenosine(4).. 'H-NMR 6 7.89 (s, 1H, H-8), 7.35 (bs, 1H, N6-H), 
6.188 (d, J 6.5, 1H, N2-H), 5.74 (d, J 6.0, 1H, H-l'), 5.36 (d, J 6.1, 1H, OH), 5.12 (d, ]  4.7, 1H, OH), 
5.088 (bs, 1H, OH), 4.634.59 (m, 1H, H-2'), 4.214.14 (m, 2H, N2CH and H-3'), 3.89 (dd, J 7.6 and 4.0, 
1H,, H-4'), 3.64 (dd,) 12.0 and 4.0, 1H, H-5'a), 3.54 (dd, J 12.0 and 4.0, 1H, H-5'b), 3.02 (bs, 1H, 
N6CH),, 1.94-1.88 (m, 2H, cyclopentyl) 1.69-1.65 (m, 2H, cyclopentyl), 1.55-1.48 (m, 4H, cyclopentyl), 
0.70-0.644 (m, 2H, cyclopropyl), 0.63-0.58 (m, 2H, cyclopropyl); m/z 391.2087 (M++H, Ci8H27N604 

requiress 391.2094). 

2-Cyclopentylamino-A^yclohexyladenosine(5).. 'H-NMR 6 7.89 (s, 1H, H-8), 6.95 (bs, 1H, N6-H), 
6.188 (bs, 1H, N2-H), 5.73 (d, J 6.0, 1H, H-l'), 5.35 (d, J 6.0, 1H, OH), 5.14 (bs, 1H, OH), 5.11 (d, i 4.6, 
1H,, OH), 4.624.58 (m, 1H, H-2'), 4.154.12 (m, 2H, N2CH and H-3'), 4.06 (bs, 1H, N6CH), 3.89 (dd, 
]]  7.6 and 4.0, 1H, H4'), 3.64 (dd, ] 12.0 and 4.0, 1H, H-5'a), 3.54 (dd,J 12.0 and 4.0, 1H, H-5'b), 1.92-
1.322 (m, 18H, cyclopentyl and cyclohexyl); m/z 433.2557 (M++H, C21H33N6O4 requires 433.2563). 

2-Cyclopentylamino-A*-cycIoheptyladenosine(6).. 'H-NMR 8 7.89 (s, 1H, H-8), 6.96 (bs, 1H, N6-H), 
6.100 (bs, 1H, N2-H), 5.73 (d, J 5.9, 1H, H-l'), 5.36 (d, J 5.7, 1H, OH), 5.12 (bs, 1H, OH), 5.11 (d,J 4-2, 
1H,, OH), 4.614.58 (m, 1H, H-2'), 4.174.12 (m, 3H, N2CH, N6CH and H-3'), 3.89 (dd, J 7.6 and 3.9, 
1H,, H4'), 3.63 (dd, ) 12.0 and 3.9, 1H, H-5'a), 3.54 (dd, J 12.0 and 3.9, 1H, H-5'b), 1.91-1.87 (m, 4H, 
cyclopentyll  and cycloheptyl), 1.67-1.45 (m, 16H, cyclopentyl and cycloheptyl); m/z 447.2699 (M++H, 
C22H35N6O44 requires 447.2720). 

2-Cyclopentylamino-A^-(l-butyl)adenosinee (7). 'H-NMR 8 7.88 (s, 1H, H-8), 7.24 (bs, 1H, N6-H), 6.10 
(bs,, 1H, N2-H), 5.73 (d, J 6.0, 1H, H-l'), 5.35 (d, ]  6.1, 1H, OH), 5.12 (bs, 1H, OH), 5.11 (d, J 4.7, 1H, 
OH),, 4.614.59 (m, 1H, H-2'), 4.184.12 (m, 2H, N2CH and H-3'), 3.89 (dd, J 1A and 3.9, 1H, H-4'), 
3.644 (dd, ) 12.0 and 3.9, 1H, H-5'a), 3.54 (dd, ) 12.0 and 3.9, 1H, H-5'b), 3.44-3.35 (m, 2H, N6CH2), 
1.93-1.899 (m, 2H, cyclopentyl), 1.67-1.60 (m, 2H, cyclopentyl), 1.58-1.45 (m, 6H, cyclopentyl and 
butyl),, 1.34 (sex,) 7.5, 2H, butyl), 0.91 (t, J 7.5, 3H, butyl); m/z 407.2408 (M++H, C1 9H3iN 604 requires 
407.2407). . 
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2-Cyclopentylamino-6-piperidin-l-yl-9-(p-D-ribofuranosyl)-9H-purine(8) .. 'H-NMR 8 7.93 (s, 1H, H-
8),, 6.19 (d, 7 7.0, 1H, N2-H), 5.77 (d, 7 5.9, 1H, H-l'), 5.36 (d,7 6.0, 1H, OH), 5.11 (d, 7 4.7, 1H, OH), 
5.077 (bs, 1H, OH), 4.594.55 (m, 1H, H-2'), 4.154.05 (m, 6H, N2CH, CH2N6CH2 and H-3'), 3.89 (dd, 
JJ 7.7 and 3.9, 1H, H4'), 3.63 (dd, 7 12.0 and 3.9, 1H, H-5'a), 3.55 (dd, 7 12.0 and 3.9, 1H, H-5'b), 193-
1.877 (m, 2H, cyclopentyl), 1.67-1.65 (m, 4H, cyclopentyl and piperidinyl), 1.54-1.45 (m, 8H, cyclopentyl 
andd piperidinyl); m/z 419.2408 (M++H, C20H31N6O4 requires 419.2407). 

2-Cyclopentylamino-7V6-adamantyladenosine(9).. 'H-NMR 5 789 (s, 1H, H-8), 6.15 (d, J 7.0, 1H, N2-
H),, 6.03 (bs, 1H, N6-H), 5.72 (d, 7 6.1, 1H, H-l'), 5.35 ( d j 6.1, 1H, OH), 5.17 (bs, 1H, OH), 5.09 (d, 7 
4.6,, 1H, OH), 4.574.53 (m, 1H, H-2'), 4.144.10 (m, 2H, N2CH and H-3'), 3.89 (dd, 7 7.4 and 3.9, 1H, 
H4 ' ),, 3.63 (dd, 7 12.0 and 3.9, 1H, H-5'a), 3.54 (dd, 7 12.0 and 3.9, 1H, H-5'h), 2.22 (bs, 6H, ada-
mantyl),, 2.09 (bs, 3H, adamantyl), 1.95-1.92 (m, 2H, cyclopentyl), 1.71-1.67 (m, 8H, cyclopentyl and 
adamantyl),, 1.54-148 (m, 4H, cyclopentyl); m/z 485.2852 (M++H, C25H37N604 requires 485.2876). 

2-Cyclopropylamino-A*-cyclopropyladenosine(10).. 'H-NMR 8 7.91 (s, 1H, H-8), 740 (bs, 1H, N6-H), 
6.555 (bs, 1H, N2-H), 5.76 (d,7 6.0, 1H, H-l'), 5.37 (d, 7 6.0, 1H, OH), 5.10 (d, 7 4.5, 1H, OH), 5.03 (t, 7 
5.7,, 1H, OH), 4.704.66 (m, 1H, H-2'), 4.21 (m, 1H, H-3'), 3.90 (dd, J 7.7 and 4.0, 1H, H4'), 3.68 (dd, 
77 12.0 and 4.0, 1H, H-5'a), 3.54 (dd, 7 12.0 and 4.0, 1H, H-5'b), 3.04 (bs, 1H, N6CH), 2.75-2.70 (m, 
1H,, N2CH), 0.70-0.58 (m, 6H, cyclopropyl), 049-0.45 (m, 2H, cyclopropyl); m/z 363.1759 (M++H, 
C1 6H2 3N6044 requires 363.1781). 

2-Cyclohexylamino-iV6-cyclohexyladenosine(ll).. 'H-NMR Ö 7.88 (s, 1H, H-8), 6.97 (bs, 1H, N6-H), 
5.944 (bs, 1H, N2-H), 5.72 (d, 7 5.9, 1H, H-l'), 5.36 (d, 7 6.0, 1H, OH), 5.16 (bs, 1H, OH), 5.09 (d, 7 4.7, 
1H,, OH), 4.624.58 (m, 1H, H-2'), 4.15 (m, 1H, H-3'), 4.04 (bs, 1H, N6CH), 3.90 (dd, 7 7.7 and 3.6, 
1H,, H4'), 3.70-3.62 (m, 2H, N2CH and H-5'3), 3.56-3.51 (m, 1H, H-5'b), 1.94-1.87 (m, 4H, cyclohexyl), 
1.76-1.700 (m, 4H, cyclohexyl), 1.63-1.59 (m, 2H, cyclohexyl), 141-1.12 (m, 10H, cyclohexyl); m/z 
447.27133 (M++H, C22H35N604 requires 447.2720). 

2-CycIoheptylamino-A*-cycloheptyladenosine(12).. 'H-NMR 5 7.88 (s, 1H, H-8), 6.97 (bs, 1H, N6-H), 
5.922 (bs, 1H, N2-H), 5.72 (d, 7 6.0, 1H, H-l'), 5.35 (d, 7 5.7, 1H, OH), 5.19 (bs, 1H, OH), 5.09 (d, 7 44, 
1H,, OH), 4.594.55 (m, 1H, H-2'), 4.18 (bs, 1H, N6CH), 4.13 (m, 1H, H-3'), 3.91-3.87 (m, 2H, N2CH 
andd H4'), 3.65 (dd, 7 11.9 and 3.6, 1H, H-5'a), 3.54 (dd, 7 11.9 and 3.6, 1H, H-5'h), 1.94-1.88 (m, 4H, 
cycloheptyl),, 1.64-148 (m, 20H, cycloheptyl); m/z 475.3058 (M++H, C24H39N604 requires 475.3033). 

2,6-Di-piperidin-l-yl-9-(p-D-ribofuranosyl)-9H-purin ee (13). 'H-NMR 8 798 (s, 1H, H-8), 5.81 (d, 7 5.8, 
1H,, H-l'), 5.38 (d, 7 6.1, 1H, OH), 5.15 (d, 7 4.9, 1H, OH), 4.92 (t, J 5.7, 1H, OH), 4.614.59 (m, 1H, 
H-2'),, 4.194.06 (m, 5H, CH2N6CH2 and H-3'), 3.89 (m, 1H, H4'), 3.70-3.63 (m, 5H, CH2N2CH2 and 
H-5'a),, 3.56-3.53 (m, 1H, H-5'b), 1.70-1.51 (m, 12H, piperidinyl); m/z 419.2394 (M++H, C20H31N6O4 

requiress 419.2407). 

2-(l-Naphtylmethylamino)-M-(2,2-diphenylethyl)adenosine(14).. 'H-NMR 8 8.27 (m, 1H, naphtyl), 
7.999 (d, 7 7.8, 1H, naphtyl), 7.88 (s, 1H, H-8), 7.85 (d, 7 7.8, 1H, naphtyl), 7.59-749 (m, 4H, naphtyl), 
7.36-6.955 (m, 12H, 2xPh, N2-H and N6-H), 5.76 (d,7 5.9, 1H, H-l'), 5.36 (d, J 6.1, 1H, OH), 5.17 (bs, 
1H,, OH), 5.10 (d, 7 4.6, 1H, OH), 5.08 (bs, 2H, N2CH2), 4.59-4.55 (m, 1H, H-2'), 4 45 (bs, 1H, 
Ph2CH),, 4.11 (m, 1H, H-3'), 3.90-3.81 (m, 3H, N6CH2 and H-4'), 3.64-3.60 (m, 1H, H-5'a), 3.56-3.52 
(m,, 1H, H-5'b); m/z 603.2714 (M++H, C3 5H3 5N604 requires 603.2720). 
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2-(2,2-Diphenylethylamino)-M^l-naphtylmethylamino)adenosine(15).. ' H - N M R 8 8 . 27 ( m, 1 H, 

naphtyl),, 7.97 (m, 2H, H-8 and naphtyl), 7.84 (m, 1H, naphtyl), 7.57 (m, 2H, naphtyl), 7.45 (m, 2H, 

naphtyl),, 7.30-6.80 (m, 11H, 2xPh and N6-H), 6.24 (bs, 1H, N2-H), 5.74 (bs, 1H, H- l ' ) , 5.37 (bs, 1H, 

O H ),, 5.27-5.11 (m, 4H, N 6C H2 and 2xOH), 4-59-4.55 (m, 1H, H-2'), 4.37 (bs, 1H, Ph2CH), 4.10 (m, 

1H,, H-3'), 3.90 (m, 1H, H-4'), 3.76 {bs, 2H, N2CH2) , 3.65-3.63 (m, 1H, H-5 'J, 3.57-3.53 (m, 1H, H-

5'b);; m/z 603.2714 (M++H, C35H35N604 requires 603.2720). 

2-(JVi-Tryptamino)-A^-(A rA-tryptyI)adenosine(16).. 10.79 (s, 2H, indole NH), 7.93 (s, 1H, H-8), 7.61 (m, 

2H,, indole), 7.35 (m, 3H, indole and N6-H), 7.17 (m, 2H, indole), 7.07 (m, 2H, indole), 6.98-6.94 (m, 

2H,, indole), 6.26 (bs, 1H, N2-H), 5.80 (bs, 1H, H- l ' ) , 5.39 (bs, 1H, OH), 5.16 (bs, 1H, OH), 5.12 (bs, 

1H,, OH), 4.64-4.60 (m, 1H, H-2'), 4.15 (m, 1H, H-3'), 3.93 (m, 1H, H-4*), 3.75-3.57 (m, 6H, H-5' and 

2xNCH2) ,, 3.03-2.98 (m, 4H, 2xNCH2CH2 ) ; m/z 569.2625 (M++H, C3oH33N804 requires 569.2625). 
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Thee mechanism of purine nitratio n 

TheThe results described in this chapter were obtained m a concerted action with Melle Koch and will  also be 

discusseddiscussed in his thesis. 

ABSTRACT T 

Thee mechanism of purine nitration with a mixture of tetrabutylammonium nitrate and tri-

fluoroaceticc anhydride was elucidated by using NMR spectroscopy. Extensive monitoring of the 

nitrationn of I excluded direct nitration of the highly electrophilic C2 position and demon-

stratedd that this reaction occurred in a three step process. Electrophilic attack by trifluoroacetyl 

nitratee (TFAN) on the purine N7 position results in a ni trammonium species that is trapped by 

aa trifluoroacetate anion furnishing nitramine intermediate II . A subsequent nitramine rear-

rangementt generates C2-nitro species II I that immediately eliminates TFA to give 2-nitro-6-

chloroo purine IV. The involvement of radicals during the nitramine rearrangement was une-

quivocallyy established by l 5N-CIDNP NMR. A radical trapping experiment disclosed that 65-

700 % of the nitramine rearrangement takes place intermolecularly. 

R R 
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CI I N02 2 
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6.11 INTRODUCTIO N 

Thee mechanism of aromatic nitration reactions depends on the nature of the nitrating system, 

thee actual reaction conditions, and is continuously under discussion.1-2 The direct attack of a 

ni t roniumm ion on the aromatic species followed by a fast proton loss' is still recognised as a 

validd model of nitration over a wide range of conditions (Scheme 6.1). For benzene or 

pathh B 

[A I - + '' N02' 

ArH H N02
+ + 

pathh A 

Schem ee 6.1. Classical nitration pathways. 

Ar. . 
NO, , 

ArN02 2 

fast t 

compoundss less reactive than benzene path A has always been accepted. For compounds more 

reactivee than toluene a possible role for the electron transfer mechanism (path B) has been 

proposed.44 The initial reaction in path B has a high activation energy due to the difference in 

geometryy of the nitronium ion (linear) and the nitrogen dioxide molecule (bent). Although 

directt nitration (path A) also involves a major change in geometry of the O-N-O group, the 

energyy terms involved in bond formation stabilise the transition state. It has been shown by 

bothh C IDNP investigations and theoretical considerations that electron transfer plays, if any, 

onlyy a minor role.1,5 

Bothh of the nitration pathways discussed in Scheme 6.1 are unlikely to be involved in the 

nitrationn of electron deficient substrates, like the purine system. Few examples are known of 

nitrationss of deactivated systems at room temperature. One, reported by Moodie, comprises 

C l ^ / W N 0 2 2 

CI I 

N03 ' ' 

N02 2 

pathh A 

HH ON02 
C I ^ X , N 0 2 2 

cr V V 

CI^V V 
N02 2 

N02 2 

-HN0 3 3 

pathh B 

HH ON02 

C kk ^ C , N 0 2 

Schem ee 6.2. Nitration of deactivated aromatic systems. 
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thee nitration of chloro-nitrobenzenes using N2O5-HNO3.6 The nitro-nitrate-addition products 

likee 1, formed as intermediates, were observed by 15N CIDNP NMR and support a radical 

additionn mechanism (path B in Scheme 6.2), although electrophilic processes catalysed by 

HNO33 seem to dominate the formation of the end products (path A). Nitrogen dioxide is not 

reactivee enough for addition to the aromatic ring and therefore a more reactive species such as 

NO3,, which is formed in an equilibrium from N2O5, initiates the substitution reaction. 

Comparablee mechanisms were suggested to explain unusual selectivity during Kyodai nitration 

withh NO2-O3, although electron transfer from electron rich substrates to NO3 was preferred as 

thee initiating step.7 

6.22 TRIFLUOROACETY L NITRAT E IN PURINE NITRATIO N REACTION S 

Thee use of the TBANTFAA mixture for electrophilic aromatic nitration was reported by 

Masci88 as an adaptation of Crivello's nitration system, consisting of TFAA and heterogeneous 

metall  or ammonium nitrates in inert solvents.9 The active species in both methods is the 

trifluoroacetyll  nitrate, TFAN, formed in situ (Scheme 6.3). For benzenes high regioselectivity 

O O 

F3CC O + *N02 
O OO O . ^ 

XXXX +- X ,N02 ^ 
B1I4NN N03 + F3C O CF3 ^ ^ Bu4N O2CCF3 + F3C O 

^ ^ O O 
TBANN TFAA TBATFA TFAN ^ „ X - + 

F3CC O + N02 

Schemee 6.3. Trifluoroacetyl nitrate (TFAN) equilibria. 

wass obtained with this nitrating reagent. Reaction of substituted pyridines with TBANTFAA 

wass reported to introduce the nitro group selectively on the 3 position.10 Apart from 

electrophilicc aromatic nitrations, trifluoroacetyl nitrate has also been used for the nitration of 

enolacetates,11122 silylenolethers," and the N-nitration of amides,14'15 uridines and inosines.1617 

Althoughh generally the heterolysis of TFAN, thereby releasing nitronium ions, is considered to 

bee the nitrating mode of action, also concerted pathways involving covalent TFAN1' and 

radicall  pathways via homolysis are believed to be operative.10" 

Thee mild TBANTFAA nitration of purines proved to be a strongly substrate dependent 

processs (Scheme 6.4). While (1-deaza) purines with protected hydroxyl and doubly protected 

aminoo functionalities are readily nitrated, (mono protected) adenosine triacetate and nebularin 

triacetatee did not give any of the expected nitration products.181920 
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eTT TBAN/TFAA Y X = CH, N 

x x -N N • v ^ V ^^ 1-2equiv X ^ V " \ 
III \>8 • II -•> Y = CI, N02, N(Ac)2,N(Cp)Ac, OBn 

2 k N ^ NN 0 2 N A N ^ N II  v2r ZZ = Rib(Ac)3, THP, Me, Boc, R i b — ^ ZZ Z 

Schem ee 6.4. Examples of purine nitrations. 

6.33 PROPOSED MECHANISM S 

Bothh direct electrophilic nitration of the highly electron deficient purine C2 position and the 

alternativee mechanism via electron transfer, taking the high oxidation potential of purines into 

account,, seem unlikely. Moreover, upon TBANTFAA nitration of solid supported purines, 

describedd in Chapter 2, no concurrent nitration of the polystyrene matrix was detected, 

indicatingg the negligible amount of strongly electrophilic nitronium ions.20 Therefore, in an 

earlierr publication from our group a radical nitration pathway was proposed (Scheme 6.5).19 

Homolyticc cleavage of trifluoroacetyl nitrate as proposed by Evans et al. generates the 

trifluoroacetoxyll  and nitrogen dioxide radicals (Scheme 6.3)." Addition of the reactive 

CII CI CI CI 

N^VN
NXX _^ 1 N V X „  'N 2

 N ^ V N
X "H0R

 NV\ 
III I N> ^ = ^ I I ^ O R • | V O R || | "> 
k N ^ NN \ ^ f 0 2 N A N ^ N 0 2 N A N ^ N 

R'' R' R' R' 

Schemee 6.5. Initially proposed radical addition mechanism. 

trifluoroacetoxyll  radical to the purine C-8 gives a highly delocalised radical that is stabilised by 

thee substituent at C-6. Subsequent combination of this radical with N 0 2 at C-2 is followed by 

el iminationn of trifluoroacetic acid from the intermediate, which affords the product. Although 

inn principle NO2 addition on C-4 or C-6 is also possible, this would not lead to stable 

products. . 

AA major drawback in the mechanism proposed in Scheme 6.5 is the generation of the very 

unstablee trifluoroacetoxyl radical, which rapidly decomposes to CO2 and the trifluoromethyl 

radicall  with a reported dissociation constant k> 5-104 s'1.21 During TBAN-TFAA nitrations 

formationn of CO2 or CF3H is not observed, which makes homolytic cleavage of trifluoroacetyl 

nitratee unlikely. 

Inn the original publication it was noted, however, that in theory N7O5 and consequently 

NO33 can be formed during the TBAN-TFAA nitrations as is depicted in Scheme 6.6. In the 

solidd state dinitrogen pentoxide is composed of crystalline ionic nitronium nitrate,22 but in the 
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Bu4NN NO3 + 

TBAN N 

O O 

F3CTT ^O 

TFAN N 

Bu4NN 02CCF3 

TBATFA A 

N033 + N0 2 

02NN N02 

NO3 3 NOj j 

Schemee 6.6. N205 equilibria. 

vapourr phase and dissolved in organic solvents it is covalent. The covalent molecule wil l also 

dissociatee into nitrogen trioxide and nitrogen dioxide.23 In this case the highly reactive NO3 

radicall  adds to the purine C-8 position and the pathway in Scheme 6.5 is followed under 

liberationn of the strong acid HNO3, which is buffered by tetrabutylammonium trifluoro-

acetate,, TBATFA. 

Althoughh nitronium ions may be present in solution as indicated by the equilibria 

mentionedd above, direct electrophilic attack by the nitronium ion on the purine substrate was 

excludedd by a control experiment with nitronium tetrafluoroborate.19 No nitration was 

observedd under these conditions and starting material was recovered completely. However, 

uponn addition of TBAN to this mixture purine nitration did occur, albeit in moderate yields. 

Thiss points to the in situ formation of N2O5 as the nitrating species. 

Inn order to test the viability of N2O5 intermediacy purine nitration was carried out with 

preformedd N2O5.24 Nitration with an excess of N2O5 of 6-chloropurine riboside triacetate 2 

furnishedd the 2-nitro product 3 in 18 % yield, 21 % recovery of starting material, while a 

considerablee amount of 8-oxo product 4 was formed (Scheme 6.7). The addition of 

trifluoroacetatee ions in the form of TBATFA led to a remarkably improved 2-nitro-product 

yield.. As depicted in Scheme 6.6 TFAN can be generated by reaction of TBATFA with N2O5. 

Apparently,, TFAN is a better purine nitrating species than N2O5, indicating an important role 

forr the trifluoroacetate ion. 

C! ! 

N N 
1 1 
Rib(Ac)3 3 

2 2 

N205 5 

»--

CI I 

NN 1 
02NN N 

1 1 
Rib(Ac)3 3 

3 3 

0 2 N " % J ^ N N 

Rib(Ac)3 3 

recovered d 
startingg material 

1 8% % 30% % 211 % 

withh TBATFA 38 % 36 % 

Schemee 6.7. Nitration of 6-chloro purine riboside triacetate 2 with N2Os. 

7% % 
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6.44 DETECTIO N OF A 7-NITRO-8-TRIFLUOROACETOX Y PURINE INTERMEDIAT E 

Inn order to obtain more insight into the purine nitration mechanism an attempt was made to 

detectt nitration intermediates with NMR spectroscopy. Initiall y the nitration of 6-chloropurine 

ribosidee triacetate 2 was studied. Interpretation of the spectra was hampered because the 

intermediatess present were mixtures of diastereomers. Therefore, another substrate had to be 

selectedd that offered a clean and efficient nitration and showed a simple NMR spectrum; 6-

chloro-9-Bocc purine 5 met with these requirements. This crystalline compound was easily 

synthesisedd in high yield by reaction of 6-chloro purine with B0C2O and catalytic DMA P 

(Schemee 6.8).25 On preparative scale the nitration of 5 was carried out in dichloromethane at 

0°° C and furnished 2-nitro-6-chloro-9-Boc purine 6 in 86 % isolated yield. 

9'' Boc20 1.4equiv 9' TBAN1.6equiv 9' 

N^\^NN DMAP cat. N ^ k ^ N TFAA1.6equiv N^yN 

Sg-^NN CH2CI2, rt, 1h S\I^N CH2CI2 , 1h 02l\l"'S^N 

HH 89% 0 ^ k Q ^ t B u 86% ' j L ABu 

55 6 

Schemee 6.8. Synthesis of 2-nitro-6-chloro-9-Boc purine. 

Monitoringg the nitration of 6-chloro-9-Boc-purine 5 with 'H-NMR at -10 °C clearly revealed 

thee formation and decrease of a purine intermediate. Figure 6.1a shows part of the 'Hi-

spectrumm of a mixture of 6-chloro-9-Boc purine 5 (0.13 M) and TBAN (0.26 M) in CD2Cb at 

-100 °C. When TFAA (2 equivalents) was added to this mixture the appearance of the H8 

(8.922 ppm) of the product 6 and the disappearance of the H2 (8.86 ppm) and H8 (8.63 ppm) 

signalss of starting material 5 were observed as expected (Figure 6.1b). In addition, the fast 

formationn and gradual decrease of a set of signals was seen that contained a singlet at 8.82 ppm 

(integratedd as 1H), a singlet at 8.78 ppm (integrated as 1H) and a singlet at 1.48 ppm 

(integratedd as 9H). These signals were assigned to purine intermediate 7. Some small additional 

peakss were detected which were ascribed to side products. After allowing the sample to warm 

upp to room temperature, all of the starting material and intermediary peaks had disappeared 

andd in the aromatic region only the product H8 signal remained (Figure 6.1c). The following t-

butyll  signals (not displayed) were observed: starting material 5 (1.65 ppm), intermediate 7 

(1.488 ppm) and product 6 (1.72). The progress of the nitration is represented graphically in 

Figuree 6.2 as a plot of the normalised integral values against time. 

AA successful attempt to 'freeze' the nitration reaction in the intermediate stage allowed for 

extensivee spectroscopic characterisation of this species. The progress of the intermediate 

formationn was monitored at -50 °C and complete conversion of the starting material into the 
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H-8 8 
CI I 

o^o - , B u u 

X c A C F 3 3 

9.05 5 9.00 0 

11 l ' ' 

8.95 5 8.90 0 

11 i ' i ' ' i ' ' ' ' l ' 

8.855 8.80 8.75 
-I—i—p-T—i—i—i—|—i—i—i—i—j—i—r-i—i --

8.700 8.65 8.60 ppm 

Figuree 6.1. Aromatic region of 1H-NMR spectra of the nitration of 6-chloro-9-Boc-purine 5 at -10 C in CD2CI2. 
a)) to- b) t-iOmin-C) too-

purinee intermediate 7 over an 8 hour period was observed, while formation of 2-nitro product 

66 was suppressed to less than 3 %.27 

Thee 15N-NMR spectrum of the intermediate formed from 98 % 15N-labelled TBAN revealed 

aa doublet at 339.6 ppm with 7NH = 2.7 Hz (Table 6.1). In the corresponding 'H-spectrum a 

doublett at 8.82 ppm with JNH = 2.7 Hz was observed instead of a singlet. A 'H-decoupling 

1.00 ft 

0.8 8 

a,a, 0 .6. 
5 5 

•£.•£. 0.4 

0.2 2 

0.0 0 

, 0 0
Oo

ooooooooooo o 

10 0 20 0 300 40 

timee (min) 
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Figuree 6.2. Progress of the nitration by plotting the 1H-integral values against time (T = -10 . Triangles: 
startingg material 5; Closed circles: purine intermediate 7; open circles: product 6. 
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Tablee 6.1. Selected NMR data from nitrations with 15N labelled TBAN.a 

6-Cl-9-Boc-purinee 5 purine intermediate 7 2-N02-6-Cl-purine 6 

55 (ppm) J (Hz) 5(ppm) J (Hz) 8(ppm) J (Hz) 

•H-22 8.86 8.78 

'H-88 8.63 8.82(d) 

l 3 0 22 153.5(d) 'JCH =211 157.7(d) 

1 3 0 88 144.3(d) ]JCH = 2 2 2 93.0 (dd) 

1 5 N0 22 339.6(d) 

19FF -75.86 (s) 

a>> recorded in CD2CI2 at -50 °C. 

experimentt confirmed 'H-^N-coupling. The size of the coupling constant points toward a 3JJVH 

coupling.. Purine intermediate 7 contains a N-nitro group and no Gni t ro or nitrato moiety. 

Thee N-chemical shift of the doublet of the purine intermediate typically lies within the range 

off N-nitro compounds, which is generally shifted about 20 ppm upfield relative to that of C-

nitroo compounds.26 Peaks derived from covalently bound nitrates, which appear at even higher 

fieldd values relative to N-nitro derivatives, were not detected.6 The signal of the 2-nitro product 

6,, a singlet at 365.0 ppm, displays a chemical shift value characteristic for aromatic C-NO2 

compounds . . 

Inn the 13C spectrum of the starting material 5 C2 was found at 153.5 ppm with 
ll icHicH = 211 Hz and C8 at 144.3 ppm with 1JCH = 222 Hz (see Table 6.1). In the spectrum of 

purinee intermediate 7 the values for C2 (8 = 157.7 ppm, 'JQH = 212 Hz) were similar to those of 

thee starting material, but C8 showed a remarkable upfield shift to 93.0 ppm and a decreased 
J/CH-valuee of 194 Hz. Moreover, C-N-coupling with 2JCN = 1-8 Hz was observed for C8 in 

experimentss with N-labelled TBAN. These results indicated that aromaticity was contained in 

thee pyrimidine part, but not in the imidazole ring. In addition, the presence of a 

trifluoroacetoxyy group in purine intermediate 7 was observed with 13C-NMR as indicated by a 

quartett at 114.2 ppm (!JCF = 290 Hz) and a double quartet at 153.8 ppm (2iCp = 44 Hz, 
33icuicu = 2.9 Hz). The 19F-NMR spectrum verified the presence of the trifluoroacetoxy group, 

whichh appeared as a singlet at -75.86 ppm. With the help of C H correlation spectra and the 

observedd long range couplings the intermediary singlet in JH-NMR at 8.78 ppm could be 

assignedd to H2 and the doublet at 8.82 ppm to H8. The extremely high chemical shift of 

8.822 ppm for H8, a proton attached to a sp3 carbon atom, can be explained by the three hetero 

33JHNJHN = 2.7 

JJCHH = 2 1 2 

!/CHH = 194 

/CNN = 1.8 

JNHJNH = 2.7 

154.2(d)) J7CN = 29 .4 

148.33 (d) 'JCH = 223 

365.0 0 
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atomss attached to C8, the electron withdrawing effect of the nitro, Boc and trifluoroacetoxy 

groupss and the anisotropic effect of the carbonyl and nitrosyl moieties. During the reaction the 

concentrationn of TFA increases and H8 showed a gradual up-field shift of about 0.2 ppm as a 

consequencee of partial protonation of the intermediate, which disturbs the anisotropic effect. 

Thee NMR data above led us to the structure assignment for the N-nitropurine intermediate 

77 as shown in Figure 6.1. 

6.55 TH E N-NITRATION-NITRAMIN E REARRANGEMEN T MECHANIS M 

Thee radical addition mechanism proposed in Scheme 6.5 appeared to be inconsistent with the 

obtainedd NMR results and a new three step nitration pathway was suggested as depicted in 

Schemee 6.9. The purine ring system is N-nitrated on nitrogen atom 7 in the imidazole ring by 

electrophilicc attack of TFAN. The highly electrophilic imidazolium cation is trapped by a 

presentt nucleophile, in this case trifluoroacetate, furnishing the observed nitropurine 

intermediatee 7. A subsequent nitramine rearrangement28 follows in which the nitro group 

movess to the 'para' position (i.e. C2), affording 8. Fast TFA elimination finally leads to the 

nitratedd product 6. 

R R 

5 5 

N - 0 A C F 3 3 

9'' + NO2 

R R 

O O 
__ u 
O ^ C F 3 3 

nott observed 

CI I N02 2 

i i 
R R 

OTFA A 

CI I 

- T k ^ NN 0 T F A 0 2 N H // - N 
i i 
R R 

8 8 

-TFA A 

fast t 0 2 N ^ N - ^ M M 

nott observed 

Schemee 6.9. N7-nitration followed by a nitramine rearrangement. R = Boc. 

-N N 
i i 
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THETHE NITRAMINE REARRANGEMENT 

Arylnitraminee rearrangements are intensively studied28 ever since the discovery of the 

rearrangementt of N-nitroaniline to o- and p-nitroaniline by Bamberger in 189.3 (Scheme 6.10).29 

Hee reported this rearrangement both acid-catalysed in cold hydrochloric acid, and uncatalysed 

121 1 



ChapterChapter 6 

. -N02 2 

A o r H + + 

major r 

Schemee 6.10. /Vnitroaniline rearrangement. 

uponn heating to give primarily o-nitroaniline and some p-nitroaniline, nitrosobenzene, carbon 

dioxidee and nitrous fumes. The thermal rearrangement of N-methyl-N,p-dinitroaniline 

(Schemee 6.11, X=N02), neat or in dichloromethane, was reported by Barnes and 

Hickinbottomm to afford N-methyl-2,4-dinitroaniline in high yield.30 The rearrangement was 

effectivelyy blocked in the presence of dialkylphenols, yielding mostly N-methyl-p-nitroaniline. 

Fromm these observations it was inferred that free radicals were involved. This conclusion was 

laterr supported by the large positive activation volume of the decomposition of the N-methyl-

N,p-dinitroanilinee in a mixture of toluene and piperidine as found by Naud and Brower." The 

positivee change in activation volume is due to the increase in free space between the solvent 

moleculess and the radical pairs generated. Homolytic reactions have positive activation 

volumes,, while reactions which undergo polarisation either by bond breaking or bond 

formationn have negative activation volumes.32 After studying the thermal rearrangement of 

variouss ring-substituted N-methyl-N-nitroanilines a mechanism was proposed in which 

reversiblee homolysis leads to a radical pair (Scheme 6.II).33 Recombination of the paired 

„ N 0 2 2 ~NN N02 

rearrangement t 

radicall pair 

++ N0 2 

freee radicals 

Schemee 6.11. Homolysis of the N-NO2 bond followed by recombination of the paired radicals. 
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radicalss generates the C-nitro compounds intramolecularly. The separation and escape of the 

radicall fragments provides the 'free' N-methyl-anilinyl radical and NO2. Recombination of 

thesee free radicals allows for the intermolecular formation of the C-NO2 product. Separative 

diffusionn and hydrogen abstraction renders N-methylaniline. 

Thiss radical pair rearrangement mechanism was originally put forward by White.34 He 

describedd the intermediacy of the N-methyl-anilinium radical cation and NO2 radical pair 

duringg the acid-catalysed rearrangement of N-nitro anilines. The involvement of radicals was 

supportedd by the detection of CIDNP effects (see Section 6.6 ) by Ridd and coworkers during 

thee acid-catalysed rearrangement of 2,6-dichloro-N-nitroaniline and 2,6-dibromo-N-

nitroaniline.355 It was recognised that for nitramine rearrangements of nitroanilines with 

stronglyy electron withdrawing substituents the boundary between heterolysis (path a) and 

homolysiss (path b) is less well defined (Scheme 6.12).28b 

ArNHRR + N02
+ ArNH2RN02 • ArNHR + N0 2 

Schemee 6.12. Heterolysis vs. homolysis. 

Anotherr mechanism by which the nitro group can be transferred was suggested and is 

knownn as the 'cartwheel' mechanism shown in Scheme 6.13 for the acid catalysed nitramine 

rearrangement.366 The mechanism consists of the migration of the nitro group to the ortho 

positionn to give the ortho-nitrite. Further migrations occur rapidly as [3,3] sigmatropic shifts. 

Protonn expulsion probably precedes the transformation of the mobile nitrito into the stable 

nitroo form. A homolysis-recombination pathway of the O N O to NO2 rearrangement has been 

suggested.37 7 

.NOo.NOo + ,9 + + 
HNN H 2 N - N _ _ NH2 NH2 

óó - ö - (n - ó 
exx -,o 

N N 

JJ - H + J - H + 

NH22 NH2 

ÓrN022 (^ 
N0 2 2 

Schemee 6.13. Cartwheel mechanism of the nitramine rearrangement. 
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Nitroo group rearrangements have also been observed in the nitration of arylanilides. Iley 

andd coworkers reported the reaction of N-aryl-benzimidoyl chlorides with silver nitrate at room 

temperaturee to yield not the expected N-nitroamides, but N-(nitroaryl)benzamides with the 

nitroo group rearranged to the ortho and para positions (Scheme 6.14).38 When the ortho and 

parapara positions were blocked, the reaction of silver nitrate with N-(nitroaryl)benzimidoyl 

chloridess afforded the expected N-nitroamides. A mechanism was proposed in which the 

intermediaryy O-nitro imidate rearranges via homolytic cleavage of the O-NO2 bond. The rate 

off rearrangement appeared to be independent of the substituent in the C-aryl ring, but 

increasedd with the electron withdrawing ability of the substituents in the N-aryl ring. In 

anotherr study towards the rearrangement of ring substituted N-methyl-N-nitroanilines it was 

concludedd that, in the absence of acid, substrates containing electron withdrawing substituents 

aree more prone to rearrangement than those with electron donating groups.39 

CI I 

A r ^ N . . AgN03 3 

0 ,NO 2 2 

A AA  X 

)/ / 

Ar r 

O O 

A. . 
NO2 2 

X X 

O O 

AA A . 1 U N02 Arr NH 

O O x x 
Arr NH 

NO, , 

X,YY = H X,Y,ZZ H 

Schemee 6.14. Reaction pathway of /Varylimidoyl chlorides with AgN03. 

NITRAMINENITRAMINE REARRANGEMENT OF PURINES 

Iff the radical nitramine rearrangement mechanisms mentioned above are applied to the purine 

systemm a pathway as depicted in Scheme 6.15 is obtained. The N-NO2 bond of the nitramine 

intermediatee 7 splits homolytically and the paired radical fragments recombine under 

formationn of a C2-NO2 bond. The C2-NC>2 intermediate 8 was not detected because the 

subsequentt TFA elimination leading to 6 is too fast on the NMR time scale. 
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CI I N0 2 2 

^ N ^ N X O T F A A 

R R 

CI I N02 2 

R R 

CI I 

NVVH H 
02NN N 

OTFA A 

•TFA A 

8 8 

CI I 

0 2 N ^ N ^ N N 
R R 

6 6 

Schemee 6.15. Homolytic purine nitramine rearrangement. R = Boc. 

Too validate that formation of 2-nitro product 6 occurred by rearrangement of the N7-nitro 

intermediatee and not by other processes, the conversion of the nitramine intermediate 7, 

whichh was preformed at -50 °C in CDCI3, into the 2-nitro product 6 was followed with 'H-

NMRR at -10 °C. In Figure 6.3 the progress of the normalised integrals of H8 of nitramine 

intermediatee 7 and the product 6 is represented graphically, demonstrating the excellent first 

orderr kinetics that indicate the expected unimolecular process. First order rate coefficients 

1CNN = 1.5-10'3 s'1 (nitramine decrease) and kp = 1.9-10"3 s'1 (product increase) were determined 

overr about 4 half-lives with a high Revalue and good reproducibility. A similar discrepancy in 

thee values of k^ and kp was found by Ridd and coworkers during the acid catalysed nitramine 

rearrangementt of 2,6-dichloro-N-nitroaniline and 2,6-dibromo-N-nitroaniline.55b They 

explainedd this by the occurrence of side reactions: a subsequent reaction would decrease the 

magnitudee of the signal for the product at the end of the reaction and thus cause the extent of 

reactionn at earlier times to be overestimated. Indeed side reactions took place as the final 

amountt of product 6 did not reach the amount of nitramine 7 that was initially present (see 

alsoo Section 6.7 ). 

CO O 

£ £ 

" D D 
CD D 
CO O 

"05 5 

O O 

c c 

kP== 1.9-10"3 s1 

kNN = 1.5-10"3s 33 --1 

Figuree 6.3. Conversion of /VN02 intermediate to the 2-nitro product followed with 1H-NMR at . Closed 
circles:: nitramine intermediate 7; open circles: product 6. ktf. nitramine decrease; kp: product formation. 
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Inn order to prove that the rearrangement was not acid catalysed, it was conducted in the 

presencee of DIPEA and identical reaction rates were found. Moreover, if the rearrangement 

wouldd be acid catalysed, the reaction rate would increase during the course of the reaction, 

sincee TFA is generated upon product formation. Deviation from a first order correlation was 

nott observed. 

Wi thh the unimolecularity of the reaction now being established the involvement of radicals 

duringg the rearrangement was studied with N CIDNP NMR. 

6.66 CHEMICALL Y INDUCE D DYNAMI C NUCLEA R POLARISATIO N (CIDNP) 

Chemicallyy Induced Dynamic Nuclear Polarisation refers to the perturbation of the nuclear 

spinss away from the expected Boltzmann distribution.41,42 The effect is observed in NMR 

spectraa as an abnormal intensity of the NMR signals; the signals display either enhanced 

absorptionn or emission. In other words, when dealing with I = 1/2 nuclei, allowing for only 

twoo nuclear spin states (a and (3) in a high magnetic field, this means that one of the two states 

iss either over- or underpopulated as compared to the Boltzmann distribution (Figure 6.4). For 

simplicityy only the case of I = 1/2 nuclei will be discussed, since they reflect the spin quantum 

numberr of common nuclei like 'H , ' 3 C, 15N and F. The discussion applies of course to all 

magneticc nuclei. 

Reactionss occurring through radical pairs are able to generate nuclear polarisation, when 

thee products resulting from a radical pair depend on the lifetime of the singlet (antiparallel 

>> > 
O) ) 
aj j 
c c 

LU U 

P P 
AE E 

P P P P 

Emission n 

Absorption n Enhancedd absorption 

Boltzmannn distribution: 

Np/Naa = e"AE/kT 

Figuree 6.4. Populations of nuclei with a or [3 spins. 
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Figuree 6.5. Energy vs. separation (r) of singlet and triplet states of a radical pair in a magnetic field. 

electronn spins) and triplet (parallel electron spins) states. In a high magnetic field the triplet 

(To)) and singlet (S) states of the radical pair become degenerate, when the two radical 

componentss are greater then 5 A apart and then S-T0 mixing can occur (Figure 6.5). Because S-

Too mixing involves hyperfine interactions (hfi) due to coupling of the nuclear spins with the 

unpairedd electron spins, it is faster for one nuclear spin state, say (3, than for the other, ergo a. 

Schemee 6.16 outlines the radical pair mechanism (though oversimplified), which accounts 

forr the CIDNP effect. Consider for example the case of an initial singlet radical pair generated 

byy thermal homolytic cleavage of AB, a singlet precursor. Spin selection rules state that product 

formationn can only be the result of the encounter of two radicals paired in a singlet state. The 

nuclearr spin state, that gives the fastest STo mixing, say (3, will be most rapidly converted to the 

unreactivee triplet state. The radical fragments A with (3 nuclear spin (represented as Ap) will live 

Aa-B B 

primary y 
recombination n 

AP-B B 

secondary y 
recombination n 

A -B B 
SS homolysis A"" f { B 

S-T-mixing g 

T T 
AMM \ B 

geminatee pair 

diffusion n 

sidee reactions 

AA + B 

freee radicals 

encounter r 

APff f B 

S-T-mixing g 

j j 

A « || \ B 

freee pair 

Schemee 6.16. Radical pair mechanism. 
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longerr and some will ultimately escape from the geminate pair to become free radicals. The 

geminatee product AaB generated by primary recombination of the radical pair in the singlet 

statee will then display an overpopulation of the a nuclear spin state compared to the normal 

Boltzmannn distribution and net polarisation is the consequence. The escaped, free radicals can 

givee rise to side reactions or to random encounter to form a free radical pair. Now the nuclear 

spinn state, that gives the fastest S-To mixing ((5) will be most rapidly converted to the reactive 

singlett state and the secondary recombination product APB will be overpopulated in P nuclear 

spins.. If all the radicals eventually yield the same product, either during recombination within 

thee original geminate pair or after separation, then the product signal will be unpolarised, 

unlesss the lifetime of the free radicals is long enough for loss of some of the polarisation via 

relaxationn processes in the radicals. 

Kapteinn has developed a set of equations, known as the Kaptein rules, that allows one to 

predictt the phase, i.e. enhanced absorption or emission, of the polarisation.43 It is written as 

followss for the net polarisation of atom i derived from the radical a in the pair of radicals A,B: 

T n ee = (XEai(gA'gB) 

Heree Tne is the phase of the net polarisation observed (positive for enhanced absorption 

signals,, negative for emission signals), /i is derived from how the radical pair is formed (positive 

whenn formed from a triplet precursor or by the encounter of free radicals, negative when 

formedd from a singlet precursor), e is derived from how the products are formed (positive for 

geminatee products, negative for secondary recombination products), at is the sign of the 

hyperfinee coupling constant for the nucleus i in radical A, and igA-gs) is the difference between 

thee g values (obtained from epr data) of radicals A and B. 
15N-CIDNPP NMR has been a valuable tool in elucidating reaction pathways in nitration 

reactions.444 When the equation is applied to the polarisation of 15N nuclei, an additional 

negativee sign must be added because of the negative magnetogyric ratio of the 15N nucleus.45 In 

thee NO2 radical the negative magnetogyric ratio of the 15N nucleus also causes a  ̂ to be 

negative477 and Kaptein's rule then takes the following form: 

r n ee = M-e(gnitTO-gB) 

Thee analysis can be further simplified if the reasonable assumption is made that the g value of 

thee organic purinyl radical46 is larger than the g value of NO2 (2.0000).47 The conclusions of 

Kaptein'ss rule can then simply be related to how the radicals are formed and how they react to 

formm the product. 

Inn a thermal radical rearrangement the radical pair is generated from a singlet precursor, so 

HH is negative. From the phase of the polarised NMR signals one can then conclude whether the 
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rearrangementt occurs intra- or intermolecularly. If the product is formed in an intramolecular 

fashion,, it is a geminate product, the result of a recombination reaction within the radical pair 

(ee is positive) and enhanced absorption is observed. If the product is formed in an 

intermolecularr fashion, it is a secondary recombination product, the result of recombination 

afterr separation from the original pair (e is negative) and emission is observed. Conclusions are 

lesss obvious if the rearrangement both has an intra- and an intermolecular counterpart. Since 

thee observed NMR signal matches the sum of the unpolarised and polarised (positive and/or 

negative)) material formed, even no net polarisation at all can be the consequence. 

1515N-CIDNPN-CIDNP NMR IN PURINE NITRA HON 

Whenn the rearrangement of nitramine 7 at 0 °C is followed with 15N NMR indeed CIDNP 

effectss are observed (Figure 6.6). During several half lives the nitramine intermediate signal (N) 

showss enhanced absorption. In the early stage of the reaction at t = 2 min the 2-NC>2-product 

signall (P) shows emission, while during the remainder of the rearrangement a reduced 

absorptionn signal is observed until after about 4 half lives (reaction nearly complete) no 

CIDNPP effects are observed any more. The observed CIDNP effects are graphically represented 

inn Figure 6.7. These results can be explained with the mechanism shown in Scheme 6.17. The 

SS P 

'' • • I • • • • I • •' • I • • • • I • ' ' • I • • • • I • ' •' L • ' ' • I •' • • I " " I 1 1 1 1 ! 

370370 360 350 340 ppm 370 

t00 at -50 C 

VWlÉ f t l ^ ^ lW^EMWIWWf tHUU «•**> —I «•»' w w w * »««»'> m tin, 
" l " " l " " l " " l " " l " " l " " ll " " l " " l " " l " " l " u ! " " l " " l " " l " " l 

3600 350 340 ppm 370 360 350 340 ppm 

,, at 0 C *300 min at 0 C 

Figuree 6.6.15N CINDP NMR spectra of rearrangement of 0.45 M nitramine. S: nitrobenzene standard; N: 
nitraminee intermediate; P: 2-nitro product. 
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Figuree 6.7.15N CIDNP integral values normalised on external 15N nitrobenzene plotted vs. time. Closed 
circles:: nitramine intermediate 7; open circles: product 6. The course of the rearrangement is added as 
calculatedd from kN (—-) and kP (—); Initial nitramine concentration: 0.15 M, , CDCI3. 

enhancedd absorption of the nitramine intermediate signal (N) obviously indicates the reverse 

reactionn of the radical pair to reform nitramine 7 by primary recombination within the original 

pair.. The emission signal for the product (P) points to an intermolecular process. Free radicals 
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Schemee 6.17. Purine nitration mechanism obtained from NMR studies. 
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re-encounterr to form the secondary recombination product 6. In the beginning of the reaction 

itss contribution to the NMR signal is larger, since the concentration of the escaped (or free) 

radicalss is higher as is the chance of random free radical encounters. 

THETHE QUESTION OF INTRAMOLECULARITY 

Whitee has shown that the nitramine rearrangement (Scheme 6.11) has both an intra- and 

intermolecularr counterpart.48 By diverting the free NO2 radicals that have escaped from the 

originall radical pair through reduction with hydroquinone he was able to block the 

intermolecularr part of the rearrangement as shown in Scheme 6.18. It appeared that the 

H H 

02NArr R 

RR +. • hydroquinone R 
'NHH + N02 ,NH + HN02 

Ar'' Ar' 

Schemee 6.18. Free radical reduction by hydroquinone. 

intermolecularr part of the rearrangement of N-methyl-N-nitroaniline was about 40 %.49 He 

foundd that increasing the hydroquinone concentration above a certain point had no further 

effectt on the product yield. This indicated that the hydroquinone only reacted with the 

'escaped'' radicals and not with the paired radicals. The difference in o/p ratio with (68:32) or 

withoutt (31:69) diverting agent implied that the 'structure' or average configuration of the 

radicall pair varies depending on its source (nitramine homolysis or secondary recombination 

off free radicals). Since the radical reassociation step is an equilibrium process, the resulting 

radicall pair probably possesses the lowest energy, most stable average configuration, resulting in 

C-NO22 product formation. That explains why in our case N-NO2 formation (high energy 

conformation,, kinetically favoured) is in competition with C-NO2 formation during the 

intramolecularr recombination. This is expressed in the enhanced absorption for N-NO2 

intermediatee 7. Intermolecular recombination on the other hand primarily leads to the 

thermodynamicallyy more stable C-NO2 compound accounting for the observed emission signal 

off 6. 

Thee rearrangement of nitramine intermediate 7 in the presence of 3 equivalents of 

hydroquinonee revealed that only 30-35% of 2-nitro product 6 was generated. This indicated 

thatt 65-70 % of the purine nitramine rearrangement occurred intermolecularly. As expected, a 

greatlyy enhanced absorption was observed for product 6 as a consequence of removal of the 

emittivee contribution to the NMR signal, indicating an exclusive intramolecular process. In 

Ar'' N0 2 
Ar r 

'NHH NO2 
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Figuree 6.8. CIDNP effects when the intermolecular rearrangement is prevented by diverting the free radicals 
withh hydroquinone. S: nitromethane standard; N: nitramine intermediate; P: 2-nitro product. 

agreement,, the signal of nitramine intermediate 7 still displayed enhanced absorption as can be 

seenn in Figure 6.8. 

Whenn the rearrangement was performed in the presence of the radical scavenger TEMPO 

(33 equivalents) only 10 % of product formation was observed, while the remainder was 

denitratedd to starting material. Apparently the TEMPO radical is so reactive that it intervenes 

withh the paired radicals, thus 'kidnapping' some of the radical partners responsible for 

intramolecularr rearrangement. While in the TEMPO experiment the product signal displayed 

aa strong enhanced absorption, the signal of nitramine intermediate 7 was only slightly 

enhanced,, which is another indication for incursion of TEMPO in the paired radicals, thereby 

influencingg the equilibria outlined in Scheme 6.17. 

6.77 SIDE PRODUCTS: 8-OXO PURINE FORMATIO N 

Whilee monitoring the nitration reaction with NMR, two equivalents of TFAN were used and 

inn the spectra a set of peaks was observed, derived from side product formation, that deserves 

moree comment . The signals were observed both during direct nitration of 6-chloro-9-Boc-

purinee 5 and during the nitramine tearrangement after preformation of nitramine 

intermediatee 7. The peaks disappeared after completion of the reaction by warming the sample 
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upp to room temperature. In the 15N-NMR spectra a set of signals composed of a singlet at 

363.44 ppm and a doublet at 335.9 with 7NH = 2.7 Hz corresponded to a doublet at 9.10 ppm 

withJNHH = 2.7 Hz (integrated as 1H) and singlet at 1.54 ppm (integrated as 9H) in the 'H-NMR 

spectraa and a singlet at-75.95 ppm in 19F-NMR spectra. These NMR-signals were interpreted as 

thee consequence of an equilibrium between 2-nitro product 6 and a secondary nitramine 

intermediatee due to a consecutive addition of TFAN leading to the observed dinitro 

intermediatee 9 as depicted in Scheme 6.19. Since the para position is already substituted, 

nitraminee rearrangement is not possible and either conversion back to the 2-nitro-6-chloro 

purinee 6 occurs or, alternatively, hydrogen transfer gives rise to 2-nitro-6-chloro-8-

trifluoroacetoxyy purine 10. Hydrolysis of this latter compound upon aqueous work-up explains 

thee formation of 8-oxo purines like 11 as incidentally isolated after nitration reactions, 

especiallyy with a large excess of nitrating agent. 

CI I 

Boc c 

N 0 A C F 3 3 

CI I N0 2 2 

Boc c 

observedd dinitro intermediate 

cii 'NO2 

-N N 
i i 
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-HN0 2 2 

CI I 

II 1 V0_CF3 

Boc c 

10 0 

•TFA A 

aqueouss work-up 0 2 N ^ N ^ N N 

Boc c 

11 1 

Schemee 6.19. A dinitro intermediate leads to 8-oxo-purine formation. 

6.88 CONCLUDIN G REMARK S 

Inn summary, extensive monitoring of the TBAN-TFAA purine nitration reaction with NMR 

spectroscopyy excludes direct nitration of the highly electrophilic C2 position and demonstrates 

thatt this reaction occurs in a three step process. Electrophilic attack by TFAN on the purine 

N77 position results in a nitrammonium species that is trapped by the trifluoroacetate anion 

furnishingg nitramine intermediate 7. Subsequent nitramine rearrangement generates a C2-

nitroo species 8 that eliminates TFA to give 2-nitro-6-chloro purine 6. Moreover, the involvement 
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off radicals during the nitramine rearrangement is unequivocally established by 15N-CIDNP 

NMR.. A radical trapping experiment discloses that 65-70 % of the rearrangement takes place 

intermolecularly. . 
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6.100 EXPERIMENTA L 

Generall  information . All nitration monitoring experiments ('H, 13C, I5N, I9F) were carried out on a 
Variann Inova 500 spectrometer operating at 11.74 T (499.9 MHz for 'H; 125.7 MHz for n C ; 50.7 MHz 
forr l5N, 470.4 MHz for 19F) using a 5 mm SW probe or a 10 mm broadband tunable probe. The spec
traa were determined in deuterated chloroform or dichloromethane obtained from Cambridge Isotope 
Laboratoriess Ltd. Chemical shifts (8) are given in ppm downfield from tetramethylsitane (JH, 13C) or 
liquidd NH3 (15N) or CCI3F (19F). Coupling constants J are given in Hz. For the nitration experiments 
thee solvents were run over a neutral alumina plug prior to use. Na15NC>3 (98 % 15N) was purchased 
fromm Aldrich. 15N-nitrobenzene was obtained according to Shackelford's method for the nitration of 
benzenee by replacing tetramethylammonium nitrate with 15N-labelled TBAN.50 Dichloromethane was 
distilledd freshly from prior to use subsequently from phosphorous pentaoxide and calciumhydride. All 
otherr commercially available chemicals were used without further purification. 

N2OSS nitratio n of 6-chloro purine riboside triacetate 2. N2O524 (0.108 g; 1.0 mmol) was added to a solu
tionn of 6-chloropurine riboside triacetate 2 (0.124 g; 0.30 mmol) in dry CH2CI2 (1.5 mL) at 0 °C under 
aa nitrogen atmosphere. After stirring for one hour the solution was diluted with light petroleum. This 
solutionn was placed directly on a silica column and flash chromatography with EtOAc offered 2-nitro-
6-chloropurinee riboside triacetate 319 (24-7 mg; 18%), 2-nitro-6-chloro-8-oxo-purine riboside triacetate 4 
(42.88 mg; 30%) and starting material 2 (26.0 mg; 21%). 

Repeatingg the experiment, but with addition ofTBATFA (0.142 g; 0.40 mmol), afforded a mixture of 
differentt composition: 2-nitro-6-chloropurine riboside triacetate 3 (52.2 mg; 38%), 2-nitro-6-chloro-8-
oxo-purinee riboside triacetate 4 (51.8 mg; 36%) and starting material 2 (9.2 mg; 7%). 

6-Chloro-9-Boc-purinee (5). A suspension of 6-chloropurine 4 (15.5 g; 0.10 mol), Boc20 (31 g; 0.14 mol) 
andd DMAP (0.3 g; 2 mmol) in dry CH2CI2 (150 mL) was stirred for 3 h until a clear solution was 
obtained.. Light petroleum (25 mL) and silica gel (10 g) were added, the mixture was filtered over high-
floww and the solids were rinsed with EtOAc. Evaporating the solvent yielded the crude product (24.4 g; 
96%).. Recrystallisation from a mixture of EtOAc-light petroleum afforded a first batch of white nee
dless (12.1 g; 48%). A second batch was obtained by recrystallising the concentrated filtrate (10.5 g; 
41%).. decomp. > 111 °C; >H NMR (CDCI3) 5 8.86 (s, 1H, H-2), 8.64 (s, 1H, H-8), 1.65 (s, 9H, 
CCH3).. 13C NMR (CDCI3) 5 153.46 (d, ]  211.2, C-2), 151.06 (d, ƒ 13.2, C-6) 150.84 (dd,} 12.6,) 4.7, 
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C4) ,, 144.83 (CO), 144.26 (d,J 221.6, 08), 132.02 (dd, J 12.7, J 1.2, C-5), 87.49 (-CCH3), 27.22 (q, 
]]  127.6, -CCH3). H-8 was identified by a NOE-experiment (400 MHz, CDCI3): saturation (4-5 s) of the 
t-Buu protons led to 0.29 % NOE on H-8 and 0 % on H-2. 

Nitratio nn of 6-chloro-9-Boc-purine 5. TFAA (2.25 mL; 16 mmol) was added dropwise to a solution o{ 
6-chloro-9-Boc-purinee 5 (2.55 g; 10 mmol) and TBAN (4.87 g; 16 mmol) in dry CH2C12 (25 ml) at 0 °C 
underr a nitrogen atmosphere. After stirring for 1 h the solution was poured into 75 mL of sat. aque
ouss NaHC03-ice (1:1) and Et20 (75 ml) was added. The aqueous layer was extracted with 3 portions 
off 50 mL Et20-CH2Cl2 (3:1). The collected organic layers were washed with H2O (2x50 mL) and brine. 
(1x500 mL) and dried with Na2S04. Evaporation to dryness afforded the crude product (2.82 g; 94%). 
Triturationn with cold MeOH furnished 2-nitro-6-chloro-9-Bocpurine 6 as a light yellow solid (2.58 g; 
86%).. decomp. > 117 °C; lU NMR (CDCI3) 8 8.92 (s, 1H, H-8), 1.72 (s, 9H, CCH 3) . 13C NMR 
(CDCI3)) 5 154.15 (C-2), 152.97 (C-6) 151.40 (d, J 4.5, C-4), 148.33 (d, J 223.4, C-8), 144.47 (CO), 
135.499 (d, J 12.1, C-5), 89.49 (-CCH3), 27.55 (q, J 127.6, -CCH3). 

Monitorin gg the nitratio n of 6-chloro-9-Boc-purine 5. A 5 mm NMR tube containing a solution of 6-
chloro-9-Bocc purine 5 (20 mg; 0.10 mmol) and TBAN (61 mg; 0.20 mmol) in CD2C12 (0.7 ml) was 
placedd in an acetone-ice bath of -10 °C. The reaction was started by the addition of TFAA (28 uL; 
0.200 mmol). The contents were mixed and the tube was transferred into the spectrometer probe set to -
100 °C and locked and shimmed within 2 minutes. ! H spectra were then recorded every 30 seconds 
usingg single pulses during several half lives. Then the sample was brought to rt and a 'too' spectrum was 
recordedd again at -10 °C. 

Synthesiss of  15N-labelled TBAN. Tetrabutylammonium chloride (2.0 g; 8.4 mmol) was added to a 
stirredd solution of 15N-labelled sodium nitrate (1.1 g; 12.6 mmol) in water (4 ml). When a white solid 
precipitatedd from the solution, CH2CI2 (5 ml) was added and the biphasic system was stirred vigor
ouslyy for 1 h. The layers were separated and the aqueous layer was extracted with CH2CI2 (3x5ml). The 
combinedd organic layers were washed with water (1x4ml) and dried with a large amount of Na2S04-
Afterr filtration and washing the remaining Na2S04 thoroughly, the solvent was evaporated and drying 
inn vacuo at 50 °C gave 15N labelled TBAN as white crystals (2.2 g, 85%). mp 117-4-119 °C; lit. 116-
1188 °C (unlabelled). 15N NMR 8 381.3 (s). 

Formationn of 6-chloro-7-15N-nitro-8-trifluoroacetox y purine intermediate 7. A 5 mm NMR tube con
tainingg a solution of 6-chloro-9-Boc purine 5 (20 mg; 0.10 mmol) and 15N labelled TBAN (61 mg; 
0.200 mmol) in CD2CI2 (0.7 ml) was placed in an acetonitrile-dry ice bath of -50 °C and pre-cooled 
TFAAA (28 pL; 0.20 mmol) was added. Complete conversion of the starting material to 7-nitro-8-trif-
luoroacetoxyy purine intermediate 7 was observed within 8 hrs as monitored by 'H NMR at -50 °C. 
NMRR data were recorded at -50 °C; JH NMR 8 8.82 variable (d, ]HN 2.7, 1H, H-8), 8.78 (s, 1H, H-2), 
1.488 (s, 9H, CCH3);

 13C NMR 8 159.77 (bs, C-4), 157.69 (d, ; 212.4, C-2), 153.75 (dq, JCF 44, JCH 2-9, 
CHO2CCF3)) 151.09 (d,J 13.1, C-6), 144.92 (bs, CO), 117.99 (C-5), 114.2 (q,iCF= 290, CHOzCCF3), 
93.011 (dd, ; C H 194, JCN 1.8, C-8), 86.73 (CCH3), 27.18 (q, J 127.0, CCH3); 15N NMR 8 339.55 (d, 
]] mm 2.7); 19F NMR 8 -75.86 (s). CH-correlation data: cross peaks were found for (H-8) 8.82 - (O8) 93.01 
andd (H-2) 8.78 - (C-2) 157.69. 

NMRR data for  2-,5N-nitro-6-chloro-9-Boc purine 6. ]H NMR 8 8.92 (s, 1H, H-8), 1.72 (s, 9H, CCH3). 
13CC 8 154.15 (d, ;C N 29.4, C-2), 152.97 (d, 7CN 4.6, C-6) 151.40 (dd, JCN 4.0,7 4.5, C-4), 148.33 (d, 
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]]  223.4, C-81 144.47 (CO), 135.49 (d, ]  12.1, C-5), 89.49 (CCH3), 27.55 <q,) *= 127.6, CCH3).
15N 8 

365.022 (s). 

KINETICKINETIC AND CIDNP STUDIES. 

Alll kinetic and 15N CIDNP NMR studies were carried out using CDCI3 as a solvent in 10 mm NMR 
tubess fitted with a coaxial insert containing a 0.15 M external reference solution of 15N labelled 
nitrobenzenee (370.4 ppm) or nitromethane (379.4 ppm) in CDCI3. 

Purinee nitramin e rearrangement. A 10 mm NMR tube containing a 0.15 M solution of nitramine 
intermediatee 7 in CDCI3 (2.0 ml) preformed by the method described above and stored at -50 °C was 
placedd in a bath of the appropriate temperature for 30 seconds with occasional shaking, and was subse
quentlyy transferred into the spectrometer probe set to the appropriate temperature and locked and 
shimmedd within 2 minutes. The rearrangement was followed with !H and 15N NMR. 'H spectra were 
recordedd every 30 seconds or every minute; for the 15N CIDNP NMR experiments spectra were 
recordedd every 3 minutes using single pulses with a pulse angle of 90° or every 45 seconds using single 
pulsess with a pulse angle of 45°. Complete relaxation was ensured. 15N NMR relaxation times Tj were 
determinedd applying H-7T./2 pulse sequences. Nitrobenzene: (Tj )o °c = 94  4-7 s. Nitromethane: 
(TiLwc(TiLwc = 98.9  18.1 s. 2-nitro purine 6: (T,)0 °c = 23.4  0.8 s, (TJLJO-C = 19.8  0.7 s. CIDNP data 
aree given in Table 8 and Table 9. 

Forr the runs followed by !H NMR, the first order rate coefficients (k^) obtained from the decrease 
off the nitramine intermediate 7 were calculated over 3-4 half-lives from the plots of M N H Z A S ) against 
timee or ln(NHs/Is) against time, where NH2 and NHS are the integral values of the nitramine H-2 and 
H-88 respectively and Is the integral value of the tetrabutylamnnonium signal at 3.18 ppm used as an 
internall standard. The rate coefficients (kp) obtained from the increase of 2-nitro product were calcu
latedd from a plot of ln[(PH8/Is)t=°° - (PHS/ISXI against time, where PH8 are the integral values of the 
productt H-8. Regression coefficients were 0.998  0.002. The rate coefficients mentioned were meas
uredd in duplo (see Table 7). 

Rearrangementt  in the presence of DIPEA. DIPEA (3 equiv; 153 uL; 0.90 mmol) was added to a solu
tionn of the 7-nitro-8-trifluoroacetoxy purine intermediate 7 (0.15 M) in CDCI3 (2.0 ml) preformed by 
thee method described above and stored at -50 °C. The sample was placed in an acetone-ice bath of 
-100 °C for 30 seconds with occasional shaking, and was subsequently transferred into the spectrometer 
probee set to -10 °C and locked and shimmed within 2 minutes. The rearrangement was followed with 
!HH NMR and first order rate coefficients were determined as described above (see Table 7). 

Tablee 7. First order rate coefficients of the purine nitramine rearrangement.3 

Concentration n 

0.155 M 

0.155 M 

0.155 M 

0.155 M 

0.155 M 

0.155 M 

Temperature e 

0°C C 

o ° c c 

-100 °c 

-100 °c 

-100 °c 

-100 °c 

Additive e 

--

--

--

--

DIPEAA (3 

DIPEAA (3 

equiv) ) 

equiv) ) 

kk (s'1) 

kNN = 6.0-10-3 

kPP = 7.4-10-3 

kN== 1.5-lO-3 

kP=1.9-10-3 3 

kNN = 1.8- lO"3 

kPP = 2.0-ia3 

a)) k's determined in duplo. 
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CIDNPP data 

Tablee 8.15N CIDNP integral values normalised on external 15N-nitrobenzene; 0.15 M nitramine.3 

tt (min)b 

Intermediatee 7 

Productt 6 

0 0 

1.00 0 

2 2 

2.23 3 

-0.48 8 

5 5 

0.45 5 

0.63 3 

8 8 

0.89 9 

11 1 

0.99 9 

14 4 

1.04 4 

17 7 

1.04 4 

20 0 

1.03 3 

23 3 

1.00 0 

a>> 0.15 M nitramine rearranged at 0 C in CDCI3; the reaction was followed for a longer period but no further changes were 
observed.b)) time measured from the moment the sample was taken out of a bath of appropriate temperature. 

Tablee 9.15N CIDNP integral values normalised on external 15N-nitrobenzene; 0.45 M nitramine.; 

tt (min)b 

Intermediatee 7 

Productt 6 

0 0 

1.00 0 

2 2 

3.66 6 

-1.19 9 

5 5 

0.28 8 

0.65 5 

8 8 

0.92 2 

11 1 

0.97 7 

14 4 

0.90 0 

17 7 

0.97 7 

20 0 

1.00 0 

23 3 

1.00 0 

a>> 0.45 M nitramine rearranged at 0 C in CDCI3; the reaction was followed for a longer period but no further changes were 
observed.011 time measured from the moment the sample was taken out of a bath of appropriate temperature. 

Rearrangementt  in the presence of hydroquinone. A 10 mm NMR tube containing a solution of 6-
chloro-9-Bocc purine 5 (59 mg; 0.30 mmol) and a substoichiometric amount of 15N labelled TBAN 
(855 mg; 0.28 mmol) in CDCI3 (2.0 ml) was placed in an acetonitrile-dry ice bath of -50 °C and pre-
cooledd TFAA (40 uL; 0.28 mmol) was added. Purine intermediate 7 was allowed to be formed during 2 
dayss at -50 °C in order to remove all TFAN present. Hydroquinone (99 mg; 0.90 mmol) was added to 
thiss solution and the sample was placed in a bath of -10 °C for 30 seconds with occasional shaking, 
andd was subsequently transferred into the spectrometer probe set to -10 °C and locked and shimmed 
withinn 2 minutes. As an external standard 15N-nitromethane (Tj = 113  12 s) was used instead of N-
nitrobenzene.. The rearrangement was followed with 15N NMR, 1x45° pulse, 40 sec. delay (see 
Tablee 10). After completion of the reaction the amount of product was more accurately determined 
withh 'H NMR: =35 % of nitramine intermediate 7 had been converted into product 6 (Tj = 19.8
0.77 s). 

Tablee 10.15N CIDNP integral values normalised on external 15N-nitromethane; 0.15 M nitramine in the 
presencee of hydroquinone (3 equiv).a 

tt (min)b 

Intermediatee 7 

Productt 6 

tt (min)b 

Intermediatee 7 

Productt 6 

00 1.7 2.3 2.9 3.5 4.2 4.8 5.4 6.0 6.6 7.2 7.9 8.5 9.1 9.7 

1.000 22.0 14.1 10.5 6.17 5.50 3.29 2.21 1.56 1.35 0.69 0.74 0.75 0.73 0.55 

18.11 12.5 9.16 6.17 4.81 2.84 1.67 1.24 0.78 0.63 0.52 0.48 0.59 0.51 

10.33 10.9 11.6 12.2 12.8 13.4 14.0 15.0 16.1 17.1 18.1 19.1 22.2 25.2 35.0 

0.677 0.43 0.38 0.34 0.45 0.21 0.34 0.27 0.22 0.13 0.10 -

0.344 0.25 0.55 0.34 0.47 0.58 0.37 0.41 0.36 0.44 0.51 0.40 0.39 0.37 0.37 
a>> 0.15 M nitramine rearranged at -10 C in CDCI3.

 b> time measured from the moment the sample was taken out of a bath 
off appropriate temperature. 
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Rear rangementt in the presence of TEMPO. T E M P O (140 mg; 0.90 mmol) was added to a solution of 

t hee 7-nitro-8-trifluoroacetoxy pu r ine intermediate 7 (0.15 M) in C D C 1 3 (2.0 ml) preformed by the 

me thodd described above and stored at - 5 0 °C. The sample was placed in a bath of 0 °C for 30 seconds 

withh occasional shaking, and was subsequently transferred into the spectrometer probe set to 0 °C and 

lockedd and shimmed within 2 minutes . The rearrangement was followed with 15N NMR, 1x45° pulse, 

300 sec. delay (see Table 11). 

Tablee 11.15N CIDNP integral values normalised on external 15N-nitrobenzene; 0.15 M nttramine in the 
presencee of TEMPO (3 equiv).a 

t (m in ) bb |0 2 2.5 3 3.5 4 4~1 5 sTs 6 ó l 7 ! § 1 13 22.5 

In termedia tee 7 1.00 0.59 0.42 0.16 0.12 

Productt 6 0.10 2.89 1.94 1.19 0.98 0.76 0.73 0.66 0.42 0.40 0.34 0.27 0.20 0.20 0.20 
a>> 0.15 M nitramine rearranged at 0 C in CDCI3. b> time measured from the moment the sample was taken out of bath of 
appropriatee temperature. 
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Summary Summary 

AA new entry to adenosine analogues 
viaa purine nitratio n 

Combinatoriall synthesis of antiprotozoal agents and 

adenosinee receptor ligands 

Inn the body adenosine plays an important role as a regulator of many aspects of cellular 

metabolism.. This endogenous nucleoside is related to bioactive adenine nucleotides such as 

adenosinee mono-, di- and triphosphate and cyclic adenosine monophosphate and it is present 

ass a structural element in RNA inter alia. Adenosine mediates many of its physiological effects 

viaa the G-protein coupled adenosine receptors, of which four subtypes have been characterised: 

thee Ai, A2A, A2B and A3 receptors. In the introductory Chapter  1 the therapeutic implications 

off drugs acting at these adenosine receptors are indicated. Selective activation of these 

receptorss can be achieved by modifying the endogenous agonist adenosine. Modified 

adenosinee analogues also have potential as antiprotozoal therapeutics. Whereas mammalian 

cellss can synthesise purine nucleosides de novo, protozoan parasites are entirely dependent on 

purinee salvage from their host. These parasites have evolved intricate uptake mechanisms with 

aa broad tolerance for purines and purine nucleosides, including unnatural, potentially 

cytostaticc nucleoside analogues. Parasitic diseases, like malaria and the African sleeping 

OH H 

HO O 

Adenosine e 
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sickness,, threatens nearly half the world's population. Drugs currently used for the treatment 

off these diseases often have serious side effects and are becoming increasingly useless due to 

thee rapid evolution of drug resistance. Obviously, the development of new antiparasitic drugs 

iss of cardinal importance. Progress in molecular biology allows for the high-throughput 

screeningg of drug candidates. Acceleration of the costly drug development process demands 

thee production of a large amount of compounds in a short period. Combinatorial parallel 

synthesiss either in solution or on solid phase is generally considered as the answer, which 

makess the development of new, fast sorting synthetic methodology a highly relevant matter. 

Inn Chapter 2 the development of the first reported library of nucleoside monomers entirely 

preparedd on a solid support is described. In this case the nucleoside is attached to the solid 

supportt by an ester linkage between the nucleoside 5'-hydroxyl group and a carboxyl 

functionalisedd polystyrene resin. Nitration of the purine ring in 1 furnished 2-nitro-6-
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chloropurinee nucleoside 2, a highly reactive difunctionalised species. Amines were selectively 

introducedd by 6-chloro displacement at room temperature without affecting the 2-nitro group. 

Subsequentt substitution of the 2-nitro group by amines was achieved at 80-90 °C. Removal of 

thee riboside protective groups under mildly acidic conditions, followed by cleavage of the 

nucleosidess from the resin, yielded 2,N6-disubstituted adenosine analogues 3. 

Too expand the solid phase methodology to the modification of the ribosyl moiety, a 

sequencee was developed involving the safety-catch principle, described in Chapter 3. A safety-

catchh linker remains inert during the solid supported diversification steps and can be 'switched 
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Summary y 

on'' at will, to allow fot cleavage of the substrate from the resin. A 5'-carboxylate nucleoside 

scaffoldd is attached to the solid support via an aryl hydrazide linkage. Following diversification 

reactionss at the purine system and removal of the 2',3'-protective groups, the hydrazide linkage 

inn 4 is oxidised. The resulting acyl diazene species 5 reacts in situ with amines present, thus 

releasingg 5'-carboxamidoadenosine analogues 6. Two small libraries were synthesised composed 

off 5',N6-disubstituted and 2,5',N6-trisubstituted carboxamidoadenosine analogues. 

Chapterr  4 deals with the construction of conformationally restricted adenosine analogues, 

makingg use of macrocyclisations involving the nitro substitution reactions, that were so 

fruitfullyy applied in the solid supported syntheses described in the preceding chapters. Two 

typess of conformationally restricted adenosine analogues were synthesised. Type I contains a 
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8 8 

tetherr between N6 and C2, allowing for the spatial confinement of pharmacophores. Type II 

containss a chain connecting C5 ' and C2, thereby covalently restricting the nucleoside in the 

synsyn conformation. Binding studies at adenosine receptors revealed A3 selectivity of nucleosides 

off type I, while the complete absence of receptor affinity of the syn restricted adenosine 

analoguess II confirmed that binding to the receptor requires the anti conformation. 

Thee in vitro antiprotozoal evaluation of the adenosine analogues that were synthesised as 

discussedd in the preceding chapters is described in Chapter  5. Several compounds were 

identifiedd that displayed significant growth inhibitory activity against Trypanosoma brucei 

rhodesiense,rhodesiense, the parasite that causes African sleeping sickness, and against Plasmodium falciparum, 

thee parasite that is responsible for the most lethal form of malaria. 

Thee versatile purine nitration reaction constitutes the key step in the synthetic strategies 

describedd in this thesis. The mechanism of the purine nitration with a mixture of 

tetrabutylammoniumm nitrate and trifluoroacetic anhydride was elucidated by using NMR 

spectroscopy,, as reported in Chapter  6. Extensive monitoring of the nitration of 9 excluded 

directt nitration of the highly electrophilic C2 position and demonstrated that this reaction 

occurredd in a three step process. Electrophilic attack by trifluoroacetyl nitrate (TFAN) on the 

purinee N7 position results in a ni trammonium species that is trapped by a trifluoroacetate 

anionn furnishing nitramine intermediate 10. A subsequent nitramine rearrangement generates 

C2-nitroo species 11 that immediately eliminates TEA to give 2-nitro-6-chloro purine 12. The 
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nitraminee rearrangement 

involvementt of radicals during the nitramine rearrangement was unequivocally established by 
15N-CIDNPP NMR. A radical trapping experiment disclosed that 65-70% of the nitramine 

rearrangementt takes place intermolecularly. 
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Samenvatting Samenvatting 

Eenn nieuwe route naar  adenosine 
analogaa via purine nitrerin g 

Combinatoriëlee synthese van an t ip ro tozoa l middelen 

enn adenosine receptor liganden 

Inn het lichaam speelt adenosine een belangrijke rol bij het regelen van verscheidene aspecten 

vann het metabolisme van de cel. Dit endogene nucleoside is verwant aan biologisch actieve 

adeninee nucleotiden zoals adenosine mono-, di- and trifosfaat en cyclisch adenosine 

monofosfaatt en het is aanwezig als structuurelement in onder andere RNA. Adenosine brengt 

veell van zijn fysiologische effecten tot stand via de G-eiwit gekoppelde adenosine receptoren, 

waarvann tot nu toe vier subtypen zijn gekarakteriseerd: de Ai, A2A, A2B en A3 receptoren. In 

hett inleidende Hoofdstuk 1 wordt aangegeven welke therapeutische doeleinden 

geneesmiddelenn zouden kunnen dienen, die inwerken op de adenosine receptoren. Selectieve 

activeringg van deze receptoren kan worden bereikt door veranderingen aan te brengen aan de 

endogenee agonist adenosine. Adenosine analoga hebben ook potentie als geneesmiddelen 

tegenn parasitaire infecties veroorzaakt door protozoa. Terwijl zoogdiercellen purine nucleosiden 

dee novo kunnen synthetiseren, zijn parasieten behorend tot het koninkrijk der protozoa 

Uedigg afhankelijk van opname van purine uit de gastheer. Deze parasieten hebben 
vo o 
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ingewikkeldee opnamemechanismen ontwikkeld met een brede tolerantie voor purines en 

purinee nucleos ides waaronder niet-natuurlijke, mogelijk cytostatische nucleoside analoga. 

Parasitairee aandoeningen, zoals malaria en de Afrikaanse slaapziekte, bedreigen bijna de halve 

wereldbevolking.. Medicijnen die momenteel gebruikt worden voor de behandeling van deze 

ziektenn hebben vaak ernstige bijwerkingen en worden in toenemende mate onbruikbaar door 

hett optreden van resistentie. Het spreekt voor zich, dat het ontwikkelen van nieuwe 

antiparasitairee geneesmiddelen van levensbelang is. Vooruitgang in de moleculaire biologie 

heeftt het testen van potentiële geneesmiddelen op biologische activiteit enorm versneld. Het 

verkortenn van het kostbare proces van medicijnontwikkeling vraagt dan ook om de productie 

vann een grote hoeveelheid kandidaatverbindingen in korte tijd. Combinatoriële parallelle 

synthesee hetzij in oplossing, hetzij op vaste drager wordt algemeen aanvaard als het antwoord. 

Datt maakt het ontwikkelen van nieuwe, parallelle synthesemethoden zeer relevant. 

Inn Hoofdstuk 2 wordt de ontwikkeling beschreven van een bibliotheek van nucleoside 

monomerenn voor het eerst geheel gesynthetiseerd op de vaste drager. In dit geval werd het 

nucleosidee bevestigd aan de vaste drager door middel van een esterbinding tussen de 

nucleosidee 5'-hydroxyl groep en een carboxyl gefunctionaliseerde polystyreen hars. Nitrering 
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vann het purinesysteem in 1 leverde 2-nitro-6-chloropurine nucleoside 2, een zeer reactief, 

tweevoudigg gefunctionaliseerd deeltje. Amines werden selectief geintroduceerd door het 

vervangenn van het 6-chlooratoom bij kamertemperatuur, waarbij de 2-nitro groep niet werd 

aangetast.. De substitutie van de 2-nitro groep door amines werd bewerkstelligd bij 80-90 °C. 

Hett verwijderen van de riboside beschermgroepen in een licht zuur milieu, gevolgd door het 

splitsenn van de nucleosiden van de hars, gaf de 2,N6-digesubstitueerde adenosine analoga 3. 

Omm de vaste drager methodologie uit te breiden naar het modificeren van de suikergroep, 

werdd een sequentie ontwikkeld die gebruik maakt van het 'safety-catch' principe, zoals 

beschrevenn in Hoofdstuk 3. Een 'safety-catch' linker blijft inert tijdens de synthesestappen op 

dee vaste drager, maar kan naar wens geactiveerd worden om het substraat van de hars te 

splitsen.. Een 5'-carboxylaat nucleosidesjabloon wordt aan de vaste drager bevestigd door 

middell van een aryl hydrazidebinding. Na de substitutiereacties aan het purinesysteem and het 

verwijderenn van de 2',3'-beschermgroepen, wordt de hydrazidebinding in 4 geoxideerd. Het 
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resulterendee acyldiazeen 5 reageert in situ met aanwezige amines waardoor de 5'-

carboxamidoadenosinee analoga 6 vrijkomen van de vaste drager. Twee kleine bibliotheken 

werdenn gesynthetiseerd bestaande uit 5',N6-digesubstitueerde en 2,5',N6-trigesubstitueerde 

carboxamidoadenosinee analoga. 

Hoofdstukk 4 handelt over het maken van conformationeel beperkte adenosine analoga, 

doorr gebruik te maken van macrocyclisaties waarbij de nitrosubstitutiereacties zijn betrokken, 

diee zo bruikbaar bleken in de syntheses aan vaste drager, beschreven in de voorgaande 

hoofdstukken.. Twee soorten conformationeel beperkte adenosine analoga werden 

gesynthetiseerd.. Type I bevat een keten tussen N6 en C2, waardoor de ruimtelijke vrijheid van 

farmacoforenn ingeperkt wordt. Type II bevat een keten tussen C5 ' and C2, waardoor het 

nucleosidee covalent wordt vastgelegd in de s^n-conformatie. Uit bindingsstudies aan de 
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adenosinee receptoren komt de A3 selectiviteit naar voren van nucleosiden van type I, terwijl 

hett totale gebrek aan receptoraffiniteit van de adenosine analoga van type II, vastgelegd in de 

s;yn-conformatie,, bevestigt dat binding aan de receptor een anti-conformatie vereist. 

Inn Hoofdstuk 5 is de evaluatie beschreven van de antiptotozoale activiteit in vitro van de 

adenosinee analoga die werden gesynthetiseerd, zoals uiteengezet in de voorgaande 

hoofdstukken.. Sommige verbindingen bleken een aanzienlijk remmende werking te vertonen 

opp de groei van Trypanosoma brucei rhodesiense, de parasiet die de Afrikaanse slaapziekte 

veroorzaakt,, en van Plasmodium falciparum, de parasiet die verantwoordelijk is voor de 

dodelijkstee vorm van malaria. 
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Dee veelzijdige purine nitreringsreactie vormt de kern van de synthetische strategieën die zijn 

beschrevenn in deze dissertatie. Het mechanisme van deze purine nitrering met een mengsel van 

tetrabutylammoniumnitraatt en trifluorazijnzuuranhydride werd opgehelderd door gebruik te 

makenn van NMR spectroscopie, hetgeen staat vermeld in Hoofdstuk 6. Het nauwgezet volgen 
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nitraminee omlegging 

vann de nitrering van 7 sloot directe nitrering van de zeer electrofiele C2 positie uit en liet zien 

datt deze reactie bestond uit drie opeenvolgende stappen. Electrofiele aanval door 

trifluoracetylnitraatt (TFAN) op de purine N7 positie geeft een nitrammonium deeltje dat 

wordtt weggevangen door het trifluoracetaat anion onder vorming van nitramine 

intermediairr 8. Vervolgens vindt een nitramine omlegging plaats, die het C2-nitro 

intermediairr 9 genereert, dat daarop trifluorazijnzuur elimineert en 2-nitro-6-chloorpurine 10 

oplevert.. Met behulp van 15N-CIDNP NMR werd ondubbelzinnig aangetoond dat bij de 

nitraminee omlegging radicalen zijn betrokken. Een experiment met een radicaalvanger 

onthuldee dat 65-70 % van de nitramine omlegging zich op intermoleculaire wijze voltrekt. 
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Nawoord Nawoord 

ZesZes sonetten gewijd aan hen die bij de 

totstandkomingg van dit boekje een rol hebben gespeeld. 

'Ikk weet alleen dat ik niets weet', heeft Socrates bekend, 

'tt Is wat ik mij realiseer, nu ik dit boek voltooi. 

Trekk de leeuw maar aan zijn staart bij wijze van experiment 

omm zijn aard echt te doorgronden; dan is kennis machtig mooi. 

Zoo is helder licht geworpen op 't reactiemechanisme, 

datt op authentieke wijze, bovendien vrij radicaal 

moleculenn genereerde tegen kwaad parasitisme 

enn wellicht ook tegen kanker of een slopende hartkwaal. 

Maar,, niets komt van niets, van een vraag weer een vraag. 

Dee wetenschapper is nooit klaar, zijn werk is nooit gedaan. 

Eenn enorme trek in kennis schuurt zijn bodemloze maag. 

Hijj is zo onverzadigbaar gelijk een nymfomaan. 

Ookk die heeft and'ren nodig en doet het bij voorkeur samen. 

Mijnn dankbaarheid gaat uit naar hen die ik hier noem met name. 
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Gerrit-Jann als mijn promotor heeft geregeld wat hij kon. 

Doorr condities te creëren zonder dikwijls in te grijpen 

heeftt hij mij als jonge wijn in zijn gewelven laten rijpen. 

Zoo beheert hij zijn chateau als een maitre vigneron. 

Ditt verhaal had nooit bestaan zonder mijn mentor in chemie. 

Onderr Martin's begeleiding zijn purines genitreerd, 

maarr 'k heb meer van zijn ideeën met succes uitgeprobeerd. 

Alduss slaagt er weer een leerling van de Wanner-academie. 

Eenn sonate klinkt geheel gewijd aan Melle's genereuze 

hulpp bij alles eigenlijk, niet zelden bij het Mac-klavier. 

Bijj de Varian tezamen vonden wij tot groot plezier 

onss verwoed gezocht CIDNP effect; succes dat is een keuze! 

Onzee samenwerking duurde kort, maar 'k ben hem niet vergeten 

alss de geest'lijk vader van dit plan, Floris van Delft geheten. 

Naastt het maken van analoga van puur adenosine 

heeftt ook Lidy van der Burg met veel geduld en eigen visie 

verantwoord'lijkheidd genomen voor het geven van instructie: 

Zijj heeft ons op weg geholpen met de NMR machine. 

Mijnn studenten waren top, maar mijn project vaak niet geschikt. 

Mellee worstelde als eerste met de plannen die ik smeedde. 

Daarnaa Vic, die in een zware tijd geweldig heeft gestreden. 

Enn uiteindelijk heeft Remko toch mijn voorzet ingeknikt. 

Margott Beukers en Ad IJzerman, samen wilden wij weten 

hoee een stof kan binden aan adenosine receptoren. 

Vann de anti-conformatie heeft de syn bijkans verloren, 

hetgeenn Jacobien van Freitag Drabbe Künzel heeft gemeten. 

Retoo Brun is the authority on parasitic area. 

Mayy we proceed in unity with rolling back malaria. 
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Nawoord Nawoord 

Withh her laugh that resonates from Amsterdam to Camerino 

caraa Catia Lambertucci spent some weeks in our lab. 

Enn wie ook geroemd moet worden om de humor die hij heb, 

iss de Mokumse Mark Leemhuis met zijn bek zo groot als Pino. 

Watt subtieler is Hans B, zijn commentaren zijn zo droog, 

diee onttrekken zelfs nog vocht aan een buis calciumchloride. 

Alss een wervelwind trok Paymaneh langs veel nucleosiden, 

diee met nitro's achterbleven toen zij naar het noorden toog. 

Eenn project van zeven weken bij Arnold van Loevezijn 

werdd 'iets' langer en dat heeft tot een promotieplaats geleid. 

Enthousiasmee met precisie was zijn onderwijsbeleid, 

maarr vooral bracht hij mij bij hoe leuk de wetenschap kan zijn. 

Kortt geleden werd Ron's groepje met de bioboys verweven 

enn zo kwam in onze brouwerij een portie extra leven. 

Dann volgt nu een enkel vers gewijd aan mannen van stavast, 

zoalss Ren en Rob en Joep en Jaap en Iwan en Hans M. 

Vraagtt een aio om een gunst, dan zijn zij vaak bereid om hem 

tee verblijden met een dienst of troost of potjes uit de kast. 

Velee stofjes heeft Han Peeters met atomen snel beschoten. 

Enn Jan Meine en Jan G zijn zeer bekwaam met NMR. 

Voorr de mensen van de bieb ging er geen zoekopdracht te ver. 

Menigg plan werd knap door Ron en Bert in glazen vorm gegoten. 

Zeerr betrokken en begaan zijn Jan van M en Henk Hiemstra, 

niett alleen met eigen groep, maar ook met and'ren in het pand. 

Mett mijn vrienden van organisch heb ik een speciale band: 

Wimm (en Martin), Mandy, Richard, Peter en Alessia. 

'kk Hoop dat wij nog jaren samen volgens roetertoeterwetten 

Nett als Winfred in de bar het op een kansloos zuipen zetten 

151 1 



Magg de tap nog eeuwig stromen voor mijn drinkebroeder Stijn. 

O pp het lab, maar meer daarbuiten maakten wij veel moois al mee. 

Voorr een bruiloft op naar Polen, of naar Arie in 't café. 

Ikk ervaar het als vertrouwd genoegen dat wij gabbers zijn. 

Voorr wie 't nog niet heeft begrepen: zonder vrienden geen bestaan. 

Enn voor mij zijn Roos, Francois en Inez net als Sensei Tijs 

enn Herman en Monika van deze waarheid het bewijs, 

wantt mijn vrienden zijn de spiegel waarin ik mezelf zie gaan. 

Lievee Jos en Han en Remco, jullie steun is met geen goud 

tee belonen; jullie dank ik uit het diepste van mijn hart. 

Fijnn met pap filosoferen tot het licht de nacht weer tart. 

Nogg een wijze les van mam: geduld begint pas waar het ophoudt. 

Lievee schat, wat moet ik zeggen? Al mijn woorden zijn te min 

jouww support goed te beschrijven; 'k heb je lief, mijn lieve Lin. 

AanAan de voet van de oude Wester heb ik vaak. in gedachten gestaan, 

'k'k Heb dit boek er ook geschreven, in die mooie, die fijne Jordaan. 

Boris s 
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