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Abstrakt 

Byla vyvinuta metodika přípravy tří typů konformačně uzamčených karbocyklických 

nukleodisů založených na “bridgehead“ substituovaném norbornanovém skeletu - 

analoga uzamčená v tzv. severní, východní a jižní konformací. Tyto látky byly 

připrave-ny na základě strukturní podobnosti s komerčně úspěšným léčivem 

abacavirem, který je používán k léčbě HIV. Jedním z cílů bylo také studium závislo-

sti antivirové aktivity připravených látek na konformaci jejich pseudocukerné části. 

Strategie syntézy spočívala v lineární přípravě vhodného aminového prekurzoru 

pseudocukerné části a následné výstavbě purinové nebo thyminové nukleobáze na 

jeho aminoskupině. Syntéza prekurzorů Severních a Jižních derivátů shodně vychází 

z 2-karboxymethyl norbornenu a její klíčovou reakcí je Hell-Volhard-Zelinského 

bromace 2-norbornylkarboxylové kyseliny, která je doprovázena přesmykem 

bicyklického skeletu. Tím je umožněno zavedení substituentu do tzv. „bridgehead“ 

polohy, místa spojení kruhů. Metodika přípravy Východních derivátů je naproti tomu 

založena na radikálové cyklizaci subsituovaného oximu 4-(brommethyl)-

cyklohexanonu, která uzavřením methylenového můstku poskytuje norbornanový 

intermediát substituovaný v obou bridgehead polohách. 

Jako nukleobaze byly při přípravě těchto modifikovaných nukleosidů použity 

thymin, 6-chlorpurin a 2-amino-6-chlorpurin. Nahrazením atomu chloru v poloze C-

6 purinové baze několika nukleofily byla připravena série derivátů s cílem dále 

zkoumat vztah mezi strukturou látek a jejich biologickou aktivitou. 

Jako součást dlouhodobého projektu naší skupiny byly některé z meziproduktů 

těchto syntéz použity pro přípravu N-9 alkylovaných 6-chlorpurinů. Spolu s deriváty 

založenými na bicyklo[2.2.2]oktanu a bicyklo[3.2.1]oktanu rozšírily tyto látky naši 

knihovnu látek aktivních proti Coxsackie viru. 

S cílem zjednodušit přípravu cílových látek byly vypracovány nové metodiky pro 

přípravu jak pseudocukerné části analogů nukleosidů, tak i purinové baze. Diels-

Alderova reakce dicyklopentadienu nebo polychlorovaných cyklopentadienů 

s různými dienofily provedená v mikrovlnném reaktoru výrazně usnadňuje přípravu 

C-5 substituovaných norbornenů, a nová modifikace Traubeho syntézy purinových 

nukleobází na aminových substrátech využívající formylované pyrimidinové 

prekurzory výrazně zvyšuje výtěžky této reakce a při současném zjednodušení jejího 

provedení. 



 

Abstract 

Three novel series of conformationally locked carbocyclic nucleoside analogues 

based on the bridgehead substituted norbornane bicyclic skeleton were prepared - 

analogues with the pseudosugar locked in the North, East or South conformation. 

These compounds were synthesized as structurally related substances to a 

commercially successful antiviral drug abacavir, which is used in the therapy of HIV. 

One of the goals was the exploration of the dependence of antiviral activities of 

prepared compounds on the conformation of their pseudosugar part. 

The key intermediates in the syntheses of the North and South analogues, amine 

precursors suitable for nucleobase construction, were prepared in several steps from 

easily accessible 2-carboxymethyl norbornene. Introduction of a carboxylic function 

into the bridgehead position, a key transformation mutual to both syntheses, was 

accomplished via the Hell-Volhard-Zelinsky bromination of norbornane-2-

carboxylic acid, which affords rearranged 2-exo-bromo-1-carboxynorbornane. 

Approach to the derivatives locked in the East conformation is based on radical 

cyclization of substituted 4-(bromomethyl)cyclohexanone oxime, which affords 

norbornane intermediate substituted in both bridgehead positions. 

Thymine, 6-chloropurine and 2-amino-6-chloropurine nucleobases were used in the 

syntheses of these modified nucleosides and the C-6 chlorine atom of purine bases 

was subsequently displaced using several nucleophiles in order to build a small 

library of compounds for the structure-activity relationship study. 

As a continuation of one of our group’s project, some norbornane-based 

intermediates from the syntheses of the above mentioned compounds were employed 

in the preparation of N-9 alkylated 6-chloropurines. Along with derivatives based on 

bicyclo[2.2.2]octane and bicyclo[3.2.1]octane these compounds expanded our 

group’s library of anti-Coxsackie agents. 

In order to facilitate the approach to described compounds, novel procedures for the 

preparation of both the pseudosugar and the nucleobase part were devised. The 

microwave-assisted Diels-Alder reaction of dicyclopentadiene or polychlorinated 

cyclopentadienes with various dienophiles markedly simplified the preparation of C-

5 substituted norborenes and the modified Traube synthesis for the construction of 

variously substituted purine nucleobases on amine precursors led to remarkably 

higher yields and acceleration of the purine nucleobase introduction 
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1. Introduction 

Nucleosides and nucleotides are of utmost importance to all living organisms in 

that they are building blocks for nucleic acids - the carrier of genetic information. 

Their analogues have been found to be biologically active as antivirotics,
1
 

antibiotics,
2
 antimycobacterials,

3
 and cytostatics.

4
 The main drawback of natural 

nucleoside analogues is the labile N-glycosidic bond, which is cleaved in cells by 

phosphorylases.
5
 Carbocyclic nucleosides, in which the oxygen of the furanose ring 

is substituted with methylene are stable towards these enzymes and some of them 

were found to be very active against certain viruses - abacavir is used in the 

treatment of HIV
6
 and entecavir in the treatment of HBV.

7
 

On the examples of AZT
8
 and methanocarbathymidine

9
 was shown that the 

conformation of the carbocyclic nucleosides’s pseudosugar ring might be vital for 

both phosphorylation in cells and for the interaction with the viral enzyme. Fixing 

the conformation of the pseudosugar in several distinct positions could therefore be 

an interesting study of the relationship between structure and biological activity of 

carbocyclic nucleosides. 

This thesis concerns the preparation of conformationally locked carbocyclic 

nucleosides based on a norbornane skeleton bearing the nucleobase, hydroxymethyl 

or both in the bridgehead position of the norbornane. 

The first part of this thesis depicts novel synthetic methodologies, which were 

devised to simplify and ease the preparation of both the pseudosugar part (Diels-

Alder reaction leading to 5-substituted or 5,6-disubstituted norbornenes) and the 

nucleobase part (construction of 6-chloropurine or 2-amino-6-chloropurine via 

modified Traube synthesis). 

The second part describes the preparation of three series of conformationally 

locked carbocyclic nucleosides (locked in North, East and South conformation) as 

potential antivirotics and the preparation of N-9 alkylated 6-chloropurines 

synthesized as potential anti-Coxsackievirus agents. 

Synthesized compounds were then tested for their antiviral and cytostatic 

properties in our collaborators’ facilities. 
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2. Aims of the Thesis 

 Development of new strategies for the preparation of variously substituted 

norbornane skeletons with special respect to the Diels-Alder reactions of 

cyclopentadiene and the introduction of substituents to the bridgehead 

position(s). 

 Development of a novel strategy for purine nucleobase construction in order 

to simplify and speed up this transformation as well as increase its yields. 

 Synthesis of conformationally locked carbocyclic nucleosides with 

nucleobase, hydroxymethyl or both in the bridgehead position of the 

norbornane skeleton. Evaluation of the influence of the pseudosugar pucker 

on the antiviral activity of these compounds. 

 Synthesis of N-alkylated nucleobases based on the bridgehead substituted 

norbornane to expand the library of potential anti-CVB-3 compounds. 
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3. Results and Discussion 

3.1. Novel protocol for the Diels-Alder reaction leading to variously 

substituted norbornene precursors used in further syntheses 

Preparation of 5-substituted norbornenes is most commonly accomplished using 

the Diels-Alder reaction of cyclopentadiene and a suitable dienophile. Presented 

methodology includes the microwave assisted cracking of dicyclopentadiene into its 

monomer and trapping it with a suitable dienophile. This method is fast, simple, 

avoids laborious preparation of cyclopentadiene and is suitable even for small and 

volatile dienophiles. 

Reasonable reaction speed is achieved at 150°C with most reactions reaching 

completion in 1 hour and only those with bulkier dienophiles requiring longer 

reaction times. Due to rather poor microwave absorption of reagents, temperatures 

over 150°C could not be easily achieved and reactions with vinyl acetate and ethyl 

vinyl ether were not executable at all because temperatures higher than 120°C could 

not be reached. Vinyl acetate was, however, succesfully replaced with vinyl 

benzoate. Sufficient conversion was determined with GC-MS analysis and the 

isolation of products was accomplished either by column chromatography (hexane - 

ethyl acetate mobile phase) or, on a larger scale, via distillation. Reaction with ethyl 

propiolate, which with conventional heating afforded only a dark-brown polymeric 

agglomerate, was feasible on heating with microwaves, despite affording only low 

yields. 

An important feature of the Diels-Alder reaction is the stereoisomeric ratio of 

endo/exo products. As expected, these reactions afforded mixtures of stereoisomers 

(with the exception of 218d and 218j) with endo usually being predominant. The 

ratio of products was determined using NMR spectroscopy followed by comparison 

with literature data. 

 

 

 

 



NOVEL PROTOCOL FOR THE DIELS-ALDER REACTION 9 

 

 

 

Scheme 1.Hydroquinone (cat.), 130 - 180°C, MW, 2 - 300 min (Table 1). 

 

The use of polychlorinated cyclopentadienes may be beneficial when 

diastereoselectivity of the reaction is a key factor, because these reactions provide 

only one stereoisomer due to steric repulsion of C-7 substituents. The use of 5,5-

dimethoxy-1,2,3,4-tetrachlorocyclopentadiene 195 also allows the simple 

introduction of an oxygen substituent to norbornane C-7 position, which is otherwise 

not an easily feasible transformation.  

I have discovered that heating an equimolar mixture of chlorinated 

cyclopentadiene with an appropriate dienophile (containing <1% hydroquinone as 

antipolymeration agent) in the microwave at temperatures ranging from 130 to 180°C 

resulted in up to 100-fold shorter reaction times (even < 2 minutes) and afforded very 

good to quantitative yields. Observed diastereoselectivity was quantitatively endo 

and the combination of this method with the dechlorination procedure using sodium 

in liquid ammonia represents a simple approach to endo-5-substituted norbornenes 

with the possibility of protecting the keto group in the C-7 position. 

The reaction of 195 with ethyl propiolate was connected with a thermal 

rearrangement and afforded the benzene derivative 222, while reaction with 219 

proceeded as expected to the norbornane derivative 220j. 
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Scheme 2.Hydroquinone (cat.), 150°C, MW, 30 min (Table 1). 

 

Table 1. Diels-Alder reactions with various dienophiles
a 

Prod 
Time 

(min) 

Endo/

Exo
b
 

Yield
c
(

%) 
Prod 

Time 

(min) 

Temp. 

(°C) 

Yield
c 

(%) 
Prod 

Time 

(min) 

Temp 

(°C) 

Yield
c 

(%) 

218a 90 2/1 80 220a 2 150 
81 

(72) 
221a 2 150 80 

218c - - - 220b 45 180 
81 

[81] 
221b 30 180 

75 

(66) 

218d 60 - 
82 

[89] 
220c 40 150 31 221c 30 150 79 

218e 300 4/1 80 220d 60 180 36 221d 30 180 72 

218f 90 1/1 
80 

[79] 
220e 2 150 

95 

(84) 
221e 2 150 93 

218g 300 7/2 
82 

[78] 
220f 5 150 

84 

(70) 
221f 5 150 

75 

(69) 

218h 60 1/3 76 220h 60 130 
66 

(52) 
221h 10 150 69 

218i 60 21/1 84 220i 10 150 
71 

(63) 
221i 10 150 

76 

(73) 

218j 60 - 35 220j 30 150 69 222 30 150 70 
a 

Reaction conditions: diene (1 mmol), dienophile (1 mmol), hydroquinone (10 mg), microwave 

irradiation. 
b
 Determined by 

1
H-NMR. 

c 
Yields isolated by column chromatography. In parentheses 

yields isolated by crystallization. In square brackets yields of multigram experiment isolated by 

distillation. 

 

Completion of the reactions was determined using GC-MS and products were 

isolated either by column chromatography (hexane - ethyl acetate) or by 

crystallization from methanol with a few drops of water.  

 

To summarize, a simple, fast and easy method for the synthesis of various 

norbornene derivatives was developed. The main features include the fact that no 

additional reagents and no solvents are necessary for the reaction as well as the 

purification of products is possible only using distillation or crystallization, which 

makes this method very cheap and attractive for large-scale preparations. 
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3.2. Novel modification of the Traube synthesis leading to variously 

substituted purines 

The introduction of a purine nucleobase represents without doubt one of the key 

transformations in the synthesis of nucleosides. For the introduction of the 

nucleobase to a tertiary carbon only the build-up approach is usable, which 

specifically applies to the bridgehead positions of bicyclic and polycyclic skeletons. 

To avoid the difficulties and drawbacks commonly associated with the Traube 

synthesis modifications, I have decided to explore the fact that the use of triethyl 

orthoformate or diethoxymethyl acetate in the imidazole ring closure step practically 

means the introduction of a masked formyl group to the molecule. If the formylated 

reagent (4,6-Dichloro-5-formamidopyrimidine or 2-Amino-4,6-dichloro-5-

formamidopyrimidine) is used under different reaction conditions, the imidazole ring 

closure takes place directly in the same pot without the need of any other reagents. 

A mere increase in reaction temperature and the use of a sealed reactor vessel 

does indeed close the imidazole ring directly and leads to the production of 6-

chloropurine or 2-amino-6-chloropurine derivatives in a short one pot reaction. A 

series of optimization experiments was performed in order to determine the best 

conditions for this reaction where a number of different solvents and non-

nucleophilic bases were employed at various temperatures.  

Surprisingly, no clear dependence of the results on the solvent polarity could be 

recognized, however the best yields were obtained in n-butanol, dioxane or an EtOH-

water mixture. DIPEA was selected as the best non-nucleophilic base as stronger 

bases caused a number of side reactions and more sterically hindered and weaker 

bases caused the reaction to be too slow. 

To prove the versatility and robustness of this method, I have employed 15 

additional amines in both of these purine constructions. Reactions were performed in 

a microwave reactor or in a sealed Ace® tube with a back seal bushing heated in an 

aluminium block. Typical conditions for the procedure consists of heating a mixture 

of an amine (1 mmol), a pyrimidine precursor (1.2 mmol) and DIPEA (2 mmol for a 

free amine substrate and 3 mmol for a hydrochloride salt) in a selected solvent (5 
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mL) for a specified period of time. Purification was mostly done chromatogra-

phically. 

 

Table 2. Construction of purines on various amine substrates 

 

Ent. R 

Z = H Z=NH2 

Ent. R 

Z = H Z=NH2 

Cond. 
Yield 

[%]b 
Cond. 

Yield 

[%]b 
Cond. 

Yield 

[%]b 
Cond. 

Yield 

[%]b 

1 

 

A 

B 

86(86) 

78(74) 

C 

D 

69(76) 

71(70) 
9 

 

A 

B 

61[65] 

51(52) 
C 

D 

66(55) 

62(60) 

2 

 

A 

B 

75(80) 

77[85] 

C 

D 

62(73) 

0(0) 
10 

 

A 

B 

66(66) 

70(68) 
C 

D 

78(76) 

80(75) 

3 

 

A 

B 

90(77) 

84[87] 

C 

D 

73(80) 

0(0)c 
11 

 

A 

B 

90(82) 

88[86] 
C 

D 

82(74) 

77[79] 

4 

 

A 

B 

93(94) 

86[94] 

C 

D 

93(92) 

55(49) 
12 

 

A 

B 

61[63] 

66[65] 
C 

D 

70(82) 

45[52] 

5 

 

A 

B 

55(47) 

56(35) 

C 

D 

52(66) 

57(30) 
13 

 

A 

B 

88(83) 

85(80) 
C 

D 

86(80) 

72(58) 

6 

 

A 

B 

88(61) 

93[96] 

C 

D 

96(97) 

86(87) 
14 

 

A 

B 

87(83) 

70(68) 
C 

D 

71(72) 

58[70] 

7 
 

A 

B 

92(79) 

84(94) 

C 

D 

87(82) 

90(87) 
15 

 

A 

B 

NDd 

63(80) 
C 

D 

NDe 

62(73)
f 

8 

 

A 

B 

79[82] 

79(85) 

C 

D 

82(75) 

75(70) 
16 

 

A 

B 

NDd 

50(57)

e 

C 

D 

NDe 

42(43)
f 

a
  A: dioxane, 160°C / 2h; B: n-BuOH, 140°C / 2h; C: n-BuOH, 160°C / 2h; D: EtOH-H2O (1:1, v/v), 

140°C / 1h. 
b
 Isolated yields of MW heated experiments. Isolated yields of conventionally heated 

experiments are shown in parentheses. Yields of conventionally heated experiments determined with 

HPLC are in brackets. 
c
 Under these conditions a 6-phenylamino or 6-p-methoxyphenylamino derivative 

is formed. 
d 

A bipurine derivative is formed using 2.4 mmol of pyrimidine reagent. 
e
 The yield was less 

than 10% (HPLC based), the product was not isolated. 
f
 Isolated yield of phosphonate monoester. 



NOVEL MODIFICATION OF THE TRAUBE SYNTHESIS 13 

 

The modification of the C-6 position is one of the most common derivatizations of 

the purine nucleobase, and we have therefore decided to explore the compatibility of 

described methodology with a one-pot performed nucleophilic displacement of the 

C-6 chlorine atom by simple addition of an appropriate nucleophilic reagent. 

Tryptamine was selected as a model substrate for this transformation and 6 different 

nucleophiles were employed as reagents. Results are listed in Table 6 and yields 

range from very good to excellent.  

 

 

This three-step, one-pot methodology was applied to the synthesis of a 

commercially available drug abacavir, a carbocyclic nucleoside used in the treatment 

of HIV. Comparison with literature procedures proved this method to be superior in 

terms of reaction speed, laboriousness and yield.
10 

 

 

Table 3. Subsequent one-pot reactions of tryptamine derivatives with various nucleophiles 

 

Entry Reagent Nu Yield [%]
a
 Z = H Yield [%]

a
 Z = NH2 

1 Ammonia (10 eq)
b
 NH2 86 92 

2 Cyclopropylamine (5 eq) 
 

91 82 

3 Morpholine (5 eq) 

 

87 83 

4 Thiourea
c
(2 eq) SH 80 84 

5 MeONa (5 eq)
d
 OMe 82 93 

6 NaOH (10 eq)
f
 OH 79 88 

a
 Isolated yields. 

b
 3.5 M solution in ethanol. 

c
 The reaction could not be performed under MW 

irradiation, the reaction mixture was heated in an oil bath. 
d
 1M solution in methanol. 

e
 6-alkoxy 

derivatives are formed if the reaction is performed in alcohols. 
f
 2M solution in water. 
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Scheme 3. Comparison of the preparation of abacavir with literature procedures. 

 

To summarize, s very convenient and simple route to variously substituted purine 

derivatives starting from amine substrates was developed. This is the first technique 

leading to 9-substituted purine derivatives in a single pot reaction, which makes it a 

method of choice for such transformations. 
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3.3. Synthesis of carbocyclic nucleoside analogues locked in North 

conformation 

The North conformation derivatives are based on a norbornane skeleton with the 

nucleobase attached in the C-3 position of the bicycle and a hydroxymethyl group in 

the C-1 (bridgehead) position. 

The synthesis of these compounds uses the Hell-Vollhard-Zelinski bromination of 

273 connected with the skeleton rearrangement as a way of introducing a substituent 

into the bridgehead position. Optimization of preparing the acid 273 allowed me to 

obtain 2.5 mol of this starting material via the Diels-Alder reaction and subsequent 

double bond hydrogenation followed by methylester saponification. 

For the preparation of the intermediate 278 a modified procedure published by 

Yates and Kaldas
11

 was used. However, authors’ method of elimination of the 

bromine atom of methyl ester 275 using t-BuOK proved to be highly inconvenient 

for larger scale reactions. I have therefore used the system of DBU in DMF for this 

elimination reaction - it can be carried out without inert atmosphere and is suitable 

for large quantities, with the workup consisting only of an extraction of the product 

with hexane after dilution of the reaction mixture with water. 

Introduction of a hydroxy group into the C-3 position was accomplished by an 

oxymercuration reaction. This reaction, described in the work of Yates and Kaldas, 

proceeds regio- and stereospecifically and afforded the 3-exo-hydroxy-1-carboxylic 

acid in reasonable yield. The hydroxyl group of 278 was inverted by standard 

oxidation - reduction protocol affording the endo derivative 281. 

Amine 270, a suitable precursor for the nucleobase introduction was prepared in 

three simple steps from the alcohol 281. The endo hydroxyl group was mesylated 

and nucleophilicaly exchanged for an azido group, which was hydrogenated on 

palladium hydroxide. 

Although this whole linear approach seems to be rather lengthy, it must be 

mentioned that none of the above listed intermediates had to be purified 

chromatographically. Extractions, distillations and crystallizations were used for 

purification, which makes this route simple, cheap and attractive for large scale 

preparation (300 g of 275 in a single batch). 
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Scheme 4. a) Methyl acrylate, hydroquinone (cat.), 180°C, 4 h; b) Pd(OH)2/C, H2 (100 bar), MeOH, 6 

h; c) NaOH, H2O, overnight, 82% over three steps; d) Br2, PCl3 (cat), 90°C, 7 h, 67%; e) MeOH, 

H2SO4 (cat.), reflux, 12 h, 84%; f) DBU, DMF, 110°C, 48 h; g) 1. Hg(OAc)2, THF-H2O, 2 h. 2. 3M 

NaOH, 30 min, 3. NaBH4, 3M NaOH, 10 min, 67%; h) CH2N2, 10 min, 99%; i) PDC, DCM, 

overnight, 82%; j) NaBH4, MeOH, overnight, 88%; k) MsCl, pyridine, 3 h, 99%; l) NaN3, DMF, 

115°C, overnight, 92%; m) LAH, THF, 2 h, 59%. 

 

Although the chloropurine nucleoside analogue 285 could be prepared via the 

Mitsunobu reaction of 281 with 6-chloropurine and subsequent reduction of the ester 

functionality, both thymine and 2-amino-6-chloropurine nucleobases afforded only 

traces of desired products under these conditions. Due to this fact all 

carbanucleosides were synthesized using the nucleobase construction protocol with 

amine 270 as a substrate. 

The C-6 position of purines 285 and 286 was nucleophilically derivatized in order 

to obtain a diverse spectrum of compounds which might provide interesting leads on 

the structure-activity relationship. Apart from obvious adenosine 288, and guanosine 

294 analogues, I have also prepared diaminopurine derivative 289, 6-

cyclopropylamino derivatives 290 and 291, 6-dimethylamino derivative 292 and 6-

thio derivative 293. 
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Picture 1. Computer generated model of compound 289. 

 

From the adenosine derivative 288, 2-amino-6-cyclopropylamino derivative 291 

and thymidine analogue 287, phosphoramidate prodrugs 295, 296 and 297 have been 

prepared by a reaction with phenylmethoxyalaninyl phosphochloridate. 

 

 

Scheme 5. a) 1. Ethyl [(2E)-3-ethoxy-2-methylprop-2-enoyl]carbamate, dioxane, 100°, 3h, 2. 

Dowex 50W (H+), dioxane, 100°C overnight, 69%; b) 4,6-dichloro-5-formamidopyrimidine, DIPEA, 

n-BuOH, MW, 160°C, 2 h, 69% c) 2-amino-4,6-dichloro-5-formamidopyrimidine, DIPEA, EtOH-

H2O, MW, 140°C, 1 h, 83%; d) NH3, EtOH, MW. 120°C, 30 min, 67% for 288, 95% for 289; e) 

cyclopropylamine, EtOH, 140°C, 30 min, 80% for 290, 83% for 291; f) dimethylamino 

dimethylcarbamate, 24 h, 69% g) thiourea, EtOH, 105°C, overnight, 77%; h) TFA, H2O, overnight, 

60%; i) t-BuMgCl, phenylmethoxyalaninyl phosphochloridate, THF, 3 d, 59% for 295, 55% for 297, 

38% for 298. 
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3.4. Synthesis of carbocyclic nucleoside analogues locked in East 

conformation 

Analogues locked in East conformation are based on a 1,4-disubstituted, so called 

“double-bridgehead”, norbornane. While some literature procedures leading to such 

substituted precursors are known, in my hands two of these described routes proved 

irreproducible or afforded only very low yields.  

Preparation of the double-bridgehead norbornane suitable for the preparation of 

the East conformation derivatives was carried out using a modified procedure 

described by Della and Knil. This method uses a radical ring-closure reaction of 

benzylated oxime 312 using tributyl tinhydride and AIBN as a radical initiator.
12

 312 

could be obtained in 6 simple steps from p-hydroxy ethylbenzoate 306. The outline 

of the radical reaction had to be modified to provide acceptable yields. Instead of 

dropwise addition of Bu3SnH-AIBN solution to a refluxing solution of the substrate, 

I simply added AIBN all at once to a refluxing mixture of substrate and Bu3SnH and 

the yield rose to 49%. Although originally I reduced of the hydroxylamine and the 

ester function of 313 in two steps, by using  borane as the reduction agent I was able 

to reduce both these functions in one reaction step with excellent yield of amine 315. 

 

 

Scheme 6. a) Bu3SnH, AIBN, toluene, reflux, 5 h, 49%; b) Pd(OH)2/C, H2 (60 atm), MeOH, 24 h, 

85%; c) LiAlH4, THF, reflux 5 h, 67%; d) BH3-THF, diglyme, 110°C, 24 h, 95%. 

 

Nucleobase construction on the amino group of 315 smoothy provided derivatives 

316, 317 and 318. Derivatization of the C-6 position of the purine heterocycle was 

performed under standard conditions. Phosphoramidate prodrugs of 316, 318, 319 

and 324 were obtained using standard conditions of t-BuMgCl and phenyl 

methoxyalaninyl phosphochloridate. 
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Picture 2. X-ray crystal structure of compound 320. 

 

 

Scheme 7. a) 1. Ethyl [(2E)-3-ethoxy-2-methylprop-2-enoyl]carbamate, dioxane, 100°, 3 h, 2. 

Dowex 50W (H
+
), dioxane, 100°C overnight, 62%; b) 4,6-dichloro-5-formamidopyrimidine, DIPEA, 

n-BuOH, MW, 160°C, 2 h, 60%; c) NH3, EtOH, MW. 120°C, 30 min, 91% for 318, 65% for 323; d) 

cyclopropylamine, EtOH, 140°C, 30 min, 91% for 319, 80% for 324; e) DMF, MW, 200°C, 2 min, 

87%; f) thiourea, EtOH, 105°C, overnight, 81%; g) 2-amino-4,6-dichloro-5-formamidopyrimidine, 

DIPEA, n-BuOH, MW, 160°C, 2 h, 80%; h) TFA, H2O, overnight, 69%; i) t-BuMgCl, phenyl 

methoxyalaninyl phosphochloridate, THF, 3 d, 39% for 326, 57% for 327, 28% for 328, 64% for 329. 
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3.5. Synthesis of carbocyclic nucleoside analogues locked in South 

conformation 

The South derivatives bear a very close structural resemblance to their North 

counterparts and, as such, were synthesized from the same precursors. In these 

compounds the nucleobase is in the C-1 position (bridgehead) of the norbornane 

bicycle and so the nucleobase has to be built-up on an amino group-containing 

molecule. Introduction of an exo hydroxymethyl group to the C-3 position proved to 

be a very challenging task, for it would have required purchasing a high pressure 

instrument for reactions using synthesis gas. Therefore I decided to substitute this   

C-3 hydroxymethyl with a phosphonate functionality attached to a secondary 

hydroxyl group. 

Amine 330 was prepared by means of the Curtius rearrangement from carboxylic 

acid 278. On the amino group of 330, the thymine, 6-chloropurine and 2-amino-6-

chloropurine was constructed affording compounds 331, 332 and 337, respectively. 

 

 

 

Picture 3. Computer generated model of compound 357. 
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Scheme 8. a) 1. ClCOOEt, TEA, acetone, 0°C, 1 h, 2. NaN3, H2O, 0°C, 1 h, 3. Dioxane, HCl, 

reflux, 5 h, 74%; b) 1. ethyl [(2E)-3-ethoxy-2-methylprop-2-enoyl]carbamate, dioxane, 100°, 3 h, 2. 

Dowex 50W (H
+
), dioxane, 100°C overnight, 61%; c) 4,6-dichloro-5-formamidopyrimidine, DIPEA, 

n-BuOH, MW, 160°C, 2 h, 58%; d) NH3, EtOH, 120°C, 30 min, 83% for 333, 83% for 338, 77% for 

342, 70% for 347; e) cyclopropylamine, EtOH, MW, 140°C, 30 min, 88% for 334, 76% for 339, 88% 

for 343, 77% for 348; f) dimethylamino dimethylcarbamate, 24 h, 86% for 335, 86% for 344, 86% for 

349; g) thiourea, EtOH, 105°C, overnight, 76% for 336, 76% for 345, 89% for 350; h) PDC, DCM, 

7d, 82% for 341 or PDC, DMF, 12 h, 56% for 351; i) NaBH4, MeOH, 5 h, 89% for 346, 51% for 353; 

j) 2-amino-4,6-dichloro-5-formamidopyrimidine, DIPEA, n-BuOH, MW, 160°C, 2 h, 63%; k) TFA, 

H2O, 24 h, 56%, for 340, 86% for 352, 62% for 354. 

 

The C-3 hydroxy group of 332 and 337 was inverted using the standard oxidation-

reduction procedure and although reduction of 341 to 346 proceeded smoothly (less 

than 2% of 332), reduction of 351 to 353 yielded a mixture of 337 and 353 (6:1), 

which was difficult to separate. The chlorine atom in the C-6 position of the purine 

nucleobase of all these six compounds was nucleophilically exchanged for a variety 

of substituents and thus expanded our library of nucleoside analogues and related 

compounds. 

Phosphonate functionality was introduced to 333, 334 and 339 using 

tosylmethanphosphonate as the alkylating agent. Use of (t-BuO)2Mg as a base and 

DMF as a solvent afforded much better yields than the use of t-BuONa in THF. 

Direct alkylation of the thymine-based compound 331 afforded a product 

alkylated on both the hydroxyl group and the N-3 position of the thymine 
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nucleobase. Therefore the phosphonate moiety was introduced first to a Boc-

protected 330 and the thymine was constructed afterwards. An interesting feature of 

this reaction is the fact that during the Dowex 50 (H
+
) catalyzed ring-closure reaction 

of the thymine nucleobase, the phosphonate diester was converted to a free 

phosphonate which then had to be isolated on C-18 reverse phase. 

 

 

Scheme 9. a) (t-BuO)2Mg, TsCH2P(O)(Oi-Pr), DMF, 60°C, 48 h, 89% for 356, 81% for 358; 58% 

for 360, b) TMSBr, DCM, 24 h, 60% for 355; 81% for 357; 58% for 359, 60% for 361; c) Boc2O, 

DIPEA, DCM, overnight, 89%; d) TFA, DCM, 2 h, 56%; e) 1. ethyl [(2E)-3-ethoxy-2-methylprop-2-

enoyl]carbamate, dioxane, 100°, 3 h, 2. Dowex 50W (H
+
), dioxane, 100°C, 12 h, 43%. 
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3.6. Synthesis of N-9 alkylated 6-chloropurines and N-1 alkylated 

thymines as potential anti-Coxsackie agents 

The discovery of anti-CVB3 activities of N-9 substituted 6-chloropurines (e.g. 

compounds 200 and 201) by Šála
13

 led our team to continue searching for 

compounds of similar structure that would possess even higher antiviral potency. 

 

 

Figure 1. Most active anti-Coxsackie B-3 compounds reported by Šála.
13

 

 

Removal of the bromine atom of 274 with hydrogenolysis provides acid 366, 

which can be easily transformed to 1-norbornylamine hydrochloride 367 via Curtius 

rearrangement. 6-Chloropurine construction provides 368, which was further 

modified to an adenine derivative 369. 

Reduction of the carboxylic function of 366 with lithium aluminium hydride 

affords alcohol 370, which was easily transformed into 371 via Mitsunobu reaction. 

 

Scheme 10. a) Pd(OH)2/C, H2 (5 atm), NaOH, H2O-MeOH, 12 h, 75%; b) 1. ClCOOEt, TEA, 

acetone, 0°C, 1 h, 2. NaN3, H2O, 0°C, 1 h, 3. toluene, HCl, reflux, 5 h, 50%; c) 1. 5-amino-4,6-

dichloropyrimidine, TEA, EtOH, 105°C, 6 d, 2. CH(OEt)3, HCl, 5 d, 61%; d) NH3, EtOH, 120°C, 20 

min, 83%; e) LiAlH4, THF, reflux, 2 h, 67%; f) 6-chloropurine, PPh3, DIAD, THF, 12 h, 78%. 
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Analogous unsaturated compounds can be easily prepared from another 

intermediate previously used in the synthesis of North-conformation derivatives. 

Ester 277 was saponified and resulting carboxylic acid 372 transformed to amine 373 

via Curtius rearrangement. Compounds 374, 378 and 382 were prepared using 

nucleobase assembly protocol and the double bond of these unsaturated compounds 

was then subjected to cis-hydroxylation affording diols 376, 380 and 383. C-6 

position of both purine nucleobases was further derivatized, with the 6-chloropurine 

being ammonolyzed to adenine and 2-amino-6-chloropurine being hydrolyzed to 

guanine under acidic conditions. 

 

 

 

Scheme 11. a) NaOH, H2O-MeOH, reflux, 1 h, 97%; b) 1. ClCOOEt, TEA, acetone, 0°C, 1 h, 2. 

NaN3, H2O, 0°C, 1 h, 3. toluene, HCl, reflux, 5 h, 79%; c) 1. 5-amino-4,6-dichloropyrimidine, TEA, 

EtOH, 105°C, 6 d, 2. CH(OEt)3, HCl (cat.), 5 d, 40% d) NH3, EtOH, 120°C, 20 min, 76% for 375, 

64% for 377; e) OsO4, NMMO, dioxane-H2O, 48 h, 78%, for 376, 85% for 380, 78% for 383; f) 2-

amino-4,6-dichloro-5-formamidopyrimidine, DIPEA, n-BuOH, MW, 160°C, 2 h, 57%; g) TFA, H2O, 

48 h, 81% for 379, 85% for 381; h) 1. ethyl [(2E)-3-ethoxy-2-methylprop-2-enoyl]carbamate, 

dioxane, 100°, 3 h, 2. Dowex 50W (H
+
), dioxane, 100°C, 12 h, 58%. 
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Ritter reaction of the 1-hydroxymethyl norbornane 370 connected with the 

skeleton rearrangement, using acetonitrile as a source of nitrogen affords 384, 

acetylated 1-bicyclo[2.2.2]octylamine. After the amino group is deprotected, the 6-

chloropurine nucleobase is built-up yielding 386. 

 

 

Scheme 12. a) Oleum, MeCN, -20°C, 2 h, 94%; b) HCl, reflux, 10 h, 90%; c) 1. 5-amino-4,6-

dichloropyrimidine, TEA, EtOH, 105°C, 6 d, 2. CH(OEt)3, HCl (cat.), 5 d, 65%; d) NH3, EtOH, 

120°C, 20 min, 83%. 

 

In order to explore increased lipophilicity of the bicyclic skeleton, I have prepared 

compounds 390-393, which are based on 4-pentylbicyclo[2.2.2]octane. Using the 

same methodology as in Chapter 3.6.2., commercially available carboxylic acid 388 

was transformed to amine 389 via Curtius rearrangement and on this amino group, 

purine nucleobases were constructed and subsequently modified. 

 

 

Scheme 13. a) 1. ClCOOEt, TEA, acetone, 0°C, 1 h, 2. NaN3, H2O, 0°C, 1 h, 3. dioxane, HCl, 

reflux, 5 h, 79%; b) 1. 5-amino-4,6-dichloropyrimidine, TEA, n-BuOH, MW, 160°C, 4 h, 2. 

CH(OEt)3, HCl (cat.), 3 d, 49%; c) NH3, EtOH, 120°C, 20 min, 86%; d) 2-amino-4,6-dichloro-5-

formamidopyrimidine, DIPEA, n-BuOH, MW, 160°C, 2 h, 57%; e) TFA, H2O, 48 h, 72%. 
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Anti-Coxsackie activity of the compounds based on norbornane and 

bicyclo[2.2.2]octane led me to a search for other potentially interesting bicyclic 

motifs that can be implemented in the library of our compounds. Bicyclo 

[3.2.1]octane derivative 395 can be easily obtained using Hell-Volhard-Zelinski 

bromination of 394. After esterification of carboxyl group, the bromine atom is 

eliminated using DBU in DMF, followed by subsequent saponification of the ester 

function of 397 and finally the carboxylic acid is converted to amine 399 via Curtius 

rearrangement. Saturated analogues are prepared in the same manner, only the 

double bond of 397 is hydrogenated prior to the saponification.  

Using classical procedures, the 6-chloropurine nucleobase was constructed on 

amines 399 and 402 and double bond of 403 was cis-hydroxylated using osmium 

tetroxide. 

 

 

 

Scheme 14. a) Br2, PCl3 (cat.), 80°C, 8 h, 55%; b) CH2N2, Et2O, 30 min, 99%; c) DBU, DMF, 

80°C, overnight, 91%; d) NaOH, MeOH-H2O, overnight, 93% for 398, 53% for 401; e) 1. ClCOOEt, 

TEA, acetone, 0°C, 1 h, 2. NaN3, H2O, 0°C, 1 h, 3. dioxane, HCl, reflux, 5 h, 73% for 399; 83% for 

402; f) 1. 5-amino-4,6-dichloropyrimidine, DIEPA, n-BuOH, MW, 160°C, 8 h, 2. CH(OEt)3, HCl 

(cat.), 2 d, 55% for 403, 37% for 406; g) NH3, 70°C, 12 h, 79% for 404, 43% for 407; h) OsO4, 

NMMO, dioxane-H2O, 48 h, 59%; i) Pd(OH)2/C, H2 (5 atm), MeOH, 12 h, 76%. 
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4. Biological activities of prepared compounds 

All final compounds were sent to be screened for antiviral activity in our 

collaborators’ facilities. Although not all the results are currently available, some 

conclusions can be drawn even from the incomplete set of data. 

Among 6-chloropurine and 2-amino-6-chloropurine derivatives, which were 

aimed at the Coxsackievirus B3, 15 compounds displayed interesting activity with 

the best being 7.56 µM (403). Although this proves that N-9 alkylated 6-

chloropurines generally possess interesting anti-CVB3 activity, none of the prepared 

compounds exerted activity comparable to structures 200 and 201 described by Šála 

et. al.
13

 

Results of general screening against a set of different viruses (HIV, HCV, 

influenza type A and B, Chikungunya virus, feline herpes virus), were mostly 

disappointing. Although some compounds exerted certain activity against HIV or 

HCV, it mostly correlated with their cytotoxicity. This applies especially to 

phosphoramidate prodrugs of North and East conformation derivatives and to 

phosphonates (South conformation derivatives). An interesting exception is 

compound 288, which is active against both HIV-1 (EC50 = 100 ± 30 µM, CC50 > 

400 µM) and HIV-2 (EC50 = 231 ± 66 µM, CC50 > 400 µM), since it is very unusual 

for a conformationally locked carbocyclic nucleoside to be active without preceding 

phosphorylation. Two interesting hits were recorded against the Chikungunya virus 

(390 with EC50 = 13.8 µM and 392 with EC50 = 12.3 µM) and three compounds were 

found active against feline herpes virus (288 with EC50 = 65.2 µM, 333 with EC50 = 

69.3 µM and 342 with EC50 = 34.9 µM). 

Screening of cytostatic activity on four different cell lines revealed that none of 

the evaluated compounds exerted any elevated inhibition of the cell growth. 
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5. Conclusion 

First part of this work concerns two newly devised synthetic methodologies. The 

microwave assisted Diels-Alder reaction of cyclopentadiene or polychlorinated 

cyclopentadienes with a series of dienophiles represents an optimization of 

established methods - this method remarkably simplifies access to 5- or 6-substituted 

norbornenes. This method was later used for the preparation of some pseudosugar 

precursors in the nucleoside analogues syntheses. 

New modification of the Traube synthesis offers a great improvement of current 

methods of purine nucleobase construction. Using formylated pyrimidine precursors 

and performing the reaction with amine substrates in a pressure vessel, the 

nucleobase assembly was achieved in one pot in a fraction of the time required for 

previously described methods. 

The main goal of this work was to synthesize carbocyclic nucleoside analogues 

locked via an ethylene bridge in different conformations, and evaluate the influence 

of the conformation on biological activity. Synthetic strategies for the preparation of 

the North, East and South conformation analogues was developed and optimized. 

Also a series of purine C-6 modified derivatives were synthesized via nucleophilic 

substitution of a chlorine atom in that position. 

Apart from this main topic, I also employed intermediates from these syntheses in 

the preparation of N-9 alkylated purines as direct analogues of 6-chloro-9-(2-

norbornyl)-purine 200, a potent inhibitor of Coxsackievirus B3. All these products 

were added to a library of norbornane-based compounds, which our research team 

has built over the last decade. 
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