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L ist of abbreviations 
Ac = acetyl 

AFM = atomic force microscopy 

AQ = antraquinone 

bpy = 2,2'-bipyridine 

5bpy = 2,2'-bipyridine-5-yl 

6bpy = 2,2'-bipyridine-6-yl 

CD = circular dichroism 

EDTA = ethylenediaminetetraacetic acid

dATP = 2'-deoxyadenosine triphosphate 

DBstv = streptavidine-coated magnetic beads 

dCTP = 2'-deoxycytidine triphosphate 

dGTP = 2'-deoxyguanosine triphosphate 

DMTr = bis-(4-methoxyphenyl)phenylmethyl 

dNMP = 2'-deoxyribunucleoside monophosphate 

dNTP = 2'-deoxyribunucleoside triphosphate  

DMF = dimethylformamide 

DMSO = dimethylsulfoxid 

DNA = deoxyribonucleic acid 

ds = double-stranded 

dTTP = 2'-deoxythimidine triphosphate 

dpp = bis(2,9-diphenyl)-1,10-phenantroline 

Et = ethyl 

HPA = 3-hydroxypicolinic acid 

Me = methyl 

MALDI = matrix-assisted laser desorption/ionization 

MLCT = metal-to-ligand charge-transfer 

OD = optical density 

ON = oligonucleotide 

ss = single-stranded  

PAGE = polyacrylamide gel electrophoresis 

PEX = primer extension experiment 

PCR = polymerase chain reaction 
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Ph = phenyl 

i-Pr = propan-2-yl 

tpy = 2,2':6',2''-terpyridine 

Etpy = 4-ethynyl-2,2'':6',2'-terpyridine 

Otpy = 4-(octa-1''',7'''-diyn-1'''-yl)-2,2'':6',2'-terpyridine 

PA = picolinic acid 

SB = sodium borate buffer 

TBE = tris/borate/ethylenediaminetetraacetic acid buffer

TCA = trichloroacetic acid 

TEAB = triethylammonium bicarbonate 

THF = tetrahydrofurane 

TMS = tetramethylsilane 

TPPTS = bis(3-sulfonatophenyl)phosphine hydrate, sodium salt 

TTF = tetrathiafulvalene 
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Abstract 
An efficient methodology of construction of base-modified nucleosides bearing 

oligopyridine ligands, based on the Sonogashira or Suzuki cross-coupling reaction of 

halogenated nucleosides, was developed. This methodology was then successfully 

employed in construction of base-modified DNA bearing oligopyridine ligands which 

were studied in post-synthetic complexation with labile transition metals. The first step 

in construction of modified DNA is the synthesis of deoxynucleoside triphosphate 

(dNTPs) bearing various metal chelating groups, which are in second step 

enzymatically incorporated into DNA by primer extension experiment. The first task 

was the synthesis of dNTPs bearing different oligopyridine ligands, which could be 

done by aqueous phase cross-coupling reaction with suitable building blocks or by 

triphosphorylation of oligopyridine-modified deoxynucleosides. Both ways were 

successfully used. Aqueous phase Sonogashira cross-coupling was used for synthesis of 

dNTPs bearing oligopyridine ligands attached via short and rigid acetylene tether, while 

classical triphosphorylation of modified nucleosides was used for construction of 

dNTPs bearing oligopyridine ligands attached via long and flexible octadiyne linker. 

Sonogashira cross-coupling reaction was also used for preparation of both types of 

oligopyridine-modified nucleosides (with acetylene or octadiyne linker), used as model 

compounds. Oligopyridine-modified dNTPs were tested as substrates for several 

thermostable DNA polymerases and were successfully incorporated into DNA by 

primer extension experiments and then tested for post-synthetic complexation. DNA 

bearing 2,2':6',2''-terpyridine forms stable complexes with Fe2+ ions which were 

detected by polyacrylamide gel electrophoresis and by UV/Vis spectroscopy. While 

DNA bearing 2,2':6',2''-terpyridine attached via rigid acetylene tether can form only the 

inter-strand complexes, DNA bearing 2,2':6',2''-terpyridine attached via flexible 

octadiyne linker can form inter-strand as well intra-strand complexes. Formation of 

intra-strand complex was clearly showed by faster mobility on gel in comparison to 

twice as large inter-strand complex formed from DNA bearing 2,2':6',2''-terpyridine 

attached via acetylene tether. Formation of intra-strand DNA complex was also 

confirmed by MALDI, CD spectroscopy and modeling. 
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Abstrakt 
Byla vyvinuta efektivní metodika přípravy modifikovaných nukleosidů nesoucích 

oligopyridinové ligandy založená na Sonogashirově nebo Suzukiho reakci 

halogenovaných nukleosidů. Tatéž metodika byla úspěšně uplatněna při syntéze 

modifikované DNA nesoucí oligopyridinové ligandy za účelem studia její 

post-syntetické komplexace s labilními přechodnými kovy. Deoxynukleosid trifosfáty 

(dNTPs), syntetizované v prvním kroku a nesoucí různé skupiny chelatující kovy, byly 

ve druhém kroku pomocí PEX enzymaticky inkorporovány do DNA. Prvním cílem byla 

syntéza dNTPs nesoucích různé oligopyrinové ligandy, která může být provedena 

kaplinkem příslušných stavebních bloků ve vodné fázi nebo trifosforylací 

deoxynukleosidů modifikovaných oligopyridinem. Oba tyto přístupy byly úspěšně 

použity. dNTPs nesoucí oligopyridinový ligand připojený přes krátký a rigidní 

acetylenový můstek byly připraveny Sonogashirovým kaplinkem ve vodné fázi. Naproti 

tomu dNTPs modifikované oligopyridinovým ligandem napojeným dlouhou a flexibilní 

oktadiynovou spojkou byly syntetizovány klasickou trifosforylací. Sonogashirova 

reakce byl použit také pro přípravu obou typů nukleosidů (s acetylenovým i 

oktadiynovým můstkem), které byly použity jako modelové sloučeniny. dNTPs 

modifikované oligopyridinem byly testovány jako substráty několika termostabilních 

DNA polymeráz, pomocí PEX byly úspěšně inkorporovány do DNA a poté testovány v 

post-syntetických komplexačních reakcích. DNA nesoucí 2,2':6',2''-terpyridin tvoří 

stabilní komplexy s Fe2+ ionty, které byly detekovány polyakrylamidovou gelovou 

elektroforézou a UV/Vis spektroskopií. Zatímco DNA nesoucí 2,2':6',2''-terpyridin 

připojený přes rigidní acetylenovou spojku může tvořit pouze meziřetězcové komplexy, 

DNA spojená s 2,2':6',2''-terpyridinem přes flexibilní oktadyinový můstek tvoří 

komplexy jak mezi dvěma řetězci, tak v rámci jednoho řetězce. Vznik komplexu 

v jednom řetězci byl prokázán jeho rychlejší mobilitou na gelu ve srovnání 

s dvojnásobně větším meziřetězcovým komplexem vytvořeným mezi DNA nesoucí 

2,2':6',2''-terpyridin připojený přes acetylenový můstek. Tvorba komplexu v jednom 

řetězci byla potvrzena také pomocí MALDI, CD spektroskopií a modelování. 
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1 Introduction 

1.1 DNA structure 

DNA is a linear polymer build up from similar units consisting of three 

components: a sugar (deoxyribose), a phosphate, and a base. Whereas the negatively 

charged backbone, formed from sugars linked by phosphodiester bridges, is constant, 

the bases vary from one monomer to the next. Two of the bases are derivatives of 

purine: adenine and guanine; and two of pyrimidine: cytosine and thymine (Figure 1).1

 

 
Figure 1.  Bases derived from purine and pyrimidine 

 

Double-stranded helical structure was determined by Watson, Crick, Wilkins and 

Franklin based on X-ray diffraction.2 Pursuant to diffraction patterns it is known, that 

bases are placed inside the DNA duplex and are nearly perpendicular to the helix axis, 

and adjacent bases are separated by 3.4 Å. The helical structure repeats every 34 Å, so 

there are 10 bases per turn of helix. The diameter of the helix is 20 Å. This regular 

structure is stabilized by characteristic base paring (Figure 2). 

 

 
Figure 2. Base pairing proposed by Watson and Crick. 
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Due to the nanometric dimension, predictable secondary structure, high stability and 

selective recognition of the complementary strand through the Watson-Crick base 

pairing, the DNA emerged as unique template for construction and organization of 

nanostructures and arrays with precisely controlled features. 

 

1.2 DNA-based nanostructures 

The reliability of specific DNA sequence to recognize its complementary strand has 

been used to create new nanometer-scale two- and three-dimensional objects. Seeman’s 

Holliday junction (Figure 3a), which is formed from four strands of DNA (two identical 

pairs of complementary strands) where double-helical domains meets at a branched 

point and exchange base pairing partner strands3, was only the beginning in 

DNA-nanotechnology. Since then many 2D and 3D DNA structures were prepared 

(Figure 3). ‘Origami method’ reported by Rothemund (Figure 3b) was successfully used 

for formation of discrete objects formed from long DNA strand and small ‘staple 

strand’.4 Once, the formation of two-dimensional DNA nanostructures was known, 

formation of three-dimensional DNA structures became the object of interest of many 

chemists. Investigation of higher ordered assemblies was not the only reason. Synthesis 

of potential nanocontainers with deliberately controlled pore size, geometry and 

addressability for guest molecule was much more interesting. DNA nano-cubes5 (Figure 

3c) and boxes6, polyhedra of different shape and size7 (Figure 3d) were successfully 

synthesized as well as three-dimensional origami structures8 (Figure 3e). 

 

 
Figure 3. 2D and 3D DNA assemblies: a) Holliday junction, b) 2D origami structure,  c) DNA cubes,  

d) diverse polyhedra7d, e) 3D DNA origami. Figure panels were reproduced from [13]. 
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1.2.1 Metal-mediated DNA assemblies 

Besides the π-π interaction9, the metal ion-ligand interaction is also an additional 

binding motif, which enhanced the complexity of DNA-based nanostructures. 

Incorporation of transition metals into DNA allows us to build the assemblies with 

otherwise inaccessible geometry and spatial arrangements through the geometries and 

coordination numbers available to different metals. Metal complexes attached to DNA 

can also influence the functionality of like this modified macromolecule (enhanced 

stability10, redox activity and photoactivity11 and catalytic properties12). 

There are three different approaches in the introduction of transition metals into the 

molecule of DNA: direct metal binding to natural DNA, attachment of previously 

synthesized metal complex to the DNA or attachment of metal-chelating ligand 

followed by post-synthetic complexation (Figure 4).13

 

 
Figure 4. Site-specific incorporation of transition metals into DNA: a) direct metal binding to natural 

DNA, b) attachment of whole metal complex to DNA, c) attachment of metal-chelating group and 
post-synthetic complexation.13  Figure panels were adapted from [13]. 

 

DNA-complexes can have the transition metal place inside (artificial 

metal-base- pairs or intercalators) or outside (metal complex covalently attached to 

nucleobase, sugar or phosphate) the DNA duplex. 

 

1.2.1.1 Metal-mediated base pairs 

One of the most commonly used approaches to form metalated DNA is the 

replacement of Watson-Crick base pairs with binding of artificial nucleobases with 

transition metals (non-covalent ligand-metal-ligand bond) in the interior of the DNA 

duplex. For this purpose, unnatural nucleobases have to be synthesized and incorporated 

into the DNA sequence. Appropriate combination of the artificial nucleosides with 

metal ion allows formation of stable metal-mediated base pairs which are geometrically 
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analogous to H-bonded base pairs. While the structural features of DNA remain 

unchanged, the chain of metals within the DNA duplex plays an essential role in charge 

or energy transfer and nanowire formation. Since the metal coordinative bond has 

higher binding energy than non-covalent hydrogen bond, the metal ions incorporation 

should stabilize DNA duplex. 

The first example of metal-mediated base pair was reported by Shionoya14, who 

demonstrated DNA base pairing through the square-planar 2:1 complex formation of 

β-C-nucleoside bearing o-phenylenediamine ligand with Pd2+ (Figure 5). Incorporation 

of this complex into oligonucleotide was not initially reported. 

 

 
Figure 5. Metal-assisted DNA base pairs: a) schematic representation of metal-induced duplex 

formation (Figure was reproduced from [15]), b) the first metal-mediated artificial base pair. 
 

Since then many β-C- or β-N-nucleosides bearing ligands (Figure 6) designed for 

complexation with diverse transition metals were successfully synthesized and used for 

metal-assisted DNA base pairing.16,17
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Figure 6.  Artificial ligand-type nucleosides.16,17

 

The first metal-mediated base pair inside the DNA duplex was reported by 

Meggers, Romesberg and Schultz.16e Copper-mediated base pair between tridentate 

ligand pyridine-2,6-dicarboxylate and pyridine nucleoside leads to significant 

stabilization of DNA duplex. However, when other metal ions (Ce3+, Mn2+, Fe2+, Co2+, 

Ni2+, Zn2+, Pd2+ or Pt2+) were used, no duplex stabilization was observed.  

Tremendous stabilization was observed when metal-salene base pairs were present 

in DNA duplex. Unusual stability of metal-salene base pairs resulted from additional 

cross-linking via ethylenediamine linker (Figure 7). 
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Figure 7.  Formation of metal-salene base pairs.

 

1.2.1.2 DNA modified with metal complex 

Some metal-mediated base pairs can cause distortion of the DNA duplex. To obtain 

a stable structure, artificial bases have to be precisely designed and their size and shape 

have to fit within the DNA duplex and the π-π stacking of DNA base pairs have to be 

retained. Less challenging approach in formation of metalated DNA is attachment of 

previously prepared metal complex to DNA. This methodology is suitable only for 

incorporation of kinetically stable metal complexes, which resist the conditions of 

oligonucleotide synthesis. Like this modified DNAs were mostly studied as luminescent 

labels for biosensors or media for long-range charge transport. 

One of the most extensively studied luminescent labels are ruthenium and osmium 

complexes (Figure 8). Complex can be attached to the nucleobase18, a,c,d11 , to the 

deoxyribose19 or to the DNA backbone20. Corresponding complex can be incorporated 

as a phosphoramidite derivative using solid-phase synthesis11c,d, ,19 20 or as a particular 

triphosphate by enzymatic incorporation using DNA polymerases11a. For synthesis of 

Ru-derivatized oligonucleotide a post-modification was also used.18
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Figure 8. Ru and Os complex as a luminescent label for DNA.11b-d Figure was reproduced from 

[11d]. 

 

On the other hand, oligonucleotides modified with Rh-complexes capable of 

intercalation with DNA duplex were mainly studied as a media for long-range charge 

transport,21 resulting for example in oxidative DNA damage22 (Figure 9). 

 

 
Figure 9.  Schematic representation of oxidative damage of each of six guanine doublet sites as a result of 

photooxidation of rhodium intercalator.21 Figure was adapted from [21]. 
  
For formation of higher ordered structures, mostly Ru-modified DNA complexes 

were used as building blocks (Figure 10). Synthesis of Ru-bridged DNA hairpin 

required the preparation of ligand bearing two functional groups, one of which is 

protected while the other is activated. Sleiman’s group developed the synthesis of 

branched oligonucleotide, in which transition metal acts as the vertex joining two 

parallel DNA strands23 (Figure 10a) as well as the synthesis of cyclic DNA formed from 

short DNA duplexes joined together via transition metals vertices24 (Figure 10b). 

Multiarmed metal-centered DNA building blocks (Ru2+-complex with six DNA arms 

and Ni2+-complex with four DNA arms; Figure 10c,d) as precursors of suplamolecular 

assemblies were reported by McLaughlin’s group.25  
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Figure 10. Metal-mediated DNA assemblies: a) metal-induced DNA junction23 (Figure was adapted from 

[23]), b) cyclic metal-DNA structure24 (Figure was reproduced from [13]), c) six-armed metal-centered 
DNA complex25a, d) four-armed metal-centered DNA complex25b (Figure was adapted from [25b]) . 

 

1.2.1.3 DNA modified with metal chelating ligand and its complexation 

For incorporation of kinetically labile metals into the DNA, the post-synthetic 

complexation of DNA modified with metal chelating group is the most suitable method. 

Ligands can be easily incorporated into the DNA duplex using solid-phase synthesis or 

enzymatic incorporation. For this purpose, oligopyridine ligands such as bipyridine, 

phenantroline and terpyridine, are the most commonly used ligands. 

First structure prepared according to this approach was an alternative to the Holiday 

junction formed by complexation of two DNA strands modified at their ends with 

terpyridine with Fe2+ ions (Figure 11).26 Three self-complementary branched 
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oligonucleotides with Fe2+-complex in their vertexes were then successfully used for 

construction of DNA triangle.  

 

 
Figure 11.  Preparation of metal-mediated DNA junction and its use for formation of DNA 

triangle.26 Figure was adapted from [26]. 
 

Some metals showed reversible coordination and were used for building of dynamic 

DNA structures, such is an allosteric regulation of oligonucleotide hybridization of 

bis(terpyridine)-modified single-stranded DNA by Zn2+ (Figure 12).27 In the absence of 

metal ion, modified DNA strand was hybridized with complementary strand. Addition 

of one equivalent of Zn2+ assisted the ring closure and off-regulates the hybridization, 

while excess of Zn2+ ion reestablished hybridization. Similar behavior was not observed 

when Fe2+ was used as a metal ion. 

 

 
Figure 12. Allosteric control of oligonucleotide hybridization by Zn2+. Figure was reproduced from 

[27]. 
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Reversible coordination of metal ions was also reported by Wengel’s group (Figure 

13).28 In order to affect the stability of DNA duplex, the terpyridine modification was 

placed in both strands of DNA duplex. Addition of one equivalent of Ni2+ resulted in 

inter-strand complexation of these strands and the complex formation was provided 

with extraordinary stabilization of DNA duplex (relative to non-metalated DNA 

duplex), while using an excess of metal ion leads to disassembling of this additional 

linkage and thermal stability was similar to non-metalated DNA duplex. 

 

 
Figure 13. Modulation of DNA duplex stability by reversible coordination of Ni2+.28 Figure was 

reproduced from [28]. 
 

DNA-templated method to create metal-DNA branch points was reported by 

Sleiman et al.29 To achieve this purpose, two complementary strands modified with 

bis(2,9-diphenyl)-1,10-phenantroline (dpp) at their 5' and 3' ends were synthesized. 

Hybridization and subsequent complexation with Cu+, Cu2+ or Ag+ resulted in formation 

of metal-DNA junction characterized by enormous stability. The increase of melting 

temperature was 21 and 37 °C, respectively, depending on the metal used for 

complexation. It is interesting that incorporation of kinetically labile metals into the 

DNA vertices can so dramatically increase the stability of resulting structure. Except 

enhanced stability, chirality transfer from DNA duplex, which induced helical 

arrangements of the dpp ligands, was observed. Copper complex formed from this 

system can be reversibly oxidized and reduced between +1 and +2 oxidation states by 

adding oxidizing or reducing agent, respectively (Figure 14). 
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Figure 14.  Formation of chiral metal DNA complex and its reversible switching between two redox 

states.29 Figure was adapted from [29]. 
This approach was used also for formation of multinuclear structure, when three 

building blocks were used as templates for assembling of a DNA triangle. Using two 

external single-stranded oligonucleotides allows the structural switching of this triangle. 

The structure can be compress via hybridization with one of these single-strands and 

release by its re-hybridization with the second one (Figure 15). 

 

 
Figure 15. Dynamic switchable metal-mediated DNA triangle.29 Figure adapted from [29]. 

 

Previously described approach allows formation of stable complexes with variety of 

metals (also with labile and reactive transition metals) due to stabilizing forces 

(π-π stacking of ligand and bases, metal coordination and ability of ligands to adopt the 

helicity of DNA duplex). Sleiman’s group also achieved the selective incorporation of 

different transition metals into the DNA in site-specific manner.30 For this purpose, 

different DNA-ligand environment had to be synthesized. By incorporation of 

terpyridine (tpy) and dpp into DNA strands, three different environments were created: 

tpy2:DNA, tpy:dpp:DNA, and dpp2:DNA. These three different DNA ligand 

environments showed strong preference for different metals. The tpy2:DNA 

environment shows to be selective for Fe2+ ion, while dpp2:DNA exhibits preference 

for Cu+ and mixed tpy:dpp:DNA prefer complex formation with Cu2+ ion (Figure 16).  
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Figure 16. Selective coordination of specific metal ions into different DNA-ligand environments. Figure 

adapted from [13]. 

 

The ‘error correction’, if metal was placed into ‘incorrect’ environment, was also 

reported (Figure 17). For example, addition of Cu2+ to AgItpy:dpp:DNA resulted in the 

replacement of Ag+ by Cu2+ as a preferred metal (Figure 17a). Interestingly, copper ion 

can change its oxidation state when is placed into ‘incorrect’ environment. Therefore, in 

CuItpy:dpp:DNA Cu+ is oxidized to Cu2+, which is the most preferred metal, and stable 

CuIItpy:dpp:DNA complex is clearly formed (Figure 17b). In contrast, Cu2+ placed in 

the dpp2:DNA environment, which shows strong selectivity for Cu+, undergoes 

spontaneous reduction to Cu+ (Figure 17c). Reorganization of ligand environment was 

observed when Fe2+ was placed in the tpy:dpp:DNA environment. In this case, Fe2+ ion 

is selectively bound to two terpyridine ligands in intermolecular fashion (Figure 17d). 
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Figure 17. The examples of ‘error correction’: a) displacement of unfavored metal, b) spontaneous 

oxidation, c) spontaneous reduction, d) reorganization of coordination site.  30 Figure panels a, b, c were 
reproduced from [13], while figure d was adapted from [30]. 

 

This approach was also used for formation of higher ordered structures. While 

cyclic triangle (either simple or switchable) was the first reported 2D DNA assembly, 

the first 3D nanostructure is presented by metal-DNA cages (Figure 18), which are 

formed from six different oligonucleotides bearing dpp ligand.31 Each three strands 

assemble into two triangular structures due to the complementary ending sequences. 

This assembling brings the dpp ligand in close proximity for further complexation. And 

these triangles assemble into a DNA prism by hybridization with three linking strands. 

The prism structure is fixed by hybridization of single-stranded arms with 

complementary strands. Like this prepared cage contains six dpp-dpp junctions prepared 

for site-specifically coordination of transition metals. 
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Figure 18. Schematic representation of formation of metal-DNA cage.31 Figure was adapted from [31]. 

 

Self-assembly of metalated nanotubular structures was also successfully published. 

Sleiman et al.32 first reported formation of four arm DNA junction with metal in its 

center, formed from two dpp-modified oligonucleotides (Figure 19a). Such metal-DNA 

junction was then used as building blocks for construction of DNA nanotubular 

assemblies, where three different four-arm junctions were designed to hybridize and 

form a cyclic structure. Resulting tubular structure arises from connecting cyclic 

structures by linking strands (Figure 19b). Formation of tubular structure was shown by 

atomic force microscopy (AFM) (Figure 19c), while the non-metalated triangles gave 

under the same conditions only globular structure (Figure 19d). 
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Figure 19. Assembly of a metal-DNA nanotubular structure: a) formation of four-arm metal-DNA 
junction, b) assembly of metal-DNA nanotube, c) AFM analysis of metal-DNA nanotube, d) AFM 

analysis of control sample without CuI. Figure panels were reproduced from [32]. 
 

Formation of tubular assemblies induced by metal coordination was published by 

Stulz et al.33 For this purpose terpyridine-modified DNA was used. Formation of 

resulting tubular structure was detected by AFM (Figure 20). 
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Figure 20. Metal-induced formation of nanotubular assemblies.  33 Figure was reproduced from [33]. 
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1.3 DNA synthesis 

To achieve metal-mediated DNA assemblies by any above mentioned approaches, 

modified DNA has to be synthesized. For this purpose chemical synthesis or enzymatic 

incorporation can be used and modifications can be attached either to phosphodiester 

backbone, sugar or nucleobase as it was already mentioned above (see chapter 1.2.1.2). 

 

1.3.1 Chemical synthesis 

For the synthesis of short oligonucleotides various approaches can be used. Older 

methods, such are H-phosphonate34, phosphodiester35, phosphotriester36 or phosphite 

triester37 method are used very rarely. Nowadays, the most common method for 

synthesis of oligonucleotides (even the modified ones) is solid-phase phosphoramidite 

method38. Synthesis of oligonucleotide, proceeds from 5' to 3' end, consist of four basic 

steps: detritylation of 5'-hydroxyl group, coupling with protected phosphoramidite, 

capping and oxidation, which are repeated until the oligonucleotide of required length 

and sequence is synthesized (Scheme 1). Resulting oligonucleotide is purified after 

deprotection and release from solid support. 

 

 
Scheme 1. Phosphoramidite method for synthesis of oligonucleotides. 
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Limitation of this methodology is the requirement of very high yield for each 

coupling step. If 20-mer oligonucleotide is synthesized and the yield of each coupling 

step is 99.8%, the total yield will be 96%. But if the yield of each coupling step is 99%, 

total yield will be only 82% and if the yield of coupling step is only 90% the total yield 

will drop to 13%. The longer oligonucleotide is synthesized, the more significant 

decrease in total yield is observed (total yield of synthesis of 100-mer oligonucleotide 

with 99% coupling yields is only 37%). Therefore, this method is not used for synthesis 

of oligonucleotides longer then 100 bases. 

Using this method for synthesis of modified oligonucleotides has some 

disadvantages. Starting modified phosphoramidites are available after several steps 

synthesis and they are quite unstable. But the most limiting factor is that not any 

modification can be used and the coupling yields of modified phosphoramidites are 

usually very low. The modification, which is used, has to be compatible with condition 

required for the synthesis (acidic detritylation, coupling, capping, oxidation and 

deprotection).  

 

1.3.2 Enzymatic synthesis 

Alternative to the phosphoramidite synthesis of oligonucleotides is enzymatic 

synthesis using for incorporation of nucleoside triphosphates by DNA polymerases. Due 

to the high efficiency of each step, this method can be used also for preparation of long 

DNA sequences. Enzymatic synthesis of DNA involve as primer extension (PEX) as 

polymerase chain reaction (PCR). 

 In PEX the radio-labeled primer at its 5'-end is hybridized to the template and then 

is extended using DNA polymerase which incorporates natural and modified dNTPs 

according to the template (Scheme 2).  

 

 
Scheme 2. Primer extension experiment. 
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PCR consists of several cycles and each cycle consists of three steps (Scheme 3). 

Each cycle starts by denaturation at 95 °C. While common proteins are irreversible 

denaturated under these conditions, new portion of polymerase had to be added until the 

discovery of thermophilic DNA polymerases. The second step is annealing of primers, 

which is carried usually at 55 °C. Afterwards, extension of primers by incorporation of 

nucleotides complementary to the template proceeds at 72 °C. PCR is utilized for 

synthesis of longer DNA in high amount due to the exponential increase of target 

sequences during this process. 

 

 
Scheme 3. PCR amplification. 

 

Both methods can be used also for synthesis of modified oligonucleotides, although 

the PCR is more challenging. The functionalized 2'-deoxyribonucleoside triphosphates 

(dNRTPs), which are incorporated by DNA polymerases39 in the absence of 

corresponding natural dNTP, can be easily prepared by triphosphorylation of previously 

prepared modified nucleosides (Scheme 4). 
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Scheme 4. Schematic representation of synthesis of modified dNTPs using classical triphosphorylation. 

 

DNA polymerases have quite high tolerance of different functional molecules 

attached to the nucleobase of dNTPs. 5-substituted pyrimidine- and 

7-substituted-7-deaza purine-analogs were shown as good substrates for DNA 

polymerases40, while 8-modified purine analogs are not suitable substrates for 

enzymatic incorporation, due to the steric hindrance41 (vide infra). 

 

1.3.3 Application of enzymatic incorporation of modified triphosphates 

An efficient method for synthesis of functionalized DNA based on the combination 

of single-step aqueous cross-coupling reaction of halogenated dNTPs with enzymatic 

incorporation by DNA polymerase developed in our group42 was used for introducing 

variety of functional groups into DNA. As it was mentioned above, 8-modified purine 

analogs are not suitable substrates for DNA polymerase but 8-modified dATPs bearing 

relatively small substituents as bromine or methyl (Figure 21a) were successfully 

incorporated into DNA, while phenyl group is already too bulky and therefore is poor 

substrate for DNA polymerases.43 Except these small substituents, bulky and 

hydrophobic groups such are bile acids44 (Figure 21b) and reactive group as aldehyde45 

(Figure 21c) were also successfully used for functionalization of DNA. 
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Figure 21. dNTPs modified with diverse functional group: a) 8-substituted dATPs bearing small 

substituents; b) bile acid-modified dNTPs; c) aldehyde-functionalized dNTPs 
 

DNA bearing reactive groups such is bromine or aldehyde can be use for further 

post-synthetic modification, thus the aldehyde-functionalized DNA was used for DNA 

staining via conjugation with arylhydrazines and methodology of reductive amination 

was later used for conjugation with lysine a lysine-containing tripeptide46 (Figure 22). 
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a)

b)

 
Figure 22. Post-synthetic modification of DNA bearing reactive group: a) conjugation with 

arylhydrazines used for DNA staining45 (Figure was adapted from [45]), b) conjugation with peptide 
(Figure was reproduced from [46]). 

 
Most of the modifications, which were introduced into DNA in our group, were 

used for labeling of DNA. Recently, synthesis and incorporation of biaryl-substituted 

dNTPs was published (Figure 23) in order to achieve pH-sensitive dual fluorescent and 
19F NMR labeling of DNA.47  
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Figure 23. Biaryl-substituted dNTPs used for dual labeling of DNA.

 

Other modifications were studied as redox labels and used for development of 

multicolor labeling of DNA. Tetrathiafulvalene (TTF) label could not be used for 

electrochemical detection, due to its very weak redox signal.48 Another big 

disadvantage of this label is an inhibition of DNA polymerases during the incorporation 

of TTF-modified dNTPs (Figure 24) which prevent the incorporation of more 

TTF-modifications into the DNA and increasing of redox signal. 

 

 
Figure 24. TTF-modified dNTPs. 

 

On the other hand, aminophenyl- and nitrophenyl- modifications (Figure 25) 

showed to be suitable electrochemical labels, which can be perfectly distinguished if 

they are incorporated into the same DNA by oxidation (NH2) or reduction (NO2).49  

 

 
Figure 25. Aminophenyl- and nitrophenyl-labelled dNTPs. 
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In addition to nitrophenyl tag, antraquinone-labelled (AQ) DNA was prepared by 

enzymatic incorporation of AQ-labelled dNTPs (Figure 26).50 Since the reduction of 

NO2 is irreversible and produces no oxidation signal which could interfere with that of 

AQH2 oxidation and can be easily detected through oxidation of hydroxylamine as a 

product of reduction of NO2, both labels can be easily distinguish if they are present in 

the same DNA and therefore can be used for site-specific multiple labeling. 

 

 
Figure 26. Antraquinone-labelled dNTPs. 

 

Several metal complexes, such are ferocene, [Ru(bpy)3]2+ or [Os(bpy)3]2+ were 

studied as electrochemical labels.11a,  51 For the synthesis of such modified DNA, 

straightforward synthesis, based on enzymatic incorporation of metalated dNTPs, was 

successfully used. Corresponding dNTPs were prepared by single-step aqueous 

Sonogashira cross-coupling reaction with terminal acetylene derivatives of the 

complexes (Scheme 5). In the case of Ru- and Os- complexes, direct attachment of 

whole metal complex was preferred to attachment of metal chelating group followed by 

post-synthetic complexation, due to the harsh conditions required for the complexation. 
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Scheme 5. Synthesis of dNTPs bearing metal complexes via aqueous Sonogashira cross-coupling 

reaction.11a,51

 

As it was mentioned before (see chapters 1.2.1.2 and 1.2.1.3), this approach is not 

compatible with introducing of labile metals. These can be introduced by post-synthetic 

complexation of DNA bearing metal-chelating group with corresponding metal ions. 

And this approach will be more closely discussed in this thesis. 
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2 Specific aims of the thesis 

 

1. Synthesis of nucleosides and nucleotides bearing oligopyridine ligands attached via 

rigid (acetylene or phenylene) linker as a model compound. 

2. Development of methodology for post-synthetic complexation of nucleoside 

monophosphates bearing oligopyridine ligands attached via acetylene linker with 

diverse transition metals. 

3. Synthesis of corresponding acetylene linked oligopyridine modified nucleoside 

triphosphates. 

4. Study on enzymatic incorporation of oligopyridine modified dNERTPs into DNA 

including simple kinetic studies. 

5. Study of post-synthetic complexation of DNA bearing oligopyridine ligands 

attached via acetylene linker. 

6. Synthesis of nucleosides and nucleotides bearing oligopyridine ligands attached via 

flexible octadiyne linker as a model compound. 

7. Development of methodology for post-synthetic complexation of modified 

nucleosides bearing oligopyridine ligands attached via octadiyne linker with diverse 

transition metals. 

8. Synthesis of corresponding octadiyne linked oligopyridine modified nucleoside 

triphosphates. 

9. Study on enzymatic incorporation of oligopyridine modified dNORTPs into DNA 

including simple kinetic studies. 

10. Study of post-synthetic complexation of oligopyridine modified DNA bearing 

oligopyridine ligands attached via octadiyne linker. 

 

Rationale of the specific aims 
Oligopyridine ligands are commonly used in coordination chemistry and are widely 

used for construction of molecular and supramolecular devices. The direct synthesis of 

purine and 7-deazapurine nucleosides bearing oligopyridine ligands attached via 

acetylene or phenylene linker from halogenated nucleosides was previously 

published.54,55 To extend the methodology of direct functionalization to pyrimidine 

nucleosides, my first task was to synthesized 2'-deoxyuridine and 2'-deoxycytidine 

 34



bearing bipyridine and terpyridine ligands attached via acetylene or phenylene tether. 

Since such base modification should be compatible also with enzymatic synthesis of 

modified DNA, my second task was to prepare base-modified nucleoside triphosphates 

bearing oligopyridine ligands and to incorporate them into DNA. Oligopyridine 

modified DNAs are widely used in post-synthetic complexation with diverse transition 

metals, but most of modified oligonucleotides have the modification placed in 

phosphate backbone via flexible linker. The attachement of modification to the 

nucleobase allows internal as well as terminal modification and thus formation of more 

variable metal-mediated DNA assemblies. DNA bearing oligopyridine ligands attached 

via short and rigid acetylene linker allows only inter-strand side by side complexation. 

Using long and flexible linker might enable also intra-strand complex formation and 

therefore analogues bearing oligopyridine ligands attached via acetylene and octadiyne 

linker were prepared. The DNA, prepared by incorporation of corresponding modified 

triphosphates, was intended for the post-synthetic complexation studies. 
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3 Results and discussion 

3.1 Oligopyridine analogues with rigid (acetylene) linker 

3.1.1 Synthesis of modified nucleosides 

For synthesis of modified nucleosides two approaches can be used. The first one is 

a traditional method, where protection of halogenated nucleosides followed by 

cross-coupling reaction and subsequent deprotection of modified nucleosides is 

required. Second approach is direct protection-free approach using hydrophobic 

catalytic system capable of aqueous-phase cross-coupling reaction developed by 

Shaughnessy et al.52 Water-soluble tris(3-sulfonatophenyl)phosphine (TPPTS) ligand in 

combination with Pd(OAc)2 was shown as an efficient and general catalytic system in 

cross-coupling reactions at mild conditions.52,  53 It was also used for previously 

published synthesis of 8-substituted 2'-deoxyadenosine nucleosides54 and 7-substituted 

7-deaza-2'-deoxyadenosine nucleosides55 bearing oligopyridine ligands attached via 

acetylene or phenylene tether from corresponding unprotected halogenated nucleosides 

via Sonogashira or Suzuki cross-coupling reaction. Therefore my first task was the 

synthesis of unprotected 5-modified pyrimidine (2'-deoxyuridine and 2'-deoxycytidine) 

nucleosides. 

Cross-coupling reactions of commercially available 5-iodo-2'-deoxycytidine 

(dCI; 3) and -deoxyuridine (dUI; 4) with the corresponding oligopyridine building 

blocks were studied. Reagents of choice for Sonogashira coupling were terminal 

acetylenes 1a-c56 bearing bypiridine (bpy) attached via position 5 or 6 or terpyridine 

(tpy) ligand, while corresponding 4-(pinacolboronato)phenyl derivatives (2a-c) were 

used for Suzuki-Miyaura coupling. Both types of oligopyridine building blocks 1a-c 

and 2a-c were prepared according to the literature procedure. 

The Sonogashira cross-couplings of iodinated pyrimidine nucleosides dCI (3) and 

dUI (4) with terminal acetylene 1a-c (Scheme 6, Table 1) proceeded under previously 

developed conditions using 5 mol% of Pd(OAc)2, TPPTS, CuI and Hünig’s base. The 

reactions were performed in DMF, which was published as more suitable solvent than 

mixture water/acetonitrile.55,57 To reach full conversion, the reaction mixture was 

heated at 75 °C for 2 hours. The products dCER (5a-c) and dUER (6a-c) were isolated 

after the reverse phase column chromatography in the yields of 63-75%. Considering, 
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that synthesis of target oligopyridine modified nucleosides dCER (5a-c) and dUER (6a-c) 

is just a single-step procedure and protection and subsequent deprotection steps were 

successfully avoided, the yields are satisfactory. 
 

 
Scheme 6. The Sonogashira cross-coupling reaction of unprotected nucleosides dCI (3) and dUI (4) with 
terminal acetylene 1a-c. Reagents and conditions: i) Pd(OAc)2 (5 mol%), TPPTS (2.5 equiv. to Pd), CuI 

(10 mol%), Et(i-Pr)2N (10 equiv.), DMF, 75 °C, 2 h. 
 
Table 1. Sonogashira cross-coupling reaction of nucleosides dCI (3) and dUI (4) with alkynes 1a-c. 

Entry Nucleoside Alkyne Product Yield (%) 
1 dCI (3) 1a dCE6bpy (5a) 70 
2 dUI (4) 1a dUE6bpy (6a) 75 
3 dCI (3) 1b dCE5bpy (5b) 67 
4 dUI (4) 1b dUE5bpy (6b) 70 
5 dCI (3) 1c dCEtpy (5c) 63 
6 dUI (4) 1c dUEtpy (6c) 67 

 
The second class of target compounds were the corresponding phenylene linked 

conjugates dCPR (7a-c) and dUPR (8a-c). First, the Suzuki-Miyaura cross-coupling 

reactions of haloganated nucleosides dCI (3) and dUI (4) with boronates 2a-c were 

performed under previously developed aqueous-phase conditions54, ,57 58 using 5 mol% of 

Pd(OAc)2, TPPTS, and Cs2CO3 in the mixture water/acetonitrile (2:1). The reaction 

mixture was heated at 80 °C (Scheme 7, condition A; Table 2). While the products 

dNP6bpy (7a and 8a) were isolated in acceptable 60-65% yields (entries 1-2), products 

dNP5bpy (7b and 8b) and dNPtpy (7c and 8c) were obtained in very low yields 

(entries 3-6), due to very slow reaction of boronates 2b and 2c and from this resulted 
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incomplete conversion of starting material. As the prolongation of reaction time did not 

resulted in full conversion of starting material, the condition of the Suzuki reaction were 

further optimized.  

 

 
Scheme 7. Suzuki-Miayaura cross-coupling reaction of unprotected nucleosides dCI (3) and dUI (4) with 
boronates 2a-c. Reagents and conditions: i) A: Pd(OAc)2 (5 mol%), TPPTS (2.5 equiv. to Pd), Cs2CO3 

(3 equiv.), H2O/ CH3CN (2:1), 80 °C; B: Pd(OAc)2 (10 mol%), TPPTS (5 equiv. to Pd), Cs2CO3 
(3 equiv.), H2O/ CH3CN (1:2), 90 °C. 

 
Table 2.  The Suzuki-Miyaura cross-coupling reaction of nucleosides dCI (3) and dUI (4) with boronates 
2a-c under the condition A. 

Entry Nucleoside Boronate Product Yield (%) 
1 dCI (3) 2a dCP6bpy (7a) 65 
2 dUI (4) 2a dUP6bpy (8a) 60 
3 dCI (3) 2b dCP5bpy (7b) 12 
4 dUI (4) 2b dUP5bpy (8b) 7 
5 dCI (3) 2c dCPtpy (7c) 28 
6 dUI (4) 2c dUPtpy (8c) 24 

 

First, several sources of Pd in combination with different ligands successfully used 

in other Suzuki reactions have been tested for the reaction of dCI (3) with boronate 2c. 

The reactions using Pd(PPh3)4 or Pd(OAc)2 in combination with Buchwald’s ligands 

(S-Phos,59 dicyclohexylphosphinobiphenyl60) or catalytic system prepared from 

Na2PdCl4 and disulfonated fluorenyldialkylphosphine61 (Figure 27) using different 

bases (Cs2CO3, NaOH, K2CO3, K3PO4) did not bring any improvement. The yields 

varied from 0 to 15%. All results are summarized in Table 3. 
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Figure 27. Structure of ligands used for optimization of Suzuki-Miyaura cross-coupling reaction of 

nucleoside dCI (3) with boronate 2c. 
 

Table 3. Optimization of Suzuki-Miyaura cross-coupling reaction of nucleoside dCI (3) with boronate 2c. 
Catalyst Ligand Base Solvent Yield  

Pd(PPh3)4 - NaOH 
THF/H2O/MeOH 

(2:1:2) 
6% 

Pd(PPh3)4 - NaOH 
CH3CN/H2O 

(1:2) 
0% 

Pd(PPh3)4 - Cs2CO3
CH3CN/H2O 

(1:2) 
15% 

Pd(PPh3)4 - K2CO3
DMF/H2O 

(8:1) 
0% 

Pd(OAc)2 dicyclohexylphosphinobiphenyl K3PO4 Dioxane 0% 

Pd(OAc)2 S-Phos K2CO3
CH3CN/H2O 

(1:2) 
0% 

Na2PdCl PropPhenFluPCy2DS.H2SO4 K2CO3 H2O/n-butanol 12% 

 

Therefore, in further optimization experiments, examined for the reaction of dCI (3) 

with boronate 2b, was used the original catalytic system Pd(OAc)2/TPPTS. Different 

ratio of reagents and catalyst as well as different reaction conditions was tested. When 

previously published conditions54, ,57 58 were applied, product dCP5bpy (7b) was observed 

in very low yields of 12 % (Table 4, entry 1). When higher amount of boronate 2b 

(2 equiv.) or base (5 equiv.) was used, product dCP5bpy (7b) was isolated in yield of 14% 

or 7%, respectively (Table 4, entries 3 and 6). Changing solvent to DMF did not lead to 

any product formation (Table 4, entry 2), but when higher catalyst loading or higher 

temperature in combination with different ratio of solvents was used, the product 
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dCP5bpy (7b) was isolated in somewhat higher yield of 21% (entries 4-5) or 33% 

(entry 7), respectively. The highest yield of dCP5bpy (7b), 55 %, was observed, when 

10 mol% of the catalyst in combination with higher amount of TPPTS ligand (5 equiv. 

to Pd), higher temperature (90 °C) and water/acetonitrile (1:2) mixture was used 

(entry 8). All the results are summarized in the Table 4. 

 
Table 4. Optimization of Suzuki-Miyaura cross-coupling reaction of nucleoside dCI (3) with boronate 2b. 

Entry 2b 
(equiv.) 

Pd(OAc)2 
(mol %) 

TPPTS 
(equiv. 
to Pd) 

Cs2CO3 
(equiv.) Temperature Solvent Yield 

1 1.2  5  2.5  3  80 °C H2O/MeCN 
(2:1) 12% 

2 1.2  5  2.5  3 80 °C DMF 0% 

3 2  5  2.5  3  80 °C H2O/MeCN 
(2:1) 14% 

4 1.2  10  2.5  3  80 °C H2O/MeCN 
(2:1) 21% 

5 1.2  5  5  3  80 °C H2O/MeCN 
(2:1) 21% 

6 1.2  5  2.5  5 80 °C H2O/MeCN 
(2:1) 7% 

7 1.2  5  2.5  3 90 °C H2O/MeCN 
(1:2) 33% 

8 1.2 10 5 3 90 °C H2O/MeCN 
(1:2) 55% 

 

These final optimized conditions were then applied for synthesis of whole series of 

phenylene linked conjugates dNPR (7a-c and 8a-c) (Scheme 7, conditions B; Table 5). 

In all cases, the yields of modified dNPR (7a-c and 8a-c) were substantially improved 

compared to the reactions where conditions A were applied. While the reaction of 

6bpy-boronate 2a and tpy-boronate 2c gave full conversion and satisfactory isolated 

yields of corressponding products dNP6bpy (7a and 8a) and dNPtpy (7c and 8c) (70-75%), 

the conversion of 5bpy-boronate 2b was incomplete and therefore the products dNP5bpy 

(7b and 8b) were isolated in moderate yields of 55 or 35 %, respectively. 
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Table 5. The Suzuki-Miyaura cross-coupling reaction of nucleosides dCI (3) and dUI (4) with boronates 
2a-c under the conditions B. 

Entry Nucleoside Boronate Product Yield (%) 
1 dCI (3) 2a dCP6bpy (7a) 75 
2 dUI (4) 2a dUP6bpy (8a) 75 
3 dCI (3) 2b dCP5bpy (7b) 55 
4 dUI (4) 2b dUP5bpy (8b) 35 
5 dCI (3) 2c dCPtpy (7c) 70 
6 dUI (4) 2c dUPtpy (8c) 70 

 

3.1.2 Synthesis of modified nucleotides and dNTPs 

In order to prepare modified oligonucleotides via enzymatic incorporation, 

oligopyridine ligands had to be attached to the nucleobase in dNTPs via suitable linker 

(in our case rigid, linear and electron-conjugated acetylene linker). In order to prepare 

modified dNTPs bearing oligopyridine ligands, classical triphosphorylation of modified 

nucleosides can be used. But triphosphorylation reaction is very sensitive to substrate 

and even small changes on a base can cause different reactivity of the substrate and 

from this resulted difficult optimization of reaction conditions. The second approach for 

synthesis of modified dNTPs, based on aqueous-phase cross-coupling reactions of 

halogenated dNTPs, was for first time published by Thoresen et al.62, who describe the 

synthesis of thymidine triphosphates bearing fluorescein dye via Sonogashira 

cross-coupling reaction of 5-iodo-2'-deoxy- and 5-iodo-2',3'-dideoxyuridine 

triphosphate. This two-step approach, consisting of triphosphorylation of halogenated 

nucleoside followed by cross-coupling reaction, was extended in our group for 

Sonogashira and Suzuki cross-coupling reactions of 5-iodo-2'-deoxyuridine-, 

5-iodo-2'-deoxycytidine- and 7-iodo-7-deaza-2'-deoxyadenosine triphosphates and used 

for attachement of numbers of different functional groups (see chapter 1.3.3). Both 

methods for synthesis of modified dNTPs are schematically depicted in Scheme 8. It is 

very well known, that dNTPs are unstable at high temperature or in acidic conditions, 

when undergo the hydrolysis to di- and monophosphates. Cross-coupling reactions do 

not require extremely high temperature and reaction is always stopped after one hour to 

avoid the hydrolysis of starting and final triphosphates, even if the consumption of 

starting material is not finished. 
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Scheme 8. Schematic representation of synthesis of modified dNTPs using cross-coupling reactions. 

 

To develop the synthetic methodology and further complexation of ONs, the 

chemistry was first performed on model nucleosides monophosphates (dNMPs). The 

targets of our choice were 7-substituted 7-deaza-2'-deoxyadenosine [dAERMP (11a-c)] 

and 5-substituted 2'-deoxycytidine 5'-monophosphates [dCERMP (12a-c)], since the 

corresponding triphosphates are known as good substrates for DNA 

polymerases.39c, a, , 40 63

Reaction conditions, employing catalytic system formed from water-soluble TPPTS 

ligand and Pd(OAc)2, used for synthesis of oligopyridine modified nucleosides were 

also successfully applied for synthesis of corresponding nucleosides monophosphates 

and triphosphates in aqueous conditions. Oligopyridine modified nucleotides were 

prepared by Sonogashira cross-coupling reaction of halogenated nucleoside 

monophosphates dAIMP (9) and dCIMP64 (10) (prepared according to the literature 

procedure) with terminal acetylene 1a-c in the presence of Pd(OAc)2, TPPTS, CuI and 

Hünig’s base in the mixture water/acetonitrile (2:1) at 80 °C for 1.5 h (Scheme 9, Table 

6). Desired corresponding products dAE6bpyMP (11a), dAE5bpyMP (11b), dAEtpyMP 

(11c), dCE6bpyMP (12a), dCE5bpyMP (12b), dCEtpyMP (12c) were easily isolated after 

the purification on reverse-phase HPLC in good yields (from 47% to 89%, Table 6). 
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Scheme 9. Synthesis of modified dNERMPs (11a-c and 12a-c). Reagents and conditions: i) Pd(OAc)2 
(5 mol%), TPPTS (5 equiv. to Pd), CuI (10 mol%), Et(i-Pr)2N (10 equiv.), H2O/CH3CN (2:1), 80 °C, 

1.5 h. 
 
Table 6. Synthesis of modified dNERMPs (11a-c and 12a-c) by Sonogashira cross-coupling reaction. 

Entry Monophosphate Alkyne Product Yield 
1 dAIMP (9) 1a dAE6bpyMP (11a) 52% 
2 dAIMP (9) 1b dAE5bpyMP (11b) 70% 
3 dAIMP (9) 1c dAEtpyMP (11c) 57% 
4 dCIMP (10) 1a dCE6bpyMP (12a) 89% 
5 dCIMP (10) 1b dCE5bpyMP (12b) 89% 
6 dCIMP (10) 1c dCEtpyMP (12c) 47% 

 
Aqueous-phase Sonogashira cross-coupling reaction was then used for direct 

functionalization of dNTPs in analogy to the modification of dNMPs (Scheme 10, Table 

7). Halogenated nucleoside triphosphates dAITP (13) and dCITP (14) (prepared 

according to the literature procedure) were heated with terminal acetylene 1a-c in the 

presence of Pd(OAc)2, TPPTS, CuI and Hünig’s base in the mixture water/acetonitrile 

(2:1) at  80 °C. As it was mentioned above, to avoid the hydrolysis of starting and final 

triphosphate, the reaction mixture was heated only for 1 h. The corresponding products 

dAE6bpyTP (15a), dAE5bpyTP (15b), dAEtpyTP (15c) as well as dCE6bpyTP (16a), 

dCE5bpyTP (16b), dCEtpyTP (16c) were isolated after the purification on reverse-phase 
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HPLC in good yields (40-48% for dAERTPs (15a-c) and 59-69% for dCERTPs (16a-c), 

Table 7). 

 
Scheme 10. Synthesis of modified dNERTPs (15a-c and 16a-c). Reagents and conditions: i) Pd(OAc)2 

(5 mol%), TPPTS (5 equiv. to Pd), CuI (10 mol%), Et(i-Pr)2N (10 equiv.), H2O/CH3CN (2:1), 80 °C, 1 h. 
 
Table 7. Synthesis of modified dNERTPs (15a-c and 16a-c) by Sonogashira cross-coupling reaction. 

Entry Monophosphate Alkyne Product Yield 
1 dAITP (13) 1a dAE6bpyTP (15a) 42% 
2 dAITP (13) 1b dAE5bpyTP (15b 48% 
3 dAITP (13) 1c dAEtpyTP (15c) 40% 
4 dCITP (14) 2a dCE6bpyTP (16a) 67% 
5 dCITP (14) 2b dCE5bpyTP (16b) 59% 
6 dCITP (14) 2c dCEtpyTP (16c) 69% 

 

3.1.3 Incorporation of dNERTPs into DNA 

All the functionalized dAERTPs (15a-c) and dCERTPs (16a-c) were tested as 

substrates for several termostable DNA polymerases in primer extension experiment 

(PEX). Each PEX experiment, analyzed by denaturing polyacrylamide gel 

electrophoresis (PAGE), was compared with positive control proceeded only with 

natural dNTPs, and negative control experiment proceeded with natural dNTPs in the 

absence of one particular dNTP, in order to exclude any miss-incorporation. Single and 
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multiple incorporations of oligopyridine modified triphosphates were tested. For 

sequences of primer and templates see Table 8. 

 
Table 8. Primer and templates used for primer extension in chapter 3.1.3a

primrnd 5'-CATGGGCGGCATGGG-3' 
temprnd16 5'-CTAGCATGAGCTCAGTCCCATGCCGCCCATG-3' 
tempC 5'-CCCGCCCATGCCGCCCATG-3' 
tempA  5'-CCCTCCCATGCCGCCCATG-3' 
tempA1 5'-TCCCATGCCGCCCATG-3' 
tempC1 5'-GCCCATGCCGCCCATG-3' 
aIn the template (temp) ONs segments that form a duplex with primer are printed in italics, the replicated 
segments are printed in bold. For magnetic separation of the extended primer strands, the templates are 
biotinylated at their 5'-end. The acronyms used in the text for primer products are analogs to those 
introduces for templates (e.g. the PEX product pexrnd16 was synthesized on temp rnd16 template). 

 

Single-nucleotide extension experiments were tested separately with each of three 

dAERTPs (15a-c) and dCERTPs (16a-c) by using 19-mer templates tempA and tempC 

(Figure 28). Experiments using DyNAzyme II polymerase leads to some 

miss-incorporation (Figure 28a, lanes 3 and 9), therefore other DNA polymerases (Pwo, 

Therminator, 9°Nth, KOD XL) were tested. Experiments using Therminator, 9°Nth or 

KOD XL polymerases gave the mixture of ONs with different length. Experiments 

using Pwo polymerase (Figure 28b) were mostly successful to give fully extended 

products for all of the dNTPs except dCEtpyTP (16c) (lane 12), which gave the mixture 

of fully and partially extended ONs. The lack of extension in negative control (A- or C-; 

lanes 3 and 9) proves that no miss-incorporation occurred. The reaction conditions of 

the incorporation of dCERTPs (16a-c) by Pwo and DyNAzyme II polymerase were 

further optimized. 
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Figure 28. Denaturing PAGE analysis of PEX experiment synthesized on tempA (lanes 2 - 6) and tempC 
(lanes 7 - 12) with DyNAzyme II (a) or Pwo (b) polymerases. 5'-32P-end labelled primer-template was 

incubated with different combinations of natural and functionalized dNTPs. P: Primer; A+: natural dATP, 
dGTP; A-: dGTP; AE6bpy: dAE6bpyTP (15a), dGTP; AE5bpy: dAE5bpyTP (15b), dGTP; AEtpy: dAEtpyTP 

(15c), dGTP; C+: natural dCTP, dGTP; C-: dGTP; CE6bpy: dCE6bpyTP (16a), dGTP; CE5bpy: dCE5bpyTP 
(16b), dGTP; CEtpy: dCEtpyTP (16c), dGTP. 

 
After the optimization, when different concentrations of DNA polymerases, natural 

and modified dNTPs were tested, was found, that only fully extended products were 

observed, when lower concentration of DyNAzyme II polymerase was used in 

combination with lower concentration of natural dGTPs and shorter reaction time (10 or 

15 minutes instead of 30 minutes; Figure 29). 
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Figure 29. Denaturing PAGE analysis of PEX experiment synthesized on tempC with DyNAzyme II 

polymerases. 5'-32P-end labelled primer-template was incubated with different combinations of natural 
and functionalized dNTPs at 60 °C for 5 minutes (lanes 2-6), 10 minutes (lanes 8-12) and 15 minutes 
(lanes 14-18). P: Primer; C+: natural dCTP, dGTP; C-: dGTP; CE6bpy: dCE6bpyTP (16a), dGTP; CE5bpy: 

dCE5bpyTP (16b), dGTP; CEtpy: dCEtpyTP (16c), dGTP. 
 

In order to compare the efficiency in incorporation of the oligopyridine-modified 

dNTPs in comparison with the natural ones, we have performed a simple kinetics study 

in single-nucleotide PEX experiment. The experiments with two of modified dATPs 

[dAE5bpyTP (15b) and dAEtpyTP (15c)] in comparison with the natural dATP were 

performed using Pwo polymerase and template tempA1 (Figure 30a). The PEX with 

natural dATP was finished within 1 minute whereas the PEX with dAE5bpyTP (15b) 

took 2 minutes and, with the more bulky dAEtpyTP (15c), even 5 minutes to complete. 

Same results were observed for incorporation of natural and modified dCTPs. The 

experiments with dCE5bpyTP (16b) and dCEtpyTP (16c) in comparison with the natural 

dCTP were performed using DyNAzyme II polymerase and template tempC1 (Figure 

30b). The PEX with natural dCTP was, like in the case of the experiment using natural 

dATPs, finished within 1 minute whereas the PEX with dCERTP (16b-c) took 2 minutes 

or 5 minutes to complete. This shows that the modified dNERTP are worse substrates 

for the polymerase. Therefore, the reaction time for multiple incorporations must be 

prolonged to 30 minutes to ensure full length product formation. 
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Figure 30. Comparison of the rate of the single-nucleotide PEX: a) with natural (dATP) and modified 
dNTPs [dAE5bpyTP (15b) and dAEtpyTP (15c)] using Pwo polymerase with tempA1, b) with natural C+ 
(dCTP) and modified dNTPs [dCE5bpyTP (16b) and dCEtpyTP (16c)] using DyNAzyme II polymerase 
with tempC1. The reaction mixture was incubated for time intervals indicated (in minutes), followed by 

stopping the reaction by addition of PAGE loading buffer and immediate heating. 
 

Multiple incorporations were tested on 31-mer template temprnd16 containing four 

copies of each of the four modified dNTPs in separate positions. Several polymerases 

were tested: Pwo, DyNAzyme II, Vent (exo-), Phusion (Figure 31), KOD XL, 

Therminator, Deep Vent (exo-) and Deep Vent (Figure 32).  

The incorporation of dAERTPs (15a-c) using Pwo (Figure 31a, lanes 5-7) or Deep 

Vent (Figure 32b, lanes 15-17) led to fully extended products, while using other 

enzymes gave the mixture of ONs with different length or incorporation of dAERTPs 

(15a-c) was less feasible and resulted in early termination of PEX. The incorporation of 

dCERTPs (16a-c) using any of above mentioned DNA polymerase gave the mixture of 

ONs with different length and the reaction conditions were further optimized. Different 

combinations of various concentration of DNA polymerases and natural or modified 

dNTPs were tested. It was found, that five time higher concentration of DyNAzyme II 

DNA polymerase in combination with double concentration of dCERTPs (16a-c) was 

the most efficient in the incorporation of dCERTPs (16a-c) (Figure 33), while 

incorporation of dCE6bpyTP (16a) and dCE5bpyTP (16b) gave fully extended products 

(lanes 4-5). But even after the optimization of conditions, the incorporation of dCEtpyTP 

(16c) was less feasible and resulted in early termination of PEX (Figure 33, lane 6). 
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Figure 31. Denaturing PAGE analysis of PEX experiment synthesized on temprnd16 with Pwo and 

DyNAzyme II polymerases (a) or Vent (exo-) and Phusion polymerase (b). 5'-32P-end labelled 
primer-template was incubated with different combinations of natural and functionalized dNTPs. 

P: Primer; +: natural dNTPs; A-: dTTP, dCTP, dGTP; C-:dATP, dTTP, dGTP; AE6bpy: dAE6bpyTP (15a), 
dTTP, dCTP, dGTP; AE5bpy: dAE5bpyTP (15b), dTTP, dCTP, dGTP; AEtpy: dAEtpyTP (15c), dTTP, dCTP, 

dGTP; CE6bpy: dCE6bpyTP (16a), dATP, dTTP, dGTP; CE5bpy: dCE5bpyTP (16b), dATP, dTTP, dGTP; 
CEtpy: dCEtpyTP (16c), dATP, dTTP, dGTP. 
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Figure 32. Denaturing PAGE analysis of PEX experiment synthesized on temprnd16 with KOD XL and 
Therminator polymerases (a) or Deep Vent (exo-) and Deep Vent polymerase (b). 5'-32P-end labelled 

primer-template was incubated with different combinations of natural and functionalized dNTPs. 
P: Primer; +: natural dNTPs; A-: dTTP, dCTP, dGTP; C-:dATP, dTTP, dGTP; AE6bpy: dAE6bpyTP (15a), 
dTTP, dCTP, dGTP; AE5bpy: dAE5bpyTP (15b), dTTP, dCTP, dGTP; AEtpy: dAEtpyTP (15c), dTTP, dCTP, 

dGTP; CE6bpy: dCE6bpyTP (16a), dATP, dTTP, dGTP; CE5bpy: dCE5bpyTP (16b), dATP, dTTP, dGTP; 
CEtpy: dCEtpyTP (16c), dATP, dTTP, dGTP. 
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Figure 33. Denaturing PAGE analysis of PEX experiment synthesized on temprnd16 with DyNAzyme II 
polymerases. 5'-32P-end labelled primer-template was incubated with different combinations of natural 
and functionalized dNTPs. P: Primer; C +: natural dNTPs; C-: dATP, dTTP, dGTP; CE6bpy: dCE6bpyTP 

(16a), dATP, dTTP, dGTP; CE5bpy: dCE5bpyTP (16b), dATP, dTTP, dGTP; CEtpy: dCEtpyTP (16c), dATP, 
dTTP, dGTP. 

 
Each spot of PEX-product, even in the positive and negative control experiments, is 

accompanied by a weak band of one nucleotide shorter product due to 3'-5' exonuclease 

activity of the enzyme. The products of pexrnd16 slightly differ in electrophoretic 

mobilities on gel, due to the combination of effects of the higher molecular weight and 

possible secondary structure formation. Therefore, the successful incorporation and 

full-length products were verified by measurement of MALDI mass spectra of PEX 

products. Single-stranded DNA, required for measuring MALDI mass spectra, was 

isolated by simple magnetoseparation protocol.51 PEX reaction was performed with a 

5'-biotynylated template and then the double-stranded product was captured at 

streptavidine-coated magnetic beads (DBstv). The captured product was purified by 

repeated magnetoseparation and re-suspension of the beads in the washing medium, to 

separate the components from reaction mixture such are unconsumed dNTPs, DNA 

polymerase and unreacted primer or template. Extended primer was then released from 

DBstv via thermal denaturation of the duplex followed by the measurement of MALDI 

mass spectra. The correct masses were confirmed for the fully-extended products (Table 

9). 
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Table 9. MALDI-Tof experiment (ss-ON) 
Single-stranded PEX product 
[dNTPs used in PEX reaction] Calculated mass (Da) Found mass (Da) 

pexA  
[dATP, dGTP] 5973.0 5974.5 

pexA  
[dAE6bpyTP (15a), dGTP] 6150.2 6154.4 

pexA  

[dAE5bpyTP (15b), dGTP] 6150.2 6152.2 

pexA  

[dAEtpyTP (15c), dGTP] 6227.3 6228.7 

pexC 

 [dCTP; dGTP] 5949.0 5950.3 

pexC  
[dCE6bpyTP (16a), dGTP] 6126.2 6128.3 

pexC 

 [dCE5bpyTP (16b), dGTP] 6126.2 6128.3 

pexC  

[dCEtpyTP (16c), dGTP] 6203.3 6204.8 

pexrnd16  

[dATP, dCTP, dTTP, dGTP] 9613.1 9614.5 

pexrnd16  

[dAE6bpyTP (15a), dCTP, dTTP, dGTP] 10321.9 10323.7 

pexrnd16  

[dAE5bpyTP (15b), dCTP, dTTP, dGTP] 10321.9 10326.5 

pexrnd16 

[dAEtpyTP (15c), dCTP, dTTP, dGTP] 10630.3 10633.5 

pexrnd16 

[ (dCTP, dATP, dTTP, dGTP] 9613.1 9616.7 

pexrnd16  

[dCE6bpyTP (16a), dATP, dTTP, dGTP] 10325.9 10327.5 

pexrnd16 

[dCE5bpyTP (16b), dATP, dTTP, dGTP] 10325.9 10329.0 

 

3.1.4 Complexation studies 

3.1.4.1 Complexation of oligopyridine modified nucleoside monophosphates 

All six modified nucleoside monophosphates [dNERMPs (11a-c and 12a-c)] were 

tested as model compounds for further complexation studies on oligopyridine modified 

oligonucleotides. Aqueous solutions of dNERMPs (11a-c and 12a-c) were mixed with 

0.5 equiv. of divalent metal such are Cu2+, Zn2+, Ni2+ and Fe2+. After incubation for 

10 minutes at room temperature, the complex formation was detected by UV/Vis 

spectroscopy. The spectra were recorded for the non-metalated and metalated 

monophosphate. The MLCT bands of 6bpy-monophosphates [dNE6bpyMPs (11a and 
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12a)] with above mentioned divalent metals are partially overlapping with dominating 

absorbance at 350 nm due to the presence of bpy ligands (Figure 34). 

 

 
Figure 34. UV/Vis spectra of: a) dAE6bpyMP (11a), b) dCE6bpyMP (12a) with divalent metals. 

 
While, MLCT bands of 5bpy-monophosphates [dNE5bpyMPs (11b and 12b)] with 

Cu2+, Ni2+ and Zn2+ are partially overlapping with dominating absorbance at 350 nm 

due to the presence of bpy ligands, the complex formed with Fe2+ shows small MLCT 

band at 560 nm65  (Figure 35). 
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Figure 35. UV/Vis spectra of: a) dAE5bpyMP (11b), b) dCE5bpyMP (12b) with divalent metals. 

 

Similar results were observed for the complexes formed by mixing dNEtpyMP (11c 

and 12c) with divalent metals (Figure 36). While, MLCT bands of Cu2+, Ni2+ and Zn2+ 

complexes are partially overlaping with dominating absorbance of tpy-modification, 

MLCT band of Fe2+ complex can be very easily detected due to characteristic 

absorbance at 580 nm (Figure 36, magenta line). 
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Figure 36. UV/Vis spectra of: a) dAEtpyMP (11c), b) dCEtpyMP (12c) with divalent metals. 

 
Due to this easily detectable MLCT band of Fe(tpy)2  complexes, complexation of 

ONs were proceeded only with tpy-modified oligonucleotides and Fe2+ ions. 
 

3.1.4.2 Complexation of oligopyridine-modified DNA 

Complex formation of tpy-modified oligonucleotides was detected by native 

polyacrylamide gel electrophoresis and UV/Vis spectroscopy. 

Oligonucleotides used for complexation studies detected by UV/Vis spectroscopy 

were prepared by PEX on larger scale using Deep Vent polymerase and template 

temprnd16, due to the higher concentration of tpy-modification in product. Since the 

dCEtpyTP (16c) was not a good substrate in multiple incorporations, this experiment 

was performed only with dAEtpyTP (15c). Natural DNA was prepared by incorporation 

of natural dCTP, dGTP, dTTP and dATP, while the modified ON was prepared by using 
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dAEtpyTP (15c) as surrogates of natural dATP. Before addition of Fe2+ ions, the PEX 

product had to be purified to remove unincorporated dAEtpyTP (15c). To achieve this 

goal, the magnetoseparation protocol, which was successfully used for isolation of 

ss-ONs for MALDI analysis (see chapter 3.1.3), was first tested. After the PEX 

experiment followed by purification using magnetic beads, the corresponding sample 

was mixed with 0.5 equiv. of Fe(BF)4·6H2O per each modification and incubated at 

room temperature for 3h. Then the UV spectra of tpy-modified ON, both non-metalated 

and metalated were recorded and compared with UV spectra of natural DNA (Figure 

37). The dominant absorbance at ca. 260 nm originate from the absorbance of natural 

nucleotides (black line), small absorbance band at ca. 350 nm is due to the presence of 

tpy modification (red line) while the band at ca. 590 is the MLCT band of complex 

formed by tpy-modified ON with Fe2+ (green line). Whereas the MLCT band of 

Fe(tpy)2 complex was observed in the sample where no Fe2+ ions were added 

(Figure 36, red line), method of separation on magnetic beads could not be used for 

isolation of tpy-modified ON for complexation experiments. Therefore, other methods 

of purification were tested. 

 
Figure 37. UV/Vis spectra of natural and tpy-modified ss-ON with Fe(BF4) 2·6H2O. 

 

After testing of several commercially available kits, it was successfully selected 

NucAway Spin Columns (Ambion), which provided sufficiently purified tpy-modified 

ds-DNA. Like this prepared sample was then mixed with 0.5 equiv. of Fe(BF)4·6H2O 

per each modification and after the incubation for several hours at room temperature, 

the UV/Vis spectra were recorded for non-metalated and metalated DNA duplexes, 

either natural or modified one (Figure 38). While the MLCT band30 at ca. 590 nm prove 
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successful complex formation of tpy-modified DNA with Fe2+ (blue line), similar band 

was not observed for the natural DNA mixed with Fe2+ (red line). 

 

 
Figure 38. UV/Vis spectra of natural and tpy-modified DNA duplexes with Fe(BF4) 2·6H2O. 

 

For the experiments detected by native polyacrylamide gel electrophoresis, products 

of monoincorporation, prepared by PEX experiment using tempA and dATP (natural 

DNA) or modified dAEtpyTP (15c) (Figure 39a), or tempC and dCTP (natural DNA) or 

dCEtpyTP (16c) (Figure 39b) as well as products of multiincorporation prepared by PEX 

experiment using temprnd16 and dATPs (natural DNA) or dAEtpyTP  (15c) (Figure 40), 

were tested. In these experiments, non-metalated and metalated oligonucleotides, either 

natural or modified ones, were compared. Different reaction conditions were tested. 

Successful complex formation was observed, when PEX products were directly, without 

previous purification, mixed with 1 equiv. of Fe(BF4)2·6H2O or FeCl2 (calculated to the 

amount of dNEtpyTP (15c or 16c) in PEX experiment) and incubated at room 

temperature for 3 h. Complex formation of pexA and pexC, containing only one 

tpy-modification, with Fe2+ ions is clearly shown by bands with slower mobility (Figure 

39, lanes 4 and 8), while no change in mobility was observed for natural DNA mixed 

with Fe2+ ions (Figure 39, lanes 2 and 6). 
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Figure 39. Non-denaturing gel electrophoresis (8% SB_PAGE) of Etpy-modified DNA duplexes in the 

absence and in the presence of Fe2+ for pexA (a) or pexC (b). 5'-32P-end labelled primer-template was 
incubated with different combinations of natural and functionalized dNTPs: A+: unmodified DNA 

[dATP, dGTP]; A+/Fe2+: unmodified DNA mixed with Fe2+; AEtpy: Etpy-modified DNA [dAEtpyTP (15c), 
dGTP]; AEtpy/Fe2+: Etpy-modified DNA mixed with Fe2+; C+: unmodified DNA [dCTP, dGTP]; C+/Fe2+: 

unmodified DNA mixed with Fe2+; CEtpy: Etpy-modified DNA [dCEtpyTP (16c), dGTP]; CEtpy/Fe2+: 
Etpy-modified DNA mixed with Fe2+. 

 
Similar results were shown also for pexrnd16 containing four tpy-modification 

(Figure 40), where complex formation is clearly shown by bands with slower mobility 

(lanes 4 and 8), while no change in mobility was observed for natural DNA mixed with 

Fe2+ ions (lanes 2 and 6). Here the bands are more smeared since mixture of possible 

products is formed. 

 

 
Figure 40. Non-denaturing gel electrophoresis (8% SB_PAGE) of Etpy-modified DNA duplexes in the 
absence and in the presence of Fe2+ for pexrnd16. 5'-32P-end labelled primer-template was incubated with 

different combinations of natural and functionalized dNTPs: A+: unmodified DNA [dATP, dTTP, dCTP, 
dGTP]; A+/Fe2+: unmodified DNA mixed with Fe2+; AEtpy: Etpy-modified DNA [dAEtpyTP (15c), dTTP, 

dCTP, dGTP]; AEtpy/Fe2+: Etpy-modified DNA mixed with Fe2+. 
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3.2 Oligopyridine analogues with flexible (octadiyne) linker 

3.2.1 Synthesis of modified nucleosides and dNTPs 

In order to prepare functionalized nucleosides bearing oligopyridine ligands 

attached via long and flexible octadiyne linker, suitable ligand building blocks had to be 

first prepared. The building blocks were prepared via simple Sonogashira 

cross-coupling reaction of activated oligopyridine 17a-b, prepared according to the 

literature procedure, with an 3 equiv. of 1,7-octadiyne (18) in the presence of 

Pd(PPh3)2Cl2, CuI and Et3N (Scheme 11). The reaction mixture was heated at 70 °C for 

3 h. Desired products were observed in good yields 66% for 19a or 75% for 19b. 

 

 
Scheme 11.  Synthesis of ligand building blocks: i) Pd(PPh3)2Cl2 (5 mol%), CuI (5 mol%) and Et3N 

(10 equiv.), THF, 70 °C, 3h. 
 

The Sonogashira cross-coupling reaction was also used for attachment of above 

describe building blocks to position 5 of 2'-deoxycytidine and to position 7 of 

7-deaza-2'-deoxyadenosine. The Pd-catalyzed Cu-mediated cross-coupling reaction of 

5-iodo-2'-deoxycytidine [dCI (3)] or 7-iodo-7-deaza-2'-deoxyadenosine [dAI (20)] with 

oligopyridine building blocks 19a-b were performed in the presence of 5 mol% of 

Pd(OAc)2, TPPTS (2.5 equiv. to Pd), CuI (10 mol%) and Hünig’s base in DMF in 

analogy to previously developed procedure (Scheme 12, Table 10). All the reactions 

proceeded at 75 °C to reach full conversion in 2 h. Desired products were purified by 

flash chromatography on reverse phase and after the crystallization were isolated as 

brownish solid in acceptable yields shown in Table 10. Taking into consideration that 

attachment of non-polar building blocks 19a-b to polar nucleoside in single-step 

reaction without use of protecting groups, the yields were satisfactory. 
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Scheme 12. Synthesis of modified nucleosides dNOR (21a-b and 22a-b). Reagents and conditions: 
i) Pd(OAc)2 (5 mol%), TPPTS (2.5 equiv. to Pd), CuI (10 mol%), Et (i-Pr)2N (10 equiv.), DMF, 75 °C, 

2 h. 
 

Table 10. The Sonogashira cross-coupling reaction for synthesis of modified nucleosides dNOR (21a-b 
and 22a-b). 

Entry Nucleoside Building block Product Yield 
1 dAI (20) 19a dAObpy (21a) 46% 
2 dAI (20) 19b dAOtpy (21b) 45% 
3 dCI (3) 19a dCObpy (22a) 38% 
4 dCI (3) 19b dCOtpy (22b) 72% 

 

To develop the synthetic methodology for synthesis of modified dNORTPs (25a-b 

and 26a-b), the chemistry was first performed on model nucleoside monophosphates 

dNORMPs (23a-b and 24a-b). Aqueous phase Sonogashira cross-coupling reaction, 

successfully used for synthesis of dNERMPs (11a-c and 12a-c) (see chapter 3.1.2), 

could not be used in this case due to low solubility of oligopyridine building blocks 

19a-b in the mixture water/acetonitrile (2:1) and from that resulting poor yields of 

dNORMPs (23a and 24a-b, Scheme 13, Table 11). 
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Scheme 13. Synthesis of modified dNORMPs (23a-b and 24a-b) via Sonogashira cross-coupling reaction. 

Reagents and conditions: i) Pd(OAc)2 (5 mol%), TPPTS (5 equiv. to Pd), CuI (10 mol%), Et(i-Pr)2N 
(10 equiv.), H2O/CH3CN (2:1), 80 °C, 1.5 h. 

 
Table 11. The Sonogashira cross-coupling reaction for synthesis of modified nucleoside monophosphates 
dNORMPs (23a-b and 24a-b). 

Entry Monophosphate Building block Product Yield 
1 dAIMP (9) 19a dAObpyMP (23a) 23% 
2 dAIMP (9) 19b dAOtpyMP (23b) - 
3 dCIMP (10) 19a dCObpyMP (24a) 11% 
4 dCIMP (10) 19b dCOtpyMP (24b) 11% 

 
Synthesis of dNORMPs (23a-b and 24a-b) was further optimized only for the 

preparation of dCObpyMP (24a). Different synthetic approaches were tested (Scheme 

14, Table 12). Aqueous-phase Sonogashira cross-coupling reaction performed in the 

mixture CH3CN/H2O (1:2) gave dCObpyMP (24a) in the yield of 12% (Table 11, 

entry 3). Changing the solvent to DMF/H2O (4:1) did not bring any improvement and 

dCObpyMP (24a) was isolated in the yield of 11% (Table 12, entry 1). Therefore the 

synthetic approach was changed and cytidine monophosphate bearing octadiyne 

substituent dCOMP (25) was first prepared using aqueous Sonogashira cross-coupling 

reaction. The dCOMP (25) was isolated after the HPLC purification on reverse-phase in 

the yield of 49%. The Sonogashira reaction was used for the preparation of dCObpyMP 

(24a) via attachment of bpy-ligand 17a. Desired product was isolated after HPLC 

purification in the yield lower than 1% (Table 12, entry 2). The third approach in the 

synthesis of dCObpyMP (24a) consists of phosphorylation of already modified 
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nucleosides dCObpy (22a). In this case product dCObpyMP (24a) was isolated in the 

yield of 31% (Table 12, entry 3). 

 

 
Scheme 14. Synthesis of dCObpyMP (24a). Reagents and conditions: i) Pd(OAc)2 (5 mol%), TPPTS 
(5 equiv. to Pd), CuI (10 mol%), Et(i-Pr)2N (10 equiv.), H2O/DMF (1:4), 80 °C, 4.5 h; ii) Pd(OAc)2 

(5 mol%), TPPTS (5 equiv. to Pd), CuI (10 mol%), Et3N (10 equiv.), H2O/CH3CN (1:2), 80 °C, 1.5 h; iii) 
Pd(OAc)2 (5 mol%), TPPTS (5 equiv. to Pd), CuI (10 mol%), Et(i-Pr)2N (10 equiv.), H2O/DMF (1:4), 

80 °C, 1.5 h; iv) 1. PO(OMe)3, POCl3 (1.3 equiv.), 0 °C, 1.5 h; 2. 2M TEAB. 
 
Table 12. Synthesis of dCObpyMP (24a). 

Entry Starting Material Ligand Yield 
1 dCIMP (10) 19a 11% 
2 dCOMP (25) 17a <1% 
3 dCObpy (22a) - 31% 

 

Phosphorylation of modified nucleosides dNOR (21a-b and 22a-b), was then 

applied for the synthesis of whole series of modified nucleoside monophosphates 

dNORMP (23a-b and 24a-b, Scheme 15). The solution of modified nucleosides dNOR 

(21a-b and 22a-b) in PO(OMe)3 was stirred with POCl3 at 0 °C for 1 h and then the 

reaction was quenched by addition of 2 ml of 2M TEAB. The corresponding products 

dAObpyMP (23a) and dCORMP (24a-b) were isolated after HPLC column 

chromatography in the yield shown in Table 13. Even though the yields of bipyridinyl 

modified nucleoside monophosphates dNObpyMP (23a and 24a) were significantly 

improved compare to case, when modified dNORMP (23a-b and 24a-b) were prepared 

from halogenated monophosphates dNIMP (9 and 10) using Sonogashira 

cross-coupling reaction (Scheme 13, Table 11), the yield of terpyridinyl functionalized 
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cytidine monophosphate dCOtpyMP (24b) remained unchanged. Terpyridynyl modified 

7-deaza-adenosine monophosphate dAOtpyMP (23b) was not successfully isolated, due 

to the problematic purification. 

 

N
O

OH

O

N

O

NH2

N
O

OH

O

dCORMP (24a-b)

dAORMP (23a-b)
i)

R =
N N

N
NN

a (bpy)

b (tpy)

PHO
O

O-

PHO
O

O-

N

N

NH2

dAObpyMP
dAOtpyMP
dCObpyMP
dCOtpyMP

R

bpy
tpy
bpy
tpy

23a
23b
24a
24b

R

R
4

4

N
O

OH

HO

N

O

NH2

N
O

OH

HO

dCOR (22a-b)

dAOR (21a-b)

N

N

NH2

R

R
4

4

 
Scheme 15. Synthesis of modified dNORMPs (23a-b and 24a-b) via phosphorylation of modified 

nucleosides dNOR (21a-b and 22a-b). Reagents and conditions: 1. PO(OMe)3, POCl3 (1.3 equiv.), 0 °C, 
1 h; 2. 2M TEAB. 

 
Table 13. Synthesis of modified nucleosides monophosphates dNORMPs (23a-b and 24a-b) via 
phosphorylation of modified nucleosides dNORs (21a-b and 22a-b). 

Entry Nucleoside dNTPs Yield 
1 dAObpy (21a) dAObpyMP (23a) 30% 
2 dAOtpy (21b) dAOtpyMP (23b) - 
3 dCObpy (22a) dCObpyMP (24a) 48% 
4 dCOtpy (22b) dCOtpyMP (24b) 12% 

 
Classical triphosphorylation of modified nucleosides66 was then successfully used 

also for synthesis of modified dNORTPs (26a-b and 27a-b, Scheme 16). The solution of 

modified nucleosides dNOR (21a-b and 22a-b) in PO(OMe)3 was stirred with POCl3 at 

0 °C for 1 h. The solution of tributylammoniumpyrophosphate in DMF with an addition 

of Bu3N was prepared in separate flask, cooled down to 0 °C, injected into the reaction 

mixture which was then stirred at 0 °C for another 1.5 h. After this time, the reaction 

was quenched by addition of 2 ml of 2M TEAB. Desired products were isolated in the 

yields shown in Table 14. 
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Scheme 16. Synthesis of modified dNORTPs (26a-b and 27a-b). Reagents and conditions: 1. PO(OMe)3, 
POCl3 (1.3 equiv.), 0 °C, 1 h; 2. (NHBu3)2H2P2O7 (5 equiv.), Bu3N (4.5 equiv.), DMF, 0 °C, 1.5 h; 3. 2M 

TEAB. 
 
Table 14. Synthesis of modified dNORTPs (26a-b and 27a-b) by triphosphorylation of modified 
nucleosides dNOR (21a-b and 22a-b). 

Entry Nucleoside dNTPs Yield 
1 dAObpy (21a) dAObpyTP (26a) 35% 
2 dAOtpy (21b) dAOtpyTP (26b) 14% 
3 dCObpy (22a) dCObpyTP (27a) 39% 
4 dCOtpy (22b) dCOtpyTP (27b) 31% 

 
Low yields are the consequence of difficult isolation of modified dNORTPs (26a-b 

and 27a-b), due to their amphiphilic character. Two-step purification, using first 

Sephadex DEAE purification followed by semi-preparative HPLC column 

chromatography, had to be used to obtain pure products. 

 

3.2.2 Incorporation of dNORTPs into DNA 

Based on previous experience (see chapter 3.1.3) all functionalized dAORTPs 

(26a-b) and dCORTPs (27a-b) were tested in single and multiple incorporation as 

substrates for four different termostable DNA polymerases (Pwo, DyNAzyme II, 

KOD XL, Deep Vent) in PEX experiment. Each PEX experiment, compared with 
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positive and negative control, was again analyzed by polyacrylamide gel 

electrophoresis. For sequences of primer and templates see Table 15. 

 
Table 15. Primer and templates used for primer extension in chapter 3.2.2a

primrnd 5'-CATGGGCGGCATGGG-3' 
temprnd16 5'-CTAGCATGAGCTCAGTCCCATGCCGCCCATG-3' 
tempC 5'-CCCGCCCATGCCGCCCATG-3' 
tempA  5'-CCCTCCCATGCCGCCCATG-3' 
tempA1 5'-TCCCATGCCGCCCATG-3' 
tempC1 5'-GCCCATGCCGCCCATG-3' 
aIn the template (temp) ONs segments that form a duplex with primer are printed in italics, the replicated 
segments are printed in bold. For magnetic separation of the extended primer strands, the templates are 
biotinylated at their 5'-end. The acronyms used in the text for primer products are analogs to those 
introduces fro templates (e.g. the PEX product pexrnd16 was synthesized on temp rnd16 template). 

 

Single nucleotide extension experiments were tested separately with all modified 

dNORTPs (26a-b and 27a-b) by using 19-mer templates tempA and tempC (Figure 41). 

While experiments using Pwo polymerase (Figure 41a, lanes 2-9 ) were successful to 

give fully extended products for all of the dNTPs and the lack of extension in negative 

control (A- and C-; lanes 3 and 7) prove that no miss-incorporation occurred, 

experiments using other DNA polymerases (Figure 41a, lanes 10-17 for DyNAzyme II 

polymerase; Figure 41b for KOD XL and Deep Vent polymerases) lead to the mixture 

of products with different lengths or to some miss-incorporations and therefore could 

not be used for direct functionalization of DNA. 
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Figure 41. Denaturing PAGE analysis of PEX experiment synthetized on tempA (lanes 2–5 and 10-13) 
and tempC (lanes 6–9 and 14-17) with Pwo and DyNAzyme II (a) or with KOD XL and Deep Vent (b) 
polymerases. 5'-32P-end labelled primer-template was incubated with different combinations of natural 

and functionalized dNTPs. P: Primer; A+: natural dATP, dGTP; A-: dGTP; AObpy: dAObpyTP (26a), 
dGTP; AOtpy: dAOtpyTP (26b), dGTP; C+: natural dCTP, dGTP; C-: dGTP; CObpy: dCObpyTP (27a), 

dGTP; COtpy: dCOtpyTP (27b), dGTP. 
 

Kinetics studies, comparing efficiency in incorporation of natural and modified 

dNTPs, were peformed also for incorporation of dNORTPs (26a-b and 27a-b). The 

experiments were performed using Pwo polymerase and tempA1 template for 

experiments with natural and modified dATPs (Figure 42a), whereas the tempC1 

template was used for experiments with natural and modified dCTPs (Figure 42b). The 

PEX experiments with natural dNTPs were finished within 1 minute, whereas the PEX 

with dCORTP (27a-b) took 2 minutes and the PEX with dAORTP (26a-b) took 

5 minutes to complete. Reaction time for multiple incorporations was like in the case of 

incorporation of dNERTPs (15a-c and 16a-c; see chapter 3.1.3) prolonged to 30 

minutes, to ensure full length product formation. 

 

 66



 
Figure 42. Comparison of the rate of the single-nucleotide PEX using Pwo polymerase with: a) natural 
dATP and modified dAObpyTP (26a) and dAOtpyTP (26b) nucleotides and tempA1, b) natural dCTP and 

modified dCObpyTP (27a) and dCOtpyTP (27b) nucleotides and tempC1. The reaction mixture was 
incubated for time intervals indicated (in minutes), followed by stopping the reaction by addition of 

PAGE loading buffer and immediate heating. 
 

Multiple incorporations using 31-mer template temprnd16, requiring incorporation of 

four modified dNTPs in separate positions, were also tested (Figure 43). For 

incorporations of modified dAORTPs (26a-b) into the ONs Pwo (Figure 43a, lanes 5-6), 

KOD XL and Deep Vent (Figure 43b, lanes 5-6 and 12-13) polymerases can be used. 

Using above mentioned DNA polymerases lead to formation of fully extended products. 

Incorporation using DyNAzyme II polymerase was less feasible for incorporation of 

dAOtpyTP (26b) and resulted in early termination of PEX (Figure 43a, lane 13). On the 

other hand, DyNAzyme II polymerase is the only suitable polymerase for incorporation 

of modified dCORTP (27a-b) (Figure 43a, lanes 14-15). Experiments using other 

polymerases lead to the mixture of ONs with different length (Figure 43, lanes 7-8 and 

14-15). 
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Figure 43. Denaturing PAGE analysis of PEX experiment synthesized on temprnd16 with Pwo and 

DyNAzyme II polymerases (a) or KOD XL and Deep Vent (b) polymerase. 5'-32P-end labelled 
primer-template was incubated with different combinations of natural and functionalized dNTPs. 

P: Primer; +: natural dNTPs; A-: dTTP, dCTP, dGTP; C-: dATP, dTTP, dGTP; AObpy: dAObpyTP (26a), 
dTTP, dCTP, dGTP; AOtpy: dAOtpyP (26b), dTTP, dCTP, dGTP; CObpy: dCObpyTP (27a), dATP, dTTP, 

dGTP; COtpy: dCOtpyTP (27b), dATP, dTTP, dGTP. 
 

Difference in electrophoretic mobility on gel between natural and modified ONs is 

even more significant than it was in the case of incorporation of dNERTPs (15a-c and 

16a-c; see chapter 3.1.3), due to the higher molecular weight of the modification. 

Therefore, verification of full-length products formation by measurement of MALDI 

mass spectroscopy of PEX products was necessary. Magnetoseparation protocol 
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(described in the chapter 3.1.3) was used and correct masses were confirmed for all 

products (Table 16). 

 
Table 16. MALDI-Tof experiment (ss-ON) 

Single-stranded PEX product 
[dNTPs used in PEX reaction] Calculated mass (Da) Found mass (Da) 

pexA  
[dATP, dGTP] 5973.0 5976.3 

pexA  

[dAObpyTP (26a), dGTP] 6230.3 6231.6 

pexA  

[(dAOtpyTP (26b), dGTP] 6307.4 6310.0 

pexC 

 [dCTP, dGTP] 5949.0 5948.2 

pexC 

 [dCObpyTP (27a), dGTP] 6207.3 6208.8 

pexC  

[dCOtpyTP (27b), dGTP] 6284.4 6286.0 

pexrnd16  

[dATP, dCTP, dTTP, dGTP] 9617.3 9616.5 

pexrnd16  

[dAObpyTP (26a), dCTP, dTTP, dGTP] 10646.6 10648.6 

pexrnd16 

[dAOtpyTP (26b), dCTP, dTTP, dGTP] 10954.9 10956.1 

pexrnd16 

 [dCTP, dATP, dTTP, dGTP] 9617.3 9618.3 

pexrnd16 

 [dCObpyTP (27a), dATP, dTTP, dGTP] 10650.6 10651.7 

pexrnd16 

 [dCOtpyTP (27b), dATP, dTTP, dGTP] 10598.9 10959.8 

 

3.2.3 Complexation studies 

3.2.3.1 Complexation of modified nucleosides dNOR 

Due to the difficulties with the preparation and isolation of modified nucleoside 

monophosphates dNORMPs (23a-b and 24a-b), easily obtainable modified nucleosides 

dNOR (21a-b and 22a-b) were tested as a model compound in complexation studies. 

Methanolic solutions of dNOR (21a-b and 22a-b) were mixed with 0.5 equiv. of divalent 

metal such as Cu2+, Ni2+, Zn2+ and Fe2+. After incubation for 10 min. at room 

temperature, the complex-formation was detected by UV/Vis spectroscopy. The spectra 

were recorded for non-metalated as well as for metalated nucleosides (Figure 44, Figure 

45). 
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Figure 44. UV/Vis spectra of: a) dAObpy (21a), b) dCObpy (22a) with divalent metals. 

 

Although the MLCT bands of metal complexes of dNObpy (21a and 22a) are 

overlapping with dominating absorbance due to the presence of bpy-modification 

(Figure 44), MLCT bands of all metal complexes of dNOtpy (21b and 22b) were easily 

detected (Figure 45), due to the fact, that oligopyridine unit is not conjugated with the 

nucleobase the dominating absorbance is shifted to lower wavelength, unlike the case 

when oligopyridine unit was attached to the nucleobase via acetylene linker (Figure 36, 

page 55). 
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Figure 45. UV/Vis spectra of: a) dAOtpy (21b), b) dCOtpy (22b) with divalent metals. 

 

Due to the fact, that MLCT bands of all complexes formed with dNOtpy (21b and 

22b) were successfully observed, complexation with oligopyridine modified DNAs 

were performed with all above mentioned metals. 

3.2.3.2 Complexation of DNA modified with oligopyridine attached via octadiyne 

linker 

Similarly as in the previous case (see chapter 3.1.4.2), the complex formation of 

modified DNA was detected by native polyacrylamide gel and UV/Vis spectroscopy. 

For complexation studies, detected by native polyacrylamide gel electrophoresis, 

products of monoincorporation as well as products of multiple incorporations were 

tested. While pexA were prepared by using tempA (designed for incorporation of only 

one modified dATP) and by incorporation of dATP (natural DNA) and dAObpyTP (26a) 
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or dAOtpyTP (26b) (modified DNA), pexC were prepared by using tempC (designed for 

incorporation of only one modified dCTP) and by incorporation of dCTP (natural DNA) 

and dCObpyTP (27a) or dCOtpyTP (27b) (modified DNA) using Pwo polymerase. PEX 

products were directly, without previous purification, mixed with 1 equiv. of 

M(BF4)2·nH2O (calculated to the amount of modified dNORTP (26a-b and 27a-b) used 

in PEX experiment) and incubated at room temperature overnight. Neither 

Obpy-modified (Figure 46) nor Otpy-modified DNA (Figure 47) duplexes formed 

complexes with any of used metals. Complex formation would result in a band with 

slower mobility in comparison to the band of non-metalated DNA duplex (lanes 1 or 6), 

but it was not observed for any of the metalated DNA duplexes, either natural 

(lanes 2-5), or modified ones (lanes 7-10), despite of longer time of incubation 

compared to the time required for complex formation of acetylene linked derivatives 

(see chapter 3.1.4.2). 

 

 
Figure 46. Non-denaturing gel electrophoresis (8% SB_PAGE) of Obpy-modified DNA duplexes in the 

absence and in the presence of M2+ for pexA (a) and pexC (b). 5'-32P-end labelled primer-template was 
incubated with different combinations of natural and functionalized dNTPs: A+: unmodified DNA 

[dATP, dGTP]; A+/M2+: unmodified DNA mixed with corresponding divalent metals; AObpy: 
Obpy-modified DNA [dAObpyTP (26a), dGTP]; AObpy/M2+: Obpy-modified DNA mixed with 

corresponding divalent metals; C+: unmodified DNA [dCTP, dGTP]; C+/M2+: unmodified DNA mixed 
with corresponding divalent metals; CObpy: Obpy-modified DNA [dCObpyTP (27a), dGTP]; 

CObpy/M2+: Obpy-modified DNA mixed with corresponding divalent metals 
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Figure 47. Non-denaturing gel electrophoresis (8% SB_PAGE) of Otpy-modified DNA duplexes in the 
absence and in the presence of M2+ for pexA (a) and pexC (b). 5'-32P-end labelled primer-template was 

incubated with different combinations of natural and functionalized dNTPs: A+: unmodified DNA 
[dATP, dGTP]; A+/M2+: unmodified DNA mixed with corresponding divalent metals; AOtpy: 
Otpy-modified DNA [dAOtpyTP (26b), dGTP]; AOtpy/M2+: Otpy-modified DNA mixed with 

corresponding divalent metals; C+: unmodified DNA [dCTP, dGTP]; C+/M2+: unmodified DNA mixed 
with corresponding divalent metals; COtpy: Otpy-modified DNA [dCOtpyTP (27b), dGTP]; COtpy/M2+: 

Otpy-modified DNA mixed with corresponding divalent metals. 
 

In the case of products of multiple incorporations prepared by using temprnd16 

(designed for incorporation of  four modified dNTPs) and by incorporation of dATP 

(natural DNA) and dAObpyTP (26a) or dAOtpyTP (26b) (modified DNA) using Pwo 

polymerase, or by incorporation of dCTP (natural DNA) and dCObpyTP (27a) or 

dCOtpyTP (27b) using DyNAzyme II polymerase, successful complex formation 

(shown by bands with slower mobility) was observed only for Otpy-modified DNA 

duplexes with Ni2+ and Fe2+ ions (Figure 49, lanes 8 and 10). Similar change in mobility 

was not observed for natural DNA mixed with these metal ions (lanes 3 and 5). For 

Obpy-modified DNA duplexes, none (for CObpy) or only minor band (for AObpy/Ni2+ and 

AObpyFe2+) with slower mobility, proving successful complex formation with 

corresponding metal ions, was observed (Figure 48). 
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Figure 48. Non-denaturing gel electrophoresis (8% SB_PAGE) of Obpy-modified DNA duplexes in the 
absence and in the presence of M2+ for pexrnd16. 5'-32P-end labelled primer-template was incubated with 

different combinations of natural and functionalized dNTPs: A+: unmodified DNA [dATP, dTTP, dCTP, 
dGTP]; A+/M2+: unmodified DNA mixed with corresponding divalent metals; AObpy: Obpy-modified 

DNA [dAObpyTP (26a), dTTP, dCTP, dGTP]; AObpy/M2+: Obpy-modified DNA mixed with 
corresponding divalent metals; C+: unmodified DNA [dATP, dTTP, dCTP, dGTP]; C+/M2+: unmodified 
DNA mixed with corresponding divalent metals; CObpy: Obpy-modified DNA [dATP, dTTP, dCObpyTP 

(27a), dGTP]; CObpy/M2+: Obpy-modified DNA mixed with corresponding divalent metals. 
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Figure 49. Non-denaturing gel electrophoresis (8% SB_PAGE) of Otpy-modified DNA duplexes in the 
absence and in the presence of M2+ for pexrnd16. 5'-32P-end labelled primer-template was incubated with 

different combinations of natural and functionalized dNTPs: A+: unmodified DNA [dATP, dTTP, dCTP, 
dGTP]; A+/M2+: unmodified DNA mixed with corresponding divalent metals; AOtpy: Otpy-modified DNA 

[dAOtpyTP (26b), dTTP, dCTP, dGTP]; AOtpy/M2+: Otpy-modified DNA mixed with corresponding 
divalent metals; C+: unmodified DNA [dATP, dTTP, dCTP, dGTP]; C+/M2+: unmodified DNA mixed 

with corresponding divalent metals; COtpy: Otpy-modified DNA [dATP, dTTP, dCOtpyTP (27b), dGTP]; 
COtpy/M2+: Otpy-modified DNA mixed with corresponding divalent metals. 

 

Successful complex formation of pexrnd16 was also confirmed by measurement of 

UV/Vis spectra. The pexrnd16 products were prepared on larger scale by using Deep 

Vent [for incorporation of dAOtpyTP (26b)] or DyNAzyme II polymerases [for 

incorporation of dCOtpyTP (27b)]. Natural DNA was prepared by incorporation of 

natural dNTPs, while modified DNAs were prepared by using dAOtpyTP (26b) as 

surrogates of natural dATP in one case or dCOtpyTP (27b) as surrogates of natural 

dCTP in the second case. After the PEX reaction, PEX products were purified from 

unincorporated dNOtpyTPs (26b or 27b) and then 0.5 equiv of M2+ ions per each 

modification was added to the solution of natural or modified DNA. The mixture was 

incubated overnight at room temperature and then UV/Vis spectra of non-metalated and 

metalated DNA duplexes (either natural or modified one) were recorded. The dominant 

absorbance at ca. 260 nm originates from the absorbance of natural nucleotides (Figure 

50, grey line) while the small absorbance band at ca. 350 nm is due to the presence of 
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Otpy-modification (black line). While MLCT bands of complexes formed by Otpy-

modified ON with Cu2+ (red line), Ni2+ (green line), Zn2+ (blue line) are partially 

overlapped with absorbance band of Otpy-modification, the complex formed by mixing 

Otpy-modified ON with Fe2+ can be easily detected due to the characteristic absorbance 

as 580 nm (magenta line).  

 

 
Figure 50. UV/Vis spectra of natural and Otpy-modified DNA duplexes: a) AOtpy, b) COtpy with divalent 

metals. 
 

Similar MLCT bands were not observed for natural DNA duplex in the presence of 

the corresponding metal cations (Figure 51). 
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Figure 51. UV/Vis spectra of natural DNA duplexes: a) A+, b) C+ with divalent metals. 

 

3.3 DNA complexes with acetylene linker vs. DNA complexes with 

octadiyne linker 

Short and rigid acetylene linker pre-determinated modified DNA to form only 

inter-strand complexes (Figure 52a), while long and flexible octadiyne linker might also 

enable formation of intra-strand complexes (Figure 52b). 
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Figure 52. Schematic representation of: a) inter-strand, b) intra-strand DNA complexes. 

 

While formation of metal complexes of Etpy-modified DNA were observed for 

duplexes modified with one as with four Etpy-modifications (see chapter 3.1.3), 

Otpy-modified DNA formed complex only in the case, when four Otpy-modifications 

were placed in the macromolecule (see chapter 3.2.2). Since no complex formation was 

observed for DNA containing only one Otpy-modification, the question if intra-strand 

or inter-strand complex is formed arises. 

The possible formation of intra-strand DNA complex was proved by computational 

studies (Figure 53) carried out by Dr. Jindřich Fanfrlík. The structure was build and 

minimized by the Nucleic Acid Builder in AMBER67. The system was neutralized with 

sodium ions. The generalized Born implicit solvent model was used. Molecular 

mechanics parameters from ff03 force field were employed. Parameters of (tpy)2Fe 

were taken from the literature68 and the GAFF parameters were used for the modified 

residue. 
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Figure 53. The calculated structure of possible intra-strand DNA complex. 

 
If the B-type double helix of DNA remained unaffected during this calculation, only 

one (tpy)2Fe complex (when two modified AOtpy units are separated by three natural 

nucleotides) can be successfully formed (Figure 53a), while the second pair of 

tpy-modifications (separated by four natural nucleotides) is too distant from each other 

to adopt the octahedral geometry of (tpy)2Fe complex. On the other hand, formation of 

two (tpy)2Fe complexes must involve rotation of a modified nucleotide and from that 

resulting bending of DNA double helix (Figure 53b). 

Due to different types of behavior of Etpy-modified and Otpy-modified DNA 

during the complexation studies, the corresponding complexes were compared. Since 

the ONs containing only one Otpy-modification do not form metal complexes 

(see chapter 3.2.2) and dCEtpyTP (16c) was not a good substrate in multiple 

incorporations (see chapter 3.1.3), we focused in our investigation on DNA prepared by 

PEX experiment using temprnd16 and dATP (natural DNA), dAEtpyTP (16c) (modified 

DNA with acetylene linked oligopyridine units) and dAOtpyTP (26b) (modified DNA 

with octadiyne linked oligopyridine units). 

First we compared the mobility of these complexes on native polyacrylamide gel 

(Figure 54). The complex of Etpy-modified DNA with Fe2+ ions show slower mobility 

(lane 6) in comparison to non-metalated Etpy-modified DNA (lane 4) due to its double 

DNA chain length, than it is in the case of intra-strand DNA complex formed from 

Otpy-modified DNA (lane 9) in comparison to non-metalated Otpy-modified DNA 

(lane 7). 
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Figure 54. Non-denaturing gel electrophoresis (8% SB_PAGE) of tpy-modified DNA duplexes in the 
absence and in the presence of M2+ for pexrnd16. 5'-32P-end labelled primer-template was incubated with 

different combinations of natural and functionalized dNTPs: A+: unmodified DNA [dATP, dTTP, dCTP, 
dGTP]; A+/M2+: unmodified DNA mixed with indicated divalent metals; AEtpy: Etpy-modified DNA 
[dAEtpyTP (16c), dTTP, dCTP, dGTP]; AEtpy/M2+: Etpy-modified DNA mixed with indicated divalent 
metals; AOtpy: Otpy-modified DNA [dAOtpyTP (26b), dTTP, dCTP, dGTP]; AOtpy/M2+: Otpy-modified 

DNA mixed with indicated divalent metals. 
 

The possible formation of intra-strand complexes of Otpy-modified DNA prepared 

by PEX experiment using temprnd16 was also confirmed by measurement of MALDI-Tof 

spectra (Figure 55). For this experiment, natural and Otpy-modified DNA prepared by 

incorporation of dATP or dAOtpyTP (26b) by using Deep Vent polymerase were 

prepared. PEX products were purified from unincorporated dNTPs and then 

Otpy-modified DNA was divided into two parts one of which was mixed with 1 equiv. 

of Fe(BF4)2·6H2O (calculated to the number of modification in DNA). Measurement of 

MALDI spectra proved successful formation of full length products in the case of 

natural DNA - DNA (A+) (Figure 55a) as well as in the case of Otpy-modified 

DNA - DNA (AOtpy) (Figure 55b), where the masses of the template and 

complementary strand were observed. For metalated DNA, formation of two complexes 

DNA (AOtpy)·1Fe2+ and DNA (AOtpy)·2Fe2+ was detected, while no non-metalated 

modified DNA was observed (Figure 55c). Calculated and observed masses are shown 

in Table 17, where are dedicated only the masses of synthesized strand, while the mass 

of the template is the same for all of the PEX products (calculated mass of temprnd16: 

9421 Da). Althought the formation of inter-strand DNA complex (calculated mass: 

21956.4 Da) was not observed in MALDI, its presence can not be exluded, because of 

the difficult ionization of high molecular weight oligonucleotides and from this 

resulting complicated detection. 
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Table 17. MALDI-Tof experimend (ds DNA). 
Double-stranded PEX products 
[dNTPs used in PEX reaction] Calculated mass (Da) Found mass (Da) 

DNA (A+) 
[dATP, dCTP, dGTP, dTTP] 9613.6 9618.3 

DNA (AOtpy) 
[dAOtpyTP (26b), dCTP, dGTP, dTTP] 10951.3 10957.6 

DNA (AOtpy)·1Fe2+ 

[dAOtpyTP (26b), dCTP, dGTP, dTTP] 11005.1 11013.0 

DNA (AOtpy)·2Fe2+ 

[dAOtpyTP (26b), dCTP, dGTP, dTTP] 11060.9 11066.6 

 

 
Figure 55. MALDI-Tof spectra of: a) natural DNA - DNA (A+) (calculated mass:  9613.6 Da), b) 

Otpy-modified DNA - DNA (AOtpy) (calculated mass: 10951.3 Da), c) Otpy-modified DNA – 
DNA (AOtpy)·xFe2+ (calculated mass: 11005.1 Da for DNA (AOtpy)·1Fe2+ and 11060.9 Da for 

DNA (AOtpy)·2Fe2+). 
 

The CD-spectra of natural and tpy-modified DNA (either non-metalated or 

metalated) prepared by PEX using temprnd16 (Figure 56), were measured and interpreted 

by Dr. Lucie Bednárová. For natural as well as for tpy-modified DNAs standard B-type 

conformation was observed. While the negative minimum for natural (A+) and 

Etpy-modifed (AEtpy) DNAs was found at 245 nm, negative minimum for 

Otpy-modified (AOtpy) DNA was shifted to 250 nm. Positive maximum was found at 

270 nm with a shoulder at 290 nm for tpy-modified DNA (blue and magenta line). This 

shoulder is more significant after addition of Fe2+ ions, while for complex formed from 

Otpy-modified DNA (AOtpy/Fe2+) (red line) it is even more obvious than for complexes 

formed from Etpy-modified DNA (AEtpy/Fe2+) (green line). Although the interpretation 
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of CD-spectra of the corresponding DNA complexes might be complicated by 

formation of diverse structures (inter-strand DNA complexes, products of inter- or intra-

strand intercalation), small spectral changes in non-metalated tpy-modified DNA can be 

explained or by diminishing of the arrangement of DNA double helix caused by the 

presence of the tpy-modification or by intercalation of tpy-unit, while the formation of 

the band at 290 nm in the DNA complex formed from Otpy-modified DNA and Fe2+ 

ions (AOtpy/Fe2+) can be a result of partial distortion of the B-DNA double helix, 

required (according to the computational studies) for formation of intra-strand  DNA 

complex DNA (AOtpy)·2Fe2+.  

 

 
Figure 56. CD-spectra of  natural and tpy-modified DNA duplexes prepared from temprnd16 in the 

absence or presence of Fe2+ ions. 
 

Although the possible formation of intra-strand DNA complex was confirmed by 

PAGE, MALDI, CD spectroscopy and modelling, the formation of diverse inter-strand 

DNA complex is certainly also possible and their characterization is not feasible. Most 

likely, these Otpy-modified DNA duplexes in presence of Fe2+ ions form dynamic 

mixtures of complexes (both intra- and inter-strand) and aggregates which makes their 

application in supramolecular chemistry rather limited. 
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4 Conclusion 

Nucleosides, bearing oligopyridine ligands attached via short and rigid (acetylene or 

phenylene) or long and flexible (octadiyne) linker, were synthesized. For this purpose, 

Sonogashira or Suzuki-Miyaura cross-coupling reactions of unprotected nucleosides 

with oligopyridine-linked acetylenes or boronates in the presence of Pd(OAc)2/TPPTS 

catalytic system in DMF or in the mixture water/acetonitrile, were successfully used. 

Although, Sonogashira cross-couplings proceeded under standard condition, reaction 

conditions of Suzuki cross-coupling had to be optimized. While aqueous-phase 

Sonogashira cross-coupling reaction was also successfully used for synthesis of 

nucleotides bearing oligopyridine ligands attached via acetylene tether, nucleotides 

bearing oligopyridine ligands attached via octadiyne linker had to be prepared by 

phosphorylation of corresponding oligopyridine-modified nucleosides. 

Oligopyridine-modified nucleoside or nucleotides were tested as model compounds 

for further complexation studies on oligopyridine-modified DNA. Terpyridine modified 

nucleosides/nucleotides, bearing the modification attached via aoctadiyne/acetylene 

linker, clearly formed complexes with Fe2+ ions, which can be easily detected by 

UV/Vis spectroscopy due to its characteristic MLCT band at 580 nm.  

Two different strategies can be used for the synthesis of modified nucleoside 

triphosphates: (i) single-step aqueous-phase Sonogashira cross-coupling of halogenated 

nucleoside triphosphate or (ii) triphosphorylation of corresponding modified 

nucleosides. Both approaches were utilized. Like in the synthesis of nucleosides 

monophosphates, aqueous phase Sonogashira cross-coupling was applied for synthesis 

of nucleoside triphosphates bearing oligopyridine modification attached via acetylene 

linker, while classical triphosphorylation of modified nucleosides had to be used for 

synthesis of nucleoside triphosphates bearing oligopyridine modification attached via 

octadiyne tether, due to the low solubility of corresponding building blocks in the 

mixture water/acetonitrile and from this resulting low yields. 

All oligopyridine-modified nucleosides triphosphates were incorporated into DNA 

by primer extension experiment. Single and multiple incorporations by using several 

DNA polymerases were tested. While nucleoside triphosphates bearing oligopyridine 

ligands attached via octadiyne linker were successfully incorporated in all tested 

sequences, incorporation of nucleoside triphosphates bearing oligopyridine ligands 

attached via short acetylene tether was more demanding and has to be optimized. Even 
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after these optimizations, incorporation of terpyridine-modified dCTP was less feasible 

and resulted in early termination of primer extension experiment. 

Functionalized DNA was tested in complexation studies. Most stable complexes 

were formed by mixing terpyridine-modified DNA with Fe2+ ions and complex 

formation was detected by polyacrylamide gel electrophoresis and by UV/Vis 

spectroscopy. While DNA bearing terpyridine unit attached via acetylene linker can 

formed only inter-strand complex, due to the shortness and rigidity of the linker, DNA 

bearing terpyridine unit attached via octadiyne tether is able to form as inter-strand as 

intra-strand metal complexes. Possible formation of intra-strand DNA complex was first 

proved by computional calculation and then detected by native polyacrylamide gel, 

MALDI spectra and circular dichroism spectroscopy. However the fact, that formation 

of inter-strand complexes can be accompanied by formation of inter-strand DNA 

complexes, may complicate applications in self-assembly. 
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6 Experimental section 

General 
 
Oligopyridinyl acetylene or boronates, halogenated mohophosphates45,64 and 

halogenated triphosphates42,49 were prepared according to the literature procedures. 

POCl3 and PO(OMe)3 used for phosphorylation of nucleoside were distilled before 

using. Other chemicals were purchased from commercial suppliers and were used as 

received. All reactions were performed under argon atmosphere. Preparative flash 

chromatography on reverse phase was performed on Biotage SP1 flash purification 

system. Semi-preparative HPLC separations were performed on column packed with 

10 μm C18 reversed phase (Phenomenex, Luna C18(2)). NMR spectra were measured 

on a Bruker Avance 400 (400 MHz for 1H, and 100.6 MHz for 13C), Bruker Avance 500 

(500.0 MHz for 1H, 125.7 MHz for 13C and 202.3 for 31P) or Bruker Avance II 600 

(600.1 MHz for 1H and 150.9 MHz for 13C) in CDCl3 (1H referenced to TMS as an 

internal standard (δ = 0 ppm); 13C referenced to the solvent signal (δ = 77.0 ppm)), in 

DMSO-d6 (1H referenced to the residual solvent signal (δ = 2.50 ppm); 13C referenced 

to the solvent signal (δ = 39.7 ppm)), in D2O (referenced to dioxane as internal 

standard, δH = 3.75 ppm, δC = 69.3 ppm, standard for 31P NMR was external H3PO4) or 

in CD3OD (1H referenced to the residual solvent signal (δ = 3.31 ppm); 13C referenced 

to the solvent signal (δ = 49.0 ppm); 31P referenced to H3PO4 (δ = 0 ppm) as an external 

standard). Chemical shifts are given in ppm (δ scale), coupling constants (J) in Hz. 

Complete assignment of all NMR signals was achieved by use of a combination of 

H,H-COSY, H,C-HSQC, and H,C-HMBC experiments. Mass spectra were measured on 

LCQ classic (Thermo-Finnigan) spectrometer using ESI or Q-Tof Micro (Waters, ESI 

source, internal calibration with lockspray). Mass spectra of functionalized DNA were 

measured by Maldi-TOF, Reflex IV (Bruker) with nitrogen laser. UV/Vis spectra were 

measured on Varian CARY 100 Bio spectrophotometer at room temperature. CD spectra 

were measured on Jasco 815. Melting points were determined on a Kofler block.  

Fot numbering scheme for NMR assignment see Figure 57. 
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Figure 57. Numbering scheme for NMR assignment for: a) ligand building blocks; b) modified 
nucleosides, nucleoties and dNTPs 

 

6.1 Oligopyridine analogues with rigid linker 

6.1.1 Synthesis of modified nucleosides, nucleotides and nucleoside 

triphosphates 

 
General procedure I: Sonogashira cross-coupling reaction – synthesis of modified 

dNER 

DMF (1 ml) and Et(i-Pr)2N (10 equiv.) were added to an argon-purged flask containing 

nucleoside dCI (3) or dUI (4) (44 mg), an alkyne 1a-c (1.5 equiv.) and CuI (10 mol%). 

In a separate flask, Pd(OAc)2 (5 mol%) and TPPTS (2.5 equiv. to Pd) were combined, 

evacuated and purged with argon followed by addition of DMF (0.5 ml). The mixture of 

catalyst was then injected into the reaction mixture and the reaction mixture was stired 

at 75 °C for 2 h. The solvent was evaporated in vacuo. Products were directly purified 

by flash chromotagraphy on reverse phase using H2O/MeOH (0% to 100%) as an 

eluent.  
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5-[(2'',2'''-bipyridin-6''-yl)ethynyl]-2'-deoxyc

neral procedure I from 

em = 

-[(2'',2'''-bipyridin-5''-yl)ethynyl]-2'-deoxycytidine (dCE5bpy, 5b) 

procedure I from 

gem = 

2'a,1' 2'a,3' a); 3.60 and 3.68 (2 × bdt, 2H, Jgem = 11.9, J5',OH = J5',4' 

ytidine (dCE6bpy, 5a) 

Prepared according to the ge

N

O

OH

HO

N

NH2

O

N
N dCI (3) and bipyridinyl acetylene 1a. It was isolated 

as a brown powder in the yield of 70% (35.4 mg) 

which was then crystallized for the purpose of 

elemental analysis from the mixture MeOH/H2O. 
1H NMR (500 MHz, DMSO-d6): 2.07 (ddd, 1H, Jg

13.2, J2'b,1' = 7.0, J2'b,3' = 6.1, H-2'b); 2.19 (ddd, 1H, Jgem = 13.2, J2'a,1' = 6.1, J2'a,3' = 3.7, 

H-2'a); 3.59 (ddd, 1H, Jgem = 11.9, J5'b,OH = 5.1, J5'b,4' = 3.7, H-5'b); 3.67 (ddd, 1H, Jgem = 

11.9, J5'a,OH = 5.1, J5'a,4' = 3.5, H-5'a); 3.82 (ddd, 1H, J4',5' = 3.7, 3.5, J4',3' = 3.3, H-4'); 

4.24 (dddd, 1H, J3',2' = 6.1, 3.7, J3',OH = 4.3, J3',4' = 3.3, H-3'); 5.17 (t, 1H, JOH,5' = 5.1, 

OH-5'); 5.26 (d, 1H, J3',OH = 4.3, OH-3'); 6.15 (dd, 1H, J1',2' = 7.0, 6.1, H-1'); 7.17 (bs, 

1H, NHaHb); 7.49 (ddd, 1H, J5'",4'" = 7.5, J5'",6'" = 4.7, J5'",3'" = 1.2, H-5'"); 7.87 (dd, 1H, 

J5",4" = 7.7, J5",3" = 1.1, H-5"); 7.90 (bs, 1H, NHaHb); 7.97 (ddd, 1H, J4'",3'" = 8.0, J4'",5'" = 

7.5, J4'",6'" = 1.8, H-4'"); 8.00 (dd, 1H, J4",3" = 8.0, J4",5" = 7.7, H-4"); 8.36 (dd, 1H, J3",4" 

= 8.0, J3",5" = 1.1, H-3"); 8.38 (ddd, 1H, J3'",4'" = 8.0, J3'",5'" = 1.2, J3'",6'" = 1.0, H-3'"); 

8.43 (s, 1H, H-6); 8.71 (ddd, 1H, J6'",5'" = 4.7, J6'",4'" = 1.8, J6'",3'" = 1.0, H-6'"); 13C NMR 

(125.7 MHz, DMSO-d6): 41.10 (CH2-2'); 61.13 (CH2-5'); 70.21 (CH-3'); 81.62 (C5-

C≡C-C6"); 85.76 (CH-1'); 87.75 (CH-4'); 88.79 (C-5); 93.86 (C5-C≡C-C6"); 120.10 

(CH-3"); 120.90 (CH-3'"); 124.79 (CH-5'"); 128.05 (CH-5"); 137.67 (CH-4'"); 137.95 

(CH-4"); 142.42 (C-6"); 146.22 (CH-6); 149.61 (CH-6'"); 153.53 (C-2); 154.72 (C-2'"); 

155.70 (C-2"); 164.05 (C-4); MS (ESI): m/z (%) = 428 (15) [M+ + Na], 833 (100) [2M+ 

+ Na]; HRMS-ESI: m/z [M+ + H] calcd for C21H20O4N5: 406.1510; foud: 406.1514; IR 

(KBr): 3392, 1645, 1500, 1094, 780 cm-1; Mp 139-146°C. 

 

5

Prepared according to the general 
N

dCI (3) and bipyridinyl alkyne 1b. It was isolated as a 

slightly yellow powder in the yield of 67% (33.8 mg), 

which was then crystallized for the purpose of 

elemental analysis from the mixture EtOH/H2O. 
1H NMR (500 MHz, DMSO-d6): 2.05 (dt, 1H, J

N

13.3, J2'b,1' = J2'b,3' = 6.4, H-2'b); 2.20 (ddd, 1H, Jgem = 

13.3, J  = 6.1, J  = 3.9, H-2'

N

O

OH

HO

N

NH2

O
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= 3.5, H-5'); 3.82 (q, 1H, J4',5' = J4',3' = 3.5, H-4'); 4.25 (bm, 1H, J3',2' = 6.4, 3.9, J3',OH = 

4.3, J3',4' = 3.5, H-3'); 5.17 (bt, 1H, JOH,5' = 3.5, OH-5'); 5.26 (bd, 1H, J3',OH = 4.3, OH-

3'); 6.13 (dd, 1H, J1',2' = 6.4, 6.1, H-1'); 7.21 (bs, 1H, NHaHb); 7.47 (ddd, 1H, J5'",4'" = 

7.5, J5'",6'" = 4.8, J5'",3'" = 1.2, H-5'"); 7.85 (bs, 1H, NHaHb); 7.97 (ddd, 1H, J4'",3'" = 7.9, 

J4'",5'" = 7.5, J4'",6'" = 1.8, H-4'"); 8.14 (dd, 1H, J4",3" = 8.3, J4",6" = 2.1, H-4"); 8.40 (ddd, 

1H, J3'",4'" = 7.9, J3'",5'" = 1.2, J3'",6'" = 1.0, H-3'"); 8.41 (dd, 1H, J3",4" = 8.4, J3",6" = 0.9, H-

3"); 8.42 (s, 1H, H-6); 8.70 (ddd, 1H, J6'",5'" = 4.8, J6'",4'" = 1.8, J6'",3'" = 1.0, H-6'"); 8.88 

(dd, 1H, J6",4" = 2.1, J6",3" = 0.9, H-6"); 13C NMR (125.7 MHz, DMSO-d6): 41.12 (CH2-

2'); 61.06 (CH2-5'); 70.09 (CH-3'); 85.77 (CH-1'); 86.36 (C5-C≡C-C5"); 87.70 (CH-4'); 

89.22 (C-5); 91.18 (C5-C≡C-C5"); 120.05 (CH-3"); 120.09 (C-5"); 121.00 (CH-3'"); 

124.71 (CH-5'"); 137.68 (CH-4'"); 139.58 (CH-4"); 145.79 (CH-6); 149.68 (CH-6'"); 

151.46 (CH-6"); 153.57 (C-2); 154.11 (C-2"); 154.69 (C-2'"); 163.93 (C-4); MS (ESI): 

m/z (%) = 405 (3) [M+],  428 (16) [M+ + Na], 833 (100) [2M+ + Na]; HRMS-ESI: m/z 

[M+ + H] calcd for C21H20O4N5: 406.1510; found: 406.1512; Anal. Calcd for 

C21H19O4N5 . 1/2H2O: C, 60.86; H, 4.86; N, 16.90; Found C, 61.13; H, 4.67; N, 16.60; 

IR (KBr): 3448, 1656, 1634, 1501, 1462, 1101, 794, 781, 742 cm-1; Mp over 300°C. 

 

5-[(2'',2'''':6'',2'''-terpyridin-4''-yl)ethynyl]-2'-deoxycytidine (dCEtpy, 5c) 

Prepared according to the general procedure I from 

dCI 

der in the yield of 63% 

, 

H-5'b); 3.70 (ddd, 1H, Jgem = 11.9

N

O

OH

HO

(3) and terpyridinyl acetylene 1c. It was isolated 

as a slightly brownish pow

(37.9 mg) which was then crystallized for the purpose 

of elemental analysis from the mixture DMSO/H2O. 
1H NMR (500 MHz, DMSO-d6): 2.09 (dt, 1H, Jgem = 

13.1, J2'b,1' = J2'b,3' = 6.4, H-2'b); 2.21 (ddd, 1H, Jgem = 

a); 3.62 (ddd, 1H, J13.1, J2'a,1' = 5.9, J2'a,3' = 3.6, H-2' gem = 11.9, J5'b,OH = 4.9, J5'b,4' = 3.9

, J5'a,OH = 5.4, J5'a,4' = 3.7, H-5'a); 3.83 (ddd, 1H, J4',5' = 

3.9, 3.7, J4',3' = 3.1, H-4'); 4.26 (m, 1H, J3',2' = 6.4, 3.6, J3',OH = 4.3, J3',4' = 3.1, H-3'); 5.19 

(dd, 1H, JOH,5' = 5.4, 4.9, OH-5'); 5.24 (d, 1H, J3',OH = 4.3, OH-3'); 6.15 (dd, 1H, J1',2' = 

6.4, 5.9, H-1'); 7.52 (bs, 1H, NHaHb); 7.53 (ddd, 2H, J5'",4'" = 7.5, J5'",6'" = 4.7, J5'",3'" = 

1.2, H-5'"); 7.82 (bs, 1H, NHaHb); 8.03 (ddd, 2H, J4'",3'" = 8.0, J4'",5'" = 7.5, J4'",6'" = 1.8, 

H-4'"); 8.49 (s, 1H, H-6); 8.62 (s, 2H, H-3",5"); 8.63 (ddd, 2H, J3'",4'" = 8.0, J3'",5'" = 1.2, 

J3'",6'" = 0.9, H-3'"); 8.74 (ddd, 2H, J6'",5'" = 4.7, J6'",4'" = 1.8, J6'",3'" = 0.9, H-6'"); 13C NMR 

(125.7 MHz, DMSO-d6): 41.02 (CH2-2'); 61.09 (CH2-5'); 70.10 (CH-3'); 85.78 (CH-1'); 

N

NH2

O

N

N

N
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87.27 (C5-C≡C-C4"); 87.75 (CH-4'); 88.85 (C-5); 92.15 (C5-C≡C-C4"); 121.10 (CH-

3'"); 121.99 (CH-3",5"); 124.89 (CH-5'"); 133.13 (C-4"); 137.74 (CH-4'"); 146.85 (CH-

6); 149.51 (CH-6'"); 153.52 (C-2); 154.78 (C-2'"); 155.30 (C-2",6");  163.93 (C-4); MS 

(ESI): m/z (%) = 483 (37) [M+ + H], 505 (100) [M+ + Na], 982 (86) [2M+ + Na]; 

HRMS-ESI: m/z [M + H]+ calcd for C26H23O4N6: 483.1775; found: 483.1780; IR (KBr): 

3422, 2214, 1645, 1602, 1583, 1567, 1502, 1468, 1393, 1264, 1097, 792 cm-1; 

Mp 284-295°C. 

 

5-[(2'',2'''-bipyridin-6''-yl)ethynyl]-2'-deoxyuridine (dUE6bpy, 6a) 

Prepared according to general procedure I from dUI 

oduct was isolated 

13.3, J2'a,1' = 6.9, J2'a,3' = 5.9, 

H-2'a); 3.60 (ddd, 1H, Jgem = 12.1

N

O

OH

HO

(4) and bipyridinyl acetylene 1a. Pr

as a yellow powder in the yield of 75% (37.9 mg) and 

crystallized for the purpose of elemental analysis from 

the mixture MeOH/H2O. 
1H NMR (500 MHz, DMSO-d6): 2.17 (ddd, 1H, Jgem = 

b); 2.21 (ddd, 1H, J13.3, J2'b,1' = 6.2, J2'b,3' = 3.9, H-2' gem = 

, J5'b,OH = 4.5, J5'b,4' = 3.6, H-5'b); 3.68 (ddd, 1H, Jgem = 

12.1, J5'a,OH = 4.8, J5'a,4' = 3.6, H-5'a); 3.83 (td, 1H, J4',5' = 3.6, J4',3' = 3.0, H-4'); 4.27 (m, 

1H, J3',2' = 5.9, 3.9, J3',OH = 4.3, J3',4' = 3.0, H-3'); 5.21 (bdd, 1H, JOH,5' = 4.8, 4.5, OH-5'); 

5.30 (bd, 1H, J3',OH = 4.3, OH-3'); 6.14 (dd, 1H, J1',2' = 6.9, 6.2, H-1'); 7.49 (ddd, 1H, 

J5'",4'" = 7.5, J5'",6'" = 4.8, J5'",3'" = 1.2, H-5'"); 7.61 (dd, 1H, J5",4" = 7.7, J5",3" = 1.0, H-5"); 

7.97 (ddd, 1H, J4'",3'" = 8.0, J4'",5'" = 7.5, J4'",6'" = 1.8, H-4'"); 7.99 (dd, 1H, J4",3" = 8.0, 

J4",5" = 7.7, H-4"); 8.36 (ddd, 1H, J3'",4'" = 8.0, J3'",5'" = 1.2, J3'",6'" = 1.0, H-3'"); 8.37 (dd, 

1H, J3",4" = 8.0, J3",5" = 1.0, H-3"); 8.50 (s, 1H, H-6); 8.70 (ddd, 1H, J6'",5'" = 4.8, J6'",4'" = 

1.8, J6'",3'" = 1.0, H-6'"); 13C NMR (125.7 MHz, DMSO-d6): 40.48 (CH2-2'); 61.02 

(CH2-5'); 70.11 (CH-3'); 82.52 (C5-C≡C-C6"); 85.24 (CH-1');  87.86 (CH-4'); 91.76 

(C5-C≡C-C6"); 97.51 (C-5); 120.27 (CH-3"); 120.95 (CH-3'"); 124.83 (CH-5'"); 127.66 

(CH-5"); 137.70 (CH-4'"); 138.25 (CH-4"); 142.24 (C-6"); 145.31 (CH-6); 149.62 (CH-

6'"); 149.68 (C-2); 154.67 (C-2'"); 155.97 (C-2"); 161.70 (C-4).; MS (ESI): m/z (%) = 

406 (9) [M+],  429 (100) [M+ + Na], 835 (21) [2M+ + Na]; HRMS-ESI: m/z [M + H]+ 

calcd for C21H19O4N5: 407.1350; found: 407.1357; Anal. Calcd for C21H18O4N5. 1H2O: 

C, 59.43; H, 4.75; N, 13.20. Found: C, 59.73; H, 4.67; N, 13.12.; IR (KBr): 3424, 3061, 

1699, 1626, 1454, 1429, 1274, 1094, 1056, 778 cm-1; Mp 129-136°C. 
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5-[(2'',2'''-bipyridin-5''-yl)ethynyl]-2'-deoxyuridine (dUE5bpy, 6b) 

Prepared according to general procedure I from 

 as a 

J2'a,3' = 5.8, 

H-2'a); 3.60 (bddd, 1H, Jgem = 1

yridin-4''-yl)ethynyl]-2'-deoxyuridine (dUEtpy, 6c) 

repared according to the general procedure I from dUI (4) and terpyridinyl acetylene 

tallized for 

; 3.62 (ddd, 1H, Jgem = 

N

O

OH

HO

N

dUI (4) and bipyridinyl alkyne 1b and isolated

yellowish solid in the yield of 70% (35 mg) and 

crystallized for the purpose of elemental analysis from 

the mixture CHCl3/MeOH/heptane. 
1H NMR (500 MHz, DMSO-d6): 2.16 (ddd, 1H, Jgem = 

b); 2.20 (ddd, 1H, J13.3, J2'b,1' = 6.3, J2'b,3' = 4.3, H-2' gem = 13.3, J2'a,1' = 6.8, 

2.1, J5'b,OH = 4.0, J5'b,4' = 3.5, H-5'b); 3.68 (bddd, 1H, 

Jgem = 12.1, J5'a,OH = 4.4, J5'a,4' = 3.5, H-5'a); 3.82 (td, 1H, J4',5' = 3.5, J4',3' = 3.2, H-4'); 

4.27 (bm, 1H, J3',2' = 5.8, 4.3, J3',OH = 4.2, J3',4' = 3.2, H-3'); 5.23 (bdd, 1H, JOH,5' = 4.4, 

4.0, OH-5'); 5.31 (bd, 1H, J3',OH = 4.2, OH-3'); 6.13 (dd, 1H, J1',2' = 6.8, 6.3, H-1'); 7.48 

(ddd, 1H, J5'",4'" = 7.5, J5'",6'" = 4.8, J5'",3'" = 1.2, H-5'"); 7.97 (ddd, 1H, J4'",3'" = 8.0, J4'",5'" 

= 7.5, J4'",6'" = 1.8, H-4'"); 8.03 (dd, 1H, J4",3" = 8.3, J4",6" = 2.2, H-4"); 8.39 (ddd, 1H, 

J3'",4'" = 8.0, J3'",5'" = 1.2, J3'",6'" = 0.9, H-3'"); 8.42 (dd, 1H, J3",4" = 8.3, J3",6" = 1.0, H-3"); 

8.50 (s, 1H, H-6); 8.71 (ddd, 1H, J6'",5'" = 4.8, J6'",4'" = 1.8, J6'",3'" = 0.9, H-6'"); 8.76 (dd, 

1H, J6",4" = 2.2, J6",3" = 1.0, H-6"); 13C NMR (125.7 MHz, DMSO-d6): 40.51 (CH2-2'); 

60.99 (CH2-5'); 70.06 (CH-3'); 85.23 (CH-1'); 87.17 (C5-C≡C-C5"); 87.84 (CH-4'); 

89.04 (C5-C≡C-C5"); 97.85 (C-5); 119.94 (C-5"); 120.34 (CH-3"); 121.05 (CH-3'"); 

124.80 (CH-5'"); 137.73 (CH-4'"); 139.68 (CH-4"); 144.97 (CH-6); 149.66 (C-2); 

149.73 (CH-6'"); 151.32 (CH-6"); 154.39 (C-2"); 154.60 (C-2'"); 161.61 (C-4); MS 

(ESI): m/z (%) = 407 (17) [M+ + H], 429 (19) [M+ + Na], 835 (21) [2M+ + Na]; HRMS-

ESI: m/z [M + H]+ calcd for C21H19O5N 4: 407.1350; found: 407.1358; Anal. Calcd for 

C21H18O5N 4. 3H2O: C, 54.78; H, 5.25; N, 12.17. Found: C, 54.72; H, 5.19; N, 12.04; IR 

(KBr): 3419, 3056, 2974, 1716, 1697, 1624, 1458, 1306, 1274, 1092, 1051, 795, 747, 

cm-1; Mp 134-139°C. 

 

5-[(2'',2'''':6'',2'''-terp

P

1c and isolated as a yellowish powder in the yield of 67% (40 mg) and crys

the purpose of elemental analysis from the mixture MeOH/H2O. 
1H NMR (600 MHz, DMSO-d6): 2.18 (dDD, 1H, Jgem = 13.4, J2'b,1' = 6.2, J2'b,3' = 4.0, 

H-2'b); 2.23 (ddd, 1H, Jgem = 13.4, J2'a,1' = 6.8, J2'a,3' = 5.8, H-2'a)

HN

O

O

N

 91



12.0, J5'b,OH = 4.6, J5'b,4' = 3.7, H-5'b); 3.70 (ddd, 1H, 

Jgem = 12.0, J5'a,OH = 5.1, J5'a,4' = 3.5, H-5'a); 3.84 (ddd, 

1H, J4',5' = 3.7, 3.5, J4',3' = 3.2, H-4'); 4.28 (m, 1H, J3',2' 

= 5.8, 4.0, J3',OH = 4.4, J3',4' = 3.2, H-3'); 5.29 (dd, 1H, 

JOH,5' = 5.1, 4.6, OH-5'); 5.33 (d, 1H, J3',OH = 4.4, OH-

3'); 6.14 (dd, 1H, J1',2' = 6.8, 6.2, H-1'); 7.53 (ddd, 2H, 

J5'",4'" = 7.4, J5'",6'" = 4.7, J5'",3'" = 1.2, H-5'"); 8.03 (ddd, 

2H, J4'",3'" = 7.9, J4'",5'" = 7.4, J4'",6'" = 1.8, H-4'"); 8.41 (s, 2H, H-3",5"); 8.58 (s, 1H, H-6); 

8.63 (ddd, 2H, J3'",4'" = 7.9, J3'",5'" = 1.2, J3'",6'" = 1.0, H-3'"); 8.74 (ddd, 2H, J6'",5'" = 4.7, 

J6'",4'" = 1.8, J6'",3'" = 1.0, H-6'"); 11.83 (bs, 1H, NH); 13C NMR (151 MHz, DMSO-d6): 

40.49 (CH2-2'); 61.02 (CH2-5'); 70.09 (CH-3'); 85.34 (CH-1'); 87.93 (CH-4'); 88.10 

(C5-C≡C-C4"); 90.20 (C5-C≡C-C4"); 97.40 (C-5); 121.15 (CH-3'"); 121.66 (CH-

3",5"); 125.13 (CH-5'"); 132.87 (C-4"); 137.90 (CH-4'"); 145.79 (CH-6); 149.70 (C-2); 

149.74 (CH-6'"); 154.48 (C-2'"); 155.62 (C-2",6");  161.68 (C-4); MS (ESI): m/z (%) = 

483 (57) [M+],  506 (100) [M+ + Na], 9895 (77) [2M+ + Na]; HRMS-ESI: m/z [M + H]+ 

calcd for C26H22O5N5: 484.1615; found: 484.1614; Anal. Calcd for C26H21O5N5·1/2H2O: 

C, 63.41; H, 4.5; N, 14.22. Found: C, 63.49; H, 4.36; N, 14.07; IR (KBr): 3405, 2923, 

2228, 1704, 1586, 1568, 1462, 1396, 1282, 1054, 790 cm-1; Mp 234-242°C. 

 

General Procerude II: Suzuki-Miyaura cross-coupling reaction – sy

N

O

OH

HO

HN

O

O

N
N

N

nthesis of 

odified dNER 

nucleoside dCI (3) or dUI (4) (44 mg), a boronate 2a-c (1.2 equiv.) and 

 2a-c (1.2 equiv.) and Cs2CO3 

m

Conditions A: A mixture of H2O/CH3CN (2:1) (1 ml) was added to an argon-purged 

flask containing 

Cs2CO3 (3 equiv.). In a separate flask, Pd(OAc)2 (5 mol%) and TPPTS (2.5 equiv. to 

Pd) were combined, evacuated and purged with argon followed by addition of 

H2O/CH3CN (2:1) (0.5 ml). The mixture of catalyst was then injected to the reaction 

mixture and the reaction mixture was heated at 80 °C for appropriate time. The solvent 

was evaporated in vacuo. Products dNP6bpy (7a, 8a), dNP5bpy (7b, 8b) and dUPtpy (8c) 

were directly purified by flash chromotagraphy on reverse phase using H2O/MeOH (0% 

to 100%) as an eluent. Product dCPtpy (7c) was purified by column chromatography on 

silica gel using CHCl3/MeOH (10% to 100%) as an eluent. Products were crystallized 

from the mixture MeOH/H2O if is not written different. 

Conditions B: A mixture of H2O/CH3CN (1:2) (1 ml) was added to an argon-purged 

flask containing nucleoside 3 or 4 (44 mg), a boronate
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(3 equiv.). In a separate flask, Pd(OAc)2 (10 mol%) and TPPTS (5 equiv. to Pd) were 

combined, evacuated and purged with argon followed by addition of H2O/CH3CN (1:2) 

(0.5 ml). The mixture of catalyst was then injected to the reaction mixture and the 

reaction mixture was heated at 90 °C until complete consumption of the strating 

material. Reaction was monitored by TLC. The solvent was evaporated in vacuo. 

Products dNP6bpy (7a, 8a), dNP5bpy (7b, 8b) and dUPtpy (8c) were directly purified by 

flash chromotagraphy on reverse phase using H2O/MeOH (0% to 100%) as an eluent. 

Product dCPtpy (7c) was purified by column chromatography on silica gel using 

CHCl3/MeOH (10% to 100%) as an eluent. Products were crystallized from the mixture 

MeOH/H2O if is not written different. 

 

5-[p-(2'',2'''-bipyridin-6''-yl)phenyl]-2'-deoxycytidine (dCP6bpy, 7a) 

Prepared according to the general procedure II from 

. 

 powder in the 

.8 mg). 
1H NMR (500 MHz, DMSO-d6): 2

.54 and 3.60 (2 × 

N

O

OH

HO

dCI (3) and bipyridinyl boronate 2a

Conditions A: Reaction was heated for 2 h and 

product was then isolated as a white

yield of 65% (37.1 mg). 

Conditions B: Reaction mixture was heated for 1 h 

der in the yield of 75% (42and 7a was isolated as a white pow

.11 (ddd, 1H, Jgem = 13.3, J2'b,1' = 6.9, J2'b,3' = 6.0, 

H-2'b); 2.18 (ddd, 1H, Jgem = 13.3, J2'a,1' = 6.7, J2'a,3' = 3.7, H-2'a); 3

ddd, 2H, Jgem = 11.8, J5',OH = 4.8, J5',4' = 3.6, H-5'); 3.80 (td, 1H, J4',5' = 3.6, J4',3' = 3.1, 

H-4'); 4.25 (m, 1H, J3',2' = 6.0, 3.7, J3',OH = 4.2, J3',4' = 3.1, H-3'); 5.02 (t, 1H, JOH,5' = 4.8, 

OH-5'); 5.24 (bd, 1H, J3',OH = 4.2, OH-3'); 6.23 (dd, 1H, J1',2' = 6.9, 6.2, H-1'); 6.54 and 

7.42 (2 × bs, 2H, NH2); 7.49 (ddd, 1H, J5'",4'" = 7.5, J5'",6'" = 4.8, J5'",3'" = 1.2, H-5'"); 7.51 

(m, 2H, H-o-phenylene); 7.99 (s, 1H, H-6); 8.01 (ddd, 1H, J4'",3'" = 7.9, J4'",5'" = 7.5, J4'",6'" 

= 1.8, H-4'"); 8.07 (dd, 1H, J4",5" = 7.9, J4",3" = 6.8, H-4"); 8.08 (dd, 1H, J5",4" = 7.9, J5",3" 

= 1.9, H-5"); 8.30 (m, 2H, H-m-phenylene); 8.36 (dd, 1H, J3",4" = 6.8, J3",5" = 1.9, H-3"); 

8.59 (ddd, 1H, J3'",4'" = 7.9, J3'",5'" = 1.2, J3'",6'" = 0.9, H-3'"); 8.72 (ddd, 1H, J6'",5'" = 4.8, 

J6'",4'" = 1.8, J6'",3'" = 0.9, H-6'"); 13C NMR (125.7 MHz, DMSO-d6): 40.90 (CH2-2'); 

61.24 (CH2-5'); 70.35 (CH-3'); 85.37 (CH-1'); 87.51 (CH-4'); 107.45 (C-5); 119.40 

(CH-3"); 120.60 (CH-5"); 120.85 (CH-3'"); 124.57 (CH-5'"); 127.41 (CH-m-

phenylene); 129.42 (CH-o-phenylene); 135.10 (C-i-phenylene); 137.64 (CH-4'"); 

137.69 (C-p-phenylene); 138.77 (CH-4"); 140.51 (CH-6); 149.54 (CH-6'"); 154.65 (C-

N

NH2

O

N
N
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2); 155.24 and 155.27 (C-2",6"); 155.50 (C-2'"); 163.49 (C-4); MS (ESI): m/z (%) = 457 

(20) [M+], 915 (100) [2M+], 937 (87) [2M+ + Na]; HRMS-ESI: m/z [M + H]+ calcd for 

C25H24O4N5: 458.1823; found: 458.1831; Anal. Calcd for C25H23O4N5. 1/3H2O: C, 

64.78; H, 5.15; N, 15.11. Found: C, 64.97; H, 5.04; N, 14.88; IR (KBr): 3462, 3370, 

1649, 1599, 1581, 1470, 1456, 1429, 1097, 778 cm-1; Mp over 300°C. 

 

5-[p-(2'',2'''-bipyridin-5''-yl)phenyl]-2'-deoxycytidine (dCP5bpy, 7b) 

Prepared according to the genral procedure II from 

ully converted, 

w
1H NMR (500 MHz, DMSO-d6): 2

3 and 3.59 (2 × dd, 

N

O

OH

HO

N

dCI (3) and bipyridinyl boronate 2b. 

Conditions A: Reaction mixture was heated for 6 h. 

Even if the starting material was not f

the product 7b was isolated as a white powder in the 

yield of 12% (7 mg). 

Conditions B: Reaction mixture was heated for 3 h. 

der in the yield of 55% (31 mg). Product was isolated as a white po

.11 (ddd, 1H, Jgem = 13.2, J2'b,1' = 7.1, J2'b,3' = 6.0, 

H-2'b); 2.17 (ddd, 1H, Jgem = 13.2, J2'a,1' = 6.1, J2'a,3' = 3.8, H-2'a); 3.5

2H, Jgem = 11.8, J5',4' = 3.5, H-5'); 3.79 (q, 1H, J4',5' = J4',3' = 3.5, H-4'); 4.24 (ddd, 1H, 

J3',2' = 6.0, 3.8, J3',4' = 3.5, H-3'); 5.01 (bs, 1H, OH-5'); 5.23 (bs, 1H, OH-3'); 6.23 (dd, 

1H, J1',2' = 7.1, 6.1, H-1'); 6.54 and 7.44 (2 × bs, 2H, NH2); 7.48 (ddd, 1H, J5'",4'" = 7.5, 

J5'",6'" = 4.7, J5'",3'" = 1.2, H-5'"); 7.50 (m, 2H, H-o-phenylene); 7.89 (m, 2H, H-m-

phenylene); 7.95 (s, 1H, H-6); 7.98 (ddd, 1H, J4'",3'" = 7.9, J4'",5'" = 7.5, J4'",6'" = 1.8, 

H-4'"); 8.29 (dd, 1H, J4",3" = 8.3, J4",6" = 2.4, H-4"); 8.44 (ddd, 1H, J3'",4'" = 7.9, J3'",5'" = 

1.2, J3'",6'" = 0.9, H-3'"); 8.50 (dd, 1H, J3",4" = 8.3, J3",6" = 0.9, H-3"); 8.72 (ddd, 1H, J6'",5'" 

= 4.7, J6'",4'" = 1.8, J6'",3'" = 0.9, H-6'"); 9.07 (dd, 1H, J6",4" = 2.4, J6",3" = 0.9, H-6"); 13C 

NMR (125.7 MHz, DMSO-d6): 40.82 (CH2-2'); 61.23 (CH2-5'); 70.35 (CH-3'); 85.31 

(CH-1'); 87.48 (CH-4'); 107.30 (C-5); 120.62 (CH-3'"); 120.76 (CH-3"); 124.45 (CH-

5'"); 127.48 (CH-m-phenylene); 129.80 (CH-o-phenylene); 134.29 (C-i-phenylene); 

135.21 (CH-4"); 135.29 (C-5"); 135.82 (C-p-phenylene); 137.58 (CH-4'"); 140.48 (CH-

6); 147.38 (CH-6"); 149.62 (CH-6'"); 154.43 (C-2"); 154.60 (C-2); 155.07 (C-2'"); 

163.48 (C-4); MS (ESI): m/z (%) = 457 (48) [M+], 480 (100) [M+ + Na]; HRMS-ESI: 

m/z [M + H]+ calcd for C25H24O4N5: 458.1823; found: 458.1821; Anal. Calcd for 

C25H23O4N5: C, 65.63; H, 5.07; N, 15.31. Found: C, 65.34; H, 5.09; N, 15.05; IR (KBr): 

N

NH2

O

N
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3389, 3176, 3068, 2932, 1661, 1631, 1503, 1459, 1263, 1196, 1082, 798, 750 cm-1; Mp 

over 300°C. 

 

5-[p-(2'',2'''':6'',2'''-terpyridin-4''-yl)phenyl]-2'-deoxycytidine (dCPtpy, 7c) 

Prepared according to the general procedure II from 

boronate 2c and after 

 starting material was not fully 

white 

2.11 (ddd, 1H, Jgem = 13.5, J2'b,1' = 6.7, J2'b,3' = 6.0, 

N

O

OH

HO

dCI (3) and terpyridinyl 

chromatography was crystallized from the mixture 

DMSO/H2O. 

Conditions A: Reaction mixture was heated for 5 h. 

Even if the

consumed, product 7c was isolated as a white solid 

Conditions B: Reaction mixture was heated for 3 h. Product 7c was isolated as a 

in the yield of 28% (18.7 mg). 

solid in the yield of 70% (47 mg). 
1H NMR (500 MHz, DMSO-d6): 

H-2'b); 2.19 (ddd, 1H, Jgem = 13.5, J2'a,1' = 6.3, J2'a,3' = 4.0, H-2'a); 3.55 and 3.62 (2 × 

ddd, 2 × 1H, Jgem = 11.9, J5',OH = 5.0, J5',4' = 3.7, H-5'); 3.80 (td, 1H, J4',5' = 3.7, J4',3' = 

2.8, H-4'); 4.26 (m, 1H, J3',2' = 6.0, 4.0, J3',OH = 4.2, J3',4' = 2.8, H-3'); 5.02 (t, 1H, JOH,5' = 

5.0, OH-5'); 5.22 (d, 1H, J3',OH = 4.2, OH-3'); 6.25 (dd, 1H, J1',2' = 6.7, 6.3, H-1'); 6.56 

and 7.44 (2 × bs, 2 × 1H, NH2); 7.54 (ddd, 2H, J5'",4'" = 7.5, J5'",6'" = 4.7, J5'",3'" = 1.1, H-

5'"); 7.57 (m, 2H, H-o-phenylene); 7.99 (m, 2H, H-m-phenylene); 8.04 (s, 1H, H-6); 

8.05 (ddd, 2H, J4'",3'" = 7.9, J4'",5'" = 7.5, J4'",6'" = 1.8, H-4'"); 8.69 (ddd, 2H, J3'",4'" = 7.9, 

J3'",5'" = 1.1, J3'",6'" = 0.9, H-3'"); 8.76 (s, 2H, H-3",5"); 8.78 (ddd, 2H, J6'",5'" = 4.7, J6'",4'" 

= 1.8, J6'",3'" = 0.9, H-6'"); 13C NMR (125.7 MHz, DMSO-d6): 40.93 (CH2-2'); 61.15 

(CH2-5'); 70.25 (CH-3'); 85.36 (CH-1'); 87.46 (CH-4'); 107.13 (C-5); 117.98 (CH-

3",5"); 121.16 (CH-3'"); 124.81 (CH-5'"); 127.68 (CH-m-phenylene); 129.91 (CH-o-

phenylene); 135.45 (C-i-phenylene); 136.60 (C-p-phenylene); 137.73 (CH-4'"); 140.68 

(CH-6); 149.24 (C-4"); 149.61 (CH-6'"); 154.57 (C-2); 155.11 (C-2'"); 155.99 (C-

2",6");  163.41 (C-4); MS (ESI): m/z (%) = 534 (3) [M+], 535 (20) [M+ + H], 557 (100) 

[M+ + Na]; HRMS-ESI: m/z [M+ + H] calcd for C30H27O4N5: 353.2088; found: 

353.2090; IR (KBr): 3464, 3382, 2919, 2852, 1648, 1602, 1587, 1566, 1468, 1392, 

1268, 1096, 1063, 1040, 788, 744, 517 cm-1; Mp over 300°C. 

 

N
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O

N

N
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5-[p-(2'',2'''-bipyridin-6''-yl)phenyl]-2'-deoxyuridine (dUP6bpy, 8a) 

Prepared according to the general procedure II from 

dUI (4) and bypiridinyl boronate 2a. 

Conditions A: The reaction mixture was heated for 

2 h and then product was isolated as a white solid in 

the yield of 60% (34 mg). 

Conditions B: The reaction mixture was heated for 

1 h and product was then isolated as a white compound in the yield of 75% (43 mg). 
1H NMR (500 MHz, DMSO-d6): 2.19 (ddd, 1H, Jgem = 13.5, J2'b,1' = 6.4, J2'b,3' = 3.8, 

H-2'b); 2.28 (ddd, 1H, Jgem = 13.5, J2'a,1' = 6.9, J2'a,3' = 6.0, H-2'a); 3.62 (ddd, 1H, Jgem = 

11.9, J5'b,OH = 4.7, J5'b,4' = 3.3, H-5'b); 3.67 (ddd, 1H, Jgem = 11.9, J5'a,OH = 5.0, J5'a,4' = 

3.3, H-5'a); 3.85 (td, 1H, J4',5' = 3.3, J4',3' = 2.9, H-4'); 4.32 (m, 1H, J3',2' = 6.0, 3.8, J3',OH 

= 4.3, J3',4' = 2.9, H-3'); 5.21 (dd, 1H, JOH,5' = 5.0, 4.7, OH-5'); 5.30 (bd, 1H, J3',OH = 4.3, 

OH-3'); 6.26 (dd, 1H, J1',2' = 6.9, 6.4, H-1'); 7.49 (ddd, 1H, J5'",4'" = 7.5, J5'",6'" = 4.7, J5'",3'" 

= 1.2, H-5'"); 7.76 (m, 2H, H-o-phenylene); 8.01 (ddd, 1H, J4'",3'" = 8.0, J4'",5'" = 7.5, 

J4'",6'" = 1.9, H-4'"); 8.04 (dd, 1H, J4",5" = 7.9, J4",3" = 7.2, H-4"); 8.07 (dd, 1H, J5",4" = 

7.9, J5",3" = 1.5, H-5"); 8.25 (m, 2H, H-m-phenylene); 8.35 (dd, 1H, J3",4" = 7.2, J3",5" = 

1.5, H-3"); 8.37 (s, 1H, H-6); 8.60 (ddd, 1H, J3'",4'" = 8.0, J3'",5'" = 1.2, J3'",6'" = 1.0, H-3'"); 

8.72 (ddd, 1H, J6'",5'" = 4.7, J6'",4'" = 1.9, J6'",3'" = 1.0, H-6'"); 13C NMR (125.7 MHz, 

DMSO-d6): 40.42 (CH2-2'); 61.14 (CH2-5'); 70.37 (CH-3'); 84.81 (CH-1'); 87.75 

(CH-4'); 113.01 (C-5); 119.29 (CH-3"); 120.54 (CH-5"); 120.87 (CH-3'"); 124.56 (CH-

5'"); 126.57 (CH-m-phenylene); 128.33 (CH-o-phenylene); 134.40 (C-i-phenylene); 

137.23 (C-p-phenylene); 137.63 (CH-4'"); 138.54 (CH-6); 138.70 (CH-4"); 149.53 

(CH-6'"); 150.10 (C-2); 155.19 and 155.27 (C-2",6"); 155.50 (C-2'"); 162.31 (C-4); MS 

(ESI): m/z (%) = 459 (100) [M+ + H], 481 (33) [M++Na]; HRMS-ESI: m/z [M+ + H] 

calcd for C25H23O5N4: 459.1663; found: 459.1660; Anal. Calcd for C25H22O5N4. 

3/2H2O: C, 61.85; H, 5.19; N, 11.54. Found: C, 61.90; H, 5.04; N, 11.35; IR (KBr):  

3385, 3185, 3059, 1707, 1581, 1457, 1434, 1288, 1093, 783, 599 cm-1; Mp 145-150°C. 

N

O

OH

HO

HN

O

O

N
N
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5-[p-(2'',2'''-bipyridin-5''-yl)phenyl]-2'-deo

neral procedure II from 

was heated for 

% (4 mg). 

nd in the yield of 35% (20 mg). 

HO

xyuridine (dUP5bpy, 8b) 

Prepared acoording to the geN
N

dUI (4) and bipyridinyl boronate 2b. 

Conditions A: The reaction mixture 

6 h and even if the starting material was not fully 

consumed, product was then isolated as a white 

compound in the yield of 7

Conditions B: The reaction mixture was heated for 

3 h. Product was then isolated as a white compou

OH

1H NMR (500 MHz, DMSO-d6): 2.19 (ddd, 1H, Jgem = 13.5, J2'b,1' = 6.4, J2'b,3' = 3.7, 

H-2'b); 2.29 (ddd, 1H, Jgem = 13.5, J2'a,1' = 6.9, J2'a,3' = 6.0, H-2'a); 3.61 and 3.66 (2 × 

bddd, 2H, Jgem = 11.8, J5',OH = 4.4, J5',4' = 3.3, H-5'); 3.84 (td, 1H, J4',5' = 3.3, J4',3' = 3.1, 

H-4'); 4.32 (bm, 1H, J3',2' = 6.0, 3.7, J3',OH = 4.2, J3',4' = 3.1, H-3'); 5.18 (bt, 1H, JOH,5' = 

4.4, OH-5'); 5.29 (bd, 1H, J3',OH = 4.2, OH-3'); 6.26 (dd, 1H, J1',2' = 6.9, 6.4, H-1'); 7.47 

(ddd, 1H, J5'",4'" = 7.5, J5'",6'" = 4.7, J5'",3'" = 1.2, H-5'"); 7.73 (m, 2H, H-o-phenylene); 

7.83 (m, 2H, H-m-phenylene); 7.97 (ddd, 1H, J4'",3'" = 7.9, J4'",5'" = 7.5, J4'",6'" = 1.8, 

H-4'"); 8.27 (dd, 1H, J4",3" = 8.3, J4",6" = 2.4, H-4"); 8.32 (s, 1H, H-6); 8.43 (ddd, 1H, 

J3'",4'" = 7.9, J3'",5'" = 1.2, J3'",6'" = 0.9, H-3'"); 8.48 (dd, 1H, J3",4" = 8.3, J3",6" = 0.9, H-3"); 

8.72 (ddd, 1H, J6'",5'" = 4.7, J6'",4'" = 1.8, J6'",3'" = 0.9, H-6'"); 9.05 (dd, 1H, J6",4" = 2.4, 

J6",3" = 0.9, H-6"); 13C NMR (125.7 MHz, DMSO-d6): 40.32 (CH2-2'); 61.15 (CH2-5'); 

70.37 (CH-3'); 84.78 (CH-1'); 87.74 (CH-4'); 112.94 (C-5); 120.60 (CH-3'"); 120.69 

(CH-3"); 124.40 (CH-5'"); 126.69 (CH-m-phenylene); 128.73 (CH-o-phenylene); 

133.52 (C-i-phenylene); 135.13 (CH-4"); 135.39 (C-5"); 135.44 (C-p-phenylene); 

137.56 (CH-4'"); 138.43 (CH-6); 147.39 (CH-6"); 149.59 (CH-6'"); 150.08 (C-2); 

154.32 (C-2"); 155.11 (C-2'"); 162.29 (C-4); MS (ESI): m/z (%) = 459 (100) [M+ + H], 

481 (96) [M+ + Na]; HRMS-ESI: m/z [M+ + H] calcd for C25H23O5N4: 459.1663; found: 

459.1661; Anal. Calcd for C25H22O5N4. 1H2O: C, 63.02; H, 5.08; N, 11.76. Found: C, 

63.32; H, 4.92; N, 11.64; IR (KBr): 3427, 2923, 1694, 1589, 1464, 1289, 1265, 1088, 

873, 796, 751, 603, 463 cm-1; Mp 188-193°C 

N

O

HN

O

O
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5-[p-(2'',2'''':6'',2'''-terpyridin-4''-yl)pheny

neral procedure II from 

was heated for 

as heated for 

H, Jgem = 13.4, J2'b,1' = 6.3, J2'b,3' = 4.0, 

Mixture CH3CN/H2O (1:2) (1.5 ml) and Et(i-Pr)2N (10 equiv.) were added to an argon-

purged flask containing halogenated nucleoside monophosphate dAIMP (9) or dCIMP 

(10) (60 mg), an alkyne 1a-c (1.5 equiv.) and CuI (10 mol%). In a separate flask, 

Pd(OAc)2 (5 mol%) and TPPTS (5 equiv. to Pd) were combined, evacuated and purged 

OH

l]-2'-deoxyuridine (8c) 

Prepared according to the ge

N

OHO

HN

O

O

N
N

N
dUI (4) and terpyridinyl boronate 2c. 

Conditions A: The reaction mixture 

7 h and even if the starting material was not fully 

consumed, the product was then isolated as a 

brownish compound in the yield of 24% (16 mg). 

Conditions B: The reaction mixture w

3 h. Product was isolated as a brownish solid in the yield of 70% (47 mg). 
1H NMR (500 MHz, DMSO-d6): 2.20 (ddd, 1

H-2'b); 2.29 (ddd, 1H, Jgem = 13.4, J2'a,1' = 6.7, J2'a,3' = 6.0, H-2'a); 3.63 (ddd, 1H, Jgem = 

11.8, J5'b,OH = 4.3, J5'b,4' = 3.3, H-5'b); 3.70 (ddd, 1H, Jgem = 11.8, J5'a,OH = 4.3, J5'a,4' = 

3.1, H-5'a); 3.86 (dt, 1H, J4',5' = 3.3, 3.1, J4',3' = 3.1, H-4'); 4.33 (m, 1H, J3',2' = 6.0, 4.0, 

J3',OH = 4.2, J3',4' = 3.1, H-3'); 5.24 (bt, 1H, JOH,5' = 4.3, OH-5'); 5.30 (bd, 1H, J3',OH = 4.2, 

OH-3'); 6.26 (dd, 1H, J1',2' = 6.7, 6.3, H-1'); 7.54 (ddd, 2H, J5'",4'" = 7.4, J5'",6'" = 4.7, J5'",3'" 

= 1.1, H-5'"); 7.82 (m, 2H, H-o-phenylene); 7.94 (m, 2H, H-m-phenylene); 8.05 (s, 1H, 

H-6); 8.05 (ddd, 2H, J4'",3'" = 7.9, J4'",5'" = 7.4, J4'",6'" = 1.8, H-4'"); 8.68 (ddd, 2H, J3'",4'" = 

7.9, J3'",5'" = 1.1, J3'",6'" = 0.9, H-3'"); 8.74 (s, 2H, H-3",5"); 8.77 (ddd, 2H, J6'",5'" = 4.7, 

J6'",4'" = 1.8, J6'",3'" = 0.9, H-6'"); 13C NMR (125.7 MHz, DMSO-d6): 40.49 (CH2-2'); 

61.06 (CH2-5'); 70.26 (CH-3'); 84.87 (CH-1'); 87.71 (CH-4'); 112.69 (C-5); 117.89 

(CH-3",5"); 121.15 (CH-3'"); 124.76 (CH-5'"); 126.84 (CH-m-phenylene); 128.80 (CH-

o-phenylene); 134.76 (C-i-phenylene); 136.17 (C-p-phenylene); 137.69 (CH-4'"); 

138.80 (CH-6); 149.25 (C-4"); 149.57 (CH-6'"); 150.05 (C-2); 155.14 (C-2'"); 155.92 

(C-2",6");  162.26 (C-4); MS (ESI): m/z (%) = 536 (96) [M+ + H], 558 (100) [M+ + Na]; 

HRMS-ESI: m/z [M+ + H] calcd for C30H26O5N5: 536.1928; found: 536.1925; IR (KBr): 

3426, 3055, 2925, 1687, 1583, 1467, 1390, 1292, 1096, 840, 791, 749, 659, 595 cm-1; 

Mp 240-249°C. 

 

General Procedure III: Sonogashira cross-coupling reaction – synthesis of 

modified dNERMPs 

 98



with argon followed by addition of C

 tion mixture was stired at 80 °C 

for 1.5 h. The solvent was ev

semi-preparative HPLC on C18 0.1M TEAB 

(triethylammonium bicarbonate) in

eluent. Several co-distillations with

50 in Na+ cycle) followed by freez

or yellowish powder. 

a-2'-deoxyadenosine 

 (C-6"); 150.36 (CH-6'"); 150.87 (C-7a); 153.71 (CH-2); 156.57 (C-

'"); 157.60 (C-2"); 159.08 (C-4); 31P NMR (202.3 MHz, CD3OD): 2.99; MS (ES-): 

.1189. 

H3CN/H2O (1:2) (0.5 ml). The mixture of catalyst 

mixture and the reacwas then injected into the reaction

aporated in vacuo. Products were purified by 

 column using linear gradient of 

 H2O to 0.1M TEAB in H2O/MeOH (1:1) as an 

 water and conversion to sodium salt form (Dowex 

e-drying from water, gave the products as brownish 

 

7-[(2'',2'''-bipyridin-6''-yl)ethynyl]-7-deaz

5'-O-monophosphate (dAE6bpyMP, 11a) 

This compound was prepared according to the general 

procedure III from dAIMP (9) and bipyridinyl 

acetylene 1a in the yield of 52% (34.6 mg). 
1H NMR (600.1 MHz, CD3OD): 2.37 (ddd, 1H, Jgem = 

13.5, J2'b,1' = 6.0, J2'b,3' = 2.6, H-2'b); 2.65 (ddd, 1H, Jgem 

= 13.5, J2'a,1' = 8.2, J2'a,3' = 5.6, H-2'a); 4.03 (dt, 1H, Jgem 

= 11.0, JH,P = J5'b,4' = 4.6, H-5'b); 4.09 (ddd, 1H, Jgem = 

11.0, JH,P = 5.8, J5'a,4' = 3.3, H-5'a); 4.13 (m, 1H, H-4'); 4.66 (dt, 1H, J3',2' = 5.6, 2.6, J3',4' 

= 2.6, H-3'); 6.70 (dd, 1H, J1',2' = 8.2, 6.0, H-1'); 7.47 (ddd, 1H, J5'",4'" = 7.6, J5'",6'" = 4.8, 

J5'",3'" = 0.8, H-5'"); 7.68 (d, 1H, J5",4" = 7.6, H-5"); 7.96 (dd, 1H, J4",3" = 7.9, J4",5" = 7.6, 

H-4"); 7.98 (ddd, 1H, J4'",3'" = 7.9, J4'",5'" = 7.6, J4'",6'" = 1.8, H-4'"); 8.05 (s, 1H, H-6); 

8.16 (s, 1H, H-2); 8.26 (d, 1H, J3",4" = 7.9, H-3"); 8.34 (d, 1H, J3'",4'" = 7.9, H-3'"); 8.67 

(bd, 1H, J6'",5'" = 4.8, H-6'"); 13C NMR (150.9 MHz, CD3OD): 41.48 (CH2-2'); 66.11 (d, 

JC,P = 4.9, CH2-5'); 73.29 (CH-3'); 84.35 (C6''-C≡C-C5); 84.92 (CH-1′); 87.79 (d, JC,P = 

8.8, CH-4′); 92.03 (C6''-C≡C-C5); 96.63 (C-5); 103.91 (C-4a); 121.68 (CH-3"); 122.87 

(CH-3'"); 125.61 (CH-5'"); 128.11 (CH-5"); 129.26 (CH-6); 138.88 (CH-4'"); 139.10 

(CH-4"); 144.23

N

N N
O

OH

NH2

N N

OPHO
O

O-

2

found m/z: 507.2(M), 508.2 (M+H); HRMS (ES-): m/z calcd for C23H20O6N6P: 

507.1187; found: 507
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7-[(2'',2'''-bipyridin-5''-yl)ethynyl]-7-deaza-2'-deoxyadenosine 

5'-O-monophosphate (dAE5bpyMP, 11b) 

This compound was prepared according to the general 

procedure III from dAIMP (9) and bipyridinyl acetylene 1b 

in the yield of 70% (46.6 mg). 
1H NMR (500.0 MHz, CD3OD): 2.37 (ddd, 1H, Jgem = 13.5, 

J2'b,1' = 6.1, J2'b,3' = 2.9, H-2'b); 2.65 (ddd, 1H, Jgem = 13.5, 

J2'a,1' = 7.8, J2'a,3' = 5.9, H-2'a); 3.99 (dt, 1H, Jgem = 10.8, JH,P 
N

N N
O

= J5'b,4' = 4.8, H-5'b); 4.06 (ddd, 1H, Jgem = 10.8, JH,P = 5.4, 

J5'a,4' = 4.0, H-5'a); 4.11 (m, 1H, H-4'); 4.69 (dt, 1H, J3',2' = 

(dd, 1H, J5'",4'" = 6.9, 

 8.0, J4'",5'" = 6.9, J4'",6'" = 1.5, H-4'"); 7.99 (s, 

=

J3",4" = 8.2, H-3"); 8.38 (d, 1H, 6

(bs, 1H, H-6"); 13C NMR (125  JC,P = 3.7, 

CH2-5'); 73.27 (CH-3'); 84.72 (

C5); 89.38 (C5''-C≡C-C5); 96.7

122.76 (CH-3'"); 125.47 (CH-5

150.36 (CH-6'"); 150.76 (C-7a)

= 10.8, JH,P = J5'b,4' = 4.8, H-5'b); 4.10 (ddd, 1H, Jgem = 

10.8, JH,P = 5.3, J5'a,4' = 3.2, H-5'a); 4.14 (m, 1H, H-4'); 

4.66 (dt, 1H, J3',2' = 5.7, 2.3, J3',4' = 2.3, H-3'); 6.68 (dd, 1H, J1',2' = 8.5, 5.9, H-1'); 7.45 

OH

NH2

N

N

OPHO
O

O-

5.9, 2.9, J3',4' = 2.9, H-3'); 6.67 (dd, 1H, J1',2' = 7.8, 6.1, H-1'); 7.44 

J5'",6'" = 4.2, H-5'"); 7.94 (ddd, 1H, J4'",3'" =

 8.2, J4",6" = 1.8, H-4"); 8.15 (s, 1H, H-2); 8.35 (d, 1H, 

J3'",4'" = 8.0, H-3'"); 8.66 (d, 1H, J '",5'" = 4.2, H-6'"); 8.81 

.7 MHz, CD3OD): 41.15 (CH2-2'); 65.70 (d,

1H, H-6); 8.07 (dd, 1H, J4",3" 

CH-1'); 87.97 (d, JC,P = 8.3, CH-4'); 88.18 (C5''-C≡C-

8 (C-5); 103.88 (C-4a); 121.75 (CH-3"); 121.98 (C-5");  

'"); 128.81 (CH-6); 138.72 (CH-4'"); 140.48 (CH-4"); 

; 152.29 (CH-6"); 153.61 (CH-2); 155.66 (C-2"); 156.50 

(C-2'"); 159.08 (C-4); 31P NMR (202.3 MHz, CD3OD): 5.04; MS (ES-): found m/z: 

507.2(M), 508.2 (M+H); HRMS (ES-): m/z calcd for C23H20O6N6P: 507.11874; found: 

507.11839. 

 

7-[(2'',2'''':6'',2'''-terpyridin-4''-yl)ethynyl]-7-deaza-2'-deoxyadenosine 

5'-O-monophosphate (dAEtpyMP, 11c) 

This compound was prepared according to the general 

procedure III from dAIMP (9) and terpyridinyl 

acetylene 1c in the yield of 57% (43.5 mg). 
1H NMR (600.1 MHz, CD3OD): 2.37 (ddd, 1H, Jgem = 

13.5, J2'b,1' = 5.9, J2'b,3' = 2.3, H-2'b); 2.65 (ddd, 1H, Jgem 

= 13.5, J2'a,1' = 8.5, J2'a,3' = 5.7, H-2'a); 4.05 (dt, 1H, Jgem 
N

N N
OO

OH

NH2

N

N
N

PHO
O

O-
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(dd, 2H, J5''',4''' = 7.3, J5''',6''' = 4.6, H-5'''); 7.97 (ddd, 2H, J4''',3''' = 7.9

-6); 8.16 (s, 1H, H-2); 8.43 (s, 2H, H-3'',

, J4''',5''' = 7.3, J4''',6''' = 

1.4, H-4'''); 8.03 (s, 1H, H 5'');  8.59 (d, 2H, 

d

41.44 (CH2-2'); 66.23 (d, 

JC,P = 8.8, CH-4'); 88.63 (C C5); 96.66 (C-5); 103.92 (C-

4a); 122.78 (CH-3'''); 123.

4''); 138.72 (CH-4'''); 150.

156.97 (C-2'',C6''); 158.97

found m/z: 584.2(M), 58

C28H23O6N7P: 584.1453; fo

-3'); 6.27 (dd, 1H, J1',2' = 7.1, 6.0, H-1'); 7.49 (dd, 1H, J5'",4'" = 7.3, J5'",6'" = 

.8, H-5'"); 7.88 (d, 1H, J5",4" = 7.7, H-5"); 7.99 (m, 2H, H-4",4'"); 8.23 (d, 1H, J3",4" = 

J6'",5'" = 4.8, 

 41.66 (CH2-2'); 65.10 (d, JC,P = 4.5, CH2-5'); 

C

(C-5); 94.66 (C6''-C≡C-C5); 12

(CH-5"); 138.95 (CH-4'"); 139.4 50.57 (CH-

6'"); 156.50 (C-2'"); 156.68 (C-

CD3OD): 5.06; MS (ES-): foun

(ES-): m/z calcd for C21H19O7N5

 

, 2H, J6''', 5''' = 4.6, H-6'''); 13C NMR (150.9 MHz, CD3OD): 

JC,P = 4.8, CH2-5'); 73.29 (CH-3'); 85.00 (CH-1'); 87.73 (d, 

4''-C≡C-C5); 90.81 (C4''-C≡C-

J3''',4''' = 7.9, H-3'''); 8.66 (

15 (CH-3'',5''); 125.63 (CH-5'''); 129.46 (CH-6); 134.58 (C-

23 (CH-6'''); 150.85 (C-7a); 153.57 (CH-2); 156.60 (C-2'''); 

 (C-4); 31P NMR (202.3 MHz, CD3OD): 2.44. MS (ES-): 

5.2 (M+H), 586.2 (M+2H); HRMS (ES-+): m/z calcd for 

und: 584.1454. 

 

5-[(2'',2'''-bipyridin-6''-yl)ethynyl]-2'-deoxycytidine 5'-O-monophosphate 

(dCE6bpyMP, 12a) 

This compound was prepared according to the 

general procedure III from dCIMP (10) and 

bipyridinyl acetylene 1a in the yield of 89% (59.5 

mg). 
1H NMR (600.1 MHz, CD3OD): 2.26 (ddd, 1H, 

Jgem = 13.7, J2'b,1' = 7.1, J2'b,3' = 6.2, H-2'b); 2.41 (ddd, 1H, Jgem = 13.7, J2'a,1' = 6.0, J2'a,3' 

= 3.6, H-2'a); 4.05 (dt, 1H, Jgem = 10.4, JH,P = J5'b,4' = 4.4, H-5'b); 4.10 (m, 1H, H-4'); 

4.12 (ddd, 1H, Jgem = 10.4, JH,P = 6.0, J5'a,4' = 3.6, H-5'a); 4.56 (dt, 1H, J3',2' = 6.2, 3.6, 

J3',4' = 3.6, H

N

O

OH

O

4

7.9, H-3"); 8.27 (d, 1H, J3'",4'" = 7.9, H-3'"); 8.45 (s, 1H, H-6); 8.70 (d, 1H, 

H-6'"); 13C NMR (150.9 MHz, CD3OD):

72.41 (CH-3'); 82.78 (C6''-C≡ -C5); 87.88 (CH-1'); 88.36 (d, JC,P = 8.4, CH-4'); 91.71 

2.26 (CH-3"); 122.90 (CH-3'"); 125.64 (CH-5'"); 128.81 

4 (CH-4"); 143.86 (C-6"); 147.22 (CH-6); 1

2); 157.58 (C-2"); 166.26 (C-4); 31P NMR (202.3 MHz, 

d m/z: 484.2 (M), 485.2 (M+H), 486.2 (M+2H); HRMS 

P: 484.1028; found: 484.1028. 

N

NH2

O

N
N

PHO
O

O-
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5-[(2'',2'''-bipyridin-5''-yl)ethynyl]-2'-deoxycytidine 5'-O-monophosphate 

(dC MP, 12b) 

This compound was prepared according to the 

general procedure III from dC MP (10) and 

bipyridinyl acetylene 1b in the yield of 89% 

(59.5 mg). 

H NMR (499.8 MHz, CD

E5bpy

I

56 

1
3OD): 2.24 (ddd, 1H, 

Jgem = 13.6, J2'b,1' = 7.1, J2'b,3' = 6.3, H-2'b); 2.41 

(ddd, 1H, Jgem = 13.6, J2'a,1' = 5.9, J2'a,3' = 3.1, H-2'a); 4.11 (m, 3H, H-4',5'); 4.53 (m, 1H, 

H-3'); 6.30 (dd, 1H, J1',2' = 7.1, 5.9, H-1'); 7

N

O

OH

O

N

NH2

O

N
N

PHO
O

O-

.44 (dd, 1H, J5'",4'" = 6.9, J5'",6'" = 4.2, H-5'"); 

.94 (ddd, 1H, J4'",3'" = 7.9, J4'",5'" = 6.9, J4'",6'" = 1.3, H-4'"); 8.18 (dd, 1H, J4",3" = 8.3, 

'"); 8.42 

(s, 1H, H-6); 8.66 (bd, 1H, J6'",5'" = 4 , 1H, H-6"); 13C NMR (125.7 

.6

(C5''-C≡C-C5); 88.01 (CH-1'); 88.11

C≡C-C5); 121.63 (CH-3"); 121.70 (C

(CH-4'"); 141.00 (CH-4"); 146.59 (CH-6); 150.36 (CH-6'"); 152.66 (CH-6"); 155.69 (C-

2"); 156.55 (C-2'"); 156.69 (C-2); 165

MS (ES-): found m/z: 484.2 (M), 485.

4.9, J5''',3''' = 0.9, H-5'''); 8.02 (ddd, 2H, J4''',3''' = 

.0, J4''',5''' = 7.5, J4''',6''' = 1.8, H-4'''); 8.46 (s, 1H, H-6); 8.54 (s, 2H, H-3'',5''); 8.59 (bd, 

2H, J3''',4''' = 8.0, H-3'''); 8.70 (bd, 2H, J6''',5''' = 4.9, H-6'''); 13C NMR (125.7 MHz, 

7

J4",6" = 1.6, H-4"); 8.33 (d, 1H, J3",4" = 8.3, H-3"); 8.36 (d, 1H, J3'",4'" = 7.9, H-3

.2, H-6'"); 8.89 (bs

4 (d, JC,P = 4.6, CH2-5'); 72.50 (CH-3'); 85.73 

 (d, JC,P = 8.7, CH-4'); 92.51 (C-5); 92.79 (C5''-

-5"); 122.78 (CH-3'"); 125.45 (CH-5'"); 138.72 

MHz, CD3OD): 42.00 (CH2-2'); 65

.94 (C-4); 31P NMR (202.3 MHz, CD3OD): 2.67. 

2 (M+H), 486.2 (M+2H); HRMS (ES-): m/z calcd 

for C21H19O7N5P: 484.10276; found: 484.10237. 

 

5-[(2'',2'''':6'',2'''-terpyridin-4''-yl)ethynyl]-2'-deoxycytidine 5'-O-monophosphate 

(dCEtpyMP, 12c) 

This compound was prepared according to the general procedure III from dCIMP (10) 

and terpyridinyl acetylene 1c in the yield of 47% (36.2 mg). 
11H NMR (500.0 MHz, CD3OD): 2.26 (ddd, 1H, 

Jgem = 13.6, J2'b,1' = 7.3, J2'b,3' = 6.1, H-2'b); 2.44 

(ddd, 1H, Jgem = 13.6, J2'a,1' = 5.8, J2'a,3' = 3.0, H-

2'a); 4.14 (m, 3H, H-4',5'); 4.54 (dt, 1H, J3',2' = 

6.1, 3.0, J3',4' = 3.0, H-3'); 6.29 (dd, 1H, J1',2' = 

7.3, 5.8, H-1'); 7.50 (ddd, 2H, J5''',4''' = 7.5, J5''',6''' = 

8

N

O

OH

O

N

NH2

O

N
N

N

PHO
O

O-
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CD3OD): 42.03 (CH2-2'); 65.78 (d, JC,P = 5.1, CH2-5'); 72.58 (CH-3'); 86.54 (C4''-C≡C-

C5); 88.17 (d, JC,P = 8.8, CH-4'); 88.26 (CH-1'); 91.91 (C-5); 93.81 (C4''-C≡C-C5); 

 1

147.38 (CH-6); 150.11 (CH-6'''); 15

165.88 (C-4); 31P NMR (202.3 MHz,

562.2 (M+H), 563.2 (M+2H); HRM z calcd for C26H22O7N6P: 561.1293; 

found: 561.1292. 

 

um salt form (Dowex 50 in Na+ cycle) 

llowed by freeze-drying from water, gave the products as white or yellow powder. 

in-6''-yl)ethynyl]-7-deaza-2'-deoxyadenosine 5'-O-triphosphate 

s prepared according to the 

)

N

N N
O

OH

25.71 (CH-5'''); 134.54 (C-4''); 139.07 (CH-4'''); 

6.51 (C-2); 156.54 (C-2'''); 156.75 (C-2'',C6''); 

 CD3OD): 2.44; MS (ES-): found m/z: 561.2(M), 

S (ES-): m/

123.09 (CH-3'''); 123.84 (CH-3'',5'');

General procedure IV: Sonogashira cross-coupling reaction – synthesis of modified 

dNERTPs 

Mixture CH3CN/H2O (1:2) (1.5 ml) and Et(i-Pr)2N (10 equiv.) were added to an argon-

purged flask containing halogenated nucleoside triphosphate dAITP (13) or dCITP (14) 

(60 mg), an alkyne 1a-c (1.5 equiv. for dCITP or 2 equiv. for dAITP) and CuI 

(10 mol%). In a separate flask, Pd(OAc)2 (5 mol%) and TPPTS (5 equiv. to Pd) were 

combined, evacuated and purged with argon followed by addition of CH3CN/H2O (1:2) 

(0.5 ml). The mixture of catalyst was then injected into the reaction mixture and the 

reaction mixture was stired at 80 °C for 1 h. The solvent was evaporated in vacuo. 

Products were purified by semi-preparative HPLC on C18 column using linear gradient 

of 0.1M TEAB in H2O to 0.1M TEAB in H2O/MeOH (1:1) as an eluent. Several 

co-distillations with water and conversion to sodi

fo

 

7-[(2'',2'''-bipyrid

(dAE6bpyTP, 15a). 

This compound wa

general procedure IV from dAITP (13) and 

bipyridinyl acetylene 1a in the yield of 42% 

(27.1 mg)1H NMR (499.8 MHz, D2O, refdioxane 

= 3.75 ppm, pD = 7.1, phosphate buffer): 2.35 

(ddd, 1H, Jgem = 14.0, J2′b,1′ = 6.0, J2′b,3′ = 3.2, 

H-2'b); 2.49 (ddd, 1H, Jgem = 14.0, J2′a,1′ = 7.9, 

; 4.19 (m, 1H, H-4'); 4.68 (dt, 1H, JJ2′a,3′ = 6.1, H-2'a); 4.14 (m, 2H, H-5' 3′,2′ = 6.1, 3.2, 

J3′,4′ = 3.2, H-3'); 6.19 (dd, 1H, J1′,2′ = 7.9, 6.1, H-1'); 7.25 (bdd, 1H, J5″′,4″′ = 7.7, J5″′,6″′ = 

NH2

N N

O O O
OPOPOPHO

O- O- O-
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4.2, H-5'''); 7.29 (bd, 1H, J5″,4″ = 7.7, H-5''); 7.52 (s, 1H, H-6); 7.57 (bd, 1H, J3″,4″ = 7.7, 

H-3''); 7.65 (bt, 1H, J4″′,3″′ = J4″′,5″′ = 7.7, H-4'''); 7.71 (bt, 1H, J4″,3″ = J4″,5″ = 7.7, H-4''); 

7.75 (bd, 1H, J3″′,4″′ = 7.7, H-3'''); 7.81 (s, 1H, H-2); 8.30 (bd, 1H, J6″′,5″′ = 4.2, H-6'''); 
13C NMR (125.7 MHz, D2O, refdioxane = 69.3 ppm, pD = 7.1, phosphate buffer): 41.20 

(CH2-2'); 68.32 (d, JC,P = 5.6, CH2-5'); 73.72 (CH-3'); 85.53 (C6''-C≡C-C5); 85.56 (CH-

1'); 87.81 (d, JC,P = 8.7, CH-4'); 93.87 (C6''-C≡C-C5); 98.48 (C-5); 104.92 (C-4a); 

122.92 (CH-3''); 124.26 (CH-3'''); 127.25 (CH-5'''); 130.16 (CH-5''); 130.26 (CH-6); 

40.76 (CH-4''); 141.02 (CH-4''');  144.49 (C-6''); 150.52 (C-7a); 150.76 (CH-6'''); 

sphate buffer = 2.35 ppm, pD = 7.1): -20.86 (bdd, J = 19.2, 18.9, Pβ); -9.60 (d, J 

 = 

13.7, J  = 6.0, J  = 2.9, H-2'b); 2.59 (ddd, 1H, 

gem 2′a,1′ 2′a,3′

m, 1H, H-4'); 4.72 (dt, 1H, J  = 6.4, 2.9, J  = 2.9, H-3'); 6.15 

dd, 1H, 

1H, J4″′,3″′ = 8.0, J4″′,5″′ = 7.2, J4″′,6″′ = 1.2,

8.0, H-3'''); 7.62 (dd, 1H, J4″,3″ = 8.3, J4″,6 -3'');

7.78 (s, 1H, H-2); 8.03 (d, 1H, J6″′,5″′ = 4.6

MHz, D2O, refdioxane = 69.3 ppm, pD = 7.  68

JC,P = 6.0, CH2-5'); 73.83 (CH-3'); 85.50  = 8.7, CH-4');

5'

');

142.02 (CH-4''); 150.45 (C-7a); 150.52 (CH-6'''); 152.62 (CH-6''); 153.97 (CH-2); 

N
O

1

153.73 (CH-2); 155.78 (C-2'''); 156.86 (C-2''); 158.75 (C-4); 31P NMR (202.3 MHz, 

D2O, refpho

= 19.2, Pα); -7.40 (bd, J = 18.9, Pγ); MS (ES-): found m/z: 667.0 (M-1), 587.1 (M–

PO3H2–1); HRMS (ES-): m/z calcd for C23H22O12N6P3: 667.0514; found: 667.0504. 

 

7-[(2',2'''-bipyridin-5''-yl)ethynyl]-7-deaza-2'-deoxyadenosine 5'-O-triphosphate 

(dAE5bpyTP, 15b) 

This compound was prepared according to the 

general procedure IV from dAITP (13) and 

bipyridinyl acetylene 1b in the yield of 48% (31.0 

mg). 
1H NMR 499.8 MHz, D2O, refdioxane = 3.75 ppm, 

pD = 7.1, phosphate buffer): 2.42 (ddd, 1H, Jgem

N

N

2′b,1′ 2′b,3′

J  = 13.7, J  = 7.8, J  = 6.4, H-2'a); 4.17 

(m, 2H, H-5'); 4.22 (

OH

3′,2′ 3′,4′

(dd, 1H, J1′,2′ = 7.8, 6.0, H-1'); 7.48 ( J5″′,4″′ = 7.2, J5″′,6″′ = 4.6, H-5'''); 7.41 (ddd, 

 H-4'''); 7.45 (s, 1H, H-6); 7.52 (d, 1H, J3″′,4″′ = 

″ = 1.7, H-4''); 7.67 (d, 1H, J3″,4″ = 8.3, H  

, H-6'''); 8.16 (bs, 1H, H-6''); C NMR (125.7 

1, phosphate buffer): 41.25 (CH

13

2-2'); .42 (d, 

 (CH-1'); 87.83 (d, JC,P  89.25 

(C '-C≡C-C5); 91.61 (C5''-C≡C-C5); 98.74 (C-5); 104.82 (C-4a); 122.62 (C-5''); 

123.31 (CH-3''); 123.71 (CH-3''  126.72 (CH-5'''); 129.11 (CH-6); 140.39 (CH-4'''); 

NH2

N

N

O O O
OPOPOPHO

O- O- O-
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154.67 (C-2''); 155.18 (C-2'''); 159.01 (C-4); P NMR (202.3 MHz, D31
2O, refphosphate buffer 

= 2.35 ppm, pD = 7.1): -20.84 (dd, J = 19.2, 18.9, Pβ); -9.61 (d, J = 19.2, Pα); -7.29 (d, J 

= 18.9, Pγ); MS (ES ): found m/z: 667.0 (M-1), 587.2 (M–PO-
3H2–1); HRMS (ES ): m/z 

calcd for C

-

23H22O12N6P3: 667.0514; found: 667.0512. 

 

7-[(2'',2'''':6'',2'''-terpyridin-4''-yl)ethynyl]-7-deaza-2'-deoxyadenosine 

5'-O-triphosphate (dA TP, 15c) 

This compound was prepared according to the 

general procedure IV from dA TP (13) and 

terpyridinyl acetylene 1c in the yield of 40% 

(28.5 mg). 
1

Etpy

I

H NMR (499.8 MHz, D2 dioxaneO, ref  = 3N

N

.75 

ppm, pD = 7.1, phosphate buffer): 2.34, 2.44 

 4.

4.20 (bm, 1H, H-4'); 4.61 (bm, 1H, H-3'); 6.06 

(bm, 1H, H-1'); 6.77 (bm, 2H, H-5'

MHz, D2O, refdioxane = 69.3 ppm, pD

JC,P = 4.7, CH2-5'); 73.66 (CH-3'); 85.38 (CH-1'); 87.65 (d, JC,P = 8.6, CH-4'); 89.66 

(C4''-C≡C-C5); 92.89 (C4''-C≡C-C  123

124.08 (CH-3'',5''); 126.96 (CH-5''')

150.08 (CH-6'''); 150.37 (C-7a); 1 CH

158.77 (C-4); 31P NMR (202.3 MHz  =  pD

Pγ

25O

found: 744.0767. 

 

N
OO

(2 × bm, 2 × 1H, H-2'); 10 (bm, 2H, H-5'); 
OH

''); 7.06 (bm, 2H, H-3'''); 7.18 (bs, 1H, H-6); 7.32 

',5'', H-6'''); 7.76 (bs, 1H, H-2); (bm, 2H, H-4'''); 7.72 (bs, 4H, H-3' 13C NMR (125.7 

 = 7.1, phosphate buffer): 40.72 (CH2-2'); 68.47 (d, 

5); 97.94 (C-5); 104.84 (C-4a); .36 (CH-3'''); 

; 129.67 (CH-6); 134.80 (C-4''); 140.73 (CH-4'''); 

54.14 ( -2); 154.74 (C-2'''); 155.68 (C-2'',6''); 

, D2O, refphosphate buffer  2.35 ppm,  = 7.1): -20.65 

(bt, J = 18.7, 19.3, Pβ); -9.82 (d, J = 18.7, Pα); -6.49 (b, ); MS (ES-): found m/z: 766.0 

(M-1), 664.1 (M–PO3H2–1); HRMS (ES-): m/z calcd for C28H 12N7P3: 744.0780; 

5-[(2'',2'''-bipyridin-6''-yl)ethynyl]-2'-deoxycytidine 5'-O-triphosphate (dCE6bpyTP, 

16a) 

This compound was prepared according to the general procedure IV from dCITP (14) 

and bipyridinyl acetylene 1a in the yield of 67% (43.4 mg). 

 

 

NH2

N

N
N

O O O
POPOPHO

O- O- O-
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1H NMR (499.8 MHz, D O, ref  

= 3.75 ppm, pD = 7.1, phosphate 

buffer): 2.22 (dt, 1H, J  = 14.1, J  

= J

2 dioxane

gem 2′b,1′

2′b,N 3′ = 6.8, H-2'b); 2.42 (ddd, 1H, 

Jgem = 14.1, J2′a,1′ = 6.3, J2′a,3′ = 4.1, H-

'); 4.57 (dt, 

=  6.11 (dd, 1H, J1′,2′ = 6.8, 6.3, H-1'); 7.45 (bdd, 1H, 

d

J4″,5″ = 7.8, H-4''); 7.95 (m, 2H, H-3'', H-

1H, H-6); 8.54 (bd, 1H, J6″′,5″′ = 4.2, H- 2 dioxane

69.3 ppm, pD = 7.1, phosphate buffer): -2'); 67.92 (d, J  = 5.6, CH -5'); 

72.90 (CH-3'); 83.58 (C6''-C≡C-C5); 88.16 (d, 

(C-5); 96.48 (C6''-C≡C-C5); 124.25 (CH-3''

(CH-5''); 141.35, 141.49 (CH-4'', CH-4'''); 144.23 (C-6'

J = 

). 

H NMR (499.8 MHz, D2O, refdioxane = 

3.75 ppm, pD = 7.1, phosphate buffer): 

J2′b,3′ = 6.3, H-2'b); 2.44 (ddd, 1H, Jgem 

, H-3'); 6.10 (dd, 1H, J1′,2′ = 

.4, 6.1, H-1'); 7.28 (dd, 1H, J5″′,4″′ = 7.0, J5″′,6″′ = 4.6, H-5'''); 7.78 (dd, 1H, J4″′,3″′ = 7.5, 

4″′,5″′ = 7.0, H-4'''); 7.82 (d, 1H, J4″,3″ = 7.9, H-4''); 7.84 (s, 1H, H-6); 7.93 (d, 1H, J3″′,4″′ 

OO

2'a); 4.23 (m, 3H, H-4',5

1H, J3′,2′ = 6.8, 4.1, J3′,4′ 4.1, H-3');

OH

J5″′,4″′ = 7.8, J5″′,6″′ = 4.2, H-5'''); 7.57 (b , 1H, J5″,4″ = 7.8, H-5''); 7.92 (bt, 1H, J4″,3″ = 

4'''); 8.02 (bd, 1H, J3″′,4″′ = 7.8, H-3'''); 8.03 (s, 

6'''); 13C NMR (125.7 MHz, D O, ref  = 

41.93 (CH2 C,P 2

JC,P = 8.7, CH-4'); 89.11 (CH-1'); 94.06 

); 124.88 (CH-3'''); 127.45 (CH-5'''); 130.46 

'); 148.11 (CH-6); 151.53 (CH-

6'''); 156.84 (C-2'''); 158.03 (C-2''); 158.21 (C-2); 167.00 (C-4); 31P NMR (202.3 MHz, 

D2O, refphosphate buffer = 2.35 ppm, pD = 7.1): -21.06 (t, J = 19.7, Pβ); -10.10 (d, J = 19.6, 

Pα); -6.74 (bd, 19.6, Pγ); MS (ES-): found m/z: 644.0 (M-1), 564.1 (M–PO3H2–1); 

HRMS (ES-): m/z calcd for C21H21O13N5P3: 644.0354; found: 644.0348. 

 

5-[(2'',2'''-bipyridin-5''-yl)ethynyl]-2'-deoxycytidine 5'-O-triphosphate (dCE5bpyTP, 

16b) 

This compound was prepared according to the general procedure IV from dCITP (14) 

and bipyridinyl acetylene 1b in the 

yield of 59% (38.2 mg
1

2.25 (ddd, 1H, Jgem = 14.0, J2′b,1′ = 7.4, 

= 14.0, J2′a,1′ = 6.1, J2′a,3′ = 4.0, H-2'a); 

4.25 (m, 3H, H-4',5'); 4.61 (dt, 1H, J3′,2′ = 6.3, 4.0, J3′,4′ = 4.0

7

J

N

NH2

O

N
N

POPOPHO
O

O-

O O

O- O-

N
N

NH2

N

OO

OH

N

O

POPOPHO
O

O-

O O

O- O-
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= 7.5, H-3''');  7.95 (d, 1H, J3″,4″ = 7.9, H-3''); 8.3

x

buffer): 41.88 (CH2-2'); 68.04 (d, JC,P = 5.3, CH

C5); 88.17 (d, JC,P = 8.6, CH-4'); 89.05 (CH-1

122.21 (C-5''); 124.04 (CH-3''); 124.75 (CH-3'''

142.81 (CH-4''); 147.31 (CH-6); 151.61 (CH-

I

2O, refdioxane = 

3.75 ppm, pD = 7.1, phosphate buffer): 

2H, H-5'); 4.27 (bm, 1H, H-4'); 4.61 (bm, 1H, H-3'); 6.09 (bm, 1H, H-1'); 7.12 

(bs, 2H, H-3'',5''); 8.07 (bm, 2H, H-6'''); C NMR (125.7 MHz, D

-2 (CH-3'); 87.58 

(C4''-C≡C-C5); 88.08 (d, JC,P = 9.2, CH-4'); 8  (C

C≡C-C5); 124.26 (CH-3'''); 124.76 (CH-3'',5''′);

(CH-4'''); 148.33 (CH-6); 150.87 (CH-6'''); 155.

2); 166.14 (C-4); 31P NMR (202.3 MHz, D2O, refph : -

20.78 (bdd, J = 20.1, 19.3, Pβ); -8.91 (d, J = 19

6P

 

OO

9 (bs, 1H, H-6''); 8.42 (d, 1H, J6″′,5″′ = 

ane4.6, H-6'''); 13C NMR (125.7 MHz, D2O, refdio  = 69.3 ppm, pD = 7.1, phosphate 

2-5'); 73.03 (CH-3'); 86.72 (C5''-C≡C-

'); 94.42 (C-5); 94.75 (C5''-C≡C-C5); 

); 127.04 (CH-5'''); 141.09 (CH-4'''); 

6''); 153.30 (CH-6'''); 156.06 (C-2''); 

156.46 (C-2'''); 158.04 (C-2); 166.39 (C-4); P NMR (202.3 MHz, D31
2O, refphosphate buffer 

= 2.35 ppm, pD = 7.1): -20.78 (t, J = 19.2, Pβ); -10.01 (d, J = 19.2, Pα); -6.51 (d, J = 

19.2, Pγ);  MS (ES ): found m/z: 644.0 (M-1), 666.0 (M+Na); HRMS (ES ): m/z calcd 

for C

- -

21H21O13N5P3: 644.0354; found: 644.0354. 

 

5-[(2'',2'''':6'',2'''-terpyridin-4''-yl)ethynyl]-2'-deoxycytidine 5'-O-triphosphate 

(dC TP, 16c) 

This compound was prepared according 

to the general procedure IV from 

dC TP (14) and terpyridinyl acetylene 

1c in the yield of 69% (49.5 mg). 

H NMR (499.8 MHz, DN

Etpy

1

2.31, 2.48 (2 × bm, 2 × 1H, H-2'); 4.24 

(bm, 
OH

(bm, 2H, H-5'''); 7.35 (bm, 2H, H-3'''); 7.66 (bs, 1H, H-6); 7.68 (bm, 2H, H-4'''); 8.02 
13

2O, refdioxane = 69.3 

'); 68.28 (CHppm, pD = 7.1, phosphate buffer): 41.47 (CH2 2-5'); 73.33 

9.44 (CH-1'); 93.66 (C-5); 95.91 4''-

 127.33 (CH-5'''); 134.80 (C-4''); 141.40 

34 (C-2'''); 156.43 (C-2'',6''); 157.89 (C-

osphate buffer = 2.35 ppm, pD = 7.1)

.3, Pα); -6.88 (bd, J = 20.1, Pγ); MS (ES

): found m/z: 721.0 (M-1), 743.0 (M+Na); HRMS (ES ): m/z calcd for C

-

-
26H24O13N 3: 

721.0620; found: 721.0595. 

N

NH2

O

N
N

N

O O O
POPOPHO

O- O- O-
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6.1.2 Synthesis and analysis of PEX products 

Synthetic ONs were purchased from Sigma Aldrich (USA). Primer: 5'-CAT GGG CGG 

CAT GGG-3' (prim ); templates: 5'-CTA GCA TGA GCT CAG TCC CAT GCC 

GCC CAT G-3'(temp ), 5'-CCC GCC CAT GCC GCC CAT G-3' (temp ), 5'-CCC 

TCC CAT GCC GCC CAT G-3' (temp ), TCC CAT GCC GCC CAT G-3' (temp ), 

GCC CAT GCC GCC CAT G-3' (temp ) (segments forming duplex with the primer are 

in italics, the replicated segments are in bold). Templates used in experiment involving 

the DBstv magnetoseparation procedure were biotinylated at their 5' ends. Streptavidine 

magnetic beads were obtained from Sigma A

rnd

rnd16 C

A A1

C1

ldrich (MagSelect, USA) or Novagen 

agPrep, USA), Pwo DNA polymerase from PeqLab (Germany), DyNAzyme II and 

om 

(exo-), Deep Vent, Deep Vent (exo-) and Therminator DNA 

(dATP, dCTP, dGTP and dCTTP) from New

γ-2P-TP from Izotop, Institute of isotopes Co, L

 

Primer extension experiment 

The reaction mixture (20 μl) contained DN

DyNAzyme II (0.2 U/μl, 1 μl), Vent (exo-) (0

KOD XL (0.25 U/μl, 0.8 μl), Therminator (0.2 

-c) (4 mM
C

o

ptimized conditions for primer extension for multiple incorporation of dCERTPs 

(16a-c) by using DyNAzyme II: The reaction mixture (20 μl) contained DyNAzyme II 

polymerase (1 U/ μl, 1 μl), natural dNTPs (4 mM, 1 μl) and modified dNERTPs (16a-c) 

(M

Phusion DNA polymerases from Finnzymes (Finland), KOD XL DNA polymerase fr

Novagen, Vent 

polymerases as well as T4 polynukleotide kinase and natural nucleoside triphosphates 

 England Biolabs (Great Britain) and 

td. (Hungary). 

A polymerase: Pwo (0.1 U/μl, 2 μl), 

.2 U/μl, 1 μl), Phusion (0.2 U/μl, 1 μl), 

U/μl, 1 μl), Deep Vent (exo-) (0.2 U/μl, 

1 μl), Deep Vent (0.2 U/μl, 1 μl), dNTPs (either natural or modified, 4 mM, 1 μl), 
32P-prelabelled primer at 5'-end (3 μM, 1 μl) and template (3 μM, 1.5 μl) in 2 μl of 

corresponding buffer suplied by manufacturer Reaction mixture was incubated for 

30 min at 60 °C. 

Optimized conditions for primer extension experiment for single incorporation of 

dCERTPs (16a-c) by using DyNAzyme II: The reaction mixture (20 μl) contained 

DyNAzyme II polymerase (0.1 U/μl, 1 μl), natural dNTPs (4 mM, 0.5 μl) and modified 

dNERTPs (16a , 1 μl), 32P-prelabelled primer at 5'-end (3 μM, 1 μl) and 

template temp  (3 μM, 1.5 μl) in 2 μl of corresponding buffer supplied by manufacturer. 

Reaction mixture was incubated for 10 r 15 min at 60 °C. 

O
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(4  1 μl) and template temprnd16 

nole blue, 0.025% [w/v] 

ylene cyanol), heated 5 min at 95 °C and subjected to gel electrophoresis in 12.5% 

l containing 1xTBE buffer (pH 8) and 7% urea at 60 W 

anchor-chip desk. The crystallized spots were washed once by 0.1% 

mixture (200 μl) contained 

GCC GCC CAT G-3), tempC-bio (10 μM, 40 μl, 5'-CCC GCC CAT GCC GCC CAT G-

mM, 2 μl), 32P-prelabelled primer at 5'-end (3 μM, 

(3 μM, 1.5 μl) in 2 μl of corresponding buffer suplied by manufacturer. Reaction 

mixture was incubated for 30 min at 60 °C. 

For magnetoseparation unlabelled primers and biotinylated templates were used. 

 

Primer extension for kinetics study 

The reaction mixture (20 μl) contained DNA polymerase: Pwo (0.1 U/μl, 2 μl) or 

DyNAzyme II (0.1 U/μl, 1 μl), dATP/dAERTP (15b-c) or dCTP/dCERTP (16b-c) 

(4 mM, 1 μl), 32P-prelabelled primer at 5'-end (3 μM, 1 μl) and template tempA1 or 

tempC1 (3 μM, 1.5 μl) in 2 μl of corresponding buffer suplied by manufacturer. Reaction 

mixture was incubated at 60 °C for required time. 

 

Denaturating Polyacrylamide Gel Electrophoresis 

The products of the primer extension reaction were mixed with loading buffer (40 μl, 

80% [w/v] formamide, 20mM EDTA, 0.025% [w/v] bromphe

x

denaturating polyacrylamide ge

for ~ 60 min. Gel was dried and visualized by phosphoimager. 

 

MALDI-TOF experiment 

A mixture of 3-hydroxypicolinic acid (HPA)/picolinic acid (PA)/ammonium tartrate in 

ration 8/1/1 in 50% acetonitrile was used as matrix for MALDI-TOF measurement. 

Then 2 μl of the matrix and 1 μl of the sample were mixed on MTP 384 polished steel 

target by use of 

formic acid and once by water. The acceleration tension in reflectron mode was 19.5 kV 

and range of measurement 3–13 kDa. The found differences of 2-9 Da for 6 KDa DNA 

and 3-12 Da for 10 kDa DNA are still within the experimental error (ca 0.1%) of the 

low resolution machine also considering the very small amounts of DNA produced by 

PEX. 

Isolation of single-strand oligonucleotides: The reaction 

DNA polymerase: Pwo (1 U/μl, 10 μl) or DyNAzyme II (2 U/μl, 10 μl), dNTPs (either 

natural or modified, 4mM, 10 μl), unlabeled primer (10 μM, 40 μl, 5'-CAT GGG CGG 

CAT GGG-3') and biotinylated template tempA-bio (10 μM, 40 μl, 5'-CCC TCC CAT 
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3) or temprnd16-bio (10 μM, 40 μl, 5'-CTA GCA TGA GCT CAG TCC CAT GCC 

GCC CAT G-3') in 20 μl of corresponding buffer suplied by manufacturer. Reaction 

mixture was incubated for 30 min at 60 °C. The separation on magnetic beads (50 μl, 

0 μl of the MagSelectTM SA Streptavidin Particles stock solution from Sigma Aldrich) 

ticles stock solution from Novagen) was first 

l, 4mM sodium phosphate, pH=7.4), 

ree time in 500 μl of buffer (0.3M NaCl, 10mM TRIS, pH=7.4) and two times in 400 

eated magnetoseparation using a 

6.1.3 Complexation studies 

e (200 μl) contained Deep Vent polymerase (2 U/μl, 15 μl), dNTP (either natural 

Sigma –Aldrich or Novagen) was caried out according to standard techniques:  

5

or MagPrep® P-25 (Streptavidin Par

washed three times by 200 μl of buffer (0.3M NaCl, 10mM TRIS, pH=7.4) and then the 

reaction mixture containing 0.3 μl of 2.5M NaCl was added. To capture the 

double-stranded DNA to streptavidine coated magnetic beads, the suspension was 

incubates at 20 °C (30 min, 1200 rpm). Captured product was three time re-suspended 

in 500 μl of PBS solution (0.14M NaCl, 3 mM KC

th

μl of PCR ultra water (Top-Bio) and purified by rep

magnetoseparator (Dynal, Norway). Single-strand oligonucleotides were released, after 

the addition of 100 μl of PCR ultra water (Top-Bio), by incubation at 75 °C (2 min, 

900 rpm).  

 

 

Complexation of dNERMPs (11a-c and 12a-c) 

Complexes of modified nucleoside monophosphates dNERMPs (11a-c and 12a-c) with  

diverse transition metals were prepared by mixing 100 μl of aqueous solution 

corresponding monophosphate (100 μM) with 100 μl of divalent metal ions M2+ 

(50 μM, Cu(BF4)2·6H2O, Ni(BF4)2·6H2O, Zn(BF4)2·H2O, Fe(BF4)2·6H2O) at room 

temperature for 10 min. 

Complexation of ON for recording UV-spectra 

Double stranded ONs were prepared by PEX-experiment on larger scale. The reaction 

mixtur

or modified, 4 mM, 30 μl), unlabeled primer (100 μM, 12 μl), and temprnd16 (100 μM, 

12 μl) in 20 μl of corresponding buffer supplied by manufacturer. Reaction mixture was 

incubated for 30 min. at 60 °C. PEX products were purified by NucAway Spin Columns 

(Ambion), where 50 μl portions of each sample were applied on the top of the column. 

After collecting all the portions 1 equiv. of Fe(BF4)2·6H2O to number of modification 
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(0.24 μl, 10 mM) was added and the solution was mixed for 3 h (25 °C, 550 rpm). 

 

Complexation of ON for gel electrophoresis 

Double stranded ONs were prepared by PEX experiment. The reaction mixture (20 μl) 

 gel electrophoresis in 8% non-denaturating polyacrylamide gel containing 

1xSB buffer (pH 8) and at 500 V for ~ 3 h at room temperature. Gel was dried and 

visualized by phosphoimager. 

 

le linker 

ynthesis of ligand building blocks 

-bromo-2,2'-bipyridine (17a) or 

contained DNA polymerase: Pwo (0.1 U/μl, 2 μl), DyNAzyme II (0.1 U/μl, 1 μl), dNTP 

(either natural or modified, 4 mM, 1 μl), 32P-prelabelled primer at 5'-end primer (3 μM, 

1 μl), and template (3 μM, 1.5 μl) in 2 μl of corresponding buffer supplied by 

manufacturer. Reaction mixture was incubated for 30 min at 60 °C. For incorporation of 

dCtpyTP using Dynazyme II polymerase and tempC was used 0.5 μl of natural dNTPs (4 

mM) and the mixture was incubated only for 15 min. After addition of 1 μl of Fe2+ 

(4mM, Fe(BF4)2·6H2O or FeCl2) the solution was mixed for 3 h (25 °C, 550 rpm). 

 

Non-denaturating SB Polyacrylamide Gel Electrophoresis 

The products of the primer extension reaction were mixed with loading buffer (4 μl, 

40% [w/v] saccharose, 0.2% [w/v] bromphenol blue, 0.2% [w/v] xylene cyanol) 

subjected to

6.2 Oligopyridine analogues with flexib

6.2.1 Synthesis of modified nucleosides, nucleotides and nucleosides 

triphosphates 

 

General procedure V: S

To an argone-purged flask containing 5

(2,2':6',2''-terpyridine-4'-yl) trifluoromethanesulfonate (17b) (500mg), Pd(PPh3)2Cl2 

(5 mol%) and CuI (5 mol%) were added THF (10 ml), Et3N (10 equiv.) and 

1,7-octadiyne (3 equiv.). Reaction mixture was heated at 75 °C for 3 h. After 

evaporation of solvent under reduced pressure, the residue was extracted with three 

100 ml portion of CHCl3. Organic phases were combined and dried over MgSO4. The 

residue was then purified by silica gel chromatography using hexane/ethyl acetate 

(0 %-9 %). 
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5-(octa-1'',7''-diyn-1''-yl)-2,2'-bipyridine (19a) 

was prepared according to general 

C

-

6',5' = 

.0, J6',4' = 1.8, J6',3' = 0.9, H-6'); 13C NMR (125.7 MHz, CDCl3): 17.97 (HC≡C-

≡C-C5); 27.41, 27.56 

+ H], 283.1 (30) [M  + Na]; HRMS-ESI: m/z [M 

 calcd for C18H17N2: 261.13863; found: 261.13813; Anal. Calcd for 

C18H16N2·1/6MeOH: C, 82.13; H, 6.32; N, 10.54. Found: C, 82.36; H, 6.09; N, 10.23; 

– 38.5 °C. 

 

4-(o

t 19b was prepared according to general procedure V from 

(2,2':6',2''-terpyridine-4'-yl) trifluoromethanesulfonate (17b). It 

75% (331.8 mg). 

2CH2-C≡C-C4); 19.05 (HC≡C-CH2CH2CH2CH2-C≡C-C4); 27.30, 27.47 

Product 19a 

procedure V from 5-bromo-2,2'-bipyridine (17a). It was 

isolated as orange oil in the yield of 66% (365.3 mg). 
1H NMR (500.0 MHz, CDCl3): 1.72 (m, 2H, HC≡C-CH2CH2CH2CH2-C≡C-C5); 1.78 

(m, 2H, HC≡C-CH2CH2CH2CH2-C≡C-C5); 1.98 (t, 1H, 4J = 2.7, HC≡C-); 2.27 (td, 2H, 

Jvic = 6.8, 4J = 2.7, HC≡C-CH2CH2CH2CH2-C≡C-C5); 2.50 (t, 2H, Jvic = 6.9, HC≡C-

CH2 H2CH2CH2-C≡C-5); 7.40 (ddd, 1H, J5',4' = 7.5, J5',6' = 5.0, J5',3' = 1.2, H-5'); 7.84 

(dd, 1H, J4,3 = 8.3, J4,6 = 2.1, H-4); 7.93 (ddd, 1H, J4',3' = 8.1, J4',5' = 7.5, J4',6' = 1.8, H

4'); 8.49 (m, 2H, H-3,3'); 8.69 (dd, 1H, J6,4 = 2.1, J6,3 = 0.9, H-6); 8.72 (ddd, 1H, J

NN

5

CH CH CH CH -C≡C-C5); 19.12 (HC≡C-CH CH CH CH -C2 2 2 2 2 2 2 2

(HC≡C-CH2CH2CH2CH2-C≡C-C5); 68.64 (HC≡C); 77.79 (C5-C≡C); 83.96 (HC≡C); 

95.15 (C5-C≡C); 120.95 (CH-3); 121.70 (C-5); 122.05 (CH-3'); 124.16 (CH-5'); 138.50 

(CH-4'); 139.80 (CH-4); 147.88 (CH-6'); 151.62 (CH-6); 152.27 (C-2); 154.32 (C-2'); 

MS (ESI): m/z (%) = 261.1 (100) [M+ +

++ H]

IR: 3288, 2941, 1585, 1542, 1455, 1432, 1365 cm-1; Mp 36.0 

cta-1''',7'''-diyn-1'''-yl)- 2,2'':6,2'-terpyridine (19b) 

Produc

was isolated as orange oil in the yield of 
1H NMR (500.0 MHz, CDCl3): 1.73 (m, 2H, HC≡C-

CH2CH2CH2CH2-C≡C-4); 1.77 (m, 2H, HC≡C-CH2CH2CH2CH2-

C≡C-C4); 1.98 (t, 1H, 4J = 2.7, HC≡C-); 2.28 (td, 2H, Jvic = 6.8, 4J = 2.7, HC≡C-

CH2CH2CH2CH2-C≡C-C4); 2.51 (t, 2H, Jvic = 6.8, HC≡C-CH2CH2CH2CH2-C≡C-C4); 

7.43 (ddd, 2H, J5',4' = 7.5, J5',6' = 5.0, J5',3' = 1.2, H-5'); 7.97 (ddd, 2H, J4',3' = 8.0, J4',5' = 

7.5, J4',6' = 1.8, H-4'); 8.48 (s, 2H, H-3,5); 8.69 (d, 1H, J3',4' = 8.0, H-3'); 8.78 (ddd, 1H, 

J6',5' = 5.0, J6',4' = 1.8, J6',3' = 0.9, H-6');13C NMR (125.7 MHz, CDCl3): 17.96 (HC≡C-

CH2CH2CH

N
N

N
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(HC≡C-CH2CH2CH2CH2-C≡C-C4); 68.67 (HC≡C); 79.04 (C4-C≡C); 83.99 (HC≡C); 

95.87 (C4-C≡C); 121.93 (CH (C-4); 

6

3385 (100) [M+ + H]; HRMS-E

.04; H, 5.80; N, 12.22. Found: C, 

, 3  

-deoxyadenosine ( g

oligopyridine 19a-b (1.5 equiv.) and CuI (10 mol%). In a separate flask, Pd(OAc)  

o

-[8''''-(2'',2'''-bipyridin-5''-yl)octa-1'''',7''''-diyn-1''''-yl)-7-deaza-2'-

6

2 2 gem

2′b,1′ 2′b,3′ gem

2′a,1′ a,3′

N

-3'); 123.83 (CH-3,5); 124.34 (CH-5'); 134.64 

138.29 (CH-4'); 148.21 (CH- '); 154.25 (C-2,6); 154.55 (C-2');MS (ESI): m/z (%) = 

SI: m/z [M + H]+ calcd for C23H23N3: 338.16517; found: 

338.16516; Anal. Calcd for C23H19N3·1/5MeOH: C, 81

81.42; H, 5.58; N, 11.93; IR: 3207, 2940, 1581, 1564, 1467, 1391, 1263, 1113 cm-1; Mp 

69.0 – 69.5 °C. 
 

General procedure VI: Sonogashira cross-coupling reaction - synthesis of modified 

dNORs 

DMF (1 ml) and Et(i-Pr)2N (0.25 ml, 10 equiv.) were added to an argon-purged flask 

containing nucleoside 5-iodo-2'-deoxycytidine (dCI ) or

7-iodo-7deaza-2' dAI, 20) (50 m ), an octadiyne modified 

2

(5 m l%) and TPPTS (2.5 equiv. to Pd) were combined, evacuated and purged with 

argon followed by addition of DMF (0.5 ml). The mixture of catalyst was then injected 

into the reaction mixture and the reaction mixture was stired at 75 °C for 2 h. The 

solvent was evaporated in vacuo. Products were directly purified by flash 

chromotagraphy on reverse phase using H2O/MeOH (0% to 100%) as an eluent. 

Products were recrystallized from the mixture MeOH/H2O. 

 

7

deoxyadenosine (dAObpy, 21a) 

Product 21a was prepared according to general procedure 

VI from dAI (20) and 19a. It was isolated as a brownish 

powder in the yield of 46% (31.1 mg). 
1H NMR (600.1 MHz, DMSO-d ): 1.74 (m, 4H, C5-C≡C-

CH2CH2CH CH -C≡C-C5''); 2.16 (ddd, 1H, J  = 13.1, 

J  = 6.0, J  = 2.7, H-2'b); 2.46 (ddd, 1H, J  = 13.1, 

J  = 8.2, J2′  = 5.7, H-2'a); 2.56 (m, 2H, C5-C≡C-

CH2CH2CH2CH2-C≡C-C5''); 2.57 (m, 2H, C5-C≡C-

CH2CH2CH2CH2-C≡C-C5''); 3.50 (ddd, 1H, Jgem = 11.7, 

J5′b,OH = 5.8, J5′b,4′ = 4.4, H-5'b); 3.75 (ddd, 1H, Jgem = 

N

N
O

OH

HO

N

N

NH2
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11.7, J5′a,OH = 5.4, J5′a,4′ = 4.4, H-5'a); 3.81 (td, 1H, J4′,5′ = 4.4, J4′,3′ = 2.5, H-4'); 4.30 (m, 

1H, J3′,2′ = 5.7, 2.7, J3′,OH = 4.1, J3′,4′ = 2.5, H-3'); 5.05 (dd, 1H, JOH,5′ = 5.8, 5.4, OH-5'); 

5.24 (d, 1H, JOH,3′ = 4.1, OH-3'); 6.47 (dd, 1H, J1′,2′ = 8.2, 6.0, H-1'); 6.63 (bs, 2H, NH2); 

7.46 (ddd, 1H, J5″′,4″′ = 7.4, J5″′,6″′ = 4.7, J5″′,3″′ = 1.2, H-5'''); 7.66 (s, 1H, H-6); 7.94 (dd, 

1H, J4″,3″ = 8.2, J4″,6″ = 2.2, H-4''); 7.95 (ddd, 1H, J4″′,3″′ = 8.0, J4″′,5″′ = 7.5, J4″′,6″′ = 1.8, 

H-4'''); 8.10 (s, 1H, H-2); 8.35 (dd, 1H, J3″,4″ = 8.2, J3″,6″ = 0.8, H-3''); 8.36 (ddd, 1H, 

J3″′,4″′ = 8.0, J3″′,5″′ = 1.2, J3″′,6″′ = 0.8, H-3'''); 8.690 (ddd, 1H, J6″′,5″′ = 4.7, J6″′,4″′ = 1.8, 
13

d6): 18.56 (C5-C≡C-CH2CH2CH2CH2-C≡C-C5''); 18.66 (C5-C≡C-

; 83.

-[8'''''-(2'',2'''':6'',2'''-terpyridin-4''-yl)octa-1''''',7'''''-diyn-l'''''-yl]-7-deaza-2'-

 Product 21b was prepared according to the general 

 1.76 (m, 4H, C5-

 

N

N N
O

OH

HO

J6″′,3″′ = 0.8, H-6'''); 8.691 (dd, 1H, J6″,4″ = 2.2, J6″,3″ = 0.8, H-6''); C NMR (150.9 MHz, 

DMSO-

CH2CH2CH2CH2-C≡C-C5''); 27.49, 27.67 (C5-C≡C-CH2CH2CH2CH2-C≡C-C5''); 39.95 

(CH2-2'); 62.07 (CH2-5'); 71.14 (CH-3'); 74.03 (C5-C≡C); 77.97 (C5''-C≡C) 27 

(CH-1'); 87.64 (CH-4'); 95.56 (C5-C≡C); 95.27 (C5''-C≡C); 95.63 (C-5); 102.48 (C-4a); 

120.10 (CH-3''); 120.54 (C-5''); 120.82 (CH-3'''); 124.55 (CH-5'''); 125.67 (CH-6); 

137.56 (CH-4'''); 139.77 (CH-4''); 149.21 (C-7a); 149.58 (CH-6'''); 151.46 (CH-6''); 

152.74 (CH-2); 153.89 (C-2''); 154.66 (C-2'''); 157.74 (C-4); MS (ESI): m/z (%) = 509.1 

(52) [M++H], 531.1 (100) [M+ + Na]; HRMS-ESI: m/z [M + H]+ calcd for C29H29O3N6: 

509.22957; found: 509.22965; IR: 3398, 3324. 2934, 1632, 1572, 1456, 1295, 1200, 

1087, 1036 cm-1; Mp 157 – 163 °C. 

 

7

deoxyadenosine (dAOtpy, 21b) 

N
procedure VI from dAI (20) and 19b. It was isolated 

as a brownish powder in the yield of 45% (35.0 mg). 
1H NMR (600.1 MHz, DMSO-d6):

C≡C-CH2CH2CH2CH2-C≡C-C4''); 2.15 (ddd, 1H, 

Jgem = 13.1, J2′b,1′ = 6.0, J2′b,3′ = 2.7, H-2'b); 2.46 

(ddd, 1H, Jgem = 13.1, J2′a,1′ = 8.1, J2′a,3′ = 5.7, H-2'a); 

2.58 (m, 2H, C5-C≡C-CH2CH2CH2CH2-C≡C-C4''); 

2.62 (m, 2H, C5-C≡C-CH2CH2CH2CH2-C≡C-C4''); 

3.49 (ddd, 1H, Jgem = 11.8, J5′b,OH = 6.0, J5′b,4′ = 4.4, 

11.8, JH-5'b); 3.56 (ddd, 1H, Jgem = 5′a,OH = 5.3, J5′a,4′ = 4.4, H-5'a); 3.81 (td, 1H, J4′,5′ = 

N N

NH2
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4.4, J4′,3′ = 2.7, H-4'); 4.32 (m, 1H, J3′,2′ = 5.7, 2.7, J3′,OH = 4.0, J3′,4′ = 2.7, H-3'); 5.07 

(dd, 1H, JOH,5′ = 6.0, 5.3, OH-5'); 5.26 (d, 1H, JOH,3′ = 4.0, OH-3'); 6.46 (dd, 1H, J1′,2′ = 

8.1, 6.0, H-1'); 7.52 (ddd, 2H, J5′′′,4′′′ = 7.5, J5′′′,6′′′ = 4.7, J5′′′,3′′′ = 1.2, H-5'''); 7.67 (s, 1H, 

H-6); 8.02 (ddd, 2H, J4′′′,3′′′ = 7.9, J4′′′,5′′′ = 7.5, J4′′′,6′′′ = 1.8, H-4'''); 8.09 (s, 1H, H-2); 

8.34 (s, 2H, H-3'',5''); 8.61 (ddd, 2H, J3′′′,4′′′ = 7.9, J3′′′,5′′′ = 1.2, J3′′′,6′′′ = 0.9, H-3'''); 8.72 

(ddd, 2H, J6′′′,5′′′ = 4.7, J6′′′,4′′′ = 1.8, J6′′′,3′′′ = 0.9, H-6'''); 13C NMR (150.9 MHz, DMSO-

d6): 18.52 (C5-C≡C-CH2CH2CH2CH2-C≡C-C4''); 18.70 (C5-C≡C-CH2CH2CH2CH2-

C≡C-C4''); 27.34, 27.70 (C5-C≡C-CH2CH2CH2CH2-C≡C-C4''); 39.93 (CH2-2'); 62.11 

(CH2-5'); 71.18 (CH-3′); 74.07 (C5-C≡C); 79.10 (C4''-C≡C); 83.28 (CH-1'); 87.67 

(CH-4'); 92.45 (C5-C≡C); 95.69 (C-5); 96.40 (C4''-C≡C); 102.52 (C-4a); 121.06 (CH-

3'''); 122.25 (CH-3'',5''); 124.96 (CH-5'''); 125.75 (CH-6); 133.55 (C-4''); 137.77 (CH-

4'''); 149.25 (C-7a); 149.64 (CH-6'''); 152.78 (CH-2); 154.51 (C-2'',6''); 155.47 (C-2'''); 

157.77 (C-4); MS (ESI): m/z (%) = 586 (27) [M+ + H], 608 (100) [M+ + Na]; HRMS-

ESI: m/z [M + H]+ calcd for C34H32O3N7: 586.25611; found: 586.25592; IR: 3444, 

3185, 2928, 1584, 1566, 1468, 1393, 1305, 1046 cm-1; Mp 109 - 113 °C. 

 

5-[8''''-(2'',2'''-bipyridin-5''-yl)-octa-1'''',7''''-diyn-1''''-yl)-2'-deoxycytidine 

(dCObpy, 22a) 

Product 22a was prepared according to 

(3) 

and 19a. It was isolated as a brownish 

,

(m, 2H, C5-C≡C-CH2CH2CH2CH

C≡C-C5''); 3.55, 3.61 (2 × ddd, 2 

(td, 1H, J4′,5′ = 3.7, J4′,3′ = 3.4, H-

3.4, H-3'); 5.07 (t, 1H, JOH,5′ = 5.1

1H, J1′,2′ = 7.2, 6.0, H-1'); 6.77 (bs,

N
O

OH

HO

the general precedure VI from dCI 

powder in the yield of 38% (26.1 mg). 
1H NMR (600.1 MHz, DMSO-d6): 1.70 

(m, 4H, C5-C≡C-CH2CH2CH2CH2-C≡C-

C5''); 1.98 (ddd, 1H, Jgem = 13.2, J2′b,1′ = 

 1H, J7.2, J2′b,3′ = 6.1, H-2'b); 2.12 (ddd gem = 13.2, J2′a,1′ = 6.0, J2′a,3′ = 3.4, H-2'a); 2.48 

2-C≡C-C''); 2.55 (m, 2H, C5-C≡C-CH2CH2CH2CH2-

× 1H, Jgem = 11.9, J5′,OH = 5.1, J5′,4′ = 3.7, H-5'); 3.78 

4'); 4.20 (ddt, 1H, J3′,2′ = 6.1, 3.4, J3′,OH = 4.3, J3′,4′ = 

, OH-5'); 5.21 (d, 1H, JOH,3′ = 4.3, OH-3'); 6.11 (dd, 

 1H, NHaHb); 7.46 (ddd, 1H, J5″′,4″′ = 7.5, J5″′,6″′ = 4.7, 

J5″′,3″′ = 1.2, H-5'''); 7.70 (bs, 1H, NHaHb); 7.946 (dd, 1H, J4″,3″ = 8.2, J4″,6″ = 1.8, H-4''); 

N

NH2

O

N
N
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7.753 (ddd, 1H, J4″′,3″′ = 7.9, J4″′,5″′ = 7.5, J4″′,6″′ = 1.8, H-4'''); 8.09 (s, 1H, H-6); 8.36 (dd, 

1H, J3″,4″ = 8.2, J3″,6″ = 0.8, H-3''); 8.37 (ddd, 1H, J3″′,4″′ = 7.9, J3″′,5″′ = 1.2, J3″′,6″′ = 0.8, 

H-3'''); 8.690 (dd, 1H, J6″,4″ = 1.8, J6″,3″ = 0.8, H-6''); 8.693 (ddd, 1H, J6″′,5″′ = 4.7, J6″′,4″′ 

= 1.8, J6″′,3″′ = 0.8, H-6'''); 13C NMR (150.9 MHz, DMSO-d6): 18.59 (C5-C≡C-

CH2CH2CH2CH2-C≡C-C5''); 18.85 (C5-C≡C-CH2CH2CH2CH2-C≡C-C5''); 27.49, 27.53 

(C5-C≡C-CH2CH2CH2CH2-C≡C-C5''); 40.93 (CH2-2'); 61.24 (CH2-5'); 73.36 (CH-3'); 

72.47 (C5-C≡C); 77.98 (C5''-C≡C); 85.43 (CH-1'); 87.60 (CH-4'); 90.57 (C-5); 95.41 

(C5''-C≡C); 95.56 (C5-C≡C); 120.16 (CH-3''); 120.60 (C-5''); 120.86 (CH-3'''); 124.63 

(CH-5'''); 137.64 (CH-4'''); 139.83 (CH-4''); 143.77 (CH-6); 149.64 (CH-6''); 151.51 

(CH-6'''); 153.71 (C-2); 153.92 (C-2''); 154.68 (C-2'''); 164.62 (C-4); MS (ESI): m/z (%) 

= 485 (10) [M+ + H], 508 (100) [M+ + Na]; HRMS-ESI: m/z [M + H]+ calcd for 

C27H28O4N5: 486.21358; found: 486.21341; Anal. Calcd for C27H27O4N5: C, 66.79; H, 

5.61; N, 14.42. Found: C, 66.71; H, 5.52; N, 14.13; IR: 3414, 3185, 3092, 2935, 1632, 

1456, 1106 cm-1; Mp 187 – 193 °C. 

 

5-[8'''''-(2'',2'''':6'',2'''-terpyridin-4''-yl)octa-1''''',7'''''-diyn-1'''''-yl]-2'-

Product 22b was prepared according to 

73 

deoxycytidine (dCOtpy, 22b) 

the general procedure VI from dCI (3) and 

19b. It was isolated as a brownish powder 

in the yield of 72% (57.4 mg). 
1H NMR (600.1 MHz, DMSO-d6): 1.

(m, 4H, C5-C≡C-CH2CH2CH2CH2-C≡C-

C4''); 1.97 (ddd, 1H, Jgem = 13.2, J2′b,1′ = 

7.2, J2′b,3′ = 6.2, H-2'b); 2.11 (ddd, 1H, 

Jgem = 13.2, J2′a,1′ = 6.1, J2′a,3′ = 3.4, H-2'a); 2.50 (m, 2H, C5-C≡C-CH2CH2CH2CH2-

C≡C-C4''); 2.60 (m, 2H, C5-C≡C-CH2CH2CH2CH2-C≡C-C4''); 3.54, 3.60 (2 × ddd, 2 × 

1H, Jgem = 11.9, J5′,OH = 5.1, J5′,4′ = 3.7, H-5'); 3.77 (td, 1H, J4′,5′ = 3.7, J4′,3′ = 3.4, H-4'); 

4.19 (ddt, 1H, J3′,2′ = 6.2, 3.4, J3′,OH = 4.2, J3′,4′ = 3.4, H-3'); 5.06 (t, 1H, JOH,5′ = 5.1, OH-

5'); 5.20 (d, 1H, JOH,3′ = 4.2, OH-3'); 6.11 (dd, 1H, J1′,2′ = 7.2, 6.1, H-1'); 6.78 (bs, 1H, 

NHaHb); 7.52 (ddd, 2H, J5′′′,4′′′ = 7.5, J5′′′,6′′′ = 4.7, J5′′′,3′′′ = 1.2, H-5'''); 7.70 (bs, 1H, 

NHaHb); 8.02 (ddd, 2H, J4′′′,3′′′ = 7.9, J4′′′,5′′′ = 7.5, J4′′′,6′′′ = 1.8, H-4'''); 8.09 (s, 1H, H-6); 

N
O

OH

HO

N

NH2

O

N

N

N
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8.34 (s, 2H, H-3'',5''); 8.61 (ddd, 2H, J3′′′,4′′′ = 7.9, J3′′′,5′′′ = 1.2, J3′′′,6′′′ = 1.0, H-3'''); 8.72 

(ddd, 2H, J6′′′,5′′′ = 4.7, J6′′′,4′′′ = 1.8, J6′′′,3′′′ = 1.0, H-6'''); 13C NMR (150.9 MHz, DMSO-

d6): 18.52 (C5-C≡C-CH2CH2CH2CH2-C≡C-C4''); 18.85 (C5-C≡C-CH2CH2CH2CH2-

C≡C-C4''); 27.37, 27.48 (C5-C≡C-CH2CH2CH2CH2-C≡C-C4''); 40.91 (CH2-2'); 61.25 

(CH2-5'); 70.37 (CH-3'); 72.50 (C5-C≡C); 79.03 (C4''-C≡C); 85.43 (CH-1'); 87.59 

(CH-4'); 90.58 (C-5); 95.55 (C5-C≡C); 96.50 (C4''-C≡C); 121.06 (CH-3'''); 122.25 (CH-

3'',5''); 124.98 (CH-5'''); 133.56 (C-4''); 137.77 (CH-4'''); 143.81 (CH-6); 149.65 (CH-

6'''); 153.72 (C-2); 154.51 (C-2'',6''); 155.48 (C-2'''); 164.62 (C-4).MS (ESI): m/z (%) = 

563 (5) [M+ + H], 585 (100) [M+ + Na]; HRMS-ESI: m/z [M + H]+ calcd for 

C32H31O4N6: 563.24013; found: 563.23995; IR: 3438, 3320, 2940, 1643, 1582, 1467, 

1048 cm-1; Mp 155 - 169 °C. 

 

General procedure VII: Sonogashira cross-coupling reaction – Synthesis of 

modified dNORMPs 

Mixture CH3CN/H2O (1:2) (1 ml) and Et(i-Pr)2N (10 equiv.) were added to an 
IMP (9) or 

ding blocks 19a-b (1.5 equiv.) and CuI (10 mol%). In a 

T

evacuated and purged with argon followed b

The mixture of catalyst was then injected in

mixture was stired at 80 °C for 1.5 h. The s . Products 

were purified by semi-preparative HPLC on C

TEAB in H2O to 0.1M TEAB in H2O/MeOH

with water followed by freeze-drying from ts sh 

greenish powder. 

H2O/MeOH (1:1) as an eluent. Several co-distillations with water followed by 

argon-purged flask containing halogenated nucleoside monophosphate dA

dCIMP (10) (30 mg), an buil

PPTS (5 equiv. to Pd) were combined, 

y addition of CH3CN/H2O (1:2) (0.5 ml). 

to the reaction mixture and the reaction 

olvent was evaporated in vacuo

separate flask, Pd(OAc)2 (5 mol%) and 

18 column using linear gradient of 0.1M 

 (1:1) as an eluent. Several co-distillations 

water, gave the produc  as browni or 

 
General procedure VIII: Phosphorylation of modified nucleosides – Synthesis of 

modified dNORMPs 

Dry trimethyl phosphate (1.5 ml) was added to an argon-purged flask containing 

nucleoside analogue dNOR (21a-b or 22a-b, 50 mg), cooled to 0 °C on ice followed by 

the addition of POCl3 (1.3 equiv.). Reaction mixture was stirred at 0 °C for 1 h. and then 

quenched by 2M TEAB buffer (2 ml). The product was purified by semi-preparative 

HPLC on C18 column using linear gradient of 0.1M TEAB in H2O to 0.1M TEAB in 
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freeze-drying from water, gave the products as brownish or greenish powder. 
 

7-[8''''-(2'',2'''-bipyridin-5''-yl)o a-1'''',7''''-diyn-1''''-yl)-7-deaza-2'-

deoxyadenosine 5'-O-monophosphate (dA

ct

MP, 23a). 

a) This compound was prepared according to the 

7.3, CH3CH2N); 1.82 (m, 4H, C5-C≡C-

CH CH CH CH -C≡C-C5''); 2.31 (ddd, 1H, J  = 

13.5, J2′b,1′ = 6.0, J2′b,3′ = 2.7, H-2'b); 2.57 (m, 5H, H-

H3CH2N); 66.26 (d, JC,P = 5.2, CH2-5'); 73.04 (CH-3'); 74.20 (C5-

94 (C-5); 103.86 (C-4a); 121.73 (CH-3''); 122.68 (CH-3'''); 122.71 

N N

Obpy

general procedure VII from dAIMP (9) and a 

building block 19a in the yield of 23% (10.1 mg) 

b) This compound was prepared according to the 

general procedure VIII from dAObpy (21a) in the 

yield of 30% (20.4 mg). 
1H NMR (600.1 MHz, CD3OD): 1.29 (t, 9H, Jvic = 

N

2 2 2 2 gem

2′a, C5-C≡C-CH2CH2CH2CH2-C≡C-C5''); 3.17 (q, 6H, Jvic = 7.3, CH3CH2N); 4.03 

(ddd, 1H, Jgem = 11.0, JH,P = 5.5, J5′b,4′ = 4.4, H-5'b); 4.06 (ddd, 1H, Jgem = 11.0, JH,P = 

6.0, J5′a,4′ = 3.6, H-5'a); 4.09 (m, 1H, H-4'); 4.59 (dt, 1H, J3′,2′ = 6.0, 2.7, J3′,4′ = 2.7, H-

3'); 6.61 (dd, 1H, J1′,2′ = 8.2, 5.9, H-1'); 7.42 (ddd, 1H, J5″′,4″′ = 7.6, J5″′,6″′ = 4.8, J5″′,3″′ = 

1.2, H-5'''); 7.67 (s, 1H, H-6); 7.87 (dd, 1H, J4″,3″ = 8.2, J4″,6″ = 2.2, H-4''); 7.92 (ddd, 

1H, J4″′,3″′ = 8.1, J4″′,5″′ = 7.5, J4″′,6″′ = 1.8, H-4'''); 8.08 (s, 1H, H-2); 8.25 (dd, 1H, J3″,4″ = 

8.2, J3″,6″ = 0.9, H-3''); 8.31 (ddd, 1H, J3″′,4″′ = 8.1, J3″′,5″′ = 1.2, J3″′,6″′ = 0.8, H-3'''); 8.62 

(dd, 1H, J6″,4″ = 2.2, J6″,3″ = 0.8, H-6''); 8.63 (ddd, 1H, J6″′,5″′ = 4.8, J6″′,4″′ = 1.8, J6″′,3″′ = 

0.9, H-6'''); 13C NMR (150.9 MHz, CD3OD): 9.15 (CH3CH2N); 19.74, 19.87 (C5-C≡C-

CH2CH2CH2CH2-C≡C-C5''); 28.93, 29.05 (C5-C≡C-CH2CH2CH2CH2-C≡C-C5''); 41.26 

(CH2-2'); 47.71 (C

C≡C); 78.62 (C5''-C≡C); 84.68 (CH-1'); 87.50 (d, JC,P = 8.5, CH-4'); 94.95 (C5-C≡C); 

95.83 (C5''-C≡C); 98.

(C-5''); 125.37 (CH-5'''); 127.15 (CH-6); 138.73 (CH-4'''); 140.82 (CH-4''); 149.71 (C-

7a); 150.27 (CH-2); 151.32 (CH-6''); 152.59 (CH-6'''); 155.24 (C-2''); 156.52 (C-4); 

157.65 (C-2'''); 31P{1H} NMR (202.3 MHz, CD3OD): 2.30; MS (ES-): found m/z: 587.4 

(M), 588.4 (M+H), 589.4 (M+2H); HRMS (ES-): m/z calcd for C29H28O6N6P: 

587.18134; found: 587.18105. 

 

O

OH

NH2

OPHO
O

O-

N

N
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5-[8''''-(2'',2'''-bipyridin-5''-yl)-octa-1'''',7''''-diyn-1''''-yl)-2'-deoxycytidine 

'-O-monophosphate (dCObpyMP, 24a) 

as prepared 

 to the general procedure 

ene

ld

c) This compound was prepared 

Mixture DMF/H2O (4:1) (2 ml

argon-purged flask containing dCO

and CuI (10 mol%). In a separate f

O (1:

H

″′ = 0.8, H-6'''); 13C NMR (150.9 MHz, CD3OD): 9.17 

H3CH2N); 19.71 (C5-C≡C-CH2CH2CH2CH2-C≡C-C5''); 19.89 (C5-C≡C-

N

O

OH

O

5

a) This compound w

according

VII from dCIMP (10) and a building 

block 19a in the yield of 11% (4.6 

mg) 

b) This compound was prepared 

according to the g ral procedure 

 of 48% (33.0 mg). VIII from dCObpy (22a) in the yie

by Sohogashira cross-coupling from dCOMP (25). 

) and Et(i-Pr)2N (10 equiv.) were added to an 

MP (25) (30 mg), bipyridyl bromid 17a (1.5 equiv.) 

lask, Pd(OAc)  (5 mol%) and TPPTS (5 equiv. to Pd) 

were combined, evacuated and purged with argon followed by addition of DMF/H O 

(4:1) (0.5 ml). The mixture of catalyst was then injected into the reaction mixture and 

the reaction mixture was stired at 80 °C for 1.5 h. The solvent was evaporated in vacuo. 

Products were purified by semi-preparative HPLC on C18 column using linear gradient 

of 0.1M TEAB in H O to 0.1M TEAB in H /MeOH 1) as an eluent. Several 

co-distillations with water followed by freeze-drying from water gave the products as 

brownish or greenish powder in the yield lower than 1%. 

2

2

2 2

1H NMR (600.1 MHz, CD OD): 1.30 (t, 9H, J  = 7.3, C CH N); 1.80 (m, 4H, C5-

C≡C-CH CH CH CH -C≡C-C5''); 2.16 (ddd, 1H, J  = 13.6, J  = 7.9, J  = 6.1, 

H-2'b); 2.36 (ddd, 1H, J  = 13.6, J  = 5.8, J  = 2.8, H-2'a); 2.54 (t, 2H, J  = 6.8, 

C5-C≡C-CH CH CH CH -C≡C-C5''); 2.56 (t, 2H, J  = 6.7, C5-C≡C-

CH CH CH CH -C≡C-C5''); 3.19 (q, 6H, J  = 7.3, CH CH N); 4.00-4.10 (m, 3H, H-

4',5'); 4.47 (dt, 1H, J  = 6.1, 2.8, J  = 2.8, H-3'); 6.24 (dd, 1H, J  = 7.8, 5.7, H-1'); 

7.43 (ddd, 1H, J  = 7.5, J  = 4.8, J  = 1.2, H-5'''); 7.89 (dd, 1H, J  = 8.2, 

J  = 2.1, H-4''); 7.94 (ddd, 1H, J  = 8.0, J  = 7.5, J  = 1.8, H-4'''); 8.07 (s, 

1H, H-6); 8.28 (dd, 1H, J  = 8.2, J  = 0.9, H-3''); 8.34 (ddd, 1H, J  = 8.0, J  

= 1.2, J  = 0.8, H-3'''); 8.63 (dd, 1H, J  = 2.1, J  = 0.9, H-6''); 8.64 (ddd, 1H, 

J  = 4.8, J  = 1.8, J

3 vic 3 2

2 2 2 2 gem 2′b,1′ 2′b,3′

gem 2′a,1′ 2′a,3′ vic

2 2 2 2 vic

2 2 2 2 vic 3 2

3′,2′ 3′,4′ 1′,2′

5″′,4″′ 5″′,6″′ 5″′,3″′ 4″,3″

4″,6″ 4″′,3″′ 4″′,5″′ 4″′,6″′

3″,4″ 3″,6″ 3″′,4″′ 3″′,5″′

3″′,6″′ 6″,4″ 6″,3″

6″′,5″′ 6″′,4″′ 6″′,3

(C

N

NH2

O

PHO
O

O-

N
N
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CH2CH2CH2CH2-C≡C-C5''); 28.81, 28.95 (C5-C≡C-CH2CH2CH2CH2-C≡C-C5''); 41.66 

(CH2-2'); 47.74 (CH3CH2N); 65.87 (d, JC,P = 5.0, CH2-5'); 71.97 (C5-C≡C); 72.64 (CH-

J

(C5''-C≡C); 97.62 (C5-C≡C); 121.76 (CH-3''); 12

(CH-5'''); 138.78 (CH-4'''); 140.84 (CH-4''); 144

(CH-6'''); 155.21 (C-2''); 156.25 (C-2); 156.53 (

(202.3 MHz, CD3OD): 2.28; MS (ES-): found m 64.4 (M), 565.4 (M+H), 566.4 

(M+2H); HRMS (ES-): m/z calcd for C27H27O7N5P

  

''': 2'-

CH3CH2N); 1.85 (m, 4H, C5-

C

2

2

C,P = 8.6, CH-4'); 93.83 (C-5); 96.00 

2.70 (CH-3'''); 122.80 (C-5'');  125.39 

.78 (CH-6); 150.26 (CH-6''); 152.60 

C-2'''); 166.22 (C-4); P{ H} NMR 

/z: 5

31 1

3'); 78.51 (C5''-C≡C); 87.82 (CH-1'); 87.89 (d, 

: 564.16536; found: 564.16519. 

5-[8'''''-(2'',2' 6'',2'''-terpyridin-4''-yl)octa-1''''',7'''''-diyn-1'''''-yl]-

deoxycytidine 5'-O-monophosphate (dCOtpyMP, 24b) 

a) This compound was prepared 

according to the general procedure 

VII from dCIMP (10) and a building 

block 19b in the yield of 11% (5.1 

mg) 

b) This compound was prepared 

according to the general procedure 

VIII from dCOtpy (22b) in the yield 

of 12% (7.9 mg). 
1H NMR (600.1 MHz, CD3OD): 1.30 (t, 9H, Jvic = 7.3, 

N

O

OH

O

N

NH2

O

PHO
O

O-

N
N

N

≡C-CH2CH2CH2CH2-C≡C-C4''); 2.15 (ddd, 1H, Jgem = 13.6, J2′b,1′ = 7.8, J2′b,3′ = 6.0, 

H-2'b); 2.34 (ddd, 1H, Jgem = 13.6, J2′a,1′ = 5.7, J2′a,3′ = 2.8, H-2'a); 2.57 (m, 2H, C5-

C≡C-CH2CH2CH2CH2-C≡C-C4''); 2.61 (m, 2H, C5-C≡C-CH2CH2CH2CH2-C≡C-C4''); 

3.19 (q, 6H, Jvic = 7.3, CH3CH2N); 4.00-4.10 (m, 3H, H-4',5'); 4.46 (dt, 1H, J3′,2′ = 6.0, 

2.8, J3′,4′ = 2.8, H-3'); 6.22 (dd, 1H, J1′,2′ = 7.8, 5.7, H-1'); 7.47 (ddd, 2H, J5′′′,4′′′ = 7.5, 

J5′′′,6′′′ = 4.8, J5′′′,3′′′ = 1.2, H-5'''); 7.985 (ddd, 2H, J4′′′,3′′′ = 7.9, J4′′′,5′′′ = 7.5, J4′′′,6′′′ = 1.8, 

H-4'''); 8.07 (s, 1H, H-6); 8.30 (s, 2H, H-3'',5''); 8.59 (ddd, 2H, J3′′′,4′′′ = 7.9, J3′′′,5′′′ = 1.2, 

J3′′′,6′′′ = 0.9, H-3'''); 8.67 (ddd, 2H, J6′′′,5′′′ = 4.8, J6′′′,4′′′ = 1.8, J6′′′,3′′′ = 0.9, H-6'''); 13C 

NMR (150.9 MHz, CD3OD): 9.17 (CH3CH2N); 19.69 (C5-C≡C-CH2CH CH2CH2-C≡C-

C4''); 19.90 (C5-C≡C-CH2CH2CH2CH -C≡C-C4''); 28.78, 28.82 (C5-C≡C-

CH2CH2CH2CH2-C≡C-C4''); 41.66 (CH2-2'); 47.77 (CH3CH2N); 65.85 (d, JC,P = 5.1, 

CH2-5'); 72.02 (C5-C≡C); 72.63 (CH-3'); 80.01 (C4''-C≡C); 87.83 (CH-1'); 87.89 (d, 
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JC,P = 8.6, CH-4'); 93.85 (C-5); 96.83 (C4''-C≡C); 97.64 (C5-C≡C); 122.81 (CH-3'''); 

123.94 (CH-3'',5''); 125.65 (CH-5'''); 135.63 (C-4''); 138.86 (CH-4'''); 144.80 (CH-6); 

150.19 (CH-6'''); 156.18 (C-2); 156.63 (C-2'',6''); 156.79 (C-2'''); 166.17 (C-4); 31P{1H} 

NMR (202.3 MHz, CD3OD): 2.29; MS (ES-): found m/z: 641.2 (M), 462.2 (M+H), 

443.2 (M+2H); HRMS (ES-): m/z calcd for C32H30O7N6P: 641.19191; found: 

641.19178. 

 

 

5-(octa-1'',7''-diyn-1''-yl)-2'-deoxycytidine 5'-O-monophosphate (dCOMP, 25) 

and Et3N 

, 10 equiv.) were added to an 

e

(60 mg, 0.

0.38 mmol, 

12.58 μmol, 10 mol%). In a separate flask, Pd(OA

TPPTS (17.8 mg, 31.45 μmol, 5 equiv. to Pd) were combined, evacuated and purged 

with argon followed by addition of CH3CN/H2O 

was then injected into the reaction mixture and the

for 1.5 h. The solvent was evaporated in 

PLC on C18 column using linear gradient of 0.1M TEAB in H2O to 

1

3′ = 6.0, H-2' ); 2.

, C 2CH J

CH); 3.20 (q, 6H, 

5′b,4′ b); 4.08 (m

N

O

OH

O

Mixture CH3CN/H2O (2:1) (4 ml) 

(0.2 ml, 1.3 mmolN

NH2

argon-purg d flask containing dCIMP (10) 

12 mmol), 1,7-octadiyne (50 μl, 

3 equiv.) and CuI (2.4 mg, 

c)2 (1.4 mg, 6.29 μmol, 5 mol%) and 

(2:1) (1 ml). The mixture of catalyst 

 reaction mixture was stired at 80 °C 

vacuo. Products were purified by 

semi-preparative H

0.1M TEAB in H2O/MeOH (1:1) as an eluent. Several co-distillations with water 

followed by freeze-drying from water, gave the products as brownish or greenish 

powder in the yield of 49% (31.4 mg). 

H NMR (499.8 MHz, CD3OD): 1.31 (t, 9H, Jvic = 7.3, CH3CH2N); 1.65 (m, 2H, C5-

C≡C-CH2CH2CH2CH2-C≡CH); 1.73 (m, 2H, C5-C≡C-CH2CH2CH2CH2-C≡CH); 2.16 

(ddd, 1H, Jgem = 13.6, J2′b,1′ = 7.9, J2′b, b); 2.22 (m, 1H, HC≡C 24 (m, 

2H 5-C≡C-CH 2CH2CH2-C≡CH); 2.36 (ddd, 1H, Jgem = 13.6, J2′a,1′ = 5.7, 2′a,3′ = 

2.7, H-2'a); 2.48 (t, 2H, Jvic = 7.0, C5-C≡C-CH2CH2CH2CH2-C≡ Jvic = 

7.3, CH3CH2N); 4.03 (dt, 1H, Jgem = 11.9, JH,P = J  = 5.0, H-5' , 2H, H-

4',5'a); 4.47 (dt, 1H, J3′,2′ = 6.6, 2.7, J3′,4′ = 2.7, H-3'); 6.25 (dd, 1H, J1′,2′ = 7.9, 5.7, H-

1'); 8.05 (s, 1H, H-6); 13C NMR (125.7 MHz, CD3OD): 9.09 (CH3CH2N); 18.57 (C5-

C≡C-CH2CH2CH2CH2-C≡CH); 19.81 (C5-C≡C-CH2CH2CH2CH2-C≡CH); 28.59 (C5-

C≡C-CH2CH2CH2CH2-C≡CH); 28.95 (C5-C≡C-CH2CH2CH2CH2-C≡CH); 41.64 (CH2-

OO
PHO
O-
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2′); 47.74 (CH3CH2N); 65.88 (d, JC,P = 5.1, CH2-5′); 69.79 (HC≡C);  71.82 (C5-C≡C); 

72.66 (CH-3'); 84.76 (C≡CH); 87.84 (CH-1'); 87.88 (d, JC,P = 8.7, CH-4'); 93.84 (C-5); 

97.66 (C5-C≡C); 144.74 (CH-6); 156.17 (C-2); 166.17 (C-4); 31P{1H} NMR (202.3 

MHz, CD3OD): 2.28; MS (ES-): found m/z: 410.2 (M), 411.2 (M+H), 412.2 (M+2H); 

HRMS (ES-): m/z calcd for C17H21O P

eneral procedure IX: Phosphorylation of modified nucleosides – Synthesis of 

odified dNORTPs 

ning 

2

the addition of POCl3 (1.5 equiv.) and

solution of (NHBu3)2H2P2O7 (5 equiv

(4.5 equiv.) was prepared in separate f

solution was added to the reaction m

ObpyTP, 26a). 

7N3 : 410.11226; found: 410.11231. 

 

G

m

Dry trimethyl phosphate (1 ml) was added to an argon-purged flask contai

nucleoside analogue dNOR (21a-b or 2a-b, 50 mg), cooled to 0 °C on ice followed by 

 the rection mixture was stirred at 0 °C for 1 h. A 

., 1 ml) in dry DMF with an addition of Bu3N 

lask and cooled down to 0 °C. Like this prepared 

ixture and stirred for 1.5 h and quenched by 2M 

TEAB buffer (2 ml). The product was isolated on DEAE Sephadex column (150 ml) 

eluting with a gradient 0 to 1.2M TEAB, evaporated, co-distilled with water (3 times) 

and re-purified by semi-preparative HPLC on C18 column using linear gradient of 0.1M 

TEAB in H2O to 0.1M TEAB in H2O/MeOH (1:1) as an eluent. Several co-distillations 

with water followed by freeze-drying from water, gave the products as brownish 

powder. 

 

7-[8''''-(2'',2'''-bipyridin-5''-yl)octa-1'''',7''''-diyn-1''''-yl)-7-deaza-2'-

deoxadenosine 5'-O-triphosphate (dA

This compound was prepared according to 

the general procedure IX from dAObpy (21a) 

in the yield of 35% (36.2 mg). 
1H NMR (600.1 MHz, CD3OD): 1.29 (t, 

27H, Jvic = 7.3, CH3CH2N); 1.81 (m, 4H, 

C5-C≡C-CH2CH2CH2CH2-C≡C-C5''); 2.32 

(ddd, 1H, Jgem = 13.5, J2′b,1′ = 6.1, J2′b,3′ = 

3.1, H-2'b); 2.54 (ddd, 1H, Jgem = 13.5, 

J2′a,1′ = 7.8, J2′a,3′ = 6.0, H-2'a); 2.26 (t, 2H, 

Jvic = 6.6, C5-C≡C-CH2CH2CH2CH2-C≡C-

N

N N
O

OH

NH2

OPOPOPHO
O

O-

O

O-

O

O-

N

N
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C5''); 2.28 (t, 2H, Jvic = 6.6, C5-C≡C-CH2CH2CH2CH2-C≡C-C5''); 3.17 (q, 18H, Jvic = 

7.3, CH3CH2N); 4.12 (tdd, 1H, J4′,5′ = 4.4, J4′,3′ = 3.1, JH,P = 1.0, H-4'); 4.21 (ddd, 1H, 

Jgem = 11.2, JH,P = 5.4, J5′b,4′ = 4.4, H-5'b); 4.26 (ddd, 1H, Jgem = 11.2, JH,P = 6.8, J5′a,4′ = 

4.4, H-5'a); 4.65 (dt, 1H, J3′,2′ = 6.0, 3.1, J3′,4′ = 3.1, H-3'); 6.61 (dd, 1H, J1′,2′ = 7.8, 6.1, 

H-1'); 7.41 (ddd, 1H, J5″′,4″′ = 7.5, J5″′,6″′ = 4.8, J5″′,3″′ = 1.2, H-5'''); 7.68 (s, 1H, H-6); 

.88 (dd, 1H, J4″,3″ = 8.2, J4″,6″ = 2.1, H-4''); 7.92 (ddd, 1H, J4″′,3″′ = 8.0, J4″′,5″′ = 7.5, 

,4″′ , J3″′,5″′ = 1.2, J3″′,6″′ = 0.9, H-3'''); 8.62 (dd, 1H, J6″,4″ = 2.1, J6″,3″ = 

H

2-1); HRMS (ES): m/z calcd for C29H30O12N6P3: 747.11400; found: 

47.11335. 

7-[8'''''-(2'',2'''':6'',2'''-terpyridin-4''-yl)o
py

This compound was prepared according to 

in the yield of 14% (13.2 mg). 
1H NMR (600.1 MHz, CD3OD): 1.29 (t, 27 , C5-

C≡C-CH2CH2CH2CH2-C≡C-C4''); 2.30 (dd

H-2'b); 2.46 (ddd, 1H, Jgem = 13.3, J2′a,1′ = 8

C5-C≡C-CH2CH2CH2CH2-C≡C-C4''); 2.6

CH2CH2CH2CH2-C≡C-C4''); 3.18 (q, 18H, 

4.26 (m, 2H, H-5'); 4.60 (dt, 1H, J3′,2′ = 5.7

8.0, 5.8, H-1'); 7.42 (ddd, 2H, J5′′′,4′′′ = 7.3, J

7

J4″′,6″′ = 1.8, H-4'''); 8.20 (s, 1H, H-2); 8.26 (dd, 1H, J3″,4″ = 8.3, J3″,6″ = 0.8, H-3''); 8.32 

(ddd, 1H, J3″′  = 8.0

0.8, H-6''); 8.63 (ddd, 1H, J6″′,5″′ = 4.8, J6″′,4″′ = 1.8, J6″′,3″′ = 0.9, H-6'''); 13C NMR (150.9 

MHz, CD3OD): 9.09 (C 3CH2N); 19.75 (C5-C≡C-CH2CH2CH2CH2-C≡C-C5''); 19.96 

(C5-C≡C-CH2CH2CH2CH2-C≡C-C5''); 28.98 (C5-C≡C-CH2CH2CH2CH2-C≡C-C5''); 

41.31 (CH2-2'); 47.32 (CH3CH2N); 66.97 (d, JC,P = 5.7, CH2-5'); 72.63 (CH-3'); 73.57 

(C5-C≡C); 78.59 (C5''-C≡C); 84.68 (CH-1'); 87.46 (d, JC,P = 8.8, CH-4'); 94.37 (C5-

C≡C); 95.93 (C5''-C≡C); 99.27 (C-5); 103.48 (C-4a); 121.72 (CH-3''); 122.66 (CH-3'''); 

122.73 (C-5''); 125.35 (CH-5'''); 127.47 (CH-6); 138.68 (CH-4'''); 140.82 (CH-4''); 

149.21 (C-7a); 149.49 (CH-2); 150.30 (CH-6''); 152.61 (CH-6'''); 155.28 (C-2''); 156.00 

(C-4); 156.56 (C-2'''); 31P{1H} NMR (202.3 MHz, CD3OD): -22.23 (t, J = 20.7, Pβ); 

-9.70 (d, J = 20.7, Pα); -8.91 (d, J = 20.7, Pγ); MS (ES-): found m/z: 747.3 (M-1), 667.3 

(M-PO3H

7

 

cta-1''''',7'''''-diyn-l'''''-yl]-7-deaza-2'-

TP, 26b). deoxyadenosine 5'-O-triphosphate (dAOt

the general procedure IX from dAOtpy (21b) 

H, Jvic = 7.3, CH3CH2N); 1.84 (m, 4H

d, 1H, Jgem = 13.3, J2′b,1′ = 5.8, J2′b,3′ = 2.9, 

.0, J2′a,3′ = 5.7, H-2'a); 2.58 (t, 2H, Jvic = 6.8, 

1 (t, 2H, Jvic = 6.8, C5-C≡C-

Jvic = 7.3, CH3CH2N); 4.14 (m, 1H, H-4'); 

, 2.9, J3′,4′ = 2.9, H-3'); 6.57 (dd, 1H, J1′,2′ = 

5′′′,6′′′ = 4.8, J5′′′,3′′′ = 0.6, H-5'''); 7.69 (s, 1H, 
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H-6); 7.92 (ddd, 2H, J4′′′,3′′′ = 7.9, 

J4′′′,5′′′ = 7.3, J4′′′,6′′′ = 1.6, H-4'''); 8.26 

(s, 3H, H-2, H-3'',5''); 8.52 (bd, 2H, 

J3′′′,4′′′ = 7.9, H-3'''); 8.62 (bd, 2H, 

J6′′′,5′′′ = 4.8, H-6'''); 13C NMR (150.9 

MHz, CD3OD): 9.12 (CH3CH2N); 

19.75 (C5-C≡C-CH2CH2CH2CH2-

C≡C-C4''); 20.12 (C5-C≡C-

CH2CH2CH2CH2-C≡C-C4''); 28.87, 

28.93 (C5-C≡C-CH2CH2CH2CH2-C≡C-C4''); 41.85 (CH2-2'); 47.44 (CH3CH2N); 66.87 

(d, JC,P = 5.5, CH2-5'); 72.56 (CH-3'); 72.74 (C5-C≡C); 80.10 (C4''-C≡C); 84.92 (CH-

1'); 87.62 (d, JC,P = 8.5, CH-4'); 95.16 (C5-C≡C); 96.79 (C4''-C≡C); 99.97 (C-5); 

102.80 (C-4a); 122.69 (CH-3'''); 123.95 (CH-3'',5''); 125.55 (CH-5'''); 128.22 (CH-6); 

135.51 (C-4''); 138.70 (CH-4'''); 146.66 (CH-2); 148.17 (C-7a); 150.16 (CH-6'''); 153.75 

(C-4); 156.56 (C-2'',6''); 156.70 (C-2'''); 31P{1H} NMR (202.3 MHz, CD3OD): -21.99 

(bdd, J = 20.7, 19.3, Pβ); -9.56 (d, J = 20.7, Pα); -8.71 (d, J = 19.3, Pγ); MS (ES-): found 

m/z: 824.2 (M-1), 744.3 (M-PO3H2-1); HRMS (ES): m/z calcd for C34H33O12N7P3: 

824.14055; found: 824.13982. 

 

5-[8''''-(2'',2'''-bipyridin-5''-yl)-octa-1'''',7''''-diyn-1'''
Obpy

N

N N
O

OH

O

'-yl)-2'-deoxycytidine 

'-O-triphosphate (dC TP, 27a) 

as 

prepared according to the 

dC (22a) in the yield of 

M .1 

≡

J J

CH

2CH ); 3.19 (q, 18H, 

4.08 (ddd, 1H, J4′,5′ = 4.8, 3.8, J4′,3′ = 3.6, H-4'); 4.20 (ddd, 1H, Jgem = 11.1, JH,P = 5.3, 

5

This compound w

general procedure IX from 
Obpy 

39% (41.2 mg). 
1H N R (600 MHz, 

CD3OD): 1.30 (t, 27H, Jvic 

= 7.3, CH3CH2N); 1.80 (m, 4H, C5-C≡C-CH2CH2CH2CH2-C C-C5''); 2.18 (ddd, 1H, 

Jgem = 13.7, 2′b,1′ = 7.3, J2′b,3′ = 6.6, H-2'b); 2.34 (ddd, 1H, gem = 13.7, J2′a,1′ = 6.0, J2′a,3′ 

= 3.6, H-2'a); 2.55 (t, 2H, Jvic = 6.8, C5-C≡C-CH2 2CH2CH2-C≡C-C5''); 2.57 (t, 2H, 

Jvic = 6.7, C5-C≡C-CH2CH2CH 2-C≡C-C5'' Jvic = 7.3, CH3CH2N); 

NH2

POPOPHO
O

O-

O

O-

O

O-

N

N
N

N

O

OH

O

N

NH2

O

POPOPHO
O

O-

O

O-

O

O-

N
N
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J5′b,4′ = 4.8, H-5'b); 4.28 (ddd, 1H, Jgem = 11.1, J

1H, J3′,2′ = 6.6, 3.6, J3′,4′ = 3.6, H-3'); 6.23 (dd, 1H

J5″′,4″′ = 7.4, J5″′,6″′ = 4.8, J5″′,3″′ = 1.0, H-5'''); 7.90

7.95 (ddd, 1H, J4″′,3″′ = 7.9, J4″′,5″′ = 7.4, J4″′,6″′ = 

1H, J3″,4″ = 8.2, H-3''); 8.35 (d, 1H, J3″′,4″′ = 7.9, 

8.65 (d, 1H, J6″′,5″′ = 4.8, H-6'''); 13C NMR (15

19.73 (C5-C≡C-CH2CH2CH2CH2-C≡C-C5''); 19

C5''); 28.81, 28.98 (C5-C≡C-CH2CH2CH2CH

(CH3CH2N); 66.60 (d, JC,P = 5.7, CH2-5'); 71.71 

idin-4''-yl)octa-1''''',7'''''-diyn-1''''' yl]-2'-

eoxycytidine 5'-O-triphosphate (dCOtpyTP, 27b) 

was 

g the 

 IX from 

); 1.85 (m, 

2 2 2 2 Jg

N

O

OH

O

H,P = 6.9, J5′a,4′ = 3.8, H-5'a); 4.55 (dt, 

, J1′,2′ = 7.3, 6.0, H-1'); 7.44 (ddd, 1H, 

 (dd, 1H, J4″,3″ = 8.2, J4″,6″ = 2.1, H-4''); 

1.7, H-4'''); 8.04 (s, 1H, H-6); 8.29 (d, 

H-3'''); 8.63 (d, 1H, J6″,4″ = 2.1, H-6''); 

0.9 MHz, CD3OD): 9.09 (CH3CH2N); 

.94 (C5-C≡C-CH2CH2CH2CH2-C≡C-

2-C≡C-C5''); 41.23 (CH2-2'); 47.33 

(C5-C≡C); 71.93 (CH-3');  78.49 (C5''-

C≡C); 87.51 (CH-1'); 87.60 (d, JC,P = 8.8, CH-4'); 93.81 (C-5); 96.10 (C5''-C≡C); 97.95 

(C5-C≡C); 121.79 (CH-3''); 122.72 (CH-3'''); 122.84 (C-5''); 125.42 (CH-5'''); 138.86 

(CH-4'''); 140.87 (CH-4''); 144.82 (CH-6); 150.21 (CH-6''); 152.61 (CH-6'''); 155.11 (C-

2''); 155.52 (C-2); 156.46 (C-2'''); 165.70 (C-4); 31P{1H} NMR (162.0 MHz, CD3OD): 

-22.52 (t, J = 21, Pβ); -9.97 (d, J = 21, Pα); -9.21 (d, J = 21.0, Pγ); MS (ES-): found m/z: 

724.1 (M-1), 644.1 (M-PO3H2-1); HRMS (ES): m/z calcd for C27H29O13N5P3: 

724.09802; found: 724.09741. 

 

5-[8'''''-(2'',2'''':6'',2'''-terpyr

d

This compound 

prepared accordin

general procedure

dCOtpy (22b) in the yield of 

31% (30.0 mg). 
1H NMR (600.1 MHz, 

CD3OD): 1.30 (t, 27H, Jvic 

= 7.3, CH3CH2N

4H, C5-C≡C-CH CH CH CH -C≡C-C4''); 2.16 (ddd, 1H, em = 13.6, J2′b,1′ = 7.3, J2′b,3′ 

= 6.6, H-2'b); 2.33 (ddd, 1H, Jgem = 13.6, J2′a,1′ = 5.9, J2′a,3′ = 3.5, H-2'a); 2.57 (t, 2H, Jvic 

= 6.8, C5-C≡C-CH2CH2CH2CH2-C≡C-C4''); 2.61 (t, 2H, Jvic = 6.8, C5-C≡C-

CH2CH2CH2CH2-C≡C-C4''); 3.18 (q, 18H, Jvic = 7.3, CH3CH2N); 4.07 (ddd, 1H, J4′,5′ = 

4.4, 4.0, J4′,3′ = 3.5, H-4'); 4.19 (ddd, 1H, Jgem = 11.2, JH,P = 5.5, J5′b,4′ = 4.4, H-5'b); 4.27 

(ddd, 1H, Jgem = 11.2, JH,P = 7.2, J5′a,4′ = 4.0, H-5'a); 4.54 (dt, 1H, J3′,2′ = 6.6, 3.5, J3′,4′ = 

N

NH2

O

POPOPHO
O

O-

O

O-

O

O-

N

N

N
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3.5, H-3'); 6.20 (dd, 1H, J1′,2′ = 7.3, 5.9, H-1'); 7.47 (bdd, 2H, J5′′′,4′′′ = 7.0, J5′′′,6′′′ = 4.7, 

H-5'''); 7.98 (ddd, 2H, J4′′′,3′′′ = 8.0, J4′′′,5′′′ = 7.0, J4′′′,6′′′ = 1.6, H-4'''); 8.02 (s, 1H, H-6); 

8.31 (s, 2H, H-3'',5''); 8.59 (bd, 2H, J3′′′,4′′′ = 8.0, H-3'''); 8.68 (bd, 2H, J6′′′,5′′′ = 4.7, H-

6'''); C NMR (150.9 MHz, CD13
3OD): 9.10 (CH3CH2N); 19.71 (C5-C≡C-

CH2CH2CH2CH2-C≡C-C4''); 19.95 (C5-C≡C-CH2CH2CH2CH2-C≡C-C4''); 28.79, 28.85 

(C5-C≡C-CH2CH2CH2CH2-C≡C-C4''); 41.23 (CH2-2'); 47.36 (CH3CH2N); 66.63 (d, 

JC,P = 5.7, CH2-5'); 71.89 (C5-C≡C); 71.94 (CH-3'); 80.01 (C4''-C≡C); 87.54 (CH-1'); 

87.60 (d, JC,P = 8.9, CH-4'); 93.83 (C-5); 96.90 (C4''-C≡C); 97.89 (C5-C≡C); 122.78 

(CH-3'''); 123.94 (CH-3'',5''); 125.65 (CH-5'''); 135.62 (C-4''); 138.85 (CH-4'''); 144.78 

(CH-6); 150.20 (CH-6'''); 155.76 (C-2); 156.60 (C-2'',6''); 156.79 (C-2'''); 165.87 (C-4); 

P{ H} NMR (202.3 MHz, CD31 1
3OD): -22.48 (bdd, J = 21.2, 20.6, Pβ); -10.02 (d, J = 

21.2, Pα); -9.21 (d, J = 20.6, Pγ); MS (ES ): found m/z: 801.1 (M-1), 721.1 (M-PO-
3H2-

1); HRMS (ES): m/z calcd for C32H32O13N6P3: 801.12457; found: 801.12398. 

 

6.2.2 Synthesis and analysis of PEX products 

 
Synthetic ONs were purchased from Sigma Aldrich (USA). Primer: 5'-CAT GGG CGG 

 CAT GCC 

C  GCC CAT G-3' (tempC), 5'-CCC 

C

GCC CAT GCC GCC CAT G-3' (tempC1) (segments formin

in italics, the replicated segments are in bold). Templates u

the DBstv magnetoseparation procedure were biotinylated a ir 5

magnetic beads MagPrep P-25 Streptavidine Particles were obtained from Novagen 

(EMD Chemicals, USA), Pwo DNA polymerase from PeqL

II DNA polymerase from Finnzymes (Finland), KOD X

Novagen (EMD Chemicals, USA), Deep Vent DNA p

CAT GGG-3' (primrnd); templates: 5'-CTA GCA TGA GCT CAG TCC

GCC CAT G-3'(temprnd16), 5'-CCC GC  CAT GCC

 GCC CAT G-3' (tempA1), 

g duplex with the primer are 

sed in experiment involving 

t the ' ends. Streptavidine 

TCC CAT GCC GCC CAT G-3' (tempA), TCC CAT GC

ab (Germany), DyNAzyme 

L DNA polymerase from 

olymerase as well as T4 

polynukleotide kinase and natural nucleoside triphosphates (dATP, dCTP, dGTP and 

dCTP) from New England Biolabs (Great Britain) and γ-32P-ATP from Izotop, Institute 

of isotopes Co, Ltd. (Hungary) 
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Primer extension experiment 

The reaction mixture (20 μl) contained DNA polymerase: Pwo (0.1 U/μl, 2 μl), 

DyNAzyme II (0.2 U/μl, 1 μl), KOD XL (0.25 U/μl, 0.8 μl), Deep Vent (0.2 U/μl, 1 μl), 

dNTPs (either natural or modified, 4m  1 μl), M,  5'-

Primer extension for kinetics study 

b

enaturating Polyacrylamide Gel Electrophoresis 

The d with loading buffer (40 μl, 

80% [w/v] formamide, 20mM EDTA, 0.025% [w/v] bromphenole blue, 0.025% [w/v] 

32P-prelabelled primer at end (3μM, 

1 μl) and template (3μM, 1.5 μl) in 2 μl of corresponding buffer supplied by 

manufacturer. Reaction mixture was incubated for 30 min at 60 °C.  

For magnetoseparation unlabelled primers and biotinylated templates were used. 

 

The reaction mixture (20 μl) contained DNA polymerase: Pwo (0.1 U/μl, 2 μl), 

dATP/dAORTP 26a-b or dCTP/dCORTP 27a-b (4mM, 1 μl), 32P-prelabelled primer at 

5'-end (3μM, 1 μl) and template tempA1 or tempC1 (3μM, 1.5 μl) in 2 μl of corresponding 

uffer suplied by manufacturer. Reaction mixture was incubated at 60 °C for required 

time. 

 

D

 products of the primer extension reaction were mixe

xylene cyanol), heated 5 min at 95 °C and subjected to gel electrophoresis in 12.5% 

denaturating polyacrylamide gel containing 1xTBE buffer (pH 8) and 7% urea at 60 W 

for ~ 60 min. Gel was dried and visualized by phosphoimager. 

 

6.2.3 Complexation studies 

 
Complexation of dNRs 

Complexes of modified nucleoside dNORs (21a-b or 22a-b) with diverse transition 

metals were prepared by mixing of 100 μl of methanolic solution of corresponding 

nucleosides (100 μM) with 100 μl of methanolic solution of divalent metal ions M2+ 

(50μM, Cu(BF4)2·6H2O, Ni(BF4)2·6H2O, Zn(BF4)2·H2O, Fe(BF4)2·6H2O) at room 

temperature for 10 minutes. 
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Complexation of ONs for recording UV-spectra 

0 min. at 60 °C. 

50 μl 

ortions of each sample were applied on the top of the column. After collecting all the 

o number of modification (0.24 μl, 10mM) was 

e stranded ONs were prepared by PEX-experiment. The reaction mixture (20 μl) 

ontained DNA polymerase: Pwo (0.1 U/μl, 2 μl) or DyNAzyme II (0.2 U/μl, 1 μl), 

elabelled primer at 5'-end primer 

he products of the primer extension reaction were mixed with loading buffer (4 μl, 

40% [w/v] saccharose, 0.2% [w/v] bromphenol blue, 0.2% [w/v] xylene cyanol) 

sub t  non-denaturating polyacrylamide gel containing 

 at 600 V for ~ 3 h at room temperature. Gel was dried and 

zyme II (2 U/μl, 5 μl), dNTPs (either natural or modified, 

mM, 10 μl), unlabeled primer primrnd (10 μM, 40 μl, 5'-CAT GGG CGG CAT GGG-

3') and biotinylated template tempA-bio (10μM, 40 μl, 5'-CCC TCC CAT GCC GCC 

CAT G-3'), tempC-bio (10μM, 40 μl, 5'-CCC GCC CAT GCC GCC CAT G-3') or 

Double stranded DNAs were prepared by PEX-experiment on larger scale. The reaction 

mixture (100 μl) contained Deep Vent polymerase (2 U/μl, 7.5 μl) or DyNazyme II 

polymerase (2 U/μl, 7.5 μl), dNTPs (either natural or modified, 4mM, 15 μl), unlabeled 

primer (100μM, 6 μl), and temprnd16 (100μM, 6 μl) in 10 μl of corresponding buffer 

supplied by manufacturer. Reaction mixture was incubated for 3

PEX-products were purified by NucAway Spin Columns (Ambion), where 

p

portions, 1 equiv. of Fe(BF4)2·6H2O t

added to the corresponding sample and the solution was mixed overnight (25 °C, 

550 rpm). 

 

Complexation of ON for gel electrophoresis 

Doubl

c

dNTP (either natural or modified, 4mM, 1 μl), 32P-pr

(3μM, 1 μl), and temp (3μM, 1.5 μl) in 2 μl of corresponding buffer supplied by 

manufacturer. Reaction mixture was incubated for 30 min at 60 °C. After addition of 

1 μl of Fe(BF4)2·6H2O (4mM), the solution was mixed overnight (25 °C, 550 rpm). 

 

Non-denaturating SB Polyacrylamide Gel Electrophoresis 

T

jected o gel electrophoresis in 8%

1xSB buffer (pH 8) and

visualized by phosphoimager. 

 

 
MALDI-TOF experiment (ssDNA) 

The reaction mixture (200 μl) contained DNA polymerase: Pwo (1 U/μl, 10 μl), Deep 

Vent (2 U/μl, 5μl) or DyNA

4
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temprnd16-bio (10μM, 40 μl, 5'-CTA GCA TGA GCT CAG TCC CAT GCC GCC CAT 

al error (ca 0.1%) of the low resolution machine also considering the very 

all amounts of DNA produced by PEX. 

GG 

AT GGG-3' (primrnd); templates: 5'-CTA GCA TGA GCT CAG TCC CAT GCC 

 primer are in italics, the 

omplexation of ON for gel electrophoresis 

by PE -experiment. The reaction mixture (20 μl) 

G-3') in 20 μl of corresponding buffer suplied by manufacturer. Reaction mixture was 

incubated for 30 min at 60 °C. The separation on magnetic beads (50 μl, Novagen) was 

caried out according to standard technique (see 6.1.2, page 104). As matrix for MALDI-

TOF measurement was used a mixture of HPA/PA/ammonium tartrate in ration 8/1/1 in 

50% acetonitrile. Then 2 μl of the matrix and 1 μl of the sample were mixed on MTP 

384 polished steel target by use of anchor-chip desk. The crystallized spots were 

washed once by 0.1% formic acid and once by water. The acceleration tension in 

reflectron mode was 19.5 kV and range of measurement 3 – 13 kDa. The found 

differences of 2-9 Da for 6 KDa DNA and 3-12 Da for 10 KDa DNA are still within the 

experiment

sm

 

6.3 DNA complexes with acetylene linker vs. DNA complexes with 

octadiyne linker 

6.3.1 Synthesis and analysis of PEX products 

 
Synthetic ONs were purchased from Sigma Aldrich (USA). Primer: 5'-CAT GGG C

C

GCC CAT G-3'(temprnd16) (segments forming duplex with the

replicated segments are in bold). Deep Vent DNA polymerase and natural nucleoside 

triphosphates (dATP, dCTP, dGTP and dCTP) were obtained from New England 

Biolabs (Great Britain) and γ-32P-ATP from Izotop, Institute of isotopes Co, Ltd. 

(Hungary). 

 

C

Double stranded ONs were prepared X

contained DNA polymerase: Deep Vent (0.2 U/μl, 1 μl), dNTP (either natural or 

modified, 4mM, 1 μl), 32P-prelabelled primer at 5'-end primer (3μM, 1 μl), and temprnd16 

(3μM, 1.5 μl) in 2 μl of corresponding buffer supplied by manufacturer. Reaction 

mixture was incubated for 30 min at 60 °C. After addition of 1 μl of Fe(BF4)2·6H2O 

(4mM), the solution was mixed overnight (25 °C, 550 rpm). 
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Non-denaturating SB Polyacrylamide Gel Electrophoresis 

The products of the primer extension reaction were mixed with loading buffer (4 μl, 

40% [w/v] saccharose, 0.2% [w/v] bromphenol blue, 0.2% [w/v] xylene cyanol) 

subjected to gel electrophoresis in 8% non-denaturating polyacrylamide gel containing 

1xSB buffer (pH 8) and at 600 V for ~ 3 h at room temperature. Gel was dried and 

visualized by phosphoimager. 

 
MALDI-TOF experiment (dsDNA) 

The reaction mixture (100 μl) contained DNA polymerase: Deep Vent (2 U/μl, 5μl), 

dNTPs (either natural or modified, 4mM, 10 μl), unlabeled primer primrnd (100μM, 4 μl, 

5'-CAT GGG CGG CAT GGG-3') and te rnd16mp  (100μM, 4 μl, 5'-CTA GCA TGA 

CT CAG TCC CAT GCC GCC CAT G-3') in 10 μl of corresponding buffer suplied 

by manufacturer. Reaction mixture was incubated for 30 min at 60 °C. PEX-products 

ach 

sample were applied on the top of the column. After collecting all the portions, 1 equiv. 

of Fe(BF4)2·6H2O to number of modification (0.8 μl, 1mM) was added to the 

cor ht (25 °C, 550 rpm). 

s matrix for MALDI-TOF measurement was used a mixture of HPA/PA/ammonium 

re 

the very small amounts of DNA produced by PEX. 

 or

suplied by manufacturer. 

G

were purified by NucAway Spin Columns (Ambion), where 50 μl portions of e

responding sample and the solution was mixed overnig

A

tartrate in ration 8/1/1 in 50% acetonitrile. Then 2 μl of the matrix and 1 μl of the 

sample were mixed on MTP 384 polished steel target by use of anchor-chip desk. The 

crystallized spots we washed once by 0.1% formic acid and once by water. The 

acceleration tension in reflectron mode was 19.5 kV and range of measurement 3 – 13 

kDa. The found differences of 2-9 Da for 6 KDa DNA and 3-12 Da for 10 KDa DNA 

are still within the experimental error (ca 0.1%) of the low resolution machine also 

considering 

 

CD spectroscopy 

CD spectra were determined for natural and functionalized DNA duplexes (either 

non-metalated or metalated) from PEX in large scale. The reaction mixture (400 μl) 

contained DNA polymerase: Deep Vent (2 U/μl, 30 μl), dNTPs (either natural  

modified, 4mM, 60 μl), unlabeled primer primrnd (100μM, 24 μl, 5'-CAT GGG CGG 

CAT GGG-3') and temprnd16 (100μM, 24 μl, 5'-CTA GCA TGA GCT CAG TCC CAT 

GCC GCC CAT G-3') in 40 μl of corresponding buffer 
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Reaction mixture was incubated for 30 min at 60 °C. PEX-products were purified by 

ach sample were applied 

signal was monitored from 200 nm to 350 nm, when the 

scanning speed was 5 nm/min and response time was 32s. The CD spectra were 

NucAway Spin Columns (Ambion), where 50 μl portions of e

on the top of the column. After collecting all the portions, 0.5 equiv. of Fe(BF4)2·6H2O 

to number of modification (0.48 μl, 10mM) was added to the corresponding sample and 

the solution was mixed overnight (25 °C, 550 rpm). 

CD spectra were recorded on Jasco 815 (Japan) at room temperature. The optical path 

length was 0.1 cm and the CD 

expressed in optical density (OD). 

 

 
 

 131



7 References 

                                                 
1 Berg, J. M.; Tymoczko, J. L. and Stryer, L., Biochemistry 5th Edition, W. H. Freeman and company, 

2002. 
2 a) Watson, J. D. and Crick, F. H. C., Nature, 1953, 171, 737-738; b) Franklin, R. E. and Gosling, R. G., 

, 297-302. 

1, 350, 631-633. 

dersen, E. S.; Dong, M.; Nielsen, M. M.; Jahn, K.; Subramani, R.; Mamdouh, W.; Golas, M. M.; 

ander, B.; Stark, H.; Oliveria, C. L. P.; Pedersen, J. S.; Birkedal, V.; Besenbacher, F.; Gothelf, K. V and 

jems, J., Nature, 2009, 459, 73-76; b) Kuzuya, A. and Komiyama, M., Chem. Commun., 2009, 4182-

4184. 
7 a) Zhang, Y. and Seeman, N. C., J. Am.Chem. Soc., 1994, 116, 1661-1669; b) Shih, W. M., Quispe, J. D. 

and Joyce, G. F., Nature, 2004, 427, 618-621; c)He, Y.; Ye, T.; Su, M.; Zhang, Ch.; Ribbe, A. E.; Jiang, 

W. and Mao, Ch., Nature, 2008, 452, 198-201; d) Aldaye, F. A. and Sleiman, H. F., J. Am. Chem. Soc., 

2007, 129, 13376-13377. 
8 Douglas, S. M.; Dietz, H.; Liedl, T.; Högberg, B.; Graf, F. and Shih, W. M., Nature, 2009, 459, 414-

418. 
9 a) Baumstark, D. and Wagenknecht, H.-A., Chem. Eur. J., 2008, 14, 6640-6645; b) Malinovskii, V. L.; 

Samain, F. and Häner, R., Angew. Chem. Int. Ed., 2007, 46, 4464-4467; c) Nguyen, T., Brewer, A. and 

Stulz, E.,  Angew. Chem. Int. Ed., 2009, 48, 1974-1977; d) Datta, B. and Schuster, G. B., J. Am. Chem. 

Soc., 2008, 130, 2965-2973; e) Mukae, M.; Ihara, T.; Tabara, M. and Joy, A., Org. Biomol. Chem., 2009, 

7, 1349-1354; f) Neelakandan, P. P.; Pan, Z.; Hariharan, M.; Zheng, Y.; Weissman, H.; Rybtchinski, B. 

and Lewis, F. D., J. Am. Chem. Soc., 2010, 132, 15808-15813. 
10 a) Kalek, M.; Madsen, A. S. and Wengel, J.,  J. Am. Chem. Soc., 2007, 129, 9392-9400; b) 

Rodriguez-Ramos, M. M. and Wilker, J. J., J. Biol. Inorg. Chem., 2010, 15, 629-639; c) Ghosh, S.; 

Pignot-Paintrand, I.; Dummy, P. and Defrancq, E., Org. Biomol. Chem., 2009, 7, 2729-2737; d) Bianké, 

G.; Chaurin, V.; Egorov, M.; Lebreton, M.; Constable, E. C.; Housecroft, C. E. and Häner, R., 

Bioconjugate Chem., 2006, 17, 1441-1446; e) Wiederholt, K. and McLaughlin, L. W., Nucleic Acid Res., 

1999, 27, 2487-2493. 
11 a) Vrábel, M.; Horáková, P.; Pivoňková, H.; Kalachova, L.; Černocká H.; Cahová, H.; Pohl, R.; Šebest, 

P.; Havran, L.; Hocek, M. and Fojta, M., Chem. Eur. J., 2009, 15, 1144; b) Hurley, D. J. and Tor, Y., J. 

Am. Chem. Soc., 1998, 120, 2194-2195; c) Hurley, D. J. and Tor, Y., J. Am. Chem. Soc., 2002, 124, 3749-

3762; d) Hurley, D. J. and Tor, Y., J. Am. Chem. Soc., 2002, 124, 13231-13241; e) Weizman, H. and Tor, 

Y., J. Am. Chem. Soc., 2002, 124, 1568-1569; f) Hurley, D. J.; Seaman, S. E.; Mayura, J. C. and Tor, Y., 

Org. Lett., 2002, 4, 2305-2308; g) Khan, S. I.; Beilstein, A. E. and Grinstaff, M. W., Inorg. Chem., 1999,  

38, 418-419; h) Khan, S. I,; Beilstein, A. E.; Smith, G. D.; Sykora, M. and Grinstaff, M. W., Inorg. 

Nature, 1953, 171, 740-741; c) Wilkins, M. H. F.; Stokes, A. R. and Wilson, H. R., Nature, 1953, 171, 

738-740. 
3 Seeman, N. C., J. Theor. Biol., 1982, 99, 237-347. 
4 Rothemund, P. W. K., Nature, 2006, 440
5 Chen. J. and Seeman, N. C., Nature, 199
6 a) An

S

K

 132



                                                                                                                                               
m 15; i) Telser, J.; Cruickshank, K. A.; Schanze, K. S. and Netzel, T. L., J. Am. 

Chem. Soc., 1989, 111, 7221-7226. 
12

, R. P.; Feringa, B. L. and Roelfes, G., Chem. Soc. Rev., 2010, 39, 2083-2092; c) Rosati, F. and 

7, 251, 2732-2742. 

m. Bull., 2000, 48, 1745-1748; b) Tanaka, K.; 

Che ., 1999, 38, 2411-24

 a) Roelfes, G. and Feringa, B. L., Angew.Chem. Int. Ed., 2005, 44, 3230-3232; b) Boersma, A. J.; 

Megens

Roelfes, G., ChemCatChem, 2011, 3, 973-977. 
13 Yang, H., Metera, K. L. and Sleiman, H. F., Coord. Chem. Rev., 2010, 254, 2403-3415. 
14 Tanaka, K. and Shionoya, M., J. Org. Chem., 1999, 64, 5002-5003. 
15 Tanaka, K. and Shionoya, M.,Coord. Chem. Re., 200
16 a) Cao, H.; Tanaka, K. and Shionoya, M., Chem. Phar

Tasaka, M.; Cao, H. and Shionoya, M., Eur. J. Pharm. Sci., 2001, 13, 77-83; c) Tanaka, K.; Tengeiji, A.; 

 

 

hi, C. and Leuman, C. J.,  Nucleosides, Nucleot. Nucl. Acids, 2003, 22, 1195-1197; n) Müller, J.; 

20

, 5556-5564; Odom, D. T. and Barton, J. K., , , 40, 8727-8737; 

23

126, 8606-8607. 

Kato, T.; Toyama, N.; Shiro, M. and Shionoya, M., J. Am. Chem. Soc., 2002, 124, 12494-12498; d) 

Tanaka, K.; Yamada, Y. and Shionoya, M., J. Am. Chem. Soc., 2002, 124, 8802-8803; e) Meggers, E.; 

Holland, P. L.; Tolmna, W. B.; Romesberg, F. E. and Schultz, P. G., J. Am. Chem. Soc., 2000, 122,

10714-10715; f) Atwell, S.; Meggers, E.; Spraggon, G. and Schulz, P. G., J. Am. Chem. Soc., 2001, 123, 

12364-12367; g) Zimmermann, N.; Meggers, E. and Schultz, P. G.,  J. Am. Chem. Soc., 2002, 124, 

13684-13685; h) Zimmermann, N.; Meggers, E. and Schultz, P. G., Bioorg. Chem., 2004, 32, 13-25; i) 

Weizman, H. and Tor, Y.,  Chem. Commun., 2001, 453-454; j) Weizman, H. and Tor, Y., J. Am. Chem. 

Soc., 2001, 123, 3375-3376; k) Switzer, C. and Shin. D., Chem. Commun., 2005, 1342-4344; l) Switzer, 

C.; Sinha, S.; Kim, P. H. and Heuberger, B. D., Angew. Chem. Int. Ed.,  2005, 44, 1529-1532; m)

Brotsc

Böhme, D.; Lax, P.; Cerdà, M. M. and Roitzsch, M., Chem. Eur. J., 2005, 11, 6246-6253. 
17 a) Clever, G. H.; Polborn, K. and Carell, T.,  Angew. Chem. Int. Ed., 2005, 44, 7204-7208; b) Clever, 

G. H.; Söltl, Y.; Burks, H.; Spahl, W. and Carell, T., Chem. Eur. J., 2006, 12, 8707-8718; c) Clever, G. H. 

and Carell, T.,  Angew. Chem. Int. Ed., 2007, 46, 250-253. 
18 Ortmans, I.; Content, S.: Boutonnet, N.; Mesmaeker, A. K.; Bannwarth, W.; Constant, J.-F.; Defrancq, 

E. and Lhomme, J., Chem. Eur. J., 1999, 5, 2712-2721. 
19 Hu, X.; Smith, D.; Sykora, M.; Lee, S. J. and Grinstaff, M. W.,  Inorg. Chem., 2000, 39, 2500-2504. 

 Lewis, F. D.; Helvoigt, S. A. and Letsinger, R. L., Chem. Commun., 1999, 327-328. 
21 Delaney, S. and Barton, J. K., J. Org. Chem., 2003, 68, 6475-6483. 
22  a) Hall, D. B.; Kelley, S. O. and Barton, J. K., Biochemistry, 1998, 37, 15933-15940; b) Núñez, M. E.; 

Hall, D. B. and Barton, J. K., Chem. Biol., 1999, 6, 85-97; c) Rajski, S. R. and Barton, J. K., 

Biochemistry, 2001, 40 Biochemistry 2001

d) Bhattacharya, P. K. and Barton, J. K., J. Am. Chem. Soc., 2001, 36, 8649-8656. 

 Vargas-Baca, I.; Mitra, D.; Zulyniak, H. J.; Banerjee, J. and Sleiman, H. F., Angew. Chem. Int. Ed., 

2001, 40, 4629-4632. 
24 Mitra, D.; Di Cesare, N. and Sleiman, H. F., Angew. Chem. Int. Ed., 2004, 43, 5804-5808. 
25 a) Stewart, K. M.; Rojo, J. and McLaughlin, L.W., Angew. Chem. Int. Ed., 2004, 43, 5808-5811; b) 

Stewart, K. M. and McLaughlin, L. W., J. Am. Chem. Soc., 2004, 126, 2050-2057. 
26 Choi, J. S.; Kang, C. W.; Jung, K.; Yang, J. W.; Kim, Y.-G. And Han, H., J. Am. Chem. Soc., 2004, 

 133



                                                                                                                                               

ngel, J., J. Am. Chem. Soc., 2007, 129, 9392-9400. 

nd Sleiman, H. 

. and Sleiman, H. F., Angew. 

h-Leshem, H.; 

4, 5383-5394; e) Shoji, A.; Hasegawa, T.; 

Weisbrod, S. H. and Marx, A., Chem. Commun., 

7, 

08, 4915-4923; b) Collier, A. and  

., 2010, 8, 

, 1064-1066. 

R.; Rulíšek, L. and Hocek, M., J. Org. Chem., 2012, 77, 1026-1044. 

27 Göritz, M. and Krämer, R., J. Am. Chem. Soc., 2005, 127, 18016-18017. 
28 Kalek, M.; Madsen, A. S. and We
29 Yang, H. and SLeiman, H. F., Angew. Chem. Int. Ed., 2008, 47, 2443-2446. 
30 Yang, H.; Rys, A. Z.; McLaughlin, C. K. and Sleiman, H. F., Angew. Chem. Int. Ed., 2009, 48, 

9919-9923. 
31 Yang, H.; McLaughlin, C. K.; Aldaye, F. A..; Hamblin, G. D.; Rys, A. Z.; Rouiller, I. a

F.,  Nat. Chem., 2009, 1, 390-396. 
32 Yang, H.; Altvater, F.; de Bruijn, A. D.; McLaughlin, C. K.; Lo, P. K

Chem. Int. Ed.,  2011, 50, 4620-4623. 
33 Burns, J. R.; Zekonyte, J.; Siligardi, G.; Hussain, R. and Stulz, E., Molecules, 2011, 16, 4912-4922. 
34 a) Michelson, A. M. and Todd, A., J. Chem. Soc (Resumed)., 1955, 2632-2638; b) Hall, R. H.; Todd, A. 

R. and Webb, R. F., J. Chem. Soc.(Resumed), 1957, 3291-3296. 
35 Gilham, P. and Khorana, H. G., J. Am. Chem. Soc., 1958, 80, 6212-6222. 
36 a) Letsinger, R. L. and Ogilvie, K. K., J. Am. Chem. Soc., 1969, 91, 3350-3355; b) Reese, C., 

Tetrahedron, 1978, 34, 3143-3179. 
37 Letsinger, R. L.; Finnan, J. L.; Heavner, G. A. and Lunsford, N. B., J. Am. Chem. Soc., 1975, 97, 3278-

3279. 
38 Beaucage, S. L. and Caruthers, M.H., Tetrahedron Lett., 1981, 22, 1859-1862. 
39 a) Gourlain, T.; Sidorov, A.; Mignet, N.; Thorpe, S. J.; Lee, S. E.; Grasby, J. A. and Williams, D. M., 

Nucleic Acids Res., 2001, 29, 1898-1905; b) Thoresen, L. H.; Jiao, G.-S.; Haaland, W. C.; Metzker, M. L. 

and Burgess, K., Chem. Eur. J., 2003, 9, 4603-4610; c) Jäger, S.; Rasched, G.; Kornreic

Engeser, M.; Thum, O. and Famulok M., J. Am. Chem. Soc., 2005, 127, 15071-15082; d) Kuwahara, M.; 

Nagashima, J.; Hasegawa, M.; Tamura, T.; Kitagata, R.; Hanawa, K.; Hososhima, S.; Kasamatsu, T.; 

Ozaki, H. and Sawai, H., Nucleic Acids Res., 2006, 3

Kuwahara, M.; Ozaki, H. and Sawai, H., Bioorg. Med. Chem. Lett., 2007, 17, 776-779; f) Hocek, M. and 

Fojta, M., Org. Biomol. Chem., 2008, 6, 2233-2241; g) 

2007, 1828-1830; h) Obeid, S.; Yulikow, M.; Jeschke, G. and Marx, A., Angew. Chem. Int. Ed., 2008, 4

6782-6785. 
40 a) Lam, C.; Hipolito, C. and Perrin, D. M., Eur. J. Org. Chem., 20

Wagner, G., Org. Biomol. Chem, 2006, 4, 4526-4532. 
41 Srivatsan S. G., Tor Y. Chem. Asian J. 2009, 4, 419 – 427. 
42 Čapek, P.; Cahová, H.; Pohl, R.; Hocek, M.; Gloeckner, C. and Marx, A., Chem. Eur. J., 2007, 13, 

6196-6203. 
43 Cahová, H.; Pohl, R,; Bednárová, L.; Nováková, K.; Cvačka, J. and Hocek, M., Org. Biomol. Chem., 

2008, 6, 3657-3660. 
44 Ikonen, S.; Macíčková-Cahová, H.; Pohl, R,; Šanda, M. and Hocek, M., Org. Biomol. Chem

1194-1201. 
45 Raindlová, V.; Pohl, R.; Šanda, M. and Hocek, M., Angew. Chem. Int. Ed., 2010, 49
46 Raindlová, V.; Pohl, R. and Hocek, M., Chem. Eur. J., 2012, 18, 4084-4087. 
47 Riedl, J.; Pohl, 

 134



                                                                                                                                               
ocek, M., Eur. J. Org. Chem., 

. and Hocek, M., Angew. 

.; Pohl, R.; Horáková, P.; Vidláková, P.; Havran, L.; Fojta, M. and Hocek, M., Chem. Eur. 

.; Pivoňková, H.; Havran, L.; Hocek, M. and Fojta, M., Chem. Eur. 

, E. M.; Gannett, P. M. and Shaughnessy, K. H., J. Org. Chem., 

0, 6378-6388; c) Shaughnessy, K. H., J. 

. Chem., 2008, 6, 2852-2860. 

500. 

87; b) Seela, F.; Sirivolu, V. R. and Chittepu, P., 

ivolu, V. R., Chem. Biodiversity, 2006, 3, 

čková-Cahová, H.; Pohl, R. and Hocek, M., Angew. Chem. Int. Ed., 2011, 50, 

ong, J. I. and Peacock, R. D., Inorg. Chem., 1992, 31, 555-559. 

A.; Darden, T. A.; Cheatham, T. E.;  Simmerling, C. L.; Wang, J.; Duke, R. E.; Luo, R. 

ls, J.; 

; Liu, J.; Wu, X.; Brozell, 

i, G.; Roe, D. R.; 

48 Riedl, J.; Horáková, P.; Šebest, P.; Pohl, R.; Havran, L.; Fojta, M. and H

2009, 3519-3525. 
49 Cahová, H.; Havran, L.; Brázdilová, P.; Pivoňková, H.; Pohl, R.; Fojta, M

Chem. Int. Ed., 2008, 47, 2059-2062.
50 Balintová, J

J., 2011, 17, 14063-14073. 
51 Brázdilová, P.; Vrábel, M.; Pohl, R

J., 2007, 13, 9527-9533. 
52 Western, E. C.; Daft, J. R.; Johnson

2003, 68, 6767-6774. 
53 a)DeVasher, R. B.; Moore, L. R. and Shaughnessy, K. H., J. Org. Chem., 2004, 69, 7919-7927; b) 

Western, E. C. and Shaughnessy, K. H., J. Org. Chem., 2005, 7

Org. Chem., 2006, 1827-1835. 
54 Vrábel, M.; Pohl, R.; Klepetářová, B.; Votruba, I. and Hocek, M., Org. Biomol. Chem., 2007, 5, 

2849-2857. 
55 Vrábel, M.; Pohl, R.; Votruba, I.; Sajadi, M.; Kovalenko, S. A.; Ernsting, P. N. and Hocek, M., Org. 

Biomol
56 Grosshenny, V.; Romero, F. M. and Ziessel, R. J. Org. Chem., 1997, 62, 1491-1
57 Vrábel, M.; Hocek, M.; Havran, L.; Fojta, M.; Votruba, I.; Klepetářová, B.; Pohl, R.; Rulíšek, L.; 

Zendlová, L.; Hobza, P.; Shih, I.; Maberz, E. and Mackman, R., Eur. J. Inorg. Chem., 2007, 1752-1769. 
58 a) Western, E. C.; Daft, J. R.; Johnson, E. M. II; Garnnett, P. M. and Shoughnessy, K. H., J. Org. 

Chem., 2003, 68, 6767-6774; b) Čapek, P.; Pohl, R. and Hocek, M., Org. Biomol. Chem., 2006, 4, 

2278-2284. 
59 Billingsley, K. L.; Anderson, K. W. and Buchwald, S. L., Angew. Chem. Int. Ed., 2006, 45, 3484-3488. 
60 Laksham, M. K. J., Oraganomet. Chem., 2002, 653, 234-251. 
61 Fleckenstein, C. A. and Plenio, H., Chem. Eur. J., 2008, 14, 4267-4279. 
62 Thoresen, L. H.; Jiao, G.-S.; Haaland, W. C.; Metzker, M. L. and Burgess, K., Chem. Eur. J., 2003, 9, 

4603-4610. 
63 a) Hammond, D. M.; Manetto, A.; Gierlich, J.; Azov, V. A.; Gramlich, P. M. E.; Burley, Maul, M and 

Carell, T., Angew. Chem. Int. Ed., 2007, 46, 4184-41

Bioconjugate Chem., 2008, 19, 211-224; c) Seela, F and Sir

509-514. 
64 Kielkowski, P.; Mací

8727-8730. 
65 Braterman, P. S.; S
66  Kovacs, T. and Ötvös, L., Tetrahedron Lett., 1988, 29, 4525-4528. 
67 Case, D. 

Walker, R. C.; Zhang, W., Merz, K. M.; Roberts, B.; Hayik, S.;  Roitberg, A.; Seabra, G.; Swai

Goetz, A. W.; Kolossvai, I.; Wong, K. F.; Paesani, F.; Vanicek, J.; Wolf, R. M.

S. R.; Steinbrecher, T.; Gohlke, H.; Cai, Q.; Ye, X.; Wang, J.; Hsieh, M.-J.; Cu

 135



                                                                                                                                               

 Kollman, P. A.,  AMBER 12, University of California, San Francisco, 2012. 

Mathews, D. H.;  Seetin, M. G.; Salomon-Ferrer, R.; Sagui, C.; Babin, V.; Luchko, T.; Gusarov, S.; 

Kovalenko, A. and
68 Stawart, E. L. and Bowen J.P., Journal of Computational Chemistry, 1992, 13, 1125-1137. 

 136


	1 Introduction 10
	1.1 DNA structure 
	1.2 DNA-based nanostructures 
	1.2.1 Metal-mediated DNA assemblies 
	1.2.1.1 Metal-mediated base pairs 
	1.2.1.2 DNA modified with metal complex 
	1.2.1.3 DNA modified with metal chelating ligand and its complexation 


	1.3 DNA synthesis 
	1.3.1 Chemical synthesis 
	1.3.2 Enzymatic synthesis 
	1.3.3 Application of enzymatic incorporation of modified triphosphates 

	2  Specific aims of the thesis 
	3  Results and discussion 
	3.1 Oligopyridine analogues with rigid (acetylene) linker 
	3.1.1 Synthesis of modified nucleosides 
	3.1.2 Synthesis of modified nucleotides and dNTPs 
	3.1.3 Incorporation of dNERTPs into DNA 
	3.1.4 Complexation studies 
	3.1.4.1 Complexation of oligopyridine modified nucleoside monophosphates 
	3.1.4.2 Complexation of oligopyridine-modified DNA 


	3.2  Oligopyridine analogues with flexible (octadiyne) linker 
	3.2.1 Synthesis of modified nucleosides and dNTPs 
	3.2.2 Incorporation of dNORTPs into DNA 
	3.2.3 Complexation studies 
	3.2.3.1 Complexation of modified nucleosides dNOR 
	3.2.3.2 Complexation of DNA modified with oligopyridine attached via octadiyne linker 


	3.3 DNA complexes with acetylene linker vs. DNA complexes with octadiyne linker 

	4  Conclusion 
	5  List of publications 
	6  Experimental section 
	6.1 Oligopyridine analogues with rigid linker 
	6.1.1 Synthesis of modified nucleosides, nucleotides and nucleoside triphosphates 
	6.1.2 Synthesis and analysis of PEX products 
	6.1.3 Complexation studies 

	6.2 Oligopyridine analogues with flexible linker 
	6.2.1 Synthesis of modified nucleosides, nucleotides and nucleosides triphosphates 
	6.2.2 Synthesis and analysis of PEX products 
	6.2.3 Complexation studies 

	6.3 DNA complexes with acetylene linker vs. DNA complexes with octadiyne linker 
	6.3.1 Synthesis and analysis of PEX products 




