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 DNA is responsible for encoding the complex information necessary for life. However, it 

is striking to consider that nucleic acids accomplish these tasks using only four nucleobases. It was 

the question why nucleic acids use only four bases to have only two pair of base-pairs that 

motivated scientists to redesign the genetic alphabets of DNA and RNA with possible enhanced 

functional ability for several novel biotechnological and material science applications. The first 

work on the concept of orthogonal base pairing between isoG and isoC by Professor Alex Rich in 

1962 greatly inspired Prof. Steven A. Benner in the late 1980’s, to expand the genetic alphabet 

from four to six letters. Orthogonal H-bonding complementarity was the main strategy adopted by 

Benner’s group. An increasing amount of research works has resulted in the acceleration of 

progress towards expanding the genetic alphabets via the synthesis of N-as well as C-nucleosides.  

 Later on, Kool et al., have considered the creation of non-H-bonding unnatural nucleobase 

surrogates that opened a new dimension in the design of hydrophobic unnatural DNA base 

analogues. Thus, the expansion of the genetic alphabets by Kool group has dramatically improved 

the functional potential of DNA. Much efforts have been put forth to develop non-natural, stable, 

hydrophobic nucleosides both with C-and N-glycosidic linkages. Many of such hydrophobic base 

pairs were recognized by polymerase efficiently creating an increased numbers of genetic 

alphabets. Recently developed size expanded DNA bases as well as widened DNA by Kool et al. 

again has impacted greatly in the field of design of more of such hydrophobic as well as H-bonded 

nucleosides.  

 Because of lack of fluorescence photophysical property and harnessing for the newer and 

efficient nucleosides, the design of unnatural DNA base pairs with tuned charge 

transfer/photophysical properties is currently an attractive research field towards the development 

of nucleic acid based diagnostics and sensing materials. Toward this end, several unnatural C- and 

N-nucleosides have appeared in the literature for the development of functional nucleic acids. 

However, the rational design of widened non-hydrogen bonding as well as H-bonding and simple 

hydrophobic nucleobases is a challenging task.  

 Therefore, this thesis entitled “DESIGN, SYNTHESIS AND STUDIES ON THE 

PHOTOPHYSICAL PROPERTIES OF UNNATURAL C-TRIAZOLYL, ARYL FUSED N-

TRIAZOLYL NUCLEOSIDES AND HYBRIDISATION ACCOMPAYNING FRET 

EVENT IN ANOTHER SET OF CHIMERIC DNA DUPLEXES” includes 5 chapters. 

Chapter 1: Application of Unnatural C- and N-Nucleosides: A Review. 

Chapter 2: Synthesis, Photophysical Property of Triazolyl C-nucleoside and Study of Interaction 

with Protein BSA. 

Chapter 3: Design, Synthesis and Study of Photophysical Properties of Fused Triazolyl 

Phenanthrene Nucleoside. 

Chapter 4: Design, Synthesis and Photophysical Properties of Fused Triazolyl 2-Quinolinone 

Nucleoside. 
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Chapter 5: Hybridization Accompanying FRET Event in Labeled Natural Nucleoside-Unnatural 

Nucleoside Containing Chimeric DNA Duplexes. 

 In short Chapter 1 is a review on the synthesis of unnatural C-nucleosides. Chapter 2 

deals with the cobalt catalyzed conversion of 1'-α-ethynyl sugar to 1'-β-ethynyl sugar followed by 

the synthesis of C-triazolyl-β-nucleosides cTBDo/Ac and their photophysical study. In Chapter 3, 

the synthesis of an angularly expanded compact hydrophobic Fused triazolyl phenanthrene 

unnatural nucleoside FTPhen and its photophysical properties are described. In addition, its DNA 

duplex stabilization within a trimeric DNA duplex against all the natural nucleobases was explored 

theoretically. Chapter 4 explains the synthesis of an angularly expanded fused triaozalyl 

nucleoside FTQuon which retains a donor and an acceptor face to make hydrogen bonds with 

cytosine and thymine. Theoretical calculation suggested that this angularly expanded fused 

triazolyl nucleoside can act as a complementary nucleoside against cytosine and thymine. Chapter 

5 illustrates FRET event within a chimeric DNA duplex involving triazolyl phenanthrene labelled 

unnatural nucleoside TPhenBDo as a FRET donor and oxopyrene OxoPyU or perylene PerU labelled 

natural nucleoside as a FRET acceptor.  

Chapter 1: Application of Unnatural C- and N-Nucleosides: A Review 

 The revolutionary idea of Prof. Alex Rich to expand the genetic alphabet put a new insight 

towards exploring synthetic protocol of unnatural nucleoside creation. He discovered isoG and 

isoC which are the isosteres of G and C and both of them have the same ability to replicate Watson-

Crick hydrogen bonds framework. Prof. Rich’s idea for the expansion of DNA and RNA with new 

functionalities was then extended and successfully executed by Prof. Steven A. Benner. These 

unnatural isosteres were used in successful transcription with the involvement of ribosome into a 

protein with nonstandard amino acid which unwrapped a new era of genetic engineering involving 

the artificial creation of genetic alphabet. As all the natural nucleosides of DNA and RNA are N-

nucleosides, so it was first started to explore the synthesis of N-nucleosides. Nonetheless most of 

the discovered synthetic protocols suffered from several drawbacks. The problem of α-

anomerisation was solved by acid catalyzed α to β anomeric conversion. But the acid catalyzed 

anomeric conversion step suffers because of the labile anomeric C-N glycosidic bond cleavage. 

Apart from that N-glycosidic bond can also be cleaved enzymatically. To avoid such problem, the 

concept of C-nucleosides was introduced. C-nucleoside is much more stable than N-nucleoside 

and there are a lot of use of C-nucleosides in medicinal chemistry and chemical biology. 

Pseudouridine and Showdomycin are the naturally occurring C-nucleosides which are 

therapeutically active. There are two ways through which the C-nucleoside can be synthesized. 

One is the construction of nucleobase upon sugar and the another is the construction of sugar upon 

nucleobase. The first one is the frequently used concept includes the use of Wittig type reaction, 

cycloaddition etc. The second one includes a number of synthetic steps through which a precursor 

would be converted into desired sugar with the expected conformation. The addition of 

organometallic reagents like Grignard, organocadmium, organocopper added as a foreign 
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substance to a modified sugar moiety with an anomeric labile leaving group, is the other strategy 

to assist the construction of unnatural C-nucleoside (Figure A1).           

 

 

 

 

 

 

 

 

 

Figure A1: Examples of synthesized unnatural C-nucleoside. 

   

Chapter 2: Synthesis, Photophysical Property of Triazolyl C-nucleoside and 

Study of Interaction with Protein BSA. 

 There are lot of methodologies available to synthesize C-nucleoside. Most of the protocols 

ended up giving α-anomer as a major product. So the formation of β-anomer is a major challenging 

area in the construction of C-nucleoside. We have chosen β-1'-ethynylriboside as a precursor to 

synthesize C-nucleoside. Although there are few protocols available to generate β-1'-

ethynylriboside through the addition of ethynyl magnesium Grignard to the Hoffer’s chloro sugar 

but all these protocols generate α-1'-ethynylriboside as a major product and the yield of β-1'-

ethynylriboside is very low. Moreover, the α and β anomer of ethynylriboside are so close to each 

other that they are mostly inseparable in column chromatography. So these two problems were 

overcome by using Co2(CO)8 catalyzed intramolecular Nicholas reaction. Cobalt complexation 

followed by oxidation produced β-1'-ethynyl riboside as a major product. 1,3-diaxial interaction is 

the driving force for the α to β anomeric conversion. After that Cu(I)-Et3N or Cu(II)-TBTA 

catalyzed click reaction between different donor/acceptor azide and β-1'-ethynylriboside generated 

unnatural triazolyl donor-acceptor aromatic C-nucleosides (cTBDo/Ac) within 30 minutes.  
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Figure A2: Schematic representation of the synthesis of β-ethynyl riboside and C-triazolyl 
cTBDo/Ac. 

 

 X-ray crystal structure of cTDMBBDo suggested that the C-traizolyl nucleosides synthesized 

from β-1'-ethynyl riboside are β-riboside. Crystal structure of cTDMBBDo also showed that the 

puckered conformation of sugar is C2'-endo/C3'-exo. Photophysical studies of these nucleosides 

revealed that unnatural C-nucleoside cTAnthBDo and cTPyBDo can act as a nucleoside based molecular 

probe. Dioxane-water titration revealed the highly solvatochromic nature of the unnatural C-

nucleoside cTDMBBDo and cTBMABAc. Photophysical study of unnatural C-nucleoside cTAnthBDo and 
cTPyBDo with BSA suggested that the triazolyl anthracene and triazolyl pyrene probe entered into 

the hydrophobic pocket of BSA which was also confirmed from the docking study (Figure A2).   

Chapter 3: Design, Synthesis and Photophysical Property of a Doubly 

Widened Fused- Triazolyl-Phenanthrene Unnatural Nucleoside. 

 We report herein the design and synthesis of a novel fused triazolyl phenanthrene 

nucleoside FTPhen as a new generation of doubly widened hydrophobic unnatural nucleobase 

surrogate. A retrosynthetic analysis suggested a click chemistry between β-azidosugar and 2-

(iodoethynyl)-1,1'-biphenyl followed by Pd-catalysed C-C bond formation as the two key reactions 

to achieve our target nucleoside.  
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Figure A3: (a) The chronological approaches for the design of our present base, FTPhen from 

our earlier reported base, TphenBDo. (b) The chemical structures of dA, dG, d(aza)G and Kool’s 

dyA bases.  

 

 FTPhen showed interesting photphysical property with chrysene type emission. Slightly 

blue shifted solvatochromicity was exhibited by the nucleoside as the solvent polarity increases. 

Molecular dynamics simulation using Schrodinger Macromodel revealed that regardless of the 

opposite natural base, all the DNA duplex containing the designed nucleoside, FTPhen, showed 

righthanded B-form helix with all residues having anti glycosidic bond and C2'-endo/C3'-exo 

sugar conformations. Helical rise values 3.3–3.5 Å are close to those observed in Bform natural 

DNA (3.4 Å), with slight deviations at and near the purine bases. A theoretical (DFT) study was 

carried out to know the stacking propensity in the context of DNA which revealed a good 

stabilizing property of the designed base via pairing with natural bases in a trimeric DNA duplex 

if incorporated (Figure A3). 

Chapter 4: Design, synthesis and photophysical properties of Fused triazolyl 

2-Quinolinone nucleoside. 

 This chapter deals with the synthesis of fused triazolyl 2-Quinolinone (FTQuon) 

nucleoside. FTQuon is an angular hydrophobic expansion of 8-azaguanosine. It is designed by 

replacing one hydrogen bond of 8-azaguanosine with a benzene ring. The synthesis of FTQuon 

was carried out by using click chemistry. The two precursors, β-1'-ethynylriboside and N-(p-

tolyl)propiolamide were allowed to react in click reaction condition where Cu(I) catalysed insitu 

ring cyclisation followed by subsequent benzyl and toluoyl deprotection led the desired FTQuon. 

β-configuration of FTQuon was established from NOESY spectra.  
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Figure A4: Design and synthesis of FTQuon. Theoritically established hydrogen bonds formed 

between FTQuon:T and FTQuon:C base pair.   

 

 Theoretical study suggested that FTQuon can form two hydrogen bonds with both cytosine 

and thymine. The interaction energy of the ONIOM optimised geometry of the trimeric duplex 

AFTQuonA:TXT (X = T and C) and the distance of formed hydrogen bonds of FTQuon with 

cytosine and thymine within trimeric duplex suggested that FTQuon can be capable to act as a 

complementary base of both cytosine and thymine. Moreover, the interaction energy of 

FTQuon:C base pair is although lower than G:C pair but higher than A:T pair where A:T and 

FTQuon:C both pair have two hydrogen bonds. The higher interaction energy of FTQuon:C 

rather than A:T might be attributed by the angular hydrophobic expansion. Apart from that 

FTQuon showed interesting photophysical properties. Dioxane-water titration suggested a 

solvatochromic photophysical property of the base. Photophysical study and docking study both 

suggested it’s interaction with the hydrophobic pocket of BSA (Figure A4). 

Chapter 5: Hybridization Accompanying FRET Event in Labeled Natural 

Nucleoside-Unnatural Nucleoside Containing Chimeric DNA Duplexes  

 Förster resonance energy transfer (FRET) is a highly efficient strategy in illuminating the 

structures, structural changes and dynamics of DNA, proteins and other biomolecules and thus is 

being widely utilized in studying such phenomena, in designing molecular/biomolecular probes 

for monitoring the hybridization event of two single stranded DNA to form duplex, in gene 

detection and in many other sensory applications in chemistry, biology and material sciences. 

Moreover, FRET can give information about the positional status of chromophores within the 

associated biomolecules with much more accuracy than other methods can yield.  
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Figure A5: Hybridisation accompanying FRET event in chimeric DNA duplex invoving 
TPhenBDo as a FRET donor and and  PerU or OxoPyU as a FRET acceptor. 

 

 Toward this end, we want to report here the ability of fluorescent unnatural nucleoside, 

triazolylphenanthrene (TPhenBDo) to show FRET interaction upon hybridization with fluorescently 

labeled natural nucleosides, OxoPyU or PerU, forming two stable chimeric DNA duplexes. The 

pairing selectivity and the thermal duplex stability of the chimeric duplexes are higher than any of 

the duplexes with natural nucleoside formed. The hybridization results in a Förster resonance 

energy transfer (FRET) from donor triazolylphenanthrene of TPhenBDo to acceptor oxopyrene of 
OxoPyU and/or to perylene chromophore of PerU, respectively, in two chimeric DNA duplexes.  

Therefore, we have established the FRET process in two chimeric DNA duplexes wherein a 

fluorescently labeled natural nucleoside (OxoPyU or PerU) paired against an unnatural nucleoside 

(TPhenBDo) without sacrificing the duplex stability and B-DNA conformation. The hybridization 

accompanying FRET event in these classes of interacting fluorophores is new. Moreover, there is 

no report of such designed system of chimeric DNA duplex. Our observed phenomenon and the 

design can potentially be exploited in designing more of such efficient FRET pairs for useful 

application in the detection and analysis of biomolecular interactions and in material science 

application (Figure A5). 
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Ac Acyl 

Ar Aryl 

Abs Absorbance 

AMP Adenosine  monophosphate 
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Bn Benzyl 
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BDF Base-discriminating fluorescent 
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cTPyBDo C-triazolyl pyrene donor nucleoside 
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Fl Fluorescence 
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FTQuon Fused Triazolyl 2-Quinolinone Nucleoside 
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HOBT 1-hydroxy-benzotriazole 

HRMS High Resolution Mass Spectroscopy 
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IR Infrared Spectroscopy 
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mM Mili molar 

m.p. Melting point 
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1.1. Introduction 

 DNA is the key genetic macromolecule which is responsible in carrying all the 

hereditary information into the chromosomes. The discovery of the structure of DNA was 

pioneered by Watson and Crick.1 DNA double helix is a nucleotide polymer where two single 

strand nucleotide chains are holding together by hydrogen bonding and π stacking interaction 

and thus forming double strand DNA helix (Figure 1.1). π stacking and hydrogen bonding 

(Figure 1.2) are the two fundamental factors contributing to the thermodynamic stability of the 

DNA.1,2 The backbone of DNA is a phosphodiester chain and the four natural nucleobases A, 

T, G and C are connected with each other with this phosphodiester backbone (Figure 1.3). 

Natural nucleobases are flat hydrophobic moiety, stacked over each other and roughly 

perpendicular to the axis of DNA helix. The intrastrand stacking distance between nucleobases 

is 3.4 Å.   

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1.1: B DNA, most common double helical structure found in nature. 

 

 Hydrogen bonding and π stacking interactions among the aromatic nucleobases play 

the major role in determining the structure, function, dynamic behaviour and biological 

function of DNA. Possible modification of these two forces i.e. π stacking and hydrogen 

bonding can lead us accessing new information about DNA helix. We chemist are privileged, 

having the undue advantage of dealing the constitution of DNA in a molecular label. Therefore, 

efforts have been undertaken by the chemists for modifying the Purine and pyrimidine bases 
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or full replacement of the bases with a new design. Thus chemically synthesised N-nucleoside 

with high π-stacking propensity may differ in shape and size, also may provide different pattern 

of hydrogen bonding inside a DNA helix. In consequence these modifications would ultimately 

be the part of study of expansion of genetic alphabets.  

 

 

 

 

 

 

Figure 1.2: (a) A-T hydrogen bonding; (b) G-C hydrogen bonding. 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1.3: A, G, A and G are sequentially connected with phosphodiester backbone. 

 

 The incorporation of these unnatural nucleoside into the DNA helix may give rise to 

distortion or stabilisation depending upon the shape and size of these nucleoside as well the 

orientation of these nucleoside into the helix. Because of the incorporation of new chemical 

entities, the modified DNA may differ in photophysical characteristics. A lot of modifications 

have been done on natural nucleoside and also unnatural nucleosides. Many synthetic 

methodologies have been developed to modify nucleobases. 
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1.2. Top down and Bottom up approach: A journey towards extension of 

genetic alphabet 

 Altering the hereditary information at the genomic level and study the effects in the 

living cells is the recent research target. Thus pioneering work by Zamecnik and Stephenson4 

in the year 1970s about blocking the gene expression of Rous sarcoma virus (RSV) 35S RNA 

which was responsible for chicken cancer by utilising exogenous antisense oligonucleotide 

approach (AON) has led to a tremendous development of the field (Figure 1.4).4 Subsequent 

development of RNAi (Andrew Fire and Craig C. Mello shared the 2006 Nobel Prize for their 

work on RNA interference) (Figure 1.4) for the modulation of gene expression and an 

understanding about small interfering RNAs (siRNAs) and miRNA by Fire et al. in the year 

19985 and Elbashir et al.6 in the year 2001 which have changed the whole concept of controlling 

posttranscriptional pathway of gene expression leading to a new era of excitement in the 

nucleic acid community.  

   

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1.4: AON and RNAi mediated gene silencing. 
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 Apart from that RNAi has a huge contribution for altering the characteristic encoded to 

a specific gene of living crops. Like for example the development of blue rose that is hardly 

exist in the nature was created by suppressing cyanidin genes7. Today it is possible to prepare 

Banana Bract Mosaic Virus (BBrMV) free banana which is a challenge for the production of 

banana in India and south East Asia8. Today it is possible to make genetically engineered 

tobacco which is nicotine free9, coffee which is decaffeinated10. US is going to give the 

approval to use Arctic apple which is made by suppressing PPO (polyphenol oxidase) gene. 

PPO gene suppression saves apple to become brown after being sliced and it is possible because 

for genetically engineered apple where chlorogenic acid is not converted into quinone 

product11,12. All these are becoming possible because of the development of technologies which 

have the access to handle the genetic information present in these crops and not only that 

today’s technology is smart enough to make the variations in genetic level to make all these 

possible. RNAi (RNA interference) is the recent technology which is operating behind all these 

successes11. 

 

      

   

 

 

 

 

 

 

 

 

 

 

Figure 1.5: Banner designed nonstandard protein formation pathway. 

 

 Now all these new genetic expression or gene silencing are nothing but the exogenous 

supply of a short ODN synthesised from the natural base A, T, G and C. There are no other 

variations had been made by nature, is said to be known indeed. It’s okay to make variation by 

altering the sequence of the genetic alphabet for new genomic expression leading to new 

characteristic within living species. But is it possible to come out from the restrained nature 

giving element and do something new to alter the gene expression for installing new features 

in a living species where nature will be unable to stream those information? It is the bottom up 
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approach of a chemist being able to alter the chemical information on a molecular level. There 

from the modification of the nucleobases have been started. 

 In the year 1992 the concept of ‘protein containing nonstandard amino acid possible to 

be synthesised’ was introduced by Benner13-18 where the synthesised unnatural base pairs are 

shown to be used as a codon-anticodon pair. They were introduced into short ODN. In-vitro 

replication of the synthesised unnatural base pairs by DNA polymerase make them extended 

as genetic alphabets and thus genetic alphabet was extended up to 6 letter from 4. This base 

pairs were able to transcripted correctly to form chemically engineered mRNA and further 

replication created protein which contains nonstandard amino acid where the versatilities of 

ribosome are offering new possibilities in protein engineering. This Benner’s work was really 

astounding to think further to put a deep insight into the matter of genetic engineering through 

nonstandard nucleosides (Figure 1.5).  

 A DNA is a double nucleotide strand where two single strand ribonucleotide are 

twisting together in the form a regular double strand helix. Here from the structure of DNA it 

is clear that hydrogen bonding is playing the crucial role to hold the two single strand to form 

the helix. The incorporation of these pairs and their Tm measurement is revelling that clearly. 

But if we think further that, is the hydrogen bonding only factor to shape two single strand in 

the form of a double strand where a uniform helicity is maintaining throughout the DNA. To 

answer this question, it is essential to remove hydrogen bonding parameter to check whether 

the DAN is maintaining its helicity or it is perturbed. Now as the nucleobase in a single strand 

maintained a 3.4 Å uniform distance from each other and as they contain π-cloud there may be 

some π-interaction which uniformly maintaining helicity throughout the DNA. These 

curiosities trigger the scientific community to remove hydrogen bonding from nucleobase and 

introduce hydrophobicity to compensate the removed hydrogen bonding parameter to make the 

DNA double helix not perturbed from its general form. 

 Romesberg synthesized some unnatural base pairs. It has been found that they are 

forming stable DNA double helix. So with the incorporation of hydrophobic nucleobase which 

are handicapped in providing hydrogen bonding, DNA helicity is still maintaining with high 

fidelity representing that hydrogen bonding is not the only factor to shape DNA in a regular 

double helix rather π stacking contributing another major factor in shaping DNA in its inherent 

form. Moreover, PCR functioning19,20,21 of these synthesized unnatural base pairs give another 

insight into the further preparation of chemically engineered nucleobase hoping to be able to 

generate further chemically engineered mRNA and protein.  

1.3. Introduction of C-nucleoside 

 Synthesis dealing with anomeric carbon centre present in the natural as well as synthetic 

N-nucleosides is difficult because of having a major drawback of acid catalysed chemical 

hydrolysis and enzymatic N-glyosidic bond cleavage leading to degradation of N-

nucleosides.22 On the other hand, it is much easier to deal with C-analogues where the carbon-

carbon bond provides stability against any enzymatic or acid catalysed hydrolysis.1 Therefore 

synthesis of C-nucleoside has got much research interest in recent time. It has been found that 

an antibiotic, showdomycin23,27 and a uridine nucleoside analogue, pseudouridine3, where 
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glycosidic nitrogen has been replaced by carbon represents the most prevalent C-nucleosides 

over a couple of other nucleosides. Chemical synthesis makes it easier to strategically design 

and further develop an ample of C-analogues, having a huge importance in the field of 

medicinal chemistry as well as chemical biology. 24-26,28-30 Inosine 5'-monophosphate 

dehydrogenase (IMPDH) inhibitors are the most important C-nucleoside analogues, which are 

biologically active.31-34 A number of C-nucleoside analogues have been designed and 

synthesised which when paired against natural nucleobases are found to show efficient DNA 

duplex stabilisation via π-π stacking interaction.  

 A considerable number of chemical strategies have been developed for synthesising 

newly modified unnatural synthetic nucleosides, which are widely used in the application of 

chemical biology.32-35 Among them, the construction of aglycon followed by nucleophilic 

addition to the carbohydrate moiety at the expense of some leaving group or unsaturation is the 

most important one.22-41 Apart from that, addition of organometallic reagents, 42-46 Wittig 

reaction,47-48,51 ozonolysis49,50 have been employed to the synthesise of C-nucleosides. For the 

last 15 years, several modifications have been carried out proficiently for the modification of 

C-nucleoside analogues, which find abundant application in different areas of chemistry and 

biotechnology. As for example in the field of medicinal chemistry C-nucleoside, analogues 

have been used as an antibiotic and cytotoxic material.2,6 In the field of chemical biology, C-

nucleosides are used toward the extension of genetic alphabet.47,51 C-nucleosides having 

fluorescent nucleobases are also being utilised as a probe for studying structure, function and 

dynamics of DNA. 

1.4. The need of C-Nucleosides in the area of chemical biology  

 The stability of the duplex DNA is mainly controlled by Watson-Crick hydrogen 

bonding where adenine makes two hydrogen bonds with Thymine and Guanine makes three 

hydrogen bonds with cytosine (Figure 1.2).1 Moreover aromatic π- π stacking interactions 

among the natural DNA bases played a crucial role in stabilising the DNA duplex. Modification 

of the nucleoside has given us the chance to replace the natural nucleoside by artificially 

synthesised nucleoside. But instead of investigating the function and structure of the nucleoside 

that is artificially incorporated into the DNA sculpture, for the last couple of years it is rather 

drawing more attention towards achieving major goal like stability of the DNA duplex after 

modification with chemically synthesised nucleoside,44 genetic alphabet extension45 etc. 

Nucleoside analogues in the study of the enzyme mechanism, mainly for the enzymes or 

polymerases of nucleic acid metabolism is another important area of the utilization of synthetic 

C-nucleosides. Synthetic modification of the nucleosides producing   the Carbon-Carbon bond 

providing extra stability for the nucleosides to be stable enough in comparison with the N-

nucleoside analogues have been investigated extensively with promising examples in chemical 

biology.  

1.4.1. Extension of Genetic alphabet  

 The increase in the number of genetic alphabet is a challenging task and attracted much 

the current research interest. By the addition of one additional base pair with the existing two 

base pairs could offer 216 different combination of codons of three letter could be indeed 
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capable of encoding proteins contain amino acids which are nonbiogenic and therefore cause 

unnatural properties. The key steps involved in the expansion of the number of genetic alphabet 

are considered to be the efficient replication with high fidelity. For that reason, the main efforts 

are involved in the development of a new 3rd base pair which will be replicated efficiently with 

a great fidelity.46 Even now there is a lot of examples where a tremendous amount of effort has 

been paid to construct a number of designed nucleobases which supposed to provide a 

considerable amount of stability when incorporated into a DNA duplex.16-18 On contrary 

whenever the subject of interest is going to be the enzymatic replication, it is the toughest and 

challenging area of the science to be explored and that is why till date there are a very few 

number of artificially synthesised base pairs that have been replicated efficiently and 

selectively. There are a number of base pairs among the artificially synthesised base pairs 

which have been designed and synthesised on the basis of hydrogen bonding51-61,62-67. In an 

another way, the shape of the nucleosides have been designed in such a way that, it will be 

capable of complementing the shape of the natural nucleoside48 as well as hydrophobic 

interactions.49,68-93 Metal coordinated base-pairs have also been developed.50,94-108  

1.4.2. Additional applications of artificially synthesized C-nucleoside in chemical 

biology 

 There are a handful of examples of C-nucleosides in different directions of chemical 

biology have been reported apart from the investigation in the selectivity and specificity of 

DNA polymerases. It was reported that the generation of a highly reactive carbene intermediate 

upon UV irradiation on trifluoromethyldiazirine-benzene-C-nucleoside in a dsDNA forms an 

interstrand cross-link.109 For DNA cross linking with proteins a parallel approach was reported 

by Carell110 where cross linking was done in major groove by the attachment of a diazirine 

moiety to the 5-position of U of the DNA.  

 

 

 

 

 

 

 

 

 

 

 

Figure 1.6: Structure of ODF tetramer. 111 
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 This method might be useful as an essential tool in (1) observation of the interaction of 

artificial nucleic acids with proteins (2) Protein nucleic acid conjugation (3) Enzyme inhibition. 

Therefor it is desirable to think about the further growth of this field. A large number of α-aryl 

C-nucleoside analogues have been reported by Kool98 could be termed as C-α-

oligodeoxyfluoroside (ODFs). These ODFs could be easily synthesised by an ON-synthesiser 

with the help of combinatorial approach to develop a library of α-fluoroside which are able to 

cover the emission maxima within the whole visible region (Figure 1.6). Kool’s thought was 

the close proximity of these aromatic fluorophore encouraged by the DNA duplex allow their 

excited state interaction might be able to produce exciplex, excimer, FRET, H-dimer etc.112 

Recently this technique is used in the purpose of staining of cell and zebra fish embryos by C-

oligofluoroside to make them fluorescent.111  

1.5. Role of C-nucleoside in Medicinal Chemistry 

1.5.1. Naturally occurring C-nucleoside 

 In most the rRNA and tRNA113 abundance of C-nucleoside Pseudouridine (Ψ 1.007, 

Figure 1.7) is mostly noticeable where it is responsible to make the RNA duplex stable114. 

Pseudouridine synthases catalysed the formation of Pseudouridine by a unique method through 

post-translational isomerization within RNA.115 None of the analogues of Ψ 1.007 was reported 

to be therapeutically active but Showdomycin116 1.008 to a bit similar with Ψ 1.008 was 

reported as a natural antibiotic as well as its cytotoxicity are known for decades. In the year 

1979 the mechanism of Showdomycin that is how it does act, was fast revealed successfully.117 

Here the cytotoxic action of Showdomycin which is an antibiotic C-nucleoside, privileged to 

be conferred with selectivity explained it to be endowed with alkylating property of its aglycon 

moiety, maleimide.  

 

 

 

 

 

 

Figure 1.7: Structure of Ψ, a natural C-nucleoside and Showdomycin. 

 

1.5.2.  Mechanism and biological activity of C-nucleoside 

 Nucleic acid metabolism is a process involved in the synthesis and degradation of 

nucleic acid, DNA and RNA which are the polymers of nucleotide. Any kind of nucleoside 

might be natural or an artificially synthesised C-/N-nucleoside in principle could be involved 

as a chemically active target towards any enzymes in the process of nucleic acid metabolism. 

Both purine, a five-six fused heterocycle, and a pyrimidine, a six membered heterocycle are 
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connected with sugar moiety through a nitrogen atom. The privilege of C-nucleoside is the 

replacement of this nitrogen with carbon making the bond highly stable and inert towards 

hydrolysis and at the same time making this C-C bond resistant towards enzymatic cleavage. 

This idea of nitrogen heteroatom replacement by carbon is not only making the nucleoside 

resistant towards any kind of the chemical attack but this replacement dramatically changed 

the property of the heterocycle. This fact could be simply explained by taking an example 

where a pyrimidine base is replaced by pyridine or a purine base is replaced by 

pyrrolopyrimidine changed the heteroatom functionalities (OH, NH2), acidobasic properties as 

well as tautomeric population of the responsible functionalities within the heterocycle. A long 

multistep synthesis of the carba analogue of strong anti-hepatitis C viral (HCV) agent 2′C-

methyladenosine118, 9-deazaadenine-2′C-methylribonucleoside is found to be surprisingly 

completely inactive119 because of just the replacement of one nitrogen atom by carbon instead 

rest of the rings are intact as it is. 

 

 

 

 

 

 

 

Figure 1.8: Biologically active C-nucleoside analogue. 

 

 The changed tautomeric behaviour of the heterocylce as well as the lack of basicity of 

nitrogen happens to be the reason of the astounding changed behaviour of this anti HCV agent. 

A range of halogenated C-nucleosides was developed by Townsend as an analogue of the 

TCRB which is an antiviral agent (Figure 1.8). Among these C-analogues a few of them are 

nonselective yet towards antiviral activity but happened to be cytotoxic in most the instances.  

1.5.2.1. Nucleolytic Enzymes inhibitors 

 It has been known since 1960s that formycins particularly FA 1.011, FB 1.012, and 

oxoformycin B (OFB) 1.013, (Figure 1.9) are the C-nucleosides were potent to show the 

properties of cytotoxicity as well as antibiotic activity. But their antiparasitic i.e. 

antischistosoma, antimalarial etc. types of activity were unravelled latter. As these are the C-

nucleoside analogues of purine, made it difficult to comprehend the exact mechanism of action 

involved through several number of complex and at the same time difficult path ways.  
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Figure 1.9: Structure of FA, FB and FOFB. 

 

 These C-nucleoside analogues are however proved120 to be a potent resilient inhibitor 

of nucleosidases in addition with purine nucleoside phosphorylase (PNP) and these are found 

to be their major part of activity. It was a success in physical organic chemistry of the finding 

of immucillins which is a completely new PNP inhibitors (Figure 1.10).121 Kinetic isotope 

effect has been studied systematically by Schramm over PNP inhibitors, a C-nucleoside 

analogues, in combination with crystal structure,122 experimental enzymology,123 molecular 

modelling accompanied by a number of structural improvements finally made him conclude 

aza-C-nucleoside analogues of immucillins i.e. ImmA 1.014, ImmH 1.015, ImmG 1.016 and 

their 8-aza-analogues 8-aza-ImmA 1.017 and 8-aza-ImmH 1.018 as the first generation of 

potent anti-cancer drug (cytostatics) (Figure 1.10).  

 

 

 

 

 

 

 

 

 

 

Figure 1.10: Immucilins structure. 

 

 A deeper investigation into the mechanism (Scheme 1.1) of the reaction and further 

structural refinement developed a second generation inhibitors although that was not based on 

C-nucleoside (Scheme 1.1).124 All these drugs are now involved in clinical trials as an anti-

cancer drug (cytostatics). 
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Scheme 1.1: PNP mechanism and the development of First and Second generation 

Immucilin. 

 

1.5.2.2. Oxidoreductase inhibitor 

 The major cofactor of oxidoreductase enzyme is Nicotinamide-adenine dinucleotide 

(NAD). Oxidoreductase are inhibited by a number of Carboxamide aryl C-nucleoside became 

capable of acting as a nicotinamide ribonucleoside analogues. In the process of de novo 

guanylate biosynthesis inosine 5′-monophosphate (IMP) to xanthosine 5′-monophosphate 

(XMP) conversion is catalysed by inosine 5′-monophosphate dehydrogenase (IMPDH) is the 

enzyme controls rate limiting step of the process. In tumour cell IMPDH inhibition followed 

by a further decrease in guanine nucleotides concentration interrupt DNA and RNA synthesis. 

IMPDH125,126 is inhibited by a potent anti-cancer component, Tiazofurin 1.025a (Figure 1.11), 

found to be able to bio transformed into TAD 1.026, now is under clinical trial.128 It is proved 

to be the same mechanism in the case of benzamide ribonucleoside (BAR)129 1.024 has been 

conferred. Even further activity was exhibited by selenazofurin130 while the comparable extent 

of cytostatic activity through the same mechanism was found to be exerted by a number of 

hetero analogues (e.g. imidazofurin 1.025d, oxazofurin131 1.025c, selenophenfurin132 1.025f, 

furanfurin 1.025g and thiophenfurin133 1.025e) have been investigated further.  
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Figure 1.11: Structure of IMPDH C-nucleoside inhibitor. 

  

 In supposition through a number of examples, it has been shown that the replacement 

of the labile C-N bond of an antiviral or anti-cancer or anti-tumour nucleoside by a C-C bond 

is usually leading to an extent of lack or complete loss of its biological activity. This is probably 

happened to be the fact because of the change in chemical properties of the heterocyclic base 

due to, either lacking of basicity because of the absence of nitrogen that are usually taking part 

in conjugation with the heterocyclic ring, also varying the tautomerisation effect to a great 

extent, considerably modulates the heterocyclic ring to interact with enzymes. Most of the 

nucleoside drugs have to go through a very complex bio mechanism to act upon, which might 

be the reason of the supressing activity of the structurally changed heterocyclic aglycon to be 

blocked whenever is going through any of these step like phosphorylation, inhibition of 

polymerase etc. In contrary the synthesis and screening of a large number of C-nucleoside 

analogues might be able to reveal the uniqueness in the search for a new mechanism of action. 

To the best of knowledge, no novel attempts have been taken to screen or synthesis C-

nucleoside analogues for these purpose. However rational drug designing could be helpful to 

discover new mechanism of action founded upon C-nucleosides which are biologically active 

especially in the area of single enzyme inhibition of nucleic acid metabolism. Definitely, 

improvement and development of new efficient synthetic methodologies further stimulate to 

unveil new unearth biologically active C-nucleoside which instigate further research to a new 

realm of science.  
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1.6. Synthesis of artificial C-nucleoside 

 Pseudouridine Ψ 1.007 was first discovered by Cohn which happens to be the first 

reported biologically active C-nucleoside in the history of science. This natural product has 

become the part of an active research. Very low abundance of these C-nucleoside analogues in 

nature in addition with a high degree of expectations to get their artificial analogues are the 

prompting point to denude things further. There are a number of excellent reviews6-11 

summarised a series of synthetic strategies that have been taken into account. Here the 

following topics are discussed on the basis of structural variations of C-nucleosides: (a) 

Construction and modification of aglycon upon carbohydrate (b) Construction of ribose ring 

upon aglycon. (c) Organometallic coupling with riboside (d) nucleoside modification (e) Cross 

coupling with preformed aglycon.     

1.6.1.  Construction and modification of aglycon upon carbohydrate   

1.6.1.1. Modification through the insertion of nitrile group followed by heterocyclizations  

 It is needed to introduce the appropriate functional group by following the precise 

strategy onto a carbohydrate to construct heterocycles.127 The introduction of a nitrile 

functionality is the key classical step to construct a heterocycle underwent through a number 

of steps of chemical conversion (Scheme 1.2). Precursor 1.027 is taken to be fully protected 

by benzoylated functionality to start with, introduced by Baldwin and co-workers. A nitrile 

moiety was introduced to the aonomeric position by replacing benzoyloxy functionality was 

achieved to make the benzoyloxy as a good leaving group by the treatment of Lewis acid 

BF3.OEt2 followed by the addition of trimethylsilyl cyanide which is the source of nucleophile 

producing 1.028 as a 1:1 mixture of α and β with a 73% yield. Further acid treatment of this 

nitrile group hydrolyse it to produce carboxylic acid derivative 1.029 with a high 95% yield. 

The subsequent addition of α,α-dichloromethyl methyl ether with diazomethane in presence of 

HCl produce chloroacetyl derivative 1.030 with a moderate 61% yield. The choloroacetyl 

derivative is further treated with thioamide functionality where the sulphur end is acting as the 

nucleophilic end to cyclise the ring to harvest a substituted thiazole moiety 1.031 with a good 

to moderate yield as a 1:1.5 anomeric mixture of α and β. Whereas by using the same concept 

by keeping the sulphur of semithiocarbazide as the nucleophilic end another aminothiadiazole 

1.032 heterocyclic moiety was synthesised as a equimolar mixture of α and β with a good 81% 

yield with. The step involved in the introduction of nitrile group although suffers 

chromatographic separation because of the problem to handle the equimolar anomeric mixture, 

the next step i.e. involved with the hydrolysis of nitrile to produce carboxylic acid is not 

associated with the problem of purification, instead it is easy to purify this acid derivative 

offering the next step to start with a pure diastereomer.  
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Scheme 1.2: CN group introduction followed by heterocyclic ring formation. 

 

 The problem of stereoselectivity towards harvesting the nitrile derivative was solved 

by started the synthesis from the commercially available 2-deoxy-D-ribose (Scheme 1.3) 

followed by benzyl protection through the treatment with benzyl bromide and sodium hydride 

with the subsequent addition of trimethylsilyl triflate and trimethylsilyl cyanide to develop 

1.034 as a 2:1 mixture of α and β which is good enough to be separated through the techniques 

of chromatography with an 81% satisfactory yield.  

 

 

 

                                                                               

 

 

 

Scheme 1.3: CN group introduction followed by heterocyclic ring formation. 

 

 Nitrile hydrolysis with HCl started with the single α-diastereomer followed by α,α-

dichloromethyl methyl ether and N,O-dimethylhydroxylamine hydrochloride treatment 

produce Weinreb amide 1.035α with 81% yield  which is further treated with lithium acetylide 

to afford ethynyl ketone 1.036α with greater than  95% yield. Conversion of 1.036 to 1.037 
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involved cyclistation with the equimolar formation of both anomer revealed the calamity 

towards controlling stereoselectivity although with a good to moderate yield.134 

 Veronse (Scheme 1.4)135 started with 1-cyano- β -D-ribofuranose 1.038 which was 

converted to 1.039 by Reformatsky reaction and further acid treatment produces unstable β-

ketoester 1.040 which was immediately treated with methyl carbonocyanidate where Cu(II) 

has been used as a catalyst to afford 1.041 with a moderate 70% yield. Further treatment of 

1.041 with acetimidamide affords 1.042 as cyclised heterocycle with a73% yield whereas 

treatment of 1.041 with benzylhydrazine leading to afford 1.043 as a 5 membered nitrogenous 

heterocycle with a 75% yield.    

 

 

 

 

 

 

 

 

 

 

 

 

 

Scheme 1.4: Synthesis of Pyrimidines (1.137) and Pyrazoles (1.136) C-nucleoside. 

 

 Another work with 1.038 was reported by Masoudi et al. where the nitrile group is 

directly involved in one step preparation of five membered heterocycles in the presence of 

silver or ytterbium metal catalysis. Here 1.038 was treated with a series of hydrozonyl chloride 

1.044a-f in the presence of either AgCO3 or Yb(OTf)3 in refluxing condition to afford a series 

of 5 membered 1,2,4-triazole heterocycle 1.045a-f in good to moderate yield (Scheme 1.5).136 
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Scheme 1.5: Synthesis of 1,2,4-triazoles through cycloaddition with nitrile. 

 

 Benhida137 started with a bistoluoyl protected α,β-carboxylic acid of D-riboside 1.047 

which is allowed to react with chloromethylpyridiniumiodide, a Mukaiyama reagent in 

presence of  orthobenzodiamine or orthopyridodiamine to produce 1.048 where the carboxylic 

acid moiety was converted to a amide functionality and then further treated with acetic acid to 

furnish benzimidazole as well as pyridoimidazole 1.049. Toluoyl deprotection was done by 

sodium methoxide in methanol to afford 1.050 in overall moderate yield (Scheme 1.6). 

 

 

 

 

 

 

 

 

 

Scheme 1.6: Synythesis of Benzimidazole C-nucleoside. 

 

 Another important modification started with carboxylic acid was done by Jung 

(Scheme 1.7).138 Benzyl protected β-carboxilic acid 1.053 was achieved in pure form by 

undergoing through a multistep synthesis started from glucosamine 1.051 with an overall 37% 

yield. 
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Scheme 1.7: Synthesis of Dideoxyshowdomycin and Dideoxyformycin B. 

 

 A series of cyanoester 1.054a and 1.054b have been synthesised in an overall moderate 

yield through a multistep synthesis followed by Wittig reaction with a suitable 

triphenylphosporane. 1.054a, was then treated with sulphuric acid, acetic anhydride and acetic 

acid followed by hydrochloric acid in methanol to afford cyclized dideoxyshowdomycin 1.055 

in 50% yield. 1.054b was treated with ethyldiazoacetate in presence of triethyl amine in 

refluxing condition to afford β-pyrazolediester 1.056. 1.056 is again further underwent through 

a 5 step conversation to afford dideoxyformycin B 1.057.  

 Gold reported (Scheme 1.8)139 the synthesis of 1.063 synthesised from bisbenzoyl 

protected D-ribosidic acid 1.029β. Pure 1.029β was treated with thionyl chloride to convert 

carboxylic acid to acid chloride 1.058 which was subsequently converted to 1.060 with the help 

of Stille coupling where Pd2(dba)3 is used as a palladium catalyst and boc protected aniline 

1.059 is used as a stannyl precursor. Boc deprotection was achieved by the treatment of TFA 

to afford 1.061. Treatment of 1.061 with cyanamide in presence of HCl produce 1.062 in 78% 

yield. Benzoyl deprotection was done by sodium methoxide in presence of methanol to afford 

(2R,3S,5R)-5-(2-aminoquinazolin-4-yl)-2-(hydroxymethyl)tetrahydrofuran-3-ol 1.063 in 70% 

yield. 
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Scheme 1.8: Synthesis of β-benzopyrimidines. 

 

1.6.1.2. Modification through Wittig type reaction  

 Wittig reaction is another class of reaction which was extensively used in the synthesis 

of heterocyclic aglycon of riboside.140,141 It is a reaction where the two precursors are 

phosphorus ylide and a carbonyl functionality reacting together to create a double bond 

unsaturation. Wittig reaction has taken to be the key reaction in the synthesis of 1.067 reported 

by Barrett (Scheme 1.9). Sugar unit 1.064 and ylide 1.065 are the precursor allowed to react in 

Wittig fashion to produce 1.066 which was further treated with phenylselenenyl chloride and 

hydrogen peroxide for the purpose of selenoetherification followed by selenoxide elimination 

to afford a mixture of epi-showdomycine 1.067α and showdomycine 1.067β in a 3:1 ratio.142  

 

 

 

 

 

Scheme 1.9: Construction of Showdomycin 1.008 by Wittig-Type Chemistry. 

 

 Synthesis of 9-deazaadenosine (Scheme 1.10)143 is a classical one started from 

protected D-ribose 1.068. 1.068 was subjected to react through the method of Horner-

Wadsworth-Emmons reaction with diethyl methylencyanophosphonate followed by the 

treatment of tert-butoxy bis(dimethylamino)methane in DMF produce 1.069 which contains an 
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enamine moiety is further subjected to acidic hydrolysis results an enol which is subsequently 

reacted in acetate buffer with aminoacetonitrile hydrochloride to afford 1.070 in a good overall 

yield.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Scheme 1.10: A classical construction of 9-Deazaadenosine.  

 

 Unprotected amine nitrogen was protected by the treatment of 1.070 with ethyl 

chloroformate to produce 1.071. 1.071 was then treated with a base DBN (1,5-

diazabicyclo[4.3.0]non-5-ene) in excess quantity in dichloromethane solvent to afford a 

functionalized pyrrole heterocycle 1.072 in 84% yield. Deprotection of ester functionality by 

sodium carbonate in methanol gives 1.073 as a mixture of α and β anomer in 85% yield. The 

anomeric mixture of 1.073 is then subjected to purify through column chromatography to get 

cyclised 1.073β as a pure anomer which is then treated further in boiling ethanol with 

formamide acetate to afford 9-deazaadenosine 1.074 in an excellent 93% yield. Acidic 

deprotection of 2',3' and 5' oxygen of 1.074 produces 1.075 through a number of steps with an 

overall 22% yield. 

 Polyhalogenated Quinolines (1.010a-b) were synthesised by Townsend et al. (Scheme 

1.11)144 where the precursor 1.076 was treated with sodium hydroxide to start with phosphorous 

ylide which was undergone reaction with the another precursor 1.078 in a Wittig fashion to 

produce 1.079 as a mixture of two isomeric alkene Z and E with a 12:1 ratio in 85% yield. 

These mixture of alkenes were then subjected to undergo through a seven multi steps synthesis 
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to afford trichloroquinoline aglycon 1.010a and bromodichloroquinoline aglycom 1.011b with 

an undesirably 8% and 6% low overall yield respectively.   

 

 

 

 

 

 

 

 

 

 

Scheme 1.11: Polyhalogenated Quinolines 1.010a and 1.010b synthesis. 

 

1.6.1.3. Modification through cycloaddition 

 The (+)-showdomycin and (-)-6-azapseudouridine are the two examples of C-

nucleoside which was synthesised by the first introduction of the concept of cycloadition into 

the formation of aglycon.145  

 

 

 

 

 

 

 

 

 

Scheme 1.12: 1,3-dipolar cycloaddition in the synthesis of aglycon moiety. 

 

Latter in the same year 1,3-dipolar cycloaddition concept was again employed by 

Kozikowski during the synthesis of artificial nucleoside analogues contains isoxazoline ring in 
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the place of ribose and during the total synthesis of (±)-blastomycinone.146 Afterwards 

Kozikowski reported the synthesis of 1.084 where 1.080 is converted to 1.081 which is bearing 

an 1,3-dipolar nitrile oxide functional group. 1.082, which is providing the dienophile part for 

an 1,3-dipolar cycloaddition, and 1.081 were then subjected to react together to develop 

isoxazoline 1.083 C-nucleoside analogues which was then converted into 1.084 by Raney 

nickel reduction followed by trimethylsilyl triflate treatment (Scheme 1.12). 

 A classic example of cycloaddition reaction in the formation of pyridazine as well as 

triazole heterocyclic ring was reported by Wamhoff (Scheme 1.13).147 Where he started with 

α-ribofuranosyl chloride 1.085α which was allowed to react with ethynylmagnesium bromide 

to convert it into 1.086.148 In this reaction the major problem is the formation of undesired α-

anomer along with β-anomer.  

 

 

 

 

 

 

 

 

 

 

 

 

 

Scheme 1.13: Synthesis of Pyridazines 1.192 and Triazoles 1.193 and 1.194 using 

cycloaddition as a key step. 

 

 Although the formation of α-anomer could be able to reduce by the use of protecting 

groups (Ac, Bz, Tol) which contains ester functionality but the yield of β-anomer was still not 

satisfactory. The reaction was further proceeded with toluoyl protection where the anomeric 

ratio was 3:2 for α:β. This 1.086 was then subjected to react with dimethyl [1,2,4,5]-tetrazine-

3,6-dicarboxylate 1.087 forming an intermediate underwent through Diels Alder reaction was 

quiet unstable and therefore immediately decomposed by the elimination of one nitrogen unit 

which was again underwent through retro Diels Alder method finally gives 1.088 with a good 

80% yield. In another way the intermediate 1.086 was further involved in the formation of 
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triazole ring through [3+2] cycloaddition to produce regioisomers 1.089a-b and 1.090a-b in 

3:2 ratio with moderate yield.   

 Dubreuil reported the synthesis of another substituted pyridazine nucleosides started 

from 1.091 (Scheme 1.14)149 which was a benzyl protected ribose sugar unit treated with 

phenylethynylmagnesium bromide as well as n-butylethynylmagnesium bromide to open up 

the ring at anomeric centre which was then further closed by the treatment of this open chain 

sugar with tosyl chloride at refluxing temperature followed by isolation of pure β isomer 1.092a 

and 1.092b were further subjected to Diels Alder cycloaddition reaction with 1.087 produces 

substituted pyridazine 1.093a and 1.093b as a pure β isomer. 

 

 

 

 

 

Scheme 1.14: Construction of functionally substituted Pyridazine ribofuranose using 

cycloaddition. 

 

 Another interesting work was reported by Kaliappan et al. (Scheme 1.15)150 where they 

started with protected glycoside 1.094 which was reacted with ethylene in presence of Grub’s 

second generation catalyst 1.095 through an alkyne metathesis produced 1.096 in 98% yield. 

This intermediate 1.096 was further subjected to Diels Alder reaction with either dimethyl 

ethynyldicarboxylate 1.097 or benzoquinone 1.099 produced respectively 1.098 and 1.100 in 

83% and 72% yield. This is another example where cycloaddition is extensively used in both 

ways in the formation of C-nucleoside analogues.  
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Scheme 1.15: Ring closing metathesis followed by cycloaddition. 

 

 As both the steps has been carried out in toluene at 80 oC a one pot two step procedure 

was further investigated giving approximately same yield with no much significant difference. 

A similar approach by using Diels Alder reaction was also reported by Kotora et al.151 and 

Yamamoto et al.152 for the synthesis of C-glycosides.    

1.6.1.4. Other techniques for the preparation of aglycon upon carbohydrate 

 A palladium catalyst assisted asymmetric allylic substitution for the synthesis of L-

showdomycin L-1.067 has been reported by Trost (Scheme 1.16).153  

 

 

 

 

 

 

 

 

Scheme 1.16: Synthesis of L-Showdomycin involving Trost ligand. 
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 Here (η3-C3H5PdCl)2 is the Trost ligand 1.102 served as the asymmetric catalysis for 

the effective allylation at the anomeric centre of 1.101 by maleic diester 1.103 which served as 

the precursor of the construction of hydroxyl moiety of L-1.067. In addition, with this another 

allylation was carried out by Trost catalyst 1.102 due to the construction of maleimide moiety 

of L-1.067, started from sulfonylsuccinimide 1.105. The synthesis was carried out through 

multistep for achieving L- showdomycin L-1.067 in an overall 10% yield.  

 The synthesis of D-showdomycin D-1.067 was achieved started from 

thiophenylnucleoside 1.107. 1.107 was treated with a Rhodium carbine 1.108 which produced 

1.109 underwent rearrangement to afford 1.110 which was then undergone through multistep 

synthesis to achieve D- showdomycin D-1.067 (Scheme 1.17).154 

 

 

 

 

 

 

 

Scheme 1.17: D- showdomycin synthesis from functionalised thioribose. 

 

 Synthesis of 1.113 was started from 2-Deoxy-D-ribose 1.111 and underwent through 

Horner-Wadsworth-Emmons olefination followed by other several steps which produced 1.113 

as a mixture of 1:1 ratio of α:β (Scheme 1.18)155.  

 

 

 

 

 

Scheme 1.18: Horner-Wadsworth-Emmons olefination to construct ethenylriboside. 

 

 Intramolecular radical cyclisation technic with Bu3SnH and AIBN is used by Stork 

(Scheme 1.19)156 for the synthesis of 1.115 from 1.114 where the diastereoselectivity of this 

reaction strictly depends on the position of the alkyne. Deprotection of the silylether was done 

by TBAF to afford 1.115. 
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Scheme 1.19: Construction of aglycon though radical cyclisation. 

 

1.6.2.  Construction of ribose ring upon aglycon  

 A classical route for the synthesis of ribose ring was reported by Townsend et al. They 

started with two precursors. One is phosphorous ylide 1.116 and another is aglycon aldehyde 

1.117. They were allowed to react as a Wittig precursor and 1.118 was afforded in a moderate 

yield which was subjected to ring closing by iodine insertion of the olefinic unsaturation 

followed by nucleophilic attack produces 1.119, 1.120 and 1.121. Iodine elimination by DBU 

followed by stereoselective OsO4 mediated olefin hydrolysis afford 1.123 in overall 17% yield 

(Scheme 1.20).157 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Scheme 1.20: Construction of aglycon upon ribose. 
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 Another classic example is the preparation of 2'-deoxy -β-riboside where any kind of 

aromatic hetero cycle can be incorporated and the reaction has to be started with aldehyde 

precursor of that heterocycle. This expedition started with 1.124 and 1.125 by Townsend 

(Scheme 1.21).158 Aldol condensation was carried out in DCM at -78 oC in presence of TiCl4 

and Triethylamine to produce 1.126 followed by ring closing by using Rh2(OAc)4 as a catalysis 

afford 1.127 in 95% yield. 1.127 was then allowed to undergo reduction in presence of different 

reducing agent to produce 1.128-1.131 in different ratio.  

 

 

 

 

 

 

 

 

 

 

 

Scheme 1.21: Construction of carbohydrate moiety involving carbine. 

 

 Now another route was chosen to synthesis 1.111β started from 1.127. 1.132 is 

produced by TBSCl mediated silylation of 1.127 which was further undergone reduction with 

DIBAL produced 1.133. Deprotection of 1.133 followed by NaBH(OAc)3 mediated carbonyl 

reduction produced 1.111β where all the stereogenic centre in comparison with the natural 2'-

Deoxy-β-D-riboside are exactly same with promising β selectivity of the aglycon unit (Scheme 

1.22).158b 

 

 

 

 

 

 

Scheme 1.22: Carbene involving another method of aglycon construction. 

TH-1635_11612228



Application of Unnatural C- and N-Nucleosides: A Review 

27 
 

1.6.3.  Use of organometallic reagents in construction of C-nucleoside analogues  

 Lithium or magnesium mediated heterocyclic coupling with riboside is a unique 

concept of forming an aglycon upon ribose ring. Different approaches were conceived and 

successfully applied to make C-nucleoside analogues.159 These can be stated as (1) nucleophilic 

attack to the anomeric centre, (2) started from unsaturation followed by stereoselective addition 

(3) Nucleophilic attack to halogenose (4) nucleophilic addition to lactone (5) palladium 

catalysed Heck coupling (6) Lewis acid facilitated aromatic electrophilic substitution.  

1.6.3.1. Organolithium and organomagnesium mediated nucleophilic attack to the 

anomeric centre 

 The concept of the nucleophilic attack of organolithium or organomagnesium reagent 

was started by taking the protected riboside by keeping the anomeric centre intact as it is in the 

starting material. As the anomeric centre is aldehydic in nature so is easily accessible as a 

precursor of nucleophilic addition reaction. Addition of organolithium to 1.091 in THF at -78 
oC produced 1.136 as an open chain sugar in 64% yield. Further acid catalysed ring closing, 

which was lacking diastereselectivity, followed by Lewis acidic deprotection produced 

pseudouridine (Ψ) 1.007 as a mixture of α:β in 1:1 mixture (Scheme 1.23).129a,160 

 

 

 

 

 

 

 

 

 

Scheme 1.23: Coupling of protected ribofuranose 1.091 with organolithium. 

 

 The strategy of open chain ring closing suffers because of the lack of 

diastereoselectivity during ribose ring formation. A novel methodology is further developed by 

Rothman where even further increased diastereoselectivity was achieved in the synthesis of 

ribose ring during cyclisation (Scheme 1.24).161,162  Silyl protected ribose sugar 1.138 was 

treated with vinyl magnesium bromide in THF to produce two open chain chromatographically 

separable sugar 1.139 and 1.140 in 34% and 39% respective yield. Further misylation of 1.139 

and 1.140 leading to the cyclisation of the open chain ring via 5(O)n-exo-tet fashion161,162 to 

afford pure vinylated α and β anomer respectively. Further treatment with Grubs first 
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generation catalyst afford external cross metathesis product 1.144 which is undergone TBAF 

deprotection to give the final C-nucleoside 1.145. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Scheme 1.24: Vinylmagnesium bromide mediated C-nucleoside synthesis. 

 

1.6.3.2. Triarylalluminium mediated nucleophilic coupling with 1,2-dihydrofuran 

 A completely different concept was considered by Seitz (Scheme 1.25).163 He started 

with an olefinic unsaturation.  Epoxidation of 1.146 with dimethyldioxirane furnished 1.148 

which contains an oxirane ring. The nucleophilic attack of a series of triarylalanes to the oxirane 

ring finally stereoselectively opened up the ring to afford β-D-arabinofuranoside. Final removal 

of 2'-hydroxyl group by Barton procedure followed by deprotection afforded β-D-

ribofuranoside 1.152a-d with a series of aryl moiety in moderate to good overall yield with 

excellent diastereoselectivity. For the case of complex aromatic aglycon there might be some 

limitation in using 3 equivalent of Ar3Al.   
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Scheme 1.25: Triarylalluminium mediated aglycon construction. 

 

1.6.3.3. Nucleophilic organometallic addition to sugar Halogenose 

 Organometallic coupling with sugar halogenose is very common and was given to the 

utter most importance to construct C-riboside because of its easy direct one step approach to 

couple the desired aromatic aglycon supplied in the form of organometallic reagent readily 

replace the halogen from the anomeric C-halogen bond to the protected ribofuranose.164 Over 

the last few decades the most extensively used halogenose is Hoffer’s Chloro sugar (1-chloro-

2-deoxy-3,5-bis[O-(p-toluoyl)]-R-D-ribofuranose) 1.085.165 Hoffer’s Chloro sugar 1.085α is 

typically involved with a wide variety of organometallic reagent involving mercury, zinc, 

cadmium,73,166  lithium169 and magnesium167,168 to replace chlorine producing 1.153a-h. The 

yield of the reaction was governed by the capability of the organometallic reagent coming into 

play (Scheme 1.26).170,171   

 In every cases the major product is α-anomer. The formation of undesirable α-anomer 

does not depend on the condition of the reaction. That means in each and every cases 

irrespective of using different reaction condition varied from solvent, metal, temperature the 

yield of the product still remains at the side of α-anomer probably because the aglycon placed 

at the β-side experienced 1,3-diaxial interaction with the sterically crowded C5' and forced to 

preferably form α-anomer. So the problem of getting more desired β-ribonucleoside was 

basically achieved by the epimerisation of the α-anomer catalysed by acid in turn producing β-

anomer as the desired product. Therefore, this method towards the formation of β-anomer 

comprises with an additional step. But the lack of the formation of the expected yield simply 
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triggered finding new methodology to produce more yield. This was then done by Seitz using 

magnesium-cuprate which improved the yield and subsequent acid catalysed epimerisation of 

the α-anomer produced further desired β-anomer.88b,172  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Scheme 1.26: Nucleophilic organometallic addition to sugar Halogenose. 

   

1.6.3.4. Heck mediated C-nucleoside formation 

 Heck coupling is another method to couple an aromatic aglycon with the sugar moiety. 

Here it is needed to have a double bond unsaturation in the sugar part with an aromatic halide 

or triflate. They are allowed to react in presence of palladium catalyst with different ligands in 
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presence of inclusion of base and additives. The yield and β selectivity depends upon 5′ and 3′ 

protecting groups of sugar, palladium catalysis and the ligand that is used in the reaction.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Scheme 1.27: Heck coupling in the construction of aglycon. 

 

 Here the aromatic groups are inserted onto the less sterically hindered 1′ anomeric 

position because of the conjugation of oxygen lone pair with the C1′-C2′ double bond which 

makes C2′ more electron donating and that is why donation to the palladium happened from 

this end. β selectivity depends on protecting group attached with which oxygen. If it is attached 
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with 3′-OH group, then because of the 1,3-diaxial interaction it will prevail the aromatic moiety 

attached from β face. A and B in the Scheme 1.2747a,173-174 produced good yield because 5′-OH 

was not protected which led to the formation of α-anomer because of the 1,3 diaxial interaction 

created on the β face of the molecule. That is why C gives lower yield than A and B. In this 

way 1.154 and 1.155 are allowed to react in presence of palladium catalyst, base and additives 

with an aromatic halide/triflate to produce 1.156. Deprotection followed by NaBH(OAc)3 

reduction provides 1.157a-l in good to moderate yield (Scheme 1.27).   

1.6.3.5. Lewis acid mediated C-nucleoside formation 

 

  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Scheme 1.28: Lewis acid functioning to forming aglycon. 

 

Lewis acids like SnCl4, AgOTfa, AgBF4, BF3.OEt3 are the another class of reagents which 

helps leaving group, placed at the anomeric centre of the ribose sugar, to come out to make the 
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centre electrophilic and thus triggering electrophilic substitution reaction. Aromatic moieties 

those are capable of electron donation willingly takes part in this reaction. Regioselectivity 

depends on how donating group placed on the aromatic moiety triggering which centre to be 

more reactive towards electron donation. Whereas diastereoselectivity depends on the nature 

of the Lewis acid used as well as the nature of the protecting groups which are actually creating 

diastereoselectivity through providing steric crowding towards anomeric carbon. Formation of 

1.159 started from 1.158 which is a Lewis acid mediated pathway towards electrophilic 

substitution onto the ribose sugar is shown in Scheme 1.28.175,176-180,133,181 

1.6.4.  Nucleoside modification 

 During the synthesis of C-nucleoside the formation of undesired α-anomer formation 

is the synthetic drawback which reduced yield of the reaction.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Scheme 1.29: Acid catalysed anomeric conversion. 
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Most of the time it was observed that it is a major problem towards choosing reagents to 

synthesis predominantly β-isomer because of the nature of the sugar ring use to choose α-

anomer formation. So the methodology has been developed by Stivers where the epimerisation 

of α to β anomer was done by the addition of a catalytic amount of the mixture of two acid 

TFA and benzensulfonic acid (Scheme 1.29).182,183 Protonation of 1.111α makes the anomeric 

carbon electrophilic which in turn through acid catalysed equilibrium condition is converted 

into more stable β-anomer. The reaction was more driven towards β-conversion whenever an 

electron donating group would be present at the ortho or para position of the aromatic moiety 

in 1.163. This electron donating group helps the positive charge created at the anomeric carbon 

to stabilise and thus facilitate the conversion process. Whereas on the other hand like the same 

way electron withdrawing ortho/para substituted aromatic moiety destabilise the positive 

charge created at the anomeric position and thus preventing the further progress towards β-

conversion.   

1.7. Conclusion 

 Benner’s explicit approach towards nonstandard protein formation is a remarkable 

discovery triggered to explore chemically modified nucleoside with a new hope of installing 

ideas that are pretty much often interesting and absent in nature. As the nature provided A, T, 

G and C all are N-nucleoside so primarily the main focus was over N-nucleoside exploration. 

But step by step modification and a detail investigation over the structural features of the 

nucleosides gradually started unfolding the secret behind the regular helicity of the double 

strand DNA. While one group of people started examining how potent the hydrogen bonding 

parameter to shape the double strand in a regular way with proper helicity the Kool group 

introduced the world with a new idea called hydrophobicity. This parameter is exceptionally 

venerable parameter which excludes hydrogen bonding. It was then ascertained that π stacking 

that is supported by hydrophobicity is potent enough to make the DNA double strand a proper 

helix without the help of hydrogen bonding. So now the concept of DNA helicity was made 

clear which helps other to synthesize size expanded base pair which generally either paired 

through hydrogen bonding or π-stacking. All these base pairs are synthesized and incorporated 

within short oligonucleotide strand hoping to make them as a replicable base pair. C-nucleoside 

groups are not in the back side and instead gradually get attention due to the instability of N-

nucleoside caused because of the presence of acid sensitive or enzymatically labile anomeric 

C-N linkage. They are also started designed and their synthesis through various protocol 

helping us to redesign nucleoside with new chemical features. The synthetic approaches 

involved Wittig type reaction, organometallic reaction, Heck reaction, Lewis acid mediated 

reaction, sugar ring formation etc. Although the nucleophilic addition approach in various ways 

like organometallic addition to the sugar unit followed by leaving group elimination suffers in 

the formation of desired ratio of β anomer, a new method was developed by which the anomeric 

conversion from α to β is possible with the treatment of proper acid catalyst. So there are a lot 

of protocols developed and are to develop to synthesis C-nucleoside and N-nucleoside. All 

these protocols are now helping us to enrich the nucleoside library with new worth.        
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2.1.  Introduction 

 Acid catalysed hydrolysis and enzymatic C-N glycosidic bond disruption leading us to 

think about C-nucleoside synthesis.1 As a result of tremendous research effort a lot of 

methodologies are available now a day for the synthesis of C-nucleosides.2-17 Organometallic 

reagents,18-22 Wittig reaction,23-24 ozonolysis25,26 are the techniques enormously employed in 

developing unnatural C-nucleosides. Last couple of years C-nucleosides find enormous 

application in different areas of chemistry, biochemistry, bio medical science and 

biotechnology. Besides they can be used as antibiotic and cytotoxic material.2,6      

 

 

 

 

 

 

 

 

Figure 2.1: Huisgen 1,3-dipolar azide-alkyne cycloaddition vs Sharpless Copper catalysed 

1,3-dipolar azide-alkyne cycloaddition. 

 

 In recent times click reaction has got attention in various ways in almost all branches 

of chemistry and biology. In the year of 1963, Rolf Huisgen,27 a German chemist has 

discovered 1,3-dipolar cycloaddition reaction27 between an organic azide and an alkyne to 

generate a five membered heterocyclic triazole moiety.28 But the major drawback of this 

reaction includes the robust reaction condition, slow reaction rate and more over the electronic 

limitations on the azide and alkyne, where only the LUMO of an electron poor dipolarophile 

i.e. an alkyne can interact with the HOMO of an electron rich dipole which is an azide. But, 

after that in the year of 2001, such limitations were overcome by an American chemist, K. 

Barry Sharpless. He discovered Copper catalysed azide-alkyne cycloaddition (CuAAC)29 

reaction (Figure 2.1) which is a Cu(I) catalysed 1,3-dipolar azide-alkyne cycloaddition.30 It is 

an environment friendly reaction. Here water can be used as a solvent. It does not demand any 

drastic condition and the rate of the reaction is also comparatively faster than Huisgen 1,3 

dipolar cycloaddition. It doesn’t produce any undesirable biproducts (Figure 2.1-2.2). Most of 

the protocols involve either Cu(I) or Cu(II) with a reducing agent like sodium ascorbate as the 

catalyst. In addition, this copper catalysed click reaction offers an array of electron donating 

and withdrawing azide and alkyne to form 5 membered 1,2,3-triazole ring with an excellent 

regioselectivity. 
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 So in comparison with Huisgen 1,3-dipolar cycloaddition, Sharpless 1,3-dipolar 

cycloaddition is believed to be accepted more wide in scope, flexible, fully regiospecific and 

more over this is an environment friendly reaction. Figure 2.2 explains the proposed 

mechanism of click reaction where the role of Cu(I) in forming triazole heterocycle followed 

by subsequent electrophilic substitution at the cuprated nucleophilic carbon is explained.    

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.2: Mechanism of Click chemistry 

 

2.2. Click chemistry in the modification of nucleosides 

 A handful of examples exist here, where click chemistry is the key step to synthesize 

synthetic nucleosides. Generally, click chemistry can be performed in either room temperature 

or a moderate heat is needed to form the triazole moiety with the use of Cu(I) as a catalyst in 

presence of amine base. Sometimes it has been found that this reaction condition is not enough 

for complete and efficient conversion to product with a required time frame. To enhance the 

yield of the reaction and to minimise the duration of reaction time, microwave irradiation has 

turned attention to the click chemistry.  
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 Guezguez et al.32 treated β-1'-azido isomer of the sugar 2.01 with a series of alkyne and 

observed that it is impossible to achieve the complete conversion of this type click reaction 

before 24 h. Here they have used aromatic and aliphatic alkyne. But the yield of the reaction is 

dissatisfied in both the cases. So to accelerate the speed of the reaction they used microwave 

irradiation with 95-115 oC heat and observed that the reaction time was dramatically changed 

from 24 h to 3 min with CuI as a catalyst and DIPEA as a base (Scheme 2.1). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Scheme 2.1: Microwave irradiated click reaction by Guezguez et al. 

 

 Eycken et al.33 and Broggi et al.34 have also shown that microwave irradiation has a 

marked impact on click chemistry. This will help to complete the reaction within a few minutes. 

Benzyl protected β-1'-azidodeoxyriboside 2.03 reacted with an alkyne 2.04 remain in 

conjugation with an heterocyclic ring producing the 1,4-substited 1,2,3-triazole ring 2.05 

catalysed by Cu(0) and Cu(II) within 5-10 minutes (Scheme 2.2). 
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Scheme 2.2: Microwave irradiated click reaction by Eycken et al. 

 

 Whereas Broggi et al.34 has shown that in the the β-1'-azido sugar 2.06 catalysed by the 

same Cu(0) – Cu(II) catalyst surprisingly produced the 1,2,3-triazole ring 2.07 within 2 minutes 

only (Scheme 2.3). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Scheme 2.3: Microwave irradiated click reaction by Broggi et al. 

 Further modification of the heterocyclic 1,2,3-triazole ring was done by Li et al.35 They 

introduced one iodine in 5 position of the triazole ring which would open a new way to modify 

the 5 position of the triazole ring. The azido sugar moiety 2.08 and phenyl alkyne reacted in 
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presence of 1 equivalent of CuI and 1 equivalent of NBS to produce 1,4 disubstituted 5-iodo-

1,2,3-triazole 2.10. According to the author the CuI and NBS catalytic system provides both of 

Cu+ and I+ for the efficient formation of 5-iodo triazole ring in presence of restricted amount 

DIPEA (Scheme 2.4). 

 

 

 

 

 

 

 

 

 

Scheme 2.4: 5-iodo triazole formation by Li et al. 

 

 Li et al. has also applied click chemistry to modify the cADPR 2.15,36 which is an 

endogenous cellular messenger nucleotide, controls calcium signalling (Scheme 2.5).  

 

 

 

 

 

 

 

 

 

 

 

 

Scheme 2.5: Synthesis of cADPR mimic 
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 Nucleosides with bis-triazole as modified bases have also been reported in which one 

triazole part is 1,2,3-triazole is synthesised via copper catalysed click reaction and the another 

triazole part is 1,2,4-triazole. These new nucleosides which find application as antiviral agent 

against tobacco mosaic virus (TMV) was reported by Xia et al.37 They have shown that 

compound 2.17c and 2.17d showed comparable antiviral activity with ribavirin (Scheme 2.6). 

 

  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Scheme 2.6: Anti TMV nucleoside analogues. 

 

 A range of Adenosine analogues have been prepared by Cosyn et al.38 starting from the 

common intermediate 2.19 where two types of reaction were involved to prepare the alkyne 

2.20 and azide 2.21 derivative of the 6-chloro-2-iodo-adenosine 2.18 (Scheme 2.7a). After that 

2.21 and 2.20 separately reacted with different types of azide and alkyne respectively to prepare 

the 1,2,3-triazolo derivative of adenosine (Scheme 2.7b). Cosyn et al.39 (Scheme 2.7c) 

reported that if the precursor contains both azide and a halo substituent 2.24 then under 

sonogashira condition the azide part also reacted with the alkyne. 
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Scheme 2.7: (a) Modification of N6methyl-2-iodo-adenosine. (b) Triazole modified 

Adenosine analogues. (c) Sonogashira condition assisted one pot click Sonogashira. 
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 Inspired by the effort of Cosyn et al., Gupte et al.40 synthesised some novel adenosine 

analogues 2.27 via click chemistry which showed anti-tuberculosis activity in submicromolar 

to micromolar range (Scheme 2.8). 

  

 

 

 

 

 

 

 

Scheme 2.8: Click assisted synthesis of anti-tuberculosis adenosine analogues. 

 

 In recent years the synthesis and modification of nucleoside analogues, incorporation 

into short DNA and study of duplex stability has drawn a special attention. On the basis of that 

concept our research group previously reported the synthesized donor acceptor unnatural 

nucleosides 2.28a-d via click chemistry approach and incorporated these nucleosides into the 

DNA to measure duplex stability, photophysical properties etc. (Scheme 2.9).41h A pair of such 

donor-acceptor bases was found to stabilize a duplex via ground state charge transfer 

interaction to the extent comparable to that offered by a natural A-T pair. 

 

 

 

 

 

 

 

 

 

 

 

Scheme 2.9: Donor-acceptor triazolyl nucleoside synthesis through click chemistry. 
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2.3. Synthesis of 1-ethynylriboside 

 In this section we will discuss about different protocol to synthesize 1.086. In most of 

the cases it has been found that the α-anomer is the major product. In the year 2001 Heinrich 

et al.42 (Scheme 2.10) synthesised 2-deoxy-3,5-bis[O-(p-toluoyl)]-α-D-ethynylribofuranoside 

1.086α as a major product where the minor product is β isomer. They have started it with 

Hoffer’s choloro sugar 1.085α. Then ethynyl magnesium bromide was allowed to react with 

1.085α to form this 1-ethynylriboside 1.086α and 1.086β. They have postulated intermediate 

2.29 and according to them through this intermediate the reaction was proceeded. They 

explained that here neighbouring group i.e. 5′-toluoyl group participation assisted the 

elimination of the chlorine which is the key to generate preferably α-isomer, 1.086α where the 

α:β ratio of this 1-ethnylriboside is found to be 3:1.  

 

 

 

 

 

 

 

 

Scheme 2.10: Ethnylmagnesium bromide mediated synthesis of 1-ethynylriboside. 

 

 In the year 2002, Inoyue43 has synthesised trimethylsilylated β-ethynylriboside 

(Scheme 2.11) started from bisbenzylprotected riboside 2.30. Treatment of alkynyl lithium 

gives 2.31α and 2.31β. Treatment of 2.31α and 2.31β with cobalt carbonyl and subsequent 

treatment of TfOH, Et3N and I2 produces 2.36β in a very good 99% yield.  

 

 

 

 

 

 

Scheme 2.11: Inoyue method of synthesising trimethylsilylated β-ethynylriboside. 
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 Adamo et al.44 in the year 2007 synthesised also 1-ethynyl riboside 2.34α and 2.34β via 

different procedure. They first used ethynyl magnesium bromide to 2.30 which was also used 

by Inoyue as a substrate. Then 2.33α and 2.33β were differently treated with TsOH and KOH 

which gives 2.34α and 2.34β in 65% and 77% yield respectively (Scheme 2.12). 

 

 

 

 

 

 

 

 

 

 

 

Scheme 2.12: Adamo method of synthesising diastereo pure α- and β-ethynylriboside. 

 

 In the year 2008 Kotora45 synthesised 1-ethnyl riboside 1.086 started from Hoffer’s 

chloro sugar 1.085α. They treated Hoffer’s chloro sugar 1.085α with ethynyl magnesium 

chloride in dry THF and got 80% yield of the 1-ethynylriboside 1.086 which was a mixture of 

α and β anomer. Here the α:β ratio is stated as 2:1 (Scheme 2.13).  

 

 

 

 

 

Scheme 2.13: Kotora method of synthesising 1-ethynylriboside, predominantly α-anomer. 
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2.4. Synthesis of different C-nucleoside analogues starting from 1-ethynyl 

riboside  

 Wamhoff 42 et al. used Huisgen 1,3 dipolar cycloaddition where azide 2.35a-b were 

allowed to react with one alkyne and as the stereoselectivity of the reaction is low it produced 

2 products. So bistoluoylprotected ethynylriboside 1.086α was allowed to react with azide 

2.35a-b and produced 2.36α (a-b) and 2.36β (a-b) in 62% and 34% yield respectively. The 

ratio of these two product is roughly around 3:2. Although the separation of these isomer 

through column chromatography was failed but NOE and COSY gave some conclusive signal 

to determine the structure of these isomer (Scheme 2.14).   

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Scheme 2.14: Triazole nucleoside formation started from 1-ethynylriboside 1.086α 

 

 Inoye43 et al. have used sugar 1-ethynylriboside 2.32β in different purposes. The 

reduction of 1-ethynylriboside 2.32β with lindlar catalyst in presence of hydrogen give 2.37. 

Treatment of catalytic amount of RuCl3 with NaIO4 in a mixture of carbon tetrachloride, 

acetonitrile and water afforded 2.38. Treatment of 1-ethnylriboside 2.32β with nitrile N-oxide 

2.39 produced 2.40 (Scheme 2.15). 
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Scheme 2.15: Inoye synthesised heterocyclic. 

 

 Adamo et al.44 has started with 2.32α and 2.32β 1-ethynylriboside separately and then 

applied it to Sonogashira reaction to form a mixture of 2.41α and 2.41β and double substituted 

ethynyl nucleoside 2.42. In the further application they have shown the formation of alcohol 

where the ethynyl hydrogen was abstracted by nBuLi and then attacked to aldehyde 2.44 to 

form a mixture of alcohol 2.43α and 2.43β along with 2.42 (Scheme 2.16). 

 

 

 

 

 

 

 

 

 

 

Scheme 2.16: Adamo’s 1-ethynylriboside mediated synthetic route to form C-triazolyl 

nucleoside 
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 A new class of hydrogen bonded base pair in DNA was presented by Inoyue46 in the 

year 2008. He used Sonogashira coupling in shaping the nucleosides in a way so that a pair 

could be capable to be paired either with three or two hydrogen bonds. They prepared iG* 2.46 

and iC* 2.47. These two are making 3 hydrogen bonds whereas A* 2.49 and T* 2.50 paired 

with two hydrogen bonds. (Scheme 2.17). 

 

 

 

 

 

 

 

 

  

 

 

 

 

 

 

 

 

 

 

 

 

 

Scheme 2.17: Designing and construction of 3 point and 2-point hydrogen bonding. 

 

 In the year 2008 Kotora et al.47 reported that a Rh catalysed [2+2+2] cyclotrimerization 

reaction can proceed smoothly with bistoluoyl protected 1.086α and 1.086β 1-
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ethynyldeoxyriboside to synthesize an array of C-nucleosides. However analogous alkyne like 

α- or β-phenylethynyl or propynyl ribosides only underwent reaction in presence of Rh catalyst 

under microwave condition. Homologous cyclotrimerization was also tried under Rh catalysed 

condition but failed to produce such desired trimerization product whereas Ru catalyst was able 

to produce such desired homocyclotrimerised product 2.55, 2.56, 2.57, 2.58 from both 1.086α 

and 1.086β anomers (Scheme 2.18).  

 

 

 

 

 

 

 

 

 

 

 

                                   

                                        

 

 

 

 

 

 

 

 

Scheme 2.18: Heterocyclic triazolyl nucleoside formation started from 1-ethynylriboside 

   

 Here Kotora et al.48 developed a protocol where 1-arylethynylriboside 2.59β and 2.59α 

could be made easily from α and β anomer of the 1-ethynylriboside 1.086α and 1.086β. The 

problem to prepare arylethynylriboside through Sonogashira coupling is ending up with the 
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dimerization of 1-ethynylriboside 2.60 and 2.61 so that the desired arylethynylriboside 2.59β 

and 2.59α was expected to be failed to produce in a substantial yield. The problem was solved 

by not using the copper catalyst which generally promoted dimerization of alkyne. To avoid 

the problem, they have used modified Sonogashira condition and got a substantial yield of the 

arylated product. They applied it on various aryl substituents (ArX) and successfully 

eliminated the dimerization problem (Scheme 2.19).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Scheme 2.19: 1-ethynylriboside in Sonogashira coupling with different aromatic halide. 

 

 Recently another work was done by E. T. Kool in 2016. They started with α-

ethynylriboside 2.45α and developed some fluorescently labelled alkynylriboside 2.63a-f. 

Sonogashira coupling protocol was used as the key step to develop these dyes tagged 
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alkynylriboside. They have used these fluorophoric nucleosides in the preparation of DNA 

based polyfluorophores (Scheme 2.20).49 

    

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Scheme 2.20: Synthesis of fluorophore tagged alkynyl riboside. 

 

2.5. Nicholas reaction 

 Nicholas reaction50 is involved in generating a carbocation which is stabilised by the 

support of formed complex within alkyne and dicobalt octtacarbonyl. Further we will explain 

here how Nicholas reaction can be used as a tool in increasing the β-selectivity of an acid 

catalysed anomeric conversion of 1'-ethnylpyranose. We have extended this concept into our 

work where we have used 1'-ethynylfuranose and achieved higher β-selectivity.  

 In Nicholas reaction an alkyne 2.66 was employed to react with cobalt carbonyl to 

afford a brown colour complex 2.67. With the treatment of Lewis acid like TfOH, BF3.OEt2, 

the –OR4 functionality would remove as a leaving group. The positive charge is delocalised 

into the complex and form carbocation 2.69. Next the intermolecular or intramolecular 
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nucleophilic attack to this cationic centre gave rise to 2.70 which was then oxidised with iodine 

to decomplex the cobalt, generating 2.71 as a product (Scheme 2.21).    

  

 

 

 

 

 

 

 

 

 

 

 

Scheme 2.21: Synthetic Scheme of Nicholas reaction. 

 

 As a proof of formation of carbocation, 2.73 was isolated as a X ray crystal structure. 

The reason behind the stability of this carbocation was remaining in the delocalisation of this 

cationic charge within the Co2(CO)6 moiety. In support of the experimental evidence it was 

observed that the IR stretching frequency of the CO moiety in the cation 2.73 was significantly 

increased by 40-60 cm-1 compare to the parent molecule 2.72.  

 

   

 

 

 

 

 

Scheme 2.22: Isolated stable carbocation 2.73 
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 This is due to the delocalisation of cationic charge into the Co2(CO)6 moiety decreasing 

the  d(Co)  π*(CO) donation which automatically increased bond distance increasing 

stretching frequency. 1HNMR shows an enhanced deshielding effect on the α carbon with 

respect to the alkyne in the 2.73 compare to the parent molecule 2.72. The molecule 2.73 chosen 

by Melikyan et al.51 consisted of two Co2(CO)6 moiety was imparting greater crystallinity and 

thus greater thermal stabilisation (Scheme 2.22) was the clear evidence of the existence of 

carbocation formation.    

2.6. Intramolecular Nicholas reaction and β-selectivity 

 Intramolecular Nicholas reaction can lead to facile a higher extent of epimerisation of 

α to β. The concept was first introduced by Isobe and applied over a range of pyranose ring. 

The placement of a α-alkynyl substituent at the anomeric position of a pyranose ring led to be 

epimerised by forming cobalt complexation. 2.74α epimerised to 2.74β (Scheme 2.23) and 

2.74α in a 4:1 to 6:1 β:α ratio depending on the R substituent.52 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Scheme 2.23: Isomerisation of 2.74α to 2.74α and 2.74β 
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 Compound 2.75α epimerised to 2.75β and 2.75α in 19:1 β:α ratio, whereas 2.76α 

epimerised to 10:1 to 100:1 β:α ratio depending on the size of the R1 and R2 (Scheme 2.24). 

The driving force behind the epimerisation depends on the enhanced 1,3-diaxial interaction 

depending on the substituent attached with alkyne or the other end of the pyranose ring. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Scheme 2.24: Steric dependent cobalt carbonyl catalysed α to β conversion. 
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 Higher the 1,3–diaxial interaction between the interacting partner, higher will be the 

steric crowding leading to higher extent of formation of the β-anomer. 2.76 experienced large 

amount of steric crowding rather than 2.75 and that is why the ration of β:α for 2.76 is higher 

than 2.75 (Scheme 2.24). On the other hand, the steric crowding imposed by C2 substituent was 

explored. It has been found that with the increase of the steric crowding on the C2 substituent 

of 2.76α the ratio β:α increases from 10:1 to 100:1.52 

 The same concept was extended to apply on phenylthioalkynylpyranose 2.77-2.80 by 

Isobe group and the same argument was made to conclude that cobalt catalysed isomerisation 

from α to β at a substantial ratio is said to be highly feasible in the case of α-alkynyl substituents 

in a pyranose ring through Lewis acid treatment (Scheme 2.25).53-55 

 

  

 

 

 

 

 

 

 

 

 

 

 

 

                            

 

 

 

 

 

 

Scheme 2.25: α to β steric dependent cobalt carbonyl catalysed anomeric conversion. 
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2.7. Background 

 Unnatural N-nucleosides are found to be most accessible nucleoside analogues, which 

often are, designed to mimic the shape, size and H-bonding pattern of natural nucleosides. 

Apart from that, the significance in synthesizing N-nucleoside lies on their huge impact in the 

field of chemistry and biology. They can be used as a potent therapeutic drug as well as capable 

of fulfilling criteria to make stable DNA double helix via π-π stacking and H-bonding 

interaction. However, the N-glycosidic linkage is generally labile and suffers from enzymatic 

chemical hydrolysis. The stability and importance of C-glycosidic bond as evident from 

naturally occurring C-nucleoside, showdomycin and pseudouridine have attracted attention to 

the scientist for the development of C-nucleoside analogues. As a result of tremendous research 

efforts, several methodologies have been developed for the synthesis of various types of C-

nucleosides.  These C-nucleosides are found to have application in chemical biology as well as 

medicinal chemistry. They are also capable of providing π stacking as well as hydrogen 

bonding interaction in stabilizing DNA duplexes. Moreover, the fluorescent analogues have 

been utilized as fluorescent probe within a DNA helix or within a biological system. In the 

field of expansion of genetic alphabet, C-nucleosides have also attracted recent research 

interest. In addition, it is also interesting and changing research effort to compare the structure, 

stability and property of DNA containing C- and N-nucleoside. They could also be capable of 

generating a differential photophysical outcome in comparison to the N-nucleoside having a 

lone pair sharing with the rest of the π-system. Therefore, design of C-nucleoside is currently 

an attractive research area.  

2.8. Objective 

 Over the year lots of methodologies have been developed for the synthesis of C-

nucleoside analogues. Among them, the umpolung synthesis is an effective technique. In this 

method, a neutral carbon atom is converted to a nucleophile, which is participating in a 

nucleophilic substitution reaction at the anomeric carbon of the furanose ring. Versatile 

organometallic reagents thus could allow for the development of newer C-nucleosides. The 

other way is to use the metal catalyzed reaction i.e. palladium catalyzed Heck coupling to attach 

aglycon unit to the sugar. Apart from that, cross coupling, Wittig type reaction, ozonolysis, are 

recently being employed for the generation of new C-nucleosides. Keeping in mind the 

accessibility of the starting material as well the expense of the reagent, we have chosen Click 

reaction as a part of our continuous research effort to synthesis triazolyl donor-acceptor C-

nucleoside.  

Thus with the above literature and background, we framed our objective as follows: 

(a) The synthesis of key intermediate, the β-ethynyl-2-deoxyriboside. For that purpose, we 

employed a modified literature protocol utilizing intramolecular Nicholash reaction. 

We also tried to rectify the shortcomings of the published protocol.  

(b)  Synthesis of triazolyl C-nucleosides containing various donor/acceptor aromatics via 

alkyne-azide cycloaddition reaction. 

(c) Study of photophysical properties. 
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(d) Study of interaction with BSA. 

 The nucleosides were designed in such a way that they could provide π-stacking 

interaction in stabilizing the DNA duplex if incorporated and the large π-system might also be 

capable of stabilizing abasic site as well. Apart from that, the triazole aromatic π-conjugate is 

expected to tune the photophysical properties of the chromophore in particular and leading to 

the generation of fluorescent triazolyl C-nucleoside 2.81A-H with interesting photophysical 

properties (Scheme 2.26).  

 

 

 

 

Scheme 2.26: Schematic presentation of unnatural triazolyl donor-acceptor aromatic C-

nucleosides (cTBDo/Ac). 

 

2.9. Results and discussion 

2.9.1. Synthesis of β-1-ethynylriboside via intramolecular Nicholas reaction and the 

synthesis of triazolyl nucleoside derivatives.  

 Several methodologies exist here for the generation of novel C-nucleosides and 

interesting nucleobase pairs usable for various DNA based applications. The Cu(I)-catalyzed 

azide-alkyne cycloaddition reaction got attention only in recent years in the field of nucleic 

acid chemistry for the design of artificial nucleobases with interesting properties, functional 

nucleic acids of potential value in biology, medicine, material sciences, and in nanotechnology.  

As a part of our continuous effort we also adopted the click chemistry protocol utilizing alkynyl 

sugar and chromophoric aromatic azides for the synthesis of C-triazolyl nucleoside with 

interesting photophysical property.  

 The synthesis of the key intermediate, alkynyl sugar 1.086β was started from 

commercially available 2-Deoxy-D-ribose 1.033. The conversion of 1.033 to 1-O-methyl-2-

deoxy-α/β-D-ribofuranose 2.82 was carried out in methanolic HCl solution with 95% yield. 

Next toluoyl protection of the hydroxyl group of 2.82 was performed in dry acetone in presence 

of p-toluoyl chloride and dry trimethylamine to afford 2.83 as a yellowish oil in an overall 80% 

yield. Then the conversion of 2.83 to Hoffer’s chloro sugar 1.085α was achieved by dissolving 

2.83 into dry ether and passing HCl vapour through the ethereal solution of 2.83 for about 20 

minutes to get a thick white precipitate of diastereo pure α-chloro sugar 1.085α which was then 

washed with dry ether to get a diastereo pure α-chloro sugar in 60% yield. Thus, ethynyl 

magnesium chloride was allowed to react with Hoffers cholorosugar 1.085α to afford 

bistoluoylated 1'-ethynyl-2'-deoxy C-nucleoside 1.086 as an anomeric mixture (β/α = 1/3) in 

92 % overall isolated yield. As the yield of the β anomer is exceptionally low and the anomeric 

separation by open column chromatography is a tedious job, we followed intramolecular 
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Nicholas reaction to achieve the separation as well as the β-anomer in high yield. Thus, the 

treatment of α and β anomeric mixture of ethynyl C-nucleoside 1.086 with dicobalt 

octacarbonyl Co2(CO)8 afforded the cobalt complex as a 3:1 mixture of α : β anomers 2.84 in 

80 % isolated yield. Next, the mixture 2.84 was treated with BF3.OEt2 at -78 oC to get β-anomer 

as a major product with a 1:2 mixture of α : β anomers 2.84 in overall 80% yield (Scheme 

2.27). At this stage, we separated the anomeric mixture via silica-gel column chromatography 

to afford the desired 2.84β anomer. Second step acid treatment of separated 2.84α-anomer 

would produce again 2.84β. Therefore, the overall yield of 2.84β started from 2.84(α+ β) 

mixture is 70%. Finally, the decomplexation of 2.84β was done by the treatment of iodine in 

THF at 0 oC and the crude material was subjected to silica-gel column chromatography to get 

bis toluoylated 1'-ethynyl-2'-β-deoxy C-nucleoside 1.086β in 82 % yield.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Scheme 2.27: Synthesis of unnatural triazolyl donor-acceptor C-nucleosides. 

 

 After getting the key intermediate 1.086β, various donor-acceptor aromatic azides 

2.85(A-H) were allowed to undergo copper (I) catalyzed Huisgen 1,3-dipolar azide alkyne 

cycloaddition reaction followed by deprotection with sodium meythoxide in methanol afford 

triazolyl donor-acceptor aromatic C-nucleosides 2.81A-H) in 60-96% yields (Scheme 2.27, 

Figure 2.3). All the compounds were characterized by NMR, IR and mass spectrometry. 
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Figure 2.3: Structure of the synthesized unnatural triazole nucleoside. Yield in 

parentheses. 
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2.9.2. Structural elucidation by Single crystal analysis 

 β-conformation of the C-triazolyl nucleoside was confirmed by single crystal X-Ray 

structure of cTDMBBDo (2.81B) (Figure 2.4). 

 

(a)                                              (b) 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.4: (a) ORTEP diagram of cTNMBBDo (2.81B) with thermal ellipsoid at 50% 

probability. (b) Crystal packing arrangement of cTNMBBDo (2.81B). 

 

Table 2.1: Crystal parameters of C-triazolyl nucleoside cTNMBBDo (2.81B). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Parameters  Descriptions 

Z 2 

Molecular Formula C15 H19 N3 O5 

Temperature (K) 296 

Space Group P 21  

Monoclinic 

a (Å) 12.1915(17) 

b (Å) 4.9618(7) 

c (Å) 12.4620(17) 

 (degree) 90 

 degree) 93.593(7) 

 (degree) 90 

Mr 321.33 

V (Å3) 752.37(18) 

μ (mm-1) 0.108 

F(000) 340.0 

R(reflections) 0.0509( 1790) 

wR2(reflections) 0.1149( 2691) 

Correction method Multi Scan 
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2.9.3. 1,3-diaxial interaction triggering 2.84α to 2.84β conversion 

 It has been found that after treatment with Lewis acid (BF3.OEt2), α:β ratio of 2.84 

changed from 3:1 to 1:2. This is due to the fact that 2.84α experienced 1,3-diaxial interaction 

between the cobalt complex held at C1' position with the toluoyl group situated at C3' position. 

After treatment with Lewis acid, the formation of carbo cation removed the steric strain by 

moving the cobalt complex at C1' from axial to equatorial position. Thus the formation of 2.84β 

was favoured (Figure 2.5).    

 

 

  

 

 

 

 

 

Figure 2.5: 1,3-diaxial interaction enables 2.84α to 2.84β conversion. 

 

2.9.4. Study of photophysical properties 

 After having all the nucleosides in hand we measured the photophysical properties of 

few nucleosides in various organic solvents and in buffer. All the UV-visible spectra were 

recorded with a 10 µM sample concentration at 25 oC with a cell of 1cm path length and 1nm 

slit width. The same 10 µM sample was used to measure its florescence emission property with 

a cell of 1 cm path length and 3nm emission/excitation slit width at 25 oC.  

 The UV visible spectra of triazolyl anthracene nucleoside 2.81D (cTAnthBDo) exhibited 

structured absorption bands at around 346 nm, 364 nm, 385 nm in various organic solvent. 

With increasing polarity of the solvent, the band blue shifted by about 5 nm from dioxane to 

methanol with slight hyperchromicity. Upon excitation at absorption maxima of 365 nm the 

nucleoside 2.81D showed structured emission at 392, 417 and 442 nm in different organic 

solvent. The emission spectra experienced a gradual decrease in emission intensity as the 

solvent polarity increased indicating a solvent-solute or hydrogen bonding interaction mediated 

fluorescence quenching (Figure 2.6 a-b, Table2.2). 
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Figure 2.6: UV-visible absorption and fluorescence emission spectra of C-triazolyl 

nucleoside 2.81D and 2.81E in various organic solvents; (a-b) for 2.81D (cTAnthBDo) and (c-d) 

for 2.81E (cTPyBDo).  

 

 In case of triazolyl pyrene nucleoside, 2.81E (cTPyBDo) the UV visible spectra displayed 

structured absorption bands at around 275, 330 and 345 nm in various polar and nonpolar 

organic solvents. The UV-visible spectra experienced 4-5 nm blue shift with increasing solvent 

polarity like triazolyl anthracene nucleoside. On an average, excitation at absorption maxima 

displayed structured emission characteristic of pyrene emission band at around 380 and 400 

nm. The emission spectra revealed that except in buffer and DMSO with increasing polarity of 

the solvent it experienced a hypochromic shift with no promising shift in wavelength of the 

emission maxima. Interestingly in buffer it experienced about 4-5 nm blue shift with increasing 

fluorescence intensity due to microenvironmental effect (Figure 2.6 c-d, Table 2.2).   
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Table 2.2: Summery of UV-Visible and Fluorescence spectra of C-nucleoside 2.81D and 

2.81E.  

 

 

 

 The UV visible spectra of C-triazolyl napthalene nucleoside 2.81C (cTNapBDo) in various 

organic solvents showed structurless broad absorption bands centred at 280-293 nm. On an 

average with increasing polarity of the solvent it experienced an hyperchromic effect. 

Excitation at absorption maxima, the emission spectra in various solvents showed emission 

bands at around 345 nm whereas in buffer it experienced a 25 nm red shift. With increasing 

polarity of the solvent the intensity of the emission spectra decreased (Figure 2.7a-b, Table 

2.3). 

 On the other hand, the acceptor nucleoside C-triazolyl o-cyanobenzene nucleoside 

2.81H (cTCNBBAc) exhibited structurless broad absorption band at around 279-286 nm. The 

band position shifted towards lower wavelength region by 5-6 nm with increasing polarity of 

the solvent. It was also found that, the absorbance decreases with increasing polarity of the 

solvent with a hypochromic effect. When the excitation spectra were recorded it was found that 

the band at 366 nm was much higher in intensity than the band appeared at 276 nm. Upon 

excitation at maxima of each solvent (340-373 nm) showed strong emission band at higher 

wavelength at 366 nm in buffer and 427-439 nm for other organic solvent. The emission spectra 

experienced 12 nm red shift with increasing polarity of the organic solvent due to internal 

charge transfer from donor triazole to acceptor cyano benzene moiety (Figure 2.7c-e, Table 

2.3). 

Entry                                                           (2.81D) 

Solvents  Diox CHCl3 EtOAC DMF DMSO ACN MeOH Buffer 

(nm) 
346, 

365,  

385 

347, 

365, 

386 

345, 

363, 

384 

346, 

366, 

386 

348, 

368, 
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345, 

362, 

383 

344, 

362, 

382 
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363, 
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max X 105 0.032 
(346 nm) 
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                      (2.81E) 

(nm) 
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328, 

343 
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330, 

344 
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(341 nm) 

(nm) 
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376, 
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max
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max
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max
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Figure 2.7: UV-visible absorption and fluorescence emission spectra of C-triazolyl 

nucleoside 2.81C (cTNapBDo) and 2.81H (cTCNBBAc) in various organic solvents; (a-b) for 2.81C 

(cTNapBDo) and (c-e) for 2.81H (cTCNBBAc), (d) fluorescence excitation spectra of 2.81H 

(cTCNBBAc). 
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Table 2.3: Summery of UV-Visible and Fluorescence spectra of C-nucleoside 2.81C and 

2.81H.  

 

 

 The UV visible spectra of triazolyl 3,5-dimethoxy benzene 2.81B (cTDMBBDo) 

nucleoside exhibited structureless broad absorption band. With increasing polarity of the 

organic solvent the absorption band shifted towards higher wavelength except in buffer where 

no shift in wavelength was observed. Absorption maxima of different solvents also experienced 

a hyperchromic shift with an increase in the polarity of the solvent. The emission spectra 

recorded by excitation at UV maxima ranging from 255-258 nm exhibited structurless emission 

band. In dioxane the emission band appeared at 284 nm and in buffer it appeared at 410 nm. 

So overall the emission band experienced a huge red shift of 124 nm with increasing polarity 

of the solvent (Figure 2.8 a-b, Table 2.4).  

 In dioxane 2.81B (cTDMBBDo) showed a structureless absorption band at 261 nm which 

indicates resonance conjugation in between triazole ring and dimethoxy benzene ring. With 

increasing the volume of water the absorption at 261 nm has been started shifted toward lower 

wavelength region and at 100% water the absorption maxima shifted to 253 nm. Thus 

hypochromicity with 8 nm blue shift with the increase of the volume of water was observed in 

absorption spectra (Figure 2.8c).  

 Upon excitation at 260 nm again a structureless broad emission band was observed at 

358 nm indicating conjugation of the triazole ring with the phenyl methyl ester ring. With 

increasing volume of water, the emission maxima were shifted towards higher wavelength 

region and in 100% water the emission maxima were appeared at 414 nm. About 56 nm red 

shift of the emission maxima with the increase of the volume of water was observed probably 

due to strong electronic coupling between the triazole and trimethoxy benzene ring. This long 

Entry   (2.81C) 

Solvents  Diox CHCl3 EtOAC DMF DMSO ACN MeOH Buffer 

(nm) 
283 283 283 284 290 281 281 281 

max X 105 0.068 0.061 0.090 0.086 0.021 0.108

6 

0.070 0.079 

(nm) 
346 347 344 342 350 344 347 370 

                      (2.81H) 

(nm) 
287 285 293 281 282 281 280 280 

max X 105 0.019 0.0168 0.0059 0.0177 0.0053 0.016 0.0096 0.016 
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405, 

426, 
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406, 
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413, 
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429, 
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381, 
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max
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max

fl

max
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conjugation decreased the HOMO-LUMO energy gap which allow the emission maxima 

shifted to the higher wavelength region (Figure 2.8d).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.8: UV-visible absorption and fluorescence emission spectra of C-triazolyl 

nucleoside 2.81B (cTDMBBDo) (a-b) in various organic solvents; (c-d) in different concentration 

of water and dioxance. 

 

Table 2.4: Summery of UV-Visible and Fluorescence spectra of C-nucleoside 2.81B  
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 The UV visible spectra of triazolyl N,N-dimethylamino phenyl nucleoside 2.81A 

(cTNDBBDo). showed structurless absorption band ranging from 285-300 nm in various organic 

solvent. With the increase in the polarity of the solvent the absorption band shifted towards 

higher wavelength whereas in the case of ethyl acetate, acetonitrile and buffer the absorption 

band experienced a 4-5 nm blue shift. Upon excitation at absorption maxima structureless 

emission band appeared in each solvent. With increasing polarity of the solvent the emission 

maxima experienced a large red shift started from 380 to 432 nm. In buffer the emission 

intensity was almost appeared to be negligible in comparison to other solvents (Figure 2.9 a-

b, Table 2.5). 

 

 

 

 

 

 

 

 

 

Figure 2.9: (a) UV-visible absorption and (b) fluorescence emission spectra of C-triazolyl 

nucleoside 2.81A (cTNDBBDo) in various organic solvents. 

 

Table 2.5: Summery of UV-Visible and Fluorescence spectra of C-nucleoside 2.81A.  

 

 

 

 The UV visible spectra for triazolyl phenyl-p-methylester nucleoside 2.81G 

(cTBMABAc)showed structureless absorption band at 262- 274 nm. With increasing polarity of 

the solvent the absorption band shifted towards lower wavelength region by 12 nm and showed 

hyperchromic effect. Excitation at absorption maxima (λex = 257-274 nm) generated 
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structureless emission band. As the polarity of the solvent increased the emission band 

experienced a 36 nm red shift with increasing emission intensity (Figure 2.10 a-b, Table 2.6). 

 In dioxane cTBMABAc showed a structureless absorption band at 268 nm which indicated 

π-electron cloud conjugation of the triazole ring with the phenylmethylester ring. With increase 

in water concentration the absorption maxima were shifted to the lower wavelength region and 

in 100% water a 9 nm blue shift was observed with hypsochromisim (Figure 2.10c).  

 The analysis of emission spectra revealed that cTBMABAc nucleoside exhibited a 

structureless emission band at 342 nm. With gradual addition of water, the fluorescence 

intensity increased and shifted to the higher wavelength region. The shift of emission maxima 

towards higher wavelength region was 21 nm which may be due to solvent solute interaction 

and hydrogen bonding. (Figure 2.10d).     

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.10: UV-visible absorption and fluorescence emission spectra of C-triazolyl 

nucleoside 2.81G (cTBMABAc) (a-b) in various organic solvent; (c-d) in different concentration 

of water and dioxane.      
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Table 2.6: Summery of UV-Visible and Fluorescence spectra of C-nucleoside 2.81G.  

 

  

 

2.9.5. Theoretical Calculation 

 To get an overview over how the variation of solvent polarity is effecting the absorption 

and emission property of our triazolyl nucleosides, we carried out TDDFT calculation using 

G09 program package.56 It is clear from the HOMO-LUMO orbital overlap and transition 

oscillator strength (f) of the donor/acceptor triazolyl nucleosides that the S0 and S1 electronic 

transition or the other possible electronic transition are quite feasible. So the feasibility of the 

reverse transition S1 to S0 transition is revealing the fluorophoric nature of our unnatural 

triazolyl nucleosides. The redistribution of the electronic charge density among the possible 

energy states certainly support the solvatochromic nature and the intramolecular charge transfer 

characteristic of our synthesized unnatural C-triazolyl donor/acceptor nucleosides (Figure 

2.11-2.14).57,58 

 

   

 

 

 

 

 

 

 

 

 

Figure 2.11: (a) HOMO-LUMO energy diagram for nucleoside 2.81A (cTNDBBDo). (b) 

HOMO-LUMO energy diagram for nucleoside cTDMBBDo (2.81B). 
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(nm) 
268 269 265 274 269 262 260 257 
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 The experimental UV-absorption values for 2.81A in dioxane was found to be 290 nm 

which are closed to the theoretical value 289 nm with a prominent HOMO→LUMO (S0→S1) 

and HOMO→LUMO+1 (S0→S2) transitions with highest CI value of 0.55 and 0.42 

respectively (Figure 2.11 2.81A).  

 The experimental UV-absorption values for 2.81B in dioxane was found to be 255 nm 

which is closed to the theoretical value 258 nm with a prominent HOMO-1→LUMO (S0→S2) 

transition with highest CI value of 0.68. The another transition for 281 nm which is a 

HOMO→LUMO (S0→S1) transition with CI value 0.66 was also prominent (Figure 2.11 

2.81B). 

 The experimental UV-absorption values for 2.81C in dioxane was found to be 283 nm 

which is closed to the theoretical value 300 nm with a prominent HOMO→LUMO (S0→S1) 

transition with highest CI value of 0.69 (Figure 2.12 2.81C). 

 

 

 

 

 

 

 

 

 

Figure 2.12: (a) HOMO-LUMO energy diagram for nucleoside 2.81C (cTNapBDo). (b) 

HOMO-LUMO energy diagram for nucleoside 2.81D (cTAnthBDo). 

 

The experimental UV-absorption values for 2.81E dioxane was found to be 278 nm which 

is closed to the theoretical value 274 nm with a prominent HOMO→LUMO+1 (S0→S2) 

transition with highest CI value of 0.33. The another transition for 352 nm is also a prominent 

HOMO→LUMO (S0→S1) transition with CI value 0.68. (Figure 2.13 2.81E). 

 The experimental UV-absorption values for 2.81G in dioxane was found to be 268 nm 

which is closed to the theoretical value 281 nm with a prominent HOMO→LUMO (S0→S1) 

transition with highest CI value of 0.69 (Figure 2.13 2.81G). 
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 The experimental UV-absorption values for 2.81D in dioxane was found to be 385 nm 

which is closed to the theoretical value 398 nm with a prominent HOMO→LUMO (S0→S1) 

transition with highest CI value of 0.70 (Figure 2.12 2.81D). 

 

 

 

 

 

 

    

 

 

Figure 2.13: 2.81E HOMO-LUMO energy diagram for nucleoside 2.81E (cTPyBDo). 2.81G 

HOMO-LUMO energy diagram for nucleoside 2.81D (cTBAMBAc).  

 

 The experimental UV-absorption values for 2.81H in dioxane was found to be 287 nm 

which is near about similar to the theoretical value 284 nm with a prominent HOMO→LUMO 

(S0→S1) transition with highest CI value of 0.69 (Figure 2.14 2.81H). 

 

 

  

 

  

 

 

 

Figure 2.14: HOMO-LUMO energy diagram for nucleoside 2.81H (cTCNBBAc). 

 

 

 

TH-1635_11612228



…..Photophysical Property of Triazolyl C-nucleosides and Study of Interaction with ...BSA 
 

83 
 

Table 2.7: Summary of HOMO-LUMO transition 

 

 

 

2.9.6. Study of interaction of unnatural C-triazolyl nucleoside 2.81D (cTBAMBAc) and 

2.81E (cTPyBDo) with BSA Protein. 

 From the interesting photophysical properties of 2.81D (cTAnthBDo) and 2.81E (cTPyBDo) 

we next studied their interaction behaviour with BSA protein.  

 Triazolyl C-nucleoside cTAnthBDo showed structured band in sodium phosphate buffer 

at 345 nm, 364 nm, 385 nm and 414 nm in the UV spectra. With increasing concentration of 

BSA hyperchromic absorption at 345 nm, 364 nm and 385 nm were prominent. With 

hypochromisity of absorption at 414 nm a clear isobestic point was also observed at 395 nm 

(Figure 2.15a-b). All these observations clearly suggested a strong interaction with BSA. 

 Excitation at 280 nm a gradual decrease in emission intensity of the probe and on the 

other hand the emission band appeared at 418 nm due to cTAnthBDo was observed with increasing 

concentration of BSA (Figure 2.15c).  

 The emission spectra at λex = 363 nm was also recorded. With increasing concentration 

of BSA a gradual increase in the fluorescence intensity at characteristic bands of cTAnthBDo at 

414 nm was observed. The enhancement of fluorescent intensity at 415 nm was occurred due 

to hydrophobic interaction of the cTAnthBDo with hydrophobic pocket of BSA (Figure 2.15d).  

 A gradual enhancement of anisotropy with increasing concentration of BSA finally 

revealed that cTAnthBDo nucleoside resided in the hydrophobic pocket of BSA (Figure 2.15e). 

Entry Optimized 

Energy (a.u.) 

Electronic 

transition 

Energy (eV) 

(Wavelength) 

f Composition CI 

2.81A -1028.15698626 S0 -> S1 

 

4.2905 eV  

288.97 nm 

0.3722 HOMO -> LUMO 

(81 -> 82) 

0.54873 

S0 -> S2 4.2910 eV   

288.94 nm   

0.3722 HOMO -> LUMO+1 

(81 -> 83) 

0.41803 

2.811B -1123.23300280 S0 -> S1 

 

4.4145 eV  

280.86 nm 

0.0322 HOMO -> LUMO 

(85 -> 86) 

0.66252 

S0 -> S2 

 

4.7951 eV  

258.56 nm 

0.2915 HOMO-1 -> LUMO 

(84 -> 86) 

0.68117 

2.81C -1047.83136174 S0 -> S1 4.1317 eV  

300.08 nm 

0.1510 HOMO -> LUMO 

(82 -> 83) 

0.68916 

2.81D -1201.51375679 S0 -> S1 

 

3.1151 eV  

398.01 nm 

0.0900 HOMO -> LUMO 

(95 -> 96) 

0.70003 

2.81E -1277.74218599 S0 -> S1 3.5243 eV  

351.80 nm 

0.4152 HOMO -> LUMO 

(101 ->102) 

0.67825 

S0 -> S2 4.5237 eV  

274.08 nm 

0.1984   HOMO -> LUMO+1 

(101 ->103) 

0.32812 

2.81G -1122.06438112 S0 -> S1 4.4076 eV  

281.30 nm 

0.4306 HOMO -> LUMO 

(84 -> 85) 

0.68995 

2.81H -986.411119530 S0 -> S1 4.3577 eV  

284.51 nm 

0.0623 HOMO -> LUMO 

(75 -> 76) 

0.68496 
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 Stern-Volmer quenching constant was found to be 1.026x103 Lmol-1 suggested static 

quenching (Figure 2.15f).    

  

 

 

 

 

 

 

 

 

 

  

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.15: (a) UV-visible spectra of 2.81D. (b) Extended UV-Visible spectra. (c) and (d) 

fluorescence titration of 2.81D in absence or in presence of BSA at λex = 280 nm and 363 nm 

respectively. (e) Steady-state anisotropy and polarisation plot (λem = 420 nm) of 2.81D in 

presence of increasing BSA concentration. (f) Stern-Volmer plot. [cTBAMBAc] = 10µM and BSA 

added from 0.25eq to 6eq.    
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 In absence of BSA cTPyBDo showed structured absorption band at 325 nm and 341 nm 

in phosphate buffer, which are the characteristic bands of pyrene. Upon gradual addition of 

BSA both the bands experienced hypochromic shift and a 2 nm. This observation indicated a 

strong interaction of the cTPyBDo nucleoside with the hydrophobic pocket of BSA (Figure 

2.16a-b).  

   

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.16: (a) UV-visible spectra of 2.81E. (b) Extended UV-Visible spectra. (c) and (d) 

fluorescence titration of 2.81E in absence or in presence of BSA at λex = 280 nm and 345 nm 

respectively. (e) Steady-state anisotropy and polarisation plot (λem = 380 nm) of 2.81D in 

presence of increasing BSA concentration. (f) Stern-Volmer plot. [cTPyBDo] = 10µM and BSA 

added from 0.25eq to 6eq.   
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 This was also clarified from the emission spectra. Thus upon excitation at 345 nm the 
cTPyBDo nucleoside showed structured absorption band 378 nm, 397 nm and 417 nm. With 

gradual addition of BSA the bands at 417 nm shifted by 2 nm towards higher wavelength region 

and quenching of fluorescence was the result (Figure 2.16d). The quenching of fluorescence 

intensity was also observed upon excitation at 280 nm which is the absorption maxima of BSA 

(Figure 2.16c). This phenomenon was also supported by the restricted motion of cTPyBDo in the 

hydrophobic pocket of BSA as was resulted from the enhanced fluorescence anisotropy with 

gradual increase of the concentration of BSA (Figure 2.16e). Stern-Volmer quenching constant 

was found to be 6.578x103 Lmol-1 (Figure 2.16f).    

The binding of nucleosides 2.81D (cTAnthBDo) and 2.81E (cTPyBDo) with BSA did not perturb 

the conformation of BSA as was revealed from CD spectra (Figure 2.17a-b). 

 

 

 

 

 

 

 

 

Figure 2.17: (a) CD-spectra of BSA with 2.81D and (b) CD-spectra of BSA with 2.81E in 

methanol solvent (60 μM concentration). 

Molecular Docking:  

 Docking calculations were carried out using Autodock4 (Bikadi, Hazai, 2009). The 

amino acid sequence of BSA protein was observed from the NCBI website, 

http://www.ncbi.nlm.nih.gov/protein/CAA76847.1 The 3D model of the BSA protein was built 

using the 3D structure 1AO6 chain 'A' as template using the ESyPred3D11 web server. This 

template shares 72.4% identities with the BSA sequence. Following is the BSA sequence which 

was used to generate the 3D model. >gi|3336842|emb|CAA76847.1| bovine serum albumin 

[Bos taurus]  

 MKWVTFISLLLLFSSAYSRGVFRRDTHKSEIAHRFKDLGEEHFKGLVLIAFSQ

YLQQCPFDEHVKLVNELTEFAKTCVADESHAGCEKSLHTLFGDELCKVASLRETYG
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ARRHPYFYAPELLYYANKYNGVFQECCQAEDKGACLLPKIETMREKVLTSSARQRL

RCASIQKFGERALKAWSVARLSQKFPKAEFVEVTKLVTDLTKVHKECCHGDLLECA

DDRADLAKYICDNQDTISSKLKECCDKPLLEKSHCIAEVEKDAIPENLPPLTADFAED
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VSRSLGKVGTRCCTKPESERMPCTEDYLSLILNRLCVLHEKTPVSEKVTKCCTESLVN

RRPCFSALTPDETYVPKAFDEKLFTFHADICTLPDTEKQIKKQTALVELLKHKPKATE

EQLKTVMENFVAFVDKCCAADDKEACFAVEGPKLVVSTQTALA 

 Binding energy plot suggest that -9.11 kcal/mol is the maximum binding energy 

(Figure 2.18) for complexation of 2.81D (cTAnthBDo). Docking study supported the binding of 

the fluorophoric moiety of the probe nucleoside cTAnthBDo in the hydrophobic pocket of BSA 

(Figure 2.19a-b). 

 

 

 

 

 

 

Figure 2.18: Binding Energy plot of the complexation of cTAnthBDo with BSA. 

 

 

 

 

 

  

Figure 2.19: (a) Complex structure of cTAnthBDo with BSA. (b) Interaction of Anthranyl 

triazolyl moiety of cTAnthBDo with the hydrophobic pocket of BSA. 

 

Estimated Free Energy of Binding         =   -9.11 kcal/mol  [=(1)+(2)+(3)-(4)] 

Estimated Inhibition Constant, Ki          =  210.72 nM (nanomolar)  [Temperature = 298.15 K] 

(1) Final Intermolecular Energy            =  -10.60 kcal/mol 

vdW + Hbond + desolv Energy              =  -10.59 kcal/mol 

Electrostatic Energy                                =   -0.01 kcal/mol 

(2) Final Total Internal Energy               =   -1.53 kcal/mol 

(3) Torsional Free Energy                       =   +1.49 kcal/mol 

(4) Unbound System's Energy  [=(2)]     =   -1.53 kcal/mol 
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 From the binding energy graph -9.43 kcal/mol (Figure 2.20) is the highest binding 

energy for the complexation of cTPyBDo with BSA. Docking study supported the binding of the 

fluorophoric moiety of the probe nucleoside cTPyBDo in the hydrophobic pocket of BSA (Figure 

2.21a-b). 

 

 

 

 

 

 

Figure 2.20: Binding energy plot of the complexation of cTPyBDowith BSA. 

 

 

 

 

 

 

Figure 2.21: (a) Complex structure of cTPyBDo with BSA. (b) Interaction of pyrenayl 

triazolyl moiety of cTPyBDo with the hydrophobic pocket of BSA. 

 

Estimated Free Energy of Binding        =   -9.43 kcal/mol  [=(1)+(2)+(3)-(4)] 

Estimated Inhibition Constant, Ki      =  123.19 nM (nanomolar)  [Temperature = 298.15 K]     

(1) Final Intermolecular Energy            =  -10.92 kcal/mol 

 vdW + Hbond + desolv Energy            =  -10.65 kcal/mol 

 Electrostatic Energy                              =   -0.26 kcal/mol 

(2) Final Total Internal Energy              =   -1.45 kcal/mol 

(3) Torsional Free Energy                      =   +1.49 kcal/mol 

(4) Unbound System's Energy  [=(2)]    =   -1.45 kcal/mol 
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2.10. Conclusion  

 In conclusion we have successfully synthesised few triazolyl donor-acceptor C-

nucleoside applying Nicholash reaction as the key to prepare the intermediate β-sugar alkyne 

which undergone 1,3-dipolar azide –alkyne cycloaddition reaction with various donor-acceptor 

aromatics. Few of the synthesised nucleoside showed interesting photophysical property. Two 

of the fluorescent nucleoside were used to study interaction with BSA and found a strong 

interaction with a quenching incidence of fluorescence emission. 

2.11. Experimental Section 

2.11.1. General Experimental 

 All reactions were carried out under a nitrogen atmosphere. Organic extracts were dried 

over anhydrous sodium sulphate. Solvents were removed in a rotary evaporator under reduced 

pressure. Silica gel (60-120 mesh size) was used for the column chromatography. Reactions 

were monitored by TLC on silica gel 60 F254 (0.25mm). 1H NMR spectra were measured with 

Bruker 600 (600 MHz) and 13C NMR spectra were measured with Bruker 600 (150 MHz) 

spectrometer. Coupling constant (J value) was reported in hertz. The chemical shifts were 

shown in ppm downfield from tetramethylsilane, using residual chloroform (δ = 7.24 in 1H 

NMR, δ = 77.23 in 13C NMR), methanol (δ = 3.34 in 1H NMR, δ = 49.2 in 13C NMR), dimethyl 

sulfoxide (δ = 2.48 in 1H NMR, δ = 39.5 in 13C NMR), as an internal standard. Mass spectra 

were recorded using WATERS MS system, Q-tof premier and data analyzed using Mass Lynx 

4.1. IR spectra were recorded in KBr or neat on a Perkin Elmer Spectrum one FT-IR 

spectrometer. 

2.11.2. Crystallographic Description and ORTEP Diagram 

 Crystal data were collected with Bruker Smart Apex-II CCD diffractometer using 

graphite monochromated MoKα radiation (λ = 0.71073 Å) at 298 K. Cell parameters were 

retrieved using SMART [a] software and refined with SAINT[a] on all observed reflections. 

Data reduction was performed with the SAINT software and corrected for Lorentz and 

polarization effects. Absorption corrections were applied with the program SADABS[b]. The 

structure was solved by direct methods implemented in SHELX-97[c] program and refined by 

full-matrix least-squares methods on F2. All non-hydrogen atomic positions were located in 

difference Fourier maps and refined anisotropically. The hydrogen atoms were placed in their 

geometrically generated positions. Crystals were isolated in from acetonitrile/chloroform 

mixture at room temperature. 

a. SMART V 4.043 Software for the CCD Detector System; Siemens Analytical Instruments 

Division: Madison, WI, 1995. 

b. SAINT V 4.035 Software for the CCD Detector System; Siemens Analytical Instruments 

Division: Madison, WI, 1995. 

c. Sheldrick, G. M. SHELXL-97, Program for the Refinement of Crystal Structures; 

University of Göttingen: Göttingen (Germany), 1997. 
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2.11.3. Synthesis and characterization 

 Synthesis of 1-Ethynyl-2-deoxy-3, 5-bis-(O-p-toluoyl)-α-/β-D-ribofuranose (1.086): 

In a nitrogen flushed 2 neck round bottom flask fitted with magnetic stirring bar and septum, 

charged with (2R, 3S, 5R)-5-α-chloro-2-(((4-methylbenzoyl) oxy) 

methyl) tetrahydrofuran-3-yl 4-methylbenzoate (1.8 g, 4.64 mmol), THF 

was added to it to make it dissolve. A 0.5 M solution of ethynyl 

magnesium chloride (13 ml, 6.5 mmol) was added to the reaction mixture 

and allowed to stir for 3h to achieve complete conversion of the starting 

material which was checked by TLC. After the completion of the reaction 

the reaction mixture was diluted with ethyl acetate and the combined 

organic fraction was washed with aqueous solution of ammonium chloride and brine. The 

organic fraction was then evaporated and concentrated in vacuo and the residue was purified 

by Column chromatography by hexane: ethyl acetate (25:1) to get a mixture of α and β anomer. 

Overall yield of the reaction is 1.4 g (92%). Rf = 0.3 in 25:1 (Hexane: Ethyl acetate). 

 Synthesis of cobalt complexed 1-β-Ethynyl-2-deoxy-3, 5-bis-(O-p-toluoyl)-α-D-

ribofuranose (2.84β): A 2 neck round bottom flask fitted with magnetic stirring bar and septum 

was degassed by high vacuum pump and filled with nitrogen. The 

degassing procedure was repeated for 3 times and each time the 

reaction vessel was back filled by nitrogen. Now 1-Ethynyl-2-deoxy-

3, 5-bis-(O-p-toluoyl)-α-/β-D-ribofuranose (1.4 g, 3.7 mmol) was 

added to the reaction vessel by keeping it properly in nitrogen 

atmosphere. A volume of 15 ml dry Dichloro methane was added to 

the reaction vessel followed by Co2(CO)8 (1.45 g, 4.25 mmol) by 

keeping it again in proper nitrogen atmosphere. The reaction mixture was then allowed to stir 

for 1 h. The completion of the cobalt complexation was then achieved which was checked by 

TLC. Now the reaction mixture was allowed to come to -78 oC and at this temperature BF3.OEt2 

(2 ml, 14.8 mmol) was added to the reaction mixture. Maximum conversion of the α anomer 

to the β anomer was achieved after 1 h which was checked by TLC. Now the reaction mixture 

was allowed to strictly come to the room temperature and an excess aqueous solution of 

NaHCO3 was added to the reaction mixture to quench excess BF3.OEt2. The organic fraction 

was washed with brine and concentrated in vacuum. The crude material was purified by column 

chromatography by eluting through Hexane: Ethyl acetate (35:1). The remaining mixture of 

the α and β complex was again treated with BF3.OEt2 and following the above procedure 

overall yield of the cobalt complexed 1-β-Ethynyl-2-deoxy-3, 5-bis-(O-p-toluoyl)-α-D-

ribofuranose was 1.73 g (70%) which was a brown coloured gummy material. 

 1H NMR (600 MHz, CDCl3) δ 7.94 (dd, J = 15.5, 8.2 Hz, 4H), 7.28 – 7.25 (m, 4H), 

7.23 (d, J = 8.0 Hz, 2H), 6.07 (s, 1H), 5.61 (d, J = 6.0 Hz, 1H), 5.33 (dd, J = 10.6, 4.7 Hz, 1H), 

4.57 – 4.45 (m, 3H), 2.57 (dd, J = 13.5, 4.8 Hz, 1H), 2.42 (d, J = 8.3 Hz, 6H), 2.18 (ddd, J = 

13.6, 10.7, 6.1 Hz, 1H). 13C NMR (150 MHz, CDCl3) δ 199.4, 166.2, 144.4, 144.0, 130.0, 

129.8, 129.4, 129.3, 127.2, 127.0, 93.6, 82.9, 79.1, 77.2, 72.2, 68.1, 66.0, 64.9, 41.7, 21.8, 15.4. 

IR(cm-1): 2924.62, 2096.49, 2056.60, 2028.90, 1721.38, 1612.44, 1453.97, 1270.34, 1177.02, 
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1105.05, 1020.59, 804.33, 753.06; HRMS calculated for C29H29Co2O11([M+H]+) 664.9899, 

found 664.990. 

 Synthesis of 1-β-Ethynyl-2-deoxy-3, 5-bis-(O-p-toluoyl)-α-D-ribofuranose (1.086β): 

Cobalt complexed 1-β-Ethynyl-2-deoxy-3, 5-bis-(O-p-toluoyl)-α-D-ribofuranose (1.73 g, 2.6 

mmol) was taken in round bottom flask. 10 ml THF was added to it to 

dissolve the starting material. The reaction mixture was then allowed to 

come to 0 oC. I2 (9.9 g, 39 mmol) was added to the reaction mixture. After 

1h there was complete conversion of the starting material which was checked 

by TLC. The reaction mixture was diluted with DCM and washed with 

sodium thiosulfate to quench the excess iodine. The organic fraction was 

collected and concentrated in vacuo. Crude was purified by eluting 10:1 

(hexane: ethyl acetate) through the column chromatography to afford 800 mg white solid. Yield 

of the product is 82 %. 

 1H NMR (600 MHz, CDCl3) δ 7.96 (dd, J = 32.5, 8.1 Hz, 4H), 7.27 (dd, J = 15.3, 6.9 

Hz, 4H), 5.56 (dt, J = 4.8, 2.3 Hz, 1H), 4.95 – 4.84 (m, 1H), 4.56 (qd, J = 11.8, 4.5 Hz, 2H), 

4.45 (td, J = 4.4, 2.3 Hz, 1H), 2.55 (t, J = 3.9 Hz, 1H), 2.53 – 2.49 (m, 2H), 2.43 (d, J = 7.8 

Hz, 6H). 13C NMR (150 MHz, CDCl3) δ 166.5, 166.1, 144.4, 143.6, 129.9, 129.8, 129.3, 129.3, 

127.2, 126.9, 82.9, 81.9, 77.2, 76.5, 74.4, 68.2, 64.6, 40.0, 21.9, 21.8. 13C NMR (150 MHz, 

CDCl3, DEPT-135) δ 130.0, 129.9, 129.4, 129.3, 82.9, 76.6, 68.3, 64.6, 40.0, 21.9, 21.9. IR(cm-

1): 2989.75, 2964.95, 2908.19, 1722.93, 1611.82, 1471.01, 1393.78, 1318.95, 1286.07, 

1262.95, 1247.59, 1212.65, 1128.57, 1102.14, 931.65752.07. HRMS Calculated for C23H23O5 

([M+H]+) 379.154, found 379.1547. 

General procedure for the synthesis of triazole nucleoside (2.81A-H) 

 Procedure A: 1-β-Ethynyl-2-deoxy-3, 5-bis-(O-p-toluoyl)-α-D-ribofuranose (50 mg, 

0.132 mmol) was taken in a 2 neck round bottom flask. THF was added to it followed by CuI 

(3 mg, 0.0132 mmol) and triethyl amine (0.0132 mmol). Aromatic azide (0.145 mmol) was 

added to the reaction mixture. The reaction mixture was stirred for 30 minutes at 80 oC. 

Completion of the reaction was checked by TLC. The reaction mixture was diluted with ethyl 

acetate and washed with ammonium chloride. The organic fraction was concentrated by 

evaporation and the crude material was purified by column chromatography by using 5:1 

(Hexane: ethyl acetate). This material was then dissolved in 10 ml MeOH and NaOMe (29 mg, 

0.53 mmol) was added to it. The reaction mixture was then allowed to stir for 10 h at room 

temperature. Completion of the reaction was checked by TLC. The reaction mixture was then 

concentrated and purified by column chromatography.  

 Prosedure B: 1-β-Ethynyl-2-deoxy-3, 5-bis-(O-p-toluoyl)-α-D-ribofuranose (50 mg, 

0.132 mmol) was taken in a 2 neck round bottom flask charged with magnetic stirring bar and 

septum. The reaction vessel was flushed with nitrogen. tBuOH (5 ml) and H2O (5 ml) were 

added to it followed by anhydrous Cu(OAC)2 (3 mg, 0.0132 mmol) and TBTA (7 mg, 0.0132 

mmol). The reaction mixture was then heated at 90 oC for 30 min. After completion of the 

reaction tBuOH was evaporated and the product was collected by ethyl acetate. The organic 

fraction was washed with ammonium chloride and brine and purified by column 

TH-1635_11612228



Chapter 2 
 

92 
 

chromatography by 5:1 (Hexane: ethylacetate). This material was then treated with sodium 

methoxide in 10 ml dry methanol for 10 h to afford the product. This crude material was then 

purified by column chromatography.  

 Synthesis of (2R,3S,5R)-5-(1-(3,5-dimethoxyphenyl)-1H-1,2,3-triazol-4-yl)-2-

(hydroxymethyl)tetrahydrofuran-3-ol (2.81B): Product was synthesised by Procedure A. 

Purified by 10:1 (CHCl3:MeOH). White solid. Yield 28.3 mg (83%). 
1H NMR (600 MHz, MeOD) δ 8.52 (s, 1H), 6.98 (d, J = 2.1 Hz, 2H), 

6.57 (t, J = 2.1 Hz, 1H), 5.32 (t, J = 7.9 Hz, 1H), 4.59 (s, 10H), 4.39 – 

4.35 (m, 1H), 3.93 (td, J = 4.7, 2.7 Hz, 1H), 3.64 (ddd, J = 31.8, 11.9, 

4.7 Hz, 2H), 3.28 (s, 5H), 2.27 (dd, J = 7.9, 3.9 Hz, 2H). 13C NMR 

(150 MHz, MeOD) δ 163.2, 150.6, 139.8, 122.2, 101.6, 99.8, 89.3, 

74.1, 73.9, 63.9, 56.3, 49.0, 42.7. 13C NMR (150 MHz, MeOD, DEPT-135) δ 122.2, 101.6, 

99.8, 89.3, 74.1, 73.9, 63.9, 56.3, 42.7. IR(cm-1): 2956.86, 2924.66, 1620.14, 1598.66, 1497.82, 

1478.43, 1379.38, 1342.83, 1267.86, 1209.74, 1155.94, 1053.81, 1012.30, 859.85, 760.28. 

HRMS Calculated for C15H20N3O5 ([M+H]+) 322.1397, found 322.1397. 

 Synthesis of 2-(4-((2R,4S,5R)-4-hydroxy-5-(hydroxymethyl)tetrahydrofuran-2-yl)-

1H-1,2,3-triazol-1-yl)benzonitrile (2.81H): Product was synthesised by Procedure A. Purified 

by 10:1 (CHCl3:MeOH). White solid. Yield 32 mg (85%).1H NMR (600 

MHz, MeOD) δ 8.53 (s, 2H), 8.01 (dd, J = 7.8, 1.1 Hz, 2H), 7.94 – 7.88 

(m, 2H), 7.82 (d, J = 7.9 Hz, 2H), 7.74 (t, J = 7.7 Hz, 2H), 5.39 (t, J = 7.9 

Hz, 2H), 4.60 (s, 1H), 4.40 (dd, J = 6.6, 3.9 Hz, 2H), 3.96 (td, J = 4.8, 2.7 

Hz, 2H), 3.65 (qd, J = 11.9, 4.9 Hz, 4H), 2.38 – 2.29 (m, 4H). 13C NMR 

(150 MHz, MeOD) δ 150.8, 139.7, 135.8, 135.7, 131.4, 126.8, 124.7, 116.5, 109.1, 89.4, 74.1, 

73.8, 63.9, 42.6. 13C NMR (150 MHz, MeOD, DEPT-135) δ 135.8, 135.7, 131.4, 126.8, 124.7, 

89.4, 74.1, 73.8, 63.9, 42.6. IR(cm-1): 2927.02, 2232.79, 1642.08, 1508.74, 1449.41, 1345.67, 

1229.42, 1085.28, 1052.33, 956.54, 848.84, 773.00. HRMS Calculated for C14H15N4O3 

([M+H]+) 287.1139, found 287.1139. 

 Synthesis of (2R,3S,5R)-2-(hydroxymethyl)-5-(1-(4-nitrophenyl)-1H-1,2,3-triazol-4-

yl)tetrahydrofuran-3-ol (2.81F): Product was synthesised by 

Procedure A. Purified by 10:1 (CHCl3:MeOH). Yellowish white solid. 

Yield 34 mg (86%).1H NMR (600 MHz, MeOD) δ 8.72 (s, 1H), 8.46 

(d, J = 9.1 Hz, 2H), 8.16 (d, J = 9.1 Hz, 2H), 5.45 – 5.24 (m, 1H), 4.64 

(s, 5H), 4.40 (dt, J = 5.3, 2.7 Hz, 1H), 3.97 (td, J = 4.8, 2.7 Hz, 1H), 

3.66 (ddd, J = 27.7, 11.9, 4.8 Hz, 2H), 2.34 – 2.29 (m, 2H). 13C NMR (150 MHz, MeOD, 

DEPT-135) δ 125.1, 120.8, 120.4, 87.9, 72.6, 72.4, 62.4, 41.2. IR(cm-1): 1626.81, 1596.28, 

1538.0, 1504.7, 1404.79, 1354.84, 1229.95, 1204.98, 1080.09, 1049.56, 994.06,858.07. 

HRMS Calculated for C13H15N4O5 ([M+H]+) 307.1037, found 307.1035. 

 Synthesis of (2R,3S,5R)-5-(1-(4-(dimethylamino)phenyl)-1H-1,2,3-triazol-4-yl)-2-

(hydroxymethyl)tetrahydrofuran-3-ol (2.81A): Product was synthesised by Procedure A. 
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Purified by 12:1 (CHCl3:MeOH). Yellowish white solid. Yield 34 mg (85%).1H NMR (600 

MHz, MeOD) δ 8.32 (s, 1H), 7.57 (d, J = 9.0 Hz, 2H), 6.84 (d, J = 9.0 

Hz, 2H), 5.31 (t, J = 7.9 Hz, 1H), 4.60 (s, 2H), 4.37 (d, J = 2.4 Hz, 1H), 

3.93 (dd, J = 7.1, 4.6 Hz, 1H), 3.64 (ddd, J = 30.8, 11.9, 4.7 Hz, 2H), 

2.99 (s, 6H), 2.26 (dd, J = 8.7, 4.6 Hz, 2H). 13C NMR (150 MHz, 

MeOD) δ 151.2, 149.0, 126.7, 121.6, 120.7, 112.3, 88.1, 72.9, 72.8, 

62.7, 41.5, 39.4. 13C NMR (150 MHz, MeOD, DEPT-135) δ 121.6, 

120.7, 112.3, 88.1, 72.8, 72.77, 62.7, 41.5, 39.4. IR(cm-1): 2906.72, 1634.46, 1531.29, 1448.38, 

1356.29, 1227.61, 1089.27, 1049.50, 990.34, 966.06, 819.99. HRMS Calculated for 

C15H21N4O3 ([M+H]+) 305.1602, found 305.1602. 

 Synthesis of (2R,3S,5R)-2-(hydroxymethyl)-5-(1-(naphthalen-1-yl)-1H-1,2,3-triazol-

4-yl)tetrahydrofuran-3-ol (2.81C): Product was synthesised by Procedure A. Purified by 13:1 

(CHCl3:MeOH). Yield 39 mg (96%).1H NMR (600 MHz, MeOD) δ 8.38 (s, 1H), 8.14 – 8.10 

(m, 1H), 8.04 (d, J = 8.1 Hz, 1H), 7.64 (dt, J = 9.4, 3.0 Hz, 2H), 7.61 (d, J = 8.1 Hz, 1H), 7.57 

(t, J = 7.6 Hz, 1H), 7.53 (d, J = 8.4 Hz, 1H), 5.43 (dd, J = 9.7, 6.1 Hz, 

1H), 4.51 – 4.34 (m, 1H), 3.98 (td, J = 4.7, 2.8 Hz, 1H), 3.67 (ddd, J = 

30.7, 11.9, 4.8 Hz, 2H), 2.98 (s, 1H), 2.85 (s, 1H), 2.42 – 2.32 (m, 2H). 
13C NMR (150 MHz, MeOD) δ 150.0, 135.7, 134.9, 131.8, 129.9, 129.5, 

129.0, 128.3, 126.7, 126.2, 124.9, 123.1, 89.4, 74.1, 73.6, 63.9, 49.0, 42.7. 
13C NMR (150 MHz, MeOD, DEPT-135) δ 131.8, 129.5, 129.1, 128.3, 

126.7, 126.3, 124.9, 123.1, 89.4, 74.1, 73.9, 63.9, 42.7. IR(cm-1): 2922.97, 2852.56, 1736.80, 

1646.08, 1598.17, 1540.70, 1467.55, 1430.40, 1389.60, 1224.22, 1089.57, 1049.98, 803.05, 

772.85. HRMS Calculated for C15H21N4O3 ([M+H]+) 312.1343, found 312.1346. 

 Synthesis of (2R,3S,5R)-5-(1-(anthracen-2-yl)-1H-1,2,3-triazol-4-yl)-2-

(hydroxymethyl)tetrahydrofuran-3-ol (2.81D): Product was synthesised by Procedure A. 

Purified by 15:1 (CHCl3:MeOH). White solid. Yield 37 mg (78%).1H NMR (600 MHz, 

DMSO) δ 8.50 – 8.40 (m, 3H), 8.33 (s, 1H), 8.11 (d, J = 9.1 Hz, 

1H), 7.97 (d, J = 2.6 Hz, 2H), 7.90 (dd, J = 9.0, 1.8 Hz, 1H), 7.49 

– 7.41 (m, 2H), 5.48 – 5.28 (m, 1H), 4.83 (d, J = 3.9 Hz, 1H), 4.33 

(dd, J = 17.3, 10.9 Hz, 2H), 3.94 (s, 1H), 3.71 – 3.51 (m, 2H), 2.37 

– 2.17 (m, 2H). 13C NMR (150 MHz, CDCl3) δ 149.9, 133.4, 131.8, 

131.5, 130.2, 129.9, 126.4, 126.2, 125.8, 125.6, 119.7, 117.2, 87.5, 

72.3, 72.3, 62.5, 41.6, 39.5. IR(cm-1): 2925.64, 2876.6, 1629.28, 1468.05, 1434.92, 1384.16, 

1180.67, 1095.28, 1049.83, 895.38, 745.22, 526.34; HRMS Calculated for C21H20N3O3 

([M+H]+) 362.1481, found 362.1499. 

 Synthesis of (2R,3S,5R)-5-(1-(5a1,10-dihydropyren-1-yl)-1H-1,2,3-triazol-4-yl)-2-

(hydroxymethyl)tetrahydrofuran-3-ol (2.81E): Product was synthesised by Procedure B. 

Purified by 20:1 (CHCl3:MeOH). Yield 31 mg (61%).1H NMR (600 

MHz, MeOD) δ 8.47 – 8.43 (m, 1H), 8.25 – 8.12 (m, 3H), 8.10 – 7.89 

(m, 5H), 7.64 (dd, J = 10.9, 9.3 Hz, 1H), 5.48 (dd, J = 9.8, 5.9 Hz, 

1H), 4.60 (s, 2H), 4.45 (dd, J = 5.2, 2.5 Hz, 1H), 4.04 – 3.98 (m, 1H), 

3.70 (ddd, J = 30.6, 11.9, 4.8 Hz, 2H), 2.48 – 2.35 (m, 2H). 13C NMR 

TH-1635_11612228



Chapter 2 
 

94 
 

(150 MHz, MeOD) δ 150.2, 133.7, 132.4, 131.9, 131.4, 130.8, 130.0, 127.9, 127.6, 128.0, 

127.0, 125.9, 124.5, 121.7, 89.4, 74.2, 74.0, 63.9, 49.0, 42.8. 13C NMR (150 MHz, MeOD) δ 

130.8, 130.0, 128.0, 127.6, 127.2, 127.0, 125.9, 124.5, 121.7, 89.5, 74.2, 74.0, 64.0, 42.8. 

IR(cm-1): 2923.12, 2850.7, 1681.30, 1636.0, 1615.6, 1456.1, 1419.3, 1382.5, 1284.3, 1263.9, 

1047.1, 752.65. HRMS Calculated for C23H20N3O3 ([M+H]+) 386.1499, found 386.1497. 

2.11.4. Photophysical Studies of the Nucleosides 

 UV-visible measurements: All the UV–visible spectra of the nucleoside monomers (10 

M) were measured in different organic solvents using a UV-Visible spectrophotometer with 

a cell of 1 cm path length at 25 °C. Equal volume of each sample solution in different solvents 

were used. The measurements were taken in absorbance mode. The absorbance values of the 

sample solutions were measured in the wavelength regime of 200–550 nm. All the sample 

solutions were prepared just before doing the experiment. 

 Fluorescence experiments: All the sample solutions of the nucleoside monomers 

(10 M) were prepared as described in UV measurement experiments. Fluorescence spectra 

were obtained using a fluorescence spectrophotometer at 25 °C using 1 cm path length cell. 

The excitation wavelengths for monomers were set at 
max

abs
, and emission spectra were 

measured in the wavelength regime of 315–600 nm with an integration time of 0.1 sec .  

2.11.5. Studies On the Interaction of 2.81D (cTAnthBDo) and 2.81E (cTPyBDo) with BSA  

 Preparation of BSA solution: Phosphate buffer of pH 7.02 was used to prepare the 

solution of BSA (Merck). A 1200 μM of stock BSA solution was prepared by dissolving 0.08 

gm of BSA in 1 mL phosphate buffer (20 mM) of pH 7.0. From that stock solution sub stock 

of 1000 μM BSA was prepared. The compound stock solution was prepared in DMF because 

of the poor solubility in water. 1.0 mg of nucleoside 2.81D (cTAnthBDo) and 2.81E (cTPyBDo) 

was dissolved in 1.5 mL DMF to make a stock probe solution of concentration 910.3 μM.  

 General experimental on interaction study of BSA by photophysical study: All the 

spectral measurements were carried out at room temperature. To study the interaction of 

compound with BSA, an aqueous solution of nucleoside 2.81D (cTAnthBDo) and 2.81E (cTPyBDo) 

(10 μM) was titrated with different concentrations of BSA (ranging from 0, 0.25, 0.5, 0.75, 1.0, 

1.5, 2, 2.5, 3.0, 4, 5, 6, 10, 14, 18, 20 equivalent). The total volume of the final solution for 

each sample was 3 mL. The % of DMF content was 2%. The presence of 2% DMF does not 

induce structural changes to biomolecules. Each sample solution was mixed well before 

spectral measurements.  

 UV-Visible study with BSA: The UV–Visible absorbance measurements were 

performed using UV-visible spectrophotometer with a cell of 1 cm path length at 298 K. All 

the UV-Visible studies were carried out in 20 mM phosphate buffer of pH 7.02 containing 

solution at 298 K. 2 % DMF was used to solubilize the probe. The measurements were taken 

in absorbance mode and the absorbance values of the sample solutions were measured in the 

wavelength regime of 200– 700 nm. All the experiments were carried out with freshly prepared 

sample solutions.  
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 Fluorescence study with BSA: All fluorescence and steady state anisotropy 

experiments were performed using a steady state fluorescence spectrophotometer with a cell of 

1 cm path length at 298 K. The excitation wavelength for probe nucleoside 2.81D (cTAnthBDo) 

and 2.81E (cTPyBDo) was set at 220 nm, 420 nm and emission spectra were measured in the 

wavelength regime of 290–650 nm. Steady state anisotropy of the solutions was measured 

using steady state fluorescence spectrophotometer. The fluorescence lifetime experiment was 

carried out as described above. 

2.11.6. b3lyp/6-31+g(d,p) Optimized Structure, Energy and Cartesian Coordinates of the 

Synthesized C-nucleosides 2.81D and 2.81E. 

 

 

 

 

 

 

E(RB3LYP) = -1201.62823455 a.u. 

 

1 O1     3.8334    -0.0834     0.7483 O 

2 N2    -0.0161     0.4707    -0.7304 N 

3 N3     1.1860    -1.0854    -1.5916 N 

4 N4     0.0170    -0.5122    -1.6707 N 

5 O5     6.3959    -1.9441    -0.5312 O 

6 H6     6.7442    -2.1794    -1.4010 H 

7 O7     5.6111     1.0518     2.7290 O 

8 H8     6.0279     1.8520     3.0713 H 

9 C9     1.1654     0.5183    -0.0511 C 

10 H10     1.3566     1.2086     0.7537 H 

11 C11     5.2429    -0.3232     0.8059 C 

12 H12     5.4462    -1.1839     1.4592 H 

13 C13     1.9245    -0.4835    -0.6130 C 

14 C14     5.6801    -0.7100    -0.6328 C 

15 H15     6.3332     0.0570    -1.0723 H 

16 C16     3.3101    -0.9316    -0.2774 C 

17 H17     3.2802    -1.9726     0.0835 H 

18 C18     5.9553     0.8969     1.3556 C 

19 H19     7.0382     0.7391     1.2380 H 

20 H20     5.6615     1.7807     0.7696 H 

21 C21     4.3499    -0.8156    -1.4062 C 

22 H22     4.3322    -1.6648    -2.0943 H 

23 H23     4.1634     0.0988    -1.9788 H 

24 C24    -1.1486     1.3290    -0.5754 C 

25 C25    -2.4355     0.7706    -0.2563 C 

26 C26    -0.9646     2.6836    -0.7051 C 

27 C27    -2.6665    -0.6014    -0.0916 C 

28 C28    -3.5350     1.6959    -0.0809 C 

     29 C29    -2.0534     3.5810    -0.5216 C 

30 H30     0.0183     3.0662    -0.9609 H 

2.81D 
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31 C31    -3.9375    -1.0963     0.2333 C 

32 H32    -1.8529    -1.3026    -0.2368 H 

33 C33    -4.8044     1.1943     0.2385 C 

34 C34    -3.3012     3.0995    -0.2232 C 

35 H35    -1.8849     4.6478    -0.6301 H 

36 C36    -4.1808    -2.4966     0.4015 C 

37 C37    -5.0384    -0.1770     0.4010 C 

38 H38    -5.6283     1.8925     0.3673 H 

39 H39    -4.1370     3.7805    -0.0872 H 

40 C40    -5.4324    -2.9601     0.7174 C 

41 H41    -3.3518    -3.1868     0.2709 H 

42 C42    -6.3287    -0.7014     0.7300 C 

43 C43    -6.5201    -2.0507     0.8841 C 

44 H44    -5.6038    -4.0254     0.8413 H 

45 H45    -7.1563    -0.0080     0.8556 H 

46 H46    -7.5043    -2.4363     1.1338 H 

 

 

 

 

 

 

 

 

 

 

E(RB3LYP) = -1277.87169999 a.u. 

 

1 O1     4.3361     0.2033     0.7478 O 

2 N2     0.4507    -0.2011    -0.6885 N 

3 N3     1.9142    -1.6481    -1.2995 N 

4 N4     0.6636    -1.3094    -1.4492 N 

5 O5     7.2030    -1.3876    -0.2461 O 

6 H6     7.5922    -1.7090    -1.0698 H 

7 O7     5.9000     1.9466     2.4548 O 

8 H8     6.1790     2.8517     2.6395 H 

9 C9     1.6007     0.1684    -0.0556 C 

10 H10     1.6622     1.0101     0.6143 H 

11 C11     5.7651     0.2117     0.8123 C 

12 H12     6.1051    -0.4737     1.6023 H 

13 C13     2.5282    -0.7675    -0.4553 C 

14 C14     6.2658    -0.3498    -0.5455 C 

15 H15     6.7611     0.4302    -1.1407 H 

16 C16     3.9682    -0.9039    -0.0794 C 

17 H17     4.1130    -1.8438     0.4779 H 

18 C18     6.2636     1.6098     1.1194 C 

19 H19     7.3575     1.6141     0.9978 H 

20 H20     5.8250     2.3151     0.3976 H 

21 C21     4.9781    -0.8410    -1.2395 C 

22 H22     5.1148    -1.8034    -1.7395 H 

23 H23     4.6362    -0.1111    -1.9805 H 

2.81E 
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24 C24    -0.8163     0.4590    -0.6566 C 

25 C25    -1.9736    -0.2254    -0.2264 C 

26 C26    -0.8654     1.7994    -1.0466 C 

27 C27    -3.2093     0.4983    -0.2076 C 

28 C28    -1.9681    -1.5966     0.2092 C 

29 C29    -2.0667     2.4993    -1.0187 C 

30 H30     0.0449     2.2837    -1.3856 H 

31 C31    -4.4075    -0.1500     0.2246 C 

32 C32    -3.2534     1.8702    -0.6078 C 

33 C33    -3.1143    -2.2058     0.6241 C 

34 H34    -1.0370    -2.1490     0.1862 H 

35 H35    -2.0931     3.5398    -1.3293 H 

36 C36    -4.3732    -1.5147     0.6437 C 

37 C37    -5.6449     0.5655     0.2435 C 

38 C38    -4.5123     2.5642    -0.5787 C 

39 H39    -3.0892    -3.2427     0.9484 H 

40 C40    -5.5635    -2.1330     1.0636 C 

41 C41    -6.8101    -0.0940     0.6711 C 

42 C42    -5.6545     1.9411    -0.1743 C 

43 H43    -4.5338     3.6054    -0.8893 H 

44 C44    -6.7674    -1.4286     1.0753 C 

45 H45    -5.5365    -3.1718     1.3817 H 

     46 H46    -7.7510     0.4497     0.6849 H 

47 H47    -6.5982     2.4800    -0.1592 H 

48 H48    -7.6778    -1.9221     1.4026 H 
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2.12. 1H and 13C NMR spectra of selected nucleosides 

 

 

TH-1635_11612228



…..Photophysical Property of Triazolyl C-nucleosides and Study of Interaction with ...BSA 
 

99 
 

 

TH-1635_11612228



Chapter 2 
 

100 
 

 

 

TH-1635_11612228



…..Photophysical Property of Triazolyl C-nucleosides and Study of Interaction with ...BSA 
 

101 
 

 

TH-1635_11612228



Chapter 2 
 

102 
 

 

 

 

 

TH-1635_11612228



…..Photophysical Property of Triazolyl C-nucleosides and Study of Interaction with ...BSA 
 

103 
 

 

 

 

 

TH-1635_11612228



Chapter 2 
 

104 
 

2.13. Reference: 

1. (a)  Drohat, A.; Maiti, A. Org. Biomol. Chem. 2014, 12, 8367. (b) Prior, J. J.; Santi, D. 

V. J. Biol. Chem. 1984, 259, 2429. (c) Stockbridge, R. B.; Schroeder, G. K.; Wolfenden, 

R. Bioorg. Chem. 2010, 38, 224. (d) Zoltewicz, J. A.; Clark, D. F.; Sharpless, T. W.; 

Grahe, G. J. Am. Chem. Soc. 1969, 494, 1741.  

2. (a) Matsuura, S.; Shiratori, O.; Katagiri, K. J. Antibiot. 1964, 17, 234. (b) Nishimura, 

H.; Shimaoka, N.; Tanaka, Y.; Komatsu, Y.; Kato, H.; Mayama, M. J. Antibiot. 1964, 

17, 148.  

3. (a) Cohn, W. E. J. Biol. Chem. 1960, 235, 1488. (b) Cohn, W. E. Biochim. Biophys. 

Acta    1959, 32, 569. 

4. (a) Davis, D. R. Nucleic Acids Res. 1995, 23, 5020. (b) Newby, M. I.; Greenbaum, N. 

L. Proc. Natl. Acad. Sci. U. S. A. 2002, 99, 12697. (c) Desaulniers, J. P.; Chang, Y. C.; 

Aduri, R.; Abeysirigunawardena, S. C.; Santa Lucia, J.; Chow, C. S. Org. Biomol. 

Chem. 2008, 6, 3892. 

5. Koonin, E. V. Nucleic Acids Res. 1996, 24, 2411. 

6. Nakagawa, Y.; Kano, H.; Tsukuda, Y.; Koyama, H. Tetrahedron Lett. 1967, 42, 4105. 

7. Harki, D. A.; Graci, J. D.; Korneeva, V. S.; Ghosh, S. K. B.; Hong, Z.; Cameron, C. E.; 

Peterson, B. R. Biochemistry 2002, 41, 9026. (b) Seela, F.; Jawalekar, A. HelV. Chim. 

Acta 2002, 85, 1857. 

8. Wang, L.; Schultz, P. G. Chem. Commun. 2002, 1. 

9. (a) Bain, J. D.; Schwitzer, C.; Chamberlin, A. R.; Benner, S. A. Nature 1992, 356, 537. 

(b) Tor, Y.; Dervan, P. B. J. Am. Chem. Soc. 1993, 115, 4461. 

10. Watanabe, K. A. Chemistry of C-nucleosides. In Chemistry of Nucleosides and 

Nucleotides; Townsend, L. B., Ed.; Plenum Press: New York, 1994; 421. 

11. McLaughlin, L. W.; Wilson, M.; Ha, S. B. Use of Nucleoside Analogues to probe 

Biochemical Processes. In Comprehensive natural product chemistry, Vol. 7 (DNA and 

Aspects of Molecular Biology); Barton, D. H. R., Nakanishi, K., Meth-Cohn, O., Eds.; 

Elsevier: New York, 1999; 252. 

12. (a) Postema, M. H. D. Tetrahedron 1992, 48, 8545. (b) Jamarillo, C.; Knapp, S. 

Synthesis 1994, 1. (c) Shaban, M. A. E.; Nasr, A. Z. AdV. Heterocycl. Chem. 1997, 68, 

223. (d) Du, Y. G.; Linhardt, R. J.; Vlahov, I. R. Tetrahedron 1998, 54, 9913. (f) Lee, 

D. Y. W.; He, M. S. Curr. Top. Med. Chem. 2005, 5, 1333. (e) Adamo, M. F. A.; 

Pergoli, R. Curr. Org. Chem. 2008, 12, 1544. 

13. Ferrero, M.; Gotor, V. Chem. ReV. 2000, 100, 4319. 

14. L. A.; Gillaizeau, I.; Saito, Y. Chem. ReV. 2003, 103, 1875. 

15. Wu, Q.; Simons, C. Synthesis 2004, 10, 1533. 

TH-1635_11612228



…..Photophysical Property of Triazolyl C-nucleosides and Study of Interaction with ...BSA 
 

105 
 

16. T. G.; O’Sullivan, T. P.; Guiry, P. J. Eur. J. Org. Chem. 2005, 23, 4929. 

17. Wellington, K. W.; Benner, S. A. Nucleosides, Nucleotides, Nucleic Acids 2006, 25, 

1309. 

18. Griesang, N.; Richert, C. Tetrahedron Lett. 2002, 43, 8755.  

19. (a) Klein, R. S.; Kotick, M. P.; Watanabe, K. A.; Fox, J. J. J. Org.Chem. 1971, 36, 4113. 

(b) Sharma, R. A.; Bobek, M.; Bloch, A. J. Med. Chem. 1975, 18, 473. (c) Pirrung, M. 

C.; Zhao, X.; Harris, S. V. J. Org. Chem. 2001, 66, 2067. (d) Singh, I.; Hecker, W.; 

Prasad, A. K.; Parmar, V. S.; Seitz, O. Chem. Commun. 2002, 500. 

20. Chen, D. W.; Beuscher, A. E.; Stevens, R. C.; Wirsching, P.; Lerner, R. A.; Janda, K. 

D. J. Org. Chem. 2001, 66, 1725. 

21. (a) Adamo, M. F. A.; Pergoli, R. Org. Lett. 2007, 9, 4443. (b) Heinrich, D.; Wagner, 

T.; Diederichsen, U. Org. Lett. 2007, 9, 5311. (c) Chiba, J.; Takeshima, S.; Mishima, 

K.; Maeda, H.; Nanai, Y.; Mizuno, K.; Inouye, M. Chem.sEur. J. 2007, 13, 8124. (d) 

Lubin-Garmain, N.; Baltaze, J.-P.; Coste, A.; Hallonet, A.; Laure´ano, H.; Legrave, G.; 

Uziel, J.; Auge´, J. Org. Lett. 2008, 10, 725. 

22. Shapiro, R.; Chambers, R. W. J. Am. Chem. Soc. 1961, 83, 3920. 

23. Butora, G.; Olsen, D. B.; Carroll, S. S.; McMaster, D. R.; Schmitt, C.; Leone, J. F.; 

Stahlhut, M.; Burlein, C.; MacCoss, M. Bioorg. Med. Chem. 2007, 15, 5219. 

24. (a) Liang, C.; Ma, T.; Cooperwood, J. S.; Du, J.; Chu, C. K. Carbohydr. Res. 1997, 303, 

33. For an example on the first Wittig-type strategy ever, see: (c) Ohrui, H.; Jones, G. 

H.; Moffatt, J. G.; Maddox, M. L.; Christensen, A. T.; Byram, S. K. J. Am. Chem. Soc. 

1975, 97, 4602. For the first report on a HWE modification, see: (d) De Bernardo, S.; 

Weigele, M. J. Org. Chem. 1977, 42, 109. Utilization of exocyclic CHO group in Wittig 

reaction: (e) Krishna, P. R.; Reddy, V. V. R.; Srinivas, R. J. Org. Chem. 2007, 63, 9871. 

25. Kalvoda, L.; Farkasˇ, J.; Sˇ orm, F. Tetrahedron Lett. 1970, 26, 2297. 

26. Bobek, M. Collect. Czech. Chem. Commun. 1969, 34, 1690. 

27. (a) Huisgen, R. Angew. Chem. 1963, 75, 604. (b) Huisgen, R. Angew. Chem. 1963, 11, 

633. 

28. Huisgen, R.; Szeimies, G.; Mobius, L. Chem. Ber. 1967, 100, 2494. 

29. Kolb, H. C.; Finn, M. G.; Sharpless, K. B. Angew. Chem. 2001, 40, 2004. 

30. (a) Tornøe, C. W.; Meldal, M. Proceedings of the Second International and the 

SeVenteenth American Peptide Symposium 2001, 263. (b) Tornøe, C. W.; Christensen, 

C.; Meldal, M. J. Org. Chem. 2002, 67, 3057. (c) Rostovtsev, V. V.; Green, L. G.; 

Fokin, V. V.; Sharpless, K. B. Angew. Chem., Int. Ed. 2002, 41, 2565.  

31. Tornøe, C. W.; Meldal, M. Chem. Rev. 2008, 108, 2952. 

32. Guezguez, R.; Bougrin K.; Akri, K. E.; Benhida, R. Tetrahedron Lett. 2006, 47, 4807. 

TH-1635_11612228



Chapter 2 
 

106 
 

33. Ermolat’ev, D. S.; Metha, V. P.; Van der Eycken, E. V. QSAR Comb. Sci. 2007, 26, 

1266. 

34. (a) Broggi, J.; Joubert, N.; Aucagne, V.; Berteina-Raboin, S.; DiezGonzalez, S.; Nolan, 

S. P.; Topalis, D.; Deville-Bonne, D.; Balzarini, J.; Neyts, J.; Andrei, G.; Snoeck, R.; 

Agrofoglio, L. Nucleosides Nucleotides, 2007, 26, 1391. (b) Broggi, J.; Joubert, N.; 

Diez-Gonzalez, S.; Berteina-Raboin, S.; Zevaco, T.; Nolan, S. P.; Agrofoglio, L. 

Tetrahedron, 2009, 65, 1162. 

35. Li, L.; Zhang, G.; Zhu, A.; Zhang, L. J. Org. Chem. 2008, 73, 3630. 

36. Li, L.; Lin, B.; Yang, Z.; Zhang, L.; Zhang, L. Tetrahedron Lett. 2008, 49, 4491. 

37. Xia, Y.; Li, W.; Qu, F.; Fan, Z.; Liu, X.; Berro, C.; Rauzy, E.; Peng, L. Org. Biomol. 

Chem. 2007, 5, 1695. 

38. Cosyn, L.; Palaniappan, K. K.; Kim, S.-K.; Duong, H. T.; Gao, Z.-G.; Jacobson, K. A.; 

Van Calenbergh, S. J. Med. Chem. 2006, 49, 7373. 

39. Cosyn, L.; Gao, Z.-G.; Van Rompaey, P.; Lu, C.; Jacobson, K. A.; Van Calenbergh, S. 

Bioorg. Med. Chem. 2006, 14, 1403. 

40. Gupte, A.; Boshoff, H. I.; Wilson, D. J.; Neres, J.; Labello, N.; Somu, R. V.; Xing, C.; 

Barry, C. E.; Aldrich, C. C. J. Med. Chem. 2008, 51, 7495. 

41. (a) McLaughlin, L. W.; Wilson, M.; Ha, S. B. Use of Nucleoside Analogues To Probe 

Biochemical Processes. In Comprehensive Natural Product Chemistry, Vol. 7, DNA 

and Aspects of Molecular Biology; Barton, D. H. R., Nakanishi, K., Meth-Cohn, O., 

Eds.; Elsevier: New York 1999, 252. (b) Kool, E. T.; Morales, J. C.; Guckian, K. M. 

Angew. Chem., Int. Ed. 2000, 39, 990. (c) Kool, E. T. Acc. Chem. Res. 2002, 35, 936. 

(d) Geyer, C. R.; Battersby, T. R.; Benner, S. A. Structure 2003, 11, 1485. (e) Benner, 

S. A. Nature 2003, 421, 118. (f) Benner, S. A.; Sismour, A. M. Nat. Rev. Genet. 2005, 

6, 533. (g) Kimoto, M.; Cox, R. S., 3rd.; Hirao, I.; Expert Rev. Mol. Diagn. 2011, 3, 

321. (h) Bag, S. S.; Talukdar, S.; Matsumoto, K.; Kundu, R. J. Org. Chem. 2013, 78, 

278. 

42. Wamhoff, H.; Warnecke, H. ARKIVOC 2001, 2, 1085-1090. 

43. Takase, M.; Morikawa, T.; Abe, H.; Inouye, M. Org. Lett. 2003, 5, 625. 

44. Adamo, M. F. A.; Pergoli, R. Org. Lett. 2007, 9, 4443. 

45. Novák, P.; Ćihalová, S.; Otmar, M.; Hocek, M.; Kotora, M. Tetrahedron 2008, 64, 

5200. 

46. Doi, Y.; Chiba, J.; Morikawa, T.; Inouye, M. J. Am. Chem. Soc. 2008, 130, 8762. 

47. Novák, P.; Pohl, R.; Kotora, M.; Hocek, M. Org. Lett. 2006, 8, 2051. 

48. Bobula, T.; Hocek, M.; Kotora, M. Tetrahedron 2010, 66, 530. 

 

TH-1635_11612228



…..Photophysical Property of Triazolyl C-nucleosides and Study of Interaction with ...BSA 
 

107 
 

49. Kölmel, D. K.; Barandun, L. J.; Kool, E. T. Org. Biomol. Chem. 2016, 14, 6407. 

50. Teobald, B. J. Tetrahedron 2002, 58, 4133. 

51. Melikyan G. G.; Bright, S.; Monroe, T.; Hardcastle, K. I.; Ciurash, J. Angew. Chem. 

Int. Ed. Engl. 1998, 37, 161-164.  

52. Tanaka, S.; Tsukiyama, T.; Isobe, M. Tetrahedron Lett. 1993, 34, 5757. 

53. Isobe, M.; Jiang, Y. Tetrahedron Lett. 1995, 36, 567. 

54. Jiang, Y.; Isobe, M. Tetrahedron 1996, 52, 2877. 

55. Tsuboi, K.; Ichikawa, Y.; Naganawa, A.; Isobe, M.; Ubukata, M.; Isono, K. 

Tetrahedron 1997, 53, 5083. 

56. Frisch, M. J.; Trucks, G. W.; Schlegel, H. B.; Scuseria, G. E.; Robb, M. A.; Cheeseman, 

J. R.; Scalmani, G.; Barone, V.; Mennucci, B.; Petersson, G. A.; Nakatsuji, H.; Caricato, 

M.; Li, X.; Hratchian, H. P.; Izmaylov, A. F.; Bloino, J.; Zheng, G.; Sonnenberg, J. L.; 

Hada, M.; Ehara, M.; Toyota, K.; Fukuda, R.; Hasegawa, J.; Ishida, M.; Nakajima, T.; 

Honda, Y.; Kitao, O.; Nakai, H.; Vreven, T.; Montgomery, J. A. Jr.; Peralta, J. E.; 

Ogliaro, F.; Bearpark, M.; Heyd, J. J.; Brothers, E.; Kudin, K. N.; Staroverov, V. N.; 

Kobayashi, R.; Normand, J.; Raghavachari, K.; Rendell, A.; Burant, J. C.; Iyengar, S. 

S.; Tomasi, J.; Cossi, M.; Rega, N.; Millam, J. M.; Klene, M.; Knox, J. E.; Cross, J. B.; 

Bakken, V.; Adamo, C.; Jaramillo, J.; Gomperts, R.; Stratmann, R. E.; Yazyev, O.; 

Austin, A. J.; Cammi, R.; Pomelli, C.; Ochterski, J. W.; Martin, R. L.; Morokuma, K.; 

Zakrzewski, V. G.; Voth, G. A.; Salvador, P.; Dannenberg, J. J.; Dapprich, S.; Daniels, 

A. D.; Farkas, O.; Foresman, J. B.; Ortiz, J. V.; Cioslowski, J.; Fox, D. J. Gaussian, Inc. 

Wallingford CT, 2009.  

57. (a) Ji, L.; Lorbach, A.; Edkins, R. M.; Marder, T. B. J. Org. Chem. 2015, 80, 5658. (b) 

Bucevicius, J.; Skardziute, L.; Dodonova, J.; Kazlauskas, K.; Bagdziunas, G.; Jursenas, 

S.; Tumkevicius, S. RSC Adv. 2015, 5, 38610. (c) Nagarajan, N.; Velmurugan, G.; 

Venuvanalingam, P.; R. Renganathan J. Photochem. Photobiol. A: Chemistry 2014, 

284, 36. (d) Denneval, C.; Moldovan, O.; Baudequin, C.; Achelle, S.; Baldeck, P.; Plé, 

N.; Darabantu, M.; Ramondenc, Y. Eur. J. Org. Chem. 2013, 2013, 5591. (e) Valeur, 

B. Molecular Fluorescence: Principles and Applications; Wiley-VCH Verlag: GmbH: 

Weinheim, Germany, 2001. 

58. (a) Fromherz, P. J. Phys. Chem. 1995, 99, 7188. (b) Albinsson, B. J. Am. Chem. Soc. 

1997, 119, 6369. (c) Shim, T.; Lee, M. H.; Kim, D.; Ouchi, Y. J. Phys. Chem. B 2008, 

112, 1906. (d) Panigrahi, M.; Dash, S.; Patel, S.; Behera, P. K.; Mishra, B. K. 

Spectrochim. Acta, Part A 2007, 68, 757. (e) Kim, H. J.; Hong, J.; Hong, A.; Ham, S.; 

Lee, J. H.; Kim, J. S. Org. Lett. 2008, 10, 1963. (f) Benniston, A. C.; Harriman, A.; 

Llarena, I.; Sams, C. A. Chem. Mater. 2007, 19, 1931. (g) Maeda, H.; Maeda, T.; 

Mizuno, K.; Fujimoto, K.; Shimizu, H.; Inouye, M. Chem.—Eur. J. 2006, 12, 824. (h) 

Perez -Inestrosa, E.; Montenegro, J. -M.; Collado, D.; Suau, R. Chem. Commun. 2008,  

TH-1635_11612228



Chapter 2 
 

108 
 

1085. (i) Yang, S. -W.; Elangovan, A.; Hwang, K. -C.; Ho, T. -I. J. Phys. Chem. B 2005, 

109, 16628. (m) Senthilkumar, S.; Nath, S.; Pal, H. Photochem. Photobiol. 2004, 80, 

104.  

 

 

 

 

TH-1635_11612228



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Chapter 3 
 

DESIGN, SYNTHESIS AND 
PHOTOPHYSICAL PROPERTY OF A 

DOUBLY WIDENED FUSED 
TRIAZOLYL PHENANTHRENE 

UNNATURAL NUCLEOSIDE 
 

 

TH-1635_11612228



.Synthesis and Study of Photophysical Properties of Fused Triazolyl Phenanthrene Nucleoside 
 

109 
 

3.1. Introduction 

 DNA is nothing but the sequential arraying of nucleobases A, T, G and C that are provided 

by nature. DNA is regular double helix that attracts the attention towards searching for its route 

cause. The only parameter that is responsible for shaping and maintaining its helicity is nonetheless 

the hydrogen bonding. In contrast although the hydrogen bonding parameter is apparently making 

its regular helicity possible to happen but certainly not the one and only criteria out of all the 

respective parameters like hydrogen bonding, π-stacking and Van der Waals force. The extent of 

contribution of all these parameters to shaping the regular helicity should be one of the primary 

focus to explore the behavior of DNA. As the gradual progress happened it was progressively 

unfolded that hydrogen bonding is not the only parameter in forming the regular helicity but π-

stacking is the another route cause of its happening.19 Apart from that it has been found that without 

the hydrogen bonding the DNA helix shamelessly existing in the form of a regular helix.14-17,19 

The pioneering experimentation by E. T. Kool over shape complementarity14,15 is the crucial point 

indeed strongly empowering the role of hydrophobicity more clear in the existence of hybridized 

duplex nucleotide polymer. Further Romesberg’s2-13 and Hirao’s18,20-22 synthetic strategies in 

complete removing hydrogen bonding parameter to construct unnatural base pairs based on 

hydrophobicity and subsequent incorporation of these base pairs are clearly revealing the essence 

of hydrophobicity in constructing the regular hybridized DNA double strand. After revealing the 

crux of hydrophobicity it was further drawn by Kool’s groups towards size expansion by 

introducing large heterocycle or hydrocarbon to enhance the steric bulk16 and it has been found 

that the size expansion is not indeed perturbing the whole of its helicity, instead because of its 

large size it is providing more π-stacking which in turn made the DNA helix stable enough in 

comparison to the natural DNA. Not only that some of the base pairs show high fidelity towards 

replication and transcription. So we will see how the design and synthesis of hydrophobic base 

pairs and size expanded hydrophobic base pairs are really potent enough to stabilize the DNA 

double strand. 

3.2. Hydrophobic base analogues  

 E. T. Kool et al. established that “hydrogen bonds in a base pair are not absolutely required 

for efficient nucleotide insertion”.19 Generally during replication DNA polymerase hardly does 

any mistake and if happened that also once per 104-105 nucleotide insertion. So to speak primarily 

it was thought that this high critical fidelity factor depends on the hydrogen bonding between 

purine and pyrimidine nucleobases. Replacing the polar hydrogen bonded base pair dA-dT by 

nonpolar hydrophobic isostere dZ-dF14,15 (Figure 3.1) could reveal the extent of the essence of 

this purine-pyrimidine hydrogen bonding in replication. 

 To maintain the shape complementarity, the shape analogues or the isostere of dA 1.001 

i.e. dZ 3.01 was placed against the isostere of dT 1.002 i.e. dF 3.02 and they found to be doing a 

good job in mimicking the natural nucleoside dA 1.001 and dT 1.002 whenever incorporated in 
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DNAs. This result established that hydrogen bonding does not need absolutely in efficient 

nucleotide insertion and replication (Figure 3.1).1   

 

 

 

     

 

 

 

 

  

Figure 3.1: E. T. Kool’s shape analogue hydrophobic base pair of A-T 

 

 A number of non-natural nucleoside was synthesized by Kool et al.16 replaced the natural 

nucleobases with unnatural fluorophores and thus these can be aided as a biophysical probe. The 

aromatic moiety used for probing the nucleosides are 1-naphthyl 3.05α and 3.05β, 2-naphthyl 

3.06α and 3.06β, 9-phenanthrenyl 3.04α and 3.04β, and 1-pyrenyl 3.03α and 3.03β.  

 

 

 

 

 

 

 

 

 

 

Figure 3.2: Fluorescent unnatural hydrophobic nonpolar nucleoside reported by Kool et al. 

TH-1635_11612228



.Synthesis and Study of Photophysical Properties of Fused Triazolyl Phenanthrene Nucleoside 
 

111 
 

 The nucleosides were synthesized by the coupling of organocadmium derivative of these 

aromatic moieties with Hoffer’s Chloro sugar 1.189α. The product of this coupling reaction is α-

nucleoside which is then effectively converted into its β-derivative by acid catalyzed 

epimerization. These all fluorescent aromatic moieties do not possess any site to take part in 

hydrogen bonding. Moreover, they are non-polar hydrophobic moieties and forming stable DNA 

duplex only by providing nonpolar hydrophobic interaction (Figure 3.2).      

 Strässler et al.17a synthesized a number of fluorescent nucleosides where they have used 

known hydrocarbon or thiophene fluorophore to prepare fluorescent nucleoside. These nucleosides 

can be used as a fluorescent probe in studying the structure and dynamics of these nucleosides and 

their interaction with proteins. They may also be used as a fluorescent probe in nucleic acid based 

biomedical research. The fluorophore attached with deoxyribose at anomeric carbon in α-D form 

includes terphenyl 3.10, stilbene 3.09, terthiophene 3.08, benzoterthiophene 3.07. Synthesis of 

these nucleosides (Figure 3.3) were achieved by the addition of aromatic Grignard of these 

corresponding fluorophore to Hoffer’s chloro sugar 1.189α.  

 

 

 

 

 

 

Figure 3.3: Fluorescent unnatural thiophene and hydrocarbon based C-nucleosides by 

Strässler et al. 

 

 Naptho substituted pyrimidine have also been synthesized by different groups. Godde et  

al.17b synthesized two pyrimidine fused unnatural nucleosides 3.11β and 3.12β, and then they have 

incorporated it into DNA (Figure 3.4).  

 

 

 

  

 

Figure 3.4: Naptho substituted pyrimidine unnatural nucleoside reported by Godde et al. 
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 In the year 1999 Romesberg’s group introduced propynyl isocarbostyril (PICS) 3.13 

(Figure 3.5) where the synthesis was started from Hoffre’s chloro sugar 1.189α. Although PICS 

3.13 is not targeted to be designed to have shape complementarity but it has been found that PICS 

3.13 was efficiently incorporated opposite to itself with sound efficiency by the Klenow fragment 

of Escherichia coli DNA polymerase I. High thermal stability helping PICS 3.13 to be paired of 

and appearing as a selective hydrophobic base pair. This study suggests that hydrophobicity itself 

without the need of hydrogen bonding is sufficient enough for the enzymatic incorporation as well 

as selective self-pairing of PICS 3.13.2  

 

 

 

 

 

Figure 3.5: Romesberg PICS unnatural nucleoside 

 

 To examine the potential of hydrophobicity within nonstandard base pairing, Ogawa et al.3 

synthesized TM 3.14, DM 3.15, 2MN 3.17, DMN 3.16, ICS 3.18, 7AI 3.19 nucleosides. Here 

they have found that initially self and hetero pairing between TM 3.14 and DM 3.15 (Figure 3.6) 

are less stable by natural dA:dT pair by 4.0-6.4 oC. 

 

  

 

 

  

 

 

 

 

 

Figure 3.6: Structure of unnatural hydrophobic nucleobases reported by Ogawa et al. 
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 Whereas an increasing effort to enhance the aromatic surface area by synthesizing 2MN 

3.17 and DMN 3.16 is suggesting enhanced thermodynamic stability compare to the previous 

results, further improvement to ICS 3.18 results a self-pairing which exhibited a comparable 

thermal stability with natural dA:dT pair (Tm = 59.2 oC for both ICS self-pair and dA:dT pair).    

 Wu et al.4 has synthesized six novel unnatural nucleosides (Figure 3.7). These nucleosides 

form stable base pair whenever incorporated into duplex DNA. The thermal stability of the formed 

base pair within DNA duplex does not depend on the hydrogen bonding interaction. As the surface 

area of the nucleobases increased it caused enhanced thermal stability due to increased 

hydrophobicity of the nucleobases. 

 

 

 

 

 

 

 

 

 

Figure 3.7: Six hydrophobic nucleosides reported by Wu et al. 

 

 All these nucleobases are derivative of 7AI 3.19 and ICS 3.18. These nucleobases are 

proved to be efficiently incorporated through Klenow fragment of Escherichia coli DNA 

polymerase I.  

 Henry et al. started investigation with relatively smaller base pairs compare to the previous 

one.5-8 They started with fluorine substituted aromatic moiety for their study. Six unnatural 

nucleoside 3.26-3.31 (Figure 3.8) they synthesized. Insertion of these nucleoside by Klenow 

fragment of Escherichia coli DNA polymerase I efficiently synthesized modified ODN. Thermal 

temperature between self-paired and hetero paired unnatural fluorine substituted nucleobases 

suggested a nearly identical stability with the natural base pairs. CD spectra for each base pairs 

were appeared to be almost identical with the natural base pairs and suggested that with the 

incorporation of hydrophobic base pairs although completely lacks the hydrogen bonding features 

but indeed showed no distortion and rather showed B form DNA with significant thermal stability.   
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Figure 3.8: Fluorine substituted unnatural nucleobases 

 

 For the case of 3FB it was possible to incorporate it with high efficiency and then also 

extended by Kf exo-.8 The structural studies of 3FB self-pair after incorporation suggest that they 

form planner paired structure which is suitable for further extension by Kf exo-.9      

 Thus Romesberg’s group synthesized an array of more than 60 analogues of unnatural 

nucleosides. They have applied a combinatorial approach and investigated 3600 (60 x 60) 

combinations to ascertain candidate that are efficiently replicable.10 All the possible combinations 

of base pars are evaluated by insertion through Kf exo- and then further extension also 

accomplished by Kf exo-. Among all the possible combinations were investigated, SICS-MMO2 

pair was proved to be the best as far as the selectivity and efficient extension by Kf exo- was 

concerned. Afterwards they have investigated the structural activity of the synthesized nucleoside 

in base pairing and then optimized hydrophobicity of these nucleosides to get effective pairing to 

maximize the efficiency and selectivity in extension.10,11 

 After all the investigation they finally reached to the conclusion that 5SICS:MMO2 

(Figure 3.9d), 5SICS:NaM (Figure 3.9h) and 5SICS:DMO (Figure 3.9l) pairs are the 3 

combinations who were functioning in PCR.12,13 5SICS-5SICS mispairing was reduced by the 

methyl group present in 5SICS. A slight aromatic expansion and rearrangement of methoxy group 

over MMO2 3.33 results NaM 3.36.11 DMO 3.44 was just a modification of MMO2 3.33 was 

done to fine tune shape complementarity. Para methyl substituent of MMO2 3.33 was replaced by 

methoxy functionality results DMO 3.44.13 The incorporation efficiency of dDMOTP opposite to 

5SICS 3.32 was then increased compare to MMO2 3.33.13 The structure of the 5SICS:MMO2 

within a DNA duplex was also determined which revealed that this unnatural base pair were 

lacking of hydrogen bonding and somewhat stacked over each other.12 They proposed that this 

slight stacking of the nucleobase opposite to each other is the unique features of 5SICS:MMO2 

which is making them differentiated from other base pairs who were not potentially able to stack 

over each other in efficient replication. 5SICS:MMO2, 5SICS:NaM, and 5SICS:DMO, these 

base pairs are functioning well in PCR using Deep Vent DNA polymerase. For 5SICS:MMO2 

the fidelity is about 92.9-99.4%. For 5SICS:NaM it is about 98.0-99.8% and for 5SICS:DMO it 

is about 90.7-99.8%. 5SICS:MMO2, 5SICS:NaM, these base pairs are also functioning in 

transcription by the use of T7 RNA polymerase.11 

TH-1635_11612228



.Synthesis and Study of Photophysical Properties of Fused Triazolyl Phenanthrene Nucleoside 
 

115 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.9: Unnatural base pairs synthesized by Romesberg et al. 5SICS:MMO2, 

5SICS:NaM and 5SICS:DMO are three base pairs function efficiently in PCR.   

 

 Mitsui et al. developed an unnatural hydrophobic base pyrrole-2-carbaldehyde denoted as 

Pa 3.47. Pa was recognized as a specific pairing partner of 9-methylimidazo[(4,5)-b]pyridine, Q 

3.45. Q was known to be effectively paired with F 3.46 as an isostere of natural A-T pair and F 

also be capable to pair with A efficiently in replication. So in contrast the Q-Pa 3.10c pair was 

found to be specifically selective in replication. Apart from that Pa 3.47 was found to have superior 

interaction with DNA polymerases compare to F 3.46. The aldehyde part of the Pa 3.47 was well 

recognized by the Klenow fragment of Escherichia coli DNA polymerase I and reverse 

transcriptase (Figure 3.10).18-20  

 Hirao et al. reported that Ds-Pa (Figure 3.11a) pair functions effectively in transcription 

and replication.20 The PCR amplification of the oligonucleotide containing Ds-Pa pair (Figure 

3.11) using Vent DNA polymerase (exo+) has given unnatural base pair selectivity of 99% per 

replication and after 20 cycles of PCR approximately 96-97% of the Ds-Pa pair was remained in 

the amplified DNA fragments. This revealed the fidelity of the Ds-Pa pair in replication and 

transcription.20        
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Figure 3.10: Q-F, A-T, A-F, Q-Pa, A-Pa base pairs 

 

 

 

 

 

 

 

Figure 3.11: Hirao’s Ds-Pa, Ds-Pn and Ds-Px unnatural base pair that function in PCR 

  

 Next the aldehyde group of Pa 3.47 was replaced by nitro group and they made Pn 3.49. 

Ds 3.48 was possible to efficiently and selectively incorporated opposite to Pn 3.49. 500-fold 

amplification with greater than 99% selectivity was achieved by 20 cycles of PCR for 
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oligonucleotide fragments containing Ds-Pn pair (Figure 3.11b).21 The hydrophobicity of Px 3.50 

was increased by attaching a propynyl group to Pn. The increased hydrophobicity enhanced the 

interaction of Px with polymerases as well as it also increased the stacking efficiency with 

neighboring bases and thus Px is proved to be superior than the Pn whenever incorporated opposite 

to Ds. It has been found that Ds-Px pair (Figure 3.11c) showed high fidelity in PCR amplification. 

It was confirmed by Hirao groups that the survival of Ds-Px pair was up to 100 cycles of PCR and 

in the 1028-fold amplification 97% of the Ds-Px (Figure 3.11c) pair was retained after 100 cycles 

of PCR.22         

3.3. Background 

 Synthesis of non-H-bonding unnatural nucleobase surrogates is growing at a fast space 

towards expanding the genetic alphabets since the inception of the concept of hydrophobic forces 

to stabilize a DNA duplex by Kool et al. in 1994.23 Later on the concept was further elaborated by 

Romesberg group with their designed hydrophobic bases.24 Since then, much efforts have been put 

forth to develop non-natural, stable, hydrophobic base pairs of orthogonal recognition properties 

with a hope to translate an expanded genetic alphabet into an expanded genetic code creating a 

synthetic organism one day with ability to encode proteins with new physicochemical properties.3 

Many of these studies have been aimed for expansion of nature's genetic alphabet. However, going 

beyond the purine–pyrimidine H-bonded framework of the natural system, the research effort 

expanded with new approach including metal-bridged base pairs,25 nonpolar base pairs, 23-24,26 and 

pairs containing more than the three different types of hydrogen bonds found in nature.27 

Furthermore, the lack of naturally occurring fluorescent bases has spurred the design of unnatural 

DNA bases/pairs with tuned photophysical properties and is also recently a rapidly growing 

research field towards the development of nucleic acid based diagnostics and sensing materials.28 

Toward this end, several unnatural nucleobases have been designed for the development of 

functional nucleic acids.29 However, the rational design of non-hydrogen bonding base pairs 

remains a challenge. While in the design of unnatural nucleobases, a great deal of efforts have 

been paid in considering H-bonding mimicry or force like π-π stacking/hydrophobic interaction, 

the force like charge transfer complexation has not been considered in the context of DNA base 

design. Interactions among the unnatural donor-acceptor nucleobases via charge transfer 

complexation, however, might have potential impact on DNA duplex stabilization. We, recently, 

explored the Charge transfer (CT) interaction force as a new and efficient force to stabilize a DNA 

duplex by utilizing our newly designed triazolyl donor/acceptor nucleosides pair.30 In our previous 

design we mainly focused on tuning the photophysical property of the triazole linked 

donor/acceptor aromatics via click reaction and establishing the CT force to stabilize the duplex 

without much considering the size and shape mimicry. Our results suggested that the triazolyl 

donor-acceptor unnatural bases have good selectivity to form hetero-pair and/or self-pair via 

charge transfer and/or -stacking interactions and we are the first, to the best of our knowledge to 

explore the possibility of unnatural hetero-duplex stabilization via charge transfer interaction along 

with -stacking interaction.30 
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3.4. Objective 

 Now, we thought that if we could fuse the polyaromatic hydrocarbons with triazole we 

could end up with bases having more compact characteristic, close shape mimicry of natural 

purines with widen size as well as tuned photophysical property. In our earlier design the triazole 

was linked with the sugar through N-glycoside linkage and the donor acceptor aromatics were 

linked to the triazole creating a large size of the nucleobase. Moreover, the aromatic phenanthrene 

remained slightly out of plane of the triazole ring leading to - stacking interaction in part 

exposing a portion of phenanthrene ring to groove binding. However the stability of the DNA 

duplex was comparable to that of natural A-T pair and that of an abasic site comparable to other 

reported bases. Koll et al. reported that the nonpolar DNA base isosteres stack considerably more 

strongly than their natural counterparts indicating that the surface area alone is not the determining 

factor of stacking ability.31 It is also known that the stacking interactions become stronger with the 

increasing size of the base. However, a comparison between the molecules of same size revealed 

that the less polar molecules stack more strongly than the more polar ones. Moreover, it was 

observed that the stacking interactions increased with the increase in surface area of nonpolar bases 

of different sizes. Therefore, the base replacements by rigid polyaromatic hydrocarbons not only 

introduced the fluorescence property into DNA but also increased the thermal stability of modified 

duplexes. This approach was first introduced by Leonard et al. in their benzo-fused analogue of 

adenine ribonucleotide which is useful as a tool in studies of ATP-dependent enzymes.32 Later on 

Kool et al. elaborated the concept of size-expanded DNA bases via the design of many expanded 

(xDNA) and widened (y) DNA bases. While xDNA involved a linear extension of natural bases,33a 

the design, of  “yDNA” involves a vertical extension vector.33 Both the theoretical and 

experimental studies showed that DNA single starnd with x and yDNA base when paired against 

natural DNA strand the duplex was found to be more stable than natural B-DNA34 due to enhanced 

stacking interaction. Moreover, these modified DNA exhibit increased charge-transfer35 and 

fluorescent 34a,36 properties. Furthermore, these bases were found to be replicated in E. coli, 

uncovering the opportunity for the design of new and novel class of widened hydrophobic bases.37 

3.5. Results and discussion 

3.5.1. Design and synthesis 

 With this idea and inspiration from our previous result we report herein the design of a new 

class of triazolyl nucleobase. Our designed base is a triazole-fused phenanthrene 3.52 [FTPhen], 

a compact form of our earlier triazolylphenanthrene nucleoside 3.51[TPhenBDo] (Figure 3.12a). This 

compact hydrophobic nucleobase surrogate 3.52 mimick the shape of purine bases with bi-

conically enlarged size similar to the concept of Kool’s widened base dyA (Figure 3.12b).33b  
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Figure 3.12. The chronological approaches for the design of our present base, FTPhen from 

our earlier reported base, TphenBDo. (b) The chemical structures of dA, dG, d(aza)G and Kool’s dyA 

bases. 

 

 The design concept is depicted pictorially in Figure 3.12. The strategy to design this 

widened trizolyl fused phenanthrene nucleobase involves the concept of the blocking the 

heteroatomic functionalities (the H-bond donor-acceptor) of dA or dG by two hydrophobic 

benzene rings while the C-8 was replaced by “N” atom similar to d(aza)G (Figure 3.12b).38 

Therefore the base can also be treated as doubly widened hydrophobic base analogue of 8-

azaguanosine.38 In this initial study we synthesized fused triazolyl phenanthrene 3.52 [FTPhen] 

based on the above concept which is conceptualy novel and new DNA base. The molecular design 

leads the vertical dimensions of the base 2.4 Å wider than the natural purines in both ways.33b 

 It is now clear that the length of extension of the base is similar to the dyA i.e. by 2.4 Å 

with two-way extension vector of 60 o. From a molecular model study it is expected that the doubly 

widened base would yield different groove depths in a putative DNA helix, a shallower major 

groove  and deeper  minor groove than the reported widened bases the xDNA helix does.33e As the 

design does not involve linear expansion rather both way vertical expansion would expected not 

to perturb the pairing with oppositely placed natural bases but would enhance the staking 

interaction with both the top and bottom bases in the same DNA strand. Therefore, geometrically 

FTPhen is expected to be compatible with the natural genetic system if incorporated into a DNA. 

Furthermore, such type of bases could be useful to study the structure and stability of DNA, to 

understand how genetic systems function and in various biotechnological and material science 

applications especially in self-assembling functional DNA based materials with interesting 

photophysics. 
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Scheme 3.1: (a) Retrosynthetic analysis and (b) the synthetic route to yield FTPhen (3.52). 

 

 Before choking out the synthetic plane we proceeded for a retrosynthetic analysis which 

suggested a click chemistry between β-azidosugar 3.53 and 2-(iodoethynyl)-1,1'-biphenyl 3.54 

followed by Pd-catalysed C-C bond formation as the two key reactions to achieve our target 

FTPhen 3.52. The key intermediate 2-(iodoethynyl)-1,1'-biphenyl 3.54 was synthesized from 

commercially available 2-bromoaniline 3.56 following the route shown in Scheme 3.1. On the 

other hand, the other key intermediate bis-toluolyl-1-azido-2-deoxy-β-D-ribofuranose 2.01 was 

synthesized following our earlier reported protocol.30 Finally, Cu(I)-catalysed Husigen azide-

alkyne cycloaddition between β-azidosugar 2.01 and 2-ethynyl-1,1'-biphenyl 3.54 yielded the 

intermediate 5-iodo-4-biphenyl triazolyl nucleoside R 3.55 which upon treatment with Pd(OAc)2 

generated the desired fused triazolylphenanthrene nucleoside 115 in diprotected form in 68 % yield 

in the same reaction pot (Scheme 3.1). NaOMe/MeOH mediated deprotection of the toluoyl groups 

ultimately yielded the desired nucleoside 3.52 [FTPhen] in 82 % yield. All the isolated 
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intermediates and the final product were purified by silica-gel column chromatography and 

characterized by mass and NMR spectroscopy. 

3.5.2. Crystallography 

 The β-anomeric configuration was confirmed from X-ray single crystal structure analysis 

(Figure 3.13).30,39 The X-ray single crystal analysis revealed that the unit cell of the fused 

triazolylphenanthrene nucleoside, FTPhen, contained four molecules with one H2O in the unit cell 

with space group P1, cell length, a = 7.19, b = 10.86, c = 20.87 A; cell angles a = 82.43, b = 88.57, 

g = 84.36o and cell volume 1608.7 (Figure 3.13a-b). A pair of FTPhen unit is held together via 

aromatic stacking interaction forming a layer while second pair formed another layer opposite to 

the other plane (Figure 3.13c-d). The two aromatic units in a layer are separated by a distance of 

3.81 Å. The axis passed through two sugar unit, one each from two layers and the water molecule. 

The sugar, triazole-N and the H2O molecule are held together by H-bonding interaction making a 

tree like architecture expanded along crystal axis b/a. It was revealed that the planar FTPhen base 

would take part in intercalation/or in full stacking interaction within the nucleobases inside a DNA 

duplex after incorporation into DNA. Therefore, crystal packing suggested that the FTPhen can 

indeed engage in H-bonding via the utilization of triazole unit as well -stacking interaction if 

incorporated in DNA. 

  

  

 

 

 

 

 

 

 

 

Figure 3.13 (a) ORTEP molecular diagram with thermal ellipsoid at 50% probability, (b) 

crystal packing and molecular arrangement along a axis (c) and along b axis of nucleoside FTPhen 

[CCDC 1415701]. 

 

 Next, we studied the sugar and N-glycosidic conformation. Sugar puckers in nucleoside 

FTPhen is South (S) (2'-endo) and the fused triazolyl phenanthrene base displayed anti-
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conformation with respect to the glycosyl torsion angle which was evidenced from a strong 3JH1'-

H2' (7.8 Hz) coupling.39 A theoretical calculation based on B3LYP/6-31G* functional using G09 

program package40 also supported the sugar conformations as S-locked nucleoside. From both the 

crystal and the DFT optimized geometry it was revealed that the glycosidic angle adopted anti-

glycosyl conformation of the triazolylphenanthrene which is probably due to the less repulsion 

between the lone pair of triazole-N and O4'. This repulsive force restricts the rotation of the 

glycosyl bond and thus, fix the S-sugar conformation of nucleosides leading to the anti-disposition 

of fused triazolyl phenanthrene base unit. Therefore, the nucleoside FTPhen behaved almost the 

same way as the natural purine nucleosides. It is therefore anticipated that the introduction into 

short oligonucleotide sequence the FTPhen nucleoside with locked-S(anti) geometry could fix the 

conformational state and would help understanding the impact of conformational restrictions in 

DNA.39 

3.5.3. Space-filling model 

 Space-filling model (Figure 3.14a) illustrates the close relationship between natural 

guanosine base, Kool’s widened bases and FTPhen which is enlarged biconically by addition of 

two benzo rings group. Electrostatic potentials mapped as colors on the surfaces shows its 

hydrophobic character with negative charge density onto the triazole ring indicating significantly 

less polar nucleoside. The triazolylphenanthrene unit in FTPhen is fully planar in contrary to our 

earlier reported base TPhenBDo. As surface area and hydrophobicity are the reflection in the stacking 

propensities of DNA bases and analogues, we calculated these parameters for FTPhen 

nucleoside.41 Our calculation based on Molinspiration property engine v2016.10 calculator showed 

topological polar surface area (TPSA)= 80.41 Å2, volume = 291.34 Å3. Calculated log P (octanol-

water) value was found to be 2.43 indicating the strongly hydrophobic character of FTPhen 

compared to natural nucleosides. Only base part without sugar unit exhibited TPSA= 30.721 Å2, 

volume = 209.63 Å3 and log P (octanol-water) value of 3.63 (Figure 3.14b).42 

 

 

 

 

 

 

 

Figure 3.14: (a) The space-filling models of the FTPhen nucleoside with DFT-calculated 

electrostatic potentials (G09, B3LYP/6-31G*) mapped onto the van der Waals surfaces. (b) 

Molinspiration property engine v2016.10 calculated CPK model. 
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3.5.4. Photophysical properties 

 On the basis of the foregoing observations on nucleoside conformation and shape, we 

expected that the nucleoside FTPhen may exhibit favourable photophysical properties, useful for 

analytical and structural studies in DNA. Therefore, we first studied the photophysical property of 

the nucleoside in various organic solvents prior to show theoretically that the nucleoside if 

incorporated into DNA could able to stabilize a duplex with perturbing much the B-form DNA. 

Thus, photophysical study showed a chrysene type structured absorption maxima at 244 nm, 251, 

290 and weak band at 321, 337 nm (Figure 3.15a). All the bands experienced a hypsochromic 

shift of 3 nm and hyperchromic effect as the solvent polarities increases which was also reflected 

from a dioxane water titration spectra (Figure 3.16a). The UV-vis absorption spectra thus revealed 

pronounced conjugation effects of phenanthrene on the absorption property upon fusion with 

triazole. The crysene type weak bands between 321 and 337 were shown by the FTPhen 

nucleoside which maintained the relative heights of the 0–0 and the 0–1 vibronic bands in all 

solvents.43 Upon excitation it showed structured emission bands at 340, 355, and 373 nm with 

middle band of higher intensity. In addition, it exhibits a low intensity band at about 393 nm 

(Figure 3.15b). The emission band experienced slight blue shift in wavelength with enhancement 

of fluorescence intensity as the solvent polarity increases in contrary to the natural DNA bases 

which was also supported from the spectra of dioxane-water titration (Figure 3.16b). This may be 

due to increased intermolecular H-bonding between triazolyl nucleoside FTPhen and water or 

polar protic solvent.36d 

 

 

 

 

 

 

 

 

Figure 3.15: (a) UV-visible absorption and (b) fluorescence emission spectra of the nucleoside 

in various organic solvents (10 µM). 
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Figure 3.16: (a) UV-visible and (b) fluorescence under dioxane-water titration. 

 

3.5.5. TDDFT calculation of FTPhen 

 The TD-DFT calculated transition at 307 nm (4.04 eV) indicated a transition from HOMO 

to LUMO with configuration interaction (CI) value of 0.49 and low transition oscillator strength f 

= 0.0219. Other feasible transition occurs at 261 nm with CI = 0.18253, f = 0.1094 (4.7556 eV); 

at 241 nm with CI = 0.10307, f = 0.6974 (5.1374 eV) and   at 292 nm with CI = 0.41482, f=0.0204 

(4.2518 eV) which is HOMOLUMO+1 (Figure 3.17). All the calculated transitions supported 

the experimental observation. 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.17 (a) HOMO-LUMO energy diagram. (b) TDDFT generated UV-VIS spectrum. 
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3.5.6. Macromodel calculation 

 To know the conformation and stacking stability which might be offered by our designed 

nucleoside if incorporated into a short DNA strand, we, first, carried out macromodel calculation 

using Schrodinger MacroModel.44 Thus, the conformations of DNA duplexes [(5'-

CGCAATXTAACGC-3'/3'-GCGTTANATTGCG-5'); (X = FTPhen, N = A, G, C, T)]  with fused 

triazolyl phenanthrene (FTPhen) nucleoside opposite to all four natural bases (A, G, C, T) were 

minimized with the Amber* force field using Maestro, version 9.0.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.18: Representative Amber* force field optimized conformations of DNA containing 

FTPhen nucleoside paired against all four natural DNA bases. 
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 The Amber* minimized structures of all the natural bases paired against FTPhen showed 

intrahelical conformation of both the FTPhen and natural bases wherein the FTPhen reaches 

deeper into the interior of the helix enabling an optimal positioning for both the inter- and intra-

strand stacking interactions inside the duplex model DNA duplex.  Both the inter-/intra strand 

stacking was found to be more in duplex FTPhen : N(=A, G, C, T) compared to its reverse 

sequence(N(=A, G, C, T) : FTPhen) (Section 3.10. for Amber* force field optimized 

conformation of ODNs). It was also revealed that regardless of the opposite natural base, the all 

the DNA duplex containing FTPhen showed righthanded B-form helix with all residues having 

anti glycosidic bond and C2'-endo/C3'-exo sugar conformations. Helical rise values 3.3–3.5 Å are 

close to those observed in Bform natural DNA (3.4 Å), with slight deviations at and near the 

purine bases.  

3.5.7. DFT calculation in the context of DNA 

 Next, we have carried out DFT calculation to get a preliminary idea about the stacking 

propensity between the FTPhen base and natural nucleoside bases using Guassian 09 programme 

package.40 All the geometries of natural and unnatural bases were optimized by B3LYP/6-

31g(d,p) and stacked bases were optimized using the M05-2X density functional developed by 

Truhlar and Zhao.45 In the present preliminary calculation, the initial starting geometries of stacked 

dimers natural/unnatural hybrids in B-DNA conformation were generated using the Schrodinger 

Macromodel program. From the generated structures in B-DNA conformation, we removed the 

sugar, phosphate backbone for simplicity and optimized each individual pair. Basis set 

superposition error (BSSE) corrections were carried out to obtain the corrected interaction energy 

by using the counterpoise correction procedure (CP).46 From the calculation, a considerable 

amount of stacking interactions was observed between FTPhen and natural nucleosides from DFT 

calculation using M05-2X/6-31G(d,p)45 level of theory. Therefore, our preliminary observation 

revealed that a considerable amount of stacking interaction is operating between various pairing 

partners which are comparable to the stacking energies between natural bases. The BSSE corrected 

pairing energy calculation showed a strong stacking propensity with natural bases following the 

order FTPhen-C (-6.75 kcal/mol)> FTPhen -A (-4.59 kcal/mol)> FTPhen -G (-3.55 kcal/mol)> 

FTPhen –T (-3.29 kcal/mol) (Table 3.1). The more pairing propensity with C might be attributed 

to the involvement of stacking as well as possible H-bonding/electrostatic interaction.  
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Table: 3.1 BSSE corrected stacking energy of the FTPhen-natural nucleobase pairs. 

 

Stacking energy of the single nucleobase pairs 

Single base 

pair 

BSSE corrected stacking energy 

(kcal/mol)  

FTPhen:A -4.59 

FTPhen:G -3.55 

FTPhen:C -6.75 

FTPhen:T -3.29 

 

 

3.5.8.  ONIOM calculation in the context of DNA 

 Next, we performed calculation on trimeric DNA duplex containing FTPhen in the middle 

of the strand paired against all four natural bases in two sequence context. In case of trimeric B-

DNA duplex, the initial structures generated from Schrodinger MacroModel were used for a 

QM/MM calculation wherein the aromatic bases were optimized with M05-2X/6-31G(d,p) 45 and 

sugar-phosphate backbones were treated with UFF force field embedded in ONIOM calculation 

in G09 programme package.  

 

 

 

 

 

 

 

 

 

Figure 3.19: QM/MM calculated represented geometry of trimeric DNA duplexes applied for 

calculating stabilization energy of trimeric DNA duplexes. 
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 Next, for a simplicity, the sugar phosphate backbones of two trimeric duplexes [(5'-Tp-

FTPhenp-T-3')/(3'-Ap-Xp-A-5') and (5'-Ap-FTPhenp-A-3')/(3'-Tp-Xp-T-5'); X = A, G, C, T] 

were removed from the optimized geometries (See Section 3.11. for QM/MM calculated 

geometry) obtained from QM/MM calculation and the stack of aromatic bases of the trimeric 

duplexes were utilized for calculating the stabilization energies of the DNAs [(5'-T-FTPhen-T-

3')/(3'-A-X-A-5') and (5'-A-FTPhen-A-3')/(3'-T-X-T-5'); X = A, G, C, T] at M05-2X/6-31G(d,p) 

level of theory. Our preliminary observation revealed a considerable amount of stabilization of the 

trimeric DNA duplexes in both the sequence contexts which followed the order as FTPhen-T > 

FTPhen -C > FTPhen -G > FTPhen –A in the normal sequence context wherein the TPhen base 

is flanked between T bases. On the other hand the order of stabilization in the reversed sequence 

context wherein the fanking bases were A was FTPhen-C > FTPhen -T > FTPhen -G > FTPhen 

–A (Table 3.2). The stabilization was mainly coming from a combination of both inter-/intra-strand 

stacking interaction as well as H-bonding interaction with the triazole unit, however, a more 

rigorous calculation is needed to arrive at the conclusion.  

 

Table: 3.2 BSSE corrected Stabilisation energy (ESE) for the systems T-FTPhen-T: A-X-A 

and A-FTPhenp-A:T-X-T. 

 

Trimeric system Stabilisation energy (ESE) 

(kcal/mol) BSSE corrected 

Stabilisation energy (ESE) for the system 

TpFTPhenpT:ApXpA 

T-FTPhen-T:A-A-A -10.00 

T-FTPhen-T:A-T-A -20.12 

T-FTPhen-T:A-G-A -10.34 

T-FTPhen-T:A-C-A -14.97 

Stabilisation energy (ESE) for the system 

ApFTPhenpA:TpXpT 

A-FTPhen-A:T-A-T -9.63 

A-FTPhen-A:T-T-T -15.55 

A-FTPhen-A:T-G-T -13.58 

A-FTPhen-A:T-C-T -17.47 
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3.6. Conclusion 

 In conclusion, we have successfully synthesised a fused triazolyl phenanthrene nucleoside 

as a new generation of doubly widened hydrophobic base surrogate. It showed interesting 

photphysical property. Slightly blue shifted solvatochromicity was shown by the nucleoside with 

increasingly enhanced emission intensity as the polarity of the solvent increases. Though the gas 

phase DFT calculations do not take into account solvent interactions, our preliminary observations 

suggested a good stabilizing property of the designed base via pairing with natural bases in a DNA 

if incorporated. Our recent focus is to incorporate it into a short DNA and study the photophysical 

outcome upon hybridization. 

3.7. Experimental section 

3.7.1. General experimental 

 1H NMR spectra were measured with a 600 MHz machine; 13C NMR spectra were 

measured with 150 MHz spectrometer. Coupling constant (J value) is reported in hertz. The 

chemical shifts are shown in ppm downfield from tetramethylsilane, using residual chloroform (δ 

= 7.24 in 1H NMR, δ = 77.0 in 13C NMR) dimethyl sulfoxide (δ = 2.48 in 1H NMR, δ = 39.5 in 
13C NMR), and methanol (δ = 3.30 in 1H NMR, δ = 49.0 in 13C NMR), as an internal standard. 

FAB masses were recorded on a mass spectrometer. 

3.7.2. Characterization 

 Synthesis of 1-bromo-2-iodobenzene (3.57): 2-bromoaniline (2 g, 11.7 mmol) was 

dissolved in the HCl (37%, 6 mL) in H2O (20 mL) and allowed to cool to 0 °C. To this solution 

NaNO2 (0.968 g, 14 mmol) in H2O (5 mL) was added. The reaction mixture was allowed to stir 

for 10 minutes. KI (2.96 g, 17.438 mmol) was dissolved in H2O (5 mL) and added 

drop wise to the reaction mixture. The colour of the reaction mixture was turned to 

blood red. The reaction mixture was further stirred for 30 minutes at room temperature 

and then allowed to heat at 70 0C for another 1 h. The reaction mixture was then allowed to cool 

to room temperature and neutralised by Na2S2O3 (0.43 mol/L). DCM was added portion wise to 

the reaction mixture and all the organic fraction was collected, washed with brine and dried over 

sodium sulphate. The organic part was then concentrated in reduced pressure and subjected to 

column chromatography with hexane to afford 1-bromo-2-iodobenzene (pale yellow liquid, 3.3 

g, 100%). 

 Synthesis of ((2-bromophenyl)ethynyl)trimethylsilane (3.58): 1-bromo-2-iodobenzene 

3.57 was taken in a 2 neck round bottom flask fitted with magnetic stirring bar and septum. Triethyl 

amine was added to it. The reaction vessel was then purged with N2. PdCl2(PPh3)2 (246 mg, 0.03 

eq), CuI (133 mg, 0.06 eq) and ethynyltrimethylsilane (1.374 g, 14 mmol) were added to the 

reaction mixture and it is then allowed to stir for 3h. Completion of the reaction was checked by 

TLC. The reaction mixture was then diluted with Hexane and all the organic fraction was collected 

TH-1635_11612228



Chapter 3 

130 
 

and washed with NH4Cl, brine, concentrated in vacuo. It is then purified by column 

chromatography with hexane to afford ((2-bromophenyl)ethynyl)trimethylsilane (3.58) (3.062 g, 

98%) as a colorless oil. 1H NMR (600 MHz, CDCl3) δ 7.57 (dd, J = 8.1, 1.2 Hz, 

1H), 7.49 (dd, J = 7.7, 1.7 Hz, 1H), 7.24 (td, J = 7.6, 1.2 Hz, 1H), 7.15 (td, J = 

7.8, 1.7 Hz, 1H), 0.28 (s, 9H). 13C NMR (150 MHz, CDCl3) δ 133.7, 132.5, 

129.7, 127.0, 125.9, 125.3, 103.1, 99.7, -0.02 13C NMR (150 MHz, CDCl3, 

DEPT-135) δ 133.75, 132.51, 129.71, 127.03, -0.02. 

 Synthesis of ([1,1´-biphenyl]-2-ylethynyl)trimethylsilane (3.59): ((2-

bromophenyl)ethynyl)trimethylsilane (110) (400 mg, 1.6 mmol) and phenyl boronic acid (430 mg, 

3.52 mmol) were  dissolved in a 5:1(v/v) mixture of toluene (15 ml) and water (3 ml). K2CO3 (663 

mg, 4.8 mg) was added to it followed by Pd(PPh3)4 (184 mg, 0.16 mg). The 

reaction mixture was subjected to three freeze-pump-thaw cycles and backfilled 

with a N2 atmosphere. Now the reaction mixture was heated to 1000C for 6h. 

After 6 h the completion of the reaction was checked by TLC. Now ethyl acetate 

was added to the reaction mixture in 3 portion and the reaction mixture was 

washed with brine. The combined organic layer was evaporated and the crude 

material was subjected to column chromatography to give ([1,1´-biphenyl]-2-

ylethynyl)trimethylsilane (3.59) (300 mg, 76%) as a pale yellow oil. 1H NMR (600 MHz, CDCl3) 

δ 7.61 (d, J = 7.4 Hz, 2H), 7.58 (d, J = 7.8 Hz, 1H), 7.44 – 7.34 (m, 5H), 7.30 – 7.26 (m, 1H), 0.13 

(s, 9H). 13C NMR (150 MHz, CDCl3) δ 144.4, 140.4, 133.3, 129.4, 128.8, 127.8, 127.5, 127.0, 

121.5, 104.9, 97.6, -0.17. 13C NMR (150 MHz, CDCl3, DEPT-135) δ 133.3, 129.4, 128.8, 127.8, 

127.5, 127.0, -0.17. 

 Synthesis of 2-ethynyl-1,1´-biphenyl (3.60): ([1,1´-biphenyl]-2-ylethynyl)trimethylsilane 

(3.59) (290 mg, 1.174 mmol) was dissolved in a 1:1 mixture of  DCM (5 ml) MeOH (5 ml) and 

and K2CO3 (1.62 g, 11.74 mmol) was added to it. The reaction mixture was 

allowed to stir for 2h. After 2h TLC shows the complete conversion of the starting 

material into product. The solvent of the reaction mixture was evaporated and 

diluted with hexae, wash it with brine. Now after evaporation of the hexane the 

crude product was subjected to column chromatography to give 2-ethhynyl-1,1´-

biphenyl (3.60) (163 mg, 93%). 1H NMR (600 MHz, CDCl3) δ 7.63 (d, J = 7.6 

Hz, 1H), 7.62 – 7.58 (m, 2H), 7.40 (ddt, J = 9.4, 7.3, 6.4 Hz, 5H), 7.31 (td, J = 7.5, 1.5 Hz, 1H), 

3.04 (s, 1H). 13C NMR (150 MHz, CDCl3) δ 144.5, 140.3, 134.0, 129.7, 129.3, 129.1, 128.1, 127.6, 

127.1, 120.5, 83.2, 80.2. 13C NMR (150 MHz, CDCl3, DEPT-135) δ 133.8, 129.6, 129.2, 128.9, 

128.0, 127.5, 127.0, 83.1, 80.1. 
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 Synthesis of 2-(iodoethhynyl)-1,1´-biphenyl (3.54): 2-ethynyl-1,1´-biphenyl (3.54) (163 

mg, 1mmol) is dissolved in 5 ml THF, N-iodomorpholine Hydrogen iodide (408 mg, 1.1 mmol) 

was added to it followed by CuI ( 11 mg, 0.05 mmol) and the reaction mixture 

was allowed to stir overnight. After that the reaction mixture was diluted with 

dichloromethane and excess iodine was washed with Na2S2O3 and again the 

reaction mixture was washed with brine and the organic layer was collected 

and dried. The crude mass was subjected to column chromatography with 

hexane to give 2-(iodoethhynyl)-1,1´-biphenyl (3.54) (280 mg, 93%). 1H 

NMR (400 MHz, CDCl3): δ 7.648-7.60 (m, 3H), 7.508-7.402 (m, 5H), 7.352-7.311 (td, J = 2.8, 

5.2, 0.8, 4.8 Hz, 1H). 13C NMR (100 MHz, CDCl3) δ 144.7, 140.0, 134.1, 129.5, 129.2, 129.1, 

128.1, 127.6, 127.0, 121.7, 93.8, 80.3, 77.1. 

 Synthesis of ((2R,3S,5R)-3-((4-methylbenzoyl)oxy)-5-(1H-phenanthro[9,10-

d][1,2,3]triazol-1-yl)tetrahydrofuran-2-yl)methyl 4-methylbenzoate (3.61): Take a 2 neck 

round bottom flask fitted with septum, coil condenser and magnetic stirring bar. Evacuate the 

round bottom flask and backfilled with nitrogen. THF (10 ml) 

was added to the reaction vessel. 2-(iodoethhynyl)-1,1´-

biphenyl (3.54) (120 mg, 0.4332 mg) and Beta Sugar azide 

(2.01) (257.22 mg, 0.65 mmol) were added to THF followed by 

CuI (8.27 mg, 0.0433 mmol) and TBTA (23 mg, 0.0433 mmol). 

The reaction mixture was allowed to stir for 24 h. After that if 

starting material were remaining unreacted another TBTA (23 

mg, 0.0433 mmol) were added to the reaction mixture and let 

the reaction mixture stir for another 24 h. Complete conversion 

of the starting material was checked by TLC. After that 

tetrabutylammonium bromide (140 mg, 0.4332 mmol), 

Pd(OAc)2 (10 mg, 0.0433 mmol), K2CO3 (60 mg, 0.4332 mmol), PPh3 (24 mg, 0.09 mmol) were 

added to the reaction mixture and the reaction mixture was heated to 800C for another 24 h. 

Complete conversion of the starting material was checked by TLC. Afetr the completion of the 

reaction the reaction mixture was diluted with ethyl acetate and washed 2 times with ammonium 

hydroxide solution and brine. The organic layer was evaporated and the crude product was 

subjected to column chromatography which gives 3.61 (253 mg, 68%) as a white solid 1H NMR 

(600 MHz, CDCl3) δ 8.77 (dd, J = 7.8, 1.0 Hz, 1H), 8.74 – 8.70 (m, 1H), 8.63 – 8.59 (m, 2H), 8.01 

(d, J = 8.1 Hz, 2H), 7.76 – 7.66 (m, 4H), 7.61 (d, J = 8.1 Hz, 2H), 7.29 (d, J = 8.0 Hz, 2H), 7.04 

(d, J = 8.0 Hz, 2H), 7.00 – 6.96 (m, 1H), 6.05 (dt, J = 6.9, 4.5 Hz, 1H), 4.80 (dd, J = 8.4, 4.8 Hz, 

1H), 4.52 (dd, J = 12.0, 4.9 Hz, 1H), 4.41 – 4.30 (m, 2H), 2.99 (ddd, J = 14.1, 6.2, 4.9 Hz, 1H), 

2.44 (s, 3H), 2.31 (s, 3H). 13C NMR (150 MHz, CDCl3) δ 166.1, 144.4, 143.7, 142.8, 131.2, 129.9, 

129.6, 129.4, 129.1, 129.1, 129.0, 128.1, 127.9, 127.7, 127.2, 126.8, 126.6, 125.0, 124.3, 124.2, 

123.3, 123.1, 120.5, 88.1, 83.9, 77.1, 75.3, 63.5, 36.2, 21.8, 21.7. 13C NMR (150 MHz, CDCl3, 

DEPT-135) δ 129.9, 129.6, 129.4, 129.0, 128.1, 127.9, 127.7, 127.2, 124.3, 124.2, 123.3, 123.1, 

88.1, 83.9, 75.3, 63.5, 36.2, 21.8, 21.7. HRMS Calculated 572.218 found [M+H]+ = 572.2189. 
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 Synthesis of (2R,3S,5R)-2-(hydroxymethyl)-5-(1H-phenanthro[9,10-d][1,2,3]triazol-

1-yl)tetrahydrofuran-3-ol (3.52): Protected sugar (3.52) was dissolved in MeOH and sodium 

methoxide was added to it. The reaction mixture was allowed to stir for 4h and completion of the 

reaction was checked by TLC. The solvent was evaporated and the 

compound was dissolved in ethyl acetate washed with brine. The 

organic layer was evaporated and the crude was subjected to column 

chromatography to give compound 107 (130 mg, 82%). 1H NMR (600 

MHz, MeOD): δ 8.821-8.806 (d, J = 9 Hz, 1H), 8.729-8.716 (d, J = 7.8 

Hz), 8.671-8.657 (d, J = 8.4 Hz), 8.629-8.616 (d, J = 7.8 Hz, 1H), 7.786-

7.694 (m, 4H), 7.024-7.006 (q, J = 4.8, 1.2 Hz, 1H), 4.816-4.789 (q, J 

= 6, 4.8, 5.4 Hz, 1H), 4.202-4.178 (q, J = 4.8 Hz, 1H), 3.771-3.731 

(ddd, J = 4.2, 1.8, 4.8, 2.4, 1.2 Hz, 1H), 3.583-3.556 (dd, J = 4.2, 7.8, 4.2 Hz, 1H), 3.437-3.408 

(dd, J = 5.4, 6.6, 5.4 Hz, 1H), 2.708-2.665 (m, 1H); 13C NMR (150 MHz, MeOD) δ 143.0, 132.2, 

130.5, 130.3, 129.2, 129.2, 128.9, 128.5, 125.6, 125.5, 125.3, 124.8, 123.3, 121.5, 89.9, 89.3, 72.7, 

63.5, 39.4. 13C NMR (150 MHz, MeOD, DEPT-135) δ 129.0, 128.9, 128.6, 128.2, 125.3, 125.0, 

124.5, 123.0, 89.6, 89.0, 72.4, 63.2, 49.0, 39.1. HRMS Calculated 336.1343 found [M+H]+ = 

336.1330. 

3.8. Studies on Photophysical Properties of the Nucleoside 

 UV-visible measurements: All the UV–visible spectra of the nucleoside monomers (10 

M) were measured in different organic solvents using a UV-Visible spectrophotometer with a 

cell of 1 cm path length at 25 °C. Equal volume of each sample solution in different solvents were 

used. The measurements were taken in absorbance mode. The absorbance values of the sample 

solutions were measured in the wavelength regime of 200–550 nm. All the sample solutions were 

prepared just before doing the experiment. 

 Fluorescence experiments: All the sample solutions of the nucleoside monomers (10 M) 

were prepared as described in UV measurement experiments. Fluorescence spectra were obtained 

using a fluorescence spectrophotometer at 25 °C using 1 cm path length cell. The excitation 

wavelengths for monomers were set at 
max

abs
, and emission spectra were measured in the 

wavelength regime of 315–600 nm with an integration time of 0.1 sec .  
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3.9. Representative coordinates 
 

TTPhenT:AAA 
 

1 O1     8.0525     2.8897    -5.1840 O 

2 C2     9.0147     3.3774    -4.2771 C 

3 C3     8.4250     3.5505    -2.8673 C 

4 O4     7.3488     4.4651    -2.8814 O 

5 C5     7.9435     2.2345    -2.2751 C 

6 O6     9.0031     1.6065    -1.5808 O 

7 C7     6.8671     2.6931    -1.3315 C 

8 C8     6.4311     4.0465    -1.8896 C 

9 N9     5.0985     3.9627    -2.4537 N 

10 C10     4.0109     4.3854    -1.6875 C 

11 O11     4.1051     4.8294    -0.5548 O 

12 N12     2.7980     4.2816    -2.3221 N 

13 C13     2.5348     3.7402    -3.5584 C 

14 O14     1.3918     3.7222    -4.0131 O 

15 C15     3.6922     3.2154    -4.2667 C 

16 C16     3.4657     2.5119    -5.5670 C 

17 C17     4.8939     3.3593    -3.6880 C 

18 H18     1.9854     4.5962    -1.7523 H 

19 P19    -7.0515     2.3349     2.8102 P 

20 O20    -8.2059     2.6657     3.7299 O 

21 O21    -7.6234     2.3525     1.2168 O 

22 O22    -5.8249     3.5082     2.9680 O 

23 C23    -5.4594     3.5921     4.3269 C 

24 C24    -4.3324     4.6150     4.5008 C 

25 O25    -3.2405     4.2621     3.6875 O 

26 C26    -4.7642     6.0316     4.1431 C 

27 O27    -5.2734     6.6970     5.2692 O 

28 C28    -3.4795     6.6538     3.6673 C 

29 C29    -2.6364     5.4547     3.2361 C 

30 N30    -2.5018     5.4021     1.8045 N 

31 C31    -3.5164     5.1919     0.8917 C 

32 N32    -3.0851     5.0200    -0.3261 N 

33 C33    -1.7135     5.1060    -0.2100 C 

34 C34    -0.6813     4.9435    -1.1591 C 

35 N35    -0.9208     4.7302    -2.4566 N 

36 N36     0.5836     5.0233    -0.7145 N 

37 C37     0.8189     5.2527     0.5887 C 

38 N38    -0.0616     5.4260     1.5618 N 

39 C39    -1.3175     5.3309     1.1039 C 

40 H40    -0.1560     4.4138    -3.0478 H 

41 H41    -1.8602     4.4783    -2.7107 H 

42 H42     9.8785     2.6744    -4.2105 H 

43 H43     9.3892     4.3658    -4.6254 H 

44 H44     9.2241     3.9614    -2.2089 H 

45 H45     7.4981     1.6089    -3.0852 H 

46 H46     6.0364     1.9577    -1.2883 H 

47 H47     7.2849     2.8281    -0.3100 H 

48 H48     6.4602     4.7984    -1.0630 H 

49 H49     4.4157     2.2592    -6.0388 H 
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50 H50     2.9066     1.5916    -5.3879 H 

51 H51     2.8795     3.1343    -6.2425 H 

52 H52     5.7821     3.0047    -4.1969 H 

53 H53    -6.3215     3.9140     4.9542 H 

54 H54    -5.0863     2.6082     4.6932 H 

55 H55    -3.9948     4.5864     5.5623 H 

56 H56    -5.5121     6.0291     3.3159 H 

57 H57    -3.6614     7.3761     2.8410 H 

58 H58    -2.9715     7.1851     4.5035 H 

59 H59    -1.6306     5.5348     3.7057 H 

60 H60    -4.5564     5.1929     1.1777 H 

61 H61     1.8699     5.2920     0.8550 H 

62 P62     8.6989    -0.0718    -1.4796 P 

63 O63     9.8631    -0.7431    -0.7847 O 

64 O64     8.5625    -0.7205    -3.0365 O 

65 O65     7.2481    -0.3660    -0.6287 O 

66 C66     7.4707    -0.1222     0.7418 C 

67 C67     6.1458    -0.2044     1.5099 C 

68 O68     5.2372     0.7558     1.0007 O 

69 C69     5.5128    -1.6082     1.4204 C 

70 O70     5.0414    -2.0112     2.6923 O 

71 C71     4.3254    -1.3629     0.5304 C 

72 C72     4.0107     0.0915     0.8301 C 

73 P73    -8.2023    -0.2345    -1.6404 P 

74 O74    -9.3799     0.4974    -1.0356 O 

75 O75    -7.6582     0.6513    -2.9760 O 

76 O76    -6.9371    -0.3545    -0.5019 O 

77 C77    -7.4552    -0.9124     0.6843 C 

78 C78    -6.3376    -1.0837     1.7167 C 

79 O79    -5.3172    -1.9027     1.2015 O 

80 C80    -5.7142     0.2401     2.1406 C 

81 O81    -6.4369     0.7949     3.2245 O 

82 C82    -4.3466    -0.1984     2.5876 C 

83 C83    -4.1106    -1.4985     1.8167 C 

84 N84    -3.0771    -1.3263     0.8265 N 

85 C85    -3.2141    -1.4124    -0.5479 C 

86 N86    -2.0811    -1.5288    -1.1777 N 

87 C87    -1.1413    -1.5456    -0.1703 C 

88 C88     0.2584    -1.6767    -0.1966 C 

89 N89     0.9174    -1.8696    -1.3530 N 

90 N90     0.9284    -1.6350     0.9632 N 

91 C91     0.2233    -1.4835     2.0961 C 

92 N92    -1.0867    -1.3770     2.2594 N 

93 C93    -1.7247    -1.4236     1.0847 C 

94 H94     1.9193    -1.7963    -1.3697 H 

95 H95     0.4079    -1.7912    -2.2164 H 

96 H96     8.1695    -0.8800     1.1616 H 

97 H97     7.9013     0.8905     0.9100 H 

98 H98     6.3570     0.0474     2.5732 H 

99 H99     6.1716    -2.3681     0.9340 H 

100 H100     4.6226    -1.5090    -0.5310 H 

101 H101     3.4756    -2.0314     0.7723 H 

102 H102     3.4596     0.1040     1.7926 H 

103 H103    -8.2391    -0.2578     1.1261 H 

104 H104    -7.8973    -1.9150     0.4905 H 

105 H105    -6.7705    -1.5923     2.6095 H 
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106 H106    -5.5746     0.9106     1.2584 H 

107 H107    -3.5850     0.5795     2.3689 H 

108 H108    -4.3385    -0.4067     3.6811 H 

109 H109    -3.8017    -2.2992     2.5258 H 

110 H110    -4.1718    -1.3483    -1.0371 H 

111 H111     0.8173    -1.4383     3.0035 H 

112 P112     6.2086    -2.9891     3.4707 P 

113 O113     7.5513    -2.3024     3.4932 O 

114 O114     6.3462    -4.4646     2.6567 O 

115 O115     5.7800    -3.3582     5.0852 O 

116 C116     4.5325    -2.7875     5.4237 C 

117 C117     3.3265    -3.6882     5.0684 C 

118 O118     2.8194    -3.3961     3.7883 O 

119 C119     3.6185    -5.1853     5.0964 C 

120 O120     3.4955    -5.7071     6.3962 O 

121 C121     2.5437    -5.7404     4.1953 C 

122 C122     2.0171    -4.5088     3.4447 C 

123 N123     2.0333    -4.7127     2.0093 N 

124 C124     0.8254    -4.7258     1.3037 C 

125 O125    -0.2737    -4.6794     1.8303 O 

126 N126     0.9655    -4.8273    -0.0577 N 

127 C127     2.1245    -4.8332    -0.7947 C 

128 O128     2.0951    -4.8364    -2.0254 O 

129 C129     3.3498    -4.8538    -0.0110 C 

130 C130     4.6634    -4.9072    -0.7273 C 

131 C131     3.2334    -4.7918     1.3272 C 

132 H132     0.0663    -4.7669    -0.5807 H 

133 O133    -7.5510    -2.3441    -5.8362 O 

134 C134    -8.6544    -2.8624    -5.1412 C 

135 C135    -8.2292    -3.4665    -3.7959 C 

136 O136    -7.2550    -4.4681    -3.9819 O 

137 C137    -7.6631    -2.4287    -2.8390 C 

138 O138    -8.7106    -1.7884    -2.1369 O 

139 C139    -6.8328    -3.2947    -1.9360 C 

140 C140    -6.3984    -4.4355    -2.8545 C 

141 N141    -5.0271    -4.2646    -3.2691 N 

142 C142    -4.5453    -4.0890    -4.5521 C 

143 N143    -3.2440    -4.0704    -4.6155 N 

144 C144    -2.8416    -4.2559    -3.3119 C 

145 C145    -1.5607    -4.3616    -2.7330 C 

146 N146    -0.4337    -4.2347    -3.4442 N 

147 N147    -1.4954    -4.5994    -1.4148 N 

148 C148    -2.6257    -4.6784    -0.6954 C 

149 N149    -3.8766    -4.5857    -1.1242 N 

150 C150    -3.9234    -4.3874    -2.4499 C 

151 H151     0.4616    -4.4513    -3.0121 H 

152 H152    -0.5143    -4.1631    -4.4427 H 

153 H153     4.5332    -2.6674     6.5286 H 

154 H154     4.3947    -1.7520     5.0370 H 

155 H155     2.5254    -3.4724     5.8151 H 

156 H156     4.6133    -5.4214     4.6407 H 

157 H157     2.9665    -6.5118     3.5151 H 

158 H158     1.7272    -6.2050     4.7912 H 

159 H159     0.9782    -4.3004     3.8045 H 

160 H160     5.4887    -4.8921    -0.0119 H 

161 H161     4.7405    -5.8086    -1.3352 H 
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162 H162     4.7686    -4.0533    -1.3974 H 

163 H163     4.1314    -4.7999     1.9325 H 

164 H164    -9.3804    -2.0409    -4.9616 H 

165 H165    -9.1768    -3.6370    -5.7496 H 

166 H166    -9.1272    -3.9408    -3.3361 H 

167 H167    -6.9957    -1.7352    -3.4043 H 

168 H168    -5.9822    -2.7301    -1.5048 H 

169 H169    -7.4556    -3.7036    -1.1093 H 

170 H170    -6.4898    -5.4040    -2.3150 H 

171 H171    -5.1917    -3.9776    -5.4070 H 

172 H172    -2.4712    -4.8332     0.3675 H 

173 N173     3.5252     0.5346    -1.5038 N 

174 N174     2.5015     0.8607    -2.2123 N 

175 C175     1.4999     1.2622    -1.3777 C 

176 C176     1.9532     1.2202    -0.0745 C 

177 N177     3.2241     0.7254    -0.2038 N 

178 C178     0.1184     1.4951    -1.7071 C 

179 C179    -0.7681     1.7132    -0.6296 C 

180 C180    -2.1373     1.8375    -0.9308 C 

181 C181    -2.5952     1.7403    -2.2311 C 

182 C182    -1.7020     1.5163    -3.2856 C 

183 C183    -0.3517     1.3980    -3.0241 C 

184 H184    -2.8605     2.0080    -0.1466 H 

185 H185    -3.6560     1.8355    -2.4285 H 

186 H186    -2.0672     1.4338    -4.3014 H 

187 H187     0.3650     1.2442    -3.8192 H 

188 C188    -0.2477     1.8355     0.7428 C 

189 C189     1.1318     1.6585     1.0314 C 

190 C190     1.6184     1.9584     2.3154 C 

191 C191     0.7556     2.2789     3.3424 C 

192 C192    -0.6159     2.3444     3.0948 C 

193 C193    -1.0959     2.1699     1.8127 C 

194 H194     2.6827     2.0014     2.5045 H 

195 H195     1.1460     2.5003     4.3271 H 

196 H196    -1.2966     2.5673     3.9054 H 

197 H197    -2.1496     2.3212     1.6297 H 

198 H198    -7.1957    -3.0793    -6.4000 H 

199 H199     4.3981    -5.6191     6.8111 H 

200 H200    -5.6643     7.5479     4.9394 H 

201 H201     8.5413     2.6470    -6.0153 H 

 

ATPhenA:TAT 
 

1 O1     8.5362     3.3775    -5.4807 O 

2 C2     9.4591     3.3229    -4.4275 C 

3 C3     8.7335     3.2274    -3.0807 C 

4 O4     7.8238     4.2927    -2.9392 O 

5 C5     7.9661     1.9214    -2.9180 C 

6 O6     8.8238     0.9192    -2.4075 O 

7 C7     6.8900     2.3209    -1.9404 C 

8 C8     6.7760     3.8331    -2.1111 C 

9 N9     5.5061     4.1875    -2.6859 N 

10 C10     5.1595     4.1445    -4.0199 C 

11 N11     3.9008     4.4105    -4.2322 N 

12 C12     3.3859     4.6111    -2.9699 C 

13 C13     2.0843     4.9172    -2.5255 C 
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14 N14     1.0592     5.0993    -3.3664 N 

15 N15     1.8877     5.0185    -1.2018 N 

16 C16     2.9180     4.8233    -0.3597 C 

17 N17     4.1785     4.5546    -0.6589 N 

18 C18     4.3554     4.4601    -1.9843 C 

19 H19     0.1398     5.3376    -3.0076 H 

20 H20     1.2350     5.0414    -4.3526 H 

21 P21    -7.1944     2.6792     2.7861 P 

22 O22    -8.1391     3.0810     3.8971 O 

23 O23    -7.8927     3.1508     1.3173 O 

24 O24    -5.7049     3.4917     2.9720 O 

25 C25    -5.2169     3.2466     4.2724 C 

26 C26    -3.8832     3.9756     4.4760 C 

27 O27    -3.0075     3.6816     3.4161 O 

28 C28    -4.0447     5.4900     4.5436 C 

29 O29    -4.2661     5.9254     5.8595 O 

30 C30    -2.7175     5.9864     4.0344 C 

31 C31    -2.1444     4.7893     3.2686 C 

32 N32    -1.9793     5.0935     1.8592 N 

33 C33    -0.6964     5.0835     1.2892 C 

34 O34     0.3298     4.8950     1.9143 O 

35 N35    -0.6764     5.3229    -0.0641 N 

36 C36    -1.7374     5.5461    -0.9029 C 

37 O37    -1.5812     5.7143    -2.1110 O 

38 C38    -3.0435     5.5694    -0.2551 C 

39 C39    -4.2469     5.8062    -1.1126 C 

40 C40    -3.0934     5.3359     1.0669 C 

41 H41     0.2739     5.2509    -0.4953 H 

42 H42    10.1277     2.4416    -4.5529 H 

43 H43    10.0846     4.2433    -4.4348 H 

44 H44     9.4957     3.3125    -2.2717 H 

45 H45     7.5095     1.6389    -3.8945 H 

46 H46     5.9410     1.7894    -2.1659 H 

47 H47     7.2015     2.0955    -0.8982 H 

48 H48     6.8787     4.3247    -1.1175 H 

49 H49     5.8786     3.9226    -4.7927 H 

50 H50     2.6579     4.8965     0.6911 H 

51 H51    -5.9330     3.6021     5.0470 H 

52 H52    -5.0400     2.1584     4.4241 H 

53 H53    -3.4232     3.6084     5.4227 H 

54 H54    -4.8555     5.8467     3.8651 H 

55 H55    -2.8467     6.8884     3.3961 H 

56 H56    -2.0424     6.2478     4.8803 H 

57 H57    -1.1733     4.5144     3.7380 H 

58 H58    -5.1627     5.7765    -0.5216 H 

59 H59    -4.1774     6.7731    -1.6126 H 

60 H60    -4.3023     5.0480    -1.8964 H 

61 H61    -4.0551     5.3271     1.5648 H 

62 P62     8.0376    -0.5999    -2.4547 P 

63 O63     9.0741    -1.6920    -2.3105 O 

64 O64     7.2365    -0.8191    -3.9298 O 

65 O65     6.9021    -0.7100    -1.1858 O 

66 C66     7.5973    -0.6783     0.0409 C 

67 C67     6.6027    -0.5288     1.1971 C 

68 O68     5.8458     0.6482     1.0112 O 

69 C69     5.6541    -1.7407     1.3128 C 
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70 O70     5.6679    -2.2801     2.6189 O 

71 C71     4.2966    -1.1348     1.0607 C 

72 C72     4.5198     0.3372     1.3560 C 

73 P73    -9.2110    -1.3597    -1.6000 P 

74 O74   -10.5134    -1.1824    -0.8506 O 

75 O75    -9.2807    -0.4373    -3.0168 O 

76 O76    -7.8949    -0.8217    -0.6546 O 

77 C77    -8.0692    -1.2735     0.6698 C 

78 C78    -6.8015    -0.9966     1.4881 C 

79 O79    -5.6957    -1.6341     0.8957 O 

80 C80    -6.4911     0.4994     1.6078 C 

81 O81    -6.9682     0.9831     2.8497 O 

82 C82    -4.9804     0.5447     1.5292 C 

83 C83    -4.5655    -0.9066     1.3078 C 

84 N84    -3.5247    -1.0072     0.3192 N 

85 C85    -3.6482    -0.8072    -1.0393 C 

86 N86    -2.5114    -0.8785    -1.6742 N 

87 C87    -1.5829    -1.1239    -0.6816 C 

88 C88    -0.1724    -1.2095    -0.6923 C 

89 N89     0.5436    -1.0801    -1.8172 N 

90 N90     0.4702    -1.3826     0.4734 N 

91 C91    -0.2568    -1.4719     1.5940 C 

92 N92    -1.5746    -1.3939     1.7457 N 

93 C93    -2.1854    -1.2066     0.5707 C 

94 H94     1.5422    -1.1672    -1.7469 H 

95 H95     0.0876    -1.1811    -2.7100 H 

96 H96     8.1785    -1.6160     0.1814 H 

97 H97     8.3001     0.1848     0.0919 H 

98 H98     7.1881    -0.4115     2.1355 H 

99 H99     5.8254    -2.5186     0.5345 H 

100 H100     4.0109    -1.2877    -0.0045 H 

101 H101     3.5036    -1.5668     1.7115 H 

102 H102     4.4082     0.5050     2.4412 H 

103 H103    -8.9207    -0.7414     1.1504 H 

104 H104    -8.2620    -2.3704     0.7021 H 

105 H105    -6.9485    -1.4329     2.5036 H 

106 H106    -6.9219     1.0327     0.7307 H 

107 H107    -4.6807     1.1922     0.6785 H 

108 H108    -4.5180     0.9359     2.4595 H 

109 H109    -4.2084    -1.3330     2.2735 H 

110 H110    -4.6011    -0.6100    -1.5062 H 

111 H111     0.3149    -1.6163     2.5048 H 

112 P112     7.0137    -3.3179     2.8349 P 

113 O113     8.1409    -2.5462     3.4831 O 

114 O114     7.5672    -3.9660     1.3715 O 

115 O115     6.5698    -4.6164     3.8510 O 

116 C116     5.8843    -4.1332     4.9909 C 

117 C117     4.4132    -4.5744     4.9613 C 

118 O118     3.7828    -4.0486     3.8129 O 

119 C119     4.2640    -6.1065     4.9723 C 

120 O120     3.4310    -6.5134     6.0272 O 

121 C121     3.6000    -6.4067     3.6558 C 

122 C122     2.9855    -5.0731     3.2725 C 

123 N123     2.8981    -4.9270     1.8435 N 

124 C124     3.9486    -4.8287     0.9558 C 

125 N125     3.5684    -4.6163    -0.2726 N 
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126 C126     2.1935    -4.5719    -0.1909 C 

127 C127     1.2012    -4.3604    -1.1673 C 

128 N128     1.4845    -4.1499    -2.4618 N 

129 N129    -0.0784    -4.3933    -0.7666 N 

130 C130    -0.3681    -4.5855     0.5311 C 

131 N131     0.4741    -4.7696     1.5345 N 

132 C132     1.7448    -4.7565     1.1138 C 

133 H133     0.7557    -3.7748    -3.0604 H 

134 H134     2.4498    -4.0416    -2.7170 H 

135 O135    -7.6538    -3.3920    -5.6979 O 

136 C136    -8.4731    -4.2267    -4.9260 C 

137 C137    -7.8577    -4.4537    -3.5406 C 

138 O138    -6.5454    -4.9482    -3.6631 O 

139 C139    -7.8040    -3.1802    -2.7067 C 

140 O140    -9.0181    -3.0085    -2.0016 O 

141 C141    -6.6547    -3.4681    -1.7758 C 

142 C142    -5.8506    -4.5476    -2.4998 C 

143 N143    -4.5299    -4.0607    -2.8473 N 

144 C144    -3.4450    -4.3925    -2.0263 C 

145 O145    -3.5414    -5.0117    -0.9833 O 

146 N146    -2.2283    -3.9699    -2.5043 N 

147 C147    -1.9868    -3.1304    -3.5585 C 

148 O148    -0.8356    -2.8041    -3.8596 O 

149 C149    -3.1670    -2.6813    -4.2836 C 

150 C150    -2.9762    -1.6670    -5.3655 C 

151 C151    -4.3584    -3.1720    -3.9035 C 

152 H152    -1.4178    -4.1874    -1.8771 H 

153 H153     6.3653    -4.5708     5.8918 H 

154 H154     5.9316    -3.0282     5.1376 H 

155 H155     3.9147    -4.1399     5.8570 H 

156 H156     5.2412    -6.6419     5.0327 H 

157 H157     4.3715    -6.7202     2.9182 H 

158 H158     2.8282    -7.2037     3.7363 H 

159 H159     1.9701    -5.0019     3.7258 H 

160 H160     4.9735    -4.9381     1.2702 H 

161 H161    -1.4275    -4.5941     0.7637 H 

162 H162    -9.4827    -3.7709    -4.8138 H 

163 H163    -8.5849    -5.2099    -5.4353 H 

164 H164    -8.4713    -5.2196    -3.0114 H 

165 H165    -7.5424    -2.3201    -3.3689 H 

166 H166    -6.0595    -2.5501    -1.5903 H 

167 H167    -7.0219    -3.8650    -0.8036 H 

168 H168    -5.7791    -5.4414    -1.8390 H 

169 H169    -3.9156    -1.4538    -5.8758 H 

170 H170    -2.5897    -0.7445    -4.9276 H 

171 H171    -2.2436    -2.0174    -6.0930 H 

172 H172    -5.2524    -2.8621    -4.4297 H 

173 C173     1.7463     1.7413    -0.3057 C 

174 C174     2.2991     1.4548     0.9268 C 

175 C175     0.3535     2.0039    -0.5015 C 

176 C176    -0.4782     1.8932     0.6283 C 

177 C177    -1.8556     2.1135     0.4352 C 

178 C178    -2.3685     2.3988    -0.8151 C 

179 C179    -1.5231     2.4870    -1.9296 C 

180 C180    -0.1684     2.2949    -1.7703 C 

181 H181    -2.5278     2.0828     1.2785 H 
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182 H182    -3.4316     2.5690    -0.9334 H 

183 H183    -1.9307     2.7247    -2.9033 H 

184 H184     0.5142     2.3595    -2.6069 H 

185 C185     0.1037     1.6277     1.9502 C 

186 C186     1.5088     1.5229     2.1392 C 

187 C187     2.0158     1.5085     3.4525 C 

188 C188     1.1756     1.4542     4.5454 C 

189 C189    -0.2073     1.3962     4.3552 C 

190 C190    -0.7224     1.4957     3.0809 C 

191 H191     3.0727     1.6105     3.6438 H 

192 H192     1.5935     1.4519     5.5439 H 

193 H193    -0.8745     1.2916     5.2014 H 

194 H194    -1.7915     1.4256     2.9496 H 

195 N195     3.7925     1.2530    -0.7239 N 

196 N196     3.6062     1.1641     0.6097 N 

197 N197     2.6971     1.6195    -1.2747 N 

198 H198    -8.1156    -3.2828    -6.5694 H 

199 H199     3.9798    -6.4631     6.8531 H 

200 H200    -5.2254     5.7615     6.0531 H 

201 H201     9.0725     3.4309    -6.3139 H 
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3.10. 1H and 13C NMR Spectra 
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4.1. Introduction  

 A:T and G:C are the two base pairs that are provided by nature in constructing a DNA 

helix where the backbone of the DNA extended as usually by phosphodiester linkage. Now the 

whole DNA is nothing but the sequential arrangement of A:T and G:C base pairs in different 

combinations. This different pattern of the two base pair in constructing DNA generally includes 

different characteristic into a gene. Apart from these two combinations there are no other 

combinations available within DNA. So the genetic alphabet is restricted to number 4 i.e. A, T, G 

and C. From a top down level of approach we can conclude easily that the sequential arrangement 

of nature provided A, T, G and C are the key of the genetic information that are encoded to a gene. 

With the variation of these sequential arrangement of these base pairs, the encoded information in 

a gene will be changed quickly. So according to that, knowing a gene sequence it will be easy to 

synthesize particular targeted ODN. It is possible to successfully synthesize a pair of nucleosides 

that could pair up via hydrogen bonding between them like the natural base pairs and then they 

might be successfully replicated and transcribed. With that bottom up view chemist have started 

mimicking hydrogen bonding pattern of the natural base pairs and tried to construct base pairs to 

increase the number of genetic alphabet. Benner was the first person who took the responsibility 

and put the first step to show the scientific community how modified nucleobase pairs isoG:isoC 

developed by A. Rich1 behave within DNA.2 He claimed to extend genetic alphabet up to number 

6 by this isoG:isoC base pair (Figure 4.1e).4 Although the evaluation of the Benner’s developed 

genetic alphabet suffers a lot due to tautomerisation problem but surprisingly his P:Z pair18 

(Figure 4.1i) was successfully recognized by DNA polymerase I (E Coli) and then it was possible 

to be further amplified in PCR. Not only that after successful translation the synthesized mRNA 

contains nonstandard nucleoside and with the help of Ribosome the mRNA further produced 

protein that contains nonstandard amino acid.18 Benner’s work inspired others to synthesis more 

base pairs to put further effort towards increasing genetic alphabet. Today the science is not 

restricted up to double or triple hydrogen bonded Watson-Crick base pairs, it was touched to four 

hydrogen bonded base pairs by Minakawa and Mastuda et al.24,25 Apart from that, size expanded 

base pairs were developed by Kool group where they looked towards expanding the aromatic ring 

size by keeping a pattern of hydrogen bonding to make them a stable pair within DNA helix and 

thereby installing also fluorescence properties within these multichromophoric systems.20-22           

4.2. Extension of genetic alphabet 

 The first example of unnatural base pair was introduced by Benner's group by designing 

different hydrogen bonding pattern by mimicking Watson-Crick hydrogen bonding pattern 

(Figure 4.1). In the year 1989 Benner’s group experimentally proved that isoG  4.05 and isoC 

4.06 unnatural base pair first developed by A. Rich1 can be possible to successfully incorporate 

into DNA and RNA and they have shown how it is possible to replicate them and translated them.2 

Then xanthine(X) and 2,6-diaminopyrimidine (κ) were introduced by them for further extension 

of the concept (Figure 4.1a-f).3 In the year 1992 a new codon-anticodon isoG-isoC (Figure 4.1e) 

pair was reported by them which was then in vitro translated to a peptide through Ribosome to 
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synthesis a nonstandard protein containing nonstandard amino acid through the synthesis of 

mRNA which contains nonstandard unnatural nucleoside.4  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.1: Benner’s developed hydrogen bonded base pairs. 

 

 However, this exceptional work pioneered by Benner was suffered due to having some of 

the significant short comings because of base pairing. Instead of proton acceptor residues, isoC, κ 

and X unnatural nucleobases contained proton-donor amino or imino groups which were 

incorporated into DNA enzymatically with low efficiency.5,6 X is  anionic in physiological 

condition (pKa ∼5.6),7 leading to destabilize DNA duplex.8 This problem was tackled by 

developing and introducing a new unnatural nucleobase, 5-aza-7-deazaxanthine (Figure 4.1g).9 

The third problem was the chemical instability of isoC (Figure 4.1e) and pyrazine-scaffold-base 

(Figure 4.1f) nucleosides.8,2 Subsequent investigation revealed that the substitution at 5-position 
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such as 5-methyl-isoC (Figure 4.1h), is leading to enhance stability.10,11 Lastly the major 

drawback in isoG was the keto-enol tautomerisation under physiological pH condition.5,12 In an 

aqueous solution 10% of the enol tautomer of isoG was present which paired with T(U)13 was the 

reason of low fidelity of isoG-isoC base pair and during PCR amplification it was mutated to A-

T pair. 

 The problem was solved by Benner’s group by employing two strategies. The first strategy 

was favoring the keto form over enol form (ca. 1000:1) of isoG which was done by employing 7-

deaza-isoG (Figure 4.1g),13 and the next one is employing a replacement of oxygen of the keto 

group of thymine by sulphur, thus representing the thymine analogue 2-thio-T(Ts) instead of T 

(Figure 4.1k).14 The first variation is dominating keto form over enol form of isoG was supported 

by second variation, 2-thione group of sulphur substituted thymine analogue reducing its hydrogen 

bonding ability in turn decreasing the pairing with enol form of isoG leading to predominating 

keto form of isoG analogue (Figure 4.1l). isoG-5-methyl-isoC, A-Ts, and G-C are the three types 

of base pairs by the use of which the selectivity of unnatural base pairs reached up to 98% by 

TitanuimTaq DNA polymerase in PCR. The most selective latest unnatural base pairs are formed 

between P (2-aminoimidazo[1,2-a]-1,3,5-triazin-4(8H)-one) and Z (6-amino-5-nitro-2(1H)-

pyridone) (Figure 4.1i).15,16,17 Both the bases contained proton acceptor sites in the minor groove 

region to enhance their interaction with DNA polymerase. The newly developed P and Z bases are 

completely free from any chemical instability and tautomerisation problem. They have recently 

reported their most successful P-Z pair which shows high fidelity in PCR amplification by using 

Taq DNA polymerase.18     

4.3. Size expanded DNA  

 Leonard was the pioneer to introduce the concept of size expansion in synthetic nucleosides 

where a benzene ring was introduced in between the two rings i.e. one five membered and one six 

membered ring of adenine and thus the size of the modified adenine was expanded.19 This 

unnatural nucleoside was employed as a substrate for many ATP dependent enzymes in order for 

probing the active sites of enzyme. However, the size expansion could not be explored by 

incorporating into DNA due to not having been invented DNA synthesizer. Although it was 

predicted by Leonard that the stretched adenine because of having large size compare to the natural 

adenine turned out to be the reason of destabilization within a natural DNA. The concept of size 

expansion was further extended by E. T. Kool by introducing xDNA and yDNA. 

4.3.1. Benzo fused size expanded DNA bases: xDNA and yDNA 

 Kool’s group was the first to introduce benzo fused size expanded DNA and incorporated 

it to the DNA helix through automated DNA synthesizer. It was found that after the incorporation 

of size expanded nucleoside the regular helicity of the DNA was still retained although the 

diameter was expanded.20 The size of the natural nucleoside was expanded by 2.4 Å due to the 

fusion of a benzene ring with parallel extension vectors. Theoretical modeling as well as 

experimental evidence revealed that the size expansion does not need to adjust bond angle in a 
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larger extent to sugar conformation to adjust the expansion of the nucleobase within the DNA 

helix. However, the size expanded DNA differs from the natural B-DNA by having larger number 

of base pairs per turn creating larger outer edge in comparison with natural B-DNA. The theoretical 

modeling suggested that a number of 14 base pair could be existed per turn in the size expanded 

DNA whereas it is 10.5 per turn for the natural B-DNA. 

 While natural DNA composed of 4 components i.e. A, T, G and C but the size expanded 

DNA composed of 8 components where there are 4 xDNAs bringing up the linear expansion and 

4 yDNAs bringing up the angular expansion. In xDNA the number of combination made by Kool’s 

group are 4. They are two size expanded purine with natural pyrimidine and the another two size 

expanded pyrimidine with natural purine (Figure 4.2a-d).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.2: Structures and H-bonding pattern of x-DNA bases developed by Kool’s group. 

 

 While linear expansion produced 4 combinations, the same number of combinations were 

also possible for angular expansion in yDNA (Figure 4.3a-d).21 The angularly expanded 
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pyrimidines make a pair with natural purine and thus forming two combinations. Then the further 

combinations were made within natural pyrimidine and angularly expanded purine and thus they 

formed again two combinations. So total 4 combinations for angular expansion and another 4 

combinations for linear expansion made over all 8 combinations of size expanded base pairs.        

 The size expansion was found to be the cause of DNA backbone distortion. For the linear 

expansion the amount of distortion was found to be from 0.3 to 1.7 kcal/mol whereas for angular 

expansion the distortion parameter ranged from 0.6 kcal/mol and it is up to 2.2 kcal/mol, somewhat 

higher than the linear expansion. Although it might appear that either linear or angular expansion 

is the cause of DNA backbone distortion but indeed they formed a stable sequence selective double 

helix.21 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.3: Structures and H-bonding pattern of y-DNA bases developed by Kool’s group. 
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4.3.2. Naptho fused size expanded DNA bases   

 The another widened base pair was introduced by Kool’s group. They used naphthalene 

fusion strategy to widen the nucleobase more compare to the previous benzo expansion. dyyT 4.28 

and dyyC 4.29 thus were synthesized and incorporated into DNA duplex (Figure 4.4). It was 

found that napthohomologues are 4.8 Å widened as compare to their natural analogues. The 

expansion of size by introducing further benzene led them to exhibit modulated photophysical 

properties. The another interesting feature of the doubly widened yyDNAs is their complex 

denaturation behavior suggesting strong intrastand stacking with the complementary bases.22     

 

 

 

 

 

 

 

 

 

Figure 4.4: Structures and H-bonding pattern of napthowidened bases developed by Kool’s 

group. 

 

4.3.3. Ethynyl extended DNA bases: Inoyue’s base pair 

 Two base pair were designed and developed by Inoyue et al. which were appeared to form 

similar types of hydrogen bonds comparable with Watson-Crick hydrogen bonds, whenever 

incorporated into DNA and moreover they form right handed duplex with comparable stability as 

that of natural one (Figure 4.5).23     
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Figure 4.5: Structures and H-bonding pattern of ethynyl extended base pairs developed by 

Inoyue. 

 

4.3.4. Unnatural base pairs with four hydrogen bonding  

 Minakawa and Matsuda et al. have reported two base pairs which are comparable to form 

four hydrogen bonds (Figure 4.6). Thus, these base pairs provide extra stability to the duplex DNA 

by +8-9 oC. These base pairs have successfully recognized and extended by DNA polymerase I (E 

Coli).24-25  

 

 

 

 

 

 

 

 

 

Figure 4.6: Structures and four hydrogen bonded base pairs developed by Minakawa and 

Mastuda. 
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4.3.5. 8azaG:C pair 

 Just like Guanine, 8-azaguanine 4.39 also capable to form three hydrogen bonds with 

cytosine as expected from the same Watson-Crick hydrogen bonding pattern. Replacement of G 

by 8azaG does not alter the melting temperature within DNA duplex. Moreover, it is evidenced 

from the study that π-stacking and hydrogen bonding also remained intact and the DNA helicity is 

not disrupted (Figure 4.7).26  

 

 

 

 

 

 

Figure 4.7: 8azaG:C hydrogen bonding pattern. 

 

4.4. Background 

 The attractive forces like H-bonding, aromatic stacking, hydrophobic or CH-л interactions 

between the unnatural nucleobases and isomorphic nucleobase design has been explored in details 

in the context of unnatural nucleobase design. Several studies in DNA reflected that in the design 

of isomorphic base, the structural modifications of purines in the five-membered ring, especially 

of 2’-deoxyisoguanosine are tolerated as long as the Watson-Crick face of the nucleoside is not 

perturbed. With this line several analogs have been reported utilizing glycosylation strategy and 

their photophysical and biophysical properties in the context of DNA have been evaluated. 

However, till the date, in the design of isomorphic purines, the concept of size expansion or 

widening the shape in an approach taken by Kool et al., which might provide several advantages 

of more effective π-stacking or arresting the inherent tautomerisation, were not considered. 

Furthermore, unnatural bases with the above ability and novel chemical functionalities expectedly 

would expand the functional potential of DNA. Such an expanded genetic alphabet with increased 

information might eventually be capable of expanding the genetic code of a living organism.  

4.5. Objective 

 As a part of our ongoing research effort toward generation of molecules with tuned 

photophysical properties via click reaction and the recent development of click chemistry derived 

triazolyl-N/C-nucleosides containing donor/acceptor aromatics, widened aryl fused hydrophobic 

triazolyl N-nucleosides, we thought that it would be worthwhile to synthesize aryl fused triazolyl 

N-nucleoside with H-bonding ability and widened shape with strong stacking ability which 
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expectedly could produce modulated photophysical response into the unnatural nucleosides 

(UNNs) and render strong -stacking interaction inside DNA if incorporated. 

 The logic behind our choice of triazole fused H-bonded nucleobase is: (a) the nucleoside 

would be the widened version of isomorphic base analogue of 8-azaguanosine, (b) Fusion of C2-

N3 bond by benzene would convert it with ability to form 2-H-bonds keeping the tautomeric >CO-

NH part intact which would possibly show interesting photophysical property such as pH and/or 

microenvironment sensitive fluorescence emission, (c) the vertically (60o) widened fused benzene 

expectedly would provide more stacking interaction with possibly widening the groove size, (d) it 

could form H-bonding pair with dT/dU or dC as well as render good stacking stabilization of 

DNA if incorporated, (e) the microenvironment sensitive (H-bonding network, solvent polarity, 

isotope substitution, pH, even buffer concentration) intrinsic fluorescence properties of such 

nucleoside could especially be useful for biophysical research in the context of DNA, DNA-protein 

interactions and to study the mode of interaction with the enzyme. The interesting photophysical 

outcome could be utilize in studying biophysical interactions with protein either in the base state 

or in a DNA, (f) fused triazolyl isosteres can also improve charge transfer interaction properties if 

incorporated into a DNA. 

 Utilizing this concept, we framed our objective as below: 

(a) Design and synthesis of fused triazolyl 2-quinolinone (FTQuon) nucleoside with two H-

bonding face-one H-bond acceptor and another donor via click chemistry 

(b) Study the photophysical properties. 

(c) Theoretical study in the context of DNA 

(d) Study of interaction with BSA 

4.6. Results and Discussion 

4.6.1. Design and synthesis of fused triazolyl 2-quinolinone (FTQuon) 

 As revealed from the early study 8azaG can be a good replacement of G and indeed 

incorporation of 8azaG in place of G doesn’t disrupt the DNA helix by keeping the melting 

temperature unaffected, so we thought to angularly expand 8azaG just like Kool’s angularly 

widened dyA 3.63 and dyG 4.26.21 The design concept is explained in Figure 4.8. The expansion 

of 8azaG was designed in such a way that we can block the amine group so that the hydrogen 

bond made by this amine group can be replaced with a hydrophobic benzene moiety to explore the 

effect of hydrophobicity if incorporated into a short oligonucleotide against cytosine and thymine. 

As amide moiety in 8azaG remained unaffected with hydrophobic benzene expansion so 

according to our expectations it can be still paired with C/T. 
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Figure 4.8: Design concept of FTQuon. 

 

 A retrosynthetic analysis suggested that click chemistry between β-azido-deoxyriboside 

2.01 and N-(p-tolyl)propiolamide 4.43 followed by ring closing are the two key step to achieve 

our targeted FTQuon 4.41. β-azido-deoxyriboside 2.01 synthesized by following our earlier 

work.27 The alkyne partner N-(p-tolyl)propiolamide 4.43 was synthesized from o-iodo-p-toluidine 

4.44 as shown in the Scheme 4.1. Finally, click reaction between β-azido-deoxyriboside 2.01 and 

N-(p-tolyl)propiolamide 4.43 followed by intramolecular C-C coupling afforded the bistoluoyl-

protected nucleoside in 83% yield. Toluoyl deprotection followed by deprotection of N-benzyl 

yielded the desired fused triazolyl nucleoside FTQuon (Scheme 4.1). 

 

 

 

 

 

 

 

 

 

 

 

 

Scheme 4.1: (a) Retrosynthesis analysis of FTQuon. (b) Synthesis of FTQuon. 
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4.6.2. Structural Characterization 

 The β-configuration of FTQuon was confirmed from the NOESY spectra (Figure 4.9). It 

revealed that there is no interaction between 1'H-3'H and 1'H-5'H. Whereas there is interaction 

between 3'H-5'H, 3'H-2'H and there is another interaction between 1'H and the aromatic 

hydrogen of FTQuon as shown in the Figure 4.9. All these interactions suggested the β-

configuration of FTQuon. 

 

 

 

 

 

 

 

 

 

 

Figure 4.9: NOESY interaction of FTQuon 

 

4.6.3. Study of photophysical properties 

 All the UV-visible spectra were recorded with a 10 µM sample concentration at 25 0C with 

a cell of 1cm path length and 1nm slit width. The same 10 µM sample was used to measure its 

florescence emission property with a cell of 1 cm path length and 3nm emission/excitation slit 

width at 25 0C. The nucleoside FTQuon is showed an interesting UV-Visible absorption spectra 

as the solvent polarity increased from dioxane to buffer. In dioxane, chloroform and ethyl acetate 

it showed structureless absorption maxima at 315 nm. But as the solvent polarity increased the 

structurless absorption band changed to structured absorption band and in buffer it was blue shifted 

by 14 nm. In buffer two bands appeared with slight hyperchromicity, one at 300 nm and another 

at 313 nm. The absorption spectra of FTQuon in acidic environment exhibited a structurless 

absorption band at 315 nm. In basic environment it showed structureless absorption band at 325 

nm with hyperchromic effect (Figure 4.10a). Upon excitation at 250-320 nm FTQuon exhibited 

structureless emission spectra in different solvent. In dioxane structureless emission band was 

appeared at 374 nm. In methanol a large amount of hyperchromicity with a slight (4 nm) blue shift 

was observed and the emission band appeared at 370 nm. On the other hand, in buffer a 
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hypochromic effect was observed at 428 nm. In acidic medium structured emission spectra was 

appeared at 358 nm and 426 nm. In basic medium the fluorescent intensity of the emission band 

was further decreased and it was further red shifted and appeared at 448 nm as a structureless 

emission band (Figure 4.10b). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.10: UV-visible and fluorescence spectra of the fused triazolyl 2-quinolinone 

nucleoside (FTQuon) (a-b) in various organic solvents (c-d) in different concentration of water 

and dioxance (Nucleoside concentration = 10 μM). 

 In dioxane FTQuon showed structured absorption band at 243 and 316 nm. With 

increasing the volume of water a slight hyperchromic shift at 243 nm was observed (Figure 4.10c). 

Upon excitation at 330 nm the emission band in dioxane was appeared at 380 nm. Increase of the 

volume of water exhibited a hypochromicity in the emission maxima and with a red shifted of 42 

nm in 100% water (Figure 4.10d). 

 Next we have studied photophysical properties of FTQuon in the solution of different pH.  

FTQuon exhibited a structured short wavelength absorption band at 250 nm and a long 
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wavelength absorption band at 320 nm. At pH 12 FTQuon exhibited absorption at 290 nm and 

242 nm indicating a tautomerization (Figure 4.11a). 

  

 

 

 

 

 

 

 

 

Figure 4.11: (a) UV-visible and (b) fluorescence spectra of the fused triazolyl 2-quinolinone 

nucleoside (FTQuon) in different pH (Nucleoside concentration = 10 μM). 

 Upon excitation at 335 nm FTQuon exhibited structureless absorption band at 423 nm in 

the pH ranging from 2.2 to 10.4 nm. As the pH increased, a hypochromic shift has been observed 

after pH 5. At pH 12 the emission band for slightly blue shifted and exhibited a structured emission 

bands at 404 nm and 383 nm (Figure 4.11b).    

4.6.4. Macromodel Study in the context of DNA 

 Next we used Schrodinger Macromodel calculation28 to see how our synthesized 

nucleoside would behave within a DNA duplex if incorporated. The Amber* force field was 

utilized to optimize the structure of the theoretical DNA duplex [(5'-CGCAATXTAACGC-3'/3'-

GCGTTANATTGCG-5'); (X = FTQuon, N = A, G, C, T)] where FTQuon was placed opposite 

to all the natural bases A, T, G and C to observe its interaction with natural bases.  

 It was clear from the structural investigation that in the duplex DNA, FTQuon resided 

deeply into the interior of the helix optimizing the helicity and the groove properties whenever 

present opposite to thymine and cytosine. The base FTQuon was able to maintain a B-form DNA 

conformation and held both via interstand and intrastand stacking interaction with the natural bases 

having an average base-base rise comparable to the natural bases. Most interestingly FTQuon 

made hydrogen bonds with C which is within 1.81-1.88 Å. This result is comparable with the 

distance 1.8 Å which is the distance of hydrogen bonds in natural A:T and G:C pair. Although 

FTQuon did not fit well as an opposite pairing partner with A and G due to its unmatched 

hydrogen bonding sites as revealed by Amber* optimized geometry but its stacking efficiency 
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because of having angularly expanded benzene π-cloud could stabilize the duplex DNA by π-π 

stacking interaction (Figure 4.12).  

 

 

    

 

 

 

 

 

 

 

 

   

 

 

 

 

 

 

 

 

 

 

 

Figure 4.12: Representative Macromodel of the Amber* optimized Duplex DNA where 

FTQuon is placed opposite to T and C. 
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4.6.5. DFT Calculation in the context of DNA 

 Next to be more precise we carried out DFT calculation to get a better idea about the pairing 

efficiency of FTQuon with C and T in a theoretical DNA sequence using G09 program.29 So for 

that we have taken out natural base pair A:T and G:C from the Amber* optimized geometry of 

Schrodinger Macromodel and optimized their geometry with the B3LYP/6-31g(d,p) level of 

theory. Then to get the interaction energy we have first removed the sugar part for simplicity and 

then carried out Basis set superposition error (BSSE) corrections using counterpoise correction 

procedure (CP).30 By following the same procedure FTQuom:C and FTQuon:T base pairs are 

segmented from Amber* optimised geometry and then optimised through B3LYP/6-31g(d,p) 

level of theory. Then by using counter poise correction method we have calculated BSSE corrected 

interaction energy for FTQuom:C and FTQuon:T base pairs. BSSE corrected interaction energy 

suggested G:C is the most stable base pair due to having its highest interaction energy i.e. -31.48 

kcal/mol. The hydrogen bonding lengths within the G:C pair were found to be 1.77 Å, 1.93 Å, 

1.89 Å. Now interaction energy of another natural pair A:T was found to be -15.46 kcal/mol and 

its hydrogen bonding lenths were 1.97 Å and 1.77 Å. It is interesting to note that the energy of 

FTQuon:C pair is found to be -22.00 kcal/mol and the hydrogen bonding lengths were 1.86 Å 

and 2.012 Å suggesting it to be more stabe than A:T pair and less stable than G:C pair which is 

also supported by the hydrogen bond lengts which are close to natural value 1.8 Å. So interaction 

energy order of these three pair is G:C > FTQuom:C> A:T. 

 While both A:T pair and FTQuon:C pair contain two hydrogen bonds but FTQuon:C 

contains extra benzene ring which provided extra stability through π-stacking interaction leading 

to more stable FTQuon:C pair than natural A:T pair.  

 The BSSE corrected interaction energy of the another two pair FTQuon:A and FTQuon:G 

were found to be -7.09 kacl/mol and -8.10 kcal/mol. These values suggetsed very weak interaction 

of FTquon with A and G. It might be because of the large voloume of FTquon and A/G. The 

large base pairs probablly could not be accommodated within the space available inside a helix 

and more over they structurally mismatched to be paired through hydrogen bonding.  

 The interaction energy of FTQuon:T was found to be -14.28 kcal/mol which was close to 

the interaction energy of natural A:T pair and the length of the hydrogen bons were found to be 

1.7 Å and 1.97 Å.  

 By looking at this close proximity of the hydrogen bonds forming pattern of FTQuon with 

T and C, we decided to explore FTQuon:C/T base pairs in a trimeric duplex with ONIOM 

calculation using G09 programm. 

 So here the order of stability based on the BSSE corrected interaction energy of the base 

pairs were found to be as follows: 

G:C > FTQuom:C> A:T> FTQuom:T> FTQuom:G> FTQuom:A 
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Table 4.1: List of base pairs and BSSE corected interaction energy. 

 

Stacking energy of the single nucleobase pairs 

Single base 

pair 

BSSE 

corrected 

stacking energy 

(kcal/mol)  

Hydrogen bonding 

distance(Å) 

FTQuon:A -7.09   

FTQuon:G -8.10   

FTQuon:C -22.00 1.86, 2.012 

FTQuon:T -14.28 1.7, 2.0  

A:T -15.46 1.97, 1.77 

G:C -31.48 1.77, 1.93, 1.89 

 

 

 

 

 

 

 

 

 

Figure 4.13: (a) FTQuon:C base pair. (b) FTQuon:T base pair. 
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4.6.6. QM/MM calculation in the context of DNA 

 We next carried outQM/MM calculation for the trimeric duplex sequence 

AFTQuonA:TXT (X = T and C). The Amber* optimized geometry was taken and optimized it 

again by using G09 program package. We have only chosen here C and T because of having their 

highest interaction energy (-22.0 and -14.28 kcl/mol respectively) as was observed before. A and 

G were excluded from this study because of having their low fidelity to form base pairs as revealed 

from the interaction energy calculation (-7.09 and -8.10 kcal/mol respectively). Except the 

phosphodiester backbone and ribose the rest of the aromatic system of the trimeric duplex were 

chosen to be the QM region for quantum mechanics calculation using M05-2X/6-31G(d,p) level 

of theory. Phosphodiester back bones and ribose sugar part were treated under UFF force field and 

chosen as MM region for molecular mechanics calculation. After having the optimized geometry 

of the trimeric duplex containing FTQuon:C and FTQuon:T pairs we have removed the sugar 

and phosphodiester backbone to calculate interaction energy among the base pairs of the respective 

trimer for simplicity. The BSSE corrected interaction energy calculation using counter poise 

correction method illustrated that trimeric duplex containing FTQuon:C pair has interaction 

energy -15.61 kcal/mole. Whereas trimeric duplex containing FTQuon:T base pair is having 

interaction energy -15.31 kcal/mole which suggested the close proximity of interaction energy of  

FTQuon:C and FTQuon:T base pair whenever incorporated into duplex DNA. 

 For both the trimer AFTQuonA:TXT (X = T and C), containing FTQuon:T and 

FTQuon:C the rise values were close to the natural rise value. More over FTQuon is formed two 

hydrogen bonds with both C and T. The distance of hydrogen bonding was also within 1.8-2.0 Å 

for FTQuon:C base pair and 1.7-2.0 Å for FTQuon:T base pair which is comparable with the 

natural hydrogen bonding distance (1.8 Å) formed within A:T and G:C pair. As FTQuon is able 

to form two hydrogen bonds with both C and T and as the distance of formed hydrogen bonds 

within FTQuon:C/T were close enough to each other and comparable with the distance of 

hydrogen bond within natural A:T and G:C pair, it should be compelling to accept that their 

interaction energy will be close enough to each other. Indeed, the interaction energy for both the 

trimer is very close and they are -15.61 kcal/mole for AFTQuonA:TCT and -15.31 kcal/mole for 

AFTQuonA:TTT.  

 So ONIOM optimized geometry of these trimer suggested that FTQuon can be treated as 

a complementary of both C and T. 

 

 

 

 

 

TH-1635_11612228



Chapter 4 

170 
 

 

 

 

 

 

 

 

 

Figure 4.14: (a) ONIOM optimized AFTQuonA:TTT duplex; (b) ONIOM optimized 

AFTQuonA:TCT duplex. 

 

4.6.7. Study of interaction with BSA 

 Next we studied the interaction of FTQuon with model protein BSA. With the gradual 

increase of BSA concentration the absorption band at 320 nm showed a slight hyperchromicity 

(Figure 4.15a). Excitation at 320 nm the emission spectra of FTQuon exhibited structurless broad 

emission band at 420 nm which showed hyperchromic effect upon gradual increase of BSA 

concentration (Figure 4.15b). This hyperchromicity at 420 nm with the increase of BSA 

concentration illustrated the interaction of the FTQuon with the hydrophobic pocket of BSA.  

 The excitation spectra exhibited a long wavelength band at 355 nm which showed a 

prominent hyperchromic effect upon addition of increasing concentration of BSA (Figure 4.15c). 

The interaction of FTQuon with the hydrophobic pocket of BSA is also supported from steady 

stated anisotropy recorded for 320 nm excitation maxima and 420 nm emission maxima where it 

showed an increase of anisotropy with the increase of BSA concentration (Figure 4.15d).  

 Upon excitation at 355 nm, which is prominent in fluorescence excitation spectra, a broad 

structured emission band appeared at 430 nm which with gradual addition of BSA became 

structurless and showed a prominent hyperchromic shift (Figure 4.15e). It is also confirmed from 

the steady state anisotropy experiment at 430 nm emission maxima and 355 nm excitation maxima. 

Here also steady state anisotropy supports the interaction of FTQuon with hydrophobic pocket of 

BSA (Figure 4.15f).    
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Figure 4.15: (a) UV-visible titration of FTQuon (b) Fluorescence Emission spectra of 

FTQuon (λex = 320 nm) (c) Excitation spectra of FTQuon (λex = 420 nm) (d) Steady-state 

anisotropy and polarisation plot (λem = 420 nm) of FTQuon (e) Fluorescence Emission spectra 

of FTQuon (λex = 355 nm) (f) Steady-state anisotropy and polarisation plot (λem = 430 nm) of 

FTQuon in presence of increasing BSA concentration. [FTQuon]= 10µM and BSA added from 

0.25eq to 6eq.    
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 Benesi-Hildebrand Plot to Evaluation Binding Constant: The association constant (K) 

of the nucleoside FTQuon with BSA was determined by a Benesi-Hildebrand plot using the 

following equation 1. 

 

                                                                                                           …………… (1)   

                    

 where I0, I and Iα are the emission intensities of FTQuon in the absence of BSA, in the 

presence of an inetermediate and at infinite concentration of BSA respectively. From the slop of 

the 1/(I – I0) vs.1/[BSA] plot of equation 1, binding constant K was determined and its value is 

7.5519 x 10-9 M-1 (Figure 4.16a) for emission maxima at 420 nm and 7.60061 x 10-9 for emission 

maxima at 430 nm (Figure 4.16b).  

 

 

 

 

 

 

 

 

 

Figure 4.16: (a) The Benesi-Hildebrand plot. [FTQuon]= 10µM and BSA added from 0.25eq 

to 6eq.    

Molecular Docking 

 Docking calculations were carried out using Autodock4 (Bikadi, Hazai, 2009). The amino 

acid sequence of BSA protein was observed from the NCBI website, 

http://www.ncbi.nlm.nih.gov/protein/CAA76847.1 The 3D model of the BSA protein was built 

using the 3D structure 1AO6 chain 'A' as template using the ESyPred3D11 web server. This 

template shares 72.4% identities with the BSA sequence. Following is the BSA sequence which 

was used to generate the 3D model. >gi|3336842|emb|CAA76847.1| bovine serum albumin [Bos 

taurus]  

MKWVTFISLLLLFSSAYSRGVFRRDTHKSEIAHRFKDLGEEHFKGLVLIAFSQYLQQC

PFDEHVKLVNELTEFAKTCVADESHAGCEKSLHTLFGDELCKVASLRETYGDMADCCE
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KQEPERNECFLSHKDDSPDLPKLKPDPNTLCDEFKADEKKFWGKYLYEIARRHPYFYAP

ELLYYANKYNGVFQECCQAEDKGACLLPKIETMREKVLTSSARQRLRCASIQKFGERAL

KAWSVARLSQKFPKAEFVEVTKLVTDLTKVHKECCHGDLLECADDRADLAKYICDNQ

DTISSKLKECCDKPLLEKSHCIAEVEKDAIPENLPPLTADFAEDKDVCKNYQEAKDAFLG

SFLYEYSRRHPEYAVSVLLRLAKEYEATLEECCAKDDPHACYSTVFDKLKHLVDEPQNL

IKQNCDQFEKLGEYGFQNALIVRYTRKVPQVSTPTLVEVSRSLGKVGTRCCTKPESERM

PCTEDYLSLILNRLCVLHEKTPVSEKVTKCCTESLVNRRPCFSALTPDETYVPKAFDEKL

FTFHADICTLPDTEKQIKKQTALVELLKHKPKATEEQLKTVMENFVAFVDKCCAADDKE

ACFAVEGPKLVVSTQTALA. 

 The binding of FTQuon inside the hydrophobic pocket of BSA was also supported from 

the docking study as is shown in Figure 4.17a-b. 

 

 

 

 

 

 

 

Figure 4.17: (a) Complex strcture of FTQuon with BSA. (b) Interaction of pyrenayl triazolyl 

moiety of FTQuon with the hydrophobic pocket of BSA. 

 

Estimated Free Energy of Binding        =   -5.82 kcal/mol  [=(1)+(2)+(3)-(4)] 

Estimated Inhibition Constant, Ki         =   54.39 uM (micromolar)  [Temperature = 298.15 K] 

 (1) Final Intermolecular Energy           =   -7.01 kcal/mol 

vdW + Hbond + desolv Energy             =   -6.72 kcal/mol 

Electrostatic Energy                               =   -0.29 kcal/mol 

 (2) Final Total Internal Energy             =   -1.93 kcal/mol 

 (3) Torsional Free Energy                     =   +1.19 kcal/mol 

(4) Unbound System's Energy  [=(2)]    =   -1.93 kcal/mol 
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4.7. Conclusion 

 In conclusion, we have successfully synthesised 1'-(8-methyl-1H-[1,2,3]triazolo[4,5-

c]quinolin-4(5H)-one)-2'-deoxyriboside which we designate as fused triazolyl 2-quinolinone 

(FTQuon) nucleoside with two H-bonding face-one H-bond acceptor and another donor via click 

chemistry. BSSE corrected interaction energy of the individual FTQuon:C and FTQuon:T pair 

and the hydrogen bonds formed within B3LYP/6-31g(d,p) level optimized FTQuon:C/T pair 

suggested FTQuon can be capable to be paired with both cytosine and thymine whenever 

incorporated into DNA duplex. Further QM/MM calculation with M05-2X/6-31G(d,p) level 

optimized geometry of AFTQuonA:TXT (X = T and C) resulted the interaction energy -15.61 

kcal/mole for AFTQuonA:TCT and -15.31 kcal/mole for AFTQuonA:TTT which were very 

much comparable to each other suggested that FTQuon can be capable to be equally paired with 

cytosine and thymine. Apart from that interesting microenvironment sensitive fluorescence and 

good interaction with BSA with the enhancement of fluorescence intensity would allow this 

nucleoside for further exploration in biophysical research in the context of DNA, DNA-protein 

interactions and to study the mode of interaction with the enzyme. 

4.8. Experimental section 

4.8.1. General experimental 

 All reactions were carried out under a nitrogen atmosphere. Organic extracts were dried 

over anhydrous sodium sulphate. Solvents were removed in a rotary evaporator under reduced 

pressure. Silica gel (60-120 mesh size) was used for the column chromatography. Reactions were 

monitored by TLC on silica gel 60 F254 (0.25mm). 1H NMR spectra were measured with Bruker 

600 (600 MHz) and 13C NMR spectra were measured with Bruker 600 (150 MHz) spectrometer. 

Coupling constant (J value) was reported in hertz. The chemical shifts were shown in ppm 

downfield from tetramethylsilane, using residual chloroform (δ = 7.24 in 1H NMR, δ = 77.23 in 
13C NMR), methanol (δ = 3.34 in 1H NMR, δ = 49.2 in 13C NMR), dimethyl sulfoxide (δ = 2.48 

in 1H NMR, δ = 39.5 in 13C NMR), as an internal standard. Mass spectra were recorded using 

WATERS MS system, Q-tof premier and data analyzed using Mass Lynx 4.1. IR spectra were 

recorded in KBr or neat on a Perkin Elmer Spectrum one FT-IR spectrometer. 

4.8.2. Synthesis and characterisation 

 Synthesis of 2-iodo-4-methylaniline (4.44): p-toluidine (2g, 18.7 mmol), NaHCO3 (28 

mmol) and water (20 ml) are introduced in a100 ml round bottom flask. The reaction mixture was 

allowed to cool to 00 C and with stirring iodine was added in portion of 0.96 g at an 

interval of 15 min. After completion of the addition iodine the reaction mixture was 

allowed to stir at room temperature for 12 h. Completion of the reaction was checked 

by TLC. The reaction mixture was diluted with ethyl acetate added portion wise for 3 

times and the organic fraction was washed with Na2S2O3 and I2. The organic fraction 
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was collected and evaporated to dryness to get the crude reaction mixture which was purified by 

15:1 Hex:EtOAc to get blackish brown solid of 3.21 g (Yield=74.65%). 

1H NMR (600 MHz, CDCl3) δ 7.48 (s, 1H), 6.95 (d, J = 7.7 Hz, 1H), 6.66 (d, J = 8.1 Hz, 1H), 

3.95 (s, 2H), 2.21 (s, 3H). 13C NMR (150 MHz, CDCl3) δ 144.41, 139.12, 130.16, 129.63, 114.78, 

84.44, 77.16, 19.96. 

 Synthesis of N-(2-iodo-4-methylphenyl)propiolamide (4.45):A 2 neck round bottom 

flask fitted with septum, adapter and magnetic stirring bar was evacuated and backfilled with 

nitrogen and the process was repeated for 3 times. DCC (2.86 mmol) was added to it and the above 

process was repeated again by heating the outer surface of the round bottom flask 

to remove the moisture from the reaction vessel. In nitrogen atmosphere DCM (10 

ml) was injected and the reaction mixture was allowed to come to 00 C. At that 

temperature propiolic acid (0.71 mmol) was added and the reaction mixture was 

allowed to stir for half an hour ensuring the formation of the white precipitate in 

the transparent reaction mixture. After half an hour aniline was added to it and the 

reaction mixture was allowed stir for overnight. Completion of the reaction 

mixture was checked by TLC. The reaction mixture was filtered through celite and washed with 

3M HCl and saturated NaHCO3. Evaporation of the organic layer gives crude product which was 

purified by column chromatography with 10:1 Hex:EtOAc to get pure product as brown gummy 

material (yield = 46%). This material then treated with benzyl iodide and K2CO3 in acetonitrile at 

800 C for 12 h and completion of the reaction was checked by TLC. The reaction mixture was then 

evaporated to dryness and diluted with DCM and washed with water and brine. Evaporation of the 

organic residue flowed by purification through column chromatography gives pure product 

(Yield=42%). 

1H NMR (600 MHz, CDCl3) δ 7.75 (s, 1H), 7.28 – 7.25 (m, 3H), 7.22 – 7.19 (m, 2H), 6.99 (d, 

J = 7.8 Hz, 1H), 6.63 (d, J = 8.0 Hz, 1H), 5.59 (d, J = 14.3 Hz, 1H), 4.04 (d, J = 14.3 Hz, 1H), 

2.76 (s, 1H), 2.31 (s, 3H). 13C NMR (150 MHz, CDCl3) δ 153.49, 140.85, 140.44, 140.34, 136.02, 

130.92, 129.77, 129.69, 128.64, 128.00, 100.04, 79.46, 77.16, 76.38, 51.43, 20.76.  

 Synthesis of (2R,3S,5R)-5-(5-benzyl-8-methyl-4-oxo-4,5-dihydro-1H-

[1,2,3]triazolo[4,5-c]quinolin-1-yl)-2-(((4-

methylbenzoyl)oxy)methyl)tetrahydrofuran-3-yl 4-

methylbenzoate (4.46): In a 1 neck round bottom flask 

fitted with magnetic stirring bar and septum, 10 ml of 

DMSO was added to it followed by N-benzyl-N-(2-

iodo-4-methylphenyl)propiolamide (3, 200mg, 0.506 

mmol), (2R,3S,5R)-5-azido-2-(((4-

methylbenzoyl)oxy)methyl)tetrahydrofuran-3-yl 4-

methylbenzoate (4, 200 mg, 0.506 mmol) and K2CO3 

(1.012 mmol). CuI (0.0506 mmol) was added to the 
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reaction mixture and the reaction was allowed stir at ambient temperature. After 12 h completion 

of the reaction was checked by TLC. The reaction mixture was diluted with ethyl acetate and 

washed with water and brine. Evaporation of the organic solvent followed by purification of the 

crude reaction mixture through column chromatography by 2:1 Hexane: Ethyl acetate gives a white 

solid. Yield= 280 mg (83.4%). 

1H NMR (400 MHz, CDCl3) δ 8.03 (s, 1H), 7.98 – 7.93 (m, 2H), 7.61 – 7.57 (m, 2H), 7.25 – 

7.17 (m, 6H), 7.16 – 7.07 (m, 4H), 6.79 (dd, J = 6.5, 4.4 Hz, 1H), 5.98 – 5.92 (m, 1H), 5.56 (d, J 

= 69.0 Hz, 2H), 4.75 (q, J = 4.5 Hz, 1H), 4.45 (dd, J = 12.1, 4.4 Hz, 1H), 4.32 (dd, J = 12.2, 5.2 

Hz, 1H), 4.29 – 4.23 (m, 1H), 2.97 (dt, J = 14.4, 5.9 Hz, 1H), 2.40 (s, 3H), 2.38 (s, 4H), 2.31 (s, 

3H). 13C NMR (100 MHz, CDCl3) δ 21.1, 21.8, 21.9, 36.2, 45.9, 63.4, 74.9, 77.2, 84.9, 88.6, 110.5, 

116.9, 126.5, 126.6, 127.4, 128.9, 129.1, 129.3, 129.4, 129.6, 129.9, 130.3, 132.4, 132.9, 135.6, 

136.3, 136.9, 137.4, 144.0, 144.6, 156.5, 166.1. IR (KBr) 2923.67, 1712.98, 1681.37, 1610.63, 

1454.41, 1411.95, 1384.18, 1271.79, 1178.82, 1093.75, 1020.14, 805.15, 752.70, 691.89 cm-1. 

HRMS [M+H] + calculated 643.2551, found 643.2558. 

 Synthesis of 5-benzyl-1-((2R,4S,5R)-4-hydroxy-5-(hydroxymethyl)tetrahydrofuran-

2-yl)-8-methyl-1H-[1,2,3]triazolo[4,5-c]quinolin-4(5H)-one (4.47): (2R,3S,5R)-5-(5-benzyl-8-

methyl-4-oxo-4,5-dihydro-1H-[1,2,3]triazolo[4,5-c]quinolin-1-yl)-

2-(((4-methylbenzoyl)oxy)methyl)tetrahydrofuran-3-yl 4-

methylbenzoate (5, 100 mg, 0.16 mmol) was taken in a round 

bottom flask fitted with magnetic stirring bar and septum. Methanol 

(10 ml) was added to it followed by DCM (5 ml) and K2CO3 (86 

mg, 0.63 mmol). The reaction mixture was allowed to stir at room 

temperature for 6 h. Completion of the reaction was checked by 

TLC. The organic part was evaporated to dryness and the crude reaction mixture was purified by 

column chromatography by 10:1 CHCl3: MeOH to yield a white solid of 62 mg (Yield= 98%)  

1H NMR (400 MHz, CD3OD) δ 8.23 (s, 1H), 7.45 – 7.38 (m, 2H), 7.28 (d, J = 7.2 Hz, 2H), 

7.20 (d, J = 7.9 Hz, 3H), 6.93 (dd, J = 6.9, 3.7 Hz, 1H), 5.65 (d, J = 16.2 Hz, 2H), 4.79 (q, J = 5.8 

Hz, 1H), 4.16 (q, J = 4.8 Hz, 1H), 3.69 (ddt, J = 14.0, 7.8, 3.6 Hz, 1H), 3.58 (dd, J = 12.1, 4.3 Hz, 

1H), 3.43 (dd, J = 12.0, 5.4 Hz, 1H), 2.68 (dt, J = 13.3, 6.4 Hz, 1H), 2.46 (s, 3H), 2.40 (s, 1H). 
13C NMR (100 MHz, CD3OD) δ 20.8, 30.7, 39.3, 46.6, 49.0, 63.1, 72.3, 89.4, 90.1, 118.3, 126.1, 

127.5, 128.4, 129.8, 130.0, 130.7, 133.4, 134.7, 137.6. IR (KBr): 2924.02, 2853.26, 1676.35, 

1657.79, 1566.73, 1520.85, 1456.56, 1384.22, 1369.85, 1265.65, 1206.06, 1158.49, 1087.16, 

1048.36, 1011.35, 993.58, 807.71, 696.84. HRMS [M+H] + calculated 407.1714, found 407.1701. 
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 Synthesis of 1-((2R,4S,5R)-4-hydroxy-5-(hydroxymethyl)tetrahydrofuran-2-yl)-8-

methyl-1H-[1,2,3]triazolo[4,5-c]quinolin-4(5H)-one (4.40): 5-benzyl-1-((2R,4S,5R)-4-

hydroxy-5-(hydroxymethyl)tetrahydrofuran-2-yl)-8-methyl-1H-[1,2,3]triazolo[4,5-c]quinolin-

4(5H)-one (7, 50 mg, 0.13 mmol) was taken in a two neck round bottom 

flask fitted with magnetic stirring bar and septum. The reaction vessel 

was evacuated and back filled with nitrogen. The process was repeated 

for 3 times to make it ensure that there is no tress of air present in the 

reaction vessel. Pd/C was added 5 times of the weight of the compound 

(7) followed by ammonium formate (34 mg, 0.52 mmol). Methanol was 

added to the reaction mixture. The reaction mixture was then allowed 

to heat at 90 0C. After 4h hours completion of the reaction was checked by TLC. The reaction 

mixture was then filtered through whatman 42 filter paper. Evaporation of the solvent followed by 

coloumn chromatography with 10:1 CHCl3:MeOH yield 72% white solid.    

1H NMR (400 MHz, DMSO) δ 8.03 (s, 1H), 7.44 (s, 3H), 6.93 (dd, J = 6.7, 3.8 Hz, 1H), 5.57 

(d, J = 4.9 Hz, 1H), 4.68 (t, J = 5.3 Hz, 1H), 4.61 – 4.53 (m, 1H), 3.99 (q, J = 4.9 Hz, 1H), 3.44 

(s, 1H), 3.43 (s, 1H), 3.33 (t, J = 4.7 Hz, 1H), 3.20 – 3.12 (m, 1H), 2.43 (s, 3H).13C NMR (150 

MHz, DMSO) δ 155.72, 136.95, 136.19, 135.73, 131.99, 131.66, 123.81, 116.56, 108.79, 88.76, 

87.49, 70.50, 61.47, 39.52, 38.07, 20.79. 13C NMR, DEPT135 (150 MHz, DMSO) δ 131.73, 

123.55, 88.50, 87.23, 70.24, 61.21, 39.52, 37.82, 20.53. IR (KBr): 3434.39, 3198.62, 3145.2, 

1687.17, 1633.24, 1401.35, 1119.90, 1084.37, 1059.79, 1025.59, 948.34, 889.75, 859.00, 706.23. 

HRMS [M+H] + calculated 317.1244, found 317.1194.  

4.8.3. Study of Photophysical property of FTQuon 

 UV-visible measurements: All the UV–visible spectra of the nucleoside monomers (10 

M) were measured in different organic solvents using a UV-Visible spectrophotometer with a 

cell of 1 cm path length at 25 °C. Equal volume of each sample solution in different solvents were 

used. The measurements were taken in absorbance mode. The absorbance values of the sample 

solutions were measured in the wavelength regime of 200–550 nm. All the sample solutions were 

prepared just before doing the experiment. 

 Fluorescence experiments: All the sample solutions of the nucleoside monomers (10 M) 

were prepared as described in UV measurement experiments. Fluorescence spectra were obtained 

using a fluorescence spectrophotometer at 25 °C using 1 cm path length cell. The excitation 

wavelengths for monomers were set at 
max

abs
, and emission spectra were measured in the 

wavelength regime of 315–600 nm with an integration time of 0.1 sec .  

4.8.4. Studies On the Interaction of FTQuon with BSA  

 Preparation of BSA solution: Phosphate buffer of pH 7.02 was used to prepare the solution 

of BSA (Merck). A 1200 μM of stock BSA solution was prepared by dissolving 0.08 gm of BSA 

in 1 mL phosphate buffer (20 mM) of pH 7.0. From that stock solution sub stock of 1000 μM BSA 
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was prepared. The compound stock solution was prepared in DMF because of the poor solubility 

in water. 1.0 mg of nucleoside FTQuon was dissolved in 1.5 mL DMF to make a stock probe 

solution of concentration 910.3 μM.  

 General experimental on interaction study of BSA by photophysical study: All the 

spectral measurements were carried out at room temperature. To study the interaction of compound 

with BSA, an aqueous solution of nucleoside FTQuon (10 μM) was titrated with different 

concentrations of BSA (ranging from 0, 0.25, 0.5, 7.5, 1.0, 1.5, 2, 2.5, 3.0, 4, 5, 6, 10, 14, 18, 20 

equivalent). The total volume of the final solution for each sample was 3 mL. The % of DMF 

content was 2%. The presence of 2% DMF does not induce structural changes to biomolecules. 

Each sample solution was mixed well before spectral measurements.  

 UV-Visible study with BSA: The UV–Visible absorbance measurements were performed 

using UV-visible spectrophotometer with a cell of 1 cm path length at 298 K. All the UV-Visible 

studies were carried out in 20 mM phosphate buffer of pH 7.02 containing solution at 298 K. 2 % 

DMF was used to solubilize the probe. The measurements were taken in absorbance mode and the 

absorbance values of the sample solutions were measured in the wavelength regime of 200– 700 

nm. All the experiments were carried out with freshly prepared sample solutions.  

 Fluorescence study with BSA: All fluorescence and steady state anisotropy experiments 

were performed using a steady state fluorescence spectrophotometer with a cell of 1 cm path length 

at 298 K. The excitation wavelength for probe nucleoside FTQuon was set at 220 nm, 420 nm and 

emission spectra were measured in the wavelength regime of 290–650 nm. Steady state anisotropy 

of the solutions was measured using steady state fluorescence spectrophotometer. The 

fluorescence lifetime experiment was carried out as described above. 

4.8.5. Cartesian coordinates of ONIOM optimized trimer 

AFTQuonA:TTT 

ONIOM Total Energy = -2917.64599807 a.u. 

1 O1     7.5226    -6.7944    -1.4912 O 

2 C2     8.3318    -5.6734    -1.7218 C 

3 C3     7.5059    -4.3851    -1.6347 C 

4 O4     6.3839    -4.4627    -2.4797 O 

5 C5     6.9528    -4.1282    -0.2314 C 

6 O6     7.8320    -3.6483     0.7812 O 

7 C7     5.7294    -3.2836    -0.4852 C 

8 C8     5.4724    -3.5000    -1.9912 C 

9 N9     4.1210    -3.9316    -2.2511 N 

10 C10     3.4324    -4.9284    -1.5895 C 

11 N11     2.1514    -4.9228    -1.8314 N 

12 C12     1.9833    -3.8671    -2.7031 C 

13 C13     0.8255    -3.2836    -3.2587 C 

14 N14    -0.4074    -3.7440    -3.0184 N 

15 N15     0.9869    -2.2178    -4.0608 N 

16 C16     2.2288    -1.7608    -4.3030 C 

TH-1635_11612228



Design, Synthesis and Photophysical Properties of Fused Triazolyl 2-Quinolinone Nucleoside 
 

179 
 

17 N17     3.3751    -2.2112    -3.8324 N 

18 C18     3.1903    -3.2427    -2.9944 C 

19 H19    -1.2030    -3.1984    -3.3269 H 

20 H20    -0.5485    -4.3377    -2.2193 H 

21 P21    -5.3828     5.5599    -0.6565 P 

22 O22    -5.0885     6.8476     0.0830 O 

23 O23    -6.8581     5.7434    -1.4655 O 

24 O24    -4.1623     5.2117    -1.8024 O 

25 C25    -2.9449     5.7742    -1.3670 C 

26 C26    -1.7776     5.2355    -2.2018 C 

27 O27    -1.6489     3.8499    -2.0107 O 

28 C28    -1.9353     5.4845    -3.7006 C 

29 O29    -1.3289     6.6912    -4.0829 O 

30 C30    -1.2204     4.3061    -4.3200 C 

31 C31    -0.9659     3.3609    -3.1417 C 

32 N32    -1.4054     2.0107    -3.4353 N 

33 C33    -0.4560     0.9881    -3.5778 C 

34 O34     0.7471     1.1742    -3.5812 O 

35 N35    -0.9929    -0.2685    -3.7230 N 

36 C36    -2.3216    -0.6228    -3.7419 C 

37 O37    -2.6748    -1.7982    -3.7891 O 

38 C38    -3.2612     0.4944    -3.7137 C 

39 C39    -4.7162     0.1892    -3.8999 C 

40 C40    -2.7600     1.7309    -3.5481 C 

41 H41    -0.2775    -1.0252    -3.8733 H 

42 H42     9.1550    -5.6371    -0.9735 H 

43 H43     8.7814    -5.7444    -2.7373 H 

44 H44     8.1290    -3.5442    -2.0007 H 

45 H45     6.5658    -5.1015     0.1461 H 

46 H46     4.8862    -3.6146     0.1591 H 

47 H47     5.8977    -2.2185    -0.2609 H 

48 H48     5.6721    -2.5466    -2.5296 H 

49 H49     3.9311    -5.6318    -0.9400 H 

50 H50     2.2774    -0.8972    -4.9566 H 

51 H51    -2.9779     6.8811    -1.4761 H 

52 H52    -2.7355     5.5170    -0.3019 H 

53 H53    -0.8440     5.7261    -1.8410 H 

54 H54    -3.0045     5.4661    -4.0164 H 

55 H55    -1.8505     3.8415    -5.1105 H 

56 H56    -0.2528     4.6103    -4.7783 H 

57 H57     0.1227     3.3885    -2.9073 H 

58 H58    -5.3123     1.1023    -3.8965 H 

59 H59    -4.8715    -0.3265    -4.8487 H 

60 H60    -5.0725    -0.4776    -3.1134 H 

61 H61    -3.4326     2.5804    -3.5099 H 

62 P62     8.8153    -2.3081     0.3500 P 

63 O63     9.9137    -2.7443    -0.5946 O 

64 O64     9.5433    -1.7695     1.7797 O 

65 O65     7.9195    -1.0203    -0.3292 O 

66 C66     8.7822     0.0772    -0.5444 C 

67 C67     7.9775     1.3803    -0.6634 C 

68 O68     7.0576     1.3098    -1.7298 O 

69 C69     7.2084     1.7134     0.6085 C 

70 O70     8.0252     2.4332     1.5115 O 

71 C71     6.1141     2.5820     0.0663 C 

72 C72     5.8989     2.0289    -1.3408 C 
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73 N73     4.7478     1.1631    -1.3700 N 

74 N74     3.7653    -0.7296    -1.3814 N 

75 C75     2.8348     0.2296    -1.1679 C 

76 C76     1.4300     0.0193    -0.8698 C 

77 O77     0.8174    -1.0450    -0.9365 O 

78 N78     0.8300     1.1662    -0.4283 N 

79 C79     3.4391     1.4753    -1.1409 C 

80 H80    -0.1485     1.0543    -0.1510 H 

81 P81    -9.4489    -0.4773     0.4923 P 

82 O82   -10.7459     0.2435     0.2037 O 

83 O83    -8.8325    -1.1060    -0.9561 O 

84 O84    -8.3539     0.6080     1.2209 O 

85 C85    -7.8372     1.4867     0.2514 C 

86 C86    -6.6073     2.1848     0.8459 C 

87 O87    -5.7000     1.1990     1.3004 O 

88 C88    -5.9130     3.0987    -0.1718 C 

89 O89    -5.4944     4.2857     0.4782 O 

90 C90    -4.7237     2.2779    -0.5871 C 

91 C91    -4.4889     1.3613     0.5986 C 

92 N92    -3.9616     0.0813     0.1599 N 

93 C93    -2.5930    -0.0387    -0.0210 C 

94 O94    -1.8235     0.8946     0.1992 O 

95 C95    -2.9372    -2.3653    -0.7672 C 

96 C96    -4.3758    -2.1022    -0.7693 C 

97 C97    -4.8092    -0.9220    -0.3031 C 

98 H98     9.5136     0.2252     0.2830 H 

99 H99     9.3480    -0.0816    -1.4886 H 

100 H100     8.6940     2.2046    -0.8860 H 

101 H101     6.7596     0.7774     1.0241 H 

102 H102     5.2079     2.5283     0.7039 H 

103 H103     6.4525     3.6407     0.0027 H 

104 H104     5.7462     2.8575    -2.0644 H 

105 H105    -7.5159     0.9567    -0.6728 H 

106 H106    -8.6050     2.2483    -0.0104 H 

107 H107    -6.9462     2.7827     1.7214 H 

108 H108    -6.5839     3.2872    -1.0437 H 

109 H109    -4.9888     1.6899    -1.4904 H 

110 H110    -3.8235     2.8894    -0.7981 H 

111 H111    -3.7790     1.8544     1.3021 H 

112 H112    -5.8693    -0.7132    -0.2978 H 

113 P113     7.6171     2.0059     3.1135 P 

114 O114     8.4115     2.8635     4.0738 O 

115 O115     8.0320     0.3872     3.3745 O 

116 O116     5.9403     2.1874     3.3861 O 

117 C117     5.6403     3.5588     3.5129 C 

118 C118     4.1331     3.7462     3.7342 C 

119 O119     3.4087     3.1917     2.6610 O 

120 C120     3.6477     3.0974     5.0260 C 

121 O121     3.7249     3.9846     6.1106 O 

122 C122     2.2186     2.7712     4.7066 C 

123 C123     2.2089     2.6541     3.1840 C 

124 N124     2.0595     1.2793     2.7790 N 

125 C125     3.0075     0.4673     2.1884 C 

126 N126     2.5467    -0.7075     1.8637 N 

127 C127     1.2255    -0.6677     2.2466 C 

128 C128     0.1899    -1.6186     2.1151 C 
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129 N129     0.3782    -2.7933     1.5188 N 

130 N130    -1.0152    -1.2899     2.6247 N 

131 C131    -1.1894    -0.0739     3.1716 C 

132 N132    -0.3121     0.9092     3.3003 N 

133 C133     0.8893     0.5522     2.8202 C 

134 H134    -0.3786    -3.4672     1.4576 H 

135 H135     1.2140    -2.9194     0.9723 H 

136 O136    -8.6927    -5.4886     0.8476 O 

137 C137    -9.5864    -4.9328     1.7766 C 

138 C138    -8.9297    -3.7885     2.5609 C 

139 O139    -7.7353    -4.2264     3.1683 O 

140 C140    -8.6157    -2.5781     1.6928 C 

141 O141    -9.7556    -1.7437     1.5979 O 

142 C142    -7.4856    -1.9502     2.4666 C 

143 C143    -6.8400    -3.1286     3.1944 C 

144 N144    -5.5552    -3.4757     2.6026 N 

145 C145    -4.4791    -2.5937     2.8009 C 

146 O146    -4.5993    -1.4823     3.2875 O 

147 N147    -3.2564    -3.0741     2.4011 N 

148 C148    -2.9710    -4.3147     1.8686 C 

149 O149    -1.8220    -4.6725     1.6522 O 

150 C150    -4.1364    -5.1342     1.5648 C 

151 C151    -3.9042    -6.4017     0.8037 C 

152 C152    -5.3427    -4.6889     1.9505 C 

153 H153    -2.4528    -2.4271     2.5524 H 

154 H154     6.1747     4.0041     4.3816 H 

155 H155     5.9280     4.1116     2.5904 H 

156 H156     3.9187     4.8391     3.7653 H 

157 H157     4.1941     2.1499     5.2466 H 

158 H158     1.8947     1.8380     5.2186 H 

159 H159     1.5486     3.6040     5.0184 H 

160 H160     1.3588     3.2426     2.7768 H 

161 H161     4.0274     0.7796     2.0294 H 

162 H162    -2.1934     0.1110     3.5406 H 

163 H163   -10.5171    -4.5708     1.2799 H 

164 H164    -9.8841    -5.7287     2.4919 H 

165 H165    -9.6325    -3.4844     3.3708 H 

166 H166    -8.2502    -2.9129     0.6952 H 

167 H167    -6.7829    -1.4285     1.7860 H 

168 H168    -7.8820    -1.2247     3.2121 H 

169 H169    -6.6801    -2.8558     4.2621 H 

170 H170    -4.8414    -6.9268     0.6176 H 

171 H171    -3.4235    -6.1676    -0.1482 H 

172 H172    -3.2281    -7.0574     1.3533 H 

173 H173    -6.2054    -5.2955     1.7121 H 

174 C174     1.3795     2.4273    -0.3898 C 

175 C175     2.7061     2.6767    -0.7981 C 

176 C176     3.1729     4.0019    -0.7780 C 

177 C177     2.3903     5.0483    -0.3218 C 

178 C178     1.0920     4.7634     0.1318 C 

179 C179     0.5874     3.4811     0.0937 C 

180 H180     4.1662     4.2401    -1.1339 H 

181 H181     0.4737     5.5684     0.5131 H 

182 H182    -0.4124     3.2545     0.4459 H 

183 C183     2.9103     6.4626    -0.3021 C 

184 H184     2.8818     6.8756     0.7083 H 
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185 H185     3.9400     6.5069    -0.6561 H 

186 H186     2.3063     7.1113    -0.9397 H 

187 H187     4.6738     3.9913     6.4010 H 

188 H188    -8.8953    -5.0804    -0.0340 H 

189 H189     8.1218    -7.5831    -1.5513 H 

190 H190    -1.9427     7.4165    -3.7962 H 

191 N191     4.9063    -0.1689    -1.5077 N 

192 O192    -2.4446    -3.4485    -1.0183 O 

193 C193    -5.2707    -3.1494    -1.3543 C 

194 H194    -5.1092    -4.1088    -0.8640 H 

195 H195    -6.3193    -2.8661    -1.2539 H 

196 H196    -5.0301    -3.2741    -2.4124 H 

197 N197    -2.1523    -1.2558    -0.4604 N 

198 H198    -1.1344    -1.3438    -0.5637 H 

 

AFTQuonA:TCT 

ONIOM Total Energy = -2976.83364822 a.u. 

1 O1     9.6567    -3.6470    -4.8495 O 

2 C2    10.1997    -2.7528    -3.9165 C 

3 C3     9.0956    -2.1551    -3.0372 C 

4 O4     8.0809    -1.5993    -3.8388 O 

5 C5     8.4147    -3.2043    -2.1445 C 

6 O6     9.0494    -3.5674    -0.9217 O 

7 C7     6.9969    -2.7006    -2.0025 C 

8 C8     6.9340    -1.5442    -3.0182 C 

9 N9     5.7460    -1.6116    -3.8325 N 

10 C10     5.3013    -2.7147    -4.5342 C 

11 N11     4.0737    -2.6023    -4.9543 N 

12 C12     3.6849    -1.3576    -4.5079 C 

13 C13     2.4317    -0.7118    -4.5346 C 

14 N14     1.3482    -1.2752    -5.0806 N 

15 N15     2.3501     0.5138    -3.9900 N 

16 C16     3.4500     1.0636    -3.4468 C 

17 N17     4.6564     0.5349    -3.3165 N 

18 C18     4.7072    -0.7064    -3.8276 C 

19 H19     0.4342    -0.8677    -4.9014 H 

20 H20     1.4203    -2.2411    -5.3464 H 

21 P21    -6.7105     5.1542    -0.9522 P 

22 O22    -7.2636     6.4268    -0.3504 O 

23 O23    -7.5239     4.8626    -2.4085 O 

24 O24    -5.0474     5.3512    -1.2922 O 

25 C25    -4.3858     5.7340    -0.1076 C 

26 C26    -2.8731     5.8389    -0.3538 C 

27 O27    -2.3543     4.5662    -0.6704 O 

28 C28    -2.5247     6.8269    -1.4822 C 

29 O29    -1.6493     7.8205    -1.0146 O 

30 C30    -1.8227     5.9688    -2.5035 C 

31 C31    -1.4109     4.7467    -1.7003 C 

32 N32    -1.3392     3.5599    -2.5333 N 

33 C33    -0.1007     2.9564    -2.7762 C 

34 O34     0.9735     3.4355    -2.4593 O 

35 N35    -0.1776     1.7515    -3.4373 N 

36 C36    -1.3026     1.0817    -3.8562 C 

37 O37    -1.2311    -0.0108    -4.4155 O 

TH-1635_11612228



Design, Synthesis and Photophysical Properties of Fused Triazolyl 2-Quinolinone Nucleoside 
 

183 
 

38 C38    -2.5560     1.7787    -3.6178 C 

39 C39    -3.8226     1.1230    -4.0717 C 

40 C40    -2.5059     2.9572    -2.9754 C 

41 H41     0.7428     1.3127    -3.6406 H 

42 H42    10.9422    -3.2764    -3.2732 H 

43 H43    10.7185    -1.9278    -4.4539 H 

44 H44     9.5425    -1.3252    -2.4536 H 

45 H45     8.3414    -4.1442    -2.7362 H 

46 H46     6.2783    -3.5166    -2.2340 H 

47 H47     6.7626    -2.3632    -0.9774 H 

48 H48     6.9579    -0.5769    -2.4682 H 

49 H49     5.9326    -3.5742    -4.7018 H 

50 H50     3.3019     2.0646    -3.0535 H 

51 H51    -4.7494     6.7275     0.2396 H 

52 H52    -4.5497     4.9830     0.6991 H 

53 H53    -2.4015     6.1706     0.5990 H 

54 H54    -3.4241     7.3009    -1.9418 H 

55 H55    -2.5363     5.6978    -3.3124 H 

56 H56    -0.9405     6.4747    -2.9542 H 

57 H57    -0.4284     4.9644    -1.2222 H 

58 H58    -4.6757     1.7888    -3.9385 H 

59 H59    -3.7509     0.8441    -5.1234 H 

60 H60    -3.9966     0.2029    -3.5081 H 

61 H61    -3.4238     3.4965    -2.7862 H 

62 P62     9.5263    -2.2489     0.0678 P 

63 O63    10.8892    -1.7659    -0.3808 O 

64 O64     9.6581    -2.8150     1.6561 O 

65 O65     8.3898    -0.9743     0.0493 O 

66 C66     8.9925     0.1797     0.5856 C 

67 C67     7.9371     1.2706     0.8047 C 

68 O68     7.0772     1.3621    -0.3102 O 

69 C69     7.0715     1.0256     2.0316 C 

70 O70     7.7093     1.4910     3.2040 O 

71 C71     5.8777     1.8684     1.6946 C 

72 C72     5.8122     1.7742     0.1760 C 

73 N73     4.7906     0.8329    -0.2024 N 

74 N74     4.0265    -1.0558    -0.8348 N 

75 C75     2.9796    -0.2239    -0.6020 C 

76 C76     1.5710    -0.5356    -0.7573 C 

77 O77     1.1300    -1.5927    -1.2102 O 

78 N78     0.7623     0.4822    -0.3316 N 

79 C79     3.4405     1.0062    -0.1630 C 

80 H80    -0.2446     0.3189    -0.4499 H 

81 P81   -10.1053    -1.4024     0.3354 P 

82 O82   -11.4490    -0.7114     0.3816 O 

83 O83    -9.7731    -1.8483    -1.2656 O 

84 O84    -8.9124    -0.3453     0.9412 O 

85 C85    -8.6349     0.6341    -0.0295 C 

86 C86    -7.5522     1.5721     0.5168 C 

87 O87    -6.4163     0.8007     0.8653 O 

88 C88    -7.1476     2.6454    -0.5111 C 

89 O89    -6.9349     3.8727     0.1654 O 

90 C90    -5.8559     2.0805    -1.0378 C 

91 C91    -5.3209     1.3426     0.1674 C 

92 N92    -4.3778     0.3182    -0.2362 N 

93 C93    -3.0143     0.6955    -0.4078 C 
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94 O94    -2.6729     1.8469    -0.1585 O 

95 N95    -2.1379    -0.2442    -0.8353 N 

96 C96    -2.5380    -1.4630    -1.1771 C 

97 N97    -1.6238    -2.3398    -1.5699 N 

98 C98    -3.9335    -1.8281    -1.1460 C 

99 C99    -4.7989    -0.9129    -0.6653 C 

100 H100    -0.6407    -2.0646    -1.5282 H 

101 H101    -1.8654    -3.3133    -1.6591 H 

102 H102     9.4965    -0.0262     1.5590 H 

103 H103     9.7445     0.5725    -0.1348 H 

104 H104     8.4677     2.2448     0.9196 H 

105 H105     6.7842    -0.0548     2.0606 H 

106 H106     4.9620     1.4847     2.1847 H 

107 H107     6.0474     2.9260     1.9980 H 

108 H108     5.5845     2.7626    -0.2755 H 

109 H109    -8.2513     0.1649    -0.9639 H 

110 H110    -9.5483     1.2316    -0.2528 H 

111 H111    -7.9503     2.0572     1.4362 H 

112 H112    -7.9198     2.7381    -1.3079 H 

113 H113    -6.0736     1.3719    -1.8675 H 

114 H114    -5.1402     2.8446    -1.3887 H 

115 H115    -4.8326     2.0707     0.8564 H 

116 H116    -4.2737    -2.7923    -1.4926 H 

117 H117    -5.8569    -1.1348    -0.6152 H 

118 P118     7.1304     0.6089     4.5490 P 

119 O119     7.7323     1.1833     5.8125 O 

120 O120     7.6288    -1.0014     4.4055 O 

121 O121     5.4224     0.6462     4.6289 O 

122 C122     5.0110     1.9167     5.0817 C 

123 C123     3.4781     2.0176     5.0576 C 

124 O124     2.9836     1.7358     3.7693 O 

125 C125     2.8092     1.0606     6.0351 C 

126 O126     2.6794     1.6309     7.3108 O 

127 C127     1.4617     0.8530     5.4051 C 

128 C128     1.7080     1.1442     3.9248 C 

129 N129     1.6198    -0.0673     3.1495 N 

130 C130     2.6587    -0.8461     2.6804 C 

131 N131     2.2565    -1.9155     2.0530 N 

132 C132     0.8835    -1.8427     2.1134 C 

133 C133    -0.1202    -2.6778     1.5832 C 

134 N134     0.1647    -3.7743     0.8682 N 

135 N135    -1.3978    -2.3517     1.8450 N 

136 C136    -1.6679    -1.2318     2.5425 C 

137 N137    -0.8153    -0.3505     3.0364 N 

138 C138     0.4551    -0.7090     2.7957 C 

139 H139    -0.5925    -4.2449     0.3879 H 

140 H140     1.0924    -3.8248     0.4797 H 

141 O141    -9.2413    -6.3525    -0.1274 O 

142 C142    -9.9676    -5.9544     1.0061 C 

143 C143    -9.1858    -4.9219     1.8296 C 

144 O144    -7.9027    -5.4094     2.1427 O 

145 C145    -9.0264    -3.5881     1.1134 C 

146 O146   -10.1693    -2.7849     1.3369 O 

147 C147    -7.7861    -3.0397     1.7739 C 

148 C148    -7.0473    -4.2878     2.2604 C 

149 N149    -5.8153    -4.4853     1.5137 N 
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150 C150    -4.7095    -3.6844     1.8477 C 

151 O151    -4.7609    -2.7755     2.6542 O 

152 N152    -3.5472    -4.0035     1.1875 N 

153 C153    -3.3930    -4.8973     0.1615 C 

154 O154    -2.3128    -5.0291    -0.4201 O 

155 C155    -4.5857    -5.6458    -0.2058 C 

156 C156    -4.4807    -6.6305    -1.3295 C 

157 C157    -5.7180    -5.4057     0.4808 C 

158 H158    -2.7224    -3.3875     1.4316 H 

159 H159     5.3586     2.0932     6.1239 H 

160 H160     5.4172     2.7222     4.4295 H 

161 H161     3.1959     3.0647     5.3148 H 

162 H162     3.3437     0.0822     6.0846 H 

163 H163     1.0871    -0.1781     5.5910 H 

164 H164     0.7236     1.5824     5.8085 H 

165 H165     0.9460     1.8645     3.5543 H 

166 H166     3.6949    -0.5836     2.8250 H 

167 H167    -2.7240    -1.0505     2.7118 H 

168 H168   -10.9665    -5.5441     0.7270 H 

169 H169   -10.1454    -6.8509     1.6372 H 

170 H170    -9.7360    -4.7616     2.7860 H 

171 H171    -8.8305    -3.7668     0.0315 H 

172 H172    -7.1864    -2.4397     1.0552 H 

173 H173    -8.0570    -2.4023     2.6453 H 

174 H174    -6.8064    -4.1750     3.3422 H 

175 H175    -5.4350    -7.1269    -1.5048 H 

176 H176    -4.1674    -6.1325    -2.2484 H 

177 H177    -3.7251    -7.3836    -1.1031 H 

178 H178    -6.6100    -5.9501     0.2026 H 

179 C179     1.1774     1.6905     0.2103 C 

180 C180     2.5396     2.0460     0.2884 C 

181 C181     2.8720     3.2986     0.8359 C 

182 C182     1.9118     4.1657     1.3204 C 

183 C183     0.5670     3.7693     1.2609 C 

184 C184     0.1990     2.5601     0.7148 C 

185 H185     3.8984     3.6293     0.8982 H 

186 H186    -0.2007     4.4279     1.6524 H 

187 H187    -0.8406     2.2665     0.6582 H 

188 C188     2.2890     5.5042     1.8994 C 

189 H189     3.3716     5.6124     1.9691 H 

190 H190     1.9094     6.3175     1.2774 H 

191 H191     1.8696     5.6309     2.8995 H 

192 H192     3.5613     1.5309     7.7547 H 

193 H193    -9.5874    -5.8280    -0.8956 H 

194 H194    10.4239    -3.9994    -5.3710 H 

195 H195    -2.2015     8.4549    -0.4870 H 

196 N196     5.1080    -0.4162    -0.5867 N 
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4.9. 1H, 13C NMR and NOESY spectra 
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5.1. Introduction 

 Förster resonance energy transfer (FRET) has got immense application in chemistry, 

biology, optical imaging and in DNA analysis including medicinal sciences.1 FRET is a process 

in which excitation energy is transferred from a donor fluorophoric unit (D) from its excited state 

to an acceptor fluorophoric unit (A) (Figure 5.1). The absorption spectrum of the donor overlaps 

with the fluorescence emission spectrum of the acceptor, indicates the possibility of FRET process 

to occur. The excited state energy transfer can take place through a number of different type of 

interaction mechanisms which might be coulombic and/or intermolecular orbital overlap. The 

coulombic interaction includes short-range multi-polar interactions and long range dipolar-

interactions. On the other hand, intermolecular orbital overlap includes electron exchange and 

charge resonance interactions where both are short range interactions. It is to be noted that both 

the coulombic and intermolecular orbital overlap interactions are singlet-singlet energy transfer 

interaction (1D* + 1A → 1D + 1A*) whereas intermolecular orbital overlap also involves triplet-

triplet (3D* + 1A → 1D + 3A*) energy transfer interaction. On the other hand, coulombic interaction 

is the process where the excited electron on the donor returns to its ground state while 

simultaneously an electron on the acceptor promoted to its excited state. The exchange term 

involves to an energy transfer process which is associated with an exchange of two electrons 

between acceptor (A) and donor (D).2    

         

 

 

 

         

 

 

 

 

 

 

 

Figure 5.1: (a) Schematic representation of Förster resonance energy transfer (FRET). (b) 

Overlapping region of the emission spectrum of the donor (D) with the absorption spectrum of the 

acceptor (A). 
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 The nonradiative energy transfer occurs only when the donor and acceptor will be within 

a certain distance i.e. the characteristic Förster distance and that is why FRET is a distance 

dependent nonradiative energy transfer phenomena. Due to this reason FRET is used to measure 

distance in molecular assemblies. The intermolecular distance between D and A defines the rate 

of energy transfer between these two moieties.1,3 Generally in a FRET process as the energy is 

transferred from donor to acceptor thereby fluorescence intensity and quantum efficiency of the 

donor decreased and that of the acceptor increased.   

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.2: (a) FRET in determining peptide conformation. (b) RNA analogues can be selective 

towards protein containing native tryptophan. (c) Metal ion sensing through FRET process. 

 

 FRET is a spectroscopic ruler, and thus can be effectively utilized in determining molecular 

proximity at angstrom level in many biological process with much accuracy compare to the other 
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methods.4 There are many biological events that require its usage e.g. in the study of cellular 

process where FRET imaging technique is used extensively.5,4c It is also used widely for probing 

cell structure,5b in determining protein folding/unfolding status,4c for glucose detection in clinical 

diagnostic5d and studying the antigen-antibody interaction.5e 

 Recently our group reported a tripeptide 5.1 where FRET process have been used to carry 

out its conformational analysis. As FRET is a distance dependent phenomenon, it helps to draw a 

conclusion about the solution conformation of the tripeptide. The proof of the two triazolyl 

moieties i.e. phenanthrene triazole and 4-benzonitrile triazole are coming closer is evidenced by 

the FRET event operating within them helping us to conclude that the solution conformational 

orientation of this tripepetide is β-turn (Figure 5.2).6a 

 Tor et al. reported that a fluorescent RNA analogue 5.3 comprised 5-aminoquinazoline-

2,4(1H,3H)- dione can be capable to act as a FRET acceptor of natural amino acid tryptophan 5.2 

(Figure 5.2). So this FRET pair is capable in monitoring protein-RNA interactions in proteins and 

peptides with native tryptophan residues.6b   

 Besides Lee et al. used it in metal ion sensing. They developed a calix[4]arene derivative 

5.4a consist of two pyrene and one rhodamine fluorophore can be capable to act as a selective 

sensor for Hg2+ ion (Figure 5.2).6c  

5.2. FRET based DNAs and its applications   

 Förster resonance energy transfer (FRET) has been widely used in monitoring the 

hybridization of the duplex DNA containing fluorescent dye. It is the process through which it is 

possible to get a glimpse of the structure and dynamics of the supramolecules containing 

chromophoric unit.7 The last two decades have been involved in the process of determination and 

the analysis of duplex DNA conformation.  

 In the pioneering work of Clegg et al.8 it was reported that the oligonucleotide containing 

donor acceptor fluorophore in the appropriate position led to the FRET event. This study provided 

an excellent opportunity in exploring FRET techniques for the investigation of structure of the 

hybridized duplex DNA. Latter on this technique has been extended by Tor et al.9 and several such 

studies showed that the DNA duplex can be an excellent platform in studying the FRET process 

due to its predictable nature of arraying nucleobases in a probable manner. After the invention of 

DNA as a sculpture in exploring FRET process with much accuracy, quite a lot of FRET based 

DNA system have been explored. As for example in an electrostatic complex of a dye-labelled 

anionic DNA strand and a cationic conjugated polymer, in situ demonstration of optical DNA 

detection has been carried out via FRET techniques through the measurement of amplified 

fluorescence of DNA which is labelled with fluorescent dye.10  

 A FRET system was designed consisting of gold nanoparticles (GNPs), oligonucleotides, 

and chromophores, utilised for the detection of DNA complementary to G-quadruplex. It was 

found that the hybridisation with targeted DNA leading to the enhancement of fluorescence 
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resulted because of the stretching of G-quadruplex. The detection limit by using this FRET system 

can be as low as 40 pM (S/N=3). This result led to a conclusion that the bigger GNPs had the 

ability of higher fluorescent enhancement after hybridisation.11 Luca et al. applied FRET 

techniques in a suitable donor-acceptor system which revealed DNA sequences that is specific to 

genetically correlated disease.12 They employed this strategy and able to identify an individual, 

even heterozygote which was carrying the DQB1 gene sequence confers the exposer for 

developing insulin-dependent diabetes mellitus without having been performed any PCR 

amplification, DNA extraction or purification.13 So this discussion suggest over the year 

development of FRET-DNA system which are extensively used in the field of monitoring DNA 

hybridization and detection of genetic mutations.14  

 In an another example fluorescein 5.5 and rhodamine 5.6 family were used respectively as 

a donor/acceptor pairs which are often linked with DNA nucleobase through a flexible linker 

which allow them to move freely in space to interact with each other in taking part to the FRET 

phenomenon (Figure 5.3).15  

 

 

 

 

 

 

 

 

Figure 5.3: DNA labelled with fluorescein-rhodamine FRET donor-acceptor pair and their 

FRET involvement. 

 

 Pyrene and perylene based aromatic hydrocarbon can be chosen as a FRET pair because of 

their spectral characteristic. As perylene has high quantum yield its absorption spectrum overlaps 

with the fluorescence emission spectrum of pyrene and thus perylene can be designated as an 

FRET acceptor whereas pyrene can be designated as a FRET donor.16,17 Masuko and coworkers 

are the first to introduce pyrene and perylene as a donor/acceptor FRET pair in the study of the 

DNA duplex hybridisation.17 So after hybridisation according to their report the FRET efficiency 

was 100%.   

 Saito et al.18 reported dual-labeled oligonucleotide probe was used to sense adenosine 

through FRET interaction. Pyrene 5.7 and anthracene 5.8 containing fluorescent nucleoside were 
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incorporated into the middle of the DNA, were acted as a FRET donor. Nucleoside consisting of 

fluorescein 5.9 is incorporated into the 5' end of the oligonucleotide acted as a FRET acceptor. The 

FRET phenomenon was observed between the donor and acceptor nucleoside. Upon excitation at 

the donor, a selective emission from the acceptor was observed only when adenine would place 

opposite to the base discriminating fluorescence (BDF) nucleoside i.e. PyU and/or 2-AntU. Thus it 

was possible to detect the presence or absence of adenine whenever placed as a complementary 

pair opposite to BDF labeled probe DNA through the generation of a discriminating fluorescence 

signal via FRET (Figure 5.4).  

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.4: Structures of the two BDF nucleosides PyU and 2-AntU as donors and the FAM (F) 

as the FRET acceptor used in probe designing for DNA detection. 

 

 Fluorpophores tethered with nonnucleosidic moieties was incorporated into DNA and then 

FRET was explored through DNA hybridization. To explore the structure, dynamics and 

hybridization with the non-nucleosidic base incorporation into the DNA, Asanuma and co-

workers19 have chosen two non nucleosidic moiety based on D-threoninol where D-threoninol is 

labelled with pyrene 5.10 and perylene 5.11. This incorporation followed by hybridization of two 

single strand ODNs where pyrene and perylene modified D-threoninol placed just opposite to each 

other make them understand to draw a conclusion that the pyrene-perylene is forming as a FRET 

donor-acceptor pair (Figure 5.5).  
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Figure 5.5: Incorporated of pyrene and perylene modified D-threoninol non-nucleosidic base 

into DNA which are behaving as a FRET pair. 

  

 Wilhelmsson et al.20 presented first time a detailed a precise investigation on the structure 

and dynamics of the nucleic acid and the interaction of them with other biomacromolecules 

through the exploitation of FRET interaction. The doubly labelled DNA duplex was designed 

contained two nucleobases in two strand acting as the donor acceptor FRET pair. They designed 

one strand contains an energy donor unnatural nucleoside labelled with 1,3-diaza-2-

oxophenoxazine 5.12 and another strand modified with a nucleoside labelled with an energy 

acceptor 7-nitro-1,3-diaza-2-oxophenothiazine 5.13. In the designed duplex both the nucleobases 

are rigidly located within the base stack confirming a high control of orientation factor in the FRET 

event. They observed the FRET pair is able to monitor distances which successfully covering up 

more than one turn of DNA duplexes. As the number of bases are separating the two FRET pair, 

they are able to generate different type of distinguishable FRET signal. This study through the 

interaction of the FRET pair revealed that the distance dependent FRET event can efficiently able 

to provide the information about the varying interaction between the differently placed nucleic 

acids and other molecules and biomacromolecules (Figure 5.6).  
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Figure 5.6: 1,3-diaza-2-oxophenoxazine and 7-nitro-1,3-diaza-2-oxophenoxazine modified 

FRET pair and oligonulceosides used in FRET interaction.  

 

5.3. Background 

 The transfer of excited electronic state energy non-radiatively of a donor fluorescent 

molecule (D) to an acceptor molecule (A) via long range dipole-dipole interaction is known as 

Föster resonance energy transfer (FRET).1 The rate of energy transfer is dependent on the 

intermolecular distance between the D and A.1 In general, the fluorescence intensity and the 

quantum efficiency of the acceptor increases and that of the donor decreases in a FRET event.1 

FRET as a spectroscopic ruler, thus, can probe the molecular proximity quantitatively in many 

biological events at angstrom distances with much more accuracy than other methods can provide.4 

Rigid structure of double helical DNA allows the opportunity for studying distance dependence of 

FRET process.21 Many FRET-based DNA systems have, therefore, been developed and widely 

utilized in the genetic analysis such as the detection of genetic mutations and monitoring the DNA 

hybridization events.14 Recently, several backbone modified multichromophoric DNA systems 

have been developed for studying various photophysical interactions among the chromophores.22 

A number of DNA scaffolds such as non-nucleosidic base surrogates,23a labels of nucleobases,23b 

unnatural nucleobase23c and fluorescent nucleic acids mimics23d with multiple chromophores have 

been developed and their photophysical properties  investigated. A number of laboratories have 
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also explored FRET interactions in multichromophoric DNA using traditional monomeric 

fluorescent dyes in quest of optoelectronic devices, light harvesting materials and clinical 

diagonostics.24 Therefore, it is clear that FRET have been widely employed in biological and 

biophysical studies. Because of the broad utility, the addition of new classes of 

chromophores/labeled DNA for studying hybridization accompanying FRET event is currently an 

attractive research area in nucleic acid system. 

5.4. Objective 

 Recently, we have reported a dual door entry system to exciplex emission wherein we 

observed that the FRET is one of the two paths through which exciplex emission is observed in a 

chimeric DNA duplex.25 Herein, we want to report two novel FRET based DNA systems in which 

fluorescent unnatural nucleoside, triazolylphenanthrene (5.15, TPhenBDo) paired against either -

oxopyrene labeled-2'-deoxyuridine (5.14, OxoPyU) or perylene labeled 2'-deoxyuridine (5.16, PerU) 

in the central position of the formed two chimeric DNA duplexes (Figure 5.7).  

 

 

 

 

 

 

 

 

 

 

 

Figure 5.7: (a-b) Schematics of FRET process and the structures of the oxopyrene and perylene 

labelled natural uridine (OxoPyU and PerU) and unnatural nucleoside, triazolylphenanthrene 

(TPhenBDo). (c-d) Amber* optimized geometry of the chimeric base pairs OxoPyU:TPhenBDo and PerU 

: TPhenBDo held by inter-strand -stacking interaction.  

 The idea behind our choice of a pair of fluorescent chimeric nucleobases is the flexible 

long chain of OxoPyU and/or rigid propynylcarboxamide linkage in PerU which might allow 

oxopyrene and/or perylene chromophore of the probe DNAs to come closer to the oppositely 

spaced triazolylphenanthrene (TPhenBDo) nucleoside of the target DNA in the formed chimeric 

DNA duplexes and lead to FRET interaction process. To the best of our knowledge, the design of 
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such chimeric DNA duplex wherein a fluorescent unnatural nucleoside (TPhenBDo) paired against a 

fluorescently labeled natural nucleoside (OxoPyU or PerU) involved in dipolar interaction is not 

known.  

5.5. Results and discussion 

 The -oxopyrene labeled 2'-deoxyuridine (5.14, OxoPyU), perylene labeled 2'-deoxyuridine 

(5.16, PerU) and the unnatural nucleoside (5.15, TPhenBDo) were synthesized following our 

published protocol.26 

5.5.1. Study of UV-visible and Fluorescence Photophysical Properties of Nucleoside 

Monomers. 

 The UV-visible spectra of OxoPyU (Figure 5.8a) nucleoside in various organic solvents 

showed a red shifted absorbance (~ 10 nm) with decreased intensity of the band at 345-355 nm as 

the solvent polarity increased and it showed a highly micropolarity sensitive fluorescence emission 

with a large solvatochromicity (Figure 5.8b).  

 

 

 

 

 

 

 

 

Figure 5.8: (a) UV-visible and (b) fluorescence spectra of OxoPyU nucleoside in different 

solvents. 

 

 On the other hand, PerU exhibited a strong and long wavelength absorption at 440-445 nm 

(Figure 5.9a). Upon excitation at 443 nm PerU showed strong fluorescence emission (Figure 5.9b) 

at around 478-480 nm in all organic solvents. The TPhenBDo nucleoside showed blue shifted 

absorbance as the polarity of the solvents was increased (λmax = 302 nm in dioxane  298 nm in 

MeOH (Figure 5.10a). Upon excitation at 300 nm, TPhenBDo showed structured bands at 363 and 

380 nm (Figure 5.10b) with similar intensities and low quantum yields in all solvents. 
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Figure 5.9: (a) UV-visible and (b) fluorescence spectra of PerU nucleoside in different 

solvents. 

 

 

 

 

 

 

 

 

 

Figure 5.10: (a) UV-visible and (b) fluorescence spectra of TPhenBDo nucleoside in different 

solvents.  
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5.5.2. Sequence of ODNs Used in This Study 

 

Table 5.1: Sequence of ODNs 

5'-CGCAAT  X  TAACGC-3' 

3'-GCGTTA  Y  ATTGCG-5' 

ODNs Sequence 

ODN 1 

ODN 2 

5'-CGCAAT  OxoPyU  TAACGC-3' 

5'-CGCAAT  PerU  TAACGC-3' 

ODN 3 5'-GCGTTA  TPhenBDo  ATTGCG-3' 

ODN 4-7 5'-GCGTTA  N  ATTGCG-3'  [N = A, G, C, T] 

ODN 8-11 5'-CGCAAT  N  TAACGC-3'  [N = A, G, C, T] 

 

 

5.5.3. Synthesis and Characterization of Modified Oligonucleotides (ODN 1-3) 

 The synthesis of the oligonucleotide probes containing the labeled nucleodides, OxoPydU 

(ODN 1), PerdU(ODN 2)  or the unnatural triazolylphenanthrene nucleoside, TPhenBDo (ODN 3), at 

the centre of each sequence was performed by a conventional phosphoramidite method using an 

automated DNA/RNA synthesizer. Synthesis was performed on a controlled pore glass (CPG) 

supported cartridge containing the 3'-nucleoside (dC for ODN 1-2 and dG for ODN 3) attached to 

CPG support. Synthesis was carried out automatically by sequential addition of natural and 

modified β-cyanoethyl phosphoramidite monomers from 3'- to 5'- direction. The monomers and 

most of the other reagents were prepared with 10 ppm acetonitril (p.a) and left for overnight on 

pre dried molecular sieves (4Å) in dark. Extended coupling (10 min, 4,5-dicyanoimidazole as 

activator) and oxidation (60 sec) times were used during incorporation of modified 

phosphoramidite monomers for achieving in very good coupling yields (>90%). The unmodified 

phosphoramidites- DMTr-dABz, DMTr-dCBz, DMTr-dGiBu, and DMTr-T, controlled pore glass 

(CPG) supported cartridges, TCA deblock, activator (4,5-dicyanoimidazole (DCI), Cap A and Cap 

B solutions were purchased and used. A 1 mol scale-solid phase synthesis of the desired ODNs 

was carried out in trityl-on mode using modified-phosphoramidite as the extra (fifth) 

phosphoramidite and programmed to cleave the trityl group from the last unmodified nucleoside. 

The advancement of the synthesis was monitored with a ‘trityl viewer’ on the basis of the outgoing 

trityl group produced during detritylation. The coupling yield is 90%. 
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Figure 5.11: HPLC Trace of pure (a) ODN 1:  5'-CGCAAT  OxoPyU  TAACGC-3'; (b) ODN 2: 

5'-CGCAAT  PerU  TAACGC-3' and (c) ODN 3: 3'-GCGTTA  TPhenBDo  ATTGCG-5'. 

 

 After the DNA synthesis was over, the cartridges from the synthesizer was taken out and 

transferred into an eppendorf (2 mL).  Then the oligonucleotide was cleaved from the solid support 

under standard conditions (conc. aq. NH3, 55 oC, 12 h) by incubating the solution for at least 12 hr 

at 55oC in a temperature-controlled incubator. After deprotection, the ammonia was evaporated in 

a speed vac, the ODN was diluted with double distilled water (0.5 mL) and the glass beads were 

filtered ‘off’ through a Whatman 0.2 μm syringe filter. Next the solution was concentrated in a 

speed vac and made it a final solution of 1 mL. The deprotected DNA was purified from the 

unsuccessfully coupled sequences by reversed-phase HPLC on a 5-ODS-H column (10×150 mm, 

elution with 50 mM ammonium formate buffer (AF), pH 7.0, with a linear gradient over 45 min 

from 3% to 40% acetonitrile at a flow rate 2.0 ml/min) (Figure 5.11). The desired fractions were 

collected in 10 mL eppendorf tubes, evaporated and finally transferred into 2 mL eppendorf. The 

purified ODN was dissolved in 1 mL double-distilled water in an eppendorf tube and characterized 

by its m/z value obtained from MALDI-TOF using 2,4,6-trihydroxyacetophenon (0.5 M in 

EtOH)/Diammoniumcitrate (0.1 M in water) in 1:1 v/v as matrix. The MALDI-TOF was measured 

in normal positive mode with 19 KV acceleration voltage Table 5.2. The characterized and pure 

DNA stock solution (1-1.5 ml) was then kept in refrigerator at -80 °C for further studies. 

 The concentration of the DNA stock solution was then determined applying Lamberts-

Beer’s equation: A260 = log I/I0= c x 260 x l where 260 = Σi I; A260 is the absorbance of the probe 

at 260 nm which is determined from the intensity of the transmitted light (I) compared to the 

intensity of the emerging light (I0), c is the concentration of the probe DNA, 260 is the algebraic 

sum of extinction-coefficients of the individual nucleosides at 260 nm (for natural nucleosides, 

this is calculated with Oligo Analyser (http://eu.idtdna.com)) and l is the pathlength of the light 

through the sample. 
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 The concentration of stock ODN 1, ODN 2 and ODN 3 were 338 µM (1.5 ml), 375 µM 

(1.5 ml), 138.5 µM (2.0 ml). All the natural complementary ODNS (ODN 4-7) were purchased 

and used as supplied. 

 

Table 5.2: MALDI-TOF-MS of synthesized ODNs. 

 

ODNs Sequences m/z found 

[M + H]+ 

m/z calcd. 

[M + H]+ 

ODN 1 5'- CGC AAT  X TAA  CGC -3' [X = OxoPyU] 4241.89 4241.92 

ODN 2 5'- CGC AAT  X TAA  CGC -3' [X = PerU] 4235.99 4235.98 

ODN 3 5'- GCG TTA  Y ATT GCG -3'   [Y = TPhenBDo] 4097.56 4098.00 

 

 

5.5.4. Thermal Melting Temperature (Tm) Measurements of the Oligonucleotides. 

 The probe ODNs containing oxopyrene (OxoPyU, ODN 1) and/or perylene (PerU, ODN 2) 

labeled natural 2'-deoxy uridine were hybridized separately with the target ODN 3 containing 

triazolylphenanthrene unnatural nucleoside (TPhenBDo) to form two separate chimeric duplexes, 

ODN 1•3 and ODN 2•3, respectively.  

 

 

  

 

 

 

 

Figure 5.12: Thermal melting profiles of the various duplexes shown. The concentration of 

each single stranded ODN in each set = 1.0 M in 50 mM sodium phosphate, 0.1 M sodium 

chloride, pH 7.0. 

 

 From the thermal melting temperature, it was observed that the stability of the chimeric 

duplex ODN 1•3 (Figure 5.12) is comparable to that of a natural A-T or a T-A pair. On the other 

hand, the chimeric duplex ODN 2•3 was found to be more stable than any of the natural A-T (by 

2.9 oC) or T-A (by 1.2 oC) pair (Table 5.3). Moreover, the duplex ODN 1•3 was more stable (by 
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0.7-3.5 oC) compared to the duplexes of ODN 1 with natural bases (ODN 1•5-7) except when 

paired against adenosine (ODN 1•4) (Table 5.3).  

 Therefore, TPhenBDo is the second most selective base of OxoPyU. On the other hand, the 

thermal melting stability of duplex ODN 2•3 was found to be more (by 4.2-11 oC) compared to the 

duplexes wherein PerU of ODN 2 paired against any of the natural bases (Table 5.3). The highest 

stability and pairing selectivity of PerU for TPhenBDo might be because of strong intercalative 

stacking interaction of the two chromophores (PerU and TPhenBDo) inside the duplex. 

5.5.5. UV-visible and Fluorescence Measurements of the Oligonucleotides. 

 The intercalative stacking interaction was also supported from a bathochromic shift of 

absorption wavelength and hypochromic effect in UV-visible spectra of the corresponding duplex 

ODN 1•3 and ODN 2•3 in comparison to the single strand ODN 1 and 2, respectively (Figure 

5.13a-b and 5.13c-d).27  

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.13: UV-visible spectra and expansion of chromophoric region of (a-b) ODN 1 (-T-
OxoPyU-T-), ODN 3 (-A-TPhenBDo-A-) and their hybridized ODN 1•3 (OxoPyU • TPhenBDo), and of (c-

d) ODN 2 (-T-PerU-T-), ODN 3 (-A-TPhenBDo-A-) and their hybridized ODN 2•3 (PerU • TPhenBDo). 

The concentration of each single stranded ODN in each set = 2.5 M in 50 mM sodium phosphate, 

0.1 M sodium chloride, pH 7.0, room temperature.  
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 Upon excitation of the chimeric duplex ODN 1•3 at the absorbance wavelength maximum 

(310 nm) of the donor TPhenBDo, the emission from the acceptor OxoPyU was observed at 475 nm. It 

was observed that the fluorescence intensity of the acceptor OxoPyU in chimeric duplex ODN 1•3 

increased from that of the single stranded ODN 1 by almost three times in presence of donor 
TPhenBDo. On the other hand, the fluorescence intensity of the donor TPhenBDo in the chimeric duplex 

ODN 1•3 decreased almost by half of that of the single stranded ODN 3 (Figure 5.14a). 

 Similar observations were noted for the case of chimeric duplex ODN 2•3 which upon 

excitation at 310 nm showed an emission from the acceptor PerU at 500 nm. It was also observed 

that the fluorescence intensity of the acceptor PerU in chimeric duplex ODN 2•3 increased from 

that in the single stranded ODN 2 by almost two times in presence of donor TPhenBDo. On the other 

hand, the fluorescence intensity of the donor TPhenBDo in the chimeric duplex ODN 2•3 decreased 

to a negligible intensity in comparison to that of the single stranded ODN 3 (Figure 5.14b).   

 

 

 

 

 

 

 

 

Figure 5.14: (a) fluorescence emission spectra (ex = 310 nm) of ODN 1 (-T-OxoPyU-T-), ODN 

3 (-A-TPhenBDo-A-) and their hybridized ODN 1• 3 (OxoPyU • TPhenBDo). (b) fluorescence emission 

spectra (ex = 310 nm) of ODN 2 (-T-PerU-T-), ODN 3 (-A-TPhenBDo-A-) and their hybridized ODN 

2 • 3 (PerU • TPhenBDo). Concentration of each single stranded ODN = 1.0 M in 50 mM sodium 

phosphate, 0.1 M sodium chloride, pH 7.0, room temperature. 
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Table 5.3: Summary of Photophysical Properties of ODNs 

 

ODNs X : Y λabs (nm) ε(× 

103) 

M-

1cm-1 

λfl 

(nm)  

Tm (oC) 

(1.0 µM) 

 

 

ODN 1 -T- OxoPyU-T- 360 12 463 --- 0.046 

ODN 2 -T-PerU-T- 405,426,451 32 501 --- 0.29 

ODN 3 -A-TPhenBDo-A- 310 11 384 --- 0.06 

ODN 1•3 OxoPyU : TPhenBDo 316, 370 16, 10 382, 

456 

52.1 0.17 

0.12[a] 0.03[b] 

ODN 2•3 PerU : TphenBDo 313, 429,  20, 29 388, 

505 

54.3 0.52 

  455    0.43[c] 0.005[d] 

       

ODN 1•4 OxoPyU : A 365 12 462 56.8 0.22 

ODN 1•5 OxoPyU : G 365 12 460 49.6 0.03 

ODN 1•6 OxoPyU : C 365 10 462 48.6 0.17 

ODN 1•7 OxoPyU : T 365 10 460 51.4 0.14 

       

ODN 2•4 PerU : A 403,426,452 33 472,

492 

50.1 0.22 

ODN 2•5 PerU : G 403,426,452 33 489 43.3 0.27 

ODN 2•6 PerU : C 402,425,450 32 485 46.6 0.38 

ODN 2•7 PerU : T 403,425,451 34 488 46.6 0.23 

       

ODN 8•3 A : TPhenBDo 314 7 384 45.2 0.06 

ODN 9•3 G : TPhenBDo 314, 317 9, 8 383 46.6 0.03 

ODN 

10•3 

C : TPhenBDo 316, 321 11, 10 384 46.7 0.04 

ODN 

11•3 

T : TPhenBDo 315, 322 10, 8 384 45.1 0.04 

       

ODN 

11•4 

T : A -- -- -- 53.1 --- 

ODN 8•7 A:T -- -- -- 51.4 --- 
[a] For OxoPyU component and [b] for TphenBDo component. [c] For PerU component and [d] for 

TphenBDo component. 
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 The anisotropy (r) value (15.0 × 10−2) of the oxopyrene-modified DNA in the double-

stranded form ODN 1•3 (λex = 365 nm) was higher than that (13.0 × 10−2) of the single-stranded 

form ODN 1. Also, the duplex ODN 2•3 exhibited an enhanced anisotropy (10.0 × 10−2) compared 

to the single stranded ODN 2 (4.0 × 10−2) at 450 nm. These fluorescence anisotropy measurements 

indicate that the oxopyrene (in ODN 1•3) and/or perylene (in ODN 2•3) are strongly stacked 

between the bases or the base pairs in the DNA duplex compared with the single-stranded form, 

and mostly they remained intercalated inside the duplexes. Fluorescent anisotropy findings, 

therefore, are consistent with the observations from the UV-visible spectroscopic studies (Table 

5.4). 

 

Table 5.4. Steady State Fluorescence Anisotropy of ODNs 

 

 

 

5.5.6. Fӧrster Resonance Energy Transfer 

 It was observed that the absorption spectra of ODN 1 and/or ODN 2 and the emission 

spectra of ODN 3 overlapped in a considerable range of wavelength indicating a high possibility 

of FRET process to occur from donor triazolylphenanthrene of TPhenBDo to the acceptor oxopyrene 

chromophore of OxoPyU and/or perylene chromophore of PerU in the chimeric duplexes, ODN 1•3 

(Figure 5.15a) and ODN 2•3 (Figure 5.15b), respectively.  

 

ODNs X : Y Anisotropy Polarization 

ODN 1  (-T-OxoPyU-T-) 0.13 (λex = 365; λem = 460); 

 -0.06 (λex = 310; λem = 460) 

0.18 (λex = 365; λem = 460); 

-0.10 (λex = 310; λem = 460) 

ODN 2  (-T-PerU-T-) 0.04  (λex = 450; λem = 500); 

-0.02  (λex = 310; λem = 500) 

0.06  (λex = 450; λem = 500); 

-0.03  (λex = 310; λem = 500) 

ODN 3  (-T- TPhenBDo-T-) -0.07 (λex = 310; λem = 380) -0.11 (λex = 310; λem = 380) 

     

ODN 1•3 (OxoPyU • TPhenBDo) λex = 310; 

λem = 380 

λex = 310; 

λem = 460 

λex = 365; 

λem = 460 

λex = 310; 

λem = 380 

λex = 310; 

λem = 460 

λex = 365; 

λem = 460 

0.14 0.05 0.15 0.19 0.07 0.21 

ODN 1•4 OxoPyU • A 0.12 (λex = 365; λem = 460) 0.17 (λex = 365; λem = 460) 

    

ODN 2•3 (PerU • TPhenBDo) λex = 310; 

λem = 380 

λex = 310; 

λem = 500 

λex = 450; 

λem = 500 

λex = 310; 

λem = 380 

λex = 310; 

λem = 500 

λex = 450; 

λem = 500 

0.043 0.16 0.10 0.06 0.23 0.15 

ODN 2•4 PerU•A 0.10  (λex = 450; λem = 500) 0.15 (λex = 450; λem = 500) 
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Figure 5.15: (a) Normalized absorbance, emission (ex = 375 nm) spectra of ODN 1 and 

normalized absorbance, fluorescence emission (ex = 310 nm) of ODN 3, respectively. (b) 

Normalized absorbance, emission (ex = 445 nm) spectra of ODN 2 and normalized absorbance, 

fluorescence emission (ex = 310 nm) of ODN 3, respectively, ([ODN 1] = [ODN 2] = [ODN 3] = 

1M, 50 mM sodium phosphate, 0.1 M sodium chloride, pH 7.0, room temperature). [Em = 

Emission spectra, Abs = Absorption spectra]. 

 

5.5.7. Study of Time Resolved Fluorescence of ODNs 

 This observation was also supported by time resolved fluorescence. Thus, the donor life 

time was found to decrease from 1.0 ns (in ODN 3) to 0.3 ns (in ODN 1•3) in presence of acceptor 

and the acceptor lifetime was increased from 2.8 ns (in ODN 1) to 3.3 ns (in ODN 1•3) in presence 

of donor (Table 5.5) (Figure 5.16).  

 

 

 

 

 

 

 

 

Figure 5.16: Time resolved fluorescence decay spectra of ODN 1 (-T- OxoPyU - T -), ODN 3 (-

A-TPhenBDo-A-), and ODN 1•3 (OxoPyU •TPhenBDo) [(a) ex = 375 nm, em = 390 nm; (b) ex = 375 

nm, em = 460 nm].  

OxoPyU : TPhenBDo Em_390

IRF

OxoPyU : TPhenBDo Em_460

-T- OxoPyU -T- Em_460

IRF

(a) (b)

-A-TPhenBDo-A- Em_390
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 Likewise, time resolved spectroscopic study showed a decrease in life time of donor from 

1.0 ns (in ODN 3) to 0.4 ns (in ODN 2•3) in presence of acceptor and an increase in life time of 

acceptor from 7.4 ns (in ODN 2) to 8.0 ns (in ODN 2•3) in presence of donor (Table 5.5) (Figure 

5.17).28 

 

 

 

 

 

 

 

 

Figure 5.17: Time resolved fluorescence decay spectra of ODN 2 (-T-PerU-T-), ODN 3 (-A-
TPhenBDo-A-), and ODN 2•3 (PerU•TPhenBDo) [(a) ex = 375 nm, em = 390 nm; (b) ex = 445 nm, 

em = 500 nm].  

Table 5.5: Summary of Time Resolved Fluorescence of ODNs 

 

ODNs 
ex and 

em 
f 

τ1 

[ns] 

τ2 

[ns] 

<τ> 

[ns] 

kf 

[108s-

1] 

knr 

[108s-1] 
χ2 

ODN 1 

(-T-OxoPyU-T) 

375, 

460 
0.08 

0.7 

(66%) 

2.8 

(34%) 
0.37 2.29 4.28 1.10 

ODN 2 

(-T-PerU-T) 

445, 

500 
0.295 

7.4 

(100%) 
----- 

7.38 

 
0.34 0.99 0.93 

ODN 3 

(-T-TPhenBDo-T) 

375, 

390 
0.06 

1.0 

(100%) 
----- 

0.98 

 
0.61 9.55 1.02 

ODN 1•3 

(OxoPyU • TPhenBDo) 

375, 

390 
0.03 

0.3 

(95%) 

3.3 

(5%) 

1.28 

 
0.23 7.56 

1.04 

 

ODN1•3 

(OxoPyU •  TPhenBDo) 

375, 

460 
0.12 

0.8 

(64%) 

3.3 

(36%) 

2.55 

 
0.47 3.44 1.05 

ODN 2•3 

(PerU • TPhenBDo) 

375, 

390 
0.005 

0.4 

(92%) 

3.0 

(8%) 

1.37 

 
0.04 7.21 

0.99 

 

ODN 2•3 

(PerU • TPhenBDo) 

445, 

500 
0.43 

8.0 

(100%) 
----- 

8.00 

 
0.54 0.70 0.88 

-A-TPhenBDo-A- Em_390

PerU : TPhenBDo Em_390

IRF

-T-PerU-T- Em_500

IRF

PerU : TPhenBDo Em_500
(a) (b)
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5.5.8. Study of Time Resolved Fluorescence Anisotropy of ODNs 

 To study nanosecond fluorescence anisotropy decay, the analyzer was rotated at regular 

intervals to get perpendicular (I ) and parallel (I||) components of fluorescence decay. The 

anisotropy function r(t) was calculated from the following formula: 

( )

( 2 )

VV VH

VV VH

I I G
r

I I G





; 

HV

HH

I
G

I


 

 where, IVV and IVH are the emission intensities when the excitation polarizer is vertically 

oriented and the emission polarizer is oriented vertically and horizontally respectively.  

 G is the correction factor. The terms IHV and IHH are the  emission intensity when the 

excitation polarization is horizontally oriented and  the emission polarization is oriented 

vertically and horizontally, respectively. A system-dependent factor, G, accounting for differences 

in sensitivity in the detection channels I  and I||, was determined. G is for single stranded ODN 1 

= 1.1 and duplex ODN 1•3 = 1.9. G is for single stranded ODN 2 = 0.41 and duplex ODN 2•3 = 

0.35. 

 Time Resolved fluorescence anisotropy measurement revealed that the anisotropies of the 

acceptor, OxoPyU and PerU in the duplexes ODN 1•3 and ODN 2•3 were very low (r = 0.05 and 

0.08, respectively) when the acceptors were excited via FRET (λex = 310) in comparison to the 

anisotropies observed (r = 0.15 and 0.16, respectively) upon excitation at long wavelength (λex = 

365 and 450, respectively).29a-c These results clearly indicated a FRET process in the chimeric 

duplexes. The anisotropy of the acceptor, OxoPyU (ex = 375 nm, em = 460 nm) in the duplex ODN 

1•3 decays from a high initial value (of 0.35) to 0.1 with a time scale of 6.3 ns (decay time) and 

then to 0.06 with a time scale of 13 ns (Figure 5.18a). On the other hand, the anisotropy of the 

acceptor, PerU (ex = 375 nm, em = 460 nm) in the duplex ODN 2•3 decays from a high initial 

value (0.3) to 0.07 with a time scale of only 2.9 ns corresponds to the decay time of the 

chromophore, PerU (Figure 5.18b). The initial very fast decay of the anisotropy indicated the 

occurrence of a FRET process in the chimeric duplexes.29d-e 
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Figure 5.18: Fluorescence anisotropy decay of ODN 1 (-T- OxoPyU - T -) and ODN 1•3 (OxoPyU 

•TPhenBDo); ex = 375 nm, em = 460 nm (a) and of ODN 2 (-T-PerU-T-) and ODN 2•3 

(PerU•TPhenBDo); ex = 445 nm, em = 500 nm (b). The points denote the actual values of anisotropy, 

and the solid lines denote the best fit to the experimental data as a guide for the eye.  

 

5.5.9. Calculation of Fӧrster Distance and the FRET Efficiency 

 The fluorescence resonance energy transfer (FRET) and the Förster distance for the FRET 

were calculated using the following three equations. The efficiency of energy transfer, E, was 

calculated using the equation (5.1) 

6

0

6 6

0 0

E= 1
R F

R r F
 


……………………… (5.1) 

where F and F0 are the fluorescence intensity of donor in the presence and absence of acceptor, 

r is the distance between donor and the acceptor and R0 is the critical distance when the energy 

transfer efficiency is 50%. The Förster distance R0 (Å) was calculated by the following equation 

(5.2) 

5 2 4 1/6

0 [8.79 10 ( )]DR n J    
…………………. (5.2) 

where к2 is the orientation, n is the refractive index of the medium, ΦD is the quantum yield of 

the donor in the absence of acceptor J(λ) is the overlap integral of the fluorescence emission 

spectrum of the donor and the absorption spectrum of the acceptor given by the following equation 

(5.3) 
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…………………… (5.3) 

where FD(λ) is the fluorescence intensity of the donor in the wavelength range λ to λ + Δ λ with 

the total intensity normalized to unity. εA(λ) is the molar extinction coefficient of the acceptor as a 

function of wavelength (λ). 

 To calculate the fluorescence resonance energy transfer (FRET) and the Förster distance 

for the FRET, the UV-visible and the fluorescence experiments of 1 (-T- OxoPyU -T-), ODN 2 (-T-
PerU-T-),  3 (-A-TPhenBDo-A-) and the hybridized ODN 1 • 3 (OxoPyU • TPhenBDo) and ODN 2 • 3 

(PerU • TPhenBDo) were carried out in 50 mM sodium phosphate buffers (pH 7.0) containing 100 

mM sodium chloride with 1 M single strand concentration each. 

 The efficiency of energy transfer (E) from donor to acceptor was calculated using the 

equation 1, and it was found that there was 70% efficiency of energy transfer from donor residue 

(TPhenBDo) to acceptor residue (PerU) for the hybrid ODN 2 • 3 (PerU • TPhenBDo) and was 45% 

efficiency of energy transfer from donor residue (TPhenBDo) to acceptor residue (OxoPyU) for the 

hybrid ODN 1 •3 (OxoPyU • TPhenBDo). 

 Using the values of к2= 2/3, n = 1.33, ΦD = 0.06, and the obtained overlap integral, J(λ) = 

2.65782 × 1014 for the hybrid ODN 2•3 (PerU • TPhenBDo), the R0 and r values were calculated which 

were found as R0 = 24 Å and r = 21 Å. Similarly, for the hybrid ODN 1•3 (OxoPyU • TPhenBDo) with 

obtained overlap integral, J(λ) = 5.21805 × 1013, the R0 and r values were calculated which were 

found as R0 = 18 Å and r = 19 Å. 
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5.5.10. Study of Circular Dichroism Spectroscopy of ODNs 

 Furthermore, the spatial disposition of the chromophoric moieties inside the chimeric 

duplexes was examined using circular dichroism (CD) spectroscopy. Thus, all spectra showed a 

stabilized B-form conformation of the chimeric DNA duplexes.  

 

 

 

 

 

 

 

 

Figure 5.19: Circular dichroism Spectra of ODN 1 • 3 (OxoPyU • TPhenBDo), ODN 2 •3 (PerU • 

TPhenBDo) and the natural ODN 11 • 4 (T • A). 

 

 The induced CD signal between 300-500 nm corresponding to the chromophores' 

absorption band supporting that the conformational freedom of OxoPy (in ODN 13) and Per (in 

ODN 23) moieties are restricted inside each chimeric duplex (Figure 5.19).30 
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5.5.11. Macromodel Calculation 

5.5.11.1. Optimization of B-form DNA structure for the Duplexes 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.20: OPLS 2005 force field energy minimized conformations in water of the duplexes, 

(a-b) for ODN 1 • 3 (Side view and Top view) and (c-d) are for ODN 2 • 3 (Side view and Top 

view). 

 Molecular modeling study of the duplexes (fluorescently labeled ODNs and the 

complementary ODNs) is carried out using Schrodinger Macro Model (Maestro vs. 9.0) software 

with OPLS 2005 force field in water.31 The optimized geometry of the B-form duplexes showed 

an intercalated stacked structure of oxopyrene (OxoPy), perylene (Per), and triazolylphenanthrene 

(TPhen) chromophores in the corresponding duplexes, ODN 1 • 3 (OxoPyU • TPhenBDo) and ODN 

ODN 2 • 3 (PerU • TPhenBDo), respectively. A conjugate gradient minimization scheme [PRCG 

(Polak-Ribiere Conjugate Gradient)] that uses the Polak-Ribiere first derivative method with 

restarts every 3N iterations was employed for the minimization of the duplexes. 
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5.5.11.2. Conformational Search of Optimized B-form DNA structure for the Duplexes 

 We carried out conformational search using OPLS 2005 force field at constant dielectric 

in water with “large scale low-frequency-mode conformational search” (Mixed torsional/Large 

scale low-mode sampling = MCMM/LMCS) method using Schrodinger Macromodel (Maestro vs. 

9.0) software package. It is a hybrid functional method wherein Low-Mode Conformational Search 

Methods is hybridized with Monte Carlo Multiple Minimum (MCMM) global searching. This 

method uses a combination of the random changes in torsion angles and/or molecular position 

from the MCMM method, together with the low-mode steps from the LLMOD method used in 

Large scale low-mode. 

   

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.21 The conformer, obtained after conformational search, with 1.00 k.cal/mole (4.18 

kJ/mole) global minimum. (a-b) for ODN 1 • 3 (Side view and Top view) and (c-d) are for ODN 

2 • 3 (Side view and Top view). 

 

 A total of 500 structures were processed with 500 maximum no. of steps iteration. A global 

search analysis eliminates redundant conformers using RMS deviation for all compared atoms 

exceed the threshold Cutoff of 0.5 Å. An optimal minimization method was chosen for minimizing 

the generating conformers. 
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 A total of 20 minimized and well converged conformers were generated out of which the 

one conformer appear 26 times which remains within 1.00 k.cal/mole (4.18 kJ/mole) global 

minimum with a convergence threshold of 0.017 RMSD (threshold cutoff = 0.05). The relative 

potential energy is zero and force field energy of -20,999.943 k J/mole for this conformer of the 

duplex ODN 1 • 3 (OxoPyU • TPhenBDo) (Figure 5.21 a-b). 

 A total of 20 minimized and well converged conformers were generated out of which the 

one conformer appear 7 times which remains within 1.00 k.cal/mole (4.18 kJ/mole) global 

minimum with 0.24 (cutoff = 0.5). The relative potential energy is zero and force field energy of -

21110.29 k J/mole for this conformer of the duplex ODN 2 • 3 (PerU • TPhenBDo) (Figure 5.21 c-d). 

 The conformers thus obtained showed an intercalated stacked structure of 

triazolylphenanthrene (TPhen) chromophores in both the chimeric duplexes. Oxopyrene (OxoPy) 

remained intercalated in the duplex ODN 1 • 3 (OxoPyU • TPhenBDo) while perylene (Per) extruded 

outside along the groove in the duplex ODN 2 • 3 (PerU • TPhenBDo).  

5.5.11.3. Molecular Dynamics Simulation of Optimized B-form DNA structure for the 

Duplexes 

 We carried out MD simulations for the duplexes ODN 1 • 3 (OxoPyU • TPhenBDo) and ODN 

2 • 3 (PerU • TPhenBDo) using an OPLS 2005 force field. The starting structures for the duplexes 

were the global minimum conformers obtained in a conformational search as stated above.  

 The MD simulations were performed using Schrodinger Macromodel (Maestro vs. 9.0) 

software package with OPLS 2005 force field in which the systems were subjected to 100 ps 

simulations time (with time step of 1.5 fs and equilibrium time 1.0 ps) at constant temperature (300 

K) and pressure (1 atm) with shaking bonds to hydrogens. 

 The triazolylphenanthrene, Oxopyrene [in duplex ODN 1 • 3 (OxoPyU • TPhenBDo)] and 

perylene [in ODN 2 • 3 (PerU • TPhenBDo)] with the linker units were choosen as freely moving 

moieties during the simulation. An optimal minimization method was chosen for minimizing the 

generating structure (with maximum iteration of 1000) with gradiant convergence threshold of 

0.05. 

 Figure 5.22 a and c shows the final structures of the duplexes, ODN 1 • 3 (OxoPyU • 

TPhenBDo) and ODN 2 • 3 (PerU • TPhenBDo)], respectively obtained after the MD simulations. As 

shown in Figure 5.22 a-b, the structure of the duplexes retained their original B-form double helix 

in which the oxopyrene/phenanthrene (in OxoPyU • TPhenBDo) units extended prominently to inside 

the helix. In the duplex ODN 2 • 3 (PerU • TPhenBDo) while the phenanthrene unit involved in 

intercalative stacking the perylene come out of the helix and involved in stacking along groove 

side (Figure 5.22c-d). The MD simulations showed that the oxopyrene and phenanthrene are 

intercalated in the double helix. Figure 5.22b and d showed the top view of the duplexes. It can 

be seen that the phenanthrene/oxopyrene (in OxoPyU • TPhenBDo) and the phenanthrene (in PerU • 
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TPhenBDo) aromatic rings are engaged in interstrand π-stacking interactions with the nucleobases of 

the duplexes.  

 The MD simulations show that, while the oxopyrene/phenanthrene (in OxoPyU • TPhenBDo) 

and phenanthrene (in PerU • TPhenBDo) are indeed intercalated into the base pairs of the helix, the 

chimeric DNA duplexes were not significantly distorted and retained the global conformation of 

the B-form structure. This finding is consistent with the other spectroscopic studies. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.22 The structures obtained from molecular dynamics simulation for the duplexes, (a-

b) ODN 1 • 3 (Side view and Top view) and (c-d) ODN 2 • 3 (Side view and Top view). 

 

5.6. Conclusion 

 In conclusion, we established the FRET process in two chimeric DNA duplexes wherein a 

fluorescently labeled natural nucleoside (OxoPyU or PerU) paired against an unnatural nucleoside 

(TPhenBDo) without sacrificing the duplex stability and B-DNA conformation. The hybridization 

accompanying FRET event in these classes of interacting fluorophores is new. Our observed 

phenomenon can potentially be exploited in designing more of such efficient FRET pairs for useful 

application in the detection and analysis of biomolecular interactions and in material science 

application. 
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5.7. Material and methods 

5.7.1. Procedure for oligonucleotide synthesis 

 The reagents for DNA synthesis were purchased from ChemGenes, USA and used. ODNs 

were synthesized by a conventional phosphoramidite chemistry by using an automated DNA/RNA 

synthesizer and purified by reverse phase HPLC on a 5-ODS-H column (10×150 mm, elution with 

50 mM ammonium formate buffer (AF), pH 7.0, linear gradient over 45 min from 3% to 40% 

acetonitrile at a flow rate 2.0 ml/min). The concentration of each ODN was determined from molar 

extinction coefficient at 260 nm at 80 oC. Mass spectra of purified ODNs were determined with a 

MALDI-TOF mass spectrometer (See SI for details). 

5.7.2. Studies on photophysical properties of the oligonucleotides  

 All the DNA solutions of desired concentrations were prepared in 50 mM sodium 

phosphate buffer, 100 mM NaCl, pH 7.0 for melting point (Tm) determination and all other 

spectroscopic studies. The two complementary DNA strands were hybridized just by mixing and 

sonicating for 5 minutes to get various double stranded ODNs (See SI for details). 

5.7.2.1. UV-visible and thermal melting temperature (Tm) measurements of the 

oligonucleotides 

 All UV-visible and Tms of the ODNs (1 μM, final duplex concentration) were measured in 

50 mM sodium phosphate buffers (pH 7.0) containing 100 mM sodium chloride. The 

measurements were carried out in absorbance mode. The absorbance values of the sample 

solutions were measured in the wavelength regime of 200–650 nm. All the sample solutions were 

prepared just before doing the experiment. Total volume of 120 μL from a stock solution of 700 

μL of 1 μM concentration for each set was used for UV and Tm experiments in 8-micro cell using 

a UV-visible spectrophotometer. Absorbance vs. temperature profiles were measured at 260 nm 

using a UV-visible spectrophotometer equipped with a Peltier temperature controller unit using 1 

cm path length cell. The absorbance of the samples was monitored at 260 nm from 20 to 90 °C 

with a heating rate of 1 °C/min. From these profiles, average method was used to determine Tm 

values. 

5.7.2.2. Steady state fluorescence study of the oligonucleotides 

 ODNs solutions were prepared as described in UV-visible and Tm measurement 

experiments. Fluorescence spectra were obtained using a fluorescence spectrophotometer at 25 °C 

using 1 cm path length cell. The excitation wavelengths for single strand duplex ODN were set at 

~310 and ~450 nm, and emission spectra were measured in the wavelength regime of 300–700 nm 

with an integration time of 0.2 sec. All the sample solutions were prepared just before doing the 

experiment. Total volume of 500 μL from a stock solution of 700 μL of 1 μM concentration for 

each set was used for fluorescence experiment in 1 ml cell. Fluorescence emissions were collected 

exciting the ODNs at the wave length corresponding to their absorption maxima. Steady-state 
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fluorescence emission spectra were recorded at room temperature as an average of five scans using 

an excitation slit of 3.0 nm, emission slit 3.0 nm, and scan speed of 120 nm/min.The fluorescence 

quantum yields (Φf) were determined using quinine sulphate as a reference with the known Φf 

(0.55)3 in 0.1 molar solution in sulphuric acid.  

 The steady state anisotropy experiment was performed with the same fluorescence 

spectrophotometer at 25 °C using 1 cm path length cell.  

5.7.2.3. Time resolved fluorescence and anisotropy decay study of the oligonucleotides 

 The fluorescence lifetime experiment was carried out using a time resolved fluorescence 

spectrophotometer at 25 °C using 1 cm path length cell in 50 mM sodium phosphate buffer (pH 

7.0) containing 100 mM sodium chloride. 375 nm and 445 nm laser were used as excitation light 

source. The lifetime data were calculated by software with fixed fitting range. The time correlated 

single photon counting (TCSPC) method was used to calculate the lifetime data. The life time data 

(Global Analysis) were calculated by the FAST software package (FAST Version 1.9.1. Edinburgh 

Instruments Ltd.) with fitting range 205 – 4000 channels.  

 To study nanosecond fluorescence anisotropy decay, the analyzer was rotated at regular 

intervals to get perpendicular (I ) and parallel (I||) components of fluorescence decay. 

5.7.3. Study of circular dichroism spectroscopy of the oligonucleotides 

 CD experiments were performed with a CD spectropolarimeter (concentration of each 

strand 1µM in 50 mM sodium phosphate, 0.1 M sodium chloride, pH 7.0, room temperature). The 

data were collected using a 1 cm path length quartz cuvette with scanning from 500 to 200 nm(See 

SI for details). 

5.7.4. Macromodel calculation  

 Molecular modeling study of the duplexes (fluorescently labeled ODNs and the 

complementary ODNs) was carried out using Schrodinger Macro Model (Maestro vs. 9.0) 

software with OPLS 2005 force field in water (See SI for details). 

5.7.4.1. Conformational search of optimized B-form DNA structure for the duplexes 

 We carried out conformational search using OPLS 2005 force field at constant dielectric 

in water with “large scale low-frequency-mode conformational search” (Mixed torsional/Large 

scale low-mode sampling = MCMM/LMCS) method using Schrodinger Macromodel (Maestro vs. 

9.0) software package. It is a hybrid functional method wherein Low-Mode Conformational Search 

Methods is hybridized with Monte Carlo Multiple Minimum (MCMM) global searching. This 

method uses a combination of the random changes in torsion angles and/or molecular position 

from the MCMM method, together with the low-mode steps from the LLMOD method used in 

Large scale low-mode. 
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 A total of 500 structures were processed with 500 maximum no. of steps iteration. A global 

search analysis eliminates redundant conformers using RMS deviation for all compared atoms 

exceed the threshold Cutoff of 0.5 Å. An optimal minimization method was chosen for minimizing 

the generating conformers. 

5.7.4.2. Molecular dynamics simulation of optimized B-form DNA structures for the 

duplexes 

 The MD simulations were performed using Schrodinger Macromodel (Maestro vs. 9.0) 

software package with OPLS 2005 force field in which the systems were subjected to 100 ps 

simulations time (with time step of 1.5 fs and equilibrium time 1.0 ps) at constant temperature (300 

K) and pressure (1 atm) with shaking bonds to hydrogens. 
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Summary and Outlook    

This thesis contains five chapters. The first chapter describes the need to modify nucleosides. 

This chapter also profoundly describes the synthetic protocol to modify C-nucleosides. The second 

chapter mainly focused on the synthetic protocol to synthesize a versatile precursor bistoluoylated 

1'-ethnylriboside in β form, which is a challenging task. β-1'-ethnylriboside’s application in the 

synthesis of C-triazolyl nucleosides is also described herein. The third chapter delineates the 

design and synthesis of a more compact hydrophobic doubly widened fused triazolyl nucleoside, 

FTPhen, the structure of which was established from X-ray crystallography. Its behavior within a 

theoretical trimeric duplex and its photophysical properties were also demonstrated. The fourth 

chapter describes the design of hydrophobic angularly expanded 8-azaguanosine analogue and its 

synthesis. It ultimately produced FTQuon which according to the theoretical study can be paired 

with both cytosine and thymine. The fifth chapter describes FRET event in two chimeric DNA 

duplex involving TPhenBDo as an unnatural nucleoside and a FRET donor with OxoPyU or PerU as a 

fluorescently labelled natural nucleoside and a FRET acceptor.  

 In brief in the first chapter we described the synthesis of unnatural C-nucleoside. Prof. 

Benner’s work on the synthesis of protein containing nonstandard amino acid with the aid of 

ribosome is the remarkable one and inspired to develop the synthetic protocol for modified 

unnatural nucleoside. However, the N-nucleoside suffers from enzymatic and acid catalyzed N-

glycosidic bond cleavage. On the other hand, as C-glycosides are stable towards enzymatic and 

acid catalyzed bond cleavage, the synthetic protocol to modify C-nucleosides have been 

developed. C-nucleoside synthesis involves with two major ideas. One is the construction of 

nucleobase and the other is the construction of ribose sugar. Keeping the ribose part unchanged 

and with the introduction of a nitrile group to the anomeric position can lead to a versatile precursor 

and a lot of C-nucleoside were synthesized from the 1'-cyanoriboside. Wittig reaction and 

cycloaddition are the other two ways to construct nucleobase upon ribose sugar. Though, building 

of glycoside upon nucleobase is tough but a few examples were reported. Use of organometallic 

reagent to the riboside is a versatile approach to synthesize C-nucleosides. Organolithium, 

organocadmium, Organocuprate, Organozinc are the reagents used in the synthesis of C-

nucleoside successfully. Lactone formation onto the anomeric center and the use of halogenose 

are the other two versatile approach of making C-nucleosides. Palladium catalyzed coupling and 

the use of Lewis acid are also explored successfully for the synthesis of C-nucleoside.  

 In the second chapter we successfully established the synthetic route to convert α-1'-

ethynylriboside to the desired β-1'-ethynylriboside. We have used Cobalt catalyzed Nicholas 

reaction to make the alkyne part bulky as well as this cobalt complex stabilize the electrophilic 

anomeric carbon and thus led to the β-anomer. β-1'-ethynyl riboside was then used in click reaction 

catalyzed by Cu(I)-Et3N or Cu(I)-TBTA to synthesize a number of donor/acceptor C-triazolyl 

nucleoside. The β-configuration of C-nucleoside was established from X-ray crystallography. X-

ray crystallography also displayed the C2'-endo/C3'-exo sugar pucker conformation of our 

synthesized C-glycoside. cTAnthBDo and cTPyBDo are fluorescent nucleoside and can be used as a 
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nucleoside probe. Photophysical study revealed the solvatochromic nature of cTDMBBDo and 
cTBMABAc. These nucleosides interacted well with BSA as was revealed from the photophysical 

and docking study of cTAnthBDo and cTPyBDo with BSA.  

 The third chapter deals with the design of a doubly widened hydrophobic nucleobase. The 

concept of widened base by Koll et al. was extended up to double expansion and resulted 

hydrophobic FTPhen. The β configuration and the fused form of triazolyl phenanthrene moiety 

was verified from X-ray crystal structure. Theoretical study revealed stable base pair formation 

with cytosine and thymine by this base analogue.  

 The fourth chapter describes the design of widened base FTQuon which can be treated as 

8-azaguanosine analogue wherein the amine (H-bonding donor) was replaced by hydrophobic 

benzene. It’s β-anomeric form was supported by NOESY spectra. Theoretical study suggested it 

to be an effective complementary base of cytosine. Not only cytosine but it can pair with thymine 

also. For both the cases the number of hydrogen bonds found in between FTQuon:C/T base pair 

are two and the distance of these hydrogen bonds are comparable with the distance of natural 

hydrogen bonds. Replacement of one hydrogen bond with one benzene ring although made it to 

be less potent to be paired with cytosine as expected, but on contrary FTQuon:C base pair is rather 

more stable than A:T base pair as suggested by theoretical study. 

 The fifth chapter describes a FRET event within chimeric DNA duplexes. TPhenBDo is the 

unnatural nucleoside act as a FRET donor. The other two fluorescently labelled natural nucleoside 
OxoPyU and PerU act as a FRET acceptor. Hybridization ensures the formation of chimeric DNA 

duplexes without sacrificing the duplex stability resulted FRET event between TPhenBDo with 
OxoPyU or PerU.  

Back in 1970s’ Zamecnik and Stephenson first introduced targeted gene silencing using 

synthetic oligonucleotides to control the expression of a specific gene. This is called the antisense 

approach. An exogenous synthetic antisense oligonucleotide (AON) complementary to the 

targeted mRNA was introduced into the cell with the intent to block a specific gene expression 

through either translational inhibition or enzymatic cleavage of the targeted mRNA. The new age 

development of posttranscriptional gene expression was then introduced by Andrew Fire Mello 

and Craig C. Mello. They introduced RNA interference (RNAi) pathway and small interfering 

RNAs (siRNA) for the modulation of gene expression. It’s well established that properly designed 

AON or siRNAs are potent to modulate the gene expression by the cleavage of a specific mRNA 

by taking the advantage of endogenous cellular pathways. But the most significant obstacles in 

AON or RNAi include their poor intracellular and extracellular stability, low efficiency of their 

intracellular delivery to target tissues or cells, their potential for off target gene silencing etc. 

Fortunately, a vast chemical modifications have been made to overcome the therapeutic limit of 

synthetic DNA and RNA. These nucleic acid analogs are often designed by allowing specific 

modification of the ingrained properties like nucleoside/nucleotide duplex conformation, 

hydrophobicity, targeted binding affinity etc. which are affecting their biological application. 

TH-1635_11612228



Summary and Outlook 

 

227 
 

Keeping the aim of these view we have synthesized unnatural modified nucleosides which could 

be utilized for the development of therapeutic oligonucleotides. Modified oligonucleotides with 

unnatural nucleobases have been reported and many more successful candidates are yet to come. 

Our design might shed light both in respect of synthetic point of view as well as interesting 

interaction forces for DNA duplex stabilization.  
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