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Unless the Lord builds the house, 

        They labour in vain who build it; 
        Unless the Lord guards the city, 

  The watchman stays awake in vain. 
 
    Psalm 127:1 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

To My Twin Brother, Sisters and Parents 
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A Adenin-9-yl or adenosine 
Ac Acetyl 
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AON Antisense oligonucleotide 
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Azetidine 1',2'-Aminomethylene bridged nucleoside 
B Any nucleobase 
Bn Benzyl 
BNA Bridged nucleic acid 
Bz Benzoyl 
C Cytosin-1-yl or cytidine 
CD Circular dichroism 
CeNA Cyclohexene nucleic acid 
CMV Cytomegalovirus 
COSY Correlation spectroscopy 
DEPT Distortionless enhancement by polarization transfer 
DIPEA Diisopropylethylamine 
DMAP 4-Dimethylaminopyridine 
DMD Duchenne muscular dystrophy 
DMF N,N-dimethylformamide 
DMSO Dimethylsulfoxide 
DMTr 4,4'-Dimethoxytrityl 
DNA Deoxyribonucleic acid 
DPPZ Dipyridophenazine 
ds Double stranded 
DTT Dithiothreitol 
EDTA Ethylenediaminetetraacetic acid 
ENA 2'-O,4'-C-Ethylene bridged nucleic acid 
FANA 2'-Deoxy-2'-fluoro-�-D-arabino nucleic acid 
FDA Food and Drug Administration 
G Guanin-9-yl or guanosine 
HGP Human Genome Project 
HMBC Heteronuclear multiple bond correlation 
HMQC Heteronuclear multiple-quantum coherence 
HNA Hexitol nucleic acid 
HOMO-DNA Hexapyranosyl nucleic acid 



 

iBu Isobutyryl 
iPr Isopropyl 
JDP2 Jun dimerization protein-2 
K Kelvin 
kcat Turnover number 
Km Michaelis constant 
LNA Locked nucleic acid 
MALDI-TOF Matrix-assisted laser desorption/ionization -time of flight 
MD Molecular dynamics 
miRNA Micro RNA 
MMTr 4-Monomethoxytrityl 
MOE 2'-O-Methoxyethyl 
MP Morpholino 
mRNA Messenger RNA 
Ms Mesyl 
NaHMDS Sodium bis(trimethylsilyl)amide 
NIR Nitrogen inversion C-N rotation 
NMR Nuclear magnetic resonance 
NOE Nuclear Overhauser effect 
NOESY Nuclear Overhauser effect spectrometry 
NP N3'-P5' 
ODN Oligodeoxynucleotide 
ON Oligonucleotide 
Oxetane (1',3'-O-anhydro-�-D-psicofuranosyl) nucleosides 
PAC Phenoxyacetyl 
PAGE Polyacrylamide gel electrophoresis 
PMB 4-Methoxybenzyl 
PNA Peptide nucleic acid 
PO Phosphodiester 
PrNA 2'-O,4'-C-propylene bridged nucleic acid 
PS Phosphorothioate 
RISC Ribonucleic acid induced silencing complex 
RNA Ribonucleic acid 
RNAi Ribonucleic acid interference 
RNase H Ribonuclease H 
r.t. Room temperature 
siRNA Small interfering ribonucleic acids 
SNP Single nucleotide polymorphism 
ss Single strand 
SVPDE Snake venom phosphodiesterase 
T Thymin-1-yl or thymidine 
Tf Triflate 
TFA Trifluroacetyl 
TFO Triplex forming oligonucleotide 



 

THF Tetrahydrofuran 
TLC Thin layer chromatography  
Tm Melting temperature 
TMSCl Trimethylsilylchoride 
TNA �-L-Threofuranosyl nucleic acid 
TOCSY Total correlation spectroscopy 
Tol 4-Toluoyl 
U Uracil-1-yl or uridine 
UV Ultraviolet 
VEGF Vascular endothelial growth factor 
Vmax Maximum velocity 
�G‡ Free energy of activation 
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1. Introduction 

1.1 Fundamentals of nucleic acids 
The nucleic acids, deoxyribonucleic acids (DNA) and ribonucleic acids 
(RNA) are the fundamental carriers of genetic information in all living or-
ganisms. DNA acts as the storehouse of genetic information in the nucleus, 
while RNA acts as the carrier of this information from the nucleus to the 
ribosome, where it is processed and translated into proteins (with exceptions 
of retroviruses where RNA act as genetic information carrier). This flow of 
genetic information i.e., DNA being transcribed into RNA which is ulti-
mately translated into a protein, constitutes the so-called central dogma of 
molecular biology originally set forth by Francis Crick.1  

These nucleic acids are made of nucleotide building blocks. Each nucleo-
tide consists of a nucleobase, a sugar and a phosphate linker. The nucleobase 
generally consist of one of the following: 9-adeninyl (A), 9-guaninyl (G), 1-
thyminyl (T) or 1-cytosinyl (C) in DNA while in RNA 1-thyminyl is re-
placed by 1-uracilyl (U) (A and G are purines, while T/U and C are 
pyrimidines).1,2 The major difference between DNA and RNA is the absence 
of the 2'-hydroxyl in DNA (2'-�-D-deoxyribofuranosyl) which is present in 
RNA (2'-�-D-ribofuranosyl). This subtle change in the sugar gives rise to a 
distinctly different function of these two molecules. This difference will be 
discussed in detail later. Each sugar residue is linked to the neighbouring 
sugar residues by a 3',5'-phosphodiester bond (3'-carbon atom of a sugar 
with the 5'-carbon of the neighbouring sugar).1,2 Whilst the sugar moiety and 
the sugar-phosphate backbone of DNA/RNA primarily play a structural role, 
the genetic information is determined by the sequence of nucleobase moie-
ties. 

In the cell, RNA usually exists as single strands, while DNA adopts a 
double helix structure in which two DNA strands are held together by non-
covalent interactions: intrastrand �	� stacking of nucleobase moieties and 
weak hydrogen bonds between intrastrand pairs of nucleobases.2 The hydro-
gen bonding  occurs between laterally opposite bases, ‘base pairs’, of the 
two strands of the DNA duplex according to Watson-Crick base-pairing 
rules3 (A specifically binds to T and G specifically binds to C). Normally, 
GC-pairs (linked by three hydrogen bonds) are stronger than AT-pairs 
(linked by two hydrogen bonds). 
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The double stranded structures of DNA and RNA form different types of 
helices with the two strands oriented in opposite directions (3'�5' of one 
strand and 5'�3' of the other). DNA:DNA duplexes normally adopt a B-type 
helix which is characterized by an extended structure with a distance of ~3.4 
Å between adjacent bases and approximately 10 base-pairs per helical turn, 
which are nearly perpendicular to the helical axis.2 Also, the B-type helix has 
a narrow and deep minor groove (~6 Å) and a wide major groove (~12 Å). 
In contrast, the RNA:RNA duplexes normally adopt an A-type helix which 
has a more compressed structure (the distance between adjacent bases is ~2.6 
Å).2 Thus, A-type duplexes exhibit approximately 11 base-pairs per helical 
turn, which are tilted approximately 20° with respect to the helical axis. 
Also, unlike the B-type, they have a very wide (~11 Å) and shallow minor 
groove and a very narrow (~3 Å) and deep major groove. The DNA:RNA 
duplexes typically adopt an intermediate A/B-type structure, with an overall 
structure resembling the A-type. It is also noteworthy that A-type duplexes 
normally have higher duplex stability as compared with the B-type ones. 
With identical nearest neighbors the RNA:RNA is most stable while the 
order of stability between DNA:DNA and RNA:DNA depends on the se-
quence context.4 In general, the order of stability is RNA:RNA> 
DNA:RNA> DNA:DNA. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
Figure 1. The pseodorotational cycle for the ribose and deoxyribose rings in nucleic 
acids. The phase angle P is represented around the circle and the puckering ampli-
tude (
m) is represented on the axis. The North and South-type pseudorotamers 
commonly populated in �-D-oligonucleotides are shown in the shaded region and 
the �-D-oligonucleotides are shown in the unshaded. 
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The helical geometry described above can also be explained by the fu-
ranose conformation1 adopted in the nucleosides and the ���	angle of the 
phosphate backbone.1,2,5�The furanose ring of a nucleoside can adopt numer-
ous conformations in solution due to puckering of the sugar ring (Figure 1).6 
The pseudorotation concept can be explained by two variables, the pseudoro-
tation phase angle (P) and the puckering amplitude (
m).7,8,9 The phase angle 
describes which part of the ring that is mostly displaced from the plane made 
up by the other four ring atoms, while the puckering amplitude describes the 
maximum angle between the puckering atom and the plane. The twist form 
of the furanose ring 3'-endo, 2'-exo is chosen as the standard conformation (P 
= 0°), and hence the mirror conformation, 2'-endo, 3'-exo is found opposite 
to it in the pseudorotational cycle (P = 180°). The shaded area in Figure 1 
shows the commonly populated sugar conformations in both �-D and �-D 
nucleotides.7,8,9 The conformations that lie within the top hemisphere of the 
pseudorotational wheel are often referred to as North conformations (RNA-
type, 3'-endo) while that in the lower hemisphere are referred to as South 
conformations (DNA-type, 2'-endo).10�

1.2 Importance of the human genome project 
Ever since the completion of the Human Genome Project (HGP) in April 

2004 many exciting developments have taken place in the field of gene 
based therapeutics. The rationale behind HGP was to acquire the fundamen-
tal information concerning our genetic make-up which would enhance our 
basic understanding of human genetics and the role of various genes in 
health and disease. The human genome or total DNA content in human cells 
comprises two genomes: a complex nuclear genome which has ~25,000 
functional genes (ca. 3000 Mb) and a very simple mitochondrial genome 
with 37 genes (16.5 kb).11 Out of these, the nuclear genome is contributed 
equally by both parents while the mitochondrial genome is exclusively in-
herited maternally. The mitochondrial DNA had already been sequenced and 
published in 1981, and the HGP was primarily aimed to sequence the nuclear 
genome.11 

The completion of HGP was an exciting achievement because of the an-
ticipated medical benefits. For inherited disorders where a major single gene 
is causative, comprehensive prenatal/presymptomatic diagnosis of the disor-
der is possible in individuals judged to be at risk of carrying a disease gene. 
In most cases the genetic disorders are found to be multifactorial i.e., more 
than one gene is involved.  

These developments in recent years can lead to a new approach to medi-
cal care, moving from treating advanced diseases to preventing them based 
on identification of individual risks (personalized medicine). There has been 
considerable effort invested in recent times to find new disease genes. In this 
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regard, there has been some success with genes related to diseases like type 
1 and type 2 diabetes, hypertension, coronary heart diseases etc.12 The identi-
fication of disease genes is done by a technique called linkage analysis by 
which it is possible to analyze about 300 genetic markers (that part of the 
genome which is known to mutate) in a small group of people, normally 
family members, in comparison with those who do not have the disease. This 
is performed by using "gene chip" technology,13 analogous to a micro array 
technique, to scan hundreds of thousands of DNA markers at once. In this 
way it is possible to look at the whole genome and to find genetic differ-
ences in a large group of unrelated individuals. The genetic markers that are 
generally used are called single nucleotide polymorphisms (SNPs) - common 
differences in single DNA bases that occur throughout the genome.14 

1.3 Nucleic acid-based therapeutics 
The recent completion of the human genome project revealed 20,000-25,000 
protein-coding genes15 that produce ~100,000 proteins. Thus, one gene en-
codes for more than one protein. Targeting proteins with small molecules, 
which is the basis of the traditional drug discovery approach, is difficult and 
this is clearly evident from the slow progress made in this area in recent 
times. Moreover, it has been estimated that only 10-14% of the proteins have 
appropriate binding sites (druggable) for small molecules.16 Therefore, in-
stead of targeting the protein itself, if we can target DNA or messenger RNA 
(mRNA) by an oligonucleotide complementary to the target sequence, it is 
possible to stop the protein production.17 Thus, nucleic acid based therapy 
offers a very simple and straight-forward means to down-regulate any gene 
of interest.  

The technique used to treat the disease at the genomic level is called anti-
gene approach.18,19,20 In this method an artificial short modified DNA or 
RNA21 sequence is synthesized which forms a stable triple helix (triplex) 
with the double stranded genomic DNA through the major groove via Hoog-
steen hydrogen bonding.22,23 These triplex forming oligonucleotides (TFOs) 
can prevent transcription by steric blocking at a regulatory position of the 
gene or by out-competing the native complementary sequence by strand 
invasion and thereby sterically blocking the transcription.24 Even though it 
looks like a simple approach for treating any genetic disease, till now there 
has been limited success using the technique. The main drawback has been 
the difficulties in target accessibility, owing to the proteins associated with 
the genome, the need for homopurine-homopyrimidine tracks in the genome 
for triplex formation and the pH dependence to form the C+•GC triplet in the 
parallel triplex motif.25,26 

 The other popular oligonucleotide based therapy is called Antisense tech-
nology. Antisense is a broad term used to describe interference with RNA 
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during its processing from mRNA to protein (splicing, translational arrest or 
degradation of mRNA). This technique was first discovered by Zamecnik 
and Stephenson in 1978 when they found that AONs could inhibit viral rep-
lication in cell culture.27,28 The traditional antisense technology exploits the 
ability of a single stranded oligodeoxynucleotide (ODN) of 15-25 nucleo-
tides to bind to the accessible regions of the target mRNA via Watson-Crick 
base pairing in a sequence specific manner.29 Once bound to the target RNA, 
the antisense agent either sterically blocks the ribosomal translation30,31 or 
induces RNase H mediated degradation of the target mRNA.32,33,34 Once the 
AON induces target cleavage, it is then released to find new targets, and 
hence limits the need for high dosage.35 

The discovery of catalytic RNAs called Ribozymes36,37,38 in the early 
1980s and the discovery of catalytic DNAs called DNAzymes39,40 in the mid 
1990s have also opened new opportunities for oligonucleotide based thera-
peutics. Protein binding ODNs called "decoys" have shown potential in tar-
geting transcription factors.41,42 Recently, the short double stranded RNA 
duplexes called small interfering RNAs (siRNA) 43,44  and an analogous 
miRNA (micro RNA)45,46 have been successfully used to silence gene func-
tion utilizing a naturally occurring mechanism called RNA interference 
(RNAi). This has given tremendous boost to the development of RNA based 
oligonucleotide therapeutics.47,48  

Among all the aforementioned ways for gene silencing, antisense tech-
nology is the most mature in a pharmacological perspective.49,25 This is evi-
dent from the fact that first FDA approved oligonucleotide based antisense 
drug called Vitravene®, to treat the inflammatory viral infection of the eye 
caused by cytomegalovirus (CMV)  and Macugen® for age-related macular 
degeneration (AMD) have already been introduced into the market.25,29,50, 
Another drug called Genasense®, targeting Bcl-2, a protein expressed in 
cancer cells to protect against chemotherapy, is waiting for FDA ap-
proval.51,52 However, the "real" mechanism operative with these drugs is still 
an open question.53 Another 30 antisense based drugs are in different phases 
of clinical trials.52  

1.4 Design of antisense oligonucleotides for therapeutic 
applications 

Although the natural phosphodiester (PO) oligonucleotides are easy to 
synthesize, their use is limited as they are degraded by intracellular endo- 
and exonucleases. This has warranted the chemical modification of oligonu-
cleotides in order to utilize them for therapeutic applications. There are sev-
eral problems that need to be addressed to develop an antisense based drug 
molecule (i) the AON should be stable in the cellular media and serum, (ii) it 
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should be easily deliverable, (iii) it should find the target (specificity) and 
exert the desirable biological effect using minimal dosage, (v) it should elicit 
RNase H cleavage, (v) it should be nontoxic, (vi) the AON should have fa-
vorable pharmacokinetic properties (tissue and cellular distribution), and 
(vii) the synthesis should be cheap and straightforward. The last three dec-
ades of research has shown that design of a drug molecule with all these 
properties by chemically modifying the backbone, sugar and nucleobase is 
indeed a challenging task.24,54 Furthermore, finding the right target sequence 
in mRNA for AON hybridization55,56 and finding suitable delivery 
agents57,58,59 pose serious challenges in the future application of the antisense 
technology. I would like to present an overview of the important develop-
ments in this area, over the years, which brought antisense/antigene technol-
ogy to the present echelon. 

 
 

Figure 2. Modified nucleoside building blocks developed for antisense/antigene 
applications. 

1.4.1 Backbone modifications  
The first generation of AON was concerned with phosphorothioates (PS) 

where one of the non-bridging oxygens in the phosphodiester linkage is sub-
stituted by sulfur.60,61 They have so far been widely used in clinical trials 
against many targets, but with limited success (Figure 2).62 The phosphorous 
centre in PS oligos is chiral, generating many diastereomers, and imparts 
nuclease resistance to PS-AONs. It should be noted that both the Rp and Sp 
diastereomers showed different extend of immune response but the Sp isomer 
showed improved nuclease stability and therefore showed more durable ef-
fects in prolonged tissue culture.63,64  They also show excellent RNase H 
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activation though only at lower AON concentration65 and some favorable 
pharmacokinetic properties.29 The PS modification also causes a loss of 0.5-
1.5 °C in melting temperature (Tm) per PS linkage in the AON/RNA du-
plexes,66,67 which hampers their sequence accessibility. They have also 
shown severe non-specific interactions with proteins which makes the correct 
interpretation of the antisense effect caused by these AONs doubtful and 
problematic.24 PS-AONs, compared to the PO-counterparts, have one to 
three orders of magnitude higher binding affinity for various cellular pro-
teins, especially the heparin binding proteins and many cellular receptors.68,69 
There has also been some kind of toxicity associated with PS-AONs, which 
prompted chemists to search for other chemical modifications.  

Two backbone modifications extensively studied in vitro and in vivo are 
the N3'-P5' phosphoramidate70,71 (NP; 3'-hydroxyl of 2'-deoxyribose is re-
placed by amino group) based AONs and morpholino (MP)72 oligonucleo-
tides. Both of these modifications do not recruit RNase H cleavage.73 Oli-
gopyrimidine NPs form very stable triplexes with dsDNA, which has been 
attributed to their RNA like (A-type) appearance. Also, they have exhibited 
excellent target affinity, nuclease stability, bioavailability and low toxicity.74 
Consequently, they have been successfully employed as steric-blockers in 
cellular systems.75,76  

1.4.2 2'-Alkoxy modifications 
The 2'-modified nucleosides such as 2'-O-methoxy,77 2'-O-methoxyethoxy 

(MOE)77 and 2'-O-aminoalkyl78 derivatives were developed as ‘second gen-
eration’ antisense drugs.24 They are less toxic than phosphorothioates and 
show slightly enhanced affinity towards complementary RNA (�Tm ~1	2 °C 
higher than the corresponding PS-DNA). 79 The increase in thermal stability 
has been attributed to the ability of the 2'-O-alkyl ribonucleotide to adopt an 
North-type furanose conformation. Moreover, the MOE modification was 
heavily hydrated, but also more lipophilic, which seems to improve cellular 
uptake of these AONs. The 2'-O-alkyl derivatives also showed improved 
nuclease stability compared to the PS counterpart. In particular, the 2'-O-
aminopropyl80 and 2'-O-[2-guanidinium) ethyl81 modifications showed sig-
nificantly improved stability towards exonucleases which can be explained 
by the charge effect; the amino group is protonated at physiological pH.78  
Because of their RNA like sugar conformation (A-type), these modifications 
did not recruit RNase H and therefore a gapmer strategy was employed 
where a gap of 4-5 unmodified nucleotides were incorporated to preserve the 
DNA:RNA geometry required for RNase H activation.78 The 2'-O-
aminopropyl and 2'-O-[2-guanidinium)-ethyl modifications were also found 
to be superior for triplex formation (antigene approach) as the protonated 
side-chain interacts electrostatically with the negatively charged phosphodi-
ester backbone of the dsDNA.81 
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1.4.3 Peptide nucleic acids (PNAs) 
PNAs have favorable hybridization properties with complementary DNA 

and RNA with improved biological stability, but they do not elicit target 
RNA cleavage by RNase H.82,83 Additionally, as they are electrostatically 
neutral molecules, solubility and cellular uptake are serious problems that 
have to be overcome for the use of PNAs as antisense agents in clinic. Im-
proved intracellular delivery could be obtained by coupling PNAs to nega-
tively charged oligomers, lipids or certain peptides that are efficiently inter-
nalized by cells.84,85 According to in vivo studies performed to date, PNAs 
seem to be nontoxic, as they are uncharged molecules with low affinity for 
proteins that normally bind nucleic acids. The greatest potential of PNAs, 
however, might not be their use as antisense agents but their application to 
modulate gene expression by strand invasion of chromosomal duplex 
DNA.85 

�������-D-Arabino nucleic acids (ANA) and 2'-deoxy-2'-fluoro-
�-D-arabino nucleic acid (FANA) 

The first completely sugar modified AONs which have shown the RNase 
H activation are the ANA and 2'-F-ANAs.86,87,88 The RNase H activation can 
be explained by the similar global helical conformation and flexibility of 
ANA/RNA and F-ANA/RNA hybrid duplexes as that of the DNA/RNA 
hybrid.89 Furthermore, the 2'-OH and 2'-F atoms appearing in the major 
groove of the ANA/RNA or F-ANA/RNA duplex prevents the steric clash 
with RNase H in the minor groove.90 The ANA imparts slight destabilization 
(�Tm ~	0.5 °C /modification) of the hybrid duplex while F-ANA causes a 
slight gain in thermostability (�Tm ~+1.2 °C /modification)88 as compared to 
the native hybrid duplex. The mixmer F-ANA/RNA hybrids were better 
substrates for RNase H than the fully modified F-ANA/RNA hybrids.91 
Similarly to PS-AONs, both ANA and F-ANA failed to show exonuclease 
stability.87 

1.4.5 HOMO-DNA, �-L-threose nucleic acids (TNA), 1',5'-
hexitol nucleic acids (HNA), and cyclohexenyl nucleic acids 
(CeNA) 
Early work from Eschenmoser’s laboratory demonstrated that the �-D-
configured hexapyranosyl nucleic acids (HOMO-DNA) exhibit stronger 
Watson-Crick base pairing than natural DNA.92 The HOMO-DNA duplexes 
were found to have a quasi-linear rather than helical structure. This implies 
that the nature of the sugar ring could be responsible for the shape of the 
famous double-helical structure of DNA.93 Also, the HOMO-DNA did not 
form any cross hybridization with natural DNA or RNA. Later research by 
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the same group showed that the optimum size and hybridization properties of 
the ribofuranose-derived oligonucleotide, not the maximization of base-
pairing strengths were critical for Nature’s choice of ribofuranose rather than 
ribopyranose.94 Recently, they have developed the smallest (tetrose)  sugar 
derivative of nucleic acid: �-L-threofuranosyl nucleic acid (TNA). The cor-
responding 2',3'-phosphodiester linked oligonucleotide did not only showed 
efficient and specific base pairing, but could also efficiently cross-pair with 
DNA and RNA.95,96  

Among hexopyranose derivatives, 1,5-anhydrohexitol nucleic acid 
(HNA)97 and cyclohexene nucleic acid (CeNA)98 were developed by Her-
dewijn et al and have been extensively studied. In the HNA modification the 
nucleobase is positioned at the C-2' position of a 1',5'-anhydrohexitol. The 
HNA modified mixed sequence showed significant increase in target affinity 
with complementary RNA (�Tm ~+3 °C /modification) and a slight decrease 
with complementary DNA (�Tm ~ 	0.5 °C /modification). The puckering of 
the pyranose ring is more North-type, and therefore does not recruit RNase 
H unless gapmer design is employed. CeNA incorporated DNA strands on 
the other hand do recruit RNase H, but less efficiently than the natural coun-
terpart. This can be due to the fact that the cyclohexene ring is quite flexible 
and can adopt both North and South conformations. The thermal stability is 
slightly poorer with complementary DNA (�Tm ~	0.5 °C /modification). A 
moderate stability increase with complementary RNA (�Tm ~+1 °C 
/modification) was recorded.98 

The phenomenon of duplex formation is entropically disfavored as the 
flexibility of the furanose ring and the backbone is arrested during the proc-
ess. If, on the other hand, the flexibility of the furanose ring is restricted 
prior to duplex formation, this entopic penalty can be compensated for as a 
result of pre-organization of the single strand. Based on this principle, sev-
eral ‘conformationally constrained’ nucleic acids have been recently devel-
oped. 

It has been found that 2',4'-locked nucleosides preferably lock the sugar 
conformation to the North pole of the pseudorotational cycle (Figure 1). It is 
well known that incorporation of N-conformationally constrained nucleo-
sides (–1º < P < 34º) into an AON can impart enhanced stability to the corre-
sponding AON/RNA hybrid due to its ability to drive the AON/RNA hybrid 
to a more stable RNA/RNA type duplex. Among conformationally con-
strained nucleosides investigated, the most promising was of the Locked 
Nucleic Acids (LNA) type. 
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Figure 3. Various North-conformationally locked nucleosides for antisense/antigene 
therapy. 

1.4.6 Conformationally constrained nucleosides having a [2.2.1] 
bicyclic system   

 The 2',4'-locked/bridged nucleosides such as the 2'-O,4'-C-methylene 
bridged nucleoside (LNA/BNA) (A in Figure 3), were reported independ-
ently by Wengel et al.99 and Imanishi et al.100 LNA incorporated oligonucleo-
tides showed a hitherto unprecedented level of affinity towards complemen-
tary RNA (�Tm ~ +4 to +8 °C per modification) and a moderate increase of 
+3 to+5 °C per modification towards complementary DNA.99 Wengel’s 
group have also reported other LNA analogues having 2'-amino,101 2'-thio102 
modifications (B and C in Figure 3), which showed similar target affinity 
(�Tm ~ +6 to +8 °C per modification). Recently, Srivastava et al. have syn-
thesized the carbocyclic analogue of LNA with an exocyclic methyl group 
(D).103 This modified AON showed identical target affinity as the isosequen-
tial LNA modified AON. The main disadvantage of LNA and its analogues 
is their low stability in the presence of nucleases which was significantly 
improved by using carbocyclic-LNA.103  

Another stereoisomer of LNA, �-L-LNA104,105 and �-L-amino-LNA106 (E 
and F in Figure 3) have also been developed with inverted stereochemistry at 
C2', C3', and C4' as compared to LNA. Even though �-L-LNA/ �-L-amino-
LNA locks the sugar into an North-type it does not fit into a typical North-
type structural framework, but rather overlays on a South-type one. Although 
it adopts an South-type structure, it still shows improved target affinity with 
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complementary RNA (�Tm ~ +4 to +5 °C per modification). The �-L-LNA 
showed better nuclease stability compared to LNA itself. Both LNA and �-
L-LNA showed excellent triplex forming ability with dsDNA. Single modi-
fications showed a stabilization of up to +10 and +6 °C respectively for LNA 
and �-L-LNA respectively.107,108 Like other North-type modified ODNs, 
LNA and �-L-LNA also do not recruit RNase H unless an optimum gap of 7 
nucleotides is used between modified building blocks.109,110 

1.4.7 Conformationally constrained nucleosides having a [3.2.0] 
bicyclic system   

We have previously reported the synthesis and biochemical properties of 
an 1',2'-oxetane bridged nucleoside (G in Figure 3), which adopts a North-
East conformation. This conformationally constrained nucleoside did not 
show considerable target affinity with complementary RNA (�Tm ~ 	6 to 	3 
°C per modifications with pyrimidine derivatives and no decrease with 
purine derivatives).111,112 These modifications also showed RNase H recruit-
ment capability when gapmer strategy was employed with an optimum gap 
of 5 nucleotide units.113 They also showed improved nuclease stability as 
compared to the native sequence. 

1.4.8 Conformationally constrained nucleosides having a [3.2.1] 
bicyclic system   

 Wang and co-workers reported a 2',4'-C-bridged 2'-deoxynucleoside114 
(H in Figure 3), which showed moderate affinity to RNA (�Tm ~ +1.9 to 
+3.3 °C per modification).115 Recently, another bicyclic modification with a 
similar six-membered fused system containing an O-N linkage (I; BNANC) 
was reported.116 The ON incorporated with this modification formed excel-
lent TFOs with dsDNA. The triplex formation was observed even with com-
pletely modified sequences unlike the fully modified LNA sequence.116 The 
ability of these ON to target ssRNA or ssDNA or their enzymatic stability 
has not been reported so far.  

Recently, the ring-closing metathesis approach was employed to synthe-
size two carbocyclic analogues of ENA with three carbons locking the C2' 
and C4' positions (J/K in Figure 3).117 These carbocyclic analogues when 
incorporated into ODNs showed an increased thermal stability (Tm) by 2.5-
4.5 °C/modification with complementary RNA. However, no blood serum or 
3'-exonuclease stability or RNase H recruitment capability of these carbo-
cyclic analogues have so far been reported. A similar nucleoside having an 
exocyclic methyl group (L) was developed by Srivastava et al.103 It showed 
higher 3'-exonuclease stability than the corresponding LNA analogue (D), 
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but, as compared to K modified AONs, the melting temperature was reduced 
by ~+1.5 °C/modification.103 

Among bicyclic nucleosides with the [3.2.1] skeleton the most successful 
one was the 2'-O,4'-C-ethylene bridged nucleoside (ENA; M in Figure 3), 
which showed high target affinity (�Tm ~ +3.5 to +5.2 °C per modification) 
similar to that of isosequencial LNA modified ON.118,119 It was also shown 
that such ENA modified AONs have approximately 55 times higher stability 
towards 3'-exonuclease than the LNA analogue. This efficient target binding 
and high nuclease resistance was exploited to evaluate its antisense,120 anti-
gene121 and RNAi122 properties: It has been reported by the same group that 
oligopyrimidine 2'-deoxynucleotides partially modified with ENA residues 
form triplexes efficiently with dsDNA at physiological pH.121 ENA/DNA 
chimeric AONs were used to study the RNase H mediated antisense activ-
ity.120 When these AONs were used against the vascular endothelial growth 
factor (VEGF) mRNA in A549 lung cancer cells in the presence of a cationic 
polymer, more than 90% inhibition of VEGF mRNA production were ob-
served after RT-PCR analysis.120 When ENA residues were incorporated at 
the 3' and 5' ends of AONs that specifically target the genes of a rat organic 
anion transporting polypeptide (oatp) subtype, enhanced inhibitory activity 
mediated by RNase H was shown with high selectivity.123 AONs having a 2'-
O-methyl RNA/ENA chimera were found to be 40 times more effective in 
exon-19-skipping associated with human dystrophin gene than the conven-
tional phosphorothioate AONs.124 Similarly, the RNA/ENA chimera du-
plexes were also found to induce skipping of the exon-41 containing the 
nonsense mutation which suggested that such design of ENA incorporated 
AONs could be used to promote dystrophin expression in mycocytes of 
Duchenne Muscular Dystrophy (DMD) patients.125 The RNAi effect of 
chemically synthesized siRNA targeting the mRNA of Jun dimerization 
protein-2 (JDP2) with the ENA modification at the 3'-end of either sense or 
antisense strands completely abolished RNAi activity.122  

1.4.9 Conformationally constrained nucleosides having a [4.2.1] 
bicyclic system   

Compounds with larger rings (seven membered) fused to the furanose 
ring did not improve target affinity significantly. The ON modified with 2'-
O,4'-C-propylene bridged nucleic acids (PrNA; N in Figure 3) did not show 
appreciable Tm enhancement (�Tm ~ 	0.5 °C per modification).118 A simi-
larly modified nucleoside with an extra oxygen in the seven-membered ring, 
(O, BNACOC) showed high stabilization in the AON:RNA duplex by ~+1.3 
°C.126 These modifications showed improved nuclease stability as compared 
with the nucleosides having the [3.2.1] bicyclic system. 
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 The above glimpse of cutting-edge research prompted us to design amino 
analogues of the oxetane and ENA modifications.  We also attempted to 
synthesize a new family of highly constrained nucleosides having a [2.1.1] 
bicyclic system.  From the previous research, we can make the following 
observations: (i) The presence of hydrophobic groups (as in the carbocyclic 
locked nucleoside, PrNA) near the 3'-phosphate improves nuclease stability; 
(ii) The presence of an amino group (as in 2'-O-aminopropyl and 2'-O-[2-
guanidinium) ethyl modifications) near the 3'-phosphate can also improve 
nuclease stability in cellular systems; (iii) The size of the group in the minor 
groove dictates duplex stability (LNA>ENA>PrNA). For development of 
new antisense molecules one has to find the right balance between the size 
and nature of the group. We therefore set out to investigate the amino ana-
logues of oxetane and ENA modifications. Sugar modifications may not only 
improve enzymatic stability, but the heteroatom may also be utilized as a 
well defined conjugation site. This in turn allows us to control the hydro-
philic, hydrophobic and steric requirements needed for improving the phar-
macokinetic properties. 
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2.  Synthesis and Characterization of 
Conformationally Constrained Nucleosides 

2.1 1',2'-Azetidine fused nucleosides  
 
Azetidine modified nucleosides were prepared by two separate routes. In the 
first route, ketal 1 (Scheme 1) was directly used for coupling with a persily-
lated nucleobase. This gave a mixture of �	 and �	isomers. In the second 
procedure we tried to make use of the oxonium intermediate formed from an 
acyl group in the 2' position and a leaving group at the anomeric center. The 
details of these reactions which predominantly afforded the �	isomer are 
presented in Scheme 2. 

2.1.1 Synthesis and characterization of 1', 2'-azetidine fused 
thymidine phosphoramidite 20 
The sugar intermediate 6-O-benzyl-1,2:3,4-bis-O-isopropylidene-D-
psicofuranose 1 (Scheme 1) was prepared according to a known proce-
dure.127 The coupling of persilylated thymine with this moiety was carried 
out in the presence of trimethylsilyl triflate in acetonitrile to give the desired 
�-anomer 2a in 37% yield (�:� = 1:1). The �-configuration at the anomeric 
C2' was confirmed by 1D NOE difference spectroscopy which showed a 
2.3% NOE enhancement for H6-H3'. After removal of the 3',4'-O-acetonide 
protection using 90 % aqueous trifluoroacetic acid at room temperature (r.t.), 
crude 3 was treated with 4-monomethoxytrityl (MMTr) chloride in dry pyri-
dine to afford 4 in an overall 83% (two steps from 2a) yield. Treatment of 4 
with 1,1'-thiocarbonyldiimidazole in dry toluene for 3 h at 120 °C gave the 
2,3'-anhydro derivative 5 in 75% yield, contaminated by traces of the starting 
material. Efforts to drive the reaction to completion by heating for a longer 
time resulted in the formation of undesired side products. The 4'-hydroxyl of 
5 was protected using benzyl bromide in presence of sodium hydride as base 
to give 6a (81%). The 1'-O-MMTr group in 6a was deprotected without any 
identifiable side reactions by overnight treatment with 80% aqueous acetic 
acid at r.t. to give crude 6b. Opening of the 2,3'-anhydro bridge in 6b oc-
curred by treatment with 1N aqueous sodium hydroxide in ethanol-water at 
r.t. to give the D-fructo derivative 7 in 92% yield after two steps from 6a. 
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Acetylation of 7 with excess acetic anhydride (20 eq) in dry pyridine af-
forded 1',3'-O-bis-acetyl nucleoside 8 in 98% yield. 
 
Scheme1. 

 
Reagents and conditions: (i) (a) persilylated thymine, trimethylsilyl trifluoro-
methanesulfonate, CH3CN, r.t., 17 h; (b) persilylated uracil, trimethylsilyl trifluoro-
methanesulfonate, CH3CN, r.t., 17 h; (ii) 90% aq. CF3COOH, r.t., 30 min.; (iii) 
MMTrCl, pyridine, r.t., 20 h; (iv) 1,1'-thiocarbonyldiimidazole, toluene, 120 °C, 3 h; 
(v) benzyl bromide, NaH, CH3CN, 6 h; (vi) (a) 80% aq. CH3COOH, r.t., 24 h; (b) 1 
N aq. NaOH in ethanol-water, r.t., overnight; (vii) Ac2O, pyridine, r.t., 3 h; (viii) 4-
methoxybenzyl bromide, NaH, DMF, 6 h; (ix) sodium methoxide, MeOH, r.t., 30 
min.; (x) MsCl, pyridine, 0 °C, overnight; (xi) potassium phthalimide, DMF, 110 °C, 
overnight; (xii) aq. MeNH2, MeOH, r.t., 4 h; (xiii) Et3N, pyridine, 90 °C, 48 h; (xiv) 
ceric ammonium nitrate, CH3CN, H2O, r.t., 3 h; (xv) phenoxyacetyl chloride, pyri-
dine, r.t., 3 h; (xvi) ammonium formate, 20% Pd(OH)2/C, methanol, reflux, 3 h; 
(xvii) DMTrCl, pyridine, r.t., overnight; (xviii) Ac2O, pyridine, r.t., 28 h; (xix) (a) 2-
chlorophenylphosphorodichloridate, 1,2,4-triazole, pyridine, r.t., 6 h; (b) aq. ammo-
nia, r.t., overnight; (xx) NC(CH2)2OP(Cl)N(iPr)2, EtN(iPr)2, THF, r.t., 2 h. 
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The N-3 of thymine base in 8 was 4-methoxybenzyl (PMB) protected us-
ing 4-methoxybenzyl bromide in presence of sodium hydride as base to give 
9 (80%) in order to avoid 1',2-anhydro formation during nucleophilic dis-
placement of the 1'-mesylate in subsequent steps. Deacetylation of 9 (94%) 
using sodium methoxide in methanol followed by mesylation of C1' and C3' 
hydroxyls in dry pyridine at 4 °C gave the desired 1',3'-bis-mesylated 11a as 
major product [1H NMR (CDCl3): 2.89 for 1'-OMs and 2.29 for 3'-OMs] 
along with a minor component, the 3'-mesylated product with a free 1'-OH 
group 11b [1H NMR (CDCl3): 2.29 for 3'-OMs]. Since the bis-mesylated 
derivative was unstable during column chromatography, we treated the crude 
reaction mixture 11a/11b with excess potassium phthalimide in dry DMF at 
110 °C overnight to afford the 1'-phthalimido-3'-O-Ms-derivative 12 in 77% 
yield (after two steps from 10; unreacted  11b was recovered in 7% yield). 
Selective displacement of the 1'-mesylate from 11a to yield 12 was possible 
because the 3'-carbon is sterically more hindered in D-fructo sugars than in 
the D-arabino analogues. Further experimental evidence for the 3'-center 
being more sterically hindered than C1' is provided by the selective dis-
placement of the 1'-mesylate in 30 by azide to give 31; Scheme 2.  

Deprotection of the 1'-phthalimido group in 12 by aqueous methylamine 
in methanol at r.t. gave the corresponding 1'-amino derivative 13 (93%). 
Multiple attempts to achieve azetidine cyclization at ambient temperature by 
intramolecular nucleophilic attack of the 1'-amino group were carried out 
using 1M NaOH in dioxane, NaOEt in ethanol or 1M NaHMDS in THF, all 
of which proved to be unsuccessful. However, heating in a mixture of Et3N 
and pyridine at 90 °C for 48 h gave the azetidine modified nucleoside 14 in 
66% yield. Deprotection of the N3-PMB group was performed using ceric 
ammonium nitrate in aqueous acetonitrile (1:9, v/v) at r.t. which resulted in 
15 (62%). Phenoxyacetyl (PAC) protection of the azetidine-nitrogen was 
employed to avoid N-branching during solid-phase oligonucleotide synthesis 
using the phosphoramidite approach. Other protecting groups such as acetyl 
and trifluoroacetyl were not useful in our case as acetyl deprotection was 
sluggish, and the trifluoroacetyl group was too labile. Treatment of 15 with 
PAC-Cl in pyridine, afforded a mixture of rotamers 16 (confirmed by 1H and 
13C NMR) in 86% yield. Debenzylation of 16 using ammonium formate and 
20% Pd(OH)2/C gave 17 in 92% yield. Treatment of 17 with 4, 4'-
dimethoxytrityl (DMTr) chloride in pyridine afforded 18a in 73% yield. The 
4'-hydroxyl of DMTr protected nucleoside 18a was acetylated and the prod-
uct 18b was converted into the corresponding 5-methylcytosine derivative. 
Thymine was initially activated by conversion into a 1,2,4-triazole derivative 
which was subsequently displaced with ammonia along with deacetylation to 
afford 19 in 70% yield. Phosphitylation of 18a with 2-cyanoethyl-N,N-
diisopropylphosphoramidochloridite gave the desired phosphoramidite 20 in 
86% yield [31P NMR (CDCl3) 154.7, 150.7, 149.9, 148.69] which was util-
ized for the solid-phase synthesis.  
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2.1.2 Synthesis and characterization of 1', 2'-azetidine fused 
uridine and cytidine phosphoramidites 39 and 42 

A different strategy was devised for synthesis of the 1',2'-azetidine-fused 
uridine (39) and cytidine (42) phosphoramidite building blocks for solid 
phase oligodeoxynucleotide synthesis (Scheme 2). During attempted cou-
pling of persilylated uracil with 6-O-benzyl-1,2:3,4-di-O-isopropylidene-�-
D-psicofuranose (1) in an analogues strategy shown in Scheme 1, we ob-
served a complex anomeric mixture (�:� = 1:0.8), from which only 23% of 
the � anomer could be isolated. 

By utilizing an anomeric mixture of 2-O-acetyl-6-O-benzyl-1,3,4-tri-O-
(4-toluoyl)-D-psicofuranose 23 as a coupling precursor, the desired �–
anomer 24 was obtained in 65% yield (�:� = 1:9) (Scheme 2). The 
�	configuration at the anomeric C2' center was confirmed by 1D NOE dif-
ference spectroscopy which showed a 1.9% enhancement for H6-H3'. An-
other advantage of this modified procedure shown in Scheme 2 was the utili-
zation of the 2, 3'-anhydro bond as a nucleobase protecting group. By keep-
ing the 2, 3'-anhydro bond intact until late in the synthesis, nucleobase pro-
tection/deprotection and acetylation/deacetylation could be saved. 

The psico-sugar 1 was first treated with 70% aqueous acetic acid at 80 °C 
for 5 h before 4-toluoyl chloride in dry pyridine was added to afford 22 as an 
anomeric mixture (~1:1) in 75% yield with a free anomeric hydroxyl group. 
Acetylation of 22 in dry pyridine with a 20 fold excess of acetic anhydride 
for 48 h at r.t. gave 23 (90%) as an anomeric mixture. The coupling between 
23 and the uracil nucleobase using Vorbruggen-type conditions [trimethyl-
silyltriflate as Lewis acid and N,O-bis(trimethylsilyl)acetamide as a silylat-
ing agent] afforded 24 in 65% yield. Complete detoluoylation of nucleoside 
24 was accomplished with 1M NaOEt in ethanol to give intermediate 25 
which was subsequently monomethoxytritylated to give 26 in 75% yield in 
two steps from 24. The use of 1,1'-thiocarbonyldiimidazole in toluene at 120 
°C to induce dehydration (27), gave undesired side products. This problem 
was circumvented by treating 26 with diphenyl carbonate and NaHCO3 in 
DMF at 110 °C (91% yield of compound 27). Benzylation of the 4'-hydroxyl 
in 27 went smoothly to give 28 (85%), from which the 1'-O-MMTr was de-
protected with 80% aqueous acetic acid to give 29 (79%) along with the D-
fructo-nucleoside as a by-product (11%). Compound 29 upon treatment with 
Ms-Cl (3 eq) in dry pyridine at 0 °C for 1.5 h gave the expected 1'-O-
mesylated product 30 (89%) along with traces of starting material. Prolonga-
tion of the reaction time in an attempt to drive the reaction to completion 
reduced the yield considerably. Displacement of the 1'-mesylate of 30 for 
azide in DMF at 100 °C went smoothly with no traces of side reactions to 
give 31 (87%). Nucleophilic opening of the 2,3'-anhydro bond in 31 with 1M 
NaOH in THF gave the desired D-fructo-nucleoside 32 in 85% yield along 
with traces of non-nucleosidic sugar impurities. The nucleoside 32 was  
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Scheme 2.  

 

Reagents and conditions: (i) 70% aq. acetic acid, 80 °C, 5 h; (ii) 4-toluoyl chloride, 
pyridine, 0 °C, 4 h; (iii) Ac2O, pyridine, r.t., 48 h; (iv) persilylated uridine, 
TMSOTf, CH3CN, 40 °C, 2 h; (v) NaOEt, ethanol, 10 min.; (vi) MMTrCl, pyridine, 
r.t., overnight; (vii) diphenyl carbonate, DMF, 110 °C, 2 h; (viii) benzyl bromide, 
NaH, CH3CN, overnight; (ix) 80% aq. CH3COOH, r.t., 48 h; (x) MsCl, pyridine, 0 
°C, 1.5 h; (xi) NaN3, DMF, 100 °C, 60 h; (xii) aq. NaOH, r.t., 2 h; (xiii) MsCl, pyri-
dine, 0 °C, 24 h; (xiv) PMe3, THF, water, r.t., 1 h; (xv) Et3N, pyridine, 90 °C, 48 h; 
(xvi) PAC-Cl, pyridine, r.t., 2.5 h; (xvii) BCl3, CH2Cl2, -78 °C, 2 h; -20 °C 2 h; 
(xviii) DMTrCl, DMAP, pyridine, r.t., 5 h; (xix) Ac2O, pyridine, r.t., 24 h; (xx) 
NC(CH2)2OP(Cl)N(iPr)2, EtN(iPr)2, THF, r.t., 2 h; (xxi) (a) 2-
chlorophenylphosphodichloridiate, 1,2,4-triazole, pyridine, r.t., 6 h; (b) aq. NH3, 
5°C, overnight; (xxii) (a) TMSCl, pyridine, 30 min.; (b) isobutyryl chloride, r.t., 3 h. 
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mesylated at C3' with Ms-Cl in dry pyridine at 0 °C to furnish the key pre-
cursor 33 in 90% yield. Reduction of the azide was carried out according to 
Staudinger (PMe3, THF, and H2O) to afford 34 in 90% yield.  

Cyclization of 34 by intramolecular nucleophilic attack of the 1'-amino 
group was performed as before (Et3N and pyridine at 90 °C) to give fused-
azetidine modified uracil nucleoside 35 (63%). Protection of the azetidine 
ring using PAC-Cl in dry pyridine, as used for 15, gave 36 in 84% yield. 
This compound was found to be a mixture of rotamers by 1H and 13C spec-
troscopy as was previously found for 16. Debenzylation of 36 with 20% 
Pd(OH)2/C, ammonium formate or 20% Pd(OH)2/C, H2, in ethanol did not 
work satisfactorily in our hands but the reaction proceeded to completion 
very smoothly with 1M BCl3 in CH2Cl2 at 	78 °C. The crude product ob-
tained was selectively dimethoxytritylated to 38 (85% in two steps from 36) 
followed by phosphitylation in the same way as carried out for 20 to furnish 
the desired phosphoramidite building block 39 (93%) as a mixture of four 
diastereomers [31P NMR (CDCl3): 154.6, 150.6, 149.9, and 149.2]. The 6'-O-
DMTr protected uracil nucleoside 38 was acetylated using acetic anhydride 
in pyridine, and the product 38a was converted into the cytosine nucleoside 
40 (70%) using the procedure for 19 (Scheme 1). This nucleoside was tran-
siently protected by trimethylsilylation followed by treatment with isobu-
tyryl chloride in pyridine and subsequent desilylation to afford 41 in 83% 
yield. Compound 41 thus obtained was transformed to its corresponding 
phosphoramidite 42 (92%) [31P NMR (CDCl3): 154.4, 150.6, 149.6, 149.0].  

Phosphoramidites 20, 39 and 42 were incorporated at different positions 
in mixed 15-mer AON sequences as depicted in Table 1 (p 44). Their struc-
tural integrity was confirmed by mass measurements by MALDI-TOF spec-
troscopy. All compounds were spectroscopically pure and their properties 
are documented in the Experimental Section of the attached publications. 
Structure determinations of these compounds were based upon 1H NMR, 
COSY, HETCORR and NOE experiments. 

2.1.3 Rationalization of the anomeric stereochemistry in the 
coupling reactions 
Sugar derivatives with a 2'-acyloxy substituent on condensation with nucleo-
bases invariably gives N-glycoside products with a 1,2-trans-configuration 
or �-configuration. This observation led Baker to suggest that neighbouring 
group participation is responsible for such stereo-control. Displacement of 
the leaving group at C-1' in the sugar generates a carbocation which is ‘cap-
tured’ by the neighbouring carbonyl oxygen of the acyl group. This bicyclic 
intermediate is preferentially attacked by the nucleophilic base from the side 
of the furanose ring that is opposite to the C2 substituent. Hence this is 
known as ‘Bakers 1,2 trans-rule’.  
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On the other hand, the use of acetonide protected sugar 1 (Scheme 1), did 
not give any stereo-control due to the failure to form such a cyclic interme-
diate (Figure 4). In the toluoyl protected psico-sugar 23 in Scheme 2 the 
stabilization of the anomeric carbocation can be achieved by the carbonyl 
oxygen in the 3' or 1' side chain. The predominant formation of the �-anomer 
suggests that the carbonyl group of 3' is the best stabilizer of the positive 
charge at the anomeric position (Figure 4).  

 
 
 
Figure 4. Mechanism for the coupling of psicofuranose derivatives 1 and 23 with a 
nucleobase (B	). 

 

2.1.4 Conformational analysis of azetidine fused nucleosides 
The molecular structures of the monomer units have been studied by 

means of high-field NMR and theoretical ab initio and MD simulations. A 
rough estimation of the sugar puckering from the coupling constant analysis 
(3JH-3',H-4' vs. 3JH-4',H-5') showed North-type but much closer to the East than to 
the North sugar conformation. On the other hand, both ab initio and MD 
obtained geometries have demonstrated that the sugar in the azetidine modi-
fied pyrimidine nucleosides assumes a North-East conformation (44° < P < 
54°, 29° < 
m < 33° from ab initio results) similar to that of the oxetane 
modified T and C nucleosides with P being within 2° of the corresponding 
value for the oxetane-C and T. The puckering amplitude (
m) was found to 
be ~7° lower compared to the oxetane T and C values. As expected, the 
lower electronegativity of nitrogen as compared to oxygen leads to a slight 
(0.02 Å) increase in the C2'-C3' and C3'-C4' bond lengths and less steric 

Both ��and���anomers 

Predominantly the ��anomer 
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strain in the azetidine moiety as compared to the oxetane. This resulted in a 
broader conformational subspace available for the azetidine modified sugar 
moiety which was reflected in a higher (~10°) amplitude of the P variation 
during the MD trajectories (compare average P = 34.8 ± 29.5°, 
m = 34.8 ± 
29.5° for the azetidine modified pyrimidine series with the corresponding P 
= 36.0 ± 19.7°, 
m = 32.6 ± 9.1° for the oxetanes). Although, for the 
azetidine U and 5-Me-C the ab initio obtained sugar puckering both for P 
and 
m were found to be ~10° higher than that of the azetidine T and C. The 
apparent gas phase conformational preference disappeared in the MD dy-
namic model. This resulted in very close average values of P and 
m and 
similar variations along the trajectories for all azetidine modified nucleo-
sides. 

2.1.5 Effect of the 1',2'-lock on the nucleobase pKa  
 
It is known that the pKa of a nucleobase is influenced by the 2' substituent in 
the sugar moiety. The aglycons in 2'-deoxyribonucleotides are in general 
more basic (�pKa 0.2) than those in the ribonucleotide counterpart because 
of the electron-withdrawing character of the 2'-OH group in the latter.128 
Thus, any change in the 2'-substituent affects the donor–acceptor properties 
of the nucleobase, which in turn affects the H-bonding strength. 

 We have shown that different functional groups attached to the C2� posi-
tion in 3',5'-bisethylphosphate as well as 3'-mono-ethylphosphate model 
nucleotides significantly influence the pKa of the nucleobase (A/G/C/T/U) 
(Figure 5). We have chosen the mono- and bis-ethylphosphates because it is 
known that the electrostatic interactions between the negatively charged 5'-
phosphate and the nucleobase also affects the nucleobase pKa. We show that 
the pseudoaromatic character of the nucleobases changes depending on the 
2'-substituent. This also explains why the Tm of a duplex is affected by the 
chemical nature of the 2'-substituents.  

 

Figure 5. Structures of various 3'-monoethylphosphates (R1 = H) and 3',5'-
bisethylphosphates (R1 = PO2

	-OEt) used in the present study. 
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The 1',2'-cis-fused azetidine and oxetane rings have a notable electron 

withdrawing effect as compared to a freely rotating 2'-amino or 2'-OMe sub-
stituent. This is reflected in the pKas at N3 of 1-cytosinyl, 1-thyminyl, and 1-
uracilyl analogues, which were determined by NMR spectroscopy by ob-
serving the change in chemical shifts of H2' and H6 with pH. Thus we can 
conclude that the 1H chemical shift of the H2' can directly give information 
about the pseudoaromatic character of the nucleobase. 

2.2 2',4'-Cyanomethylene-bridged carbocyclic 
nucleoside 

2.2.1 Synthesis and characterization of 2',4'-cyanomethylene-
bridged carbocyclic nucleoside 
Since the �-D 2',4'-locked nucleosides adopts the absolute North conforma-
tion in the sugar moiety, they have shown the best affinity properties with 
ssRNA, ssDNA and dsDNA. We envisaged the synthesis of a highly con-
strained 2',4'-cyclobutane fused nucleoside. Although we were able to syn-
thesize such a nucleoside (54), it was so strained and unstable that it could 
not be transformed into the desired phosphoramidite. The synthesis pro-
ceeded as shown in Scheme 3.  

The known sugar precursor99 43 was converted to 3,5-di-O-benzyl-4-C-
hydroxymethyl-1,2-O-isopropylidene-�-D-ribofuranose 44, which was then 
transformed into the triflate 45 using triflic anhydride in a dichloromethane-
pyridine mixture (3:1, v/v) at 0 °C. The crude product obtained after aqueous 
workup was subsequently treated with 3 equivalents of freshly prepared 
LiCN-acetone complex in DMF, and stirred at r.t. for 3 days. The cyano-
sugar 46 was isolated in an overall yield of 90% from 2, along with some 
unidentified minor compounds. This product was converted to diacetate 
coupling precursor 47 (1,2-di-O-acetyl-3,5-di-O-benzyl-4-C-cyanomethyl-D-
ribofuranose) using a mixture of acetic acid, acetic anhydride and triflic acid 
by stirring for 3 h at r.t.. The crude product (46 �47 was almost quantita-
tive) was subjected to the modified Vorbruggen conditions using in situ sily-
lated thymine and subsequent trimethylsilyl triflate mediated coupling to 
give the �-configured thymine nucleoside 48 in 80% yield. This stereo-
control can again be explained by the ‘Bakers 1,2-trans rule’.  

The � configuration of 48 was confirmed by a 1D NOE experiment which 
showed 8% enhancement of H6 upon irradiation of H2' (dH6-H2' � 2.7 Å for 
the �-anomer, and dH6-H2' � 4 Å for the �-anomer). Deacetylation of 48 at 
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C2' was carried out using sodium methoxide in methanol and the product 49 
was isolated as a crude material (single spot on TLC; 13C NMR), which was 
directly mesylated using mesyl chloride in pyridine at r.t. to afford 50 with 
an overall yield of 95% in 2-steps from 48.  

Conversion into the 2,2'-anhydro product 51 was effected by using 1.05 
equivalents of DBU in acetonitrile in 91% yield. It should be noted that ex-
cess base or stronger base such as NaHMDS resulted in instantaneous de-
pyrimidation. Opening of the 2,2'-anhydro ring in 51 went smoothly by re-
fluxing in a mixture of 0.1 M aqueous sulfuric acid-acetone (1:1, v/v) to give 
the arabino product 52 quantitatively. 

Treatment of 52 with triflic anhydride, pyridine, DMAP and anhydrous 
CH2Cl2 at 0 °C gave the desired triflate nucleoside 53 in 84% yield. The 
acidic proton ��to the cyano group was then abstracted using NaHMDS in 
 
Scheme 3. 
 

 
 

Reagents and conditions: (i) NaH, BnBr, CH3CN, 	5 °C to  overnight; (ii) Tf2O, 
pyridine, CH2Cl2, 0 °C, 3 h; (iii) LiCN.acetone, DMF, r.t., 3 days; (iv) Acetic acid, 
Ac2O, triflic acid, r.t., 3 h; (v) persilylated thymine, TMSOTf, CH3CN, 80 °C, over-
night; (vi) NaOMe, methanol, 3 h; (vii) MsCl, pyridine, 0 °C, 6 h; (viii) DBU, 
CH3CN, r.t., 1 h; (ix) 0.1 M H2SO4, acetone, reflux, overnight; (x) Tf2O, pyridine, 
CH2Cl2, DMAP, 0 °C, 2.5 h; (xi) 1 M NaHMDS, THF, r.t., 3 h. 
 
anhydrous THF which gave the desired highly constrained product 54 in 
35% yield (Scheme 3) as a mixture of two diastereomers (R:S = 8:2; chiral-
ity at the cyano-methylene bridge). The stereochemistry at C6' in compound 
54 was proven by 2D COSY, and 1H-homodecoupling experiments. In the 
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major diastereomer, the H3' appears as a double-doublet (dd, J = 7.7 Hz, 1.5 
Hz) due to the vicinal 3JH3',H2' coupling (7.7 Hz) with H2' and, most impor-
tantly, a 4JHH W-coupling with H6' (1.5 Hz), which is only possible when C6' 
is in the R configuration (Figure 5). As a result of the R configuration at C6', 
the dihedral angle between H6' and H2', 
(H6'-C6'-C2'-H2'), becomes very 
close to 90°, which is why no vicinal 3-bond coupling between H6' and H2' 
(3JH2',H6') has been observed for the major diastereomer. This means that C6' 
in the minor diastereomer has the S configuration.  
 
 

Figure 6. (i) 1H	13C HMBC spectrum showing the connectivity between C2' and H6' 
(ii) R-configured 2',4'-cyanomethylene bridged carbocyclic thymine nucleoside with 
a W relationship between H3' and H6'. 

 
The observed significant upfield 13C chemical shift at C1' (63.6 ppm) in 

the fused product 54 is probably due to the change from the more electro-
negative 2'-OTf to the 2'-deoxy-2'-C- (carbocyclic) conjugate, resulting in an 
increase in the anomeric effect in the highly constrained North-fused nucleo-
side as well as +I effect owing to the carbon substituent at C2'. Finally the 
1D difference NOE experiment is consistent with the North-type sugar con-
formation. 

 The structural integrity of this conformationally-constrained product was 
also proven by a 1H, 13C NMR correlation (HMBC) experiment (Figure 6) 
which showed C2'/H6' (2JCH), through bond correlation. The mass-spectral 
data by MALDI-TOF have also provided evidence for the structure of the 
highly strained carbocyclic nucleoside (see the Experimental Section of Pa-
per II for a full characterization). However, our efforts to remove the benzyl 
group from compound 54 using Pd(OH)2/HCOONH4 and BCl3 (Scheme 3) 
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was not met with success. The other remaining problem is to find a mild 
reducing agent which can convert the –CN group in compound 54 (Scheme 
3) to a relatively poorer electron-withdrawing group (for example an amine) 
in order to assess its potential in the strategies concerning gene-directed drug 
development (reduction by (CF3CO2)3BH was unsuccessful). All efforts to 
perform reactions on this compound gave mostly the corresponding nucleo-
base. This limits its application for further studies. 

2.3 2',4'-Piperidino fused aza-ENA-T nucleosides 

2.3.1 Synthesis and characterization of 2',4'-piperidino fused aza-
ENA-T phosphoramidites 61 and 65   
2',4'-Piperidino fused aza-ENA-T was envisioned to be synthesized by re-
duction of the cyano group in nucleoside 53 to a primary amine 54, followed 
by displacement of the strategically placed triflate at C2'.  Reduction was 
carried out using trifluoroacetoxy borohydride prepared in situ from NaBH4 
and trifluoroacetic acid. However, during reduction the amine spontaneously 
cyclized to give a mixture of the two diastereomeric aza-ENA-T isomers 55  

 
Scheme 4 

 
 

Reagents and conditions: (i) NaBH4, trifluoroacetic acid, THF, r.t., overnight; (ii) 
Pd(OH)2, ammonium formate, methanol, reflux, overnight, followed by 1 M BCl3 in 
CH2Cl2, 	78 °C, 3 h; (iii) phenoxyacetyl chloride (for 58)/trifluoroacetic anhydride 
(for 59), pyridine, r.t., 3 h; (iv) DMTr-Cl, pyridine, r.t., 7 h (overnight for 63); (v) 
NC(CH2)2OP(Cl)N(iPr)2, DIPEA, THF, r.t., 3 h, (overnight for 65) 
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and 56, isolated in 40 and 5% yield, respectively. These diastereomers 
showed identical masses by MALDI-TOF mass spectroscopy (see Experi-
mental Section of Paper II). That the intramolecular ring-closure reaction 
had indeed taken place to give the 2'-deoxy-2'-N,4'-C-ethylene bridged nu-
cleoside (aza-ENA-T) having the 2-aza-6-oxabicyclo[3.2.1]octane skeleton 
fused with a North-conformationally constrained pentofuranosyl moiety in 
55 and 56 was unequivocally proven by long range 1H,13C NMR correlation  
spectroscopy (See Paper II for full characterization). The benzyl groups of 
diasteromeric 55/56 were removed for characterization using 
Pd(OH)2/ammonium formate in methanol and subsequent treatment with 
BCl3 in dichloromethane at 	78 �C to give the aza-ENA-T 57 in 60% yield. 
We then prepared both the N-PAC and N-trifluoroacetyl protected aza-ENA-
T phosphoramidite building blocks 58 (70%) and 59 from diastereomers 
55/56 to synthesize aza-ENA-T incorporated AONs (Scheme 4). Because of 
restricted rotation of the amide bond, 58 and 59 were obtained as a mixture 
of rotamers. Note that reaction of pure NH-axial isomer 56 with PAC-Cl and 
pyridine showed a slow conversion to the NH-equatorial product 55 as ana-
lyzed by TLC before product 58 was formed. Debenzylation of 58 and 59 
was effected by reaction with Pd(OH)2/ammonium formate in methanol and 
then with BCl3 in anhydrous CH2Cl2 for 3 h to give 60 in 75% yield. The 
corresponding TFA protected 61 was not subjected to column chromatogra-
phy due to the lability of the TFA group. Dimethoxytritylation of the 5'-OH 
in 60 and 61 using DMTr-Cl and pyridine afforded the nucleoside 62 in 86% 
yield while 63 was obtained in 70% yield in three steps from 55. Phosphity-
lation of the 3'-OH using standard conditions afforded 64 and 65 in 86% and 
61% yields, respectively [31P NMR of 64 and 65 (CDCl3): � 150.7, 150.3, 
149.2, 148.1 and; � 150.1, 149.9, 149.8, and 149.2 respectively]. The reactiv-
ity of the 3'-OH was found to be significantly reduced with TFA protected 
63 as the phosphitylation reaction took a long time (overnight) for comple-
tion. 

The phosphoramidites 64 and 65 were successfully incorporated into a 
15mer sequence, but, to our surprise, the PAC protecting group was very 
stable and could not be removed even in 33% aqueous ammonia or AMA 
(33% aqueous ammonia/methylamine 1:1 v/v) at 65°C for 2 days. This was 
clear from the mass measurement using MALDI-TOF mass spectroscopy 
[expected mass with PAC protection m/z 4624.7 and observed 4624.9]. On 
the other hand, the PAC protected nucleoside 58 could be de-protected with 
aqueous ammonia at 55 °C overnight. Fortunately, the TFA protecting group 
was easily removed. 
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2.3.2 NMR characterizations of 55, 56, and completely 
deprotected aza-ENA-T nucleoside 57 
The formation of two NH diastereomeric products 55 and 56 was surprising 
and needed to be proved unequivocally. The characterization and conforma-
tional analysis of 55, 56 and 57 was based on NMR data (at 500 and 600 
MHz in CDCl3/DMSO-d6) obtained by double homodecoupling experiments, 
1D NOESY, 1D selective TOCSY and 13C NMR experiments including 
DEPT as well as by long-range 1H-13C HMBC correlations (2JH,C and 3JH,C )61 
and one-bond HMQC experiments. 

2.3.2.1 Coupling constant analysis in nucleoside 55 
The upfield H6e' proton (�1.31) in 55 was distinguished from the H6a' proton 
(�2.02) by the fact that the former has only a smaller 3JH,H coupling of 4.8 Hz 
beside a geminal coupling of 13 Hz, whereas H6a' has a large trans 3JH,H 
coupling of 11.6 Hz and a cisoid 3JH,H coupling of 6.7 Hz. This assignment 
of the H6a'/H6e' protons allowed us to identify immediately the H7a'/H7e' 
protons (at �3.13 and �3.02) by a double-decoupling experiment (decoupling 
simultaneously at �2.02 and �1.31). Similarly, a stepwise decoupling of ei-
ther the H6e' or the H6a' proton led us to determine the vicinal coupling con-
stant for the H7e' or H7a' protons. The four-line multiplet (doublet of doublet, 
3JH7e,H6a = 6.5 Hz and 2JH7a',H7e'= 13.3 Hz) at �3.02 was thus assigned to H7e' 
and the eight-line multiplet at � 3.13 (doublet of doublet of doublet, 3JH7a',H6a' 
= 11.6 Hz, 3JH7a',H6e' = 4.8 Hz, 2JH7a',H7e' = 13.3 Hz) was assigned to H7a'. This 
shows that the dihedral angle between H6e' and H7e', 
[H7e'-C7'-C6'-H6e'], is 
close to 90�. These assignments were further confirmed by detailed proton 
spin-spin simulation experiments (see Figure S3-S5 in SI of Paper II) as well 
by 2D COSY spectra (see Figure S20 in SI of Paper II). The vicinal coupling 
of the NH proton in 55 with either H7a' or H7e' was not observable by NMR, 
probably due to the fast exchange with the bulk solvent or because the N-H 
proton is presumably cisoid with respect to both H7a'/H7e' protons (i.e. the 
N-H proton is most probably equatorial). 

2.3.2.2 Coupling constant analysis in nucleoside 56 
Analogous to the assignment of the axial and equatorial H6' protons of the 

piperidino ring, the H6e' proton (�1.53) in 56 was distinguished from the H6a' 
proton (�2.04) by the fact that the former has only a smaller 3JH,H coupling of 
5.3 Hz beside a geminal coupling of 13.4 Hz, whereas the H6a' proton has a 
large trans 3JH,H coupling of 11.9 Hz and cisoid 3JH,H coupling of 6.7 Hz. A 
set of double and single decoupling experiments at the centre of multiplets of 
the H6a' and/or H6e' protons gave the assignment of both the H7a' and H7e' 
protons. From the geometrical point of view the H7a' is expected to have 
different couplings with H6a' (
[H7a'-C7'-C6'-H6a'] is close to 180�, hence 
the 3JH,H coupling should be large) and H6e' (
[H7a'-C7'-C6'-H6e'] is close to 
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55�, hence the 3JH,H coupling should be small). The 3JH,H coupling constant 
between equatorial H7e' and H6a' is expected to be medium (
[H7e'-C7'-C6'-
H6a'] is about 40�), while that between H7e' and H6e' is expected to be zero 
(
[H7e'-C7'-C6'-H6a'] is close to 90°). Thus, the H7a' has been assigned to the 
12-line multiplet (doublet of triplet of doublet) at � 2.98 because it has three 
distinguishable vicinal couplings (3JH7a',H6a' = 11.9 Hz and 

3JH7a',H6e' = 5.2 Hz 
and 3JH7a',NHa= 11.9 Hz) besides the geminal coupling (2JH7a',H7e' = 14.2 Hz). 
The H7e' has been unambiguously assigned to the 8-line multiplet (doublet 
of doublet of doublet) at �3.26 because it has only two vicinal couplings 
(3JH7e',H6a' = 6.4 Hz and 

3JH7e',NHa= 3.9 Hz) besides the geminal coupling 
(2JH7a',H7e' = 14.2 Hz). The 3JH7a' coupling observed with the vicinal NHa pro-
ton of 11.9 Hz and 3JH7e' coupling with the vicinal NHa proton of 3.9 Hz sug-
gested that the NH proton is presumably trans with respect to H7a' and cis 
with the H7e' proton (i.e. the NHa proton is most probably axial). The 2D 
COSY spectrum (see Figure S25 in SI of Paper II) for the minor isomer 56 
again was used to confirm that the H6e' is only coupling with H7a'. A 1D 
selective TOCSY experiment confirmed the spin system for H7a', H7e', H6a', 
H6e', as well as that of the NHa proton at �4.55 ppm (Figure S22 in SI). The 
presence of the NH proton was also confirmed by D2O exchange and NMR 
simulation experiments. 

2.3.2.3 Coupling constant analysis in nucleoside 57 
The H6e' proton (�1.17) in 57 was distinguished from the H6a' (�1.78) by 

the fact that the former has only a smaller 3JH,H coupling of 4.6 Hz besides a 
geminal coupling of 12.9 Hz, whereas the H6a' proton has a large trans 3JH,H 
coupling of 13.0 Hz and cisoid 3JH,H coupling of 6.8 Hz. A set of double and 
single decouplings at the centre of multiplets of the H6a' and/or H6e' protons 
gave both the assignment of H7a' and H7e' as well as their vicinal couplings. 
The H7a' was assigned to the six-line multiplet (doublet of triplet) at �2.95 
because of two vicinal couplings (3JH7a',H6a' = 13 Hz and 3JH7a',H6e' = 4.8 Hz) 
besides the geminal coupling (2JH7a',H7e' = 12.8 Hz) and H7e' was assigned to 
the four-line multiplet (doublet of doublet) at �2.87. The four lines of H7e' 
were due to one vicinal coupling (3JH7e',H6a' = 6.6 Hz) besides geminal cou-
pling (2JH7a',H7e' (gem) = 12.8 Hz). No couplings were observed between H7e' 
and H6e' as confirmed by 2D COSY experiments. This shows that the dihe-
dral angle between H6e' and H7e', 
[H7e'-C7'-C6'-H6e'], is about 90�.  

 2.3.2.4 Conformational analysis from the HMBC data for 55, 56 and 57 
The HMBC spectra of 55, 56 and 57 show correlation between H7e' 

(equatorial H7') and C2' but none between H7a' (axial H7') and C2'. This 
suggested that the dihedral angle between H7e' and C2', 
[H7e'-C7'-N-C2'], is 
close to 180�, whereas H7a' and C2', 
[H7a'-C7'-N-C2'], is about 90�. The 
presence of long-range HMBC correlation of H7e' with C2' also unequivo-
cally showed that the six-membered piperidino [3.2.1] ring fused with the 
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pentofuranose ring has indeed been formed in the ring-closure reaction (54 
� 55/56, Scheme 4). The de-protected 57 showed very similar NMR spec-
tral data as that of the major isomer 56.  

2.3.3 Kinetic study of the nitrogen inversion converting 
diastereomer 55 to 56  

The factors that influence inversion at pyramidal nitrogen in bicyclic 
amines have been discussed for several decades.129 Usual values of nitrogen 
inversion barriers for alicyclic amines lie in the 5-9 kcal/mol range.130 How-
ever, abnormal barriers (>13 kcal/mol) were found for azanorbornanes, 
which was attributed to nitrogen inversion-C-N rotation (NIR) the ‘bicyclic 
effect’.129,131,132 Despite several attempts, the mechanistic reason for this 
bicyclic effect could not be satisfactory explained in terms of steric interac-
tions or ring strain.133 Only in crowded systems such as the N-t-Bu azano-
rbornanes could steric interactions be sufficiently strong to play an important 
role. The nitrogen inversion-rotation barriers determined in a series of bi-
cyclic amines using dynamic NMR and MP2/6-31G* were found to vary 
from 6.4 to 13 kcal/mol. Several interesting conclusions have so far emerged 
from various studies on nitrogen inversion and the bicyclic effect in cyclic 
amines:130,132 (1) NIR barriers increase with decreasing ring size in azabicy-
cles. (2) A 5-membered ring as a component of a rigid nitrogen-bridged bi-
cyclic skeleton increases the NIR barrier by ca 3 kcal/mol per ring. (3) Flat-
tening of the nitrogen pyramid, for example through the introduction of a 
double bond in the 6-membered ring as a component of a rigid nitrogen-
bridged bicyclic skeleton, decreases the NIR barrier of the ring inversion. (4) 
Dynamic NMR experiments at ~180 K show that ring inversion in the rigid 
nitrogen-bridged bicyclic skeleton involve interconversion of conformers 
with equatorial and axial N-alkyl substituents. (5) Despite earlier suggestions 
that angle strain developing during NIR in the endocyclic CNC angle is re-
sponsible for the bicyclic effect, no satisfactory correlation has been found 
between NIR barriers and the CNC angle for different bicyclic amines. No 
experimental evidence has so far been found in support of the suggestion 
that the observed high NIR barriers in the constrained amines are caused by 
delocalization of the N lone pair. 

As discussed above, we have isolated and fully characterized di-
astereomers 55 and 56 by NMR and mass-spectroscopy. These isomers were 
fairly stable in CH2Cl2 containing ca 5-10% methanol or in CHCl3 solution. 
Detailed conformational studies show that the piperidino moiety in the major 
isomer 55 adopts a chair conformation with an equatorial N-H (NHe) to re-
duce the 1,3-diaxial interaction. In the minor isomer 56, the piperidino ring 
is also in the chair conformation but with an axial N-H (NHa) which is rela-
tively unstable because of unfavorable 1,3-diaxial interactions. 
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Figure 7. Non-reversible conversion of 56 (with NHa) to 55 (with NHe) in pyridine-
d5 at 298 K. 1H NMR signals for H6 and H1' for the two compounds are shown. 

 
The kinetic studies of nitrogen inversion in pyridine-d5 (Figure 7) showed 

that the minor isomer 56 was irreversibly converted almost completely 
(>99%) to the major isomer 55 during 33 h at 298 K. However, no isomeri-
zation of pure isomer 55 occurred under similar condition. We have also 
determined the first order rate of inversion at 293 K (k = 1.0 x 10-5 sec-1), 
298 K (k = 4.4 x 10-5 sec-1), 303 K (k = 8.0 x 10-5 sec-1), 308 K (k = 1.0 x 10-

4 sec-1), and 318 K (k = 4.0 x 10-4 sec-1), respectively. The populations of 55 
and 56 at different time intervals were obtained using the peak integrals of 
H6 for the two isomers.  

The Arrhenius plot of ln k versus 1/T shows a linear correlation with R = 
0.98. The slope gave the Ea = 25.4 kcal mol-1, whereas the intercept showed 
the frequency of collision factor A = 1.190 x 1014 s-1 (See Paper II). The free 
energy of activation was also calculated134 as �G‡ = 23.4 kcal mol-1 at 298 K 
in pyridine-d5. In CDCl3, the two diastereomers 55 and 56 very slowly (in 30 
days) reach a 40:60 equilibrium (55:56) with Kc = 0.67. The �G‡ was found 
to be 25.4 kcal mol-1 at 298 K (SI, Figure S43 of Paper II). The complete 
conversion in pyridine-d5 with 2 kcal mol-1 lower �G‡ suggests that the 
transformation of 56 to 55 is base catalyzed.  

2.3.4 Conformational analysis of 55, 56 and 57 
Experimental coupling constants in the 1H NMR spectra (600 MHz) of 3',5'-
bis-OBn protected compounds 55 and 56 and fully de-protected compound 
57 were further analyzed to obtain structural information as follows: (i) Ini-
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tial dihedral angles were derived from the observed 3JHH using the Haasnoot-
de Leeuw-Altona generalized Karplus equation (Table S6 in SI of Paper II). 
(ii) NMR constrained molecular dynamics (MD) simulations (0.5 ns,10 
steps) simulated annealing (SA) followed by 0.5 ns NMR constrained simu-
lations at 298 K using the NMR derived torsional constraints from step (i) to 
yield NMR defined molecular structures were performed. Our conclusions, 
based on detailed MD, SA and ab initio simulations are as follows: 

(1) Sugar puckering conformations: Non-observable 3JH1',H2' and weak 
3JH2',H3' experimental coupling indicate that, similarly to ENA, LNA and 2'-
amino LNA, the piperidino modification of the sugar moiety in aza-ENA-T 
restricts the sugar puckering to the North-type conformation. Ab initio and 
MD simulations (SI, Tables S6 and S7 of Paper II) showed that the sugar 
moiety is indeed conformationally restricted to the North conformation 
(pseudorotational phase angle P = 14° ± 7° for 55 and 56; 19° ± 8° for 57, 
sugar puckering amplitude 
m = 48° ± 4° for 55, 56, and 57). The sugar 
puckering in aza-ENA-T is thus close to that of ENA and LNA (P = 12-19�), 
however with the sugar puckering amplitude, 
m, lower by ~10� (
m � 46�) 
compared to that of LNA (
m � 56�). ENA-T and aza-ENA-T also showed 
very similar conformational dynamics with 5-8� variations in the sugar tor-
sions along the MD trajectories with sugar atoms RMSd less than 0.1 Å.  

(2) Conformation of the piperidine ring: Ab initio and MD simulations, 
1D NOESY experiments as well as dihedral angles obtained using the gener-
alized Karplus equation (shown in Figure S45 of SI in Paper II) all point to a 
chair conformation of the piperidine ring. Both the sugar and piperidine 
rings of aza-ENA-T show exceptional rigidity with RMSds of the sugar and 
piperidino exocyclic heavy atoms (C,N,O) less then 0.09Å along the MD 
trajectories. More dynamics was observed in the base (RMSd about 0.7 Å) 
of aza-ENA-T (55, 56 and 57) while the flanking OBn groups in the 3',5'-
bis-OBn protected aza-ENA-T compounds 55 and 56 (RMSd 1.3-1.7Å) were 
expectedly found to be the most dynamic parts of these compounds.  
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3. Evaluation of Target Affinity and Antisense 
Properties of Modified AONs 

3.1 Thermal melting with complementary RNA 
The azetidine and aza-ENA-T modified building blocks were singly in-

corporated at different positions of a 15mer DNA sequence (Table 1).  
 

Table 1. Comparison of target affinity with complementary RNA between azetidine 
modified T, U, C and aza-ENA-T modified sequences.a 

 
 

AON 
 

Sequence 
 

  Tm (°C) 
With RNA 

 
�Tm 

66 3'-d(CTTCTTTTTTACTTC)-5' 44  

67 
67a 
67b 

3'-d(CTTCTTTTTTACTTC) 
3'-d(CTUCTTTTTTACTTC) 
3'-d(CTTCTTTTTTACTTC) 

38.5 
39.5 
48 

-5.5 
-4.5 
+4 

68 
68a 
68b 

3'-d(CTTCTTTTTTACTTC) 
3'-d(CTTCTUTTTTACTTC) 
3'-d(CTTCTTTTTTACTTC) 

40 
40.5 
46.5 

-4 
-3.5 
+2.5 

69 
69a 
69b 

3'-d(CTTCTTTTTTACTTC) 
3'-d(CTTCTTTUTTACTTC) 
3'-d(CTTCTTTTTTACTTC) 

40 
41 

47.5 

-4 
-3 

+3.5 
70 

70a 
70b 

3'-d(CTTCTTTTTTACTTC) 
3'-d(CTTCTTTTTUACTTC) 
3'-d(CTTCTTTTTTACTTC) 

40 
40 
48 

-4 
-4 
+4 

71 3'-d(CTTCTTTTTTACTTC) 43 -1 

72 3'-d(CTTCTTTTTTACTTC) 42 -2 
 

a Tm values measured as the maximum of the first derivative of the melting curve 
(A260 vs. temperature) recorded in medium salt buffer (60 mM Tris-HCl at pH 7.5, 
60 mM KCl, 0.8 mM MgCl2 and 2 mM DTT) in the temperature range 20 to 70 °C 
using 1μM concentrations of the two complementary strands; �Tm = Tm relative to 
native duplex; T, U and C = azetidine modifications; T = aza-ENA modification.  
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Thermal denaturation studies with complementary RNA were performed 
using temperature dependent UV spectroscopy. The azetidine modified 
AONs were found to have better binding affinity than the oxetane modified 
(G in Figure 3) AONs (�Tm ~	4 °C for thymidine and ~	1 °C for cytidine 
derivatives per modification). This shows that the replacement of oxygen for 
amine is important for the stabilization of DNA:RNA hybrid duplexes. This 
difference is even more pronounced in the cytidine modified AONs. Even 
though both oxetane and azetidine modifications lock the sugar in the North-
East conformation the modified AONs were not able to form stable duplexes 
with complementary RNA. This is because the 1',2'-lock imparts constrain 
on the glycosyl torsion (�) and thereby disrupts the linearity required for 
efficient hydrogen bonding.135 

On the other hand, the absolutely North-locked nucleoside aza-ENA-T 
modified AONs did impart significant stabilization of the target RNA (�Tm 
~+4 °C/modification) as compared to the unmodified native sequence 
(AONs 67b, 68b, 69b and 70b). This can be attributed to improved stacking 
between nearest neighbours and arrest of the backbone motions as a result of 
constrain in the sugar moiety.136 This reduction in backbone motion causes a 
reduction in entropic penalty during duplex formation which results in im-
proved duplex stability with DNA and RNA. 

3.2 RNase H recruitment properties of chemically 
modified AONs 
The RNase H recruitment properties of azetidine and aza-ENA-T modified 
AONs were evaluated and compared with that of the native as well as the 
identical oxetane-modified counterparts using Escherichia coli RNase H1 as 
a model system. The modifications were incorporated at different places of a 
15mer sequence as shown in Table 1. The structural difference between 
North-East constrained azetidine and North constrained aza-ENA modified 
AON/RNA hybrids were clearly visible in the foot print pattern obtained by 
RNase H1 mediated cleavage. We have previously reported the RNase H1 
digestion properties of 1',2'-oxetane modified AON/RNA hybrid duplexes in 
identical sequences.137 This cleavage pattern was found to be identical with 
that of 1',2'-azetidine fused AONs but very different from those of aza-ENA 
modified sequences. AON 67b showed only one prominent cleavage site at 
the A8 position of the complementary RNA (Figure 8A) unlike the 
azetidine-modified AON 67 which showed cleavages at A7, A8, A10 and 
U11 with no clear preferences (Figure 8B). Comparison of AON 69b versus 
AON 69 and AON 70b versus AON 70 clearly show the absence of a single 
RNA cleavage site in aza-ENA-T modified AON/RNA duplexes compared 
to those of the azetidine-modified counterparts (A7 of AON 69 and A9 of 
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AON 70). The aza-ENA-T modified AON 68b and its isosequential 
azetidine analogue AON 68, on the other hand, showed identical cleavage 
footprint patterns with a 5 nucleotide gap.  
 
 

 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 8. Autoradiograms of 20% denaturing PAGE showing the cleavage kinetics 
of 5'-32P-labeled target RNA by E.coli RNase H1 in native AON 1/RNA, the aza-
ENA-T modified AONs (67b-70b)/RNA hybrid duplexes (A) and the azetidine-T 
modified AONs (67-70)/RNA hybrid duplexes (B).  

 
This shows that the local structures of all aza-ENA-T modified AONs/RNA 
duplexes are certainly not the same. The RNase H enzyme indeed can finely 
discriminate these local variations of the microstructure brought by the vari-
ous type and incorporation site of the North-type modification in the AON. 
This difference in RNase H activity between the azetidine and aza-ENA-T-
modified AONs/RNA duplexes can be due to a difference in the conforma-
tional flexibility and hydration pattern in the minor groove imposed by the 
fused four and six membered rings.  

B 

A 
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A crude estimation of the cleavage kinetics during RNase H promoted 
degradation under pseudo first order conditions was carried out, first by den-
sitometrically quantifying the amount of cleavage products and then by plot-
ting the uncleaved RNA as a function of time. The degradation rates were 
obtained by fitting the curves to a single exponential decay function. This 
experiment showed that the relative cleavage rates of the modified AONs 
were similar to that of the unmodified one. 

In order to find out the effect of the chemical modifications on the cata-
lytic activity and binding affinity of RNase H, we performed Michaelis-
Menten kinetics experiments. The catalytic constant (Kcat) was slightly 
higher for azetidine modified AONs (~1.4 - 1.6 fold) than for the native se-
quence, but higher for the aza-ENA modified AONs (~2.6 fold). However, 
the effective enzyme activities (Kcat/Km) for azetidine and aza-ENA-modified 
AON/RNA hybrids were lower than that for the native AON sequence (~2.7 
fold for azetidine and ~3.2 fold for aza-ENA). This can be because of lower 
1/Km (effective enzyme binding) of modified AON/RNA hybrid.  

3.3 Nuclease stability of chemically modified AONs 
One of the main objectives in synthesizing chemically modified AONs is to 
improve nuclease stability in therapeutic applications. We have tested the 
stability of azetidine and aza-ENA modified AONs in the presence of human 
serum and snake venom phosphodiesterase (SVPDE). The SVPDE is exclu-
sively a 3'-exonuclease while human serum is a cocktail of several enzymes, 
mainly with 3'-exonuclease activity. One of the technical problems associ-
ated with human serum is the presence of phosphodiesterases in them which 
knock off the 5'- 32P labeling and makes it difficult to monitor the labeled 
AONs after some time. The exocyclic amino function in both azetidine and 
aza-ENA would enhance their stability as it is known that protonated species 
are degraded more slowly by enzymes.  
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Figure 9. Comparison of human serum stabilities of aza-ENA and azetidine modi-
fied AONs with the unmodified native sequence. Lanes 1 through 6 represent the 
time of incubation with enzyme (0, 15 min, 30 min, 1, 2 and 9 h). 

Compared to the native sequence, both azetidine and aza-ENA showed 
improved stability towards 3'-exonucleases (Figure 9). In the cleavage pat-
tern a clear distinction could be made between the two types of modifica-
tions. The azetidine modified AONs behaved like the previously reported 
oxetane modified AONs, by being cleaved just above the modification site. 
The aza-ENA modified AONs, on the other hand, were found to protect one 
more nucleotide towards 3'-end from the modification site. However, 
azetidine modified AONs showed greater stability as compared to the aza-
ENA modified AONs (Figure 9). This result clearly suggests that a single 
modification at the 3'-end is good enough to impart significant stability to 
the full length AON sequence.  
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4. Future Perspectives 

 
Nucleic acids can indeed be used as therapeutic agents to down regulate any 
gene of interest. Irrespective of the approach used (antisense, ribozyme, 
DNAzyme or siRNA) there are some important issues that need to be ad-
dressed before the dream of synthesizing dose effective drugs can come true. 
The key issues are stability, sequence specific targeting, efficacy and deliv-
ery of these modified oligonucleotides inside the cell.  

We have tried to address some of these problems by synthesizing amino 
modified conformationally constrained nucleosides. The azetidine modifica-
tion, even though it did not improve targeting ability significantly, did per-
form better than the previously synthesized oxetane modified oligonucleo-
tides. The properties of azetidine modified oligonucleotides could be im-
proved by conjugation with non-toxic chromophores like dipyridophenazine 
(DPPZ) at the 3'-end of the antisense strand.  

The excellent results with ENA modified oligonucleotides for inhibition 
of mRNA production associated with the vascular endothelial growth factor 
(VEGF) encourages future work with aza-ENA modified oligonucleotides. 
Aza-ENA-T modified AONs showed excellent target affinity, and, at the 
same time, significantly improved stability in human serum. These interest-
ing properties prompted the synthesis of other nucleosides such as the aza-
ENA-A which was recently prepared by Dr. Malgorzata Wenska.138 Synthe-
sis and evaluation of other aza-ENA analogues are currently in progress. The 
potential of aza-ENA modified oligonucleotides as siRNA agents is being 
explored in collaboration with other groups.  

The main bottle-neck of nucleic acid based approaches is delivery. Al-
though numerous viral and synthetic delivery agents have been developed 
finding a highly efficient and non toxic delivery agent remains a challenging 
task. The amino group of aza-ENA and azetidine derivatives can be utilized 
as a conjugation site that can be functionalized with biodegradable linkers to 
address the delivery and targeting issues in a similar way as was done with 
2'-amino-LNA139. We have recently successfully transformed the amino 
moiety into a guanidine group and its properties are being explored. 
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5. Summary in Swedish 

Nukleinsyror kan sägas utgöra en av de viktigaste byggstenarna för mänsk-
ligt liv. Nukleinsyrabaserade föreningar ombesörjer såväl lagring av genetisk 
information som överföring och översättning av denna. Resultatet av dessa 
processer är proteiner som vi behöver för vår överlevnad. Många sjukdomar 
är förknippade med någon slags defekt i det genetiska materialet. Efter kart-
läggningen av det mänskliga genomet (det så kallade HUGO-projektet) har 
man därför börjat tänka i termer om att identifiera och behandla sjukdoms-
alstrande gener. Flera olika tekniker för detta prövas för närvarande (anti-
sens, antigen, siRNA, miRNA, ribozym och DNAzym). 

I den här avhandlingen beskriver jag framställning och egenskaper hos 
nukleosider som skulle kunna användas i sådana sammanhang. Nukleosider 
är föreningar där någon av kvävebaserna adenin, guanin, cytosin, urasil eller 
tymin länkats till någon av sockren ribos eller deoxyribos. Ett av arbetena 
omfattar syntes av nukleosider där en kväveheterocyklisk fyrring (azetidin) 
introducerats i positionerna 1' och 2' för att begränsa antalet möjliga konfor-
mationer i den syreheterocykliska sockerringen (aze-T, aze-U, aze-C; se 
Figur 10). Ett annat arbete rör syntes av nukleosider där en kväveheterocy-
klisk sexring (piperidin) byggts samman med nukleosiden i positionerna 2' 
och 4' (aza-ENA-T; Figur 9). I denna syntes erhölls produkten som en 
blandning av två diastereomerer. Detta som en följd av långsam inversion av 
kvävets konfiguration. Isomeren med ett ekvatoriellt NH-väte visade sig vara 
mer stabil än motsvarande axiella förening och den fria aktiveringsenergien 
för processen (�G�) kunde bestämmas till 23.4 kilokalorier/mol vid 25 °C i 
pyridin-d5.  

Framställda azetidin- och aza-ENA-T derivat har infogats i olika positio-
ner i 15-mer oligonukleotider och deras biokemiska och biofysikaliska egen-
skaper har studerats. Den azetidinmodifierade oligonukleotiden hade visser-
ligen lägre affinitet till komplementär RNA än den naturliga varianten, men 
den fungerade ändå bättre än tidigare framställda föreningar som modifierats 
med en syreheterocyklisk fyrring (oxetan) i samma positioner. Detta var inte 
helt oväntat eftersom ett ”lås” i positionerna 1', 2' medför en ökad torsions-
spänning i molekylen som omöjliggör den konformation som skulle kunna 
bilda vätebindningar på ett effektivt sätt. När ”låset” däremot installerades i 
2',4'-ställning (aza-ENA-T) kunde man observera en mycket hög affinitet 
mellan motsvarande 15-mer oligonukleotid och komplementär RNA med 
�Tm-värden på upp till +4 °C per modifikation. Detta förmodligen beroende 
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på att den modifierade oligonukleotiden bildar ett duplex av A-typ med 
komplementär RNA och att aza-ENA-T-’’låset” minskar flexibiliteten i 
sockerdelen vilket gör att molekylerna kan komma närmare och binda till 
varandra på ett effektivare sätt. Den minskade flexibiliteten i 15-mer oligo-
nukleotiden gör att aktiveringsentropin vid själva duplexbildningen blir 
mindre än den eljest skulle ha blivit. Eftersom ”låset” dessutom sitter långt 
från det anomera kolet kommer det att ha en minimal inverkan på torsions-
spänningen i molekylen. Framledes finns alltså goda möjligheter att modifie-
ra denna struktur ytterligare så att affiniteten till DNA ökar. 

De modifierade nukleotiderna behandlades med RNas H för att studera 
nedbrytningshastigheten och få en uppfattning om användbarheten i olika 
antisensapplikationer. Beroende på sämre inbindning till enzymet minskade 
den effektiva enzymaktiviteten (kcat/Km) för de modifierade föreningarna.  

 

Figure 10. Konformationsmässigt ”låsta” nukleosider som framställts och inkorpo-
rerats i antisensoligonukleotider i denna avhandling. 

  
Den katalytiska RNas H-aktiviteten (kcat) var dock avsevärd och överlägsen 
den som uppmätts för motsvarande naturliga substrat. Azetidin-modifierade 
antisensoligonukleotider uppvisade ett klyvningsmönster som påminde 
mycket om det som observerats tidigare med motsvarande oxetananaloger. 
Detta förändrades något i den aza-ENA-T-modifierade oligonukleotiden 
(klyvningsgapet ökade med en enhet). Detta kan hänföras till olikheter i kon-
formationen i sockerdelen som de olika modifikationerna ger upphov till.  

En anna fördel med de modifierade nukleosiderna är att de ökar stabilite-
ten gentemot olika typer av nukleaser. Både aza-ENA-T- och azetidinmodi-
fierade antisensnukleotider var mer stabila i mänskligt serum eller i närvaro 
av fosfodiesteras från ormgift än den omodifierade oligonukleotiden. Sålun-
da var aza-ENA-T varianten stabil upp till 48 timmar i serum medan omodi-
fierat material under samma betingelser var fullständigt nedbrutet efter två 
timmar.  
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