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During the past three decades modified nucleotides and oligonucleotides have emerged
in e.g. therapeutics and diagnostics. Depending on the application, modifications are
carried out at the sugar, phosphate or base moieties. These modifications can lead to
improved enzymatic resistance, binding affinity, biocompatibility, biodistribution and
pharmacokinetics.

Base filling can be considered as an alternative to enzymatic or automated oligonucleotide
synthesis. Base filling involves post synthetic introduction of a nucleobase to an abasic
site on the backbone. This approach can be considered an application of dynamic
combinatorial chemistry as equilibrium conditions are to be used in the base filling
approach (most, but not all, of the reported base filling reactions are dynamic).

The aim of this study was to synthesize an oligonucleotide containing a base filling
scaffold having a minimal structure for the reversible functionalization of
oligonucleotides. The novel building block features a modified sugar phosphate backbone
consisting of an oxazolidine ring in place of sugar moiety and an unusual N-O-P
phosphodiester linkage instead of a conventional C-O-P linkage. Different synthetic
routes were carried out to synthesize the base filling scaffold.

First, a phosphoramidite building block featuring the unusual N-O-P linkage was
synthesized successfully. But this phosphoramidite was found to be unreactive and thus
unsuitable for oligonucleotide synthesis. Therefore, formation of the desired
phosphodiester bond was attempted by an alternative strategy, namely coupling the
modified monomer with a commercially available nucleoside phosphoramidite to form a
dimer, which will be used to study the compatibility of the carbamate protection and the
N-O-P linkage with conditions of automated oligonucleotide synthesis and, ultimately,
base filling.
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1 Introduction

Nucleic acids, deoxyribonucleic acid (DNA) and ribonucleic acid (RNA) are naturally
occurring biomacromolecules that store, express and transmit genetic information in cells
with sufficient stability and fidelity supporting the existence of the genome. These nucleic
acids are also flexible which facilitates evolution'. Nucleic acids exhibit properties such
as high water solubility, reversible denaturation and renaturation, predictable folding and

programmable interactions’

. These properties make nucleic acids useful in many
applications.

During the last five decades, nucleic acids have been developed as potent therapeutics? in
different forms. One form is antisense oligonucleotides (ASOs) which are short, single-
stranded, synthetic oligonucleotides that can alter RNA and change protein expression
through several mechanisms®. ASOs show positive effects in reducing oxidative stress
which is a fundamental role in several conditions like cancers, Alzheimer’s disease,
cardiovascular and inflammation disorders and diabetes®. Another form is small
interfering RNAs (SiRNAs) which are double-stranded RNAs with 20-25 nucleotides
length involved in cell defence mechanisms and maintaining genome integrity through
silencing of exogeneous nucleic acids and undesired RNA transcription’. siRNA drugs
are designed to silence disease-causing genes by introducing synthetic siRNA molecules
into the cells which can bind to messenger RNAs and interfere with the protein
expression. These siRNAs are used to track genetic disorders, cancers, inflammatory
diseases, viral infections and neurodegenerative diseases®. Aptamers are short, single-
stranded DNA or RNA that can bind to specific target molecules. The ability of the single
stranded oligonucleotides to fold into different shapes provides high affinity and
specificity towards target molecules. Therefore, aptamers can be used as antibodies in
therapeutics’. In addition, micro-RNA (miRNA), which are small non-coding RNA
molecules that play a pivotal role in many biological processes,® are also used in many
therapeutic applications such as spanning innate immunity’, autoimmune disease' ,

1314 cardiovascular disease!® and

depression!!, anxiety'?, different types of cancers
diabetes'®.
Nucleic acids can also be used for diagnostic purposes. DNA, messenger RNA and non-

coding RNA are developed for bio sensing and imaging!”'®, With the development of the



polymerase chain reaction (PCR) method, millions of copies of DNA and RNA target
molecules are obtained through repeated enzymatic amplification with a high specificity
and selectivity, making it the gold standard of nucleic acid detection'®. Nucleic acids are
developed to detect different targets such as pH?%*!, small molecules??>, RNAs****,
proteins'’ and cells?>. Aptamers can identify changes in the mentioned targets and thus
work as sensors.

In addition, nucleic acids are used in synthetic biology?®, material sciences?’ and also,
they are used as important building blocks in DNA encoded libraries®, storage of digital
information®, computing®”, as catalysts*!*? and binders*?.

With the increasing demand for nucleic acids in different fields, modified nucleic acids

are introduced to obtain the full potential as naturally occurring nucleic acids show poor

chemical and biological stability and narrow chemical diversity'.

1.1 Modified oligonucleotides

Nucleotides are the building blocks of nucleic acids which consist of three units. These
units are a phosphate (1-3 phosphoryl groups), a pentose sugar and a nitrogenous base.
The sugar molecule and the phosphate groups together make the backbone and the
nitrogenous base forms the base pairs, stacking one nucleotide with another. Figure 1

shows the main three units of nucleotide.
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Figure 1. Chemical structure of a nucleotide, consisting of the sugar group, nitrogenous
base group and phosphate group.

Modified nucleotides are obtained by performing modifications at the sugar group,

phosphate groups or the nitrogenous base!!33*. Modified oligonucleotides may show



improved sequence specificity, stability, hybridization affinity and various functional

properties'®.

1.1.1 Sugar modifications

The sugar in natural nucleotides is deoxyribose in DNA and ribose in RNA. Sugar
modifications can be performed by introducing substituents to the 2’position or by
changing the nature of the sugar ring to trioses, tetroses, hexoses or heptoses or by
introducing heteroatoms to the pentose sugar ring®>. These modifications change
conformation of the sugar pucker leading to enzyme resistance and, potentially, enhanced

Watson-Crick hydrogen bonding and base stacking interactions>®.

Some of the examples for sugar modifications are 2'F RNA (Figure 2A) which is done
by introducing fluorine to the 2 position of RNA. This modification has shown increased
rigidity and stability compared to unmodified RNA due to the high electronegativity of
the F atom compared to the OH group®. Another modification is methylation of the 2°O
leading to 2"OMeRNA (Figure 2B). The methoxy group induces a strong gauche effect
and stabilizes the 3"endo conformation’®. In locked nucleic acids (LNA) (Figure 2C), a
connection is made between 2 oxygen atom and the C4 carbon through a methylene
bridge which locks the ribose in the 3 endo conformation. Oligonucleotides having LNA
modification show a strong thermal stability with their target RNA molecules®’. Glycol
nucleic acid (GNA) (Figure 2D) has a sugar modification with an acyclic glycol-
phosphate backbone which lacks one bond compared to conventional nucleic acids. This
is more flexible and poses with two diasteriomers, namely (R)-GNA and (S)-GNA. These
diasteriomers can form antiparallal self-pairs that show higher thermal stability than

unmodified nucleic acids®.
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Figure 2. Sugar modifications. A) 2'F RNA, B) 2’"OMe RNA, C) LNA, D) GNA



1.1.2 Base modifications
Adenine, guanine, cytosine, thymine and uracil are the nitrogenous bases found in DNA

and RNA. Alterations to these existing bases can expand the genetic alphabet?®

, improve
the stability of the double helices®®, enhance catalytic activity*’, enable incorporation of
metal binding sites to nucleotides*' and alter folding and functions of nucleic acids** .
Incorporation of the naturally occurring nucleobase pseudouridine to a mRNA supresses
RNA mediated immune activation in vivo and in vitro and leads to enhanced translational
capacity of RNA*. Base modifications are mainly used in mRNA vaccines. For instance,

the vaccine used against the covid-19 contained N1-methylpseudouridine instead of

uridine**. Figure 3 presents some examples of base modifications.
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Figure 3. Base modifications. A) C7-modifided deazaadenine, B) C7-modified
deazaguanine, C) C5-modified cytosine, D) C5-modified uracil.

1.1.3 Backbone modifications

Backbone modification may either be limited to the phosphodiester linkage or also
replace the sugar moiety (PNA or morpholino oligos). Backbone modifications are used
to improve membrane permeability®®, resistance to nucleases*® and binding, for example
to proteins in the plasma as well as in the cell*’. One method of backbone modification is
to substitute a non-bridging oxygen atom with an atom like sulphur or selenium.
Phosphorothioates (PS) are backbone modified nucleotides where one non-bridging
oxygen is substituted with a sulphur atom®. Boranophosphates are another type of
backbone modification, carried out by replacing a non-bridging oxygen atom with a BH3
moity. Due to the special nature of the borane group, this boranophosphates show unique
properties such as change in polarity and nucleophilicity*®. Peptide Nucleic Acid (PNA)
is an example of a sugar linking backbone modification, where the deoxyribose phosphate

backbone is replaced by a pseudo-peptide polymer to which the nitrogenous bases are



linked®. This backbone has a neutral nature and shows an outstanding binding affinity
and specificity towards complementary DNA and RNA. In addition, it is resistant towards
both nucleases and peptidases. PNA has been used in many applications such as antigen
and anticancer drugs’’, for detection of genomic mutations, labelling chromosomes®!, as
molecular probes®® and modulating polymerase chain reactions (PCR)2. Triazole
modified nucleic acids are obtained via click chemistry approach. This modification leads
to several unique properties such as resistance towards hydrolysis, antibacterial, antiviral
and antitumor properties>>. The structures of PS (A), borano-phosphate (B), PNA (C) and

1,2,3-triazole (D) modified nucleic acids are presented in Figure 4.

! ! 0 Base
- c,) (I) Base
S—P=0 HB—P=0 -
0 Base Base N 0
(0] 0 %ﬁ 0 %
T/_‘\ p NH
N
O O O - N\\
: : N—N
)
A B C D

Figure 4. Backbone modifications. A) PS, B) Borano-phosphate, C) PNA, D) triazole
modified nucleic acid.

1.2 Oligonucleotide synthesis

In general, oligonucleotide synthesis is done by linking DNA or RNA nucleotides
(monomer units) together in a specified order forming the inter-nucleotide phosphodiester

bond. The phosphodiester bond is illustrated in Figure 5.
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Figure 5. Two nucleoside monomer units connected with a phosphodiester bond.

Once the modified nucleotides are synthesized chemically, they are introduced to an
oligonucleotide chain mainly by two methods, namely enzymatic or chemical synthesis.
Enzymatic synthesis is used when the oligonucleotide synthesis is done using enzymes
and chemical or automated synthesis is used when the oligonucleotide synthesis is done

chemically.

1.2.1 Enzymatic synthesis.

In enzymatic synthesis, polymerase enzymes are used to link the nucleotides to the
growing oligonucleotide chain. This method mimics the natural process of DNA and
RNA synthesis in living cells. Enzymatic synthesis can be template dependent or template
independent depending on the enzymes used. Different enzymes are used to polymerize
nucleotides to DNA or RNA. For example, terminal deoxynucleotidyl transferase
(TdT) enzyme adds deoxyribonucleotides to the 3" terminus of the DNA chain®**. T4
RNA ligase enzyme is used to join ribonucleotides between 5” terminal of the phosphate
group and 3" hydroxyl group®®°’. Polynucleotide phosphorylase enzyme is used to
catalyze the synthesis of highly polymerized RNA like polynucleotides>®.

Advantages of enzyme synthesis over chemical synthesis are the ability to synthesize
oligonucleotides using naturally occurring enzymes, producing less toxic waste, and the
ability to synthesize longer oligonucleotide chains with higher coupling efficiencies’.
There are also some limitations of this method. Most of the chemically modified

nucleotides cannot be incorporated to an oligonucleotide chain using this method as the



enzymes cannot tolerate the modifications. Some diastereomeric analogues of nucleotides
are also not recognized by some enzymes and cannot be used in enzymatic synthesis®.
Controlled enzymatic synthesis is a method combining enzymatic oligonucleotide
synthesis with elements of solid phase synthesis. In this method either the 3’- position of
the sugar moiety or the nitrogenous base of the nucleotide is blocked and it is incorporated
mainly by the template independent polymerases on to a primer which is bound to a
polymer support>2.

In controlled enzymatic synthesis, nucleoside triphosphates which are blocked at the 3°
position of the sugar or at the base are introduced to a single stranded primers with the
incorporation of polymerase enzymes. Once the nucleoside is bound to the
oligonucleotide chain the blocking group is removed and it is ready for the next cycle.

The steps of enzymatic synthesis are illustrated in Scheme 1.
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Scheme 1. Nucleotide addition cycle of enzymatic oligonucleotide synthesis®!



1.2.2 Chemical synthesis

In chemical oligonucleotide synthesis, a single stranded DNA or RNA is synthesised by
adding one nucleotide at a time in 3" to 5" direction. There are two strategies used in
chemical synthesis, namely solid phase oligonucleotide synthesis (SPOS) and liquid
phase oligonucleotide synthesis (LPOS).

Solid phase synthesis is done by using a solid support (usually a resin bead) to attach the
nucleotides from the 3’-end. Once the oligonucleotide chain is formed, the linker is
cleaved and the solid support is removed by simply washing with solvents. This method
is one of the breakthrough findings in nucleic acids chemistry, which allows automated
assembly of oligonucleotides with the desired sequence®?. This method reduces laborious
purification leading to a high coupling efficiency®®, affording oligonucleotides with a
high purity. More importantly, this method facilitates the introduction of modified
nucleotides to the growing oligonucleotide chain. However, solid phase synthesis is
limited to < 10 kg batches of oligonucleotide production due to the reduction of product
purity when increasing the column size®*. This method is very expensive due to use of
expensive resins and solvents for the synthesis. Huge amounts of solvents are used for
each synthesis cycle and thus the waste production is very high, resulting in a large carbon
footprint®2,

In liquid phase synthesis, instead of an insoluble solid support, a soluble polymer support
is present where the reaction takes place. This polymer support is soluble in organic
solvents making a homogeneous environment for the oligonucleotide synthesis®. Once
the oligonucleotide is synthesised, it is freed from the unreacted reagents and soluble by-
products by crystallization or membrane filtration®®8, Liquid phase synthesis can be
performed easily using a conventional batch reactor. This reduces the cost of installing
an automated synthesizer, the amount of solvents used in the synthesis and is thus an
environmentally friendlier method. However, customised soluble supports are required
for different oligonucleotide synthesis depending on the length, loading and the chemistry
of the desired oligonucleotide sequence®’.

In both solid phase and liquid phase oligonucleotide synthesis, the linkage between the
nucleotides is formally achieved by esterification of phosphoric acid with 3’OH of one
nucleoside and with 5"OH of the other nucleoside. For this, the phosphate group should

be activated and functional groups in the nucleotide which do not participate in the



reaction should be permanently or temporary protected®®. Both of these methods consist
of four common steps, deblocking, coupling, deprotection and purification. A comparison

of solid phase and liquid phase oligonucleotide synthesis is illustrated in Scheme 2.
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Scheme 2. Chemical oligonucleotide synthesis. A) liquid phase synthesis. B) solid phase
synthesis®.

Usually, the primary amino groups of the nucleobases are protected with acyl groups and
the 5"OH of group is protected with a 4,4-dimethoxytrityl (DMTr) group. The coupling
rection takes place at P atom at III or V oxidation state’. There are different approaches
used in synthesizing oligonucleotides. They are phosphotriester approach’!,
phosphoramidite approach’? and H-phosphonate approach’®. Phosphotriester approach is
mainly used in liquid phase synthesis while phosphoramidite and H-phosphonate

approaches are used in both liquid phase and solid phase synthesis. These different



approaches have some common steps. The common steps are deprotection, coupling and
capping.

In deprotection step, the protecting group at 5’OH is removed, making it available for the
next coupling reaction. For example, a weak acid is used to remove the DMTr protection.
In the coupling step, the reactive 5’OH reacts with the activated monomer unit. In the
capping step, uncoupled oligonucleotides with free 5'OH groups are masked by
acetylation. This is done to minimize the formation of deletion products. In addition to
these three steps, a fourth step, oxidation, is commonly performed in both
phosphoramidite and H-phosphonate approaches. This occurs after each capping step in
phosphoramidite approach and once after the assembly of the whole chain in the H

phosphonate approach’.

1.2.2.1 Phosphotriester approach for chemical oligonucleotide synthesis
Phosphotriester approach was introduced by Robert Letsinger in 19657 In this method,
oligonucleotides are synthesized by directly condensing 3’-O protected nucleoside 5°-
phosphates or oligonucleotides having 5’-phosphomonoester group with nucleosides or
oligonucleotides having a free 3" terminal. The coupling forms a phophotriester linkage
and after the chain assembly, protection groups are removed to obtain the natural
phosphodiester bond. This coupling reaction takes place at P(V), therefore, the oxidation
step is avoided which simplifies the coupling cycle”. In addition, another advancement
of this method was the introduction of DMTr protection at the 5'OH. This method was
successful for small scale oligonucleotide production’’S.

This phosphotriester approach is carried out mainly in liquid medium’’, but methods have
been investigated to perform using soluble solid supports and solid phase synthesis’®
There are many advantages of this method. Firstly, the nucleotide building blocks and the
phosphotriester intermediates are very stable and hence easy to handle®!. Secondly, large
nucleotides, monomer or dimer units can be used for the synthesis. Thirdly, there is no
need to use large excess amount of nucleotide building blocks and lastly, coupling
reactions are not affected by the presence of a small amount of water®!. Limitations of
this method are lower yield obtained when compared to phosphoramidite method and that

the coupling reaction is very slow®!. In addition, this method cannot be used to synthesize

longer oligonucleotide chains’® .
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1.2.2.2 Phosphoramidite approach

Phosphoramidite approach was introduced in 1980s, which led to the development of

automated solid phase synthesis®’. This approach is known as the gold standard of

oligonucleotide manufacturing®® and it has been used in the oligonucleotide

manufacturing industry for more than three decades. The 5° OH of the nucleoside is

protected with a dimethoxytrityl (DMTr) group, and the 3" position is functionalized with

the phosphoramidite moity which consists of a 2-cyanoethyl

group and a

diisopropylamino group attached to phosphorous (III) centre®. In RNA synthesis the 2’

position is also protected with a protecting group such as tert-butyldimethysilyl

(TBDMS)*or tetrahydropyranyl (Thp)®. Figure 6 shows the structure of a general

phosphoramidite building block.
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Figure 6. A phosphoramidite building block.

This method involves a four-step chain elongation cycle that successively adds

nucleotides to the growing oligonucleotide chain which is bound to a solid support.

Scheme 3 presents the four steps in phosphoramidite-based synthesis of oligonucleotides.
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Scheme 3. Cyclic process of phosphoramidite-based synthesis of oligonucleotides.

The four steps include 1) DMTr deprotection, 2) coupling, 3) capping and 4) oxidation.
After synthesizing the sequence, the oligonucleotide chain is released from the solid
support and the protecting groups are removed®S.

In the first step, the dimethoxytrityl protection is removed by adding trifluoroacetic acid
(TFA) which activates the 5 position, allowing chain elongation with the next
phosphoramidite monomer. In the second step, the next nucleotide is introduced as a
DMTr protected phosphoramidite to the previous nucleotide and coupled with the 5" OH
group, forming a phosphite triester. In the third step, any unreacted 5" OH groups are
capped by acylation to prevent the elongation of sequences with deletion errors. The last
step is oxidation, which is done by using iodine solution to convert the formed phosphite
triester to a phosphate triester leading to a cyanoethyl protected phosphate backbone. This
process is repeated. Once the desired sequence is synthesized, the oligonucleotide chain
is released from the solid support and the protecting groups are removed by treating with

ammonia solution®.
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1.2.2.3 H-phosphonate approach

This is an alternative method to phosphoramidite approach where the 3° OH of the
nucleotide is functionalized with an H-phosphonate moiety. This method was first
introduced by Sir Alexander Todd and later that method was developed to form H
phosphonates which were then used as synthons for solid and liquid phase ON
synthesis®’%8.

Scheme 4 illustrates the general steps in ON synthesis using H- phosphonate approach.
The first step is the removal of DMTr protection using acid treatment. Second step,
condensation, is carried out by introducing a properly 2" protected ribonucleoside or
deoxyribonucleotide H phosphonate monomer and activating it with pivaloyl or
adamantoyl chloride. After activation, the H-phosphonate building block undergoes a
nucleophilic attack at the phosphorous centre by the 5’OH of a nucleoside bound to a
polymer support, forming an H-phosphonate diester®®. Then oxidation is done to convert
the H phosphonate to a phosphodiester using aqueous iodine solution. In contrast to
phosphoramidite strategy, oxidation is not a part of the coupling cycle. It is done after the
whole oligonucleotide chain is assembled. Finally, ammonia treatment is done to remove
the protecting groups and release the ON chain from the polymer support.

In comparison to phosphite triester method, the linkage of H-phosphonate diester is stable
under the acidic conditions.

This method is particularly suitable in RNA synthesis and acid labile ON analogues as
there can be several problems such as double activation and phosphorous acylation due
to the 2’-protecting group®®. The protection at the 2° OH position gives rise to steric
hindrance and coupling of ribonucleotides on a solid support is less sensitive than
coupling with the phosphoramidite method. RNA molecules with 50-60 molecules length
can be synthesized in high yields with this method®®.

13
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Scheme 4. Cyclic process of H-phosphonate based synthesis of oligonucleotides.

Modified nucleotides or backbone topologies can be incorporated into an oligonucleotide
chain through the three approaches outlined above. Monomeric nucleobases can be added
to an abasic site of an oligonucleotide through a process called base filling. Additionally,
Dynamic Combinatorial Chemistry (DCC) has enabled screening and incorporation of
natural or modified nucleobases into oligonucleotides with modified backbone

topologies, facilitating the synthesis of novel oligonucleotide analogues.

1.3 Dynamic combinatorial chemistry (DCC)

Over the past few decades, different methodologies have been introduced to screen
efficient lead compounds for biological targets. Dynamic combinatorial chemistry is an
approach in chemical synthesis which is based on reversible reactions to generate libraries

of molecules in equilibrium. Unlike traditional combinatorial chemistry, the DCC

14



approach works under thermodynamic control. Therefore, the library in dynamic
combinatorial chemistry is known as a dynamic combinatorial library (DCL)%.

The unique nature of DCC is that the composition of the library depends on the
thermodynamic stability of each member of the library under the conditions used in the
experiment. This means that any alteration in experimental conditions can lead to
corresponding changes in the library’s composition. A DCL will respond to external
influences such as pH, temperature or pressure, light and electric field”!

The purpose of this approach is to allow the selected building blocks (a library) to adapt
to an external "template," such as a target molecule. All building blocks contain
functional groups that can form reversible bonds to one or more components, allowing
the formation of molecules with different affinities for the template. When one or more
molecule in this system forms a stable complex with the template, the equilibrium shifts
towards the direction of formation of complex, according to the Le Chatelier principle.
According to this principle, the compounds which binds strongly or form stable complex
with the target will enrich while the week binders will be eliminated®' 3. Therefore, DCC

enables the screening of large numbers of compounds without synthesizing each

compound separately.
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Scheme 5. Schematic diagram of DCC.

Scheme 5 represents DCC where a selected set of initial building blocks are allowed to
react reversibly to form a DCL. When a suitable complex is formed to bind with the
biological template, the equilibrium moves towards the formation of that stable complex.
Later such stable complexes are isolated by first freezing or controlled termination of the

equilibrium reaction. This freezing can be achieved by adjusting the pH, by removing the

15



catalyst, adjusting the temperature etc. This is done to prevent the formed stable
complexes from dissociation during the separation process. After freezing the
equilibrium, the stable complexes are separated using primary separation techniques such
as HPLC, Size Exclusion Chromatography (SEC) (for protein templated DCC),
electrophoresis (for large biomolecules such as proteins and nucleic acids)®*.

In contrast to the traditional combinatorial chemistry, DCC facilitates the access to
complex topologies that are challenging to achieve with traditional methods. However,
there are some drawbacks in DCC compared to traditional methods. The number of
suitable reactions for DCC is limited due to the requirement of reversibility, while
traditional methods can utilise many irreversible reactions. Another critical limitation of

DCC is the requirement for solubility of all the library members which can lead to kinetic

traps if some materials precipitate®.

1.3.1 Applications of DCC

There are different types of reversible reactions, namely reactions involving covalent
bonds and reactions involving non-covalent bonds. Reversible reactions such as
transesterification’, transamidation®’, aldol exchange®, acetal exchange” and Michael
reactions”® are mostly reported as the reactions involving covalent bonds. Meanwhile,
metal-ligand coordination'® and hydrogen bonding'®! were mainly reported under non-
covalent reactions. Thus, DCLs can be generated with almost any type of reversible
reactions if the final products can be isolated properly and if the equilibrium of the
reaction can be controlled by controlling the thermodynamic factors such as pH**°!.
DCC is a crucial strategy for identifying lead compounds with pharmacological
significance. Proteins and nucleic acids are widely used as templates in DCC. Proteins
are the most common biological templates in DCC because their binding sites naturally
accommodate small molecules which are used in potential drug leads. Therefore, protein-
directed DCC has been widely reported in past research, while the applications on nucleic
acid-directed DCC are comparatively limited’!.

In protein directed DCC, the small molecules or fragments interconvert through
reversible reactions such as disulfide exchange and imine formation. When protein is

introduced, only the library members that bind well to its active site or allosteric pocket
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are stabilized. This shifts the equilibrium toward those protein—ligand complexes,
effectively amplifying the best binders'*%.

Even though nucleic acid templates are underexplored, DNA and RNA have also been
successfully targeted with DCC in many studies. Out of them, early studies were carried
out with reversible salicylaldimine-metal complexation interactions where metal ions
(Zn**, Cu*") were probed to bind with A-T oligonucleotides'®. In this approach, a DCL
composed of rapidly interconverting metal complexes was generated by incubating a
series of salicylaldimines with zinc chloride (ZnClz) in aqueous solution. Zinc(Il) was
selected as the coordinating metal because of its well-defined tetrahedral coordination
geometry with salicylaldimines and its biocompatibility with DNA.

Another application of DCC with nucleic acid templates is finding suitable binders for
the G-quadruplex target which is a guanine rich region in genomic DNA. Small molecules

having similar size, shape or interactions were used as a DCL to screen the best ligands
104

1.3.2 Base Filling

“Base filling” is the introduction of nucleobases or their analogues to abasic sites on the
backbone of nucleic acids'®. Base filling can be a reversible process which allows the
use of dynamic combinatorial chemistry. Different backbone modifications such as PNA,
N-methoxy-1,3-oxazinane nucleic acid (MOANA)'% and D-threoninol'”’ have been
explored for base filling. The main advantage of base filling is that it can be used to test
the introduction of different aromatic and aliphatic aldehydes including analogues of
canonical bases, modified or natural backbone structures into an oligonucleotide
scaffold'®. Base filling can also be considered as an alternative way to sequential

coupling of natural or modified nucleotides. Scheme 6 presents the process of base filling.
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Abasic

Scheme 6. Schematic diagram of base filling.

Natural nucleotides link the base to the sugar phosphate backbone through a N-glycosidic
bond. This bond can be formed through N-glycosylation, but this coupling is difficult to
carry out in aqueous medium. Therefore, different coupling mechanisms were introduced
for the coupling of base moiety to oligonucleotide scaffolds. Some of the successful
coupling reactions are peptide coupling to a PNA backbone, reductive amination with a
PNA backbone, transthioesterification with a cysteine-containing peptide backbone and
oxazinane formation with a (2R,3S)-4-(methoxyamino)butane-1,2,3-triol backbone'®.

Different coupling reactions for base filling are outlined in scheme 7.
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Scheme 7. Different coupling reactions for base filling. A) peptide coupling to a PNA
backbone, B) Reductive amination with a PNA backbone, C) transthioesterification with

a cysteine containing peptide backbone, (D) oxazinane formation with a (2R,3S)-4-

(methoxyamino)butane-1,2,3,-triol backbone!%.

Apart from peptide coupling, reactions outlined in scheme 7 are coupling reactions that
are at an equilibrium under certain conditions. For example, a study carried out with the
incorporation of (2R,3S)-4-(methoxyamino)butane-1,2,3-triol unit to oligonucleotides as
post synthetic derivatization with different base moities, forming a N-methoxyoxazinane
ring which is reversible at pH 5 and irreversible at pH 7!%!1% Reversible base filling
reactions have gained attention in the field as they allow the use of DCC and the
reversibility shows a higher fidelity as the equilibrium can shift towards the matched

Watson-Crick base pair'®.

1.4 Significance of the study

The objective of this research was to synthesize a base filling scaffold having a minimal
structure, which would be geometrically more compatible with a DNA double helix than
previously reported ones.

A previous study has been carried out on nucleoside analogues featuring a 1,3- oxazinane

ring in place of the sugar which was used for the base filling approach. Here, the
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phosphitylation was done forming a C-O-P linkage similar to that of a conventional
nucleoside analogue!®’.

In contrast to the above mentioned study, this research aimed at synthesizing a novel
building block featuring an 1,3-ozazolidine ring in place of sugar and an unusual N-O-P
linkage upon phosphitylation. Scheme 8 presents the comparison between the previously
reported base filling scaffold named N-methoxy-1,3-oxazinane nucleic acid and the

newly synthesized base filling scaffold in this study.

(o)
H B o__B OH o_.B
OHy — Y \\ﬁ HB X NG
N H responsive NH NI:' - N,
(o) \OMe P P fo) _ O PpHresponsive _ Q
O-P:0 O-P:
; q ¢

A B

Scheme 8. Reversible attachment of the base to A) previously reported modified scaffold
19 'B) novel building block featuring 3-(hydroxyamino)propane-1,2-diol scaffold with
the unusual N-O-P linkage.

After the synthesis of the modified building block, it will be incorporated to an
oligonucleotide chain. This oligonucleotide chain can be used in dynamic combinatorics.
In other words, different natural or modified bases can be introduced to this
oligonucleotide which will open up new possibilities. The aim of this research was to
investigate the properties of the modified nucleotide with the N-O-P linkage and study
the compatibility of the base filling scaffold to DNA double helix, rather than to improve
the coupling yield of the oligonucleotide synthesis.
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2 Results and discussion.

2.1 Synthesis of a methylene-protected phosphoramidite building block
The route for the synthesis of the methylene-protected phosphoramidite building block 5

is presented in scheme 9.

DMTrO

o 0 OH
o/ _a _ DMTO A DMTrO”H\OH c \67

1 2 3 “OH

DMTrOVg:\N_o\ 1

PN
o >7
ne—
5

Scheme 9. Synthetic route for building block 5. Reagents and conditions: (a) DMTrCl,
CH:Cl,, DIPEA, room temperature, overnight; (b) hydroxylamine, DIPEA, methanol,
dropwise addition of compound 2, 40 °C, overnight; (¢) formaldehyde, room temperature,
overnight.

Commercially available glycidol was used as the starting material and the OH group was
protected with the DMTr by a previously reported protocol'!?, affording compound 2.
Then the epoxide ring was opened using hydroxylamine as the nucleophile and N,N-
diisopropylethylamine as a non- nucleophilic base. First the reaction was carried out at
room temperature, but it was found out that the reaction had not completed. Therefore,
this reaction mixture was stirred at 40 °C overnight to obtain compound 3. To a separate
round Dbottom flask hydroxylamine hydrochloride, methanol and N,N-
diisopropylethylamine were added and stirred well until all the hydroxylamine
hydrochloride was dissolved, after which a solution of compound 2 in dichloromethane
was added dropwise while stirring over 1 hour. Product formation was confirmed with
LC-MS. The crude product 3 was treated with formaldehyde overnight to obtain
compound 4. The formation of compound 4 was tested with TLC, LC-MS and NMR.
TLC, LC-MS and NMR profiles were all very complicated due to the presence of many
compounds. The reason for this could be the high reactivity of compound 3 towards

aldehydes present in the atmosphere and as contaminants in solvents, such as
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formaldehyde and acetaldehyde '°°. After several purification rounds, the obtained yield
of compound 4 was insufficient to proceed with the phosphitylation step. Therefore

compound 5 could not be synthesized.

2.2 Synthesis of a p-nitrobenzylidene-protected phosphoramidite building block
The route for the synthesis of p-nitrobenzylidene-protected phosphoramidite building

block 7 is presented in scheme 10.

NO,
NO, o=
DMTrO_{ _N-0O )\
\
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r S E—— r N —_— (o]
3 6 7

Scheme 10. Synthetic route for building block 7. Reagents and conditions: (c) 4-
nitrobenzaldehyde, methanol, 2 d, room temperature; (d) 2-cyanoethyl-N,N-
diisopropylchlorophosphoramidite, dry triethylamine, N> atmosphere, room temperature,
40 min.

Compound 3 was synthesized according to the method described in chapter 2.1. Since
compound 3 is very reactive, it was not isolated or characterised but instead treated
immediately with 4-nitrobenzaldehyde to obtain compound 6. Dry methanol was used as
the solvent and the reaction mixture was stirred for two days to complete the reaction.
After many purifications rounds, compound 6 was obtained but the purity was still less
than 80%. Then compound 6 was phosphitylated by conventional methods and the
product mixture analyzed by NMR spectroscopy. According to the spectra, compound 9
was obtained instead of the expected compound 7. The disappearance of the 5.71 ppm
signal in the "H NMR spectrum indicated opening of the oxazolidine ring and the 3'P
signal at 150.09 ppm indicated that phosphitylation had taken place at a C-O-H position
as this value is similar to those of conventional phosphoramidite building blocks. Taking
'"H NMR, 3C NMR, 3P NMR, COSY and HMBC spectra into consideration, the

following mechanism (Scheme 11) can be proposed.
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Scheme 11. Phosphitylation of compound 6. Reagents and conditions: d) 2-cyanoethyl-
N,N-diisopropylchlorophosphoramidite, dry triethylamine, N, atmosphere, room
temperature, 40 min.

Therefore, this synthetic route failed to deliver the desired building block.

2.3 Synthesis of a carbamate-protected phosphoramidite bulding block
The route for the synthesis of the carbamate-protected phosphoramidite building block

11 is presented in Scheme 12.

o)
o~
DMT"O\,\/N—O\ J\

0 _
Of u DMTrO o—{q d o’P N>/
pMTro. K N, c ANy L. NC—/
3 10 11

Scheme 12. Synthetic route for building block 11. Reagents and conditions: (c) dry 1,4-
dioxane, dry pyridine, dry N,N-diisopropylethylamine, 4-nitrophenylchloroformate,
room temperature, overnight; (d) 2-cyanoethyl-N,N-diisopropylchlorophosphoramidite,

dry triethylamine, N2 atmosphere, room temperature, 1 h.

Compound 3 was dissolved in a mixture of dry 1,4-dioxane, N,N-diisopropylethylamine
and dry pyridine. Pyridine was used as a solvent to maintain the basic medium. Once
compound 3 is completely dissolved in the above reagent mixture, 4-
nitrophenylchloroformate was added to form the carbamate protection to compound 3.
After many purifications rounds compound 10 was obtained. The phosphoramidite
building block 11 was synthesized by phosphitylation of compound 10. This compound
was dissolved in dry toluene and divided it into two portions. One portion was tested with
oligonucleotide synthesizer, and the other portion with solution-phase coupling to a

nucleoside.
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2.4 Coupling of compound 11

The first portion was added to a solid support. Since the amount of compound 11 was too
small to be used in the automated oligonucleotide synthesizer, the activation, capping and
oxidation steps were done manually. Compound 11 was incorporated into the middle of
a 7 mer oligonucleotide using automated oligonucleotide synthesizer. The sequence was
TTTXTTT, where T is the thymidine phosphoramidite and X is the phosphoramidite
building block 11. According to trityl response, coupling of compound 11 failed.

The second portion was treated with 3’-O-TBDMS-thymidine and the activator was
added. The reaction was monitored by *'P NMR but no change in the spectrum was
observed. In other words, the *'P NMR chemical shift value of 3.07 ppm obtained for
compound 11 remained unchained even after coupling. This confirmed the unreactivity

of compound 11 towards coupling. Scheme 13 illustrates the intended reaction.

o]
o« CN
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Scheme 13. Coupling reaction of compound 11 with 3-O-TBDMS-thymidine. Reagents
and conditions: CD3CN, Hyacinth BMT activator (0.3M 5-Benzylmercaptotetrazole in

anhydrous acetonitrile).

2.5 Coupling of the carbamate-protected hydroxylamine 10 with a nucleoside
building block
The route for the synthesis of the phosphite diester 14 is presented in scheme 14.

24



o DMTrO
0 F o]
=4 N 2 N
DMTrO ‘ ' e f N i
rO_{_N . o) TN o NH
OH NC_~oPo N’go '5‘0 N
0 HO" NSO
obmTr ODMTr
10 12 13
\g
HO
o)
N )
o] [ NH
P.
HO™ © NSo
OH
14

Scheme 14. Synthesis of compound 14. Reagents and conditions: (d) dT-5-CE
phosphoramidite, ACN, Hyacinth BMT activator (0.3M 5-Benzylmercaptotetrazole in
anhydrous acetonitrile) , N> atmosphere, room temperature; (e) oxidizer reagent (0.05M
I in water and pyridine); (f) 25% aqueous NH3, room temperature, overnight; (g) 3%

trifluoracetic acid in dichloromethane.

Compound 10 was synthesized according to the methods described above. Since the
phosphoramidite building block 11 did not couple to the oligonucleotide chain, an
alternative method was tested by coupling compound 10 with 3’-O-DMTr-thymidine to
obtain a dimer with the same N-O-P linkage. Successful dimer formation indicates the
ability of this building block to be incorporated to an oligonucleotide chain or used as a
model compound for base filling on its own.

dT-5’-CE phosphoramidite was dissolved in deuterated acetonitrile and it was treated
with compound 10. This reaction was done under inert atmosphere to avoid oxidation and
hydrolysis. Then the activator solution (0.3M Hyacinth BMT activator) was added to the
phosphoramidite building block to protonate which facilitates nucleophilic attack of the
N-OH in compound 10, forming an unstable phosphite triester linkage'!!. Coupling of
compound 10 with the dT-5’-CE phosphoramidite was successful leading to compound
12.

Phosphite triester 12 was then treated with 0.05 M I, in a mixture of water and pyridine

to oxidize it to the phosphate triester 15 (Figure 7). This mixture was added until the
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brown colour remained, at which point the reaction solution was analyzed with *'P NMR.

The chemical shift value of *'P NMR obtained was -6.19 ppm which was different from

a conventional phosphoramidite building block which is usually around 150 ppm.

Deviation of the *'P NMR value of compound 12 could be due to the formation of the

new N-O-P linkage. The product formation was next tested with UPLC-MS.
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Figure 7. The expected product (Compound 15) and obtained products (compound

12,13 and 16) after oxidation.

Instead of the expected m/z (1093), values of 1078, 1024 and 676 were detected,

consistent with compounds 12, 13 and 16.

In other words, compound 12 appeared unusually resistant to oxidation under the typical

conditions. Compound 13 would be formed by cleavage of the cyanoethyl protecting

group. Cyanoethyl group is a base labile group which is normally cleaved by ammonia

treatment. But during oxidation, either the cyanoethyl protection had been removed to

some extent or compound 13 could be formed during negative ionization in MS.
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Compound 16 was obtained by oxidation of thymidine cyanoethyl phosphite, a hydrolysis
product of the dT-5"-CE phosphoramidite which used in excess. This indicates that
compound 12 is much more difficult to oxidize than normal phosphite triesters or diesters.
Stronger oxidizing conditions such as peroxides can be tested to oxidize compound 12.
NH; treatment was done after the oxidation step to remove the remaining cyanoethyl
protection. Compound 12 was dissolved in a mixture of methanol, acetonitrile and water.
Then NHj solution (25% NH3) was added, and the reaction mixture was stirred at room
temperature for overnight. Usually, this NH3 treatment is a fast reaction which is complete
within few minutes. But compound 12 showed less reactivity towards the NH3 treatment.
A small portion of this reaction mixture was withdrawn and treated with more oxidizer
solution to find out whether compound 13 would be oxidized more easily than compound
12, but there was no change in the oxidation state of phosphorous centre.

Cyanoethyl protection was surprisingly difficult to remove even with a prolonged
reaction time.

Finally, the acid labile DMTr protection was removed by treating with 3% trifluoroacetic
acid (TFA) in dichloromethane. Compound 14 was obtained as a precipitate, and it was
separated by centrifugation. The supernatant was neutralized using Et;N and another

precipitate was obtained. Both precipitates were analysed with HPLC-MS.
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Figure 8. Expected product after TFA treatment.

According to LC-MS data compounds having m/z values [M—H]™ of 420, 374 and 321

were obtained. Figure 9 illustrates the compounds corresponding to those masses.
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Figure 9. Compounds obtained after TFA removal.

Compound 14 was the expected product, most likely an H-phosphonate diester.
Compound 14 was purified by reverse phase HPLC (RP-HPLC) and characterized by
NMR spectroscopy.

According to 'H NMR, all the expected peaks were present except the one corresponding
to the P-O-H proton. Therefore, the sample in the NMR tube was freeze dried overnight
and dissolved in DMSO-ds and '"H NMR spectrum was measured again. However, signals
of the exchangeable protons were still absent. But the molecular weight was a perfect

match with compound 14.

The *'P NMR chemical shift of compound 14 was -6.19 ppm. However, phosphite
diesters and triesters have different chemical shift values. In general, the chemical shift
values range from -15 to + 30 ppm. Studies show that some H-phosphonates have a
chemical shift value similar to that of compound 14. For example, diethyl pyro H-
phosphonate showed a *'P NMR chemical shift at -3 ppm and pyridinium H-phosphonate
at -2 ppm 2. Finally, this compound was found to be surprisingly stable towards
oxidation and hydrolysis. Efforts to find appropriate reagents and reaction conditions for

oxidation of compound 14 are ongoing.
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Figure 10. Comparison of the compound 14 with diethyl pyro H-phosphonate and
pyridinium H-Phosphonate.

O_o
X\F EtO 0
N (@] ~_
/

2.6 Future work

First, compound 14 needs be oxidised to make it more stable and then the carbamate
protection should be removed to obtain the desired model compound. To introduce a
nitrogenous base, base filling approach is to be used. The following scheme 15 represents
further steps to be developed to obtain the monomeric building block for automated

oligonucleotide synthesis.
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Scheme 15. Steps to be carried out to synthesize the final product.
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3 Experimental Methods

3.1 General methods

Commercially available chemicals and solvents were used for the synthesis. Ets3N was
dried over CaH; and solvents over activated 4 A molecular sieves. NMR spectra were
recorded on a Bruker Biospin 500 MHz NMR spectrometer and mass spectra on an
Agilent 6120 LC-MS spectrometer. Reaction progress was monitored by Thin Layer
Chromatography (TLC). Purification was done mainly using silica gel column

chromatography. RP-HPLC was used to purify the H-phosphonate diester 14.

3.1.1 (S)-(4,4'-dimethoxytrityl)glycidol (2)

o DMTrCIl/ CH,ClI, o
EtzN
H 0\/A R DMTro\/A
17h/ RT
1 2

To a solution containing (R)-(+) glycidol (1, 1 mL, 15.1 mmol) and dry EtsN (5.4 mL,
40.7 mmol) in CH2Cl> (34 mL), dimethoxytritylchloride (6.4584 g, 19.0 mmol) was
added and the mixture was stirred overnight at room temperature. Next day the reaction
mixture was diluted with CH>Cl, (100 mL), and extracted with 5% NaHCO3 (3x100 mL).
The organic layer was dried over anhydrous Na>SO4 and the solvents were evaporated to
dryness. The residue was purified using silica gel column chromatography (CH2Cla:
EtOAc: EtsN =84:15:1, v/v) yielding 2.8791 g (50.65%) of compound 2 as a colourless
oil.

TH-NMR ( 500 MHz, CDCI3) : 5 7.48 (d, J = 7.4 Hz, 2H, aromatic H), 7.37 (d, J = 8.9
Hz, 4H, aromatic Ha), 7.31 (t,J= 7.6 Hz, 2H, aromatic Hg), 7.24 (d,J= 7.2 Hz, 1H,
aromatic Ho), 6.86 (d, J = 8.9 Hz, 4H, aromatic Hs), 3.82 (s, 6H, He), 3.34 (dd, J= 2.6,
10.3 Hz, 1H, H3), 3.15 (m, 2H, H»), 2.80 (t,/ =4.6 Hz, 1H, Hy), 2.65 (dd, J=2.6, 5.1 Hz,
1H, Hy).

"H NMR spectrum of compound 2 is included in appendix 1 and COSY of compound 2

is included in appendix 2.
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3.1.2 (S)-1-(4,4"-dimethoxytrityloxy)-3-(hydroxyoxazolidine-2-one) (10)

o [NH;OH]*CI/ DIPEA OH
CH3OH H
DMTrOVA ~  DMTrO N_
20h/ 40°C OH
2 3

1,4-dioxane, pyridine
4-nitrophenylchloroformate

17h/ RT

0

10

Hydroxylamine hydrochloride (2.237 g, 0.0321 mol) was dissolved in methanol (50 mL).
To this, N,N-diisopropylethylamine (12.0 mL, 0.0643 mol) was added and the resulting
mixture was stirred well until the hydroxylamine hydrochloride was completely
dissolved. In a separate flask, a portion of compound 2 (1.211 g, 0.00321 mol) was
dissolved in 4 mL of CH>Cl>. This solution was added dropwise over 1 h to the above
mixture while stirring. This reaction was stirred at 40 °C overnight. Next day, the reaction
mixture was evaporated to dryness, and the crude product mixture was dissolved in
CH2Cl, (50 mL) and washed with 5% NaHCOs3 (3%x50 mL). The organic layer was dried
over anhydrous Na>SO4 and evaporated to dryness, affording a mixture containing
compound 3. Compound 3 was dissolved in a mixture of dry 1,4-dioxane (20 mL) and
dry pyridine (10 mL). Then N,N-diisopropylethylamine (12.0 mL, 0.0688 mol) was added
and stirred well until compound 3 was completely dissolved. To this mixture, 4-
nitrophenylchloroformate (0.832 g, 4.131 mmol) was added and the reaction mixture was
stirred overnight at room temperature. Next day the solvent was partially evaporated and
the remaining solution diluted with CH>Cl, (50 mL) and washed with 5% NaHCO3 (3x50
mL). The organic layer was dried over anhydrous Na>SO4 and evaporated. The residue
was purified using silica gel column chromatography three times eluting with three
different solvent systems ((CH2Clx: Methanol: EzN = 98:1:1, v/v), (CH2Cl2: Methanol:
EtsN=96:3:1, v/v), (EtOAc: hexane: EtsN =70:30:1, v/v), respectively). After these three
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purification rounds, the product was further dried by coveporation from dry toluene (2.5
mL). Compound 10 was obtained (0.0492 g, 91.8 umol).

TH-NMR (500 MHz, CDCl3) : & 7.45 (d, J= 7.2 Hz, 2H, aromatic H;3), 7.33 (d, /= 9.0
Hz, 4H, aromatic Hg), 7.30 (t,J= 5.1 Hz, 2H, aromatic His), 7.23 (t,J= 7.3 Hz, 1H,
aromatic His), 6.83 (q, J = 5.0 Hz, 4H, aromatic Ho), 4.60 (m, 1H,H4), 3.79 (s, 6H,H11),
3.76 (t, J=7.9 Hz, 1H,Hs), 3.64 (t, /= 8.0 Hz, 1H, Hs), 3.40 (dd, /=4.1, 10.7 Hz, 1H,H3),
3.28 (dd, J=4.8, 10.7 Hz, 1H, H3).

13C-NMR ( 126 MHz, CDCl) : 6 160.79 (C1), 158.53 (aromatic Cio), 144.53 (aromatic
Ci2), 135.50 (aromatic C7), 129.85 (aromatic C14), 127.82 (aromatic Cg), 126.98 (aromatic
Cis), 113.59 (aromatic Co), 86.27 (Cs), 72.26 (C4), 63.23 (Cs), 55.33 (C11), 50.13 (C3).

'HNMR, *C NMR, COSY and HSQC spectra of compound 10 are included in appendix
3,4, 5 and 6 respectively.

3.1.3 (S)-5-[(4,4’-Dimethoxytrityloxy)methyl]-2-oxooxazolidin-3-yl (2-cyanoethyl)
diisopropylphosphoramidite (11)

(0]

=
o DMTrO\/K/N—O

0_( dry CH2C|2 / Et3N _ \

DMTrO\/k/N ~ 2-cyanoethyldiisopropyl- /P_N

chlorophosphoramidite

(0]

1"

Compound 10 (0.1772 g, 0.407 mmol) was dissolved in dry toluene (10 mL) and
evaporated to dryness. This was repeated three times. To the dry compound 10, dry
CH:Cl; (4 mL) was added, and the mixture was stirred until compound 10 had completely
dissolved. Then dry EtN (283.5 pL, 2.03 mmol) was added. Finally, 2-
cyanoethyldiisopropylchlorophosphoramidite (109 pL, 4.88 mmol) was added and the

resulting mixture was stirred for 1 h at room temperature under inert (N2) atmosphere.

After 1 h, the reaction mixture was taken from the N> chamber, diluted with CH>Cl> (30
mL), and washed with 5% NaHCOs (3% 30 mL). The organic layer was collected, dried
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over anhydrous Na>SO4 and evaporated to dryness. The residue was purified by silica gel
column chromatography (ethyl acetate: hexane: Ets:N = 69:30:1, v/v), affording
compound 11 (44.4 mg) (Yield percentage 17.17%).

TH-NMR ( 500 MHz, CDCI3) : § 7.49 (d, J= 8.7 Hz, 2H, aromatic H), 7.41 (m, 4H,
aromatic H), 7.31 (m, 2H, aromatic H), 7.24 (m, J= 2.6 Hz, 1H, aromatic H), 6.86 (m,
4H, aromatic H ), 4.68 (m, 1H, H7), 3.96 (t,J=9.2 Hz, 1H, H3), 3.81 (s, 6H, His), 3.67
(q, /= 5.5 Hz, 1H, Ho), 3.55 (m, 2H, Hs), 3.32 (qd, /= 5.0, 61.5 Hz, 2H, H>), 2.83 (m,
2H, Hy4), 1.24 (dd, J = 6.8, 58.2 Hz, 12H, H)).

BC-NMR (126 MHz, CDCl3) : 6 158.65 (C14), 144.28 (C6), 135.70 (C in benzene ring),
130.02 (C in benzene ring), 127.94 (C in benzene ring), 126.89 (C in benzene ring),
116.81 (C5), 113.33 (C in bezene ring), 110.09 (s, 1C), 86.45 (C10), 69.07 (C7), 65.59
(C9), 60.72 (C3), 57.25 (C15), 55.26 (C2), 46.59 (C8), 22.48 (C1), 19.70 (C4).

3P NMR ( 202 MHz, CDCls) : § 3.07.

'"H NMR, C NMR, 3*'P NMR, COSY, HSQC and HMBC spectra of compound 11 are
included in apendix 7, 8, 9, 10, 11 and 12 respectively.

3.1.4 Oligonucleotide synthesis

Compound 11 (44.4 mg,0.0699 mmol ) was dissolved in dry toluene (10 mL) and divided
into two portions (5 mL).

To the 1% portion, Ac-dC-CPG solid support (30 mg) and acetonitrile (160 pL) were
added. Then the activator solution, Hyacinth BMT (0.3M 5-benzylmercaptotetrazole in
anhydrous acetonitrile) (160 pL) was added. The mixture was shaken occasionally over
10 min and the solid support was recovered by filtration. Capping was done by mixing
capping solution B1 (40% acetic anhydride in acetonitrile) (1 mL) and capping solution
B2 (60% 2,6-Lutidine, 40% acetonitrile) (1 mL) together and mixing it with capping
solution A (20% 1-methylimidazole in acetonitrile) (2 mL). This capping solution was

passed through the activated compound 11 three times. After the capping step, compound
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11 was treated with the oxidizer solution (0.05M I in water and pyridine) (2 mL). Finally,
excess solvents were removed by rinsing with dry acetonitrile using a vacuum pump.
Then compound 11 was coupled to a oligonucleotide chain TTTXTTT using the
automated oligonucleotide synthesizer where T is thymidine phosphoramidite and X is
Compound 11. First three T’'s coupled using the oligonucleotide synthesizer and then
coupled with the compound 11 and then coupled with another three T's to synthesize the
desired oligonucleotide chain.

The 2" portion of compound 11 in dry toluene (0.0124 mmol) was treated with 3°O-
TBDMS- thymidine (4.4 mg, 0.0124 mmol). The mixture was dissolved in dry toluene
and evaporated to dryness three times. The residue was then dissolved in deuterated
acetonitrile and the *'P NMR spectrum was measured. No change in *'P NMR was
observed. Therefore, activator solution (100 uL) was added to the reaction mixture and
3P NMR spectrum was measured again immediately after the addition of the activator
solution, after 2 hours, 1 day and 3 days. No change in the *'P NMR spectrum was

observed.

3.2 (S)-5-[(4,4"-Dimethoxytrityloxy)methyl]-2-oxooxazolidin-3-yl thymidine-5"-yl
phosphite (14)

(o)
1. dT-5'-CE phosphoramidite/ ACN XYO
activator solution N o
o) / inert environment, RT ‘o NH
0—( 2. Oxidizer reagent _ ,FI’\ | /§
DMTrO\/k/N o o N o
“OH 3. NHj; solution o
3
4.CH,Cl,, 3% TFA

10 14

Compound 10 (32 mg, 0.074 mmol) was dried by coevaporation from dry toluene three
times. To dry compound 10, commercially available dT-5’-CE phosphoramidite building
block (82.3 mg, 0.11 mmol) dissolved in deuterated ACN (750 pL) was added. This
reaction was carried out in an inert atmosphere (in a N> chamber). Once the solid reactants

had completely dissolved, activator solution (735.3 pL, 0.22 mmol) was added and the
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resulting mixture stirred for a few minutes at room temperature. Then this solution was
taken out from the N> chamber and treated with the oxidizer solution (0.05 M L in
pyridine and water 90:10 (V/V))(1mL) until the brown color remained. After a few
minutes this reaction mixture was diluted with CH>Cl> (20 mL) and washed with 0.2 M
Na»S»0;3 solution (3x 20 mL). The organic layer was collected, dried over anhydrous
Na»SO4 and evaporated to dryness.

The residue was then dissolved in aqueous NH3 solution (200 pL). Since the compound
did not dissolve completely, ACN (1 mL) was added. This reaction mixture was stirred
overnight at room temperature.

A small portion (100 pL) of the reaction mixture was withdrawn and treated with the
oxidizer solution (100 pL) and kept overnight at room temperature.

Next day, both samples were evaporated to dryness and analyzed by LCMS. Neither
sample had oxidized. Therefore, they were combined and dissolved in CH>Cl, (2 mL).
This sample was treated with 3% TFA in dichloromethane solution and shaken. Upon
shaking a precipitate was formed. This precipitate was separated from the supernatant by
centrifugation. The supernatant was neutralized with EtsN. Another precipitate was
observed after neutralization with Et;N. This precipitate was also separated using
centrifugation.

Both the precipitates were dissolved in water (300 uL) and purified using RP-HPLC
chromatography. The RP-HPLC separation was carried out using a Hypersil ODS C18
column (250x4.6 mm, 5 um) and a 260 nm detection wavelength. In RP-HPLC method
a binary solvent system was used with acetonitrile and ammonium formate buffer solution
with a flow rate of 3 mL/min. The method started with 2% can, increased to 30% within
15 minutes, dropped down to 2% at 20 minutes and remained at 2% until 30 minutes. All
the eluted fractions were collected and analyzed by LCMS and NMR spectrometry.
Compound 14 was obtained.

1H-NMR ( 500 MHz, D20) : 7.65 (d,/ = 1.2 Hz, 1H, H3), 6.26 (m, 1H, H12), 4.70 (m,
1H, He), 4.47 (m, 2H, Ho), 4.06 (m, 1H, Hs), 3.87 (t,/ = 9.4 Hz, 1H, H10), 3.87 (t,/ = 9.4
Hz, 1H, H10), 3.75 (m, 2H, H14), 3.58 (m, 2H, H11), 2.29 (m, 2H, H7), 1.84 (s, 3H, Hs).
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13C-NMR ( 126 MHz, D20) : 166.18 (C1), 158.96 (C2), 151.96 (C13), 137.05 (C3),
111.77 (Ca), 85.12 (Ci2), 75.64 (Cs), 71.01 (Cs), 61.87 (C10), 46.74 (C11), 38.84 (C7),
11.29 (Cs).

3P NMR (202 MHz, D20) : §-6.19 ppm.

'"H NMR,*C NMR, *'P NMR, COSY, HSQC and 3!'P HMBC spectra of compound 14
are included in apendix 13, 14, 15, 16, 17 and 18 respectively.

4 Conclusion

Different synthetic routes were explored to synthesize a 3-(hydroxyamino)propane-1,2-
diol building block which is to be used as a base filling scaffold in oligonucleotides.
Phosphoramidite approach was first used to synthesize the building block and the
synthesis was successful, but the product was unreactive in oligonucleotide synthesis.
Therefore, H-phosphonate approach was used to link the synthesized building block to
3’-O-TBDMS-thymidine nucleoside, synthesizing a H phosphonate diester containing an
unusual N-O-P linkage. This synthesis was successful, but the product was found to be
unreactive towards oxidation and hydrolysis.

In order to succeed the synthesis of the building block, oxidation of the H-phosphonate
monomer is very important. Reagents and reactions conditions should be investigated to
oxidize the H-phosphonate monomer. Alternatively, phosphotriester approach of
oligonucleotide synthesis could be used where the oxidation step is avoided altogether.
Then the carbamate protection could be removed to afford the desired base-filling

scaffold.
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6 Appendix

Appendix 1. "H NMR spectrum of compound 2
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Appendix 2. COSY spectrum of compound 2
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Appendix 3. 'H NMR spectrum of compound 10
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Appendix 4. >*C NMR spectrum of compound 10

% | | NI | \ ||
1
= Bz
10
— 8
\ , o] cn
19 12 N g0 0_/{
12 s YJK’NEOH
15 i} 3 Br
o—
cé
Bz Bz
C1
c10 c © =
Appendix 5. COSY spectrum of compound 10
M Lk M\JL . Mo
5
% L]
A
. ! b o 41
S . ! .. ~'}F" R
- i : ' ‘u
. ‘ ; 4 ?o ] ;
. @ v .
i:lf . ip ¢
b T .
Bi—; 4@,@ ; P
—‘1 ¥ ] W s
. ‘:'I a
: ]
¥ § ,
o :
u .
i g L]
. s
T T T T T
12 10 8 4 2 F2 [ppm]

F1 [ppm]

4

10

12

50



Appendix 6. HSQC spectrum of compound 10
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Appendix 7. "H NMR spectrum of compound 11
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Figure 3 - Compound 11
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Appendix 8. *C NMR spectrum of compound 11
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Appendix 10. COSY spectrum of compound 11
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Appendix 11. HMBC spectrum of compound 11
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Appendix 12. HSQC spectrum of compound 11
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Appendix 13. 'H NMR of compound 14
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Appendix 14. 3C NMR of compound 14
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Appendix 16. COSY spectrum of compound 14
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Appendix 18. *'P HSQC spectrum of compound 14
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