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Preface 

My great interest in science in general and chemistry in particular started early. I remember the 

first time I saw a match being lit against a torch, which amazed me greatly. How is that 

possible? Luckily, I had an uncle Leif Granström who was a geologist and could explain in 

detail and pedagogically how chemistry works. Already at the age of four, I wanted the 

experimental box "Little Chemist" which was available in the well-sorted toy store. Two years 

later I got it! My father, who had extensive knowledge in chemistry, instructed me in various 

types of experiments. When I started high school, I got a dedicated chemistry teacher who 

encouraged my great interest in chemistry and let me experiment in the school laboratory. Lots 

of fireworks of course. In the gymnasium, I chose to continue with my interest by choosing a 

technical line with a focus on chemistry. After the gymnasium, I went on to the chemical 

engineering education at KTH. The education was strongly focused on industrial process 

technology and I later chose to continue my education in chemistry at Stockholm University. 

There I chose the organic chemistry department that I knew was outstanding. I studied 

advanced organic chemistry and was lucky enough to meet Susanna Sigurdsson who 

introduced me to her professor Roger Strömberg. I was very inspired by the exciting field of 

nucleotide chemistry that Roger was active in. At the end of my studies, I had the opportunity 

to do my degree project with Roger, who had just moved to Bioorganic Chemistry at MBB at 

Karolinska Institutet together with Ester Yeheskiely. Then I started my journey as a doctoral 

student, that you can read about in this thesis. 

 

 

 

My Father Ulf ,brother Oskar and I with the "Little Chemist"   

 

 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

“Why, sometimes I've believed as many as six impossible things before breakfast.” 

― Lewis Carroll, Alice in Wonderland



 

 

ABSTRACT 

Basic structures of natural oligonucleotides (ONs) are RNA and DNA  are giving rise to 

conformations and secondary structures inside cells and are the fundamentals for life. Many 

chemically modified oligonucleotides have been synthesized over the years. Studying the 

mechanisms on how RNA and DNA interact with different type of modified oligonucleotides 

will and have given new understandings of their functions. It is also important in the order of 

pursuing a new type of medicines. Today we can find that these molecules have been realized 

in certain types of medicines for hereditary diseases and as vaccines, for example. 

This thesis describes synthetic strategies to be able to perform 2´-OH alkylations and which 

protecting groups are required to reach the target compounds. This includes the synthesis of 

modified nucleotide building blocks intended for oligonucleotide synthesis. The goal is to reach 

synthesis methods of oligonucleotides with a 2´-O-carbamoylmethyl (CM) functionality 

including the version of the CM where the amido group is extended with ethylene-amine giving 

the 2´-O-[N-(aminoethyl)- carbamoyl]methyl (AECM) modification (Figure 1) . Thereafter, to 

study these molecules with respect to: 

• Protecting group strategy for the synthesis of the 2´-O-modified building blocks. 

• Chemical stability of the modification during conditions used in oligonucleotide 

synthesis. 

• Stability against degradation by nucleases (enzymes) provided by the CM and AECM 

modification. 

• Binding ability to RNA and DNA. 

• Study of how the 2´-O-AECM functionality affects cell uptake. 

 

 

Figure 1: Parts of oligonucleotides showing their structural difference.  

Paper I present the synthesis of a 2 ′-O-carbamoylmethyl (CM) containing H-phosphonate 

building block as well as synthesis of model dinucleotide. Paper II studies the stability of the 

2´-O-carbamoylmethyl (CM) group under ammonolysis conditions used during 

oligonucleotide synthesis as well as enzymatic stability of the phosphate diester bond vicinal 

to the 2´-O-carbamoyl group. Paper III present two different classes of protection for the uridine 

lactam function, intended for use in synthesis of 2'-O-alkyl-uridines. These are benzoyl 

protections and different acetal functions. Paper IV includes strategies for the synthesis of a 2`-



 

 

O-[N-(aminoethyl)-carbamoyl]methyl (AECM) modified H-Phosphonate building block and 

the synthesis of a model dinucleotide. In addition, studies on the chemical and enzymatic 

stability of this dinucleotide is reported. Paper V present the synthesis of a 2`-O-AECM 

modified phosphoramidite building block and the synthesis of AECM-modified 

oligonucleotides. These AECM-oligonucleotides are studied with respect to resistance towards 

enzymatic degradation and cellular uptake.  
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1 INTRODUCTION 

There is great interest in developing the chemistry around oligonucleotides (ONs). The effect 

of many types of nucleotide modifications incorporated into ONs has been studied. Most 

modifications of ONs aim to target RNA and DNA oligomers. Synthesis methods for building 

the crucial internucleosidic phophodiester linkage has been known since the early 1950:s (1, 2) 

and ON synthesis was pioneered during the coming decades to lead to the first chemical 

synthesis of a Gene (3), but they continue to be developed and refined (12). One type of many 

ON modifications that have been of great interest is 2´-O-Alkyl modifications, which this thesis 

will focus on. The field of ON applications is constantly growing. 
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Basic structures of RNA and DNA giving rise to conformations and secondary structures: 

There are essentially two different major conformations of what is called the sugar pucker in 

nucleic acids. The stereoelectronic effects of DNA and RNA differ, due to the electronegative 

2´-OH group, which is present in RNA but which DNA lacks. The stereoelectronic gauche 

effect contributes to that RNA normally assumes a so-called North (C3´-endo) conformation 

which preference in an RNA/RNA double helix results in an A-form conformation. While 

DNA having a hydrogen in the 2´ position assumes a South sugar pucker (C2´ endo) 

conformation and a DNA/DNA double helix forms a B-conformation (4-6). The A-form and 

B-form conformations differ significantly with respect to the distance between the phosphate 

groups (7, 8). DNA duplexes rich in poly dA-dT (A-tract) do not adopt the A-form but DNA 

duplexes rich in poly dG-dC (G-tract) can adopt the A-form. DNA/RNA hybrid duplexes 

usually adopts the A-form, just like many 2´-O-Alkyl/DNA hybrids do (Figure 2) (9). 

 

 

Figure 2. The stereoelectronic effect of the 2´-moiety gives rise to different conformations of 

the sugar pucker, that results in A and B-form conformations of  ON-duplexes. 
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Oligonucleotide therapy: 

Oligonucleotide (ON) therapy is a rapidly growing approach for treatment of disease with more 

than 10 FDA/EMA approved drugs and many more are currently in clinical trials (10-13). 

There are a number of different approaches by which therapeutic function can be achieved 

(Figure 2). These include classical antisense action of a single stranded ON that targets an RNA 

molecule (most commonly an mRNA). The idea of Antisense comes from the 1960s(14, 15), 

where the Antisense ONs acts as a steric blocker of the m-RNA, resulting in translation arrest 

of m-RNA into peptides. The efficiency is usually empowered by catalytic cleavage of the 

target RNA by the hosts own RNase H enzyme. That normally recognizes double-stranded 

RNA:DNA hybrids and cleaves the RNA to give a 3´-OH and a 5´-phosphate (16). Another 

approach is the use of double stranded RNA, short interfering RNA (siRNA) that achieves the 

same action as an antisense ON aided by enzymatic cleavage of the target by the RNA-induced 

silencing complex (RISC). Another approach is targeting of pre-mRNA in order to change the 

maturation, splicing, that creates the mature mRNA. A corrected mRNA can then be produced, 

by use of a so called splice switching ON, leading to either the native protein or a protein that 

has partial functionality (Figure 3). 

 

 

Figure 2. Different modes of action in oligonucleotide therapies. 

 

All approaches for ON therapy require modifications in order to be efficient since unmodified 

RNA and DNA ONs are rapidly degraded in biological fluids. Numerous modifications with 

different properties and traits of ONs has been discovered. A combination of modifications is 
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often advantageous in order to achieve desirable properties of the ON(13). But some of the 

traits are contradictory to other desirable properties. Some desirable properties of ONs for  

“classical” antisense therapeutic applications are: 

 

• A strong binding to the complementary target RNA (typically mRNA) sequence. Rapid 

binding to the RNA to then detach from the target fragments after cleavage by 

ribonuclease H. 

• High stability against nucleases. Which means that the antisense molecule can function 

for a longer period of time. 

• High target specificity. So that only the target sequences that are meant to be targeted, 

become the sequences that are affected. This can be adversely affected by too strong 

binding to target RNA. 

• Increased cellular uptake of the ON. This can be done by chemically altering the ON. 

Some modifications that increase cellular uptake are known, including ON conjugates 

(17-24).  

• Antisense ONs linked to a target-seeking molecule, creating a ON conjugate. That 

allow the Antisense ON to find the cells that are to be treated. Often the selectivity is 

looked for in extracellular proteins and receptors, e. g, receptors for steroids, sugars, 

peptides etc. 

• An ON molecule can also be bound to a catalytic molecule, often a metal chelate, that 

acts as an artificial nuclease. The artificial nuclease cleaves the target m-RNA 

specifically, often in a double helix with a bulge(25). 

• That the Antisense molecule is not toxic or forms toxic fragments and by-products. 

• The ON should not induce immune response. 

 

Oligonucleotide synthesis: 

There are several different ways to synthesize ONs. All synthetic methods require protecting 

group strategies. The first synthesis methods were developed for the synthesis of DNA and 

RNA but are also suitable for many nucleoside modifications. The historically more well-

known synthesis methods are the H-Phosphonate (26), Phosphodiester (27), Phosphotriester 

(28), and phosphite triester methods (28). The most widely used method today is the phosphite 

triester approach in the form of the phosphoramidite method (29-31). Most commonly used 

synthesis methods extend the ON from the 3´-end with a subsequent deprotection of the 5´-OH 

which is then connected to the next 3´-O-Phosphorus derivative, and so on (32). In addition to 

DNA and RNA building blocks, there are also many modified phosphoramidites available on 

the market. A phosphoramidite nucleoside building block is usually composed of an acid labile 

trityl group at the 5`-oxygen (33-35) and a 3´-O-[O-(2-cyanoethyl)-N,N-diisopropyl]-

phosphoramidite at the 3´-oxygen. The exocyclic nucleobase-NH2 groups are often protected 

as amides (36). Several other protecting groups may be needed, depending on which nucleoside 

that is used (33, 37). For RNA synthesis the 2´-OH group, several different protecting groups 

can be used, TBDMS(29), TOM(30, 38) and many more. There are several reasons why the 

phosphoramidite method gained a lot of ground commercially. Some of the reasons are the 

high-speed synthesis with fast coupling rates, great product purity and high yields. The 
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phosphoramidite method usually starts with a solid support from which the oligonucleotide is 

then built(39). The reason for using a solid support is that you can easily wash off reagents after 

each reaction step. Otherwise, there would be an increased risk of side reactions during ON 

synthesis, which would have a negative effect on the yield. For each new building block to be 

connected, a sequence of several reaction steps takes place (Figure 4). The most commonly 

used steps are: 

 

• Acidic deprotection of the 5´-O-trityl group and then washing. Often with di-or-tri-

chloroacetic acid in dichloromethane. 

• Coupling/condensation of the next phosphoramidite to the deprotected 5´-OH 

hydroxyl. 1H-tetrazole (or derivatives thereof) is often used in acetonitrile. The 

coupling reaction forms a phosphite triester. 

• Capping reaction with acetic anhydride and usually 1-methylimidazole as base. The 

capping is mainly performed to prevent the unprotected 5´-OH groups that did not react 

in the previous coupling reaction, from continuing to build on in later couplings. This 

would otherwise result in a larger number of long oligonucleotides with the wrong 

sequence. 

• Oxidation of the formed phosphite triester to a phosphate triester. The oxidation is 

usually performed with Iodine / H2O and Pyridine as solvent and base. 

 

Figure 4. Oligonucleotide synthesis via the Phosphoramidite method. 
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In the last step of the synthesis, the last trityl group is deprotected (or kept for a first trityl-on 

purification). Thereafter, the oligonucleotide is cleaved from the solid support and at the same 

time the exocyclic amino groups are deprotected. The cyanoethyl group is also deprotected on 

the phosphate triester to form the final 3´-5´phosphate linkage. This is often done with 

ammonia. Optimization of ON protection methods is continuously under progress(36), 

especially when the goals are to be able to perform the syntheses on a large scale with few side 

reactions and with a product of higher purity and yield. Large scale synthesis of ONs has for a 

long time been a major challenge, where new synthesis methods are constantly being evaluated. 

New synthesis methods where solid phase synthesis has been departed from, to carry out the 

reactions in solution have also been developed (40-43). 

 

Side reactions during oligonucleotide synthesis: 

Several different parts of the synthesis steps can give side reactions such as depurination upon 

the acidic deprotection of the 5´-OH group. Depurination takes place most easily on 

deoxyadenosine and deoxyguanosine but can be prevented by choosing a protecting group on 

the exocyclic-NH2 amino function. Alternative protecting groups that gives less depurination 

has been developed(36). Another side reaction during the ammonolysis step is the substitution 

of the exocyclic amido function of Cytidine that converts the nucleobase to Uridine. This can 

be avoided by choosing the right nucleobase protecting group (e.g., acetyl). In the coupling 

reaction, other side reactions can take place such as branching via the exocyclic Guanosine-O6 

function during phosphitylation and reactions such as acylation of exocyclic amino groups. The 

end result depends largely on the type of synthesis method, protecting group strategy and 

reagents that are being used. If side reaction occurs within each cycle, when a new building 

block is connected or deprotected, even small changes can cause a low overall yield of the final 

ON product. Even side reactions that occur at less than 1% can be devastating, as the sum of 

the results is multiplicative. The importance of minimizing side reactions is then of great 

importance. 

 

Modified Oligonucleotides: 

A large number of different modifications of oligonucleotides have been developed (5). The 

desire to be able to synthesize modified ONs grows with the applications. Depending on the 

modification, changes in known synthesis methods are often required, so that they work with 

the intended modification. A rough division into the type of modifications would be: 

modification of the sugar ring, nucleobases and the phosphate diester backbone. In ON 

synthesis, different types of modified building blocks can be combined in one and the same 

sequence, which can then carry a combination of properties that the different modifications 

exhibit. The modifications must exhibit good interactions with complementary strands so that 
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there is no steric hindrance or blockage in binding to the complementary nucleic acid strand. 

The modified ONs should also have good solubility and not create aggregation in blood plasma 

and in the cytoplasmic fluid. The ONs may interact with other types of biological molecules 

and cell membranes, other than what they are aimed to target, which can be either positive or 

negative for their action. The early properties that the ON therapy research focused on where, 

stability against nucleases and stronger binding to complementary RNA. Examples of some 

important ON modifications from the earliest to later developed are, 2´-O-alkyl(5), PNA(44), 

2´-O-MOE(45), LNA(46), PMO-Morfolino(47), Amino-LNA(48) (Figuire 5), but there are 

many more. 

 

 

Figure 5. Examples of some important ON modifications. 

 

 Further development of ONs to enhance the cellular uptake or give them the ability to penetrate 

cells is most desirable. Several different modifications of ONs developed to, or known to, 

enhance the ability to enter cells have been found (Figure 6). Examples of these modifications 

are 2´-O-PivOM(18), phosphorothioates (PS) (23) and the cationic backbones, BCNSs(20), 

PNHBuGua(21) and tetramethyl phosphoryl guanidine (Tmg)(24). 
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Figure 6. Examples of ON modifications with enhanced cell penetrating properties. 

 

One of the more complex tasks in ON research, is to give oligonucleotides the ability to find 

the cells intended to be targeted and treated in vivo. These modifications are often a so-called 

oligonucleotide conjugate. The conjugate consists of the ON chemically linked to the target 

seeking molecule. The conjugated molecule can have the ability to bind to a specific receptor 

or cell surface that mainly the intended target cells carry. There are also types of ON conjugates 

that are intended to exert their effect inside the cells, such as a 5´-Cap which, for example, can 

induce translation of RNA (often used in, for example, RNA vaccines), or to be internalized in 

the cell nucleus(49) or the m3G-Cap that promote transport into the nucleus(50, 51). 

 

2´-O-alkyl modifications: 

One of the more explored areas in ON modifications is the 2´-O-alkyl modification. Relatively 

early around 1960, it was discovered that the naturally occurring 2´-O-Methyl modification 

existed. From a synthetic point of view, it is understandable to use ribonucleotides as starting 

material with relative ease, where the free 2´-OH hydroxyl can be used as reactive group. The 

2´-OH position has been shown to be an excellent starting point for altering the properties of 

oligonucleotides and their interactions with complementary RNA and DNA sequences. Many 

2´-O-alkyl oligonucleotides have a stronger binding to complementary RNA and to DNA as 
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well(5, 17). The duplex stability is usually performed by measuring the melting point of the 

modified ON with its complementary RNA or DNA in a UV-spectrophotometer. One of the 

explanations for the stronger binding is that the conformation of 2´-O-alkyl sugar pucker 

through the gauche effect favors the North (C3´-endo) conformation which in turn strengthens 

the possibility of being able to form a more stable A-form double helix with RNA. Mention 

should also be made here of LNA, which is a form of 2´-O-alkyl, where the 2´-oxygen is bound 

to the 4´-carbon via a methylene bridge. This constricted conformation, locks the sugar ring in 

a near North (C3´-endo) conformation and has shown to greatly increase the stability of 

complexes with RNA in a double helix(46). The 2´-O-alkyl group also generally provides 

protection against degradation by nucleases(52, 53). It has been found that with a 2´-O-alkyl-

amino modification an effective inhibition of degradation by nucleases is obtained, which was 

explained by that the protonated 2´-alkylamino function binds to a Zink pocket of the enzyme 

and blocks its mechanism(54, 55). Another interesting observation is that some 2´-O-alkyls can 

reach the minor groove of an A-form double helix and there, depending on the functional 

groups, be able to stabilize this with hydrophilic groups and hydrogen bonds. In addition, with 

a sufficiently long functionalised 2´-O-alkyl group it is possibly to reach across the minor 

groove to the opposite phosphate group and thereby  stabilize the entire double helix(56). Other 

uses for 2´-O-alkylamines are as a position to link conjugates to the ON, such as target 

recognizing molecules of extracellular target proteins and receptors, ex: Steroids, sugars, 

peptides and artificial nucleases. 

 

 

Synthesis and protecting group strategy for alkylation of the 2´-OH: 

 

Synthesis of 2´-O-alkyladenosines: 

Adenosine can be alkylated on the 2’-hydroxyl directly in solution using a strong base and an 

alkyl halide in equivalent amounts(4, 57). This is most easily explained by the fact that the pKa 

for 2´-OH is the lowest of all free protons in adenosine(58). However, the selectivity between 

2´-OH and 3´-OH is not large, at best 70/30 (59). The solubility of adenosine is also low in 

solvents such as DMF or Dioxane. However, with the introduction of a Trityl group in the 5´-

O position, the solubility in aprotic solvents such as THF increases. THF can be easily obtained 

dry by distillation over Calcium Hydride or LAH. which is of great importance in alkylation, 

as otherwise water forms hydroxide ions which can consume alkylating reagents. The trityl 

group (monomethoxytrityl, MMT or dimethoxytrityl, DMT) also increases the selectivity 

between 2´-OH and 3´-OH to about 90/10% (55, 59). Other advantages of using the trityl group 

are that, column chromatography of the substance is facilitated as volatile solvents can be used. 

The most obvious advantage of using a trityl group is that, it will be introduced into the building 

block for the upcoming oligo synthesis. There are, of course, other alternatives if one strives 
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for even higher selectivity for 2´-OH. The most commonly used method is to protect 3´-OH 

and 5´-OH simultaneously, in order to then be able to selectively alkylate the free 2´-OH. 

However, this requires more specialized protecting group reagents such as TIPS-Cl2, MDPS-

Cl2  or di-tert-butylsilylene-chloride (60, 61) and requires more synthesis steps (Figure 7). 

 

 

Figure 7. Protecting groups used in 2´-OH alkylation. 

 

 

 When using TIPS as a protecting group, one must also use dry conditions as hydroxyl ions 

tend to cleave the protecting group. In addition, it is common to use relatively expensive non-

nucleophilic bases, such as phosphazene bases, which are costly and difficult to regenerate. 

However, the TIPS protecting group helps to increase the solubility and simplify the 

chromatography. Thereafter, the protecting group can be easily removed using triethylamine 

trihydroflouride, and from there one can continue further with the unprotected 2´-O-

alkylatedadenosine. Anotheralternative for creating 2´-O-alkyl nucleosides (Not covered in 

detail here), is by coupling a heterocyclic base with an electrophilic sugar, transglycosylation 

or the Silyl-Hilbert-Johnson reaction, where a pre-2´-O-modified sugar is used as the reagent 

and together with the nucleobase reagent forms the desired product. Sometimes these methods 

require several reaction steps to synthesize the starting material (the modified sugar). 

 

Synthesis of 2´-O-alkyl Uridines: 

Direct alkylation of Uridine with a base and alkyl halide results in Uridine-3N-alkylation as the 

Lactam-3N-H proton has a lower pKa than the 2´-OH proton(58, 62, 63). Early work alkylating 

unprotected Uridine, uses a organo-tin reagent and a alkyl halide (64), or Diazomethane with 

stannous chloride as a catalyst(65). There are several other approaches to choose from, to 

synthetize a 2´-O-alkyl modified Uridine(66). One of the more commonly used syntheses 

method is based on 2,2´-anhydrouridine as starting material (Figure 8). 
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Figure 8. Synthesis of 2,2´-anhydrouridine and the ring-opening with magnesium, aluminum 

alcoholates and borate esters. 

 

 A reagent consisting of a magnesium, aluminum alcoholate or a borate ester is used, where the 

alcoholate/ester acts as a nucleophile at the 2´-position and results in a 2´-O-alkylated 

product(67). There are, of course, restrictions on the types of alcohols that can be prepared and 

used to form these alcoholates/esters. It depends on which functional groups these alcohols 

carry, such as amides, carboxylic acids, halogens, etc, which can be unsuitable for this type of 

reagent. This methodology is best suited for simple alkyl groups. Even with the use of 2,2´-

anhydrouridine, it is advantageous to use the 5´-O-tritylated nucleoside which increases the 

solubility and yield. One similar reaction using 2,2´-anhydrouridine, is instead with BF3 and a 

silyl-ether(68, 69). Another approach is to selectively protect the Lactam group with the more 

acidic pKa than the 2´-OH. What is required of such a protecting group is that it should be able 

to withstand the nucleophilic attack of hydroxide ions and strong base(70-72). In addition, the 

protecting group (Figure 9) must be able to be deprotected under conditions that retain the 

desired functionalities, such as the 5´-O-Trityl group.  

 

 

 

Figure 9. Lacatm-3N-protecting groups of Uridine, used in the 2´-OH alkylation. 

 

One such alternative is to protect the Lactam group with a base stable acetal group or acyl 

group(37, 65, 73). An attractive candidate for this is the TOM group, which can be selectively 
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deprotected with fluoride(37), which allows one to use a pre-5´-OH tritylated Uridine which is 

then alkylated with strong base and alkylating reagent. An alternative to the trityl group is to 

protect the 3´-5´-OH with the TIPS and the lactam group with the TOM group. Both the TIPS 

and the TOM group could be deprotected simultaneously with Fluoride and result in a 2´-O-

alkylated product. In addition, both protecting groups would provide an easily soluble product 

in many solvents suitable for alkylation. 

 

Synthesis of 2´-O-alkyl Guanosines: 

Guanosine is probably the most complicated nucleoside of the natural nucleosides in terms of 

2’-O-alkylation. Guanosine is quite insoluble in most solvents but slightly soluble in solvents 

such as DMF and hot dioxane. The Lactim-O6-H/Lactam-N1-H functionality of Guanosine 

has a lower pKa (9.2-9.5) than the 2´-OH (pKa 12.5) hydroxyl group (similar to Uridine). 

Which makes it necessary to modify Guanosine in order to perform efficient 2´-O-alkylation. 

Many strategies have evolved that results in 2´-O-alkylated Guanosine. Alkylation from 2-

amino-6-chloropurine riboside or starting from 2,6-Diamino-purine which can be alkylated 

directly (74), or with various protecting groups in the 5´-O and 3´-O positions. Then direct 

treatment or removal of the protecting groups, followed by treatment with Adenosine 

deaminase (ADA). The enzyme converts the 6N-amino function to the purin-6O functionality, 

which gives the Guanine base(75). The ADA enzyme appears to tolerate a large number of 

variations of 2´-O-alkyl modifications and different types of solvents in addition to H2O. 

Another alternative during 2´-OH alkylation of Guanosine is to protect the Lactim-O6-H 

function in order to then be able to alkylate the 2´-OH hydroxyl(74, 76, 77). One such 

alternative is the use of 2-amino-6-chloropurine riboside(74) This requires modifications that 

increase the solubility in aprotic solvents. One used protecting group of the Lactam-N1-H 

function is N1-benzyl-Guanosine (Figure10). 
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Figure 10. 2´-O-alkylated precursors that can be used in the synthesis strategy of 2´-O-alkyl-

Guanosines. 

 

The use of NaHMDS as base, can protect the 06-function in situ during an alkylation reaction 

of unprotected Guanosine together with an electrophilic alkylating reagent to give the 2´-O-

alkylated Guanosine directly. This could be explained by considering that HMDS reacts 

initially at the 6O-position of the nucleobase to give the O6-TMS ether, that protects the lactam 

function from alkylation(78). A not fully explored strategy for this purpose is the TOM group, 

also for the Uridine protection (Lactam), that can be selectively deprotected with fluoride or 

maintained to the final step of deprotection of the oligonucleotide. 

 

Synthesis of 2´-O-alkyl Cytidines: 

It is possible to carry out a direct 2´-O-alkylation of Cytidine with a strong base such as NaH 

and an alkyl halide(79), but this usually gives low yields. The earliest synthesis methods for 

2´-O-alkylation of cytidine used alkyl halides and AgO as reagents(80). A frequently used 

method is to use an already 2´-O-alkylated Uridine that can be chemically converted to 

Cytidine(67, 81). The synthesis begins with the creation of 4-(1H-1,2,4-triazol-1-yl)uridine 

with, for example, triethylamine, triazole and POCl3. The triazole derivative can then be 

substituted with NH3 in dioxane to give the 2´-O-alkyl uridine derivative (Figure11).  
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Figure 11. Synthesis of a 2´-O-alkylated-Uridine via a 4-(1H-1,2,4-triazol-1-yl)uridine 

derivative to a 2´-O-alkyl-Cytidine. 

 

 

An alternative to the triazole is ammonolysis of a 4-nitrophenol substituted Uridine to get the 

4-NH2 function of Cytidine(67). Another method starts with, synthesis of anhydrocytidine (82). 

Cytidine and POCl3 and then water gives anhydrocytidine. Anhydrocytidine can then be 

reacted with, for example, Mg(O-alkyl)2 reagents to generate 2´-O-alkyl-Cytidine derivatives 

(United States, US5739314 A 1998-04-14). As with anhydrouridine, this method is of course 

limited by the types of which Mg(O-alkyl)2 reagents are possible to start from. 
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2 RESULTS 

 

Chapter 1:  

Synthesis of a 2´-O-carbamoylmethyl (CM) modified Adenosine building block and 

synthesis of a CM containing dinucleotide, as well as a study of the dinucleotide with 

respect to chemical and enzymatic stability. 

Many 2´-O-alkyl oligonucleotides have been shown to increase RNA affinity and thus increase 

duplex stability (83, 84). This gave us the interest to study a 2´-O-alkyl group with the 

properties of being a small electronegative hydrophilic group. The 2´-O-carbamoylmethyl 

group possesses these properties. The 2´-O-carbamoylmethyl group has previously been 

reported to give a higher melting point + 3 ℃ / modification (85). The aim was to find a method 

to be able to synthesize this modification in as simple and clean a way as possible. More 

importantly, we also wished to study the stability of the modification toward chemical and 

enzymatic degradation (69, 92c, 95) so that conditions can be found to obtain a relevant product 

while minimizing side reactions and get an idea about the potential use. 

 

Paper I: 

In the first study we explore the synthesis of a 2´-O-carbamoylmethyl modified Adenosine 

(85). The first attempts started by using unprotected Adenosine 1 with NaH and Iodoacetamide 

in DMF, to obtain the desired 2´-O-carbamoylmethylated adenosine 2. The use of unprotected 

Adenosine in DMF resulted in a relatively low yield 20% of the desired 2’-O-alkylated product 

and an isomeric mixture corresponding to 2´-O and 3´-O-substituted products (in about 6/4 

ratio). Adenosine has a relatively low solubility in most aprotic solvents and, e.g., THF is then 

not an option, but Adenosine is to some extent soluble in polar solvents such as DMF and 

DMSO, that are also suitable for strong bases that can be used for deprotonation of the 2´-OH. 

One of the most important things during alkylations is to work under dry conditions that 

otherwise highly affects the yield of the reaction. Alkylation of unprotected Adenosine with 

iodoacetamide gave a product that was even more polar than Adenosine itself, making it very 

difficult during chromatography to perform separation of the two isomers. The mixture of 

isomers was then used in the next step where the exocyclic 6-NH2 group was protected 3  

(Figure 12). 
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Figure 12. Alkylation of Adenosine and protection of the exocyclic 6-NH2 function. 

 

Although product could be obtained through alkylation of unprotected Adenosine, the yields 

were not impressive, so we decided to change the order of protection and optimize the 2´-OH 

alkylation experiments. The Alternative procedure was to first protect the 5´-OH group with 4-

methoxytriphenylmethyl chloride (monomethoxytrityl-Cl, MMT-Cl), to increase the solubility 

and hopefully lead to some steric hindrance at the 3´-OH position. In the first attempts of 

alkylating 5´- MMT-O-Adenosine 4, dimsyl sodium was used as base and iodoacetamide as 

alkylating agent in THF. This increased the isomeric ratio to 2´ vs 3´ to about 9/1 and the 

isomers where possible to separate at this stage by column chromatography. In an additional 

procedure we developed a one pot method where MMT-5´-O-A 4 was alkylated with methyl 

bromoacetate and potassium tert-butoxide 5 (both commercially available) followed by 

ammonolysis with NH3/MeOH saturated at -20oC which gave the 2´-O-carbamoylmethyl 

product 6 in high yield (Fig 13). THF gives an additional advantage in that it is easily prepared 

dry, by distillation over LiAlH4 and it is a solvent where 5´- MMT-O-Adenosine 4 is readily 

soluble.  

 

 

Figure 13. Improved alkylation steps of the MMT-5`-O-adenosine intermediate to the 2`-O-

CM modification. 

Further protection of the exocyclic 6-NH2 group was chosen from one of the protecting group 

strategy used in H-Phosphonate oligonucleotide synthesis (26). The reaction was performed 

with butyric anhydride in pyridine and after presilylation with trimethylsilylchloride to afford 

the resulting compound 7. The 3´-OH group was subsequenctly phosphonylated with 
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PCl3/Imidazole to give the H-phosphonate building block 2´-O-carbamoylmethyl modified-5’-

O-(4-monomethoxytrityl) Adenosine 3´- H-Phosphonate triethylammonium salt 8 (86) (Fig 

14). 

 

 

 

Figure 14. Further protection of 6 and phosphonylation to give the H-phosphonate 8. 

 

The H-Phosphonate building block 8 was then coupled to pre-prepared 3´-O-MMT-thymidine 

9 and further oxidized to give the protected dinucleoside phosphate 10 (87). The dinucleotide 

was detritylated with DCA and then subjected to ammonolysis in saturated NH3/MeOH to give 

the final product 11 (Fig 15). 

 

 

Figure 15. Synthesis of the 2`-O-CM modified di-nucleotide 11.  
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Paper II: 

 

This work aimed to explore the stability of the 2´-O-carbamoylmethyl (CM) group under 

different condition that an oligonucleotide containing the 2´-O-CM group may meet during 

deprotection (85). In addition, we wished to investigate the stability of phosphodiesters vicinal 

to the 2´-O-CM group towards enzymatic degradation.  

 

To be sure that the 2´-O-carbamoylmethyl groups would keep their amide functionality intact, 

it is crucial that the modification survives the chemical conditions of the oligonucleotide 

synthesis. The most critical step is the stability of the 2´-O-carbamoylmethyl group during 

ammonolysis that is used in the last stage of the oligo synthesis when the exocyclic nucleobase 

-NH2 protecting groups are being cleaved of, as well as the solid support. The most common 

conditions for this include concentrated ammonium hydroxide at elevated temperature.  

 

It is also important to remember that in the 3´-end of a fully modified oligonucleotide, the 2´-

O-carbamoylmethyl can possibly be affected via a intramolecular hydrolysis assistance via the 

free 3´-OH. The first indication of the stability of the 2´-O-carbamoylmethyl amide moiety 

against hydrolysis during ammonolysis was from a nucleoside monomer 3 with a free 3´-OH. 

In this compound we obtained the indication that that the amide was hydrolyzed to a large 

extent in concentrated NH4OH but not in saturated NH3 in MeOH, compound 2 and 3 (Fig 16).  

 

Figure 16. Hydrolysis of the CM-amide function during ammonolysis with a vicinal 3´-OH. 

After these results we followed up with a study of the carbamoylmethyl moiety vicinal to a 

phosphodiester. The previously synthesized 2´-O-carbamoylmethyl dinucleotide (Paper I), was 

then used in this work as a model compound 11 (88). A reference for the hydrolyzed 2´-O-

carbamoylmethyl dinucleotide was prepared (2`-O-Carboxymethyl-ApT, 15 COMAT) and 

used in the following HPLC analysis.  
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The dinucleotide 2`-O-Carbamoylmethyl-ApT 11 (CMAT) was subjected to various 

ammonolysis conditions, that are used in the final deprotection step in oligonucleotide 

synthesis, i.e., Conc. Ammonia 25% or 32% / 24-48h, NH3 (sat) in MeOH / 48h, 

ethylenediamine / EtOH, and 32% aq. ammonia / EtOH. It turned out that the conc. ammonia 

solutions gave a large proportion of hydrolyzed 2´-O-carboxymethyl product while other 

conditions did not (Figure 17). In the condition of NH4OH 25% at 55oC gave 19% hydrolysis 

after 24h and these conditions are commonly used in standard oligonucleotide synthesis (for at 

least 16h). Saturated NH3 in MeOH at 20oC for 48h did not show any hydrolysis at all. These 

results are promising since it should be possibly to make oligonucleotides containing fully or 

partially modified with carbamoylmethyl functionalities without compromising purity of the 

modified oligonucleotide. 

 

Figure 17. Hydrolysis of the CM-amide function during ammonolysis of 11 (CMAT) with a 

vicinal 3´-O-phosphate diester. 

. 

 

One other important factor for an oligonucleotide is the enzymatic stability in biological fluids 

(in vitro for cell experiments and in vivo). Although phosphorothioate (PS) linkages are quite 

stable towards enzymatic cleavage and commonly used is oligonucleotides, they are associated 

with some negative issues such as toxicity (107) and PS are also degraded even if this is at a 

reduced rate compared to phophodiesters. If highly stable oligonucleotides with PS linkages 

are required a combination with additional modifications are typically desired, and there is also 

a development to try to reduce the number of PS linkages in oligonucleotides to reduce toxicity 

and to balance protein binding. Modifications that stabilize the phosphodiester (and also the 

corresponding PS linkage) are there most interesting for future development of oligonucloetide 

therapeutics. Thus, we decided to investigate how the CM modification influences the ability 

to survive enzymatic hydrolysis of the phosphate diester. The 11 CMAT dinucleotide was 

exposed to two different nucleases, Phosphodiesterase I from Crotalus adamanteus venom and 

Phosphodiesterase II from Bovine spleen. As a reference compound a dApT dinucleotide was 

used. HPLC analysis after incubation with the respective nucleases revealed that the 2´-O-

carbamoylmethyl modification has a strong protective effect on the stability against these 
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nucleases (Figure). The stability of the modified dinucleotide showed great stability even after 

6 days against PDA I where 30% 11 CMAT was still remaining and with PDA II there was not 

really any significant cleavage (~99% remaining), while the reference dApT was cleaved 

within 2 and 4h respectively (Figure 18).  

 

Figure 18. RP-HPLC analysis of enzymatic stability of CMAT ▀ and the reference dApT+ . 

Upper: with (PDE I). Lower: with (PDE II). 

 

These results show that it is possible to deprotect compounds with a phosphodiester vicinal to 

the 2`-O-carbamoylmethyl functionality, but that conditions should be chosen to avoid 

hydrolysis (e.g., not conc ammonia) to keep the modification intact. In addition the CM 

modification imposes an increased stability towards nucleases which can be particularly useful 

in therapeutic settings (69, 92c, 95). The modification is also very promising with the respect 

of previously reported results of the 2`-O-carbamoylmethyl modification giving a substantial 

increase of the melting temperature (tm)  in duplexes with RNA (77, 85). 

 

Chapter 2:  

Evaluation of lactam protection for synthesis of 2´-O-alkylated Uridines. 

Many different types of strategies have been used in the synthesis of 2´-O-alkyluridine (64-69). 

Direct alkylation of uridine using strong bases and alkyl-halides, in most cases results in the 

alkylation of the lactam function on the nucleobase. In this work, the intention is to evaluate 

two different types of protection group families for the lactam group of the Uracil nucleobase. 
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where the goal is for them to be stable against strong bases such as potassium tert-butoxide. It 

should also be possible to remove the protecting group after synthesis of the 2´-O-alkyluridine 

has been performed (70). An alternative is also that the protecting group is kept during 

oligonucleotide synthesis and removed in the final deprotection. 

 

Paper III: 

 

Two different classes of protection for the uridine lactam function were evaluated. These are 

aroyl (methoxy substituted benzoyl) protections and different acetals (hemiaminal ethers). As 

starting materials both Uridine and 5´-O-MMT-Uridine were used. The 5´-O-MMT has the 

advantage of greater solubility in dry organic solvents. Several different substituted benzoyl 

and acetal modified nucleosides 16 a-c where synthesized according to known procedures (65) 

(Figure 19). The benzoyl-lactam protection would have the advantage that it could be kept until 

the last step of a oligonucleotide synthesis and be removed under the same conditions as the 

rest of the other nucleoside exocyclic amine protecting groups. In the study of the aroylated 

compounds it was clear that the strong basic conditions used during the alkylation step to a 

great extent removed the substituted benzoyl even with two methoxy groups in the 

orthospositions (73). The benzoyl protection was abandoned at that moment. 

 

 

Figure 19. Two different classes of protecting groups, aroyls a-c and hemiaminal ether 

derivatives d-h where synthesized and evaluated for 2´-O-alkylation. 

 

The lactam acetal protection was introduced using DBU or diisoropylethylamine as base and 

the corresponding alkoxymetyl chloride or tetrahydrofuranyl chloride in THF, DMF or 

dichloromethane with good yields (compounds 16 d-h). The tetrahydrofuranyl protecting 

group when introduced to Uridine in DMF with DiPEA as base gave about 50% yield as a 

racemic mixture, compound 16 g. It was possible to remove in 80% acetic acid/H2O. In 



 

 23 

particular, the triisopropylsiloxymethyl (TOM) protection appeared to be a most promising 

lactam protecting group for use in synthesis of 2´-O-alkyl-uridines (compound 16 h). TLC 

experiments showed that it can withstand the basic alkylating conditions with potassium 

tertbutoxide and it can be removed in less than 2h with a few drops of triethylamine 

trihydrofluoride, 1 ml CH2Cl2. Interestingly from 15N-1H and 13C-1H NMR correlation 

spectroscopy (HMBC) experiments it was clear that the TOM group is positioned at the oxygen 

of the lactam function. All the other lactam-acetal protecting groups where not possible to 

remove under mild enough conditions, despite many trials especially with the SEM group 16f 

(71) (Figure 20).  

 

Figure 20. Protection with the TOM-group of the lactam function of MMT-5`-O-uridine 16 and 

deprotection. 

 

One interesting discovery not mentioned in the publication was in the procedure for the 

preparation of the SEM protection using (2-trimethylsilylethoxy)methyl chloride. Depending 

on what base was used, different products were obtained. DBU in CH2Cl2 gave the best 

selectivity for the lactam function, DiPEA almost the same result, while potassium tertbutoxide 

in THF gave predominantly 2´-O-SEM product. One could speculate that the harder counter 

ion to a greater extent coordinate to the 2´-OH than to the lactam function, although the lactam 

function has a lower pKa than the 2´-OH. This study has so far not led to the use of the TOM 

group for further work on 2’-O-alkyluridines in our research group but laid the foundation for 

use of other acetal protection (pivaloyloxymethyl and benzyloxymethyl) for this purpose (70). 

 

Chapter 3:  

Synthesis of nucleotide building blocks and studies of Di- and Oligo- nucleotides bearing 

the 2-O-[N-(Aminoethyl)carbamoyl]methyladenosine modification.  

 

In the previous work presented in this thesis, the carbamoylmethyl (CM) modification synthesis 

started with alkylation to give the carboxymethyl ester. The ester functionality opens up for the 

possibility to use a large number of amines to create new interesting modifications(53, 59, 70, 
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92). We chose ethylenediamine to obtain a modification that would still keep it relatively small 

and give it a new feature of having a terminal amino functionality. The pKa of the terminal 

amino function would give an additional positive charge at neutral pH but be close enough to 

be partially deprotonated in some environments. The resulting modification incorporated in an 

oligonucleotide would together with the negative charge of the phosphate diester backbone 

give the interesting feature of a charge neutral oligonucleotide if fully modified.  

 

Paper IV: 

 

This work started with the introduction of the 2`-O-[N-(2-aminoethyl)carbamoyl]methyl 

(AECM) modification in Adenosine and further transformation to the corresponding H-

phosphonate building block. The protecting groups should survive the conditions used in 

oligonucleotide synthesis and be removable at the end of an oligonucleotide synthesis, 

preferably in the same step used to cleave the oligonucleotide from the solid support. 5’-O-

MMT-Adenosine was chosen as the starting nucleoside since it can be straightforwardly 

alkylated. In the first approach dimsyl sodium was used as base and allyl bromoacetate as the 

alkylating reagent (108). During the chromatography step of the compound using DCM/MeOH 

and a few drops of triethylamine a transesterification to the methyl ester happened. The ester 5 

was subjected to ethylenediamine and formed the corresponding amide 17 via aminolysis 

(Figure 21). 

 

Figure 21. Alkylation of MMT-5`-O-Adenosine 4 to the 2´-O-carboxymethyl ester 5 and 

aminolysis to the 2´-O-AECM modified 17. 

 

For the terminal -NH2 of the AECM modification trifluoroacetyl was chosen as protecting 

group, since it can be removed during the last stage ammonolysis step and it protects against 

any side reactions during the oligonucleotide synthesis. The trifluoroacetyl protection was 

introduced by using trifluoroacetic anhydride and triethylamine in CH2Cl2 and gave compound 

18. To obtain a more efficient route an alternative method to 18 was developed and performed 

in a three step one pot procedure. For the exocyclic -NH2 butyryl was chosen as protection 

since it is cleaved off fast enough during ammonolysis and survives sufficiently during the 

steps of oligonucleotide synthesis. There are also many other protecting groups that could be 

used depending on the sensitivity of the oligonucleotide to different treatments (65, 91).  The 
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protection of the exocyclic -NH2 was done with butyric anhydride after presilylation with 

trimethylsilyl chloride in pyridine to give 19 followed by deprotection of the silyl ether with 

triethylamine trihydroflouride that gave 20. In the last step of making the 3`-H-phosphonate, 

phosphonylation using PCl3 and imidazole was used to get the building block 21 (26, 86) 

(Figure 22). 

 

Figure 22. Synthesis of the 2´-O-AECM modified H-phosphonate building block 21. 

 

As in the study of the carbamoylmethyl (CM) modification an AECM modified dimer was 

synthesized in order to study the chemical and enzymatic stability of the modification and the 

vicinal phosphodiester. The H-Phosphonate building block 21 and 3´-O-MMT-thymidine 9 

(87) was then coupled with Bis(2-oxo-3-oxazolidinyl) phosphinic chloride (OXP) in pyridine 

giving 22 according to TLC. The H-phosphonate diester 22 was further oxidized in situ by 

adding Iodine and H2O to give the protected dinucleoside phosphate. The dimer was 

detritylated with 80% acetic acid and then subjected to aminolysis with 20% ethylenediamine 

in MeOH to give the crude final product dinucleotide 23. The deprotected product was then 

purified by reversed-phase high performance liquid chromatography (RP-HPLC) to give the 

pure AECM-AT dimer 23 (Figure 23). 

 

Figure 23. Synthesis of the 2`-O-AECM modified di-nucleotide 23.   
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To be certain of the chemical stability during conditions possible for the final deprotecting step 

used in oligonucleotide synthesis we subjected the new dinucleotide to different conditions. If 

necessary, we could also modify the deprotecting step so that it is directly suited for the AECM 

modification and keeps the modification intact in a final modified oligonucleotide. The AECM-

AT dimer 23 was subjected towards different chemical condition that can be used to remove 

the TFA protection as well as different acyl protecting groups from the heterocyclic bases. 

After neutralization the reactions were analyzed by RP-HPLC (Scheme 3). With concentrated 

ammonium hydroxide 55oC 24-48h a few % of the modification was hydrolyzed to the 

carboxylate. Although only a few percent cleavage was observed this would mount up if the 

modification would occur throughout an oligonucleotide. The results point to that the safest 

approach would be 20% ethylenediamine in methanol, but also non-aqueous ammonia 

solutions are possible. 

 

Figure 24. RP-HPLC analysis of (a) 2’-O-AECM-AT 23, (b) 2’-O-COM-AT ref 15, (c) 2’-O-

CM-AT ref 11;(chromatograms) 23 with different aqueous or alcoholic ammonia or 

ethylenediamine solutions: d) conc. NH3 (aq) at 55°C, 24 h, e) conc. NH3 (aq) at 55°C, 48 h, 

f) 20% ethylenediamine in methanol , RT, 48 h, g) Methanol saturated with NH3, RT, 48 h, h) 

NH3 (aq) – Ethanol (3:1), RT, 24h. 

A second important aspect of the AECM modification is to what extent it infers stability against 

phosphodiester hydrolysis by nuclease enzymes. Certain 2´-O-modifications which carries a 

terminal -NH2 amino function has previously shown that they are resistant to exonucleases (54, 
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55). The AECM modified dinucleotide 23 was treated with two different nucleases, 

Phosphodiesterase I (PDE I) a 3`-exonuclease and Phosphodiesterase II (PDE II) a 5´-

exonuclease. As a reference compound a dApT was used. It was found that 2´-O-AECM has a 

very strong protective effect towards degradation by these nucleases. The modified 

dinucleotide showed great stability and even after 7 days treatment with PDE I ~70% of the 

dinucleotide was intact and with PDE II cleavage was barely noticeable, while the reference 

dApT was cleaved within 2 and 4h respectively (Figure 24). 

 

Figure 24. Enzymatic stability of the 2´-O-AECM-AdT Compound 23 + the reference DNA 

dAdT. Upper:Phosphodiesterase I (PDE I). Lower: (PDE II). 

 

These results show that it is possible to synthesize a fully modified dinucleotide carrying the 

AECM modification and that different conditions are usable for deprotection of bases and the 

trifluoroacetyl used to protect the AECM modification, but conc aqueous ammonia should be 

avoided when incorporating several AECM modifications. The AECM modification was 

shown to have an exceptional stability against degradation by nucleases (69, 92c, 95). This 

points in the direction for a good candidate to continue studying and to synthesize the 

modification on all nucleobases and to explore the possible use in oligonucleotide therapeutics. 
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Paper V: 

 

Having found suitable conditions for deprotection and that the AECM infers high resistance to 

nucleases we wished to continue to explore and investigate the properties of the 2´-O-AECM 

modification when incorporated in oligonucleotides. Above, we synthesized an AECM 

modified H-phosphonate building block. Since there is a larger variety of commercially 

available nucleoside phosphoramidites we decided to synthesize the AECM modified building 

block for oligonucleotide synthesis as a phosphoramidite that then can be used in common 

synthesizers (29-32). This was then used to synthesize several sequences where the AECM 

modification is mixed in with unmodified DNA, as well as fully modified charge neutral 

oligonucleotides. 

 

From the previously reported synthesis (55) of the AECM modified starting material compound 

18  benzoyl protection of the -N6 amino function was performed. The synthesis was carried out 

in CH2Cl2 by adding triethylamine and first presilylate with TMS-Cl, followed by addition of 

a catalytic amount of DMAP and Benzoyl chloride. After extraction and evaporation, the crude 

compound was dissolved in ethanol and ammonium hydroxide was added to remove the second 

benzoyl from material that was N6 bis-benzoylated to receive the mono benzoylated compound 

24 which was purified by chromatography. 24 was then dissolved in dry THF and triethylamine 

was added before the reagent 2-Cyanoethyl N,N-diisopropylchlorophosphoramidite chloride. 

The reaction mixture was concentrated, extracted and purified to give the final 2´-O-AECM 

modified phosphoramidite building block 25 (Figure 25). 

 

Figure 25. Synthesis of the 2´-O-AECM modified phosphoramidite building block 25.  

 

The 2´-O-AECM modified phosphoramidite 25 together with other commercial nucleoside 

phosphoramidites where then used to synthesize a number of oligonucleotides using a Applied 
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Biosystems 392A DNA/RNA synthesizer. ON:s containing AECM modifications, sequences O1, 

O2, O3 and O4) including the corresponding oligodeoxynucleotides , sequences dO1–dO4) 

(Table 1). The oligonucleotides where deprotected using 20% ethylenediamine in methanol for 

24 h at room temperature and purified with reverse phase HPLC. 

 

Table 1. Sequences for evaluation of hybridization of AECM containing oligonucleotides. [a] 

In all sequences A, C, G , T= 2’-deoxyribonucleotides,  In sequences O1-O4  a = 2’-O-AECM-

adenosine and in dO1-dO4 a = 2’-deoxyadenosine. 

 

Table 2. Thermal melting (Tm) of oligonucleotides in 100mM Na+, 10 mM phosphate, 0.1 mM 

EDTA, pH 7 at 4 microM strand concentration. 

 

Thermal melting of duplexes of oligonucleotides O1–O4 and dO1–dO4 with complementary 

RNA as well as with complementary DNA (complementary RNA and DNA was of commercial 

origin) was then determined by use of UV spectroscopy (9). The resulting melting points (Tm) 

values in (Table 2). The AECM modification sequences O1–O4 compared with the DNA 

sequences dO1–dO4 towards complementary RNA showed a general increase in melting 

points Tm of +0,5 to +2,3oC per modification. And The AECM modification sequences O1–

O4 compared with the DNA sequences dO1–dO4 towards complementary DNA gave only 

small differences -0.3 to +1.0 oC per modification. It is interesting to see that there apparently 

is some sequence dependence on the effect of the AECM modification on melting temperature 

and that RNA is a preferred target rather than DNA. 

 

Sequnce no. Sequencea 

O1 and dO1 GGaCCGGaaGGTaCGaG 

O2 and dO2 GaaGaaaGaGaGGaGG 

O3 and dO3 CaaaGaaCaCCaG 

O4 and dO4 aaaaaaaaaaaaA 

 

Sequnce no. Tm (C) with 

Complementary 

RNA 

Tm (C) 

for 

Complexes 

with RNA  

Tm with 

compl. 

DNA (C) 

Tm (C) 

for 

Complexes 

with DNA 

dO1  58.4  61.8  

dO2 40.2  51.0  

dO3 38.6  47.0  

dO4 5.6  30.0  

O1 (5 mod) 61.1 +0.5 60.2 -0.3 

O2  (7 mod) 56.6 +2.3 60.0 +1.0 

O3 (7 mod) 44.6 +0.9 46.0 -0.1 

O4 (12 mod) 25.3 +1.6 32.7 +0.2 
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To investigate the origin of the increased thermal melting point with O2 we ran thermal melting 

at different salt concentrations (Figure 26). The 2´-O-AECM modified oligomer O2 and the 

DNA dO2 were studied as heteroduplexes with complementary DNA and RNA. The range of 

the salt concentration was in the range of 0.05–0.50 M.  The O2-DNA duplex shows an increase 

in Tm at low salt concentrations that is absent at higher salt concentration compared to the dO2-

DNA duplex. This suggests that the low stabilization (+1 ℃) at low salt is due to an electrostatic 

effect by  the positively charged AECM group. On the other hand, the O2-RNA duplex shows 

an increase of the Tm in all salt concentrations compared to the dO2-RNA duplex. This suggests 

that stabilization of the duplex with RNA is mainly through non-electrostatic effects (98, 99). 

 

Figure 26. Salt dependence of the thermal melting points (Tm) for the duplexes: O2 (red lines 

AECM) and dO2 (blue lines DNA) with complementary DNA (left panel) or RNA (right panel). 

 

To understand the influence of the 2´-O-AECM modification has on the conformation of a 

heteroduplex, the duplexes were investigated by CD-spectroscopy (4-6) (Figure 27). The 2´-

O-AECM modified sequence O2 and the DNA sequence dO2 were studied in combination 

with the  complementary DNA and RNA sequences (Fig. 3). At 270 nm the AECM sequence 

O2 in combination with RNA shows the highest absorbance and strong negative bands at 210 

nm indicating that the heteroduplex has adopted the structure of an A-form double helix, while 

the dO2 DNA-DNA double helix suggests a B-form double helix as expected. These results 

suggest that the AECM modification drives the heteroduplex towards a more A-like structure 

(9). 
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Figure 27. Circular dichroism spectroscopy: O2 (blue and black lines) AECM dO2 (green and 

red lines) DNAwith complementary DNA or RNA. 

 

Our previous results showed that the 2´-O-AECM modification has outstanding stability 

toward the nucleases PDE I and PDE II (56, 69, 94-97).  We decided to test the charge neutral 

2´-O-AECM modified sequence O4 together with the DNA sequence dO4 in human serum. 

The DNA sequence is as expected degraded fast while the 2´-O-AECM modified sequence O4 

is still intact even after 48h incubation (Figure 28).  

 

Figure 28. Serum stability of a the fully AECM modified oligonucleotide O4 (AECM-A12-dA) 

and dO4 (dA13) DNA. 
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Oligonucleotides are often transfected into cells with various transfecting agents that facilitate 

the cellular uptake (93). During a HPLC purification of the charge neutral 2´-O-AECM 

modified sequence O4 a small drop of the compound prior to injection was accidently spilled 

on the hand that resulted in a stinging feeling deep under the skin. The idea came into mind 

that it might be so, that the compound itself penetrated the skin. The next step was to investigate 

if the modification can promote cellular uptake. A solid support with a fluorescein linker was 

used for the synthesis of a 2´-O-AECM modified 10-mer O5 oligonucleotide and a reference 

DNA 10-mer dO5. The two fluorescein labeled oligomers where incubated with U2OS cells 

and studied using confocal microscopy (Figure 29). The 2´-O-AECM modified O5 displayed 

significant cellular uptake while no uptake was seen at all with the DNA dO5. The spotted 

pattern may suggest that the AECM oligonucleotide mainly resides in endosomes, but it is quite 

remarkable how much oligonucleotide that is taken up (possibly triggering endosomal 

engulfment) (44-48).  

 

Figure 29. Confocal microscopy of U2OS cells with Left: Fluorescein labelled 10-mer 

adenosine DNA and Right: Fluorescein labelled 10-mer 2´-O-AECM oligonucleotides. 

 

These results may be of high significance since very few modifications has shown this ability. 

Much more studies need to be done to understand how the mechanism for the uptake functions 

and if it will lead to functional properties of the oligonucleotide. Together with stability against 

nucleases and the slight increase of the Tm the AECM modification may have quite some 

potential for use in oligonucleotide therapy.  

2`-O-AECM modified phosphoamidite building block was synthesized and successfully used 

in the synthesis of AECM-modified oligonucleotides. The oligonucleotides provide an unusual 

combination of remarkable properties. This includes the combination of high resistance 

towards enzymatic degradation and the spontaneous cellular uptake of AECM 

oligonucleotides. Thermal melting of duplexes of oligonucleotides showed a general increase 

in melting of complexes with RNA (+0.5 to +2.3 degrees per modification), while in complexes 
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with DNA there was little difference compared to a DNA–DNA duplex (0.3 to +1.0 degrees 

per modification). CD spectroscopy curves for AECM containing oligonucleotide duplexes 

with both DNA and RNA suggests that the incorporation of AECM modifications pushes the 

duplex to adopt an A-conformation which is also consistent with the higher melting points (4-

6). A fully modified oligonucleotide was incubated in human serum and appears to be 

completely stable after 24h. Fully AECM-modified oligonucleotides and the reference DNA 

sequence were synthesized with a fluorescein label. U2OS cells were then treated with the 

respective oligonucleotide and subjected to analysis by confocal microscopy. It appears as if 

there is massive uptake of the AECM containing oligonucleotide after the relatively short 

incubation time of 8 h whereas the corresponding native DNA oligonucleotide is not visibly 

taken up. 
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3 CONCLUSIONS AND PERSPECTIVES 

 

Both the CM and AECM modifications have been shown to have many coveted properties such 

as nuclease stability and good binding ability to complementary DNA and RNA as well as the 

apparent cellular uptake of the AECM modification.  

Of course, these modifications need to be studied further to explore their potential. New 

optimized and scaled-up syntheses of building blocks would be beneficial. The carbamoyl 

group opens up many new possibilities for changing the basic structure (92, 100). That can be 

achieved from the carboxylic acid ester, for example, and could lead to molecules with varying 

abilities/properties.  

It would also be interesting to study where these molecules travel in animal and human studies. 

Using radiolabeling with sufficiently long-lived radionuclides such as 18-Fluorine, 45-

Titanium 68-Gallium (or other radionuclides) could function in PET studies (101). This may 

give a good answer as to where these molecules travel inside the body and where they 

accumulate as well as how they leave the body, at least within the duration of the isotope 

detection time. This is an area that has been little explored in terms of oligonucleotides so far, 

but it would be valuable to answer this question. Another question that would be interesting to 

answer is how the mechanism for the cellular uptake of the AECM modification works. This 

is something that needs an answer.  

A third interesting idea is whether it would be possible to alkylate uridine and guanosine, both 

of which carry the lactam function, selectively in the 2`-OH position without having to protect 

the lactam function before alkylation. If this could be done by using such conditions using 

different metal ions which can selectively coordinate the alkylation so that it takes place in the 

2´-OH position and not on the lactam function. This would save many reaction steps. Also the 

leaving group of the alkylating agent can have an effect of where the alkylation will take place. 

Most alkylating reagents that are being used in the alkylation of the 2´-OH are alkyl halides but 

there are examples of sulfonic esters being used for this type of reactions (95). There are also 

examples of metals such as stannous reagents to coordinate the reaction towards the 2´-OH 

(64,102). 

As a final speculative idea in the pursuit of generation of 2´-O- alkyl modified nucleotide 

building blocks that can be used in oligonucleotide synthesis. The idea would avoid many 

reaction steps where nucleosides must be protected and deprotected before they can have the 

final protecting groups intended for oligonucleotide synthesis. The question is if 2´-O -alkyl 

nucleotides could be prepared from 2',3'-O-alkyllidene compounds, that can be prepared in one 

step from all ribonucleosides (Figure 30). If the formed 2',3'-O-alkyllidene is reduced under a 

mild and simple procedure, employing sodium cyanoborohydride in the presence of boron 

trifluoride etherate in dry THF, for the reductive cleavage of the alkylidene to form the 2´-O-
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alkylated product (if the nucleobase and ribose sugar moiety can stand the conditions). It would 

be interesting to see if it is possible and what the selectivity outcome would be with respect to 

the 2´-O and 3´-O alkylated products after reduction (103-106). 

 

Figure 30.  Possible synthesis pathway for 2´-O-alkyl nucleosides from 2',3'-O-alkyllidene 

compounds. 

 

      



 

 37 

4 ACKNOWLEDGEMENTS 

 

Thanks 

To my family who I love and who has supported me in everything over the years. 

To Roger Strömberg because you believed in me and your patience, as well as the inspiration 

you gave me, the knowledge I gained and all our fun moments over the years. 

To Ester Yeheskiely for your inspiration to make Science-Fiction come true and may laughs. 

To Thuy Tran for the support, I received in my continued research work and to complete my 

doctorate. 

To my front-line researchers Jonathan Siikanen and Emma Jussing for being you an because 

you are such good teammates. 

To Susanna for drawing me into the world of nucleotide chemistry and for being such a star. 

To all my fantastic colleagues in the group Bioorganic Chemistry: Anna Winqvist, Esmail 

Yousefi, Andis Slaitas, Simone Zaramella, Hans Åström, Charlotte Ander, Robert Ehrl, 

Malgorzata Honcharenko, Dmytro Honcharenko, Merita Murtola, Ethel Svensson, Jessika 

Sandbrink and all the former labmates and postdocs over the years, for you filled my days with 

happiness. 

To Pedro Moreno and Edvard Smith for the help with cell studies and pleasant conversations. 

To Jan Bergman for your inspiration and chemical knowledge and interesting conversations, 

as well as members of the Group. 

To all my colleagues at radiopharmacy who have supported me and given me many laughs. 

 

 





 

 39 

5 REFERENCES 

1.  Michelson AM, Todd AR. Nucleotides part XXXII. Synthesis of a dithymidine 

dinucleotide containing a 3′: 5′-internucleotidic linkage. Journal of the Chemical Society. 

1955(0):2632-8. 

2.  Hall RH, Todd A, Webb RF. 644. Nucleotides. Part XLI. Mixed anhydrides as 

intermediates in the synthesis of dinucleoside phosphates. Journal of the Chemical Society 

(Resumed). 1957(0):3291-6. 

3.  Khorana HG, Agarwal KL, Büchi H, Caruthers MH, Gupta NK, Kleppe K, et al. 

Studies on polynucleotides. 103. Total synthesis of the structural gene for an alanine transfer 

ribonucleic acid from yeast. J Mol Biol. 1972;72(2):209-17. 

4.  Lesnik EA, Guinosso CJ, Kawasaki AM, Sasmor H, Zounes M, Cummins LL, et 

al. Oligodeoxynucleotides containing 2'-O-modified adenosine: synthesis and effects on 

stability of DNA:RNA duplexes. Biochemistry. 1993;32(30):7832-8. 

5.  Freier SM, Altmann KH. The ups and downs of nucleic acid duplex stability: 

structure-stability studies on chemically-modified DNA:RNA duplexes. Nucleic Acids Res. 

1997;25(22):4429-43. 

6. Tereshko V, Portmann S, Tay EC, Martin P, Natt F, Altmann K-H, et al. 

Correlating Structure and Stability of DNA Duplexes with Incorporated 2‘-O-Modified RNA 

Analogues. Biochemistry. 1998;37(30):10626-34. 

7.  Franklin RE, Gosling RG. The structure of sodium thymonucleate fibres. I. The 

influence of water content. 1953;6(8‐9):673-7. 

8.  Langridge R, Marvin DA, Seeds WE, Wilson HR, Hooper CW, Wilkins MHF, 

et al. The molecular configuration of deoxyribonucleic acid: II. Molecular models and their 

fourier transforms. Journal of Molecular Biology. 1960;2(1):38-IN12. 

9.  Kypr J, Kejnovská I, Renciuk D, Vorlícková M. Circular dichroism and 

conformational polymorphism of DNA. Nucleic acids research. 2009;37(6):1713-25. 

10.  Aartsma-Rus A, Corey DR. The 10th Oligonucleotide Therapy Approved: 

Golodirsen for Duchenne Muscular Dystrophy. Nucleic Acid Ther. 2020;30(2):67-70. 

11. Roberts TC, Langer R, Wood MJA. Advances in oligonucleotide drug delivery. 

Nat Rev Drug Discov. 2020;19(10):673-94. 

12.  Smith CIE, Zain R. Therapeutic Oligonucleotides: State of the Art. Annu Rev 

Pharmacol Toxicol. 2019;59:605-30. 

13.  Khvorova A, Watts JK. The chemical evolution of oligonucleotide therapies of 

clinical utility. Nature Biotechnology. 2017;35(3):238-48. 



 

40 

14.  Belikova AM, Zarytova VF, Grineva NI. Synthesis of ribonucleosides and 

diribonucleoside phosphates containing 2-chloroethylamine and nitrogen mustard residues. 

Tetrahedron Lett. 1967;37:3557-62. 

15.  Stephenson ML, Zamecnik PC. Inhibition of Rous sarcoma viral RNA 

translation by a specific oligodeoxyribonucleotide. Proceedings of the National Academy of 

Sciences of the United States of America. 1978;75(1):285-8. 

16.  Liang XH, Sun H, Nichols JG, Crooke ST. RNase H1-Dependent Antisense 

Oligonucleotides Are Robustly Active in Directing RNA Cleavage in Both the Cytoplasm and 

the Nucleus. Mol Ther. 2017;25(9):2075-92. 

17.  Milton S, Honcharenko D, Rocha CS, Moreno PM, Smith CI, Strömberg R. 

Nuclease resistant oligonucleotides with cell penetrating properties. Chem Commun (Camb). 

2015;51(19):4044-7. 

18.  Biscans A, Rouanet S, Bertrand JR, Vasseur JJ, Dupouy C, Debart F. Synthesis, 

binding, nuclease resistance and cellular uptake properties of 2'-O-acetalester-modified 

oligonucleotides containing cationic groups. Bioorg Med Chem. 2015;23(17):5360-8. 

19.  Debart F, Abes S, Deglane G, Moulton HM, Clair P, Gait MJ, et al. Chemical 

modifications to improve the cellular uptake of oligonucleotides. Curr Top Med Chem. 

2007;7(7):727-37. 

20.  Yanachkov I, Zavizion B, Metelev V, Stevens LJ, Tabatadze Y, Yanachkova M, 

et al. Self-neutralizing oligonucleotides with enhanced cellular uptake. Organic & 

Biomolecular Chemistry. 2017;15(6):1363-80. 

21.  Deglane G, Abes S, Michel T, Prévot P, Vives E, Debart F, et al. Impact of the 

guanidinium group on hybridization and cellular uptake of cationic oligonucleotides. 

Chembiochem. 2006;7(4):684-92. 

22.  Skakuj K, Bujold KE, Mirkin CA. Mercury-Free Automated Synthesis of 

Guanidinium Backbone Oligonucleotides. Journal of the American Chemical Society. 

2019;141(51):20171-6. 

23.  Crooke ST, Wang S, Vickers TA, Shen W, Liang X-h. Cellular uptake and 

trafficking of antisense oligonucleotides. Nature Biotechnology. 2017;35(3):230-7. 

24.  Kupryushkin MS, Pyshnyi DV, Stetsenko DA. Phosphoryl guanidines: a new 

type of nucleic Acid analogues. Acta naturae. 2014;6(4):116-8. 

25.  Luige O, Murtola M, Ghidini A, Strömberg R. Further Probing of Cu(2+)-

Dependent PNAzymes Acting as Artificial RNA Restriction Enzymes. Molecules. 2019;24(4). 



 

 41 

26.  Garegg PJ, Lindh I, Regberg T, Stawinski J, Strömberg R, Henrichson C. 

Nucleoside H-phosphonates. III. Chemical synthesis of oligodeoxyribonucleotides by the 

hydrogenphosphonate approach. Tetrahedron Letters. 1986;27(34):4051-4. 

27.  Khorana HG, Agarwal KL, Büchi H, Caruthers MH, Gupta NK, Klbppe K, et al. 

CIII. Total synthesis of the structural gene for an alanine transfer ribonucleic acid from yeast. 

Journal of Molecular Biology. 1972;72(2):209-17. 

28.  Hogrefe RI, Midthune B, Lebedev A. Current Challenges in Nucleic Acid 

Synthesis. Israel Journal of Chemistry. 2013;53(6-7):326-49. 

29.  Ogilvie KK, Theriault N, Sadana KL. Synthesis of oligoribonucleotides. Journal 

of the American Chemical Society. 1977;99(23):7741-3. 

30. Pitsch S, Weiss PA, Jenny L, Stutz A, Wu X. Reliable Chemical Synthesis of 

Oligoribonucleotides (RNA) with 2′-O-[(Triisopropylsilyl)oxy]methyl(2′-O-tom)-Protected 

Phosphoramidites. 2001;84(12):3773-95. 

31.  Beaucage SL, Caruthers MH. Deoxynucleoside phosphoramidites—A new class 

of key intermediates for deoxypolynucleotide synthesis. Tetrahedron Letters. 

1981;22(20):1859-62. 

32.  Matteucci MD, Caruthers MH. Synthesis of deoxyoligonucleotides on a polymer 

support. Journal of the American Chemical Society. 1981;103(11):3185-91. 

33. Chaudhary SK, Hernandez O. A simplified procedure for the preparation of 

triphenylmethylethers. Tetrahedron Letters. 1979;20(2):95-8. 

34.  Zekri N, Alamdari RF. An efficient and selective method for the preparation of 

triphenylmethyl ethers of alcohols and nucleosides. Canadian Journal of Chemistry. 

2010;88(6):563-8. 

35.  Shahsavari S, Chen J, Wigstrom T, Gooding J, Gauronskas A, Fang S. Tritylation 

of Alcohols under Mild Conditions without Using Silver Salts. Tetrahedron letters. 

2016;57(34):3877-80. 

36.  Iyer RP. Nucleobase protection of deoxyribo- and ribonucleosides. Curr Protoc 

Nucleic Acid Chem. 2001;Chapter 2:Unit 2.1. 

37.  Milton S, Strömberg R. Evaluation of lactam protection for synthesis of 2'-O-

alkylated uridines. Nucleosides Nucleotides Nucleic Acids. 2007;26(10-12):1491-3. 

38.  Marshall WS, Kaiser RJ. Recent advances in the high-speed solid phase synthesis 

of RNA. Current Opinion in Chemical Biology. 2004;8(3):222-9. 

39.  Guzaev AP. Solid-phase supports for oligonucleotide synthesis. Curr Protoc 

Nucleic Acid Chem. 2013;Chapter 3:Unit3.1. 



 

42 

40.  Creusen G, Akintayo CO, Schumann K, Walther A. Scalable One-Pot-Liquid-

Phase Oligonucleotide Synthesis for Model Network Hydrogels. Journal of the American 

Chemical Society. 2020;142(39):16610-21. 

41.  Bonora GM, Biancotto G, Maffini M, Scremin CL. Large scale, liquid phase 

synthesis of oligonucleotides by the phosphoramidite approach. Nucleic acids research. 

1993;21(5):1213-7. 

42.  Molina AG, Sanghvi YS. Liquid-Phase Oligonucleotide Synthesis: Past, Present, 

and Future Predictions. Curr Protoc Nucleic Acid Chem. 2019;77(1):e82. 

43.  Padiya KJ, Salunkhe MM. Large scale, liquid phase oligonucleotide synthesis by 

alkyl H-phosphonate approach. Bioorganic & Medicinal Chemistry. 2000;8(2):337-42. 

44.  Nielsen P, Egholm M, Berg R, Buchardt O. Sequence-selective recognition of 

DNA by strand displacement with a thymine-substituted polyamide. 1991;254(5037):1497-

500. 

45. Portmann S, Altmann K-H, Reynes N, Egli M. “Crystal Structures of 

Oligodeoxyribonucleotides Containing 6‘-α-Methyl and 6‘-α-Hydroxy Carbocyclic 

Thymidines”. Journal of the American Chemical Society. 1997;119(10):2396-403. 

46.  K. Singh S, A. Koshkin A, Wengel J, Nielsen P. “LNA (locked nucleic acids): 

synthesis and high-affinity nucleic acid recognition”. Chemical Communications. 

1998(4):455-6. 

47.  J Summerton 1, D Weller. “Morpholino Antisense Oligomers: Design, 

Preparation, and Properties” Antisense Nucleic Acid Drug Dev. 1997;7(3):187-95. 

48.  Singh SK, Kumar R, Wengel J. “Synthesis of 2‘-Amino-LNA:  A Novel 

Conformationally Restricted High-Affinity Oligonucleotide Analogue with a Handle”. The 

Journal of Organic Chemistry. 1998;63(26):10035-9. 

49.  Honcharenko M, Romanowska J, Alvira M, Jezowska M, Kjellgren M, Edvard 

Smith CI, et al. Capping of oligonucleotides with “clickable” m3G-CAPs. RSC Advances. 

2012;2(33):12949-62. 

50.  Moreno PM, Wenska M, Lundin KE, Wrange O, Strömberg R, Smith CI. A 

synthetic snRNA m3G-CAP enhances nuclear delivery of exogenous proteins and nucleic 

acids. Nucleic Acids Res. 2009;37(6):1925-35. 

51.  Honcharenko M, Bestas B, Jezowska M, Wojtczak BA, Moreno PMD, 

Romanowska J, et al. Synthetic m3G-CAP attachment necessitates a minimum trinucleotide 

constituent to be recognised as a nuclear import signal. RSC Advances. 2016;6(56):51367-73. 

52.  Egli M, Minasov G, Tereshko V, Pallan PS, Teplova M, Inamati GB, et al. 

Probing the influence of stereoelectronic effects on the biophysical properties of 



 

 43 

oligonucleotides: comprehensive analysis of the RNA affinity, nuclease resistance, and crystal 

structure of ten 2'-O-ribonucleic acid modifications. Biochemistry. 2005;44(25):9045-57. 

53. Milton S, Ander C, Yeheskiely E, Strömberg R. Stability of a 2′-O-

(Carbamoylmethyl)adenosine-Containing Dinucleotide. 2012;2012(3):539-43. 

54.  Teplova M, Wallace ST, Tereshko V, Minasov G, Symons AM, Cook PD, et al. 

Structural origins of the exonuclease resistance of a zwitterionic RNA. 1999;96(25):14240-5. 

55.  Milton S, Ander C, Honcharenko D, Honcharenko M, Yeheskiely E, Strömberg 

R. Synthesis and Stability of a 2′-O-[N-(Aminoethyl)carbamoyl]methyladenosine-Containing 

Dinucleotide. 2013;2013(31):7184-92. 

56.  Noe CR, Winkler J, Urban E, Gilbert M, Haberhauer G, Brunar H. “Zwitterionic 

oligonucleotides: a study on binding properties of 2'-O-aminohexyl modifications” 

Nucleosides Nucleotides Nucleic Acids. 2005;24(8):1167-85. 

57.  Hiroshi T, Tsunehiko I, Kazuaki I. USE OF 3,4-DIMETHOXYBENZYL 

GROUP AS A PROTECTING GROUP FOR THE 2′-HYDROXYL GROUP IN THE 

SYNTHESIS OF OLIGORIBONUCLEOTIDES. 1986;15(6):1005-8. 

58.  Åström H, Limén E, Strömberg R. Acidity of Secondary Hydroxyls in ATP and 

Adenosine Analogues and the Question of a 2‘,3‘-Hydrogen Bond in Ribonucleosides. Journal 

of the American Chemical Society. 2004;126(45):14710-1. 

59.  Milton S, Yeheskiely RE, Strömberg R. Synthesis of a 2'-O-

(carbomoylmethyl)ribonucleoside H-phosphonate building block and a model dinucleotide. 

Nucleosides Nucleotides Nucleic Acids. 2007;26(10-12):1495-9. 

60.  Smicius R, Engels JW. Preparation of Zwitterionic Ribonucleoside 

Phosphoramidites for Solid-Phase siRNA Synthesis. The Journal of Organic Chemistry. 

2008;73(13):4994-5002. 

61.  Serebryany V, Beigelman L. Synthesis of 2′-O-Substituted Ribonucleosides. 

Nucleosides, Nucleotides & Nucleic Acids. 2003;22(5-8):1007-9. 

62.  Thaplyal P, Bevilacqua PC. Experimental approaches for measuring pKa's in 

RNA and DNA. Methods Enzymol. 2014;549:189-219. 

63.  Gillingham D, Geigle S, Anatole von Lilienfeld O. Properties and reactivity of 

nucleic acids relevant to epigenomics, transcriptomics, and therapeutics. Chemical Society 

Reviews. 2016;45(9):2637-55. 

64. Wagner D, Verheyden JPH, Moffatt JG. Preparation and Synthetic Utility of 

Some Organotin Derivatives of nucleosides. The Journal of Organic Chemistry. 1974;39(1):24-

30. 



 

44 

65. Cramer H, Pfleiderer W. Nucleosides. Part LXI. A Simple Procedure for the 

Monomethylation of Protected and Unprotected Ribonucleosides in the 2′-O- and 3′-O-Position 

Using Diazomethane and the Catalyst Stannous Chloride. 1996;79(8):2114-36. 

66.  Inoue H, Hayase Y, Imura A, Iwai S, Miura K, Ohtsuka E. Synthesis and 

hybridization studies on two complementary nona(2'-O-methyl)ribonucleotides. Nucleic Acids 

Res. 1987;15(15):6131-48. 

67.  Legorburu U, Reese CB, Song Q. Conversion of uridine into 2′-O-(2-

methoxyethyl)uridine and 2′-O-(2-methoxyethyl)cytidine. Tetrahedron. 1999;55(17):5635-40. 

68.  Saneyoshi H, Okamoto I, Masaki Y, Ohkubo A, Seio K, Sekine M. Facile 

synthesis of 2′-O-cyanoethyluridine by ring-opening reaction of 2,2′-anhydrouridine with 

cyanoethyl trimethylsilyl ether in the presence of BF3·Et2O. Tetrahedron Letters. 

2007;48(48):8554-7. 

69.  Kotikam V, Kumar VA. Synthesis and properties of 2′-O-[R- and S-(2-amino-3-

methoxy)propyl] (R-AMP and S-AMP) nucleic acids. Tetrahedron. 2013;69(31):6404-8. 

70.  Kachalova A, Zubin E, Stetsenko D, Gait M, Oretskaya T. Oligonucleotides with 

2′-O-carboxymethyl group: synthesis and 2′-conjugation via amide bond formation on solid 

phase. Organic & Biomolecular Chemistry. 2004;2(19):2793-7. 

71. Wang D, Meng B, Damha MJ, Just G. Synthesis of 2′-Substituted Sulfide-Linked 

Dinucleotides. Nucleosides and Nucleotides. 1995;14(9-10):1961-84. 

72.  Takahiko A, Hiroyuki N, Shoichiro O. The Selective Protection of Uridine with 

a p-Methoxybenzyl Chloride: A Synthesis of 2′-O-Methyluridine. 1990;63(11):3356-7. 

73.  Yamada T, Masaki Y, Okaniwa N, Kanamori T, Ohkubo A, Tsunoda H, et al. 

Synthesis and properties of oligonucleotides modified with 2'-O-(2-carboxyethyl)nucleotides 

and their carbamoyl derivatives. Org Biomol Chem. 2014;12(33):6457-64. 

74.  Beigelman L, Haeberli P, Sweedler D, Karpeisky A. Improved Synthetic 

Approaches Toward 2′-O-Methyl-Adenosine and Guanosine and Their N-Acyl Derivatives. 

Tetrahedron. 2000;56(8):1047-56. 

75.  Taj SAS, Narayanan S, Meenakshi SS, Sanghvi YS, Ross BS, Ravikumar VT. 

Process research on the preparation of DMT protected 2'-O-methoxyethylguanosine for 

oligonucleotide synthesis in therapeutic applications. Nucleosides, nucleotides &amp; nucleic 

acids. 2008;27(9):1024-33. 

76.  Zlatev I, Vasseur J-J, Morvan F. Convenient synthesis of N2-isobutyryl-2′-O-

methyl guanosine by efficient alkylation of O6-trimethylsilylethyl-3′,5′-di-tert-butylsilanediyl 

guanosine. Tetrahedron. 2007;63(45):11174-8. 



 

 45 

77.  Grøtli M, Douglas M, Beijer B, Güimil García R, Eritja R, Sproat B. Protection 

of the guanine residue during synthesis of 2′-O-alkylguanosine derivatives. Journal of the 

Chemical Society, Perkin Transactions 1. 1997(18):2779-88. 

78.  Chow S, Wen K, Sanghvi YS, Theodorakis EA. MDPSCL2: a new protecting 

group for chemoselective synthesis of 2'-O-alkylated guanosines. Nucleosides Nucleotides 

Nucleic Acids. 2003;22(5-8):583-7. 

79.  Wagner E, Oberhauser B, Holzner A, Brunar H, Issakides G, Schaffner G, et al. 

A simple procedure for the preparation of protected 2'-O-methyl or 2'-O-ethyl ribonucleoside-

3'-O-phosphoramidites. Nucleic acids research. 1991;19(21):5965-71. 

80.  Hodge RP, Sinha ND. Simplified synthesis of 2′-O-alkyl ribopyrimidines. 

Tetrahedron Letters. 1995;36(17):2933-6. 

81.  Yu J, Pandey SK, Khatri H, Prakash TP, Swayze EE, Seth PP. Synthesis and 

antisense properties of 2'-O-(2S-methoxypropyl)-RNA-modified gapmer antisense 

oligonucleotides. ChemMedChem. 2014;9(9):2040-4. 

82. Kikugawa K, Ichino M. Vilsmeier-Haack reaction. IV. Convenient synthesis of 

2,2'-anhydro-1-.beta.-D-arabinofuranosyl cytosine (2,2'-cyclocytidine) and its derivatives. The 

Journal of Organic Chemistry. 1972;37(2):284-8. 

83.   S. M. Freier, K. H. Altmann,” The ups and downs of nucleic acid duplex stability: 

structure-stability studies on chemically-modified DNA:RNA duplexes” Nucleic Acids Res 

1997, 25, 4429. 

84.  M. Egli, G. Minasov, V. Tereshko, P. S. Pallan, M. Teplova, G. B. Inamati, E. 

A. Lesnik, S. R. Owens, B. S. Ross, T. P. Prakash, M. Manoharan,” Probing the influence of 

stereoelectronic effects on the biophysical properties of oligonucleotides: comprehensive 

analysis of the RNA affinity, nuclease resistance, and crystal structure of ten 2'-O-ribonucleic 

acid modifications” Biochemistry 2005, 44, 9045. 

85.  Grötli,M., Beijer,B., and Sproat, B. 1999. “2′-O-

(carbamoylmethyl)oligoribonucleotides”, Tetrahedron, 55, 4299-4314.       

86. Westman, E., Stawinski, J., and Strömberg, R. 1993. RNA-Synthesis using H-

phosphonates. Synchronizing 2'-OH and N-protection. Collect. Czech. Chem. Comm., 58, 236-

237. 

87.  Stawinski, J., and Strömberg, R. 2004. Di and Oligonucleotide Synthesis Using 

H-Phosphonate Chemistry. In Oligonucleotide synthesis: Methods and applications, ed.  P. 

Herdewijn, pp. 81-100, Humana Press, Totowa New Jersey. 

88.  S. Milton, R. E. Yeheskiely, R. Strömberg,”Synthesis of a 2’-o-

(carbomoylmethyl)ribonucleoside h-phosphonate building block and a model dinucleotide” 

Nucleosides, Nucleotides Nucleic Acids 2007, 26, 1495-1499. 



 

46 

89.  Wagner, D. and Moffatt, J.G., “Preparation and Synthetic Utility of Some 

Organotin Derivatives of nucleosides” J.Org.Chem., 1974,Vol.39, No.1, 24-30 

90. Legorburu, U; Song, Q; Reese, C.B. Conversion of uridine into 2′-O-(2-

methoxyethyl)uridine and 2′-O-(2-methoxyethyl)cytidine Tetrahedron,1999, 55, 5635-5640  

91.   Meher G, Meher NK, Iyer RP. Nucleobase Protection of Deoxyribo- and 

Ribonucleosides. Curr Protoc Nucleic Acid Chem. 2017 Jun 19;69:2.1.1-2.1.40. doi: 

10.1002/cpnc.32. PMID: 28628209. 

92.   a) T. P. Prakash, A. M. Kawasaki, E. V. Wancewicz, L. Shen, B. P. Monia, B. S. 

Ross, B. Bhat, M. Manoharan,” Comparing in vitro and in vivo activity of 2'-O-[2-

(methylamino)-2-oxoethyl]- and 2'-O-methoxyethyl-modified antisense oligonucleotides” J. 

Med. Chem. 2008, 51, 2766–2776; b) Pattanayek, L. Sethaphong, C. Pan, M. Prhavc, T. P. 

Prakash, M. Manoharan, M. Egli,” Structural Rationalization of a Large Difference in RNA 

Affinity Despite a Small Difference in Chemistry between Two 2‘-O-Modified Nucleic Acid 

Analogues” J. Am. Chem. Soc. 2004, 126, 15006–15007; c) T. P. Prakash, A. M. Kawasaki, 

E. A. Lesnik, S. R. Owens, M. Manoharan,” 2‘-O-[2-(Amino)-2-oxoethyl] Oligonucleotides” 

Org. Lett. 2003, 5, 403–406;  

93.  Mayr J, Grijalvo S, Bachl J, Pons R, Eritja R, Díaz Díaz D. Transfection of 

Antisense Oligonucleotides Mediated by Cationic Vesicles Based on Non-Ionic Surfactant and 

Polycations Bearing Quaternary Ammonium Moieties. Int J Mol Sci. 2017;18(6):1139. 

Published 2017 May 26. 

94.  R. H. Griffey, B. P. Monia, L. L. Cummins, S. Freier, M. J. Greig, C. J. Guinosso, 

E. Lesnik, S. M. Manalili, V. Mohan, S. Owens, B. R. Ross, H. Sasmor, E. Wancewicz, K. 

Weiller, P. D. Wheeler and P. D. Cook,” 2‘-O-Aminopropyl Ribonucleotides:  A Zwitterionic 

Modification That Enhances the Exonuclease Resistance and Biological Activity of Antisense 

Oligonucleotides” J. Med. Chem., 1996, 39, 5100–5109. 

95.  T. P. Prakash, M. Manoharan, A. S. Fraser, A. W. Kawasaki, E. A. Lesniak and 

S. R. Owens,” Zwitterionic oligonucleotides with 2′-O-[3-(N,N-dimethylamino)propyl]-RNA 

modification: synthesis and properties” Tetrahedron Lett., 2000, 41, 4855–4859. 

96. Eugeny M.Zubina, Dmitry A.Stetsenkob, Timofei S.Zatsepina, Michael J.Gait, 

Tatiana S.Oretskayaa,” Oligonucleotides containing 2′-O-[2-(2,3-dihydroxypropyl)amino-2-

oxoethyl]uridine as suitable precursors of 2′-aldehyde oligonucleotides for chemoselective 

ligation” Bioorganic & Medicinal Chemistry Volume 13, Issue 16, 2005, 4912-4920. 

97.   K. Seio, M. Tokugawa, T. Kanamori, H. Tsunoda, A. Ohkubo and M. Sekine 

“Synthesis and properties of cationic 2'-O-[N- (4-aminobutyl) carbamoyl] modified 

oligonucleotides” Bioorg. Med. Chem. Lett., 2012, 22, 2470–2473. 



 

 47 

98.  S. Tomac, M. Sarkar, T. Ratilainen, P. Wittung, P. E. Nielsen, B. Norden and A. 

Gräslund “Ionic Effects on the Stability and Conformation of Peptide Nucleic Acid 

Complexes” J. Am. Chem. Soc., 1996, 118, 5544–5552. 

99.  E. Rozners, D. Katkevica, E. Bizdena and R. Stro¨mberg “Synthesis and 

Properties of RNA Analogues Having Amides as Interuridine Linkages at Selected Positions” 

J. Am. Chem. Soc., 2003, 125, 12125–12136. 

100.   Takeshi Yamada, Yoshiaki Masaki,a  Natsuki Okaniwa,a   Takashi Kanamori,b   

Akihiro Ohkubo,a   Hirosuke Tsunoda,a   Kohji Seioa  and  Mitsuo Sekine,  Synthesis and 

properties of oligonucleotides modified with 2’-O-(2 carboxyethyl)nucleotides and their 

carbamoyl derivatives, Org. Biomol. Chem., 2014,12, 6457-6464 

101.  Jussing E, Milton S, Samén E, et al. Clinically Applicable Cyclotron-Produced 

Gallium-68 Gives High-Yield Radiolabeling of DOTA-Based Tracers. Biomolecules. 

2021;11(8):1118. Published 2021 Jul 29. 

102.  Allister S. Fraser, Andrew M. Kawasaki, Michael E. Jung and Muthiah 

Manoharan, Tetrahedron Letters 41 (2000) 1523–1526. 

103. Adusumilli Srikrishna, RanganathanViswajanani “A mild and simple procedure 

for the reductive cleavage of acetals and ketals”  Tetrahedron Volume 51, Issue 11, 13 March 

1995, Pages 3339-3344. 

104. Alexander Hampton,” Nucleotides. II.1 A New Procedure for the Conversion of 

Ribonucleosides to 2',3'-O-Isopropylidene Derivatives” J. Am. Chem. Soc. 1961, 83, 17, 

3640–3645. 

105.  William P.GallagherGregory L.BeutnerTyler J.WadzinskiPrashant 

P.Deshpande “Selective opening of nucleoside derived acetals to form highly functionalized 

vinyl ethers” Tetrahedron Letters,Volume 61, Issue 15, 9 April 2020, 151750. 

106. Jonas Janssens, Martijn D. P. Risseeuw,  Johan Van der Eycken, Serge Van 

Calenbergh, “Regioselective ring opening of 1,3-dioxane-type acetals in Carbohydrates” 

EurJOC, Volume2018, Issue46, December 13, 2018, 6405-6431. 

107. Stanley T Crooke, Timothy A Vickers, Xue-hai Liang, “Phosphorothioate 

modified oligonucleotide–protein interactions” Nucleic Acids Research, Volume 48, Issue 

10, 04 June 2020, Pages 5235–5253. 

108. E. J. Corey and Michael Chaykovsky,” Methylsulfinyl Carbanion (CH3-SO-

CH2-). Formation and Applications to Organic Synthesis” J. Am. Chem. Soc. 1965, 87, 6, 

1345–1353. 

 

 



 

48 

 

 

 


