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Preface 
 

The work described in this PhD dissertation has been conducted in the lab of 
Professor Kurt V. Gothelf at the Center for Interdisciplinary Nanoscience 
(iNANO), Aarhus University, August 2016 – July 2020. The work is funded by 
the Lundbeck Foundation.  

The dissertation is composed of five chapters. Chapter 1 is an introductory 
chapter concerning solid-phase chemistry and the fields to which solid-phase 
chemistry is applied. The chapter furthermore concerns DNA, the chemical 
synthesis of DNA and an historical overview of the development of the synthetic 
methods for chemical DNA synthesis. Chapter 2 describes the main project of 
this dissertation, which is the (attempted) synthesis of small cyclic 
oligonucleotides for biological studies. In Chapter 3 a naphthalene-based 
azoswitch phosphoramidite is synthesized and tested in melting temperature 
studies. Chapter 4 concerns the development of a solid-phase method for the 
synthesis of oligo(disulfides) through iterative couplings between resin-bound 
thiols and activated disulfides. Some monomers for the project were 
synthesized by M.Sc. Kassem El-Chami. In Chapter 5 a new method for the 
synthesis of phosphoramidites is presented allowing the synthesis of 
phosphoramidites from their corresponding alcohols in a rapid manner through 
a flow-based setup.  The method was developed in collaboration with Dr. Thuy 
Dinh Jane Nguyen, Ph.d. student Rikke Asbæk Hansen and Ph.d. student 
Martin Bundgaard Johansen. 
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Furthermore, the dissertation contains a prologue and an epilogue as general 
introductions and conclusions for the work presented herein. An experimental 
section is provided in the very end of the dissertation. 

A 6-month research stay in the laboratory of Professor Phil S. Baran at The 
Scripps Research Institute in La Jolla, California was conducted in February 
2019 – August 2019 which involved four different projects with the focus on 
developing new electrochemical reactions. The projects are not discussed 
herein due to confidentiality of unpublished results. 

 

Aarhus, July 2020 

______________________ 

Alexander Frederik Sandahl 
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Abstract 
 

Nature uses a low number of building blocks for the synthesis of its polymers 
and oligomers. Naturally occurring oligomers include oligonucleotides, 
oligopeptides and oligosaccharides which are also found in cyclic form. When 
the work described in this dissertation was initiated in 2016, cyclic 
oligonucleotides with ring size larger than 2 were yet unknown, but since then 
several have been discovered by other research groups. It was at that time 
hypothesized that these cyclic oligomers were naturally occurring but 
undiscovered. 
 
The synthesis of modified oligonucleotides has become facile with the 
development of automated solid-phase oligonucleotide synthesis. This 
methodology was to be used for the synthesis of small cyclic oligonucleotide 
libraries for elucidation of their biological roles and binding partners. Three 
different strategies for the synthesis were tested invoking different kind of 
electronics and sterics around the cyclization-site but all produced 
unsatisfactory results in the cyclization step. The project was discontinued after 
2.5 years. 
 
A side project was performed in parallel concerning the synthesis of a 
naphthalene-based azoswitch for the control of DNA duplex hybridization-
dehybridization using light to trigger molecular change. The building block was 
synthesized and incorporated into different oligonucleotides. Melting studies 
however revealed, that the configurational change upon irradiation cannot occur 
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when the azoswitch is part of a duplex and the project was therefore 
discontinued. 
 
Solid-phase chemistry is not limited to the synthesis oligonucleotides, 
oligopeptides and oligosaccharides. A methodology for solid-phase 
oligo(disulfide) synthesis was developed by forging S-S bonds from resin-bound 
thiols and activated precursors to disulfides.   
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Disulfide oligomers were synthesized from monomers containing different 
functional groups, including a monomer designed to release its cargo upon 
reduction of the disulfide bond. The last remaining goal of the project is to 
synthesize sequence-defined oligo(disulfides) and is currently ongoing. 
 
Looking back at the developments of solid-phase oligonucleotide synthesis, the 
final optimizations happened in the late 1980s and the core methodology has 
not changed since. A new method for the synthesis of phosphoramidites was 
developed which can produce these in quantitative yield in rapid manner by 
using a flow-based setup. The scope of alcohols contained canonical 
nucleosides, sterically hindered alcohols as well as a disulfide containing 
compound which were all produced in quantitative yield. The following coupling 
reaction during solid-phase oligonucleotide synthesis gave for most cases 95% 
yield or higher. 
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Resumé 
 

Naturen anvender et relativt lille antal byggesten for at konstruere dens poly- og 
oligomerer. Naturligt forekommende oligomerer inkluderer oligonukleotider, 
oligopeptider og oligosakkarrider, som alle forekommer i cyklisk form. 
 
Da arbejdet beskrevet i denne afhandling blev påbegyndt, var der ikke fundet 
nogle naturligt forekommende cykliske oligonukleotider i ringstørrelser større 
end 2, men siden påbegyndelsen, er flere blevet opdaget. Det var dog den 
oprindelige hypotese, at disse cykliske oligomerer eksisterede i naturen, men 
var hidtil uopdagede. 
 
Syntese af modificerede oligonukleotider er blevet almindeligt efter udviklingen 
af automatiseret fast-fase oligonukleotidsyntese. Metoden skulle have været 
brugt til syntesen af biblioteker bestående af små cykliske oligonukleotider, der 
skulle anvendes at opdage ukendte bindingspartnere. Tre forskellige måder til 
at syntetisere små cykliske oligonukleotider blev testet, hver med forskellig 
sterik og elektronik om de atomer, hvor cykliseringen finder sted. Desværre gav 
alle forsøgene utilfredsstillende resultater i cykliseringstrinnet og efter 2.5 år 
blev projektet stoppet. 
 
Et sideprojekt blev i parallelt udført vedrørende et naphthalen-baseret azostof, 
der skulle bruges til at kontrollere hybridiseringen og dehybridiseringen af et 
DNA-dupleks, ved at anvende lys til at ændre molekylær konfiguration. 
Byggeblokken blev syntetiseret og inkorporeret i en DNA-streng ved hjælp af 
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fast-fast syntese. Desværre viste det sig, at molekylet ikke kunne ændre form 
ved bestråling, når det var en del af et dupleks. Projektet blev stoppet herefter. 
Fast-fase kemi er ikke kun begrænset til syntese af oligonukleotider, 
oligopeptider og oligosakkarider. En fast-fase metode til syntesen af 
oligo(disulfider) blev udviklet ved at danne S-S bindinger fra resin-bundne 
thioler og aktiverede disulfider i opløsning.  
 

 
Disulfid-oligomerer blev syntetiseret fra forskellige funktionaliserede 
byggeblokke inklusiv en byggeblok designet til at frigive et mindre molekyle efter 
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reduktion af S-S bindingen. Det sidste mål for projektet er syntesen af 
sekvensdefinerede oligo(disulfider). 
 

Når man ser tilbage på udviklingen af fast-fase oligonukleotidsyntese, skete de 
sidste ændringer til metoden i slutningen af 1980’erne og siden da er der ikke 
ændret på den grundlæggende metode. En ny metode for syntesen af 
phosphoramiditer er blevet udviklet, hvorpå de kan produceres i kvantitativt 
udbytte inden for kort tid ved brug af en flow-baseret opsætning. Alkoholerne, 
der kunne bruges til denne metode, inkluderede kanoniske nukleosider, sterisk 
hindrede alkoholer samt et stof med en disulfid-binding. All alkoholerne gav 
deres tilsvarende phosphoramiditer i kvantitativt udbytte. Den efterfølgende 
koblingsreaktion under fast-fase syntese gav for de fleste substrater et udbytte 
på 95% eller derover. 
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Prologue 
 
Solid-phase chemistry is the central theme throughout this dissertation. A 
thorough review of solid-phase chemistry and the methods to which this is 
applied will be the main topic of Chapter 1 along with DNA and the solid-phase 
synthesis of DNA. In the dissertation many kinds of phosphorous chemistries 
will be used to construct P-O bonds and therefore a historical overview of the 
development of oligonucleotide synthesis will also be given in Chapter 1 
focusing on reagent development so the reader is not baffled by the 
phosphorous species sometimes present during the projects. 
 
Chapter 2 concerns the main project of this dissertation: small cyclic 
oligonucleotides and the synthesis of these. Solid-phase chemistry was to be 
applied for the synthesis of small cyclic oligonucleotides and the only expertise 
present in the Gothelf Lab concerned standard oligonucleotide synthesis. It was 
tough to learn the new (exotic) techniques without the guidance of older 
students, but it has been worth it and the technique of gel phase NMR 
spectroscopy was also applied to other projects. 
 
Chapter 3 describes a side project performed alongside the first project. Kurt 
proposed the target molecule through modelling of a DNA duplex plastic model 
in which the molecule fitted perfectly. Organic synthesis was applied to obtain 
the desired phosphoramidite, which was incorporated into an oligonucleotide 
followed by melting temperature studies. 
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As the reader will learn, the two first projects were discontinued due to 
unsatisfactory results.  
 
With 2.5 years into the Ph.d. study two new projects were initiated based on 
own ideas and office discussions with Dr. Mikael Madsen. The Oligo(disulfide) 
Project was inspired by ongoing projects in The Gothelf Lab concerning 
disulfide-interlinked nucleosides and early life nucleic acids. In Chapter 4 the 
Oligo(disulfide) Project is described with the development of a synthetic cycle 
for the synthesis of oligo(disulfides) and synthesis of different functional 
oligomers. The project yielded satisfactory results and a manuscript for 
publication is currently being prepared. 
 
The last project described herein is the Phosphoramidite Transfer Project. 
Inspired by an old method known as resin-to-resin transfer, a P(III)-specie is 
intermediately immobilized to a resin and then transferred onto a given alcohol 
to yield the desired phosphoramidite. Given that one reaction partner is resin-
bound it is possible to achieve complete conversion of alcohols with retention 
times of 8 minutes or less and the phosphoramidite products showed high 
coupling yields in the following reaction. A patent has been filed and a 
manuscript submitted for this project. 
 
The work performed in the Baran Lab will not be described due to confidentiality, 
but some methods were brought home and used for the last projects. 
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Chapter 1  
General Introduction 
 
The projects in this thesis concern solid-phase chemistry and oligonucleotide 
(ON) synthesis as important methods used in every chapter. An introduction to 
solid-phase chemistry is given in this chapter including considerations for the 
choice of resin, linker and for the chemistry used, along with methods for 
reaction monitoring. Later an historical overview of the evolution of ON 
synthesis will be given focusing on the synthesis of the two internucleosidic P-
O bonds and at last the current methods for solid-phase oligonucleotide 
synthesis (SPOS) will be described along with synthesis of modified ONs.  
 

1.1 Introduction to Solid-Phase Chemistry 
The field of solid-phase synthesis was pioneered by Robert Bruce Merrifield 
who was awarded the Nobel Prize in Chemistry in 1984 for developing the 
methodology of solid-phase peptide synthesis (SPPS). Solid-phase synthesis is 
mostly used for the synthesis of oligomers (oligopeptides and ONs) due to the 
repetitive nature of the synthesis. Total synthesis of natural products is known 
but less used since reaction analysis can be tedious when compounds are 
resin-bound (the solid phase is often referred to as a resin or solid support and 
these terms will be used interchangeably during this thesis) and some 
chemistries (e.g. heterogeneous reactions) are not compatible with solid-phase 



2 
 

chemistry. However, routine solid-phase synthesis of ONs and oligopeptides 
can even be performed by non-chemists.  
 
In organic chemistry we are used to think about reactions in solutions – how 
equivalents, stirring speed and solubility may affect the reaction and how we 
can change these to increase reaction rate and yield. But if we bind one of the 
reaction partners to a solid phase some of these parameters change or should 
not be considered. Solubility is affected and is no longer dependent on the 
solubility of the resin-bound molecule but on how well the side chains and 
backbone of the resin are solubilized. For example poly(ethylene glycol) (PEG) 
based resins are compatible with water whereas polystyrene (PS) based resins 
are not thus making a PS-bound water-soluble molecule not solubilized by 
water. Stirring speed is not encountered in the realm of the solid-phase 
synthesis for practical reasons: stirring the brittle beads with a stir bar would 
grind and thereby destroy them, however, recent methods have been developed 
to increase mass transfer by stirring a solution with beads without the use of stir 
bar.1 Instead mass transfer is controlled by shaking the resin in a tube or eluting 
a solution with a given flow rate over the resin.  
 
In general the main reason for using solid-phase synthesis over solution-phase 
chemistry is the yield of a reaction can be increased by using an excess of the 
reactants in solution thereby pushing the equilibrium. This affects the reaction 
rate and common solid-phase reactions are often quantitative in a matter of 
minutes. Since the beads are solids (and not dissolved) it is possible to remove 
excess of reagents in solution by washing thereby easing purification.  
This adds up to solid-phase chemistry being highly predictable and 
programmable since a low number of simple operations can lead to many 
different products. This has resulted in solid-phase synthesis as an important 
tool for the field of combinatorial chemistry. For example, to push a reaction to 
completion in short time, 20-100 equivalents of reactant in solution are 
employed with concentrations usually in the range of 50 mM – 500 mM. This is 
usually the case for nanomole/micromole scale and when solid-phase synthesis 
is performed on larger scale fewer equivalents are employed due to cost. 
 

1.2 The Resin  
A resin is the solid phase to which a functional group is linked. Resins are inert 
polymers or frameworks that does not dissolve in the solvents used and are 
either glass-like or plastic-like. Glass-like resins are based on SiO2 and are rigid 
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whereas plastic-like resins are carbon-based and flexible. The resin is often a 
bead, a spherical particle in the size range of micrometers with a porous 
structure allowing diffusion of reagents. 
 
The plastic-like resins are often based on PEG, polyacrylamide or PS as the 
backbone. Mixes of PS and PEG are also known, e.g. TentaGel™. The side 
chains emerging from the backbone also varies, but often comprises PEG-
linkers and aliphatic chains. The chemical composition of the resin determines 
how it will behave in different solvents; this is also known as the swelling 
properties. Plastic-like resins swell when solvent is added, meaning that the 
backbone is partly solubilized by giving a higher volume of the beads, thus 
making the functional groups on the side chains accessible for chemical 
reactions. Resins with a high content of PS swell in apolar solvents and resins 
with high content of PEG swell in polar solvents.2  
 
The glass-like resins are silica-based and controlled pore glass (CPG) beads 
are the most popular of this type for solid-phase oligonucleotide synthesis 
(SPOS). This resin does not swell when solvent is applied and is a rigid solid 
that can be purchased with different pore sizes often in the range of 1000 Å. 
This is feasible for the synthesis of large molecules and the is one of the reasons 
for CPG being one of the most popular resins for SPOS. The rigidity also means 
that most solvents can be used when performing synthesis, since the functional 
groups are always accessible. The loading of a resin is the amount of functional 
groups present per mass unit of resin. Loadings usually range from a few μmol/g 
up to a few mmol/g and is dependent on the resin material. The CPG beads 
have a low loading (often 10-100 μmol/g) compared to plastic-like resins (0.1-3 
mmol/g). Loading can be easily finetuned for plastic-like resins by the amount 
of functionalized monomer present during synthesis of the beads. Silica 
particles can be functionalized (post-synthesis) to get loading in the same range 
as plastic-like resins, but then the pore size is not as large for CPG. 
Furthermore, silica tends to dissolve in polar solvents as MeOH and is therefore 
rarely used as a resin for synthesis. Low loading is often desired when 
synthesizing macromolecules since the probability of having intermolecular 
reactions between resin-bound molecules decreases.  
 

1.3 The Linker    
The link between the resin and the functional group is important if it should be 
cleaved, or the synthesized compound should be kept resin-bound. Very often 
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beads can be purchased with an amine for derivatization, giving amide bonds 
after peptide coupling as linkages to the resin. This can be seen as a non-
cleavable link and often another labile functional group is present after the 
amide bond.   
If the link should be cleavable it is important to consider the end group of the 
cleaved molecule, the cleavage conditions and whether the link tolerates the 
conditions for solid-phase synthesis. This is well-established for solid-phase 
synthesis of peptides and ONs and large catalogs of functionalized resins with 
different standardized linkers are available: e.g. Wang3 and Rink4 resins for 
SPPS and e.g. UnyLinker5 and Synbase6 resins for SPOS.  
 
Another example include the ”Safety-Catch” linker which is a non-cleavable 
linker that can be activated post synthesis to make it labile towards 
nucleophiles.7 It has been used for peptide synthesis to produce a C-terminal 
thioesters which can subsequently submitted to native chemical ligation.8 
 
A vast number of traceless linkers have also been designed and these use  SO2-
C linkages which can be cleaved under reductive conditions9 or Si-C10,11 and 
Ge-C12,13 bonds which can be respectively protodesilylated or 
protodegermylated by treatment with acid to give a C-H bond upon cleavage. 
 
The most popular linkers for the methods in this thesis are an amide or ester 
from reaction between a resin-bound carboxylic acid and an amine or alcohol. 
The ester can be cleaved under alkaline conditions whereas the amide is stable 
under most conditions. 
 

1.4 Reaction Analysis during Solid-Phase Synthesis  
Advantages of solid-phase synthesis have been discussed. The main 
disadvantage, however, is reaction analysis – i.e. monitoring yield and side 
reactions.  
 
The most straightforward way to analyze a reaction on a solid phase is to cleave 
off the resin-bound compound and analyze the crude mixture with conventional 
methods (liquid chromatography (LC), nuclear magnetic resonance (NMR) or 
mass spectrometry (MS) etc.) used for solution-phase chemistry. This is tedious 
and large amounts of material need to be sacrificed. 
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However, methods do exist that can be applied for non-sacrificial analysis of 
resin-bound compounds. The most popular methods are chemical analysis by 
colorimetric readout, gel phase (GP) NMR and infrared (IR) spectroscopy.14 
 
Qualitative chemical analysis can be used to determine whether a chemical 
reaction on a solid phase is quantitative. Kaiser test using ninhydrin as an 
amine-selective electrophile is a popular method for determining if there are 
unreacted amines after peptide coupling. If amines are present a blue color will 
appear upon heating when ninhydrin condenses with amines.15 It should be 
noted that Kaiser test also can be quantitative.16 
 
Quantitative analysis often requires a cleavable chromophore and can be used 
for determining the loading of the resin and thereby the yield of the reaction. 
The protecting groups used are often chromophoric when cleaved meaning the 
yield can be determined in real-time during synthesis without having to pause 
for reaction analysis. In both SPPS and SPOS synthesis colorimetric analysis 
is used for determination of yield for each reaction cycle. 
In SPPS the fluorenylmethyloxycarbonyl (Fmoc) protecting group is widely used 
and the byproduct from deprotection is dibenzofulvene which has an absorption 
maximum around 300 nm. In SPOS the 4,4’-dimethoxytrityl (DMTr) group is 
used as protecting group for the 5’-OH and upon treatment with acid the trityl 
cation is released with an absorption maximum around 495 nm.  
 
The methods mentioned so far require material to be sacrificed to perform 
analysis if the analysis step is not part of the synthetic cycle. It is, however, 
possible to perform NMR analysis directly on the beads and one type is known 
as GP NMR which is feasible for plastic-like resins swelled in a solvent. The 
major issue is that the resin consists mostly of carbon and hydrogen giving a 
large background for 1H and 13C NMR. The technique was developed for 
monitoring SPPS by GP 13C NMR17 and has later been used for monitoring 
SPOS by GP 31P NMR.18 The technique is feasible for 31P due to the low 
background and high sensitivity and abundance of the 31P nucleus. GP 19F NMR 
has also been used for monitoring SPPS.19 
Solid state NMR is applicable for all resin types but due to the lower sensitivity 
it requires longer acquisition time and gives broader signals. Due to the oriental 
dependence of NMR spectroscopy, GP NMR is not feasible for glass-like resins 
since the rigidity of the resin leads to anisotropy.20  
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1.5 Solid-Phase Synthesis Methodologies 
Solid-phase synthesis is the preferred method for synthesizing sequence-
defined oligomers with repetitive backbone. The minimum requirement for 
oligomer synthesis is two functional groups which can be coupled but where 
one is protected. This can be exemplified with SPPS where the amino acids 
carry protected amines and free carboxylic acids, the side chains are protected 
with appropriate protecting groups. The carboxylic acid is condensed with a 
resin-bound amine forging an amide bond followed by removal of the amine 
protecting group and is thereby ready for the following coupling reaction. If the 
amine was unprotected, polymerization would occur, and sequence-defined 
oligomers could not be synthesized. 
 
The most popular applications for solid-phase synthesis are the synthesis of 
naturally occurring sequence-defined oligomers, i.e. oligopeptides and ONs. 
These methods are well-established and automated synthesizer instruments 
are commercially available and can in principle be operated by non-chemists. 
The chemistry is optimized to be rapid and high-yielding, but the atom economy 
is poor due to the extensive use of protecting groups and activators used in 
large excess.    
  
Oligosaccharides are important naturally occurring oligomers with extensive 
branching and since they contain numerous hydroxyl groups a general solid-
phase synthesis method for the synthesis of any desired branched 
oligosaccharide is not known to date.21 Other non-general examples are known 
but these are based on a repetitive backbone pattern.22 The field was pioneered 
by Peter H. Seeberger23 who recently synthesized up to a 92-mer and through 
the assembly of oligosaccharide fragments produced a 151-mer.24 If a more 
complex branching pattern is desired new glycosyl donors and acceptors must 
be synthesized for each coupling reaction making monomer synthesis tedious. 
Although the number of saccharides used by Nature to synthesize 
oligosaccharides is low the combinations in which these can be combined is 
very large. An example: glucose has 5 hydroxyl groups and can thus be 
condensed with another glucose molecule in 25 different ways (without counting 
anomers) making it difficult to produce the desired linkages by solid-phase 
synthesis. 
Enzymatic methods have been developed for the synthesis of oligosaccharides 
by means of solid-phase synthesis using unprotected saccharides.25,26 
Enzymes however have high substrate affinity meaning that a large number of 
enzymes would be required to produce the desired C-O linkages. 
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1.6 Combinatorial Chemistry  
Combinatorial chemistry comprises chemical methods for generation of a large 
number of molecules in a rapid manner often for the use in high throughput 
screening. This collection of molecules is termed a chemical library and can be 
an entry point into e.g. ligand design for a target protein. The molecules are 
synthesized in a systematic way often aided by solid-phase synthesis. 

A well-known example is DNA-encoded libraries (DELs) where each member of 
the chemical library is covalently bound to an ON with a unique sequence for 
each chemical fragment of the library member27,28 thereby using an ON 
sequence as a bar code. This eases identification of a given library member.   

Often, the synthetic method used is split-pool (also called split-mix).29 Here a 
series of alternating synthetic steps and mixing steps are performed. This can 
be exemplified for the synthesis of an oligopeptide library. After 3 different pools 
of beads have been coupled to a different amino acid, they are mixed and split 
into 3 pools again. Each pool is now coupled to a different amino acid giving 9 
different combinations. After each cycle, the number of library members will be 
multiplied by 3 and each bead will only have one library member attached to it. 
This is sometimes termed the “one-bead-one-compound” method.30,31 

These methods have proved valuable for drug discovery,32,33 but one of the 
major challenges for the field is expanding the chemical space covered by the 
methods used to generate the chemical libraries.34,35 Recent examples have 
shown screening of virtual chemical libraries to be fruitful versus screening a 
synthesized physical library.36,37 Often the reactions are limited to highly 
predictable and programmable reactions as for example cross-couplings, 
peptide couplings and SNAr reactions. However, recent examples involving 
radical cross-couplings and electrochemical reactions have been used for 
generation of DELs to generate library members covering new chemical 
space.38,39 

 

1.7 Solid-Supported Reagents 
Sometimes it is desirable to keep molecules resin-bound. These can be used in 
a solution-phase reaction so one reaction partner is easily removed from the 
reaction mixture and potentially reusable. Classical examples hereof are resin-
bound DMAP40 and HOBt41 as nucleophilic catalysts. Having reagents resin-
bound also removes the poisoning hazard from the compounds since they 
cannot diffuse through the skin when resin bound. 
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Resin-bound scavengers are well-known and commercially available and can 
be used as filters to remove unwanted compounds from a mixture. Electrophile 
scavengers include resin-bound amines for scavenging aldehydes42 and 1,3-
diols for scavenging boronic acids.43 Vice versa nucleophile scavengers also 
exist with a resin-bound electrophile.  
 
Solid-supported reagents also include compounds that are not covalently 
bound, i.e. through ionic interactions and a subclass of these is ion-exchange 
resins. Sulfonates are popular functional groups for cation exchange whereas 
ammonium groups are often used for anion exchange. The resin-bound group 
in ion-exchangers can be a conjugate acid/base and by washing with either 
base or acid it is possible to make the resin acidic or basic. The non-covalently 
bound counterion can also be an active chemical reagent as for example 
borohydride44 as a reducing agent or chromate as an oxidizing agent.45 
 
A plethora of solid supported reagents exist and new are continually being 
developed. In this thesis a reusable solid-supported reagent is developed in 
Chapter 5. 
  
 

1.8 Nucleic Acids 
Deoxyribonucleic acid (DNA) is the polymer containing the genome within the 
cells. This can be transcribed and translated into proteins – this flow of 
information is called the central dogma of molecular biology. Here DNA is 
replicated by DNA polymerases before cell division or transcribed into 
ribonucleic acid (RNA) by RNA polymerases. RNA exists as long oligomers 
containing only the necessary ON sequences (including untranslated regions) 
for production of proteins, which is accomplished by the ribosome and transfer 
RNA (tRNA) in a process known as translation. 
 
The monomers of DNA are known as nucleotides which are phosphorylated 
nucleosides. There are  four canonical 2’-deoxyribonucleotides monomers of 
DNA, with the nucleobases (Fig. 1.1): adenine (A), thymine (T), guanine (G) and 
cytosine (C) – uracil (U) is present in RNA instead of T. DNA is known to form 
duplexes through hybridization of complementary sequences, in which A pairs 
with T and G pairs with C through hydrogen bonding. These are known as 
Watson-Crick base pairs (Fig. 1.1) and pairing happens through the Watson-
Crick faces of the nucleobases. Hoogsteen base-pairing46 is hydrogen bonding 
to the other side of the nucleobases and is observed in triplex structures.47  
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The nucleotides also consist of a ribose unit and the atoms of the ribose are 
denoted with a prime whereas the atoms of the nucleobases are not. Naturally 
occurring nucleotides are usually phosphorylated on the 5’-OH while the 3’-OH 
is free. When polymerases synthesize nucleic acids the synthesis direction is 
from 5’-end to 3’-end.   
 
The tertiary structure of a duplex is a helix with packing of the hydrophobic 
nucleobases in the center and the hydrophilic phosphates exposed to the 
solvent.  Stability of a duplex is usually measured through the melting 
temperature (Tm), which is the temperature where half of the duplex character 
is lost. G-C base pairs increase the melting temperature more than A-T base 
pairs. Contributors to duplex stability are hydrogen bonding and stacking of 
nucleobases as a result of the hydrophobic effect. The stacking appears to be 
the largest contributor to duplex stability.48 
 
Alternative base pairs are known including those involved during translation also 
known as wobble base pairs49 and conditional base pairs as i-motif consisting 
of protonated CH+-C pairing formed under acidic conditions50 or G quadruplexes 
consisting of G-tetrads with cation coordination.51  
 

 
Figure 1.1. Structure of the four nucleobases of DNA, Watson-Crick base pairs and the 
two different types of puckering found for the nucleotides. 

 
The ribose ring can adapt two different conformations termed C3’-endo and C2’-
endo and this is known as sugar puckering (Fig. 1.1). The puckering has large 
effect on the macromolecular structure of the nucleic acid and C2’-endo leads 



10 
 

to a structure known as B-DNA52 and C3’-endo leads to A-DNA.53 The two forms 
are spatially different as A-DNA is 2.3 nm wide and has a rise of 2.6 Å per 
nucleotide whereas B-DNA is 2.0 nm wide and has a rise of 3.4 Å. More 
geometrical differences exist, and they all have influence on how proteins 
interact with the structures and recognize them. RNA is found in the A-DNA form 
and DNA is usually found in the B-DNA form but can adapt A-DNA form under 
some conditions. More natural and unnatural forms are known. 
Two grooves called major minor and minor groove named after their sizes are 
present in B-DNA. Major groove is usually where protein interactions takes 
place.54 For A-DNA the corresponding grooves are called the shallow and wide 
groove. 
 
 

1.9 History of Oligonucleotide Synthesis  
In this section a summary of the history of ON synthesis will be given. The focus 
will not be on the use of ONs but rather on the synthesis i.e. the development 
of the activating reagents and protecting groups involved when forming the 
internucleosidic P-O bonds. A timeline is given in Figure 1.3. Many of these 
phosphorous chemistries and protecting groups will be used throughout the 
projects.   
 
In 1953 the structure of DNA was solved by Watson and Crick55 and the 
chemical composition was elucidated56 One year later the group of Sir 
Alexander Todd chemically phosphorylated nucleosides and observed them to 
be identical to naturally isolated nucleotides57 and in 1955 they were able, as 
the first, to chemically forge an internucleosidic P-O bond using what is known 
as H-phosphonate chemistry (Fig 1.2).58 In this type of chemistry a nucleoside 
H-phosphonate is the precursor to the phosphodiester. At first it was oxidatively 
activated by treatment with N-chlorosuccinimide to give an intermediate 
nucleoside phosphorochloridate which upon treatment with another nucleoside 
formed the desired P-O bond and a phosphotriester. The yield was, however, 
low (approximately 20%) due to side reactions of the reactive P-Cl specie. Upon 
treatment with a salt of phosphoric acid an intermediate less reactive mixed 
anhydride was formed which reacted with another nucleoside in approximately 
70% yield thereby reducing side reactions.59 This is going to be a general theme 
in this overview when developing a new type of phosphorous chemistry (and as 
with most types of synthetic chemistry): initially the most aggressive reagents 
are used and they tend to hydrolyze and cause dimerization therefore the 
development aims for more selective and less reactive reagents.  
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In 1957 where Todd introduced the mixed anhydrides for H-phosphonate 
chemistry Har Gobind Khorana (Nobel Prize Laureate in Physiology and 
Medicine, 1968) introduced the phosphodiester chemistry (Fig 1.2). Here a 
nucleoside monophosphate was converted to an activated phosphodiester 
which could phosphorylate another nucleoside. The first example was activation 
with p-toluenesulfonyl chloride (TsCl) or N,N’-dicyclohexylcarbodiimide (DCC) 
(inspired by the developing peptide chemistry in parallel at that time) before 
forming the internucleosidic bond.60 This type of phosphorous chemistry 
became the most popular in the following years and extensive time was put in 
the development of new activating reagents and protecting groups. 
 

 
Figure 1.2. Summary of the order of activation for the different phosphorous 
chemistries. The final products (except for Phosphodiester Chemistry) still need to have 
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protecting groups removed, and for Phosphite Triester Chemistry, the phosphorous 
oxidized to give the desired phosphodiester. Phosphates are shown as phosphoric 
acids for simplicity. 
 

It should be noted that the protecting groups developed are compatible with 
phosphodiester chemistry, H-phosphonate chemistry and the later emerging 
phosphotriester and phosphite triester chemistries. It is, however, difficult to give 
a clear representation of protecting groups developed solely for phosphodiester 
chemistry since timelines are overlapping. 
 

In the beginning of the 1960s Khorana started studying the side reactions of the 
activated tosyl-phosphodiester upon reaction with another nucleoside. Results 
were that considerable amounts of the non-phosphorylated nucleoside coupling 
partner was sulfonylated on the 5’-OH. By increasing the size of the substituents 
on the aryl sulfonyl chloride (to mesitylsulfonyl chloride (MesCl)) more selectivity 
was achieved along with better hydrolytic stability.61,62 It was realized a few 
years later that the larger 2,4,6-triisopropylsulfonyl chloride (TPSCl) was even 
more selective.63 It took almost 10 years to arrive at the final development of the 
activating reagent which was the series of 2,4,6-triisopropylsulfonyl azolides 
where sulfonylation of 5’-OH coupling partner was completely avoided due to 
the reduced reactivity of the reagents.64 
 
For the protecting groups used for the phosphates the benzyl group (Bn) was 
initially used by Todd and Khorana, but it did not take long until the base labile 
2-cyanoethyl protection group was introduced in 1961.65 The zinc labile 2,2,2-
trichloroethyl66 and the more robust phenyl67 protecting groups were introduced 
in the late 1960s. In 1971 the o-chlorophenyl protecting group was introduced 
which is 6 times more base labile than the parent phenyl protection.68 Methyl 
protection was introduced in 1977 as another orthogonal protecting group and 
can be removed selectively by treatment with thiophenol.69 
 
The trityl groups have been a popular protecting group70 being easy to 
implement for selective protection of the 5’-OH meaning ON chemically are 
synthesized from 3’ to a 5’ (reverse of Nature). However, Robert Letsinger was 
the first to synthesize from 5’ to 3’ by omitting protecting groups of the incoming 
nucleoside thereby using the inherent higher nucleophilicity of the 5’-OH over 
the 3’-OH.71 Modern methods employ reverse protection and phosphorylation of 
the 5’-OH and the 3’-OH so the 3’-OH is trityl protected and the phosphate 
precursor is bound to the 5’-OH.72 
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The main issue with the phosphodiester chemistry is, that the phosphodiester 
product is still nucleophilic and can further react with activated phosphodiesters 
or become reactivated. It was not surprisingly observed that side products 
included pyrophosphates, which could lead to cleavage of the phosphate 
backbone.73  
 
In 1969 the group of Letsinger developed the phosphotriester chemistry74 (Fig 
1.2) by changing the order of protecting group removals compared to 
phosphodiester chemistry. Instead of removing the protecting group from the 
phosphate after condensation with the first nucleoside, it was kept. Upon 
condensation of the nucleoside phosphodiester with another nucleoside a 
phosphotriester was formed which is no longer susceptible to further reactions. 
The protecting groups and activators had already been developed and could be 
reused for this chemistry making the adaptation facile. 
 
In 1975 the first example of phosphite triester chemistry was presented by the 
group of Letsinger.75,76 5’O-protected dichlorophosphite nucleosides were 
coupled with other nucleosides in a rapid manner followed by oxidation with 
iodine. P(III) has higher affinity towards oxygen compared to P(V) leading to 
faster reactions with higher yields. The chlorophosphite species are however 
not bench-stable species and in 1981 Caruthers introduced the more stable 
version known as the phosphoramidite which could be activated by treatment 
with weak acid.77 A few years later it was found that the diisopropylamine (along 
with morpholine) was optimal as the amine part of phosphoramidite78 and with 
the implementation of 2-cyanoethyl as O-protection79 the common 
phosphoramidite structure has not changed since. The nucleoside 
phosphoramidites are stable enough to be purified by flash column 
chromatography but should be stored under inert atmosphere at -20 °C since 
they would otherwise oxidize and hydrolyze. 
 
With the final optimizations of the phosphorous chemistries in the late 1970s 
and 1980s the automated methods soon followed. In 1977 the first automated 
method was developed employing phosphodiester chemistry.80 Improvements 
were made with automation of phosphotriester chemistry in 197981 and in 1981 
Caruthers employed the phosphite triester in an automated setup,82 however 
not using phosphoramidites since they were not fully developed at the time. 
Automated SPOS using phosphoramidites was achieved in 1983 using methyl 
as O-protection.83 H-phosphonate chemistry was automated in 1986 employing 
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activating reagents as pivaloyl chloride, TPSCl and diphenylchloro-
phosphate.84,85 
 

 
Figure 1.3. Selected milestones during the development of P-O bond forming reactions 
for ON synthesis. Only the activated phosphorous species are shown in brackets. 

 
 

1.10 Solid-Phase Oligonucleotide Synthesis 
Phosphoramidite chemistry is currently the golden standard for the synthesis of 
ONs by solid-phase chemistry. It consists of a synthetic cycle of four steps 
(Scheme 1.1) starting from a protected resin-bound nucleotide with a 4,4’-
dimethoxytriphenylmethyl (DMTr) protected 5’-OH to give an addition of a 
protected nucleotide. B denotes any of the five canonical nucleobases and BPG 
denotes the protected nucleobases. The nucleobases are usually protected on 
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the exocyclic amines. The four steps are briefly described in the following 
sections.  
 
Deblocking 
The first step in the synthesis cycle is detritylation, i.e. deprotection of the acid 
labile DMTr protection by treatment with 3% trichloroacetic acid (TCA) in 
dichloromethane (DCM). Sometimes dichloroacetic acid (DCA) is used instead 
since TCA has been known to decompose over time.86 This removes the 
protection group and releases the red trityl cation which can be used for 
quantification of the prior coupling step. The most significant side reaction is 
depurination.87 
 
Coupling 
To the newly deprotected alcohol is added a nucleoside phosphoramidite along 
with activator, often tetrazole or other weakly acidic N-H compounds. The amine 
part of the phosphoramidite is displaced by tetrazole to give an intermediate 
phosphorous azolide,88 which is the active phosphitylating reagent. A side 
reaction is phosphitylation of guanine O6 causing branching.89 

 
Capping 
The coupling step is not quantitative and to prevent unreacted alcohols on the 
resin-bound ON from reacting in the next synthesis cycle they are acetylated by 
treatment with acetic anhydride and N-methylimidazole (NMI) as a catalyst. If 
the capping was not performed there would be accumulation of truncated 
versions of the desired ON with different single-base deletions. When capping 
is performed the truncated strands will be easier to remove during purification. 
 
The capping step also reverses undesirable phosphitylation of guanine O6 by 
acetate as the active specie.89 However, once the phosphite is oxidized, 
guanine cannot be regenerated and hence capping is performed prior to 
oxidation. 
 
Oxidation 
In the last step of the cycle the phosphite triester is oxidized to a phosphotriester 
by using iodine and water with pyridine as base. This gives the oxidized 
phosphorous which is more stable towards acid than the corresponding 
phosphite triester.90 
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Scheme 1.1. Solid phase ON synthesis cycle 

 
When synthesis is complete, the remaining protection groups are removed and 
the ester linkage to the solid phase is cleaved. This is usually performed in a 
mixture of concentrated aqueous ammonia and concentrated aqueous 
methylamine (1:1, v/v) (AMA) or just concentrated ammonia at 60 °C for 30 
minutes. Methylamine is sometimes omitted, as it can perform SNAr on cytosine-
C4 to yield a methylated N4. This transamination is mostly pronounced if N4 is 
benzoyl (Bz) protected and is less observed if acetyl (Ac) protection is used.91 
 
The protecting groups not removed during synthesis are usually designed to be 
stable towards acid and labile to aqueous base, since the synthetic cycle in 
general is acidic. The exocyclic amines on the nucleobases are usually acylated 
and as mentioned in the historic overview, phosphates are 2-cyanoethyl 
protected. Acrylonitrile is the byproduct from 2-cyanoethyl deprotection and can 
react with thymine-N3 through a Michael Addition.92 This can be avoided by 
elution of 10% Et2NH in MeCN (v/v) over the resin to remove 2-cyanoethyl 
protection before cleavage from the resin.    If RNA is synthesized the 2’-OH 
can be tert-butyldimethylsilyl (TBS) protected and removed with 
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tetrabutylammonium fluoride (TBAF). Other combinations of orthogonal 
protecting groups exist as for example orthoester or acetal protection of the 2’-
OH combined with silyl protection of the 5’-OH. 
Some protecting groups are designed to be extremely base labile in order to 
perform the final cleavage and deprotection under as mild conditions as 
possible. The mildest conditions encountered for ON cleavage and deprotection 
is treatment with 50 mM K2CO3 in MeOH at room temperature. 
 
 

1.11 Modified Oligonucleotides 
A large number of ON modifications emerged with the development of the 
phosphoramidite chemistry. These modifications impact the physicochemical 
and biological properties and many of are based on phosphoramidite chemistry. 
The focus in this section will be on modified phosphates. Other modifications do 
however exist, including ribose and nucleobase modifications – but these do not 
change the synthetic cycle. Common modifications include the use of 
morpholine or (L)-threoninol in place of the ribose or substituting the 
phosphodiester with a peptide linkage to yield what is known as peptide nucleic 
acid. From phosphoramidites several different backbone modifications can be 
obtained (Fig 1.4).  

 
Figure 1.4. Overview of common phosphate modifications from their respective P(III)-
precursors.  
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With the modularity from the two-step process (i.e. coupling and oxidation) of 
phosphoramidite chemistry it is possible to obtain multiple backbone 
modifications from the same phosphite triester intermediate. The oxidation of 
the phosphite triester with iodine and water results in the natural phosphodiester 
after deprotection. If the oxidation with iodine is performed in the presence of 
an amine an uncharged phosphoramidate is obtained93 and if the oxidation is 
performed with a sulfurization reagent94 a phosphorothioate is obtained. 
 
Both the phosphoramidate and the phosphorothioate are produced as sets of 
two diastereomers. Methods for synthesizing diastereomerically pure 
phosphorothioates have been devised and these involve the use of 
diastereomerically pure cyclic phosphoramidites.95-97 Methods for the synthesis 
of diastereomerically pure phosphoramidates have not been developed to date. 
Boranophosphates are known bioisosteers for phosphates and can be made 
from the parent phosphite triester by complexation with borane followed by 
removal of 2-cyanoethyl protection.98 
 
Phosphoramidite analogs have also been made to produce other modified 
phosphate species. If the oxygen is substituted for an alkyl group a neutral 
phosphonate will be obtained after coupling and oxidation99 and if a 
thiophosphoramidite is used and sulfurization is performed at the oxidation step 
a phosphorodithioate is obtained.100  
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Chapter 2 
Synthesis of Small Cyclic 
Oligonucleotides 
 

Major parts of this chapter have been adapted from my Part A Report. 
 
 

2.1.1 Naturally Occurring Cyclic Mono-, Di-, Oligo- and 
Polynucleotides  
As mentioned in Chapter 1 DNA is the polynucleotide which contains our 
genetic information and along with RNA these polynucleotides are the most 
biological relevant nucleic acids. However, the mono-, di- and oligonucleotides 
are also biologically important along with their cyclized analogs. 
 
The cyclic mononucleotides, cyclic adenosine monophosphate (cAMP) and 
cyclic guanosine monophosphate (cGMP) are well-known and have many 
biological roles. cAMP is a secondary messenger and among others activates 
hyperpolarization-activated cyclic nucleotide-gated channels1 and protein 
kinase A2 which then activates a cascade of proteins in the cAMP-dependent 
pathway.3 Likewise, cGMP is a secondary messenger and activates protein 
kinase G involved in apoptosis.4 Both cAMP and cGMP are synthesized from 
their triphosphates by adenylate cyclase3 and guanylate cyclase5 respectively.  
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Some cyclic dinucleotides are also known; cyclic diadenylate (cdiAMP) is 
involved in fatty acid synthesis6 and cell wall homeostasis7 and cyclic 
diguanylate (cdiGMP), the first cyclic dinucleotide to be discovered, is involved 
in bacterial cellulose synthesis8 and biofilm formation.9 Hybrid cyclic 
dinucleotides are also known; cyclic uridylate adenylate (cUAMP) along with 
cyclic diuridylate (cdiUMP), have been shown to be inhibitors of a DNA-
dependent RNA polymerase in E. Coli.10 The latest discovered cyclic 
dinucleotide, which is also a hybrid, is cyclic guanylate adenylate (cGAMP) 
which was discovered in 201211 and it has recently been discovered that it 
activates phospholipase in bacteria (and humans) upon phage infection.12   
 
Two examples of small cyclic oligonucleotides (SCOs) larger than two 
nucleotides are known. It was discovered in 2017 that upon infection of the 
bacteria strain Streptococcus thermophilus with viral RNA, cyclic 
oligoadenylates (up to cyclic hexaadenylate) were produced. These activate the 
endoribonuclease activity of Csm6 involved in the CRISPR pathway to initiate 
RNA degradation of viral transcripts.13,14 The other example is the recently 
discovered cyclic trinucleotides, which were discovered by screening a 
nucleotidyltransferase family which synthesizes cyclic dinucleotides. 
Apparently, these enzymes also synthesize cyclic trinucleotides and are 
hypothesized to be involved in bacterial signaling.15 
 
Circular RNA (circRNA) usually in the sizes of ~1400 nucleotides16 can act as 
microRNA (miRNA) sponges and has been found to regulate the amount of free 
miRNA in the cell.17 Furthermore, some circRNAs in the sizes of 300-800 
nucleotides have been shown to contain catalytic RNA (ribozymes) 
sequences.18 Bacteria are known to have circular chromosomes, and these are 
the longest cyclic oligonucleotides found in Nature. 
 
 

2.1.2 Aim of the Project  
Nature produces a large number of different macromolecules (proteins, 
polysaccharides, nucleic acids) and these are all constructed from a small set 
of building blocks i.e. amino acids to make proteins (polypeptides), saccharides 
to make amylose, pectin and cellulose (polysaccharides) and the nucleotides to 
make nucleic acids, DNA and RNA (polynucleotides).  
The building blocks are also oligomerized to make e.g. gluthathione (an 
oligopeptide), glycans (oligosaccharides) and antisense RNA 
(oligonucleotides). Cyclic oligomers are also found in Nature (Fig. 2.1); cyclic 
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oligopeptides (e.g. cyclosporin) and cyclic oligosaccharides (e.g. α-cyclodextrin) 
have been known for a long time but until recently cyclic oligonucleotides (ONs) 
were unknown in Nature. In 2017 the cyclic oligoadenylates were discovered 
and their biological roles elucidated and in 2019 the cyclic trinucleotides were 
discovered. 
 

 
Figure 2.1 Middle row: chemical structures of Natures building blocks (saccharides, 
nucleotides and amino acids). Top row: the polymers of the building blocks. Bottom row: 
examples of cyclic oligomers.  
 
The hypothesis of this project was that SCOs in the sizes of 3-10 nucleotides 
exist in Nature but have not yet been discovered. As this was proposed in 2016 
it can already be concluded that they do exist, but this only emphasizes the 
possibility for more undiscovered SCOs present in Nature.  
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The aim of the project was to synthesize SCOs by solid-phase synthesis to 
construct libraries by combinatorial methods. These would be used to perform 
affinity pull-down of potential binding partners from cell lysates. The identified 
binding partners should then be used to isolate SCOs from cell lysates to prove 
their existence. It should be noted that the discovered SCOs so far consist of 
ribonucleotides and not the 2’-deoxyribonucleotides. 
 
 

2.1.3 Synthetic Strategy – Approach 1 
Cyclic ONs have already been synthesized by different means to give non-
natural bonds in the backbone. Some examples include cyclization of a 
phosphorothioate on a 5’ iodinated ON by Xu and Kool,19 Copper-catalyzed 
azide alkyne cycloaddition (CuAAC) to give a triazole linkage by Kumar et al.20 
and cyclization by reaction between an alkoxyamine and an aldehyde by 
Edupuganti et al.21 to give an oxime linkage. 
 
Only the synthetic strategies giving the naturally ON linkages were initially of 
our interest since this will produce the SCOs that are most likely to bind to 
biologically targets.  A strategy devised by Alazzouzi et al.22 was based on the 
o-chlorophenol protection (Fig. 2.2) where the link from the first nucleotide to 
the resin was through the phosphate. Another strategy was devised by De 
Napoli et al.23 and Barbato et al.24,25 where conjugation to the resin was done 
through the exocyclic amines of cytosine (C), guanine (G) and adenine (A) and 
through N3 or O4 of thymine (T). The phosphate was 2-cyanoethyl and o-
chlorophenol protected. In general, these strategies employ orthogonal 
protection on the first phosphate (or keep it deprotected) to selectively activate 
it for cyclization in the end using phosphotriester chemistry. 

 
Figure 2.2 Different resin-bound nucleotide motifs reported for SCO synthesis.22-25 
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The method reported by Alazzouzi et al.22 was chosen to synthesize SCOs due 
to its simplicity and ease of synthesis of modified resin-bound nucleotides from 
commercially available nucleoside phosphoramidites. The plan (Scheme 2.1) 
was to couple 3-chloro-4-hydroxyphenylacetic acid with an amine-
functionalized resin followed by coupling of a commercial nucleoside 
phosphoramidite to give the intermediate 2-cyanoethyl protected resin-bound 
phosphite triester. The phosphite triester should then be oxidized and 2-
cyanoethyl protection removed under basic conditions to give the resin-bound 
phosphodiester which should be inert to the subsequent SPOS conditions. 

 
Scheme 2.1 Synthetic strategy to produce the modified resin-bound nucleotide based 
on the synthesis reported by Alazzouzi et al.22 

 

The modified resin-bound nucleotide would then be subjected to SPOS giving 
addition of n nucleotides (Scheme 2.2). The newly added nucleotides have 2-
cyanoethyl protecting groups on the phosphates, whereas the first nucleotide 
has a phosphodiester. After detritylation it would be possible to activate the 
phosphodiester followed by condensation with the 5’-OH to cyclize the ON and 
give a phosphotriester. The last step is removal of the protecting groups and 
cleavage of the P-OAryl bond which is cleaved in preference of the P-OAlkyl 
bonds. The o-chlorophenol has been used extensively as a phosphate 
protection group when synthesizing ONs via the phosphotriester approach and 
can be cleaved using strong nucleophiles (e.g. oximates) or simply by treatment 
with concentrated aqueous ammonia.26,27 Furthermore, there should be 
selectivity towards cleaving only the cyclized ON since this has a 
phosphotriester linkage to the resin and the non-cyclized ON has a 
phosphodiester linkage. The electrophilicity of the phosphodiester is greatly 
diminished compared to the corresponding phosphotriester due to the negative 
charge repelling nucleophiles. 
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Scheme 2.2 Synthetic strategy to produce SCOs from the modified resin-bound 
nucleotide. 

 
The strategy allows for synthesis of cyclic 2’-deoxyribonucleotides, but a similar 
strategy for the synthesis of cyclic ribonucleotides involving 2′‐O‐

triisopropylsilyloxymethyl protection has been reported28 and uses the same o-
chlorophenol linkage to the resin  making it compatible with the outlined 
strategy.  
 
 

2.1.4 Resin Functionalization 
The amine-functionalized resin used was TG beads with a loading of 450 
μmol/g. TG are plastic-like beads that show the highest amount of swelling in 
DCM and N,N-dimethylformamide (DMF) and lowest in EtOH and Et2O.29 As 
mentioned in Chapter 1, the use of the plastic-like beads makes it possible to 
monitor reactions on the phosphate using GP 31P NMR.30 The beads are swelled 
and then transferred to an NMR tube which can be directly analyzed in the NMR 
spectrometer. 
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The first step in the synthesis was coupling of 3-chloro-4-hydroxyphenylacetic 
acid to the amine-functionalized resin (Scheme 2.3) to yield the o-chlorophenol-
functionalized resin 2.1.1. This was achieved under standard peptide coupling 
conditions at room temperature (r.t.) using N,N’-diisopropylcarbodiimide (DIC) 
as activating reagent for the carboxylic acid. When the amine has reacted with 
the activated acid to produce the desired peptide linkage to the resin, the phenol 
moiety can react with another activated acid which in the end gives a polyester 
of 3-chloro-4-hydroxyphenylacetic acid after multiple reactions. The yield of the 
reaction appeared to be quantitative (quant.) based on Kaiser test.31 The 
resulting trace amounts of unreacted amines along with phenolic OH groups 
were acetylated using acetic anhydride with NMI in tetrahydrofuran (THF). 
Following acetylation, the polyester was hydrolyzed using concentrated 
aqueous ammonia without cleaving the amide bond between the amine on the 
resin and the first attached 3-chloro-4-hydroxyphenylacetic acid unit.  
 

 
Scheme 2.3 Coupling of 3-chloro-4-hydroxyphenylacetic acid to the resin followed by 
capping with Ac2O and cleavage of the undesired ester bonds in concentrated aqueous 
ammonia. 
 
 
2.1.5 Coupling of Thymidine to the Modified Resin 
Resin 2.1.1 was then treated with commercial thymidine phosphoramidite along 
with 5-(ethylthio)-1H-tetrazole (ETT) to give the corresponding resin-bound 
phosphite triester (Scheme 2.4). The coupling time was extended (to overnight), 
compared to standard SPOS conditions (2 times 60 seconds) since the phenol 
of resin 2.1.1 is less nucleophilic than a 5’-OH. Furthermore, a smaller excess 
of nucleoside phosphoramidite (5 equivalents used here compared to 35 
equivalents) was used due to the maximum possible volume in the plastic tubes 
where the reactions were performed. The free unreacted phenols were then 
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acetylated. The phosphite triester was oxidized using 0.02 M iodine in 
THF/pyridine/water (7:2:1, v/v) to give the corresponding resin-bound 
phosphotriester 2.1.2. The loading of the beads was determined by cleavage of 
the DMTr group from 2.1.2 to liberate the DMTr cation in EtOH/conc. HCl(aq) 
(1:1, v/v) which has an extinction coefficient of 71700 cm-1M-1 in the used solvent 
mixture.32 The loading of the beads was usually in the range of 225-270 μmol/g 
corresponding to a yield of 50-60%.  
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Scheme 2.4 Coupling of thymidine phosphoramidite to resin 2.1.1 followed by oxidation 
of phosphorous and removal of 2-cyanoethyl protection. 
 
The 2-cyanoethyl protecting group was then removed using Et₃N/MeCN (1:1, 
v/v). The reaction was monitored using GP 31P NMR spectroscopy (Fig. 2.3) 
and appeared to be complete after 75 minutes to give resin-bound 
phosphodiester 2.1.3. Some peaks on the GP 31P NMR spectra were not 
symmetric, but this was due to the issues the NMR spectrometer had when 
shimming the gel-like samples. Both oxidation with iodine and 2-cyanoethyl 
deprotection appeared quantitative. 
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Figure 2.3. Conversion of resin-bound phosphotriester 2.1.2 to resin-bound 
phosphodiester 2.1.3 monitored by GP 31P NMR spectroscopy. 

 
 

2.1.6 Phosphodiester Activation  
With the desired resin-bound nucleotide 2.1.3 in hand, it would now be possible 
to synthesize SCOs. This was tested with the formation of circular thymidine 
monophosphate (cTMP). Detritylation with TCA until all red trityl cation was 
released yielded 2.1.4 which was then shaken overnight with 1-(mesitylene-2-
sulfonyl)-3-nitro-1,2,4-triazole (MSNT) in pyridine to give resin-bound cTMP 
2.1.5 (Scheme 2.5). As mentioned in the historic overview (section 1.9) the final 
developed activating reagents for the P(V) chemistries were the mesitylsulfonyl 
azolides which selectively activate the phosphodiester without sulfonylation of 
the alcohol coupling partners. 
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Scheme 2.5 Detritylation and cyclization of resin-bound nucleotide 2.1.3 to produce 
resin-bound cTMP 2.1.5. 
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The reactions were monitored using GP 31P NMR spectroscopy (Fig. 2.4). A 
downfield shift was observed after removal of 2-cyanoethyl to give 
phosphodiester 2.1.3 and an upfield shift observed when the phosphodiester 
was converted to the phosphotriester 2.1.5 upon cyclization. Only one signal 
was observed for the two different phosphotriesters, although two were 
expected due to chirality at phosphorous, but this has however been reported 
before on the same resin as used here.33 

 
Figure 2.4 Conversion from resin-bound nucleotide phosphotriester 2.1.2 to resin-
bound nucleotide phosphodiester 2.1.3 to resin-bound cyclic nucleotide phosphotriester 
2.1.5 monitored by GP 31PNMR spectroscopy. 

 
The resin-bound phosphotriester 2.1.5 was then treated with concentrated 
aqueous ammonia for 4 hours (hrs) at 60 °C to liberate cTMP (Scheme 2.6). 
The resin-bound phosphodiester 2.1.4 was also exposed to the same conditions 
but no cleavage product was observed in solution. As anticipated the 
phosphodiester was not labile in the strongly basic solution. Therefore, if the  
cyclization reaction was not quantitative, only cyclic bound ONs would be 
liberated into the solution.  
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Scheme 2.6 Left: cleavage of resin-bound nucleotide 2.1.5 from the resin to liberate 
cTMP. Right: attempt to cleave resin-bound nucleotide 2.1.4.  
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Resin 2.1.3 was subjected to SPOS to synthesize a hexathymidine (dT6) 
sequence on 200 nmol scale. After detritylation and incubation with MSNT 
under same conditions as previously, the resin was incubated at 60 °C with 
concentrated aqueous ammonia for 4 hrs. The supernatant was concentrated 
under reduced pressure and analyzed by high performance liquid 
chromatography (HPLC) and liquid chromatography coupled to mass 
spectrometry (LCMS). Both analysis methods showed that DNA was not 
cleaved off the resin. It should be noted that the trityl counts for the synthesis 
looked acceptable. It was assumed that the cyclization step was not occurring, 
and the inert phosphodiester linkage was present. 
 
To get an idea of why the cyclization was not working for the longer ON, the 
reactions were followed using GP 31P NMR on a resin-bound dinucleotide as a 
model system. Resin 2.1.4 was subjected to one SPOS cycle to give resin-
bound diTMP 2.1.6 (Scheme 2.7). 

 
Scheme 2.7 Attempt to synthesize resin-bound cdiTMP. 
 

The addition of the thymidine phosphoramidite to 2.1.4 followed by oxidation to 
give resin-bound diTMP 2.1.6 appeared to be quantitative based on NMR 
integrals of the 31P signals. However, detritylation of 2.1.6 (Scheme 2.7) with 
TCA followed by incubation with MSNT showed no sign of cyclization. No 
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changes on the GP 31P NMR spectrum (Fig. 2.5) were observed and product 
cdiTMP was not released into solution after incubation with aqueous ammonia. 

 
Figure 2.5 GP 31P NMR spectra of resin-bound diTMP 2.1.6 before and after treatment 
with MSNT. 
 
A model study was performed using MeOH as external nucleophile to revoke 
the blocking of cyclization by possible geometrical constraints of the cyclic 
dinucleotide product. When 2.1.3 was treated with MeOH and MSNT an upfield 
shift on the GP 31P NMR spectrum was observed (Scheme 2.8) corresponding 
to formation of the methyl phosphotriester 2.1.7 in quantitative yield. However, 
when 2.1.6 was exposed to the same conditions no change on the GP 31P NMR 
spectrum was observed.  
 

 
Scheme 2.8 Top left: Coupling of resin-bound nucleotide phosphodiester 2.1.3 with 
MeOH to yield resin-bound methyl phosphotriester 2.1.7. Bottom left: Attempt to couple 
resin-bound dinucleotide phosphodiester 2.1.6 with MeOH to yield resin-bound 
dinucleotide phosphotriester 2.1.8. Right: GP 31P NMR spectra.     
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This led to the conclusion that during one SPOS cycle something had occurred 
which either inhibited the activation of the phosphodiester with MSNT or 
coupling of the activated phosphodiester with an alcohol to make the 
phosphotriester. The deblocking step could not be the issue since it was shown 
earlier that upon deblocking of 2.1.3 followed by treatment with MSNT 
cyclization would occur, so one of the other steps were more likely be the 
problem.  
 
Resin-bound nucleotide 2.1.3 was subjected to one SPOS cycle but leaving out 
the capping step to give 2.1.6 which was then detritylated with TCA followed by 
incubation with MSNT. No change was observed on the GP 31P NMR spectrum 
either and product was not cleaved off upon incubation with concentrated 
aqueous ammonia. Using the same steps but leaving out the oxidation until after 
the cyclization still did not produce the expected GP 31P NMR spectrum and 
product cleavage was not observed either. 
 
As a last effort, a carbodiimide was used instead of MSNT for phosphodiester 
activation. As mentioned in chapter 1, carbodiimides, normally used for 
activating carboxylic acids, have also been reported to activate phosphodiesters 
for condensation with alcohols to give the corresponding phosphotriesters.34 
This was tested on 2.1.3 using DIC along with MeOH which gave 2.1.7 in 
quantitative yield based on GP 31P NMR. When 2.1.6 was subjected to the same 
conditions no change was observed on the GP 31P NMR spectrum meaning no 
activation of the phosphodiester functionality.  
 
 

2.1.7 Conclusion – Approach 1 
It was possible to functionalize TG resin with o-chlorophenol and subsequently 
couple a nucleotide to the resin-bound phenol as reported in the literature. 
Manipulations (oxidation, 2-cyanoethyl deprotection and cyclization) were 
monitored using GP 31P NMR and it was possible to synthesize cTMP by this 
method. Once an additional nucleotide had been added the phosphodiester 
seemed inert to any condensation reactions. Either one of the steps during the 
addition of the nucleotide has inhibited the phosphodiester from being activated 
or the addition of a nucleotide causes too much steric congestion around the 
phosphodiester for it to be activated and coupled.  

The synthetic approach outlined in this chapter was discontinued and a new 
approach was developed and is described in the following section. 
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2.2.1 Synthetic Strategy – Approach 2 
The common repeating unit for oligonucleotides is the ribosephosphate and the 
only difference between the nucleotides are the nucleobases. Conjugation 
through the phosphate to the resin had been attempted in Section 2.1 but 
synthesis of the desired SCOs failed for unknown reasons. Instead, it was 
envisioned that conjugation through the 2’-OH of the ribose to the resin would 
provide another route to the SCOs. This would allow for a similar synthesis route 
for the different nucleotides and hopefully increase accessibility to the 3’-OH 
during the cyclization step which may have been the reason for failed the failed 
activation earlier observed. The target molecule (Scheme 2.9) was a modified 
nucleoside consisting of a ribose with a 5’ DMTr protection, 3’ levulinyl ester 
(Lev) protection and a thiocarbamate (or similar) on the 2’-OH with a linker (X) 
containing a carboxylic acid in the end. The nucleobases U and T would not 
require protecting groups, whereas A, C and G would have phenoxyacetyl 
protection on the exocyclic amines which are removable by treatment with 
K2CO3 in MeOH.35 The plan (Scheme 2.9) was to couple the carboxylic acid to 
an amine functionalized resin followed by SPOS to produce a resin-bound ON 
with DMTr protection on the 5’-OH and Lev protection on the 3’-OH. The Lev 
ester and the DMTr protection groups are orthogonal.  
 

 
Scheme 2.9 Synthetic strategy for synthesis SCOs by coupling a modified nucleoside 
to the resin. X = O, S or N. OTBS should be present if RNA is synthesized. 
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The following step is deprotection of the Lev ester which has been reported with 
the use of hydrazine in acetic acid and pyridine36 without observation of 
detritylation. Phosphorylation of the 3’-OH would give an ON with a DMTr 
protected 5’-OH and a phosphodiester in the 3’ end like resin-bound 
phosphodiesters 2.1.3 and 2.1.6. The DMTr protection would then be removed 
and the 5’-OH condensed with the phosphodiester using MSNT. Afterwards it 
would be possible to remove the protecting groups to yield the deprotected 
resin-bound SCO without cleaving the link to the resin. Hopefully, this could be 
used directly to perform affinity pull-down of potential binding partners from cell 
lysates. 
 
Furthermore, it was envisioned that the modified nucleoside attached to the 
resin could be used for synthesis of both cyclic RNA and cyclic DNA (Scheme 
2.10). If cyclic DNA is desired, there should not be a 2’-OH which is removable 
under deoxygenative conditions and have been carried out on 
thiocarbamates37,38  xanthates, thionocarbonates and N-imidazolyl 
thiocarbonates using tinhydrides39 and trialkylsilanes.40 If RNA is desired, the 
2’-O should be kept, and cleavage of the linker should be carried out under basic 
conditions to yield the free 2’-OH.  

 
Scheme 2.10 Cleavage of resin-bound SCOs to liberate cyclic DNA or cyclic RNA. 

 
However, issues can arise when RNA is cleaved under basic conditions since 
the 2’-OH groups can attack the nearby phosphodiester resulting in interchain 
cleavage.41 If the cleavage from the resin is performed in neat ethylenediamine 
the issue should not occur (due to the changed acidity of the alcohols in this 
solvent).42  
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2.2.2 Synthesis of the Modified Nucleoside 
The synthesis of the modified nucleoside is described in this section. It should 
be noted that the synthesis needs to be carried out for each nucleoside and in 
this section the synthesis of the modified uridine is described. Ph.d. student 
Martin Frandsen performed the corresponding synthesis of 5-methyluridine. 
The first reaction in the synthesis is protection of the 3’-OH and 5’-OH using 1,3-
dichloro-1,1,3,3,-tetraisopropyl disiloxane (TIPDSCl) also known as Markiewicz 
reagent43 to give 2.2.1 (Scheme 2.11) making it possible to perform reactions 
selectively on the 2’-OH. 

 
Scheme 2.11 TIPDS protection of uridine to give 2.2.1. 

 
The 2’-OH of 2.2.1 was then deprotonated with NaH followed by addition of CS2 
to give the intermediate xanthate (Scheme 2.12). Addition of methyl acrylate or 
an alkyl halide only resulted in trace amounts of the desired product and addition 
of crown ether 15-crown-5 did not change the outcome.  

 
Scheme 2.12 Attempts to synthesize xanthates by deprotonation of 2.2.1 followed by 
addition of CS2 and two different electrophiles. 

 
Instead the sulfur-containing functionality was constructed in two steps 
(Scheme 2.13), first by addition of 1,1’-thiocarbonyldiimidazole (TCDI) to give 
imidazole 2.2.2 followed by addition of methyl 4-hydroxyphenylacetic acid to 
give thionocarbonate 2.2.3. However, the thionocarbonate was not resistant 
towards 2’-3’ migration and when the TIPDS protection was removed with 
fluoride the undesired cyclic thionocarbonate 2.2.4 was the only nucleoside 
product isolated. TIPDS removal was tested under basic conditions (using 
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TBAF), neutral (NH4F) and acidic (Et3N·3HF) conditions but all resulted in 
formation of 2.2.4.  
 

 
Scheme 2.13 Synthesis of thionocarbonate 2.2.3 from 2.2.1 followed by attempt to 
deprotect TIPDS protection of 3'-OH and 5'-OH using different fluoride sources. 

 
Thiocarbamates has been reported by Dellinger et al.42 to be stable towards 2’-
3’ migration and inspired by this work, the linker to the resin was chosen to be 
based on isonipecotic acid (Scheme 2.14). Imidazole 2.2.2 was stirred overnight 
with methyl isonipecotate to form the desired thiocarbamate 2.2.5 followed by 
TIPDS removal under neutral conditions to yield diol 2.2.6. Selective DMTr 
protection of the 5’-OH gave 2.2.7.  

 
Scheme 2.14 Synthesis of thiocarbamate 2.2.5 from 2.2.2 followed by TIPDS 

deprotection giving diol 2.2.6 which was DMTr protected to give 2.2.7.  

 
It should be noted that introduction of the thiocarbamate gives two rotamers 
(Fig. 2.6). Although the isonipecotate part is achiral it gives rise to the rotamers 



46 
 

since the piperidine ring can rotate and by having the ester equatorial as the 
most preferred conformation, the two rotamers are thus different and usually 
observed on NMR as a 60:40 ratio. The compounds coelute as one spot on a 
TLC plate. 

 
Figure 2.6 The two rotamers with equatorial esters.  

 
Alcohol 2.2.7 was levulinated using levulinic acid and 1-ethyl-3-(3-
dimethylaminopropyl)carbodiimide (EDC) as activator to give 2.2.8 (Scheme 
2.15). The remaining step was to hydrolyze the methyl ester of 2.2.8 before 
coupling the carboxylic acid to the resin. It was anticipated that the methyl ester 
would be more labile than the Lev ester, because of the increased accessibility. 
Unfortunately, this was found to not be the case and no conditions for selectively 
hydrolyzing the methyl ester were found. This might be due to electron 
withdrawing substituents in the ribose ring and the ketone close to the ester, 
which may increase its reactivity towards alkaline hydrolysis. Even refluxing 
2.2.8 in pyridine with lithium iodide (demethylation conditions) did not yield the 
desired carboxylic acid. Instead both esters were hydrolyzed (Scheme 2.15), 
and the alcohol 2.2.9 was esterified with either Lev anhydride or Lev chloride to 
give 2.2.10. However, it was not possible to purify 2.2.10 since it could not be 
separated from the remaining starting material and levulinic acid byproduct. 

 
Scheme 2.15 Levulination of 2.2.7 followed by hydrolysis of both esters of 2.2.8 to give 
2.2.9, which was levulinated using Lev anhydride or Lev chloride to give modified 
nucleoside 2.2.10 which could not be purified.  
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The synthetic strategy was then changed from methyl ester protection of the 
carboxylic acid to 2,2,2-trichloroethyl ester protection which would be 
orthogonal to the other protection groups present and removable with zinc.44 
The whole synthesis was therefore repeated with trichloroethyl isonipecotate 
continuing from 2.2.2 (Scheme 2.16).  

 
Scheme 2.16 Synthesis of nucleoside 2.2.13 with trichloroethyl ester protection from 
2.2.2 starting with thiocarbamate formation followed by TIPDS removal and 5’OH 
protection. 
 

Thiocarbamate formation and TIPDS removal proceeded in high yield but the 
DMTr protection of the 5’-OH of 2.2.12 was rather low yielding compared to 
previously due to purification issues. Lev ester 2.2.14 was formed and the 
trichloroethyl ester was removed selectively (Scheme 2.17) using activated zinc 
dust in aqueous NH4OAc buffer mixed with THF to give the desired carboxylic 
acid 2.2.10 which could then be purified by flash column chromatography. 

 
Scheme 2.17 Formation of Lev ester 2.2.14 followed by chemoselective deprotection 
of trichloroethyl ester using zinc to give the desired carboxylic acid 2.2.10. 
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2.2.3 Coupling to Solid-Phase and Oligonucleotide Synthesis 
Carboxylic acid 2.2.10 was coupled to amine-functionalized CPG beads under 
standard peptide coupling conditions (Scheme 2.18) as used in section 2.1 to 
give modified resin-bound nucleoside 2.2.15 which was then treated with acetic 
anhydride to cap unreacted amines. The loading of the beads was determined 
to be 7.9 μmol/g by cleaving the DMTr group in EtOH/conc. HCl(aq) (1:1, v/v). 
 

 
Scheme 2.18 Coupling of 2.2.10 to amine-functionalized CPG beads. 

 
It was now possible to perform SPOS using modified resin 2.2.15. The first test 
was synthesis of an ON where five thymidine nucleotides had been added to 
2.2.15 yielding resin-bound ON 2.2.16 (Scheme 2.19). After detritylation the 
protecting groups and the solid-phase linkage was cleaved with concentrated 
aqueous ammonia to give the desired ON 2.2.17 in solution as the only 
observed ON when analyzed with HPLC and LCMS. 

 
Scheme 2.19 Synthesis of linear ON 2.2.17 from resin-bound nucleoside 2.2.15. 

 
 

2.2.4 On-Resin Phosphorylation 
Although phosphorylation should be performed after delevulination in the 
strategy outlined previously (Scheme 2.9), the delevulination cannot be 
quantified on its own since the Lev ester is cleaved during treatment with 
ammonia. However, if the phosphorylation is quantitative, it should be possible 
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to quantify the amount of ester deprotected by the amount of phosphate added 
in the following step. 
 
The phosphorylation was optimized on 5’-OH of resin-bound ON 2.2.16 
although the 3’-OH should be phosphorylated in the final setup. The reaction 
was first tested using 2-cyanoethyl phosphate pyridinium salt and TPSCl as 
activator (Scheme 2.20, top) for the phosphate which is a common procedure 
for making phosphodiesters45 as mentioned in Chapter 1. However, the 
phosphorylated product was not observed by HPLC or LCMS after coupling for 
30 minutes and cleavage with concentrated aqueous ammonia. 
Instead a three-step procedure (Scheme 2.20, bottom) was envisioned where 
the phosphate could be formed by generating a resin-bound phosphoramidite 
which could then be hydrolyzed and oxidized to give the phosphodiester. 
Hydrolysis of the phosphoramidite has not been carried out before so the resin-
bound phosphoramidite should therefore be coupled with an alcohol 
(isopropanol) under standard coupling conditions and then oxidized.  

 
Scheme 2.20. Treatment of resin-bound nucleoside containing a free 5’-OH with TPSCl 
and a pyridinium phosphate salt did not yield the desired phosphodiester. 
Phosphitylation followed by hydrolysis and oxidation should yield the desired 
phosphodiester. Since hydrolysis to give an H-phosphonate and oxidation of this is a 
new step the phosphitylation reaction should be optimized with subsequent coupling to 
an alcohol (iPrOH) and then oxidized. Only the mononucleoside/mononucleotide is 
shown for simplicity. 

 
The phosphitylation was first tested with 2-cyanoethyl N,N,N’,N’-
tetraisopropylphosphorodiamidite (PN) in combination with 
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diisopropylammonium tetrazolide (Scheme 2.21) at concentrations of 100 mM 
and 30 mM (maximum concentration limit) in DCM respectively.  
 
After SPOS and detritylation, the resin-bound ON was coupled with PN with 
varying coupling time to make resin-bound phosphoramidite 26. Dry isopropanol 
and ETT was added to resin-bound phosphoramidite 2.2.18 to make the 
isopropyl phosphite which was then oxidized to give resin-bound 
phosphotriester 2.2.19. Extended coupling times were used when coupling with 
isopropanol.  
 
The last step was cleavage of the thiocarbamate linkage of 2.2.19 and 
deprotection of the 2-cyanoethyl and Lev ester using concentrated aqueous 
ammonia to give ON 2.2.20 in solution. The yield of the reaction could now be 
monitored by HPLC since ON 2.2.20 and 2.2.17 could be separated using anion 
exchange chromatography. It is observed that the yield of the 
phosphoramidation is stagnating around 80% after coupling time of 40 minutes. 
There was no change in the outcome if the concentration of PN was increased 
to 0.2 M.  

 
Scheme 2.21 5'-O phosphitylation of resin-bound ON 2.2.16 using PN after detritylation 
followed by phosphotriester formation and cleavage of protection groups and resin 
linkage to give 2.2.20 in solution. Data depicting the amount of 2.2.20 based on the total 
amount of 2.2.20 and 2.2.17 cleaved from the resin as a function of coupling time. 
 

Instead the reaction was carried out using the more reactive 2-cyanoethyl N,N-
diisopropylchlorophosphoramidite (PCl) (Scheme 2.22). The phosphitylation 
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was performed with a concentration of 0.1 M PCl in MeCN along with 0.3 M 
DIPEA in MeCN. The reaction was complete within 2 minutes and not further 
optimized. 

 
Scheme 2.22 5’-OH phosphitylation using PCl and DIPEA. 

 

2.2.5 On-Resin Delevulination 
Delevulination of resin-bound levulinyl esters is well-known and has been 
reported with hydrazine in pyridine/acetic acid (3:2, v/v)46 even on protected 
ONs without reacting with other functionalities.47 Hydrazine condenses with the 
ketone to make a hydrazine and then attacks the ester in proximity to release 
the alcohol and generate a dihydropyradizinone byproduct (Scheme 2.23).  
 

 
Scheme 2.23 Mechanism for delevulination using hydrazine. 
 
Although hydrazine is usually seen as a good nucleophile and may react with 
many functionalities (even the pyrimidines as used in Maxam-Gilbert 
sequencing)48 it is less nucleophilic in pyridine/acetic acid since it is protonated, 
and thus can be seen as a mild delevulinating reagent.46 It has been reported 
to be selective towards Lev esters in the presence of acetyl esters and 
phenoxyacetyl protected amines on the nucleobases.49 
 
Resin-bound ON 2.2.16 was subjected to different delevulination conditions to 
give resin-bound ON 2.2.21 (Scheme 2.24). The amount of delevulinated 
product was quantified by using the optimized conditions from Section 2.2.4 
(subsequent phosphitylation to give resin-bound phosphoramidite 2.2.22 
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followed by coupling with isopropanol and oxidation) and cleaved from the resin 
to give ON 2.2.23 in solution. 
 

 
Scheme 2.24 3'-O delevulination followed by phosphitylation, coupling to isopropanol, 
oxidation, cleavage of protection groups and linkage to the resin to give ON 2.2.23.  

 
Reported delevulination conditions on protected ONs use 0.5 M hydrazine in 
pyridine/acetic acid (3:2, v/v) for 25 minutes to deprotect multiple Lev esters. 
The delevulination conditions were tested for 1 hour on resin-bound ON 2.2.16 
but non-phosphorylated 2.2.17 was the only ON observed by HPLC and LCMS. 
 
There might be two possible problems: the reaction is not occurring or the 
excess hydrazine is not removed and inhibits the following phosphitylation 
reaction. In order to test for the latter, different solvents or hydrazine scavengers 
were flushed through the resin in order to remove potential leftover hydrazine 
from the resin: DMF, MeOH, pyridine, water, benzaldehyde, acetone and 
acetylacetone followed by excessive washing with MeCN and flushing argon 
through the resin for 10 minutes. This did not change the outcome and non-
phosphorylated ON 2.2.17 was still the only ON observed. 
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The reaction was then tested in solution on a similar substrate (Scheme 2.25). 
Lev ester 2.2.14 was subjected to the same conditions as resin-bound Lev ester 
2.2.16 and the reaction was complete within 15 minutes (by TLC analysis). 
 

 
Scheme 2.25 Solution-phase delevulination of 2.2.14 to give 2.2.13 by treatment with 
hydrazine. 

 
Solid-phase delevulination was never achieved using hydrazine although the 
reaction proceeded in solution.  Other conditions were tested to deprotect the 
Lev ester from resin-bound ON 2.2.16 all taking advantage of the ketone 
functionality (Scheme 2.26). Reductive amination was tested with three different 
ammonium salts (ammonium acetate, benzylammonium acetate and 
ethanolammonium acetate) and sodium cyanoborohydride, NaBH3CN. 
Hopefully, the reductive amination would yield the amine which could attack the 
ester and form a γ-lactam (Scheme 2.26, top). Unfortunately, this did not yield 
the delevulinated product.  
 
It has been reported that delevulination can be achieved using NaBH4

50 and 
after incubating resin-bound ON 2.2.16 with 0.1 M NaBH4 in EtOH for 16 hours 
and temperatures up to 80 °C only trace amounts of the product ON 2.2.23 could 
be identified. The reduction of the ketone would give the alkoxide which should 
hopefully attack the ester and produce a γ-lactone and liberate the alcohol, but 
this was not observed either (Scheme 2.26, middle). 
 
Instead a procedure by Ono and Itoh51 was tested. Here Na2SO3 at neutral pH 
was used to cleave the ester (Scheme 2.26, bottom), where the sulfur of 
hydrogensulfite adds to the carbonyl to generate a sulfonic acid and an alkoxide 
which can cyclize by nucleophilic acyl substitution on the ester to produce the 
lactone sulfonate and liberate the alcohol. When 2.2.16 was incubated with 50 
mM Na2SO3 in MeCN/water (1:1, v/v) for 14 hours at room temperature followed 
by phosphorylation and cleavage of protecting groups, trace amounts of an ON 
with same mass as ON 2.2.23 could be observed. This turned out to be ON 
2.2.20 instead through phosphorylation of the 5’-OH. The 5’-DMTr protection 
was removed due to the oxidation of sulfite to sulfate in solution thereby lowering 
to pH ≈ 2.2.   
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Scheme 2.26 Mechanisms for delevulination conditions. Top: delevulination by 
reductive amination of the ketone followed by lactamization. Middle: delevulination by 
reduction of the ketone followed by lactonization. Bottom: delevulination by nucleophilic 
addition of hydrogen sulfite to the ketone followed by lactonization.  

 
Two causes are likely: either Lev protection is not removed, or the Lev protection 
is removed but the subsequent phosphorylation is not proceeding. In the next 
section the phosphate was installed on the modified nucleoside before coupling 
to the solid phase. 
 
 

2.2.6 Manual Phosphorylation and Coupling to Resin 
The phosphate was installed by treatment of 2.2.13 with TPSCl and pyridinium 
2-cyanoethyl phosphate to give the phosphodiester followed by removal of 
trichloroethyl protection with activated zinc to give the desired (and highly polar) 
product (Scheme 2.27). 

 
Scheme 2.27 Phosphorylation of 2.2.13 using TPSCl and pyridinium 2-cyanoethyl 
phosphate followed deprotection using activated zinc. 
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It was realized that CPG might not be the resin of choice when performing 
affinity pull-down since proteins in general tend to adsorb onto the silica 
surface.52,53 

PEGA resin was chosen instead and 2.2.25 was coupled to the resin. Since 
PEGA is plastic-based it was possible to perform GP 31P NMR and confirm the 
phosphodiester is bound and that rotamers are still present (Scheme 2.28) as 
seen by the two signals. 
 

 
Scheme 2.28 Coupling of 2.2.25 to PEGA resin. 

 
It was possible to perform SPOS using the modified resin as indicated by the 
cleavage of DMTr protection in each coupling cycle. However, it was not 
possible to cleave the ON from the resin. Using concentrated ammonia or AMA 
for 1 hour at did not yield any compound. It was only possible to observe trace 
amounts of product after incubation with AMA for 16 hours at 50 °C. 
 
This suggests there is a problem related to the sterics around the 2’-3’ positions 
of the ribose. It might even be possible that the earlier approach with the 
delevulination-phosphorylation sequence did work, but the phosphorylated ON 
2.2.23 could not be cleaved and only non-phosphorylated product was 
observed.  
 
 

2.2.7 Conclusion – Approach 2 
The strategy outlined in this chapter would hopefully alleviate some of the 
anticipated steric congestion around the 3’-OH from encountered earlier by 
moving the solid-phase linkage to the 2’-OH of the ribose.  
 
After some struggle with protecting group manipulations the modified 
nucleoside 2.2.12 was synthesized and coupled to a resin. Issues with 
protecting group manipulations on the resin-bound nucleotide led to manual 
phosphorylation and coupling of the modified nucleotide 2.2.25 to the resin. 
However, it was not possible to cleave the resin-bound nucleotide at the 
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carbamate linkage under basic conditions thus emphasizing the presence of 
some steric congestion around the 2’-3’ positions. 
 
 

2.3.1 5’-Sulfonate Displacement – Approach 3.1 
In this last approach for the synthesis of SCOs two different phosphorothioate-
based strategies are carried out. Both are based on the nucleophilic 
phosphorothioate backbone displacing a leaving group on the 5’ position. 
 
The first approach is based on having a 5’ sulfonate linkage in the backbone 
being displaced by a downstream phosphorothioate (Fig. 2.7). The distance 
between the two modifications gives the desired ring size of the product SCO. 
Using ONs as templates for carrying out organic reactions at sub-millimolar 
concentrations is well-known and has been studied extensively by the group of 
David Liu to synthesize small molecules and libraries hereof.54,55 

 

 
Figure 2.7. Templated ring closure by addition of a templating strand (blue) bringing a 
nucleophile and an electrophile in proximity thereby facilitating cyclization. 

 
When adding a template strand (complementary to the upstream region of the 
sulfonate linkage and the downstream region of the phosphorothioate 
modification) the SCO region should bulge and force the phosphorothioate and 
sulfonate into proximity. After ring closure the duplex dissociates as can be 
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engineered by length and sequence of the two double-stranded regions. The 
sulfonate-containing ON is thus going to be a byproduct. The product SCO will 
contain a leftover ON and an endocyclic phosphorothioate triester which may 
be susceptible to hydrolysis.     
 

2.3.2 Approach 3.1 – Results  
The desired ON should have two modifications: phosphorothioate and sulfonate 
linkages. Phosphorothioates can be introduced by swapping the oxidation step 
with sulfurization to give the P=S bond (Scheme 2.29). Reagents have been 
developed for this and 3-((Dimethylamino-methylidene)amino)-3H-1,2,4-
dithiazole-3-thione (DDTT) was chosen due to its higher stability in solution 
compared to the popular Beaucage reagent.56 It should be noted that a chiral 
center is introduced upon sulfurization thereby leading to two diastereomers in 
the final product. 

 
Scheme 2.29. Sulfurization of the intermediate phosphotriester by DDTT. 

 
An ON was synthesized, and sulfurization times were tested (Table 2.1). The 
non-sulfurized ON was observed as a major side product. It was not possible to 
get the sulfurization/non-sulfurization ratio higher than 90/10. It was even 
possible to observe separation of the two phosphorothioate diastereomers by 
HPLC purification. 
 
Table 2.1. Ratio of sulfurization versus oxygenation by increasing sulfurization time with 
0.05 M DDTT. 

Coupling time 
/ mins 

Ratio of sulfurized product 
versus non-sulfurized 

1 72/18 
2 87/13 
3 88/12 
4 90/10 
5 90/10 
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The sulfonate linkage should be introduced by addition of a sulfonyl chloride to 
the resin-bound 5’ OH. The target compound is depicted in Figure 2.8 containing 
DMTr protected alcohol and sulfonyl chloride.  

 
Figure 2.8. Target sulfonyl chloride. 
 
The linker part of the molecule could easily be synthesized by three protecting 
group manipulations of diethylene glycolamine (Scheme 2.30): Cbz protection 
of the amine, DMTr protection of the alcohol followed by Cbz removal by 
hydrogenolysis to give amine 2.3.3. 
 

 
Scheme 2.30. Synthesis of amine linker 2.2.3 from diethylene glycolamine. 

 
However, when trying to make the desired amide bond by mixing the amine 
2.3.3 with 3-(chlorosulfonyl)benzoyl chloride in presence of base a spot likely to 
be the product was observed by TLC analysis but could not be isolated. 
Removal of solvent under reduced pressure before subjection to flash column 
chromatography or simply direct subjection of the crude reaction mixture to flash 
column chromatography it resulted in a strong red band indicating detritylation. 
Base was present in the eluent mixture to prevent detritylation, but it is likely 
that the DMTr-protection and the sulfonyl chloride are incompatible. It was not 
possible to isolate the desired compound although these types of sulfonyl 
chlorides have been synthesized by the group of Hamachi numerous times.57-59  
 
A last attempt was made by reversing the two steps – i.e. formation of sulfonate 
linkage followed by peptide coupling (Scheme 2.31). Direct addition of 3-
(chlorosulfonyl)benzoyl acid to a resin-bound ON (hexathymidine) did however 
not yield any of the desired product. Although cleavage was performed using 
50 mM K2CO3 in MeOH it might still be possible that the sulfonate linkage is 
broken due to solvolysis. A second route using the same amine linker 2.3.3 was 
used in the following section. 
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Scheme 2.31. Envisioned sulfonylation of resin-bound ON followed by peptide coupling. 

 
 

2.3.3 5’-Iodine Displacement – Approach 3.2 
The final attempt to synthesize SCOs is based on the work published by the 
group of Kool60 where a 5’ iodinated ON cyclizes with a downstream 
phosphorothioate. It has been shown to be possible in solution, however in the 
outlined approach, it is desired to perform the cyclization on the resin-bound ON 
(Scheme 2.32). The phosphorothioate is the phosphate with the longest 
distance to the 5’-I, but it should hopefully be sufficiently nucleophilic to 
outcompete the natural phosphodiesters. This approach resembles the one 
tested in Section 2.1, however here the nucleophilic coupling partner is the 
phosphate whereas it was the electrophile earlier.  Having the SCO resin-bound 
would also allow for affinity pull-down of potential binding partners later.  
 

 
Scheme 2.32. Cyclization of a 5’ iodinated resin-bound trinucleotide with a 
phosphorothioate linkage. 
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2.3.4 Results – Approach 3.2 
Keeping in mind that affinity pull-down of potential binding partners is the goal 
PEGA resin was chosen due to its compatibility with proteins. PEGA was then 
functionalized with a carboxylic acid by treatment with succinic anhydride 
followed by peptide coupling with 2.3.3 to give DMTrO-functionalized PEGA 
resin 2.3.5 (Scheme 2.33). 

 
Scheme 2.33. Functionalization of PEGA with linker 2.3.3 and further derivatization with 
thymidine phosphoramidite and sulfurization by DDTT. The link to the resin is not shown 
in 2.3.6 for simplification.   

 
After detritylation the resin was functionalized with thymidine phosphoramidite 
followed by sulfurization using DDTT to give 2.3.6. The resin-bound nucleotide 
was then detritylated and afterwards iodinated by treatment with phosphonium 
salt (PhO)3PMeI to give 2.3.8 (Scheme 2.34). When 2.3.6 was treated with 
diethylamine for 2 hours the 2-cyanoethyl could be removed to give 2.3.7.  
 

 
Scheme 2.34. Iodination and cyclization of resin-bound thymidine-phosphorothioate. 

 
It was possible to monitor the reactions by GP 31P NMR and thus confirm the 
different transformations (Figure 2.9). Both deprotection of the 2-cyanoethyl and 
the iodination lead to downfield shifts of the 31P signal. Although the 
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phosphorous is chiral and two diastereomers are present only one signal is 
observed as observed for earlier examples. 

 
Figure 2.9. GP 31P NMR of the different resin-bound species. 

  
Having confirmed the chemical shifts for the different resin-bound phosphorous 
species and reaction time for 2-cyanoethyl deprotection, the cyclization was 
then tested (Scheme 2.35). Upon treatment with diethylamine two new signals 
around 20 ppm appeared corresponding to expected values for 2.3.9.60 The 
yield was however only 5%. 
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Scheme 2.35. Cyclization of resin-bound 5’iodinated thymidine phosphorothioate 
 
It was not known whether the cyclization was slow, or side reactions occurred. 
Two signals around 57 ppm were observed corresponding to the anionic 
phosphorothioate species (as 2.3.7) indicating that cyanoethyl removal was 
complete. A solution was never found, and the project was discontinued at this 
point. 
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2.3.5 Conclusion – Approach 3 
Two different synthesis strategies to produce SCOs by displacement of a 5’ 
leaving group with a phosphorothioate was described in this section. The first 
strategy was based on templating an ON to bring a 5’ sulfonate in proximity with 
a phosphorothioate. The problem however became the formation of the 5’ 
sulfonate. Whether the sulfonylation did not occur or the linkage was broken 
under the mild cleavage conditions were never resolved. In the second strategy 
it was tested whether it was possible to make a resin-bound phosphorothioate 
displace 5’ iodinated nucleotide. The synthetic steps were monitored by GP 31P 
NMR thereby confirming the intermediates. Cyclization to give a 6-membered 
ring (cTMP analog) however only yielded the desired product in 5% yield.  

 

2.4 General Conclusion 
A general trend for all the approaches tested for synthesis of SCOs is the failure 
of the cyclization step. Whether it is the activation of the phosphorous species 
or the subsequent reaction with a nucleophile is not known.  
 
In Section 2.1 the coupling reaction between an external nucleophile (MeOH) 
and the resin-bound phosphodiester provided the desired product only if a 
single nucleotide was present. Addition of another nucleotide completely 
inhibited the coupling reaction. The SPOS cycle was tested with a single 
removal of each step to see if any reagents from the synthesis cycle, were the 
cause to the problem. This turned out not to be the case and it was therefore 
concluded that the sterics around the cyclization site were too crowded.  
 
In Section 2.2 the link to the resin was then moved to 2’-position through 
synthesis of a modified nucleoside and coupling to a solid phase. Again, it was 
not possible to perform reactions on the 3’-position when the nucleoside was 
resin-bound. Manual synthesis of the 3’-phosphorylated nucleoside and 
coupling to the solid phase completely blocked the cleavage of the 
thiocarbamate linkage to the resin. It was hypothesized that sterics around the 
2’-O and 3’-O have a crucial role in the cyclization step and the cleavage, but it 
was not possible to elucidate it.  
 
In Section 2.3 a completely different strategy was tested by reversing the 
electronics of the cyclization, so the phosphate was the nucleophile and the 5’-
position containing the leaving group was electrophilic. This did however only 
produce the desired cyclized mononucleotide in 5% yield.   
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Chapter 3 
A Naphthalene-based Azoswitch 
 
 

3.1 Introduction to DNA Nanotechnology 
With the development of SPOS the availability of natural as well as chemically 
modified ONs increased, and a new subfield of nanotechnology arose, coined 
DNA nanotechnology. The first ideas were conceived by Nadrian Seeman (often 
seen as the founder of DNA nanotechnology) in the early 1980s who envisioned 
the assembly of ONs in a lattice-like manner.1 
 
Since then the field of DNA nanotechnology has gained popularity and 
numerous functional and structural ON-based constructs have been 
synthesized and characterized including tweezers,2 boxes,3 assembly-lines4 
and much more. 
 
In 2016 the Nobel Prize in Chemistry was awarded to Stoddard, Feringa and 
Sauvage for their work on molecular machines thereby emphasizing the 
fundamental importance for the development of these types of molecules and 
macromolecular constructs. 
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3.2 Photochemistry in DNA Nanotechnology 
In DNA nanotechnology a fuel is required to drive a structural change as in 
regular biological settings. The energy required to drive the reaction often 
comes from physical inputs as fx fuel strands (through toehold-mediated strand 
displacement),5,6 change in pH7 or binding of ligands.8 These, however, perturb 
the composition of the system.  
 
Photochemistry can be applied in DNA nanotechnology by using irradiation as 
energy to drive the structural change thereby omitting the addition of reagents. 
It should not be considered energy as in synthetic chemical reactions (e.g. 
photochemical [2+2]-cycloadditions) but as a fuel pushing a reversible chemical 
reaction that only results in a structural change – i.e. isomerizations. The 
structural change on a molecular scale then leads to a structural change on a 
macromolecular scale. Only few chemical functional groups allow for repetitive 
photochemical isomerizations without decomposition: spiropyrans,9,10 
diarylethenes,11,12 stilbenes13 and azobenzenes14 are the most popular 
functional groups that fulfill the requirement. 

 

3.3 Diazenes 
Diazenes (or azo compounds) are compounds containing an N=N double bond. 
When excited by irradiation at the appropriate wavelength the double bond 
character will be momentarily lost to generate a N-N single bond and a diradical 
(Fig. 3.1). 
 
The diradical does (in general) not react with anything, but the loss of the double 
bond gives the possibility for the N-N bond to rotate. If the diradical recombines 
after inversion or rotation the diazene has effectively isomerized to another 
configuration. Both isomers can be excited upon irradiation but since they have 
different absorption maxima it is possible to enrich one state by irradiation at an 
appropriate wavelength thereby pushing the equilibrium. 
 

 
Figure 3.1 Different isomers of azobenzene in equilibrium upon irradiation. 
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The less stable isomer will however relax thermally to the more stable isomer 
and the half-life can be tuned by either electronic or steric effects.15-17 In acyclic 
azobenzenes the E-isomer is the more stable isomer, but examples with cyclic 
azobenzenes are known where the Z-isomer has been designed to be more 
stable.18 
 
At least one of the diazene substituents should be an aryl group since dialkyl 
diazenes have the possibility to decompose to N2 and two aliphatic radicals as 
known from azobisisobutyronitrile (AIBN).19 
 
The two isomers of azobenzene are geometrically different: E-azobenzene is 
linear and flat whereas Z-azobenzene is bent and non-flat (bulky) (Fig 3.1) since 
the phenyl rings cannot be in the same plane.   

 

3.4 Aim of the Project 
As reported by Asanuma et al.14 azobenzene (in this context: azoswitch) can be 
incorporated into and ON sequence by the means of SPOS. When an 
azobenzene-containing ON is hybridized with its complementary ON the 
stability of the duplex can be controlled by irradiation and thereby isomerization 
of the azobenzene unit(s) since Z-azobenzene is non-flat and thus perturbs 
well-ordered stacking of the nucleobases (Fig. 3.2). This can be directly 
measured as a change in Tm of the duplex which may dehybridize if Tm is below 
ambient temperature. This gives the possibility to control ON hybridization-
dehybridization by irradiation at certain wavelengths.  

 
Figure 3.2. Irradiation of azobenzene-functionalized ON (blue) leads to isomerization 
and dehybridization of the duplex.  
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A study by Asanuma et al.20 showed that the incorporation of one azobenzene 
unit in a 20-mer does not change Tm between the 20-mer and its complementary 
sequence more than a few °C when looking at the difference between the cis 
and trans configurations. When three or more have been incorporated a 10 °C 
decrease is observed and after nine has been incorporated duplex character is 
almost lost at room temperature upon irradiation (Tm,cis ≈ 30 °C compared to 
Tm,trans ≈ 65 °C). 
 
Incorporating nine modifications into a 20-mer will, however inevitably disturb 
the natural system. If it is desired to control hybridization of complementary ONs 
in e.g. a biological system a better system has to be developed. The aim of this 
project is to complete the synthesis of a new diazene-containing unit which is 
larger than azobenzene and designed to fit in duplex base-pairing with thymine 
(Fig. 3.3). The extra bulk was envisioned to make the azoswitch more effective 
at controlling hybridization than previously known azoswitches. Hopefully, the 
design allows for the naphthalene unit to be in the major groove, the phenyl unit 
in the minor groove and a nitrogen lone pair from the azo bond to be able to 
hydrogen bond with thymine. A base-pairing azoswitch has been reported, but 
this was published after this project was initialized.21 
  

 
Figure 3.3. The designed azoswitch in a duplex base-pairing with thymine. Left: The 
azoswitch unit in a duplex (some carbons on the naphthalene and phenyl units are blue 
but should be black).  Right: Schematic representation with indication of major and 
minor grooves. 
 

Substituents can have a dramatic effect on the switching of azobenzene. 
Electron-donating groups usually lowers the half-life of the excited state 
whereas electron-withdrawing groups do not have a significant effect on the 
half-life15-17 and introduction of bulky substituents usually increases the half-
life.22 Addition of π-extending substituents on azobenzene redshifts the 
absorption spectra and thereby the excitation wavelengths of the N=N bond, but 
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it also affects the half-life of the unstable configuration and a compromise is 
often made between excitation wavelength and half-life.  
 
 

3.5 Synthetic Strategy 
There are generally few methods for making azobenzenes. Azocoupling is the 
reaction of an electron-rich aromatic system (e.g. phenolate or aniline) with an 
aryl-diazonium specie to produce the desired azobenzene. The nucleophile can 
also be an aryl-lithium specie to give the product which can even be sterically 
congested azobenzenes (tetra-ortho substituted).23 Symmetric azobenzenes 
can be made from partial reduction of nitrobenzenes often in near-quantitative 
yield (or unsymmetrical can be yielded from a statistical mixture). Mills reaction24 
involves mixing a nitrosobenzene and an aniline in acetic acid and results in the 
formation of azobenzene often in high yield.25-27 
 
An initial study was performed to see whether it was possible to form the N=N-
bond by a Mills reaction.  Mixing 1-naphthylamine with nitrosobenzene yielded 
a complex mixture containing multiple red side products. It was not possible to 
isolate the desired azocompound from the mixture. 
 
The azocoupling was chosen instead and a phenol precursor was required. A 
study was performed by M.Sc. Theis van Beek (Fig. 3.4) who synthesized 
anisole-naphthyl-azocompounds with different substituents from the 
corresponding phenols and diazonium salt.  

 
Figure 3.4 Effect of substituent size on half-life of the cis-configuration of the 
naphthalene azoswitch. Experiments were performed by M.Sc. Theis van Beek. 
 

It was observed that the half-life of the excited state increased when increasing 
the substituent size. The phenol was methylated after azocoupling since the 
phenolic -OH should not be present during SPOS. These results were beneficial 



74 
 

for the project since the bulkier R group were anticipated to further destabilize 
the duplex when in the cis configuration. The iPr-substituted azocompound had 
the longest half-life in the cis-configuration and was chosen as the aryl 
component of the final compound.  
 
By retrosynthetic analysis (Scheme 3.1), the first disconnection is between the 
naphthalene unit and the aliphatic chain by a Pd-catalyzed cross-coupling to an 
aryl bromide and a vinyl fragment where M is nucleophilic transmetallation 
partner in the cross-coupling (B, Sn, Mg etc.). 
 
The naphthalene-azobenzene unit can be disconnected to the parent 
naphthalene and the azo functionality can be installed through a nitration-
reduction-diazotization sequence of the bromonaphthalene followed by azo 
coupling with propofol (2,6-diisopropylphenol) and methylation.  
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Scheme 3.1 Retrosynthesis of the target compound into commercial building blocks 2-
bromonaphthalene and (R)-1,2,4-butanetriol. 
 

The vinyl cross-coupling partner can be made from the parent butane-1,2,4-triol. 
The 1,3-diol system should be selectively protected before manipulations can 
be carried out on the remaining alcohol.   
 
 

3.6 Synthesis of the Vinyl Part 
(R)-Butane-1,2,4-triol was treated with benzaldehyde dimethyl acetal (Scheme 
3.2) to selectively benzylidene protect the 1,3-diol part of the starting material 
leaving the remaining alcohol free. It should be noted that the stereochemistry 
has not been determined of the benzylidene group, but it is most likely to be cis 
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to the hydroxymethyl substituent of the 1,3-dioxane ring system to give two 
equatorial substituents. The remaining alcohol of 3.1 was then oxidized through 
a Swern oxidation to the corresponding aldehyde 3.2 followed by homologation 
using the Ohira-Bestman reagent to furnish the terminal alkyne 3.3 (Scheme 
3.2).     

 
Scheme 3.2 Synthesis of terminal alkyne 3.3 from (R)-1,2,4-butanetriol through 
selective protection of 1,3-diol, oxidation and homologation. 
 

The benzylidene protection was then removed by treatment with catalytic 
amounts of p-toluenesulfonic acid in MeOH followed by selective trityl protection 
of the primary alcohol to give 3.5. The alkyne was then hydrostannylated to give 
the tin reagent 3.6 (Scheme 3.3) as the organometallic cross-coupling partner. 
It should be noted that the relatively low yield for the hydrostannylation was due 
to the competing addition of the Sn radical to the internal alkyne carbon giving 
the 1,1-disubstituted alkene.  
 

 
Scheme 3.3 Benzylidene deprotection and reprotection of the 1° alcohol followed by 
hydrostannylation. 
 
 

3.7 Synthesis of Aryl Bromide Part 
Treatment of 2-bromonaphthalene with nitric acid (65%, v/w) in acetic acid gave 
a mixture of the desired 7-isomer 3.7 and the 6-isomer side product which 
turned out to be inseparable. It was possible to crystallize the desired isomer 
albeit with very low yield. Reduction of the nitronaphthalene under H2 
atmosphere using Pd/C showed loss of the bromide as 1-naphthylamine was 
isolated. However, using iron powder reduction took place without loss of the 
bromide and it was then possible to separate the 2 isomers by flash column 
chromatography to give the desired naphthylamine 3.8 (Scheme 3.4).  
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Scheme 3.4 Nitration of 2-bromonaphthalene followed by reduction and the separation 
of the two isomers. 
 

Diazotization of naphthylamine using tertbutyl nitrite yielded the desired 
diazonium salt 3.9 which was then treated with propofol to give azocompound 
3.10 as a solid with an intense dark red color. The phenol was methylated by 
treatment with iodomethane to give 3.11 (Scheme 3.5). 
 

  
Scheme 3.5 Diazotization of naphthylamine, azocoupling and methylation of phenol to 
generate the aryl bromide cross-coupling partner. 
 

The azocoupling reaction proved to be very oxygen sensitive. Only trace 
amounts of the desired product were isolated if the mixture was not degassed 
(Table 3.1).  
 
Table 3.1. Optimization of azocoupling reaction between diazonium salt 3.9 and 
propofol. 
Solvent Phenol Base Yield Comment 
MeCN 1.2 eq K2CO3 3% Ar Atmosphere 
MeCN 1.2 eq K2CO3 13% Degassed 
Water 1.2 eq Na2CO3 9% Degassed 
MeOH 1.2 eq Na2CO3 27% Degassed 
MeOH 1.5 eq Na2CO3 40% Degassed 
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Solvent screening revealed MeOH as the best solvent for the reaction and 
increasing the amount of phenol increased the yield but gave issues in the 
following purification process. 
 
The oxygen sensitivity is likely due to the electron-rich phenolate being able to 
generate a relatively stable sterically hindered O-radical. The structure of 
propofol is very similar to butylated hydroxytoluene (BHT) which is a common 
oxygen scavenger for solvents as THF and known for generating stable O-
radicals.33 During purification of the desired azocoupling product orange and red 
side products were observed which were likely originating from dimerization of 
propofol radicals.34 
 

3.8 Endgame and Synthesis of Oligonucleotides 
Tin reagent 3.6 and aryl bromide 3.11 were then mixed in the presence of 
Pd2dba3 and P(tBu)3 to afford the desired Stille cross-coupling product 3.12 
(Scheme 3.6). In the first outline the allylic alcohol was phosphitylated using PCl 
to give 3.13. Later the alkene was selectively reduced using Wilkinson’s catalyst 
under hydrogen atmosphere followed by phosphitylation to give 
phosphoramidite 3.15. No reduction of the N=N-bond was observed during 
hydrogenation.  
 
The phosphoramidite 3.13 was then submitted to SPOS, but issues occurred 
since only the truncated oligonucleotide was isolated with termination before the 
site of 3.13 incorporation.  
 
It was, after some trouble shooting, discovered that the phosphoramidite 
couples to the resin-bound 5’-OH but the subsequent steps caused chain 
cleavage. Iodine in the oxidation step reacted with the allylic phosphite 
functionality leading to termination of the synthesis, but this could be solved by 
changing to the milder oxidant CSO.  
 
It was then discovered that the allylic functionality was incompatible with the 
acid of the deblocking step. This was not solved, and the problem likely occurs 
by protonation of the phosphate followed by generation of a stabilized allylic 
cation and a phosphoric acid leaving group leading to chain cleavage.  



78 
 

 
Scheme 3.6 Stille cross-coupling and phosphitylation of the remaining alcohol to give 
allylic phosphoramidite 3.13. The alkene could also be reduced and the alcohol 
phosphitylated to give 3.15. 

 
Reduction of the alkene to the alkane (Scheme 3.6) solved the problem and the 
corresponding aliphatic phosphoramidite 3.15 tolerated normal SPOS 
conditions. The synthesized sequences can be seen in Table 3.2 
 
Table 3.2. Synthesized sequences and description. Azoswitch is denoted X. 

ID Sequence Description 

CS GGTATATCTCCTTCTTAAAG 
General complementary 

sequence 

0X CTTTAAGAAGGAGATATACC 
Reference ON without 

modifications 

1X1 CTTTAAGXAGGAGATATACC 
A swapped for X 
(compared to 0X) 

1X2 CTTTAAGAAGGAGAXTATACC 
X added between to nucleotides 

(compared to 0X) 

2X CTTTAAGXAGGAGXTATACC 
2 A’s swapped for X 

(compared to 0X) 
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3.9 Melting Studies 
The 5 ONs in Table 3.2 have been used for the following melting studies; CS is 
the general complementary strand, which is constant for the whole study and 
0X is the reference ON without modifications. These have a Tm of 47.9 °C as 
the reference value (Table 3.3). The azoswitch modification is denoted by X. 
The ON denoted 1X1 has 1 A swapped for 1 X and the ON denoted 2X has 2 
A’s swapped for 2 X’s. In the trans form, swapping 1 A with 1 X does not change 
the melting temperature much but swapping 2 A’s with 2 X’s significantly lowers 
the melting temperature and thus the stability of the duplex with the 
complementary sequence. The ON 1X2 has had a single modification inserted 
between two nucleotides and this led to an increase in the duplex stability with 
the complementary sequence. The ONs 1X1 and 2X would hopefully have the 
modification base pair with thymine as depicted in Figure 3.3. 
 
Table 3.3. Melting temperatures of the different ON duplexes without irradiation and the 
relative change when adding the modification X. Melting studies were performed in 
water with 200 mM NaCl and concentrations of ONs of 0.5-2 μM. 

Duplex Tm / °C 
ΔTm / °C 

(compared to CS/0X) 
CS/0X 47.9  
CS/1X1 48.8 +0.9 
CS/1X2 54.5 +6.6 
CS/2X 43.5 -4.4 

 
When the duplexes containing a single modification (CS/1X1 and CS/1X2) were 
irradiated not much change was observed in the melting temperatures (Table 
3.4). The duplex containing two modification (CS/2X) showed a small decrease 
(-1.7 °C) in melting temperature. 
 
However, when the ONs containing a single modification (1X1 and 1X2) were 
irradiated before mixing with the complementary ON a larger decrease (-1.4 °C) 
in melting temperature was observed. Likewise, the ON containing two 
modifications (2X) displayed an even larger decrease (-5.1 °C) in melting 
temperature when irradiated before mixing.  
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Table 3.4 Melting temperatures of the different ON duplexes with irradiation at 365 nm 
and the relative change compared to the non-irradiated complexes. Melting studies 
were performed in water with 200 mM NaCl and concentrations of ONs of 0.5-2 μM. 

 
In general, it appears that a larger effect is observed when the azoswitch-
containing ONs are not part of a duplex when irradiated. There may be some 
spacial effect when part of a duplex which does not allow the azoswitch to 
change configuration upon irradiation (Fig. 3.5). It is possible that the azoswitch 
is stacked between the bases and locked in its configuration and the breathing 
of the duplex35 is not significant enough to provide freedom for the azoswitch to 
rotate during irradiation. The ON containing 2 modifications show a small 
decrease in melting temperature upon irradiation (when part of a duplex) 
indicating that one of the azoswitch units might have freedom to change 
configuration. 
 
Irradiation when duplex is formed

h

Irradiation before duplex formation

N
N

h

NN N
N

mix

NN NN

Lower Tm  
Figure 3.5 Hypothesized problem. Top: irradiation when duplex is formed does not lead 
to change of azocompound configuration. Bottom: irradiation before duplex formation 
leads to change of azocompound configuration and lowering of melting temperature 
(Blue: 1X1, Red: CS). 

ONs Irradiation time Tm / °C 
ΔTm / °C 

(trans vs. cis) 

CS/1X1 
15 mins 48.4 -0.4 

15 mins before mixing 47.4 -1.4 

CS/1X2 
15 mins 54.8 +0.3 

15 mins before mixing 53.1 -1.4 

CS/2X 
15 mins 41.8 -1.7 

15 mins before mixing 38.4 -5.1 
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Furthermore, it is interpreted as the azoswitch does not base-pair well with 
thymine compared to A since swapping 2 A’s significantly lowers the melting 
temperature (without irraditation). It is likely that the modification contributes to 
the stability through the hydrophobic effect as observed by the increase in 
melting temperature after insertion of the azoswitch (1X2). 
In hindsight more sequence studies should have been performed to gain further 
insight into the importance of positioning the modification. 
 
 

3.10 Conclusion 
The phosphoramidite azoswitch was synthesized in 1% yield over 14 steps from 
commercially available starting materials and then submitted to SPOS to yield 
three different ONs. Melting studies were performed and in general the 
modification showed poor impact on the duplex stability and could only effect 
the stability if irradiated before duplex formation. The melting temperature was 
decreased upon switching to the cis-configuration but since this was only 
possible when the ONs were single stranded the applicability of the azoswitch 
was lowered. With these results the project was discontinued but in hindsight 
more sequences with different positionings of modification should have been 
synthesized to gain further insight into the problem.  
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Chapter 4 
Solid-Phase Oligo(disulfide) 
Synthesis 
 

4.1 The Disulfide Bond 
The disulfide bond is a biologically important redox active chemical bond with a 
reduction potential of approximately -250 mV (vs. standard hydrogen 
electrode).1 It is important as a structural element for folding of extracellular 
proteins through cysteine bridges which crosslink the structures leading to 
increased thermal stability.2 The redox chemistry of the bond is utilized by 
Nature, where glutathione in reduced form is found as one of the main 
reductants in the intracellular compartments. 
 
Thiols and disulfides exist in equilibrium through disulfide exchange where 
shuffling of S-S and S-H bonds is rapidly occurring. The reversibility of the 
disulfide bond in combination with the high H2S content in the atmosphere of 
early Earth has made some argue for it being involved in the origin of life. The 
disulfide bond could be a precursor to phosphodiester bond in nucleic acids, but 
this is however an ongoing discussion in some academic circles.3-5 
 
The dynamic nature of the thiol-disulfide exchange makes the bond difficult to 
control by chemical synthesis if asymmetric (or mixed) disulfides are desired. 
Symmetric disulfides are obtained by mild oxidation of the corresponding thiol 
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and asymmetric disulfides are obtained by treatment of a thiol with an activated 
disulfide (although it is only a precursor to a disulfide it will due to convenience 
sake be called an activated disulfide throughout this chapter) involving a labile 
S-X bond where X is a leaving group (Fig. 4.1). The most popular functional 
groups in this class involves sulfenyl chlorides (S-Cl), thiosulfonates (S-SO2R),6 
sulfenyl carboxymethyl (S-SCO2Me, Scm),7 benzotriazole sulfides (S-Bt),8 
selenosulfides (S-SePh)9 and thiopyridine disulfides (S-SPyr),10 but many more 
exist.11 If a mixture of thiols is submitted to oxidative conditions (e.g. O2 or 
iodine) a statistical mixture of disulfides will be produced. 
 
The low reduction potential of the disulfide bond makes reductive cleavage 
possible using mild reductants. Popular reagents include phosphines,12 other 
thiols (dithiothreitol (DTT) is popular), NaBH4 and Na2S2O4. They are all pH 
dependent since NaBH4 and Na2S2O4, decomposes under acidic conditions,13,14 
phosphines are protonated under acidic conditions and thiols are deprotonated 
under basic conditions. In general, acidic conditions leads to a decrease of the 
reaction rate whereas basic increases the reaction rate. 
 

 
Figure 4.1. Overview of disulfide synthesis. Submission of two thiol to oxidative 
conditions yields statistical mixture of disulfides whereas activation of one thiol followed 
by mixing with the other thiol yield the asymmetrical disulfide.  

 
Disulfides can also be polymerized in several different ways (Fig 4.2). 
Poly(disulfides) can be obtained through ring-opening polymerization of 1,2-
dithiolanes by treatment with a catalytic amount of thiol. The driving force is 
release of ring strain in the heterocycle by breaking the S-S bond. The ring strain 
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originates from the long bond length of approximately 2 Å and a preferred 
dihedral angle of the disulfide bond which is approximately 90°.15 This chemistry 
has been used extensively by the group of Stefan Matile to produce 
poly(disulfides) for cell penetration thus facilitating drug- and gene delivery.16,17  

Other methods for polymerization of disulfides include oxidation of dithiols or 
ring-opening polymerization of 1,2-dithianes.18 In general, the most popular 
biological application of poly(disulfides) is as a bioreducible polymer for gene 
delivery used as a non-cytotoxic substitute for cell penetrating cationic 
peptides.19,20 

 
Figure 4.2. Different methods to produce poly(disulfides). 

 
 

4.2 Synthetic Oligomers  
Oligomers are molecules consisting of few monomers and polymers consist of 
many monomers. There is not a defined number of monomers for an oligomer 
to become a polymer and this a matter of debate – oligomers can however 
sometimes be at lengths of up to 50 monomers.  
 
Synthetic polymers are all around us as the plastic, surface coatings or synthetic 
fabric we use in our daily life and are made from inexpensive monomers. These 
monomers are polymerized to molecules of a desired length with a given 
polydispersity which can be tuned depending on the polymerization process. 
Polymers are often produced through living polymerizations which can yield 
polymers of low polydispersity but monodispersity is not possible. Nature, 
however, is able to produce monodisperse sequence-defined polymers, a goal 
still standing for synthetic chemists to achieve for synthetic polymers.  
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Nature utilizes defined sequences to give a certain structure or function to its 
oligomers and polymers. Beside SPPS and SPOS, the closest synthetic 
chemists are to Nature on this aspect is synthesis of sequence-defined 
oligomers, which is a rapidly evolving research field. Synthetic oligomers are 
however not something encountered in our daily life to the same extent as 
synthetic polymers and are currently mostly of academic interest. Research on 
sequence-defined synthetic oligomers is focused on fine-tuning certain 
properties and production of monodisperse oligomeric compounds. Of interest 
are optimized catalytic properties,21 drug delivery22 or data storage23,24 abilities, 
biological activity25 along with the possibility for exact fine tuning of electronic 
properties for conjugated oligomers.26,27 The properties of interest depend on 
the given synthetic oligomer. 

 

4.3 General Oligomer Synthesis 
In this section methods for synthesis of oligomers in solution will be described. 
The focus will be on the reaction types used for oligomer synthesis and the 
chemical bonds forged (Fig 4.3). It should be noted that this is a rather large 
research field and a comprehensive overview will not be given  
 
There are in general two methods for generation of oligomers in solution: living 
oligomerization or iterative sequential growth with distinct stepwise addition of 
monomers (including iterative exponential growth28 and single unit monomer 
insertion).29 Living oligomerization gives a mixture of products and 
chromatographic purification is often needed. This can also be the case for 
iterative growth if the synthetic steps are low yielding. The two methods can 
overlap since living oligomerization can be controlled by the amount of reagents 
present and sequential additions of monomers in stages can yield “block co-
oligomers”.  The monomers should for iterative growth contain two functional 
groups used for the coupling reactions and if they are identical one should be 
protected in order to prevent polymerization. 
 
Cross-couplings have been popular for the synthesis of oligomers and polymers 
since they are high yielding and often orthogonal to many functional groups. 
Sonogashira cross-coupling has been used as an early example for the 
synthesis of up to hepta(phenylacetylene) oligomers30,31 with different 
substitution patterns followed by macrocyclization of the oligomers. The alkynes 
were silyl protected.  
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Grignard metathesis (GRIM) polymerization32 has been used for the synthesis 
of oligothiophenes33 from the corresponding 2-bromo-5-iodothiophene using 
Grignard reagents as stoichiometric reductants along with a nickel catalyst. This 
yielded a mixture which upon chromatographic separation give up to 
dodeca(thiophenes). It was also possible to avoid the use of stoichiometric 
reductant by deprotonation of the 5-position of 2-bromothiophenes. Recently, it 
was utilized that the reductive elimination of the nickel-diaryl complex can be 
controlled by the temperature. This made it possible to produce monodisperse 
thiophene oligomers by sequential temperature cycling and addition of 
equimolar base.34  It should be noted that the produced thiophenes were 
monodisperse but could not be sequence-defined since the reaction was 
performed as “one-pot” without complete consumption of monomer. In general, 
little change is observed in retention time when the oligomers are subjected to 
HPLC analysis due to the similar hydrophobicities. 
 
Copper-catalyzed azide-alkyne cycloaddition (CuAAc) to form triazoles has the 
same benefits as cross-coupling reactions, however the reactions occur at lower 
temperatures and are less sensitive towards oxygen. If the monomers contain 
an alkyne and an azide the alkyne is silyl protected. Otherwise the azide can be 
introduced by azidation of amines by treatment with triflic azide or substitution 
of an aliphatic bromide with NaN3. These methods have been used for the 
synthesis of peptidomimedic (nona)triazoles,35 polycationic trideca(triazoles)36 
and crown ether synthesis37 to produce larger macrocycles. Flow synthesis has 
also been employed to construct 1,4-38 and 1,5-oligotriazoles.39 All these 
examples except for the crown ethers produced sequence-defined oligomers. 
 
Ruthenium-catalyzed ring-opening metathesis polymerization (ROMP) has 
shown useful for the synthesis of oligo and polyalkenes from their corresponding 
endocyclic alkene precursors. The reaction has been used to synthesize 
polyoctenes from the corresponding cyclooctene with defined substituent 
patterns. Upon hydrogenation the alkane was obtained and by substituting the 
cyclooctene it was possible to obtain oligomers with repetitive sequences of 
styrene/vinylacetate/butadiene.40 Using ROMP it was also possible to 
synthesize poly(norbornenes) with reasonable sequence control through 
sequential addition during the living polymerization since exo-norbornenes react 
more rapidly with the catalyst compared to the endo-norbornenes. The kinetic 
control yielded sequence-defined poly(norbornenes) with relatively low 
polydispersity index.41 
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Thiols and Michael acceptors have also been popular pairs for oligomer 
synthesis due to the rapid and high-yielding reactions. Maleimides as Michael 
acceptors can be furan-protected through reverse [4+2]-cycloadditions and this 
has been utilized for the synthesis of sequence-defined oligosulfides. The 
sequences were decoded with MS-degradation patterns, opening the 
opportunity for data storage applications.42 
 
Thiols can also be protected as thioesters and if the monomer contains a 
thiolactone it is possible to perform a three-component reaction between the 
thioester and an amine to generate an amide and a free thiol which can the 
react with a Michael acceptor as the third component. This has been used in an 
elegant synthetic cycle to generate sequence-defined oligomers with either 
sulfide/urethane or urethane/amide linkages for each repeating unit. The 
method has even been automated to produce sequence-defined decamers.43,44 
 

 
Figure 4.3. Overview of some oligomerization methods mentioned. The variational 
parts of monomers have been colored whereas the repetitive backbone has not.  

 
The synthetic strategies discussed suffer from the fact that they are performed 
in solution. An excess of reagents cannot be used, and the added monomer 
needs to be removed from the product before the following reaction can occur. 
Furthermore, if yields are high, the oligomers still require chromatographic 
purification and it can be difficult to achieve proper separation if the oligomers 
are similar in hydrophobicity or size. Orthogonal tags known as a fluorous tags 
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(with a perfluoroalkyl chain) can be used as capping reagents after each 
synthetic cycle thereby adding an orthogonal functionality to truncated 
oligomers. The truncated oligomers can be easily separated from the crude 
mixture by elution through fluorous silica gel which retards the elution of tagged 
(and thereby truncated) compounds. The method has also been used during 
capping for solid-phase synthesis. Other tags including azide tags exist which 
can be reduced to the amine by treatment with phosphines and subsequently 
bound to a nucleophile scavenger resin (isocyanate resin).45,46 

 

4.4 Exotic Solid-Phase Synthesis 
The highest level of yield, crude purity and sequence control of oligomers are 
achieved using solid-phase synthesis. As described in Chapter 1, SPOS is the 
conventional method for the synthesis of ONs and likewise SPPS for the 
synthesis of oligopeptides.  
 
Oligosaccharide synthesis has been accomplished through the means of 
automated solid-phase synthesis but is still non-trivial for saccharides since the 
methodology works only for a repetitive backbone unlike in naturally occurring 
oligosaccharides. 
 
This section will focus on lesser known solid-phase methods and the related 
protecting groups. Selected examples will be discussed, and as numerous 
synthetic solid-phase techniques exist the coverage will not be comprehensive. 
 
For the synthesis of oligopeptides SPPS is frequently used but modifications of 
the original 2-step synthetic cycle (peptide coupling followed by deprotection of 
amine) and the activated species have been made. Automated methods include 
forging both of the C-N bonds by submission of a primary amine to a resin-
bound benzyl chloride followed by a peptide coupling (thereby yielding N-
substituted peptides),47 synthesis of N-substituted glycines48 and aminooxy 
amides49 as non-natural peptide mimics, diketopiperazine synthesis by a 
peptide coupling–lactamization sequence50 and oligo(phosphonamide) 
synthesis using the parent phosphonic acids51 to name a few examples. 
Thioureas have also been synthesized using solid-phase methods by employing 
isothiocyanates as activated thioureas.52   
 
Closely related is the solid-phase oligoester synthesis, but due to the lower 
reactivity of alcohols longer coupling times of up to 2 hours are needed. An 
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example is the preparation of depsides (cyclic oligoesters) and depsipeptides 
(depsides with some peptide bonds) including a valinomycin analogue.53    
Oligosulfide synthesis has been accomplished using monomers containing 4-
methoxytrityl (MMTr) as thiol protection and mesylated primary alcohols which 
were displaced upon reaction with a resin-bound thiol.54 The MMTr protection 
was removed using TFA in DCM with triisopropylsilane as a cation scavenger. 
Large amounts of truncated oligomers were however observed even with 
coupling times of more than 3 hours. 
 
At last it should be mentioned that Suzuki cross-coupling has also been adapted 
to solid-phase synthesis producing oligo(aryl-aryl) compounds including 
oligo(thiophenes). In this work traceless germanium-based linkers were used.55 
 
 

4.5 Aim of the Project 
The aim of this project is to develop a method for the synthesis of sequence-
defined oligo(disulfides) by forging S-S bonds. This would be preferable through 
an automated solid-phase method due to reproducibility and general handling 
of the oligomers. 
 
The synthesis of oligo(disulfides) through the means of peptide couplings has 
been reported with a preformed disulfide in the backbone,56 but there are no 
reported preparative methods for the synthesis of oligo(disulfides) by sequential 
disulfide coupling reactions. A single example is known involving activation of a 
resin-bound thiol using Ellman’s reagent57 followed by coupling with simple 
aliphatic dithiols, but this was in the interest of single-molecule studies to 
monitor polymerization reactions across a pore and not of synthetic focus since 
the products were never cleaved and analyzed.58 
 
Oligo(disulfides) have been made but are often synthesized by oxidative 
polymerization of dithiols to give a mixture of oligomers. Few examples involving 
oligomers exist and these include oligo(gallic acid disulfides) of different lengths 
to modulate the activity of a peroxidases59 and cyclen-containing oligodisulfides 
(as a mixture, but mostly pentamer) as articficial DNases.60   
 
The low number of known applications of oligo(disulfides) possibly stems from 
the non-availability of these species. However, as mentioned poly(disulfides) 
have gained interest for the use in cell-penetration and delivery purposes.  
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Thiols have been popular in self-immolative linkers for the release of cargo with 
drug delivery purposes (Fig. 4.4). The popularity arises from the intracellular 
reduction of disulfide bonds to liberate the thiol thereby using the disulfide as a 
protecting group for the thiol. Examples include thiophenol 1,4- and 1,6-
eliminations,61 benzylic substitutions,62 episulfide formation63 and 
transthioesterifications with aliphatic thiols64 and thiophenols.65 
 

 
Figure 4.4. Structure and mechanisms for different used thiol-mediated releases of 
cargo (green) containing an alcohol. 

 
These setups are in general limited to a loading of one “disulfide-protected” 
cargo per linear construct (more is possible if branched). Having an 
oligo(disulfide) carry multiple active pharmaceutical ingredients (APIs) could 
make them function as polypills thereby hitting multiple targets (Fig 4.5). An 
envisioned outcome of this project would be a “plug-and-play”-methodology for 
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combining different APIs into one oligomeric molecule obtained by automated 
synthesis which could allow rapid synthesis of multiple combinations.  

 
Figure 4.5. Synthesis of an oligo(disulfide) containing four different APIs by solid-phase 
synthesis and reduction of disulfides upon cellular internalization followed by release of 
APIs. X denotes an electrophilic group which can react with an amine or alcohol (e.g. 
isocyanate) 

 
The rapid equilibria of thiols and disulfides have been used to form cyclic 
oligodisulfides accommodating different guests in host-guest complexes66 and 
the equilibria of thiols and thioesters to form sequence-defined peptide nucleic 
acids through base pairing to a template ON.67 This emphasizes the potential 
for oligo(disulfides) as candidate oligomers during the origin of life as mentioned 
earlier. It is not meant not as the nucleotides being connected through disulfide 
bonds instead of phosphodiester but rather that there may have been other 
monomers interconnected by disulfide bonds important for the origin of life. An 
oligo(disulfide) synthesis method would allow for the preparation of these types 
of molecules. 
 
 

4.6 Considerations 
Since oligo(disulfides) are not naturally occuring a synthetic monomer was 
needed for initial studies (Fig 4.6). Paraxylene was chosen due to the ease of 
benzylic substitutions, simple NMR analysis and low cost – α,α’-dibromo-
paraxylene is commercially available. In general, benzene was chosen as the 
core for the synthesis of the different monomers in the whole study. 
 



 Chapter 4 – Solid-Phase Oligo(disulfide) Synthesis 

95 
 

Backbiting of thiol to a neighboring disulfide could be a potential issue if the 
monomers are too flexible or the thiol and disulfide is in proximity. It can either 
be solved by increasing the distance between the thiols in the monomer or 
introduce rigidity as in paraxylene.  
 
The plan was to use the MMTr group as protection for one thiol, since it is well 
studied and often used for the protection of cysteine during SPPS.68 The 
protecting group is acid labile meaning that the S-S coupling reaction should not 
contain acid and it would therefore be feasible to add base during the S-S 
coupling which would increase the nucleophilicity of the resin-bound thiol. It 
would furthermore be possible to quantify the loading of the resin by cleavage 
of the MMTr protection using 5% TCA in DCE.69 
 

 
Figure 4.6. Overview of considerations for choosing backbone and protecting group 
strategy.  

 
Having the thiol resin-bound is better than the opposite setup where the thiol is 
in solution and the activated disulfide is resin-bound. The desired S-S bond 
might be formed initially, but since the monomers are used in excess thiols might 
cause chain cleavage of already formed S-S bonds present in the resin-bound 
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oligomers. By having the thiol confined to the resin control is gained and 
undesired disulfides should not be formed. 
 
 

4.7 Resin Functionalization, Deblock and Cleavage 
Initially a thiol-functionalized resin was needed, and a simple base-labile ester 
linkage was chosen along with a C6-linker to the first thiol. The thiol of 6-
mercapto-1-hexanol was selectively protected using MMTrCl to give linker 4.7 
which was coupled with carboxylic acid-functionalized CPG beads using DMAP 
and DIC to give the desired resin-bound MMTr-protected thiol 4.8 with an ester 
linkage (Scheme 4.1). 
 

 
Scheme 4.1. Synthesis of linker 4.7, followed by coupling to a solid support to give resin 
4.8.  

 
With the resin-bound thiol in hand it was possible to test the detritylation along 
with cleavage from resin. Detritylation was first tested using 3% TCA in DCM 
(Scheme 4.2). It did however take 5 deblocking cycles before the remaining 
MMTr-groups were completely removed. The thiol appeared to be nucleophilic 
enough to react with the released trityl cation under acidic conditions – i.e. the 
equilibrium was not pushed enough to the side of free cation as opposed to 
cleavage of O-DMTr groups under same conditions. It was therefore necessary 
to shift the equilibrium by addition of a cation scavenger. Usually silanes have 
been used for this, and by using a mixture of 1% TFA in DCM/Et3SiH (95/5, v/v) 
it only took three deblocking cycles to quantitatively remove MMTr protection. It 
should be noted that the silane under these conditions has not been reported to 
reduce S-S bonds, which would otherwise make the reagent unsuitable for 
oligo(disulfide) synthesis.  
 
Cleavage was accomplished employing 50 mM K2CO3 in MeOH and less than 
5% MMTr loading remained after 2 hours and some was still present after 16 
hours. 
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Scheme 4.2. Left: removal of MMTr protection by treatment with TCA or TFA with 
Et3SiH added. Left: cleavage from resin using K2CO3 in MeOH. Remaining loading was 
determined by quantifying the MMTr loading of a weighed amount of beads. 

 
 

4.8 Coupling Screen 
Coupling of the resin-bound thiol to an activated disulfide in solution was the 
next step to be tested. Substitution of benzylic bromides of α,α’-dibromo-
paraxylene with thioacetate was easily accomplished without need for column 
chromatography (Scheme 4.3). The same applied for thioester deprotection 
through acidic solvolysis to yield symmetric dithiol 4.2. Two equivalents of dithiol 
were then treated with MMTrCl to give the monoprotected compound 4.3, and 
a statistical mixture was obtained. The diprotected compound was removed 
during column chromatography and it was furthermore possible to recover 4.2.  
 

Br

Br

1) KSAc
2) MeOH, H2SO4 HS

SH

4.2 4.3
98% for 2 steps

MMTrCl 
(0.5 eq) HS

SMMTr
70%

(based on MMTrCl)  
Scheme 4.3. Synthesis of dithiol 4.2 from α,α’-dibromo-paraxylene followed by 
protection of one of the thiols to give 4.3. 

 
The activated disulfides were then synthesized from the thiol (Scheme 4.4). 
Although other activated disulfide species exist the two 2-thiopyridines 4.4 and 
4.5 and thiosulfonate 4.6 were chosen for initial coupling studies. All the 
synthesized compounds were stable and could be isolated with flash column 
chromatography and no decomposition of the compounds were observed during 



98 
 

storage making the MMTr-protecting group compatible with the activated 
disulfide functionalities. 

 
Scheme 4.4. Synthesis of activated disulfides from thiol 4.3. 

 
Synthesis of thiosulfonate 4.6 proved troublesome if TsCl was used as 
sulfonylating reagent, since the thiol starting material was more reactive towards 
the product thiosulfonate than TsCl thus leading to exclusive disulfide formation 
of 4.3. This has been reported before.70 Using the more reactive sulfonylating 
reagent TsBr (prepared from oxidation of TsNHNH2 with bromine) it was 
possible to achieve selectivity and isolate the desired thiosulfonate. 
 
The resin-bound thiol 4.8 was deprotected and then treated with 0.1 M solutions 
of activated disulfides in DCM (Scheme 4.5) with and without addition of Et3N. 
The yield was quantified by the amount of added MMTr-group.  
 

 
Scheme 4.5. Coupling between a resin-bound thiol and different activated disulfides. 
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For the 2-thiopyridines 4.4 and 4.5 random fluctuations were observed in 
coupling yield as a function of time (Fig 4.7). In general, it appeared that the 
addition of triethylamine increased the added MMTr loading and thereby the 
reaction rate. 
 
However, upon treatment with thiosulfonate 4.6 a gradual increase in coupling 
yield was observed without fluctuations. The reaction yield was however only 
approximately 7% after 60 mins when using 1% Et3N.  

 
Figure 4.7. Coupling yield as a function of time for coupling between the resin-bound 
thiol and activated disulfides. Compound 4.6 with 1% Et3N shows as the only entry a 
steady increase over time. 

  
The fluctuations of observed with the 2-thiopyridines may originate from the 
attack of the released 2-thiopyridine anion onto the newly formed disulfide 
thereby scrambling the bond. When using a thiosulfonate, the leaving group is 
a sulfinate which should be less nucleophilic since the sulfur is oxidized.   
 
Increasing base strength by changing to 1,8-diazabicyclo(5.4.0)undec-7-ene 
(DBU) gave approximately 90% yield after 5 mins (Fig. 4.8). However, 
increasing the amount of DBU (up to 3%) resulted in a drop in yield to less than 
5%. DBU has also been reported to react with activated sulfonyl species71  and 
could possibly liberate the thiol. Changing DBU for 1,1,3,3-tetramethylguanidine 
(TMG) resulted in an increased yield of 97% after 30 mins. 
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Figure 4.8. Coupling yield as a function of time for coupling between the resin-bound 
thiol and activated disulfide 4.6 with different amounts of bases. 
 

The developed reaction cycle (Fig 4.9) thus consists of 2 steps; deblocking the 
MMTr-protection with 1% TFA in DCM with added silane as cation scavenger 
followed by coupling with a thiosulfonate in the presence of 1% TMG to 
deprotonate the thiol. Cleavage from the resin is achieved with K2CO3 in 
methanol.  

 
Figure 4.9. Summary of developed synthetic cycle.  

 
Multiple protocols exist for the preparation of thiosulfonates unlike for e.g. 2-
thiopyridine activated disulfides. The thiosulfonate can be synthesized (Fig. 
4.10) from the reaction between a thiosulfonate salt and an aliphatic bromide, 
by oxidation of a disulfide and a sulfinate salt in the presence of copper under 
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aerobic conditions72 or by reaction of a thiol and a sulfonyl bromide as used in 
the preparation of 4.6. 
 

 
Figure 4.10. Different methods for the synthesis of thiosulfonates. 
 

To evaluate the whole methodology a single coupling was performed using the 
optimized conditions on 2 μmol scale followed by cleavage from the resin and 
1H NMR analysis. The NMR spectrum correlated with the reference product and 
no starting material thiol appears to be present. 
 
 

4.9 Oligomer Synthesis – Simple Monomer 
It was then time to test oligomer synthesis using the optimized conditions. 
Although it should possible to perform oligomer synthesis of pure disulfide 
oligomers with the current monomer 4.6 and resin-bound thiol 4.8, it would not 
be easy to characterize the products using conventional HPLC analysis. The 
only polar functional group is the terminal -OH on the linker and the -OMe on 
the MMTr protection. Size exclusion chromatography (SEC) may be fruitful but 
often only minor changes in retention time are observed when adding a single 
monomer. Reverse phase (RP) HPLC would be the analysis method of choice 
to see differences of distinct monomer lengths. The disulfides and hydrocarbons 
are all hydrophobic meaning it would be difficult to achieve separation of the 
different oligomer lengths by LC-methods. Furthermore, the oligomers ionize 
poorly, and it was not even possible to obtain the mass of the synthesized single 
coupling product 4.9 from the reference synthesis. Instead the oligomer 
synthesis was performed on a resin-bound T15 sequence since ONs are water 
soluble, ionize well and LC analysis is straightforward. It would be expected that 
the addition of a single disulfide monomer would increase the hydrophobicity 
significantly providing easy separation and identification of oligomers using RP-
HPLC. Phosphoramidite 4.10 (synthesized by phosphitylation of linker 4.7) was 
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coupled to the ON (synthesized by standard SPOS conditions) followed by 
oxidation using the mild oxidant CSO since iodine is known to oxidize trityl 
protected thiols (Scheme 4.6).73 

T15

OH

T15
O

P
O O

O
SMMTr

NC
4.10

then CSO

O
SMMTrP

O

N
NC

4.10

HO
SMMTr

PCl, DIPEA

97%

 
Scheme 4.6. Synthesis of phosphoramidite 4.10 and coupling to a resin-bound T15-
sequence followed by oxidation with CSO. 
 

Synthesis was accomplished employing coupling times of 2 x 5 mins and the 
chimeric oligomers were cleaved from the resin using concentrated NH3. The 
crude mixture was then subjected to HPLC analysis (Fig. 4.11). 

 
Fig 4.11. Synthesis of up to tetramers on a T15 sequence. HPLC chromatograms of the 
crude mixtures after cleavage with concentrated aq. ammonia. 
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The analysis method employed was RP-HPLC using a C18-column and an 
MeCN gradient to 70% over 18 mins followed by increase 90% to wash the 
column. A clear trend was observed as an increase of approximately 2 minutes 
in retention time per added monomer. Furthermore, it was observed that 
impurity peaks became more prominent as oligomer length increased. It was 
not possible to obtain masses of oligomers with n = 3 - 4. However, the major 
peak is the confirmed product for the other cases.  When taking a closer look at 
the chromatogram for oligomer with n = 3 the impurity peaks appeared to be 
separated with approximately 1.5 minutes in retention time indicating, that there 
might be a systematic difference between the structures. LCMS analysis 
revealed them to be dimeric structures of the T15 ON and the disulfide backbone 
with different amounts of monomer in the middle of the structure. These side 
products could arise in the presence of a catalytic amount of thiol performing 
disulfide scrambling leading to dimeric structures during cleavage under basic 
conditions. When the cleavage instead was performed using mildly basic (50 
mM K2CO3 in) MeOH and subsequently quenching with 200 mM AcOH the side 
product peaks were less prominent supporting the hypothesis of base-catalyzed 
disulfide scrambling. Instead of having the S-MMTr as end group, the linker 
4.11, with an alcohol end group was synthesized from hexane-1,6-diol in 3 steps 
(Scheme 4.7) and employed in the oligomer synthesis as the last coupling step. 
  

 
Scheme 4.7. Synthesis of end-cap linker 4.11 in three steps from 1,6-hexanediol. 

 
The thiosulfonate functionality was introduced by displacement of a mesylate 
with a potassium thiosulfonate salt thereby forming the C-S bond. This would 
give an OH-group as the terminal functionality thereby increasing water 
solubility and lowering the retention time of the oligomers. The oligomer 
synthesis was repeated employing 4.11 and a change in retention time was 
observed (Fig. 4.12).  It was possible to achieve elution and separation of up to 
an octa(disulfide) (n = 7). An increase of the amount of impurities was observed 
upon increasing oligomer length, but n = 4 and n = 6 showed more impurities 
than expected (comparing to n = 5 and n = 7). All major peaks were determined 
to belong to the desired oligomer. 
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Figure 4.12. Synthesis of end capping linker 4.11 and synthesis of oligomers employing 
linker 4.11 as end group. HPLC chromatograms of crude mixtures.  

 
 
It is odd that the amount of impurities increases so dramatically if the coupling 
reaction is near-quantitative since a capping step has not been employed. It 
would be expected that there would be an increased amount of (n-1)-oligomers 
and few (n-2)-oligomers compared to the other truncated oligomers, but this is 
not the case. The scrambling of the disulfides through base-catalyzed thiol-
disulfide exchange has been proposed as a possible cause, but it seems to be 
more pronounced with increasing oligomer length.  
 
It has been reported that benzylic disulfides can undergo cleavage of the S-S-
bond by abstraction of the benzylic proton to generate a free thiol and a 
thioaldehyde which would rapidly convert to the benzaldehyde under aqueous 
conditions.74-76 This reaction is catalyzed by strong bases, e.g. guanidines. It 
was therefore hypothesized that the coupling reaction is quantitative, but 
extended coupling times cause oligomer cleavage due to the presence of TMG 
liberating a thiol and a thiobenzaldehyde. Indeed, shortening the coupling times 
from 2 x 5 mins to 2 x 1 min (Fig. 4.13) provided crude material with higher 
purity. 
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Figure 4.13. Comparison of chromatograms with longer and shorter coupling times for 
the oligomers shown in Figure 4.12. 
 

The only impurity present was now an unknown compound with retention time 
around 18 mins. Only scarce amount of truncated oligomers were now present. 
The earlier proposed disulfide scrambling through thiol-disulfide exchange may 
have been present but only due to the thiols produced by the base-catalyzed S-
S bond cleavage and not because of unreacted thiols. The total synthetic cycle 
now takes 6 minutes in total (Table 4.1). 
 
Table 4.1. Detailed summary of developed synthetic cycle. 

Step Reagents Time 

Deblock 
1% TFA in 

DCM/Et₃SiH (95/5) 
3 x 60 s 

Wash DCM 3 x 10 s 

Coupling 
0.1 M Thiosulfonate, 

1% TMG in DCM 
2 x 60 s 

Wash DCM 3 x 10 s 
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4.10 Oligomer Synthesis – Release Monomer 
After optimizing the oligo(disulfide) coupling chemistry with a simple monomer 
it was time to synthesize some functional monomers. The first functional 
monomer was designed so it would release its cargo once subjected to 
reductive conditions (Scheme 4.8) as discussed in Section 4.5.  

 
Scheme 4.8. Plan for the synthesis of disulfide oligomers containing monomers which 
should release their amine cargo upon subjection to reductive conditions through acyl 
substitution. 
 

The target activated disulfide 4.16 would be coupled to a resin-bound thiol. 
Addition of an amine, carrying the cargo, should hopefully open the thiolactone. 
This would liberate the thiol, rendering it ready for the subsequent coupling. With 
this design only one activated disulfide would need to be synthesized and any 
amine could be used, which is inspired by the 3-component methods described 
in Section 4.3. The release mechanism is based on acyl-substitution closely 
related to known mechanisms (Fig 4.4). 
 
The compound was synthesized in five steps (Scheme 4.9) starting from 2,6-
dimethylbenzoic acid, involving only two steps requiring flash column 
chromatography purification. The carboxylic acid was methylated, and the two 
benzylic positions were brominated using Wohl-Ziegler radical bromination 
conditions involving azobisisobutyronitrile (AIBN) and N-bromosuccinimide 
(NBS). Triple- and tetrabrominated compounds were also identified but could 
be removed by flash column chromatography to give 4.13. The two benzylic 
bromides were substituted with thioacetate and acetyl protection was removed 
under acidic conditions to give a dithiol which spontaneously cyclized to produce 
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thiolactone 4.15. The remaining thiol was then sulfonylated by treatment with 
TsBr to furnish the desired compound 4.16.   
 

 
Scheme 4.9. Synthesis of target compound 4.16 from 2,6-dimethylbenzoic acid 

 
Activated disulfide 4.16 was then mixed with the resin-bound thiol for 5 mins. 
This step were not quantified, but it was assumed that some disulfide was 
formed. In hindsight, it would have been possible to stain either for the thiol or 
the disulfide formed by using either 4,4’-dithiopyridine or Ellman’s reagent. The 
resin-bound thioester was then treated with a 0.1 M solution of amine-linker 
2.3.3 containing a DMTr group. After mixing for up to two hours and washing 
the beads with DCM, no trityl cation was released when the beads were treated 
with acid. A possible reason for the problem is either the thioester not being 
opened, or the reverse reaction is much faster so the amine is release during 
the washing step. However, it has been reported that opening of a benzoyl 
thiolactone needs to be performed using the aliphatic amine neat.77 
Furthermore, the closure back to the thiolactone is acid-catalyzed. 
 
This problem was not solved and instead the monomer design was changed 
(Scheme 4.10). The monomer now resembled 4.6, but with an addition of a 
neighboring amide. The thiosulfonate should be synthesized in the final step 
through a copper-catalyzed oxidative sulfonate coupling of the disulfide the p-
tolylsulfinate. The disulfide dicarboxylic acid 4.22, would be accessible through 
the basic hydrolysis of thiolactone 4.21 and simultaneous oxidation under 
aerobic conditions of the thiol. The disulfide should therefore function as a 
protecting group for the thiol. A major disadvantage with this strategy is that 
4.22 is a dimer meaning that the peptide coupling should be high-yielding to 
avoid the single-coupled product (i.e. monoacid). 
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Scheme 4.10. Retrosynthetic plan for the synthesis of the newly designed monomer 
tracing back to thioester 4.21. 

 
Thiolactone 4.21 was synthesized similarly to 4.16 in 5 steps (Scheme 4.11). 
Again, deprotection of thioesters under acidic conditions yielded spontaneous 
thiolactone formation in almost quantitative yield. The remaining thiol 4.21 was 
protected using MMTrCl.  
 

 
Scheme 4.11. Synthesis of thiolactone 4.21 from 2,5-dimethylbenzoic acid. 
 

Upon treatment with KOH in a mixture of H2O/MeOH/THF the thiolactone was 
opened to the thiol and carboxylic acid. Since the conditions were alkaline the 
carboxylic acid was deprotonated rendering it unreactive towards the 
neighboring nucleophilic thiolate which was simultaneously oxidized as the 
reaction was performed under aerobic conditions to give diacid 4.22. Crude 4.22 
was used directly in the subsequent peptide coupling after extraction and 
removal of residual water (Scheme 4.12).  The amine chosen for the peptide 
coupling should contain a fluorine, so the release could be monitored using 19F 
NMR as a simple analysis method. The diacid was coupled with 4-
fluorobenzylamine to produce the diamide 4.23 in 48% yield for 2 steps. An 
initial study was performed to get an indication of whether release was possible. 
Reduction of 4.23 was monitored by 19F NMR in d6-DMSO and upon treatment 
with tris(2-ethylcarboxyethyl)phosphine (TCEP) or DTT, reduction was 
observed as a minor shift of the parent peak. 
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Scheme 4.12. Opening of thiolactone 4.21 under basic conditions followed by disulfide 
formation as thiol protection. Carboxylic acids were then coupled with 4-
fluorobenzylamine to yield 4.23. 

  
No new peaks appeared until the addition of either AcOH or TFA which resulted 
in new upfield major peaks along with the appearance of a few minor peaks.  A 
reference study showed that the 19F NMR signal of the released amine was very 
conditional. The signal of 4-fluorobenzylamine lies downfield to 4.23, however 
the ammonium ion lies upfield and dependent on the counterion and the 
concentration of the ammonium ion the peak shifts relative to 4.23. It is therefore 
not possible to conclude whether the monomer was able to release the amine 
upon reduction, although it is plausible that one of the upfield peaks would be 
the 4-fluorobenzylammonium ion. Instead a fluorescence output was envisioned 
using 7-amino-4-methylcoumarin as cargo.  The absorption spectrum of 7-
amino-4-methylcoumarin is blue-shifted significantly when acylated, meaning 
that at 365 nm the absorption was approximately 500 times larger for the non-
acylated compared to the acylated (Fig. 4.14).  

 
Figure 4.14. UV spectra of the two coumarins and the ratio (grey) of the 
absorbances. Fluorescence spectra of the two coumarins with excitation at 365 
nm. Structure of 4.24. 
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Upon excitation at 365 nm the emission of 7-amino-4-methylcoumarin was 
observed, and for the acylated 7-amino-4-methylcoumarin only the Stokes band 
at 405 nm was observed. 
The coumarin was used in the peptide coupling with 4.22 but coupling was 
sluggish due to the low nucleophilicity of the amine. The diacid 4.22 was treated 
with tetramethylfluoroformamidinium hexafluorophosphate (TFFH) to produce 
the diacid fluoride 4.25. During the peptide coupling it was difficult to monitor 
the activation of the two carboxylic acids and by conversion to the acid fluoride 
monitoring the reaction would hopefully be more straightforward. It was however 
not possible to get coupling between 7-amino-4-methylcoumarin and 4.23. Even 
deprotonating with LDA did not yield the desired compound and mostly 
decomposition products were observed as a TLC with many fluorescent bands.  
 
The outlined release mechanism was then changed from acyl substitution of an 
amide to SN2 reaction on a benzylic carbamate followed by decarboxylation (Fig 
4.15). Since the aminocoumarin is a poor nucleophile it was anticipated that an 
isocyanate of the amine might be a better electrophile.  
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Figure 4.15. Release of amine cargo through either acyl substitution (old approach) and 
benzylic substitution (new approach) 

 
Reduction of 4.21 with LiAlH4 yielded the thiol which could be sulfonylated to 
give 4.27 which was then treated with the isocyanate of 7-amino-4-
methylcoumarin 4.28 to give the desired monomer 4.29 containing an activated 
and a protected thiol along with a coumarin cargo (Scheme 4.13).  
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Scheme 4.13. Final steps of the synthesis towards release monomer 4.29. 

 
A chimeric oligomer was then synthesized (Fig. 4.16) consisting of a T15-
sequence, a C6-linker (from monomer 4.10), three units of 4.29 and a C6-linker 
with a terminal OH (from monomer 4.11), which was cleaved and subjected to 
HPLC purification. The chromatogram only contained one major peak being the 
desired product.  

 
Figure 4.16. Synthesis of oligomer containing three release monomers 4.29. HPLC 
chromatogram of the crude mixture after cleavage.  
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The oligomer (at a concentration of 20 nM) was then subjected to reductive 
conditions (5 mM TCEP, 100 mM phosphate buffer, pH = 7.4) and the release 
of the coumarin was monitored as a function of time over 7 days (Fig. 4.17). 
 

 
Figure 4.17. Subjection of coumarin-containing oligomer to reductive conditions and 
monitoring of release of the coumarin by fluorescence spectroscopy as a function of 
time. 

 
The reduction of the disulfide bond is rapid when using a phosphine as 
reductant compared to e.g. thiol-based reductants glutathione and DTT. 
Therefore, the release being monitored is the rate-limiting step. The dithiol 
intermediate appears to have a half-life of approximately 24 hours. This was 
surprising since the thiol is a good nucleophile and easily performs substitutions 
on benzylic positions and the reaction was expected to be faster.  

 

4.11 Outlook – Pure Oligo(disulfide) Synthesis 
The monomers so far synthesized consist of the simple monomer building block 
4.6, release monomer 4.29 and the two linkers 4.10 and 4.11 (Fig. 4.18). It was 
however not possible to synthesize and characterize these as pure oligomers 
due to their hydrophobicity and poor ionization for mass determination and a T15 
ON sequence had to be part of the constructs. 
 
M.Sc. Kassem El-Chami synthesized two monomers which should hopefully 
increase aqueous solubility making it possible to synthesize and characterize 
pure oligodisulfides.  
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Figure 4.18. Structures of the synthesized monomers and linkers. 

 
These experiments will soon be performed to produce pure oligo(disulfides). 
 
 

4.12 Conclusion  
To conclude, a method for the synthesis for oligo(disulfides) has been 
developed to produce the desired oligomers with high crude purity using short 
reaction times. The thiosulfonate was initially identified as the most promising 
activated disulfide specie of the ones tested. Different thiosulfonate-containing 
monomers were synthesized and used in the developed synthetic cycle to 
produce the oligomers. A monomer containing a releasable cargo was 
synthesized with attachment of the cargo through a carbamate link as the last 
step in the synthesis. Three of these monomers were incorporated into an 
oligomer and under reductive conditions the coumarin cargo was release with a 
half-life of approximately 24 hours. What remains of this project is the synthesis 
of pure(oligodisulfides). 
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Chapter 5 
Phosphoramidite Transfer 
 
 
This project was performed in collaboration with Dr. Thuy Dinh Jane Nguyen, 
Ph.d. students Rikke Asbæk Hansen and Martin Bundgaard Johansen. 
 

5.1 Resin-to-Resin Transfer and Three-Phase Systems 
In this chapter the development of a new method for the synthesis of 
phosphoramidites will be described and this is based on the methodologies of 
resin-to-resin transfer and the earlier three-phase systems. It is therefore 
relevant to provide a brief overview of these methods. 
 
Three-phase methods were developed by Julius Rebek in the 1970s as a 
method for detecting and handling reactive intermediates. It utilizes three 
phases: two different solid phases and a liquid phase (Fig. 5.1). The solid 
phases are functionalized so one contains a precursor for a reactive specie and 
the other contains a trap which can react with the reactive specie. The role of 
the liquid phase is mass transport so the reactive species can diffuse between 
the solid phases. Sometimes a carrier (chaperone) of the reactive specie can 
be present in solution acting as a phase-transfer catalyst. 
 
The first example was based on cyclobutadiene1 which is an unstable specie 
due to its antiaromaticity. A phenanthroline ligand part of a cyclobutadiene-iron 
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tricarbonyl complex was bound to one resin and the other resin was maleimide-
functionalized. Upon release of cyclobutadiene and radiation the [2+2]-
cycloaddition adduct was formed and confirmed after cleavage of the 
maleimide-functionalized resin thus allowing the brief diffusion of 
cyclobutadiene from one resin to another. The scope was later expanded to 
include reactive species as different kinds of metaphosphates2-4 and acyl 
imidazole species.5   

Solid phase 1 Solid phase 2Liquid phase

Precursor

Trap

ProductChaperone

Chaperone

Precursor

 
Figure 5.1. General scheme for three-phase systems used in resin-to-resin transfer with 
a chaperone present. For some cases the chaperone is not needed and the reactive 
intermediate can diffuse by itself from Solid phase 1 to Solid phase 2. 

 
Triphase catalysis (coined by Steven Regen in the 1970s),6 resembles the 
three-phase systems, but here two liquid phases (aqueous and organic) and 
one solid phase are involved. The solid phase is usually functionalized with a 
quaternary ammonium ion making it act as a resin-bound phase-transfer 
catalyst. Ion-pairing with negatively charged species from the aqueous phase 
makes these accessible for compounds in the organic phase thereby facilitating 
the reaction. This has been used for numerous reactions including substitution 
of aliphatic bromides with cyanide,7 carbene addition over styrenes, alkylation 
of alkoxides and oxidation of alcohols with hypochlorite as early examples.8 
 
These methods inspired the development of resin-to-resin transfer in which an 
activated resin-bound specie can be transferred to a chaperone in solution 
which then reacts with the resin-bound functionality on another resin. The 
difference between this and the three-phase methods by Rebek is the use of 
the methods: three-phase methods were used for the detection of reactive 
intermediates whereas resin-to-resin-transfer generates reactive intermediates 
used for synthesis. 
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This was first employed for SPPS by loading the precursor resin with an active 
acyl specie (oxime ester) (Fig 5.2) and transferring it to different nucleophiles in 
solution (HOBt or N-hydroxysuccinimide), to generate common activated esters 
used for peptide couplings.9 The activated ester in solution would then acylate 
the resin-bound amine. Yields were modest and large excess of chaperones 
were needed along with long reactions times and elevated temperatures. Ureas 
could also be synthesized by using isocyanates as activated species from the 
same resin-bound oxime without the need of chaperones. 

 
Figure 5.2. First example of resin-to-resin transfer using N-hydroxysuccinimide and 
similar compounds as chaperones for transfer of acyl species.9 

 
Methods have since been optimized and a recent example include the use of 
resin-to-resin transfer to couple two resin-bound peptides by using the “safety-
catch” linker (mentioned in Chapter 1) and HOBt along with thiophenol as 
chaperones.10 Few other reactions have been applied to the resin-to-resin 
transfer methodology including the Petasis borono-Mannich reaction11 and 
Sonogashira cross coupling.12 

 

5.2 Aim of the Project 
Phosphoramidites are the general phosphate precursor for oligonucleotide 
synthesis and these are usually synthesized and stored before use. They are 
however unstable species prone to oxidation, hydrolysis, and other auto-
catalytic decomposition pathways (e.g. acrylonitrile elimination – Arbuzov 
Michael addition) making them less feasible for storage.13,14 
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Synthesis of these usually requires chromatographic purification employing 
Et3N in the elution since the phosphoramidite would otherwise be degraded 
upon exposure to the acidic silica. If the Et3N is not completely removed after 
purification sluggish couplings during SPOS are observed due to neutralization 
of the tetrazole activator. In general, the methods for synthesis of 
phosphoramidites have not changed since the introduction of PN15,16 and PCl17 
in the 1980s. 

It was envisioned that the phosphoramidites could be synthesized by transfer 
of a resin-bound phosphoramidite precursor (Fig. 5.3) to a nucleoside in 
solution. Hopefully, purification can be omitted since the leaving group is resin-
bound. By using an excess of resin-bound phosphoramidite precursor it should 
furthermore be possible to push the reaction to completion with short reaction 
times. The resin would then be reloaded using commercial phosphitylating 
reagents. 

 

Figure 5.3. Envisioned transfer of a resin-bound phosphoramidite-precursor to a 
nucleoside. The resin would then be reloaded using PCl. Het designates a heterocycle 
but in principle other leaving groups might be suitable. 



 Chapter 5 – Phosphoramidite Transfer 

125 
 

Based on the known methods of resin-to-resin transfer for SPPS this resembles 
the oxime-based method published by DeGrado et al.9 and it is surprising that 
the resin-to-resin transfer has not yet been applied to SPOS. Whereas the yields 
of the subsequent peptide couplings were modest and forcing conditions were 
required it might for this setup be possible to achieve high efficiency using mild 
conditions due to the high affinity of P(III) towards oxygen. 

The aim of the project is to functionalize a resin with an appropriate leaving 
group which can bind P(III)-species and release them again, i.e. a functionality 
with intermediate affinity towards P(III). The final goal would be direct 
implementation into an automated setup having the alcohols stored instead of 
the phosphoramidites. The alcohols would then be phosphitylated directly 
before submission to SPOS. 

 

5.3 Activator Screen 
Initially, an in-solution screen of activators was performed to get an idea of how 
stable the P(III)-species are, under what conditions they form and how well they 
react with alcohols. Phenols, thiophenols, N-hydroxy compounds and azoles 
were chosen spanning a range of pKa-values (Fig 5.4). 
 

 
Figure 5.4. Structure of the screened activators. 
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Phosphitylating reagents PCl and PN were mixed with an excess of the 
activators and 31P NMR spectra were recorded over time (Scheme 5.1). The 
intermediates were then added an excess of dry isopropanol and new spectra 
were recorded. Usually a mixture of the monosubstituted (PX) and disubstituted 
intermediates (PX2, substitution of -N(iPr)2) were observed for phenols and 
thiophenols. N-hydroxy compounds and azoles only showed monosubstitution.  
 
For most cases addition of isopropanol lead to formation of the phosphoramidite 
at 146 ppm and the phosphite at 140 ppm (Scheme 5.1). The phosphite was 
often the major peak as some of the activators were acidic enough to activate 
the phosphoramidite leading to further substitution. The reactions were also 
tested in the presence of DIPEA which could deprotonate the nucleophiles and 
buffer HCl from substitution with PCl. 

 
Scheme 5.1. Generation of activated P(III)-intermediates before quenching with 
isopropanol to give a mixture of phosphite and phosphoramidite. Het designates the 
activators from Fig. 5.4. 

 
In summary, the phenols gave both PX and PX2 intermediates. The less acidic 
phenols gave mostly PX but failed to react with isopropanol. The more acidic 
phenols gave PX2 and reacted with isopropanol twice to yield the phosphite. 
Often DIPEA was necessary between reaction of PCl and acidic phenols. If a 
mixture of PX and PX2 were present, PX failed to react and only PX2 reacted 
twice with isopropanol. The desired phosphoramidite was not observed for any 
of the phenols after addition of isopropanol. The same trend followed for 
thiophenols and these reacted even poorer with isopropanol. 
 
N-hydroxy compounds  yielded only PX but failed to react with isopropanol to 
produce either the phosphoramidite or the phosphite. 
 



 Chapter 5 – Phosphoramidite Transfer 

127 
 

All azoles gave the monosubstituted P(III)-azolides and these reacted under 
most conditions to give a mixture of the phosphite and the desired 
phosphoramidite (Table 5.1). The more acidic azoles required DIPEA before 
reaction with PCl and reacted sluggishly with PN when DIPEA was present. 
Interestingly, 1,2,3-triazole gave two distinct P(III)-azolide signals probably 
corresponding to the two possible isomers through reaction of N1 or N2 and this 
was not observed for the other azoles with the same possibilities. 4,5-
Diacyanoimidazole (DCI) performed poorly and gave odd results.   
 
In general, most P(III)-intermediates were stable after standing overnight in an 
NMR tube, but the azoles were the favorite candidates since they showed the 
most promising substitution properties. 
 
Table 5.1. Summary of P(III)-azolide substitution with isopropanol.  

Azole 
Substitution  
with iPrOH 

Amount of 
phosphoramidite 

Amount of 
phosphite 

Imidazole 
Fast (X = Cl) 

None (X = N(iPr)2) 
Minor (when + 

DIPEA) 
Major 

4-Nitroimidazole 
Fast (X = Cl) 

Slow (X = N(iPr)2) 
Minor (when + 

DIPEA) 
Major 

4,5-Dicyano-
imidazole 

Messy (X = Cl) 
Slow (X = N(iPr)2) 

None 
Major 

(messy) 

1,2,4-triazole 
Slow (X = Cl) 

No (X = N(iPr)2) 
2:3 mixture 

1,2,3-triazole Not observed 
None 

(stable intermediate) 
3-Nitro-1,2,4-

triazole 
Fast None Major 

Tetrazole Fast 
Minor 

Major (when + 
DIPEA, X = N(iPr)2) 

Major 

 
 

5.4 Resin Functionalization 
Substituted azoles were then synthesized with carboxylic acids or amines if not 
commercially available. Histamine, 2-(4H-1,2,4-triazol-3-yl)acetic acid and 2-
(1H-tetrazol-5-yl)acetic acid were commercially available and 2-(5-nitro-4H-
1,2,4-triazol-3-yl)acetic acid18,19 and 3-(1H-1,2,3-triazol-5-yl)propanoic acid20 
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were synthesized according to literature procedures. It was not possible to 
synthesize the corresponding carboxylic acid of 4-nitroimidazole. 
 
The four carboxylic acids were then coupled to amine-functionalized TG-beads 
using standard peptide coupling conditions (Scheme 5.2). For histamine, the 
resin was first coupled with succinic anhydride to generate a resin-bound 
carboxylic acid which was then activated and coupled with the primary amine of 
histamine. All the coupling reactions with resin-bound amines were quantitative 
based on Kaiser test.  
 

 
Scheme 5.2. Functionalization of TG to give resin-bound heterocycles. 

 
It was then planned to load the different resins with P(III)-reagents using PCl 
with DIPEA and then perform GP 31P NMR to confirm the presence of the resin-
bound P(III) species. First the beads were treated with PCl and DIPEA in a 
plastic tube with a filter, washed and then transferred to an NMR tube.  GP 31P 
NMR did however not show the presence of any resin-bound P(III)-species and 
only H-phosphonate (14 ppm) from hydrolysis of the reagent was observed. If 
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the P(III)-species were resin-bound, they may have hydrolyzed while being 
transferred to the NMR tube. 
 
Instead an NMR tube was modified with a filter and hole in the bottom so the 
beads could be directly treated with PCl and then washed without having to 
transfer them before recording. It was now possible to observe and confirm the 
presence of the resin-bound P(III)-species (Fig 5.5) correlating with the 
chemical shifts of the P(III)-azolides from the initial solution phase study (Table 
5.2).  

 
Figure 5.5. Picture of modified NMR tube loaded with approx. 50 mg TG-beads. 
Comparison of solution phase and GP 31P NMR of P(III)-azolide of nitrotriazole. 
 

The resin-bound heterocycles all bound the P(III)-species well except for TG-
5.5 (imidazole) which only showed a minor peak at 124.4 ppm and a major peak 
at 143.0 ppm corresponding to an unknown specie. A similar peak was 
observed for TG-5.2 (tetrazole), but the major peak was the P(III)-azolide. 
These higher lying signals might come from binding of the P(III)-specie to the 
resin through a P-O bond, which could be the neighboring amide next to the 
tetrazole or it could be carboxylic acid leftovers for TG-5.5 if the peptide coupling 
was not quantitative – the amine was not resin-bound during that given peptide 
coupling so it was not possible to confirm the coupling with Kaiser test. 
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Table 5.2. Summary of chemical shifts and ability of the resin-bound heterocycles to 
bind and release P(III)-species. 

ID Heterocycle 
δ 

(ppm) 
pka 

P(III)-
binding? 

Release 
of P(III)? 

TG-5.5 Imidazole 124.4 14.5 Poor - 
TG-5.4 1,2,4-Triazole 127.3 10.3 Yes No 
TG-5.3 1,2,3-Triazole 127.7 9.40 Yes No 
TG-5.2 Tetrazole 132.6 4.90 Yes Yes 

TG-5.1 
3-Nitro-1,2,4-

triazole 
132.8 4.80 Yes Yes 

 
The chemical shifts of the resin-bound P(III)-azolides increased with decreasing 
pka-values of the corresponding heterocycle thus correlating deshielding of the 
31P-nuclei with the leaving group ability. 
 
When the resin-bound P(III)-azolides were washed with MeOH only TG-5.2 
(tetrazole) and TG-5.1 (nitrotriazole) released the P(III)-species whereas TG-
5.4 (1,2,4-triazole) and TG-5.3 (1,2,3-triazole) kept the P(III)-species. A slight 
upfield shift was observed for TG-5.3 likely corresponding to an isomerization 
of the P(III)-specie by migration to another nitrogen in the 1,2,3-triazole as 
observed in the solution phase study. It should be noted that it is unknown to 
which nitrogen the P(III)-species are bound for all cases and for simplicity they 
will by drawn as bound to N1/N4 of the heterocycles next to the linkage to the 
solid phase. Furthermore, the spectra only contained the P(III)-azolide except 
for TG-5.3. In the solution-phase study hydrolysis and oxidation side products 
were always present.  

 
 

5.5 Choosing a Resin 
It was obvious after the load-and-release study that either tetrazole or 
nitrotriazole would be the best candidates for the final setup. However, an 
investigation of different resins was performed (Table 5.3) before optimizing the 
transfer of P(III)-species to alcohols in solution.  
 
After screening different amine-functionalized resins for P(III)-loading ability and 
hygroscopicity, the combination of (aminomethyl)polystyrene functionalized 
with nitrotriazole (PS-5.1) was chosen.  
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Table 5.3. Overview of tested amine-functionalized resins, their chemical composition 
and loading. 

Resin Chemical Composition 
Loading 
(mmol/g) 

TentaGel™ S-NH2 Mixture of PS and PEG 0.20-0.35 
Amino-SynBase™ CPG 

3000/110 (LCAA) 
Silica 

0.020-
0.080 

(Aminomethyl)polystyrene PS 1.0-2.0 
(Aminobutyl)polystyrene PS 0.80-1.3 

Aminomethyl ChemMatrix® PEG 0.50-0.70 
TentaGel® XV HMPA Resin Mixture of PS and PEG 0.20-0.40 

HypoGel® RAM Resin PS with PEG branching 0.50-0.70 
PEGA Poly(acrylamide) with PEG chain 0.30-0.50 

 
 

5.6 Initial Transfer Results 
With the loading of the resin-bound heterocycle optimized it was time to look at 
the transfer of P(III)-species from resin to alcohol in solution. As a model 
substrate, 5’DMTr-floxuridine (5.6) was chosen since it is a commercially 
available nucleoside analog containing a fluorine on the nucleobase making it 
possible to perform 19F NMR analysis directly on the flow through fractions. 
Fortunately, the 19F NMR signals of 5.6 and the phosphoramidite of 5’DMTr-
floxuridine (5.6-P) (-P denotes the phosphoramidite of the corresponding 
compound) are distinguishable making it possible to determine the yield of the 
reaction directly by 19F NMR analysis (Fig 5.6). 

 
Figure 5.6. 19F NMR spectra of 5’DMTr-floxuridine (5.6), phosphoramidite of 5’DMTr-
floxuridine (5.6-P) and of a mixture of these. 
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After elution of the 5.6 through 5 eq. of resin-bound P(III)-azolide only 13% yield 
of 5.6-P was obtained (Fig. 5.7). It was believed that addition of base might 
increase the reaction rate by deprotonation of the alcohol. A series of bases 
was screened but there was no correlation between base strength and 
phosphoramidite yield. 
 

 
Figure 5.7. Transfer of resin-bound P(III)-azolide to floxuridine. Table of results from 
the screen of different bases. 
 

Addition of DBU, the strongest base of the screen, only yielded 18% 5.6-P 
whereas NMI, a much weaker base, gave a yield of 23%. Triethylamine did not 
change the yield compared to base-free conditions and pyridine decreased the 
yield. Secondary amines were also tested (but not included in the table) but 
these removed the P(III)-species from the resin as the corresponding P-N 
species were observed in the flow through fraction. DMAP gave the highest 
yield of 43% followed by 1,4-diazabicyclo[2.2.2]octane (DABCO) and NMI. 
These were the most nucleophilic bases of the screen. It was therefore 
hypothesized that the nucleophilic bases reacted directly with the resin-bound 
P(III)-species to generate a positively charged intermediate in solution which 
would be more electrophilic and thereby reactive towards oxygen nucleophiles 
(Fig 5.8). 
 
Indeed, when PCl was mixed with DMAP the parent PCl-peak at 182 ppm on 
the 31P NMR spectrum disappeared and a new broad peak (width approx. 5 
ppm) around 162 ppm was observed likely corresponding to a positively 
charged P(III)-pyridinium specie. The same did however not apply when DMAP 
was added to a solution of the P(III)-azolide of nitrotriazole as no change was 
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observed. It might therefore not be that DMAP quantitatively reacts with resin-
bound P(III)-azolide, but that it happens through a fast equilibrium (Curtin-
Hammet principle, but leading to same product) and reaction with the positively 
charged P(III)-specie is fast. Similar positively charged species have been 
confirmed before, during phosphoramidite coupling in SPOS but not during the 
synthesis of phosphoramidites.21 
 

 
Figure 5.8. Proposed equilibrium when DMAP is present. 

 
This led to the speculation that a DMAP-functionalized resin might be suitable 
for the phosphoramidite transfer. Commercially available DMAP-PS was loaded 
into the modified NMR tube and treated with excess PCl and DIPEA followed 
by GP 31P NMR analysis. However, no 31P signals were present and the route 
was abandoned. After further screening of DMAP concentrations it was found 
that the optimal concentration was 0.15 M (yield of 55% with same setup). For 
the whole study, DCM was used as a solvent and not MeCN due to solubility of 
the nucleoside starting materials. 
 
 

5.7 Integration into Flow and Diffusion Study 
The experiments until now have been performed in the modified NMR tube. In 
order to make an automated setup the system would need to be integrated into 
a flow system. Empty HPLC columns were filled with PS-5.1 beads and after 
testing 100 x 2.1 mm (containing approx. 40 mg resin), 20 x 4.6 mm (containing 
approx. 40 mg resin) and 75 x 4.6 mm (containing approx. 250 mg resin)  (length 
x inner diameter) columns, the choice fell on the latter. The 20 x 4.6 mm gave 
too low yield and the backpressure became too high for the 100 x 2.1 mm 
column. The optimization was then performed on the 75 x 4.6 mm column, now 
working as a packed bed reactor integrated into the setup. 
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The setup (Fig. 5.9) consisted of an HPLC pump to pump DCM through the 
reactor system which consisted of a backpressure regulator, three injection 
valves in series with different loops followed by the packed bed reactor 
containing PS-5.1 beads. The eluate could then be collected after passing 
through the packed bed reactor. The three different loops were loaded with 
DCM/MeOH (1.13 mL) for cleaning the resin of P(III)-reagent when finished, 
PCl/DIPEA for loading the resin (2.42 mL) and alcohol/DMAP (114 μL). 
 

 
Figure 5.9. Schematic representation of the flow setup (figure produced by Ph.d. 
student Martin Bundgaard Johansen) 
 

The volume of the loop containing the alcohol was 114 μL meaning it would 
contain 11.4 μmol compound when 0.1 M alcohol was used. This is 
approximately what is needed for a single coupling during SPOS (14 μmol, 2 x 
7 μmol). Initially, the diffusion of alcohol/product through the system was 
analyzed. This was to identify how long time the 114 μL sample elutes over after 
passing through the tubing and the packed bed reactor. HPLC and LCMS 
methods were not available for this and 19F NMR analysis would not be suitable 
due to the small amount of material. Instead, simple TLC analysis was chosen 
to monitor elution of starting material, product and DMAP. The alcohol substrate 
used for the following study was 5’DMTr-thymidine. Fractions containing 
approximately 48 μL eluate were collected and subjected to TLC analysis.  
 
Two examples can be seen in Figure 5.10. with residence times of 1 and 2 mins 
(flow rate = 1.0 or 0.50 mL/min respectively when using an HPLC column with 
a void volume of 1.0 mL). It is apparent that the yield of the reaction increases 
when increasing the residence time (corresponding to increasing the reaction 
time). Azobenzene (0.1 M) was added to the alcohol mixture during the first 
study as an inert indicator dye making it easy to visually follow diffusion through 
the tubing and can be seen on the first TLC as the highest band. 
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Figure 5.10. Example of two TLCs from the diffusion study. Fractions of approximately 
48 μL were collected after passing through the 75 x 4.6 mm packed bed reactor column 
with a void volume of 1.0 mL. Each fraction was analyzed and spotted as a function of 
time. The first fraction was collected after 1/6 of the residence time. Product appears as 
the highest band, followed by starting material and DMAP. Starting material and DMAP 
(original solution) has been spotted as references to the left. For residence time = 1 min 
the highest band corresponds to azobenzene. 

 
It should be noted that the product elutes as two different spots corresponding 
to the two phosphoramidite diastereomers. The diffusion should be lowered with 
increasing flow rate according to the van Deemter equation (Fig. 5.11),22 due to 
the decrease in longitudinal diffusion which is time dependent. It does however 
not seem to be the case by visual inspection of the TLC plates. The effect of 
longitudinal diffusion may not be as pronounced with these flow rates and the 
width of the band may simply come from the “multiple paths term” related to 
eddy diffusion23 which is determined by the packing and the size of the beads, 
a factor that cannot be changed by altering the flow rate. Since the parameters 
(A, B, Cs and Cm) are not known for this system it is not possible to say where 
on the van Deemter-graph below we are located with the given flow rates. It was 
concluded that diffusion of the initial 114 μL sample becomes approximately 2.5 
times the void volume. 
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Figure 5.11. Plot of the van Deemter equation. A is the Eddy-diffusion parameter, B is 
the longitudinal diffusion coefficient of the eluted compound, Cs and Cm relates to mass 
transfer between mobile and stationary phases and v is the flow rate. This all affects the 
broadening of the bands (or the height of the theoretical plates).  

 

5.8 Residence Time and Scope  
A series of alcohols (Fig 5.12) with DMAP was then eluted through the loaded 
packed bed reactor with residence times from 1 to 8 minutes. The collected 
eluates were concentrated under reduced pressure and analyzed by NMR to 
determine the yield.  
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Figure 5.12. Structure of the twelve alcohols in the scope. 
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The scope consisted of 9 nucleoside and 3 non-nucleoside alcohols including 
sterically hindered alcohols 5.11 and 5.12 along with disulfide containing 5.9 
yielding a redox-unstable phosphoramidite.   
 
All substrates showed full conversion within residence times of 8 minutes (Table 
5.4) and surprisingly the more sterically hindered alcohols were not the slowest 
to react. Thymidine (dT) and benzoyl-adenosine (Bz-dA) were the slowest 
substrates to show full conversion. Primary alcohols 5.8 and 5.9 showed full 
conversion within 1 minute along with isobutyryl-guanosine (iBu-dG). Large 
variations were observed for the general nucleosides only differing on the 
nucleobase and it is not clear what the reasons for this is. 
 
Table 5.4. Summary of yields of phosphoramidites from the corresponding alcohols at 
the given residence times. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
In general, the eluate only contained the desired phosphoramidite, DMAP and 
the hydrolysis side product from the reaction between residual water and the 
resin-bound P(III)-species.  
 
 

5.9 Single Coupling and Oligomer Synthesis 
The loading of the resin and transfer of the P(III)-azolide to an alcohol were at 
this point optimized to give phosphoramidites in quantitative yield in a matter of 

Alcohol 
Residence time 

1 min 2 mins 4 mins 6 mins 8 mins 
dT 58% 80% 88% 96% 100% 

Bz-dC 59% 85% 98% 100% 100% 
Bz-dA 44% 68% 89% 95% 100% 
iBu-dG 100% 100% 100% 100% 100% 

5.6 79% 100% 100% 100% 100% 
5.7 67% 100% 100% 100% 100% 
5.8 100% 100% 100% 100% 100% 
5.9 100% 100% 100% 100% 100% 

5.10 89% 91% 100% 100% 100% 
5.11 95% 99% 100% 100% 100% 
5.13 50% 81% 93% 100% 100% 
5.12 86% 95% 100% 100% 100% 
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minutes. It was now time to test if the crude mixtures provided satisfactory 
coupling yields.  The phosphoramidites were then concentrated under reduced 
pressure, redissolved in MeCN and used directly in the subsequent coupling 
step. It should be noted that technology for inline evaporation and solvent swaps 
during flow synthesis has been developed24 but it was not integrated into this 
setup, due to the lack of expertise. 
 
To quantify the coupling reaction a T7 sequence was cleaved and a 
phosphoramidite (here denoted B) synthesized by the phosphoramidite transfer 
method was used in the coupling followed by synthesis of another T7 sequence 
(Fig. 5.13). It should then be possible to quantify the HPLC UV-traces of the 
product T7BT7 and the truncated strand T7 produced from capping after 
insufficient coupling with B. 
 
The coupling yield was above 95% for all phosphoramidites except 5.7-P and 
sterically hindered 5.12-P. Extended coupling times were used for 5.12-P and 
5.13-P. For the canonical nucleoside phosphoramidites the coupling yield was 
>99% except for Bz-dG. An increased concentration of ETT (0.50 M) was 
employed since lower coupling yields were observed with standard 
concentrations (0.25 M).  
 

 
Figure 5.13. Synthesis of T7BT7 ONs for quantification of single coupling yields. Table 
summarizing the coupling yields for the twelve phosphoramidites. 

 
The results were satisfactory. It was unsure whether DMAP would affect the 
coupling reaction and DMAP may be the reason for the required higher 
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concentration of activator needed to see satisfactory coupling yields. It has been 
reported to have DMAP as a beneficial additive for the coupling reaction and 
this also required higher concentrations of activator.25,26 
 
At last a 13-mer and a 51-mer ONs were synthesized using solely 
phosphoramidites prepared by the phosphoramidite transfer method (Fig 5.14). 
They were cleaved using AMA and the crude mixture was subjected to HPLC 
analysis. It should be noted that the same resin has been used for the whole 
study emphasizing the reusability.  

 
Figure 5.14. Synthesis of a 13-mer and a 51-mer ON by the conventional method 
(green) or by using phosphoramidites prepared with the phosphoramidite transfer 
method (blue). Chromatograms of crude oligonucleotides.  
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The ON prepared by the phosphoramidite transfer method showed high crude 
purity however minor impurities were present. The conventional method still 
showed higher crude purity. Furthermore, the average SPOS cycle yields (Table 
5.5) were comparable between the two methods, albeit lower for on-demand 
synthesized phosphoramidites. 
 
Table 5.5. Comparison of total yields and coupling yields for ONs synthesized by using 
commercial phosphoramidites and on-demand synthesized phosphoramidites.  

ON Yield 
Average SPOS 

cycle yield 
13-mer (conventional) 60.6% 95.9% 
13-mer (on-demand) 37.0% 92.0% 

51-mer (conventional) 41.8% 98.3% 
51-mer (on-demand) 13.8% 96.1% 

 
 

5.10 Outlook 
The vision for this technology would be the direct implementation into an 
automated setup where the alcohols instead of the phosphoramidites are stored 
on DNA synthesizers and then converted to their corresponding 
phosphoramidites before direct submission into SPOS. This would solve the 
storage issues with phosphoramidites, and it would save time and cost since 
manual synthesis and purification of phosphoramidites would no longer be 
required.  

A similar method exists,27 but here the phosphoramidites are formed in situ 
before submission to SPOS and it is required that all the phosphitylating reagent 
is used since it would otherwise react with the resin-bound 5’-OH of the growing 
ON. Furthermore, the phosphitylation reaction time is 30 minutes for dA, dC and 
dT and 16 hours for dG due to side reactions of O6. This method would not be 
suitable for automation since a filtration step is required to remove a tetrazolide 
salt.  

A further outlook would be on diversifying the type of phosphoramidite 
compounds capable of being synthesized by this method. As mentioned in 
Chapter 1 the phosphoramidite itself can be diversified into other 
phosphodiester mimics depending on the oxidation conditions. However, other 
P(III)-species can lead to other types of backbones (Fig. 5.15). 
Diastereomerically pure phosphoramidites can lead to diastereomerically pure 
phosphorothioates, thiophosphoramidites to phosphorodithioates and 
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phosphonamidites to phosphonates. It would be rather simple to take the 
different chloro-reagents, load them onto the resin and perform GP 31P NMR 
analysis to confirm their presence and then test their transfer to alcohols in 
solution. 
 
This would make it possible to synthesize all the different backbones from the 
different phosphitylating reagents using the same nitrotriazole-functionalized 
resin. 
  

 
Figure 5.15. Different P-Cl reagents can lead to different phosphodiester mimics of the 
backbone. 

 
The final goal would be addition of an inline evaporation step, as earlier 
mentioned, before complete automation can be achieved. 
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5.11 Conclusion 
To conclude a method for the synthesis of phosphoramidites in a rapid manner 
has been developed without the need of purification before direct submission 
into SPOS. The activator screen indicated the azoles as the most promising 
type of activators for resin-binding and the combination of (aminomethyl)-
polystyrene and nitrotriazole were later chosen with DMAP as a beneficial 
additive for the transfer reaction. Integration of the resin into a flow setup led to 
the synthesis of twelve different phosphoramidites with retention times of 8 
minutes or less. The product phosphoramidites gave high yields in the 
subsequent coupling step during SPOS close to those of pure commercial 
phosphoramidites. 
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Epilogue 
Many challenges were encountered during the 4 years where the projects were 
performed. Initially the first 2 projects were performed without any help from 
older students. No one in our group knew how to perform solid-phase chemistry 
and the first 6 months of the Ph.d. study were the most difficult, having to learn 
about how to handle solid supports, monitoring solid-phase reactions and in 
general which reactions would be possible. The initial approach for the 
synthesis of small cyclic oligonucleotides was based on literature precedents 
but, frustratingly, it was not possible to reproduce the cyclization for unknown 
reasons. The second approach quite fast got messy since the nucleosides were 
laborious to handle, NMR data analysis was difficult due to rotamers and the 
molecules behaved very unpredictably once attached to a solid support. After 
numerous (desperate) attempts, the second approach was discontinued and in 
the last phosphorothioate-based approach it was possible to quickly check if the 
reactions worked or not. As the reader knows the whole project was 
discontinued after 2.5 years. But as Kurt proposed back in 2016, these 
molecules exist but were yet undiscovered. Since then a few different small 
cyclic oligonucleotides were discovered – the first in 2017. And the Science 
paper from 2017 by Kazlauskiene et al. concerninig the discovery of cyclic 
oligoadenylates has already received 130 citations as of July 2020, thus 
emphasizing the interest in these molecules. It has been interesting to follow 
the field of small cyclic oligonucleotides but also very frustrating that it was not 
possible to pass the hurdle of organic synthesis to gain access to the molecules. 

As with the main project, the side project (A Naphthalene-based Azoswitch) was 
also discontinued at the same time due to unsatisfactory results. At that point, I 
went on a 6-month research stay in the lab of Prof. Phil S. Baran and worked 



148 
 

on four different projects with some highly talented post docs learning 
electrochemistry and in general a new way of thinking about chemistry and how 
to approach problems. 

Upon return to Denmark I had 1 year left of my Ph.d. with only unpublishable 
results (not counting the work done in USA). Before I went abroad, I had Kurt 
convinced that I could start on the two last projects once I returned. During my 
stay I had time to plan the projects and anticipate the problems that may arise. 
Initially, I had Dr. Thuy Dinh Jane Nguyen join me for the Phosphoramidite 
Transfer project and quite fast we screened our way to find optimum conditions. 
Ph.d. student Martin Bundgaard Johansen helped us set up the flow system and 
once Jane had to write her dissertation Ph.d. student Rikke Asbæk Hansen took 
over and at that point helped synthesizing the different starting materials and 
reference products along with completing the scope. Simultaneously, I was able 
to perform the method development for the Oligo(disulfide) project, to which I 
had recruited M.Sc. Kassem El-Chami who at that point was a Master student 
in the lab, working on a related project. Though he was not part of the method 
development, solutions to problems arising during the synthesis of his 
monomers were transferrable for the general oligomer synthesis (fx the benzylic 
deprotonation by TMG). Both projects turned out successfully and the 
Phosphoramidite Transfer Project has been submitted for publication and a 
manuscript for the Oligo(disulfide) Project is being written. Furthermore, a 
patent has been filed for the Phosphoramidite Transfer Method.  

For future perspective I believe that if the Phosphoramidite Transfer technology 
receives enough attention it can be directly integrated into automated DNA 
synthesizers and this might be the end for small scale manual synthesis and 
storage of phosphoramidites. 

All in all, after being at an ultimate low point after 2.5 years as a Ph.d. student it 
quite dramatically turned around for the last 1.5 year with some amazing results. 
At last it should be said that it is not only the skills of the student that determines 
the project outcome, but also the project itself, sheer luck and of course help 
from others.   
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Materials and Methods 
All chemicals were purchased from Sigma-Aldrich, VWR, Carbosynth and Link 
Technologies Ltd. In Scotland and used without further purification. Solvents 
were of HPLC grade, anhydrous solvents were purchased in Sure/Seal bottles 
with inert atmosphere or dried prior use by a M-BRAUN solvent purification 
system. Yields refer to mass of isolated compounds unless otherwise stated. 
Reactions were monitored by thin-layer chromathography (TLC) on Merck silica 
60 F254 plates and visualized by exposure to UV (254 nm) or by staining with 
solutions of molybdic acid, potassium permanganate, ninhydrin, vanillin, or p-
anisaldehyde. Flash column chromatography was performed using Merck silica 
gel 60 (230-400 mesh) as stationary phase. NMR spectra were recorded on a 
Bruker BioSpin GmbH AscendTM 400 and were calibrated using deuterated 
solvents (MeCN, DMSO, Chloroform). 1H NMR was recorded at 400 MHz, 13C 
NMR was recorded at 100 MHz, 19F NMR was recorded at 376 MHz and 31P 
NMR was recorded at 162 MHz. Chemical shifts are reported in parts per million 
and following abbreviations were used to explain multiplicities: s = singlet, d = 
doublet, t = triplet, q = quartet, quintet, m = multiplet. Coupling constants are 
reported in Hz. HRMS was performed using electrospray ionization on a Bruker 
Daltonics MicrOTOF. 

Oligonucleotides and oligo(disulfides) were synthesized in house on a 
BioAutomation MerMade-12 automated oligonucleotide synthesizer using 
reagents and preloaded 1000 Å CPG columns purchased from Link 
Technologies Ltd. in Scotland unless otherwise stated. Phosphoramidites were 
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synthesized in house or purchased from Link Technologies Ltd. in Scotland. 
Oligo(disulfide) synthesis was performed on 50 nmol scale. Phosphoramidites 
were purchased from Link Technologies Ltd. in Scotland. Oligonucleotide 
synthesis was carried out under standard conditions unless otherwise states. 
Synthesized oligonucleotides were cleaved from solid support using AMA (1:1 
40% methylamine/30-33% ammonium hydroxide) or concentrated aqueous 
ammonia. The mass of oligonucleotides and oligo(disulfides) were confirmed by 
UHPLC-ESI-TOF on a Shimadzu LCMS-2020 system. All oligonucleotides were 
HPLC purified on a Hewlett-Packard Agilent Expand C-18 stationary column. 
All water used when working with oligonucleotide was MilliQ. 

Empty PD-10 columns from GE Healthcare (referred to as plastic columns) 
equipped with 2 filters and a plastic cap was used for performing non-automated 
solid-phase reactions. 

Quantification of resin-loading was determined by cleavage of the DMTr-group 
in a mixture of EtOH/conc. HCl(aq) (1:1, v/v) using a molar extinction coefficient 
of 71700 M-1cm-1 at 495 nm or cleavage of the MMTr-group with 5% 
trichloroacetic acid in 1,2-dichloroethane (w/v) using a molar extinction 
coefficient of 52150 M-1cm-1 at 478 nm The absorbance was monitored on an 
Evolution 260 Bio UV-Vis Spectrophotometer from Thermo Scientific.  
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S2.1 Organic Synthesis 1 
 

Synthesis of compound 2.1.1 
Resin-bound 2-(3-chloro-4-hydroxyphenyl)acetic acid 
Original synthesis and characterization: E. Alazzouzi, N. Escaja, A. Grandas, E. A. Pedroso, 
Straightforward Solid‐Phase Synthesis of Cyclic Oligodeoxyribonucleotides, Angew. Chem. Int. 
Ed. Engl., 36, 1506-1508 (1997) 
 

 
 

In DCM (5 mL) were dissolved 2-(3-chloro-4-hydroxyphenyl)acetic acid (233 
mg, 1.25 mmol, 5.0 eq) and DIC (0.196 mL, 1.25 mmol, 5.0 eq). DIPEA (0.10 
mL, 6.35 mmol, 25.4 eq) and HOBt monohydrate (192 mg, 1.25 mmol, 5.0 eq) 
were added and the mixture was stirred for 45 minutes at room temperature. 
The mixture was then added to a plastic column charged with amine-
functionalized TG beads (555 mg, 0.45 μmol/g, 0.25 mmol, 1.0 eq) and the tube 
was shaken 16 hours at room temperature. The beads were then washed 
excessively with DCM, MeOH and Et2O.  
 
The reaction appeared quantitative by negative Kaiser test. 
 
To the beads were then added a mixture of Ac2O/NMI/THF (6 mL, 1/1/18, v/v) 
and the tubes were shaken at room temperature for 30 minutes and then 
washed excessively with DCM, MeOH and Et2O. The beads were then treated 
with concentrated aqueous ammonia (6 mL) and shaken for 30 minutes at 50 
°C. The beads were then washed excessively with DCM, MeOH and Et2O. 
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Synthesis of resin 2.1.2 
Resin-bound 2-(4-(((((2R,3S,5R)-2-((bis(4-methoxyphenyl)(phenyl)meth-
oxy)methyl)-5-(5-methyl-2,4-dioxo-3,4-dihydropyrimidin-1(2H)yl)tetra-
hydrofuran-3-yl)oxy)(2-cyanoethoxy)phosphoryl)oxy)-3-chlorophenyl)-
acetic acid  
Original synthesis and characterization: E. Alazzouzi, N. Escaja, A. Grandas, E. A. Pedroso, 
Straightforward Solid‐Phase Synthesis of Cyclic Oligodeoxyribonucleotides, Angew. Chem. Int. 
Ed. Engl., 36, 1506-1508 (1997) 

 
 

A plastic column was charged with 2.1.1 (125 mg, 450 μmol/g, 56.3 μmol, 1.0 
eq) and 5’DMTr thymidine phosphoramidite in MeCN (3 mL, 0.1 M, 0.3 mmol, 
5.3 eq) was added along with ETT in MeCN (3 mL, 0.25 M, 0.75 mmol, 13.3 eq) 
and the tube was shaken 16 hours at room temperature. The beads were then 
washed excessively with MeCN, DCM and Et2O and then treated with a mixture 
of Ac2O/NMI/THF (6 mL, 1/1/18, v/v). The tubes were shaken at room 
temperature for 30 minutes and then washed excessively with DCM, MeOH and 
Et2O. 
 
Gel Phase 31P NMR (162 MHz, CDCl3) δP (ppm) 133.2  
 
The beads were then treated with 0.02 M iodine in THF/pyridine/water (7:2:1, 
v/v) (3 x 5 minutes) and then washed extensively with DCM and Et2O. 
 
Gel Phase 31P NMR (162 MHz, DMF) δP (ppm) -8.3 
 
Loading was determined by treatment of the beads with EtOH/conc. HCl (1:1, 
v/v) with UV monitoring at 495 nm (ε495 = 71700 M-1cm-1) 
1.9 mg beads in 50 mL EtOH/conc. HCl (1:1, v/v). A495 = 0.765, loading = 296 
μmol/g (66% yield) 
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Synthesis of resin 2.1.3 
Resin-bound Triethylammonium (2R,3S,5R)-2-((bis(4-methoxy-phenyl)-
(phenyl)methoxy)methyl)-5-(5-methyl-2,4-dioxo-3,4-dihydro-pyrimidin-1 
(2H)-yl)tetrahydrofuran-3-yl (4-(carboxymethyl)-2-chloro-phenyl) 
phosphate  
Original synthesis and characterization: E. Alazzouzi, N. Escaja, A. Grandas, E. A. Pedroso, 
Straightforward Solid‐Phase Synthesis of Cyclic Oligodeoxyribonucleotides, Angew. Chem. Int. 
Ed. Engl., 36, 1506-1508 (1997) 
 

 
 

A plastic column was charged with 2.1.2 (125 mg, 296 μmol/g, 37 μmol) and 
Et3N/MeCN (5 mL, 1:1, v/v) was added and the tube was shaken for 75 minutes 
at room temperature. The beads were then washed excessively with MeOH and 
DCM. 
 
Gel Phase 31P NMR (162 MHz, CDCl3) δP (ppm) -6.5 
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Synthesis of resin 2.1.5 
Resin-bound 2-(3-chloro-4-(((4aR,6R,7aS)-6-(5-methyl-2,4-dioxo-3,4-di-
hydropyrimidin-1(2H)-yl)-2-oxidotetrahydro-4H-furo[3,2-d][1,3,2]-dioxa-
phosphinin-2-yl)oxy)phenyl)acetic acid  
 
 

 
 

A plastic column was charged with 2.1.3 (35 mg, 296 μmol/g, 10.4 μmol, 1.0 eq) 
and the beads were treated with TCA in DCM (3%, w/v) until the red color 
ceased. The beads were then washed extensively with MeOH and DCM. 
MSNT in pyridine (1 mL, 0.1M, 100 μmol, 9.6 eq) was added and the tube was 
shaken 16 hours at room temperature. The beads were then washed 
excessively with DCM. 
 
Gel Phase 31P NMR (162 MHz, CDCl3) δP (ppm) -7.6 
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Cleavage of compound 2.1.5: cyclic TMP 
(4aR,6R,7aS)-6-(5-methyl-2,4-dioxo-3,4-dihydropyrimidin-1(2H)-
yl)tetrahydro-4H-furo[3,2-d][1,3,2]dioxaphosphinin-2-olate 2-oxide 
 

 
 

2.1.5 (10 mg 296 μmol/g, 2.96 μmol) was treated with concentrated aqueous 
NH3 (500 μL) for 6 hours at 55 °C. The supernatant was transferred to an 
Eppendorf tube and concentrated under reduced pressure.   
 
31P NMR (162 MHz, MeCN/H2O (1:1, v/v)) δP (ppm) -2.3 
 
The same experiment was performed for 2.1.3 and no 31P NMR signal was 
observed in solution. 
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Synthesis of resin 2.1.6 
Resin-bound triethylammonium (2R,3S,5R)-2-((((((2R,3S,5R)-2-((bis-(4-
methoxyphenyl)(phenyl)methoxy)methyl)-5-(5-methyl-2,4-dioxo-3,4-di-
hydropyrimidin-1(2H)-yl)tetrahydrofuran-3-yl)oxy)(2-cyano-ethoxy)-
phosphoryl)oxy)methyl)-5-(5-methyl-2,4-dioxo-3,4-dihydro-pyrimidin-
1(2H)-yl)tetrahydrofuran-3-yl (4-(carboxymethyl)-2-chloro-phenyl) 
phosphate  

 
 

A plastic column was charged with 2.1.3 (100 mg, 181 μmol/g, 18.1 μmol, 1.0 
eq) and the beads were treated with TCA in DCM (3%, w/v) until no more red 
cation was released. The beads were then washed extensively with MeOH and 
DCM. Then dT-P-amidite in MeCN (3 mL, 0.1 M, 300 μmol, 16.6 eq) and ETT 
in MeCN (3 mL, 0.25 M, 750 μmol, 41.4 eq) was added and the tube was shaken 
for 1 hour at room temperature. 
The beads were then washed excessively with MeCN, DCM and Et2O and then 
treated with a mixture of Ac2O/NMI/THF (6 mL, 1/1/18, v/v). The tubes were 
shaken at room temperature for 30 minutes and then washed excessively with 
DCM, MeOH and Et2O. 
The beads were then treated with iodine in THF/pyridine/water (7:2:1, v/v) (3x5 
minutes) and then washed extensively with DCM and Et2O. The yield was 
determined to be quantitative by integration of the peak at -2.1 ppm relative to 
the peak at -7.0 ppm using Gel Phase 31P NMR. 
 
Gel Phase 31P NMR (162 MHz, CDCl3) δP (ppm) -2.1, -7.0 
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Cyclization of 2.1.6 
 

 
 
A plastic column was charged with 2.1.6 (35 mg, 296 μmol/g, 10.4 μmol, 1.0 eq) 
and the beads were treated with TCA in DCM (3%, w/v) until no more red cation 
was released. The beads were then washed extensively with MeOH and DCM. 
MSNT in pyridine (1 mL, 0.1M, 100 μmol, 9.6 eq) was added and the tube was 
shaken 16 hours at room temperature. The beads were then washed 
excessively with DCM. Gel Phase 31P NMR showed no difference compared to 
starting material. 
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Synthesis of resin 2.1.7 
Resin-bound 2-(4-(((((2R,3S,5R)-2-((bis(4-methoxyphenyl)(phenyl)-meth 
oxy)methyl)-5-(5-methyl-2,4-dioxo-3,4-dihydropyrimidin-1(2H)-yl)tetra- 
hydrofuran-3-yl)oxy)(methoxy)phosphoryl)oxy)-3-chloro-phenyl)acetic 
acid 

 
 

A plastic column was charged with 2.1.3 (60 mg, 181 μmol/g, 10.8 μmol, 1.0 eq) 
and the beads were treated with MeOH (4.4 μL, 108 μmol, 10.0 eq) and MSNT 
(32 mg, 108 μmol, 10.0 eq) in pyridine (2 mL). The tube was shaken 16 hours 
at room temperature and the beads were then washed excessively with DCM. 
 
Gel Phase 31P NMR (162 MHz, CDCl3) δP (ppm) -7.4 
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S2.2.1 Organic Synthesis 2 
 

Synthesis of compound 2.2.1 
1-((6aR,8R,9R,9aS)-9-hydroxy-2,2,4,4-tetraisopropyltetrahydro-6H-furo 
[3,2-f][1,3,5,2,4]trioxadisilocin-8-yl)pyrimidine-2,4(1H,3H)-dione 
Original synthesis and characterization: M. J. Robins, J. S. Wilson, F. Hansske, Nucleic Acid 
Related Compounds. 42. A General Procedure for the Efficient Deoxygenation of Secondary 
Alcohols. Regiospecific and Stereoselective Conversion of Ribonucleosides to 2’-
Deoxynucleosides, J. Am. Chem. Soc., 105, 4059-4065 (1983) 
 

 
 
Uridine (1.5 g, 6.14 mmol, 1.0 eq) was dissolved in dry pyridine (40 mL) and 
cooled on an ice bath. TIPDSCl (2.16 mL, 6.76 mmol, 1.1 eq) was added 
dropwise and the mixture was stirred 16 hours at room temperature. The solvent 
was removed under reduced pressure and the residue was subjected to flash 
column chromatography (9:1 to 6:4 Pentane/EtOAc) to give the desired 
compound (2.78 g, 5.71 mmol, 93% yield) as a white foam. 
 
1H NMR (400 MHz, CDCl3) δH (ppm) 8.07 (s, 1H), 7.66 (d, J = 8.15 Hz, 1H), 
5.72 (s, 1H), 5.70 (dd, J = 8.11,  2.18 Hz, 1H), 4.40 (dd, J = 8.58, 5.00 Hz, 1H), 
4.21-4.16 (m, 2H), 4.10 (dt, J = 8.62, 2.15 Hz, 1H), 4.02 (dd, J = 13.13, 2.81 Hz, 
1H), 2.84 (s, 1H), 1.11-1.00 (m, 28H) 
13C NMR (100 MHz, CDCl3) δC (ppm) 163.9, 150.6, 139.9, 102.1, 91.1, 81.8, 
75.1, 68.5, 60.1, 17.5, 17.4, 17.3, 17.3, 17.1, 17.0, 17.0, 16.8, 13.4, 13.1, 13.0, 
12.5 
HRMS (ESI) m/z [M+H]+ calc. for C21H49N2O7Si2 487.2290, found 487.2276 

 
 

  



 Supporting Information – Chapter 2 

S13 
 

Synthesis of compound 2.2.2 
O-((6aR,8R,9R,9aR)-8-(2,4-dioxo-3,4-dihydropyrimidin-1(2H)-yl)-2,2,4,4-
tetraisopropyltetrahydro-6H-furo[3,2-f][1,3,5,2,4]trioxadisilocin-9-yl)1H-
imidazole-1-carbothioate 
Original synthesis and characterization: D. J. Dellinger, Z. Tim, J. Myerson, A. B. Sierzchala, J. 
Turner, F. Ferreira, A. Kupih, G. Dellinger, K. W. Hill, J. A. Powell, J. R. Sampson, M. H. 
Caruthers, Streamlined Process for the Chemical Synthesis of RNA Using 2′-O-
Thionocarbamate-Protected Nucleoside Phosphoramidites in the Solid Phase, J. Am. Chem. 
Soc., 133, 11540-11556 (2011) 
 
 

 
 
A 250 mL roundbottomed flask was charged with 2.2.1 (1.92 g, 3.94 mmol, 1.0 
eq) and DMAP (241 mg, 1.97 mmol, 0.5 eq) which were dissolved in DCM (50 
mL). Thiocarbonyldiimidazole (2.11 g, 11.83 mmol, 3.0 eq) was added and the 
solution stirred 16 hours at room temperature. The mixture was diluted with 
DCM (50 mL) and washed with saturated NaHCO3 (100 mL), water (100 mL), 
brine (100 mL) and then dried over MgSO4, filtered and concentrated under 
reduced pressure. The residue was subjected to flash column chromatography 
(1:2 to 1:1 EtOAc/Pentane) to give the desired compound (1.983 g, 3.31 mmol, 
84% yield) as a white foam. 
 
1H NMR (400 MHz, d6-DMSO) δH (ppm) 11.47 (s, 1H), 8.55 (s, 1H), 7.87 (s, 
1H), 7.66 (d, J = 8.06 Hz, 1H), 7.12 (s, 1H), 6.32 (d, J = 5.71 Hz, 1H), 5.91 (s, 
1H), 5.63 (d, J = 8.05 Hz, 1H), 4.86 (t, J = 6.05 Hz, 1H), 4.11-4.05 (m, 2H), 4.03-
3.97 (m, 1H), 1.09- 0.77 (m, 28H) 
13C NMR (100 MHz, d6-DMSO) δC (ppm) 183.3, 163.2, 150.1, 142.5, 137.1, 
131.0, 118.6, 101.8, 89.5, 82.9, 81.1, 70.0, 60.9, 17.3, 17.2, 17.1, 17.1, 17.0, 
16.9, 16.5, 16.5, 12.6, 12.4, 12.1, 12.1 
HRMS (ESI) m/z [M+H]+ calc. for C24H41N4O7SSi2 597.2229, found 597.2240 
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Synthesis of compound 2.2.3 
Methyl 2-(4-(((((6aR,8R,9R,9aR)-8-(2,4-dioxo-3,4-dihydropyrimidin-1(2H)-
yl)-2,2,4,4-tetraisopropyltetrahydro-6H-furo[3,2-f][1,3,5,2,4]trioxadisilocin-
9-yl)oxy)carbonothioyl)oxy)phenyl)acetate 
 

 
 
A 250 mL roundbottomed flask was charged with 2.2.2 (1.98 g, 3.32 mmol, 1.0 
eq) which was dissolved in DCM (50 mL) and a solution of methyl 2-(4-
hydroxyphenyl)acetate (2.76 g, 16.59 mmol, 5.0 eq) and Et3N (0.462 mL, 3.32 
mmol, 1.0 eq) in DCM (10 mL) was added. The mixture was stirred 2 days at 40 
°C and then diluted with EtOAc. The mixture was washed with saturated 
NaHCO3, water and brine, dried over Na2SO4, filtered and concentrated under 
reduced pressure. The residue was subjected to flash column chromatography 
(3:1 to 1:1 Pentane/EtOAc) to give the desired compound (943 mg,1.36 mmol, 
41% yield) as a white foam. 
 
1H NMR (400 MHz, CDCl3) δH (ppm) 7.93 (s, 1H), 7.71 (d, J = 8.20 Hz, 1H), 
7.33 (d, J = 8.49 Hz, 1H), 7.08 (d, J = 8.45 Hz, 1H), 6.00 (d, J = 4.75 Hz, 1H), 
5.92 (s, 1H), 5.73 (dd, J = 8.11, 2.09 Hz, 1H), 4.55 (dd, J =  9.34 Hz, 4.76 Hz, 
1H), 4.24 (d, J = 14.46 Hz, 1H), 4.11 (d, J = 8.35 Hz, 1H), 4.05 (dd, J = 13.31, 
1.26 Hz, 1H), 3.71 (s, 3H), 3.65 (s, 2H), 1.13-0.99 (m, 28H) 
13C NMR (100 MHz, CDCl3) δC (ppm) 193.9, 171.8, 162.9, 152.6, 149.6, 139.6, 
132.6, 130.6, 122.0, 102.4, 88.7, 84.0, 82.4, 68.3, 59.6, 53.9, 52.3, 40.7, 29.4, 
17.6, 17.5, 17.4, 17.4, 17.1, 17.1, 17.0, 13.5, 13.1, 13.0, 12.9  
HRMS (ESI) m/z [M+H]+ calc. for C31H47N2O10SSi2 695.2484, found 695.2486 
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Synthesis of compound 2.2.5 
Methyl 1-((((6aR,8R,9R,9aR)-8-(2,4-dioxo-3,4-dihydropyrimidin-1(2H)-yl)-
2,2,4,4-tetraisopropyltetrahydro-6H-furo[3,2-f][1,3,5,2,4]trioxadisilocin-9-
yl)oxy)carbonothioyl)piperidine-4-carboxylate 
 

 
 
A 250 mL roundbottomed flask was charged with 2.2.3 (2.80 g, 4.69 mmol, 1.0 
eq) which was dissolved in MeCN/DCM (80 mL, 1:1 v/v). Methyl isonipecotate 
(0.697 mL, 5.16 mmol, 1.1 eq) and Et3N (0.37 mL, 2.65 mmol, 1.77 eq) was 
added and the mixture was stirred 16 hours at room temperature. The solvent 
was removed under reduced pressure and the residue was redissolved in 
EtOAc (50 mL) and washed with water (50 mL), 2,5% NaHSO4 (w/v) (50 mL) 
and brine (50 mL), dried over Na2SO4, filtered and concentrated under reduced 
pressure. The residue was subjected to flash column chromatography (2/1 to 
1/2 Pentane/EtOAc) to give the desired compound (2.729 g, 4.08 mmol, 87% 
yield) as a white foam. 
 
1H NMR (400 MHz, CDCl3) δH (ppm) 8.22 (s, 0.6H) 8.19 (s, 0.4H), 7.46 (d, J = 
8.12 Hz, 0.6H), 7.43 (d, J = 8.13 Hz, 0.4H), 6.04 (d, J = 5.49 Hz, 0.6H), 6.01 (d, 
J = 5.72 Hz, 0.4H), 5.77-5.67 (m, 2H), 4.92-4.86 (m, 0.6H), 4.74-4.52 (m, 2H), 
4.38-4.31 (m, 0.4H), 4.18-4.10 (m, 2H), 4.03 (d, J = 2.34 Hz, 0.6H), 4.00 (d, J = 
2.45 Hz, 0.4H), 3.97-3.92 (m, 1H), 3.71 (s, 1.2H), 3.69 (s, 1.8H), 3.56-3.48 (m, 
0.6H), 3.28 (qd, J = 10.36, 3.17 Hz, 1H), 3.17-3.08 (m, 0.4H), 2.65-2.56 (m, 1H), 
2.05-1.61 (m, 4H), 1.13-0.97 (m, 28H) 
13C NMR (100 MHz, CDCl3) δC (ppm) 186.0, 185.9, 174.4, 174.4, 162.8, 162.8, 
149.5, 149.5, 141.6, 141.1, 102.4, 102.4, 91.3, 90.6, 82.8, 82.7, 81.0, 80.9, 69.2, 
68.9, 60.9, 60.6, 52.1, 52.1, 49.9, 49.5, 45.2, 44.8, 40.9, 40.3, 28.1, 27.9, 27.6, 
27.5, 17.6, 17.5, 17.4, 17.4, 17.2, 17.2, 17.1, 17.1, 17.0, 13.5, 13.4, 13.1, 13.0, 
12.9, 12.8, 12.7 
HRMS (ESI) m/z [M+H]+ calc. for C29H50N3O9SSi2 672.2801, found 672.2808 
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Synthesis of compound 2.2.6 
Methyl 1-((((2R,3R,4R,5R)-2-(2,4-dioxo-3,4-dihydropyrimidin-1(2H)-yl)-4-
hydroxy-5-(hydroxymethyl)tetrahydrofuran-3-yl)oxy)carbonothioyl)- 
piperidine-4-carboxylate 
 

 
 
A 250 mL roundbottomed flask was charged with 2.2.5 (500 mg, 0.744 mmol, 
1.0 eq) which was dissolved in THF (40 mL) and AcOH (0.106 mL, 1.86 mmol, 
2.5 eq) was added along with TBAF in THF (1.86 mL, 1M, 1.86 mmol, 2.5 eq). 
The solution was stirred at room temperature for 30 minutes and then poured 
onto a silica plug and eluted with DCM/MeOH (200 mL, 10/1, v/v). The solvent 
removed under reduced pressure and the residue was subjected to flash 
column chromatography (5% to 10% MeOH in DCM) to give the desired 
compound (318 mg, 0.737 mmol, 99% yield, corrected for tetrabutylammium 
impurities) as a clear oil. 
 

1H NMR (400 MHz, d6-DMSO) δH (ppm) 11.32 (broad s, 1H), 7.90 (d, J = 8.13 
Hz, 1H), 6.06 (d, J = 6.29 Hz, 1H), 5.76 (q, J = 4.60 Hz, 1H), 5.68 (d, J = 8.06 
Hz, 1H), 4.66-4.58 (m, 1H), 4.43 (d, J = 12.71 Hz, 1H), 4.34-4.30 (m, 1H), 3.98-
3.91 (m, 1H), 3.68-3.57 (m, 6H), 3.36-3.27 (m, 1H), 3.22-3.12 (m, 2H), 2.74-
2.65 (m, 1H), 1.95-1.81 (m, 2H), 1.65-1.42 (m, 2H)  
13C NMR (100 MHz, d6-DMSO) δC (ppm) 184.8, 184.7, 174.2, 174.0, 163.0, 
150.5, 140.9, 140.3, 102.3, 102.3, 86.2, 86.1, 85.7, 85.6, 80.4, 80.3, 69.2, 69.1, 
61.2, 51.6, 49.0, 48.6, 44.6, 44.5, 27.6, 27.1 
HRMS (ESI) m/z [M+H]+ calc. for C17H24N3O8S 430.1279, found 430.1281 
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Synthesis of compound 2.2.7 
Methyl 1-((((2R,3R,4R,5R)-5-((bis(4-methoxyphenyl)(phenyl)methoxy)- 
methyl)-2-(2,4-dioxo-3,4-dihydropyrimidin-1(2H)-yl)-4-hydroxy- 
tetrahydrofuran-3-yl)oxy)carbonothioyl)piperidine-4-carboxylate 
 

 
 
A 100 mL roundbottomed flask was charged with 2.2.6 (300 mg, 0.699 mmol, 
1.0 eq) and DMAP (17 mg, 0.14 mmol, 0.2 eq) which were dissolved in pyridine 
(15 mL) and DMTrCl (249 mg, 0.734 mmol, 1.05 eq) was added. The mixture 
stirred 16 hours at room temperature.  
The solvent was removed under reduced pressure and the residue was 
redissolved in EtOAc  (30 mL) and washed with saturated NaHCO3 (30 mL), 
water (30 mL) and brine (30 mL). The organic phase was dried over Na2SO4, 
filtered and concentrated under reduced pressure. The residue was subjected 
to flash column chromatography (0% to 5% MeOH in DCM with 2% Et3N) to 
give the desired compound (441 mg, 0.601 mmol, 86% yield, corrected for Et3N) 
as a white foam. 
 

1H NMR (400 MHz, CDCl3) δH (ppm) 7.75 (t, J = 8.43 Hz, 1H), 7.45-7.18 (m, 
10H), 6.83 (d, J = 8.71 Hz, 4H), 6.34 (t, J = 5.74 Hz, 0.65H), 6.05 (t, J = 4.79 
Hz, 0.35H), 5.98 (dt, J = 15.81, 4.74 Hz, 0.35H), 5.88 (dt, J = 14.50, 5.68 Hz, 
0.65H) 5.41-5.32 (m, 1H), 4.84-4.58 (m, 2H), 4.51-4.38 (m, 1H), 4.34 (s, 0.35H), 
4.15 (s, 0.65H), 3.77 (s, 6H), 3.67 (s, 3H), 3.59-3.08 (m, 5H), 2.03-1.90 (m, 2H), 
1.87-1.66 (m, 2H) 
13C NMR (100 MHz, CDCl3) δC (ppm) 185.7, 185.7, 174.4, 174.2, 158.7, 151.5, 
150.8, 144.2, 140.1, 139.8, 135.4, 135.1, 130.2, 130.1, 128.3, 128.2, 128.0, 
127.1, 113.3, 102.9, 89.0, 87.3, 87.1, 86.1, 86.0, 84.9, 84.8, 81.7, 69.8, 69.8, 
63.0, 63.0, 55.3, 51.9, 49.8, 49.6, 45.2, 40.4, 27.9, 27.8, 27.4, 27.3 

HRMS (ESI) m/z [M+Na]+ calc. for C38H41N3O10SNa 754.2405, found 754.2405 
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Synthesis of compound 2.2.8 
Methyl 1-((((2R,3R,4R,5R)-5-((bis(4-methoxyphenyl)(phenyl)methoxy)- 
methyl)--2-(2,4-dioxo-3,4-dihydropyrimidin-1(2H)-yl)-4-((4-oxopentanoyl)- 
oxy)tetrahydrofuran-3-yl)oxy)carbonothioyl)piperidine-4-carboxylate 
 

 
 
A 50 mL roundbottomed flask was charged with levulinic acid (0.105 mL, 1.03 
mmol, 2.0 eq), DIPEA (0.27 mL, 1.54 mmol, 3 eq), DMAP (25 mg, 206 μmol, 
0.4 eq) and N-Ethyl-N′-(3-dimethylaminopropyl)carbodiimide hydrochloride (187 
mg, 976 μmol, 1.9 eq). DCM (10 mL) was added and 2.2.7 (376 mg, 514 μmol, 
1.0 eq) was added and the mixture was stirred 16 hours at room temperature. 
The mixture was then diluted with EtOAc (30 mL) and washed with water (20 
mL), saturated NaHCO3 (20 mL) and brine (20 mL). The organic phase was 
dried over Na2SO4, filtered and concentrated under reduced pressure and the 
residue was subjected to flash column chromatography (0% to 2% MeOH in 
DCM with 1% Et3N) to give the desired compound (387 mg, 468 μmol, 91% 
yield) as a white foam. 
 
1H NMR (400 MHz, CDCl3) δH (ppm) 8.15 (broad s, 1H), 7.77 (t, J = 8.43 Hz, 
0.5H),  7.68 (t, J = 8.74 Hz, 0.5H), 7.44 (t, J = 8.53 Hz, 2H), 7.35-7.29 (m, 4H), 
7.25-7.21 (m, 1H), 6.86 (d, J = 7.62 Hz, 4H), 6.51-6.35 (m, 1H), 6.29-6.22 (m, 
1H), 5.79-5.65 (m, 1H) 5.33-5.24 (m,1 H), 4.85-4.67 (m, 1H), 4.51-4.19 (m, 2H), 
3.79 (s, 6H), 3.71 (s, 1.5H), 3.70 (s, 1.5H), 3.66-3.54 (m, 1H), 3.50-3.13 (m, 3H), 
2.82-2.73 (m, 2H), 2.71-2.53 (m, 4H), 2.19 (s, 3H), 2.07-1.93 (m, 2H), 1.91-1.67 
(m, 2H) 
HRMS (ESI) m/z [M+Na]+ calc. for C43H47N3O12SNa 852.2773, found  
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Synthesis of compound 2.2.9 
1-((((2R,3R,4R,5R)-5-((bis(4-methoxyphenyl)(phenyl)methoxy)methyl)-2-
(2,4-dioxo-3,4-dihydropyrimidin-1(2H)-yl)-4-hydroxytetrahydrofuran-3-
yl)oxy)carbonothioyl)piperidine-4-carboxylic acid 
 

 
 
A 250 mL roundbottomed flask was charged with 2.2.7 (1.25 g, 1.71 mmol, 1.0 
eq) which was dissolved in THF (90 mL). Water (30 mL) was added along with 
aqueous NaOH (4.28 mL, 2M, 8.56 mmol, 5.0 eq) and the mixture was stirred 
for at room temperature for 2 hours. The solvent was then removed under 
reduced pressure and the residue was subjected to flash column 
chromatography (5% to 20% MeOH in DCM with 1% Et3N) to give the desired 
compound (720 mg, 1.01 mmol, 59% yield, corrected for Et3N) as a yellow oil. 
 
1H NMR (400 MHz, CDCl3) δH (ppm) 7.74-7.67 (m, 1H), 7.44-7.12 (m, 10H), 
6.88 (d, J = 8.46 Hz, 4H), 6.03-5.79 (m, 2H), 5.40 (t, J = 8.09 Hz, 1H), 4.71-4.20 
(m, 3H), 3.74 (s, 6H), 3.47-3.28 (m, 4H), 3.25-3.11 (m, 2H), 3.10-2.99 (m, 1H), 
1.86-1.79 (m, 1H), 1.65-1.49 (m, 2H), 1.49-1.37 (m, 1H) 
13C NMR (100 MHz, d6-DMSO) δC (ppm) 185.0, 184.9, 175.7, 175.6, 168.7, 
164.8, 162.8, 158.2, 150.5, 150.3, 144.5, 144.4, 140.2, 135.3, 135.0, 129.8, 
129.7, 127.9, 127.7, 126.8, 113.3, 101.9, 86.1, 86.0, 71.7, 62.6, 57.5, 55.0, 52.0, 
49.2, 47.7, 45.2, 41.6, 41.1, 33.3, 30.6, 28.0, 27.4, 22.6, 19.1, 14.7, 11.0, 9.4 
HRMS (ESI) m/z [M+Na]+ calc. for C37H39N3O10SNa 740.2248, found 740.2241 
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Synthesis of trichloroethyl N-Boc isonipecotate 
1-(tert-butyl) 4-(2,2,2-trichloroethyl) piperidine-1,4-dicarboxylate 
 

 
 
N-Boc-piperidine-4-carboxylic acid (2.00 g, 8.72 mmol, 1.0 eq) was dissolved in 
DCM (20 mL) and Et3N (0.2 mL), N-(3-Dimethylaminopropyl)-N′-ethyl-
carbodiimide hydrochloride (2.51 g, 13.08 mmol, 1.5 eq) and 2,2,2-
trichloroethanol (1.26 mL, 13.08 mmol, 1.5 eq) was added along with a catalytic 
amount of DMAP. The mixture was stirred at room temperature 16 hours and 
then diluted with EtOAc (50 mL) and washed with water (50 mL), 5% NaHCO3 

(w/v) (50 mL), 2.5% NaHSO4 (50 mL) and brine (50 mL). The organic phase 
was dried over Na2SO4, filtered and concentrated under reduced pressure to 
give the desired compound (2.878 g, 7.94 mmol, 91% yield, corrected for 2,2,2-
trichloroethanol).  
 
1H NMR (400 MHz, CDCl3) δH (ppm) 4.75 (s, 2H), 4.01 (d, J = 9.35 Hz, 2H), 
2.88 (t, J = 11.83 Hz, 2H), 2.61 (tt, J = 10.88, 3.91 Hz, 1H), 1.93 (d, J = 11.01 
Hz, 2H), 1.71 (qd, J = 11.24, 3.90 Hz, 2H), 1.45 (s, 9H) 
13C NMR (100 MHz, CDCl3) δC (ppm) 173.0, 154.8, 95.1, 79.9, 74.0, 41.0, 28.6, 
27.9 

HRMS (ESI) m/z [M+H]+ calc. for C13H21Cl3NO4 360.0531, found 360.0534 
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Synthesis of trichloroethyl isonipecotate 
4-((2,2,2-trichloroethoxy)carbonyl)piperidin-1-ium trifluoroacetate 
 

 
 
Trichloroethyl N-Boc isonipecotate (3.00 g, 8.32 mmol, 1.0 eq) was dissolved in 
DCM (20 mL) and trifluoroacetic acid (7.0 mL, 91.5 mmol, 11.0 eq) was added. 
After stirring for 30 minutes at room temperature the mixture was concentrated 
under reduced pressure. The residue was redissolved in EtOAc (30 mL) and 
saturated NaHCO3 (20 mL) was added. The phases were separated, and the 
aqueous phase was extracted with EtOAc (2 x 30 mL). The combined organic 
phases were dried over Na2SO4, filtered and concentrated under reduced 
pressure to give the desired salt (2.313 g, 6.16 mmol, 74% yield) as a white 
powder.  
 
1H NMR (400 MHz, CDCl3) δH (ppm) 6.24 (s broad, 2H) 4.77 (s, 2H), 3.25 (dt, J 
= 12.90, 4.30 Hz, 2H), 2.89 (td, J = 10.03, 3.03 Hz (t), 2H), 2.70 (tt, J = 9.85, 
4.20 Hz, 1H), 2.18-2.10 (m, 2H), 2.02-1.91 (m, 2H) 
13C NMR (100 MHz, CDCl3) δC (ppm) 172.2, 95.0, 74.1, 44.1, 39.6, 26.7 
19F NMR (376 MHz, CDCl3) δF (ppm) -75.7 
HRMS (ESI) m/z [M+H]+ calc. for C8H13Cl3NO2 260.0006, found 260.0013 
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Synthesis of compound 2.2.11 
2,2,2-trichloroethyl 1-((((6aR,8R,9R,9aR)-8-(2,4-dioxo-3,4-dihydro-pyrim-
idin-1(2H)-yl)-2,2,4,4-tetraisopropyltetrahydro-6H-furo[3,2-f][1,3,5,2,4]-
trioxadisilocin-9-yl)oxy)carbonothioyl)piperidine-4-carboxylate 
 

 
 
A 100 mL roundbottomed flask was charged with 2.2.2 (1.32 g, 2.21 mmol, 1.0 
eq), 4-((2,2,2-trichloroethoxy)carbonyl)piperidin-1-ium trifluoroacetate (0.994 g, 
2.65 mmol, 1.2 eq) which was dissolved in MeCN/DCM (30 mL, 1:1).  Et3N (0.37 
mL, 2.65 mmol, 1.2 eq) was added and the mixture was stirred 16 hours at room 
temperature. The solvent was removed under reduced pressure and the residue 
was redissolved in EtOAc (30 mL) and washed with water (30 mL), 2,5% 
NaHSO4 (w/v) (30mL) and brine (30 mL), dried over Na2SO4, filtered and 
concentrated under reduced pressure. The residue was subjected to flash 
column chromatography: (5:1 to 3:7 Pentane/EtOAc) to give the desired 
compound (1.561 g, 1.97 mmol, 89% yield) as a white foam. 
 
1H NMR (400 MHz, CDCl3) δH (ppm) 8.27 (d, J = 11.93 Hz, 1H), 7.44 (t, J = 8.36 
Hz, 1H), 6.03 (t, J = 6.20 Hz, 1H), 5.75-5.96 (m, 2H), 4.94-4.87 (m, 0.4H), 4.77 
(d, J = 8.17 Hz, 2H), 4.74-4.52 (m, 2H), 4.38-4.31 (m, 0.6H), 4.18-4.10 (m, 1H), 
4.04 (dd, J = 12.98, 2.53 Hz, 1H), 3.96 (d, J = 8.44 Hz, 1H), 3.64-3.55 (m, 0.4H), 
3.42-3.32 (m, 1H), 3.24-3.16 (m, 0.6H), 2.82-2.73 (m, 1H), 2.15-1.68 (m, 4H), 
1.13-0.89 (m, 28H) 
13C NMR (100 MHz, CDCl3) δC (ppm) 186.1, 186.0, 172.3, 172.2, 162.8, 149.6, 
149.5, 141.5, 141.1, 102.5, 102.5, 95.0, 91.1, 90.7, 82.8, 82.7, 81.0, 80.9, 74.0, 
69.2, 69.0, 60.9, 60.7, 49.6, 49.3, 44.9, 44.6, 40.7, 40.1, 27.9, 27.7, 27.4, 27.3, 
17.6, 17.5, 17.4, 17.4, 17.2, 17.2, 17.2, 17.1, 17.1, 13.5, 13.1, 13.0, 12.8, 12.7 

HRMS (ESI) m/z [M+H]+ calc. for C30H49Cl3N3O9SSi2 788.1788, found 788.1795 
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Synthesis of compound 2.2.12 
2,2,2-trichloroethyl 1-((((2R,3R,4R,5R)-2-(2,4-dioxo-3,4-dihydropyrimidin-
1(2H)-yl)-4-hydroxy-5-(hydroxymethyl)tetrahydrofuran-3-yl)oxy)carbono-
thioyl)piperidine-4-carboxylate 

 
 
A 250 mL roundbottomed flask was charged with 2.2.11 (1.50 g, 1.90 mmol, 1.0 
eq) which was dissolved in THF (40 mL) and AcOH (0.380 mL, 6.65 mmol, 3.5 
eq). Then TBAF (1M, 4.75 mL, 4.75 mmol, 2.5 eq) in THF was added and the 
mixture was stirred at room temperature for 30 minutes and then added to a 
silica plug and eluted with DCM/MeOH (200 mL 10/1). The solvent removed 
under reduced pressure and the residue was subjected to flash column 
chromatography (2% to 10% MeOH in DCM) to give the desired compound 
(1.03 g, 1.88 mmol, 99% yield, corrected for tetrabutylammonium leftovers) as 
a white foam. 
 
1H NMR (400 MHz, CDCl3) δH (ppm) 7.83 (d, J = 8.09 Hz, 0.3H), 7.73 (dd, J = 
10.04, 8.33 Hz, 0.7H), 6.06 (dd, J = 12.11, 4.31 Hz, 0.7H), 5.87 (d, J = 6.10 Hz, 
0.3H), 4.80-4.66 (m, 4H), 4.48-4.33 (m, 1H), 4.13-4.08 (m, 1H), 4.01-3.87 (m, 
2H), 3.53-3.43 (m, 1H), 2.83-2.74 (m, 1H), 2.15-2.00 (m, 2H), 1.95-1.78 (m, 2H), 
1.71-1.62 (m, 2H) 
13C NMR (100 MHz, CDCl3) δC (ppm) 185.7, 172.2, 172.1, 162.9, 150.2, 150.1, 
141.2, 141.1, 102.9, 94.8, 88.9, 88.5, 84.8, 84.7, 81.8, 73.9, 69.1, 61.3, 59.1, 
49.6, 45.9, 45.0, 40.1, 27.6, 27.1, 24.2, 19.8 

HRMS (ESI) m/z [M+H]+ calc. for C18H23Cl3N3O8S 564.0266, found 564.0264 
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Synthesis of compound 2.2.13 
2,2,2-trichloroethyl 1-((((2R,3R,4R,5R)-5-((bis(4-methoxyphenyl)(phenyl)-
methoxy)methyl)-2-(2,4-dioxo-3,4-dihydropyrimidin-1(2H)-yl)-4-hydroxy-
tetrahydrofuran-3-yl)oxy)carbonothioyl)piperidine-4-carboxylate 
 

 
 
A 50 mL roundbottomed flask was charged with 2.2.12 (1.00 g, 1.83 mmol, 1.0 
eq) and DMAP (45 mg, 0.366 mmol, 0.2 eq). To the flask was added pyridine 
(20 mL) along with DMTrCl (682 mg, 2.01 mmol, 1.1 eq). The mixture was stirred 
16 hours at room temperature and quenched with MeOH (1 mL). The solvent 
was removed under reduced pressure and the residue was redissolved in 
EtOAc (30 mL) and washed with saturated NaHCO3 (30 mL), water (30 mL), 
dried over Na2SO4, filtered and concentrated under reduced pressure. The 
residue was subjected to flash column chromatography (0% to 5% MeOH in 
DCM with 1% Et3N) to give the desired compound (564 mg, 0.659 mmol, 36% 
yield, corrected for EtOAc) as a white foam. 
 

1H NMR (400 MHz, CDCl3) δH (ppm) 7.78 (dd, J = 12.05, 8.21 Hz, 1H), 7.42 (d, 
J = 7.60 Hz, 2H), 7.35-7.25 (m, 5H), 7.20 (t, J = 7.19 Hz, 1H), 6.84 (d, J = 8.76 
Hz, 4H), 6.33 (t, J = 5.83 Hz, 1H), 5.93 (q, J = 5.56 Hz, 1H), 5.37 (t, J = 6.67 Hz, 
1H), 4.82 (s, 1H), 4.79-4.69 (m, 3H), 4.45-4.37 (m, 1H), 4.19-4.16 (m, 1H), 3.75 
(s, 6H), 3.50-3.39 (m, 3H), 3.28-3.18 (m, 1H), 2.79-2.69 (m, 1H), 2.09-1.96 (m, 
2H), 1.93-1.75 (m, 2H) 
13C NMR (100 MHz, CDCl3) δC (ppm) 186.1, 172.3, 172.2, 171.3, 162.8, 158.9, 
150.9, 144.3, 144.2, 140.0, 135.3, 135.1, 135.1, 130.3, 130.2, 128.2, 127.4, 
113.5, 102.9, 95.0, 89.1, 87.6, 74.1, 63.2, 63.2, 60.5, 55.4, 49.7, 45.9, 44.9, 
40.1, 29.9, 27.8, 27.3, 21.2, 14.4 

HRMS (ESI) m/z [M+H]+ calc. for C39H41Cl3N3O10S 848.1573, found 848.1574 
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Synthesis of compound 2.2.14 
2,2,2-trichloroethyl 1-((((2R,3R,4R,5R)-5-((bis(4-methoxyphenyl)(phenyl)-
methoxy)methyl)-2-(2,4-dioxo-3,4-dihydropyrimidin-1(2H)-yl)-4-((4-oxo-
pentanoyl)oxy)tetrahydrofuran-3-yl)oxy)carbonothioyl)piperidine-4-
carboxylate 
 

 
 
Levulininc acid (0.134 mL, 1.32 mmol, 2.0 eq), DIPEA (0.34 mL, 1.98 mmol, 3.0 
eq), DMAP (32 mg, 264 μmol, 0.4 eq) and N-(3-Dimethylaminopropyl)-N′-
ethylcarbodiimide hydrochloride (240 mg, 1.25 mmol, 1.9 eq) was dissolved  in 
DCM (10 mL) and 2.2.13 (560 mg, 659 μmol, 1.0 eq) was added and the mixture 
was stirred at room temperature 16 hours. The mixture was diluted with EtOAc 
(30 mL) and washed with water (30 mL), saturated NaHCO3 (30 mL) and brine 
(30 mL), dried over Na2SO4, filtered and concentrated under reduced pressure. 
The residue was subjected to flash column chromatography (0% to 2% MeOH 
in DCM with 1% Et3N) to give the desired compound (598 mg, 1.27 mmol, 96% 
yield) as a white foam. 
 
1H NMR (400 MHz, CDCl3) δH (ppm) 7.80-7.65 (m, 1H), 7.46-7.41 (m, 2H), 7.36-
7.21 (m, 7H), 6.86 (d, J = 7.18 Hz, 4H), 6.39-6.21 (m, 2H), 5.78-5.66 (m, 1H), 
5.33-5.25 (m, 1H), 4.85-4.72 (m, 3H), 4.53-4.39 (m, 2H), 3.79 (s, 6H), 3.66-3.24 
(m, 4H), 2.83-2.73 (m, 3H), 2.65-2.58 (m, 2H), 2.19 (d, J = 3.40 Hz, 3H), 2.15-
2.03 (m, 2H), 1.98-1.83 (m, 2H). 
13C NMR (100 MHz, CDCl3) δC (ppm) 206.0, 205.8, 185.6, 172.2, 171.6, 162.5, 
158.9, 158.9, 150.5, 144.1, 140.0, 135.2, 134.9, 130.3, 130.3, 128.4, 128.3, 
128.3, 127.4, 113.6, 113.6, 103.2, 95.0, 87.8, 85.5, 85.5, 83.8, 74.1, 63.4, 55.4, 
49.6, 49.4, 46.3, 45.0, 44.8, 40.4, 40.2, 37.8, 37.8, 30.0, 29.9, 27.9, 27.8, 27.7, 
27.7, 27.4, 27.3 

HRMS (ESI) m/z [M+Na]+ calc. for C44H46Cl3N3O12SNa 968.1760, found 
968.1773 
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Synthesis of compound 2.2.10 
1-((((2R,3R,4R,5R)-5-((bis(4-methoxyphenyl)(phenyl)methoxy)methyl)-2-
(2,4-dioxo-3,4-dihydropyrimidin-1(2H)-yl)-4-((4-oxopentanoyl)oxy)tetra-
hydrofuran-3-yl)oxy)carbonothioyl)piperidine-4-carboxylic acid 
 

 
 
Zn powder (5.45 g, 83.4 mmol, 70 eq) was added to a solution of 2.2.14 (1.128 
g, 1.19 mmol, 1.0 eq) in THF (50 mL) and 1 M aqueous NH4OAc (11.9 mL).  The 
mixture was stirred at room temperature 16 hours and then filtered through a 
Celite pad.  The solvent was removed under reduced pressure and water (30 
mL) was added to the residue. The aqueous phase was extracted with DCM (5 
x 50 mL) and the combined organic phases were dried over Na2SO4, filtered 
and concentrated under reduced pressure. The residue was subjected to flash 
column chromatography (4% to 25% MeOH in DCM with 1% Et3N) to give the 
desired product (489 mg, 0.595 mmol, 50% yield, corrected for Et3N) as a clear 
oil.  
 
1H NMR (400 MHz, CDCl3) δH (ppm) 7.63 (t, J = 6.13 Hz, 1H), 7.39 (d, J = 7.68 
Hz, 2H), 7.32-7.24 (m, 6H), 7.20 (t, J = 7.14 Hz, 1H), 6.83 (d, J = 8.17 Hz, 4H), 
6.23 (t, J = 7.35 Hz, 2H), 5.72-5.64 (m, 1H), 5.44 (s, 2H), 5.31-5.25 (m, 2H), 
4.79-4.66 (m, 1H), 4.46-4.33 (m, 2H), 3.76 (s, 6H), 3.61 (t, J = 5.35 Hz, 1H), 
3.40-3.17 (m, 3H), 2.74 (t, J = 6.51 Hz, 2H), 2.63-2.46 (m, 3H), 2.15 (s, 3H), 
1.84-1.54 (m, 6H) 
13C NMR (100 MHz, CDCl3) δC (ppm) 206.1, 206.0, 184.8, 184.8, 179.2, 179.0, 
176.2, 171.5, 163.4, 163.4, 158.6, 158.6, 150.6, 150.6, 144.0, 144.0, 139.8, 
139.8, 135.1, 135.1, 134.8, 134.8, 130.1, 130.0, 128.1, 128.0, 127.1, 113.3, 
113.3, 102.9, 87.4, 87.4, 85.4, 85.2, 83.6, 83.3, 73.3, 73.2, 63.2, 63.1, 60.8, 
55.2, 53.5, 52.8, 52.2, 50.2, 50.2, 45.6, 45.4, 45.1, 42.2, 42.1, 37.7, 37.6, 29.8, 
29.7, 29.6, 28.8, 28.8, 28.3, 28.3, 27.6, 27.6, 22.6, 20.8, 8.5, 7.8 
HRMS (ESI) m/z [M+Na]+ calc. for C42H44N3O12S 838.2616, found 838.2621 
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Synthesis of resin 2.2.15 
Resin-bound 1-((((2R,3R,4R,5R)-5-((bis(4-methoxyphenyl)(phenyl)meth 
oxy)methyl)-2-(2,4-dioxo-3,4-dihydropyrimidin-1(2H)-yl)-4-((4-oxopentan-
oyl)oxy)tetrahydrofuran-3-yl)oxy)carbonothioyl)piperidine-4-carboxylic 
acid 

 
 
A 10 mL roundbottomed flask was charged with 2.2.10 (22 mg, 27 μmol, 2.9 eq) 
and HOBt-hydrate (4 mg, 27 μmol, 2.9 eq). To the flask was added DCM (3 mL) 
with 1% DIPEA (0.03 mL) and DIC (7.2 μL, 27 μmol, 2.9 eq). The mixture was 
stirred at room temperature for 45 minutes and then transferred to a plastic 
column charged with the LCAA-CPG beads (423 mg, 22 μmol/g, 9.31 μmol, 1.0 
eq) and shaken 16 hours at room temperature. 
The beads were washed extensively with MeOH and DCM followed by 
treatment with Ac2O/NMI for 30 minutes at room temperature. The beads were 
washed excessively with MeOH and DCM. 
The reaction appeared quantitative by negative Kaiser test. 
 
Loading was determined by treatment of the beads with EtOH/conc. HCl (1:1, 
v/v) with UV monitoring at 495 nm (ε495 = 71700 M-1cm-1) 
 
9.9 mg beads in 16.67 mL EtOH/conc. HCl (1:1, v/v). A495 = 0.337, loading = 
7.91 μmol/g (36% yield) 
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Synthesis of compound 2.2.24 
Triethylammonium (2R,3R,4R,5R)-2-((bis(4-methoxyphenyl)(phenyl)meth-
oxy)methyl)-5-(2,4-dioxo-3,4-dihydropyrimidin-1(2H)-yl)-4-((4-((2,2,2-
trichloroethoxy)carbonyl)piperidine-1-carbonothioyl)oxy)tetrahydro-
furan-3-yl (2-cyanoethyl) phosphate 

 
 

A 100 mL roundbottomed flask was charged with 2.2.13 (2.00 g, 2.36 mmol, 1.0 
eq) which was dissolved in pyridine (30 mL). Pyridinium 2-
cyanoethylphosphosphoric acid dissolved in pyridine (1M, 9.42 mL, 9.42 mmol, 
4.0 eq) was added along with mesitylenesulfonyl chloride (3.09 g, 14.13 mmol, 
6.0 eq). The mixture was stirred 16 hours at room temperature and quenched 
by addition of water (5 mL) with stirring for 15 minutes. The mixture was 
concentrated under reduced pressure and the residue was redissolved in water 
(50 mL).  The aqueous phase was extracted with DCM (3 x 50 mL). The 
combined organic phases were dried over Na2SO4, filtered and concentrated 
under reduced pressure. The residue was subjected to flash column 
chromatography (2% to 15% MeOH in DCM with 1% Et3N) to give the desired 
compound (1.12 g, 48% yield, 1.13 mmol, corrected for Et3N and DCM) as white 
foam. 
 
1H NMR (400 MHz, CDCl3) δH (ppm) 7.73 (t, J = 8.14 Hz, 1H), 7.42 (d, J = 7.80 
Hz, 2H), 7.34-7.21 (m, 8H), 6.84 (d, J = 8.60 Hz, 4H), 6.39 (dd, J = 11.06, 7.36 
Hz, 1H), 6.13 (t, J = 6.04 Hz, 1H), 5.22 (t, J = 8.49 Hz, 1H), 5.16-5.11 (m, 1H), 
4.79-4.71 (m, 3H), 4.58-4.46 (m, 2H), 3.96 (s, 6H), 3.59-3.22 (m, 4H), 2.81-2.71 
(m, 1H), 2.11-1.76 (m, 4H). 
13C NMR (100 MHz, CDCl3) δC (ppm) 184.8, 171.6, 171.5, 162.5, 162.5, 157.9, 
149.8, 149.8, 143.4, 140.0, 134.6, 134.3, 129.6, 127.7, 127.2, 126.3, 117.2, 
117.1, 112.5, 101.8, 94.2, 86.5, 85.0, 84.8, 83.6, 78.5, 78.5, 73.0, 72.8, 63.0, 
62.8, 59.5, 54.6, 52.4, 48.6, 48.5, 44.1, 44.1, 39.2, 39.2, 28.8, 27.1, 26.9, 26.5, 
26.4, 19.2, 19.2  
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31P NMR (162 MHz, CDCl3) δP (ppm) -1.70, -1.68 
HRMS (ESI) m/z [M-H]- calc. for C42H43Cl3N4O13PS 979.1356, found 979.1348 
 

Synthesis of compound 2.2.25 
Triethylammonium 1-((((2R,3R,4R,5R)-5-((bis(4-methoxyphenyl)(phenyl)-
methoxy)methyl)-4-(((2-cyanoethoxy)oxidophosphoryl)oxy)-2-(2,4-dioxo-
3,4-dihydropyrimidin-1(2H)-yl)tetrahydrofuran-3-yl)oxy)carbonothioyl)-
piperidine-4-carboxylate 
 

 
 
Zn powder (5.14 g, 78 mmol, 70 eq) was added to a solution of 2.2.24 (1.10 g, 
1.12 mmol, 1.0 eq) in THF (100 mL) and 1 M Et3NHOAc (11 mL). The mixture 
was stirred at room temperature 16 hours and then filtered through Celite pad. 
The solvent was removed under reduced pressure and the residue was 
redissolved in DCM (50 mL) and the solution was dried over Na2SO4, filtered 
and concentrated under reduced pressure. The residue was used in the 
subsequent step without further purification.   
 
HRMS (ESI) m/z [M-H]- calc. for C40H41N4O13PS 849.2212, found 849.2211 
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Synthesis of resin 2.2.26 
Resin-bound Triethylammonium 1-((((2R,3R,4R,5R)-5-((bis(4-methoxy-
phenyl)(phenyl)methoxy)methyl)-4-(((2-cyanoethoxy)oxidophosphoryl)-
oxy)-2-(2,4-dioxo-3,4-dihydropyrimidin-1(2H)-yl)tetrahydrofuran-3-
yl)oxy)carbonothioyl)piperidine-4-carboxylic acid 
 

 
 
A 25 mL roundbottomed flask was charged with 2.2.25 (100 mg, 118 μmol, 3.0 
eq) and HOBt (18 mg, 129 μmol, 3.3 eq). To the flash was added DCM (5 mL) 
with 1% DIPEA (0.05 mL) along with and DIC (37 μL, 234 μmol, 6.0 eq). The 
mixture was stirred for 30 minutes at room temperature before being transferred 
to a plastic column charged with Amino-PEGA beads (100 mg, 400 μmol/g, 40 
μmol, 1.0 eq) and shaken 16 hours at room temperature. 
The beads were washed extensively with MeOH and DCM followed by 
treatment with Ac2O/NMI for 30 minutes at room temperature. The beads were 
washed excessively with MeOH and DCM. 
The combined reactions appeared quantitative by negative Kaiser test. 
 
Gel Phase 31P NMR (162 MHz, DMF) δP (ppm) -3.3, -3.8 
 
Loading was determined by treatment of the beads with EtOH/conc. HCl (1:1, 
v/v) with UV monitoring at 495 nm (ε495 = 71700 M-1cm-1) 
 
5.4 mg beads in 50 mL EtOH/conc. HCl (1:1, v/v). A495 = 0.592, loading = 76 
μmol/g (19% yield) 
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S2.2.2 Oligonucleotide Synthesis 1 
 

Oligonucleotide synthesis with resin 2.2.15 
Oligonucleotides were synthesized using standard conditions. The 
oligonucleotides were cleaved by treatment with AMA for 30 minutes at 50 °C. 
The supernatant was then concentrated under reduced pressure and the 
residue was subjected to HPLC analysis followed by LCMS for determination of 
masses. 
 
The following sequences (compound ID) were synthesized and characterized    
 
Table S2.1 

Sequence Comment 
Retention 

time 
MS 

Method 
Mass 
found 

Mass 
calc. 

5’ TTT TTT TT 3’ 
commercial 
dT-CPG as 

first nucleotide 

14.66 
mins 

LCMS 2370.15 2371.41 

5’ TTT TTT TU3’ 
modified CPG 
2.2.15 as first 

nucleotide 

14.48 
mins 

LCMS 2372.30 2373.39 

5’ TTT TTU 3’ 
2.2.17 

modified CPG  
2.2.15 as first 

nucleotide 

12.20 
mins 

MALDI 1847.55 1845.16 

 
 
HPLC method: 
Column: Phenomenex Oligo Clarity Weak Anion Exchange 
Solvent A: Water 
Solvent B: 1M NaCl 
Method: %B: 0-12 mins (0 - 30%), 12-18 mins (30-70%), 18-19 mins (70-0%), 
19-20 mins (0%) 
 
Figure S2.1. HPLC chromatogram (260 nm) of 5’ TTT TTT TT 3’ 
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Figure S2.2. HPLC chromatogram (260 nm) 5’ TTT TTT TU 3’ 

 
 
 
Figure S2.3. HPLC chromatogram (260 nm) 5’ TTT TTU 3’ (2.2.17)  

 
 
 

Phosphorylation of 5’-OH on resin-bound ON using TPSCl 
After standard oligonucleotide synthesis (sequence: 5’TTT TTU3’) the 5’DMTr 
was deblocked and the beads were added 0.1 M TPSCl in combination with 0.1 
M pyridinium 2-cyanoethyl phosphate. 150 μL of the mixture was added to the 
resin and coupled for 30 minutes. 
The resin was then washed with MeCN (2 x 150 μL) and the beads were treated 
with AMA for 30 minutes at 50 °C. The supernatant was then concentrated 
under reduced pressure and the residue was subjected to HPLC analysis. 
Only non-phosphorylated ON was observed. 
 

Phosphorylation of 5’-OH on resin-Bound ON using PN 
After standard oligonucleotide synthesis (sequence: 5’TTT TTU3’) 5’DMTr was 
deblocked and the beads were added 0.1 M PN phosphitylating reagent in 
combination with 0.03 M diisopropylammonium tetrazolide in DCM. 150 μL of 
the mixture was added to the resin and different coupling times were screened.  
The resin was then washed with MeCN (2 x 150 μL) followed by addition of 
iPrOH (0.1M) and ETT (0.25M). 150 μL of the mixture was then coupled for 20 
minutes followed by oxidation with iodine under standard conditions. 
 
The oligonucleotides were cleaved by treatment with AMA for 30 minutes at 50 
°C. The supernatant was then concentrated under reduced pressure and the 
residue was subjected to HPLC analysis followed by LCMS for determination of 
masses. 
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Table S2.2 Characterization of 2.2.20 

Sequence Comment 
Retention 

time 
MS 

Method 
Mass 
found 

Mass 
calc. 

5’iPr-P-TTT TTU3’ 
(3.20) 

modified CPG 
2.2.15 as first 

nucleotide 

14.43 
mins 

MALDI 1890.5 1887.2 

  
The calculation of yield was based on the integrals between the starting material 
(5’ TTT TTU 3’) and product (5’ iPr-P-TTT TTU 3’, 2.2.20) 
 
Table S2.3 Summary of HPLC data for phosphorylation using PN 

Time / mins 
Area 

(5’ TTT TTU 3’) 
Area 

(5’ TTT TTU-P-iPr 3’) 
Yield 

15 724 271 27% 
30 364 381 51% 
45 137 535 80% 
60 114 754 87% 
75 169 765 82% 
90 328 745 69% 

105 260 630 71% 
120 199 659 77% 

 
 
Figure S2.4. HPLC chromatogram (260 nm)  
Example after coupling time = 15 minutes  
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Phosphorylation of 5’-OH on resin-bound ON using PCl 
After standard nucleotide synthesis 5’DMTr was deblocked and the beads 
treated with 0.1 M PCl phosphitylating reagent in combination with 0.3 M DIPEA 
in MeCN. 150 μL of the mixture was added to the resin coupled for 2 minutes.  
The resin was then washed with MeCN (2 x 150 μL) followed by addition of 
iPrOH (0.1M) and ETT (0.25M). 150 μL of the mixture was then coupled for 20 
minutes followed by oxidation with iodine under standard conditions. 
 
The oligonucleotides were cleaved by treatment with AMA for 30 minutes at 50 
°C. The supernatant was then concentrated under reduced pressure and the 
residue was subjected to HPLC analysis followed by LCMS for determination of 
masses. 
 
Figure S2.5. HPLC chromatogram (260 nm)  
HPLC chromatogram after coupling time = 2 minutes 
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On-resin delevulination 
After standard nucleotide synthesis (5’DMTr ON) conditions were screened to 
remove 3’O Lev protection. After screening of a given delevulination condition 
0.1 M PCl phosphitylating reagent in MeCN (70 μL) in combination with 0.3 M 
DIPEA (70 μL) in MeCN was added to the resin and coupled for 2 minutes.  
The resin was then washed with MeCN (2 x 150 μL) followed by addition of 
iPrOH (0.1 M) and ETT (0.25 M). 150 μL of the mixture was then coupled for 20 
minutes followed by oxidation with iodine under standard conditions. 
 
The oligonucleotides were cleaved by treatment with AMA for 30 minutes at 50 
°C. The supernatant was then concentrated under reduced pressure and the 
residue was subjected to HPLC analysis in order to determine the amount of 
phosphorylated (and delevulinated) product. The tested conditions are 
summarized in the table below. None of the conditions gave the desired 
phosphorylated product. 
 
Table S2.4 Summary of tested delevulination conditions 

Reagent 
Reaction time 
(temperature) 

Comments 

0.5 M N2H4·H2O in AcOH/Pyridine 
(2/3) 

15 – 60 mins  
(r.t. or 50 °C) 

Also tested subsequent 
washing with DMF, 
acetone, pyridine, 

benzaldehyde, 
acetylacetone or water 

0.1 M NaBH4 (MeCN or EtOH) 
1 – 16 hrs  

(r.t. or 80 °C) 
 

0.05 M Na2SO3, pH = 7 
(H2O/MeCN) 

1 – 16 hrs  
(r.t. or 50 °C) 

pH decreased to ~3 
due to oxidation of 

sulfite 
0.1 M BnNH2, AcOH 

or 0.1 M ethanolamine, AcOH 
or 0.1 M NH4OAc 

in MeOH with 0.1 M NaBH3CN 

16 hrs  
(r.t.) 
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Figure S2.6. HPLC chromatogram (260 nm)  
Example after coupling time with N2H4 = 20 minutes 

 
 
 

Oligonucleotide synthesis with resin 2.2.26 
Oligonucleotides were synthesized using standard conditions. The 
oligonucleotides were cleaved, and the supernatant was then concentrated 
under reduced pressure and the residue was subjected to HPLC analysis 
followed by LCMS for determination of masses. 
 
Table S2.5 Clevage conditions tested  

Reagent Conditions Outcome 
Conc. NH3, 50 °C, 1 hr No product detected 

AMA 50 °C, 1 hr No product detected 
AMA 50 °C, 16 hrs Trace product detected 
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S2.3.1 Organic Synthesis 3 
 

Synthesis of compound 2.3.1 
Benzyl (2-(2-hydroxyethoxy)ethyl)carbamate 
Original synthesis and characterization: F. Kool, J. Schmitz, N. Furtmann, A. Schulz-Finke, M. D. 
Mertens, J. Küppers, M. Benkhoff, E. Tobiasch, M. Stirnberg, M. Gütschow, Design, 
characterization and cellular uptake studies of fluorescence-labeled prototypic cathepsin 
inhibitors, Org. Biomol. Chem., 13, 10310-10323 (2015) 

 

 
 
To a 500 mL roundbottomed flask was added 2-(2-aminoethoxy)ethan-1-ol 
(9.54 mL, 95.11 mmol, 1.0 eq) and Na2CO3 (22.18 g, 209 mmol, 2.2 eq.) which 
was dissolved in THF/H2O (150 mL, 1:1, v/v) followed by addition of CbzCl (14.8 
mL, 105 mmol, 1.1 eq) at 0 °C. The reaction mixture was allowed to warm to 
room temperature and stirred 16 hours. The mixture was extracted with EtOAc 
(3 x 100 mL) and the combined organic phases were washed with brine, dried 
over Na2SO4, filtered and concentrated under reduced pressure to give the 
desired compound (21.257 g, 88.45 mmol, 93% yield) as a clear oil. 
 
1H NMR (400 MHz, CDCl3) δH (ppm) 7.42-7.29 (m, 5H), 5.23 (broad s 1H), 5.10 
(s, 2H), 3.72 (q, J = 3.89 Hz, 2H), 3.56 (t, J = 4.55 Hz, 4H), 3.41 (q, J = 5.13 Hz, 
2H), 2.20 (t, J = 5.17 Hz, 1H) 
13C NMR (100 MHz, CDCl3) δC (ppm) 156.7, 136.7, 128.9, 128.7, 128.3, 72.4, 
70.3, 66.9, 61.9, 41.1 
HRMS (ESI) m/z [M+H]+ calc. for C12H18NO4 240.1230, found 240.1232 

 

Synthesis of compound 2.3.2 
Benzyl (2-(2-(bis(4-methoxyphenyl)(phenyl)methoxy)ethoxy)ethyl)-
carbamate 
 

 
 
To a 250 mL roundbottomed flask was added 2.3.1 (5.0 g, 20.9 mmol, 1.0 eq), 
Et3N (5.83 mL, 41.8 mmol, 2.0 eq) and DMTrCl (7.79 g, 22.99 mmol, 1.1 eq) 
which was dissolved in DCM (100 mL). The mixture was stirred 16 hours at 
room temperature and then washed with water (2 x 100 mL) and brine (100 mL), 
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dried over Na2SO4, filtered and concentrated under reduced pressure. The 
residue was subjected to flash column chromatography (1/4 Et2O/pentane with 
1% Et3N – Et2O with 1% Et3N) to give the desired compound (10.510 g, 19.44 
mmol, 93% yield) as a red oil. 
 
1H NMR (400 MHz, CDCl3) δH (ppm) 7.46 (d, J = 7.55 Hz, 2H), 7.38-7.25 (m, 
10H), 7.20 (t, J = 7.19 Hz, 1H), 6.84 (d, J = 8.75 Hz, 4H), 5.22 (s, 1H), 5.10 (s, 
2H), 3.77 (s, 6H), 3.63 (t, J = 5.02 Hz, 2H), 3.59 (t, J = 4.85 Hz, 2H), 3.43 (q, J 
= 5.01Hz, 2H), 3.24 (t, J = 5.08 Hz, 2H) 
13C NMR (100 MHz, CDCl3) δC (ppm) 158.6, 156.5, 145.1, 136.7, 136.4, 130.2, 
128.6, 128.3, 128.2, 128.1, 127.9, 126.8, 113.2, 86.2, 70.6, 70.1, 66.8, 63.2, 
55.3, 41.1 
HRMS (ESI) m/z [M+H]+ calc. for C33H36NO6 546.2357, found 546.2360 

 

Synthesis of compound 2.3.3 
2-(2-(bis(4-methoxyphenyl)(phenyl)methoxy)ethoxy)ethan-1-amine 
 

 
 
To a 500 mL roundbottomed flask was added 2.3.2 (10.50 g, 19.39 mmol, 1.0 
eq) which was dissolved in MeOH (200 mL). The atmosphere was changed to 
Ar and Pd/C (2.06 g, 10 w%, 1.94 mmol, 0.1 eq) was added. The atmosphere 
was then changed to H2 and the mixture was stirred vigorously at 50 °C for 5 
days. Upon completion the atmosphere was changed to Ar and the reaction 
mixture was filtered through a pad of Celite followed by concentration under 
vacuum to give the desired compound (7.408 g, 18.23 mmol, 94% yield) as a 
light orange oil. 
 
1H NMR (400 MHz, CDCl3) δH (ppm) 7.45 (d, J = 7.54 Hz, 2H), 7.37-7.26 (m, 
6H), 7.20 (t, J = 7.19 Hz, 1H), 6.83 (d, J = 8.78 Hz, 4H), 3.79 (s, 6H), 3.64 (t, J 
= 4.95 Hz, 2H), 3.55, (t, J = 5.14 Hz, 2H), 3.24 (t, J = 4.95 Hz, 2H), 2.90 (t, J = 
5.14 Hz, 2H), 2.36 (broad s, 2H) 
HRMS (ESI) m/z [M+Na]+ calc. for C25H29NO4Na 430.1989, found 430.1984 
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Synthesis of resin 2.3.4 
Resin-bound succinic acid 
 

 
 
A solution of succinic anhydride (300 mg, 3 mmol, 25 eq) and Et3N (0.80 mL, 6 
mmol, 50 eq) in DCM (6 mL) was added to a plastic column charged with Amino-
PEGA beads (300 mg, 400 μmol/g, 120 μmol, 1.0 eq). The tube was shaken 16 
hours at room temperature and then washed excessively with DCM and MeOH. 
The reaction appeared quantitative by negative Kaiser test. 
 
 

Synthesis of resin 2.3.5 
Resin-bound 4-((2-(2-(bis(4 methoxyphenyl)(phenyl)methoxy)ethoxy)-
ethyl)amino)-4-oxobutanoic acid 
 

 
 
To a plastic column charged with 2.3.4 (300 mg, 400 μmol/g, 120 μmol, 1.0 eq) 
were added a solution of DIC (81 μL, 490 μmol, 4.1 eq), HOBt hydrate (78 mg, 
490 μmol, 4.1 eq) in DCM (2 mL) with 1% DIPEA (0.02 mL). The tube was 
shaken for 30 min at room temperature followed by addition of a solution of 2.3.3 
(200 mg, 490 μmol, 4.1 eq) in DCM (2 mL) and the tubes were shaken 16 hours 
at room temperature and then washed excessively with DCM and MeOH. 
 
Loading was determined by treatment of the beads with EtOH/conc. HCl (1:1, 
v/v) with UV monitoring at 495 nm (ε495 = 71700 M-1cm-1)  
11.7 mg beads in 200 mL EtOH/conc. HCl (1:1, v/v). A495 = 0.473, loading = 113 
μmol/g (28% yield) 
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Synthesis of resin 2.3.6 
Resin-bound 4-((2-(2-(((((2R,3S,5R)-2-((bis(4-methoxyphenyl)(phenyl)-
methoxy)methyl)-5-(5-methyl-2,4-dioxo-3,4-dihydropyrimidin-1(2H)-
yl)tetrahydrofuran-3-yl)oxy)(2-cyanoethoxy)phosphorothioyl)oxy)-
ethoxy)ethyl)amino)-4-oxobutanoic acid 

 
A plastic column was charged with 2.3.5 (300 mg, 113 μmol/g, 33.9 μmol, 1.0 
eq) and the beads were treated with TCA in DCM (3%, w/v) until all red cation 
was released. The beads were then washed extensively with MeOH and DCM. 
Thymidine phosphoramidite in MeCN (3 mL, 0.1 M, 0.3 mmol, 8.8 eq) was 
added along with ETT in MeCN (3 mL, 0.25 M, 0.75 mmol, 22.1 eq) and the 
tube was shaken 16 hours at room temperature. The beads were then washed 
excessively with MeCN, DCM and Et2O and then treated with DDTT (50 mM) in 
pyridine/MeCN (5 mL, 2:3). The tube was shaken for 15 minutes at room 
temperature and then washed excessively with DCM and MeCN. and then 
added a mixture of Ac2O/NMI/THF (6 mL, 1/1/18, v/v). The tubes were shaken 
at room temperature for 30 minutes and then washed excessively with DCM 
and MeCN. 
 
Gel Phase NMR 31P (162 MHz, DMF) δP (ppm) 67.4 
 
Loading was determined by treatment of the beads with EtOH/conc. HCl (1:1, 
v/v) with UV monitoring at 495 nm (ε495 = 71700 M-1cm-1) 
5.2 mg beads in 200 mL EtOH/conc. HCl (1:1, v/v). A495 = 0.562, loading = 301 
μmol/g (75% over 3 steps) 
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Synthesis of resin 2.3.7 
Resin-bound triethylammonium O-((2R,3S,5R)-2-((bis(4-methoxyphenyl)-
(phenyl)methoxy)methyl)-5-(5-methyl-2,4-dioxo-3,4-dihydropyrimidin-
1(2H)-yl)tetrahydrofuran-3-yl) O-(2-(2-(3-carboxypropanamido)ethoxy)-
ethyl) phosphorothioate 
 

 
 
To a plastic column charged with 2.3.6 (100 mg, 301 μmol/g, 30.1 μmol) were 
added diethylamine/MeCN (1:1, 4 mL) and the tube was shaken for 2 h at room 
temperature and then washed excessively with MeCN and DCM. 
 
Gel Phase 31P NMR (162 MHz, DMF) δP (ppm) 57.5 
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Synthesis of resin 2.3.8 
Resin-bound 4-((2-(2-(((2-cyanoethoxy)(((2S,3S,5R)-2-(iodomethyl)-5-(5-
methyl-2,4-dioxo-3,4-dihydropyrimidin-1(2H)-yl)tetrahydrofuran-3-yl) 
oxy)phosphorothioyl)oxy)ethoxy)ethyl)amino)-4-oxobutanoic acid 
 

 
 
A plastic column was charged with 2.3.6 (100 mg, 301 μmol/g, 30.1 μmol) and 
the beads were treated with TCA in DCM (3%, w/v) until no more red cation was 
released. The beads were then washed extensively with MeCN and DCM. 
 
(PhO)3OMeI (0.5 M) in DMF (7 mL) were then added and the tubes were shaken 
for 30 minutes at room temperature. 
 
Gel Phase 31P NMR (162 MHz, DMF) δP (ppm) 66.4 
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Synthesis of resin 2.3.9 
Resin-bound 4-((2-(2-(((4aS,6R,7aS)-6-(5-methyl-2,4-dioxo-3,4-dihydro-
pyrimidin-1(2H)-yl)-2-oxidotetrahydro-4H-furo[2,3-e][1,3,2]oxathia-
phosphinin-2-yl)oxy)ethoxy)ethyl)amino)-4-oxobutanoic acid 

 
 
A plastic column was charged with 2.3.8 (100 mg, 301 μmol/g, 30.1 μmol), 
added diethylamine/MeCN (1:1, 4 mL) and shaken for 2 hours at room 
temperature and then washed excessively with MeCN and DCM. The yield of 
cyclized product was determined (by Gel Phase 31P NMR) to be approximately 
5%. 
 
Gel Phase 31P NMR (162 MHz, DMF) δP (ppm) 56.9, 56.3, 20.7, 18.6 
 
When 2.3.7 were submitted to the same conditions the following Gel Phase 31P 
NMR signals were observed. 
 
Gel Phase 31P NMR (162 MHz, DMF) δP (ppm) 63.5, -2.6, -14.6 
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S2.3.2 Oligonucleotide Synthesis 2 
 

Oligonucleotide synthesis with sulfurization  
Oligonucleotides were synthesized using standard conditions. Sulfurization 
conditions: 100 uL 0.05 M DDTT in pyridine/MeCN (2/3) with varying coupling 
time (Table S2.6). The oligonucleotides were cleaved by treatment with AMA 
for 20 minutes at 60 °C. The supernatant was then concentrated under reduced 
pressure and the residue was subjected to HPLC analysis followed by LCMS 
for determination of masses. 
 
Sequences 
PCS: 5' CCA TGT GCC GAA CGC A 
PPS: 5' TGC GTT CGG CAC ATG G (Bold = sulfurization) 
 
HPLC method:  
Column: Phenomenex C18 
Solvent A: 0.1 M Triethylammonium acetate (TEAA) in water, pH = 7 
Solvent B: MeCN 
5% to 20% B over 15 minutes 
 
Table S2.6 Characterization of synthesized oligonucleotides    

Oligonucleotide Comment 
Retention 

time(s) 
MS 

Method 
Mass 
found 

Mass 
calculated 

PCS  8.40 mins LCMS 4848 2371.41 
PPS  

(diastereomers) 
 

9.04 and 
9.13 mins 

LCMS 
4926.8 4926.9 

PPS* 
Desulfuri-

zation 
8.80 mins LCMS 4912.2 4910.8 

 
Table S2.7 Ratio of PPS to PPS* for different coupling times with DDTT 

Coupling time 
/ mins 

Area 
(PPS) 

Area 
(PPS*) 

Ratio 
PPS/PPS* 

1 6061 2349 72/18 
2 5943 850 87/13 
3 6570 866 88/12 
4 6806 758 90/10 
5 6297 666 90/10 
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Figure S2.7. HPLC chromatogram (260 nm) of PCS  
 

 
 
 
Figure S2.8. HPLC chromatogram (260 nm) of PPS with impurities of PPS* 
after treatment with DDTT, coupling time = 1 minute 
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Figure S2.9. HPLC chromatogram (260 nm) of PPS with impurities of PPS* 
after treatment with DDTT, coupling time = 1 minute, Zoom: 8-10 minutes 
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On-column sulfonylation 
The sulfonylation conditions were first tested on a hexathymidine sequence. 
The oligonucleotide was synthesized and treated with TCA to remove 5’ DMTr 
protection followed by a washing step. 
 
The resin-bound oligonucleotide was then subjected to different sulfonylation 
conditions with 3-(chlorosulfonyl)benzoic acid (Z) followed by cleavage from the 
resin by treatment with 50 mM K2CO3 in MeOH for 4 hours at room temperature.  
 
The supernatant was then concentrated under reduced pressure and the 
residue was analyzed by HPLC and LCMS. The supernatant was also 
quenched with an equal volume 1M AcOH in water concentrated under reduced 
pressure followed by HPLC and LCMS analysis. The supernatant was also 
diluted with an equal volume of 0.1 M TEAA buffer and then subjected directly 
to HPLC analysis. 
 

 
 
No product was detected after any of the conditions tested 
 
Table S2.8 tested sulfonylation conditions  

Reagent(s) Comment 
0.1 M Z in pyridine  

0.3 M Z, 0.9 M DIPEA in DCM  
0.3 M Z, 0.9 M DIPEA, 0.1 M 

DMAP in DCM 
Precipitate forms 
and clogs column 
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S2.4 NMR Spectra 
Resin 2.1.2 (prior to oxidation) 
 
 
 
 
Gel Phase 31P NMR (CDCl3) 
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Resin 2.1.2 
 
 
 
 
Gel Phase 31P NMR (CDCl3) 
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Resin 2.1.3 
 
 
 
 
Gel Phase 31P NMR (CDCl3) 
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Resin 2.1.2  Resin 2.1.3 
 
 
 
 
Stacked Gel Phase 31P NMR (CDCl3) 
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Resin 2.1.5 
 
 
 
 
Gel Phase 31P NMR (CDCl3) 
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Resin 2.1.5 treated with NH3 

 
 
 
 
31P NMR (MeCN/H2O) 
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Resin 2.1.3 treated with NH3 

 
 
 
 
31P NMR (MeCN/H2O) 

 
 
  



 Supporting Information – Chapter 2 

S55 
 

 
 

Resin 2.1.6 
 
 
 
 
Gel Phase 31P NMR (CDCl3) 
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Resin 2.1.6 treated with MSNT and MeOH 

 
 
 
 
Gel Phase 31P NMR (CDCl3) 
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Resin 2.1.7 
 
 
 
 
Gel Phase 31P NMR (CDCl3) 

 
  



S58 
 

 
 
Compound 2.2.1 
 
 
 
 
1H NMR (CDCl3) 

 
 

 

13C NMR (CDCl3) 
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Compound 2.2.2 
 
 
 
 

1H NMR (d6-DMSO) 

 
 
 

13C NMR (d6-DMSO) 
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Compound 2.2.3 
 
 
 
 
1H NMR (CDCl3) 

 
 

 

13C NMR (CDCl3) 
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Compound 2.2.5 
 

 

 

 

1H NMR (CDCl3) 

 
 

 

13C NMR (CDCl3) 
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Compound 2.2.6 
 

 

 

 

1H NMR (d6-DMSO) 

 
 
 

13C NMR (d6-DMSO) 
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Compound 2.2.7 
 

 

 

 

1H NMR (CDCl3)  

 
 
 

13C NMR (CDCl3) 
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Compound 2.2.8 
 
 
 
 

1H NMR (CDCl3)  
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Compound 2.2.9 
 

 

 

 

1H NMR (d6-DMSO) 

 

 

 

13C NMR (d6-DMSO) 

 

NH
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Trichloroethyl N-Boc isonipecotate 
 

 

 

 

1H NMR (CDCl3)  

 
 
 

13C NMR (CDCl3) 

 
 

BocN

O

O

CCl3
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Trichloroethyl isonipecotate 
 

 

 

 

1H NMR (CDCl3)  

 
 
 

13C NMR (CDCl3) 
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19F NMR (CDCl3) 
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Compound 2.2.11 
 

 

 

 

1H NMR (CDCl3)  

 
 
 

13C NMR (CDCl3) 
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Compound 2.2.12 

 

 

 

 

1H NMR (CDCl3)  

 
 
 

13C NMR (CDCl3) 
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Compound 2.2.13 

 

 

 

 

1H NMR (CDCl3)  

 
 
 

13C NMR (CDCl3) 
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Compound 2.2.14 

 

 

 

 

1H NMR (CDCl3)  

 
 

 

13C NMR (CDCl3) 
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Compound 2.2.10 

 

 

 

 

1H NMR (CDCl3)  
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Compound 2.2.24 
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Resin 2.2.26 
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Compound 2.3.1 
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Compound 2.3.2 
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Compound 2.3.3 
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Resin 2.3.6 
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Resin 2.3.7 
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Resin 2.3.8 
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Resin 2.3.9 
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Resin 2.3.7 treated with (PhO)3OMeI 
 
 
 
 
Gel Phase 31P NMR (DMF) 

 
 
 
 
 
 
  



 Supporting Information – Chapter 3 

S85 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 

Supporting Information – Chapter 3 
  



S86 
 

S3.1 Organic Synthesis 
 

Synthesis of compound 3.1 
((4R)-2-phenyl-1,3-dioxan-4-yl)methanol 
Original synthesis and characterization: B. Herradon, Efficient synthesis of (R)-5-(2-
hydroxyethyl)-2 (5H)-furanone from (R)-malic acid, Tetrahedron: Asymmetry, 2, 191-194 (1991) 
 

 
 

To a 250 mL roundbottomed flask was added (R)-1,2,4-butanetriol (1.51 mL, 17 
mmol, 1.0 eq) which was dissolved in DCM (50 mL). Benzaldehyde 
dimethylacetal (2.80 mL, 18.66 mmol, 1.1 eq) was added to the solution along 
with p-toluenesulfonic acid monohydrate (97 mg, 509 μmol, 0.03 eq). The 
mixture was stirred 16 hours at room temperature under inert atmosphere 
followed by addition of Et3N (2 mL). 
The reaction mixture was concentrated under reduced pressure and the residue 
was subjected to flash column chromatography (5:1 to 1:2 pentane/EtOAc) to 
give the desired compound (2.523 g, 13.1 mmol, 77% yield) as a colorless oil. 
 
1H NMR (400 MHz, CDCl3) δH (ppm) 7.49 (d, J = 6.13 Hz, 2H), 7.44-7.33 (m, 
3H), 5.55 (s, 1H), 4.30 (dd, J = 11.10, 5.57 Hz, 1H), 4.06-3.95 (m, 2H), 3.76-
3.63 (m, 2H), 1.95 (qd, J = 12.12, 4.70 Hz, 1H), 1.47 (d, J = 13.21 Hz, 1H) 
13C NMR (100 MHz, CDCl3) δC (ppm) 138.5, 129.1, 128.4, 126.3, 66.8, 65.9, 
27.0 
HRMS (ESI) m/z [M+H]+ calc. for C11H15O3 195.1016, found 195.1015 
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Synthesis of compound 3.2 
(4R)-2-phenyl-1,3-dioxane-4-carbaldehyde 
Original synthesis and characterization: B. Herradon, Efficient synthesis of (R)-5-(2-
hydroxyethyl)-2 (5H)-furanone from (R)-malic acid, Tetrahedron: Asymmetry, 2, 191-194 (1991) 
 

 
Oxylal chloride (4.33 mL, 50.5 mmol, 4.0 eq) was dissolved in DCM (50 mL) and 
cooled to -78 °C followed by dropwise addition of DMSO (7.17 mL, 100.91 
mmol, 8.0 eq. After stirring for 20 minutes, 3.1 (2.45 g, 12.61 mmol, 1.0 eq) 
dissolved in DCM (50 mL) was added dropwise. The mixture was stirred for 20 
minutes before addition of Et3N (19.34 mL, 27 mmol, 2.1 eq). The reaction was 
allowed to warm up to room temperature followed by addition of water (50 mL). 
The phases were separated and the aqueous phase was extracted with DCM 
(2 x 50 mL). The combined organic phases were dried over Na2SO4, filtered, 
and concentrated under reduced pressure. The residue was purified by flash 
column chromatography (0% to 5% MeOH in DCM) to give the desired product 
(2.012 g, 10.47 mmol, 83% yield) as a yellow oil. 
 
1H NMR (400 MHz, CDCl3) δH (ppm) 9.62 (s, 1H), 7.43 (d, J = 6.16 Hz, 2H), 
7.35-7.22 (m, 3H), 5.50 (s, 1H), 4.29-4.19 (m, 2H), 3.90 (td, J = 11.70, 1.95 Hz, 
1H), 1.86 (qd, J = 12.13, 4.95 Hz, 1H), 1.71(d, J = 13.19 Hz, 1H) 
13C NMR (100 MHz, CDCl3) δC (ppm) 200.7, 137.8, 129.4, 128.5, 126.4, 101.3, 
80.5, 66.6, 26.1 
HRMS (ESI) m/z [M+H]+ calc. for C11H13O3 193.0859, found 193.0857 
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Synthesis of compound 3.3 
(4R)-4-ethynyl-2-phenyl-1,3-dioxane 
Original synthesis and characterization: M. S. Shepard, E. M. Carreira, Asymmetric 
photocycloadditions with an optically active allenylsilane: trimethylsilyl as a removable 
stereocontrolling group for the enantioselective synthesis of exo-methylenecyclobutanes, J. Am. 
Chem. Soc., 119, 2597-2605 (1997) 

 

 
 
To a 250 mL roundbottomed flask was added 3.2 (2.01 g, 10.46 mmol, 1.0 eq) 
in MeOH (50 mL) and potassium carbonate (2.89 g, 20.91 mmol, 2.0 eq) was 
added. The mixture was stirred at 0 °C for 15 minutes under argon. Ohira–
Bestmann reagent (26.79 mL, 11.50 mmol, 10% (v/w) in MeCN, 1.1 eq) was 
added dropwise and the mixture was stirred at room temperature for 2 hours 
followed by filtration of the reaction mixture a pad of Celite.  
The  filtrate  was  concentrated  under reduced pressure and the residue was 
subjected to flash column chromatography (20:1 to 5:1 pentane/EtOAc) to give 
the desired compound (1.54 g, 8.16 mmol, 78% yield) as a yellow oil. 
 
1H NMR (400 MHz, CDCl3) δH (ppm) 7.49 (d, J = 6.93 Hz, 2H), 7.40-7.32 (m, 
3H), 5.51 (s, 1H), 4.45(d, J = 10.33 Hz, 1H), 4.27 (dd, J = 11.71, 7.00 Hz, 1H), 
3.97 (t, J = 12.15 Hz, 1H), 2.54 (s, 1H), 2.28 (qd, J = 12.88, 4.72 Hz, 1H), 1.81 
(d, J = 13.45 Hz, 1H) 
13C NMR (100 MHz, CDCl3) δC (ppm) 137.9, 129.2, 128.4, 126.3, 101.8, 81.7, 
73.9, 67.4, 66.8, 32.0 
HRMS (ESI) m/z [M+H]+ calc. for C12H13O2 189.0910, found 189.0909 
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Synthesis of compound 3.4 
(R)-pent-4-yne-1,3-diol 
Original synthesis and characterization: S. Mahapatra, R. G. Carter, Enantioselective total 
synthesis of amphidinolide F, Angew. Chem. Int. Ed., 51 7948 – 7950 (2012) 
 

 
 
To a 250 mL roundbottomed flask was added 3.3 (1.5 g, 7.97 mmol, 1.0 eq) 
was dissolved in MeOH (100 mL) followed by p-toluenesulfonic acid 
monohydrate (15 mg, 80 μmol, 0.01 eq). The mixture was stirred at room 
temperature 16 hours and then quenched by addition of Et3N (2 mL) followed 
by evaporation of the solvent under reduced pressure. The residue was 
subjected to flash chromatography (1:1 to 1:0 EtOAc/pentane), to give the 
desired compound (663 mg, 6.62 mmol, 83% yield) as a colorless oil. 
 
1H NMR (400 MHz, CDCl3) δH (ppm) 4.66 (s, 1H), 4.02 (s, 1H), 3.93-3.83 (m, 
1H), 3.05 (broad s, 1H), 2.51 (s, 1H), 2.32 (broad s, 1H), 2.08-1.91 (m, 2H) 
13C NMR (100 MHz, CDCl3) δC (ppm) 84.3, 73.5, 61.6, 60.5, 38.8 
HRMS (ESI) m/z [M+H]+ calc. for C5H9O2 101.0597 found 101.0592 
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Synthesis of compound 3.5 
(R)-5-(bis(4-methoxyphenyl)(phenyl)methoxy)pent-1-yn-3-ol 
 

 
 
To a solution of 3.4 (600 mg, 5.99 mmol, 1.0 eq) and Et3N (2.51 mL, 17.98 
mmol, 3.0 eq) in DCM (25 mL) was added DMTrCl (2.34 g, 6.89 mmol, 1.15 eq). 
The reaction mixture was stirred 16 hours and quenched with MeOH (5 mL). 
The mixture was concentrated under reduced pressure and the residue was 
redissolved in EtOAc, washed with water and brine, dried over Na2SO4 and 
filtered. The solvent removed under reduced pressure and the residue was 
subjected to flash column chromatography (5:1 to 0:1 Pentane/EtOAc with 1% 
Et3N) to give the desired compound (2.483 g, 5.27 mmol, 88% yield) as a yellow 
oil.  
 
1H NMR (400 MHz, CDCl3) δH (ppm) 7.40 (d, J = 7.68 Hz, 2H), 7.33-7.17 (m, 
7H), 6.83 (d, J = 8.74 Hz, 4H), 4.62 (s, 1H), 3.78 (s, 6H), 3.49-3.43 (m, 1H), 
3.35-3.28 (m, 1H), 3.13 (broad s, 1H), 2.38 (s, 1H), 2.09-2.00 (m, 1H), 1.99-1.90 
(m, 1H) 
13C NMR (100 MHz, CDCl3) δC (ppm) 158.7, 144.8, 136.0, 130.1, 128.2, 128.0, 
127.0, 113.3, 86.9, 84.5, 73.0, 61.5, 61.0, 55.4, 37.2 
HRMS (ESI) m/z [M+Na]+ calc. for C26H26O4Na 425.1723 found 425.1725 
 
 

Synthesis of compound 3.6 
(R,E)-5-(bis(4-methoxyphenyl)(phenyl)methoxy)-1-(tributylstannyl)pent-1-
en-3-ol 

 
 
To a solution of 3.5 (2.20 g, 5.47 mmol, 1.0 eq) in toluene (20 mL) was added 
tri-n-butyltin hydride (1.77 mL, 6.56 mmol, 1.2 eq) and AIBN (36 mg, 0.219 
mmol, 0.04 eq).  The reaction mixture was stirred at 90 °C for 3 hours. Celite 
was added and the reaction mixture was concentrated under reduced pressure. 
The residue was subjected to flash chromatography (19:1 to 17:3 
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pentane/EtOAc with 1% Et3N) to give the desired compound (1.823 g, 2.63 
mmol, 48% yield) as a clear oil. 
 
1H NMR (400 MHz, CDCl3) δH (ppm) 7.41 (d, J = 7.55 Hz, 2H), 7.33-7.17 (m, 
7H), 6.83 (d, J = 8.55 Hz, 4H), 6.13 (d, J = 19.14 Hz, 1H), 6.00 (dd, J = 19.12, 
4.75 Hz, 1H), 4.33-4.26 (m, 1H), 3.78 (s, 6H), 3.38-3.33 (m, 1H), 3.27-3.20 (m, 
1H), 2.87 (s, 1H), 1.85-1.81 (m, 2H), 1.51-1.42 (m, 6H), 1.33-1.23 (m, 6H), 0.94-
0.81 (m, 15H) 
13C NMR (100 MHz, CDCl3) δC (ppm) 158.6, 150.5, 145.0, 136.3, 136.2, 130.1, 
128.2, 128.0, 127.3, 126.9, 113.3, 86.8, 74.2, 61.9, 55.3, 37.0, 29.3, 29.2, 29.1, 
27.6, 27.4, 27.1, 13.8, 11.2, 9.5, 7.8 
HRMS (ESI) m/z [M+Na]+ calc. for C38H54O4SnNa 717.2936 found 717.2937 

 

Synthesis of compound 3.7 
7-bromo-1-nitronaphthalene  
Original synthesis and characterization: J. S. Bergman, H. C. Duffin, C. H. Wells, Studies on 2,4,6-
trinitrophenyl substituted naphthalenes. Part 1. Synthesis of nitro- and polynitro-2-(2,4,6-
trinitrophenyl)naphthalenes, Tetrahedron, 50, 11527 – 11532 (1994) 
 

 
In acetic acid (35 mL) was dissolved 2-bromonaphthalene (10.0 g, 48.3 mmol) 
and 65% nitric acid (v/w) (35 ml) was added. The mixture was heated at 60 °C 
for 2 hours and then poured on ice. The mixture was extracted with toluene, 
dried over MgSO4, filtered and concentrated under reduced pressure. The 
residue was subject to flash column chromatography (95:5 pentane/toluene) to 
give a mixture of desired compound and another isomer (7.435 g, consisting of 
60% of the desired isomer, 17.87 mmol, 37 % yield) as a yellow solid. 
The mixture can be recrystallized from Et2O to give the desired compound (98 
mg from 1.00 g of 2-bromonaphthalene, 8% yield) as yellow needles. 
 
1H NMR (400 MHz, CDCl3) δH (ppm) 8.85 (s, 1H), 8.30 (d, J = 7.53 Hz, 1H), 
8.10 (d, J = 8.19 Hz, 1H), 7.83 (d, J = 8.76 Hz, 1H), 7.74 (dd, J = 8.73, 1.53 Hz, 
1H), 7.58 (t, J = 7.93 Hz, 1H) 
13C NMR (100 MHz, CDCl3) δC (ppm) 145.5, 134.9, 132.9, 131.2, 130.2, 126.2, 
125.9, 125.4, 124.8, 124.7 
HRMS (ESI) m/z [M+H]+ calc. for C10H7NO2Br 251.9655, found 251.9649 
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Synthesis of compound 3.8 
7-bromonaphthalen-1-amine 
Original synthesis and characterization: X. Shen, A. M. Hyde, S. L. Buchwald, Palladium-
catalyzed conversion of aryl and vinyl triflates to bromides and chlorides, J. Am. Chem. Soc., 132, 
14076 - 14078 (2010) 

 

 
 
To a solution of 3.7 (3:2 mixture of isomers) (7.44 g, 29.6 mmol, 1.0 eq) 
dissolved in EtOH (100 mL) and H2O (70 mL) was added iron powder (13.20 g, 
236 mmol, 8.0 eq) and NH4Cl (6.32 g, 118 mmol, 4.0 eq). The solution was 
heated to reflux for 2 hours and then extracted with ethyl acetate (4 x 100 mL). 
The combined organic phases were dried over Na2SO4, filtered and 
concentrated under reduced pressure. The residue was subjected to flash 
column chromatography (1:4 to 1:0 DCM/pentane) to give the desired 
compound (2.959 g, 13.82 mmol, 28% yield over 2 steps) as white crystals. 
 
1H NMR (400 MHz, CDCl3) δH (ppm) 7.96 (s, 1H), 7.63 (d, J = 8.74 Hz, 1H), 
7.51 (dd, J = 8.75, 1.54 Hz, 1H), 7.31-7.23 (m, 2H), 6.78 (dd, J = 6.61, 1.49 Hz, 
1H), 4.06 (broad s, 2H) 
13C NMR (100 MHz, CDCl3) δC (ppm) 141.4, 132.9, 129.3, 126.9, 125.0, 123.7, 
119.0, 118.9, 110.9 
HRMS (ESI) m/z [M+H]+ calc. for C10H9NBr 221.9913, found 221.9920 
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Synthesis of compound 3.9 
7-bromonaphthalene-1-diazonium tetrafluoroborate 
Original synthesis and characterization: F. B. Mallory, E. D. Luzik, C. W. Mallory, P. J. Carroll, 
Nuclear Spin-Spin Coupling via Nonbonded Interactions. 7. Effects of Molecular Structure on N-
F Coupling, J. Org. Chem., 57, 366-370 (1992) 

 
 
To a solution of 3.8 (2.96 g, 13.32 mmol, 1.0 eq) in EtOH (20 mL) was added 
48% aqueous HBF4 (w/v) (3.63 mL, 27.98 mmol, 2.1 eq). The mixture was 
stirred for 5 minutes at room temperature and then cooled to 0 °C. Tert-butyl 
nitrite (1.74 mL, 14.36 mmol, 1.1 eq) was added and the mixture was stirred for 
1 hour followed by addition of Et2O (100 mL). The mixture was then stored at -
20 °C 16 hours. The precipitate was collected by filtration and washed with Et2O 
to give the desired compound (3.635 g, 11.32 mmol, 85% yield) as a black solid. 
 
1H NMR (400 MHz, CD3CN) δH (ppm) 8.92 (d, J = 7.95 Hz, 1J), 8.82 (d, J = 8.30 
Hz, 1H), 8.56 (s, 1H), 8.24 (d, J = 8.81 Hz, 1H), 8.08 (dd, J = 8.82, 1.36 Hz, 1H), 
7.98 (t, J = 8.11 Hz, 1H) 
13C NMR (100 MHz, CD3CN) δC (ppm) 145.3, 139.3, 134.9, 133.5, 132.9, 129.7, 
129.0, 128.0, 125.1 
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Synthesis of compound 3.10 
4-((7-bromonaphthalen-1-yl)diazenyl)-2,6-diisopropylphenol 
 

 
 
To a solution of 3.9 (2.94 g, 9.16 mmol, 1.0 eq) dissolved in degassed MeOH 
(300 mL) was added 2,6-diisopropylphenol (4.3 mL, 23.22 mmol, 2.5 eq) and 
Na2CO3 (9.84 g, 93 mmol, 10.2 eq) at 0 °C. The mixture was allowed to heat to 
room temperature and stirred 16 hours. The reaction was quenched by addition 
of acetic acid (10 mL) and water (100 mL). The mixture was extracted with DCM 
(3 x 100 mL). The combined organic phases were dried over MgSO4, filtered 
and concentrated under reduced pressure. The residue was subjected to flash 
column chromatography (1:9 to 1:1 DCM/Pentane) to give the desired 
compound (1.519 g, 3.66 mmol, 40% yield) as a dark red solid.  
 
1H NMR (400 MHz, CDCl3) δH (ppm) 8.91 (d, J = 8.32 Hz, 1H), 7.94 (d, J = 9.11 
Hz, 2H), 7.89 (t, J = 7.85 Hz, 2H), 7.73 (d, J = 7.45 Hz, 1H), 7.62-7.51 (m, 4H), 
6.95 (d, J = 9.13 Hz, 2H), 4.01 (sep, J = 6.84 Hz, 2H), 1.38 (d, J = 6.86 Hz, 12H) 
13C NMR (100 MHz, CDCl3) δC (ppm) 153.6, 147.8, 147.5, 134.6, 132.8, 132.2, 
130.2, 130.0, 129.7, 126.4, 126.3, 121.0, 119.7, 112.9, 27.6, 22.8 
HRMS (ESI) m/z [M+H]+ calc. for C22H24N2OBr 411.1067, found 411.1085 
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Synthesis of compound 3.11 
1-(7-bromonaphthalen-1-yl)-2-(3,5-diisopropyl-4-methoxyphenyl)diazene 
 

 
 
To 3.10 (1.50 g, 3.65 mmol, 1.0 eq) and potassium carbonate (2.22 g, 16.05 
mmol, 4.4 eq) was added anhydrous DMF (50 mL) followed by MeI (0.3 mL, 
4.74 mmol, 1.3 eq). The mixture was stirred at room temperature 16 hours and 
quenched with MeOH (2 mL) and diluted with Et2O (50 mL). The organic phase 
was washed with water (5 x 50 mL), dried over Na2SO4, filtered and 
concentrated under reduced pressure. The residue was subjected to flash 
column chromatography (1:0 to 3:1 Pentane/Et2O) to give the desired 
compound (1.435 g, 3.36 mmol, 92% yield) as a dark red oil. 
 
1H NMR (400 MHz, CDCl3) δH (ppm) 9.03 (s, 1H), 7.91 (d, J = 8.10 Hz, 1H), 
7.86-7.75 (m, 4H), 7.67 (dd, J = 8.75, 1.87 Hz, 1H), 7.58 (t, J = 7.86 Hz, 1H), 
3.84 (s, 3H), 3.43 (sep, J = 6.89 Hz, 2H), 1.37 (d, J = 6.91 Hz, 12H) 
13C NMR (100 MHz, CDCl3) δC (ppm) 157.9, 150.3, 147.5, 143.2, 132.8, 132.3, 
130.6, 130.1, 129.7, 126.3, 126.2, 121.2, 119.7, 113.0, 62.5, 27.1, 24.1 
HRMS (ESI) m/z [M+H]+ calc. for C22H24N2OBr 425.1223, found 425.1235 
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Synthesis of compound 3.12 
(R,E)-5-(bis(4-methoxyphenyl)(phenyl)methoxy)-1-(8-(-(3,5-diisopropyl-4-
methoxyphenyl)diazenyl)naphthalen-2-yl)pent-1-en-3-ol 
 

 
 
A 250 mL roundbottomed flask was charged with 3.11 (1.05 g, 2.48 mmol, 1.0 
eq), 3.6 (1.72 g, 2.48 mmol, 1.0 eq), tri-tert-butylphosphine in toluene (0.25 mL, 
1M, 248 μmol, 0.1 eq) and Pd2dba3 (68 mg, 74 μmol, 0.03 eq) followed by 
addition of dioxane (50 mL). The mixture was heated to 100 °C 16 hours under 
inert atmosphere. The mixture was then cooled, and the solvent was removed 
under reduced pressure. The residue was purified by flash column 
chromatography (Pentane to Et2O with 1% Et3N) to give the desired compound 
(1.471 g, 1.96 mmol, 79% yield) as an orange foam. 
 
1H NMR (400 MHz, CDCl3) δH (ppm) 8.69 (s, 1H), 7.86 (d, J = 8.04 Hz, 1H), 
7.83-7.78 (m, 3H), 7.67 (d, J = 7.41 Hz, 1H), 7.62 (d, J = 8.56 Hz, 1H), 7.47 (t, 
J = 7.73 Hz, 1H), 7.40 (d, J = 7.68 Hz, 2H), 7.29 (d, J = 8.63 Hz, 4H), 7.27-7.21 
(m, 3H), 6.84-6.75 (m, 5H), 6.33 (dd, J = 15.83, 5.79 Hz, 1H), 4.62-4.55 (m, 1H), 
3.79 (s, 3H), 3.67 (s, 6H), 3.42-3.34 (m, 3H), 3.32-3.26 (m, 1H), 3.06 (s, 1H), 
1.98-1.91 (m, 2H), 1.31 (d, J = 6.68 Hz, 12H) 
13C NMR (100 MHz, CDCl3) δC (ppm) 158.6, 157.7, 150.4, 148.4, 144.9, 143.1, 
136.1, 135.3, 133.9, 133.1, 131.4, 130.6, 130.4, 130.1, 128.3, 128.2, 128.0, 
126.9, 125.8, 124.3, 122.2, 119.6, 113.3, 112.5, 86.9, 72.0, 62.5, 61.7, 55.3, 
46.3, 37.1, 31.1, 27.1, 24.1 
HRMS (ESI) m/z [M+H]+ calc. for C49H53N2O5 749.3949 found 749.3951 
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Synthesis of Compound 3.13 
(R,E)-5-(bis(4-methoxyphenyl)(phenyl)methoxy)-1-(8-(-(3,5-diisopropyl-4-
methoxyphenyl)diazenyl)naphthalen-2-yl)pent-1-en-3-yl (2-cyanoethyl) 
diiso-propylphosphoramidite 
 

 
 
To a solution of 3.12 (1.40 g, 1.87 mmol, 1.0 eq) in DCM (30 mL) was added 2-
cyanoethyl N,N,N′,N′-tetraisopropylphosphorodiamidite (1.78 mL, 5.61 mmol, 
3.0 eq) along with diisopropylammonium tetrazolide (1.12 g, 5.61 mmol, 3.0 eq). 
The mixture was stirred 16 hours at room temperature followed by removal of 
the solvent under reduced pressure. The residue was subjected to flash column 
chromatography (1:19 to 1:3 EtOAc/Pentane with 1% Et3N) to give the desired 
compound (1.672 g, 1.76 mmol, 94% yield) as an orange foam. 
 
1H NMR (400 MHz, CD3CN) δH (ppm) 8.78 (s, 1H), 8.01 (d, J = 8.00 Hz, 1H), 
7.93 (d, J = 8.66 Hz, 1H), 7.86 (s, 2H), 7.79-7.70 (m, 2H), 7.61-7.54 (m, 1H), 
7.43 (d, J = 7.55 Hz, 2H), 7.33-7.25 (m, 6H), 7.16 (t, J =7.09 Hz, 1H), 6.84-6.75 
(m, 5H), 6.42 (dd, J = 15.88, 6.35 Hz, 1H), 4.54-4.48 (m, 1H), 3.80 (s, 3H), 3.64 
(s, 6H), 3.46-3.37 (m, 2H), 3.24-3.17 (m, 1H), 3.13-3.05 (m, 2H), 1.30 (d, J = 
6.79 Hz, 12H), 1.27-1.15 (m, 12H)   
13C NMR (100 MHz, CD3CN) δC (ppm) 159.5, 159.5, 158.8, 151.2, 148.6, 148.6, 
146.5, 144.2, 137.5, 137.3, 137.2, 136.2, 136.2, 134.9, 134.9, 133.4, 133.4, 
132.2, 132.1, 131.8, 131.6, 131.0, 131.0, 130.9, 130.9, 129.4, 129.4, 129.0, 
128.9, 128.7, 127.6, 126.8, 125.1, 122.8, 122.6, 120.2, 119.6, 119.5, 113.9, 
113.3, 113.2, 86.8, 73.9, 73.8, 73.8, 73.6, 63.1, 60.6, 60.5, 59.6, 59.5, 59.3, 
55.8, 55.7, 44.0, 43.9, 38.2, 38.1, 38.1, 27.7, 25.0, 24.9, 24.8, 24.2, 21.1, 21.1 
31P NMR (162 MHz, CD3CN) δP (ppm) 146.6, 146.5 
HRMS (ESI) m/z [M+H]+ calc. for C58H70N4O6P 949.5027 found 949.5031 
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Synthesis of compound 3.14 
(S)-1-(bis(4-methoxyphenyl)(phenyl)methoxy)-5-(8-((3,5-diisopropyl-4-
methoxyphenyl)diazenyl)naphthalen-2-yl)pentan-3-ol 
 

 
 
To a solution of 3.12 (1.0 g, 1.34 mmol, 1.0 eq) dissolved in THF (20 mL) was 
added Wilkinsons catalyst (247 mg, 0.267 mmol, 0.2 eq). The atmosphere was 
changed to H2 and the mixture was stirred 16 hours at room temperature.  The 
solvent was removed under reduced pressure and the residue was subjected 
to flash column chromatography (1:2 to 2:1 Et2O/pentane with 1% Et3N) to give 
the desired compound (0.849 g, 1.14 mmol, 85% yield) as an orange foam. 
 
1H NMR (400 MHz, CDCl3) δH (ppm) 8.63 (s, 1H), 7.90 (d, J = 8.07 Hz, 1H), 
7.86-7.79 (m, 3H), 7.67 (d, J = 7.31 Hz, 1H), 7.48 (d, J = 7.78 Hz, 1H), 7.47-
7.37 (m, 3H), 7.33-7.23 (m, 5H), 7.21-7.15 (m, 1H), 6.81 (d, J = 8.77 Hz, 4H), 
3.87 (broad s, 1H), 3.82 (s, 3H), 3.75 (s, 6H), 3.44-3.35 (m, 3H), 3.28-3.21 (m, 
1H), 3.16 (s, 1H), 3.09-3.01 (m, 1H), 2.94-2.86 (m, 1H), 1.95-1.72 (m, 4H), 1.34 
(d, J = 6.91 Hz, 12H)  
13C NMR (100 MHz, CDCl3) δC (ppm) 158.6, 157.5, 150.4, 148.1, 144.8, 142.9, 
141.0, 136.1, 136.0, 133.0, 131.3, 130.6, 130.0, 130.0, 128.1, 128.0, 128.0, 
126.9, 125.6, 125.0, 121.8, 119.5, 113.3, 112.0, 86.9, 70.9, 62.6, 62.4, 55.2, 
46.2, 38.9, 36.9, 34.3, 32.7, 30.4, 29.8, 27.0, 24.1 
HRMS (ESI) m/z [M+Na]+ calc. for C49H54N2O5Na 773.3925 found 773.3907 
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Synthesis of compound 3.15 
(S)-1-(bis(4-methoxyphenyl)(phenyl)methoxy)-5-(8-((3,5-diisopropyl-4-
methoxyphenyl)diazenyl)naphthalen-2-yl)pentan-3-yl (2-cyanoethyl) 
diiso-propylphosphoramidite 
 

 
 
To a solution of 3.14 (830 mg, 1.11 mmol, 1.0 eq) dissolved in DCM (10 mL) 
was added 2-cyanoethyl N,N,N′,N′-tetraisopropylphosphorodiamidite (0.52 mL, 
1.66 mmol, 1.5 eq) along with diisopropylammonium tetrazolide (95 mg, 0.553 
mmol, 0.5 eq). The mixture was stirred 16 hours at room temperature under 
inert atmosphere. The solvent was then removed under reduced pressure and 
the residue was subjected to flash column chromatography (1:19 to 1:3 
EtOAc/Pentane with 1% Et3N) to give the desired compound (1.01 g, 1.07 mmol, 
96% yield) as an orange foam. 
 
1H NMR (400 MHz, CDCl3) δH (ppm) 8.65 (d, J = 3.08 Hz, 1H), 7.95 (d, J = 8.06 
Hz, 1H), 7.89-7.85 (m, 3H), 7.72 (d, J = 7.45 Hz, 1H), 7.54 (t, J = 7.76 Hz, 1H), 
7.49-7.18 (m, 10H), 6.83 (t, J = 8.42 Hz, 4H), 4.20-4.13 (m, 1H), 3.87 (s, 3H), 
3.84-3.71 (m, 8H), 3.63-3.53 (m, 3H), 3.46 (kv, J = 6.89 Hz, 2H), 3.30-3.20 (m, 
2H), 3.08-2.88 (m, 2H), 2.55 (t, J = 6.47 Hz, 1H), 2.44 (t, J = 6.59 Hz, 1H), 2.13-
1.90 (m, 4H), 1.39 (d, J = 6.88 Hz, 12H), 1.21-1.15 (m, 9H), 1.11 (d, J = 6.74 
Hz, 3H)  
13C NMR (100 MHz, CDCl3) δ (ppm) 158.5, 157.5, 150.4, 150.4, 148.2, 148.2, 
145.33, 143.0, 143.0, 141.1, 140.9, 136.7, 136.6, 133.0, 132.2, 131.2, 130.7, 
130.6, 130.2, 130.1, 128.4, 128.3, 128.1, 128.1, 127.9, 127.8, 126.7, 126.7, 
125.1, 125.0, 121.8, 119.5, 117.7, 117.7, 113.1, 112.2, 112.1, 86.1, 86.1, 72.2, 
72.2, 72.0, 72.0, 62.5, 60.5, 60.4, 58.3, 58.3, 58.1, 58.1, 55.3, 55.2, 43.3, 43.2, 
43.1, 43.1, 37.8, 37.8, 37.5, 37.5, 36.5, 32.5, 32.2, 27.0, 24.8, 24.8, 24.7, 24.7, 
24.6, 24.6, 24.6, 24.1, 20.4, 20.4, 20.3, 20.2 
31P NMR (162 MHz, CDCl3) δP (ppm) 147.6, 147.1 
HRMS (ESI) m/z [M+Na]+ calc. for C58H71N4O6PNa 973.5003 found 973.5017 
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S3.2 Oligonucleotide Synthesis 
 

Oligonucleotide synthesis 
Oligonucleotides were synthesized using standard conditions and coupling 
times were extended to 2 x 5 minutes for synthesized phosphoramidites 3.13 
and 3.15. The oligonucleotides were cleaved by treatment with AMA for 16 
hours at room temperature. The supernatant was then concentrated under 
reduced pressure and the residue was subjected to HPLC purification to give 
the desired oligonucleotides.   
 
HPLC methods 
Solvent A: 0.1 M TEAA in water, pH = 7 
Solvent B: MeCN 
Method 1: 10% to 20% B over 15 minutes 
Method 2: 0% to 20% B over 15 minutes 
Method 3: 10% to 70% B over 15 minutes 
 
Table S3.1 Synthesized oligonucleotides: sequences, masses, and retention 
times. X indicates the azoswitch modification. 

ID Sequence Method 
Retention 
time / mins 

Mass 
calc. 

Mass 
found 

CS GGTATATCTCCTTCTTAAAG 1 4.9 6082.0 6081.3 
0X CTTTAAGAAGGAGATATACC 2 2.1 6149.1 6147.8 

1X1 CTTTAAGXAGGAGATATACC 3 7.1 6346.4 6345.3 
1X2 CTTTAAGAAGGAGAXTATACC 3 7.3 6659.6 6660.7 
2X CTTTAAGXAGGAGXTATACC 3 8.76 6543.8 6543.3 
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S3.3 Melting Studies 
 

Melting studies 
The two complementary oligonucleotides were dissolved in water with final 
concentrations of 0.5-2 μM and 100 mM NaCl. The samples were heated, 
cooled and reheated with monitoring at 260 nm. Irradiation of oligonucleotides 
were carried out at 365 nm for 15 minutes prior to melting studies. Melting 
temperatures were determined as the maximum of the derivative of the melting 
curves. The melting profiles on the following pages have been normalized. 
 
 
Table S3.2 Summary of melting temperatures for irradiated and non-irradiated 
samples  

Oligonucleotides Comment Tm / °C 
ΔT 

(trans vs. cis) 
CS + 0X  47.9  

CS + 1X1 

no irradiation 48.8  
irradiated 15 mins 48.4 -0.4 

irradiated 15 mins before 
mixing 

47.4 -1.4 

CS + 1X2 

no irradiation 54.5  
irradiated 15 mins 54.8 +0.3 

irradiated 15 mins before 
mixing 

53.1 -1.4 

CS + 2X 

no irradiation 43.5  
irradiated 15 mins 41.8 -1.7 

irradiated 15 mins before 
mixing 

38.4 -5.1 
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Figure S3.1. Melting Profile: 2 μM CS, 2 μM 0X 
 

 
 
Figure S3.2. Melting Profile: 2 μM CS, 2 μM 1X1 

no irradiation  
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Figure S3.3. Melting Profile: 2 μM CS, 2 μM 1X1 
irradiated for 15 minutes (365 nm)  

 
 
Figure S3.4. Melting Profile: 2 μM CS, 2 μM 1X1 

irradiated for 15 minutes (365 nm) before mixing  
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Figure S3.5. Melting Profile: 1 μM CS, 1 μM 1X2  
no irradiation  

 
 
Figure S3.6. Melting Profile: 1 μM CS, 1 μM 1X2 

irradiated for 15 minutes (365 nm) 
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Figure S3.7. Melting Profile: 1 μM CS, 1 μM 1X2 
irradiated for 15 minutes (365 nm) before mixing 

 
 
Figure S3.8. Melting Profile: 0.5 μM CS, 0.5 μM 2X 

no irradiation 
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Figure S3.9. Melting Profile: 0.5 μM CS, 0.5 μM 2X 
irradiated for 15 minutes (365 nm) 

 
 
Figure S3.10. Melting Profile: 0.5 μM CS, 0.5 μM 2X  

irradiated for 15 minutes (365 nm) before mixing 
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S3.4 NMR Spectra 

Compound 3.1 
 
 
 
 
1H NMR (CDCl3) 

 
 

 

13C NMR (CDCl3) 
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Compound 3.2 
 
 
 
 
1H NMR (CDCl3) 

 
 

 

13C NMR (CDCl3) 
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Compound 3.3 
 
 
 
 
1H NMR (CDCl3) 

 
 

 

13C NMR (CDCl3) 
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Compound 3.4 
 
 
 

 

1H NMR (CDCl3) 

 
 

 

13C NMR (CDCl3) 

 
  

OH OH
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 Compound 3.5 
 
 
 
 
1H NMR (CDCl3) 

 
 

 

13C NMR (CDCl3) 
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Compound 3.6 
 
 
 
 
1H NMR (CDCl3) 

 
 

 

13C NMR (CDCl3) 
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 Compound 3.7 
 
 
 
 
1H NMR (CDCl3) 

 
 

 

13C NMR (CDCl3) 
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 Compound 3.8 
 
 
 
 
1H NMR (CDCl3) 

 
 
 

13C NMR (CDCl3) 
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Compound 3.9 
 
 
 
 
1H NMR (CDCl3) 

 
 

 

13C NMR (CDCl3) 

 



S116 
 

  
 

Compound 3.11 
 
 
 
 
1H NMR (CDCl3)  

 
 

 

13C NMR (CDCl3) 
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Compound 3.12 
 
 
 
 
1H NMR (CDCl3) 

 
 

 

13C NMR (CDCl3) 
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Compound 3.13 
 
 
 
 
1H NMR (CD3CN) 

 
 

 

13C NMR (CD3CN) 
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31P NMR (CDCl3) 
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 Compound 3.14 
 
 
 
 
1H NMR (CDCl3) 

 
 

 

13C NMR (CDCl3) 
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Compound 3.15 
 
 
 
 
1H NMR (CDCl3) 

 
 

 

13C NMR (CDCl3) 
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31P NMR (CDCl3) 
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S4.1 Organic Synthesis 
 

Synthesis of compound 4.1 
S,S'-(1,4-phenylenebis(methylene)) diethanethioate   

 

 
 
Potassium thioacetate (7.96 g, 69.7 mmol, 2.3 eq) was added to a solution of 
α,α’-dibromo-p-xylene (8.0 g, 30.31 mmol, 1.0 eq) in THF (100 mL). After 
overnight stirring, the mixture was diluted with Et2O (100 mL) and washed with 
water (3 x 100 mL), then brine (100 mL) and dried over Na2SO4. The solution 
was filtered and concentrated under reduced presssure to give the desired 
compound (7.62 g, 99% yield) as an orange solid. 
 
1H NMR (400 MHz, CDCl3) δH (ppm) 7.21 (s, 4H), 4.08 (s, 4H), 2.34 (s, 6H) 
13C NMR (101 MHz, CDCl3) δC (ppm) 195.1, 136.9, 129.2, 33.3, 30.5 
HRMS (ESI) m/z [M+H]+ calc. for C12H15O2S2 255.0508, found 255.0504 
 
 

Synthesis of compound 4.2 
1,4-phenylenedimethanethiol  
 

 
 
Compound 4.1 (7.00 g, 27.52 mmol) was dissolved in methanol (100 mL) and a 
catalytic amount of concentrated sulfuric acid was added. The mixture was 
stirred at 65 °C for 20 hours. The mixture was diluted with Et2O (200 mL) and 
washed with water (3 x 100 mL)  and brine (100 mL), dried over Na2SO4, filtered 
and concentrated under reduced pressure to give the desired compound (4.747 
g, 99%) as an orange solid.  
 
1H NMR (400 MHz, CDCl3) δH (ppm) 7.28 (s, 4H), 3.72 (d, J = 7.02 Hz, 4H), 
1.75 (t, J = 7.43 Hz, 2H)  
13C NMR (101 MHz, CDCl3) δC (ppm) 140.1, 128.5, 28.8 
HRMS (ESI) m/z [M-H]- calc. for C8H9S2 169.0151, found 169.0154 
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Synthesis of compound 4.3 
(4-((((4-methoxyphenyl)diphenylmethyl)thio)methyl)phenyl)methanethiol 

 

 
 
Compound 4.2 (3.0 g, 17.62 mmol, 2.0 eq) and MMTrCl (2.72 g, 8.81 mmol, 1.0 
eq) were dissolved in DCM (50 mL) and stirred at room temperature under an 
atmosphere of argon for 1 hour. The reaction mixture was diluted with water (50 
mL), extracted with DCM (3 x 50 mL) and the combined organic phases were 
dried over Na2SO4 and evaporated to dryness followed by flash column 
chromatography (0% to 8% Et2O in pentane) to give the desired compound 
(2.721 g, 70%) as a light orange oil.  
 
1H NMR (400 MHz, CDCl3) δH (ppm) 7.45 (d, J = 7.36 Hz, 4H), 7.35 (d, J = 8.93 
Hz, 2H), 7.30 (t, J = 7.22 Hz, 4H), 7.22 (d, J = 7.27 Hz, 2H), 7.18 (d, J = 7.99 
Hz, 2H), 7.10 (d, J = 8.06 Hz, 2H), 6.84 (d, J = 8.95 Hz, 2H), 3.80 (s, 3H), 3.70 
(d, J = 7.50 Hz, 2H), 3.31 (s, 2H), 1.71 (t, J = 7.48 Hz, 1H) 
13C NMR (101 MHz, CDCl3) δC (ppm) 158.3, 145.2, 140.0, 137.0, 136.2, 131.0, 
129.7, 129.5, 128.3, 128.1, 126.8, 113.4, 67.2, 55.4, 36.9, 28.8 
HRMS (ESI) m/z [M-Na]+ calc. for C28H26OS2Na 465.1317, found 465.1316 
 
 

Synthesis of compound 4.4 
2-((4-((((4-methoxyphenyl)diphenylmethyl)thio)methyl)benzyl)-
disulfaneyl)-5-nitropyridine 
 

 
 
Compound 4.3 (878 mg, 1.98 mmol, 1.0 eq) was dissolved in DCM (25 mL) and 
triethylamine (0.55 mL, 3.97 mmol, 2.0 eq) and 2,2'-Dithiobis(5-nitropyridine)  
(800 mg,  2.58 mmol, 1.3 eq)  was  added. The solution  was stirred  for  15  
mins at r.t., whereafter  the  solution  was  washed  with  2 M  NaOH (20 mL),  
dried  over  Na2SO4, filtered and concentrated in  vacuo followed by purification 
with  flash  column  chromatography (9:1 to 6:4 pentane/Et2O) to give 920 mg 
(78% yield) of the desired compound as a light brown foam. 
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1H NMR (400 MHz, CDCl3) δH (ppm) 9.16 (d, J = 2.51 Hz, 1H), 8.15 (dd, J = 
8.89, 2.63 Hz, 1H) 7.44-7.29 (m, 11H), 7.25-7.20 (m, 2H), 7.15 (d, J = 7.92 Hz, 
2H), 6.99 (d, J = 7.98 Hz, 2H), 6.85 (d, J = 8.88 Hz, 2H), 3.98 (s, 2H), 3.81 (s, 
3H), 3.20 (s, 2H) 
13C NMR (101 MHz, CDCl3) δC (ppm) 168.8, 158.4, 145.1, 144.9, 142.0, 137.3, 
136.8, 134.9, 131.3, 130.0, 129.6, 129.6, 128.1, 126.8, 119.1, 113.4, 67.3, 55.4, 
43.6, 36.7 
HRMS (ESI) m/z [M-Na]+ calc. for C33H28N2O3S3Na 619.1154, found 619.1152 
 
 

Synthesis of compound 4.5 
2-((4-((((4-methoxyphenyl)diphenylmethyl)thio)methyl)benzyl)-
disulfaneyl)-pyridine 
 

 
 
2,2’-Dithiopyridine (300 mg, 1.36 mmol, 1.0 eq) was dissolved in DCM (10 mL). 
Triethylamine (0.19 mL, 1.36 mmol, 1.0 eq) and 4.3 (603 mg, 1.36 mmol, 1.0 
eq) dissolved in DCM (5 mL) was added dropwise over 20 mins. The mixture 
was stirred at r.t. for 5 mins before it was evaporated onto Celite and subjected 
to flash column chromatography (1:4 to 1:1 pentane/Et2O) to give the desired 
compound (409 mg, 54% yield) as a yellow oil. 

1H NMR (400 MHz, CDCl3) δH (ppm) 8.41 (d, J = 4.76 Hz , 1H), 7.52-7.17 (m, 
16H), 7.05-6.97 (m, 3H), 6.84 (d, J = 8.85 Hz, 2H), 3.97 (s, 2H), 3.82 (s, 3H), 
3.28 (s, 2H) 
13C NMR (101 MHz, CDCl3) δC (ppm) 160.1, 158.3, 149.5, 145.1, 137.0, 136.9, 
136.7, 135.4, 130.9, 129.6, 129.6, 129.4, 128.1, 126.8, 120.6, 119.6, 113.3, 
67.1, 55.4, 43.6, 36.8 
HRMS (ESI) m/z [M-Na]+ calc. for C33H29NOS3Na 574.1303, found 574.1306  
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Synthesis of TsBr 
4-methylbenzenesulfonyl bromide  
Adapted from reported procedure (Lennartson A. Quan M., Moth-Poulsen K., A 
Convenient Route To 2-Bromo-3-chloronorbornadiene and 2,3-
Dibromonorbornadiene, Synlett, 2015, 26, 1501-1504) 
 

 
 
Tosyl hydrazide (5.00 g, 5.37 mmol, 1.0 eq) was added chloroform (30 mL) and 
the mixture was cooled to 0 °C. Bromine (2.77 mL, 2.77 mmol, 2.0 eq) in 
chloroform (10 mL) was added dropwise over 30 mins along with small pieces 
of ice. After the ice had thawed the phases were separated and the organic 
phase was washed with sat. NaHCO3 (30 mL) and 1% Na2S2O3 (30 mL, v/w). 
The organic phase was dried over Na2SO4, filtered and concentrated under 
reduced pressure to give the desired compound (5.616 g, 89% yield) as a white 
powder. 
 
1H NMR (400 MHz, CDCl3) δH (ppm) 7.88 (d, J = 8.44, 3H) 7.40 (d, J = 6.25 Hz, 
2H), 2.49 (s, 3H) 
13C NMR (101 MHz, CDCl3) δC (ppm) 146.9, 144.8, 130.3, 126.7, 22.0  
 
 

Synthesis of compound 4.6 
S-(4-((((4-methoxyphenyl)diphenylmethyl)thio)methyl)benzyl) 4-methyl-
benzene-sulfonothioate 
 

 
 
A solution of 4.3 (950 mg, 2.15 mmol, 1.0 eq) in DCM (12 mL) was added over 
20 mins to a solution of TsBr (630 mg, 2.68 mmol, 1.25 eq) and DIPEA (0.47 
mL, 2.68 mmol, 1.25 eq) in DCM (10 mL) at 0 °C. After stirring for 15 mins at 
room temperature, the mixture was concentrated under reduced pressure and 
the residue was subjected to flash column chromatography (3:1 to 1:1 
pentane/Et2O gradient) to give the desired compound (1.104 g, 86% yield) as a 
white foam. 
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1H NMR (400 MHz, CDCl3) δH (ppm) 7.65 (d, J = 8.09 Hz , 2H), 7.43 (d, J = 7.90 
Hz , 2H), 7.36-7.21 (m, 12H), 7.04 (d, J =7.92 Hz, 2H), 7.00 (d, J = 7.91 Hz, 
2H), 6.84 (d, J = 8.64 Hz , 2H), 4.20 (s, 2H), 3.80 (s, 3H), 3.26 (s, 2H), 2.40 (s, 
3H) 
13C NMR (101 MHz, CDCl3) δC (ppm) 158.4, 145.1, 144.7, 142.3, 137.3, 136.8, 
132.6, 131.0, 129.9, 129.6, 129.6, 129.3, 128.1, 127.1, 126.1, 113.4, 67.2, 55.4, 
40.2, 36.8, 21.8 
HRMS (ESI) m/z [M-Na]+ calc. for C35H32O3S3Na 619.1406, found 619.1401  
 

Synthesis of compound 4.7 
6-(((4-methoxyphenyl)diphenylmethyl)thio)hexan-1-ol 

 

 
 
To a solution of 6-mercapto-1-hexanol (2.00 mL, 14.62 mmol, 1.0 eq) in THF 
(20 mL) was added MMTrCl (4.96 g, 16.08 mmol, 1.1 eq) and the mixture was 
heated at 50 °C for 1.5 hour. The reaction mixture was cooled to room 
temperature and concentrated under reduced pressure. The residue was 
subjected to flash column chromatography (3:17 to 1:1 EtOAc/pentane) to give 
the desired compound (4.56 g, 77% yield) as a transparent oil. 
 
1H NMR (400 MHz, CDCl3) δH (ppm) 7.33 (d, J = 7.64 Hz , 4H), 7.27-718 (m, 
6H), 7.14 (t, J = 7.16 Hz, 2H), 6.76 (d, J = 8.85 Hz , 2H), 3.73 (s, 3H), 3.52, (t, 
J = 6.59 Hz, 2H), 2.10 (t, J = 7.24 Hz, 2H), 1.42 (quintet, J = 6.82 Hz, 2H), 1.35 
(quint, J = 7.22 Hz, 2H), 1.20 (m, 4H) 
13C NMR (101 MHz, CDCl3) δC (ppm) 158.2, 145.5, 137.4, 130.9, 129.7, 127.9, 
126.6, 113.2, 66.1, 63.0, 55.4, 32.7, 32.1, 28.9, 25.4 
HRMS (ESI) m/z [M-Na]+ calc. for C26H30O2SNa 429.1859, found 429.1864  
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Synthesis of resin 4.8 
 

NH2 N
H

O

O

O

SMMTr

1) Succinic anhydride
2) EDC, DMAP, 4.7

CPG  
 
Succinic anhydride (50 mg, 500 μmol) was dissolved in DCM (5 mL) and Et3N 
(69 μL, 500 μmol) was added. The mixture was added to LCAA-CPG beads 
(24.6 μmol, 300 mg, 82 μmol/g) in a plastic column and shaken at r.t. for 3 hrs. 
The beads were then washed with MeOH and DCM. Kaiser test stained 
negative for amines meaning quantitative coupling. 
 
EDC·HCl (51 mg, 330 μmol), DMAP (16 mg, 132 μmol) and 4.7 (54 mg ,132 
μmol) was dissolved in pyridine (5 mL) with 1% Et3N (50 μL). The mixture was 
added to the beads (200 mg, 16.4 μmol, 82 μmol/g) in a plastic column and 
shaken 16 hrs at r.t. The resin was washed extensively with DCM and dried. 
The loading was then quantified by MMTr cleavage. 
 
Loading,example: 
mbeads = 1.9 mg, VTotal = 20 mL, A478 = 0.288 
loading = 58.1 μmol/g (71% yield)  
 
Loadings were usually in the range of 40-60 μmol/g (49-73% yield) 
 
 

Synthesis of reference compound 4.9  
6-((4-((((4-methoxyphenyl)diphenylmethyl)thio)methyl)benzyl)disulfaneyl) 
-hexan-1-ol 
 

 
 
To a solution of 4.6 (89 mg, 149 μmol, 1.0 eq) and DIPEA (29 μL, 164 μmol, 1.1 
eq) dissolved in DCM (3 mL) was added 6-mercapto-1-hexanol (21 μL, 149 
μmol, 1.0 eq). The mixture was stirred at room temperature for 30 minutes and 
the solvent was then removed under reduced pressure and the residue was 
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subjected to flash column chromatography (1:1 to 2:1 Et2O/pentane) to give the  
desired compound (43 mg, 75 μmol, 50% yield). 
 
1H NMR (400 MHz, CD2Cl2) δH 7.45 (d, J = 7.45 Hz,  4H), 7.35 (d, J = 8.89 Hz, 
2H), 7.32 (t, J = 7.85 Hz, 4H), 7.24 (d, J = 7.13 Hz, 2H), 7.20 (d, J = 7.90 Hz, 
2H), 7.11 (d, J = 7.97 Hz, 2H), 6.86 (d, J = 8.87 Hz, 2H), 3.84 (s, 2H), 3.79 (s, 
3H), 3.55 (t, J = 6.59 Hz, 2H), 3.30 (s, 2H), 2.41 (t, J = 7.30 Hz, 2H), 1.58-1.45 
(m, 4H), 1.34-1.24 (m, 6H)  
13C NMR (100 MHz, CDCl3) δC (ppm) 158.2, 145.1, 136.9, 136.5, 136.4, 130.9, 
129.6, 129.5, 129.4, 128.0, 126.8, 113.3, 67.1, 62.9, 55.4, 43.5, 38.6, 36.9, 32.7, 
29.1, 28.3, 25.4 
HRMS (ESI) m/z [M+K]+ calc. for C34H38O2S3K 613.1666, found 613.1659 
 
 

Synthesis of compound 4.10 
2-cyanoethyl (6-(((4-methoxyphenyl)diphenylmethyl)thio)hexyl) diiso-
propylphosphoramidite 
 

 
 
Compound 4.7 (1.07 g, 2.63 mmol, 1.0 eq) was dissolved in DCM (15 mL) and 
to the solution was added 2-cyanoethyl-N,N,N′,N′-
tetraisopropyl phosphorodiamidite (1.25 mL, 3.95 mmol, 1.5 eq) followed by 
diisopropylammonium tetrazolide (0.225 g, 1.32 mmol, 0.5 eq). The mixture was 
stirred at room temperature for 1 hour and then evaporated onto Celite and 
purified by flash column chromatography (1/4 Et2O/Pentane with 1% Et3N) to 
give the desired compound (1.548 g, 97%) as a clear oil. 

1H NMR (400 MHz, CD3CN) δH (ppm) 7.37 (d, J = 7.6 Hz, 2H), 7.32-7.26 (m, 
6H), 7.22 (t, J = 7.01 Hz, 2H), 6.86 (d, J = 8.80 Hz, 2H), 3.80-3.68 (m, 2H), 3.77 
(s, 3H), 3.63-3.50 (m, 4H), 2.61 (t, J = 5.92 Hz, 2H), 2.12 (m, 4H), 1.52-1.44 (m, 
2H), 1.38-1.30 (m, 2H), 1.26-1.20 (m, 4H), 1.18-1.12 (m, 12H) 
13C NMR (101 MHz, CD3CN) δC (ppm) 159.3, 146.5, 138.1, 131.7, 130.4, 128.8, 
127.6, 119.6, 114.1, 66.8, 64.3, 64.2, 59.4, 59.2, 55.9, 43.9, 43.8, 32.5, 31.7, 
31.7, 29.3, 29.3, 26.2, 25.0, 24.9, 21.1, 21.0 
31P NMR (162 MHz, CD3CN) δP (ppm) 146.9 
HRMS (ESI) m/z [M-H]+ calc. for C35H48N2O3PS 607.3118, found 607.3121  
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Synthesis of compound 4.11 
S-(6-(bis(4-methoxyphenyl)(phenyl)methoxy)hexyl) 4-methylbenzene-
sulfonothioate 

 

 
 
1,6-Hexanediol (17.4 g, 148 mmol, 10 eq) and triethylamine (2.26 mL, 16.2 
mmol, 1.1 eq) was dissolved in THF (100 mL) and DMTrCl (5.00 g, 14.8 mmol, 
1.0 eq) was added. The mixture was stirred at room temperature for 16 hrs. 
Et2O (200 mL) was added and the organic phase was washed with water (3 x 
200 mL) and brine (200 mL), dried over Na2SO4, filtered and concentrated under 
reduced pressure. 
The residue was dissolved in DCM (50 mL) and cooled in an ice bath. N-methyl 
morpholine (5.67 mL, 51.6 mmol, 3.5 eq) was added along with MsCl (1.37 mL, 
17.7 mmol, 1.2 eq) and the mixture was stirred at 0 °C for 30 mins whereafter 
the reaction mixture was allowed to warm to room temperature and stirred 
overnight. The reaction was quenched with water (50 mL) and the phases were 
separated. The organic phase was washed water (2 x 50 mL), brine (50 mL) 
and then dried over Na2SO4, filtered and concentrated under reduced pressure.  
The residue was dissolved in acetonitrile (50 mL) along with potassium p-
toluenethiosulfonate (4.12 g, 18.20 mmol, 1.2) and the mixture was stirred at 75 
°C for 16 hrs. The mixture was then diluted with Et2O (100 mL) and washed with 
water (100 mL) and brine (100 mL), dried over Na2SO4, filtered and 
concentrated under reduced pressure. 
The residue was subjected to flash column chromatography (3:1 to 1:2 
pentane/DCM with 1% Et3N) to give the desired compound (5.507 g, 63% for 3 
steps) as a transparent oil. 
 
1H NMR (400 MHz, CDCl3) δH (ppm) 7.77 (d, J = 8.29 Hz, 2H), 7.40 (d, J = 7.20 
Hz, 2H), 7.32-7.23 (m, 8H), 7.18 (t, J = 7.20 Hz, 1H), 6.82 (d, J = 8.84 Hz, 4H), 
3.77 (s, 6H), 2.99 (t, J = 6.43 Hz, 2H), 2.94 (t, J = 7.38 Hz, 2H), 2.41 (s, 3H), 
1.59-1.48 (m, 4H), 1.33-1.19 (m, 4H) 
13C NMR (101 MHz, CDCl3) δC (ppm) 158.5, 145.5, 144.7, 142.3, 136.8, 130.1, 
129.9, 128.3, 127.8, 127.1, 126.7, 113.1, 85.8, 63.2, 55.3, 36.1, 29.9, 28.7, 28.5, 
25.8, 21.7 
HRMS (ESI) m/z [M-K]+ calc. for C34H38O5S2K 629.1792, found 629.1785 
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Synthesis of compound 4.12 
Methyl 2,6-dimethylbenzoate 
Original synthesis and characterization: C. Dell'Erba, F. Sancassan, M. Novi, G. Petrillo, A. 
Mugnoli, S. Domenico, C. Giovanni, 13C Nuclear Magnetic Resonance Study on the Nature of 
Resonance Interactions in 4-Substituted Benzonitriles, Acetophenones, and Methyl Benzoates, 
J. Org. Chem., 53, 3564-3568 (1998) 
 

 
 
To a solution of 2,6-dimethylbenzoic acid (6.00 g, 40 mmol, 1.0 eq) and K2CO3 
(13.8 g, 100 mmol, 2.5 eq) in DMF (100 mL) was added methyl iodide (3.73 mL, 
60 mmol, 1.5 eq). The mixture was stirred at room temperature for 16 hours and 
then diluted with EtOAc (300 mL) and washed with water (3 x 100 mL) and brine 
(50 mL). The organic phase was dried over MgSO4, filtered, and concentrated 
under reduced pressure to give the desired compound (5.887 g, 36.0 mmol, 
90%) as a yellow oil. 
 
1H NMR (400 MHz, CDCl3) δH (ppm) 7.19 (t, J = 7.58 Hz, 1H), 7.04 (d, J = 7.59 
Hz, 2H), 3.91 (s, 3H), 2.31 (s, 6H) 
13C NMR (100 MHz, CDCl3) δC (ppm) 170.6, 135.1, 134.0, 129.5, 127.7, 52.0, 
19.8 
HRMS (ESI) m/z [M+H]+ calc. for C10H13O2 165.0910, found 165.0909 
 

Synthesis of compound 4.13 
Methyl 2,6-bis(bromomethyl)benzoate 
Original synthesis and characterization: M. Newcomb, S. S. Moore, D. J. Cram, Host-
guest complexation. 5. Convergent functional groups in macrocyclic polyethers, J. Am. 
Chem. Soc., 99, 6405-6410 (1977) 

 

 
 
A 250 mL roundbottomed flask was charged with 4.12 (2.00 g, 12.18 mmol, 1.0 
eq), NBS (4.34 g, 24.4 mmol, 2.0 eq) and AIBN (180 mg, 1.01 mmol, 0.08 eq) 
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and added CCl4 (50 mL). The reaction mixture was stirred at 70 °C for 16 hours. 
The solvent was then removed under reduced pressure and the residue was 
subjected to flash column chromatography (5% to 25% DCM in pentane) to give 
the desired compound (1.785 g, 5.60 mmol, 46% yield) as a white solid. 
 
1H NMR (400 MHz, CDCl3) δH (ppm) 7.37 (s, 3H), 4.62 (s, 4H), 4.02 (s, 3H) 
13C NMR (100 MHz, CDCl3) δC (ppm) 167.9, 137.0, 132.9, 130.9, 130.7, 52.9, 
30.6 
HRMS (ESI) m/z Compound does not ionize 
 
 

Synthesis of compound 4.14 
Methyl 2,6-bis((acetylthio)methyl)benzoate 
 

 
 
To a solution of 4.13 (1.82 g, 5.65 mmol, 1.0 eq) THF (50 mL) was added 
potassium thioacetate (1.42 g, 12.43 mmol, 2.2 eq). The mixture was stirred 16 
hours at room temperature and then diluted with Et2O (50 mL). The mixture was 
washed with water (2 x 50 mL), brine (50 mL), dried over Na2SO4, filtered and 
concentrated under reduced pressure to give the desired compound (1.72 g, 
5.65 mmol, quantitative) as a yellow oil. 
 
1H NMR (400 MHz, CDCl3) δH (ppm) 7.36-7.22 (m, 3H), 4.14 (s, 4H), 3.90 (s, 
3H), 2.27 (s, 6H) 
13C NMR (100 MHz, CDCl3) δC (ppm) 194.9, 168.6, 136.7, 132.1, 130.6, 129.9, 
52.5, 31.6, 30.2 
HRMS (ESI) m/z [M+K]+ calc. for C14H16O4S2K 351.0122, found 351.0120 
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Synthesis of compound 4.15 
7-(mercaptomethyl)benzo[c]thiophen-1(3H)-one 
 

 
 
To a solution of 4.14 (1.77 g, 5.67 mmol) in MeOH (50 mL) was added a catalytic 
amount of concentrated sulfuric acid, and the mixture was stirred 16 hours at 
60 °C. The mixture was then diluted with Et2O (50 mL) and the mixture was 
washed with water (3 x 50 mL) and brine (50 mL),dried over Na2SO4 filtered and 
concentrated under reduced pressure to give the desired compound (1.11 g, 
5.67 mmol, quantitative) as a yellow solid. 
 
1H NMR (400 MHz, CDCl3) δH (ppm) 7.52 (t, J = 7.55 Hz, 1H), 7.42 (d, J = 7.62 
Hz, 1H), 7.33 (t, J = 7.40 Hz, 1H), 4.43 (s, 2H), 4.14 (d, J = 8.63 Hz, 2H), 2.18 
(t, J = 8.63 Hz, 1H) 
13C NMR (100 MHz, CDCl3) δC (ppm) 198.3, 149.2, 142.0, 133.1, 129.2, 125.6, 
34.0, 24.8 
HRMS (ESI) m/z [M+Na]+ calc. for C9H8OS2K 218.9909, found 218.9907 

 

Synthesis of compound 4.16 
S-((3-oxo-1,3-dihydrobenzo[c]thiophen-4-yl)methyl) 4-
methylbenzenesulfonothioate 
 

 
 
A solution of 4.15 (490 mg, 2.50 mmol, 1.0 eq) in DCM (10 mL) was added 
dropwise to a solution of TsBr (734 mg, 3.12 mmol, 1.25 eq) and DIPEA (0.54 
mL, 3.12 mmol,  1.25 eq) in DCM (15 mL) at 0 °C over 15 minutes. The mixture 
was allowed to warm to room temperature and stirred for 15 minutes before the 
solvent was removed under reduced pressure. The residue was subjected to 
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flash column chromatography (3:1 to 0:1 Pentane/Et2O gradient) to give the 
desired compound (705 mg, 2.03 mmol, 81% yield) as a brown oil. 
 
1H NMR (400 MHz, CDCl3) δH (ppm) 7.75 (d, J = 8.25 Hz, 2H) 7.48-7.40 (m, 
2H), 7.36 (d, J = 7.03 Hz, 1H), 7.29 (d, J = 8.34 Hz, 2H), 4.64 (s, 2H), 4.40 (s, 
2H), 2.43 (s, 3H) 
13C NMR (100 MHz, CDCl3) δC (ppm) 198.4, 148.9, 144.7, 142.3, 135.4, 132.8, 
132.4, 130.4, 129.8, 127.2, 126.5, 35.9, 34.1, 21.8 
HRMS (ESI) m/z [M+H]+ calc. for C16H15O3S3 351.0178, found 351.0180 
 
 

Synthesis of compound 4.17 
tert-Butyldimethylsilyl 2,5-dimethylbenzoate  

 

 
 
2,5-Dimethylbenzoic acid (2.0 g, 13.3 mmol, 1.0 eq) was dissolved in THF (25 
mL). Imidazole (1.36 g, 20 mmol, 1.5 eq) and TBSCl (2.31 g, 15.3 mmol, 1.15 
eq) was added and the mixture was stirred 16 hrs at room temperature. 
The mixture was then diluted with EtOAc (50 mL) and washed with water (3 x 
50 mL) followed by brine (50 mL), dried over Na2SO4, filtered and concentrated 
under reduced pressure to give the desired compound (5.032 g, 97% yield) as 
a colorless oil. 
 

1H NMR (400 MHz, CDCl3) δH (ppm) 7.76 (s, 1H), 7.20 (d, J = 7.74 Hz, 1H), 
7.13 (d, J = 7.75 Hz, 1H), 2.57 (s, 3H), 2.35 (s, 3H), 1.02 (s, 9H), 0.38 (s, 6H) 
13C NMR (101 MHz, CDCl3) δC (ppm) 167.9, 137.8, 135.3, 132.9, 132.0, 131.8, 
130.7, 25.9, 21.8, 21.0, 18.0, -4.5  
HRMS (ESI) m/z [M-H]+ calc. for C15H23O2Si 265.1618, found 265.1625 
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Synthesis of compound 4.18 
tert-Butyldimethylsilyl 2,5-bis(bromomethyl)benzoate 
 

 
 
A 250 mL roundbottomed flask was charged with 4.17 (3.5 g, 11.34 mmol, 1.0), 
NBS (4.04 g, 22.69 mmol, 2.0) and AIBN (186 mg, 1.13 mmol, 0.10 eq). CCl4 
(60 mL) was added, and the reaction mixture was stirred at 70 °C for 16 hrs. 
The solvent was removed under reduced pressure and the residue was 
subjected to flash column chromatography (5% to 25% DCM in pentane) to give 
the desired compound (3.015 g, 63% yield) as a light brown oil. 

 
1H NMR (400 MHz, CDCl3) δH (ppm) 7.92 (d, J = 1.84 Hz, 1H), 7.50 (dd, J = 
7.91, 1.93 Hz, 1H), 7.45 (d, J = 7.90 Hz, 1H), 4.95 (s, 2H), 4.49 (s, 2H), 1.04 (s, 
9H), 0.42 (s, 6H) 
13C NMR (101 MHz, CDCl3) δC (ppm) 166.1, 139.8, 138.3, 133.0, 132.5, 132.4, 
131.0, 32.1, 31.2, 25.9, 18.1, -4.5 
HRMS (ESI) m/z [M+H]+ calc. for C15H23Br2O2Si 420.9829, found 420.9812 
 
 

Synthesis of compound 4.19 
tert-Butyldimethylsilyl 2,5-bis((acetylthio)methyl)benzoate 
 

 
 
Compound 4.18 (2.30 g, 5.45 mmol, 1.0 eq) and potassium thioacetate (1.87 g, 
16.3 mmol, 3.0 eq) was dissolved in THF (50 mL) and the mixture was stirred 
at room temperature for 2 hrs. The solvent was then removed under reduced 
pressure and the residue was subjected to flash column chromatography (1:3 
to 3:1 DCM/pentane) to give the desired compound (1.263 g, 56%) as a 
colorless oil. 
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1H NMR (400 MHz, CDCl3) δH (ppm) 7.89 (d, J = 1.19 Hz, 1H), 7.43 (d, J = 7.88 
Hz, 1H), 7.37 (dd, J = 7.87, 1.46 Hz, 1H), 4.47 (s, 2H), 4.10 (s, 2H), 2.35 (s, 
3H), 2.28 (s, 3H), 1.02 (s, 9H), 0.39 (s, 6H) 
13C NMR (101 MHz, CDCl3) δC (ppm) 196.0, 194.8, 166.7, 139.7, 137.3, 132.9, 
132.1, 130.2, 32.9, 32.1, 30.4, 30.4, 25.9, 18.0, -4.6 
HRMS (ESI) m/z [M+Na]+ calc. for C19H28O4S2SiNa 435.1090, found 435.1089 
 
 

Synthesis of compound 4.20 
6-(mercaptomethyl)benzo[c]thiophen-1(3H)-one 
 

 
 
Compound 4.19 (1.26 g, 3.06 mmol) was dissolved in MeOH (50 mL) and a 
catalytic amount of concentrated sulfuric acid was added. The mixture was 
stirred for 16 hrs at 60 °C. The mixture was then diluted with water (50 mL) and 
Et2O (50 mL) and the phases were separated. The organic phase was washed 
with water (2 x 50 mL) and brine (50 mL), dried over Na2SO4, filtered and 
concentrated under reduced pressure to give the desired compound (582 mg, 
97%) as a white solid. 
 
1H NMR (400 MHz, CDCl3) δH (ppm) 7.76 (s, 1H), 7.61 (dd, J = 7.92, 1.63 Hz, 
1H), 7.50 (d, J = 8.00Hz, 1H), 4.45 (s, 2H), 3.82 (d, J = 7.80 Hz, 2H), 1.81 (t, J 
= 7.80 Hz, 1H) 
13C NMR (101 MHz, CDCl3) δC (ppm) 197.5, 146.0, 141.9, 136.5, 133.4, 126.7, 
123.2, 34.6, 28.5 
HRMS (ESI) m/z [M+H]+ calc. for C9H9OS2 197.0089, found 197.0096 
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Synthesis of compound 4.21 
6-((((4-methoxyphenyl)diphenylmethyl)thio)methyl)benzo[c]thiophen-
1(3H)-one 

SMMTr

S
O

 
 
Compound 4.20 (580 mg, 2.95 mmol, 1.0 eq) and MMTrCl (1.09 g, 3.55 mmol, 
1.2 eq) were dissolved in DCM (25 mL) and the mixture was stirred at room 
temperature for 1 hour. The mixture was diluted with water (50 mL) and 
extracted with DCM (3 x 30 mL) and the combined organic phases were dried 
over Na2SO4 and filtered. The solvent was removed under reduced pressure 
and the residue was subjected to flash column chromatography (1:1 to 0:1 
pentane/DCM) to give the desired compound (1.30 g, 94%) as a white foam. 
 
1H NMR (400 MHz, CDCl3) δH (ppm) 7.54 (s, 1H), 7.44 (d, J = 7.99 Hz, 4H), 
7.39-7.21 (m, 10H), 6.84 (d, J = 8.57 Hz, 2H), 4.40 (s, 2H), 3.80 (s, 3H), 3.41 
(s, 2H)  
13C NMR (101 MHz, CDCl3) δC (ppm) 197.5, 158.4, 145.8, 144.9, 138.0, 136.6, 
136.2, 134.3, 131.0, 129.6, 128.2, 126.9, 126.3, 124.3, 113.4, 67.4, 55.4, 36.5, 
34.5 
HRMS (ESI) m/z [M-NH4]+ calc. for C29H28NO2S2 486.1556, found 486.1550 
 
 

Synthesis of compound 4.22 
6,6'-(disulfanediylbis(methylene))bis(3-((((4-methoxyphenyl) 
diphenylmethyl)-thio)methyl)benzoic acid) 
 

 
 
To a solution of 4.21 (300 mg, 640 μmol, 1.0 eq) in MeOH/THF (14 mL, 1:1) 
was added aqueous KOH (3.20 mL, 1M, 3.20 mmol, 5.0 eq). The mixture was 
stirred at 50 °C for 4 hours. The mixture was then acidified with aqueous 2.5% 
NaHSO4 (v/w) (20 mL), diluted with water (20 mL) and extracted with DCM (3 x 
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20 ml). The combined organic phases were dried over Na2SO4, filtered and 
concentrated under reduced pressure. The crude oil was used directly in the 
following step without further purification. 
 
HRMS (ESI) m/z [M]- calc. for C58H49O6S4 969.2417, found 969.2423 
 
 

Synthesis of compound 4.23 
6,6'-(disulfanediylbis(methylene))bis(N-(4-fluorobenzyl)-3-((((4 
methoxyphenyl)diphenylmethyl)thio)methyl)benzamide) 
 

 
 
Crude 4.22 (~50 mg, ~50 μmol, 1.0 eq) was dissolved in DMF (2 mL) and added 
PyBOP (80 mg, 154 μmol, 3.0 eq) and DIPEA (15 μL, 129 μmol, 2.6 eq) and 
then stirred for 10 minutes at room temperature before addition of 4-
fluorobenzylamine (27 μL, 154 μmol, 3.0 eq). The mixture was stirred 16 hours 
at room temperature before being diluted with EtOAc (20 mL). The mixture was 
then washed with 10% LiCl (v/w) (2 x 20 mL), brine (20 mL) and dried over 
Na2SO4, filtered and concentrated under reduced pressure. 
The residue was subjected to flash column chromatography (1:9 to 1:1 
EtOAc/pentane) to give the desired product (29 mg, 25 μmol, 48% yield for 2 
steps) as a bright yellow foam. 
 
1H NMR (400 MHz, CDCl3) δH (ppm) 7.41 (d, J = 7.36 Hz, 8H), 7.34-7.12 (m, 
26H), 7.06 (s, 2H), 7.00 (t, J =8 .66 Hz, 4H), 6.82 (d, J = 8.89 Hz, 4H), 6.57 (t, 
J = 5.76 Hz, 2H), 4.46 (d, J = 5.75 Hz, 4H), 3.83 (s, 2H), 3.79 (s, 6H), 3.33 (s, 
4H)  
13C NMR (100 MHz, CDCl3) δC (ppm) 169.0, 163.5, 161.1, 158.3, 144.9, 137.3, 
136.6, 136.1, 134.5, 134.0, 131.7, 130.9, 130.9, 129.8, 129.8, 129.6, 128.1, 
126.9, 115.8, 115.5, 67.4, 55.4, 43.3, 40.6, 36.5 
19F NMR (376 MHz, CDCl3) δF (ppm) -114.8  
HRMS (ESI) m/z [M+H]+ calc. for C72H63F2N2O4S4 1207.3442, found 1207.3434 
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Synthesis of compound 4.24 
N-(4-methyl-2-oxo-2H-chromen-7-yl)acetamide 
Original synthesis and characterization: F. Carta, A. Maresca, A. Scozzafava, C. T. Supuran, 
Novel coumarins and 2-thioxo-coumarins as inhibitors of the tumor-associated carbonic 
anhydrases IX and XII, Bioorg. Med. Chem., 20, 2266-2273 (2012) 

 

 
 
To a solution of 7-amino-4-methylcoumarin (30 mg, 171 μmol, 1.0 eq) and 
DIPEA (89 μL, 514 μmol, 3.0 eq) in THF (3 mL) was added acetyl chloride (24 
μL, 342 μmol, 2.0 eq) and the mixture was stirred 16 hours at room temperature 
in darkness. The mixture was diluted EtOAc (10 mL) and washed with 2.5% 
NaHSO4 (v/w) (10 mL), water (10 mL) and brine (10 mL). The organic phase 
was dried over MgSO4, filtered and concentrated under reduced pressure to 
give the desired compound (36.1 mg, 166 μmol, 97% yield) as a brown solid. 
 
1H NMR (400 MHz, CD3OD) δH (ppm) 7.79 (d, J = 1.90 Hz, 1H), 7.70 (d, J = 
8.69 Hz, 1H), 7.48 (dd, J = 8.71, 2.02 Hz, 1H), 6.24 (s, 1H), 2.46 (s, 3H), 2.17 
(s, 3H) 
HRMS (ESI) m/z [M+H]+ calc. for C12H12NO3 218.0812, found 218.0810 
 
 

Synthesis of compound 4.25 
6,6'-(disulfanediylbis(methylene))bis(3-((((4-methoxyphenyl)diphenyl-
methyl)thio)methyl)benzoyl fluoride) 
 

 
 
A 4 mL vial was charged with 4.22 (~300 mg, ~300 μmol, 1.0 eq), TFFH (180 
mg, 680 μmol, 2.3 eq), and 1,8-bis(dimethylamino)naphthalene (146 mg, 680 
μmol, 2.3 eq) and added THF (2 mL). The reaction mixture was stirred at room 
temperature for 16 hours. Celite was added and the solvent was removed under 
reduced pressure. The residue was subjected to flash column chromatography 
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(7:1 to 3:1 pentane/EtOAc) to give the desired compound (81 mg, 83 μmol, 27% 
yield for 2 steps) as a yellow foam. 
 
1H NMR (400 MHz, CDCl3) δH (ppm) 7.67 (d, J = 1.60 Hz, 2H), 7.44 (d, J = 7.39 
Hz, 4H), 7.39-7.17 (m, 38H), 6.85 (d, J = 8.90 Hz, 4H), 4.05 (s, 4H), 3.82 (s, 
6H), 3.41 (s, 4H) 
13C NMR (100 MHz, CDCl3) δC (ppm) 158.4, 157.9, 154.4, 144.8, 140.9, 140.8, 
138.3, 136.5, 135.4, 133.5, 132.7, 132.6, 131.0, 129.6, 128.2, 127.0, 123.3, 
122.7, 113.4, 67.6, 55.4, 55.4, 41.0, 36.2 
19F NMR (376 MHz, CDCl3) δF (ppm) 29.4  
HRMS (ESI) m/z [M+H]+ calc. for C72H63F2N2O4S4 1207.3442, found 1207.3434 
 
 

Synthesis of compound 4.26 
(2-(mercaptomethyl)-5-((((4-methoxyphenyl)diphenylmethyl)thio)methyl)-
phenyl)methanol 
 

 
 
Compound 4.21 (300 mg, 640 μmol, 1.0 eq) was dissolved in THF (15 mL) and 
LiAlH4 in THF (1.92 mL, 1M, 1.92 mmol, 3.0 eq) was added dropwise at 0 °C. 
The mixture was allowed to warm to room temperature and stirred for additional 
2 hrs. The mixture was then diluted with Et2O (10 mL) and 2.5% NaHSO4 (w/v) 
(5 mL) was added followed by a saturated solution of Rochelle’s salt (2 mL). 
The biphasic mixture was stirred for 30 mins at room temperature before dilution 
with Et2O (10 mL) and water (20 mL). The phases were separated, and the 
organic phase was washed with water (20 mL) and brine (20 mL), dried over 
Na2SO4, filtered and concentrated under reduced pressure. The residue was 
subjected to flash column chromatography (1:3 EtOAc/pentane) to give the 
desired compound (221 mg, 73% yield) as a clear oil. 
 
1H NMR (400 MHz, CDCl3) δH (ppm) 7.46 (d, J = 7.67 Hz, 4H), 7.36 (d, J = 8.85 
Hz, 2H), 7.31 (t, J = 7.28 Hz, 4H), 7.23 (t, J = 7.23 Hz, 2H), 7.15 (d, J = 7.76 Hz, 
1H), 7.11 (s, 1H), 7.07 (d, J = 7.67 Hz, 1H), 6.85 (d, J = 8.05 Hz, 2H), 4.70 (s, 
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2H), 3.82-3.76 (m, 5H), 3.33 (s, 2H), 2.14 (broad s, 1H), 1.82 (t, J = 7.18 Hz, 
1H) 
13C NMR (101 MHz, CDCl3) δC (ppm) 158.2, 145.1, 138.4, 138.2, 136.9, 136.8, 
131.0, 130.0, 129.7, 129.6, 129.2, 128.1, 126.8, 113.3, 67.1, 63.2, 55.4, 36.7, 
25.9 
HRMS (ESI) m/z [M-NH4]+ calc. for C29H32NO2S2 490.1869, found 490.1861 

 

Synthesis of compound 4.27 
S-(2-(hydroxymethyl)-4-((((4-methoxyphenyl)diphenyl-
methyl)thio)methyl)-benzyl) 4 methylbenzenesulfonothioate 
 

 
 
TsBr (115 mg, 489 μmol, 1.05 eq) was dissolved in DCM (15 mL) and DIPEA 
(122 μL, 698 μmol, 1.5 eq) was added. The mixture was cooled to -78 °C and 
4.26 (220 mg, 465 μmol, 1.0 eq) dissolved in DCM (10 mL) was added dropwise 
and the mixture was stirred for 15 mins. The solvent was removed under 
reduced pressure and the residue was subjected to flash column 
chromatography (3:1 to 1:2 pentane/EtOAc) to give the desired compound (151 
mg, 52%) as a clear oil. 
 
1H NMR (400 MHz, CDCl3) δH (ppm) 7.71 (d, J = 8.23 Hz, 2H), 7.43 (d, J = 7.54 
Hz, 4H), 7.35-7.27 (m, 9H), 7.22 (t, J = 7.14 Hz, 2H), 7.05 (d, J = 7.83 Hz, 1H), 
7.02 (s, 1H), 6.96 (d, J = 7.63 Hz, 1H), 6.83 (d, J = 8.81 Hz, 2H), 4.57 (s, 2H), 
4.31 (s, 2H), 3.80 (s, 3H), 3.28 (s, 2H), 2.42 (s, 3H) 
13C NMR (101 MHz, CDCl3) δC (ppm) 158.3, 145.0, 144.9, 142.1, 139.3, 138.0, 
136.7, 131.1, 131.0, 130.5, 130.0, 129.7, 129.6, 129.1, 128.1, 127.1, 126.9, 
113.4, 67.2, 62.9, 55.4, 37.3, 36.7, 21.8 
HRMS (ESI) m/z [M+Na]+ calc. for C36H34O4S3Na 649.1512, found 649.1519 
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Synthesis of compound 4.28 
7-isocyanato-4-methyl-2H-chromen-2-one  
Original synthesis and characterization:  
I. A. Müller, F. Kratz, M. Jung, A Warnecke, Schiff bases derived from p-aminobenzyl 
alcohol as trigger groups for pH-dependent prodrug activation, Tetrahedron Lett., 51, 
4371-4374 (2010) 

 
 
7-amino-4-methylcoumarin (100 mg, 571 μmol, 1.0 eq) and triethylamine (80 
μL, 571 μmol, 1.0 eq) was added DCM (3 mL) and stirred. A solution of 
triphosgene (85 mg, 286 μmol, 0.5 eq) in DCM (1 mL) was added and the 
mixture was stirred at r.t. for 2 hrs in darkness. The mixture was diluted with 
DCM (10 mL) and quenched was water (10 mL). The phases were separated, 
and the organic phase was washed with brine (10 mL) and dried over Na2SO4, 
filtered and concentrated under reduced pressure to give a yellow solid which 
was used in the subsequent step without further purification.  
 
 

Synthesis of compound 4.29 
(4-((((4-methoxyphenyl)diphenylmethyl)thio)methyl)-2-((((4-methyl-2-oxo-
2H-chromen-7-yl)carbamoyl)oxy)methyl)benzyl) 4-methylbenzene-
sulfonothioate 
 

 
 
Compound 4.27 (310 mg, 495 μmol, 1.0 eq), triethylamine (0.138 mL, 0.99 
mmol, 2.0 eq) and crude 4.28 (~115 mg, ~570 μmol, 1.15 eq) was dissolved in 
THF (10 mL) and stirred at r.t. for 3 hrs. The reaction mixture was diluted with 
DCM (30 mL) and washed with water (30 mL), dried over Na2SO4, filtered and 
concentrated under reduced pressure. The residue was subjected flash column 
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chromatography (5% acetone in DCM) to give the desired compound (364 mg, 
89%) as a yellow foam. 
 
1H NMR (400 MHz, CDCl3) δH (ppm) 7.72 (d, J = 8.29 Hz,  2H), 7.50 (d, J = 8.63 
Hz, 2H), 7.45-7.40 (m, 5H), 7.35-7.25 (m, 8H), 7.22 (t, J = 7.07 Hz, 2H), 7.08-
6.97 (m, 3H), 6.83 (d, J = 8.87 Hz, 2H), 6.19 (s, 1H), 5.10 (s, 2H), 4.35 (s, 2H), 
3.80 (s, 3H), 3.78 (s, 1H), 3.32-3.26 (m, 2H), 2.42-2.37 (m, 6H) 
13C NMR (101 MHz, CDCl3) δC (ppm) 161.2, 158.3, 154.6, 152.5, 152.4, 145.2, 
144.9, 141.9, 141.5, 138.3, 136.7, 134.4, 131.3, 131.2, 131.1, 131.0, 130.0, 
129.6, 128.1, 127.0, 126.9, 125.5, 115.7, 114.6, 113.4, 106.1, 67.4, 65.1, 55.4, 
37.4, 36.5, 21.8, 18.7 
HRMS (ESI) m/z [M+Na]+ calc. for C47H41NO7S3Na 850.1937, found 850.1938 
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S4.2 Method Development 
 

Standard curve for MMTr-protected thiol 
Compound 4.3 (17.9 mg, 40.4 μmol) was dissolved in a mixture of 5% 
trichloroacetic acid (TCA) in 1,2-dichloroethane (DCE) (w/v, 1 mL) and the 
appropriate dilutions were made and the absorbance at 478 nm was measured. 

Table S4.1. Measured absorbance at 478 nm at the given concentrations. 

c / μM A478 
0 0 

3.25 0.153 
6.5 0.312 
9.75 0.489 
13 0.663 

16.25 0.845 
 

Plot and linear regression of data given in Table S4.1. 

 
Extinction coefficient (478 nm) = 52150 M-1cm-1 
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Deblock of S-MMTr 
 

N
H

O

O

O

SMMTr N
H

O

O

O

SH

Measure remaining loading

Deblock

CPG

 
Resin 4.8 (~3 mg, 58.1 μmol/g) were weighed into an MM12 plastic column and 
treated with deblocking mixtures (150 μL, 1-5 x 60 s) and washed with MeCN 
(2 x 150 μL). The beads were then dried under vacuum for 2 hrs. The remaining 
loading were then measured by treatment with 5% TCA in DCE (w/v). 
 
Table S4.2. Details and results of deblock study 

Reagent 
Reaction 

time 
mbeads  
/ mg 

VTotal A478 
Remaining loading 
μmol/g % 

3% TCA (w/v) in 
DCM 

1 x 60 s 2.2 20 mL 1.089 19.0 32.7 
3 x 60 s 1.9 1 mL 0.546 5.52 9.5 
5 x 60 s 1.3 1 mL 0.040 0.58 1.0 

1% TFA (v/v) in 
DCM/Et3SiH 
(95/5, v/v) 

1 x 60 s 2.8 20 mL 0.070 9.59 16.5 
2 x 60 s 4.2 1 mL 0.111 0.52 0.9 
3 x 60 s 2.5 1 mL 0.017 0.12 0.2 
4 x 60 s 3.7 1 mL 0.005 0.02 0.0 
5 x 60 s 3.1 1 mL 0.004 0.06 0.1 

 
Plot of data from Table S4.2 
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Cleavage from resin 

SMMTr
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Resin 4.8 (~3 mg, 39.5 μmol/g) were weighed and treated under different 
cleavage conditions. The beads were then washed with water (3 x 500 μL) and 
MeCN (3 x 500 μL) and dried under vacuum for 2 hrs. The remaining loading 
were then measured by treatment with 5% TCA in DCE (w/v). 
 
Table S4.3. Details and results for cleavage study 

Reagent 
Reaction 

time 
Temp. 

mbeads 
/ mg 

VTotal A478 
Remaining loading 
μmol/g % 

MeOH 16 hrs r.t. 3.6 20 mL 0.348 37.07 93.9 

50 mM K2CO3 

in MeOH 

1 hr r.t. 5.3 10 mL 0.095 3.44 8.7 
2 hrs r.t. 2.8 1 mL 0.281 1.92 4.9 
4 hrs r.t. 3.6 1 mL 0.277 1.48 3.7 
6 hrs r.t. 3.4 1 mL 0.217 1.22 3.1 

16 hrs r.t. 3.9 1 mL 0.241 1.18 3.0 
16 hrs 50 °C 4.0 1 mL 0.124 0.59 1.5 

EtOH/conc. 
NH3 (3:1) 

16 hrs r.t. 3.8 1 mL 0.165 0.83 2.1 
16 hrs 50 °C 3.4 1 mL 0.097 0.55 1.4 

 
Plot of data for 50 mM K2CO3 in MeOH at room temperature from Table S4.3. 
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Coupling study 

 
 
A weighed amount of resin 4.8 (~3 mg, 43.0 μmol/g) were packed into an empty 
MerMade12 plastic column and treated with 1% TFA in Et3SiH/DCM (5/95) (150 
μL, 3 x 1 min) and washed with DCM (2 x 150 μL). The beads were then treated 
with 0.1 M activated disulfide in DCM (70 μL) and activator solution (70 μL) and 
washed with DCM (2 x 150 μL). The beads were then dried under vacuum for 2 
hrs. The gained loading was then measured by treatment with 5% TCA in DCE 
(w/v). 
 
Reaction times are given as total coupling time but were performed as 2 x (half 
of total coupling time) each with 4 vacuum pulses. 
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Table S4.4. Details and results for deblock study. Screen of activated disulfides 

Activated 
disulfide 

Activator 
Reaction 

time 
mbeads 
/ mg 

VTotal A478 
Max. 

loading 
μmol/g 

Gained 
loading 

μmol/g % 

4.4 

- 

2 mins 1.1 1 mL 0.062 43.00 1.08 2.5 
4 mins 0.7 1 mL 0.028 43.00 0.77 1.8 
6 mins 0.9 1 mL 0.020 43.00 0.43 1.0 
8 mins 1.1 1 mL 0.026 43.00 0.45 1.1 

10 mins 1.0 1 mL 0.022 43.00 0.42 1.0 
15 mins 0.9 1 mL 0.024 43.00 0.51 1.2 
20 mins 1.0 1 mL 0.023 43.00 0.44 1.0 
30 mins 1.1 1 mL 0.032 43.00 0.56 1.3 
60 mins 1.1 1 mL 0.028 43.00 0.49 1.1 

1% Et3N 
(v/v) 

2 mins 1.0 1 mL 0.125 43.00 2.40 5.6 
4 mins 1.5 1 mL 0.112 43.00 1.43 3.3 
6 mins 1.2 1 mL 0.246 43.00 3.93 9.1 
8 mins 1.4 1 mL 0.180 43.00 2.47 5.7 

10 mins 1.3 1 mL 0.154 43.00 2.27 5.3 
15 mins 1.7 1 mL 0.229 43.00 2.58 6.0 
20 mins 1.1 1 mL 0.182 43.00 3.17 7.4 
30 mins 1.3 1 mL 0.157 43.00 2.32 5.4 
60 mins 1.7 1 mL 0.172 43.00 1.94 4.5 

4.5 

- 

2 mins 0.9 1 mL 0.028 43.00 0.60 1.4 
4 mins 1.1 1 mL 0.022 43.00 0.38 0.9 
6 mins 1.2 1 mL 0.024 43.00 0.38 0.9 
8 mins 1.1 1 mL 0.026 43.00 0.45 1.1 

10 mins 0.9 1 mL 0.036 43.00 0.77 1.8 
15 mins 1.1 1 mL 0.073 43.00 1.27 3.0 
20 mins 0.7 1 mL 0.035 43.00 0.96 2.2 
30 mins 0.8 1 mL 0.023 43.00 0.55 1.3 
60 mins 0.7 1 mL 0.031 43.00 0.85 2.0 

1% Et3N 
(v/v) 

2 mins 1.4 1 mL 0.123 43.00 1.69 3.9 
4 mins 1.1 1 mL 0.049 43.00 0.85 2.0 
6 mins 1.0 1 mL 0.054 43.00 1.04 2.4 
8 mins 0.9 1 mL 0.092 43.00 1.96 4.6 

10 mins 1.9 1 mL 0.089 43.00 0.90 2.1 
15 mins 1.2 1 mL 0.120 43.00 1.92 4.5 
20 mins 0.9 1 mL 0.078 43.00 1.66 3.9 
30 mins 0.9 1 mL 0.063 43.00 1.34 3.1 
60 mins 1.3 1 mL 0.191 43.00 2.82 6.6 

4.6 

- 

5 mins 3.0 1 mL 0.174 43.00 1.11 2.6 
10 mins 3.1 1 mL 0.175 43.00 1.08 2.5 
20 mins 2.8 1 mL 0.158 43.00 1.08 2.5 
30 mins 3.3 1 mL 0.184 43.00 1.07 2.5 
60 mins 3.7 1 mL 0.217 43.00 1.12 2.6 

1% Et3N 
(v/v) 

5 mins 3.3 1 mL 0.280 43.00 1.63 3.8 
10 mins 3.0 1 mL 0.277 43.00 1.77 4.1 
20 mins 3.1 1 mL 0.341 43.00 2.11 4.9 
30 mins 3.2 1 mL 0.415 43.00 2.49 5.8 
60 mins 3.5 1 mL 0.558 43.00 3.06 7.1 
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Table S4.5. Details and results for deblock study. Screen of stronger bases 

 
  

Activated 
disulfide 

Activator 
Reaction 

time 
mbeads  
/ mg 

VTotal A478 
Max. 

loading 
μmol/g 

Gained 
loading 

μmol/g % 

4.6 

0.5% DBU 
(v/v) 

10 s 3.6 20 mL 0.307 43.0 32.9 76.1 
1 min 2.7 20 mL 0.229 43.0 32.5 75.6 
5 mins 2.4 20 mL 0.225 43.0 35.9 83.6 

30 mins 3.3 20 mL 0.330 43.0 38.4 89.2 

1% DBU 
(v/v) 

10 s 3.6 20 mL 0.323 43.0 34.4 80.0 
1 min 3.3 20 mL 0.301 43.0 35.0 81.4 
5 mins 3.0 20 mL 0.301 43.0 38.5 89.5 

10 mins 2.9 20 mL 0.301 43.0 39.8 92.6 
30 min 3.6 20 mL 0.363 43.0 38.7 89.9 

3% DBU 
(v/v) 

10 s 3.0 1 mL 0.123 43.0 0.77 1.8 
1 min 3.3 1 mL 0.323 43.0 1.89 4.4 
5 mins 2.9 1 mL 0.269 43.0 1.76 4.1 

30 mins 3.1 1 mL 0.472 43.0 2.92 6.8 

1% TMG 
(v/v) 

10 s 2.9 20 mL 0.281 43.0 37.2 86.4 
1 min 3.2 20 mL 0.320 43.0 38.4 89.2 
5 mins 3.3 20 mL 0.336 43.0 39.0 90.8 

30 mins 3.2 20 mL 0.348 43.0 41.7 97.0 
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Plot of data points from Table S4.4. 

 

 

Plot of data points from Table S4.5. 
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S4.3 Validation of Method 
 

Synthesis and cleavage of 4.9 
 

 
 
A weighed amount of CPG beads 4.8 (12.7 mg, 0.502 μmol, 39.5 μmol/g) was 
packed into a MM12 plastic column. The following program was used for 
coupling of one disulfide monomer 
 
Table S4.6. Synthesis cycle 

Step Reagents Reaction time Volume 

Deblock 
1% TFA (v/v) in Et3SiH/DCM 

(5/95) 
3 x 1 min 150 μL 

Wash DCM  150 μL 

Coupling 
0.1 M 4.6 (DCM) 

1% TMG (v/v) (DCM) 
2 x 5 mins 

70 μL 
70 μL 

Wash DCM  150 μL 
 
The beads were then transferred to an orange Nunc™ tube and shaken for 4 
hours in 50 mM K2CO3 in MeOH (600 μL). 
The supernatant was diluted with DCM (3 mL) and washed with water (3 x 3 
mL) and brine (3 mL). The organic phase was then dried over Na2SO4, filtered 
and concentrated under reduced pressure. The residue was analyzed by 1H 
NMR. 
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1H NMR (CD2Cl2) 

  
 

 

1H NMR (CD2Cl2) 

 

6-Mercapto-1-hexanol 

4.9 reference 

Cleaved product 

6-Mercapto-1-hexanol 

4.9 reference 

Cleaved product 
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S4.4 Oligo(disulfide) Synthesis 
 

Oligo(disulfide) synthesis on oligonucleotide – initial attempt 
 

 

A dT15 oligomer was synthesized starting from commercially available 5’DMTr-
dT-CPG beads using standard coupling conditions. The beads were then 
deblocked and coupled with phosphoramidite 4.9 in MeCN (0.1 M) using 
standard coupling conditions followed by oxidation using 0.1 M CSO in MeCN 
(2 x 150 μL, 1 min). The beads were then subjected to the synthetic cycle 
described in Table S4.6. 
 
The synthesis cycle was repeated up to 4 times. The beads were then 
transferred to an orange Nunc™ tube and shaken with concentrated aq. 
ammonia (300 μL) for 4 hours at room temperature. The supernatant was 
concentrated under reduced pressure. The residue was subjected to HPLC and 
LCMS analysis.  
 
HPLC method: 
Column: Phenomenex C18 
Solvent A: TEAA (0.1 M), pH = 7 
Solvent B: MeCN 
B: 0-15 mins (10 - 70%), 15-23 mins (70-90%), 23-25 mins (90-10%) 
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Table S4.7. Summary of residence times and masses for synthesized 
oligonucleotide/oligo(disulfide) chimeras 

 
 
 
 
 
 
 
 
 
 

*Issues were occurring with LCMS instrument.  
Not possible to get masses for hydrophobic oligonucleotides.  
 

Figure S4.1. HPLC chromatogram (260 nm), T15 (DMTr OFF) 
 

 
 
 
 
Figure S4.2. HPLC chromatogram (260 nm), T15 (DMTr ON) 
 

 

n 
Residence 
time / mins 

Mass 
calculated 

Mass 
found 

T15, DMTr OFF 4.8 4501.0 4501.5 
T15, DMTr ON 8.5 4803.3 4804.5 

0 9.9 4969.5 4970.5 
1 12.4 5137.8 5137.3 
2 14.4 5306.1 not found* 
3 16.1 5474.3 not found* 
4 17.9 5642.6 not found* 
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Figure S4.3. HPLC chromatogram (260 nm), n = 0  
 

 
 
 
 
Figure S4.4. HPLC chromatogram (260 nm), n = 1 
 

 
 
 

Figure S4.5. HPLC chromatogram (260 nm), n = 2  
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Figure S4.6. HPLC chromatogram (260 nm), n = 3  
 

 
 
 

 

Figure S4.7. HPLC chromatogram (260 nm), n = 4 
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Oligo(disulfide) synthesis on oligonucleotide – impurities 
The different peaks from n = 3 from earlier section was analyzed by LCMS. The 
found masses corresponds to dimerization through disulfide scrambling with 
different number of monomers.  
 

  
 
Table S4.8. Summary of residence times and masses for dimerized 
oligonucleotide/oligo(disulfide) chimeras. 

n 
Residence 
time / mins 

Mass 
calculated 

Mass 
found 

(T15) 4.3 4501.0 4500.3 
0 5.6 9392.3 9394.5 
1 7.1 9590.6 9563.8 
2 5.9 9728.8 9730.4 
3 9.9 9897.1 9897.0 
4 11.1 10065.4 10064.5 

 
Figure S4.6. HPLC chromatogram (260 nm), n = 3  
 

 
 
The cleavage conditions were changed from concentrated ammonia, 4 hours at 
room temperature to 50 mM K2CO3 in MeOH, 1 hour at room temperature (200 
μL) followed by quenching with 200 mM AcOH in water (200 μL). 
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Figure S4.8. HPLC chromatogram (260 nm), n = 3, cleaved with 50 mM K2CO3 
in MeOH, 1 hour at room temperature  
 

 
 
 

Oligo(disulfide) synthesis on oligonucleotide – with C6 end 
cap 

 
A dT15 oligomer was synthesized starting from commercially available 5’DMTr-
dT-CPG beads using standard coupling conditions. The beads were then 
deblocked and coupled with phosphoramidite 4.9 in MeCN (0.1 M) using 
standard coupling conditions followed by oxidation using 0.1 M CSO in MeCN 
(2 x 150 μL, 1 min). The beads were then subjected to the synthetic cycle 
described in Table S4.6. 
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The synthesis cycle was repeated up to 5 times. The beads were then subjected 
to a final synthetic cycle using activated disulfide 4.10 in DCM (0.1 M) and then 
treated with 3% TCA in DCM to deblock the final DMTr and then transferred to 
Eppendorf tube and shaken with 50 mM K2CO3 in MeOH (200 μL) for 1 hour. 
The reaction was quenched with 200 mM AcOH in MQ (200 μL) and the 
supernatant was concentrated under reduced pressure. The residue was 
subjected to HPLC and LCMS analysis.  
 
The syntheses were repeated with coupling time = 2 x 1min.  
 
HPLC method: 
Column: Phenomenex C18 
Solvent A: triethylammonium acetate (0.1 M), pH = 7 
Solvent B: MeCN 
B: 0-15 mins (10 - 70%), 15-23 mins (70-90%), 23-25 mins (90-10%) 
 
Table S4.9. Summary of residence times and masses for synthesized 
oligonucleotide/oligodisulfide chimeras. 

n 
Residence 
time / mins 

Mass 
calculated 

Mass 
found 

1 9.8 4997.7 4997.8 
2 11.8 5165.9 5165.2 
3 13.6 5334.2 5333.5 
4 15.1 5502.5 5502.4 
5 16.9 5670.7 5670.3 

 
 
Figure S4.9. HPLC chromatogram (260 nm), n = 1, coupling time = 2 x 5 mins  
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Figure S4.10. HPLC chromatogram (260 nm), n = 2, coupling time = 2 x 5 
mins  
 

 
 
 
 
Figure S4.11. HPLC chromatogram (260 nm), n = 3, coupling time = 2 x 5 
mins  
 

 
 
 
 
Figure S4.12. HPLC chromatogram (260 nm), n = 4, coupling time = 2 x 5 
mins  

 



S162 
 

Figure S4.13. HPLC chromatogram (260 nm), n = 5, coupling time = 2 x 5 
mins  
 

 
 
 
 
Figure S4.14. HPLC chromatogram (260 nm), n = 1, coupling time = 2 x 1 min  
 

 
 
 
 
Figure S4.15. HPLC chromatogram (260 nm), n = 2, coupling time = 2 x 1 min  
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Figure S4.16. HPLC chromatogram (260 nm), n = 3, coupling time = 2 x 1 min  
 

 

 

 

Figure S4.17. HPLC chromatogram (260 nm), n = 4, coupling time = 2 x 1 min  
 

 

 
 
Figure S4.18. HPLC chromatogram (260 nm), n = 5, coupling time = 2 x 1 min  
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S4.5 19F NMR Release Study 
 

19F NMR release study of 4.23 
To 4.23 (0.74 mg, 0.62 μmol) dissolved in d6-DMSO (150 μL) in an NMR tube 
was added DTT (1.16 mg, 7.48 μmol) in d6-DMSO (350 μL). The NMR tube was 
shaken vigorously, and 19F NMR spectra were recorded. Signal for 4.23 at 
-116.17 ppm was set as reference value. 
 

 
 
Stacked 19F NMR spectra 
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To 4.23 (0.74 mg, 0.62 μmol) dissolved in d6-DMSO (150 μL) in an NMR tube 
was added TCEP·HCl (1.88 mg, 7.48 μmol) and Et3N (4.13 μL, 29.9 μmol) in 
d6-DMSO (350 μL). The NMR tube was shaken vigorously, and 19F NMR 
spectra were recorded. Signal for 4.23 at -116.17 ppm set as reference value 
  

 
 
Stacked 19F NMR spectra 
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19F NMR reference spectra 
Signal for 4.23 at -116.17 ppm set as reference value. 
Spectra were recorded in d6-DMSO. 
 
 
 

 
 
Stacked 19F NMR spectra 
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S4.6 UV and Fluorescence Spectra 
 

UV spectra of 7-amino-4-methylcoumarin and 4.24 
Solvent = water (pH = 7) 
c(7-amino-4-methylcoumarin) = 25 μM 
c(4.24) = 25 μM  
 
Figure S4.19. UV absorption spectra 

 
 
Figure S4.20. Plot of the ratio: A(7-amino-4-methylcoumarin)/A(4.22) 
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Emission spectra of 7-amino-4-methylcoumarin and 6.24 
Solvent = water (pH = 7) 
c(7-amino-4-methylcoumarin) = 50 nM 
c(4.24) = 50 nM  
 
 
Figure S4.21. Emission spectra, excitation wavelength = 322 nm 

 
 
Figure S4.22. Emission spectra, excitation wavelength = 340 nm 

 
 
Figure S4.23. Emission spectra, excitation wavelength = 365 nm 
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S4.7 Coumarin Oligomer and 
Release Study 

 
A dT15 oligomer was synthesized starting from commercially available 5’DMTr-
dT-CPG beads using standard coupling conditions. The beads were then 
deblocked and coupled with phosphoramidite 4.9 in MeCN (0.1 M) using 
standard coupling conditions followed by oxidation using 0.1 M CSO in MeCN 
(2 x 150 μL, 1 min). The beads were then subjected to the synthetic cycle 
described in Table S4.6 using activated disulfide 4.29. 
 
The synthesis cycle was repeated 3 times. The beads were then subjected to a 
final synthetic cycle using activated disulfide 4.10 in DCM (0.1 M) and then 
treated with 3% TCA in DCM to deblock the final DMTr and then transferred to 
Eppendorf tube and shaken with 50 mM K2CO3 in MeOH (200 μL) for 1 hour. 
The reaction was quenched with 200 mM AcOH in MQ (200 μL) and the 
supernatant was concentrated under reduced pressure. The residue was 
subjected to HPLC and LCMS analysis. 
 
Table S4.10. HPLC and MS data for synthesized oligo(disulfide) 

Residence 
time / mins 

Mass 
calculated 

Mass 
found 

14.2 6027.8 6027.1 
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Figure S4.24. HPLC Chromatogram (260 nm), coupling time = 2 x 1 mins  

 
 
 
Figure S4.25. HPLC Chromatogram (350 nm), coupling time = 2 x 1 mins  

 
 
Purified coumarin oligomer was then added to an eppendorf tube and treated 
with reductant in 100 mM phosphate buffer to give a final concentration of 20 
nM coumarin-trimer and 5 mM reductant. pH was adjusted to 7.4 using AcOH. 
A reference sample containing 7-amino-4-methylcoumarin (60 nM), reductant 
(5 mM) in 100 phosphate buffer at pH = 7.4 was used for normalization. 

The fluorescence was monitored as a function of time with excitation at 370 (± 
5) nm and monitoring emission from 400 to 600 nm. Absolute values are given 
as integrals of fluorescence signals from 400 to 600 nm.  

The release percentage was calculated as:   

Release% =
Fluorescence(20 nM sample ± TCEP)

Avg(Fluorescence(60 nM Coumarin + TCEP))
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Table S4.11. Fluorescence integrals from 400 to 600 nm of 60 nM 7-amino-4-
methylcoumarin over time 

60 nM 7-amino-4-methylcoumarin, 5 mM TCEP  

Time / 
hrs 

Sample 1 
(absolute) 

Sample 2 
(absolute) 

Sample 3 
(absolute) 

Average 
(absolute) 

2 2364497 2174743 2261732 2266991 

24 2370504 2370504 2370504 2370504 

46 2462619 2329159 2379326 2390368 

74 2651426 2542399 2558300 2584042 

99 2815737 2574539 2678316 2689531 

117 2686499 2520107 2586735 2597780 

145 2543328 2434830 2434485 2470881 

164 2411748 2344130 2361271 2372383 

 

Table S4.12. Fluorescence integrals from 400 to 600 nm of 20 nM trimer with 
5 mM TCEP over time. S = Sample, abs = absolute, STD = standard deviation 

20 nM Trimer, 5 mM TCEP 

Time 
/ hrs 

S1 
(abs) 

S1 
(%) 

S2 
(abs) 

S2 
(%) 

S3 
(abs) 

S3 
(%) 

Avg 
(%) 

STD 
(%) 

2 123890 5.5 130179 5.7 128105 5.7 5.6 0.1 
24 1190563 50.2 1121360 47.3 1153236 48.6 48.7 1.2 
46 1820206 76.1 1704545 71.3 1697357 71.0 72.8 2.4 
74 2333753 90.3 2168078 83.9 2159993 83.6 85.9 3.1 
99 2491120 92.6 2344190 87.2 2377100 88.4 89.4 2.3 
117 2407090 92.7 2310472 88.9 2339018 90.0 90.5 1.6 
145 2305484 93.3 2149259 87.0 2207104 89.3 89.9 2.6 
164 2188200 92.2 2083569 87.8 2172849 91.6 90.6 1.9 
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Table S4.13. Fluorescence integrals from 400 to 600 nm of 20 nM trimer with 
TCEP over time. 

20 nM Trimer 

Time 
/ hrs 

S1 
(abs) 

S1 
(%) 

S2 
(abs) 

S2 
(%) 

S3 
(abs) 

S3 
(%) 

Avg 
(%) 

STD 
(%) 

2 55903 2.5 -6106 -0.3 25737 1.1 1.1 1.1 

24 3241 0.1 9554 0.4 35747 1.5 0.7 0.6 

46 10005 0.4 7047 0.3 29644 1.2 0.7 0.4 

74 32882 1.3 22266 0.9 10868 0.4 0.9 0.3 

99 39797 1.5 55484 2.1 31512 1.2 1.6 0.4 

117 60041 2.3 74487 2.9 60660 2.3 2.5 0.3 

145 53986 2.2 72231 2.9 30151 1.2 2.1 0.7 

164 78104 3.3 62586 2.6 74800 3.2 3.0 0.3 
 

Plot of data points from Table S4.12 and Table S4.13. 
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S4.8 NMR Spectra 
 

Compound 4.1 
 
 
 
 
1H NMR (CDCl3) 

 
 
 
13C NMR (CDCl3) 
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Compound 4.2 
 
 
 
 
1H NMR (CDCl3) 

 
 
 
13C NMR (CDCl3) 
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Compound 4.3 
 
 
 
 
1H NMR (CDCl3) 

 
 
 
13C NMR (CDCl3) 
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Compound 4.4 
 
 
 
 
1H NMR (CDCl3) 

 

 
 
13C NMR (CDCl3) 
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Compound 4.5 
 
 
 
 
1H NMR (CDCl3) 

 
 
 
13C NMR (CDCl3) 
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TsBr 
 
 
 
 
1H NMR (CDCl3) 

 
 
 
13C NMR (CDCl3) 
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Compound 4.6 
 
 
 
 
1H NMR (CDCl3) 

 

 
 
13C NMR (CDCl3) 
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Compound 4.7 
 
  
 
 
1H NMR (CDCl3) 

 

 
 
13C NMR (CDCl3) 
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Compound 4.9 
 
 
 
 
1H NMR (CD2Cl2) 

 
 
 
13C NMR (CDCl3) 
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Compound 4.10 
 
 
 
 
1H NMR (CD3CN) 

 
 
 
13C NMR (CD3CN) 
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31P NMR (CD3CN) 
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Compound 4.11 
 
 
 
 
1H NMR (CDCl3) 

 
 
 
13C NMR (CDCl3) 
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Compound 4.12 
 
 
 
 
1H NMR (CDCl3) 

 
 
 
13C NMR (CDCl3) 
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Compound 4.13 
 
 
 
 
1H NMR (CDCl3) 

 
 
 
13C NMR (CDCl3) 
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Compound 4.14 
 
 
 
 
1H NMR (CDCl3) 

 
 
 
13C NMR (CDCl3) 
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Compound 4.15 
 
 
 
 
1H NMR (CDCl3) 

 
 
 
13C NMR (CDCl3) 

 



 Supporting Information – Chapter 4 

S189 
 

 
 
 

Compound 4.16 
 
 
 
 
1H NMR (CDCl3) 

 
 
 
13C NMR (CDCl3) 
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Compound 4.17 
 
 
 
 
1H NMR (CDCl3) 

 
 
 
13C NMR (CDCl3) 
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Compound 4.18 
 
 
 
 
1H NMR (CDCl3) 

 
 
 
13C NMR (CDCl3) 

 



S192 
 

 
 
 

Compound 4.19 
 
 
 
 
1H NMR (CDCl3) 

 
 
 
13C NMR (CDCl3) 
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Compound 4.20 
 
 
 
 
1H NMR (CDCl3) 

 
 
 
13C NMR (CDCl3) 
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Compound 4.21 
 
 
 
 
1H NMR (CDCl3) 

 
 
 
13C NMR (CDCl3) 
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Compound 4.23 
 
 
 
 
1H NMR (CDCl3) 

 
 
 
13C NMR (CDCl3) 
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19F NMR (CDCl3) 
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Compound 4.24 
 
 
 
 
1H NMR (CD3OD) 
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Compound 4.25 
 
 
 
 
1H NMR (CDCl3) 

 
 
 
13C NMR (CDCl3) 
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19F NMR (CDCl3) 
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Compound 4.26 
 
 
 
 
1H NMR (CDCl3) 

 
 
 
13C NMR (CDCl3) 
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Compound 4.27 
 
 
 
 
1H NMR (CDCl3) 

 
 
 
13C NMR (CDCl3) 
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Compound 4.29 
 
 
 
 
1H NMR (CDCl3) 

 

 
 
13C NMR (CDCl3) 
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S5.1 Activator Screen 
 

General Procedure 

 
In MeCN (0.50 mL) was dissolved PCl (4.5 μL, 20 μmol, 0.040 M, 1.0 eq) or PN 
(6.4 μL, 20 μmol, 0.040 M, 1.0 eq). Activator (0.20 M, 5.0 eq) with or without 
DIPEA (5.2 μL, 30 μmol, 0.060 M, 1.5 eq) in MeCN (0.50 mL) was added to the 
PCl/PN solution, shaken vigorously and 31P NMR spectra were recorded after 
10 mins, 30 mins, 120 mins and 16 hrs. Then iPrOH (153 μL, 2.0 mmol, 100 eq) 
was added and 31P NMR was recorded.  
 

Reference chemical shifts  

 
 
Chemical shifts have been assigned for intermediate activated species where 
PX denotes single displace of PN/PCl and PX2 denotes doubly activated species 
(displacement of N(iPr)2 from PX). 

 

Recorded spectra have been zoomed in the range of 100-200 ppm. 
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Structure of activators 

 
Table S5.1. Overview of chemical shifts and pka-values for P(III)-species. 

Activator 
pKa of 

Activator* 
δP (PX) 
/ ppm 

δP (PX2) 
/ ppm 

Phenol 10.0 147.0 130.1 
4-Cyanophenol 8.0 147.7 129.1 
4-Nitrophenol 7.2 148.0 128.7 

2,6-Dimethyl-4-nitrophenol 7.2 151.5 134.6 
2,4,6-Trichlorophenol 6.2 155.2 131.6 

Pentaflourophenol 5.5 158.8 134.3 
Pentachlorophenol 4.7 157.3 131.4 

Thiophenol 6.6 168.8 159.7 
4-Fluorothiophenol 6.4 169.3 161.2 
4-Bromothiophenol 6.1 169.5 159.4 
4-Nitrothiophenol 4.5 169.8 156.1 

Pentafluorothiophenol 2.7 159.6 152.7 
N-Hydroxysuccinimide 6.0 144.1 n.d. 
N-Hydroxyphthalimide 7.0 142.3 n.d. 

Tetrachloro N-hydroxyphthalimide n.d. n.d. n.d. 
Imidazole 14.5 124.7 n.d. 

1,2,4-Triazole 10.3 127.4 n.d. 
1,2,3-Triazole 9.4 127.9 + 131.3 n.d. 

4-Nitroimidazole 8.7 127.6 n.d. 
4,5-Dicyanoimidazole 5.2 133.5 n.d. 

Tetrazole 4.9 132.2 n.d. 
3-Nitro-1,2,4-triazole 4.8 134.7 n.d. 

*Values found at www.pubchem.ncbi.nlm.nih.gov/compound or 
www.chemicalbook.com 
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NMR spectra 
Phenol 
31P NMR (162 MHz, MeCN) δP (ppm) PX: 147.0, PX2: 130.1 
 
 
PCl + DIPEA 

 
 
 
PCl 

 
  

t = 10 mins 

t = 30 mins 

t = 120 mins 

t = 16 hrs 

+ iPrOH 

t = 10 mins 

t = 30 mins 

t = 120 mins 

+ iPrOH 
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PN+DIPEA 

 
 
 
PN 

 

t = 10 mins 

t = 30 mins 

t = 120 mins 

t = 16 hrs 

+ iPrOH 

t = 10 mins 

t = 30 mins 

t = 120 mins 

t = 16 hrs 

+ iPrOH 
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4-Cyanophenol 
31P NMR (162 MHz, MeCN) δP (ppm) PX: 147.7, PX2: 129.1 
 
 
PCl + DIPEA 

 
 
 
PCl 

 
 
 
  

t = 10 mins 

t = 30 mins 

t = 120 mins 

t = 16 hrs 

+ iPrOH 

t = 10 mins 

t = 30 mins 

t = 120 mins 

+ iPrOH 

OH

NC
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PN+DIPEA 

 
 
 
PN 

 
  

t = 10 mins 

t = 30 mins 

t = 120 mins 

t = 16 hrs 

+ iPrOH 

t = 10 mins 

t = 30 mins 

t = 120 mins 

t = 16 hrs 

+ iPrOH 
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4-Nitrophenol 
31P NMR (162 MHz, MeCN) δP (ppm) PX: 148.0, PX2: 128.7 
 
 
PCl + DIPEA 

 
 
 
PCl 

 
 
  

t = 10 mins 

t = 30 mins 

t = 120 mins 

t = 16 hrs 

+ iPrOH 

t = 10 mins 

t = 30 mins 

t = 120 mins 

+ iPrOH 
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PN+DIPEA 

 
 
 
PN 

 
  

t = 10 mins 

t = 30 mins 

t = 120 mins 

t = 16 hrs 

+ iPrOH 

t = 10 mins 

t = 30 mins 

t = 120 mins 

t = 16 hrs 

+ iPrOH 
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2,6-Dimethyl-4-nitrophenol 
31P NMR (162 MHz, MeCN) δP (ppm) PX: 151.5, PX2:134.6  
 
 
PCl + DIPEA 

 
 
 
PCl 

 
  

t = 10 mins 

t = 30 mins 

t = 120 mins 

t = 16 hrs 

+ iPrOH 

t = 10 mins 

t = 30 mins 

t = 120 mins 

+ iPrOH 
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PN+DIPEA 

 
 
 
PN 

 

t = 10 mins 

t = 30 mins 

t = 120 mins 

t = 16 hrs 

+ iPrOH 

t = 10 mins 

t = 30 mins 

t = 120 mins 

t = 16 hrs 

+ iPrOH 
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2,4,6-Trichlorophenol 
31P NMR (162 MHz, MeCN) δP (ppm) PX: 155.2, PX2:131.6 
 
 
PCl + DIPEA 

 
 
 
PCl 

 
  

t = 10 mins 

t = 30 mins 

t = 120 mins 

t = 16 hrs 

+ iPrOH 

t = 10 mins 

t = 30 mins 

t = 120 mins 

+ iPrOH 
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PN+DIPEA 

 
 
 
PN 

 
  

t = 10 mins 

t = 30 mins 

t = 120 mins 

t = 16 hrs 

+ iPrOH 

t = 10 mins 

t = 30 mins 

t = 120 mins 

t = 16 hrs 

+ iPrOH 
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Pentafluorophenol 
31P NMR (162 MHz, MeCN) δP (ppm) PX: 158.8, PX2: 134.3  
 
 
PCl + DIPEA 

 
 
 
PCl 

 
  

t = 10 mins 

t = 30 mins 

t = 120 mins 

+ iPrOH 

t = 10 mins 

t = 30 mins 

t = 120 mins 

+ iPrOH 
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PN+DIPEA 

 
 
 
PN 

 

t = 10 mins 

t = 30 mins 

t = 120 mins 

t = 16 hrs 

+ iPrOH 

t = 10 mins 

t = 30 mins 

t = 120 mins 

t = 16 hrs 

+ iPrOH 
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Pentachorophenol 
31P NMR (162 MHz, MeCN) δP (ppm) PX: 157.3, PX2: 131.4  
 
 
PCl + DIPEA 

 
 
 
PCl 

 
  

t = 10 mins 

t = 30 mins 

t = 120 mins 

t = 16 hrs 

+ iPrOH 

t = 10 mins 

t = 30 mins 

t = 120 mins 

+ iPrOH 
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PN+DIPEA 

 
 
 
PN 
 
  

t = 10 mins 

t = 30 mins 

t = 120 mins 

t = 16 hrs 

+ iPrOH 

t = 10 mins 

t = 30 mins 

t = 120 mins 

t = 16 hrs 

+ iPrOH 



S220 
 

 

Thiophenol 
31P NMR (162 MHz, MeCN) δP (ppm) PX: 168.8, PX2: 159.7  
 
 
PCl + DIPEA 

 
 
 
PCl 

 
  

t = 10 mins 

t = 30 mins 

t = 120 mins 

t = 16 hrs 

+ iPrOH 

t = 10 mins 

t = 30 mins 

t = 120 mins 

+ iPrOH 
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PN+DIPEA 

 
 
 
PN 

 
  

t = 10 mins 

t = 30 mins 

t = 120 mins 

t = 16 hrs 

+ iPrOH 

t = 10 mins 

t = 30 mins 

t = 120 mins 

t = 16 hrs 

+ iPrOH 
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4-Fluorothiophenol 
31P NMR (162 MHz, MeCN) δP (ppm) PX: 169.3, PX2: 161.2  
 
 
PCl + DIPEA 

 
 
 
PCl 

 
  

t = 10 mins 

t = 30 mins 

t = 120 mins 

+ iPrOH 

t = 10 mins 

t = 30 mins 

t = 120 mins 

+ iPrOH 
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PN + DIPEA 

 
 
 
PN 

 
  

t = 10 mins 

t = 30 mins 

t = 120 mins 

t = 16 hrs 

+ iPrOH 

t = 10 mins 

t = 30 mins 

t = 120 mins 

t = 16 hrs 

+ iPrOH 
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4-Bromothiophenol 
31P NMR (162 MHz, MeCN) δP (ppm) PX: 169.5, PX2: 159.4  
 
 
PCl + DIPEA 

 
 
 
PCl 

 
  

t = 10 mins 

t = 30 mins 

t = 120 mins 

+ iPrOH 

t = 10 mins 

t = 30 mins 

t = 120 mins 

+ iPrOH 
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PN + DIPEA 

 
 
 
PN 

 
 
 
 
  

t = 10 mins 

t = 30 mins 

t = 120 mins 

t = 16 hrs 

+ iPrOH 

t = 10 mins 

t = 30 mins 

t = 120 mins 

t = 16 hrs 

+ iPrOH 
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4-Nitrothiophenol 
31P NMR (162 MHz, MeCN) δP (ppm) PX: 169.8, PX2: 156.1  
 
 
PCl + DIPEA 

 
 
 
PCl 

 
  

t = 10 mins 

t = 30 mins 

t = 120 mins 

t = 16 hrs 

t = 10 mins 

t = 30 mins 

t = 120 mins 

+ iPrOH 
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PN+DIPEA 

 
 
 
PN 

 
 
 
  

t = 10 mins 

t = 30 mins 

t = 120 mins 

t = 16 hrs 

+ iPrOH 

t = 10 mins 

t = 30 mins 

t = 120 mins 

t = 16 hrs 

+ iPrOH 
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Pentafluorothiophenol 
31P NMR (162 MHz, MeCN) δP (ppm) PX: 159.6, PX2: 152.7  
 
 
PCl + DIPEA 

 
 
 
PCl 

 
  

t = 10 mins 

t = 30 mins 

t = 120 mins 

t = 10 mins 

t = 30 mins 

t = 120 mins 

+ iPrOH 
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PN + DIPEA 

 
 
 
PN 

 
 
 
 
  

t = 10 mins 

t = 30 mins 

t = 120 mins 

t = 16 hrs 

+ iPrOH 

t = 10 mins 

t = 30 mins 

t = 120 mins 

t = 16 hrs 

+ iPrOH 
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N-Hydroxysuccinimide 
31P NMR (162 MHz, MeCN) δP (ppm) PX: 144.1, PX2: n.d. 
 
 
PCl + DIPEA 

 
 
 
PCl 

 
  

t = 16 hrs 

+ iPrOH 

t = 10 mins 

t = 30 mins 

t = 120 mins 

t = 16 hrs 

+ iPrOH 
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PN + DIPEA 

 
 
 
PN 

 
 
 
 
  

t = 10 mins 

t = 30 mins 

t = 120 mins 

t = 16 hrs 

+ iPrOH 

t = 10 mins 

t = 30 mins 

t = 120 mins 

t = 16 hrs 

+ iPrOH 
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N-hydroxyphthalimide 
31P NMR (162 MHz, MeCN) δP (ppm) PX: 142.3, PX2: n.d. 
 
 
PCl + DIPEA 

 
 
 
PCl 

 
  

t = 10 mins 

t = 30 mins 

t = 120 mins 

t = 16 hrs 

+ iPrOH 

t = 10 mins 

t = 30 mins 

t = 120 mins 

t = 16 hrs 

+ iPrOH 
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PN + DIPEA 

 
 
 
PN 

 
  

t = 10 mins 

t = 30 mins 

t = 120 mins 

t = 16 hrs 

+ iPrOH 

t = 10 mins 

t = 30 mins 

t = 120 mins 

t = 16 hrs 

+ iPrOH 



S234 
 

 

Tetrachloro N-hydroxyphthtalimide 
31P NMR (162 MHz, MeCN) δP (ppm) PX: n.d., PX2: n.d. 
 
 
PCl + DIPEA 

 
 
 
PCl 

 
  

t = 10 mins 

t = 30 mins 

t = 120 mins 

t = 16 hrs 

+ iPrOH 

t = 10 mins 

t = 30 mins 

t = 120 mins 

t = 16 hrs 

+ iPrOH 
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PN + DIPEA 

 
 
 
PN 

 
  

t = 10 mins 

t = 30 mins 

t = 120 mins 

t = 16 hrs 

+ iPrOH 

t = 10 mins 

t = 30 mins 

t = 120 mins 

t = 16 hrs 

+ iPrOH 



S236 
 

 

Imidazole 
31P NMR (162 MHz, MeCN) δP (ppm) PX: 124.7, PX2: n.d.  
 
 
PCl + DIPEA 

 
 
 
PCl 

 
  

t = 10 mins 

t = 30 mins 

t = 120 mins 

t = 16 hrs 

+ iPrOH 

t = 10 mins 

t = 30 mins 

t = 120 mins 

t = 16 hrs 

+ iPrOH 
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PN + DIPEA 

 
 
 
PN 

 
  

t = 10 mins 

t = 30 mins 

t = 120 mins 

t = 16 hrs 

+ iPrOH 

t = 10 mins 

t = 30 mins 

t = 120 mins 

t = 16 hrs 

+ iPrOH 
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1,2,4-Triazole 
31P NMR (162 MHz, MeCN) δP (ppm) PX: 127.4, PX2: n.d.  
 
 
PCl + DIPEA 

 
 
 
PCl 

 
 
  

t = 10 mins 

t = 30 mins 

t = 120 mins 

t = 16 hrs 

+ iPrOH 

t = 10 mins 

t = 30 mins 

t = 120 mins 

t = 16 hrs 

+ iPrOH 
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PN + DIPEA 

 
 
 
PN 

 
  

t = 10 mins 

t = 30 mins 

t = 120 mins 

t = 16 hrs 

+ iPrOH 

t = 10 mins 

t = 30 mins 

t = 120 mins 

t = 16 hrs 

+ iPrOH 
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1,2,3-triazole 
31P NMR (162 MHz, MeCN) δP (ppm) PX: 127.9 and 131.3, PX2: n.d. 

 
PCl + DIPEA 

 

 

PCl 
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PN + DIPEA 

 
 
 
 
PN  
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4-Nitroimidazole 
31P NMR (162 MHz, MeCN) δP (ppm) PX: 127.6, PX2: n.d.  
 
 
PCl + DIPEA 

 
 
 
PCl 

 
  

t = 10 mins 

t = 30 mins 

t = 120 mins 

t = 16 hrs 

+ iPrOH 

t = 10 mins 

t = 30 mins 

t = 120 mins 

t = 16 hrs 

+ iPrOH 
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PN + DIPEA 

 
 
 
PN 

 
  

t = 10 mins 

t = 30 mins 

t = 120 mins 

t = 16 hrs 

+ iPrOH 

t = 10 mins 

t = 30 mins 

t = 120 mins 

t = 16 hrs 

+ iPrOH 
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4,5-Dicyanoimidazole 
31P NMR (162 MHz, MeCN) δP (ppm) PX: 133.5, PX2: n.d. 
 
 
PCl + DIPEA 

 
 
 
PCl 

 
  

t = 10 mins 

t = 30 mins 

t = 120 mins 

t = 16 hrs 

+ iPrOH 

t = 10 mins 

t = 30 mins 

t = 120 mins 

t = 16 hrs 

+ iPrOH 
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PN + DIPEA 

 
 
 
PN 

 
  

t = 10 mins 

t = 30 mins 

t = 120 mins 

t = 16 hrs 

+ iPrOH 

t = 10 mins 

t = 30 mins 

t = 120 mins 

t = 16 hrs 

+ iPrOH 
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Tetrazole 
31P NMR (162 MHz, MeCN) δP (ppm) PX: 132.3, PX2: n.d. 
 
 
PCl + DIPEA 

 
 
 
PCl 

 
  

t = 10 mins 

t = 30 mins 

t = 120 mins 

t = 16 hrs 

+ iPrOH 

t = 10 mins 

t = 30 mins 

t = 120 mins 

t = 16 hrs 

+ iPrOH 
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PN + DIPEA 

 
 
 
PN 

 
  

t = 10 mins 

t = 30 mins 

t = 120 mins 

t = 16 hrs 

+ iPrOH 

t = 10 mins 

t = 30 mins 

t = 120 mins 

t = 16 hrs 

+ iPrOH 
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3-Nitro-1,2,4-triazole 
31P NMR (162 MHz, MeCN) δP (ppm) PX: 134.7, PX2: n.d. 
 
 
PCl + DIPEA 

 
 
 
PCl 

 
  

t = 10 mins 

t = 30 mins 

t = 120 mins 

t = 16 hrs 

+ iPrOH 

t = 10 mins 

t = 30 mins 

t = 120 mins 

t = 16 hrs 

+ iPrOH 
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PN + DIPEA 

 
 
 
PN 

 
  

t = 10 mins 

t = 30 mins 

t = 120 mins 

t = 16 hrs 

+ iPrOH 

t = 10 mins 

t = 30 mins 

t = 120 mins 

t = 16 hrs 

+ iPrOH 
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S5.2 DMAP Intermediate 
 

DMAP-intermediate investigation 
In DCM (0.5 mL) was dissolved PCl (5.6 μL, 25 μmol, 0.050 M) and DIPEA (8.7 
μL, 50 μmol, 0.10 M) and a 31P NMR spectrum was recorded.  
Then DMAP (30.6 mg, 250 μmol, 0.50 M) was added and a 31P NMR spectrum 
was recorded. 
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In DCM (0.5 mL) was dissolved PCl (5.6 μL, 25 μmol, 0.050 M), DIPEA (8.7 μL, 
50 μmol, 0.10 M) and 3-nitro-1,2,4-triazole (14.3 mg, 125 μmol, 0.25 M) and a 
31P NMR spectrum was recorded.  
Then DMAP (30.6 mg, 250 μmol, 0.50 M) was added and a 31P NMR spectrum 
was recorded. 
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S5.3 Remaining 
 

Data for the remaining experiments can be found in the attached draft for the 
publication: “On-Demand Synthesis of Phosphoramidites” 
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S5.4 Draft for Article 
 
The following draft has been submitted to Science. 
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