
BIOMIMETIC REACTIONS RELEVANT TO THE STUDY 
OF ABASIC SITES IN DNA 

_______________________________________ 

A Dissertation 

presented to 

the Faculty of the Graduate School 

at the University of Missouri-Columbia 

_______________________________________________________ 

In Partial Fulfillment 

of the Requirements for the Degree 

Doctor of Philosophy 

_____________________________________________________ 

by 

CHRISTOPHER A. NEL 

Dr. Kent S. Gates, Dissertation Supervisor 

May 2020 

  
  
  
 
 
 
 
 
 



 

ii 

The undersigned, appointed by the dean of the Graduate School, have 
examined the dissertation entitled 

 
BIOMIMETIC REACTIONS RELEVANT TO THE STUDY OF  

ABASIC SITES IN DNA 

 
Presented by Christopher A. Nel 

a candidate for the degree of Doctor of Philosophy 

and hereby certify that, in their opinion, it is worthy of acceptance. 

 

Professor Kent Gates 

Professor Susan Lever 

Professor Silvia Jurisson 

Professor Anand Chandrasekhar 



 

 ii 

ACKNOWLEDGEMENTS 

I would like to begin by thanking the two most important people in my life; my 

wife, Julie, and my mom, Sue. Their support through this process is beyond words, and 

my love for them knows no depths. 

 Behind every well-oiled research group, there is an advisor derailing group meeting with 

topics that allow us to grow as scientists and as people. I am thankful for Dr. Gates for 

fostering a cohesive team in which I had the opportunity be a part. While I may not have 

always been the easiest graduate student to coach, I sincerely appreciate all his time and 

effort in order to mold me into being a better scientist and a better person. Our lengthy 

conversations are invaluable to me.  

To that, I am thankful for being a part of this research group, and thankful to all Gates 

members past and present for helping me through some of my research challenges and for 

their input regarding this work. I would like to personally thank Kurt Housh and Tuhin 

Haldar. In these two, I sought to make friends, and ending up finding a family. 

A very special thanks to Rev. Mike Harmata, PhD for helping me gain a firm 

understanding of organic chemistry through the courses he taught. I am also beyond 

thankful because he has been a personal mentor to both myself and Julie at the start of 

our marriage. He helped coach us through to the wedding day, and then proceeded to give 

a wonderful sermon. Julie and I are beyond grateful that he is a part of our life. 

I would also like to thank Drs. Lever, Jurisson, and Chandrasekhar for accepting to be a 

part of my thesis committee and ask me questions throughout my tenure.  



 

iii 

Table of Contents 
Acknowledgements         ii 

List of Schemes         v 

List of Figures         vii 

List of Tables          ix 

Abstract          x 

 

Chapter One: An introduction to relevant Ap site chemistry     

1.1 Introduction         1 

1.2 The abasic site          3 

1.3 Ap sites can be generated via chemical or enzymatic cleavage   4 

1.4 Ap sites have the ability to generate interstrand cross-links with                        

exocyclic amines          6 

1.5 DNA interstrand cross-linking in a duplex is driven by sterics   8 

1.6 Ap sites can be degraded to a highly reactive species     12 

1.7 Thiols present an important, yet not well understand, potential to react with             

Ap sites          14 

1.8 Conclusions          16 

 

 

Chapter Two: Biomimetic model reactions suggest that amine-catalyzed strand 
cleavage at abasic sites in DNA has the potential to generate a complex mixture of 
interconverting products (a dynamic product mixture of previously unrecognized 
complexity) 

  

2.1 Introduction                 28 

2.2 Design, synthesis, and validation of a low molecular weight compound that models 
amine-catalyzed strand cleavage at abasic sites in DNA.            30 

2.3 Evidence for reversible conjugate addition of thiol-containing compounds to the a,b-
unsaturated iminium ion generated by amine-catalyzed elimination of acetate from 2.9.    35 



 

iv 

2.4 Evidence for reversible conjugate addition of water to the a,b-unsaturated iminium ion 
generated by amine-catalyzed elimination of acetate from 2.9.        38 

2.5 Discussion          39 

Materials and methods         43 

Experimental Procedures        44 

NMRs and Supplemental Data       55 

 

        

Chapter Three: Synthesis and study of the properties of a class of thioglycosides 
representative of Ap shielding agents in DNA       

 

3.1 Introduction         90 

3.2 Generation of an Ap model capable of generating thioglycosides  93 

3.3 Thioglycosides can readily be generated in a buffered solution.   94 

3.4 The formation of thioglycosides is a reversible process.    96 

3.5 Thioglycosides can form and be excised without inducing strand cleavage. 97 

3.6 Discussion          100 

Materials and Methods        102 

Experimental Procedure        103 

NMRs           114 
                  

Chapter Four: Conclusion and directionality of research.      

4.1 Introduction          146 

4.2 The dRP end group has the potential to generate adducts with glutathione or generate 
interstrand cross-links with exocyclic amines     146  

4.3 Thioglycosides generate a stable adduct when reacting with an Ap site and may play a 
role in medicinal chemistry                   148 

4.4 Conclusions         149 

 

 

VITA           157 



 

v 

 

 

LIST OF SCHEMES 

Chapter One Schemes 

1.1.1 Central dogma of biology       3 

1.2.1 Generation of Ap sites via depurination     4 

1.3.1 Overview of Ap site formation via both chemical and enzymatic methods 5 

1.4.1 Generation of a cross-link using deoxyguanosine (dG) and an Ap site  7 

1.6.1 Beta-elimination to generate dRP from an abasic site    13 

1.7.1 Reaction of N-terminal cysteine with an aldehyde and the proposed reaction with an 
Ap site in DNA         15 

 

Chapter Two Schemes  

2.1.1 Amine-catalyzed strand clevage at an abasic site in DNA   29 

2.2.1 Synthesis of the DNA abasic site model compound 2.9   31 

2.2.2 Amine catalyzed generation of the alkenal products from precursor 2.9 33 

2.2.3 Preparation of cis- and trans-alkenals 2.15 and 2.16    34 

2.3.1 Amine-catalyzed generation of thiol adducts from 2.9    37 

2.3.2 Thiol exchange reactions catalyzed by DMEDA     38 

2.4.1 Conjugate addition of water        39 

2.4.2 Amine-catalyzed water-thiol exchange reaction from 2.7   40 

2.5.1 My results suggest that the unsaturated iminium ion intermediates are at the center 
of a dynamic, equilibrating mixture of products of previously                             
unrecognized complexity.        43 

 

 

Chapter Three Schemes  



 

vi 

3.1.1 Amine-induced strand cleavage to generate the dRP end group. Elimination occurs 
via the generation of an iminium ion 3.3      90 

3.1.2 Generation of a thioglycoside 3.7 from 3.1. Reaction proceeds via the generation of 
an electrophilic oxocarbenium ion, 3.6.      92 

3.2.1 Synthesis of precursor able to mimic Ap site 3.10    93 

3.4.1 Interconversion of 1’thioglycosides in acidic conditions. 3.12 is generated when 
there is excess hexanethiol present, while 3.10 is generated in the presence of acidic 
water.            96 

3.5.1 Generation of a thioglycoside 3.19 from an Ap model with a 3’ leaving group 
           97 

3.5.2 Generation of a 3’acetylated thioglycosides 3.19 and 3.20 either through 
transthiolation or direct acetylation of thioglycosides 3.11 and 3.12 respectively 98 

 

 

 

 

 

 

 

 

 

 

 

 



 

vii 

LIST OF FIGURES 

Chapter One Figures  

1.1.1 Structure of nitrogenous DNA bases       1  

1.1.2 Structure of DNA. PDB code: 1BDNA      2 

1.3.1 Alkylation of nucleophilic hot spots prone to depurinate   6 

1.5.1 Resonance structure of guanine showing conjugation with the carbonyl 8 

1.5.2 Structures of 2’deoxyadenosine, 2’deoxyaminopurine, and 2’deoxyguanosine9 

1.5.3 From Dumont showing distortion in the double helix upon cross-linking of an 

Ap site with either deoxyadenosine or deoxyguanine    10 

1.5.4 Cross-linking between a duplex containing an abasic site and either 2’aminopurine 
(a) and deoxyguanine (b)        12 

1.6.1 Proposed product of the reaction between dRP and deoxyadenosine  13 

1.6.2 Cyclized structure of the dG-HNE adduct     14 

 

Chapter Two Figures 

S2.1 LC-MS spectrum of crude products containing 2.14     74 

S2.2 Comparison of section of 1H-NMR of trans- 2.12 and cis- alkenal 2.13 to  

determine trans-cis isomerization       75 
       

Chapter Three Figures  

3.1.1 Reaction of an Ap site with an N-terminal cysteine, as is seen with HMCES,  

to generate a thiazolidine.        91 

3.3.1 Generation of a small library of thioglycosides stemming from a                          
model Ap site          94 

3.7.1 Various mechanisms by which a DNA-protein cross-link can be repaired 100 

 

 

 

 

 



 

viii 

Chapter Four Figures 

4.2.1 Structure of HNE-glutathione adduct      146 

4.2.2 Reaction of 2.15 and glutathione showing the generation of the                       

proposed adduct         146 

4.2.3. Structures of guanosine reaction with unsaturated alkenals. a) shows the reaction 
with HNE while b) shows the reaction with 2.9.     147 
    

    

    
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

ix 

LIST OF TABLES 

1.5.1 Sequences used to compare cross-linking capabilities of dG and 2’aminopurine. 
2’aminopurine is denoted as P in 1.1       11 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

x 

 

BIOMIMETIC REACTIONS RELEVANT TO THE STUDY OF ABASIC SITES IN 
DNA 

 

Christopher A. Nel 

Dr. Kent Gates, Dissertation Advisor  

 

ABSTRACT 

Abasic (Ap) sites represent the most common form of DNA damage in mammalian cells. 
With steady state levels of 10,000 sites existing in each cell, there is a dire need to study 
these noxious biological electrophiles. While much work has been done to study these 
lesions using small biomolecules, such as oligonucleotides, there is still much to be 
learned regarding the fundamental organic chemistry. This thesis attempts to use the tools 
of basic organic chemistry to understand the complex reactions, structure, and equilibria 
of the abasic site.  
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Chapter One: An introduction to relevant Ap site chemistry 

 

1.1 Introduction 

DNA represents the genetic code within all living organisms. The sequence of 

DNA is composed of four nitrogenous bases (Figure 1.1.1) held together via hydrogen 

bonding and hydrophobic interactions giving DNA it’s helical structure (Figure 1.1.2).1,2 

The faithful reading and replication of the double helix is central to biological function 

(Scheme 1.1.1).3 Damage to this process, either by endogenous or exogenous means, may 

have detrimental consequences to the well-being of a cell. The cell has various methods 

by which to respond to these damages, including altering gene expression, preventing cell 

division, or inducing apoptosis.4,5 A comprehensive review of the chemistry regarding 

DNA damage was written by Gates.6 This chapter will attempt to lay the foundation for 

the topics of this thesis. I will describe some of the fundamental chemistry that an Ap site 

can perform, describe a potential degradation which can occur with an Ap site, and 

briefly discuss a potential pathway to avoid the degradation pathway. 

 

Figure 1.1.1 Structure of nitrogenous DNA bases.  
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Figure 1.1.2 Structure of DNA. PBD code:1BDNA7 
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Scheme 1.1.1 Central dogma of biology.  

 

 

1.2 The abasic site 

The most common lesions within DNA are abasic (Ap) sites. Ap sites are 

generated at a rate of 10,000 sites per cell per day,8 with approximately 50,0009,10 sites 

detected within cells. Ap sites are generated via cleavage of the aminoglycosidic bond to 

generate a highly electrophilic oxocarbenium ion, which is readily hydrolyzed to generate 

the hemiacetal Ap site (Scheme 1.2.1). While the ring-closed hemiacetal is the major 

tautomer (99%) of the Ap site,11 it has been proposed that much of the activity stems 

from the ring-open aldehyde (1%). These ring open aldehydes serve as active 

electrophiles able to form covalent crosslinks between DNA bases,12,13 proteins,14,15 

interact with drugs,16,17 be oxidized to other noxious lesions18,19, or be cleaved to generate 

the bis-electrophilic unsaturated aldehyde 20,21 (dRP). While there are some repair 

pathways22,23 which lessen the damage caused by these lesions, some lesions evade repair 

leading to consequences such as neurodegeneration,24, 25 aging,26, 27 cancer,28,29 or 

mutagenesis.30,31  
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Scheme 1.2.1 Generation of Ap sites via depurination.  

 

 

1.3 Ap sites can be generated via chemical or enzymatic cleavage 

Ap sites can be generated either through a chemical or enzymatic route, generally 

through the excision of a damaged base through depurination. There are specific sites 

(Figure 1.3.1) in DNA which are deemed as hot spots for depurination32,33 (Scheme 1.2.1) 

upon chemical modification.  Early work by Verly34 utilized the ability to generate Ap 

sites in order to describe their ability to generate interstrand cross-links with an opposing 

exocyclic amine in the opposing strand of DNA (Scheme 1.4.1). Ap sites can also be 

generated via base excision enzymes, such as Uracil DNA-glycosylase (UDG) (Scheme 

1.3.1). This process has been exploited for research purposes to generate site-specific Ap 

sites within an oligonucleotide sequence.35 Once these damaged bases are excised from 

the double helix, the electrophilic Ap site is able to generate covalent linkages with 

various biological nucleophiles.  
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Scheme 1.3.1 Overview of Ap site formation via both chemical and enzymatic 

methods. 
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Figure 1.3.1 Alkylation of nucleophilic hot spots prone to depurinate. 

 

1.4 Ap sites have the ability to generate interstrand cross-links with exocyclic 

amines 

One classic34 reaction of the Ap site is its ability to generate a Schiff base and 

subsequent aminoglycoside with an opposing exocyclic amine. (Scheme 1.4.1). While the 

early work was instrumental in determining an Ap site’s ability to generate these covalent 

linkages, it left many questions left to be answered regarding sequence specificity, 

stability, ability to be repaired, and possible secondary lesions. Work performed since12, 

36,37,38 has made strides in assessing some of these questions.  
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Scheme 1.4.1 Generation of a cross-link using deoxyguanosine (dG) and an Ap site. 

 

 

 

It is critical to address the biological consequences of the DNA interstrand cross-

links stemming from the reaction between an Ap site and an exocyclic amine. Covalently 

holding the strands of DNA together can be cytotoxic, as it prevents strand separation 

during replication39, and it can be mutagenic if upon repair an incorrect base is installed.40 

While there are methods41 by which these cross-links can be repaired, overwhelming 

these processes can lead to profound biological consequences. The generation of 

interstrand cross-links has been utilized intentionally by anticancer agents to induce cell 

apoptosis in cancerous cells42,43 to either stall or overwhelm these enzymatic repair 

pathways. It is plausible that unrepaired cross-links between an Ap site and an exocyclic 

amine may pose similar, unintentional biological consequences.  

 

 



 

8 

 

1.5 DNA interstrand cross-linking in a duplex is driven by sterics  

One aspect of DNA interstrand cross-linking which is still not well understood is 

the reason as to why some nucleosides in duplex DNA are able to generate cross-links at 

higher yields or faster rates than others. A consideration for this may be one of simple 

electronics; for example, guanine may not be able to generate cross-links at a high yield 

compared to adenine in similar sequences13,36 because the nucleophilicity of the exocyclic 

amine is conjugated with a carbonyl (Figure 1.5.1). This may suggest that the 

nucleophilicity of the exocyclic amine is reduced to that of an extended amide rather than 

a true amine. If this were the sole reason, then reactions of the nucleosides in solution 

would reflect that conclusion.  

 

 

Figure 1.5.1. Resonance structure of guanine showing conjugation with the 

carbonyl.  

Work performed by Michael Catalano suggests that nucleosides containing an 

exocyclic amine are capable of generating an aminoglycosidic bond with a model Ap site 

with similar yields. Research within this study show that the non-native nucleoside, 

2’aminopurine is able to generate significantly higher cross-linking yields than that native 
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bases. As is represented in Figure 1.5.2, the structure of 2’aminopurine is a hybrid of both 

deoxyadenosine and deoxyguanine.44,45,46 Work done in our group show that a reduced 

cross-link between d2AP and an Ap site is able to be generated in high yields in duplex 

DNA.47  

 

 

Figure 1.5.2. Structures of 2’deoxyadenosine, 2’deoxyaminopurine, and 
2’deoxyguanosine respectively.  

 

The other major factor in considering DNA crosslinking with exocyclic amines 

involves the sterics of the double helix. When comparing deoxyadenonsine to 

deoxyguanine in similar sequences, deoxyadenosine generally gives higher yielding 

cross-links. This may be due to the placement of the exocyclic amine of deoxyadenosine 

compared to that of deoxyguanine. While the difference between deoxyguanine and 

deoxyadenosine being able to generate a crosslink with a model Ap site is marginal 

(Figure 1.5.2), that difference is widened in duplex DNA. Typical dG-Ap crosslinking 

yields occur on the order of 2-5%,12 whereas dA-Ap crosslinks occur on the order of 15-

85%.13 Research performed by Dumont48 addresses this by proposing a structure between 

an Ap site and an exocyclic amine from an opposing nucleoside (Figure 1.5.3). Their 

work shows that the cross-link between an Ap site and a deoxyguanine has a greater 
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degree of distortion within the helix than that of an Ap site and deoxyadenosine. This 

strengthens the argument that cross-linking between exocyclic amines and Ap sites in 

duplexed DNA is driven by the location of the exocyclic amine in duplex DNA.   

 

Figure 1.5.3. From Dumont48 showing distortion in the double helix upon cross-
linking of an Ap site with either deoxyadenosine or deoxyguanine.  

 

In order to fully understand the extent to which sterics plays a role with DNA 

cross-linking within a double helix, I sought to generate an unreduced cross-link between 

2’aminopurine in a helix to determine if it’s cross-linking ability compared to that of 

deoxyguanine. Sequences 1.1 and 1.2 contained 2’aminopurine and deoxyguanine 

respectively (Table 1.5.1). From our data (Figure 1.5.4), I see that the unreduced cross-

link between an Ap site and a 2’aminopurine residue is able to generate at a higher yield, 

and higher rate than the comparative deoxyguanine-Ap cross-link.  

Comparing the nucleoside studies performed by Catalano, it would appear that 

2’aminopurine would be the most capable of generating a cross-link with an Ap site. 
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While 2’aminopurine does generate significantly more cross-link than deoxyguanine in a 

comparable sequence, it is not able to generate cross-links at the 85% yield seen by 

deoxyadenosine.31 This guides us to believe that steric effects, more so than electronic 

effects, are the determining factor in the generation of cross-links between an exocyclic 

amine and an opposing Ap site in duplex DNA.  

The role of Ap sites as a bio-electrophile is not limited to generating cross-links 

within DNA. It also maintains the capacity to have covalent interactions with other 

nucleophilic moieties in the body, such as thiols, alcohols, or aliphatic amines. In 

subsequent sections of this chapter, I will explore some of the fundamental chemistries of 

each of these lesions. 

 

Table 1.5.1. Sequences used to compare cross-linking capabilities of dG and 
2’aminopurine. 2’aminopurine is denoted as P in 1.1. 

1.1 

5’-ATC ATG CAT AGA TGA ATU AAG ACA TAT AGC CAT AC-3’ 

3’-TAG TAC GTA TCT CAT TPA TTC TGT ATA TCG GTA TG-5’ 

1.2 

5’-ATC ATG CAT AGA TGA ACU AAG ACA TAT AGC CAT AC-3’ 

3’-TAG TAC GTA TCT ACT TGA TTC TGT ATA TCG GTA TG-5’ 
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Figure 1.5.4 Cross-linking between a duplex containing an Ap site and either 
2’aminopurine (a) and deoxyguanine (b).  

 

1.6 Ap sites can be degraded to a highly reactive species 

 One major secondary lesion of the Ap site occurs upon strand cleavage stemming 

from beta-elimination of the 3’phosphate residue (Scheme 1.6.1).49,50,51 The alkenal (dRP) 

afforded from this elimination has been detected within cells,52,53 and is potentially more 

noxious than the parent lesion.54 

 

Scheme 1.6.1 Beta-elimination to generate dRP from an abasic site.  
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This field of chemistry has been explored recently20 showing the alkenals ability 

to generate interstrand cross-links, and proposes a structure (Figure 1.6.1) and mechanism 

for the formation of the structure.  

 

 

Figure 1.6.1 Proposed product of the reaction between dRP and dA. 

 

The chemistry of biological unsaturated aldehydes has been studied using the 

biologically relevant 4-hydroxy-2(E)-nonenal (HNE). HNE is generated as a product of 

lipid peroxidation in conditions of high oxidative stress55 and has been shown to react 

with various nucleophiles in the body, such as DNA bases56,57, glutathione58 (GSH), or 
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lysine residues59 (Figure 1.6.2). Due to the structural similarities of dRP to that of HNE, 

one can hypothesize that their routes of reactivity may be similar. In Chapter 2 of this 

thesis, I will further explore the chemistries of the dRP end group. 

 

 

 

Figure 1.6.2 Cyclized structure of the dG-HNE adduct. 

 

1.7 Thiols present an important, yet not well understand, potential to react with Ap 

sites 

As will be re-discussed in Chapter 3 of this thesis, the fundamental chemistry of 

thiols reacting with Ap sites is not well understood. There is a significant shortage of 

literature regarding chemistry relevant to Ap sites with biologically relevant thiols, such 

as glutathione or cysteine residues in proteins. Recent literature suggests that HMCES is 

able to generate a semi-stable lesion with an Ap site to inhibit degradation.14,60,61 The 

chemical face of this reaction occurs with an N-terminal cysteine being able to generate a 

stable thiazolidine with the Ap site. There is literature precedent62 showing that the 

formation of thiazolidines with N-terminal cysteines is a thermodynamically favorable 
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reaction (Scheme 1.7.1), however until recently, there was not a link showing this was 

possible with an Ap site.  

 

 

 

 

 

Scheme 1.7.1 Reaction of N-terminal cysteine with a sample aldehyde and the 
proposed reaction with an Ap site in DNA. 

 

 

From a materials perspective, the generation of thiazolidines and thioglycosides is 

particularly interesting. Thioglycosides have been explored for the potency as 

antibiotics63 however the conditions in which these compounds are formed tend to require 

strong Lewis acids, and often in stoichiometric excess.64 This has afforded the 

opportunity to develop a mild, high yielding process by which thioglycosides can be 

generated. There is also a need to study the formation and stability of thioglycosides 

within a duplex in order to understand their biological relevance.  
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1.8 Conclusions 

 Studying DNA is a basic science fundamental to all fields of science. In order to 

understand how essential faithfully replicated DNA is, it is important to address what 

occurs when DNA is damaged. The most common form of damaged DNA is the Ap site. 

While there are studies showing some of the chemistries of the Ap site, whether it be 

strand cleavage, DNA interstrand cross-link formation and repair, or generation of other 

covalent adducts, there still is much to be answered. This thesis will attempt to give a 

chemical face to the structures and reactions which are occurring in the human body, 

whether it be studying DNA interstrand cross-links, the chemistry of strand cleavage in 

DNA, or how Ap sites may be protected by a semi-stable linkage with a protein. 
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Chapter 2: Biomimetic model reactions suggest that amine-catalyzed strand 
cleavage at abasic sites in DNA has the potential to generate a complex mixture of 
interconverting products (a dynamic product mixture of previously unrecognized 
complexity) 

 

2.1 Introduction 

Abasic sites (2.1, Scheme 2.1.1) are generated by spontaneous1,2,chemically-

induced3 and enzyme-catalyzed4,5,6,7 hydrolysis of the glycosidic bonds that connect the 

nucleobases (B in Scheme 2.1.1) to the deoxyribose backbone of DNA.  These may be the 

most common unavoidable lesions found in the genetic material of living cells and it is 

important to understand their reactivity.8,9,10,11 Abasic sites exist as an equilibrium mixture 

of the ring-closed hemiacetal alongside small amounts (~1%) of the ring-opened aldehyde 

(Scheme 2.1.1).12,13 The electrophilic nature of the abasic aldehyde residue leads to the 

generation of secondary lesions including interstrand DNA-DNA cross-links,14,15,16,17 

DNA-protein cross-links,18,19,20,21 and strand breaks.22,23,24  

Strand cleavage at abasic sites in DNA involves b-elimination of the 3’-phosphate 

residue to generate a break with a phosphoryl residue on the 5’-side and a reactive a,b-

unsaturated alkenal sugar remnant on the 3’-side (Scheme 2.1.1).22,23,24 The 3’-alkenal 

sugar remnant has been detected in cellular DNA25, 26 and there is evidence from studies 

involving dysregulated base excision repair that these lesions are more toxic than the parent 

abasic site.27,28,29 
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Scheme 2.1.1.  Amine-catalyzed strand cleavage at an abasic site in DNA. 

 

 

 

 In the analysis of DNA damage and repair, b-elimination at abasic sites often is 

induced by heat, NaOH, or amines.8,24,30 In cells, however, most strand cleavage at abasic 

sites probably is catalyzed by amine groups in small molecules and proteins.  The nucleus 

is rich in low molecular weight polyamines such as spermine that can catalyze b-

elimination at abasic sites.24,31,32,33,34,35 Amine residues in peptides, histones, and other 

nuclear proteins also can catalyze strand cleavage at abasic sites.36,37,38,39,40,41,42,43 In 

enzymology, the ability to catalyze this reaction is termed a b-lyase activity.44 Amine-

catalyzed strand cleavage at abasic sites proceeds via iminium ion intermediates 2.2 to 

generate the a,b-unsaturated iminium products 2.3 (Scheme 2.1.1) For example, the pKa 

2.1 2.1 

2.2 

2.3 2.4 



 

30 

values of N-alkyliminium ions derived from benzaldehydes are approximately 5-7, the pKa 

of the iminium ion derived from acetone and glycine is 7.6, and the pKa of the N-alkyl-

a,b-unsaturated iminium ion derived from crotonaldehyde is 8.6.45,46,47 The b-elimination 

reaction at abasic sites is accelerated by iminium ion formation because the a-protons in 

iminium ions are at least 7 orders of magnitude more acidic than those in the corresponding 

parent aldehyde. Early work by Bender describes the early characterization of this 

effect.46,48  Amine-catalyzed strand cleavage by a Lys-Trp-Lys peptide49 and the enzyme 

T4 pyrimidine dimer glycosylase (T4-pdg or T4 Endo V) was shown to generate the trans-

alkenal 2.4 as the major product (Scheme 2.1.1).41,50,51,52 Heating a DNA abasic site at 90 

˚C in pH 7 phosphate buffer also generates predominantly the trans-alkenal 2.4 as the initial 

product.30 

Amine-catalyzed cleavage of abasic sites in DNA is important in biology and 

biochemistry.  During the course of some recent studies in which I employed spermine to 

induce strand cleavage at abasic sites in DNA,53 I came to suspect that the products 

generated in this reaction are more complex than commonly thought.  This inspired me to 

develop a low molecular weight, biomimetic system that enabled us to model the formation 

and properties of products arising from amine-catalyzed b-elimination at an abasic site in 

the DNA backbone.  The results of my studies suggest that a,b-unsaturated iminium ion 

intermediates are at the center of an equilibrating mixture of products of previously 

unrecognized complexity. 

 

2.2 Design, synthesis, and validation of a low molecular weight compound that models 

amine-catalyzed strand cleavage at abasic sites in DNA. 
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My approach involved preparation of a 2-deoxyribose derivative bearing a 

moderately active leaving group at the 3-position that would be resistant to spontaneous 

elimination reactions in aqueous buffer, while readily undergoing amine-catalyzed 

elimination via an iminium ion intermediate.  I anticipated that an acetyl group might 

provide the desired balance of stability and reactivity.  My design also incorporated a silyl 

protecting group on the 5-OH to lock the sugar into the 5-membered, furanose form found 

in DNA and to facilitate analysis by TLC, organic separations, and chromatographic 

separations on silica gel. 

I converted 2-deoxy-D-ribose to the corresponding methyl acetal 2.5,54 followed by 

reaction with t-butyldiphenylsilyl chloride in pyridine to obtain the 5-silylated derivative 

2.6 as a mixture of the b and a anomers.55 Treatment of 2.6 with acetic anhydride in 

pyridine gave the acetylated product 2.8 as a mixture of the b and a anomers.54  Removal 

of the methyl acetal protecting group in acid provided the desired compound 2.9 in good 

yield. (Scheme 2.2.1) 

 

Scheme 2.2.1. Synthesis of the DNA abasic site model compound 2.9. 
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As hoped, compound 2.9 (25 mM) was stable for 2 h in a solvent mixture composed 

of 1:1 acetonitrile/buffer (50 mM sodium phosphate, pH 7, 24 h, 24 ˚C). Extended 

incubation of 2.9 at 37℃ for 7 d gave an approximately 30% yield of 9:1 mixture of the 

2.12 and 2.13.  On the other hand, 2.9 (25 mM) completely decomposed within 2 h when 

catalytic amounts (0.1-10 mol%) of an amine catalyst such as N,N’-

dimethylethylenediamine (DMEDA) or piperidine was added to the reaction mixture.  I 

expected the amine-catalyzed decomposition of 2.9 to proceed via an iminium ion 

intermediate 2.14.  I and others have previously used hydride reagents to trap iminium ion 

intermediates generated in the reactions of low molecular weight amines with Ap sites in 

DNA.53, 42, 56,57,58,59 Work performed by Jay Jha in the group showed that incubation of 2.9 

with piperidine in the presence of the hydride reagent NaCNBH3, followed by LC-MS 

analysis revealed a major signal in the HPLC-UV and ion current chromatograms with an 

2.5 

2.7 

2.9 2.8 

2.6 
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m/z of 484, corresponding to the [M+H]+ ion of reduced iminium ion 2.14 (Scheme 2.2.2, 

Figure S2.1). 

 

 

 

 

 

 

 

 

 

 

 

Scheme 2.2.2. Amine catalyzed generation of alkenal products from precursor 2.9. 
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The elimination reactions considered here have the potential to generate either the 

cis- or trans-alkenal products (Scheme 2.2.2).  The vinylic region in the proton NMR is 

diagnostic for these compounds.12,60,61 For spectroscopic comparison, I prepared the trans-

alkenal 2.15 by thermolysis of 2-deoxyribose (dR, Scheme 2.2.3).60 The crude cis-alkenal 

2.16 was prepared by photolysis of the trans isomer 2.15 (Scheme 2.2.3).12   

 

 

 

 

 

 

Scheme 2.2.3 Preparation of cis- and trans-alkenals 2.15 and 2.16. 
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When 2.9 (25 mM) was treated with piperidine (10 mol%) at 24 ˚C in the standard 

solvent mixture composed of 1:1 acetonitrile/buffer (50 mM sodium phosphate, pH 7) and 

the reaction extracted with ethyl acetate at a very early stage (5 min), I observed a product 

mixture displaying NMR signals consistent with a 9:1 mixture of the trans-alkenal 2.12 

and the cis-alkenal 2.13 (Scheme 2.2.2 Figure S3.2).  The 1H-NMR resonances of these 

products closely matched those observed for the synthetic standards described above.  

When the amine-catalyzed decomposition of 2.9 was allowed to proceed to completion (1 

h) in the absence of an added nucleophile to intercept the a,b-unsaturated iminium ion 

intermediate, I observed low yields of 2.12 and 2.13 embedded in a complex mixture of 

decomposition products. 

 When 2.9 (15 mM) was treated with piperidine (122 mM) at 24 ˚C in a solvent 

mixture composed of 1:1 acetonitrile/buffer containing HCl (12 mM), the reaction cleanly 

generates 2.12 within 15 min (Figure S2.2).  After 1 h, the products evolved to a 77:23 

mixture of 2.12 and 2.13 that could be isolated by column chromatography in 70% 

combined yield.  A control reaction showed that there was no significant decomposition of 

2.9 under these conditions in the absence of piperidine.  After 3 h, the mixture contained a 

46:55 ratio of 2.12 and 2.13, with little decomposition.  These reaction conditions may 

2.15 

2.16 
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circumvent oligomerization of the a,b-unsaturated aldehyde and the corresponding 

iminium ion.62 The results suggest that the trans-alkenal 2.12 isomerizes to the cis-alkenal 

2.13 in aqueous buffered solution, in the presence of an amine catalyst.  Literature 

precedents describing amine-catalyzed cis-trans isomerization of a,b-unsaturated carbonyl 

compounds provide a reasonable mechanistic basis for the conversion of the trans-alkenal 

2.12 to the cis isomer 2.13 (Scheme 2.2.3).63,64 

Overall, the results provide evidence that the amine-catalyzed elimination of acetate 

from 2.9 proceeds via iminium ion intermediates to generate the trans-alkenal 2.4 that is 

analogous to the characteristic product of amine-catalyzed strand cleavage in DNA.41,50,51 

In addition, our results provide evidence that the trans-alkenal product can convert to the 

cis-alkenal in the presence of an amine. 

 

2.3 Evidence for reversible conjugate addition of thiol-containing compounds to the 

a,b-unsaturated iminium ion generated by amine-catalyzed elimination of acetate 

from 2.9.   

No significant reaction was observed when 2.9 (25 mM) was stirred with t-

butylbenzenethiol (10 equiv) in the absence of an amine catalyst in the standard solvent 

mixture for 24 h at 24 ˚C.  On the other hand, when 2.9 (25 mM) was mixed with the amine 

catalyst DMEDA (10 mol%) and t-butylbenzenethiol (10 equiv), all starting material was 

consumed in less than 5 min.  From this reaction, I obtained an 85% yield of thiol-addition 

products displaying NMR resonances consistent with a mixture of the C3-epimers 2.20 and 

2.21, envisioned to arise from conjugate addition of the thiol to the a,b-unsaturated 

iminium ion 2.19 (Scheme 2.3.1).  Further examination of this reaction revealed that the 
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3:2 mixture of 2.20 and 2.21 observed at 5 min gave way to a >20:1 mixture of 2.20 and 

2.21 upon extended incubation (30 min), suggestive of an initial kinetic mixture evolving 

to a thermodynamic mixture of products.  Each compound exists as a mixture of b and a 

anomers.  Similar mixtures of adducts were obtained for a variety of structurally diverse 

thiols (Supporting Information).   DMEDA, piperidine, and spermine all catalyzed 

decomposition of 2.9, with concomitant generation of the thiol adducts 2.20 and 2.21 

within 5 min.  Reactions induced by lysine were somewhat slower (about 2 h for complete 

consumption of starting material), while reactions triggered by valine and tryptophan and 

threonine were sluggish, with most starting material remaining intact after 24 h.  Incubation 

of 2.9 with glutathione (20 mM), in the standard solvent mixture and in the absence of 

amine catalyst, did not yield significant reaction over the course of 24 h. 

Incubation of the t-butylbenzenethiol adducts 2.20 and 2.21 in the presence of the 

amine catalyst DMEDA (10 mol%) and an excess (10 equiv) of hexanethiol led to an 81% 

yield of a stereoisomeric mixture of the thiol exchange products 2.22 within 5 min (Scheme 

2.3.2).  On the other hand, in the absence of the amine catalyst, 2.20 and 2.21 did not 

undergo thiol-exchange over the course of 1 h.  Overall, the results provide evidence for 

reversible addition of thiols to the a,b-unsaturated iminium ion 2.19. 
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Scheme 2.3.1.  Amine-catalyzed generation of thiol adducts from 2.9. 

 

 

 

 

Scheme 2.3.2.  Thiol exchange reactions catalyzed by DMEDA. 
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2.4 Evidence for reversible conjugate addition of water to the a,b-unsaturated 

iminium ion generated by amine-catalyzed elimination of acetate from 2.9.   

Treatment of 2.9 (25 mM) with DMEDA (10 mol%) for 12 h in a solvent composed 

of 1:1 acetonitrile and aqueous NaOH (10 mM), produced an 85% yield of a mixture 

composed of the 2-deoxyribose derivative 2.7 alongside traces of the 2-deoxyxylose isomer 

2.23 (Scheme 2.4.1).  The biological amine, spermine (10 mol%), catalyzes formation of 

the same products from 2.9 under these conditions.  The structure of the major isomer 2.7 

was confirmed by comparison of the 1H-NMR data to that of an authentic standard prepared 

by treatment of the methyl acetal 2.2 with mild aqueous acid (Scheme 2.2.1).  Several 

control experiments suggest that 2.7 arises via conjugate addition of water to 2.19 rather 

than by hydrolysis of the acetyl group in 2.9.  First, 2.7 was not generated from 2.9 in the 

absence of the amine catalyst, consistent with the idea that the iminium ion 2.19 is an 

obligate intermediate in the generation of 2.7.  Second, incubation of the methyl acetal 2.8 

with the amine catalyst DMEDA (10 mol%) in the solvent composed of a mixture of 1:1 

acetonitrile and aqueous NaOH did not lead to hydrolysis of the acetyl group at the C3-OH 

group, simultaneously providing evidence that the reaction conditions do not support 

hydrolysis of the acetyl group at C3 and that the C1-aldehyde is required. 

Scheme 2.4.1.  Conjugate addition of water. 



 

40 

 

 

Incubation of 2.7 with DMEDA and t-butylbenzene thiol (10 equiv), generated the 

corresponding thiol adducts 2.20 and 2.21 in modest yield (23%) after 48 h at 24 ˚C 

(Scheme 2.4.2).  This reaction is much less effective than the amine-catalyzed 

transthiolation described above (Scheme 2.3.2).  Overall, the evidence is consistent 

reversible conjugate addition of water to the a,b-unsaturated iminium ion 2.19 generated 

by amine-catalyzed elimination of acetate from 2.9. 

Scheme 2.4.2. Amine-catalyzed water-thiol exchange reaction from 2.7. 
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Amine-catalyzed strand cleavage at abasic sites in DNA is a biologically important 

reaction24,31-40,43 and it is important to fully characterize the products of these processes. 

The general expectation based on literature precedents12,41,50 is that amine-catalyzed strand 

cleavage at abasic sites generates a nick with a 3’-trans-a,b-unsaturated aldehyde and 5’-

phosphoryl end groups (2.4, Schemes 2.1.1)12,22-24,33 Some catalysts, higher temperatures, 

or longer reaction times, can generate a single-nucleotide gap flanked by 5’-phosphoryl 

and 3’-phosphoryl end groups via sequential a,b and g,d-elimination reactions.12,22-24,33 

Here I developed a low molecular weight, biomimetic system that models the 

formation and properties of products arising from amine-catalyzed b-elimination at abasic 

sites in DNA.  Use of a low molecular weight model system enabled high-resolution 

characterization of the chemical structures and properties of the products generated in the 

reactions.  Amine-catalyzed elimination of acetate from my model compound 2.9 proceeds 

via iminium ion intermediates 2.10 and 2.11 to generate the trans-alkenal 2.12 that is 

analogous to the characteristic product 2.4 arising from amine-catalyzed strand cleavage 

in DNA.12,41,50,51  In addition, under some conditions, I observed conversion of the initially-

formed trans-alkenal 2.12 to the cis-alkenal 2.13 in the amine-catalyzed elimination of 

acetate from 2.9.  This is a striking observation, as I have found only two reports 

mentioning formation of the cis-alkenal 2.25 in DNA (Scheme 2.6.1).  The cis-alkenal end 

group was seen in the crystallographic analysis of the repair enzyme 8-oxoguanine 

glycosylase (OGG) complexed with an abasic duplex65 and low yields of this product were 

generated by heating a DNA abasic site at 90 ˚C in pH 7 phosphate buffer.66 Our results 

suggest that, once generated, the cis-alkenal is relatively stable.  The occurrence of this 
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product in the amine-catalyzed cleavage of abasic sites in DNA deserves further 

investigation. 

Early researchers recognized that thiols can add to the 3’-alkenal group generated 

by amine-catalyzed strand cleavage but the precise chemical structure(s) and reactivity of 

the resulting products has not been characterized previously.11,21,67 In general, the conjugate 

addition of thiols to low molecular weight a,b-unsaturated aldehydes under biological 

conditions has ample precedent.60,68,69,70  I find that thiol-containing compounds undergo 

rapid conjugate addition to the trans-a,b-unsaturated aldehyde 2.12 and the corresponding 

iminium ion 2.11.  The addition of thiols to the trans-a,b-unsaturated iminium ion 

intermediate 2.11 is noticeably faster than reaction with the a,b-unsaturated aldehyde 2.12.  

These reactions generate mixtures of epimeric products (2.20 and 2.21, Scheme 2.3.1).  The 

thiol adducts 2.20 and 2.21 are stable in the absence of amines but readily undergo 

stereochemical equilibration and thiol exchange reactions in the presence of an amine 

catalyst (Scheme 2.3.2).  Clearly, both conjugate addition of nucleophiles and the reverse 

reaction involving elimination of the nucleophile are accelerated by iminium ion formation.  

Cells contain millimolar concentrations of thiols such as glutathione71 and I expect that 

thiol adducts such as 2.26 and 2.27 (Scheme 2.6.1) should be major products arising from 

b-elimination at abasic sites in DNA in biological environments.  This possibility was 

recognized by Bailly and Verly in 1988,21 but the existence of such products in cellular 

DNA has yet to be established. 

I also observed reversible conjugate addition of water to the a,b-unsaturated iminium ion 

intermediate 2.11, under mildly basic conditions (Scheme 2.4.1).  In contrast, water does 

not add to the parent a,b-unsaturated aldehyde 2.12 under these conditions.  This result 



 

43 

clearly illustrates the amplified reactivity of the a,b-unsaturated iminium ion 2.11 relative 

to the corresponding a,b-unsaturated aldehyde 2.12.  The 3’-deoxyribose end group 2.28 

(Scheme 2.6.1) arising from the addition of water to the trans-alkenal 2.4 has not been 

observed previously in the cleavage of DNA abasic sites catalyzed by low molecular 

weight amines; however, there is evidence consistent with the generation of this product 

by the lyase action of the base excision repair glycosylase, Endo III.72,73 The 3’-

deoxyribose end group was identified as a minor product arising from thermal cleavage of 

an abasic site in a DNA dinucleotide at 90 ˚C in pH 7 phosphate buffer.66 In a broader 

chemical context, my result is consistent with early literature describing piperidine- and 

sarcosine-catalyzed conjugate addition of water to crotonaldehyde74 and highlights the 

amplified reactivity of the trans-a,b-unsaturated iminium ion 2.11 compared to the a,b-

unsaturated aldehyde 2.12, with respect to conjugate addition processes.  This effect that 

has been exploited by synthetic chemists working in the area of iminium ion 

organocatalysis.75,76,77 Another possible precedent illustrating the amplified reactivity of 

a,b-unsaturated iminium ion intermediates may be found in the arginine and histone-

catalyzed reactions of 4-hydroxy-2-nonenal (HNE) with the nucleoside 2’-

deoxyguanosine.78,79 Thus, the results presented here, alongside previous precedents, 

suggest that iminium ion intermediates could be important in the generation of interstrand 

cross-links arising from amine-catalyzed strand cleavage at abasic sites in duplex DNA.20 

Overall, my results suggest that amine-catalyzed strand cleavage at abasic sites in DNA 

has the potential to generate dynamic product mixtures of previously unrecognized 

complexity.  My results forecast at least eleven distinct products arising from amine-

catalyzed cleavage of an abasic site, when diastereomers originating from the existence of 
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a- and b-anomers are considered (Scheme 2.5.1).  A number of these products and 

processes have not been characterized previously.  To the extent that my reactions model 

the cellular environment, it is important to recognize that each of these strand cleavage 

products represents a distinct 3’-blocking group that must be removed or “trimmed”, in 

order to complete the gap-filling and ligation steps in base excision repair or single-strand 

break repair pathways.80,81,82  Finally, each of these strand cleavage products presents 

equilibrium amounts of an electrophilic aldehyde or the corresponding iminium ion group  

and, as a result, has the potential to generate chemically distinct DNA-DNA20 or DNA-

protein cross-links83,84 that could be important in biology.  A collaborative project within 

the group not shown within this thesis describes the results of a parallel study 

characterizing the products formed by strand cleavage at abasic sites in DNA 

oligonucleotides. The electrophilic nature of the abasic aldehyde residue leads to the 

generation of secondary lesions including interstrand DNA-DNA cross-links,17,19,35, DNA-

protein cross-links,14,19,21,85 and strand breaks.22-24 

 

Scheme 2.5.1.  My results suggest that a,b-unsaturated iminium ion intermediates are 
at the center of a dynamic, equilibrating mixture of products of previously 
unrecognized complexity.   
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Material and Methods.  

All commercial materials were used as received unless otherwise noted. 

Commercially available materials were obtained from Sigma-Aldrich, TCI, and Alfa 

Aesar. Flash column chromatography was performed using 230-400 mesh silica gel as a 

stationary phase. Thin layer chromatography was performed on silica gel plates from 

Sigma Chemical Co. Deuterated solvents were purchased from Cambridge Isotope 

Laboratories. 1H NMR was recorded on a 500 MHz or a 600 MHz spectrometer while 13C 

NMR spectra was obtained on the same instruments at 126 or 151 MHz. The chemical shift 

values (δ) are reported in ppm (residual chloroform δ = 7.26 ppm and 77.16 ppm for 1H 

and 13C respectively). The 1H spectra are reported as follows δ (multiplicity, coupling 

2.27 2.28 minor 

3.26 2.25 

2.24 
2.4 
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constant J, number of protons). HPLC analysis were performed on a modular system 

equipped with a 168-diode array detector and 32 KARAT software. The HPLC system was 

coupled with an ion-trap mass spectrometer. Beta-basic C18, 150 Å, 0.46 cm × 15 cm 

column was used for analysis. Mobile phase for the run were water and acetonitrile each 

containing 0.1% TFA. 

 

Experimental Procedures 

Synthesis of (2R,3S)-2-(((tert-butyldiphenylsilyl)oxy)methyl)-5-

methoxytetrahydrofuran-3-ol (2.6). The solution of 2’-deoxyribose (1.84 g, 13.72 

mmol), methanol (60 mL) and HCl (1 mL, 2 M) was stirred for 1 h at 24 ˚C. The reaction 

was quenched by the addition of pyridine (5 mL) and the crude mixture containing 2.5 was 

concentrated in vacuo. The residue was dissolved in pyridine (20 mL) and t-

butyldiphenylsilyl chloride (3.74 mL, 14.4 mmol) was added, followed by stirring at 24 ˚C 

under an atmosphere of nitrogen gas for 20 h. The reaction was quenched by addition of 

water (20 mL) and then extracted with ethyl acetate (3 x 40 mL). The organic extract was 

washed with brine, dried over magnesium sulfate, and concentrated in vacuo. Column 

chromatography of the residue on silica gel eluted with ethyl acetate and hexanes (1:4) 

gave 2.6 (3.70 g, 70% yield) as a colorless oil: Rf = 0.3 (1:4 ethyl acetate/hexanes); 1H 

NMR (CDCl3, 600 MHz): δ (diastereomers) 7.70 – 7.37 (m, 10H), 5.11 (d, J = 4.6 Hz, 

0.6H), 5.05 (dd, J = 5.4, 2.1 Hz, 0.4H), 4.51 (td, J = 6.7, 4.4 Hz, 0.4H), 4.30 (dd, J = 10.3, 

6.0 Hz, 0.6H), 4.16 (ddd, J = 5.0, 3.5, 1.5 Hz, 0.6H), 3.98 – 3.91 (m, 0.4H), 3.82 (dd, J = 

10.2, 5.2 Hz, 0.4H), 3.75 (dd, J = 11.0, 3.6 Hz, 0.6H), 3.66 (dd, J = 10.2, 7.6 Hz, 0.4H), 

3.61 (dd, J = 11.0, 4.9 Hz, 0.6H), 3.38 (s, 1.8H), 3.27 (s, 1.2H), 2.85 (d, J = 10.7 Hz, 1H), 
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2.24 – 2.15 (m, 1.2H), 2.03 (d, J = 1.1 Hz, 0.8H), 1.08 (s, 3.6H), 1.05 (s, 5.4H); 13C NMR 

(CDCl3, 126 MHz): δ (diastereomers) 135.8(135.7), 133.4, 130.0(129.9), 127.9(127.8), 

105.8(105.1), 88.0(85.8), 73.5(73.4), 65.5(64.5), 55.2(54.9), 41.3(41.2), 27.0(26.9), 19.4.; 

HRMS (ESI, [M+Na]͘+) m/z calcd for C22H30SiO4Na: 409.1811; found 409.1807. 

 

Synthesis of (4S,5R)-5-(((tert-butyldiphenylsilyl)oxy)methyl)tetrahydrofuran-2,4-

diol (2.7). The solution of 2.6 (1.0 g, 2.6 mmol) in acetone (20 mL), water (10 mL), and 

acetic acid (60 mL) was heated in an oil bath at 65 ˚C with stirring for 8 h. The mixture 

was then diluted with diethyl ether (100 mL) and saturated sodium bicarbonate was added 

in 20 mL aliquots until the bubbling ceased. The organic extract was washed with brine, 

dried over magnesium sulfate, and concentrated in vacuo. Column chromatography of the 

residue on silica gel eluted with ethyl acetate and hexanes (3:7) gave 2.7 (0.78 g, 84% 

yield) as a colorless oil: Rf = 0.3 (3:7 ethyl acetate/hexanes); 1H-NMR (CDCl3, 600 MHz): 

δ (diastereomers) 7.67 (dddt, J = 11.8, 6.7, 3.8, 1.5 Hz, 4H), 7.48 – 7.34 (m, 6H), 5.59 (s, 

0.4H), 5.58 (s, 0.6H), 4.39 (dt, J = 5.7, 1.2 Hz, 0.4H), 4.30 (ddd, J = 5.0, 3.7, 1.2 Hz, 0.6H), 

4.03 – 3.79 (m, 0.6H), 3.79 – 3.75 (m, 0.4H), 3.71 (dd, J = 11.0, 3.8 Hz, 1.2H), 3.56 (dd, J 

= 10.9, 5.1 Hz, 0.8H), 2.23 – 2.08 (m, 1.2H), 2.07 – 2.01 (m, 0.8H), 1.12 – 1.07 (m, 3.6H), 

1.05 (d, J = 1.6 Hz, 5.4H); 13C-NMR (CDCl3, 126 MHz): δ (diastereomers) 135.7(135.6), 

133.3(133.2), 123.0(129.9), 127.9(127.8), 99.6(99.0), 87.9(86.4), 73.6(73.0), 65.2(64.5), 

41.6, 27.0(26.9), 19.3; HRMS (ESI [M +Na]+) m/z calcd for C21H28SiO4Na: 395.1655; 

found 395.1652. 
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Synthesis of (2R,3S)-2-(((tert-butyldiphenylsilyl)oxy)methyl)-5-

methoxytetrahydrofuran-3-yl acetate (2.8). The solution of 2.6 (2.0 g, 5.2 mmol) in 

pyridine (10 mL), and acetic anhydride (2 mL, 21.2 mmol) was stirred for 2 h at 24 ˚C. The 

reaction was quenched by addition of methanol (3 mL) and the crude mixture was 

concentrated in vacuo. The residue was mixed with water (30 mL) and extracted with ethyl 

acetate (3 x 30 mL). The combined organic extract was washed with brine, dried over 

magnesium sulfate, and concentrated in vacuo. Column chromatography of the residue on 

silica gel eluted with ethyl acetate and hexanes (1:9) gave 2.8 (2.19 g, 99% yield) as a 

colorless oil: Rf = 0.8 (1:9 ethyl acetate/hexanes); 1H NMR (CDCl3, 600 MHz): δ 

(diastereomers) 7.69 (ddt, J = 8.1, 5.0, 1.8 Hz, 4H), 7.48 – 7.36 (m, 6H), 5.35 (ddd, J = 6.9, 

4.3, 2.8 Hz, 0.4H), 5.27 (ddd, J = 8.0, 3.3, 1.8 Hz, 0.6H), 5.12 (dt, J = 5.5, 1.7 Hz, 1H), 

4.23 – 4.08 (m, 1H), 3.82 (ddd, J = 47.1, 11.0, 3.6 Hz, 1.2H), 3.76 – 3.67 (m, 0.8H), 3.40 

(s, 1.8H), 3.30 (s, 1.2H), 2.44 (ddd, J = 14.6, 8.0, 5.5 Hz, 0.6H), 2.32 (ddd, J = 14.1, 6.9, 

3.1 Hz, 0.4H), 2.13 – 1.98 (m, 4H), 1.06 (s, 3.6H), 1.05 (s, 5.4H); 13C NMR (CDCl3, 126 

MHz): δ (diastereomers) 171.1(170.50), 135.8(135.7), 133.4(133.3), 129.8(129.8), 

127.8(127.8), 105.6(105.5), 84.2(84.1), 75.5(74.8), 64.9(64.3), 55.4(55.2), 39.6(39.2), 

26.9, 21.3(21.2), 19.4(19.3); HRMS (ESI [M+Na]+) m/z calcd for C24H32SiO5Na: 

451.1916; found 451.1911. 

 

Synthesis of (2R,3S)-2-(((tert-butyldiphenylsilyl)oxy)methyl)-5-

hydroxytetrahydrofuran-3-yl acetate (2.9). The solution of 2.8 (1.0 g, 2.33 mmol) in 

acetone (20 mL), water (10 mL), and acetic acid (60 mL) was heated in an oil bath at 65 

˚C with stirring for 8 h. The mixture was then diluted with diethyl ether (100 mL) and 
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saturated sodium bicarbonate was added in 20 mL aliquots until the bubbling ceased. The 

organic extract was washed with brine, dried over magnesium sulfate, and concentrated in 

vacuo. Column chromatography of the residue on silica gel eluted with ethyl acetate and 

hexanes (2:3) afforded 2.9 (0.8 g, 84% yield) as a colorless oil: Rf = 0.3 (2:3 ethyl 

acetate/hexanes); 1H NMR (CDCl3, 600 MHz): δ (diastereomers) 7.74 – 7.61 (m, 4H), 7.49 

– 7.33 (m, 6H), 5.63 (d, J = 4.9 Hz, 0.6H), 5.59 (dd, J = 5.5, 2.7 Hz, 0.4H), 5.41 (ddd, J = 

7.0, 4.2, 2.6 Hz, 0.4H), 5.37 (ddd, J = 7.1, 2.2, 1.2 Hz, 0.6H), 4.32 (td, J = 3.5, 2.1 Hz, 

0.4H), 4.16 – 4.08 (m, 0.6H), 3.86 – 3.79 (m, 1.2H), 3.72 (dd, J = 11.1, 3.7 Hz, 0.8H), 2.50 

– 2.32 (m, 0.6H), 2.24 (ddd, J = 14.2, 5.5, 4.1 Hz, 0.4H), 2.17 (s, 1.2H), 2.09 (s, 1.8H), 

2.07 (s, 0.4H), 2.05 (d, J = 5.6 Hz, 0.6H), 1.09 (s, 3.6H), 1.05 (s, 5.4H); 13C-NMR (CDCl3, 

126 MHz): δ (diastereomers) 170.8, 135.9(135.7), 133.2(133.1), 130.2(129.9), 

128.0(127.8), 99.4, 84.9(84.8), 75.5(75.4), 65.2(64.3), 41.6(40.2), 27.0(26.9), 21.3(21.1), 

19.31; HRMS (ESI [M+Na]+) m/z calcd for C23H30SiO5Na: 437.1760; found 437.1757. 

 

Synthesis of (2R,3R)-1-((tert-butyldiphenylsilyl)oxy)-2-hydroxy-5-(piperidin-1-

yl)pentan-3-yl acetate (2.14) as an evidence for the generation of iminium ion 

intermediate 3.10 in the amine-catalyzed elimination of 2.9. To a solution of 2.9 (0.04 

g, 0.1 mmol) in 4 mL of a 1:1 mixture of acetonitrile and phosphate buffer (50 mM, pH 7) 

at 24 ˚C, piperidine (0.01 g, 0.12 mmol) and NaBH3CN (25 mg, 0.4 mmol) was added. The 

reaction mixture was stirred for 3 h followed by quenching by addition of water (2 mL). 

The mixture was extracted with ethyl acetate (3 x 5 mL) and the combined organic extract 

was washed with brine, dried over magnesium sulfate, and concentrated in vacuo. The 
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crude product was analyzed via LC-MS which revealed a major signal in UV-

chromatogram with an m/z of 484 corresponding to the [M+H]+ ion (Figure S2.1). 

 

Synthesis of (S,E)-4,5-dihydroxypent-2-enal (2.15). The solution of 2’-deoxyribose 

(0.50 g, 3.73 mmol) in water (20 mL) was heated at 120 ˚C for 2 h in an autoclave. The 

reaction mixture was concentrated in vacuo. Column chromatography of the residue on 

silica gel eluted with ethyl acetate and hexanes (9:1) afforded 2.15 (0.08 g, 18% yield) as 

a pale-yellow oil: Rf = 0.3 (ethyl acetate): 1H NMR (CD3CN, 600 MHz) δ 9.54 (d, J = 8.0 

Hz, 1H), 6.93 (dd, J = 15.7, 4.2 Hz, 1H), 6.26 (ddd, J = 15.7, 8.0, 1.8 Hz, 1H), 4.54 – 4.21 

(m, 1H), 3.76 (bs, 1H), 3.60 (dd, J = 11.2, 4.6 Hz, 1H), 3.49 (dd, J = 11.2, 6.4 Hz, 1H), 

3.34 (bs, 1H); 13C NMR (CD3CN, 151 MHz) δ 194.9, 158.1, 132.1, 72.3, 65.7.; HRMS 

(ESI [M-H2O]+) m/z calcd for C5H6O2: 98.0367; found 98.0361. 

 

Synthesis of (5S)-5-(hydroxymethyl)-2,5-dihydrofuran-2-ol (2.16). The solution of 2.15 

(5.0 mg, 0.043 mmol) in CDCl3 (0.5 mL) in a borosilicate NMR tube was placed under 

UV-light (115 V, 60 Hz, 0.2 amps, 254 nm) for 6 h. The solution containing 2.16 was 

directly used for NMR characterization. The Proton NMR showed resonances for the 

alkene and C-1 protons consistent with the presence of the 2.16: 1H NMR (D2O, 500 MHz) 

δ 6.22 (dd, J = 6.1, 1.4 Hz, 0.6H), 6.03 – 5.95 (m, 0.4H), 5.63 (t, J = 4.7 Hz, 1H), 5.58 (dt, 

J = 5.5, 1.5 Hz, 1H). 

Evidence for the generation of alkenal products 2.12 and 2.13 from the amine 

catalyzed elimination of acetate from 2.9. To a solution of 2.9 (0.04 g, 0.1 mmol) in 4 
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mL of a 1:1 mixture of acetonitrile and phosphate buffer (50 mM, pH 7) at 24 ̊ C, piperidine 

(1.0 mg, 0.015 mmol) was added. The reaction mixture was stirred for 5 min followed by 

quenching by the addition of saturated ammonium chloride (2 mL). The mixture was 

extracted with ethyl acetate (3 x 5 mL) and combined organic extract was washed with 

brine, dried over magnesium sulfate, and concentrated in vacuo. The crude proton NMR 

showed resonances in the alkene region consistent with the presence of the trans and cis 

alkenal products 2.12 and 2.13: The crude NMR showed resonances for the alkene and C-

1 protons consistent with the prescence of the trans and cis alkenal products 2.12 and 2.13: 

1H-NMR (CDCl3, 600 MHz): δ 6.69 (dd, J = 15.7, 4.2 Hz, 1H), 6.36 (ddd, J = 15.7, 7.9, 

1.8 Hz, 1H), 6.19 (dt, J = 6.0, 1.3 Hz, 0.6H), 6.08 (d, J = 4.2 Hz, 0.4H), 6.03 (dt, J = 6.0, 

1.6 Hz, 1H), 5.99 – 5.96 (m, 1H). 

 

Evidence for the isomerization of trans-alkenal 2.12 to cis-alkenal 2.13 by the amine 

catalyzed elimination of acetate from 2.9. To a solution of 2.9 (25 mg, 0.06 mmol) in 4 

mL of a 1:1 mixture of acetonitrile and water at 24 ˚C, piperidine (50 μL, 0.5 mmol) and 

HCl (50 μL, 1 M) were added. The reaction mixture was stirred for 3 h and then diluted by 

the addition of water (2 mL). The mixture was extracted with ethyl acetate (3 x 5 mL) and 

combined organic extract was washed with brine, dried over magnesium sulfate, and 

concentrated in vacuo. The crude proton NMR showed resonances for the alkene and C-1 

protons consistent with the presence of the trans and cis alkenal products 2.12 and 2.13 

(see above). 
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Synthesis of (R)-4-((4-(tert-butyl)phenyl)thio)-5-(((tert-

butyldiphenylsilyl)oxy)methyl)tetra hydrofuran-2-ol (2.20/21) as an evidence for 

reversible conjugate addition of thiol-containing compounds to the α,β-unsaturated 

iminium ion. To a solution of 2.9 (40 mg, 0.1 mmol) in 4 mL of a 1:1 mixture of 

acetonitrile and phosphate buffer (50 mM, pH 7) at 37 ˚C, DMEDA (0.88 mg, 0.01 mmol) 

and 4-tert-butyl benzenethiol (0.17 g, 1.0 mmol) were added. The reaction mixture was 

stirred for 0.5 h followed by quenching by the addition of saturated ammonium chloride (2 

mL). The mixture was extracted with ethyl acetate (3 x 5 mL) and combined organic extract 

was washed with brine, dried over magnesium sulfate, and concentrated in vacuo. Column 

chromatography of the residue on silica gel eluted with ethyl acetate and hexanes (1:4) 

afforded 3.20/21 (44 mg, 85% yield) as a colorless oil: Rf = 0.4 (1:4 ethyl acetate/hexanes); 

1H-NMR (CDCl3, 600 MHz): δ (diastereomers) 7.69 – 7.27 (m, 14H), 5.68 – 5.41 (m, 1H), 

4.58 – 3.08 (m, 4H), 2.84 – 1.87 (m, 2H), 1.30 (d, J = 2.1 Hz, 9H), 1.14 – 0.98 (m, 9H); 

13C-NMR (CDCl3, 126 MHz): δ (diastereomers) 135.9(135.8), 132.4, 131.9, 130.1(130.0), 

129.9, 128.0(127.9), 126.4(126.3), 99.6(98.5), 85.7(84.6), 64.7(64.5), 45.4, 43.7, 42.9, 

31.4, 27.1(27.0), 19.4; HRMS (ESI [M+Na]+) m/z calcd for C31H40SiSO3Na: 543.2365; 

found 543.2362. 

 

Thiol exchange reaction of 2.20/21 to synthesize (R)-5-(((tert-

butyldiphenylsilyl)oxy)methyl)-4-(hexylthio)tetrahydrofuran-2-ol (2.22). To a 

solution of 2.20/21 (50 mg, 0.1 mmol) in 4 mL of a 1:1 mixture of acetonitrile and 

phosphate buffer (50 mM, pH 7) at 37 ˚C, DMEDA (0.88 mg, 0.01 mmol) and hexanethiol 

(0.12 mg, 1.0 mmol) was added. The reaction mixture was stirred for 5 min followed by 
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quenching by the addition of saturated ammonium chloride (2 mL). The mixture was 

extracted with ethyl acetate (3 x 5 mL) and combined organic extract was washed with 

brine, dried over magnesium sulfate, and concentrated in vacuo. Column chromatography 

of the residue on silica gel eluted with ethyl acetate and hexanes (1:4) afforded 2.22 (38 

mg, 81% yield) as a colorless oil: Rf = 0.4 (1:4 ethyl acetate/hexanes); 1H-NMR (CDCl3, 

600 MHz): δ (diastereomers) 7.87 – 7.32 (m, 10H), 5.68 – 5.39 (m, 1H), 4.49 – 2.91 (m, 

4H), 2.68 – 2.44 (m, 2H), 2.42 – 1.89 (m, 2H), 1.62 – 1.20 (m, 8H), 1.16 – 1.03 (m, 9H), 

0.89 (tdd, J = 7.2, 2.1, 1.2 Hz, 3H); 13C-NMR (CDCl3, 126 MHz): δ (diastereomers) 

136.1(135.9, 135.8, 135.7), 133.6(133.5, 132.8, 132.7), 130.2(130.1, 129.9, 129.7), 

128.0(127.9, 127.8, 127.7), 99.4(99.1, 98.6, 97.8), 86.2(84.9, 81.9, 81.3), 64.7(64.6), 

44.7(44.2, 43.4), 42.2(42.1, 40.6, 40.5), 33.3(32.8, 32.0), 31.9(31.7, 31.6, 31.5), 30.2(29.9, 

29.8, 29.5), 28.7(28.6), 27.1(27.0, 26.9), 22.8(22.7), 19.4(19.3), 14.3(14.2); HRMS (ESI 

[M+Na]+) m/z calcd for C27H40SiSO3Na: 495.2365; found 495.2359. 

 

Conjugate addition of water to the a,b-unsaturated iminium ion generated by amine-

catalyzed elimination of acetate from 2.9. The solution of 2.9 (40 mg, 0.1 mmol) in 4 

mL of a 1:1 mixture of acetonitrile and NaOH (10 mM), and DMEDA (0.88 mg, 0.01 

mmol) was stirred for 12 h at 37 ̊ C. The reaction was quenched by the addition of saturated 

ammonium chloride (2 mL) and extracted with ethyl acetate (3 x 5 mL). The combined 

organic extract was washed with brine, dried over magnesium sulfate, and concentrated in 

vacuo. Column chromatography of the residue on silica gel eluted with ethyl acetate and 

hexanes (3:7) afforded 2.7 (32 mg, 85% yield) with spectroscopic properties matching the 

same material synthesized by hydrolysis of 2.6 (see above). 
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Amine-catalyzed water-thiol exchange reaction of 2.7 to synthesize 2.20/21. To a 

solution of 2.7 (80 mg, 0.22 mmol) in 4 mL of a 1:1 mixture of acetonitrile and phosphate 

buffer (50 mM, pH 7) at 37 ˚C, DMEDA (1.94 mg, 0.022 mmol) and 4-tert-butyl 

benzenethiol (0.37 g, 2.20 mmol) were added. The reaction mixture was stirred for 24 h 

followed by quenching by the addition of saturated ammonium chloride (2 mL). The 

mixture was extracted with ethyl acetate (3 x 5 mL) and combined organic extract was 

washed with brine, dried over magnesium sulfate, and concentrated in vacuo. Column 

chromatography of the residue on silica gel eluted with ethyl acetate and hexanes (1:4) 

afforded 2.20/21 (32 mg, 28% yield) with spectroscopic properties matching the same 

material synthesized by thiolation of 2.9 (see above). 

 

Conjugate addition of thiol to the trans-alkenal (2.12) for the synthesis of 2.20/21. The 

solution of 2.12 (35 mg, 0.1 mmol) in 4 mL of a 1:1 mixture of acetonitrile and phosphate 

buffer (50 mM, pH 7), and 4-tert-butyl benzenethiol (0.17 g, 1.0 mmol) was stirred for 1.5 

h at 37 ˚C. The reaction was quenched by the addition of water (4 mL) and extracted with 

ethyl acetate (3 x 5 mL). The combined organic extract was washed with brine, dried over 

magnesium sulfate, and concentrated in vacuo. Column chromatography of the residue on 

silica gel eluted with ethyl acetate and hexanes (1:6) afforded 2.20/21 (37 mg, 71% yield) 

with spectroscopic properties matching the same material synthesized by thiolation of 2.9 

(see above). 
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Synthesis of (5R)-5-(((tert-butyldiphenylsilyl)oxy)methyl)-4-

(phenylthio)tetrahydrofuran-2-ol  (Compound S2.1) 

To a solution of 2.9 (40 mg, 0.1 mmol) in 4 mL of a 1:1 mixture of acetonitrile and 

phosphate buffer (50 mM, pH 7) at 37 ˚C, DMEDA (0.88 mg, 0.01 mmol) and 

benzenethiol (50 uL, 0.5 mmol) were added. The reaction mixture was stirred for 0.5 h 

followed by quenching by the addition of saturated ammonium chloride (2 mL). The 

mixture was extracted with ethyl acetate (3 x 5 mL) and combined organic extract was 

washed with brine, dried over magnesium sulfate, and concentrated in vacuo. Column 

chromatography of the residue on silica gel eluted with ethyl acetate and hexanes (1:9) 

gave the title compounds as a mixture of diastereomers. The title compounds were 

isolated as light yellow oils (39 mg, 87% yield). Rf = 0.5 (1:9 ethyl acetate: hexanes).  

1H-NMR (CDCl3, 600 MHz): δ (diastereomers) 7.67-7.27 (m, 15H), 5.52-5.47 (m, 1H), 

4.48-3.95 (m, 1H), 3.90-3.72 (m, 1H), 3.70-3.56 (m, 1H), 2.63-2.58 (m, 1H), 2.15-2.03 

(m, 1H) 1.06 (s, 9H). 13C-NMR (CDCl3, 151 MHz): δ 135.9, 135.8, 135.7, 135.6, 132.0, 

131.6, 130.1, 129.9, 129.3, 128, 127.9, 127.5, 127.4, 99.5, 98.6, 85.8, 84.6, 64.7, 64.5, 

45.0, 43.5, 42.9, 40.7, 27.0, 19.4; HRMS (ESI [M+Na]) m/z calcd C27H32SiSO3Na 

487.173915; actual mass 487.17351. 

 

Synthesis of (5R)-5-(((tert-butyldiphenylsilyl)oxy)methyl)-4-(naphthalen-2-

ylthio)tetra hydrofuran-2-ol (Compound S2.2) 

To a solution of 2.9 (40 mg, 0.1 mmol) in 4 mL of a 1:1 mixture of acetonitrile and 

phosphate buffer (50 mM, pH 7) at 37 ˚C, DMEDA (0.88 mg, 0.01 mmol) and 
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2’napthalenethiol (50 mg, 0.3 mmol) were added. The reaction mixture was stirred for 

0.5 h followed by quenching by the addition of saturated ammonium chloride (2 mL). 

The mixture was extracted with ethyl acetate (3 x 5 mL) and combined organic extract 

was washed with brine, dried over magnesium sulfate, and concentrated in vacuo. 

Column chromatography of the residue on silica gel eluted with ethyl acetate and hexanes 

(10:90) gave the title compounds as a mixture of diastereomers as light yellow oils (43 

mg, 88% yield). Rf = 0.8 (1:9 ethyl acetate: hexanes) 1H-NMR (CDCl3, 600 MHz): δ 

(diastereomers) 7.85-7.31 (m, 17H), 5.52-5.48 (m, 1H), 4.48-4.41 (m, 1H), 4.05-3.71 (m, 

1H), 3.68-3.51 (m, 1H), 2.61-2.48 (m, 1H), 2.15-2.01 (m, 1H), 1.02 (s, 9H) ). 13C-NMR 

(CDCl3, 151 MHz): δ 135.9, 135.8, 135.7, 132.6, 130.8, 130.5, 130.1, 129.9, 129.4, 

128.9, 128.0, 127.9 127.8 127.6, 126.9 126.5, 99.5, 98.6, 64.6, 45.1, 43.6, 43.0, 27.0 26.9, 

19.4;HRMS (ESI [M+Na]) m/z calcd C31H34SiSO3Na 537.189566; actual mass 

537.18891. 

 

 

 

Synthesis of (5R)-4-(benzylthio)-5-(((tert-

butyldiphenylsilyl)oxy)methyl)tetrahydrofuran-2-ol (Compound S2.3) 

To a solution of 2.9 (40 mg, 0.1 mmol) in 4 mL of a 1:1 mixture of acetonitrile and 

phosphate buffer (50 mM, pH 7) at 37 ˚C, DMEDA (0.88 mg, 0.01 mmol) and benzyl 

mercaptan (50 uL, 0.4 mmol) were added. The reaction mixture was stirred for 0.5 h 

followed by quenching by the addition of saturated ammonium chloride (2 mL). The 
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mixture was extracted with ethyl acetate (3 x 5 mL) and combined organic extract was 

washed with brine, dried over magnesium sulfate, and concentrated in vacuo. Column 

chromatography of the residue on silica gel eluted with ethyl acetate and hexanes (1:9) 

gave the title compounds as a mixture of diastereomers. The title compounds were 

isolated as light yellow oils (41 mg, 90% yield). Rf = 0.5 (1:9 ethyl acetate: hexanes).  

1H-NMR (CDCl3, 600 MHz): δ (diastereomers) 7.65-7.24 (m, 15H), 5.62-5.13 (m, 1H), 

4.41-4.13 (m, 1H), 3.85-3.62 (m, 1H), 3.72-3.41 (m, 1H), 2.50-2.41 (m, 1H), 2.40 (m, 

1H), 2.10-2.00 (m, 2H), 1.06 (s, 9H). 13C-NMR (CDCl3, 151 MHz): δ 135.9, 135.8, 

133.7, 132.6, 130.2, 130.1, 129.9, 129.0 128.8, 128.0, 127.9, 127.4, 105.7, 99.6, 98.7, 

85.6, 84.8, 82.0, 75.2, 65.0, 74.4, 55.4, 43.7, 41.8, 40.8, 40.3, 39.2, 36.6, 27.2, 27.0, 26.9, 

21.1, 21.0, 19.3; HRMS (ESI [M+Na]) m/z calcd C28H34SiSO3Na 501.189565; actual 

mass 501.18997. 
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1H-NMR (600 MHz) of (2R,3S)-2-(((tert-butyldiphenylsilyl)oxy)methyl)-5-
methoxytetrahydrofuran-3-ol (2.6). 
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13C-NMR (151 MHz) of (2R,3S)-2-(((tert-butyldiphenylsilyl)oxy)methyl)-5-
methoxytetrahydrofuran-3-ol (2.6).  

 

 

 

 

 

 



 

60 

 

1H-NMR (600 MHz) of (4S,5R)-5-(((tert-
butyldiphenylsilyl)oxy)methyl)tetrahydrofuran-2,4-diol (2.7).  
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13C-NMR (151 MHz) of (4S,5R)-5-(((tert-
butyldiphenylsilyl)oxy)methyl)tetrahydrofuran-2,4-diol (2.7). 
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1H-NMR (600 MHz) of (2R,3S)-2-(((tert-butyldiphenylsilyl)oxy)methyl)-5-
methoxytetrahydrofuran-3-yl acetate (2.8). 
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13C-NMR (151 MHz) of (2R,3S)-2-(((tert-butyldiphenylsilyl)oxy)methyl)-5-
methoxytetrahydrofuran-3-yl acetate (2.8). 
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1H-NMR (600 MHz) of (2R,3S)-2-(((tert-butyldiphenylsilyl)oxy)methyl)-5-
hydroxytetrahydrofuran-3-yl acetate (2.9).  
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13C-NMR (151 MHz) of (2R,3S)-2-(((tert-butyldiphenylsilyl)oxy)methyl)-5-
hydroxytetrahydrofuran-3-yl acetate (2.9). 
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1H-NMR (600 MHz) of (S,E)-4,5-dihydroxypent-2-enal (2.15). 
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13C-NMR (151 MHz) of (S,E)-4,5-dihydroxypent-2-enal (2.15) 
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1H-NMR (600 MHz) of (R)-4-((4-(tert-butyl)phenyl)thio)-5-(((tert-butyldiphenyl 
silyl)oxy)methyl) tetrahydrofuran-2-ol (2.20/21). 
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13C-NMR (151 MHz) of (R)-4-((4-(tert-butyl)phenyl)thio)-5-(((tert-
butyldiphenylsilyl)oxy)methyl) tetrahydrofuran-2-ol (2.20/21)  
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1H-NMR (600 MHz) of (R)-5-(((tert-butyldiphenylsilyl)oxy)methyl)-4-
(hexylthio)tetrahydrofuran-2-ol (2.22)  
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13C-NMR (151 MHz) of (R)-5-(((tert-butyldiphenylsilyl)oxy)methyl)-4-
(hexylthio)tetrahydrofuran-2-ol (2.22)  
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1H-NMR (600 MHz) of (5R)-5-(((tert-butyldiphenylsilyl)oxy)methyl)-4-
(phenylthio)tetrahydrofuran-2-ol  (Compound S2.1) 
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13C-NMR (151 MHz) of (5R)-5-(((tert-butyldiphenylsilyl)oxy)methyl)-4-
(phenylthio)tetrahydrofuran-2-ol (Compound S2.1) 
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1H-NMR (600 MHz) of (5R)-5-(((tert-butyldiphenylsilyl)oxy)methyl)-4-(naphthalen-
2-ylthio)tetrahydrofuran-2-ol (Compound S2.2) 
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13C-NMR (151 MHz) of (5R)-5-(((tert-butyldiphenylsilyl)oxy)methyl)-4-(naphthalen-
2-ylthio)tetrahydrofuran-2-ol (Compound S2.2) 
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1H-NMR (600 MHz) of (5R)-4-(benzylthio)-5-(((tert-butyl 
diphenylsilyl)oxy)methyl)tetrahydrofuran-2-ol (Compound S2.3) 
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13C-NMR (151 MHz) of (5R)-4-(benzylthio)-5-(((tert-butyl 
diphenylsilyl)oxy)methyl)tetrahydrofuran-2-ol (Compound S2.3) 
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LC-MS spectrum of the crude products containing 2.14 (Figure S2.1). Data collected 
by Jay Jha. 
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Comparison of section of 1H-NMR of trans- 2.12 and cis-alkenal 2.13 to demonstrate 
trans-cis isomerization. Trans and cis represent compounds 2.15 and 2.16 
respectively. (Figure S2.2). 
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Chapter Three: Synthesis and study of the properties of a class of thioglycosides 

representative of Ap shielding agents in DNA  

3.1 Introduction 

As I have discussed throughout this thesis, abasic (Ap) sites represent the most 

common form of DNA lesion within the body,1,2,3,4 occurring with steady state levels of 

50,000 per cell. This has driven a need to fundamentally understand the chemistry of the 

electrophilic Ap site. As described previously, Ap sites have the ability to generate cross-

links with opposing nucleobases in the double helix5,6,7,8 and have the ability to undergo 

elimination to generate an unsaturated alkenal.9,10,11 

These pathways may lead to profound biological consequences. It is therefore 

extremely important to understand the repair of Ap sites and the subsequent damages 

from which they stem. Base excision enzymes, such as NEIL312,13,14, or Endo III15,16,17, 

generate labile DNA-protein cross-links and enzymatically induce strand cleavage (3.5, 

Scheme 3.1.1). These reactions stem from a nucleophilic nitrogen within the enzymes, 

whether it be an N-terminal amine, or an available lysine residue.12-17 APE1 is also able 

to repair Ap sites, but via a different mechanism that avoids iminium ion formation.18,19 

While it is generally accepted that the electrophilic nature of the Ap site is prone to 

reaction with amines, whether enzymatically as described above, or with polyamines, 

such as spermine,20,21 it is important to note that these are not the only nucleophiles to 

which Ap sites are sensitive.  
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Scheme 3.1.1. Amine-induced strand cleavage to generate the dRP end group. 
Elimination occurs via the generation of an iminium ion 3.3. 

 

 

 

Recent publications describe HMCES being able to generate a bond with an Ap 

site via a cysteine residue to generate a thiazolidine22,23,24 (Figure 3.1.1). The thiazolidine 

impairs the ability for either enzymes or aliphatic polyamines to induce strand cleavage 

to form the dRP end group 3.5. In light of this discovery, I ask whether thiols, in general, 

are able to generate linkages with an Ap site. The synthesis and stability of a small library 

of thioglycosides with a model Ap site described herein proposes that thiols, as a class of 

nucleophiles, represent an important, yet largely overlooked, source of reactivity with Ap 

sites. It is my belief that this study will assist in a wide range of scientists, from synthetic 
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organic chemists to nucleic acids researchers, by showing the ability to generate 

thioglycosides from a 2-deoxy-D-ribose model Ap site and study the properties 

surrounding their formation and stability.  

 

 

Figure 3.1.1. Reaction of an Ap site with an N-terminal cysteine, as is seen with 
HMCES, to generate a thiazolidine.  

 

 The most abundant thiol in the body is glutathione, existing at a steady state 

concentration of between 1 to 10 mM.25,26 While glutathione has been shown the react 

with unsaturated aldehydes, such as HNE,27,28 there has not been any research showing 

glutathione’s ability to react with an Ap site to inhibit repair of the lesion. Recent work 

by Wilson29 show that glutathione can inhibit APE1’s ability to excise Ap sites from 

DNA, but the proposed mechanism comes from S-glutathionylation of a cysteine residue 

on APE1, not from direct reactivity with the Ap site within DNA.  

 The research here describes a realm of fundamental chemistry not yet explored. I 

show the reactivity of a model Ap site with various thiols and assess the stability of the 

adducts. I also show the generation of a DNA adduct with glutathione, and show its 

ability to withstand the base excision repair enzymes Fpg30,31 and APE1. This chapter 

will serve to describe a separate form of DNA-protein cross-link that can occur as a 
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potential method to shield Ap sites from forming DNA-DNA cross-links or undergoing 

elimination. Herein I describe the formation of a class of semi-stable thioglycosides 

representative of a cysteine residue reacting with an Ap site to generate a labile DNA-

protein cross-links (Scheme 3.1.2). 

 

Scheme 3.1.2. Generation of a thioglycoside 3.7 from 3.1. Reaction proceeds via the 
generation of an electrophilic oxocarbenium ion, 3.6.  

 

 

 

 

3.2 Generation of an Ap model capable of generating thioglycosides 

 In order to study thioglycoside formation, it is important to generate a model Ap 

site. Herein I use a 2-deoxy-D-ribose model with a 5’protecting group to prevent 

furanose/puranose equilibria. The silyl group installed on the 5’OH is relatively stable 

and affords the compounds to be easily purified on silica. I converted 2-deoxy-D-ribose 

to the corresponding methyl acetal,32 followed by reaction with t-butyldiphenylsilyl 
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chloride in pyridine to obtain the 5-silylated derivative as a mixture of the anomers.33 

From there, the methyl acetal was removed in acidic conditions to afford the model Ap 

site (Scheme 3.2.1).   

Scheme 3.2.1 Synthesis of precursor able to mimic Ap site 3.10.  

 

 

3.3 Thioglycosides can readily be generated in a buffered solution.  

 The generation of thioglycosides is important to more than just the field of nucleic 

acid chemistry. Synthesis of thioglycosides have relevance in fields ranging from 

synthetic organic chemistry34,35,36 to medicinal chemistry37,38 to biochemistry.39  While 

there are protocols for the generation of thioglycosides,40,41,42 there is yet to be a complete 

study of their stability and reactivity under semi-physiological conditions as a means of 

understanding DNA-protein cross-links. 

 I envision the mechanism of formation of these compounds to proceed via an 
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anomeric carbon affords a charged aldehyde susceptible to nucleophilic attack of a thiol. 

While this reaction is reversible, excess concentration of thiol assists in driving the 

formation of the thioglycoside.  

 The incubation of model Ap site 3.10 in a solution consisting of acidic water and 

acetonitrile in the presence of excess thiol afforded good yields of thioglycoside. The 

overall yield of the thioglycoside produced was notably lower as the concentration of 

water was increased compared to acetonitrile. This is presumably because the higher 

aqueous conditions dampen the nucleophilicity of thiols as opposed to in higher organic 

solvent amounts. A small class of thioglycosides were synthesized and purified as a proof 

of concept (Figure 3.3.1). 
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Figure 3.3.1. Generation of a small library of thioglycosides stemming from model 
Ap site 3.10. 

 

 

3.4 The formation of thioglycosides is a reversible process. 

 Literature suggests that the generation of thioglycosides is a reversible process. 

Research performed with HMCES22-24 show that the adduct is able to inhibit degradation, 

however the adduct is presumably excised under some conditions for subsequent repair of 

the Ap site to occur. To model this, purified thioglycoside 3.11 was incubated in an acidic 

water and acetonitrile solution to monitor the slow decomposition to the model Ap site 

3.10. Thioglycoside 3.11 showed no signs of decomposition to 3.10 in acetonitrile at 

37°C. However, when incubated in a mixed solvent system consisting of 50:50 

acetonitrile and water with catalytic acid, there was a decomposition to 3.11 (31%) over 

the course of 24 hours (Figure 3.4.1). The purified thioglycoside 3.11 was also able to be 

exchanged with an excess hexanethiol (>10 fold) to generate 3.12 when placed in the 

same solvent conditions that afforded hydrolysis (Scheme 3.4.1). There was no trace of 

3.10 by 1H-NMR, due to the enhanced nucleophilicity of thiols compared to that of 

alcohols. This is especially true in situations where the thiol is in great excess compared 

to that of the starting thioglycoside. I can imagine this situation existing in the active site 

of an enzyme, where there may be a large effective molarity of a cysteine residue. 
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Scheme 3.4.1. Interconversion of 1’thioglycosides in acidic conditions. 3.12 is 
generated when there is excess hexanethiol present, while 3.10 is generated in the 
presence of acidic water.  

 

 

 

3.5 Thioglycosides can form and be excised without inducing strand cleavage. 

 As suggested by studies with HMCES22-24, the generation of a cysteine-based 

DNA-protein crosslink prevents strand cleavage. In order to test this hypothesis with the 

model, I synthesized a thioglycoside with a leaving group on the 3’ end of the sugar. As 

hoped, the thioglycoside 3.19 is able to be generated without inducing strand cleavage in 

the model (Scheme 3.5.1). 
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Scheme 3.5.1 Generation of a thioglycoside 3.19 from an Ap model with a 3’ leaving 

group.  

 

  

 

 Thioglycoside 3.19 was stable from hydrolysis in the standard solvent system in 

the absence of HCl. However, upon addition of catalytic HCl, there was a low yielding 

dissociation of thiol over the course of 24 hours to regenerate 3.8 similar to that seen 

previously. There was no detection of the loss of the acetyl group on the 3’ end of the 

sugar in these conditions. Interestingly, when 3.19 was incubated with piperidine in the 
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standard solvent system in the absence of HCl, there was no generation of an unsaturated 

alkenal. As shown in Chapter 2 of this thesis, piperidine is able to generate an unsaturated 

alkenal through an irreversible elimination process when there is a C1 aldehyde present. 

While Section 3.4 of this Chapter suggests that an acid catalyzed process by which the 

thioglycoside formation is reversible to regenerate 3.18, this guides us to conclude that 

there is no appreciable amount of hemiacetal present in the absence of acidic conditions. 

This is presumably due to the fact that these reactions flow through an oxocarbenium ion 

as opposed to a direct nucleophilic displacement.  

  In conditions where there is an excess of thiol, an exchange of thiols is observed 

with a similar yield to that of hydrolysis. In the standard solvent system, incubation of 

3.19 with an excess of hexanethiol (>10 fold) saw a low yielding transfer of thiols to 

generate 3.20 with no amount of alkenal generated from the reaction (Scheme 3.5.2). 

This supports reports that thiol addition to Ap sites inhibits spontaneous strand cleavage.  

 Alternatively, synthetic standards of the 3’ acetylated thioglycosides 3.19 and 

3.21 were synthesized from direct acetylation of the standard thioglycosides 3.11 and 

3.12 respectively in the presence of acetic anhydride and pyridine (Scheme 3.5.2). 

 

Scheme 3.5.2. Generation of 3’acetylated thioglycosides 3.19 and 3.20 either through 
transthiolation or direct acetylation of thioglycosides 3.11 and 3.12 respectively.  
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3.6 Discussion 

 While the field of thioglycosides is not new, the reactions relevant to that of Ap 

sites are largely undiscovered. While the prototypical Ap reaction with a protein involves 

a reaction with an amine, such as that with lysine or with an N-terminal amine of a 

protein,12-14,16-17, 20-21,43 there is little research regarding the reaction of a cysteine thiol 

being able to form a covalent adduct with the Ap site (Scheme 3.1.2).22-24 The studies 

with HMCES involve a bis-nucleophilic section of the protein where both a cysteine 

residue as well as an N-terminal amine are used to generate the thiazolidine residue 

(Figure 3.1.1). The purpose of my research in this chapter is to describe the ability of the 

thiol solely being able to generate a semi-stable DNA-protein adduct.  
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 Understanding the fundamentals of DNA-protein crosslinks is of profound 

importance. The generation of an irreversible adduct between a protein and an Ap site has 

effects detrimental to cellular function. While there are mechanisms by which these 

crosslinks can be repaired (Figure 3.7.1), these crosslinks are overall extremely noxious. 

Among the pathways to repair DNA-protein cross-links involve a protease-dependent 

pathway in which a protease, such as SPRTN,44,45,46 degrades the protein to a small 

sequence of amino acids which can be subsequently repaired via other pathways. It is 

also possible to directly hydrolyze the bond between between DNA and the protein using 

a phosphodieseterase such as TDP1 or TDP2.47,48 It is also possible to cleave the DNA 

component of the strand opposing that of the DNA-protein cross-link via nuclease-

dependent repair.49,50 There is a review describing at length some of the mechanisms by 

which these cross-links can be repaired as well as some of the biological outcomes which 

may occur if these lesions fail to be repaired.51 It is unclear whether these repair pathways 

are required to excise HMCES being bound to an Ap site. 
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Figure 3.6.1. Various mechanisms by which a DNA-protein cross-link can be 

repaired.  

 

The underlying hypothesis from this chapter is that there is a DNA-protein cross-

link which can be generated as a method to inhibit further DNA degradation. The 

HMCES22-24 reaction with an Ap site occurs with an Ap site on a single stranded section 

of the duplex. This reaction is key because degradation of the Ap site by methods 

described in Chapter Three of this thesis would lead to error prone repair. In duplex 

DNA, if strand cleavage were to occur, the information required to replicate the fragment 

lost during elimination still exists on the opposing strand. If this were to occur in single 

stranded DNA, there is no genetic information that would afford an enzyme to install the 

appropriate base lost upon elimination.  

 In the research described in this chapter, I describe the formation of a stable 

DNA-protein cross-link which would not require a bis-nucleophilic moiety. Thiols, by 

their own merit, are able to generate alkaline and amine stable adducts with an Ap model. 

While this reaction is reversible (Schemes 3.4.1 and 3.4.2), a relatively high 

concentration of thiol, as I would imagine being possible within the active site of an 

enzyme, would afford generation of the stable thioglycosidic bond.   

 While there is still much to be learned about the reversibility of this process, this 

project has given much headway into the reactions between a thiol and a model Ap site in 

hopes of mimicking a cysteine reaction with an Ap site in DNA. If this somewhat stable 

lesion is to be a guardian of the duplex, there must be some way in which the reaction is 
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reverted back to the Ap site. While the models suggest that it could be simple hydrolysis 

of the thioglycosidic bond in acidic conditions, there still leaves the possibility that an 

enzymatic cleavage or protease may be required in a purely biological system to degrade 

the cross-link.  

 

NOTE: Compounds 3.9, 3.10, 3.17, and 3.18 are the same as Compounds 2.6, 2.7, 2.8, 

and 2.9 respectively. Experimental data and NMRs were carried over for ease of reading 

and publication purposes.  

 

Materials and methods 

All commercial materials were used as received unless otherwise noted. 

Commercially available materials were obtained from Sigma-Aldrich, TCI, and Alfa 

Aesar. Flash column chromatography was performed using 230-400 mesh silica gel as a 

stationary phase. Thin layer chromatography was performed on silica gel plates from 

Sigma Chemical Co. Deuterated solvents were purchased from Cambridge Isotope 

Laboratories. 1H NMR was recorded on a 500 MHz or a 600 MHz spectrometer while 13C 

NMR spectra was obtained on the same instruments at 126 or 151 MHz. The chemical 

shift values (δ) are reported in ppm (residual chloroform δ = 7.26 ppm and 77.16 ppm for 

1H and 13C respectively). The 1H spectra are reported as follows δ (multiplicity, coupling 

constant J, number of protons). 
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Experimental Procedure 

Synthesis of (2R,3S)-2-(((tert-butyldiphenylsilyl)oxy)methyl)-5-

methoxytetrahydrofuran-3-ol (3.9). The solution of 2’-deoxyribose (1.84 g, 13.72 

mmol), methanol (60 mL) and HCl (1 mL, 2 M) was stirred for 1 h at 24 ˚C. The reaction 

was quenched by the addition of pyridine (5 mL) and the crude mixture containing 3.9 was 

concentrated in vacuo. The residue was dissolved in pyridine (20 mL) and t-

butyldiphenylsilyl chloride (3.74 mL, 14.4 mmol) was added, followed by stirring at 24 ˚C 

under an atmosphere of nitrogen gas for 20 h. The reaction was quenched by addition of 

water (20 mL) and then extracted with ethyl acetate (3 x 40 mL). The organic extract was 

washed with brine, dried over magnesium sulfate, and concentrated in vacuo. Column 

chromatography of the residue on silica gel eluted with ethyl acetate and hexanes (1:4) 

gave 3.9 (3.70 g, 70% yield) as a colorless oil: Rf = 0.3 (1:4 ethyl acetate/hexanes); 1H-

NMR (CDCl3, 500 MHz): δ (diastereomers) 7.72-7.67 (m, 7H), 7.47-7.39 (m, 11H), 5.13 

(d, J = 4.5 Hz, 1H), 5.07 (dd, J = 7.5, 3.5, 0.7H), 4.55 (m, 0.7H), 4.32 (m, 1H), 4.19 (m, 

1H), 3.96 (m, 0.7H), 3.86-3.77 (m, 1H), 3.69-3.62 (m, 1.8H), 3.41 (s, 3H), 3.29 (s, 1.9H), 

2.24-2.20 (m, 1.8H), 2.06-2.03 (m, 2.2H) 1.10 (s, 7H), 1.07 (s, 9H); 13C-NMR (CDCl3, 126 

MHz): δ (diastereomers) 135.6, 135.5, 133.2. 129.8, 129.7, 127.8, 127.7, 105.6, 105.0, 

87.8, 85.7, 73.3, 65.4, 64.4, 55.0, 54.8, 41.1, 41.0, 36.8, 26.8, 19.2; HRMS (ESI, [M+Na]͘+) 

m/z calcd for C22H30SiO4Na: 409.1811; found 409.1807. 

 

Synthesis of (4S,5R)-5-(((tert-butyldiphenylsilyl)oxy)methyl)tetrahydrofuran-2,4-

diol (3.10). The solution of 3.9 (1.0 g, 2.6 mmol) in acetone (20 mL), water (10 mL), and 

acetic acid (60 mL) was heated in an oil bath at 65 ˚C with stirring for 8 h. The mixture 
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was then diluted with diethyl ether (100 mL) and saturated sodium bicarbonate was added 

in 20 mL aliquots until the bubbling ceased. The organic extract was washed with brine, 

dried over magnesium sulfate, and concentrated in vacuo. Column chromatography of the 

residue on silica gel eluted with ethyl acetate and hexanes (3:7) gave 3.7 (0.78 g, 84% 

yield) as a colorless oil: Rf = 0.3 (3:7 ethyl acetate/hexanes); 1H-NMR (CDCl3, 500 MHz): 

δ (diastereomers) 7.75-7.69 (m, 8.6H), 7.66-7.39 (m, 12.8H), 5.61 (d, J = 4.5Hz, 1H), 5.43 

(dd, J = 5.5, 8Hz, 0.22H), 5.10 (d, J = 4.5Hz, 0.03H), 5.08 (dd, J = 5.5, 8 Hz, 0.04H), 4.65 

(m, 0.2H), 4.52 (m, 0.02H), 4.40 (m, 1H), 4.33 (m, 1H), 3.79 (m, 0.5H), 3.73 (m, 1.1H), 

3.60 (m, 1.1H), 2.40 (m, 0.3H), 2.20-2.10 (m, 2.3H), 1.10 (s, 5.1H), 1.07 (s, 10.7H); 13C-

NMR (CDCl3, 126 MHz): δ (diastereomers) 135.6, 135.5, 134.8, 129.8, 129.6, 127.9, 

127.7, 127.6, 99.6, 87.9, 73.5, 64.3, 41.5, 26.9, 26.8, 26.5, 19.2; HRMS (ESI [M +Na]+) 

m/z calcd for C21H28SiO4Na: 395.1655; found 395.1652. 

 

Synthesis of  (2R,3S)-5-((4-(tert-butyl)phenyl)thio)-2-(((tert-

butyldiphenylsilyl)oxy)methyl) tetrahydrofuran-3-ol (3.11). To a solution of 3.10 (40 

mg, 0.1 mmol) in 4 mL of a 1:1 mixture of acetonitrile (2 mL) and water (2 mL) at 37 ˚C, 

HCl (1M, 50 uL) and 4-tert-butyl benzenethiol (0.17 g, 1.0 mmol) was added. The reaction 

mixture was stirred for 1 h followed by quenching by the addition of saturated ammonium 

chloride (2 mL). The mixture was extracted with ethyl acetate (3 x 5 mL) and combined 

organic extract was washed with brine, dried over magnesium sulfate, and concentrated in 

vacuo. Column chromatography of the residue on silica gel eluted with ethyl acetate and 

hexanes (1:4) afforded 3.11 (41 mg, 78% yield) as a colorless oil: Rf = 0.3 (1:4 ethyl 

acetate/hexanes); 1H-NMR (CDCl3, 600 MHz): (diastereomers) δ 7.69-7.67 (m, 
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6.2H),  7.47-7.29 (m, 14.5H), 5.72 (d, J=4.5 Hz, 1H), 5.53 (m, 0.2H), 4.65 (m, 0.2H), 4.34 

(m, 1H), 4.25 (m, 1.2H), 3.85 (m, 1.4H), 3.69 (m, 1.1H), 2.75 (m, 1H), 2.48-2.05 (m, 3.1H), 

1.43 (s, 8.9H), 1.41 (s, 2.6H), 1.08 (s, 2.5H), 1.06 (s, 9.1H); 13C-NMR (CDCl3, 151 MHz): 

(diastereomers) δ150.5, 135.7, 135.6, 133.1, 131.6, 131.2, 129.9, 127.8, 127.7, 126.0, 

125.9, 87.5, 86.8, 73.5, 64.3, 41.7, 34.6, 31.3, 26.9, 26.8, 19.2; HRMS (ESI [M+Na-H]+) 

m/z calcd for C31H40SiSO3Na: 543.23651; found 543.23511. 

 

Synthesis of (2R,3S)-2-((tert-butyldiphenylsilyl)oxy)methyl)-5-

(hexylthio)tetrahydrofuran-3-ol (3.12) 

To a solution of 3.10 (40 mg, 0.1 mmol) in 4 mL of a 1:1 mixture of acetonitrile (2 mL) 

and water (2 mL) at 37 ˚C, HCl (1M, 50 uL) and hexanethiol (0.1 g, 0.8 mmol) was added. 

The reaction mixture was stirred for 1 h followed by quenching by the addition of saturated 

ammonium chloride (2 mL). The mixture was extracted with ethyl acetate (3 x 5 mL) and 

combined organic extract was washed with brine, dried over magnesium sulfate, and 

concentrated in vacuo. Column chromatography of the residue on silica gel eluted with 

ethyl acetate and hexanes (1:2) afforded 3.12 (37 mg, 77% yield) as a colorless oil: Rf = 

0.3 (1:2 ethyl acetate/hexanes); 1H-NMR (CDCl3, 500 MHz): (diastereomers) δ 7.72-7.68 

(m, 9.7H), 7.48-7.40 (m, 13.7H), 5.53 (d, J=4.5Hz, 1H), 5.38 (t, J=4.5, 9 Hz, 0.9H), 4.53 

(m, 0.9H), 4.48 (m, 0.9H), 4.23 (m, 1H), 4.00 (m, 0.9H), 3.78 (m, 2.4H), 3.48 (m, 1.9H), 

2.68-2.53 (m, 6.8H), 2.37 (m, 0.9H), 2.23 (m, 1H), 1.98 (m, 0.5H), 1.72-1.53 (m, 4.7), 

1.48-1.28 (m, 14.6H), 1.06 (s, 8.9H), 1.04 (s, 9H), 0.88 (m, 7.6H); 13C-NMR (CDCl3, 126 

MHz): (diastereomers) δ135.6, 135.6, 134.8, 133.2, 133.1, 129.8, 129.7, 127.9, 127.7, 87.2, 

86.5, 83.6, 83.5, 74.0, 73.7, 64.8, 64.3, 41.9, 41.1, 31.4, 31.2, 30.0, 29.6, 28.6, 26.9, 26.6. 
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22.6, 19.3, 19.2, 14.1; HRMS (ESI [M+Na-H]+) m/z calcd for C27H39SiSO3Na: 494.22869; 

found 494.22801. 

 

Synthesis of (2R,3S)-2-(((tert-butyldiphenylsilyl)oxy)methyl)-5-

(phenylthio)tetrahydrofuran -3-ol (3.13) 

 To a solution of 3.10 (40 mg, 0.1 mmol) in 4 mL of a 1:1 mixture of acetonitrile (2 mL) 

and water (2 mL) at 37 ˚C, HCl (1M, 50 uL) and benzenethiol (0.17 g, 1.5 mmol) was 

added. The reaction mixture was stirred for 1 h followed by quenching by the addition of 

saturated ammonium chloride (2 mL). The mixture was extracted with ethyl acetate (3 x 5 

mL) and combined organic extract was washed with brine, dried over magnesium sulfate, 

and concentrated in vacuo. Column chromatography of the residue on silica gel eluted with 

ethyl acetate and hexanes (1:4) afforded 3.13 (44 mg, 85% yield) as a colorless oil: Rf = 

0.2 (1:4 ethyl acetate/hexanes); 1H-NMR (CDCl3, 600 MHz): (diastereomers) δ 7.68 (m, 

4.6H),  7.55 (m, 2.2H), 7.45 (m, 2.5H), 7.43 (m, 5.3H), 7.39-7.34 (m, 2.3H), 5.77 (m, 1H), 

4.43 (m, 1.1 H), 4.34 (m, 1.1H), 3.89 (m, 1H), 3.45 (m, 1.1H), 2.75 (m, 1.1H), 2.37 (m, 

1H), 2.23-2.05 (m, 1H), 1.06 (s, 9H); 13C-NMR (CDCl3, 151 MHz): (diastereomers) 

δ135.6, 135.1 133.1, 133.0, 131.3, 129.9, 129.8, 128.9, 127.8, 127.2, 86.6, 86.1, 73.4, 64.2, 

41.7, 26.8, 19.2; HRMS (ESI [M+Na]+) m/z calcd for C27H31SiSO3Na: 486.16609; found 

486.16595. 
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Synthesis of (2R,3S)-5-(benzylthio)-2-(((tert-

butyldiphenylsilyl)oxy)methyl)tetrahydrofuran -3-ol (3.14) 

To a solution of 3.10 (40 mg, 0.1 mmol) in 4 mL of a 1:1 mixture of acetonitrile (2 mL) 

and water (2 mL) at 37 ˚C, HCl (1M, 50 uL) and benzyl mercaptan (0.2 g, 1.6 mmol) was 

added. The reaction mixture was stirred for 1 h followed by quenching by the addition of 

saturated ammonium chloride (2 mL). The mixture was extracted with ethyl acetate (3 x 5 

mL) and combined organic extract was washed with brine, dried over magnesium sulfate, 

and concentrated in vacuo. Column chromatography of the residue on silica gel eluted with 

ethyl acetate and hexanes (1:3) afforded 3.14 (42 mg, 84% yield) as a colorless oil: Rf = 

0.3 (1:3 ethyl acetate/hexanes); 1H-NMR (CDCl3, 600 MHz): (diastereomers) δ 7.73-7.70 

(m, 7.6H), 7.47-7.41 (m, 12.8H), 7.38-7.31 (m, 8.1H), 5.38 (m, 1H), 5.28 (m, 0.7H), 4.53 

(m, 0.7H), 4.32 (m, 1H), 4.22 (m, 1.1H), 4.20 (m, 0.5H), 4.00 (0.8H), 3.87-3.82 (m, 3.6H), 

3.81-3.77 (m, 3.9H), 2.65 (1.5H), 2.21 (m, 1.1H), 2.18 (m, 0.9H), 2.05 (m, 0.9H), 1.08 (s, 

6H), 1.04 (s, 9H); 13C-NMR (CDCl3, 151 MHz): (diastereomers) δ138.0, 135.7, 135.6, 

133.2, 133.1, 129.8, 129.0, 128.5, 127.8, 127.7, 127.0, 126.9, 87.1, 86.6, 82.2, 81.9, 74.1, 

73.7, 64.9, 64.3, 41.4, 40.6, 35.1, 35.0, 26.9, 26.8, 19.3; HRMS (ESI [M+Na-H]+) m/z calcd 

for C23H33SiSO3Na: 500.18174; found 500.18161. 

 

 

Synthesis of (2R,3S)-5-((2-bromophenyl)thio)-2-(((tert-

butyldiphenylsilyl)oxy)methyl)tetra hydrofuran-3-ol (3.15) 
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To a solution of 3.10 (40 mg, 0.1 mmol) in 4 mL of a 1:1 mixture of acetonitrile (2 mL) 

and water (2 mL) at 37 ˚C, HCl (1M, 50 uL) and 2-bromothiophenol (0.2 g, 0.7 mmol) was 

added. The reaction mixture was stirred for 1 h followed by quenching by the addition of 

saturated ammonium chloride (2 mL). The mixture was extracted with ethyl acetate (3 x 5 

mL) and combined organic extract was washed with brine, dried over magnesium sulfate, 

and concentrated in vacuo. Column chromatography of the residue on silica gel eluted with 

ethyl acetate and hexanes (1:5) afforded 3.15 (49 mg, 89% yield) as a colorless oil: Rf = 

0.3 (1:5 ethyl acetate/hexanes); 1H-NMR (CDCl3, 500 MHz): (diastereomers) δ7.70-7.67 

(m, 8.7H), 7.59 (m, 1.1H), 7.46-7.39 (m, 12.8H), 7.11 (m, 1.1H), 5.85 (m, 1H), 4.43 (m, 

1.2H), 4.34 (m, 1.1H), 4.12 (m, 0.8H), 3.83 (m, 1.1H), 3.42 (m, 1.4H), 2.20 (m, 2.3H), 1.08 

(s, 2.5H), 1.07 (s, 9H); 13C-NMR (CDCl3, 151 MHz): (diastereomers) δ135.6, 133.1, 132.9, 

131.0, 129.8, 127.9, 127.8, 127.7, 86.2, 85.4, 73.2, 64.1, 41.7, 26.9, 19.3; HRMS (ESI 

[M+Na-H]+) m/z calcd for C27H30SiSBrO3Na: 564.07660; found 564.07637. 

 

Synthesis of (2R,3S)-2-(2-(tert-butyldiphenylsilyl)ethyl)-5-(napthalen-2-

ylthio)tetrahydro furan-3-ol (3.16) 

To a solution of 3.10 (40 mg, 0.1 mmol) in 4 mL of a 1:1 mixture of acetonitrile (2 mL) 

and water (2 mL) at 37 ˚C, HCl (1M, 50 uL) and 2-napthalenethiol (0.2 g, 1.25 mmol) was 

added. The reaction mixture was stirred for 1 h followed by quenching by the addition of 

saturated ammonium chloride (2 mL). The mixture was extracted with ethyl acetate (3 x 5 

mL) and combined organic extract was washed with brine, dried over magnesium sulfate, 

and concentrated in vacuo. Column chromatography of the residue on silica gel eluted with 

ethyl acetate and hexanes (1:5) afforded 3.16 (49 mg, 89% yield) as a colorless oil: Rf = 
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0.3 (1:5 ethyl acetate/hexanes); 1H-NMR (CDCl3, 600 MHz): (diastereomers) δ8.02 (m, 

1.1H), 7.80-7.68 (m, 11.7H), 7.60-7.38 (m, 14.9H), 5.88 (m, 1H), 5.62 (m, 0.2H), 4.43 (m, 

1.3H), 4.33 (m, 0.3H), 3.90 (m, 1.1H), 3.76 (m, 1.3H), 2.85 (m, 1H), 2.44-2.13 (m, 2.5H), 

1.08 (s, 9H), 1.06 (s, 3H); 13C-NMR (CDCl3, 151 MHz): (diastereomers) δ135.6, 133.7, 

133.0, 132.6, 132.3, 129.9, 129.8, 129.7, 128.7, 128.4, 127.9, 127.8, 127.7, 126.5, 126.1, 

86.7, 86.2, 73.4, 64.2, 41.8, 41.5, 26.9, 26.8, 19.3, 19.2; HRMS (ESI [M+Na]+) m/z calcd 

for C31H33SiSO3Na: 536.18174; found 536.18088. 

 

Generation of 3.12 via the purified thioglycoside 3.11 in acidic conditions as evidence 

for the reversibility of thioglycoside formation.  

To a solution of 3.11 (27 mg, 0.052 mmol) dissolved in water (1 mL) and acetonitrile (1 

mL) has HCl (1 M, 50 uL) and hexanethiol (100 uL, 0.70 mmol) added. The reaction is 

stirred at 37 ˚C for 1 h before being quenched with the addition of saturated ammonium 

chloride (1 mL). The reaction was extracted with ethyl acetate (3 x 5 mL) and combined 

organic extracts were washed with brine, dried over magnesium sulfate, and concentrated 

in vacuo. 3.12 was isolated as described above with a yield of 8 mg (0.017 mmol, 32% 

yield). Spectral data matched that described above.  

 

Hydrolysis of thioglycoside 3.11 in acidic conditions to generate the model Ap site 

3.10. 

To a solution of 3.11 (25 mg, 0.050 mmol) dissolved in water (1 mL) and acetonitrile (1 

mL) has HCl (1 M, 50 uL) added. The reaction is stirred 37 ˚C for 1 h before being 
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quenched with the addition of saturated ammonium chloride (1 mL). The reaction was 

extracted with ethyl acetate (3 x 5 mL) and combined organic extracts were washed with 

brine, dried over magnesium sulfate, and concentrated in vacuo. 3.10 was isolated as 

described above with a yield of 7 mg (0.019 mmol, 38% yield). Spectral data matched that 

described above.  

 

Synthesis of (2R,3S)-2-(((tert-butyldiphenylsilyl)oxy)methyl)-5-

methoxytetrahydrofuran-3-yl acetate (3.17). The solution of 3.8 (2.0 g, 5.2 mmol) in 

pyridine (10 mL), and acetic anhydride (2 mL, 21.2 mmol) was stirred for 2 h at 24 ˚C. The 

reaction was quenched by addition of methanol (3 mL) and the crude mixture was 

concentrated in vacuo. The residue was mixed with water (30 mL) and extracted with ethyl 

acetate (3 x 30 mL). The combined organic extract was washed with brine, dried over 

magnesium sulfate, and concentrated in vacuo. Column chromatography of the residue on 

silica gel eluted with ethyl acetate and hexanes (1:9) gave 3.17 (2.19 g, 99% yield) as a 

colorless oil: Rf = 0.8 (1:9 ethyl acetate/hexanes); 1H-NMR (CDCl3, 500 MHz): δ 

(diastereomers) 7.71-7.70 (m, 7.2H), 7.42-7.28 (m, 11H), 5.38-5.34 (m, 0.6H), 5.30-5.29 

(m, 1H), 5.15-5.13 (m, 1.7H), 4.19-4.17 (m, 1.7H), 3.90-3.80 (m, 1H), 3.78-3.72 (m, 2.4H), 

3.42 (s, 3H), 3.32 (s, 1.9H), 2.37-2.35 (m, 1H), 2.36-3.32 (m, 0.6H), 2.09 (s, 3.3H), 2.07 

(s, 2.1H) 1.08 (s, 4.9H), 1.07 (s, 9.6H); 13C-NMR (CDCl3, 126 MHz): δ (diastereomers) 

171.0, 170.4, 135.6, 133.4, 133.3, 133.2, 129.7, 127.7, 105.5, 105.3, 84.0, 83.9, 75.4, 74.6, 

64.7, 64.2, 55.3, 55.1, 39.4, 39.0, 26.7, 21.2, 21.1, 19.2; HRMS (ESI [M+Na]+) m/z calcd 

for C24H32SiO5Na: 451.1916; found 451.1911. 
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Synthesis of (2R,3S)-2-(((tert-butyldiphenylsilyl)oxy)methyl)-5-

hydroxytetrahydrofuran-3-yl acetate (3.18). The solution of 3.17 (1.0 g, 2.33 mmol) in 

acetone (20 mL), water (10 mL), and acetic acid (60 mL) was heated in an oil bath at 65 

˚C with stirring for 8 h. The mixture was then diluted with diethyl ether (100 mL) and 

saturated sodium bicarbonate was added in 20 mL aliquots until the bubbling ceased. The 

organic extract was washed with brine, dried over magnesium sulfate, and concentrated in 

vacuo. Column chromatography of the residue on silica gel eluted with ethyl acetate and 

hexanes (2:3) afforded 3.18 (0.8 g, 84% yield) as a colorless oil: Rf = 0.3 (2:3 ethyl 

acetate/hexanes); 1H-NMR (CDCl3, 500 MHz): δ (diastereomers) 7.74-7.67 (m, 8.7H), 

7.45-7.28 (m, 13.4H), 5.57 (d, J = 5.0 Hz, 1H), 5.62-5.61 (m, 1H), 5.44-5.40 (m, 0.8H), 

5.39-5.38 (m, 0.8H), 4.34-4.33 (m, 1H) 4.16-4.14 (m, 0.9H), 3.86-3.84 (m, 2.9H), 3.74-

3.72 (m, 1.4H), 2.49-2.41 (m, 1H), 2.40-2.36 (m, 0.9H), 2.30-2.25 (m, 0.9H), 2.11 (s, 

5.1H), 2.06 (s, 2.9H), 1.11 (s, 9H), 1.07 (s, 11.4H); 13C-NMR (CDCl3, 126 MHz): δ 

(diastereomers) 170.6, 135.7, 135.6, 135.5, 134.8, 133.1, 133.0, 132.3, 132.2, 130.1, 130.0, 

129.8, 129.7, 127.9, 127.8, 127.7, 99.2, 84.8, 74.7, 75.4, 75.3, 65.1, 64.2, 60.4, 41.5, 40.0, 

26.9, 26.8, 21.2, 21.0, 19.2, 14.9; HRMS (ESI [M+Na]+) m/z calcd for C23H30SiO5Na: 

437.1760; found 437.1757.  

 

Synthesis of (2R,3S)-5-((4-(tert-butyl)phenyl)thio)-2-(((tert-

butyldiphenylsilyl)oxy)methyl) tetrahydrofuran-3-yl acetate (3.19) generated from 

3.18. 

To a solution of 3.18 (40 mg, 0.10 mmol) dissolved in acetonitrile (2 mL) and water (2 

mL) has HCl (1 M, 50 uL) and tert-butylbenzenethiol (0.17g, 1.0 mmol) added. The 
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reaction is stirred at 37 ˚C for 1 h before being quenched by the addition of saturated 

ammonium chloride (2 mL) and being extracted with ethyl acetate (3 x 5mL). The organic 

extract was washed brine, dried over magnesium sulfate, and concentrated in vacuo. 

Column chromatography on silica gel eluted with ethyl acetate and hexanes (1:9 ethyl 

acetate/hexanes) afforded 3.19 (43 mg, 76% yield) as a colorless oil: Rf = 0.8 (1:9 ethyl 

acetate/hexanes); 1H-NMR (CDCl3, 600 MHz): (diastereomers) δ 7.70-7.68 (m, 

6.4H),  7.48-7.34 (m, 18.7H), 5.75 (d, J=4.5Hz, 1H), 5.53 (m, 0.2H), 5.48 (m, 0.3), 5.37 

(m, 1.1H), 4.43 (m, 1.1H), 4.28 (m, 0.7H), 3.95 (m, 1H), 3.82 (m, 1.5H), 2.85 (m, 0.9H), 

2.20 (s, 3H), 2.15 (s, 1.8H), 1.37 (s, 9H), 1.32 (s, 3.3H), 1.21 (s, 2.7H), 1.19 (s, 9H); 13C-

NMR (CDCl3, 151 MHz): (diastereomers) δ170.8, 150.2, 135.8, 135.7, 135.6, 134.8, 133.2, 

132.2, 131.7, 131.1, 129.8, 129.7, 128.0, 127.8, 127.7, 126.0, 87.7, 83.8, 74.7, 64.1, 64.0, 

39.8, 34.5, 31.3, 29.7, 26.9, 26.8, 26.6, 21.2, 19.3; HRMS (ESI [M+Na-H]+) m/z calcd for 

C33H41SiSO4Na: 584.23925; found 584.24004 

 

Alternative synthesis of (2R,3S)-5-((4-(tert-butyl)phenyl)thio)-2-(((tert-

butyldiphenylsilyl) oxy)methyl) tetrahydrofuran-3-yl acetate (3.19) from  the 3’ 

acetylation of thioglycoside 3.11.  To a solution of 3.11 (52 mg, 0.1 mmol) in 4 mL of a 

1:1 mixture of acetonitrile (2 mL) and water (2 mL) at 37 ˚C, acetic anhydride (0.5mL, 

5.3mmol) was added. The reaction mixture was stirred for 1 h followed by quenching by 

the addition of methanol (1 mL). The mixture was extracted with ethyl acetate (3 x 5 mL) 

and combined organic extract was washed with brine, dried over magnesium sulfate, and 

concentrated in vacuo. Column chromatography of the residue on silica gel eluted with 
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ethyl acetate and hexanes (1:9) afforded 3.19 (54 mg, 95% yield). Spectral data matched 

that described above.  

 

Synthesis of (2R,3S)-2-(((tert-butyldiphenylsilyl)oxy)methyl)-5-

(hexylthio)tetrahydrofuran-3-yl acetate (3.20) from the 3’ acetylation of thioglycoside 

3.12 

To a solution of 3.12 (50 mg, 0.1 mmol) in 4 mL of a 1:1 mixture of acetonitrile (2 mL) 

and water (2 mL) at 37 ˚C, acetic anhydride (0.5mL, 5.3mmol) was added. The reaction 

mixture was stirred for 1 h followed by quenching by the addition of methanol (1 mL). The 

mixture was extracted with ethyl acetate (3 x 5 mL) and combined organic extract was 

washed with brine, dried over magnesium sulfate, and concentrated in vacuo. Column 

chromatography on silica gel of the residue eluted with ethyl acetate and hexanes (1:9) 

afforded 3.20 (51 mg, 95% yield) as a colorless oil: Rf = 0.7 (1:9 ethyl acetate/hexanes); 

1H-NMR (CDCl3, 600 MHz): (diastereomers) δ7.76-7.69 (m, 9.4H), 7.47-7.40 (14.7H), 

5.52 (d, J=4.5Hz, 1H), 5.48, (m, 0.8H), 5.43 (m, 0.8H), 5.40 (m, 1H), 4.43 (m, 1H), 4.31 

(m, 0.8H), 4.12 (m, 1H), 3.87 (m, 1.9H), 3.65 (m, 1.3H), 2.85 (m, 0.7H), 2.78-2.65 (m, 

4.4H), 2.38-2.12 (m, 1.8H), 2.08 (s, 6H), 1.63-1.58 (m, 4H), 1.49-1.1.28 (m, (14H), 1.22-

1.15 (m, 6.1H), 1.08 (s, 9H), 0.88 (m, 7.9H); 13C-NMR (CDCl3, 151 MHz): (diastereomers) 

δ170.8, 170.4, 135.8, 135.6, 134.8, 133.2, 129.8, 129.7, 127.7, 85.6, 84.8, 83.8, 83.3, 75.1, 

74.7, 64.2, 64.0, 39.8, 39.0, 31.9, 31.4, 30.1, 30.0, 28.7, 26.9, 26.8, 26.7, 22.6, 21.2, 21.1, 

19.3, 19.2; HRMS (ESI [M+Na]-H+) m/z calcd for C29H41SiSO4Na: 536.23925; found 

536.23898. 
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Generation of 3.20 formed by thiol exchange with the 3’ acetylated thioglycoside 3.19.  

To a solution of 3.19 (28 mg, 0.05 mmol) dissolved in water (2 mL) and acetonitrile (2 

mL) has HCl (1 M, 50 ul) and hexanthiol (70 mg, 0.60 mmol) added. The reaction is stirred 

for 1 h at 37 ˚C before being quenched by the addition of ammonium chloride (2 mL) and 

being extracted with ethyl acetate (3 x 5 mL). The organic extract is washed with brine, 

dried over magnesium sulfate, and concentrated in vacuo. Column chromatography on 

silica gel of the residue eluted with ethyl acetate and hexanes (1:9) afforded 3.20 (9 mg, 

33% yield). Spectral data matched that described above.  

 

 

 

 

 

NMRs 

 



 

120 

 

 

1H-NMR (600 MHz) of (2R,3S)-2-(((tert-butyldiphenylsilyl)oxy)methyl)-5-
methoxytetrahydrofuran-3-ol (3.9). 
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13C-NMR (151 MHz) of (2R,3S)-2-(((tert-butyldiphenylsilyl)oxy)methyl)-5-
methoxytetrahydrofuran-3-ol (3.9). 
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1H-NMR (600 MHz) of (4S,5R)-5-(((tert-
butyldiphenylsilyl)oxy)methyl)tetrahydrofuran-2,4-diol (3.10).  
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13C-NMR (151 MHz) of (4S,5R)-5-(((tert-
butyldiphenylsilyl)oxy)methyl)tetrahydrofuran-2,4-diol (3.10). 
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1H-NMR (600 MHz) (2R,3S)-5-((4-(tert-butyl)phenyl)thio)-2-(((tert-
butyldiphenylsilyl)oxy) methyl)tetrahydrofuran-3-ol (3.11). 
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13C-NMR (151 MHz) (2R,3S)-5-((4-(tert-butyl)phenyl)thio)-2-(((tert-
butyldiphenylsilyl)oxy) methyl)tetrahydrofuran-3-ol (3.11). 
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1H-NMR (600 MHz) of (2R,3S)-2-((tert-butyldiphenylsilyl)oxy)methyl)-5-
(hexylthio)tetra hydrofuran-3-ol (3.12). 
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13C-NMR (151 MHz) of (2R,3S)-2-((tert-butyldiphenylsilyl)oxy)methyl)-5-
(hexylthio)tetra hydrofuran-3-ol (3.12). 
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1H-NMR (600 MHz) of (2R,3S)-2-(((tert-butyldiphenylsilyl)oxy)methyl)-5-
(phenylthio) tetrahydrofuran-3-ol (3.13). 
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13C-NMR (151 MHz) of (2R,3S)-2-(((tert-butyldiphenylsilyl)oxy)methyl)-5-
(phenylthio) tetrahydrofuran-3-ol (3.13). 
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1H-NMR (600 MHz) of (2R,3S)-5-(benzylthio)-2-(((tert-
butyldiphenylsilyl)oxy)methyl) tetrahydrofuran-3-ol (3.14). 
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13C-NMR (151 MHz) of (2R,3S)-5-(benzylthio)-2-(((tert-
butyldiphenylsilyl)oxy)methyl) tetrahydrofuran-3-ol (3.14). 
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1H-NMR (600 MHz) of (2R,3S)-5-((2-bromophenyl)thio)-2-(((tert-
butyldiphenylsilyl)oxy) methyl)tetrahydrofuran-3-ol (3.15). 
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13C-NMR (151 MHz) of (2R,3S)-5-((2-bromophenyl)thio)-2-(((tert-
butyldiphenylsilyl)oxy) methyl)tetrahydrofuran-3-ol (3.15). 
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1H-NMR (600 MHz) of (2R,3S)-2-(2-(tert-butyldiphenylsilyl)ethyl)-5-(napthalen-2-
ylthio) tetrahydrofuran-3-ol (3.16). 
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13C-NMR (151MHz) of (2R,3S)-2-(2-(tert-butyldiphenylsilyl)ethyl)-5-(napthalen-2-
ylthio) tetrahydrofuran-3-ol (3.16). 
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1H-NMR (600 MHz) of (2R,3S)-2-(((tert-butyldiphenylsilyl)oxy)methyl)-5-
methoxytetrahydrofuran-3-yl acetate (3.17).  
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13C-NMR (151 MHz) of (2R,3S)-2-(((tert-butyldiphenylsilyl)oxy)methyl)-5-
methoxytetrahydrofuran-3-yl acetate (3.17). 
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1H-NMR (600 MHz) of (2R,3S)-2-(((tert-butyldiphenylsilyl)oxy)methyl)-5-
hydroxytetrahydrofuran-3-yl acetate (3.18). 
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13C-NMR (151 MHz) of (2R,3S)-2-(((tert-butyldiphenylsilyl)oxy)methyl)-5-
hydroxytetrahydrofuran-3-yl acetate (3.18). 
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1H-NMR (600 MHz) of (2R,3S)-5-((4-(tert-butyl)phenyl)thio)-2-(((tert-
butyldiphenylsilyl) oxy)methyl)tetrahydrofuran-3-yl acetate (3.19).   
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13C-NMR (151 MHz) of (2R,3S)-5-((4-(tert-butyl)phenyl)thio)-2-(((tert-
butyldiphenylsilyl) oxy)methyl)tetrahydrofuran-3-yl acetate (3.19).   
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1H-NMR (600 MHz) of (2R,3S)-2-(((tert-butyldiphenylsilyl)oxy)methyl)-5-
(hexylthio)tetra hydrofuran-3-yl acetate (3.20).  
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13C-NMR (151 MHz) of (2R,3S)-2-(((tert-butyldiphenylsilyl)oxy)methyl)-5-
(hexylthio)tetra hydrofuran-3-yl acetate (3.20). 
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Chapter Four: Conclusion and directionality of research  

4.1 Introduction 

 The previous chapters of this thesis have involved projects which are connected 

by the fact that Ap sites within DNA are a source of biologically important electrophile. 

There is a need to develop models, either through small molecules or with known-

sequenced oligonucleotides, to understand the fundamental chemistry of an Ap site. A 

firm understanding of the Ap site, from a chemical perspective, will help generate a link 

between the arrow-pushing mechanisms of the electrophile to the profound biological 

consequences which stem from it. This chapter will serve to discuss future directionality 

of each of these projects. 

 

4.2 The dRP end group has the potential to generate adducts with glutathione or 

generate interstrand cross-links with exocyclic amines 

 Chapter Two shows the reaction between an Ap site and a polyamine gives rise to 

a highly charged unsaturated alkenal (Scheme 2.2.1). This bis-electrophile was shown to 

react with thiols, as well as with water to regenerate a deoxyribose structure. While this 

chapter was somewhat comprehensive regarding conditions required to generate the dRP 

group, there is still much to be learned about the chemistry surrounding it. 

 One key reaction which must still be discussed is the reaction between 

glutathione, the most biologically abundant thiol, and the dRP end group. There is 

literature precedent that glutathione is able to react with the unsaturated alkenal HNE 

(Figure 4.2.1).1  The structure formed between HNE and glutathione has a stark similarity 

to those shown in Chapter Two.  
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Figure 4.2.1. Structure of HNE-glutathione adduct 

  

Due to this, there is a potential that the dRP end group has the ability to generate 

an adduct with glutathione. The reaction between the trans-alkenal 2.15 and excess 

glutathione did show the proposed adduct is present (Figure 4.2.2), but there still needs to 

be studies showing the structure and stability of the product.  

 
 
Figure 4.2.2. Reaction of 2.15 and glutathione showing the generation of the 
proposed adduct. M/z of proposed adduct is 423. 
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has not been generated. Unpublished work by Deepak Ahire utilized 2.9 and generated 

the unsaturated iminium ion using conditions described in Chapter Two in the presence 

of 2’-deoxyguanosine. The product of this reaction shows a conjugate addition by the 

exocyclic amine of guanine followed by a ring-closing with the endocyclic amine. This 

structure is similar to that shown with HNE and guanosine (Figure 4.2.3).3 Current efforts 

in the Gates group have been taken to make standards of the dRP-nucleoside adducts. 

Future work into the structure, generation, and repairability of these adducts are needed. 

 

 

Figure 4.2.3. Structures of guanosine reaction with unsaturated alkenals. a) shows 
the reaction with HNE while b) shows the reaction with 2.9. 
 
 

4.3 Thioglycosides generate a stable adduct when reacting with an Ap site and may 

play a role in medicinal chemistry 

 
 Chapter Three shows the ability of a thiol to react with an Ap site. This work was 

done in light of recent research done with HMCES. While Chapter Three gives insight 

into reactions between thiols and Ap sites, there is still research needed to determine the 

structure of an Ap site with a biological relevant thiol, such as glutathione. Research 

efforts within the group have shown that an Ap site in an oligonucleotide is able to react 

with glutathione, and be stable under various conditions. While this research suggests 
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these reactions are possible, it has yet to be detected within cells. To assist these efforts, a 

synthetic standard of glutathione and 2-D-deoxyribose must be generated. This will allow 

the detection and quantification of the adduct by mass spectrometry in cell extracts. A 

more comprehensive study into the repairability of these adducts is also required.  

If thioglycosides, as a class of molecules, are able to withstand degradation by 

APE1, they may pose as interesting biologically active compounds. Methoxyamine is 

currently being tested as an APE1 inhibitor.5 If thioglycosides are able to also inhibit 

APE1, they could perhaps be utilized as lead compounds for future generations of 

bioactive molecules.  

4.4 Conclusions 

 Ap sites represent an abundant, yet not well understood, electrophilic lesion in 

DNA.  If these lesions are not repaired, there are various pathways which become 

available. I also have the ability to degrade the Ap site to a highly active alkenal, and 

Chapter Two goes into some of the chemistry which stems from the generation of that 

product. I also have the ability to protect the Ap site with a reversible nucleophile. 

Chapter Three goes into some detail about a newfound type of chemistry involving an Ap 

site’s ability to react with a thiol.  

 The research performed in this thesis has many intricacies, but it is all founded on 

the principle that Ap sites are electrophiles. It is my belief that I can use simple organic 

reactions to understand the complex reactions of the Ap site. There is beauty in that 

simplicity.  
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