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ABSTRACT 

 

A grand challenge that crosses synthetic chemistry and biology is the scalable 

production of functional analogues of biomacromolecules.  This dissertation has focused 

on the use of deoxynucleoside building blocks bearing non-natural bases to develop a 

synthetic methodology that allows for the construction of high molar mass 

deoxynucleotide polymers.  Two thymidine-derived bicyclic monomers, (R)- and (S)-

3′,5′-bicyclic 3-(3-butenyl) thymidine ethylphosphate, were synthesized in two steps 

directly from thymidine, via butenylation and diastereoselective cyclization promoted by 

N,N-dimethyl-4-aminopyridine.  Poly(3′,5′-bicyclic 3-(3-butenyl) thymidine 

ethylphosphate)s with low dispersities (Ð < 1.10) were obtained from ring-opening 

polymerizations of the more thermodynamically unstable (R)-monomer, catalyzed by 

1,5,7-triazabicyclo[4.4.0]dec-5-ene at ambient temperature.  These studies established a 

reliable synthetic pathway to thymidine-derived polydeoxyribonucleotide analogues 

from a six-membered bicyclic phosphoester. 

Regioregularity is a crucial property in the synthesis of DNA analogues, as 

natural DNA is synthesized exclusively in 5′-to-3′ direction.  From the 31P resonance 

frequency assignments of synthesized model compounds of 3′,3′-, 3′,5′-, and 5′,5′-

linkages, 31P NMR spectra revealed the major connectivity in the polymer backbone to 

be 3′,5′-linkages, with ≤30% of other isomeric forms.  Model reactions employing a 

series of alcohol initiators imparting various degrees of steric hindrance, to mimic the 

increased steric hindrance of the propagating alcohol relative to the initiator, were then 
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conducted to afford the corresponding ring-opened unimer adducts.  1H–31P 

heteronuclear multiple-bond correlation spectroscopy showed ethanol and 4-

methoxybenzyl alcohol initiation to yield only the P–O5′ bond cleavage product, 

whereas attack by isopropyl alcohol afforded both P–O3′ and P–O5′ bond cleavage 

products, supporting our hypothesis that the increased steric hindrance of the 

propagating species dictates the regioselectivity of the P–O bond cleavage.  Further 

model reactions suggested that the P–O5′ bond cleavage products can be detected upon 

the formation of dimers during the ring-opening polymerization. 

Overall, this advanced design combines the merits of natural product-derived 

materials and functional, degradable polymers to provide a new platform for functional, 

synthetically derived polydeoxyribonucleotide-analogue materials.  Furthermore, this 

dissertation provides a fundamental understanding of the polymerization behavior of six-

membered cyclic phosphoesters, and broadens the scope of DNA analogues from the 

ring-opening polymerization of 3′,5′-bicyclic phosphoesters. 
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CHAPTER I  

INTRODUCTION 

 

1.1 Development of Novel, Non-toxic, Functionalizable and Degradable 

Materials Based on Deoxyribonucleic Acid 

 

In the design of functional polymeric nanomedical devices, it is important to 

consider the full life cycle of the components to reduce patient risk.  At the end of the 

life cycle, these polymeric nanomedical devices should degrade during a specified time 

frame into harmless end products.  Therefore, biodegradable synthetic polymers have 

received considerable attention due to their potential for environmental and biological 

clearance.1,2 

In addition to several well-known, degradable polymer classes such as 

polyesters3, polycarbonates4, and polylactic acid5 designed for biomedical applications, 

polyphosphoesters have exhibited accelerated biodegradability through hydrolytic and 

enzymatic cleavage of the phosphoester bonds in the backbone under physiological 

conditions.1  Polyphosphoesters have also proven biocompatible and have inherent 

structural similarity to biomacromolecules such as nucleic and teichoic acids, leading to 

extensive investigation toward the construction of diverse functional nanostructures.6-36  

From a chemical perspective, polyphosphoesters are impressively versatile due to the 

pentavalent phosphorus center that allows for functionalization of both the main 

backbones and side chains of the polymers.  This unique property of phosphorus allows 
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the introduction of bioactive molecules and extensive modulation of the physical and 

chemical properties of the polyphosphoesters. 

Stemming from the synthetic control available, controllability of the 

macromolecular structure of polyphosphoesters is also important for the design of 

advanced materials.  A variety of approaches for the synthesis of polyphosphoesters 

based on non-controlled polymerization such as polycondensation37,38 and 

transesterification39,40 were extensively studied in the 1990s and early 2000s.  Recent 

advances have enabled the molar mass control of polyphosphoesters using controlled 

polymerization reactions,31 including enzymatic polymerization41 and ring-opening 

polymerization (ROP).13,16,18-21,25-28,42  Notably, organocatalytic ROP can afford 

polyphosphoesters with molar masses up to 70 kDa with dispersities (Ð) as low as 

1.05.17 

The Wooley lab has performed extensive studies on the synthesis and assembly 

of polyphosphoesters in biomedical applications.16,18-21,25-28  These early works utilized a 

post-polymerization modification strategy, including click chemistries (copper catalyzed 

azide–alkyne cycloaddition, thiol–ene, and thiol–yne reactions) and reversible silver–

alkyne interaction, to introduce functionalities useful for drug delivery to the pendant 

triester side chains.  Although facile synthetic methods for ROP of phospholanes (five-

membered cyclic phosphotriesters) have been developed for the preparation of 

functionalizable polyphosphoesters, it has also been recognized that the types of 

polyphosphoesters that have been central in the Wooley lab undergo hydrolysis into 

ethylene glycol, among other products.  As the toxicity of ethylene glycol presents 



 

3 

 

potential safety concerns for human use, this dissertation describes the design, synthesis, 

and characterization of polyphosphoesters derived from DNA that will not degrade into 

ethylene glycol and will more closely resemble nucleic acid- and teichoic acid-based 

natural polyphosphoester systems. 

In Nature, nucleic acid (DNA/RNA) represents one of the most powerful 

biomolecules, by performing gene transcription and translation as genetic material by 

hybridization with complementary strands.  In materials science, nucleic acids also allow 

for selective hybridization, unique geometry, ability to form nanoscale building blocks, 

directional self-assembly, and flexible programmability.43,44  As a result, polymer 

chemists have made various attempts, enzymatically or non-enzymatically, and 

particularly with controlled polymerization techniques, to synthesize DNA-mimicking 

polymers.45 

Among various controlled polymerization techniques yielding polymers with 

narrow molar mass distributions and well-defined architectures, ROP of cyclic esters, 

amides, carbonates, and phosphoesters is especially valuable in the context of 

developing degradable polymers.  Toward DNA-derived polyphosphoesters from ROP, 

the ability to undergo initiation and propagation of six-membered cyclic phosphoesters 

represents a significant challenge (Figure 1.1).  Studies on the ROP of the six-membered 

cyclic phosphorinane monomer, 2-hydro-2-oxo-1,3,2-dioxaphosphorinane, have been 

reported by Penczek and co-workers.46-48  To side step the direct polymerization of 

phosphorus(V), this system polymerizes via tautomerization of the phosphorinane center 

to generate the active phosphorus(III) species in situ49 that provide a less sterically-
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hindered environment at the electrophilic phosphorus center (Figure 1.2).  However, the 

only report on the ROP of a non-tautomerizable six-membered cyclic phosphoester, 2-

methoxy-2-oxo-1,3,2-dioxaphosphorinane, led to oligomers (degree of polymerization ≤ 

10) under harsh conditions (neat, 135 °C), due to extensive chain transfer originating 

from the low ring strain energy.50  Therefore, our strategy to introduce ring strain energy 

into the six-membered cyclic system, and thereby achieve higher molar mass 

polyphosphoester, is presented and discussed in Chapter II. 
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1.2 Regioisomeric Preference in the Organocatalytic ROP of Six-membered 

Cyclic Phosphoesters into DNA Analogues 

 

Regioregularity is a crucial property in the synthesis of DNA analogues, as 

natural DNA is synthesized exclusively in the 5′-to-3′ direction.  Therefore, in Chapter 

III, the investigation of regioisomeric preference in the organocatalytic ROP of six-

membered cyclic phosphoesters into DNA analogues will be discussed in order to 

provide fundamental understanding of the polymerization behavior. 

Several types of cyclic monomers, such as carbonates, epoxides, phosphazenes, 

phosphoesters, H-phosphonates, phosphonites, phosphorothioates, siloxanes, and 

thiocarbonates, undergo ROP from opening of cyclic monomers from either side of the 

ring.  If such monomers are asymmetrical, there are formally two ways the monomer 

ring can be opened, i.e., the regioisomeric ROP can yield polymers with head-to-head, 

head-to-tail, and tail-to-tail configurations (Figure 1.3).  Although not trivial, careful 

microstructural analysis by model reactions and nuclear magnetic resonance (NMR) 

spectroscopy can determine the preferred reaction route.  Vandenberg,51 Penczek,52 and 

Wurm53 performed microstructural analyses of cyclic phosphorothioates, H-

phosphonates, and phosphoesters to understand the regioselectivity of these phosphorus-

containing monomers for ROP from the spectroscopic characteristics of these isomers.  

Although early work was constrained due to limited NMR capabilities, these studies 

concluded that head-to-tail configuration was the dominant connectivity when steric 

effects from both ring-opening directions were different, e.g., primary and secondary 
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alcohols formed from the ring-opening reactions.  Our ultimate goal is to develop a 

synthetic strategy, by careful monomer design and proper catalyst choice, to gain control 

of the polymerization direction that leads to regioregular DNA/RNA polymers provided 

in enzymatic syntheses. 
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Figure 1.3.  Nucleophilic ROP of asymmetrical hetereocycles. 

 
 
 

This dissertation focuses on the synthesis, characterization, and development of 

polymeric materials from thymidine, one of the four natural nucleosides.  Compared to 

the other nucleosides, thymidine is the most amenable toward selective 

functionalization, due to the pKa difference between its N–H and O–H.  Several 

guidelines have encompassed the synthetic thymidine-derived monomers and polymers, 

including the use of simple, scalable and translatable chemistries.  The monomers and 

polymers are designed such that the resulting material properties are easily manipulated 

by further functionalization and fine tuning with click chemistries.  To our knowledge, 
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this work is the first instance45 that well-defined DNA-derived polyphosphoesters with 

3′,5′-linkages in the backbones have been prepared via ROP.  As such, it was an aim of 

this work to effectively introduce nucleosides into the field of polymer science and lay a 

foundation from which new chemistries, as well as engineering and biomedical 

applications may be explored with synthetic nucleoside-based polymers.  
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CHAPTER II  

SYNTHETIC, FUNCTIONAL THYMIDINE-DERIVED 

POLYDEOXYRIBONUCLEOTIDE ANALOGUES FROM A SIX-MEMBERED 

CYCLIC PHOSPHOESTER* 

 

2.1 Introduction 

 

Nucleosides play important roles in Nature.54  The incorporation of non-natural 

nucleosides into DNA and RNA allows for significant investigations, including 

fundamental research on structure and function,55-61 and development of synthetic 

materials for clinical applications,62-64 yet there are only few routes that allow access to 

well-defined synthetic DNA and RNA derivatives.  Enzymatic processes that integrate 

non-natural nucleosides into DNA and RNA are limited by the activity of the mediating 

polymerase, which often restricts the extent of incorporation and reaction conditions.65-68  

On the other hand, synthetic methods offer exquisite sequence control, but have focused 

mainly on stepwise condensation reactions of nucleoside repeat units with electrophiles, 

such as 3′-phosphoryl chloride,69 phosphotriester,70,71 and phosphoramidites72 (e.g., via 

solid-phase DNA synthesis).  Synthetic methods have not yet advanced for the 

construction of nucleic acid-based polymers having 3′,5′-linkages through controlled 

                                                

* Reprinted (adapted) with permission from “Synthetic, Functional Thymidine-Derived 
Polydeoxyribonucleotide Analogues from a Six-Membered Cyclic Phosphoester” by Tsao, Y.-Y. 
T.; Wooley, K. L., J. Am. Chem. Soc. 2017, 139, 5467–5473.  Copyright 2017 American 
Chemical Society. 
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chain-growth addition polymerization, which offers rapid and convenient polymer chain 

growth.  Currently, syntheses of DNA-derived polymers73 by chain-growth chemistries 

remain limited to non-3′,5′-backbones through uncontrolled radical polymerization,74,75 

atom transfer radical polymerization (ATRP),76-78 and reversible addition–fragmentation 

chain transfer (RAFT) polymerization79 techniques that yield polymers with pendant 

nucleosides.  For 3′,5′-DNA-derived materials, polymerization with predetermined molar 

mass, and control over end groups and sequence is a feasible, yet unrealized, aim. 

Besides several well-known polymer classes used in biological research, such as 

polyesters and polycarbonates, polyphosphoesters, particularly nucleoside 

phosphoesters,80 are attractive due to their biocompatibility, biodegradability through 

spontaneous and/or enzymatic hydrolysis, as well as their structural similarity to nucleic 

and teichoic acids.13  ROP is a versatile synthetic method for generating well-defined 

macromolecules from carbocyclic or heterocyclic monomers,81,82 and organocatalytic 

ROP14,16,17,21,23,83-85 of five-membered cyclic phosphoesters has been demonstrated to 

produce well-defined polyphosphoesters.13,16,18  However, polymerization of six-

membered cyclic phosphorus-containing monomers, a potential precursor for well-

defined DNA analogues with 3′,5′-backbones, has received less attention.  Studies on the 

ROP of a six-membered phosphorinane monomer, 2-hydro-2-oxo-1,3,2-

dioxaphosphorinane, have been reported by Penczek and co-workers.46-48  

Polymerization was possible due to tautomerization of the monomer to generate 

phosphorus(III) intermediates in situ49 that provide a less sterically-hindered 

environment at the electrophilic phosphorus center.  Such ROPs have not yet been fully 
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expanded to non-tautomerizable six-membered cyclic phosphoesters, such as cyclic 

adenosine monophosphate (cAMP) and its guanosine counterpart (cGMP), which play 

critical metabolic and regulatory roles.  The only report on the ROP of a non-

tautomerizable six-membered phosphorinane, 2-methoxy-2-oxo-1,3,2-

dioxaphosphorinane, led to oligomers (degree of polymerization ≤ 10) under harsh 

conditions (neat, 135 °C), due to extensive chain transfer originating from the low ring 

strain energy.50  Hence, in order to achieve higher molar mass polyphosphoesters from 

six-membered cyclic phosphoesters, introducing ring strain energy into the cyclic system 

is critical. 

Higher ring strain energy is also generally accepted to be the key factor that 

facilitates the polymerization of five-membered cyclic phosphoesters.  The hydrolysis 

rates of five-membered cyclic phosphoesters increase by an order of 105 compared to the 

acyclic species, which were attributed to enthalpy of activation,86 ΔH‡, rather than to the 

entropy of activation,87 ΔS‡, according to Eyring plots.  Ring strain and its relief are 

enthalpic phenomena and, hence, we reasoned that, if relief of ring strain in the transition 

state of the rate-determining step is crucial to the acceleration of hydrolysis in the cyclic 

phosphoesters, analysis of those ring strain energies could guide monomer design.   

Herein, we report a synthetic strategy that includes organocatalytic ROP of a six-

membered cyclic phosphoester monomer at ambient temperature to afford a new type of 

thymidine-derived 3′,5′-linked polyphosphoester with a butenyl group located on each 

repeat unit and number-average molar masses (Mn) up to 11 kDa.  The monomer was 

prepared in two steps, and the polymerization proceeded in a controlled fashion to afford 
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polymers with low Ð.  This article focuses on the synthesis of the novel monomers and 

polymers that comprise a thymidine DNA derivative with a polyphosphoester backbone.  

To the best of our knowledge, no well-defined DNA-derived polyphosphoesters with 

3′,5′-linkages in the backbones from ROP have been reported to date. 

 

 

2.2 Results and Discussions 

 

The ring strain energies of monocyclic five-membered, monocyclic six-

membered, and 3′,5′-bicyclic phosphoesters were calculated using density functional 

theory (DFT).  The theoretical estimation of ring strain energies serves as computational 

insight into direct the rational design of 3′,5′-bicyclic phosphoesters in nucleosides as a 

skeleton for ROP of six-membered cyclic phosphoesters.  Ring strain energy is a relative 

quantity, and is defined as the excess energy between a cyclic molecule and an 

appropriately selected strain-free, linear counterpart.  Theoretical estimates of ring strain 

energy can be obtained by using group equivalents to convert DFT energies into 

reasonably accurate heats of formation.  To investigate the feasibility of ROP of 3′,5′-

bicyclic phosphoesters, ring strain energies of different cyclic phosphoesters (Figure 

2.1a) were calculated with DFT using an approach similar to a previous report by the 

Lim group88 at the B3LYP/6-31+G*, B97-D/6-31+G*, and M06-2X/6-31+G* levels of 

theory to include adjustments for medium-range electron and dispersion corrections 

(Table 2.1).  With the six-membered cyclic phosphoester 1 assumed to be unstrained, the 
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validity of DFT calculations was verified by comparing the calculated ring strain 

energies of 2 to experimental values.89  While a systematic study on the ring strain 

energy of the 3′,5′-bicyclic system was not reported, enthalpies of hydrolysis of cAMP 

and diethyl phosphate, 11.49 ± 0.35 and 2.50 ± 0.45 kcal/mol, respectively,90 suggest a 

large ring strain energy for the 3′,5′-bicyclic system and are in agreement with the 

calculation results.  Therefore, it was expected that the higher ring strain energy of the 

designed 3′,5′-bicyclic phosphoester 3 would allow for ROP on a six-membered cyclic 

phosphoester under mild conditions.  Moreover, the diastereomer (R)-3 was found to be 

more strained, due to the anomeric effect in (S)-3.91-95 
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Figure 2.1.  Design and retrosynthesis of thymidine-derived DNA analogues.  (a) 
Different cyclic phosphoesters for DFT calculation of ring strain energies.  (b) 
Retrosynthetic analysis of the cyclic monomer 4 from thymidine 6.  Reprinted with 
permission from “Synthetic, Functional Thymidine-Derived Polydeoxyribonucleotide 
Analogues from a Six-Membered Cyclic Phosphoester” by Tsao, Y.-Y. T.; Wooley, K. 
L., J. Am. Chem. Soc. 2017, 139, 5467–5473.  Copyright 2017 American Chemical 
Society. 
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Table 2.1.  Experimental and DFT calculation of the ring strain energies (kcal/mol) of 
six-membered cyclic phosphoester (1), five-membered cyclic phosphoester (2), and 
3′,5′-bicyclic phosphoester (3).  Reprinted with permission from “Synthetic, Functional 
Thymidine-Derived Polydeoxyribonucleotide Analogues from a Six-Membered Cyclic 
Phosphoester” by Tsao, Y.-Y. T.; Wooley, K. L., J. Am. Chem. Soc. 2017, 139, 5467–
5473.  Copyright 2017 American Chemical Society. 

Method 1 2 (R)-3 (S)-3 
Experimental – 5.9 ± 0.3a – – 

B3LYP/6-31+G* 0 4.1 6.3 5.9 
M06-2X/6-31+G* 0 5.0 7.2 5.4 
B97-D/6-31+G* 0 4.2 7.0 5.8 

aExperimental value of 2-Me was reported.89 
 
 
 

In order to construct a 3′,5′-bicyclic system similar to 3, thymidine (4) was 

chosen of the four natural deoxyribonucleosides, due to the potential for selective 

functionalization at the 3′-OH, 5′-OH and N3-positions.  Selective functionalization at 

the N3-position can be achieved with weak bases, such as potassium carbonate, given the 

pKa differences between alcohols (pKa ≈ 16–17) and the N3-proton (pKa ≈ 9.5).73  In 

contrast, strong bases, such as sodium hydride, have the capability to deprotonate the 3′-

OH, 5′-OH, and N3-protons, with functionalization occurring preferentially at the 3′-OH 

and 5′-OH positions, due to the increased nucleophilicity of alkoxides over imide anions.  

The standard retrosynthetic analysis for the target monomer, 5, a strained 3′,5′-bicyclic 

structure, is given in Figure 2.1b.  The synthesis was realized through a two-step 

procedure that involved selective butenylation at the N3-position in the presence of weak 

base, followed by cyclization of 3′-OH and 5′-OH. 

Installation of a butenyl group at N3 was conducted to coincidentally protect the 

imide, enhance organic solubility, and install a functionality that would allow for later 



 

14 

 

chemical modification.  Due to the two electron-withdrawing carbonyl groups at the 2- 

and 4-positions of the thymine unit, chemical modification via nucleophilic substitution 

to afford N3-substituted thymidine typically requires several days for completion.  

Choice of solvents is also limited, due to the solubility of the thymidine starting material, 

4.  Butenylation at the N3-position was found to be possible in N,N-dimethylformamide 

(DMF) at 60 °C to give 6 as a white hygroscopic solid with high yields (> 90%) within 

48 h, while reaction in methanol under the same conditions required longer reaction 

times (at least 96 h). 

A key challenge in the second step of the synthetic approach is to favor 

cyclization over oligomerization.  Cyclization of 6 was expected to be both kinetically 

and thermodynamically difficult, given the large ring strain barrier as well as slow 

kinetics of cyclizing a trans-diol, which is in agreement with results from the Buchard 

group.96,97  A linear oligomer was obtained upon reaction with ethyl dichlorophosphate 

(7), in the presence of triethylamine in tetrahydrofuran (THF) under dilute conditions.  

Sufficient time for the conformational change from the intermediate (8) was 

hypothesized to be important, in order to bring the second alcohol and phosphorus into 

proximity to close the ring, vs. bimolecular reactions that could lead to oligomerization.  

Additionally, it was considered that weaker leaving groups might slow the condensation 

reaction, and 4-nitrophenol has been shown to be a moderate leaving group for 

phosphoester cleavage in the presence of an activator.98  Jain and Kalman have reported 

the use of 4-nitrophenol and 1,8-diazabicyclo[5.4.0]undec-7-ene (DBU) as leaving group 

and activator, respectively, to cyclize 5-fluoro-2′-deoxyuridine.99  However, attempts at 
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ring closure by reaction of 6 with ethyl bis(4-nitrophenyl)phosphate encountered the 

challenge of incomplete separation of the monomer from the by-product 4-nitrophenol, 

which could be a deactivator of the organocatalyst for ROP.  Cyclization conditions 

were then screened with the aim of optimizing the cyclization reaction using ethyl 

dichlorophosphate (Table 2.2).   

 
 
 

Table 2.2.  Condition screening for cyclization of 6 with 7 using various solvents and 
bases at –78 °C. Reprinted with permission from “Synthetic, Functional Thymidine-
Derived Polydeoxyribonucleotide Analogues from a Six-Membered Cyclic 
Phosphoester” by Tsao, Y.-Y. T.; Wooley, K. L., J. Am. Chem. Soc. 2017, 139, 5467–
5473.  Copyright 2017 American Chemical Society. 

 

Entry Solvent Base Result Yield (%) (R)/(S)a 
1 THF Et3N Oligomerization – – 
2 THF Pyridine Oligomerization – – 
3 THF DMAP Oligomerization – – 
4 THF DIPEA Oligomerization – – 
5 DMF Et3N Oligomerization – – 
6 DMF Pyridine Oligomerization – – 
7 DMF DMAP Oligomerization – – 
8 DMF DIPEA Oligomerization – – 
9 CH2Cl2 Et3N No reaction – – 
10 CH2Cl2 Pyridine No reaction – – 
11 CH2Cl2 DMAP Cyclization 58 88:12 
12 CH2Cl2 DIPEA Cyclization 4 8:92 

a(R)/(S) ratio was determined by 31P NMR of reaction crude. 
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Oligomerization occurred when the reactions were conducted in DMF and THF, 

in the presence of a variety of bases.  Polar aprotic solvents, such as DMF and THF, 

were found to promote oligomerization over cyclization, presumably, by shortening the 

lifetime of the intermediate (8).  The bases 4-dimethylaminopyridine (DMAP) and N,N-

diisopropylethylamine (DIPEA) effectively facilitated cyclization in dichloromethane.  

Interestingly, the diastereoselectivity of these two reactions differed significantly, where 

DMAP and DIPEA yielded (R):(S) ratios of 88:12 and 8:92, respectively.  This 

selectivity is attributed to the nucleophilic characteristic of DMAP to activate 7 and yield 

a more stable transition state that leads to kinetic product (R)-5, even though (S)-5 is 

more stable by 1.35 kcal/mol at the B3LYP/6-31+G* level of theory (Figure 2.2 and 

Figure 2.3).  Since several recrystallization conditions failed to obtain a single crystal of 

5 for X-ray diffraction measurement, the absolute stereochemistries were then 

determined by an indirect method with one-dimensional nuclear Overhauser 

spectroscopy (1D-NOESY).  The through-space atomic distances between 4′-H (marked 

in gray on the structures in Figure 2.4) and the methyl protons of the ethyl phosphoester 

in the diastereomeric pairs are sufficiently different, 6.6 Å vs. 4.2 Å for (S)-5 vs. (R)-5, 

respectively, that the diastereomer assignments could be made by a positive NOE only 

for the (R)-diastereomer in the 1D-NOESY experiment. 
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Figure 2.2.  Synthetic route from thymidine to monomer 5.  Reprinted with permission 
from “Synthetic, Functional Thymidine-Derived Polydeoxyribonucleotide Analogues 
from a Six-Membered Cyclic Phosphoester” by Tsao, Y.-Y. T.; Wooley, K. L., J. Am. 
Chem. Soc. 2017, 139, 5467–5473.  Copyright 2017 American Chemical Society. 
 
 
 

 

Figure 2.3.  Reaction coordinate diagram of using DMAP as activator to promote 
cyclization of 6 at the B3LYP/6-31+G* level of theory.  Reprinted with permission from 
“Synthetic, Functional Thymidine-Derived Polydeoxyribonucleotide Analogues from a 
Six-Membered Cyclic Phosphoester” by Tsao, Y.-Y. T.; Wooley, K. L., J. Am. Chem. 
Soc. 2017, 139, 5467–5473.  Copyright 2017 American Chemical Society. 
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Figure 2.4.  Use of 1D-NOESY to identify the diastereomer (a) (S)-5 and (b) (R)-5, with 
atomic distance of 6.6 Å and 4.2 Å, respectively, calculated from DFT geometric 
optimization at the B3LYP/6-31+G* level of theory.  Reprinted with permission from 
“Synthetic, Functional Thymidine-Derived Polydeoxyribonucleotide Analogues from a 
Six-Membered Cyclic Phosphoester” by Tsao, Y.-Y. T.; Wooley, K. L., J. Am. Chem. 
Soc. 2017, 139, 5467–5473.  Copyright 2017 American Chemical Society. 

 
 

 
ROP of 5 was conducted using 1,5,7-triazabicyclo[4.4.0]dec-5-ene (TBD) as the 

catalyst, and 4-methoxybenzyl alcohol — a natural chemical found in anise, honey, and 

vanilla — as the initiator to enable straightforward end-group analysis by NMR and to 

minimize potential toxicity following hydrolytic degradation (Figure 2.5).  ROP of (R)-5 

initiated at the onset of TBD addition, according to thin-layer chromatography.  In 

contrast, the diastereomer (S)-5 showed no reaction under the same conditions after 96 h 

— this lower reactivity is in agreement with the lower ring strain energy calculated for 

the (S)-configuration (Table 2.1).  Attempts to polymerize (S)-5 at lower temperatures (0 

°C and –78 °C), in order to suppress the entropic penalty, were unsuccessful.  The 
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conversion of (R)-5 monomer to afford poly(3′,5′-bicyclic 3-(3-butenyl) thymidine 

ethylphosphate) (PCBT, 9) reached over 95% at ambient temperature, with good control 

of the polymerization being retained, as suggested by low Ð and excellent linear 

agreement between the Mn and percent monomer conversion (Figure 2.6, Figure 2.7, and 

Table 2.3).  Copolymerization of an 88:12 diastereomeric mixture of (R)-5:(S)-5 

monomers led to incomplete copolymerization, without apparent incorporation of (S)-5, 

as indicated by the proportion of polymer to remaining (R)-5 and (S)-5 unreacted 

monomers being 86:2:12, according to the crude 31P NMR spectrum (Figure 2.8).  13C 

and 31P NMR spectra of PCBT10, PCBT21 and PCBT32 contained signals resonating at 

multiple frequencies, which may have resulted from diastereomers and, potentially, 

combinations of head-to-head, head-to-tail, and tail-to-tail regioisomers.  Regioisomeric 

differences are possible from cleavage of the P-O5′ vs. P-O3′ bond during the initial ring 

opening following attack by an initiator, and also during subsequent ring openings 

during propagation of the ROP.  A model reaction employing excess ethanol as initiator 

and solvent was conducted to prevent the formation of diastereomeric products and 

allow for evaluation of the monomeric product(s) from an initial ring-opening reaction.  

Characterization by 1H, 13C and 31P NMR spectroscopies confirmed the ring opening had 

occurred and identified a single phosphorus environment (Figure 2.9).  1H–31P HMBC 

analysis on the product isolated from unreacted (R)-5, indicated that only unimer 10a 

had formed (Figure 2.10), suggesting that the initial ring-opening reaction was more 

favorable at the P-O5′-position.  Further investigations on the regioselectivity during 

subsequent propagation steps during the ROP are ongoing. 
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Figure 2.5.  Polymerization of 5 with 4-methoxybenzyl alcohol as the initiator and TBD 
as the catalyst.  Although the polymer is illustrated with only one regiochemistry and no 
stereochemistry, 31P NMR spectra suggested that the polymers contained regioisomeric 
and diastereoisomeric repeat units.  Reprinted with permission from “Synthetic, 
Functional Thymidine-Derived Polydeoxyribonucleotide Analogues from a Six-
Membered Cyclic Phosphoester” by Tsao, Y.-Y. T.; Wooley, K. L., J. Am. Chem. Soc. 
2017, 139, 5467–5473.  Copyright 2017 American Chemical Society. 
 
 
 

 

Figure 2.6.  SEC traces of PCBT10, PCBT21, and PCBT32.  Reprinted with permission 
from “Synthetic, Functional Thymidine-Derived Polydeoxyribonucleotide Analogues 
from a Six-Membered Cyclic Phosphoester” by Tsao, Y.-Y. T.; Wooley, K. L., J. Am. 
Chem. Soc. 2017, 139, 5467–5473.  Copyright 2017 American Chemical Society. 
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Figure 2.7.  Plot of Mn and Ð vs. monomer conversion for the polymerization of (R)-5 
using TBD as the catalyst and 4-methoxybenzyl alcohol as the initiator, obtained from 
SEC analyses from one of three runs; monomer/initiator/TBD ratio was 20:1:2.  
Reprinted with permission from “Synthetic, Functional Thymidine-Derived 
Polydeoxyribonucleotide Analogues from a Six-Membered Cyclic Phosphoester” by 
Tsao, Y.-Y. T.; Wooley, K. L., J. Am. Chem. Soc. 2017, 139, 5467–5473.  Copyright 
2017 American Chemical Society. 
 
 

 

 

Figure 2.8.  Crude 31P NMR (202 MHz; CDCl3) spectrum of the copolymerization of an 
88:12 diastereomeric mixture of 5.  Reprinted with permission from “Synthetic, 
Functional Thymidine-Derived Polydeoxyribonucleotide Analogues from a Six-
Membered Cyclic Phosphoester” by Tsao, Y.-Y. T.; Wooley, K. L., J. Am. Chem. Soc. 
2017, 139, 5467–5473.  Copyright 2017 American Chemical Society. 
 
 
 



 

22 

 

 

Figure 2.9.  Spectroscopic characterization of 10a.  (a) 1H NMR (500 MHz; CDCl3).  (b) 
13C NMR (125 MHz; CDCl3).  (c) 31P NMR (202 MHz; CDCl3).  (d) IR spectrum.  
Reprinted with permission from “Synthetic, Functional Thymidine-Derived 
Polydeoxyribonucleotide Analogues from a Six-Membered Cyclic Phosphoester” by 
Tsao, Y.-Y. T.; Wooley, K. L., J. Am. Chem. Soc. 2017, 139, 5467–5473.  Copyright 
2017 American Chemical Society. 
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Figure 2.10.  1H–31P HMBC spectrum of 10.  Reprinted with permission from 
“Synthetic, Functional Thymidine-Derived Polydeoxyribonucleotide Analogues from a 
Six-Membered Cyclic Phosphoester” by Tsao, Y.-Y. T.; Wooley, K. L., J. Am. Chem. 
Soc. 2017, 139, 5467–5473.  Copyright 2017 American Chemical Society. 
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Table 2.3.  Polymerization results of (R)-5 with 4-methoxybenzyl alcohol and TBD at 
ambient temperature in dichloromethane.  Reprinted with permission from “Synthetic, 
Functional Thymidine-Derived Polydeoxyribonucleotide Analogues from a Six-
Membered Cyclic Phosphoester” by Tsao, Y.-Y. T.; Wooley, K. L., J. Am. Chem. Soc. 
2017, 139, 5467–5473.  Copyright 2017 American Chemical Society. 

Polymer Catalyst 
M:I:catalyst 

(molar 
ratio)a 

Time 
Conversion 
(31P NMR) 

Mn, Da 
(SEC)b 

Ð 
(SEC)b 

Mn, Da 
(theo)c 

Mn, Da 
(1H NMR)d 

PCBT10 TBD 10:1:2 6 h 96% 3,200 1.09 3,800 3,900 
PCBT21 TBD 20:1:2 8 h 98% 4,800 1.06 7,700 8,200 
PCBT32 TBD 30:1:4 24 h 95% 6,200 1.09 11,000 12,400 

aInitial monomer concentration for all entries was 0.25 M in dichloromethane; bMn 
(SEC) and Ð (SEC) were measured by THF SEC calibrated using polystyrene standards; 
cMn (theo) was calculated from the monomer to initiator ratio and corrected for the 
conversion; dMn (1H NMR) was calculated by comparing the 1H NMR integration values 
for the resonance signals of the two aromatic protons ortho to the methoxy group of the 
4-methoxybenzyl initiated chain terminus (6.89 ppm) with one alkenyl proton of the 
butylene side chain groups (5.85–5.72 ppm). 

 
 
 
The kinetics of ROP of (R)-5 were investigated by conducting three 

polymerizations simultaneously from stock solutions.  In these experiments, (R)-5 and 4-

methoxybenzyl alcohol (molar ratio of 20:1) were premixed in anhydrous 

dichloromethane, and the solution was divided into three portions, to each of which was 

added solutions of TBD (molar ratio to initiator of 2:1) in anhydrous dichloromethane.  

After the mixtures were allowed to stir for a pre-determined amount of time, aliquots 

were quenched by the addition of acetic acid.  The monomer conversions were 

determined by 31P NMR (Figure 2.11), while the molar masses and their distribution 

values were determined by size exclusion chromatography (SEC) calibrated with linear 

polystyrene standards using THF as the mobile phase.  Attempts to determine absolute 

molar masses from the light scattering detector SEC traces were unsuccessful due to the 
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poor signal-to-noise ratio (Figure 2.12).  The linearity of Mn vs. monomer conversion 

(Figure 2.7) suggested that the number of macromolecules in the reaction system was 

constant during polymerization, up to 95% conversion, with Ð less than 1.10 throughout 

the polymerization.  Kinetic plots of ln([M]0/[M]) vs. time showed the ROP of (R)-5 to 

exhibit pseudo-first order kinetics with a propagation rate constant of kp = 9.2 × 10–5 s–1 

(Figure 2.13), suggesting that the rate of initiation was greater than the rate of 

propagation.  Even though (R)-5 was calculated to be more strained, the propagation rate 

was slower than those observed in the ROPs of five-membered cyclic phosphoesters 

(calculated as kp = 6.3 × 10–3 s–1 from published data)16 under the same conditions.   

 
 
 

 

Figure 2.11.  31P NMR (202 MHz; CDCl3) spectra for the calculations of conversions in 
the kinetic study.  Reprinted with permission from “Synthetic, Functional Thymidine-
Derived Polydeoxyribonucleotide Analogues from a Six-Membered Cyclic 
Phosphoester” by Tsao, Y.-Y. T.; Wooley, K. L., J. Am. Chem. Soc. 2017, 139, 5467–
5473.  Copyright 2017 American Chemical Society. 
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Figure 2.12.  Light scattering detector trace (90°) for PCBT32 from THF SEC, 
demonstrating poor signal-to-noise ratio.  Reprinted with permission from “Synthetic, 
Functional Thymidine-Derived Polydeoxyribonucleotide Analogues from a Six-
Membered Cyclic Phosphoester” by Tsao, Y.-Y. T.; Wooley, K. L., J. Am. Chem. Soc. 
2017, 139, 5467–5473.  Copyright 2017 American Chemical Society. 
 
 
 

 

Figure 2.13.  Kinetic plot of ln([M]0/[M]) vs. time, obtained from 31P NMR data 
averaged over three runs.  Linear regression equation:  y = 0.33 x; R2 = 0.98.  Reprinted 
with permission from “Synthetic, Functional Thymidine-Derived 
Polydeoxyribonucleotide Analogues from a Six-Membered Cyclic Phosphoester” by 
Tsao, Y.-Y. T.; Wooley, K. L., J. Am. Chem. Soc. 2017, 139, 5467–5473.  Copyright 
2017 American Chemical Society. 
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A series of polymer 9 was synthesized in a variety of molar masses by 

controlling the monomer to initiator ratio, as summarized in Table 2.3.  The Waymouth 

and Hedrick groups conducted investigations of TBD-catalyzed ROP of cyclic esters,100 

and found the reaction rates decrease with solvent polarity, i.e., THF and DMF were 

observed to inhibit the catalytic activity of TBD due to hydrogen bond interference.  A 

similar phenomenon was expected in the ROP of (R)-5, due to the presence of two 

strong hydrogen bond acceptors on the thymine unit, therefore, higher equivalents of 

TBD were required to efficiently drive the ROP as the stoichiometric ratio of (R)-5 to 

initiator increased.  The degrees of polymerization calculated from conversions 

determined by 31P NMR spectroscopy agreed with those calculated from 1H NMR chain 

end analyses, which compared the integration values for the resonance signals of the two 

aromatic protons ortho to the methoxy group of the 4-methoxybenzyl-initiated chain 

terminus (6.89 ppm) with one alkenyl proton of the butylene side chain groups (5.85–

5.72 ppm).  Further analysis of PCBT21 and PCBT32 with electrospray ionization mass 

spectrometry (ESI–MS) suggested that chain end analyses provided more accurate molar 

mass results than THF SEC (Figure 2.14). 
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Figure 2.14.  ESI-MS analysis for PCBT21 and PCBT32.  (a) PCBT21 (z = 4, repeating 
unit = 386.1 Da or 96.5 Th).  (b) PCBT32 (z = 4, repeating unit = 386.1 Da or 96.5 Th), 
both indicating that chain end analyses (Mn = 8,200 and 12,400 Da, respectively) 
provided more accurate molar mass estimations than did THF SEC (Mn = 4,800 and 
6,200 Da, respectively).  Reprinted with permission from “Synthetic, Functional 
Thymidine-Derived Polydeoxyribonucleotide Analogues from a Six-Membered Cyclic 
Phosphoester” by Tsao, Y.-Y. T.; Wooley, K. L., J. Am. Chem. Soc. 2017, 139, 5467–
5473.  Copyright 2017 American Chemical Society. 
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Thymidine-derived 9 displayed thermal and physical properties distinct from 

previously reported polyphosphoesters as well as DNA.  Polyphosphoesters synthesized 

from five-membered cyclic monomers exhibited low glass transition temperatures (Tg) 

of ca. –50 °C.16,18  In contrast, higher Tg values were measured for 9 (50–55 °C), likely 

due to the presence of a more rigid backbone.  However, no glass transitions were 

detected for DNA samples,101 presumably due to the strong Coulombic repulsion 

between anionic chains that prevents long range chain entanglement.  Following 

treatment with cetyltrimethylammonium (CTMA) chloride to neutralize phosphates, a Tg 

of 148 °C was reported for the DNA–CTMA powder.  This high Tg value, even though 

not measured from a pure DNA sample, may be attributed to the strong hydrogen bond 

interactions between base pairs.  The lack of hydrogen bond pairs in 9 not only 

decreased the Tg values, but also increased the hydrophobicity of the polymeric material 

in combination with the ester protection of anionic phosphates, making 9 insoluble in 

water but soluble in a variety of organic solvents (methanol, ethanol, chloroform, 

dichloromethane, dimethyl sulfoxide, DMF, and THF).  The peak at ca. 270–280 nm in 

the circular dichroism spectrum acquired in dichloromethane (Figure 2.15) suggested 

that the stacking behavior of N3-butenylthymine bases in PCBT20 might be similar to 

that of thymine bases in natural polythymidine in aqueous buffer.102 
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Figure 2.15.  Circular dichroism spectrum of PCBT20 (0.01 mg/mL in 
dichloromethane), demonstrating stacking behavior of N3-butenylthymine bases.  
Reprinted with permission from “Synthetic, Functional Thymidine-Derived 
Polydeoxyribonucleotide Analogues from a Six-Membered Cyclic Phosphoester” by 
Tsao, Y.-Y. T.; Wooley, K. L., J. Am. Chem. Soc. 2017, 139, 5467–5473.  Copyright 
2017 American Chemical Society. 

 
 
 

2.3 Experimental Section 

 

2.3.1 Materials 

 

Thymidine, 4-bromo-1-butene, and phosphorus pentoxide were used as received 

from Chem-Impex International, Inc. (Wood Dale, IL).  TBD was used as received from 

TCI America (Portland, OR).  N,N-Dimethylformamide (DMF, ACS grade), 

tetrahydrofuran (THF, HPLC grade), hexanes (ACS grade), dichloromethane (ACS 

grade), and acetone (ACS grade) were used as received from VWR International.  

Anhydrous solvents were obtained after passage through a drying column of a solvent 

purification system from JC Meyer Solvent Systems (Laguna Beach, CA).  All other 
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chemicals were purchased from Sigma-Aldrich (St. Louis, MO) and used without further 

purification unless otherwise noted. 

 

 

2.3.2 Instrumentation 

 

1H, 13C, and 31P NMR spectra were recorded on a Varian 500 MHz spectrometer 

interfaced to a Linux computer using VNMR-J software, while 1H–31P HMBC was 

performed on a Varian 600 MHz spectrometer interfaced to a Linux computer using 

VNMR-J software with nJHP = 8 Hz.  Chemical shifts were referenced to the solvent 

residual signals.  All 1H NMR spectra are reported in parts per million (ppm) downfield 

of tetramethylsilane and were measured relative to the signals for residual CHCl3 (7.26 

ppm).  All 13C NMR spectra are reported in ppm relative to CDCl3 (77.0 ppm), and were 

obtained with 1H decoupling.  For 31P NMR spectroscopy, phosphoric acid (85 wt% in 

H2O) at 0 ppm was used as an external standard.  The splitting patterns were reported as 

s (singlet), d (doublet), t (triplet), q (quartet), quin (quintet), m (multiplet), and br 

(broad).  FTIR spectra were recorded on an IR Prestige 21 system using a diamond ATR 

lens (Shimadzu Corp., Japan) and analyzed using IRsolution v.1.40 software.  The 

polymer molar mass and molar mass distribution values were determined by size 

exclusion chromatography (SEC) performed on a Waters 1515 HPLC pump (Waters 

Chomatography, Inc.) equipped with a 2414 differential refractometer (Waters, Inc.), a 

PD2020 dual-angle (15° and 90°) light scattering detector (Precision Detectors, Inc.), 
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and a four-column series of PL gel columns (Polymer Laboratories, Inc.):  5 µm Guard 

(50 × 7.5 mm), 5 µm Mixed C (300 × 7.5 mm), 5 µm 104 Å (300 × 7.5 mm) and 5 µm 

500 Å (300 × 7.5 mm).  Polymer solutions were prepared at a known concentration and 

an injection volume of 200 µL was used.  The system was equilibrated at 40 °C in THF, 

which served as the polymer solvent and eluent (flow rate set to 1.00 mL/min).  The 

differential refractometer was calibrated with Polymer Laboratories, Inc. polystyrene 

standards (300 to 467,000 Da).  Data collection and analysis were performed using the 

Breeze (version 3.30, Waters, Inc.) software.  Thermogravimetric analysis (TGA) was 

performed under argon atmosphere using a Mettler Toledo model TGA/DSC 1 (Mettler 

Toledo), with a heating rate of 10 °C/min.  Measurements were analyzed using Mettler 

Toledo STARe v. 7.01 software.  Glass transition temperature (Tg) and melting 

temperature (Tm) were measured by differential scanning calorimetry (DSC) on a Mettler 

Toledo DSC822®, with a heating rate of 10 °C/min and a cooling rate of 10 °C/min.  

Measurements were analyzed using Mettler Toledo STARe v. 7.01 software.  The Tg 

values were taken as the midpoint of the inflection tangent upon the third heating scan, 

and Tm values as the onset temperatures upon the first heating scan. 

 

 

2.3.3 Synthesis 

 

Synthesis of 3-(3-butenyl) thymidine (6).  To a 50-mL round-bottom flask 

equipped with a magnetic stir bar containing 30.0 mL of DMF were added thymidine 4 
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(5.5880 g, 23.069 mmol, 1 equiv), 4-bromo-1-butene (5.5865 g, 41.381 mmol, 1.7938 

equiv) and potassium carbonate (6.3524 g, 45.965 mmol, 1.9925 equiv).  The reaction 

mixture was allowed to stir at 60 °C for 2 days before it was diluted with 30 mL of water 

and extracted with dichloromethane (3 × 20 mL).  The organic layer was collected, dried 

over magnesium sulfate, filtered, concentrated, and purified by silica gel column 

chromatography with acetone/hexanes = 1:1 as eluent followed by lyophilization 

overnight to give 6 as a white solid with a yield of 95% (6.507 g).  1H NMR (500 MHz; 

CDCl3) δ 7.36 (d, J = 1.0 Hz, 1H, HA), 6.86 (t, J = 6.8 Hz, 1H, HB), 5.79 (ddt, J = 17.1, 

10.1, 7.0 Hz, 1H, -CCHC=CH2), 5.05 (dd, J = 17.1, 1.0 Hz, 1H, -CCH=CHDH), 5.00 (dd, 

J = 10.1, 1.0 Hz, 1H, -CCH=CHHE), 4.58 (dt, J = 6.6, 3.4 Hz, 1H, HF), 4.00 (m, 3H, HG 

and -NCHH
2-), 3.92 (dd, J = 11.8, 3.1 Hz, 1H, HI

pro-S), 3.83 (dd, J = 11.8, 3.1 Hz, 1H, 

HJ
pro-R), 2.49–2.58 (br, -OH), 2.42–2.29 (m, 4H, HK and -NCH2CHL

2-), 1.91 (d, J = 0.6 

Hz, 3H, -CCHM
3); 13C NMR (126 MHz; CDCl3) δ 163.4, 150.8 134.7, 134.5, 116.9, 

110.1, 86.9, 86.6, 71.2, 62.2, 40.5, 40.1, 31.7, 13.2.  FTIR (cm–1):  3518, 3443, 3095–

2792, 1666, 1626, 1472, 1402, 1364, 1348, 1294, 1234, 1198, 1097, 989, 920, 770, 631.  

HR-MS (ESI):  calculated [M + H]+ for C14H21N2O5:  297.1450, found:  297.1481.  TGA 

in Ar:  100–245 °C, 16% mass loss; 245–330 °C, 76% mass loss; 330–500 °C, 4% mass 

loss; 4% mass remaining above 500 °C.  DSC:  no melting observed below 170 °C. 



 

34 

 

 

Figure 2.16.  Spectroscopic characterization of 6.  (a) 1H NMR (500 MHz; CDCl3).  (b) 
13C NMR (125 MHz; CDCl3).  (c) IR spectrum.  Reprinted with permission from 
“Synthetic, Functional Thymidine-Derived Polydeoxyribonucleotide Analogues from a 
Six-Membered Cyclic Phosphoester” by Tsao, Y.-Y. T.; Wooley, K. L., J. Am. Chem. 
Soc. 2017, 139, 5467–5473.  Copyright 2017 American Chemical Society. 
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Synthesis of 3′,5′-bicyclic 3-(3-butenyl) thymidine ethylphosphate (5).  In a 250-

mL two-neck round-bottom flask equipped with a magnetic stir bar were placed 4-

dimethylaminopyridine (807.4 mg, 6.609 mmol, 2.665 equiv) and 6 (735.0 mg, 2.480 

mmol, 1 equiv) in 25.0 mL of dichloromethane at –78 °C.  A solution of ethyl 

dichlorophosphate 7 (404.2 mg, 2.481 mmol, 1.000 equiv) in 5.0 mL of dichloromethane 

was injected via syringe in one portion.  The reaction mixture was allowed to stir for 1 h 

while gradually warming up to ambient temperature before it was washed with 5.0 mL 

of water and purified by silica gel column chromatography with a gradient of hexanes 

and acetone as eluent to give (R)-5 and (S)-5 with yields of 51% (488.7 mg) and 7% 

(67.4 mg) as white solids, respectively.  (R)-5.  Rf = 0.12 (acetone/hexanes = 2:8); 1H 

NMR (500 MHz; CDCl3) δ 7.00 (d, J = 1.3 Hz, 1H, HA), 6.36 (dd, J = 8.8, 2.6 Hz, 1H, 

HB), 5.78 (ddt, J = 17.1, 10.1, 7.0 Hz, 1H, -CCHC=CH2), 5.04 (dd, J = 17.1, 1.7 Hz, 1H, 

-CCH=CHDH), 5.00 (dd, J = 10.2, 1.7 Hz, 1H, -CCH=CHHE), 4.86 (qd, J = 9.3, 0.9 Hz, 

1H, HF), 4.57 (ddd, J = 16.6, 9.7, 5.5 Hz, 1H, HG
pro-S), 4.52 (ddd, J = 19.7, 8.7, 5.8 Hz, 

1H, HH
pro-R), 4.22 (dq, J = 8.9, 7.1 Hz, 2H, -OCHI

2CH3), 3.98 (td, J = 7.4, 3.6 Hz, 2H, -

NCHJ
2-), 3.92 (m, 1H, HK), 2.56 (ddd, J = 13.6, 10.4, 8.9 Hz, 1H, HL

pro-S), 2.43 (ddd, J = 

13.6, 8.2, 2.6 Hz, 1H, HM
pro-R), 2.36 (q, J = 7.2 Hz, 2H, -NCH2CHN

2-), 1.94 (d, J = 1.2 

Hz, 3H, -CCHO
3), 1.36 (td, J = 7.1, 1.1 Hz, 3H, -OCH2CHP

3); 13C NMR (126 MHz; 

CDCl3) δ 162.7, 150.5, 134.7, 132.7, 117.0, 111.6, 85.3, 76.9 (d, J = 3.9 Hz), 74.0 (d, J = 

6.2 Hz), 68.9 (d, J = 7.3 Hz), 65.9 (d, J = 6.3 Hz), 40.7, 35.5 (d, J = 8.3 Hz), 31.9, 16.1 

(d, J = 6.3 Hz), 13.3; 31P NMR (202 MHz; CDCl3) δ –3.8.  FTIR (cm–1):  3113–2814, 

1703, 1666, 1639, 1466, 1448, 1359, 1348, 1273, 1165, 1110, 1009, 926, 891, 820, 768.  
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HR-MS (ESI):  calculated [M + H]+ for C16H24N2O7P:  387.1321, found:  387.1482.  

DSC:  Tm = 34 °C.  (S)-5.  Rf = 0.10 (acetone/hexanes = 2:8); 1H NMR (500 MHz; 

CDCl3) δ 6.95 (d, J = 1.1 Hz, 1H, HA), 6.12 (dd, J = 8.5, 3.2 Hz, HB), 5.79 (ddt, J = 17.1, 

10.1, 7.0 Hz, 1H, -CCHC=CH2), 5.05 (dd, J = 17.1, 1.8 Hz, 1H, -CCH=CHDH), 5.01 (dd, 

J = 10.2, 1.8 Hz, 1H, -CCH=CHHE), 4.68 (q, J = 9.1 Hz, 1H, HF), 4.57 (ddd, J = 21.3, 

9.5, 4.7 Hz, 1H, HG
pro-S), 4.34 (td, J = 10.1, 1.1 Hz, 2H, -OCHH

2CH3), 4.26 (ddd, J = 9.0, 

7.1, 2.9 Hz, 1H, HI
pro-R), 3.99 (td, J = 7.4, 3.0 Hz, 2H, -NCHJ

2-), 3.91 (ddd, J = 10.4, 9.3, 

4.6 Hz, 1H, HK), 2.56 (m, 2H, HL
pro-S and HM

pro-R), 2.37 (q, J = 7.3 Hz, 2H, -NCH2CHN
2-

), 1.95 (d, J = 1.1 Hz, 3H, -CCHO
3), 1.43 (td, J = 7.1, 0.7 Hz, 3H, -OCH2CHP

3); 13C 

NMR (126 MHz; CDCl3) δ 162.8, 150.3, 134.7, 133.9, 117.0, 111.1, 87.1, 78.0 (d, J = 

5.6 Hz), 74.0 (d, J = 6.2 Hz), 69.3(d, J = 9.0 Hz), 64.6 (d, J = 5.7 Hz), 40.6, 35.3 (d, J = 

8.3 Hz), 31.9, 16.2 (d, J = 5.9 Hz), 13.3; 31P NMR (202 MHz; CDCl3) δ –6.7.  FTIR 

(cm–1):  3105–2821, 1703, 1666, 1639, 1524, 1466, 1449, 1361, 1348, 1274, 1109, 1011, 

928, 891, 818, 767.  HR-MS (ESI):  calculated [M + H]+ for C16H24N2O7P:  387.1321, 

found:  387.1498.  DSC:  Tm = 33 °C.   
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Figure 2.17.  Spectroscopic characterization of (R)-5.  (a) 1H NMR (500 MHz; CDCl3).  
(b) 13C NMR (125 MHz; CDCl3).  (c) 31P NMR (202 MHz; CDCl3).  (d) IR spectrum.  
Reprinted with permission from “Synthetic, Functional Thymidine-Derived 
Polydeoxyribonucleotide Analogues from a Six-Membered Cyclic Phosphoester” by 
Tsao, Y.-Y. T.; Wooley, K. L., J. Am. Chem. Soc. 2017, 139, 5467–5473.  Copyright 
2017 American Chemical Society. 
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Figure 2.18.  Spectroscopic characterization of (S)-5.  (a) 1H NMR (500 MHz; CDCl3).  
(b) 13C NMR (125 MHz; CDCl3).  (c) 31P NMR (202 MHz; CDCl3).  (d) IR spectrum.  
Reprinted with permission from “Synthetic, Functional Thymidine-Derived 
Polydeoxyribonucleotide Analogues from a Six-Membered Cyclic Phosphoester” by 
Tsao, Y.-Y. T.; Wooley, K. L., J. Am. Chem. Soc. 2017, 139, 5467–5473.  Copyright 
2017 American Chemical Society. 
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General procedure for polymerization of 5.  A solution of 5 (98.1 mg, 0.254 

mmol) and a given amount of 4-methoxybenzyl alcohol (1.2–3.5 mg, 0.00847–0.0254 

mmol) in anhydrous dichloromethane (0.90 mL) was transferred into a flame-dried 10-

mL Schlenk flask equipped with a magnetic stir bar and a glass stopper on a dual-

manifold Schlenk line.  A solution of a given amount of TBD (4.7–7.1 mg, 0.0339–

0.0508 mmol) in anhydrous dichloromethane (0.10 mL) was injected into the Schlenk 

flask via syringe to initiate the polymerization, while being maintained under a nitrogen 

gas atmosphere at ambient temperature.  After stirring for a predetermined period of 

time (6 h to 24 h), the reaction was quenched by addition of a solution of acetic acid 

(excess) in dichloromethane via pipette.  The poly(3′,5′-bicyclic 3-(3-butenyl) thymidine 

ethylphosphate) (PCBT, 9) was purified by precipitation from dichloromethane (0.5 

mL) into diethyl ether (15 mL, 3 times), and dried in vacuo to give an average yield of 

50%.  δ 1H NMR (500 MHz; CDCl3)  δ 7.38–7.30 (br), 6.89 (d, J = 8.6 Hz), 6.40–6.20 

(br), 5.85–5.72 (br), 5.15–4.95 (br), 4.40–4.22 (br), 4.21–4.12 (br), 4.01–3.91 (br), 3.90 

(s), 2.61–2.48 (br), 2.41–2.32 (br), 1.96–1.90 (br), 1.40–1.32 (br); 13C NMR (126 MHz; 

CDCl3) δ 163.0, 150.7, 134.8, 133.1, 130.0, 117.0, 114.1, 110.8, 85.6, 83.0, 77.6, 66.9, 

65.0, 55.3, 46.8, 40.6, 38.3, 31.9, 20.7, 16.2, 13.2; 31P NMR (202 MHz; CDCl3) δ –1.0, –

1.7, –1.8, –2.8.  FTIR (cm–1):  3117–2813, 1701, 1666, 1639, 1466, 1450, 1361, 1269, 

1195, 1161, 1099, 1011, 910, 833, 768.  DSC:  Tg = 50 (PCBT10), 55 (PCBT21), and 54 

°C (PCBT32).  TGA in Ar:  235–285 °C, 50% mass loss; 285–500 °C, 12% mass loss; 

38% mass remaining above 500 °C (PCBT10); 235–285 °C, 50% mass loss; 285–500 °C, 
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13% mass loss; 37% mass remaining above 500 °C (PCBT21); 235–272 °C, 60% mass 

loss; 272–500 °C, 14% mass loss; 26% mass remaining above 500 °C (PCBT32). 

 
 
 

 
Figure 2.19.  Spectroscopic characterization of PCBT10.  (a) 1H NMR (500 MHz; 
CDCl3).  (b) 13C NMR (125 MHz; CDCl3).  (c) 31P NMR (202 MHz; CDCl3).  (d) IR 
spectrum.  Reprinted with permission from “Synthetic, Functional Thymidine-Derived 
Polydeoxyribonucleotide Analogues from a Six-Membered Cyclic Phosphoester” by 
Tsao, Y.-Y. T.; Wooley, K. L., J. Am. Chem. Soc. 2017, 139, 5467–5473.  Copyright 
2017 American Chemical Society. 



 

41 

 

 
Figure 2.20.  Spectroscopic characterization of PCBT21.  (a) 1H NMR (500 MHz; 
CDCl3).  (b) 13C NMR (125 MHz; CDCl3).  (c) 31P NMR (202 MHz; CDCl3).  (d) IR 
spectrum.  Reprinted with permission from “Synthetic, Functional Thymidine-Derived 
Polydeoxyribonucleotide Analogues from a Six-Membered Cyclic Phosphoester” by 
Tsao, Y.-Y. T.; Wooley, K. L., J. Am. Chem. Soc. 2017, 139, 5467–5473.  Copyright 
2017 American Chemical Society. 
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Figure 2.21.  Spectroscopic characterization of PCBT32.  (a) 1H NMR (500 MHz; 
CDCl3).  (b) 13C NMR (125 MHz; CDCl3).  (c) 31P NMR (202 MHz; CDCl3).  (d) IR 
spectrum.  Reprinted with permission from “Synthetic, Functional Thymidine-Derived 
Polydeoxyribonucleotide Analogues from a Six-Membered Cyclic Phosphoester” by 
Tsao, Y.-Y. T.; Wooley, K. L., J. Am. Chem. Soc. 2017, 139, 5467–5473.  Copyright 
2017 American Chemical Society. 
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Synthesis of 3′-thymidine monophosphate diethylester (10a).  A solution of (R)-5 

(113.8 mg, 0.295 mmol, 1 equiv) in ethanol (0.50 mL) was transferred into a flame-dried 

10-mL Schlenk flask equipped with a magnetic stir bar and a glass stopper on a dual-

manifold Schlenk line.  A solution of TBD (20.1 mg, 0.144 mmol, 0.0488 equiv) in 

ethanol (0.50 mL) was injected into the Schlenk flask via syringe to initiate the reaction, 

which was stirred under a nitrogen gas atmosphere at ambient temperature for 1 h.  

Excess ethanol was removed by rotary evaporation before the reaction mixture was 

purified by silica gel column chromatography with acetone/hexanes = 3:7 as eluent to 

give 10a as a colorless liquid with a yield of 80% (102.4 mg).  Rf = 0.20 

(acetone/hexanes = 3:7);  1H NMR (500 MHz; CDCl3) δ 7.47 (d, J = 1.2 Hz, 1H, HA), 

6.23 (t, J = 6.9 Hz, 1H, HB), 5.79 (ddt, J = 17.1, 10.1, 7.0 Hz, 1H, -CCH=CHCH), 5.09 

(m, 2H, HD and HE), 4.99 (dd, J = 10.5, 1.5 Hz, 1H, -CCH=CHHF), 4.20 (q, J = 2.6 Hz, 

1H, HG), 4.12 (qd, J = 7.4, 1.3 Hz, 4H, -OCHH
2CH3), 3.99 (t, J = 7.5 Hz, 2H, -NCHI

2-), 

3.87 (t, J = 2.4 Hz, 2H, HJ), 3.60–3.40 (br, 1H, -OHK), 2.54-2.44 (m, 2H, HL), 2.36 (q, J 

= 7.2 Hz, 3H, -NCH2CHM
2-), 1.91 (d, J = 1.1 Hz, 4H, HN), 1.34 (td, J = 7.1, 0.9 Hz, 6H, 

HO); 13C NMR (126 MHz; CDCl3) δ 163.2, 150.8 134.8, 134.3, 116.9, 110.4, 86.7, 85.6 

(d, J = 4.92 Hz), 77.5 (d, J = 5.46 Hz), 64.3 (d, J = 6.18 Hz), 62.0, 40.5, 38.5 (d, J = 5.04 

Hz), 31.9, 16.1 (d, J = 6.79 Hz), 13.3; 31P NMR (202 MHz; CDCl3) δ –1.81.  FTIR (cm–

1):  3572–3228, 3109–2777, 2249, 1701, 1666, 1639, 1466, 1362, 1254, 1196, 1161, 

1103, 1011, 910, 826, 768, 729.  HR-MS (ESI):  calculated [M + Na]+ for 

C18H29N2O8PNa:  455.1559, found:  455.1545. 
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2.3.4 Details of Computational Chemistry 

 

All calculations were performed with Gaussian 09.  All geometries for ring-strain 

energies were optimized using the B3LYP/6-31+G*, B97-D/6-31+G*, and M06-2X/6-

31+G* levels of theory.  These levels of theory have been used in numerous studies 

based on the emphasis on medium-range electron correlation or dispersion correction.  

The strain energy of a given cyclic molecule relative to another structurally related 

cyclic reference compound can be calculated by directly comparing the DFT electronic 

energies of the two molecules given the energy of the fragment, by which the two 

species differ from each other, is known.  A similar theoretical approach to ring strain 

energy was previously described by Lim and co-workers88 with ab initio calculations at 

the HF/6-31+G* and MP2/6-31+G* levels of theory.  Relative ring strain energies were 

obtained from the differences between total electronic energies of the targeted molecule 

and the reference molecule.  The QST2 option implemented in Gaussian 09 with the 

Synchronous Transit-Guided Quasi-Newton (STQN) method at the B3LYP/6-31+G* 

level of theory was used to locate the transition state, and the electronic energies were 

reported to explain the diastereoselective cyclization of 6. 
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2.4 Conclusions 

 

In summary, we have developed a novel, well-defined DNA-analogue system 

with 3′,5′-linkages from a six-membered cyclic phosphoester.  Computational modeling 

was used to inform the rational design of stable alkene-functionalized thymidine-derived 

polyphosphoesters.  DFT calculations indicated that the ring strain energy of a six-

membered cyclic phosphotriester of a 5,6-fused bicyclic ring system (R)-3 is ca. 6–7 

kcal/mol greater than a six-membered monocyclic phosphotriester 1, suggesting that 

such a structure could serve as a monomer for which ROP would be enabled.  Therefore, 

thymidine was functionalized in the N3-position and cyclized through the 3′- and 5′-

positions to afford a strained six-membered bicyclic phosphotriester monomer, and its 

organocatalyzed polymerization kinetics were explored.  Interestingly, the DFT-

calculated 1.35 kcal/mol higher energy of (R)-5, relative to its diastereomer (S)-5, led to 

its selective ability to undergo ROP, whereas (S)-5 was inert under the polymerization 

reaction conditions.  In order to achieve the synthesis of this thermodynamically less 

stable diastereomer, (R)-5, the cyclization reaction was conducted under kinetically-

controlled conditions at –78 °C.  (R)-5 was found to polymerize in a controlled manner 

(Ð < 1.10) under TBD-catalyzed conditions initiated by 4-methoxybenzyl alcohol, and 

the chain length obtained during ROP could be pre-determined by stoichiometry of 

monomer to initiator ratios.  The pseudo-first order rate constant was measured to be kp 

= 9.2 × 10–5 s–1.  Overall, this work presents a novel and reliable synthetic methodology 



 

46 

 

to obtain functional DNA analogues with unique properties and diverse potential 

applications. 
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CHAPTER III  

REGIOISOMERIC PREFERENCE IN RING-OPENING POLYMERIZATION OF 

3′,5′-BICYCLIC PHOSPHOESTERS OF FUNCTIONAL THYMIDINE DNA 

ANALOGUES† 

 

3.1 Introduction 

 

Natural products have been of interest for the replacement of petrochemical-

based monomers to increase functionality, decrease the dependence on fossil fuels, and 

reduce potential biological and environmental adverse effects.103-106  Natural oils,107,108 

terpenes,109-112 carbohydrates,97,113-119 and the sugar components of DNA 

(2′-deoxyribonucleosides)34,96,120-123 are attractive and versatile building blocks for the 

construction of polymeric materials by ROP.  Several types of cyclic monomers, such as 

carbonates, epoxides, phosphazenes, phosphoesters,32,124 H-phosphonates, phosphonites, 

phosphorothioates, siloxanes, and thiocarbonates, undergo ROP from opening of cyclic 

monomers from either side of the ring.  If such monomers are asymmetrical, the 

regioisomeric ROP can yield polymers with head-to-head, head-to-tail, and tail-to-tail 

configurations.  Mikami et al. reported the regiorandom nature of glucose-derived 

polycarbonates from organo-base catalyzed ROP of a six-membered 4,6-bicyclic 

                                                

† Reprinted (adapted) with permission from “Regioisomeric Preference in Ring-Opening 
Polymerization of 3′,5′-Cyclic Phosphoesters of Functional Thymidine DNA Analogues” by 
Tsao, Y.-Y. T.; Smith, T. H.; Wooley, K. L., ACS Macro Lett. 2018, 7, 153–158.  Copyright 
2018 American Chemical Society. 
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carbonate of glucose with the 1-, 2-, and 3 positions protected by methyl groups, as 

determined from electrospray ionization tandem mass spectrometric analysis by electron 

transfer dissociation of the polymer species.125  In contrast, with larger and base-

coordinating ethyl carbonate protecting groups, regioregular head-to-tail ROP was 

observed.118  Vandenberg,51 Penczek,52 and Wurm53 performed microstructural analyses 

of cyclic phosphorothioates, H-phosphonates, and phosphoesters to understand whether 

there was regioselectivity of these phosphorus-containing monomers for ROP from the 

spectroscopic characteristics of corresponding isomers.  These studies concluded that 

head-to-tail configuration was the dominant connectivity when steric effects from both 

ring-opening directions were different, e.g., primary and secondary alcohols formed 

from the ring-opening reactions.  This selectivity was driven by differing steric effects 

within the phosphorus-containing five-membered cyclic monomers.53 

We recently reported the TBD-catalyzed ROP of thymidine-derived six-

membered 3′,5′-bicyclic phosphoester monomer (R)-5 and, herein, advance the 

fundamental understanding of the ROP regiochemical selectivity.  As observed by 31P 

NMR analysis, three resonance frequencies supported the presence of populations of 

regioisomers.  The possible regioisomeric forms of PCBT include 3′,3′-, 3′,5′-, and 5′,5′-

linkages, corresponding to head-to-head, head-to-tail, and tail-to-tail configurations, 

respectively (Figure 3.1).  Initial model studies indicated that, in addition to the P 

substituents within the monomer,53 the nature of the incoming nucleophile could also 

influence the directionality of ring opening.  Therefore, we undertook extensive 

experimental and computational studies to better understand the mechanistic details of 
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ring opening for these six-membered cyclic phosphoesters.  Ultimately, as we aim to 

more closely mimic natural DNA,73 which is synthesized exclusively in the 5′-to-3′ 

direction, these studies are expected to inform synthetic approaches toward regioregular 

DNA analogues by ROP of thymidine-derived cyclic phosphoesters.  
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Figure 3.1.  Three regioisomeric forms from P–O3′ and P–O5′ cleavages of (R)-5 in 
TBD-catalyzed ROP.  Reprinted with permission from “Regioisomeric Preference in 
Ring-Opening Polymerization of 3′,5′-Cyclic Phosphoesters of Functional Thymidine 
DNA Analogues” by Tsao, Y.-Y. T.; Smith, T. H.; Wooley, K. L., ACS Macro Lett. 
2018, 7, 153–158.  Copyright 2018 American Chemical Society. 
 
 
 

Herein, we report a series of model reactions to investigate the regioisomeric 

preference in the ROPs of PCBT.  Alcohols with varying steric effects were used to 

mimic the differing steric hindrances of the nucleophilic species.  With increasing steric 

hindrance of the nucleophilic alcohol, increasing P–O3′, relative to P–O5′, cleavage 

products were observed in the product distribution.  DFT calculations on the reaction 

coordinates were employed to rationalize the origin of the selectivity in the ROP 
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systems.  To the best of our knowledge, experimental and computational analyses on 

regiochemistries has not been extended to the ROP of 3′,5′-bicyclic phosphoester 

monomers. 

 

 

3.2 Results and Discussions 

 

To investigate the origin of the 31P NMR signals of PCBT and to simplify the 

complexity of the NMR spectra from nucleobases, 3-hydroxytetrahydrofuran and 

tetrahydrofurfuryl alcohol were used as models for 3′- and 5′-alcohols, respectively 

(Figure 3.2a and Figure 3.2b), assuming that the chemical shifts of the phosphorus atoms 

are influenced exclusively by the nearest environment.  By reacting 2 equiv. of these 

alcohols with 1 equiv. of ethyl dichlorophosphate, 11 and 12 were obtained after 

purification by column chromatography.  By comparing the 31P NMR signals of 11 and 

12 to those in the spectrum of PCBT, we can conclude that signals from –0.9 to –1.1 

ppm and –2.7 to –2.9 ppm arise from 5′,5′- and 3′,3′-linkages, respectively (Figure 3.3).  

To determine the position of resonances corresponding to 3′,5′-linkages, model 

compound 13 was synthesized from the reaction of a 1:1 mixture of 3-

hydroxytetrahydrofuran and tetrahydrofurfuryl alcohol with ethyl dichlorophosphate 

(Figure 3.2c).  This reaction yielded 11 as the major product, 13 as the minor product, 

and no evidence of 12.  This result was attributed to the higher reactivity and lower steric 

hindrance of primary alcohols, as 11 was a product from two primary alcohols, 13 was 
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from a primary and a secondary alcohol, and 12 was from two secondary alcohols.  The 

31P NMR spectrum of the 3′,5′-model compound 13 matched that of the PCBT signal at 

–1.7 to –1.9 ppm.  Both 3-hydroxytetrahydrofuran and tetrahydrofurfuryl alcohol were 

racemic mixtures, therefore multiple chemical shifts in 31P NMR spectra could be 

observed for 11, 12, and 13, due to the combinations of diastereotopic isomers.  

Therefore, according to the relative integrations of the 31P NMR signals in the spectra of 

PCBT,34 ca. 75% connectivity in the polymer backbone was found to be 3′,5′-linkages, 

and similar distributions were observed for samples having number-averaged degrees of 

polymerization of 10, 21, and 32.  This observation is consistent with the findings from 

ROPs of five-membered phosphorus-containing monomers, for which head-to-tail 

configuration dominated.51-53 
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Figure 3.2.  Model of (a) 5′,5′-linkage, (b) 3′,3′-linkage, and (c) 3′,5′-linkage from 
reacting tetrahydrofurfuryl alcohol and 3-hydroxytetrahydrofuran with ethyl 
dichlorophosphate.  Reprinted with permission from “Regioisomeric Preference in Ring-
Opening Polymerization of 3′,5′-Cyclic Phosphoesters of Functional Thymidine DNA 
Analogues” by Tsao, Y.-Y. T.; Smith, T. H.; Wooley, K. L., ACS Macro Lett. 2018, 7, 
153–158.  Copyright 2018 American Chemical Society. 
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Figure 3.3.  31P NMR spectra (202 MHz; CDCl3) of 11, 12, 13, and PCBT32 suggesting 
that the three chemical shift regions of PCBT correspond to 3′,3′-, 3′,5′-, and 5′,5′-
linkages.  Reprinted with permission from “Regioisomeric Preference in Ring-Opening 
Polymerization of 3′,5′-Cyclic Phosphoesters of Functional Thymidine DNA Analogues” 
by Tsao, Y.-Y. T.; Smith, T. H.; Wooley, K. L., ACS Macro Lett. 2018, 7, 153–158.  
Copyright 2018 American Chemical Society. 

 
 
 
To understand the preference of ring opening during initiation and propagation of 

polymerization in more detail, we performed studies on the unimer formed upon reaction 

with primary, secondary and tertiary alcohols.  3′,5′-Bicyclic monomer (R)-5 was 

synthesized according to the previously reported procedure.34  Reaction of 4-

methoxybenzyl alcohol, the initiator used in the previous study, with (R)-5 gave the 

corresponding unimer, allowing for evaluation of the monomeric product(s) from the 

initial ring-opening reaction.  Both unimer and dimer formed when 1 equiv. of 4-

methoxybenzyl alcohol was added, and attempts to separate the two products with silica 
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gel column chromatography were unsuccessful.  Excess 4-methoxybenzyl alcohol was 

then added to suppress dimerization, but removal of the alcohol to obtain 14a was 

difficult due to its high boiling point (257–259 °C at 760 Torr)126 and poor water 

solubility (not removable by extraction).  Due to the separation difficulty of 4-

methoxybenzyl alcohol, another model reaction with a primary alcohol was performed.  

This model reaction utilized excess ethanol as initiator and solvent to ensure the 

formation of unimer (Table 3.1).  The 1H–31P heteronuclear multiple bond correlation 

(HMBC) analysis indicated that only the product from P–O5′ bond cleavage was formed 

(Figure 3.4a).  This result suggested that the initial ring-opening reaction with 4-

methoxybenzyl alcohol was more favorable at the P–O5′ position.  However, 31P NMR 

spectra of PCBT suggested both P–O5′ and P–O3′ bond breaking took place during 

polymerization, which appeared to be contradictory to the ethanol model reaction.  To 

confirm whether ethanol possesses the same ring-opening preference as 4-

methoxybenzyl alcohol, a 31P NMR experiment of the crude product using excess 4-

methoxybenzyl alcohol was performed, showing a single resonance signal at –1.77 ppm 

(Figure 3.5).  Even though isolation of 14a from 4-methoxybenzyl alcohol was difficult, 

the 1H–31P HMBC spectra of crude mixtures revealed that the only product formed was 

14a, due to the presence of 4JHP coupling with 2′-H (Figure 3.6).  This result indicated 

that P-O5′ bond cleavage was favored during the initiation by 4-methoxybenzyl alcohol, 

suggesting that P–O3′ cleavage took place during subsequent propagation steps.  Hence, 

we hypothesized that increased steric hindrance of propagating alcohols, relative to the 

initiating benzylic alcohol, might alter the regioselectivity during ROP. 
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Table 3.1.  Model reaction of various alcohols with (R)-5 to give unimers.  Reprinted 
with permission from “Regioisomeric Preference in Ring-Opening Polymerization of 
3′,5′-Cyclic Phosphoesters of Functional Thymidine DNA Analogues” by Tsao, Y.-Y. 
T.; Smith, T. H.; Wooley, K. L., ACS Macro Lett. 2018, 7, 153–158.  Copyright 2018 
American Chemical Society. 
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Entry R a:b (molar ratio) 
1 Et 100:0 
2 4-Methoxybenzyl 100:0a 
3 iPr 76:24b 
4 t-Bu NRc 

aDetermined by the crude 31P NMR spectrum; bdetermined by the isolated yields; cno 
reaction at both ambient temperature and reflux conditions. 
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Figure 3.4.  1H–31P HMBC (500 MHz for 1H) of (a) 5a, (b) 7a, and (c) 7b in CDCl3, 
indicating preferential P–O5′ bond breaking during initiation when ethanol was used, but 
both P–O5′ and P–O3′ cleavages occurred upon reaction of 1 with isopropyl alcohol.  
Reprinted with permission from “Regioisomeric Preference in Ring-Opening 
Polymerization of 3′,5′-Cyclic Phosphoesters of Functional Thymidine DNA Analogues” 
by Tsao, Y.-Y. T.; Smith, T. H.; Wooley, K. L., ACS Macro Lett. 2018, 7, 153–158.  
Copyright 2018 American Chemical Society. 
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Figure 3.5.  31P NMR (202 MHz; CDCl3) spectrum of crude 14a.  Reprinted with 
permission from “Regioisomeric Preference in Ring-Opening Polymerization of 3′,5′-
Cyclic Phosphoesters of Functional Thymidine DNA Analogues” by Tsao, Y.-Y. T.; 
Smith, T. H.; Wooley, K. L., ACS Macro Lett. 2018, 7, 153–158.  Copyright 2018 
American Chemical Society. 
 
 
 

 

Figure 3.6.  1H–31P HMBC spectrum (500 MHz for 1H; CDCl3) of crude 14a.  Reprinted 
with permission from “Regioisomeric Preference in Ring-Opening Polymerization of 
3′,5′-Cyclic Phosphoesters of Functional Thymidine DNA Analogues” by Tsao, Y.-Y. T.; 
Smith, T. H.; Wooley, K. L., ACS Macro Lett. 2018, 7, 153–158.  Copyright 2018 
American Chemical Society. 
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To verify our hypothesis of steric hindrance-directed ring-opening preference, 

excess isopropyl alcohol was used as the nucleophilic solvent to provide increased steric 

hindrance relative to 4-methoxybenzyl alcohol and ethanol (Table 3.1).  Two isomers 

15a and 15b were formed from the model reaction of (R)-5 with isopropyl alcohol, but 

the separation was challenging.  Even though thin layer chromatography showed 

complete separation of 15a and 15b with 30:70 acetone/hexanes as the eluent (Figure 

3.7a), integration from 1H and 31P NMR spectra of 15b suggested ca. 20 mol% of 15a 

remained in the 15b fraction.  Use of 25:75 acetone/hexanes eluent did not improve the 

separation (Figure 3.7b).  The low Rf values indicated longer retention time in the silica 

gel column, and this phenomenon led to mixing of 15a and 15b due to longitudinal 

diffusion (the B-term described in the van Deemter equation).127  Despite incomplete 

separation, spectroscopic data of the mixture nevertheless provided evidence for the 

formation of both 15a and 15b upon reaction of (R)-5 with isopropyl alcohol.  Due to the 

slower kinetics of isopropyl alcohol during the initiation step, oligomerization was 

observed even when excess initiator was used, and the oligomers complicated the 

analysis of the 31P NMR spectrum of the crude mixture.  Thus, the unimers were 

separated from the oligomers and used to calculate the relative ratio of 15a and 15b.  

These model reactions successfully demonstrated that steric hindrance determines the 

regioselectivity of ROP of (R)-5, from preferential P–O5′ cleavage, to mixtures of P–O5′ 

and P–O3′ bond breaking, giving rise to the 3′,3′- and 5′,5′-linkages in PCBT.  Further 

increasing steric hindrance by using tert-butyl alcohol as the nucleophile resulted in no 

reaction at both ambient temperature and upon reflux of the mixture. 
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Figure 3.7.  Thin layer chromatography showing separation of 7a and 7b.  (a) 30:70 
acetone/hexanes.  (b) 25:75 acetone/hexanes as eluent.  Reprinted with permission from 
“Regioisomeric Preference in Ring-Opening Polymerization of 3′,5′-Cyclic 
Phosphoesters of Functional Thymidine DNA Analogues” by Tsao, Y.-Y. T.; Smith, T. 
H.; Wooley, K. L., ACS Macro Lett. 2018, 7, 153–158.  Copyright 2018 American 
Chemical Society. 
 
 
 

To further mimic the propagating species present during ROP for the model 

reaction and explore if the P–O3′ linkages observed in PCBT are due to the nature of the 

propagating alcohol, excess tetrahydrofurfuryl alcohol was used to conduct the TBD-

catalyzed ring-opening reaction of (R)-5 in dichloromethane (Table 3.2, entry 1).  Only 

17a from P–O5′ cleavage was observed (Figure 3.8), suggesting the steric effect that 

primarily alters regioselectivity arises from the substituent(s) at the 3′-position (similar 

to syn-pentane interaction).  Therefore, the model reaction of (R)-5 with 10a as the 

nucleophile was then performed, and the inseparable dimeric mixture of 18a and 18b 

was obtained (Table 3.2, entry 2).  The 1H–31P HMBC spectrum (Figure 3.9) revealed 

peaks around –2.2 ppm and –1.0 ppm in the 31P NMR spectrum, which corresponded to 
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the 10a unit and the phosphotriester linkage connecting the dimer, respectively.  More 

interestingly, the 31P NMR spectrum of the mixture not only indicated the presence of 

the products from P–O3′ and P–O5′ cleavages, but also suggested the occurrence of 

pseudorotation that yielded diastereomers, and thus, two sets of peaks from 18b were 

observed in the 31P NMR spectrum. 

 
 
 

Table 3.2.  Model reaction of various alcohols with (R)-5 for the propagating step.  
Reprinted with permission from “Regioisomeric Preference in Ring-Opening 
Polymerization of 3′,5′-Cyclic Phosphoesters of Functional Thymidine DNA Analogues” 
by Tsao, Y.-Y. T.; Smith, T. H.; Wooley, K. L., ACS Macro Lett. 2018, 7, 153–158.  
Copyright 2018 American Chemical Society. 
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Entry R a:b (molar ratio) 
1 Tetrahydrofurfuryl alcohol 100:0 
2 10a 89:11a 

aDetermined by integration values in the 1H NMR spectrum. 
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Figure 3.8.  1H–31P HMBC spectrum of 17a.  Reprinted with permission from 
“Regioisomeric Preference in Ring-Opening Polymerization of 3′,5′-Cyclic 
Phosphoesters of Functional Thymidine DNA Analogues” by Tsao, Y.-Y. T.; Smith, T. 
H.; Wooley, K. L., ACS Macro Lett. 2018, 7, 153–158.  Copyright 2018 American 
Chemical Society. 
 
 
 

 

Figure 3.9.  1H–31P HMBC spectrum (500 MHz for 1H) of the mixture of 18a and 18b.  
Reprinted with permission from “Regioisomeric Preference in Ring-Opening 
Polymerization of 3′,5′-Cyclic Phosphoesters of Functional Thymidine DNA Analogues” 
by Tsao, Y.-Y. T.; Smith, T. H.; Wooley, K. L., ACS Macro Lett. 2018, 7, 153–158.  
Copyright 2018 American Chemical Society. 



 

61 

 

This steric hindrance-directed selectivity provides new insight into the 

mechanism of TBD-catalyzed ROP84 of cyclic phosphoesters and further supports one 

previously proposed mechanism by Simón and Goodman.128  Two mechanisms for TBD 

catalysis including nucleophilic and acid–base catalysis in lactone ROP were 

investigated by DFT calculations.  In the nucleophilic catalytic mechanism, TBD reacted 

with monomers first to open the ring, and alcohols reacted subsequently.  In contrast, the 

acid–base catalytic mechanism suggested that alcohols, monomers, and TBD reacted in 

situ in the transition state prior to ring-opening of cyclic monomers, i.e., the alcoholic 

initiators participated in the ring-opening process.  In our system, if the TBD-catalyzed 

ROPs of (R)-5 took place through the nucleophilic catalytic mechanism, steric changes 

in alcohol should not reflect on the selectivity, because the cyclic monomer would open 

prior to alcohol involvement.  Hence, our finding that the steric hindrance of alcohols 

dictates ROP regioselectivity is consistent with the acid–base catalytic mechanism for 

the TBD-catalyzed ROP of (R)-5. 

DFT was used to calculate the energies of the acid–base catalytic mechanism for 

starting materials (SM), transition states (TS), and final products at the B3LYP/6-31+G* 

level of theory to rationalize the origin of steric hindrance-directed regioselectivity 

(Figure 3.10).  Products from P–O3′ cleavage (the red route in Figure 3.10) were more 

thermodynamically stable than from P–O5′ cleavage (the blue route in Figure 3.10) in 

both model reactions, but a smaller amount, if any, of such product was obtained 

experimentally.  These calculations combined with experimental results suggested that 

the reaction is kinetically, rather than thermodynamically controlled at ambient 
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temperature.  On the other hand, despite the transition states for P–O3′ cleavage (red 

route) in both reactions being higher in energy compared to P–O5′ cleavage, the energy 

difference between the transition states for the two routes resulting from isopropyl 

alcohol initiation (0.4 kcal/mol) was smaller than that from ethanol initiation (1.2 

kcal/mol).  This lower differential energy barrier for P–O3′ vs. P–O5′ bond cleavage 

from the transition states following nucleophilic attack by isopropyl alcohol supports the 

finding of 24% 15b, the product from P–O3′ cleavage.  Together, these DFT calculations 

applied toward an acid–base catalytic mechanism explained the origin of the 

regioisomeric ratios being dependent upon the steric hindrance of the attacking 

nucleophiles.  We expect the ROP of (R)-5 might possess different regioselectivity when 

different catalysts are used, as the reaction mechanism might vary with different 

catalysts.  However, in our trials with TBD, DBU, Sn(Oct)2, (i-Bu)3Al, and 

methanesulfonic acid, only TBD successfully initiated the ROP. 
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Figure 3.10.  DFT calculations on the reaction coordinates of ring-opening reactions 
(acid–base catalytic mechanism) of (R)-5 with (a) ethanol and (b) isopropyl alcohol.  
The molar percentages of each product are indicated in parenthesis.  Reprinted with 
permission from “Regioisomeric Preference in Ring-Opening Polymerization of 3′,5′-
Cyclic Phosphoesters of Functional Thymidine DNA Analogues” by Tsao, Y.-Y. T.; 
Smith, T. H.; Wooley, K. L., ACS Macro Lett. 2018, 7, 153–158.  Copyright 2018 
American Chemical Society. 
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3.3 Experimental Section 

 

3.3.1 Materials 

 

Thymidine, 4-bromo-1-butene, and 4-dimethylaminopyridine (DMAP) were used 

as received from Chem-Impex International, Inc. (Wood Dale, IL).  TBD was used as 

received from TCI America (Portland, OR).  Ethyl dichlorophosphate was used as 

received from Acros Organics (Morris Plains, NJ).  N,N-Dimethylformamide (DMF, 

ACS grade), hexanes (ACS grade), ethyl acetate (ACS grade), dichloromethane (ACS 

grade), and acetone (ACS grade) were used as received from VWR International.  

Anhydrous solvents were obtained after passage through a drying column of a solvent 

purification system from JC Meyer Solvent Systems (Laguna Beach, CA).  All other 

chemicals were purchased from Sigma-Aldrich (St. Louis, MO) and used without further 

purification unless otherwise noted. 

 

 

3.3.2 Instrumentation 

 

1H, 13C, and 31P NMR spectra were recorded on a Varian 500 spectrometer 

interfaced to a Linux computer using VNMR-J software.  1H–31P HMBC experiments 

were performed on a Varian 500 spectrometer interfaced to a Linux computer using 

VNMR-J software with nJHP = 8 Hz.  All NMR experiments were performed at ambient 
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temperature.  Chemical shifts were referenced to the solvent residual signals.  All 1H 

NMR spectra are reported in parts per million (ppm) downfield of tetramethylsilane and 

were measured relative to the signals for residual CHCl3 (7.26 ppm).  All 13C NMR 

spectra are reported in ppm relative to CDCl3 (77.0 ppm), and were obtained with 1H 

decoupling.  For 31P NMR spectroscopy, phosphoric acid (85 wt% in H2O) at 0 ppm was 

used as an external standard.  The splitting patterns are reported as s (singlet), d 

(doublet), t (triplet), q (quartet), quin (quintet), m (multiplet), and br (broad).  Fourier 

transform infrared (FTIR) spectra were recorded on an IR Prestige 21 system using a 

diamond attenuated total reflectance (ATR) lens (Shimadzu Corp., Japan) and analyzed 

using IRsolution v.1.40 software. 

 

 

3.3.3 Synthesis 

 

Synthesis of ethyl bis((tetrahydrofuran-2-yl)methyl) phosphate (11).  To a 50-mL 

round-bottom flask equipped with a magnetic stir bar containing tetrahydrofurfuryl 

alcohol (610.5 mg, 5.978 mmol, 1 equiv.) and DMAP (874.4 mg, 7.157 mmol, 1.197 

equiv.) in 20.0 mL of dichloromethane was added ethyl dichlorophosphate (573.3 mg, 

3.518 mmol, 0.5885 equiv.).  The reaction mixture was allowed to stir at 0 °C for 10 min 

before it was gradually warmed to ambient temperature.  The mixture was then washed 

with water (3 × 20 mL), dried over magnesium sulfate, filtered, concentrated, and 

purified by silica gel column chromatography with hexanes/ethyl acetate = 1:1 as eluent 
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(Rf = 0.1) to give 11 as a colorless oil in 47% yield (412.9 mg, as a mixture of 

diastereomers).  1H NMR (500 MHz; CDCl3) δ 4.12–4.07 (m, 4H, HA), 4.03–3.93 (m, 

4H, HB and HC), 3.83 (q, J = 7.1 Hz, 2H, HD), 3.75 (q, J = 7.1 Hz, 2H, HE), 1.99–1.91 

(m, 2H, HF), 1.91–1.81 (m, 4H, HG), 1.69–1.62 (m, 2H, HH), 1.30 (td, J = 7.1, 0.7 Hz, 

3H, HI); 13C NMR (126 MHz; CDCl3) δ 77.0 (J = 2.1 Hz), 69.1 (J = 1.8 Hz), 68.4, 63.9 

(J = 5.9 Hz), 27.6, 25.6, 16.0 (J = 6.8 Hz); 31P NMR (202 MHz; CDCl3) δ –0.9.  FTIR 

(cm–1):  3020–2783, 1652, 1455, 1443, 1394, 1367, 1261, 1189, 1167, 1140, 1077, 1020, 

996, 919, 873, 763, 729.  HR-MS (ESI):  calculated [M + H]+ for C12H24O6P:  295.1311, 

found:  295.1306. 
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Figure 3.11.  Spectroscopic characterization of 11.  (a) 1H NMR (500 MHz; CDCl3).  (b) 
13C NMR (125 MHz; CDCl3).  (c) 31P NMR (202 MHz; CDCl3).  (d) IR spectra.  
Reprinted with permission from “Regioisomeric Preference in Ring-Opening 
Polymerization of 3′,5′-Cyclic Phosphoesters of Functional Thymidine DNA Analogues” 
by Tsao, Y.-Y. T.; Smith, T. H.; Wooley, K. L., ACS Macro Lett. 2018, 7, 153–158.  
Copyright 2018 American Chemical Society. 
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Synthesis of ethyl bis(tetrahydrofuran-3-yl) phosphate (12).  To a 50-mL round-

bottom flask equipped with a magnetic stir bar containing 3-hydroxytetrahydrofuran 

(846.3 mg, 9.605 mmol, 1 equiv.) and DMAP (1409.4 mg, 11.54 mmol, 1.201 equiv.) in 

20.0 mL of dichloromethane was added ethyl dichlorophosphate (953.6 mg, 5.852 

mmol, 0.6093 equiv.).  The reaction mixture was allowed to stir at 0 °C for 10 min 

before it was gradually warmed to ambient temperature.  The mixture was then washed 

with water (3 × 20 mL), dried over magnesium sulfate, filtered, concentrated, and 

purified by silica gel column chromatography with hexanes/ethyl acetate = 7:3 as eluent 

(Rf = 0.3) to give 12 as a colorless oil with a yield of 53% (674.2 mg, as a mixture of 

diastereomers).  1H NMR (500 MHz; CDCl3) δ 4.93 (tdt, J = 5.7, 3.9, 1.8 Hz, 2H, HA), 

4.01 (td, J = 7.4, 7.4 Hz, 2H, HB), 3.85–3.80 (m, 4H, HC), 3.79–3.73 (m, 4H, HD), 2.09–

2.00 (m, 4H, HE), 1.24 (td, J = 7.1, 0.8 Hz, 3H, HF); 13C NMR (126 MHz; CDCl3) δ 78.1 

(d, J = 5.8 Hz), 73.4 (d, J = 5.4 Hz), 66.5, 63.8 (d, J = 6.0 Hz), 33.7 (d, J = 4.9 Hz), 15.8 

(d, J = 6.8 Hz); 31P NMR (202 MHz; CDCl3) δ –2.70, –2.73, –2.80.  FTIR (cm–1):  

3034–2806, 1648, 1481, 1440, 1394, 1369, 1335, 1262, 1167, 1105, 1079, 1000, 938, 

905, 818, 801, 732.  HR-MS (ESI):  calculated [M + H]+ for C10H20O6P:  267.0997, 

found:  267.0980. 
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Figure 3.12.  Spectroscopic characterization of 12.  (a) 1H NMR (500 MHz; CDCl3).  (b) 
13C NMR (125 MHz; CDCl3).  (c) 31P NMR (202 MHz; CDCl3).  (d) IR spectra.  
Reprinted with permission from “Regioisomeric Preference in Ring-Opening 
Polymerization of 3′,5′-Cyclic Phosphoesters of Functional Thymidine DNA Analogues” 
by Tsao, Y.-Y. T.; Smith, T. H.; Wooley, K. L., ACS Macro Lett. 2018, 7, 153–158.  
Copyright 2018 American Chemical Society. 
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Synthesis of 3′-thymidine monophosphate diethylester (10a).  A solution of (R)-5 

(113.8 mg, 0.295 mmol, 1 equiv.) in ethanol (0.50 mL) was transferred into a flame-

dried 10-mL Schlenk flask equipped with a magnetic stir bar and a glass stopper on a 

Schlenk line.  A solution of TBD (20.1 mg, 0.144 mmol, 0.0488 equiv.) in ethanol (0.50 

mL) was injected into the Schlenk flask via syringe to initiate the reaction, which was 

stirred under a nitrogen gas atmosphere at ambient temperature for 1 h.  Excess ethanol 

was removed by rotary evaporation before the reaction mixture was purified by silica gel 

column chromatography with acetone/hexanes = 3:7 as eluent to give 10a as a colorless 

oil with a yield of 80% (102.4 mg).  Rf = 0.20 (acetone/hexanes = 3:7); 1H NMR (500 

MHz; CDCl3) δ 7.47 (d, J = 1.2 Hz, 1H, HA), 6.23 (t, J = 6.9 Hz, 1H, HB), 5.79 (ddt, J = 

17.1, 10.1, 7.0 Hz, 1H, -CCH=CHCH), 5.09 (m, 2H, HD and HE), 4.99 (dd, J = 10.5, 1.5 

Hz, 1H, -CCH=CHHF), 4.20 (q, J = 2.6 Hz, 1H, HG), 4.12 (qd, J = 7.4, 1.3 Hz, 4H, -

OCHH
2CH3), 3.99 (t, J = 7.5 Hz, 2H, -NCHI

2-), 3.87 (t, J = 2.4 Hz, 2H, HJ), 3.60–3.40 

(br, 1H, -OHK), 2.54–2.44 (m, 2H, HL), 2.36 (q, J = 7.2 Hz, 3H, -NCH2CHM
2-), 1.91 (d, 

J = 1.1 Hz, 4H, HN), 1.34 (td, J = 7.1, 0.9 Hz, 6H, HO); 13C NMR (126 MHz; CDCl3) δ 

163.2, 150.8 134.8, 134.3, 116.9, 110.4, 86.7, 85.6 (d, J = 4.9 Hz), 77.5 (d, J = 5.5 Hz), 

64.3 (d, J = 6.2 Hz), 62.0, 40.5, 38.5 (d, J = 5.0 Hz), 31.9, 16.1 (d, J = 6.8 Hz), 13.3; 31P 

NMR (202 MHz; CDCl3) δ –1.81.  FTIR (cm–1):  3580–3190, 3105–2793, 2249, 1701, 

1666, 1639, 1466, 1362, 1254, 1196, 1161, 1103, 1011, 910, 826, 768, 729.  HR-MS 

(ESI):  calculated [M + Na]+ for C18H29N2O8PNa:  455.1559, found:  455.1545. 
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Figure 3.13.  Spectroscopic characterization of 10a.  (a) 1H NMR (500 MHz; CDCl3).  
(b) 13C NMR (125 MHz; CDCl3).  (c) 31P NMR (202 MHz; CDCl3).  (d) IR spectra.  
Reprinted with permission from “Regioisomeric Preference in Ring-Opening 
Polymerization of 3′,5′-Cyclic Phosphoesters of Functional Thymidine DNA Analogues” 
by Tsao, Y.-Y. T.; Smith, T. H.; Wooley, K. L., ACS Macro Lett. 2018, 7, 153–158.  
Copyright 2018 American Chemical Society. 
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Synthesis of 3′-thymidine monophosphate ethylisopropylester (15a) and 5′-

thymidine monophosphate ethylisopropylester (15b).  A solution of (R)-5 (193.4 mg, 

0.5007 mmol, 1 equiv.) in isopropyl alcohol (0.50 mL) was transferred into a flame-

dried 10-mL Schlenk flask equipped with a magnetic stir bar and a glass stopper on a 

Schlenk line.  A solution of TBD (277.5 mg, 1.994 mmol, 3.982 equiv.) in isopropyl 

alcohol (0.50 mL) was injected into the Schlenk flask via syringe to initiate the reaction, 

which was stirred under a nitrogen gas atmosphere at ambient temperature for 12 h.  

Excess isopropyl alcohol was removed by rotary evaporation before the reaction mixture 

was purified by silica gel column chromatography with acetone/hexanes = 3:7 as eluent 

to give 15a and 15b as colorless oils with yields of 54% (121.4 mg) and 17% (38.2 mg), 

respectively.  15a.  Rf = 0.18 (acetone/hexanes = 3:7); 1H NMR (500 MHz; CDCl3) δ 

7.39 (d, J = 1.1 Hz, 1H, HA), 6.20 (t, J = 6.9 Hz, 1H, HB), 5.82 (ddt, J = 17.1, 10.1, 7.0 

Hz, 1H, HC), 5.09–5.03 (m, 2H, HD and HE), 5.00 (dd, J = 10.2, 1.8 Hz, 1H, HF), 4.69–

4.63 (m, 1H, HG), 4.21 (q, J = 2.8 Hz, 1H, HH), 4.15–4.08 (m, 2H, HI), 4.00 (td, J = 7.4, 

2.9 Hz, 2H, HJ), 3.93–3.85 (m, 2H, HK), 3.20 (dt, J = 6.5, 3.5 Hz, 1H, HL), 2.53–2.43 (m, 

2H, HM), 2.38 (q, J = 7.3 Hz, 2H, HN), 1.93 (d, J = 1.2 Hz, 3H, HO), 1.37–1.33 (m, 9H, 

HP and HQ); 13C NMR (126 MHz; CDCl3) δ 163.2, 150.8, 134.9, 134.4, 116.9, 110.5, 

87.1, 85.6 (d, J = 5.1 Hz), 77.2 (d, J = 5.6 Hz), 73.4 (d, J = 6.0 Hz), 64.1 (d, J = 6.4 Hz), 

62.1, 40.6, 38.4 (d, J = 5.1 Hz), 31.9, 23.6, 16.1 (d, J = 6.8 Hz), 13.3; 31P NMR (202 

MHz; CDCl3) δ –2.47.  FTIR (cm–1):  3657–3179, 3101–2793, 1697, 1643, 1465, 1366, 

1250, 1103, 1002, 910, 826, 772, 733.  HR-MS (ESI):  calculated [M + H]+ for 

C19H32O8P:  447.1896, found:  447.1899.  15b.  Rf = 0.12 (acetone/hexanes = 3:7); 1H 
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NMR (500 MHz; CDCl3) δ 7.33 (d, J = 1.2 Hz, 1H, HA), 6.16 (t, J = 6.8 Hz, 1H, HB), 

5.85–5.77 (m, 1H, HC), 5.06 (dd, J = 17.1, 1.6 Hz, 2H, HD), 5.01 (dd, J = 10.2, 1.7 Hz, 

2H, HE), 4.59 (dt, J = 6.7, 3.7 Hz, 1H, HF), 4.54–4.50 (m, 1H, HG), 4.26 (td, J = 7.3, 3.2 

Hz, 1H, HH), 4.17–4.11 (m, 2H, HI), 4.01–3.99 (m, 2H, HJ), 3.92 (dd, J = 11.9, 3.1 Hz, 

1H, HK), 3.83 (dd, J = 11.9, 3.1 Hz, 1H, HL), 3.35–3.28 (m, 1H, HM), 2.44–2.36 (m, 4H, 

HN and HO), 1.93 (d, J = 1.2 Hz, 3H, HP), 1.37–1.34 (m, 9H, HQ and HR); 13C NMR (126 

MHz; CDCl3) δ 163.2, 150.9, 134.9, 133.3, 116.9, 110.3, 87.6, 84.4 (d, J = 4.1 Hz), 71.3, 

70.7 (d, J = 8.4 Hz), 66.0 (d, J = 5.9 Hz), 62.0, 46.9, 40.0, 31.9, 20.7, 16.1 (d, J = 6.9 

Hz), 13.3; 31P NMR (202 MHz; CDCl3) δ –1.24.  FTIR (cm–1):  3734–3124, 3109–2777, 

2353, 1697, 1666, 1636, 1466, 1358, 1258, 1196, 1096, 1011, 918, 772.  HR-MS (ESI):  

calculated [M + H]+ for C19H32O8P:  447.1896, found:  447.1816. 
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Figure 3.14.  Spectroscopic characterization of 15a.  (a) 1H NMR (500 MHz; CDCl3).  
(b) 13C NMR (125 MHz; CDCl3).  (c) 31P NMR (202 MHz; CDCl3).  (d) IR spectra.  
Reprinted with permission from “Regioisomeric Preference in Ring-Opening 
Polymerization of 3′,5′-Cyclic Phosphoesters of Functional Thymidine DNA Analogues” 
by Tsao, Y.-Y. T.; Smith, T. H.; Wooley, K. L., ACS Macro Lett. 2018, 7, 153–158.  
Copyright 2018 American Chemical Society. 
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Figure 3.15.  Spectroscopic characterization of 15b.  (a) 1H NMR (500 MHz; CDCl3).  
(b) 13C NMR (125 MHz; CDCl3).  (c) 31P NMR (202 MHz; CDCl3).  (d) IR spectra.  
Reprinted with permission from “Regioisomeric Preference in Ring-Opening 
Polymerization of 3′,5′-Cyclic Phosphoesters of Functional Thymidine DNA Analogues” 
by Tsao, Y.-Y. T.; Smith, T. H.; Wooley, K. L., ACS Macro Lett. 2018, 7, 153–158.  
Copyright 2018 American Chemical Society. 
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Synthesis of 3′-thymidine monophosphate ethyl tetrahydrofurfuryl ester (17a).  A 

solution of (R)-5 (196.1 mg, 0.5077 mmol, 1 equiv.) and tetrahydrofurfuryl alcohol 

(267.0 mg, 2.614 mmol, 5.149 equiv.) in anhydrous dichloromethane (0.90 mL) was 

transferred into a flame-dried 10-mL two-neck round-bottom flask equipped with a 

magnetic stir bar and a rubber septum on a Schlenk line.  A solution of TBD (70.7 mg, 

0.508 mmol, 1.00 equiv.) in anhydrous dichloromethane (0.10 mL) was injected into the 

reaction flask via syringe to initiate the reaction, which was stirred under a nitrogen gas 

atmosphere at ambient temperature for 2 h.  Excess dichloromethane was removed by 

rotary evaporation before the reaction mixture was purified by silica gel column 

chromatography with acetone/hexanes = 3:7 as eluent to give 17a as a colorless oil with 

a yield of 62% (154.2 mg).  Rf = 0.20 (acetone/hexanes = 3:7); 1H NMR (500 MHz; 

CDCl3) δ 7.45 (d, J = 1.2 Hz, 1H, HA), 6.19 (t, J = 6.8 Hz, 1H, HB), 5.80 (ddt, J = 17.1, 

10.2, 7.0 Hz, 1H, HC), 5.12–5.07 (m, 1H, HD), 5.05 (dd, J = 17.1, 1.7 Hz, 1H, HE), 5.00 

(dd, J = 10.6, 1.4 Hz, 1H, HF), 4.19–3.92 (m, 8H, HG–HK), 3.89 (d, J = 2.7 Hz, HL), 

3.88–3.84 (m, 1H, HM), 3.82–3.77 (m, 1H, HN), 2.54 (m, J = 3.7 Hz, 1H, HO), 2.48–2.41 

(m, 1H, HP), 2.37 (q, J = 7.4 Hz, 2H, HQ), 2.04–1.96 (m, 1H, HR), 1.92 (d, J = 1.1 Hz, 

6H, HS–HU), 1.67–1.58 (m, 1H, HV), 1.35 (td, J = 7.1, 1.1 Hz, 3H, HW); 13C NMR (126 

MHz; CDCl3) δ 163.2, 150.8, 134.9, 134.3, 116.9, 110.3 (d, J = 1.8 Hz), 86.6, 85.4 (d, J 

= 5.3 Hz), 77.19 (d, J = 2.8 Hz), 77.13 (d, J = 2.1 Hz), 69.7 (d, J = 6.7 Hz), 68.5 (d, J = 

8.7 Hz), 64.5 (d, J = 5.8 Hz), 61.6 (d, J = 2.5 Hz), 40.5, 38.4, 31.9, 27.4, 25.6 (d, J = 5.7 

Hz), 16.1 (d, J = 6.7 Hz), 13.3; 31P NMR (202 MHz; CDCl3) δ –1.72.  FTIR (cm–1):  

3670–3202, 3113–2791, 2357, 1699, 1666, 1641, 1466, 1452, 1404, 1361, 1259, 1196, 
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1163, 1101, 1003, 916, 866, 825, 767, 733, 700.  HR-MS (ESI):  calculated [M + H]+ for 

C21H34N2O9P:  489.2002, found:  489.2009. 

 
 
 

 

Figure 3.16.  Spectroscopic characterization of 17a.  (a) 1H NMR (500 MHz; CDCl3).  
(b) 13C NMR (125 MHz; CDCl3).  (c) 31P NMR (202 MHz; CDCl3).  (d) IR spectra.  
Reprinted with permission from “Regioisomeric Preference in Ring-Opening 
Polymerization of 3′,5′-Cyclic Phosphoesters of Functional Thymidine DNA Analogues” 
by Tsao, Y.-Y. T.; Smith, T. H.; Wooley, K. L., ACS Macro Lett. 2018, 7, 153–158.  
Copyright 2018 American Chemical Society. 
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Synthesis of 18a and 18b.  A solution of (R)-5 (187.3 mg, 0.4849 mmol, 1 equiv.) 

and 10a (227.8 mg, 0.5268 mmol, 1.086 equiv.) in anhydrous dichloromethane (0.90 mL) 

was transferred into a flame-dried 10-mL two-neck round-bottom flask equipped with a 

magnetic stir bar and a rubber septum on a Schlenk line.  A solution of TBD (34.1 mg, 

0.245 mmol, 0.505 equiv.) in anhydrous dichloromethane (0.10 mL) was injected into 

the reaction flask via syringe to initiate the reaction, which was stirred under a nitrogen 

gas atmosphere at ambient temperature for 2 h.  Excess dichloromethane was removed 

by rotary evaporation before the reaction mixture was purified by silica gel column 

chromatography with ethyl acetate as eluent to give mixture of 18a and 18b as a 

colorless oil with a combined yield of 57% (227.8 mg, 18a:18b = 89:11 according to the 

integration values).  18a.  Rf = 0.05 (ethyl acetate); 1H NMR (500 MHz; CDCl3) δ 7.47 

(d, J = 1.2 Hz, 1H, HA), 7.28 (d, J = 1.2 Hz, 1H, HB), 6.32 (dd, J = 7.5, 6.1 Hz, 1H, HC), 

6.25 (dd, J = 8.1, 5.9 Hz, 1H, HD), 5.84–5.75 (m, 2H, HE and HF), 5.16–5.12 (m, 1H, 

HG), 5.09 (m, 1H, HH), 5.04 (dd, J = 17.1, 1.7 Hz, 2H, HI and HJ), 5.00 (dd, J = 10.2, 1.1 

Hz, 2H, HK and HL), 4.33–4.25 (m, 4H, HM), 4.21–4.09 (m, 6H, HN–HQ), 3.99 (m, 4H, 

HR and HS), 3.88–3.82 (m, 2H, HT), 2.58 (ddd, J = 14.1, 6.0, 3.0 Hz, 1H, HU), 2.49 (ddd, 

J = 14.1, 5.9, 2.2 Hz, 1H, HV), 2.42–2.34 (m, 6H, HW–HZ), 2.25 (dt, J = 14.2, 6.7 Hz, 1H, 

Hα), 1.94 (d, J = 1.1 Hz, 3H, Hβ), 1.91 (d, J = 1.1 Hz, 3H, Hγ), 1.38–1.34 (m, 9H, Hδ and 

Hε); 13C NMR (126 MHz; CDCl3) δ 163.16, 163.01, 150.79, 150.67, 134.81, 134.74, 

134.2, 132.8, 116.90, 116.84, 110.7, 110.4, 86.6, 85.8 (d, J = 4.7 Hz), 85.5, 82.8 (d, J = 

5.3 Hz), 78.4 (d, J = 5.2 Hz), 76.0 (d, J = 5.1 Hz), 66.1 (d, J = 5.2 Hz), 64.9 (d, J = 5.8 

Hz), 64.5 (dd, J = 10.4, 6.0 Hz), 62.0, 40.60, 40.52, 38.51 (d, J = 5.5 Hz), 38.41 (d, J = 
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4.8 Hz), 31.89, 31.89, 16.15 (d, J = 6.6 Hz), 16.05 (d, J = 6.7 Hz), 13.25, 13.23; 31P 

NMR (202 MHz; CDCl3) δ –1.74.  FTIR (cm–1):  3713–3200, 3105–2793, 2359, 1697, 

1666, 1639, 1468, 1450, 1404, 1360, 1258, 1196, 1163, 1101, 1009, 912, 827, 768, 733, 

675.  HR-MS (ESI):  calculated [M + H]+ for C34H53N4O15P2:  819.2983, found:  

819.2998.  18b.  Rf = 0.05 (ethyl acetate).  31P NMR (202 MHz; CDCl3) δ –1.02, –

1.10, –2.22, –2.34. 
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Figure 3.17.  Spectroscopic characterization of 18a and 18b.  (a) 1H NMR (500 MHz; 
CDCl3).  (b) 13C NMR (125 MHz; CDCl3).  (c) 31P NMR (202 MHz; CDCl3).  (d) IR 
spectra.  Reprinted with permission from “Regioisomeric Preference in Ring-Opening 
Polymerization of 3′,5′-Cyclic Phosphoesters of Functional Thymidine DNA Analogues” 
by Tsao, Y.-Y. T.; Smith, T. H.; Wooley, K. L., ACS Macro Lett. 2018, 7, 153–158.  
Copyright 2018 American Chemical Society. 
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3.3.4 Details of Computational Chemistry 

 

All calculations were performed with Gaussian 09.  All geometries were 

optimized using the B3LYP/6-31+G* level of theory.  The QST3 option implemented in 

Gaussian 09 with the Synchronous Transit-Guided Quasi-Newton (STQN) method at the 

B3LYP/6-31+G* level of theory was used to locate the transition state, and the Gibbs 

free energies from the frequency calculations are reported to explain the regioselectivity 

of the ring-opening reaction/polymerization. 

 

 

3.4 Conclusions 

 

In summary, we have verified the regioselectivity of the ROP of (R)-5 into 

PCBT, and validated our hypothesis with model reactions to establish the steric 

hindrance-based origin of the selectivity.  From syntheses of model compounds 11–13 

with 3′,3′-, 5′,5′-, and 3′,5′-linkages, we concluded that signals resonating in the 31P 

NMR spectra of PCBT from –2.7 to –2.9 ppm, from –0.9 to –1.1 ppm, and from –1.7 to 

–1.9 ppm arose from 3′,3′-, 5′,5′-, and 3′,5′-linkages, respectively.  Further model 

reactions employing different alcohols, including 4-methoxybenzyl alcohol, ethanol, 

isopropyl alcohol, tert-butyl alcohol, and 10a, revealed that the preference of P-O3′ and 

P–O5′ cleavages was dictated by steric hindrance.  DFT calculations on the reaction 

coordinates of the ethanol and isopropyl alcohol model reactions demonstrated that, the 



 

82 

 

transition state energy difference between the two routes was the major reason for 

changes in product distribution.  Overall, this work provides fundamental understanding 

of the polymerization behavior of six-membered 3′,5′-bicyclic phosphoesters, and 

broadens the scope of designing different DNA analogues.  The ring-opening preference 

of the six-membered cyclic phosphotriester thymidine analogues presented here affords 

polymerization primarily in the 3′-to-5′ direction, opposite relative to the 5′-to-3′ 

polymerization of DNA in Nature.  Notably, both systems yield head-to-tail linkages as 

the major connectivity.  We anticipate the exploration of reasons behind the varying ring 

opening preferences in our ROP system will further the development of a next 

generation of 3′,5′-bicyclic monomers that mimics natural DNA.  
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CHAPTER IV  

TOWARD WATER SOLUBLE, DNA-MIMICKING POLYPHOSPHOESTERS 

 

4.1 Introduction 

 

Polymers with repeating phosphoester bonds in the backbone are structurally 

versatile and biodegradable through hydrolysis and possibly through enzymatic digestion 

(e.g., phosphodiesterase I and alkaline phosphatase) of phosphate linkages under 

physiological conditions.11,129,130  With the aims of studying the enzymatic degradability 

and future biomedical applications, the water solubility of our current polyphosphoesters 

needs to be improved since all polymers currently discussed are only organic soluble. 

To increase the hydrophilicity of hydrophobic polymers, poly(ethylene glycol) is 

commonly used as a nucleophilic initiator in ROP, also known as PEGylation, due to its 

water solubility and low intrinsic toxicity.131-133  However, a review paper published in 

2010 by the Schubert group134 detailing the pros and cons of using poly(ethylene glycol) 

in drug delivery suggested that poly(ethylene glycol) alternatives that impart water 

solubility will be attractive, due to some potentially unfavorable effects — including 

adverse immunological responses, unexpected changes in the pharmacokinetic behavior, 

and toxicity of oligomers with a molar mass below 400 Da.  One potential new class of 

polymers that might replace poly(ethylene glycol) would be hydrophilic analogues of the 

polyphosphoesters discussed in this work.  Therefore, we have recently focused our 
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attention on the synthesis of phosphodiester 19 and natural thymidine-based 

polyphosphoester 20, to improve water solubility (Figure 4.1). 
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Figure 4.1.  Recent efforts on the synthesis of 19 and 20 to improve water solubility of 
the polymers. 

 
 
 

4.2 Results and Discussions 

 

Functional group transformation to give phosphodiester and/or introduction of a 

natural thymidine, to enable the hydrogen bond interaction of polymers with water, are 

expected to increase the water solubility.  We approached the synthesis of 

phosphodiester 19 using the previously-reported acid-labile phosphoramidate chemistry 
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that allows for hydrolytic degradation under acidic conditions to give phosphodiester 

(Figure 4.2).135  The 3′,5′-bicyclic phosphoramidate (R)-21 was synthesized from 6 using 

DMAP under kinetically-controlled conditions at –78 °C.  However, TBD-catalyzed 

ROP of (R)-21 did not yield polymer.  The optimized conformation of (R)-21 by DFT 

calculation at the B3LYP/6-31+G* level of theory (Figure 4.3) suggested the ROP may 

be difficult due to extra steric hindrance provided by the sterically-bulky N,N-dimethyl 

substituent on the phosphorus.  Unfortunately, no successful cyclization was observed 

when the less steric hindered N-methylphosphoramic dichloride 23 was used to reduce 

the steric hindrance of the 3′,5′-bicyclic monomer (Figure 4.4).  Therefore, we pursued 

the development of water-soluble DNA-mimicking phosphoester by the incorporation of 

natural thymidine. 
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Figure 4.2.  Synthetic approach to phosphodiester 19 by acid-labile phosphoramidate 
approach.  No polymerization catalyzed by TBD was observed from (R)-21. 
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Figure 4.3.  DFT calculated structure of (R)-21 at the B3LYP/6-31+G* level of theory.  
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Figure 4.4.  Attempted cyclization of 6 with the less steric hindered N-
methylphosphoramic dichloride 23. 

 
 
 
Synthesis of natural thymidine-based polyphosphoester 20 requires a selective 

protection–deprotection scheme, to allow for the selective N3-protection and selective 

deprotection under conditions that do not degrade the polymer backbone.  Initial 

attempts to selectively install tert-butyloxycarbonyl (Boc) protecting group at the N3-

position of thymidine were unsuccessful.  Despite the large pKa difference between 3′-

OH, 5′-OH and N3-positions, installation of Boc protecting group was observed at all 

three positions, presumably due to the high reactivity of the reagent, Boc2O. 
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The condition screening to achieve 3′,5′-bicyclic thymidine (R)-25 in one step 

without any N3-protection was then conducted (Figure 4.5).  Our previous attempts to 

cyclize 6 with ethyl dichlorophosphate (Table 2.2) concluded that a polar solvent like 

DMF preferred oligomerization over cyclization.  Therefore, in order to cyclize 

thymidine and meanwhile provide optimal solubility, a combination of polar and non-

polar solvents is necessary.  The screening of the solvent system, including the use of 

DMF, THF, acetone, ethyl acetate, dichloromethane, and hexanes, suggested that we 

were able to obtain 3′,5′-bicyclic thymidine (R)-25 by using a combination of 

dichloromethane and DMF.  Direct polymerization from (R)-25 to 20 was not observed, 

presumably due to deactivation of the basic organocatalyst (TBD) by the acidic N–H.  

Boc was successfully installed on (R)-25 without the presence of free hydroxyl 

functionality, to prepare the 3′,5′-bicyclic monomer (R)-26.  ROP and acidic 

deprotection were attempted in one-pot to give natural thymidine-based 

polyphosphoester 20 (Figure 4.6).  Compared to the butenylated PCBT, 20 was found to 

be water-soluble (10.61 ± 0.91 mg/mL).  This initial effort to obtain a water-soluble 

polyphosphoester allows us to further expand the scope of our thymidine-derived 

polyphosphoesters into biomedical applications without the involvement of 

poly(ethylene glycol). 
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Figure 4.5.  Synthetic approach to natural thymidine-based polyphosphoester 20. 
 
 
 

 

Figure 4.6.  1H NMR (500 MHz; DMSO-d6) spectrum of 20. 
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4.3 Experimental Section 

 

4.3.1 Materials 

 

Thymidine and 4-dimethylaminopyridine (DMAP) were used as received from 

Chem-Impex International, Inc. (Wood Dale, IL).  TBD was used as received from TCI 

America (Portland, OR).  N,N-Dimethylphosphoramidodichloridate was used as received 

from Alfa Aesar (Ward Hill, MA).  N,N-Dimethylformamide (DMF, ACS grade), 

hexanes (ACS grade), ethyl acetate (ACS grade), dichloromethane (ACS grade), and 

acetone (ACS grade) were used as received from VWR International.  Anhydrous 

solvents were obtained after passage through a drying column of a solvent purification 

system from JC Meyer Solvent Systems (Laguna Beach, CA).  All other chemicals were 

purchased from Sigma-Aldrich (St. Louis, MO) and used without further purification 

unless otherwise noted. 

 

 

4.3.2 Instrumentation 

 

1H, 13C, and 31P NMR spectra were recorded on a Varian 500 spectrometer 

interfaced to a Linux computer using VNMR-J software.  1H–31P HMBC experiments 

were performed on a Varian 500 spectrometer interfaced to a Linux computer using 

VNMR-J software with nJHP = 8 Hz.  All NMR experiments were performed at ambient 
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temperature.  Chemical shifts were referenced to the solvent residual signals.  All 1H 

NMR spectra are reported in parts per million (ppm) downfield of tetramethylsilane and 

were measured relative to the signals for residual CHCl3 (7.26 ppm) or DMSO-d5 (2.50 

ppm).  All 13C NMR spectra are reported in ppm relative to CDCl3 (77.0 ppm) or 

DMSO-d6 (39.52 ppm), and were obtained with 1H decoupling.  For 31P NMR 

spectroscopy, phosphoric acid (85 wt% in H2O) at 0 ppm was used as an external 

standard.  The splitting patterns are reported as s (singlet), d (doublet), t (triplet), q 

(quartet), quin (quintet), m (multiplet), and br (broad).  Fourier transform infrared 

(FTIR) spectra were recorded on an IR Prestige 21 system using a diamond attenuated 

total reflectance (ATR) lens (Shimadzu Corp., Japan) and analyzed using IRsolution 

v.1.40 software. 

 

 

4.3.3 Synthesis 

 

Synthesis of 3′,5′-bicyclic 3-(3-butenyl) thymidine N,N-

dimethylphosphoramidate ((R)-21).  In a 50-mL two-neck round-bottom flask equipped 

with a magnetic stir bar were placed 4-dimethylaminopyridine (1145.4 mg, 9.375 mmol, 

2.221 equiv) and 6 (1250.9 mg, 4.221 mmol, 1 equiv) in 20.0 mL of dichloromethane at 

–78 °C.  A solution of N,N-dimethylphosphoramidodichloridate (758.2 mg, 4.681 mmol, 

1.109 equiv) in 5.0 mL of dichloromethane was injected via syringe in one portion.  The 

reaction mixture was allowed to stir for 1 h while gradually warming up to ambient 
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temperature before it was washed with 5.0 mL of water, dried over magnesium sulfate, 

filtered, concentrated, and purified by silica gel column chromatography 

hexanes/acetone = 75:25 as eluent as eluent to give (R)-21 with a yield of 11% (179.6 

mg) as a white solid.  1H NMR (500 MHz; CDCl3) δ 6.97 (d, J = 1.2 Hz, 1H, HA), 6.41 

(dd, J = 8.8, 2.4 Hz, 1H, HB), 5.80 (ddt, J = 17.1, 10.1, 7.0 Hz, 1H, HC), 5.05 (dd, J = 

17.1, 1.6 Hz, 1H, HD), 5.01 (dd, J = 10.2, 1.7 Hz, 1H, HE), 4.79–4.73 (m, 1H, HF), 4.57–

4.52 (m, 1H, HG), 4.53–4.46 (m, 1H, HH), 4.00 (td, J = 7.4, 3.9 Hz, 2H, HI), 3.80–3.75 

(m, 1H, HJ), 2.74 (d, J = 10.3 Hz, 6H, HK), 2.56 (ddd, J = 13.5, 10.7, 8.9 Hz, 1H, HL), 

2.40–2.33 (m, 3H, HM and HN), 1.96 (d, J = 1.2 Hz, 3H, HO); 13C NMR (126 MHz; 

CDCl3) δ 162.8, 150.6, 134.7, 132.4, 117.0, 111.6, 84.7, 76.1 (d, J = 4.3 Hz), 74.5 (d, J = 

4.3 Hz), 68.3 (d, J = 7.4 Hz), 40.7, 36.2 (d, J = 5.0 Hz), 35.8 (d, J = 8.3 Hz), 31.9, 13.3; 

31P NMR (202 MHz; CDCl3) δ 8.7.  FTIR (cm–1):  3113–2770, 1704, 1668, 1639, 1464, 

1448, 1398, 1360, 1321, 1277, 1246, 1222, 1181, 1155, 1109, 1095, 1062, 998, 923, 

869, 836, 790, 767, 716. 
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Figure 4.7.  Spectroscopic characterization of (R)-21.  (a) 1H NMR (500 MHz; CDCl3).  
(b) 13C NMR (125 MHz; CDCl3).  (c) 31P NMR (202 MHz; CDCl3).  (d) IR spectrum. 
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Synthesis of methylphosphoramidic dichloride (23).  To a 25-mL round-bottom 

flask equipped with a magnetic stir bar were placed methylamine hydrochloride (6.2523 

g, 92.60 mmol) in 15.0 mL of phosphoryl chloride.  The reaction mixture was allowed to 

reflux at 120 °C for 2 days until the solid disappeared.  Excess of phosphoryl chloride 

was removed under reduced pressure without heating, and 23 was collected by 

distillation (boiling point 65.0–68.0 °C at 500 mTorr) with a yield of 71% (9.7278 g) as 

a colorless oil.  1H NMR (500 MHz; CDCl3) δ 4.86–4.67 (br, 1H, HA), 2.78 (dd, J = 

19.3, 5.4 Hz, 3H, HB); 13C NMR (126 MHz; CDCl3) δ 28.3 (d, J = 1.4 Hz), 31.9, 13.3; 

31P NMR (202 MHz; CDCl3) δ 18.7. 
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Figure 4.8.  Spectroscopic characterization of 23.  (a) 1H NMR (500 MHz; CDCl3).  (b) 
13C NMR (125 MHz; CDCl3).  (c) 31P NMR (202 MHz; CDCl3). 

 
 
 
Synthesis of 3′,5′-bicyclic thymidine ethylphosphate ((R)-25).  To a 250-mL two-

neck round-bottom flask equipped with a magnetic stir bar were placed 4-

dimethylaminopyridine (1929.0 mg, 15.79 mmol, 3.001 equiv) and thymidine (1274.3 
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mg, 5.261 mmol, 1 equiv) in a mixture of dichloromethane/DMF = 90 mL/9 mL at –78 

°C.  Ethyl dichlorophosphate (957.4 mg, 5.876 mmol, 1.117 equiv) was injected via 

syringe in one portion.  The reaction mixture was allowed to stir for 1 h while gradually 

warming up to ambient temperature before it was washed with 5.0 mL of 1 N HCl, dried 

over magnesium sulfate, filtered, concentrated, and purified by silica gel column 

chromatography hexanes/acetone = 65:35 as eluent as eluent to give (R)-25 with a yield 

of 31% (544.4 mg) as a white solid.  1H NMR (500 MHz; CDCl3) δ 8.87 (br, 1H, HA), 

7.01 (d, J = 1.3 Hz, 1H, HB), 6.35 (dd, J = 8.9, 2.6 Hz, 1H, HC), 4.89–4.84 (m, 1H, HD), 

4.62–4.49 (m, 2H, HE), 4.25 (dq, J = 8.9, 7.1 Hz, 2H, HF), 3.95–3.90 (m, 1H, HG), 2.58 

(ddd, J = 13.6, 10.4, 9.0 Hz, 1H, HH), 2.45 (ddd, J = 13.6, 8.3, 2.6 Hz, 1H, HI), 1.96 (d, J 

= 1.2 Hz, 3H, HJ), 1.38 (td, J = 7.1, 1.0 Hz, 3H, HK); 13C NMR (126 MHz; CDCl3) δ 

163.1, 149.9, 134.8, 112.5, 84.6, 76.8 (d, J = 3.7 Hz), 74.0 (d, J = 6.2 Hz), 68.9 (d, J = 

7.4 Hz), 65.9 (d, J = 6.3 Hz), 35.4 (d, J = 8.5 Hz), 16.1 (d, J = 6.6 Hz), 12.6; 31P NMR 

(202 MHz; CDCl3) δ –3.5.  FTIR (cm–1):  3186, 3116–2769, 1674, 1466, 1373, 1273, 

1265, 1165, 1095, 1010, 941, 887, 817, 756, 702, 655. 
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Figure 4.9.  Spectroscopic characterization of (R)-25.  (a) 1H NMR (500 MHz; CDCl3).  
(b) 13C NMR (125 MHz; CDCl3).  (c) 31P NMR (202 MHz; CDCl3).  (d) IR spectrum. 
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Synthesis of 3′,5′-bicyclic 3-(tert-butyloxycarbonyl) thymidine ethylphosphate 

((R)-26).  To a 25-mL round-bottom flask equipped with a magnetic stir bar were placed 

(R)-25 (415.0 mg, 1.249 mmol, 1 equiv) and 4-dimethylaminopyridine (158.5 mg, 1.413 

mmol, 1.131 equiv) in 10 mL of dichloromethane.  Di-tert-butyl dicarbonate (568.6 mg, 

2.605 mmol, 2.086 equiv) was added in one portion.  The reaction mixture was allowed 

to stir for 2 h before it was washed with 5.0 mL of water, dried over magnesium sulfate, 

filtered, concentrated, and purified by silica gel column chromatography 

hexanes/acetone = 80:20 as eluent as eluent to give (R)-26 with a yield of 99% (535.7 

mg) as a white solid.  1H NMR (500 MHz; CDCl3) δ 6.96 (d, J = 1.3 Hz, 1H, HA), 6.28 

(dd, J = 8.7, 2.6 Hz, 1H, HB), 4.83 (dd, J = 9.3, 0.9 Hz, 1H, HC), 4.59 (ddd, J = 16.9, 9.8, 

5.4 Hz, 1H, HD), 4.51 (td, J = 10.1, 5.7 Hz, 1H, HE), 4.25 (dq, J = 9.0, 7.1 Hz, 2H, HF), 

3.93 (ddd, J = 10.2, 9.5, 5.4 Hz, 1H, HG), 2.58 (ddd, J = 13.6, 10.4, 8.8 Hz, 1H, HH), 

2.49 (ddd, J = 13.7, 8.2, 2.6 Hz, 1H, HI), 1.97 (d, J = 1.2 Hz, 3H, HJ), 1.60 (s, 9H, HK), 

1.39 (td, J = 7.1, 1.0 Hz, 3H, HL); 13C NMR (126 MHz; CDCl3) δ 160.8, 148.1, 147.4, 

134.6, 111.9, 87.0, 85.0, 76.6 (d, J = 3.7 Hz), 73.9 (d, J = 6.6 Hz), 68.8 (d, J = 7.4 Hz), 

65.7 (d, J = 6.2 Hz), 35.3 (d, J = 8.4 Hz), 27.3, 16.0 (d, J = 6.4 Hz), 12.4; 31P NMR (202 

MHz; CDCl3) δ –4.0.  FTIR (cm–1):  3101–2816, 1782, 1712, 1666, 1442, 1373, 1365, 

1273, 1265, 1141, 1103, 1010, 956, 879, 833, 771, 694. 
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Figure 4.10.  Spectroscopic characterization of (R)-26.  (a) 1H NMR (500 MHz; CDCl3).  
(b) 13C NMR (125 MHz; CDCl3).  (c) 31P NMR (202 MHz; CDCl3).  (d) IR spectrum. 
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Synthesis of poly(3′,5′-bicyclic thymidine ethylphosphate) (20).  A solution of 

(R)-26 (65.2 mg, 0.151 mmol, 30.0 equiv) and 4-methoxybenzyl alcohol (0.6944 mg, 

0.005026 mmol, 1 equiv) in anhydrous dichloromethane (0.90 mL) was transferred into 

a flame-dried 10-mL Schlenk flask equipped with a magnetic stir bar and a rubber 

septum on a dual-manifold Schlenk line.  A solution of TBD (1.7 mg, 0.012 mmol, 2.4 

equiv) in anhydrous dichloromethane (0.10 mL) was injected into the Schlenk flask via 

syringe to initiate the polymerization, while being maintained under a nitrogen gas 

atmosphere at ambient temperature.  After stirring for 24 h, the reaction was quenched 

by addition of 0.5 mL of trifluoroacetic acid, and the reaction mixture was stirred for 

another 4 h.  The poly(3′,5′-bicyclic thymidine ethylphosphate) (20) was purified by 

precipitation from dichloromethane into 30 mL of diethyl ether, and dried in vacuo to 

give a yield of 96% (48.2 mg).  δ 1H NMR (500 MHz; DMSO-d6)  δ 11.40–11.30 (br), 

7.68–7.66 (br), 7.52–7.48 (br), 7.46–7.42 (br), 6.22–6.16 (br), 5.02–4.96 (br), 4.36–4.32 

(br), 4.30–4.15 (br), 4.15–4.00 (br), 3.60–3.58 (br), 2.46–2.40 (br), 1.80–1.75 (br), 1.30–

1.20 (br); 13C NMR (126 MHz; DMSO-d6) δ 163.6, 150.4, 135.9, 110.1, 84.1, 66.4, 64.3, 

46.3, 37.6, 20.3, 15.9, 12.0; 31P NMR (202 MHz; DMSO-d6) δ –0.6, –1.4, –1.5, –1.6, –

2.6.  FTIR (cm–1):  3657–2708, 1689, 1465, 1373, 1265, 1195, 1110, 1010, 894, 833, 

763, 717. 
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Figure 4.11.  Spectroscopic characterization of 20.  (a) 1H NMR (500 MHz; DMSO-d6).  
(b) 13C NMR (125 MHz; DMSO-d6).  (c) 31P NMR (202 MHz; DMSO-d6).  (d) IR 
spectrum. 
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4.4 Conclusions 

 

In summary, we have established the synthesis of water-soluble, natural 

thymidine-based polyphosphoester 20.  The monomer synthesis was achieved by the 

direct cyclization of thymidine with ethyl dichlorophosphate, followed by the N3-Boc 

protection.  The ROP of (R)-26 and acidic deprotection were attempted in one-pot to 

give the natural thymidine-based polyphosphoester 20, which was found to be water-

soluble (10.61 ± 0.91 mg/mL). 

The future outlook in the water-soluble, natural thymidine-based 

polyphosphoester should include the hybridization with poly(deoxy)adenosine.  We will 

be able to use agarose gel electrophoresis to analyze the base paring behavior between 

20 and poly(deoxy)adenosine.  It is known that the polyadenosine tail is added to a 

messenger RNA to increase the stability of the molecule in eukaryotes.136  The strong A–

T base pair from 20 would destabilize RNA by interfering with the polyadenosine tail.  

We anticipate to see differences in cytotoxicity from 20 and PCBT based on their 

capability differences in hydrogen bonding and RNA destabilizing. 
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CHAPTER V  

CONCLUSIONS AND FUTURE WORK 

 

5.1 Conclusions 

 

This dissertation has presented the design, synthesis and characterization of novel 

thymidine-derived polyphosphoesters toward biomedical applications.  The nucleobase 

thymidine was selected as the starting material in this work, from which the 

corresponding six-membered 3′,5′-bicyclic monomer was prepared with an alkene 

functionality amenable to post-polymerization modification via click chemistry.  This 

work has laid a foundation for synthetic non-natural DNA-mimicking polymers via ROP 

of six-membered 3′,5′-bicyclic phosphoesters with tunable properties. 

In Chapter II, we described the development and successful implementation of a 

synthetic strategy to achieve thymidine-derived polyphosphoester by the ROP of a fused 

six-membered 3′,5′-bicyclic monomer.  Theoretical DFT calculations corroborated our 

hypothesis that the higher ring strain energy (6–7 kcal/mol) of the six-membered 3′,5′-

bicyclic phosphotriester, relative to the unsubstituted, non-strained six-membered cyclic 

phosphoester, would promote ROP.  Experimentally, thymidine was functionalized at 

the N3-position, and cyclized through the 3′- and 5′-positions via kinetically controlled 

cyclization at –78 °C to provide the thermodynamically unstable, strained six-membered 

cyclic phosphotriester (R)-monomers as major product, for which the TBD-catalyzed 

polymerization kinetics were explored with 4-methoxybenzyl alcohol as the initiator.  
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Selective ROP of the more strained (R)-monomer over (S)-monomer was successfully 

demonstrated.  All the ROPs proceeded in a controlled manner (Ð < 1.10) with different 

monomer-to-initiator ratios to yield polyphosphoester DNA analogues with molar 

masses ranging from 3.9–12.4 kDa from end-group analysis by NMR.  These results 

present a novel and reliable synthetic methodology to obtain functional DNA analogues 

with unique properties. 

Chapter III focused on investigation of regioisomeric preference in ROP of 3′,5′-

bicyclic phosphoesters derived from thymidine, to gain a deeper understanding of the 

polymerization behavior.  From the synthesis of model compounds, we concluded that 

the three 31P NMR resonance signals of PCBT can be attributed to 3′,3′-, 5′,5′- and 3′,5′-

linkages, which enabled us to determine the relative amount of each of these linkages in 

the polymers.  Further model initiation reactions revealed that the preferential cleavage 

of P–O3′ vs. P–O5′ can be tuned by the steric hindrance of the alcohol initiators.  DFT 

calculations successfully demonstrated the energy differences of the transition states 

between the P–O3′ and P–O5′ cleavages decreased, when a more steric hindered initiator 

was used, and therefore the product distribution changed to favor P–O5′ cleavages with 

decreasing initiator steric effect.  The ring opening of the six-membered 3′,5′-bicyclic 

phosphotriester thymidine analogues presented in this dissertation, although meant to 

mimic DNA, preferably polymerized in the 3′-to-5′ direction, as opposed to the 5′-to-3′ 

polymerization of DNA in Nature.  It is worth noting that both systems generate 

polymers with a majority of 3′,5′-linkages (head-to-tail configurations).  These studies 

provide a fundamental understanding of the ROP of six-membered 3′,5′-bicyclic 
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phosphoesters, and broaden the scope of designing different DNA analogues, which is 

anticipated to guide the synthesis of future DNA analogues, functional 

polyphosphoesters, and degradable polymers synthesized by ROP. 

Chapter IV described the development of water-soluble, natural thymidine-based 

polyphosphoesters.  With the direct cyclization of thymidine, the installation of the Boc 

protecting group was realized without the side reaction at 3′- and 5′-OH.  The protection 

of the acidic N–H allows for the TBD-catalyzed ROP, to prepare the natural thymidine-

based polyphosphoesters that are soluble in water.  These results provide an outlook to 

the synthetic DNA-mimicking polymers that preserve natural nucleobases, and therefore 

introduce the possibility of future investigation utilizing the base-pairing behavior. 

 

 

5.2 Future Work 

 

Given the novel thymidine-derived polyphosphoesters toward biomedical 

applications presented in this dissertation, future work should also include the 

development of polymers based on deoxyadenosine, deoxycytidine, and 

deoxyguanosine.  The incorporation of nucleosides besides thymidine will allow for the 

investigation of hybridization-driven supramolecular assemblies, as well as hydrogels 

that are biologically responsive.  Synthetic challenges including the solubility of these 

nucleosides in organic solvent, in order to achieve 3′,5′-bicyclic monomers with or 

without protection of the nucleobases, will need to be overcome by thorough condition 
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screenings.  Natural systems may be able to recognize these synthetic, non-natural DNA-

mimicking polymers, but with synthetic chemistry, the incorporation of other 

functionalities to gain control over geometry, morphology, degradation, etc., will allow 

scientists to create synthetic DNA polymers that have known degradation kinetics 

different from natural DNA while also carrying other functional features or capabilities 

that could be beneficial in terms of drug delivery, sensing, or other applications. 

Chapter IV described the development of water-soluble, thymidine-based 

polyphosphoesters via deprotection at the N3-position, to generate polyphosphoesters 

with hydrogen bond-capable, natural thymidine units.  However, our initial attempt to 

achieve phosphodiester 19 did not yield the expected product.  Therefore, it is necessary 

to screen conditions to enable the cyclization of N3-butenyl thymidine 6 with N-

methylphosphoramic dichloride 23.  This cyclization product is expected to undergo 

hydrolytic degradation via cleavage of the acid-labile phosphoramidate to give the 

desired phosphodiester 20.  If the cyclization remains unsuccessful, an alternative route 

of cyclization involving a phosphorus(III) species48 is suggested (Figure 5.1). 
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Figure 5.1.  An alternative route to synthesize thymidine-based phosphodiester 20 
involving a phosphorus(III) species. 

 
 
 
Enzymatic degradation of the thymidine-based polyphosphoesters PCBT and 20 

are of interest due to the structural similarity to DNA.  It is known that polymers with 

repeating phosphoester bonds in the backbone are biodegradable through hydrolysis and 

possibly through enzymatic digestion (e.g., by nucleases such as phosphodiesterase I and 

alkaline phosphatase) under physiological conditions.11,129,130  Therefore, with our 

development of water-soluble polymer 20 discussed in Chapter IV, it is expected that 
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future work will include a study on hydrolytic and enzymatic degradation.  This study 

will be useful in developing a better understanding of the degradation kinetics and the 

structural requirements for polyphosphoester substrates to bind various enzymes. 

Amphiphilic block polymers, which contain both hydrophilic and hydrophobic 

parts, are capable of self-assembly in water to form a variety of well-defined 

nanostructures, such as spherical and cylindrical/worm-like micelles, vesicles, disks, and 

toroids.137-145  The development of new building blocks and creation of diversified 

supramolecular nanostructures has always been one of the most important efforts in the 

area of self-assembly.143  With the extension from thymidine to other nucleosides, our 

DNA-based polyphosphoesters are expected to be amenable to synthesis and post-

polymerization modification to afford hydrophobic or hydrophilic segments.  While 

hydrogen bond interactions provide additional stabilization to the self-assembly 

structures as supra-amphiphiles, incorporation of nucleoside-containing 

polyphosphoesters has not yet been explored in this context, and is expected to enrich 

the family of conventional covalent amphiphiles by bridging the gap between material 

sciences and life sciences. 

Studies presented in Chapters II and III provided fundamental understanding of 

the synthesis of monomer (R)-5 and its polymerization behavior to obtain PCBT.  From 

this point, there is potential for PCBT to be used in a variety of applications by 

functionalizing the N3-butenyl group using thiol–ene click chemistry.146,147  For example, 

PCBT can be funcationalized thiol–ene chemistry with cysteamine hydrochloride, 3-

mercaptopropionic acid, and L-cysteine hydrochloride to generate cationic, anionic, and 
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zwitterionic side chains, respectively.  These polymers are expected to exhibit different 

self-assembly behaviors compared to PCBT, and detailed physicochemical and 

biological studies of the polymeric micelles with different surface properties will be 

conducted to understand the effect of surface chemistry on their behavior.  The Wooley 

group has performed extensive studies involving the click chemistry to install drugs and 

other funcational molecules onto polyphosphoesters for use of these constructs as drug-

delivery vehicles.24-26,148  With our thymidine-based polyphosphoesters, we anticipate 

that a similar approach can be applied, while eliminating the potential cytotoxicity from 

ethylene glycol as a degradation product. 

Ribonucleosides are also of interest for the development of degradable 

polyphosphoesters, as the 2′-OH provides an extra hydrolytic degradation pathway in 

RNA.  There are some advantages of RNA-mimicking materials over DNA, including 

single-stranded enzymatic stability,149 capability of forming hyperbranched polymers, 

and more choices of functionalization position.  Similar cyclization strategy can be 

applied to acquire 3′,5′-bicyclic monomer 31 and 2′,3′-bicyclic monomer 32, for which 

the branched networks are possible (Figure 5.2).  It is well-known that Flory first 

hypothesized the concept of highly branched polymers in 1952,150 but no attention had 

been paid to hyperbranched polyphosphoesters until Liu et al. reported the first synthesis 

in 2009151 with the approach of self-condensing ROP.152,153  Hyperbranched polymer 

provides not only simple preparation over dendrimers, but also a unique opportunity for 

further functionalization due to a great number of terminal hydroxyl groups in this 

biocompatible and biodegradable hyperbranched polyphosphoester.  This advance 
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including RNA into the synthetic polyphosphoester by ROP will be considered 

foundational work in the development and characterization of a new type of 

biocompatible and functional polymer. 
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Figure 5.2.  Formation of hyperbranched networks from the 3′,5′- and 2′,3′-bicyclic N3-
functionalized deoxyuridine.  Illustration here only shows the complete reaction route to 
hyperbranched polymers from 32. 
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Although many nucleobase-containing polymers have been synthesized and 

applied in polymer science, the number of known nucleobase-containing polymers 

remains limited.  The importance of applying synthetic DNA/RNA at will is touted, but 

to enable the broader implementation of nucleobases in polymer science, three future 

directions for nucleobase-containing polymers are suggested.  Firstly, there is still a 

monumental need to develop new nucleobase-containing polymers.  Secondly, the 

development of novel synthetic approaches for nucleobase-containing polymers remains 

another critical need.  Gaining control of the sequence of these polymers would enable 

synthetic materials that emulate the sequence-dependent behaviors observed in Nature.  

Finally, with further advances in polymer chemistry, innovative materials will be 

designed from nucleobase-containing polymers, which could provide the sequence-

controlled features for these “smart” materials in wide ranges of applications. 
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