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Given that the molecules composing RNA and DNA are naturally nonemissive, we make use of 

fluorescent nucleoside analogues engaged in the same biological processes as their native counterparts to 

probe the mechanisms involved in such biological processes. We have developed a synthesis to create a 

family of isothiazolo-pyrimidine nucleoside analogues. A necessity for these analogues was proposed out 

of the loss of key hydrogen-bond acceptor, nitrogen-7, found in the native purine scaffolds, missing in a 

previously synthesized family of fluorescent nucleoside analogues composed of a thiopheno-pyrimidine 

framework. Ultimately we pursued a route involving a Thorpe-Ziegler reaction to construct the isothiazole 

ring on an alkylated ribofuranose unit and synthesized each canonical RNA purine-based nucleoside 
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analogue, adenosine (tzA) and guanosine (tzG). Cytosine (tzC), and uridine (tzU) analogues were synthesized 

as well using traditional nucleoside synthetic methods. Each final product was extensively studied to 

determine the photophysical properties, and found to be emissive as well as responsive to changes in pH 

and polarity. We compared the activity of our analogues in enzymatic systems through the use of adenosine 

deaminase (ADA), an enzyme found in many purine metabolic pathways. The deamination of our 

fluorescent analogue, tzA, can be followed by both emission and absorption. When subjecting tzA to 

adenosine deaminase, we found effective deamination to isothiazolo-inosine (tzI) at the same rate as the 

native adenosine, and significantly faster than our previously synthesized thiophene-based adenosine 

analogue. The initial publication of these fluorescent analogues has given way to several ongoing 

collaborations and is finding utility in the fluorescent nucleoside community. 

The set of aforementioned synthesized RNA analogues was expanded to include several “non-

canonical” RNA nucleosides such as xanthosine (tzX), isoguanosine (tzisoG), and diaminopurine (tz2-AA). 

Alongside these newly introduced nucleosides, my endeavors to synthesize this set of molecules with a 

unique heterocyclic scaffold were discussed in great detail, as non-traditional synthetic methods were 

required to synthesize each nucleoside. We conducted extensive studies on the photophysical properties of 

each molecule, identifying pKa values in both the ground and excited states, and identifying tautomeric 

species existing in the excited state of several molecules. We further explored the adenosine deaminase 

assay previously developed in our lab by looking at the effects of several of my synthesized molecules as 

direct inhibitors of this enzymatic process. These studies gave interesting results as the synthesized 

nucleoside analogues seemed to react with adenosine deaminase faster than their native counterparts.  

To further exemplify the power and utility of these fluorescent probes, we sought to develop 

fluorescent nucleoside-containing secondary metabolites in an effort to better understand relevant 

biological processes. Nicotinamide adenine dinucleotide (NAD+) is a coenzyme found in all living cells. In 

addition to its metabolic roles, it also serves as a substrate to enzymes involved in posttranslational 

modifications of proteins (e.g., ribosylation), thus rendering these enzymes important targets for drug 

discovery. An NAD+ analogue, which contains a fluorescent adenosine surrogate, has the potential to find 
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broad utility in sensitive fluorescent assays. I incorporated our fluorescent adenosine analogue, tzA, into a 

fully functional NAD+ surrogate through chemical synthesis. This molecule, named NtzAD+, was found to 

be emissive and function exactly as the naturally occurring NAD+ in several systems that we employed, 

including alcohol dehydrogenase, an enzyme which oxidizes ethanol to acetaldehyde through the 

conversion of NAD+ to NADH, followed by treatment with lactate dehydrogenase, an enzyme which 

reduces pyruvic acid to lactic acid through the conversion of NADH to NAD+, and arginine-specific mono 

ADP ribosyl transferases, enzymes that play a crucial role in post-translational modifications. To our 

knowledge, this is the first fluorescent NAD+ analogue known to exhibit changes between oxidized and 

reduced forms, lending itself to have great potential for biophysical assays. 
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Chapter 1   

Introduction 

1.1 Introduction to nucleic acid building blocks 

Within the nucleic acids there are two major families, each containing 4 core “building blocks”: 

The ribonucleic acids (RNA), seen in Figure 1.1, composed of adenosine (A), guanosine (G), uridine (U), 

and cytidine (C), and the deoxyribonucleic acids (DNA), seen in Figure 1.2, composed of deoxy-adenosine 

(dA), deoxy-guanosine (dG), thymidine (T), and deoxy-cytidine (dC). These “building blocks” are known 

as nucleosides, and may be thought of as glycosamines, composed of a nitrogenous base (also known as a 

“nucleobase”) and a five carbon sugar unit, either in the form of ribose or deoxyribose. With both families 

of nucleic acids, the chemical moiety of each nucleobase may be defined under 2 classes: The purines (for 

A, G, dA, and dG) and pyrimidines (for U, C, T, and dC). When looking at individual nucleosides, the 

primary structural difference between RNA and DNA lies in the presence or absence of a key alcohol, 

located on the 2nd carbon (or 2’ carbon) of a pentose sugar (ribose in the case of RNA, or deoxyribose in 

the case of DNA). For the purposes of this thesis, the focus will primarily remain on the development and 

functions of the RNA-based nucleosides. These nucleosides compose the nucleic acids in the form of 

polymeric nucleotides (oligonucleotides), nucleosides functionalized with phosphate groups linkages at the 

3’ and 5’ alcohol groups (Figure 1.3), and are essential to all forms of life.  Nucleic acids and individual 

nucleosides alike perform an array of cellular functions, including the storage and transfer of genetic 

information. They may also act as catalysts, or even secondary messengers, signaling the cell to perform 

specific functions.1-5 While DNA is known for the storage of genetic information, RNA possesses an 

incredible array of biological functions. Especially in the case of non-coding RNA (ncRNA), functional 

RNA polymeric units that are transcribed from DNA but not translated into proteins, much still needs to be 
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uncovered.6 Specifically for the case of ncRNA, they may regulate gene expression at the level of 

transcription, processing of other RNA, as well as translation. ncRNA also functions to guide DNA 

synthesis or genome rearrangement, holding a large relevance in the field of epigenetics. RNA structural 

motif may also function as enzymes, known as ribozymes and riboswitches.7 Lastly, RNA may take 

advantage of base pairing, the intramolecular bonds that occur between nucleic acids in 3-dimensional 

structures, to selectively bind and perform functions on other nucleic acids.8 
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Figure 1.1 Canonical ribonucleosides 
 

 
Figure 1.2 Canonical deoxyribonucleosides  
 

 
Figure 1.3 Anatomy of a nucleic acid nucleotide  

Given that RNA plays such important roles, there has been a consistent development of biophysical 

methods to study such biological processes. These techniques often rely on the ability to monitor specific 

RNA-based monomers and polymers as they undergo physical changes. The techniques available for such 
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biophysical investigations have included, but are not limited to, nuclear magnetic resonance (NMR), X-ray 

crystallography, fluorescence and UV-Vis based spectroscopy, as well as electron paramagnetic 

resonance.9-10 

As nucleosides are involved in a wide array of processes, it is important to possess methods to not 

only label nucleosides, but, if possible, monitor their activity in real-time as well. This becomes particularly 

useful when attempting to investigate the activity of enzymes that make use of nucleosides, either directly 

(through covalent chemical modifications), or indirectly (e.g., allosteric activation of an enzyme). One 

might suggest that the simplest way to monitor nucleosides in real-time would be through the use of UV-

Vis spectroscopy. Given that the chromophoric unit of each nucleoside is either a purine or pyrimidine unit 

and thus absorbs near 260 nm, similar to many other biologically relevant molecules such as amino acids, 

it is difficult to follow any specific nucleoside without modification. Therefore, nucleosides have been 

chemically modified to circumvent such drawbacks inherently found when attempting to track the native 

molecules.  

Historically, researchers have resorted to the use of radioactive isotopes as the “gold standard” for 

tagging and detecting specific RNA and DNA strands or molecules.11 Typically, isotopes such as 14C, 32P, 

or 3H have been incorporated into the nucleic acid phosphate backbone, sugar, or nucleobase. The use of 

radioactive isotopes has several drawbacks, including being cost prohibitive, having a short lifespan (in 

terms of radioactive decay), and an inability to track such molecules in real time. Such isotopic labelling is 

primarily employed to trace the path of nucleosides in any given biological system. The primary advantage 

of radioactive labelling is maintaining the structure of the nucleosides such that they are recognized as well 

as any native, unmodified molecule. The trait of a modified molecule to be recognized in biological systems, 

as effectively as the native molecule, will hereby be referred to as “isofunctionality”, and the increased 

structural resemblance of a modified molecule relative to its native counterpart will be referred to as 

“isomorphicity”.12  In this regard, radioactively labelled nucleosides are fully isofunctional and isomorphic. 

The most common labelling methods to overtake radioactively-labelled nucleosides encompass the 

use of fluorescence spectroscopy. While a small number of naturally occurring nucleosides are emissive, 
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the canonical purine and pyrimidine heterocycles found in native nucleic acids are essentially nonemissive 

under physiological conditions. Thus, nucleosides present an interesting challenge for synthetic chemists 

as they attempt to modify the native nucleosides in such a way that they become emissive for fluorescence-

based studies, while retaining their biological activity. Fluorescent “tagging”, that is, attaching known 

fluorescent probes to native nucleosides, brought a new era of following nucleoside and nucleotide based 

processes. Highly emissive chromophoric scaffolds with an array of tuneable properties (depending on the 

probe chosen) were covalently bound to nucleosides at various atoms (See Figure 1.4). Given that the use 

of fluorescent linkers often significantly increases the size of the molecule, leading to decreased 

isomorphicity and isofunctionality, alternative methods have been used to follow fluorescent nucleosides 

through the use of more isomorphic fluorescent nucleoside analogues.  

 
Figure 1.4 Example nucleosides labelled at various sites with fluorescent dyes 

1.2 Fluorescent Nucleoside Analogues 

1.2.1 Desirable Photophysical Properties 

One major challenge in the design of fluorescent molecules is the inability to accurately predict 

their photophysical properties without experimentation under diverse conditions. Many structural scaffolds 

have therefore been developed over the years in hopes of obtaining desirable photophysical properties 

(defined below). In addition to the challenge of achieving desirable photophysical properties with synthetic 

nucleosides, it is critical to minimize structural perturbations as biological recognition events are typically 

highly specific.  
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To define favorable photophysical properties, several key values must first be described. Alongside 

absorption and emission wavelengths, there are two inherent properties of each molecule that must also be 

identified, the extinction coefficient (also known as the molar absorptivity, ) and emission quantum yield 

().  

Molar absorptivity is a parameter of light absorption, a fundamental aspect of fluorescence 

spectroscopy.  To define molar absorptivity, we must first derive the Beer-Lambert law. Using an arbitrary 

cube of solution containing a chromophore (Figure 1.5), we will take a slab of such a solution with 

thickness dx, considering a number of light-absorbing molecules per cubic centimeter (cm3), defined with 

the variable n.  

 
Figure 1.5 Graphical representation of Beer-Lambert law parameters 

In this given slab of solution, we will define the effective cross-section for light absorption using the 

variable , in cm2. In this system, the light intensity, dI, absorbed per thickness of the slab, dx, is 

proportional to the intensity of the light emitted (I) as well as the number of molecules (n) and cross section 

(The overall equation is shown as follows: 

 

	  

Equation 1.1 Original derivation towards the Beer-Lambert equation 
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This equation may be rearranged to give the following after integration, subject to the conditions that I = I0 

and x = 0, where d is the overall thickness of the sample: 

ln 	  

Equation 1.2 Beer-Lambert Equation 

The Beer-Lambert equation may also be found in a more (experimentally) commonly used alternative form: 

ln bc 

Equation 1.3 Alternative Beer-Lambert Equation 

where A is absorbance, is the extinction coefficient (with units L mol–1 cm–1), b is the path length of the 

cuvette in which the sample is contained, and c is the concentration of the sample in solution (with units 

mol L–1). The relationship between  and  may be seen when combining the two equations with the 

following formula:  

2.303	 	 

Equation 1.4 Relationship between  and 

In an oversimplified fashion, it may be stated that, experimentally, the value of represents the number of 

photons absorbed by a given chromophore. 

 When defining quantum yield, one must consider the excited state lifetime of a given chromophore 

upon photoexcitation. The excited state lifetime may be defined by the sum of all radiative and nonradiative 

processes that occurring within an excited chromophore as it decays to the ground state (defined as 0). 

Given this, the emission quantum yield () may be defined as:  
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Φ  

Equation 1.5 Quantum yield defined by the excited state lifetime 

Where is defined as the fluorescence lifetime, or the number of radiative and nonradiative processes 

that emits a photon. Experimentally, a chromophore with a known quantum yield value is often used to 

generate a relative quantum yield, using the following equation: 

Φ Φ 	 	  

Equation 1.6 Relative Quantum Yield Equation 

where STD is the fluorescence quantum yield of an analytical standard, I and ISTD are the integrated area of 

the emission band of the sample and the standard respectively, OD and ODSTD are the optical density at the 

excitation wavelength for the sample and the standard respectively and n and nSTD are the solvent refractive 

index of the sample and the standard solutions respectively. Again, in an oversimplified fashion, 

experimentally, the value of represents the number of photons emitted versus the number of photons 

absorbed by a given molecule.  

In terms of “desirable” photophysical properties when discussing fluorescent nucleoside analogues, 

there are several characteristics of ideal probes for the applications pursued in our research. Firstly, a 

nucleoside analogue should ideally display an exclusive absorption band above 300 nm to avoid 

interference from other chromogenic compounds, including the purine and pyrimidine heterocycles found 

in the native nucleobases (containing absorption maxima roughly between 250 to 280 nm), as well amino 

acids, some of which can be noticeably fluorescent as well13 (tryptophan, for instance, absorbs near 280 

nm, emitting at 355 nm with a quantum yield of 12% in neutral water). Likewise, the emission maxima of 

these molecules should be as “red-shifted” as possible. A red-shifted maxima refers to further shifting 

towards higher wavenumbers and is desired as this moves further away from any possible emission bands 

found in common naturally occurring biologically relevant molecules. 



 

8 

One major desirable photophysical characteristic of a fluorescent nucleoside analogue, or any 

fluorescent probe, is a high quantum yield value. Fluorescence spectroscopy possesses an advantage as a 

technique in its high level of sensitivity; Modern instrumentation is highly sensitive to even low levels of 

photon emission.14 In terms of experimental quantification, depending on the application of the probe, a 

minimum quantum yield value of 1–2% is desired. For comparison, many fluorescence standards possess 

quantum yield values ranging from 40% to 100%.  

Lastly, within the context of our design criteria, a fluorescent nucleoside analogue should be 

responsive and sensitive towards changes in the local chemical environment. This responsiveness may 

typically arise from three major environmental factors: polarity, viscosity, and pH.15 Within physiological 

conditions, changes in these factors arise under several circumstances. In terms of pH, the environment 

surrounding nucleosides may change as they are bound in enzymes’ active sites, in close proximity to acidic 

or basic amino acid residues. In the context of polarity changes, molecules may move from hydrophobic to 

hydrophilic environments within cell organelles or even within intermolecular complexes of biopolymeric 

structural folds. Similarly, probes with sensitivity towards changes in viscosity (such as probes which may 

function as molecular rotors, or molecules which contain at least two structural scaffolds capable of rotating 

relative to one another) may be used in instances where such nucleosides become more or less restricted in 

helices or enzymatic sites.  

1.2.2 Desirable chemical and electronic properties 

To properly discuss the chemical and electronic properties necessary for isofunctional nucleosides, 

we must first introduce the concept of base-pairing. Base pairing occurs when two separate nucleosides 

form hydrogen bonds and is responsible for the folding in 3-dimensional complexes formed. In RNA, base 

pairing may form the basis for molecular recognition (e.g. in systems such as tRNA and mRNA), allowing 

for translation to occur in the process of protein synthesis. There are many modes of base pairing found in 

nature. One of the most common types of base pairing is Watson-Crick base pairing. In Watson-Crick base 

pairing, a purine-based nucleoside always hydrogen bonds to a pyrimidine-based nucleoside.16 More 
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specifically, in the case of RNA, A binds to U and G binds to C (Figure 1.6). In DNA, dA pairs with T and 

dG pairs with dC. The foundation of this paring relies on the functionality found in the pyrimidine rings of 

each nucleoside, forming complementary hydrogen bond donors and acceptors arrays. 

 
Figure 1.6 Watson-Crick Base Pair Hydrogen Bonding for RNA Nucleosides 

These Watson-Crick base pairs are referred to as “complementary”. Watson-Crick base pairing holds great 

importance in nature as it ensures proper DNA replication through the matching of complementary base 

pairs.17  

 
Figure 1.7 Hoogsteen Base Pair Hydrogen Bonding for RNA Nucleosides 

While other major models of base pairing can occur (e.g., wobble base pairs), a less common base 

pairing system, known as Hoogsteen pairing, is particularly unique in its use of the fused imidazole ring as 

a hydrogen bond acceptor within a purine ring. Similar to a Watson-Crick pair, a Hoogsteen pair can occur 

between a purine and a pyrimidine (Figure 1.7). 18-20 However, the hydrogen bond donors and acceptors 

are changed; within purines, the hydrogen bonds occur at the N7 as opposed to N1, likewise, the hydrogen 

bonding sites on the pyrimidines are changed as well. Hoogsteen base pairing can also occur between purine 

rings, not necessarily requiring a pyrimidine-based nucleoside partner. Moreover, while Watson-Crick pairs 

involve anti-anti orientations for the corresponding nucleic acids, Hoogsteen pairs occur in a syn-anti 

fashion for the purine-pyrimidine hydrogen bond. 
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Given that hydrogen bonding ability is vital to the core functions of many nucleosides, any 

synthesized nucleoside analogues must possess these traits as well maintaining similar chemical reactivity 

to its native counterpart. This trait becomes particularly important when investigating enzymatic 

transformation, where the nucleoside may be chemically transformed to new entities.21 

1.2.3 Design of Emissive Nucleoside Analogues: Classification 

Over the generations of fluorescent nucleoside analogue design, several classes of nucleoside 

probes have arisen based on varying structural scaffolds, all incurring modification at the nucleobase 

portion. These families include the extended analogues, expanded analogues, pteridines, chromophoric 

analogues, and isomorphic analogues.9-10, 22-25 

 

 
Figure 1.8 Example Extended & Expanded Fluorescent Nucleoside Analogues 

The expanded and extended analogues both attempt to maintain, at minimum, Watson-Crick 

pairing faces by implementing modifications upon the existing purine and pyrimidine structural scaffolds 

(Figure 1.8). Expanded nucleobases extend the conjugation of the natural bases by fusing additional rings 

onto the structures, often resulting in enhanced photophysical properties. Many expanded nucleobases also 
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manage to maintain the Watson-Crick faces, however the extended structural features may influence the 

stability of oligonucleotide duplexes.  

While the expanded analogues enhance the emissive characteristics of the native nucleobases 

through extensions of the conjugated systems within a single fused multi-ring system, extended analogues 

are characterized by linking a fluorescent unit to the bases through a single bond. This may extend the 

conjugation of the purine or pyrimidine system, but is not a necessary criterion for such systems as the 

newly attached fluorescent moiety often retains the properties of the parent fluorophore. One advantage of 

extended nucleoside analogues is the structural similarity to the native nucleosides, often possessing a more 

compact structure to lessen the effect of perturbations in oligonucleotides. The main disadvantage of 

extended analogues is the extended fluorophore moieties often disrupting any packing of larger nucleic acid 

structures, thus leading to a loss in isomorphicity. 

The pteridine analogues (Figure 1.9) are the only class of fluorescent nucleoside analogues to be 

naturally occurring in their core structural framework.25 They have found use as purine analogues and 

exhibit very high quantum yield values (0.39–0.68) with exclusive absorption bands above 300 nm. 

While these analogues make effective adenosine and guanosine surrogates, showing very little change 

upon  incorporation  into  oligonucleotides,  they  still  do  affect  the  stabilization  of  duplexes  due  to  the 

structural differences compared to the native nucleosides.26 

 
Figure 1.9 Pteridine Nucleoside Analogues 
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Figure 1.10 Chromophoric Nucleoside Analogues 

The chromophoric nucleobase analogues (Figure 1.10) replace the natural nucleobases completely 

with known fluorophores.24, 27 While these analogues rarely structurally resemble the nucleobase and lack 

any hydrogen bonding faces, they are often found to contain very favorable photophysical properties such 

as red-shifted absorption and emission bands with high quantum yield values. While the nucleobases are 

fully modified and non-recognizable relative to the native purines and pyrimidines, the ribose or 

deoxyribose is left intact, thus these systems may be employed when investigating the role in nucleobase 

specificity in a specific system. Note that, since the chromophoric class of nucleosides lacks Watson-Crick 

bonding faces, they will rarely be employed in investigations that rely upon the formation of polymeric 

structures such double helices, as such structures are highly dependent upon intramolecular forces such as 

hydrogen bonds (although they can engage in base stacking, a strong stabilization contributor in duplexes). 

Lastly, the isomorphic bases (Figure 1.11) are classified as being as close as possible to the native 

nucleobases in terms of electronics, structural dimensions, and hydrogen bonding abilities while being 

characterized with enhanced photophysical properties. While these bases maintain, arguably, the strongest 

advantage of fluorescent nucleoside analogues, they are also often the most synthetically challenging to 

access. Isomorphic nucleobases often contain one or more covalent modifications affecting the core purine 

or pyrimidine systems. They may be characterized by containing heteroatomic substitutions with one or 

more atoms in the native systems, as well as the removal of atoms altogether (as is the case of 2-

aminopurine).  
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Figure 1.11 Isomorphic Nucleoside Examples 

1.2.4 Historically Important Developments of fluorescent nucleobases and nucleosides 

Of all the developed fluorescent nucleoside analogues, there are several that have been widely 

employed and studied by researchers for diverse applications. These nucleosides have all either been 

classified as expanded, in the case of etheno-adenosine, or isomorphic, in the cases of 2-aminopurine and 

8-azapurine. 

Etheno-adenosine (or A) is a fused adenosine analogue (Scheme 1.1) that has been extensively 

studied by Leonard and co-workers.28-31 A may be simply synthesized via condensation of A with 

chloroacetaldehyde under slightly acidic (pH 4.5) aqueous conditions. The nucleoside contains red-shifted 

absorption band at 298 nm, emitting at 415 nm with a quantum yield of 56%. While A is incapable of 

engaging in WC pairing, it has found multiple applications in enzymatic systems which take advantage of 

single nucleosides as small molecule binding targets. 
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Scheme 1.1 Etheno-Adenosine synthesis 

8-azapurines (Figure 1.12) are similar to purines, but the fused imidazole portion has been replaced 

with a 1,2,3-triazole moiety.32-33 Explored extensively by Shugar and coworkers, these fluorescent purine 

analogues maintain all hydrogen bonding abilities and are effective isomorphic and isofunctional 

nucleosides within the context of enzymology relevant to RNA and DNA. While many canonical (i.e. 

guanosine, adenosine) and noncanonical (isoguanosine, xanthosine) analogues have been made, not all are 

equally fluorescent. 8-azaadenosine has a quantum yield value of  0.068 in neutral media but is 

nonemissive under acidic conditions, while 8-azaguanosine ranges from  0.01 under neutral conditions 

to under acidic conditions. Overall, the 8-azapurines have seen less use due to low quantum yield 

values under some circumstances as well as several analogues quenching when incorporated into 

oligonucleotides. 

 
Figure 1.12 8-aza-adenosine and 8-aza-guanosine 

2-aminopurine (or 2-AP, Figure 1.13) is a constitutional isomer of adenine, where the exocyclic 

amino group attached to C6 has been relocated to C2.34-37 This isomer contains significantly enhanced 

photophysical properties, and may effectively act as a surrogate for both adenine and guanosine (or the 

corresponding nucleosides when glycosylated). 2-AP may faithfully exhibit both Hoogsteen and Watson-

Crick base pairs with uridine and deoxythymidine, contains an absorption band near 300 nm and emission 
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maxima at 371 nm with a quantum yield value of 68% in neutral aqueous media, and is sensitive to changes 

in polarity, thus fulfilling many of the necessary qualities for effective isomorphic and isofunctional 

nucleosides. While 2-AP may show minimal disruption into oligomeric complexes of oligonucleotides, it 

is significantly quenched upon incorporation into such polymeric units.9, 38   

 
Figure 1.13 Structure of 2-aminopurine 

1.3 Applications of fluorescent nucleosides as small molecule substrates 

While many of the roles nucleoside play in biology are within the context of oligonucleotides, 

nucleosides and nucleotides are manipulated and recognized by proteins in many crucial biological 

processes, including intracellular and extracellular signaling, as well as cell metabolism.39-41 Nucleosides 

may often be derivatized to yield enzyme cofactors, small accessory molecules required for proteins’ 

activity. Many of such cofactors are derived from adenosine, including NAD+, NADP+, coenzyme A, and 

S-Adenosyl methionine (SAM).3, 42-46  The latter is also linked to epigenetic changes, or changes in gene 

function that occur without modification in DNA sequences.47 Other RNA-derived small molecules may 

function as “secondary messengers” for cells, intracellular signaling molecules used to trigger physiological 

changes.48 

While many coenzyme undergo enzymatic modifications, the chemistry typically occurs at sites 

other than the nucleobase. Many enzyme cofactors are also non-emissive and thus difficult to monitor. 

Thus, isomorphic and isofunctional nucleobase analogues incorporated into such cofactors in a way that 

they may become photophysically responsive may provide certain insight into the mechanisms of such 

enzymes. This has been done with cofactors such as NAD+, although in a limited fashion.49-51 Several 
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nucleoside-containing cofactors may be exploited using fluorescent nucleoside analogues, as detailed in 

several examples below.  

The NAD+/NADH couple (Figure 1.14) is a key determinant of the cellular redox state.46, 52-54 

Additionally, NAD+ is a substrate for ADP-ribosyltransferases, which generates poly(ADP-ribose), a 

reversible protein posttranslational modification of significance for chromatin plasticity, cell 

differentiation, epigenetics and therefore human health.46, 52-56  While NADH is emissive (em 460 nm), 

NAD+, the oxidized form, is not. The emissive NAD+ (Figure 1.14), studied by Leonard,31 displayed a 

higher KM for many NAD+-dependent enzymes (ca. 20-fold) and significantly reduced Vmax (ca. 0.2 

compared to NAD+), but was nevertheless explored for protein poly-ribosylation. 50, 57-58 Only recently a 

clickable NAD+ analog was made and used to tag the self-modifying ADP-ribosyltransferase diphtheria 

toxin-like 1 and the histone H1.2 protein.51 

 
Figure 1.14 NAD+, NADH, and NAD+ 

Following ATP, S-adenosylmethionine (SAM, Figure 1.15) is the most pervasive adenosine-

containing cofactor.59-60 It serves as a methylating reagent in numerous methyltransferase-catalyzed 

reactions, with both biopolymers (e.g., DNA, RNA) and metabolites (e.g., catecholamines). SAM also binds 

riboswitches, highlighting its regulatory roles in transcription and translation.61-63 A general approach to 

follow SAM-based methylations could be of great utility in studying its reactions and discovering new 

SAM-based biotransformations.64 
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Figure 1.15 Structure of SAM 

Lastly, Cyclic dinucleotides (e.g., c-di-GMP, Figure 1.16) were first recognized as secondary 

signaling molecules in bacteria  (where they regulate biofilm formation, motility, etc.)65-68 and, more 

recently, in mammalian cells (where they have been shown to trigger innate immune response).69-70 Such 

secondary messengers have also been shown to bind riboswitches. While 2-AP analogs have been made, 

their fluorescence is in the UV range (ca. 370 nm), thus limiting their application.71 

 
Figure 1.16 Structure of cyclic-di-GMP 

1.4 Overview of Tor Lab Fluorescent Nucleoside Development 

1.4.1 Pyrimidine Analogues 

The Tor research group has led the development of several power fluorescent nucleoside analogues, 

starting with pyrimidine derivatives but more recently progressing through several generations of emissive 

purine analogues. The efforts of the Tor Lab in particular to evolve and innovate within the world of 

fluorescent nucleosides are briefly detailed below. 
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Within the realm of pyrimidine analogues such as cytidine and uridine, emissive properties may 

often be implemented through the use of extended conjugation systems at C5 of the pyrimidine. The 

inspiration of this design arises from the photophysical features found in conjugated 5-membered 

heterocycles.72 Several 5-modified pyrimidines have been designed and synthesized (Figure 1.17), often 

through the use of palladium coupling chemistry, and found to behave as molecular rotors, rotating around 

the biaryl bond, allowing for non-radiative torsional relaxation, ultimately leading to low quantum yield 

values.73-76 The quantum yield becomes significantly enhanced in solutions of higher viscosity as the ability 

for free rotation decreases. This allows for such nucleoside analogues to be sensitive to changes in the local 

environment with regard to polarity and crowding. Note that these nucleosides also show little effect on 

destabilization upon incorporation into oligo nucleotides, thus functioning as effective surrogates for the 

native pyrimidine derivatives.76 

 
Figure 1.17 5-substituted-Uridine analogues synthesized by Tor & co-workers 

Evolving to a second generation of pyrimidine nucleoside analogues, the 5-substituted-6-

azapyrimidine analogues (Figure 1.18) were synthesized to address the lower quantum yield values of the 

5-modified uridines by enhancing the polarization of the molecule via a 1,2,4-triazine core.77-78 Using this 

system, these 5-substituted-6-azapyrimidine nucleosides possessed the same advantages as the 5-

substituted pyrimidine analogues, but with the added advantage of increased quantum efficiencies. 

 
Figure 1.18 Sample extended 6-aza-uridine nucleoside by Tor & co-workers 
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A particularly unique set of pyrimidine analogues were also developed in an effort to generate 

nucleosides that might find applications as a Förster resonance energy transfer (FRET) partner, or a 

molecule that might receive the transfer of energy from a nearby molecule through emission.  The Tor 

group developed polarized qunazolinones (Figure 1.19) via extended pyrimidines, providing a responsive 

fluorescent analogue with varied photophysical properties depending on the substituents arising on the 

aromatic rings. Through this system, FRET partners were established with biologically relevant molecules 

such as tryptophan, allowing for the development of an assay for monitoring RNA and peptide or protein 

interactions through the native fluorescence of such amino acids or proteins.79 

 
Figure 1.19 Uridine-Derived quinazolinone derivatives 

In 2007, Tor and coworkers developed a new set of emissive isomorphic nucleosides based on a 

thieno[3,2-d]pyrimidine core (Figure 1.20).80 The synthesis of these nucleosides allowed for a convergent 

approach to develop both purine and pyrimidine analogues of xanthosine and uridine, respectively, as the 

xanthine nucleobase was synthesized and then glycosylated either at a carbon or nitrogen bond, depending 

on the conditions. While the synthesized nucleoside analogues were found to have less than ideal 

photophysical properties (max = 200296 nm and em = 345351, =0.0370.058), they nevertheless 

formed an inspiration for structurally very similar, but significantly more powerful, analogues. 
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Figure 1.20 thieno[3,2-d]pyrimidine analogues of xanthosine (left) and uridine (right) 

In 2008, Srivatsan et. al. published a new highly emissive uridine analogue based on a thieno[3,4-

d]pyrimidine core (thU, Figure 1.21), strikingly similar to the previously developed uridine analogue.81 

With the placement of the thiophene core changed, thus altering the electronic nature of the fused system, 

the photophysical properties were enhanced. The uridine analogue was found to have absorption bands at 

260 and 304 nm with an emission band observed at 412 nm, exhibiting a quantum efficiency of = 

0.48The molecule is also sensitive to changes in polarity and quenched roughly 5.5 fold upon 

incorporation into oligonucleotides via the corresponding triophosphate or phosphoramidite. Moreover, this 

probe was later used to detect the presence of RNA abasic sites generated by ribosome-inactivating proteins 

such as ricin.82 

 
Figure 1.21 thieno[3,4-d]pyrimidine uridine analogue 

1.4.2 The thieno[3,4-d]pyrimidine purine analogues 

Inspired by the positive photophysical properties established in the thieno[3,4-d]pyrimidine uridine 

analogue, Shin et. al. developed a similar set of purine analogues via C-glycosides on various thieno[3,4-

d]pyrimidine-based structural scaffolds.83 These purine analogues of adenosine (thA) and guanosine (thG) 
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(Figure 1.22) were found to have impressive photophysical qualities (max = 341 nm, 321 nm, respectively, 

in water and em = 420 nm, 453 nm, respectively, with =0.21, 0.46, respectively). Given the 

isomorphicity of these molecules as they show minimal structural disturbance upon incorporation into 

oligonucleotides duplexes, they maintain a great advantage as fluorescent purine analogues.84 Note that, 

while many fluorescent pyrimidine analogues exist, effective isomorphic fluorescent purine analogues are 

found to be far and few between, with many researchers still employing 2-aminopurine for relevant studies. 

Note that, unlike 2AP, thG shows little or no quenching when incorporated into oligonucleotides. thGTP 

was later shown to function effectively with T7 RNA polymerase to initiate RNA transcription with the 

corresponding molecule.85-86  Moreover, the thiophene-based purine analogues have been employed 

extensively in other studies, with both the Tor lab and other independent investigators, thus showing its 

utility as a powerful tool in RNA- and DNA-based applications.84-85, 87-92 

 
Figure 1.22 thieno[3,4-d]pyrimidine nucleosides analogues of guanosine (left) and adenosine (right) 

Moreover, moving beyond the realm of oligonucleotides into small molecule-based applications, 

thA has effectively been transformed into a SAM analogue. Vranken et. al. showed effective conversion of 

a 5’-chlorinated thA derivative into the corresponding SAM analogue, SthAM (Figure 1.23). This SAM 

analogue behaved exactly as the native purine-based molecule in the presence of M. Taql, successfully 

methylating a linear strand of DNA to form the corresponding de-methylated molecule, SthAH.93 This was 

the first instance of employing a member of the thieno-purine analogues as an enzyme cofactor, showcasing 

its versatility as an isofunctional analogue.   
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Figure 1.23 Structures of SthAM and SthAH 

1.4.3 Adenosine deaminase: Exploring the caveat of thA isofunctionality 

Adenosine deaminase (ADA) is a key enzyme involved in purine metabolism. It has been found in 

bacteria, plants, invertebrates, vertebrates, and mammals, and is responsible for the conversion of adenosine 

to inosine. It represents a prime therapeutic target as it has been associated with the development and 

maintenance of the immune system in humans. In 2013, Sinkeldam et. al. employed thA to monitor the 

activity of adenosine deaminase as the molecule was converted to the corresponding inosine derivative, 

thI.92 In taking advantage of the inherent photophysical differences between thA and thI, one could monitor, 

in real time, the conversion between the molecules, and thus quantify the activity of such molecules with 

ADA. This, in turn, allows for the creation of effective assays to identify effective ADA inhibitors with 

high-throughput screens.  

Analysis of the Michaelis-Menten kinetic parameters shows an intriguing, distinct difference 

between thA and native adenosine. A significantly higher KM value was noted for thA, 15-fold higher than 

that of A, thus indicating a much lower affinity for thA within the ADA system. Upon structural analysis of 

ADA’s active site, this is not surprising as there is a key hydrogen bond pair occurring between the N7 of 

adenosine and a neighboring aspartic acid residue (Figure 1.24).94 As any similar nitrogen is lacking in the 

thieno[3,4-d]pyrimidine system, the molecule is suggested to hold a lower affinity for the enzymatic sight, 

thus displaying lower activity.  



 

23 

 
Figure 1.24 Enzymatic site of ADA with native adenosine bound94 

As a continuation of the deamination studies with thA, a related enzymatic transformation was 

explored. Adenosine to inosine conversion within oligonucleotides is performed by enzymes classified as 

ADARs (or adenosine deaminases acting on RNA). thA was studied within the context of ADAR2, an 

enzyme known to lack any such dependency on hydrogen bonding via the purine N7 within the active site 

of the enzyme.95-98 Upon treatment with ADAR2, nucleic acids containing thA nucleotides were found to 

effectively be converted to the corresponding thI nucleotides at the same rate as their native counterparts.89 

These findings made concrete the hypothesis that perhaps the lack of nitrogen-7 in the thiophene-based 

purine analogues would lead to some slight drawbacks in terms of isofunctionality. Thus, a 2nd generation 

of emissive purine analogues would be considered to bring back this key nitrogen. 

1.4.4 Introduction to the isothiazolo[4,3-d]pyrimidine family 

As discussed previously, the development of a successful nucleoside analogue proceeds fulfilling 

several criteria, including isofunctionality. Isofunctionality may be dictated, in part, by a nucleoside’s 

ability to maintain similar hydrogen bonding abilities to the native purine and pyrimidine nucleosides. With 

the removal of the N7 in moving from purine to the thiophene-based purine analogues, a critical Hoogsteen-

pairing face was lost. The implications of this were first noted in the exploration of the adenosine deaminase 

system discussed above. In an effort to restore the Hoogsteen face of such analogues, we set out to design 

a fused heterocyclic system with this N7 replacing the carbon found in the thiophene ring. By replacing this 
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carbon, the thiophene would then be replaced by a fused isothiazolo[4,3-d]pyrimidine system (Figure 1.25). 

Several risks were originally assessed in the design of this system as replacing the thiophene unit would 

alter the electronics, thus subjecting the molecule to changes in photophysical properties. Considering the 

highly emissive nature of the thiophene core, we found the corresponding isothiazolo counterparts to be 

nevertheless worth pursuing. We hoped to restore isofunctionality and increase isomorphicity while 

maintaining the favorable photophysical properties of the thiophene-based purine analogues as we 

developed our emissive 2nd generation RNA alphabet. 

 
Figure 1.25 isothiazolo[4,3-d]pyrimidine purine analogues 

1.4.5 Investigating the isothiazolo RNA analogues 

The subsequent chapters of this thesis explore the synthetic strategies approached, the 

photophysical characterizations, and the biological applications, with the newly developed isothiazolo[4,3-

d]pyrimidine nucleoside family. While the focus of biological applications will remain on the purine 

analogues as these nucleosides were developed to address issues found in our previously synthesized purine 

analogues, the pyrimidine analogues (Figure 1.26) have also been synthesized and characterized. Herein 

we report the synthetic design as well as the photophysical properties of new purine-inspired fluorescent 

nucleoside analogues. Perhaps unexpectedly, the syntheses presented diverse challenges, likely reflecting 

the scarce knowledge regarding the isothiazole nucleus and its reactivity.  We thus elaborate not only on 

the successful pathways, but rather also on failed attempts, providing further insight into the chemistry of 

this largely unexplored heterocycle (Scifinder structure search shows near 369 thousand hits for structures 

containing an isothiazole ring compared to near 6 million hits for structures containing thiazole rings). 
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Moreover, we explore applications of such molecules into enzymatic systems, including the design of a 

fluorescent cofactor analogue. 

 
Figure 1.26 isothiazolo[4,3-d]pyrimidine pyrimidine analogues 
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Chapter 2   

Synthesis of a novel family of purine-inspired C-

nucleosides 

2.1 Introduction to C-nucleosides 

2.1.1 Intro to C-Nucleosides 

While nucleosides containing nitrogen-linked glycosidic bonds (known as N-nucleosides, such as 

those based on purine and pyrimidine heterocycles) are vulnerable to enzymatic and acid-based hydrolytic 

cleavage, replacing the nitrogen with a carbon to form a carbon-linked glycosidic bond (forming C-

nucleosides) significantly enhances their stability. Several C-nucleosides are naturally occurring, the most 

notable of which include Pseudouridine and Showdomycin (Figure 2.1).1-2  

 

Figure 2.1  Structures of Showdomycin (1) and pseudouridine (2). 

As these nucleosides possess potent antibiotic and cytotoxic activities, several analogues of these 

compounds have been developed as drug candidates.1-6 Given the limited natural availability of such 

nucleosides combined with the desire for employing more C-nucleosides for the purposes of medicinal 

chemistry and chemical biology, many synthetic strategies have been developed for the synthesis of these 

carbon-linked nucleoside frameworks. The strategies for the construction of C-nucleosides may be divided 
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into several broad classes7: 1. Direct coupling of a preconstructed nucleobase with a carbohydrate (sugar) 

unit; 2. Functionalization of a sugar derivative followed by direct construction of the nucleobase arising 

from this functionalization; 3. Functionalization of a preconstructed nucleobase followed by direct 

construction of the sugar unit arising this functionalization; 4. Modification of an existing C-nucleoside. 

For the purposes of this chapter, we will only focus on the first two strategies: Coupling a pre-formed 

algycon unit (nucleobase) with a sugar (through synthetic methods of glycosylation), and constructing a 

heterocycle on a functionalized sugar unit.  

2.1.2 Glycosylation methods for C-nucleosides 

The direct formation of a new  bond between a nucleobase and sugar unit may be accomplished 

through several broad classes of synthetic methods: 1) Lewis acid-mediated electrophilic aromatic 

substitution (Commonly referred to as the “Friedel-Crafts reaction”)8-9; 2) Palladium-mediated coupling; 

and 3) Nucleophilic addition to the anomeric site of the sugar unit via an activated organometallic-based 

nucleobase species. Each of these methods possesses its own strengths and weaknesses, and its utility 

depends on the stability/reactivity of the nucleobase and/or sugar unit.  

 

Figure 2.2 Example Friedel-Crafts type glycosylation reaction depiction 

In the case of Lewis acid-mediated electrophilic aromatic substitution, a stable O-acetylated 

hemiacetal functional group is often found on the sugar species (e.g., ribose derivative 3), forming the 

corresponding reactive oxocarbenium intermediate (3i) in the presence of a Lewis acid (Figure 2.2).10 This 

reactive oxocarbenium intermediate is then attacked by the corresponding nucleobase, often an aromatic 

heterocycle, in a pathway similar to the classical Friedel-Crafts reaction. The stereochemical outcome of 

this reaction is often dictated by the stereochemistry of the sugar as well as neighboring group effects.  
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The “Heck Coupling” is most often employed for Palladium-mediated formation of nucleosides, 

where an unsaturated sugar unit containing an alkene across the anomeric and 2’ carbon is coupled to a 

nucleobase functionalized with a halide at the desired modification site (Scheme 2.1).11 This sugar-derived 

unit, commonly derived from a 2’-deoxy ribose derivative (such as 5), reacts to give the corresponding 3’ 

enol ether. The stereochemical outcome of this reaction may be dictated by a wide variety of factors, 

including those typically modified for palladium coupling reactions (e.g. ligands, catalysts used) as well as 

by steric factors and the stereochemistry of the sugar.  

 

Scheme 2.1 Example Heck-Type glycosylation reaction 

An nucleophilic organometallic nucleobase species may also be used to react at the anomeric site 

of a functionalize sugar unit via the use of an organometallic nucleobase species. This method may be the 

most broadly applicable due to its versatility.7,12 The desired reactive carbon (to ultimately become the 

anomeric site) may be functionalized as a lactone or aldehyde, or via an epoxide between the anomeric and 

2’ carbon. For generating a reactive organometallic nucleobase species, standard protocols may be used, 

including lithium halogen exchange or Grignard reagent formation from the corresponding halogenated 

nucleobase. When the electrophile is a lactone (such as 8, Figure 2.3) or aldehyde-based sugar derivative, 

further reduction of the corresponding lactol is required to set the absolute stereochemistry of the anomeric 

carbon. 
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Figure 2.3 Example lithiated nucleobase glycosylation depiction 

2.2 Direct glycosylation of the isothiazolo heterocycle 

2.2.1 Building the nucleobase 

In traditional nucleoside synthesis, the heterocyclic core is commonly furnished before being linked 

to a sugar moiety via established glycosylation methods. For the development of fluorescent nucleosides, 

constructing the heterocyclic framework first allows one to preliminarily evaluate the photophysical 

properties of a new nucleobase. This, however, does not address the synthetic hurdles and whether or not 

the heterocycle can ultimately be subjected to common methods of C-glycoside formation.7 The isothiazole 

core brings a unique challenge to the formation of the key carbon–carbon glycoside bond. In particular, the 

alkylation of C5 on functionalized isothiazoles, while previously observed, has only been reported for a 

limited substrate scope.13-16  

When approaching the design of any novel nucleoside, directly coupling a fully functional 

nucleobase to a sugar derivative is often the most common initial approach. In our initial plan to construct 

an isothiazolo-based purine analogue, we first synthesized the isothiazolo[4,3-d]pyrimidine core (13). This 

nucleobase was synthesized via the previously published Thorpe-ziegler cyclization.17 To synthesize the 

core framework, An N-tosyl derivative of ethyl 2-cyano-2-(hydroxyimino)acetate (11, commonly known 

as Oxyma)18 was cyclized with ethyl mercaptoacetate (10), yielding the basic isothiazole scaffold (Scheme 

2.2). This pathway provided a derivative furnished with ester -amino functionality (13), which can be 

used to construct the fused, functionalized pyrimidine ring. After decarboxylation, the heterocycle was 

furnished with varying functionalities, including a formamide, dimethyl imine, trifluoroacetamide, and 

guanidinylated species to provide diverse candidates for exploring glycosylation reactions (Scheme 2.3).  
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Scheme 2.2 Nucleobase 13 synthesis 

Note that while the constructed isothiazolo-based nucleobases were not used in the final synthetic 

route to furnish the C-glycosylated purine nucleoside analogues, they were used for the synthesis of the N-

glycosylated pyrimidine analogues tzU and tzC. While the pyrimidine analogue routes will not be discussed 

in detail, standard glycosylation methods were used for the syntheses of these nucleosides, and the details 

of synthetic methods and supplementary information may be found in Section 2.9.6. 

2.2.2 Friedel-Crafts Construction 

Starting with the Friedel-Crafts approach, the starting materials (13–18) were treated with SnCl4 or 

BF3•OEt2 and an O-acetylated ribofuranose as the coupling partner and found to be unreactive.19 Given 

these results and the absence of any detectable glycosylation products, other viable routes were explored.  
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Scheme 2.3 Isothiazolo functional library. aConditions: (a) trifluoroacetic anhydride, pyridine, 0 °C to rt, 
90 min, 72% yield; (b) KOCN, H2O, acetic acid, rt, 12 h, 70% yield; (c) dimethylformamide dimethyl 
acetal, DMF, rt, 12 h, 45% yield; (d) chloroformamidine hydrochloride, dimethylsulfone, 125 °C, 1 h, 74% 
yield; (e) dimethylformamide dimethyl acetal, DMF, rt, 12 h, 68% yield; (f) Piv-Cl, Py, rt to 70 °C, 1 h, 
61% yield. 

2.2.3 Palladium-mediated Coupling Reactions 

We attempted to make use of palladium catalysis as an alternate approach to form the desired bond. 

Heck coupling of heterocycles to form C-glycosides, while frequently useful, is reported to be inconsistent 

and highly varied depending on the specific heterocycle.11 To prepare suitable substrates, a variety of 

halogenated precursors were synthesized (Figure 2.4). A crystal structure of 18b was used to initially 

structurally elucidate the synthesized nucleobase, due to the lack of any remaining characteristic 1H’s for 

NMR analysis. In an attempt to make the isothiazole C5-halogenated derivative more susceptible to cross-

coupling reactions, the exocyclic amine was protected as a trifluoroacetamide (16a). The silyl-protected 

furanose glycal (19, Scheme 2.4) was used as a coupling partner (see Table 2.1 for conditions). Unreacted 

starting materials were predominately recovered when subjecting substrates 14b, 17b, and 18b to various 

palladium catalysts, including Pd(OAc)2, Pd(PPh3)4, Pd(Ph3P)2Cl2, and  
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Figure 2.4 Bromination of derivatives. a Reagents and conditions: (a) Br2, AcOH, 55 °C, 1 hr, 73% yield; 
(b) Br2, AcOH, 50 °C, 2 hr, 41% yield; (c) i. Br2, AcOH, 50 °C, 1 hr, ii. TFAA, Py, 0 °C to rt, 9h, 60% 
overall; (d) Br2, AcOH, 50 °C, 2 hr, 63% yield.  

(Pd)2(dba)3.  Note that Silver salts (e.g., AgF) have been previously reported to play a critical role in 

enhancing palladium-catalyzed arylations and have proven crucial in the palladium coupling of isothiazole 

heterocycles.20 In an effort to avoid silyl-incompatible fluoride salts, Ag2CO3 was used as a base with a 

variety of common palladium catalysts and ligands tested. 

In an attempt to find a successful coupling partner for glycosylation, 20, a known substrate, was 

synthesized in an attempt to glycosylate an isothiazole ring (Scheme 2.5).21 Starting from this substrate, a 

glycosylation could be accomplished by further functionalization to install an exocyclic amine and cyclize 

to furnish further pyrimidine derivatives. While the glycosylation of 20 using palladium catalysts was 

observed, the reaction was found to give a large amount of undesired side products, recovered starting 

material, and very little desired product. Considering that further functionalization was still required to 

complete the target molecule, this route was deemed as not viable. In an effort to test a reversal of the 

substrate roles in our palladium coupling substrates, the non-halogenated nucleobase 18a was tested and 

found to successfully couple with iodobenzene (See Scheme 2.6).  
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Scheme 2.4 Isothiazolo Palladium Coupling Attempts 

Table 2.1 Palladium Coupling Conditions 

Substrate Catalyst Additives Conditions 

14b, 17b, 
18b 

Pd(OAc)2 Bu4NBr, NaHCO3 DMF, 50 °C, 10 h 

 Pd(PPh3)4 Bu3N Dioxane, 70 °C, 10 
h 

 Pd(OAc)2 PPh3, TEA Dioxane, 100 °C, 
10 h 

 Pd(OAc)2 AsPh3, NaHCO3 DMF, 60 °C, 10 h 

 Pd(Ph3P)2Cl2 Ag2CO3, Ph3P MeCN, 80 °C, 12 
h 

 Pd(Ph3P)2Cl2 Ag2CO3, AsPh3 80 °C, 12 h 

 (Pd)2(dba)3 PPh3 MeCN, 80 °C, 12 
h 

 

 
Scheme 2.5 Alternatively synthesized substrate for Pd Coupling 
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Scheme 2.6 Iodobenzene Heck coupling. aReagents and conditions: (i) Pd(Ph3P)2Cl2, AgF, Ph3P, MeCN, 
80 °C, 12 h; (ii) NH3, MeOH, 80 °C, 12 h. 65% overall yield 

The success of this latter coupling with iodobenzene, combined with the failures of previous coupling 

reactions suggests that, perhaps, the primary challenge of the reaction of 14b, 17b, and 18b lies in the 

oxidative addition step (See catalytic cycle, Figure 2.5). While the “polarity-reversed” coupling of 18a was 

promising, we found that syntheses of a vinylogous halogenated ribose derivative capable of cross-coupling 

with our substrate would not be viable. With palladium catalysis not feasible for developing a scalable route 

to our nucleosides, chemically harsher methods were considered for activating the isothiazole C-5 for 

alkylation.  

 
Figure 2.5 Putative Catalytic Cycle for Heck coupling 
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2.2.4 Lithiation Reactions 

Lithiated heterocycles may be used to alkylate ribose or glucose derivatives, commonly 

functionalized as a lactone but occasionally as a lactol or an aldehyde.7 Using 16b and 17b, lithium halogen 

exchange reactions were tested (Table 2.2). Upon treatment of a pivaloyl-protected substrate (17b) with n-

butyllithum, lithium halogen exchange was evident from the debromination of the starting material after 

quenching with water. Reaction of the piv-protected material with n-, sec-, and tert- butyllithium also 

returned dehalogenated material upon attempted alkylation of ketal-protected ribofuranose (26) or silylated 

deoxy-ribonolactone (27).  Attempts to enhance the reactivity of the lithiated substrate with TMEDA failed. 

Treatment of the trifluoroacetylated compound (16b) lead to trace amounts of 28, which was not cleanly 

isolable with primarily decomposition of the starting material. Subjecting 18b to the same conditions 

showed certain reactivity of the substrate but no desired products.   

The failure of these common methods thus necessitated taking a less traditional bottom-up approach 

to the construction of the desired nucleosides. 
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Figure 2.6 Lithiation attempts with isothiazolo substrates 

Table 2.2 Lithiation attempts 
Substrate Conditionsa Product 
17b a, b, c, d, e 17a 

16b b, e 28 (trace) 

aConditions: (a) n-BuLi, THF, -78 °C to rt; (b) 26 or 27, n-BuLi, THF, -78 °C to rt; (c) 26 or 27, n-BuLi, 
TMEDA, THF, -78 °C to rt; (d) 26 or 27, s-BuLi, THF, -78 °C to 0 °C; (e) 26 or 27, t-BuLi, THF, -78 C to 
-40 °C.  
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2.3 Building isothiazolo-based nucleosides from a functionalized sugar 

2.3.1 Building the isothiazolo ring from a ribose precursor 

Inspired by previous syntheses of modified C-nucleosides, a different strategy was ultimately 

pursued to construct the isothiazolo-based glycoside.22-23 Returning to the Thorpe-Ziegler cyclization used 

to construct the isothiazole nucleobase precursor 13, we found that the originally published method for 

preparing isothiazoles could also apply to an -thio ketone (Scheme 2.7) as opposed to the mercaptoacetate 

(Scheme 2.2).17 

 
Scheme 2.7 Previously published isothiazolo cyclization with a ketone precursor 

We surmised that using a ribofuranose-derived lactol prefunctionalized with a primary thiol would likely 

suffice as a substrate for the proposed cyclization (Scheme 2.8). Thiol 32 would therefore be necessary to 

act as the functional handle for installing the isothiazole ring.  

 
Scheme 2.8 Proposed key isothiazolo nucleoside cyclization 

2.3.2 Synthesizing the thiol-substituted sugar 

While the synthesis may ultimately begin from D-ribose, we found it more efficient to purchase the 

commercially available material, methyl -D- ribofuranoside (35). From this material, we chose to protect 

the ribose alcohols as benzyl ethers. as other protecting schemes (e.g., isopropylidene) were found too 

sensitive. While benzyl ethers are notoriously hard to remove in some cases, we were confident enough that 
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the correct conditions would be found to remove these robust protecting groups .The commercially 

available methyl -D- ribofuranoside 35 was subjected to benzyl protection via benzyl bromide, sodium 

hydride, and tetrabutylammonium iodide to yield the tri-benzyl, OMe-Ribofuranose, which was then 

hydrolyzed, yielding the protected lactol 36 (Scheme 2.9). This lactol was then subjected to Swern 

oxidation conditions, providing the corresponding lactone 37.24 This lactone would set the stage for forming 

our key anomeric carbon-carbon bond.  

We then needed to install an alkyl thiol, which would serve as functional handle to build the 

isothiazole ring. We ultimately used diiodomethane and lithium halogen exchange, generating the reactive 

lithium species, which then alkylated the lactone to provide the primary iodide 38.25 With the iodinated 

species in hand, we then attempted to install a thiol via several methods, including sodium hydrosulfide. 

We ultimately employed sodium thioacetate to initially install the sulfur in the desired position, providing 

the thioester in good yield.  This ester was then reduced using LiAlH4 to give the primary thiol 32. However, 

unless very strict equivalency control was employed, we often noted the reduction of the lactol as well, 

yielding the corresponding ribose diol with the primary thiol attached, which is suitable for our cyclization 

step.  We thus eventually resorted to alternative esterification-type conditions using hydrazine hydrate to 

cleave the thioester, yielding 32. 

 
Scheme 2.9 Primary Thiol Synthesis: (a) i. BnBr, NaH, TBAI, DMF; ii. H2SO4, AcOH. (b) SOCl2, DMSO, 
Et3N, DCM, -78 °C, 30 min, 93%. (c) CH2I2, MeLi, toluene, –78 °C, 1 h, 67%.  (d) Potassium thioacetate, 
DMF, rt, 6 h, 74%. (e) Et2O, LiAlH4, 0 °C to rt, 1 h, >90%. 

 

With the primary thiol 32 in hand, we then subjected our substrate to the Thorpe-Ziegler cyclization 

(Scheme 2.10). Depending on the desired functional handles, we accomplished this cyclization using either 

of two N-tosyl cyanide reagents with an amide or ester attached (11 or 39). The cyclization was found to 



 

44 

occur readily with good yield to provide the initial isothiazole-based ribosides 34 and 40a. From these 

substrates, all nucleosides could be formed after reduction of the lactol to provide the proper 

stereochemistry. 

 
Scheme 2.10 Reaction of glycosylated thiol to form key cyclized isothiazolo functional handles 

2.3.3 Reduction of the anomeric site  

From the cyclized substrates 34 and 40a, stereoselective reduction of the furanosyl lactol was 

required to provide  nucleosides. While it is often difficult to predict the stereochemical outcome of such 

a reduction, the literature shows a higher preference for the formation of the  isomer in most instances.26-

28 This reaction is commonly accomplished in two ways: (1) The lactol is reduced to the corresponding diol 

using a reducing agent such as NaBH4 or L-Selectride and ring-closed using a Mitsunobu reaction; (2) The 

substrate is treated with a Lewis acid such as BF3•OEt2 to form an oxocarbenium intermediate and reduced 

using a silyl hydride source.  

Since NMR techniques frequently provide limited indication as to the correct stereochemistry 

through NOE and coupling constants, our substrate was subjected to a wide variety of conditions and, 

ideally, both diastereomers could be isolated and analyzed. When subjected to standard Lewis acid 

conditions, only one diastereomer was formed in good yield (Scheme 2.11). Macmillan et. al. showed that, 

through the use of a Hanstchz Ester, diastereoselectivity may be controlled to deliver the  anomer 

selectively when silyl hydrides yield the  anomer.29 The use of Hantstchz Ester (Scheme 2.11) cleanly 

gave nearly the same results as triethylsilane in the case of our compound. Using NaBH4 or L-Selectride as 

a reductant in combination with the Mitsunobu reaction yielded the same diastereomer, however in lower 

yield and less cleanly. Through 1D NOE experiments, the anomeric proton was found to have no 
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discernable signal with any nearby protons. Obtaining a crystal structure was ultimately necessary to 

confirm the absolute configuration at the anomeric stereocenter. 

 
Scheme 2.11 Reduction of the lactol: aConditions: (a) 40a, BF3-OEt2, TES, DCM, -78 °C to rt, 4 h; (b) 40a, 
TMS-Otf, TES, DCM, -78 °C to 0 °C, 5 h; (c) 40a, i. NaBH4, MeOH, 0 °C, 4 h, ii. DIAD, PPh3, DCM, 0 
°C to rt, 12 h; (d) 40a, i. L-Selectride, MeOH, 0 °C, 4 h, ii. DIAD, PPh3, DCM, 0 °C to rt, 12 h; (e) 40a, 
BF3-OEt2, hantschz ester, DCM, -78 °C to rt, 4 h, (f) 34, BF3-OEt2, TES, DCM, -78 °C to rt, 4 h. 

2.4 Divergent syntheses of the isothiazolo nucleosides 

2.4.1 Synthesis of the ester-derived tzG, tzX, and tz2-AA 

With  the  established  β‐isomers  of  the  ester‐  and  amide‐  substituted  isothiazole  ribosides,  all 

members of the purine analogue family could be accessed. Starting with the ester-substituted substrate (41), 

we first attempted to synthesize the guanosine derivative via the use of various guanidinylating reagents. 

Typical methods used for guanidinylation of heterocycles to form fused pyrimidine rings often require 

multistep reactions involving harsh conditions including strong bases or excessive heat. Initially, 1,2,4-

triazole-1-carboxamidine and chloroformamidine were used in an attempt to guanidinylate 41 and fabricate 

the guanosine analogue 42 (Scheme 2.12 and Table 2.3).30 Both reagents led to decomposed or 

deglycosylated products. A mild method for guanidinylation of our isothiazole species was therefore 

sought. Employing ethoxycarbonyl isothiocyanate and EDC in a mild 1-pot, 2 step synthesis, as reported 

by Fabis et. al., gave the desired product, starting from the ester-substituted substrate 41 (Figure 2.7).31 

Subjecting this carbamate-protected amine to hydrolysis conditions yielded the protected tzG (42). 
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Scheme 2.12 Scheme for guanidinylation attempts 

Table 2.3 Guanidinylation conditions 

Reagent Conditions Product 

 

40b, Et3N, 
dimethyl 
sulfone, 125 °C 

Decomposition 

 

40b,  Et3N, 
dimethyl 
sulfone, 125 °C 

Decomposition 

 
41, EDC, 
HMDS, MeCN, 
rt, 72 hr 

32 (68%) 

 

 
Figure 2.7 Mild formation of 43 through isothiocyanate and EDCl 

The protected xanthosine derivative (49) was synthesized through the urea intermediate (48) upon 

treatment with sodium isocyanate and subsequent ring closure with sodium methoxide (Scheme 2.13). Note 

that with this reaction, conditions using acetic acid with water, toluene, and acetic acid with diethyl ether 

were all attempted as potential solvent conditions and found to give no reaction. Neat acetic acid was key 

for the reactivity of the isocyanate. 

To synthesize the 2-aminoadenosine derivative (50) we decided to convert the protected tzX (49) 

to the dichloride, ultimately subjecting it to amination conditions to install the exocyclic amines. The 

protected tzX (49) was thus treated with POCl3 followed by ammonia in methanol to give the protected tz2-

AA (50) in moderate yield (Scheme 2.13). Note that a moderate amount of partially converted, the amino-

chloro 52 is also isolated. While the structure of this compound has not been fully elucidated to confirm the 
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regioisomer as shown in 52, literature reports commonly show lower reactivity at this position in particular 

with pyrimidine rings, especially those found in purine systems.  Attempts were made to convert this 

material into the correct diamino compound via installation of an azide from sodium azide and subsequent 

reduction to yield the corresponding amine (Scheme 2.14). While the azide 53 was obtained, any attempts 

at reduction were met with no conversion, as monitored via TLC and aliquots subjected to mass 

spectrometry. 

 
Scheme 2.13 Protected tzG (47), tzX (49), tz2-AA (50) synthesis. aConditions: (a) (i) ethoxycarbonyl 
isothiocyanate, MeCN, rt, 6 h; (ii) EDCl, HMDS, rt, 24 h, 63% over 2 steps; (b) 1M NaOH, MeOH, 80 °C, 
1 h; (c) KOCN, acetic acid, rt, 12 h, 79%; (d) NaOMe, MeOH, rt, 12 h, 89%; (e) (i) POCl3, pyridine, 100 
°C, 2 h; (ii) NH3, MeOH, 80 °C, 24 h, 40% over 2 steps. 
 

 
Scheme 2.14 Pathways to tz2-AA via chlorination. 

2.4.2 Synthesis of the amide-derived tzI, tzA and tzisoG 

Using the amide precursor 40b, cyclization to the inosine analogue tzI was accomplished using 

triethylorthoformate and acetic anhydride under refluxing conditions overnight, yielding 54a (Scheme 
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2.15). Note that if the reaction is not run long enough under heat, only conversion to the partially condensed 

material (54b) may occur. This intermediate may be isolated and is clearly seen via subjecting aliquots to 

mass spectrometry. 

 
Scheme 2.15 Synthesis of protected tzI, tzA, and tzisoG: aConditions: (a) triethyl orthoformate, acetic 
anhydride, 100 °C, 69% yield; (b) (i) P2S5, Py, 120 °C, (ii) NH3, MeOH, 80 °C, 80% crude yield; (c) 
ethoxycarbonyl isothiocyanate, EDC, HMDS, MeCN, rt, 72 hr, 40% yield; (d) 1M NaOH, MeOH, 80 °C, 
1 h, 90% crude yield. 

Converting the protected tzI to the protected tzA analogue (55b) may be accomplished through a 

two-step sequence with either chlorinating or sulfurylating reagents followed by ammonolysis. Treatment 

of 54a with POCl3 under reflux to yield the corresponding chloride was found to give low yields and a 

mixture of byproducts. The chloride was found to be unstable, primarily hydrolyzing back to the inosine if 

quenched with aqueous conditions or converting to the corresponding methoxide when treated with 

methanol. When attempting to sulfurylate 54a via P2S5 compound 55a was found to form in moderate yield. 

This reaction is then evaporated and directly subjected to treatment with methanolic ammonia under 

pressure overnight to yield 55b. When replacing P2S5 with Lawessonn’s reagent, an alternative sulfurylating 

reagent, the overall yield is found to increase by an average of 15–20%. . 

Lastly, for the formation of the protected tzisoG derivative 57 from the amide substrate, the same 

guanidinylating conditions used for synthesizing tzG were used, employing ethoxycarbonyl isothiocyanate 

and EDC in a mild 1-pot, 2 step synthesis followed by hydrolysis of the corresponding carbamate-protected 

amine. 
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2.5 Deprotection: Removal of the benzyl ethers 

2.5.1 Palladium Hydrogenolysis 

Debenzylation of all substrates was initially attempted using palladium-catalyzed hydrogenolysis 

with either H2/Pd or transfer hydrogenation reactions using ammonium formate. With palladium hydroxide, 

only double deprotection (monitored by ESI-MS) was observed with the third benzyl group, presumably 

located on the 2’ oxygen, left intact. This could perhaps be due to a combination of catalyst poisoning and 

reduced electron density of the last benzyl group arising from stacking with the adenosine ring as has 

previously been proposed (Scheme 2.16).32-33 

2.5.2 Ethanethiol deprotection 

In a reported synthesis of fused imidizo-thiopheno-pyrimido nucleoside analogues, Seley et. al. 

took advantage of a method using BF3-etherate and ethanethiol as an alternative approach to remove benzyl 

ethers.34 When tried with 47, we found that, interestingly, ethanethiol and BF3-etherate yielded very little 

deprotected substrate. Replacing ethanethiol with 1,2-ethanedithiol was found to facilitate, however, 

complete debenzylation with all substrates (Table 2.4).  

 
Scheme 2.16 Substrate debenzylation scheme 
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Table 2.4. Deprotection conditions 

Substrate Cond.a Time (h) Product 

47 a 72 n.r 

47 c 72 Dibenzyl ether 

47 b 72 Monobenzyl ether 

47 d 24 n.r. 
a47, b55b, c54a, 
d57, e50, f49 

e a48, b40, c72, 
d90, e48, f72 

tzG (59%), tzA (45%), 
tzI (30%), tzIsoG 
(51%), tz2-AA (30%), 
tzX (68%) 

aConditions: (a) Pd/C, H2, MeOH, rt, 90 psi; (b) Pd/C, ammonium formate, 60 °C, MeOH, sealed 
container; (c) Pd(OH)2, H2, rt to 40 °C; (d) ethanethiol, BF3•OEt2, DCM, rt; (e) 1,2-ethanedithiol, BF3-
OEt2, DCM, rt. 

 

See Section 2.9 for in-depth experimental procedures, NMR analysis, and mass-spectrometry 

analysis. Note that crystal structure and x-ray crystal structure analysis for the final nucleoside products  

may be found in Chapter 3. 

2.6 Characterization via crystal structure analysis 

Crystal structure determination confirmed the proposed structure and anomeric configuration of the 

modified ribonucleosides (Figure 2.8). In the solid state, the purine analogs tzA and tzG showed an anti 

orientation at the glycosidic linkages, while the pyrimidines tzU and tzC were found to be in the syn 

orientation. Rewardingly, analysis of tzG’s crystal packing pattern shows pairing through both the WC and 

Hoogsteen faces, which is identical to the pattern seen for guanosine in the solid state (Figure 2.9).35 This 

intermolecular hydrogen bonding arrangement, illustrating the restoration of a “functional” Hoogsteen face 

and “N7”, suggests that tzG is likely to share G’s H-bonding and tautomeric preferences. 
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Figure 2.8 X-ray crystal structures of isothiazolo[4,3-d]pyrimidine analogs:(a) tzA (b) tzG (c) tzU (d) tzC. 
 

 
Figure 2.9  Comparison of intermolecular H-bonding seen in the crystal structures of (a) tzG and (b) G. 
 

 

Figure 2.10 (Left) tzG and G crystal overlay fixing C1’, C2’, and the ether oxygen; (Middle) tzA and A 
crystal overlay fixing C1’, C4’, and the other oxygen; (Right) Overlay of tzX crystal structure and previously 
published anhydrous xanthosine crystal structure. 
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The isothiazolo xanthosine was found to exhibit two different sugar conformations in a 

crystallographic unit cell. One conformer was found to closely resemble the native xanthosine when 

overlaid with the published crystal structure.36 Note that while the crystal structure of the isothiazolo 2-

aminoadenosine was not determined (due to the poor quality of the crystals obtained), we are confident in 

the formation of the correct product as reinforced by the transformation to isothiazolo guanosine during 

deamination with adenosine deaminase discussed in the following chapter. Similar to the other purine 

analogues, tzisoG and tzX both showed anti orientations. 

 
Figure 2.11 X-ray crystal structures of isothiazolo[3,4-d]pyrimidine analogs: (a) tzisoG (b) tzX. 

 

 
Figure 2.12 Overlay of tzX crystal structure and previously published anhydrous xanthosine crystal 
structure. 
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2.7 Synthesis of unique spirocyclic orthoester-type derivatives of 

isothiazolo[4,3-d]pyrimidine nucleosides 

2.7.1 Introducing spirocyclic orthoesters 

In the course of the synthetic studies with the amide-substituted isothiazolo riboside, we have 

discovered intriguing reactivity patterns, which transform the aromatic heterocyclic nucleobases to non-

aromatic non-planar analogs, without altering their fundamental ring connectivity.  Such modifications, 

generating orthoamides and alike, are generally rather rare in purine nucleoside analogs and have never 

been reported for the thieno and isothiazolo cores of interest here.   

 
Scheme 2.17 Representative molecules synthesized in this work 

A carbamate protected pyrimidine (56) was synthesized during the efforts to complete the route 

towards tzisoG. This functionality represents a unique ring that is particularly reactive at carbon C7 (Scheme 

2.17, labelled). We first noted unusual reactivity patterns when attempting to ultimately deprotect 

compound 56 to the nucleoside analogue tzisoG (Scheme 2.17). Upon treatment of 1 with BF3•OEt2 and 

1,2-ethanedithiol (X = Y = SH) in DCM, we noted that, while the debenzylation succeeded as expected, the 

exocyclic nitrogen N1’ (Scheme 2.17) was displaced with 1,2-ethanedithiol to provide 59 in 46% yield. 

This unique spiroheterocyclic motif was surprisingly stable to strongly Lewis acidic conditions (> 30 mol 

equivalents). It is also worth noting that the carbamate group was lost over the course of the reaction. We 

also noted that if the ethoxycarbonyl group of 56 was removed prior to the attempted debenzylation 
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reaction, the reaction was found to proceed normally without displacement of the exocyclic nitrogen, as 

reported.37 

 

 

Figure 2.13 Depiction of: (a) HMBC NMR experimental spectra for 59; (b) Plausible mechanistic pathways 
for the formation of 59–61.  Note the two alternate pathways shown from 63 to 64 (black solid or grey 
dashed arrows). 

2.7.2 Structural elucidation of the orthoesters 

The formation of this unusual product is supported by a key characteristic peak in the 13C NMR 

spectrum. While 13C NMR data for such spirocyclic “orthoester-type” moieties of formula 

CR1(NR2)(X1)(X2), where X is any variety of heteroatoms, are limited in literature, the spirocarbon 

chemical shifts generally range between  80–100 ppm.38-40 We have identified what we believe to be this 

unique carbon in compound 59 at  83 ppm.  This signal is missing in the parent compounds of the 

isothiazolo-pyrimidine family, where this sp2 carbon peak may be typically found at  150–160 ppm. To 

cement this assignment, we have noted the presence of long range coupling between this carbon and the 
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neighboring methylene 1H NMR peaks located on the ethanedithiol unit, as identified via a Heteronuclear 

Multiple Bond Correlation (HMBC) experiment (Figure 2.13a). 

2.7.3 Expansion of substrate scope 

Considering that, in the context of purines and analogues thereof, reactions at carbon C7 primarily 

occur when functionalized with good leaving groups such as halides or with harsh reagents such as POCl3, 

displacement of this nitrogen under mild non-enzymatic conditions (e.g., adenosine deaminase) is 

intriguing.  This unprecedented behavior prompted us to test the scope of this reaction through a variety of 

similar 1,2-heteroatom substituted ethane-derived substrates such as ethylene glycol, cysteamine, ethylene 

diamine, mercaptoethanol, and ethanolamine. During the course of the reaction (as aliquots were taken and 

subjected to ESI-MS analysis) with several substrates, we observed the presence of partially displaced 

intermediates similar to compound 63 (Figure 2.13b) containing the exocylic nitrogen as well as uncyclized 

substrate attached.  We were, however, unable to isolate this intermediate in any of our trials. 

Ethylenediamine (X = Y = NH2) was the fastest substrate to react, providing 60 in 36% yield after 12 h, 

while ethylene glycol, ethanolamine, and mercaptoethanol all showed little reactivity even after 72 hours, 

likely in part due to the strong competing coordination of oxygen with BF3. Upon treatment with cysteamine 

(X = SH, Y = NH2), the reaction proceeded smoothly with displacement of the exocyclic nitrogen within 

24 hours to provide 61 with a 76% yield. No debenzylation was observed during the course of the reaction 

with cysteamine, which is not surprising given the necessity of a dithiol for successful deprotections as 

previously reported.37 Note that we also found no chromatographic or spectral evidence for the formation 

of a diastereomeric mixture of 61 in this reaction, but cannot unequivocally exclude this possibility. Several 

of these substrates were also tested in the absence of BF3•OEt2 in an effort to further gain insight into this 

process. Ethylenediamine reacted at the same rate regardless of the presence of BF3 and gave a yield of 

34% in the absence of BF3 after 12 h. Cysteamine showed a significantly lower rate of conversion to the 

final product in the absence of BF3 but ultimately gave 61 in a 65% yield after 72 hours. 1,2-ethanedithiol 

remained completely unreactive with our substrate in the absence of BF3 after 72 hours.  
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Given these trends, it seems that NH2 is the most reactive nucleophile in this process, which might 

be somewhat surprising as thiols are typically found to display higher nucleophilicity. While speculative at 

this stage, we propose the reasoning behind this to be in a complex relationship between the Lewis acid 

activator, coordinated atoms and increased ability of nitrogen to act as a hydrogen bond donor or acceptor 

relative to sulfur (see mechanism, Figure 2.13b). 

As as detour taken during our synthetic endeavors toward the desired emissive nucleosides, we 

have therefore synthesized several spirocyclic orthoester-type derivatives of our isothiazolo[4,3-

d]pyrimidine analogues through the exploitation of a unique reactivity in our protected tzisoG analogue. 

While orthoester-type functionalities have been used as protecting groups in nucleoside chemistry,41 

spirocyclization of a purine scaffolds and their mimics appear to be rare. This unusual functional handle 

may be further explored for biological activity, as the biochemical properties of these unique structural 

scaffolds has yet to be explored.  

2.8 Concluding remarks 

The isothiazolo[4,3-d]pyrimidine nucleosides were ultimately synthesized in 10 – 12 steps, longest 

linear sequence, starting from a protected ribose unit. Attempts using traditional glycosylation approaches, 

linking a pre-fabricated nucleobase to a sugar derivative, were found to ultimately be ineffective. The 

extensive synthetic studies performed on the isothiazolo core illustrate there are significant electronic 

differences between the thiophene and isothiazolo heterocycles. This is further reinforced with the 

photophysical studies performed, as described in the following chapter. 
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Figure 2.14 Overall synthetic pathways of isothiazolo nucleosides 
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2.10 Methods 

2.10.1 General methods  

Reagents were purchased from Sigma-Aldrich, Fluka, TCI, and Acros and were used without 

further purification unless otherwise specified. Solvents were purchased from Sigma-Aldrich and Fisher 

Scientific, and dried by standard techniques. NMR solvents were purchased from Cambridge Isotope 

Laboratories (Andover, MA). All reactions were monitored with analytical TLC (Merck Kieselgel 60 

F254). Column chromatography was carried out with Teledyne ISCO Combiflash Rf with silica gel particle 

size 40-63 µm. NMR spectra were obtained on Varian Mercury 400 MHz and Varian VX 500 MHz. Mass 

spectra were obtained on an Agilent 6230 HR-ESI-TOF MS at the Molecular Mass Spectrometry Facility 

at the UCSD Chemistry and Biochemistry Department. 

 

2.10.2 Synthetic Procedures for thiol sugar preparation 

 
Scheme 2.18 Synthesis of 32: (a) SOCl2, DMSO, Et3N, DCM, -78 °C, 30 min, 93%. (b) CH2I2, MeLi, 
toluene, –78 °C, 1 h, 67%.  (c) Potassium thioacetate, DMF, rt, 6 h, 74%. (d) Et2O, LiAlH4, 0 °C to rt, 1 h, 
>90%, or hydrazine hydrate, acetic acid 0 °C to rt, 1 h, 80%. 

(3S,4S,5R)-3,4-bis(benzyloxy)-5-((benzyloxy)methyl)dihydrofuran-2(3H)-one (37): To a flame-dried 

round-bottom flask (250 ml) purged with argon, anhydrous DCM (60 ml) is added and brought to –78 °C. 

Oxalyl chloride (2.89 mL, 33.1 mmol, 1.35 eq.) is added and left to stir. To a second flame-dried round 

bottom flask (100 ml), anhydrous DCM (60 mL) is added followed by anhydrous DMSO (3.48 ml, 49.0 

mmol, 2 eq.). The solution is cooled to –78 °C. The DMSO solution is then cannulated into the oxalyl 
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chloride solution and left to stir for 15 minutes. In a separate round bottom flask (100 ml) purged with 

argon, lactol 36 (10.3 g, 24.49 mmol) is dissolved in anhydrous DCM (40 ml) and cooled to –78 °C. Upon 

15 minutes of stirring, the solution of 36 is cannulated into the Swern reagent solution and left to stir 90 

minutes at –78 °C. After consumption of 36 as monitored by TLC, the solution is treated with TEA (10.24 

ml, 73.5 mmol, 3 eq) and removed from cooling bath, forming a cloudy white solution. Upon warming, the 

cloudy white solution becomes a thick mixture, stirred thoroughly until reaching room temperature before 

addition of hexanes (20 ml) and diethyl ether (50 ml). The thick mixture is filtered over celite and washed 

with diethyl ether to provide more precipitate, which is then filtered once more. The organic solution is 

evaporated to dryness. The resulting residue is subjected to column chromatography with a gradient of 0 to 

40% EtOAc in hexanes (Rf: 0.35 in 30% EtOAc in hexanes) to give 37 as solid white crystals (9.5 g, 93%). 

1H NMR (500MHz, CDCl3):  7.4–7.14 (m, 15H), 4.95 (d, J = 12.0 Hz, 1H), 4.72 (dd, J = 16.5, 11.9 Hz, 

2H), 4.58–4.47 (m, 3H), 4.45–4.38 (m, 2H), 4.10 (dd, J = 5.6, 1.9 Hz, 1H), 3.66 (dd, J = 11.0, 2.8 Hz, 1H), 

3.55 (dd, J = 11.0, 2.6 Hz, 1H). 13C NMR (125MHz, CDCl3):  174.00, 137.48, 137.38, 137.19, 128.79, 

128.76, 128.75, 128.50, 128.37, 128.31, 128.24, 127.84, 82.04, 75.64, 74.01, 73.88, 72.99, 72.63, 69.01. 

ESI-HRMS calculated for C26H26O5Na [M+Na]+ 441.1672, found 441.1671. 

 

(3S,4S,5R)-3,4-bis(benzyloxy)-5-((benzyloxy)methyl)-2-(iodomethyl)tetrahydrofuran-2-ol (38): The 

lactone 37 (9.5 g, 22.7 mmol) is dissolved in anhydrous toluene (150 ml) in a round bottom flask (250 ml) 

under argon. Diiodomethane (2.93 ml, 36.3 mmol, 1.6 eq.) is added and the solution is brought to –78 °C 

to stir for several minutes before methyllithium (1.5 M, 18.16 ml, 27.2 mmol, 1.2 eq.) is dropwise added. 

The temperature is left to slowly rise and is maintained between –60 °C and –65 °C. After 2 hours, the 

reaction is quenched with ammonium chloride and warmed to room temperature. The product is extracted 

with DCM in water. The organic solution is dried over magnesium sulfate and evaporated to dryness. The 

resulting residue is subjected to column chromatography with a gradient of 0 to 40% EtOAc in hexanes (Rf: 

0.44 in 30% EtOAc in Hexanes) to yield 38 as a clear oil (8.5 g, 67%). Starting material 36 (1.4 g, 3.35 
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mmol, 15%) is also isolated. The product is an inseparable mixture isomers, presumably arising from the 

lactol–ketone equilibrium.  1H NMR (500MHz, CDCl3):  (7.42–7.22 (m), 4.88–4.82 (d, J = 11.1 Hz), 4.75–

4.25 (m), 4.12–4.02 (m), 3.67–3.39 (m), 3.42 (d, J = 10.7 Hz), 3.29 (d, J = 10.7 Hz). ESI-HRMS calculated 

for C27H29IO5Na [M+Na]+ 583.0952, found 583.0948. 

 

S-(((3S,4S,5R)-3,4-bis(benzyloxy)-5-((benzyloxy)methyl)-2-hydroxytetrahydrofuran-2-yl)methyl) 

ethanethioate (38b): The halogenated substrate 38 (8.5 g, 15.7 mmol) is dissolved in anhydrous DMF (150 

ml) in a round bottom flask (250 ml) under argon. The solution is placed in ice bath and left to stir 5 minutes 

before addition of potassium thioacetate (5.02 g, 44 mmol, 2.9 eq.). The reaction is removed from the ice 

bath after 1 hour and left to stir 7 hours at room temperature. The reaction is then placed in an ice bath once 

again and saturated NaHCO3 (25 ml) and EtOAc (50 ml) are added and left to stir several minutes. The 

product is then further extracted several times with EtOAc followed by several rinses of water. The product 

is dried over magnesium sulfate and evaporated to dryness. The resulting residue is subjected to column 

chromatography with a gradient of 0 to 30% EtOAc in hexanes (Rf: 0.3 in 30% EtOAc in hexanes) to yield 

38b as clear oil (5.7 g, 73.9%). The product is an inseparable mixture of isomers. 1H NMR (500MHz, 

CDCl3):  7.40–7.25 (m), 4.81 (d, J = 11.4 Hz), 4.70–4.44 (m), 4.34–4.27 (m), 4.03 (dd, J = 5.0, 3.2 Hz), 

3.97 (d, J = 3.4 Hz), 3.85 (d, J = 5.1 Hz), 3.66–3.36 (m), 3.32 (s), 2.37 (s), 2.29 (s). ESI-HRMS calculated 

for C29H32O6SNa [M+Na]+ 531.1812, found 531.1817. 

 

(3S,4S,5R)-3,4-bis(benzyloxy)-5-((benzyloxy)methyl)-2-(mercaptomethyl)tetrahydrofuran-2-ol (32): 

The thioester 38b (5.64 g, 11.09 mmol) is dissolved in anhydrous diethyl ether (110 ml) in round bottom 

flask (250 ml) under argon. The solution is placed in an ice bath and left to stir 5 minutes before the dropwise 

addition of LiAlH4 (3.5 M, 0.89 ml, 3.10 mmol, 0.28 eq.). The resulting cloudy mixture is left to stir 2 

hours, slowly warming up to room temperature and quenched with water upon consumption of starting 

material as monitored via TLC. The mixture is diluted with EtOAc and filtered over celite. The material is 
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then extracted twice more with EtOAc and washed with water. The product is dried over magnesium sulfate 

and evaporated to dryness. The resulting product may contain over reduced diol as the reaction is sensitive 

to over reduction. The product is crudely purified with column chromatography in a gradient of 0 to 30% 

EtOAc in hexanes (Rf: 0.34 in 30% EtOAc in hexanes) to give 32 as yellow oil (5 g, >90%), which is then 

used directly in the following step. ESI-HRMS calculated for C27H30O5SNa [M+Na]+ 489.1706, found 

489.1708.  

2.10.3 Synthesis of isothiazolo[4,3-d] based guanosine analog 

 
Scheme 2.19 Synthesis of tzG: (a) EtOH, morpholine, 5 h, 0 °C to rt, 67%. (b) Et3SiH, BF3.OEt2 DCM, –
78 °C to rt, 4 h, 63%. (c) i) Ethoxycarbonyl isothiocyanate, ACN, rt, 4 h; ii) EDC-HCl, HMDS rt, 48 h, 
63% (d) i) 1M NaOH, MeOH, 75 °C, 2 h; ii) DCM, HSCH2CH2SH, BF3-OEt2, DCM, rt, 48 h, 59%. 

4-amino-5-((3S,4S,5R)-3,4-bis(benzyloxy)-5-((benzyloxy)methyl)-2-hydroxytetrahydrofuran-2-

yl)isothiazole-3-carboxamide (34): Thiol 32 (0.73 g, 1.57 mmol) is dissolved in 200 proof ethanol (32 ml) 

followed by the addition of N-tosyl cyano ester 11 (0.56 g, 1.88 mmol, 1.2 eq.) and briefly placed in 

sonicator before being left to stir for 5 minutes in the ice bath. Morpholine (0.34 ml, 3.91 mmol, 2.5 eq.) is 

added dropwise to the mixture over 5 minutes and left to stir in the ice bath for one hour before being 

brought to room temperature and left to stir 4 hours. The yellow solution is then evaporated to dryness, 

briefly placed under high vacuum, and loaded directly onto a column for silica chromatography in a gradient 

of 0 to 50% EtOAc in hexanes (Rf: 0.28 in 30% EtOAc in hexanes) to yield 34 as an off-white solid (0.62 
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g, 0.779 mmol, 67%). Product is crudely purified and used directly in the next step. ESI-HRMS calculated 

for C32H34N2O7SNa [M+Na]+ 613.1978 found 613.1978. 1H NMR (500MHz, CDCl3): 7.40–7.16 (m, 

15H), 4.78 (dd, J = 24.4, 11.5 Hz, 2H), 4.69 (d, J = 11.5 Hz, 1H), 4.52–4.49 (m, 2H), 4.47–4.42 (m, 4H), 

4.09 (dd, J = 8.6, 2.7 Hz, 1H), 4.05–4.01 (m, 1H), 3.62 (dd, J = 9.6, 2.7 Hz, 1H), 3.56 (dd, J = 9.6, 4.9 Hz, 

1H), 1.45 (t, J = 7.2 Hz, 3H).  

 

4-amino-5-((2R,3S,4S,5R)-3,4-bis(benzyloxy)-5-((benzyloxy)methyl)tetrahydrofuran-2-

yl)isothiazole-3-carboxamide (41): The cyclized product 34 (0.47 g, 0.796 mmol) is placed in flame-dried 

round bottom flask (25 ml) under argon and dissolved in anhydrous DCM (10 ml). Triethylsilane (0.76 mL, 

4.77 mmol, 6 eq.) is then added and flask is brought to –78C to stir 5 minutes before dropwise addition of 

BF3-OEt2 (0.30 ml, 2.39 mmol, 3 eq.). The product was slowly allowed to reach room temperature over 90 

minutes, changing from a clear to yellow colored solution. After 2 hours at room temperature, the reaction 

was shown to be complete by TLC and TEA (0.56 ml, 3.98 mmol, 5 eq.) was added. The material was 

partitioned between EtOAc and water and extracted several times with EtOAc. The organic layer was then 

dried over sodium sulfate and evaporated to dryness. The resulting residue was subjected to column 

chromatography with a gradient of 0 to 20% EtOAc in hexanes (Rf: 0.35 in 30% EtOAc in hexanes) until 

the desired compound 41 was eluted as a yellow foam (0.29 g, 0.505 mmol, 63%). The product was found 

to be the single desired  diastereomer as confirmed via a crystal structure of final product. 1H NMR 

(500MHz, CDCl3):  7.38–7.21 (m, 15H), 5.21 (d, J = 8.1 Hz, 1H), 4.61 (d, J = 2.0 Hz, 2H), 4.58–4.53 (m, 

2H), 4.51–4.46 (m, 2H), 4.45–4.45 (m, 2H), 4.44–4.40 (m, 2H) 4.33 (dd, J = 6.0, 3.2 Hz, 1H), 3.62 (dd, J 

= 10.4, 3.8 Hz 1H), 3.53 (dd, J = 10.4, 3.2 Hz, 1H), 1.44 (t, J = 7.1 Hz, 3H). 13C NMR (125MHz, CDCl3): 

 162.28, 145.57, 143.79, 140.37, 137.54, 137.47, 137.03, 128.51, 128.49, 128.47, 128.17, 128.11, 128.09, 

128.00, 127.94, 127.79, 83.14, 82.42, 77.46, 76.72, 73.62, 72.87, 72.07, 70.15, 61.45, 14.31. ESI-HRMS 

calculated for C32H35N2O6 [M+H]+ 575.2210, found 575.2211. 
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5-amino-3-((2R,3S,4S,5R)-3,4-bis(benzyloxy)-5-((benzyloxy)methyl)tetrahydrofuran-2-

yl)isothiazolo[4,3-d]pyrimidin-7(6H)-one (43): The reduced product 41 (0.1 g, 0.174 mmol) was 

dissolved in anhydrous acetonitrile (2 ml) in a round bottom flask (10 ml) under argon. Ethoxycarbonyl 

isothiocyanate (0.03 ml, 0.261 mmol, 1.5 eq.) is added and left to stir 6 hours at room temperature before 

addition of hexamethyldisilazine (0.36 ml, 1.74 mmol, 10 eq.) followed by EDC-HCl (0.063g, 0.331 mmol, 

1.9 eq.). The mixture is left to stir for 48 hours before the reaction is evaporated to dryness and partitioned 

between EtOAc and water. The organic extract is briefly washed twice with aqueous HCl solution (1M) 

followed by saturated aqueous NaHCO3 solution. The organic extract is then dried over sodium sulfate and 

evaporated to dryness. The resulting residue is subjected to column chromatography with a gradient of 0 to 

30% EtOAc in hexanes (Rf: 0.29 in 40% EtOAc in Hexanes) to give 7 as  white foam (0.07g, 63%). 1H 

NMR (500MHz, CDCl3):  7.38–7.23 (m, 15H), 5.59 (d, J = 4.0 Hz, 1H), 4.74–4.47 (m, 6H), 4.41–4.28 

(m, 3H), 4.22–4.16 (m, 1H), 4.04 (t, J = 5.3 Hz, 1H), 3.74 (dd, J = 10.7, 2.9 Hz, 1H), 3.61 (dd, J = 10.7, 

3.8 Hz, 1H), 1.37 (t, J = 7.1 Hz, 3H). 13C NMR (125MHz, CDCl3):  160.21, 155.44, 154.03, 149.32, 

144.95, 143.44, 138.09, 137.98, 137.78, 128.66, 128.52, 128.15, 128.10, 128.08, 127.94, 82.20, 81.50, 

78.34, 77.51, 73.72, 72.54, 72.35, 69.72, 63.53, 14.43. ESI-HRMS calculated for C34H34N4O7SNa [M+Na]+ 

665.2040, found 665.2039. 

 

5-amino-3-((2R,3S,4R,5R)-3,4-dihydroxy-5-(hydroxymethyl)tetrahydrofuran-2-yl)isothiazolo[4,3-

d]pyrimidin-7(6H)-one (tzG): The protected final product 43 (0.1 g, 0.156 mmol) is dissolved in methanol 

(1 ml) in a reaction vial (8 ml) and NaOH aqueous solution is added (0.25 M, 1.25 ml, 2 eq.). The vial is 

capped and placed in heating bath at 75 °C for 2 hours. After 2 hours, the crude material is evaporated to 

dryness and partitioned between EtOAc and water. The organic layer is dried over sodium sulfate and 

evaporated to dryness. The resulting residue (0.08 g, 0.140 mmol) is placed under high vacuum and purged 

with argon followed by the addition of anhydrous DCM (2 ml). 1,2-ethanedithiol (0.35 ml, 4.21 mmol, 30 

eq.) is added followed by the dropwise addition of BF3-OEt2 (0.44 ml, 3.50 mmol, 25 eq.). The solution is 
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allowed to stir for 48 hours before being evaporated to near-dryness. The resulting oil is briefly subjected 

to column chromatography in a gradient of 20% methanol in DCM (Rf: 0.08 in 20% methanol in DCM) to 

give tzG as white solid which is then recrystallized using 10:1:1 Methanol:DCM:Acetone (0.025 g, 59%). 

1H NMR (500MHz, CDCl3):  11.13–10.94 (broad s, 1H), 6.59–6.29 (broad s, 2H), 5.38–5.19 (broad s, 

1H), 5.15 (d, J = 5.6 Hz, 1H), 5.07–4.81 (broad s, 2H), 4.06 (t, J = 5.2 Hz, 1H), 3.94 (t, J = 4.6 Hz, 1H), 

3.86 (dd, J = 8.5, 4.6 Hz, 1H), 3.58 (dd, J = 11.8, 3.7 Hz, 1H), 3.51 (dd, J = 11.8, 4.6 Hz, 1H). 13C NMR 

(125MHz, CDCl3): 156.27, 154.21, 151.18, 148.85, 146.60, 84.74, 77.82, 76.72, 71.39, 61.80. ESI-

HRMS calculated for C10H11N4O5S [M-H]- calculated 299.0456, found 299.0457. 

2.10.4 Synthesis of isothiazolo[4,3-d] based adenosine analog  

 
Scheme 2.20 Synthesis of tzA: (a) EtOH, morpholine, 5 h, 0 °C to rt, 79%. (b) Et3SiH, BF3-OEt2 DCM, –
78 °C to rt, 4 h, 79%. (c) Triethyl orthoformate, Ac2O, 120 °C, 16 h, 69%. d) Pyridine, P2S5, 125 °C, 2 h. 
e) i) MeOH, NH3, 68 °C, 16 h. ii) DCM, HSCH2CH2SH, BF3-OEt2, DCM, rt, 72 h, 32% (for steps d and 
e). 

Ethyl 4-amino-5-((3S,4S,5R)-3,4-bis(benzyloxy)-5-((benzyloxy)methyl)-2-hydroxytetrahydrofuran-

2-yl)isothiazole-3-carboxylate (40a): Thiol 32 (1.6 g, 3.43 mmol) is dissolved in 200 proof ethanol (34 

ml) followed by the addition of N-tosyl cyano amide 39 (1.10 g, 4.11 mmol, 1.2 eq.) and is left to stir for 5 

minutes in ice bath. Morpholine (0.89 ml, 10.29 mmol, 3 eq.) is added dropwise over 5 minutes to the 

mixture and left to stir in ice bath for 1 hour before being brought to room temperature and left to stir 4 

hours. The yellow solution is then evaporated to dryness, briefly placed under high vacuum, and loaded 
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directly onto a column for silica chromatography in a gradient of 0 to 50% EtOAc in hexanes (Rf: 0.19 in 

40% EtOAc in hexanes) to yield 40a as light-yellow solid (1.53 g, 79%). Purity is found to be suitable for 

next reaction. ESI-HRMS calculated for C30H31N3O6SNa [M+Na]+ 584.1826, found 584.1828. 1H NMR 

(500MHz, CDCl3):  7.44-7.10 (m, 15H), 7.03 (br s, 1H), 5.56 (br s, 1H), 4.84 (d, J = 11.6 Hz, 1H), 4.76 

(d, J = 11.6 Hz, 1H), 4.71 (d, J = 7.0 Hz, 1H), 4.54–4.44 (m, 4H), 4.10 (dd, J = 8.5, 2.7 Hz, 1H), 4.08–4.03 

(m, 1H), 3.63 (dd, J = 9.7, 2.7 Hz, 1H) 3.57 (dd, J = 9.7, 4.9 Hz, 1H). 

 

 

Ethyl 4-amino-5-((2R,3S,4S,5R)-3,4-bis(benzyloxy)-5-((benzyloxy)methyl)tetrahydrofuran-2-

yl)isothiazole-3-carboxylate (40b): The cyclized product 40a (0.59 g, 1.05 mmol) is placed in flame-dried 

round bottom flask (25 ml) under argon and dissolved in anhydrous DCM (13 ml). Triethylsilane (1.01 ml, 

6.3 mmol, 6 eq.) is then added and flask is brought to –78 °C to stir 5 minutes before dropwise addition of 

BF3-OEt2 (0.40 ml, 3.15 mmol, 3 eq.). The product was slowly allowed to reach room temperature over 90 

minutes, changing from a clear to yellow colored solution. After two hours at room temperature, the reaction 

was shown to be complete by TLC and TEA (0.73 ml, 5.25 mmol, 5 eq.) was added. The material was 

partitioned between EtOAc and water and extracted several times with EtOAc. The organic solution was 

then dried over sodium sulfate and evaporated to dryness. The remaining residue was subjected to column 

chromatography in a gradient of 0 to 20% EtOAc in hexanes (Rf: 0.4 in 40% EtOAc in hexanes) until the 

desired compound 40b was eluted as a yellow foam (0.45 g, 79%). The product was found to be the single 

desired  diastereomer as confirmed via the crystal structure of final product (see manuscript and below). 

1H NMR (500MHz, CDCl3):  7.4–7.23 (m, 15H), 7.15–7.01 (br s, 1H), 5.53–5.38 (br s, 1H), 5.21 (d, J = 

8.0 Hz, 1H), 4.65–4.45 (m, 6H), 4.34 (dd, J = 6.1, 3.2 Hz, 1H), 4.13 (dd, J = 8.0, 5.2 Hz, 1H), 4.05 (dd, J 

= 5.2, 2.4 Hz, 1H), 3.63 (dd, J = 10.4, 3.8 Hz, 1H), 3.54 (dd, J = 10.4, 3.2 Hz, 1H). 13C NMR (125MHz, 

CDCl3):  164.74, 147.73, 143.03, 139.83, 137.71, 137.65, 137.24, 128.65, 128.62, 128.60, 128.31, 128.23, 
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128.22, 128.12, 128.07, 127.93, 83.21, 82.43, 77.62, 77.36, 73.74, 73.01, 72.22, 70.28. ESI-HRMS 

calculated for C30H31N3O5SNa [M+Na]+ 568.1877, found 568.1876. 

 

3-((2R,3S,4S,5R)-3,4-bis(benzyloxy)-5-((benzyloxy)methyl)tetrahydrofuran-2-yl)isothiazolo[4,3-

d]pyrimidin-7(6H)-one (54a): The reduced product 40b was dissolved in triethyl orthoformate (6.41 ml, 

38.5 mmol, 60 eq.) in a reaction vial (8 ml) under argon followed by addition of Ac20 (0.91 ml, 9.62 mmol, 

15 eq.) and brought to 120 °C to stir for 16 hours. The reaction was then evaporated to completion and 

subjected to column chromatography in a gradient of 0 to 40% EtOAc in hexanes (Rf: 0.2 in 40% EtOAc 

in hexanes) to give 54a as clear oil (0.25 g, 69%). 1H NMR (500MHz, CDCl3):  8.10 (s, 1H), 7.38–7.24 

(m, 15H), 5.83 (d, J = 3.7 Hz, 1H), 4.78 (q, J = 12.0 Hz, 2H), 4.66 (d, J = 12.0 Hz, 1H), 4.58 (d, J = 4.5 Hz, 

1H), 4.55 (d, J = 4.5 Hz, 1H), 4.46–4.20 (m, 2H), 4.28 (t, J = 4.5 Hz, 1H), 4.07 (dd, J = 6.6, 4.8 Hz, 1H), 

3.82 (dd, J = 10.7, 2.8 Hz, 1H), 3.67 (dd, J = 10.8, 3.8 Hz, 1H). 13C NMR (125MHz, CDCl3):  165.20, 

157.97, 150.84, 144.23, 142.89, 137.89, 137.55, 137.44, 128.43, 128.38, 128.30, 128.28, 127.92, 127.85, 

127.79, 127.77, 127.76, 81.90, 81.30, 78.68, 76.95, 73.53, 72.20, 72.06, 69.34. ESI-HRMS calculated for 

C31H29N3O5SNa [M+Na]+ 578.1720, found 578.1719. 

 

3-((2R,3S,4S,5R)-3,4-bis(benzyloxy)-5-((benzyloxy)methyl)tetrahydrofuran-2-yl)isothiazolo[4,3-

d]pyrimidine-7(6H)-thione (55a): The inosine analogue 54a (0.12 g, 0.216 mmol) was dissolved in 

pyridine (2.16 ml) in a reaction vial (8 ml) under argon. Phosphorus (V) sulfide (0.096g, 0.432 mmol, 2 

eq.) was then added and the solution was brought to reflux at 125 °C in an oil bath. After two hours, the 

pyridine was removed under vacuum and the mixture was taken up in EtOAc and water. The organic 

solution was washed three times with water and dried over sodium sulfate before being evaporated to 

dryness to give 55a as yellow oil (0.1 g) used in the next step without further purification. 
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(2R,3S,4R,5R)-2-(7-aminoisothiazolo[4,3-d]pyrimidin-3-yl)-5-(hydroxymethyl)tetrahydrofuran-3,4-

diol (tzA): The thionyl derivative 55a (0.1 g, 0.175 mmol) was dissolved in anhydrous methanol (1.75 ml) 

in a reaction vial (8 ml) and placed in an ice bath to stir several minutes before gaseous ammonia was 

bubbled through for 5 minutes and the vial was sealed. The solution was left to stir under reflux conditions 

(68 °C) for 16 hours before the reaction was shown to be complete via TLC. The methanol was evaporated 

and the resulting residue was placed under high vacuum and purged with argon followed by the addition of 

anhydrous DCM (2 ml). 1,2-Ethanedithiol (0.46 ml, 5.41 mmol, 30 eq.) was added followed by the dropwise 

addition of BF3-OEt2 (0.57 ml, 4.51 mmol, 25 eq.). Note that to monitor for complete deprotection, an 

aliquot of the reaction is subjected to ESI+ mass spectrometry analysis. The solution was allowed to stir for 

72 hours before being evaporated to near-dryness. The remaining oil was subjected to column 

chromatography (20% methanol in DCM) to give tzA as white solid (0.02 g, 32% over 3 steps). Rf: 0.36 in 

20% MeOH in DCM. 1H NMR (500MHz, CD3OD):  8.22 (s, 1H), 5.46 (d, J = 6.3 Hz, 1H), 4.34 (dd, J = 

6.3, 5.0 Hz, 1H), 4.18–4.16 (m, 1H), 4.14 (dd, J = 6.9, 3.6 Hz, 1H), 3.86 (dd, J = 12.2, 2.9, 1H), 3.74 (dd, 

J = 12.2, 3.6, 1H). 13C NMR (125MHz, CD3OD):  161.71, 157.77, 153.50, 148.02, 145.51, 85.96, 78.98, 

77.35, 71.99, 62.13. ESI-HRMS calculated for C10H13N4O4S [M+H]+ 285.0652, found 285.0656. 

 

2.10.5 Synthesis of isothiazolo[4,3-d] based inosine analog  

 
Scheme 2.21 Deprotection of tzI (a) DCM, HSCH2CH2SH, BF3-OEt2, DCM, rt, 72 h, 30%. 

3-((2R,3S,4R,5R)-3,4-dihydroxy-5-(hydroxymethyl)tetrahydrofuran-2-yl)isothiazolo[4,3-

d]pyrimidin-7(6H)-one (tzI): The protected inosine analogue 54a (0.097g, 0.175 mmol) was dissolved in 

anhydrous DCM (2 ml) in a reaction vial (8 ml) under argon. 1,2-Ethanedithiol (0.440 ml, 5.24 mmol, 30 
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eq.) is added followed by the dropwise addition of BF3-OEt2 (0.55 ml, 4.36 mmol, 25 eq.). The solution 

was allowed to stir for 48 hours before being evaporated to near-dryness. The remaining oil is subjected to 

column chromatography (20% methanol in methylene chloride) to give tzI as white solid which is then 

recrystallized in water to give a white crystalline solid (0.015g, 30%). Rf: 0.3 in 20% MeOH in DCM. 1H 

NMR (500MHz, CD3OD):  7.95 (s, 1H), 5.46 (d, J = 5.8 Hz, 1H), 4.30 (t, J = 5.3 Hz, 1H), 4.14 (t, J = 4.8 

Hz, 1H), 4.10 (dd, J = 7.6, 4.2 Hz, 1H), 3.84 (dd, J = 12.2, 3.2 Hz, 1H), 3.73 (dd, J = 12.2, 4.2 Hz, 1H). 

13C NMR (125MHz, CD3OD): 164.19, 151.36, 148.00, 144.32, 144.05, 85.49, 79.12, 77.43, 71.76, 62.01. 

ESI-HRMS calculated for C10H11N3O5SNa [M+Na]+ 308.0312, found 308.0313. 

2.10.6 Synthesis of isothiazolo[4,3-d] based cytidine and uridine analogs 

 
Scheme 2.22 Synthesis of tzC and tzU: (a) i) HCl, 120 °C, 2 h; ii) MeOH, H2SO4, 65°C, 12 h, 66%. (b) 
KOCN, H2O, acetic acid, rt, 12 h, 70% (c) i) NaOMe, MeOH, rt, 12 h; ii) MeOH, H2O, HCO2H, 0–5 °C, 
1 h, 76%. (d) i) BSA, CAN, rt, 2 h. ii) TMSOTf, ACN, 85 °C, 1 h, 78%. (e) i) DMAP, TEA, TIPCl, DCM, 
rt, 22 hr; ii) NH3, MeOH, 80 °C, 12 h, 35% tzC and 23% tzU over two steps. 

Methyl 4-aminoisothiazole-3-carboxylate (13): The isothiazole 65 (1.85 g, 9.19 mmol) was suspended in 

concentrated HCl (20 ml) in a round bottom flask (250 ml) and the mixture was refluxed for two hours. 

After 2 hours the reaction was cooled down in ice bath and the product was collected by filtration as pale 

yellow solid and dried in vacuum overnight. The collected solid was dissolved in methanol (70 ml) and 

then concentrated H2SO4 (2 ml) was added and the reaction was refluxed overnight. The mixture was cooled 

down to rt and the solvent removed by evaporation giving a brownish oil which was diluted in diethyl ether 

(5 ml). HCl in dioxane (4 M, 10 ml) was added to the solution and the suspension was evaporated to dryness 
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to give 13 as yellow-brown hydrochloric salt solid (0.96 g, 66% over 2 steps). 1H NMR (500MHz, CD3OD): 

 8.99 (s, 1H), 4.01 (s, 3H). 13C NMR (125MHz, CD3OD):  160.69, 150.12, 143.81, 130.61, 52.05. ESI-

HRMS calculated for C5H6N2O2SNa [M+Na]+ 181.0042, found 181.0041. 

 

Methyl 4-ureidoisothiazole-3-carboxylate (66): The HCl salt of 13 (1.0 g,  5.14 mmol) was dissolved in 

water/acetic acid (20 ml, 1:1 v/v) in a round bottom flask (100 ml). Potassium cyanate (0.83 g, 10.23 mmol) 

was dissolved in water (7 ml) and added dropwise to the reaction flask over 10 minutes at rt. The reaction 

was stirred overnight at rt and cooled down in an ice bath for 30 min. The precipitate was filtered, washed 

with water and dried in vacuum to give 66 as a pale yellow solid (0.73 g, 70%). The compound was used 

for the next step without any further purification. ESI-HRMS calculated for C6H6N3O3S [M-H]– 200.1035, 

found 200.1035. 

 

Isothiazolo[4,3-d]pyrimidine-5,7(4H,6H)-dione (67): The isothiazolo 66 (0.71 g, 3.53 mmol) was 

suspended in methanol (10 ml) and NaOMe (15 ml, 0.5 M in MeOH) was then added dropwise over 15 

minutes at rt. The reaction was stirred at rt overnight. The yellowish precipitate was filtered, washed with 

methanol (60 ml) and dried in vacuum. The crude solid was dissolved in the minimum volume of 

water/methanol (1:1 v/v), cooled in an ice bath and acidified with formic acid to give a white precipitate. 

The suspension was stirred for one hour and then filtered to give 67 as a white solid (0.45 g, 76%). 1H NMR 

(500 MHz, DMSO-d6):  11.43–11.25 (s, 1H), 11.25–11.02 (s, 1H), 8.39 (s, 1H). 13C NMR (125 MHz, 

DMSO-d6):  157.23, 151.03, 147.18, 138.75, 130.94. ESI-HRMS calculated for C5H3N3O2S [M-H]- 

167.9873, found 167.9874. 

 

 

(2R,3S,4S,5R)-2-((benzoyloxy)methyl)-5-(5,7-dioxo-6,7-dihydroisothiazolo[4,3-d]pyrimidin-4(5H)-

yl)tetrahydrofuran-3,4-diyl dibenzoate (68): To a suspension of crude 67 (0.50 g, 2.95 mmol ) in dry 
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acetonitrile (30 ml) in a round bottom flask (100 ml) BSA (2.20 ml, 9.00 mmol) was added dropwise at rt 

over 15 minutes and the mixture was stirred at rt for two hours. In another round bottom flask (50 ml), β-

D-ribofuranose 1-acetate 2,3,5-tribenzoate 3 (1.50 g, 2.98 mmol) was dissolved in dry acetonitrile (10 ml) 

and added to the reaction mixture. Finally, TMSOTf (0.90 ml, 5.02 mmol) was added and the mixture was 

heated at 85 °C for one hour. The solvent was then removed in vacuum and the residue was dissolved in 

DCM and washed with saturated aqueous NaHCO3 solution, brine and water. The organic layer was dried 

over sodium sulfate and evaporate to dryness. The crude solid was subjected to column chromatography 

with a gradient of 0 to 5% methanol in DCM (Rf: 0.5 in 10% methanol in DCM) to give 68 as white foam 

(1.41 g, 78%). 1H NMR (500 MHz, CDCl3):  8.54 (s, 1H), 8.42 (br s, 1H), 8.10 (dd, J = 8.3, 1.2 Hz, 2H), 

7.98 (dd, J = 8.3, 1.2 Hz, 2H), 7.90 (dd, J = 8.3, 1.2 Hz, 2H), 7.67–7.47 (m, 5H), 7.41–7.37 (m, 2H), 7.36–

7.32 (m, 2H), 6.51–6.47 (m, 1H), 6.03–6.01 (m, 2H), 4.93 (dd, J = 12.3, 2.7 Hz, 1H), 4.77 (dd, J = 12.3, 

3.9 Hz, 1H), 4.73–4.71 (m, 1H). 13C NMR (125 MHz, CDCl3):  165.97, 165.47, 165.37, 154.44, 149.02, 

146.34, 136.76, 133.87, 133.77, 133.74, 131.45, 129.84, 129.82, 129.68, 129.34, 128.80, 128.55, 128.29, 

88.88, 80.19, 71.09, 70.15, 63.35. ESI-HRMS calculated for C31H23N3O9SNa [M+Na]+ 636.1047, found 

636.1048. 

 

7-amino-4-((2R,3S,4R,5R)-3,4-dihydroxy-5-(hydroxymethyl)tetrahydrofuran-2-yl)isothiazolo[4,3-

d]pyrimidin-5(4H)-one (tzC) and 4-((2R,3S,4R,5R)-3,4-dihydroxy-5-

(hydroxymethyl)tetrahydrofuran-2-yl)isothiazolo[4,3-d]pyrimidine-5,7(4H,6H)-dione (tzU): To a 

solution of 68 (1.00 g, 1.63 mmol) in dry DCM (12 ml), TIPCl (0.84 g, 2.80 mmol), DMAP (20 mg, 0.16 

mmol) and TEA (0.68 ml, 4.92 mmol) were added and the solution was stirred overnight at rt.  Additional 

TIPCl (0.10 g, 0.33 mmol) and DMAP (5 mg, 0.04 mmol) were added and the reaction was stirred for 

additional ten hours. The mixture was diluted with DCM (100 ml), washed with saturated aqueous NaHCO3 

solution, brine and water. The organic layer was dried over sodium sulfate and evaporate do dryness. The 

orange residue was crudely purified by column chromatography 1% methanol in DCM (Rf: 0.3 in 1% 
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methanol in DCM) to afford a dark orange foam which was suspended in methanol (20 ml), saturated with 

ammonia in a pressure vessel and heated at 80 °C overnight. The solution was cooled down in ice bath for 

30 minutes, then the solvent was evaporate to dryness to afford a yellow-orange solid-gel which was 

subjected to column chromatography with a gradient of 10 to 20% methanol in DCM( (Rf: 0.05 in for tzC 

and Rf: 0.20 for tzU in 15% methanol in DCM) to give tzC as pale yellowish solid (171 mg, 35%) and tzU 

as white solid (113 mg, 23%). tzC: 1H NMR (500 MHz, DMSO-d6): δ 9.03 (1, 1H) 8.24 (m, 2H), 6.13 (d, J 

= 7.1 Hz, 1H), 5.16 (t, J = 4.9 Hz, 1H), 5.08 (d, J = 6.2 Hz, 1H), 5.00 (d, J = 5.0 Hz, 1H), 4.33 (dd, J = 

13.2, 6.5 Hz, 1H), 4.06 (dd, J = 9.7, 5.4 Hz, 1H), 3.82 (q, J = 3.3 Hz, 1H), 3.67–3.62 (m, 2H). 13C NMR 

(125 MHz, CDCl3): 156.90, 155.80, 143.03, 137.50, 130.30, 88.74, 84.72, 69.42, 68.54, 61.26. ESI-HRMS 

calculated for C10H12N4O5SNa [M+Na]+ 323.0421, found 323.0420. tzU: 1H NMR (500 MHz, DMSO-d6) δ 

11.77 (s, 1H), 9.25 (s, 1H), 6.09 (d, J = 7.4 Hz, 1H), 5.30–5.00 (m, 3H), 4.33 (dd, J = 11.8, 6.3 Hz, 1H), 

4.09–4.06 (m, 1H), 3.86 (q, J = 3.1 Hz, 1H), 3.67–3.65 (m, 1H). 13C NMR (125 MHz, DMSO-d6) δ 155.57, 

150.14, 147.36, 136.05, 133.43, 88.03, 85.22, 69.24, 68.22, 61.07. ESI-HRMS calculated for 

C10H11N3O6SNa [M+Na]+ 324.0261 found 324.0262. 

 

2.10.7 Synthesis of tzX 

 
Scheme 2.23 Synthesis of tzX: (a) i) KOCN, H2O, acetic acid, rt, 12 h; ii) NaOMe,  
MeOH, rt, 12 h; (b) 1,2-ethanedithiol, BF3-OEt2, DCM, rt, 96 h 

3-((2R,3S,4S,5R)-3,4-bis(benzyloxy)-5-((benzyloxy)methyl)tetrahydrofuran-2-yl)isothiazolo[4,3-

d]pyrimidine-5,7(4H,6H)-dione  (49): In a 10 mL round bottom flask with stir bar, 41 (130 mg, 0.23 

mmol) was dissolved acetic acid (2.26 mL) stirring at room temperature. Potassium cyanate (55 mg, 0.68 

mmol) was added and the reaction was left to stir under argon over 12 hours. The reaction was then 



 

72 

partitioned between EtOAc and water. The aqueous solution was neutralized and washed several times with 

EtOAc. The organic solution was washed with brine, dried over Na2SO4, and evaporated to dryness. The 

resulting residue (0.11 g, 0.18 mmol) was flushed with argon and used crude. Anhydrous MeOH (1.78 mL) 

was added followed by mild heating to dissolve the substrate. After cooling to room temperature, the 

solution was treated with sodium methoxide (5 M,1.07 mL, 0.53 mmol) and left to stir under argon at room 

temperature for 12 hours. The reaction was then quenched with water and diluted with EtOAc. The aqueous 

solution was washed several times with EtOAc and the organic solution was washed with brine and dried 

over Na2SO4. The resulting organic solution was then evaporated to dryness and subjected to purification 

by column chromatography (Hexanes/EtOAc with a gradient from 0% to 70% of EtOAc) to yield a white 

foam (75 mg, 74%). Rf 0.13 in 60/40 Hexanes/EtOAc. 1H NMR (500 MHz, CDCl3):  9.61 (s, 1H), 8.06 (s, 

1H), 7.40–7.08 (m, 15H), 5.22 (d, J = 8.2 Hz, 1H), 4.97 (d, J = 12.5 Hz, 1H), 4.62 (dd, J = 11.9, 2.1 Hz, 

2H), 4.52 (m, 2H), 4.33 (d, J = 11.9 Hz, 1H), 4.29 (d, J = 1.5 Hz, 1H), 4.02 (dd, J = 8.2, 4.9 Hz, 1H), 3.92 

(dd, J = 4.9, 2.2 Hz, 1H), 3.73 (dd, J = 10.5, 2.8 Hz, 1H), 3.45 (dd, J = 10.5, 1.2 Hz, 1H); 13C NMR (125 

MHz, CDCl3):  155.60, 149.15, 146.05, 144.86, 137.14, 136.71, 136.25, 134.91, 128.66, 128.59, 128.43, 

128.40, 128.36, 128.35, 128.18, 128.10, 83.41, 81.06, 75.85, 73.16, 72.96, 72.50, 68.75; ESI-HRMS calcd 

for [C31H28N3O6S]–  [M–H]– 570.1704, found 570.1699. 

 

3-((2R,3S,4R,5R)-3,4-dihydroxy-5-(hydroxymethyl)tetrahydrofuran-2-yl)isothiazolo[4,3-

d]pyrimidine-5,7(4H,6H)-dione (tzX): In a 10 mL round bottom flask with stir bar, 49 (0.07 g, 0.12 mmol) 

was dissolved in anhydrous DCM (2.45 mL) followed by 1,2-ethanedithiol (0.31 mL, 3.67 mmol) and 

dropwise BF3•OEt2 (0.39 mL, 3.06 mmol) and left to stir at room temperature for 72 hours. An aliquot of 

the reaction was taken and checked using mass chromatography to identify full deprotection of the material. 

The solution was then evaporated to near-dryness and the resulting residue was subjected to purification by 

column chromatography (0% MeOH to 20% MeOH in DCM) to yield a white solid (25 mg, 68%). 1H NMR 

(500 MHz, CD3OD):  5.15 (d, J = 7.0 Hz, 1H), 4.23 – 4.07 (m, 3H), 3.82 (dd, J = 11.7, 3.1 Hz, 1H), 3.77 
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(dd, J = 11.7, 3.1 Hz, 1H); 13C NMR (125 MHz, CD3OD):  157.30, 150.91, 147.35, 146.60, 134.73, 86.61, 

77.20, 77.03, 72.27, 61.62; ESI-HRMS cald for [C10H10N3O6S]–  [M–H]– 300.0296, found 300.0296. 

 

2.10.8 Synthesis of tzisoG 
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Scheme 2.24 Synthesis of tzIsoG: (a) ethoxycarbonyl isothiocyanate, EDC, HMDS, MeCN, rt, 72 h; (b) i) 
1M NaOH, MeOH, 80 oC, 1 h, ii)1,2-ethanedithiol, BF3-OEt2, DCM, rt, 72 h 

Methyl 3-((2R,3S,4S,5R)-3,4-bis(benzyloxy)-5-((benzyloxy)methyl)tetrahydrofuran-2-yl)-7-imino-5-

oxo-4,5-dihydroisothiazolo[4,3-d]pyrimidine-6(7H)-carboxylate (56): In a 50 mL round bottom flask 

with stir bar, the benzylated isothiazole amide precursor 40b (1.7 g, 3.12 mmol) was dissolved in anhydrous 

acetonitrile stirring at room temperature under argon. Ethoxycarbonyl isothiocyanate (0.51 mL, 4.36 mmol) 

was added dropwise and left to stir 5 hours. After 5 hours stirring at room temperature, EDCI (0.90 g, 4.67 

mmol) and hexamethyldisilazine (6.53 mL, 31.2 mmol) were added and the reaction was left to stir at room 

temperature. After 72 hours, the solution was evaporated to near-dryness and partitioned between EtOAc 

and water. The organic solution was washed twice with aqueous HCl (1M, 5 mL) followed by saturated 

NaHCO3 solution. The organic solution was then washed with brine and dried over Na2SO4. The solution 

was evaporated to dryness and subjected to purification by column chromatography (0% EtOAc to 50% 

EtOAc in Hexanes) to yield a white powder (0.65 g, 33%). Rf 0.44 in 60/40 Hexanes/EtOAc. 1H NMR (500 

MHz, CDCl3):  9.80 (s, 1H), 7.74 (s, 1H), 7.40–7.16 (15H), 5.34 (d, J = 7.4 Hz, 1H), 4.65 (d, J = 11.8 Hz, 

1H), 4.60–4.47 (m, 4H), 4.44 (d, J = 11.8 Hz, 1H), 4.36 (dd, J = 5.8, 2.8 Hz, 2H), 4.22 (m, 2H), 4.01 (dd, 

J = 4.6, 2.8 Hz, 1H), 3.92 (dd, J = 7.4, 4.8 Hz, 1H), 3.60 (dd, J = 10.5, 3.4 Hz, 1H), 3.53 (dd, J = 10.5, 3.4 

Hz, 1H), 1.33 (t, J = 7.1 Hz, 3H) ; 13C NMR (125 MHz, CDCl3):  161.93, 153.72, 150.77, 138.18, 137.62, 

137.35, 136.81, 131.34, 128.49, 128.47, 128.39, 128.27, 128.22, 128.18, 128.05, 127.89, 127.70, 112.56, 
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83.36, 83.09, 77.19, 77.01, 73.60, 72.47, 72.09, 69.96, 62.92, 14.18; ESI-HRMS calcd for [C34H33N4O7S]–  

[M–H]– 641.2075, found 641.2077. 

 

7-amino-3-((2R,3S,4R,5R)-3,4-dihydroxy-5-(hydroxymethyl)tetrahydrofuran-2-yl)isothiazolo[4,3-

d]pyrimidin-5(4H)-one (tzisoG): To a 25 mL round bottom flask with condenser containing the carbamate-

protected substrate 56 (0.55 g, 0.86 mmol), MeOH (10.70 mL) was added and the reaction was stirred at 

room temperature followed by dropwise sodium hydroxide (6.85 mL, 0.25 M) and left to stir under reflux 

conditions for 1 hour. The material was then evaporated to dryness and partitioned between EtOAc and 

saturated aqueous ammonium chloride solution. The aqueous solution was washed several times with 

EtOAc and the organic solution was washed with saturated bicarbonate solution and brine followed by 

drying over Na2SO4 and evaporated to dryness. The resulting residue (0.45 g, 0.79 mmol) was placed under 

high-vacuum and flushed with argon several times before being dissolved in anhydrous DCM (7.80 mL) 

stirring with addition of 1,2-ethanedithiol (1.99 mL, 23.66 mmol) and dropwise BF3•OEt2 (2.49 mL, 19.71 

mmol). The flask was placed under argon and left to stir for 72 hours. An aliquot of the reaction was taken 

and checked using mass chromatography to identify full deprotection of the material. The solution was then 

evaporated to near-dryness and the resulting residue was subjected to purification by column 

chromatography (DCM/MeOH with a gradient from 0% to 20% MeOH) to yield a white solid (0.12 g, 

51%). 1H NMR (500 MHz, CD3OD):  5.15 (d, J = 7.1 Hz, 1 H), 4.17 (m, 2H), 4.12 (dd, J = 5.1, 2.9, 1H), 

3.82 (dd, J = 11.7, 3.0 Hz, 1H), 3.77 (dd, J = 11.7, 3.0 Hz, 1H); 13C NMR (125 MHz, CD3OD):  157.95, 

157.27, 146.42, 141.62, 135.42, 86.63, 77.22, 77.04, 72.30, 61.65; ESI-HRMS calcd for [C10H11N4O5S]–  

[M–H]– 299.0456, found 299.0454. 
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2.10.9 tz2-AA synthesis 

 
Scheme 2.25 Synthesis of tz2-AA. (a) (i) POCl3, pyridine, 100 °C, 2 h; (ii) NH3, MeOH, 80 °C, 24 h; (b) 
1,2-ethanedithiol, BF3-OEt2, DCM, rt, 96 h. 

 

3-((2R,3S,4S,5R)-3,4-bis(benzyloxy)-5-((benzyloxy)methyl)tetrahydrofuran-2-yl)isothiazolo[4,3-

d]pyrimidine-5,7-diamine (50): To an 8 mL reaction vial with stir bar containing the protected nucleoside 

49 (0.17 g, 0.30 mmol), pyridine (48 L, 0.59 mmol) was added followed by POCl3
 (2.77 mL, 29.7 mmol) 

and left to stir under reflux conditions at 115 °C for 2 hours before removing the reaction vial from heat 

and evaporating to dryness. The resulting oil was dissolved in cold methanol that has been saturated with 

ammonia at 0 °C. The vial was capped and left to stir at 80 °C for 24 hours. The reaction was then evaporated 

to dryness and subjected to purification by column chromatography (Hexanes/EtOAc with a gradient from 

0% to 80% of EtOAc) to yield a white foam (0.04 g, 24%). Rf 0.15 in 60/40 Hexanes/EtOAc. 1H NMR (500 

MHz, CD3OD): 7.36–7.08 (m, 15H), 5.58 (d, J = 5.3 Hz, 1H), 4.64–4.48 (m, 5H), 4.47–4.42 (m, 1H), 

4.26 (dd, J = 8.1, 3.8 Hz, 1H), 4.16 (m, 1H), 4.07 (t, J = 4.9 Hz, 1H), 3.67–3.63 (m, 1H), 3.62–3.58 (m, 

1H); 13C NMR (125 MHz, CD3OD): 160.69, 157.50, 152.47, 146.08, 143.93, 138.11, 137.91, 137.67, 

128.06, 127.98, 127.92, 127.77, 127.72, 127.48, 127.39, 127.28, 83.00, 81.82, 77.46, 77.29, 73.05, 71.89, 

71.76, 69.71.  

 

(2R,3S,4R,5R)-2-(5,7-diaminoisothiazolo[4,3-d]pyrimidin-3-yl)-5-(hydroxymethyl)tetrahydrofuran-

3,4-diol (tz2-AA): In a 10 mL round bottom flask with stir bar, the benzylated derivative 50 (35 mg, 0.06 

mmol) was dissolved in anhydrous DCM (1.2 mL) followed by 1,2-ethanedithiol (0.15 mL, 1.84 mmol) 

and dropwise BF3-OEt2 (0.19 mL, 1.54 mmol) and left to stir at room temperature for 96 hours. An aliquot 
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of the reaction was taken and checked using mass chromatography to identify full deprotection of the 

material. The solution was then evaporated to near-dryness and the resulting residue was subjected to 

purification by reverse phase HPLC (H2O/MeCN and 0.1% TFA in each solvent, with a gradient from 0 to 

11% MeCN over 20 minutes) to yield a white foam (10 mg, 54%). 1H NMR (500 MHz, D2O):  5.36 (d, J 

= 6.3 Hz, 1H), 4.31 – 4.20 (m, 3H), 3.89 (dd, J = 23.9, 3.5 Hz, 1H), 3.85 (dd, J = 23.9, 3.5 Hz, 1H); 13C 

NMR (125 MHz, CD3OD):  158.09, 155.59, 149.32, 141.70, 132.81, 85.61, 77.04, 76.66, 71.27, 61.25. 

ESI-HRMS cald for [C10H10N3O6S]+  [M+H]+ 300.0761, found 300.0760. 

2.10.10 Other Synthesized Isothiazolo Compounds 

 
Scheme 2.26 Scheme for synthesis of tzG nucleobase (4a)  

5-aminoisothiazolo[4,3-d]pyrimidin-7(6H)-one (4a): A well-mixed fine solid of 13 (1.00 g, 5.14 mmol) 

and chloroformamidine hydrochloride (0.59 g, 5.14 mmol) was added to dimethylsulfone (14.51 g) at 125 

°C over 10 minutes, and the resulting solution was stirred for 1 hour at the same temperature. Upon cooling 

to room temperature, the mixture was poured into water (50 mL), basified with concentrated NH4OH and 

vigorously stirred for 1 hour. The resulting creamy solid was filtered, washed with water (50 mL), Et2O (20 

mL), and dried under vacuum. The resulting solid (0.64 g, 74 %) was used for the next step without further 

purification. 1H NMR (500 MHz, DMSO):  11.05 (br s, 1H), 8.62 (s, 1H), 6.34 (br s, 2H); 13C NMR (125 

MHz, DMSO):  156.97, 151.90, 150.50, 149.06; ESI-HRMS calcd for [C5H3N4OS]–  [M–H]– 167.0033, 

found 167.0032. 
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Scheme 2.27 Scheme for synthesis of 14a. 

Methyl (E)-4-(((dimethylamino)methylene)amino)isothiazole-3-carboxylate (14a): In a 10 mL round 

bottom flask with stir bar, 13 (0.12 g, 0.73 mmol) was dissolved in anhydrous DMF (3.64 mL) stirring at 

room temperature under argon followed by addition of N,N-dimethylformamide dimethyl acetal (0.58 mL, 

4.36 mmol). The reaction was left to stir at room temperature for 12 hours. The reaction was then partitioned 

between EtOAc and water. The aqueous layer was washed several times with EtOAc and the organic 

solution was washed once with brine before being dried over Na2SO4 and evaporated to dryness. The 

resulting residue was purified by column chromatography (0% MeOH to 5% MeOH in DCM) yielding a 

white solid (57 mg, 37%). Rf 0.58 in 10% MeOH in DCM. 1H NMR (500 MHz, CDCl3):  7.95 (s, 1H), 

7.61 (s, 1H), 3.90 (s, 3H), 3.03 (s, 6H); 13C NMR (125 MHz, CDCl3):  161.66, 155.21, 151.48, 151.26, 

133.19, 52.39, 40.41, 34.51. ESI-HRMS cald for [C8H12N3O2S]+  [M+H]+ 214.0645, found 214.0640. 

 
Scheme 2.28 Scheme for synthesis of 16a. 

Methyl 4-(2,2,2-trifluoroacetamido)isothiazole-3-carboxylate (16a): In a 50 mL round bottom flask, 13 

(1.00 g, 5.14 mmol) was dissolved in anhydrous pyridine (20 mL) stirring at 0 °C in an ice bath followed 

by dropwise addition of trifluoroacetic anhydride (1.45 mL, 10.28 mmol) and left to stir under argon for 2 

hours, slowly warming to room temperature. After the reaction was complete, as monitored by TLC, the 

organic solution was evaporated to dryness and the resulting residue was subjected to purification by 

column chromatography (0% EtOAc to 30% EtOAc in Hexanes) yielding white translucent crystals (1.10 

g, 84%). Rf 0.58 in 40% EtOAc in hexanes. 1H NMR (500MHz, CDCl3):  10.96 (br s, 1H), 9.42 (s, 1H), 
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4.06 (s, 3H); 13C NMR (125MHz, CDCl3):  163.00, 154.70 (q), 145.81, 137.40, 134.20, 115.50 (q), 53.45; 

ESI-HRMS calcd for [C7H4F3N2O3S]–  [M–H]– 252.9900, found 252.9902. 

 

 
Scheme 2.29 Scheme for synthesis of 17a. 

N-(7-oxo-6,7-dihydroisothiazolo[4,3-d]pyrimidin-5-yl)pivalamide (17a): In a flame-dried 10 mL round 

bottom flask with stir bar, 4a (85 mg, 0.51 mmol) was dissolved in anhydrous pyridine (2 mL) stirring at 

room temperature under argon followed by dropwise addition of pivaloyl chloride (75 L, 0.61 mmol) and 

left to stir at 70 °C for 2 hours. The solution was then cooled to room temperature and evaporated to dryness. 

The resulting residue was subjected to purification by column chromatography (0% EtOAc to 50% EtOAc 

in Hexanes) yielding a white powder (60 mg, 47%). Rf 0.12 in 40% EtOAc in hexanes. 1H NMR (500 MHz, 

CDCl3):  8.65 (s, 1H), 1.33 (s, 9H); 13C NMR (125 MHz, CDCl3):  180.30, 154.86, 149.13, 147.35, 

146.40, 140.67, 40.36, 26.99; ESI-HRMS cald for [C10H11N4O2S]–  [M–H]– 251.0608, found 251.0607. 

 

 
Scheme 2.30 Scheme for synthesis of 18a. 

(E)-N,N-dimethyl-N'-(7-oxo-6,7-dihydroisothiazolo[4,3-d]pyrimidin-5-yl)formimidamide (18a): In a 

flame dried 10mL flask with stir bar, 4a (0.10 g, 0.59 mmol) was dissolved in DMF (6 mL) stirring at room 

temperature followed by addition of N,N-dimethylformamide dimethyl acetal (0.64 mL, 4.76 mmol) and 

left to stir for 12 hours. After the reaction was completed as monitored by TLC, the solution was partitioned 
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between EtOAc and water. After several aqueous washes, the organic solution was dried over Na2SO4 and 

evaporated to dryness to yield a crude oil. The compound was purified by column chromatography (0% 

MeOH to 5% MeOH in DCM) to yield a yellow solid (0.12 g, 90%). Rf 0.54 in 10% MeOH in DCM.  1H 

NMR (500 MHz, CDCl3):  8.70 (s, 1H), 8.59 (s, 1H), 3.21 (s, 3H), 3.13 (s, 3H); 13C NMR (125 MHz, 

CDCl3):  158.08, 156.67, 154.87, 151.86, 149.48, 138.31, 41.48, 35.27; ESI-HRMS calcd for 

[C8H9N5OSNa]+  [M+H]+ 246.0420, found 246.0418. 

 

 
Scheme 2.31 Scheme for synthesis of 16b. 

Methyl 5-bromo-4-(2,2,2-trifluoroacetamido)-isothiazole-3-carboxylate (16b): In an 8 mL reaction vial 

with stir bar, 13 (35 mg, 0.22 mmol) was dissolved in acetic acid (2.2 mL) at room temperature followed 

by bromine (0.02 mL, 0.44 mmol) and the vial was sealed. The reaction was left to stir at 55 °C monitoring 

by TLC. After 1 hour stirring, starting material was found to be consumed. The vial was cooled to 0 °C and 

all solvent was removed under pressure. The vial was then treated with pyridine (2 mL) and brought to 0 

°C stirring for 5 minutes before addition of trifluoroacetic anhydride (0.05 mL, 0.33 mmol) and left to warm 

up to room temperature. After 9 hours stirring, starting material is found to be consumed. The solvent was 

removed under pressure and the resulting residue was partitioned between water and ethyl acetate. The 

aqueous layer was extracted with ethyl acetate three times before the organic solution was washed with 

saturated sodium thiosulfate and brine solutions followed by saturated sodium sulfate. The organic solution 

was evaporated to dryness to yield a crude oil. The compound was purified by column chromatography 

(0% EtOAc to 40% EtOAc in Hexanes) to yield a yellow solid (34 mg, 65%). Rf 0.46 in 40% EtOAc in 

hexanes.  1H NMR (500 MHz, CDCl3):  9.05 (br s, 1H), 4.01 (s, 3H); 13C NMR (125 MHz, CDCl3):  
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160.82, 154.25 (q), 150.84, 132.87, 132.67, 116.70 (q), 53.40. ESI-HRMS cald for [C7H3BrF3N2O3S]–  [M–

H]– 330.9005, found 330.9006. 

 

 
Scheme 2.32 Scheme for synthesis of 14b. 

Methyl (E)-5-bromo-4-(((dimethylamino)methylene)amino)isothiazole-3-carboxylate (14b): In a 

flame-dried 8 mL reaction vial with stir bar, protected ester 14a (13 mg, 0.06 mmol) was dissolved in acetic 

acid (1.2 mL) followed by dropwise bromine (0.01 mL, 0.19 mmol) and left to stir at 50 °C for 2 hours until 

the reaction was found to be complete as monitored by TLC. The reaction was then partitioned between 

EtOAc and water followed by neutralization of the aqueous solution with NaHCO3. After the aqueous 

solution was washed several times with EtOAc, the organic solution was washed with brine and dried over 

Na2SO4. After evaporation to dryness, the resulting residue was purified by column chromatography (0% 

MeOH to 3% MeOH in DCM) to yield a yellow solid (7 mg, 39%). Rf 0.74 in 10% MeOH in DCM. 1H 

NMR (500 MHz, CDCl3):  7.52 (s, 1H), 3.90 (s, 3H), 3.10 (s, 3H), 3.06 (s, 6H); 13C NMR (125 MHz, 

CDCl3):  160.95, 156.06, 151.29, 148.87, 124.17, 52.58, 40.55, 34.55. ESI-HRMS cald for 

[C8H11BrN3O2S]+  [M+H]+ 291.9750, found 291.9751. 

 

 
Scheme 2.33 Scheme for synthesis of 17b. 
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N-(3-bromo-7-oxo-6,7-dihydroisothiazolo[4,3-d]pyrimidin-5-yl)pivalamide (17b): To a flame-dried 

8mL reaction vial with stir bar, pivaloyl-protected nucleobase 17a (0.02 g, 0.08 mmol) was dissolved in 

acetic acid (1.56 mL) followed by dropwise bromine (12 L, 0.24 mmol) and left to stir at 50 °C for 2 hours 

until the reaction was found to be complete as monitored by TLC. The reaction was then partitioned between 

EtOAc and water followed by neutralization of the aqueous solution with NaHCO3. After the aqueous 

solution was washed several times with EtOAc, the organic solution was washed with brine and dried over 

Na2SO4. After evaporation to dryness, the resulting residue was purified by column chromatography (0% 

EtOAc to 40% EtOAc in Hexanes) to yield a yellow solid (12 mg, 46%). Rf 0.42 in 40% EtOAc in Hexanes. 

1H NMR (500 MHz, CDCl3):  12.27 (br s, 1H), 8.75 (br s, 1H), 1.35 (s, 9H); 13C NMR (125 MHz, CDCl3): 

 180.40, 154.38, 148.83, 147.17, 145.97, 128.98, 40.47, 27.00; ESI-HRMS calcd for [C10H10BrN4O2S]–  

[M–H]– 328.9713 found 328.9710. 

 

 
Scheme 2.34 Scheme for synthesis of 18b. 

(E)-N'-(3-bromo-7-oxo-6,7-dihydroisothiazolo[4,3-d]pyrimidin-5-yl)-N,N-dimethylformimidamide 

(18b): In a flame-dried 8mL reaction vial with stir bar, protected nucleobase 18a (75 mg, 0.34 mmol) is 

dissolved in acetic acid (3.4 mL) followed by dropwise bromine (52 L, 1.00 mmol) and left to stir at 50 

°C for 1 hour until the reaction was found to be complete as monitored by TLC. The reaction was then 

partitioned between EtOAc and water followed by neutralization of the aqueous solution with NaHCO3. 

After the aqueous solution was washed several times with EtOAc, the organic solution was washed with 

brine and dried over Na2SO4. After evaporation to dryness, the resulting residue was purified by column 

chromatography (0% MeOH to 5% MeOH in DCM) to yield a yellow powder (55 mg, 54%). Rf 0.48 in 
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10% MeOH in 90% DCM. 1H NMR (500 MHz, CDCl3):  8.75 (s, 1H), 3.24 (s, 3H), 3.14 (s, 3H); 13C NMR 

(125 MHz, CDCl3):  158.34, 156.47, 155.37, 151.86, 149.43, 147.86, 41.64, 35.42; ESI-HRMS calcd for 

[C8H7BrN5OS]–  [M–H]– 299.9560, found 299.9560. 

 

 
Scheme 2.35 Palladium coupling of 18a to form benzylated nucleobase (25). 

5-amino-3-phenylisothiazolo[4,3-d]pyrimidin-7(6H)-one (25): To a flame-dried 8 mL reaction vial with 

stir bar, DMF-protected nucleobase 18a (0.04g, 0.09 mmol) was dissolved in anhydrous acetonitrile (1.80 

mL) followed by addition of palladium bis(triphenylphosphine)dichloride (25 mg, 36 mol), 

triphenylphosphine (14 mg, 54 mol), silver carbonate (99 mg, 0.36 mmol), and iodobenzene (40 L, 0.36 

mmol). The vial was flushed with argon and sealed to stir at 80 °C for 1 hour until starting material was 

fully consumed as monitored by TLC. The reaction was partitioned between EtOAc and water for 

extraction. The aqueous solution was washed several times with EtOAc and the organic solution was 

washed with brine followed by drying over Na2SO4. The mixture was used crude and redissolved in a 

reaction vial with MeOH followed by bubbling ammonia at 0 °C. The vial was sealed and brought to 80 °C 

for 12 hours. After the reaction was complete, the vial was cooled and solvent evaporated. The resulting 

residue was purified by column chromatography (DCM/MeOH 95/5) to yield a white solid (0.03 g, 66%). 

Rf 0.63 in 10% MeOH in DCM.  1H NMR (500 MHz, DMSO-d6):  11.20 (br s, 1H), 8.10 (m, 2H), 7.49 

(m, 2H), 7.21 (m, 1H), 6.53 (br s, 2H) ; 13C NMR (125 MHz, DMSO-d6):  156.70, 152.08, 150.69, 150.09, 

146.52, 130.92, 129.45, 129.28, 127.30. ESI-HRMS cald for [C11H7N4OS]–  [M–H]– 243.0346, found 

243.0344.  
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Scheme 2.36 Scheme for synthesis of spirocyclic orthoester 59. 

3-((2R,3S,4R,5R)-3,4-Dihydroxy-5-(hydroxymethyl)tetrahydrofuran-2-yl)-4H-spiro[isothiazolo[4,3-

d]pyrimidine-7,2'-[1,3]dithiolan]-5(6H)-one (59). In a 10 mL round bottom flask with stir bar, the 

benzylated derivative 56 (0.048 g, 0.075 mmol) was dissolved in anhydrous DCM (1 mL) followed by 1,2-

ethanedithiol (0.157 mL, 1.867 mmol) and dropwise BF3•OEt2 (0.142 mL, 1.120 mmol) and left to stir at 

room temperature for 48 hours. An aliquot of the reaction was taken and checked using mass 

chromatography to identify full deprotection of the material. The solution was then evaporated to near-

dryness and the resulting residue was subjected to purification by column chromatography (0% MeOH to 

10% MeOH in DCM) to yield a white residue (13 mg, 46%). 1H NMR (500 MHz, CD3OD):  5.00 (d, J = 

7.1 Hz, 1H), 4.10–4.15 (m, 2H), 4.08 (dd, J = 5.4, 3.1 Hz, 1H), 3.80–3.63 (m, 6H); 13C NMR (125 MHz, 

CD3OD):  13C NMR (126 MHz, CDCl3) δ 156.59, 153.13, 143.90, 129.78, 87.91, 82.79, 78.62, 78.11, 

73.60, 63.12, 42.62, 42.60.; ESI-HRMS cald for [C12H14N3O5S3]–  [M–H]– 376.0101, found 376.0105. 

 
Scheme 2.37 Scheme for synthesis of spirocyclic orthoester 60. 

Ethyl 3'-((2R,3S,4S,5R)-3,4-bis(benzyloxy)-5-((benzyloxy)methyl)tetrahydrofuran-2-yl)-5'-oxo-4',5'-

dihydro-6'H-spiro[imidazolidine-2,7'-isothiazolo[4,3-d]pyrimidine]-6'-carboxylate (60). In a 10 mL round 

bottom flask with stir bar, the benzylated derivative 56 (0.026 g, 0.040 mmol) was dissolved in anhydrous 
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DCM (0.80 mL) followed by ethylenediamine (0.081 mL, 1.214 mmol) and dropwise BF3•OEt2 (0.051 mL, 

0.405 mmol) and left to stir at room temperature for 12 hours. The solution was then evaporated to near-

dryness and the resulting residue was subjected to purification by column chromatography (0% MeOH to 

5% MeOH in DCM) to yield a white solid (10 mg, 36%). 1H NMR (500 MHz, CDCl3):  7.39–7.19 (M, 

15H), 5.91 (d, J = 3.0 Hz, 1H), 4.68–4.46 (m, 5H), 4.41–4.36 (M, 2H), 4.28–4.22 (m, 2H), 4.00–3.97 (m, 

1H), 3.86 (dd, J = 7.3, 4.6 Hz, 1H), 3.84–3.71 (m, 5H), 3.65 (dd, J = 10.8, 4.9 Hz, 1H), 1.32 (t, J = 7.1 Hz, 

3H); 13C NMR (125 MHz, CDCl3):  160.21, 159.65, 152.69, 151.21, 149.87, 138.15, 137.88, 137.60, 

128.35, 128.32, 128.25, 127.80, 127.75, 127.73, 127.64, 127.57, 127.56, 127.38, 80.63, 80.38, 80.14, 76.76, 

73.32, 72.24, 71.94, 69.86, 62.52, 14.23; ESI-HRMS cald for [C36H40N5O7S]+  [M+H]+ 686.2643, found 

686.2641.   

 
Scheme 2.38 Scheme for synthesis of spirocyclic orthoester 61. 

Ethyl 3-((2R,3S,4S,5R)-3,4-bis(benzyloxy)-5-((benzyloxy)methyl)tetrahydrofuran-2-yl)-5-oxo-4,5-

dihydro-6H-spiro[isothiazolo[4,3-d]pyrimidine-7,2'-thiazolidine]-6-carboxylate (61). In a 10 mL round 

bottom flask with stir bar, the benzylated derivative 56 (0.024 g, 0.037 mmol) was dissolved in anhydrous 

DCM (0.75 mL) followed by 2-aminoethane-1-thiol (0.043 g, 0.560 mmol) and dropwise BF3•OEt2 (0.047 

mL, 0.373 mmol) and left to stir at room temperature for 24 hours. The solution was then evaporated to 

near-dryness and the resulting residue was subjected to purification by column chromatography (0% MeOH 

to 5% MeOH in DCM) to yield a white solid (20 mg, 76%). 1H NMR (500 MHz, CDCl3):  10.87 (s, 1H), 

7.38–7.21 (M, 15H), 5.86 (d, J = 3.5 Hz, 1H), 4.65–4.61 (m, 2H), 4.58–4.48 (M, 5H), 4.45–4.40 (m, 1H), 

4.39–3.36 (m, 1H), 4.28–4.20 (m, 2H), 3.98 (t, J = 4.0 Hz, 1H), 3.90 (dd, J = 6.5, 4.9 Hz, 1H), 3.72 (dd, J 
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= 10.7, 3.0 Hz, 1H), 3.63 (dd, J = 10.7, 4.6 Hz, 1H), 3.40–3.32 (m, 2H), 1.33 (t, J = 7.1 Hz, 3H); 13C NMR 

(125 MHz, CDCl3):  165.12, 160.90, 153.68, 152.97, 149.88, 138.07, 137.82, 137.59, 128.38, 128.34, 

128.25, 127.86, 127.79, 127.71, 127.65, 127.61, 126.63, 81.12, 80.70, 79.71, 77.73, 73.37, 72.25, 72.00, 

69.77, 65.24, 62.58, 32.28, 14.21.; ESI-HRMS cald for [C36H39N4O7S2]+  [M+H]+ 703.2255, found 

703.2253. 
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2.10.11 1H and 13C NMR spectra 

 
Figure 2.15 1H and 13C NMR spectra of 37. 
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Figure 2.16 1H and 13C NMR spectra of 38. 
 
 
 
 



 

88 

 
Figure 2.17 1H and 13C NMR spectra of 38b. 
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Figure 2.18 1H and 13C NMR spectra of 32. 
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Figure 2.19 1H and 13C NMR spectra of 34. 
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Figure 2.20  1H and 13C NMR spectra of 41. 
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Figure 2.21 1H and 13C NMR spectra of 43. 
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Figure 2.22 1H and 13C NMR spectra of tzG. 
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Figure 2.23 1H and 13C NMR spectra of 40a. 
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Figure 2.24 1H and 13C NMR spectra of 40b. 
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Figure 2.25  1H and 13C NMR spectra of 54a. 
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Figure 2.26 1H and 13C NMR spectra of tzA. 
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Figure 2.27 1H and 13C NMR spectra of tzI. 
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Figure 2.28 1H and 13C NMR spectra of 13. 
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Figure 2.29 1H and 13C NMR spectra of 66. 
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Figure 2.30 1H and 13C NMR spectra of 67. 
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Figure 2.31 1H and 13C NMR spectra of 68. 
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Figure 2.32  1H and 13C NMR spectra of tzC. 
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Figure 2.33 1H and 13C NMR spectra of tzU. 
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Figure 2.34 1H and 13C NMR spectra of 49. 
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Figure 2.35 1H and 13C NMR spectra of 50. 
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Figure 2.36 1H and 13C NMR spectra of 56. 
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Figure 2.37 1H and 13C NMR spectra of tzX 
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Figure 2.38 1H and 13C NMR spectra of tzIsoG. 
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Figure 2.39 1H and 13C NMR spectra of tz2-AA 
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Figure 2.40 1H and 13C NMR spectra of 4a. 
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Figure 2.41 1H and 13C NMR spectra of 14a. 
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Figure 2.42 1H and 13C NMR spectra of 14b. 
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Figure 2.43 1H and 13C NMR spectra of 16a. 

 



 

115 

 
Figure 2.44 1H and 13C NMR spectra of 16b 
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Figure 2.45 1H and 13C NMR spectra of 17a 
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Figure 2.46 1H and 13C NMR spectra of 17b 
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Figure 2.47 1H and 13C NMR spectra of 18a 
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Figure 2.48 1H and 13C NMR spectra of 18b 
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Figure 2.49 1H and 13C NMR spectra of 25. 
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Figure 2.50 1H and 13C NMR spectra of 59. 
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Figure 2.51 HMBC experimental spectra of 59. 
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Figure 2.52 1H and 13C NMR spectra of 60. 
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Figure 2.53 1H and 13C NMR spectra of 61. 
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2.10.12 Crystallography Supplemental Information 

Table 2.5 Crystal data and structure refinement for 18b 

Report date  2016-04-01 

Identification code  tor91 

Empirical formula  C8 H8 Br N5 O S 

Molecular formula  C8 H8 Br N5 O S 

Formula weight  302.16 

Temperature  100.0 K 

Wavelength  1.54178 Å 

Crystal system  Monoclinic 

Space group  P 1 21/n 1 

Unit cell dimensions  a = 15.3538(6) Å  = 90°. 

  b = 4.3958(2) Å  = 112.3510(10)°. 

  c = 17.1443(6) Å   = 90°. 

Volume 1070.18(7) Å3 

Z 4 

Density (calculated) 1.875 Mg/m3 

Absorption coefficient 6.976 mm-1 

F(000) 600 

Crystal size 0.22 x 0.05 x 0.05 mm3 

Crystal color, habit yellow needle 

Theta range for data collection 3.295 to 70.194°. 

Index ranges -18<=h<=17, -5<=k<=5, -20<=l<=20 

Reflections collected 16519 

Independent reflections 2020 [R(int) = 0.0421] 

Completeness to theta = 67.500° 99.3 %  

Absorption correction Semi-empirical from equivalents 

Max. and min. transmission 0.5220 and 0.3484 

Refinement method Full-matrix least-squares on F2 

Data / restraints / parameters 2020 / 0 / 151 
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Table 2.5 Crystal data and structure refinement for 18b (Continued) 

Goodness-of-fit on F2 1.079 

Final R indices [I>2sigma(I)] R1 = 0.0218, wR2 = 0.0555 

R indices (all data) R1 = 0.0227, wR2 = 0.0562 

Extinction coefficient n/a 

Largest diff. peak and hole 0.349 and -0.338 e.Å-3 

 

For tzA, tzG, tzC, and tzU: Single crystal X-ray diffraction studies were carried out on a Bruker 

Kappa APEX-II CCD diffractometer equipped with Mo K radiation ( = 0.71073 Å) or Cu K radiation 

( = 1.5478) at the UCSD Chemistry and Biochemistry Small Molecule X-Ray Facility. Crystals were 

mounted on a Cryoloop with Paratone oil.  Data were collected in a nitrogen gas stream at 100(2) K using 

 and  scans.  The data were integrated using the Bruker SAINT software program and scaled using the 

SADABS software program.  Solution by direct methods (SHELXT) produced a complete phasing model 

consistent with the proposed structure.  All nonhydrogen atoms were refined anisotropically by full-matrix 

least-squares (SHELXL-2014).  All carbon bonded hydrogen atoms were placed using a riding model.  

Their positions were constrained relative to their parent atom using the appropriate HFIX command in 

SHELXL-2014.  All other hydrogen atoms (H-bonding) were located in the difference map.  There relative 

positions were restrained using DFIX commands and their thermals freely refined.    

 

Table 2.6 Crystal data and structure refinement for tzA 

Report date  2015-07-30 

Identification code  Tor110 

Empirical formula  C10 H14 N4 O5 S 

Molecular formula  C10 H12 N4 O4 S, H2 O 

Formula weight  302.31 

Temperature  100.0 K 

Wavelength  0.71073 Å 

Crystal system  Monoclinic 
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Table 2.6 Crystal data and structure refinement for tzA (Continued) 

Space group  P 1 21 1 

Unit cell dimensions  a = 4.8225(4) Å = 90°. 

  b = 8.0030(5) Å = 97.432(2)°. 

c = 15.9946(10) Å   = 90°. 

Volume 612.12(7) Å3 

Z 2 

Density (calculated) 1.640 Mg/m3 

Absorption coefficient 0.293 mm-1 

F(000) 316 

Crystal size 0.213 x 0.131 x 0.055 mm3 

Crystal color, habit Colorless Plank 

Theta range for data collection 2.568 to 25.439°. 

Index ranges -5<=h<=5, -9<=k<=9, -19<=l<=19 

Reflections collected 10950 

Independent reflections 2260 [R(int) = 0.0314] 

Completeness to theta = 25.000° 99.9 %  

Absorption correction Semi-empirical from equivalents 

Max. and min. transmission 0.0916 and 0.0691 

Refinement method Full-matrix least-squares on F2 

Data / restraints / parameters 2260 / 8 / 209 

Goodness-of-fit on F2 1.061 

Final R indices [I>2sigma(I)] R1 = 0.0249, wR2 = 0.0562 

R indices (all data) R1 = 0.0274, wR2 = 0.0575 

Absolute structure parameter 0.05(3) 

Extinction coefficient n/a 

Largest diff. peak and hole 0.188 and -0.168 e.Å-3 
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Table 2.7 Crystal data and structure refinement for tzG 

Report date  2015-06-01 

Identification code  Tor106 

Empirical formula  C10 H13 N4 O5.50 S 

Molecular formula  C10 H12 N4 O5 S, 0.5(H2 O) 

Formula weight  309.30 

Temperature  100.0 K 

Wavelength  1.54178 Å 

Crystal system  Triclinic 

Space group  P1  

Unit cell dimensions a = 4.8777(4) Å  = 81.369(7)°. 

  b = 7.7049(8) Å = 82.830(6)°. 

  c = 17.0972(15) Å   = 72.019(7)°. 

Volume  602.14(10) Å3 

Z 2 

Density (calculated) 1.706 Mg/m3 

Absorption coefficient 2.737 mm-1 

F(000) 322 

Crystal size 0.131 x 0.023 x 0.014 mm3 

Crystal color, habit Light Yellow Needle 

Theta range for data collection 2.623 to 68.318°. 

Index ranges -5<=h<=5, -9<=k<=9, -20<=l<=20 

Reflections collected 8102 

Independent reflections 3512 [R(int) = 0.0510] 

Completeness to theta = 68.000° 95.6 %  

Absorption correction Semi-empirical from equivalents 

Max. and min. transmission 0.3201 and 0.1936 

Refinement method Full-matrix least-squares on F2 

Data / restraints / parameters 3512 / 27 / 403 

Goodness-of-fit on F2 1.034 

Final R indices [I>2sigma(I)] R1 = 0.0458, wR2 = 0.1167 
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Table 2.7 Crystal data and structure refinement for tzG (Continued) 

R indices (all data) R1 = 0.0514, wR2 = 0.1202 

Absolute structure parameter 0.073(18) 

Extinction coefficient n/a 

Largest diff. peak and hole 0.634 and -0.378 e.Å-3 

 

Table 2.8 Crystal data and structure refinement for tzC 

Report date  2015-06-11 

Identification code  Tor108 

Empirical formula  C10 H14 N4 O6 S 

Molecular formula  C10 H12 N4 O5 S, H2 O 

Formula weight  318.31 

Temperature  100 K 

Wavelength  0.71073 Å 

Crystal system  Orthorhombic 

Space group  P212121 

Unit cell dimensions  a = 6.9429(3) Å = 90°. 

  b = 11.0987(4) Å  = 90°. 

  c = 16.3128(6) Å   = 90°. 

Volume 1257.02(8) Å3 

Z 4 

Density (calculated) 1.682 Mg/m3 

Absorption coefficient 0.296 mm-1 

F(000) 664 

Crystal size 0.135 x 0.127 x 0.053 mm3 

Crystal color, habit Colorless Plank 

Theta range for data collection 2.219 to 26.372°. 

Index ranges -8<=h<=8, -13<=k<=13, -20<=l<=20 

Reflections collected 9328 

Independent reflections 2576 [R(int) = 0.0563] 
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Table 2.8 Crystal data and structure refinement for tzC (Continued) 

Completeness to theta = 25.000° 100.0 %  

Absorption correction Semi-empirical from equivalents 

Max. and min. transmission 0.0932 and 0.0682 

Refinement method Full-matrix least-squares on F2 

Data / restraints / parameters 2576 / 7 / 218 

Goodness-of-fit on F2 1.019 

Final R indices [I>2sigma(I)] R1 = 0.0378, wR2 = 0.0829 

R indices (all data) R1 = 0.0464, wR2 = 0.0888 

Absolute structure parameter -0.02(7) 

Extinction coefficient n/a 

Largest diff. peak and hole 0.245 and -0.215 e.Å-3 

Table 2.9 Crystal data and structure refinement for tzU 

Report date  2015-06-11 

Identification code  Tor109 

Empirical formula  C10 H11 N3 O6 S 

Molecular formula  C10 H11 N3 O6 S 

Formula weight  301.28 

Temperature  100 K 

Wavelength  0.71073 Å 

Crystal system  Orthorhombic 

Space group  P212121 

Unit cell dimensions  a = 6.3830(2) Å = 90°. 

  b = 8.0212(2) Å = 90°. 

  c = 22.0071(5) Å   = 90°. 

Volume 1126.75(5) Å3 

Z 4 

Density (calculated) 1.776 Mg/m3 

Absorption coefficient 0.322 mm-1 

F(000) 624 

Crystal size 0.213 x 0.085 x 0.072 mm3 

Crystal color, habit Colorless Block 

Theta range for data collection 1.851 to 25.351°. 
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Table 2.9 Crystal data and structure refinement for tzU (Continued) 

Index ranges -7<=h<=7, -9<=k<=9, -26<=l<=26 

Reflections collected 14420 

Independent reflections 2065 [R(int) = 0.0502] 

Completeness to theta = 25.000° 100.0 %  

Absorption correction Semi-empirical from equivalents 

Max. and min. transmission 0.0916 and 0.0596 

Refinement method Full-matrix least-squares on F2 

Data / restraints / parameters 2065 / 4 / 197 

Goodness-of-fit on F2 1.084 

Final R indices [I>2sigma(I)] R1 = 0.0235, wR2 = 0.0587 

R indices (all data) R1 = 0.0246, wR2 = 0.0597 

Absolute structure parameter 0.04(3) 

Extinction coefficient n/a 

Largest diff. peak and hole 0.200 and -0.195 e.Å-3 

 

For tzX, tzisoG: The single crystal X-ray diffraction studies were carried out on a Bruker D8 Pt 135 

CCD diffractometer equipped with Cu K radiation ( = 1.5478).  A 0.220 x 0.050 x 0.050 mm piece of a 

yellow needle was mounted on a Cryoloop with Paratone oil.  

Data were collected in a nitrogen gas stream at 100(2) K using  and  scans.  Crystal-to-detector 

distance was 45 mm using variable exposure time (5,10 and 20s) depending on with a scan width of 1.25°.  

Data collection was 99.3% complete to 67.50° in . 

 All nonhydrogen atoms were refined anisotropically by full-matrix least-squares (SHELXL-2014).  

All carbon bonded hydrogen atoms were placed using a riding model.  Their positions were constrained 

relative to their parent atom using the appropriate HFIX command in SHELXL-2014.  All other hydrogen 

atoms (H-bonding) were located in the difference map (N-H).   
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Table 2.10 Crystal data and structure refinement for tzX 

Report date  2016-06-26 

Identification code  Tor111-Tz-Xan 

Empirical formula  C10 H11 N3 O6 S 

Molecular formula  C10 H11 N3 O6 S 

Formula weight  301.28 

Temperature  100.0 K 

Wavelength  1.54178 Å 

Crystal system  Monoclinic 

Space group  P 1 21 1 

Unit cell dimensions  a = 6.8159(3) Å = 90°. 

  b = 9.9720(5) Å = 98.748(2)°. 

  c = 17.7839(8) Å   = 90°. 

Volume 1194.68(10) Å3 

Z 4 

Density (calculated) 1.675 Mg/m3 

Absorption coefficient 2.752 mm-1 

F(000) 624 

Crystal size 0.25 x 0.17 x 0.1 mm3 

Crystal color, habit colorless block 

Theta range for data collection 2.514 to 68.650°. 

Index ranges -8<=h<=8, -11<=k<=11, -21<=l<=21 

Reflections collected 31295 

Independent reflections 6325 [R(int) = 0.0498] 

Completeness to theta = 67.679° 98.7 %  

Absorption correction Semi-empirical from equivalents 

Max. and min. transmission 0.821 and 0.645 

Refinement method Full-matrix least-squares on F2 

Data / restraints / parameters 6325 / 1 / 368 

Goodness-of-fit on F2 1.110 

Final R indices [I>2sigma(I)] R1 = 0.0307, wR2 = 0.0866 

R indices (all data) R1 = 0.0312, wR2 = 0.0868 
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Table 2.10 Crystal data and structure refinement for tzX (Continued) 

Absolute structure parameter 0.046(8) 

Extinction coefficient n/a 

Largest diff. peak and hole 0.222 and -0.239 e.Å-3 

 

Table 2.11 Crystal data and structure refinement for tzIsoG 

Report date  2016-05-16 

Identification code  Tz-IsoG 

Empirical formula  C10 H15.50 N4 O6.75 S 

Molecular formula  C10 H12 N4 O5 S, 1.75(H2 O)  

Formula weight  331.82 

Temperature  100.0 K 

Wavelength  1.54178 Å 

Crystal system  Triclinic 

Space group  P1 

Unit cell dimensions a = 8.0883(2) Å = 72.0700(10)°. 

 b = 10.9716(3) Å = 80.2730(10)°. 

 c = 16.0771(4) Å  = 86.279(2)°. 

Volume 1337.78(6) Å3 

Z 4 

Density (calculated) 1.648 Mg/m3 

Absorption coefficient 2.578 mm-1 

F(000) 694 

Crystal size 0.234 x 0.116 x 0.095 mm3 

Crystal color, habit Colorless Blade 

Theta range for data collection 2.925 to 68.267°. 

Index ranges -9<=h<=9, -13<=k<=13, -19<=l<=19 

Reflections collected 47934 

Independent reflections 9070 [R(int) = 0.0321] 

Completeness to theta = 68.000° 97.1 %  

Absorption correction Semi-empirical from equivalents 

Max. and min. transmission 0.3200 and 0.2197 

Refinement method Full-matrix least-squares on F2 
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Table 2.11 Crystal data and structure refinement for tzIsoG (Continued) 

Data / restraints / parameters 9070 / 3 / 817 

Goodness-of-fit on F2 1.025 

Final R indices [I>2sigma(I)] R1 = 0.0286, wR2 = 0.0758 

R indices (all data) R1 = 0.0311, wR2 = 0.0773 

Absolute structure parameter 0.036(5) 

Extinction coefficient n/a 

Largest diff. peak and hole 0.317 and -0.181 e.Å-3 
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Chapter 3   

Photophysics of the isothiazolo nucleoside family 

3.1 General Photophysical Properties of the Isothiazolo family 

3.1.1 The purine analogues 

The fundamental spectroscopic properties, the sensitivity towards environmental polarity, and the 

spectroscopically-derived pKa values of the modified nucleoside analogs are derived from the 

corresponding spectral data (Figure 3.1) and listed in Table 3.1. The absorption (abs) and the emission 

(em) maxima were plotted versus the pH and fitted using a Boltzmann sigmoidal curve using Kaleidagraph 

3.5. The pKa values were determined by interpolation of the fitting curves. The reported pKa values represent 

the average of three independent sets of measurements per each nucleoside. Experiments evaluating the 

effect of polarity were performed in water, dioxane and their mixtures (20, 40, 60 and 80 v/v % water in 

dioxane). The sample ET(30) values were determined by dissolving a small amount of Reichardt’s dye in 

the mixture of the same solvent used to dilute the nucleoside’s DMSO sample. The observed long 

wavelength absorption maximum (abs
max) was converted to the ET(30) values with the following equation:   

30
28591

 

Equation 3.1 ET(30) calculation equation 

The ground-state absorption spectra in aqueous solution displayed red-shifted maxima compared 

to the corresponding native nucleosides ranging from 312 to 338 nm for tzU to tzA, respectively (Figure 

3.1). Visible emission maxima ranging from 392 nm (for tzU) to 459 nm (for tzG) were observed for all 

modified nucleosides upon excitation at their maxima. The emission quantum yield of the purine analogs, 
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0.25 for tzG and 0.05 for tzA, were higher than the pyrimidine analogs, with 0.01 for tzU and 0.05 for tzC in 

water. 

The absorption spectra taken in dioxane showed batho- and hypochromic shifts for tzA, tzC and tzG 

in comparison to the aqueous solutions, while no significant variations were observed for tzU. The emission 

intensity is sensibly lower in dioxane. The fluorescence maxima displayed a remarkable blue-shift for tzG 

and tzU, a slight blue-shift for tzA, and a red-shift for tzC. This suggests a charge-transfer character of their 

excited states. This is manifested for all nucleosides, albeit to different extents, in their responsiveness 

toward polarity changes, as seen by the linear correlations between the measured Stokes shifts and 

microscopic solvent polarity parameters (Figure and Table 3.1).  

 

 

Figure 3.1 Photophysical spectra: (a) Absorption (dashed lines) and emission (solid lines) spectra of tzA 
(red), tzC (green), tzG (orange) and tzU (purple) in water. (b) Stokes shift correlation versus solvent polarity 
(ET(30)) of water/dioxane mixtures for tzA (red), tzC (green), tzG (orange) and tzU (purple). (c) Absorption 
maxima and (d) emission maxima variation versus pH for tzA (red), tzC (green), tzG (orange) and tzU 
(purple). 
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All new nucleosides display sensitivity towards pH variations, thus facilitating the extraction of  pKa values 

from their pH-dependent spectra (Figure 3.1, Figure 3.2, and Table 3.1).  The deprotonation of tzU between 

pH 8 and 11 is characterized by a red shift of its absorption maximum yielding a pKa value of 8.9, which is 

comparable to the values reported for N3 deprotonation in uridine (pKa 9.20–9.25).18 tzC is the least 

responsive to pH changes, displaying minor blue shifts in both the absorption and emission spectra, and 

yielding two pKa values (Table 3.1). tzA was characterized by a red-shift both in its absorption and emission 

maxima upon deprotonation of N1 (pKa= 4.25 and 3.29, respectively) in close proximity to the reported 

values for adenosine (pKa 3.6–4.2).19 pH titrations of tzG showed two distinct red-shifted transitions of the 

absorption maximum and two different isosbestic points at 325 and 333 nm (Figure 3.2), assigned to 

deprotonation of N7 and N1 (pKa = 3.55 and 8.51, respectively).  These values correlate well with the 

reported values for guanosine (pKa = 3.2–3.3 and 9.2–9.6, respectively).20 Taken together, these 

observations not only illustrate the responsiveness of these nucleosides, but further indicate the ability of 

the isothiazole ring to mimic the basic imidazole moiety of the native purines. 
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Table 3.1 Photophysical properties of tzA, tzG, tzC, tzI, tzU. 

              pKa
c 

 
solvent abs ()a  em ()a   Stokes 

shifta 
polarity 
sensitivityb 

abs em 
 
tzA  water 338 

(7.79±0.09) 
410 
(0.053±0.004) 

413 5.23±0.0
6 

27.7±1.9 4.25±
0.05 

3.29±0.03 

  dioxane 342 
(7.42±0.04) 

409 
(0.026±0.002) 

193 4.76±0.0
2 

   

tzC  water 325 
(5.45±0.12) 

411 
(0.053±0.005) 

289 6.42±0.0
6 

10.5±1.4 2.94±
0.19 

2.46±0.06 
10.38±0.0
5 

  dioxane 333 
(5.03±0.02) 

419 
(0.036±0.003) 

181 6.14±0.0
3 

   

tzG  water 333 
(4.87±0.04) 

459 
(0.247±0.23) 

1203 8.27±0.0
6 

102.0±6.9 3.55±
0.03 
8.51±
0.02 

9.88±0.07 

  dioxane 339 
(4.65±0.08) 

425 
(0.116±0.10) 

539 6.01±0.0
5 

   

tzI  water 316 
(7.63±0.18) 

377 
(0.006±0.001) 

46 5.13±0.0
5 

12.7±0.5 9.26±
0.03 

7.83±0.01 

  dioxane 315 
(6.62±0.15) 

372 
(0.004±0.001) 

26 4.79±0.0
4 

   

tzU  water 312 
(5.17±0.06) 

392 
(0.008±0.001) 

41 6.53±0.0
2 

45.4±3.9 2.25±
0.14 
8.88±
0.08 

8.94±0.13 

  dioxane 314 
(5.20±0.12) 

377 
(0.004±0.001) 

21 5.36±0.0
7 

   

a abs, , em and Stokes shift are reported in nm, 103 M–1 cm–1, nm and 103 cm–1 respectively. All the 
photophysical values reflect the average over three independent measurements. b Sensitivity to solvent 
polarity reported in cm–1/ (kcal mol–1) is equal to the slope of the linear fit in Figure 3.3. c pKa reflect the 
average over three independent measurements and are equal to the inflection point determined by the 
fitting curves in Figure 3.2. 
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Figure 3.2 Absorption (dashed lines) and emission (solid lines) traces in buffer solutions at different pH 
for tzA (a), tzC (b), tzG (c), tzI (d) and tzU (e). The emission spectra were normalized to 0.1 intensity at the 
excitation wavelength. 
 

Table 3.2 ET(30) experimental values for water/dioxane mixtures 

Water % in 
dioxane 

Reported ET(30)a 
(Kcal mol-1) 

Experimental ET(30) 
(Kcal mol-1) 

0 36.4 36.4 

20 48.3 47.6 

40 51.6 52.8 

60 55.0 55.0 

80 57.5 56.2 

100 63.1 - 

a Literature values.1 Due to solubility limitation the water ET(30) value was not calculated. 
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Figure 3.3 Absorption (dashed lines) and emission (solid lines) traces in water, dioxane and mixture thereof 
for tzA (a), tzC (b), tzG (c), tzI (d) and tzU (e). The emission spectra were normalized to 0.1 intensity at the 
excitation wavelength. 

3.1.2 Photophysical properties of the noncanonical isothiazolo nucleosides 

The photophysical features of the newly synthesized noncanonical purine analogues were 

thoroughly analyzed and compared to tzA, tzG, and tzI. In investigating emission and absorption changes 

relative to pH and sensitivity towards changes in polarity, we have identified certain trends, which depend 

on the nucleosides’ heteroatomic substitution. 

The absorption spectra of tzisoG, tzDAP, and tzX in aqueous solution have shown red-shifted 

maxima in comparison to the corresponding native nucleosides ranging from 321 nm for tzX to 346 nm for 

tz2-AA, the most red-shifted ground-state absorption spectra in the isothiazolo[4,3-d] pyrimidine-based 

nucleoside family (Figure 3.4).   
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Table 3.3 Photophysical and chemical properties of tzisoG, tzX, tz2-AA. 

 
solvent abs ()a em ()a  Stokes 

shifta 
polarity 
sensitivityb 

pKa
c 

 abs em 
tzisoG water 334  

(9.14±0.
03) 

413  
(0.047±0.004) 

365 5.73±0.04 20±1 3.4±
0.1 
11.5
±0.1 

3.90±0.01 
11.20±0.0
1 

 dioxane 342  
(8.6±0.1
) 

416  
(0.034±0.006) 

345 5.21±0.04    

tzX water 321 
(6.61±0.
07) 

472  
(0.043±0.003) 

264 10.03±0.02 61±2 
 3.0±0.8 

9.03
±0.0
5 

1.98±0.01 
 8.5±0.2 

 dioxane 320  
(6.60±0.
03) 

384  
(0.003±0.001) 

13 5.10±0.05    

tz2-
AA 

water 346 
(2.85±0.
07) 

447  
(0.27±0.03) 

712 7.52±0.05 140±2 6.91
±0.0
1 

2.55±0.01 
 5.93±0.02 

 dioxane 349 
(3.08±0.
02) 

468  
(0.22±0.02) 

616 6.24±0.01    

a abs, , em and Stokes shift are reported in nm, 103 M–1 cm–1, nm and 103 cm–1 respectively. All the 
photophysical values reflect the average over three independent measurements. b Sensitivity to solvent 
polarity reported in cm–1/ (kcal mol–1) is equal to the slope of the linear fit in Figure 3.4b. c pKa reflect the 
average over three independent measurements and are equal to the inflection point determined by the 
fitting curves in Figure 3.6. 

 

Sensitivity towards environmental polarity was determined by recording the absorption and the 

emission spectra of tzisoG, tzX and tz2-AA in water, dioxane and binary mixtures of the two (Table 3.3, 

Figure 3.4 and Figure 3.5).2 It is reported in cm–1/(kcal mol–1) and is equal to the slope of the linear fit 

shown in Figure 3.4c, correlating the Stokes shifts and ET(30),3-4 a microscopic solvent polarity parameter. 

The value obtained for tzisoG (20 ± 1) is very similar to that of tzA (28 ± 2) and five times lower than tzG 

(102 ± 7). The importance of the N2 exocyclic amine in conferring high sensitivity to environmental 

changes is evident by the remarkable polarity sensitivity of tz2-AA (140 ± 2), where the exocyclic amine in 

position 2 is added to the tzA skeleton, enhancing the sensitivity to environmental polarity by a factor five 

(Figure 3.5).  
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Figure 3.4 (a) Absorption (dashed lines) and emission (solid lines) spectra of tzisoG (magenta), tz2-AA 
(cyan) and tzX (brown) in water. (b) Absorption (dashed lines) and emission (solid lines) traces in water, 
dioxane and mixture thereof for tzX. (c) Stokes shift correlation versus solvent polarity (ET(30)) of 
water/dioxane mixtures for tzisoG (magenta), tz2-AA (cyan) and tzX (brown). (d) Stokes shift correlation 
versus solvent polarity (ET(30)) of water/dioxane mixtures for tzX (brown) in comparison to the structural 
isomer tzU (purple). 
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Figure 3.5 Absorption (dashed lines) and emission (solid lines) traces in water, dioxane and mixture thereof 
for tzisoG (a), tzX (b), tz2-AA (c). The emission spectra were normalized to 0.1 intensity at the excitation 
wavelength. Stokes shift correlation versus solvent polarity (ET(30)) of water/dioxane mixtures for tzisoG 
(d), tzX (e), tz2-AA (f) in comparison to previously reported isothiazolo[4,3-d]pyrimidine-based nucleoside. 

The polarity sensitivity of tzX (61 ± 2) was similar to that of the previously reported N-glycosylated 

isomer, tzU (45 ± 4), in low water-content binary mixtures (up to 40% v/v water in dioxane).5 We noted the 

presence of a double emission band, perhaps a result by water-mediated tautomerization in the excited 

state.6 While the ground state absorption spectra did not show any change in the different binary solvent 

mixtures, the intensity ratio of the two emission maxima (PL472/PL384) changed from 0.07 in dioxane to 

2.84 in pure water due to the lower-energy band intensity enhancement in water-enriched mixtures (Figure 

3.5b). 
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Table 3.4 ET(30) experimental values for water/dioxane mixtures 

Water % 
in dioxane 

Reported ET(30)a 
(kcal mol–1) 

Experimental 
ET(30)b 
(kcal mol–1) 

Experimental 
ET(30)c 
(kcal mol–1) 

Experimental ET(30)d 
(kcal mol–1) 

0 36.4 36.4 36.4 36.4 

20 48.3 48.5 48.4 48.5 

40 51.6 52.9 51.7 52.2 

60 55.0 55.6 54.5 55.1 

80 57.5 57.5 56.8 58.0 

100 63.1 – – – 

a Literature values.S6 b values for tzisoG titration. c values for tzX titration. d values for tz2-AA titration. 
Due to solubility limitation the water ET(30) value was not calculated. 

 

Previously, the emission quantum yields of the purine analogues tzA and tzG were found to be 0.05 

and 0.25, respectively. We found a striking reversal in quantum yield values, when comparing tzG to tzisoG 

(0.047 ± 0.004) and tzA to tz2-AA (0.27 ± 0.03). Again, the changes seemingly occur due to the presence of 

the amino group at C2. A five-fold enhancement of quantum yield of tz2-AA compared to tzA is noteworthy 

and comparable to the reported quantum yield of the native purine-based 2-aminoadenosine riboside, in 

comparison to that of native adenosine.7 Literature reports suggest that, in the case of the dramatic 

enhancement of fluorescence quantum yield seen for between 2-aminopurine and adenine, the exocyclic 

N2 may shape the excited state manifold such that a barrier exists to avoid conical intersections, thus 

preventing ultrafast nonradiative decay.8 We can only speculate that in the isothiazole series, tz2-AA 

exhibits similar electronic trends arising from the presence of the amino group at position 2. In contrast, the 

xanthosine analogue tzX is quenched in dioxane while the quantum yield in water is significantly higher 

(0.043±0.003), especially in comparison to the N-glycosylated tzU (0.008±0.001).  

All isothiazolo-based nucleoside analogues reveal a remarkable sensitivity to pH, facilitating the 

extraction of pKa values (Figure 3.6). The absorption spectra of tzisoG displayed small blue- and red- 

shifting effects when the pH was elevated from 1.5 to 6.4, while the emission spectra showed an isosbestic 

point at 432 nm, suggesting deprotonation of the N1 [pKa 3.4 ± 0.1 (abs) to 3.90 ± 0.01 (em)] (Fig. 6c & 

6d, magenta line). Another deprotonation event, assigned to the heterocyclic nitrogen at position 3, was 
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depicted by 30 nm red-shifted ground state spectra and isosbestic points at 350 nm in absorption and 438 

nm in the emission spectra within the pH range from 9.5 to 12.2.  This yields a pKa value range of 11.20 ± 

0.01 (em) to 11.5 ± 0.1 (abs), similar to the values of the native isoguanine nucleobase and ribonucleoside 

(pKa 3.8–4.0 and 11.0–11.1).6, 9  

Absorption spectra of tz2-AA showed a red-shift from 332 to 360 nm with a well-defined isosbestic 

point at 346 nm upon deprotonation of N1 (pKa 6.91 ± 0.01) (Figure 3.6c, cyan line) moving from mildly 

acidic to basic pH conditions (pH 4.4–8.4). The same pH dependent equilibrium was detected by a shift of 

the emission spectra to 467 nm and the presence of an isosbestic point at 410 nm, providing a pKa of 5.93 

± 0.02. This value corresponds well to the pKa value reported for 2-aminoadenosine (pKa 5.4–5.9).7 In 

addition, the emission spectra showed a remarkable red-shift at lower pHs, which might be associated with 

either an additional protonation event involving N3 or N7 (pKa 2.55) or with other processes (e.g., 

tautomerization) in the excited state.  

With regard to the pH sensitivity of tzX, the presence of isosbestic points at 334 and 437 in the 

absorption and emission-based pH titration, respectively, were suggestive of N1 deprotonation (pKa 9.03 ± 

0.05, 8.5 ± 0.2) (Figure 3.6 c and d, brown line). These values compared well to those of the native xanthine 

(pKa 9.6).6 The emission spectra of tzX depicted a remarkable 70 nm red-shifted fluorescence maxima at 

lower pHs, which might indicate a protonation/deprotonation of N7 (pKa 1.98 ± 0.01). 
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Figure 3.6 (a) Schematic representation of possible isothiazolo-pyrimidine nucleoside tautomers with 
labelled nitrogen atoms (red) and suggested pKa values (blue) corresponding to multiple possible 
protonation/deprotonation sites (parenthesis). (b) Absorption (dashed lines) and emission (solid lines) 
spectra of tzX as a function of water solution pH. (c) Absorption maxima and (d) emission maxima variation 
versus pH for tzisoG (magenta), tz2-AA (cyan) and tzX (brown). 
 
 

 
Figure 3.7 Absorption (dashed lines) and emission (solid lines) traces in buffer solutions at different pH 
for tzisoG (a), tzX (b) and tz2-AA (c). The emission spectra were normalized to 0.1 intensity at the excitation 
wavelength. 

For each of the noncanonical nucleoside analogues, the emission spectra displayed shoulder peaks 

at certain pH values. We speculated that pH-dependent excited state processes may yield distinct emissive 



 

150 

states. To shed light on the origin of these peaks, excitation and emission spectra were recorded at varying 

wavelengths. 

In the case of tzisoG, the acid–base equilibria were further investigated by recording emission 

spectra at pH 3.49, 4.43 and 11.39, upon excitation at different wavelengths. This analysis confirmed that 

the overall fluorescence signals (Figure 3.7 and Figure 3.8) were a linear combination of the emission 

spectra of two distinct species. We speculate that the second observed species in the excited state may be a 

tautomer of tzIsoG (Figure 3.6a), proposed to be a favorable one based on previous studies of 

isoguanosine.6, 41 

 
Figure 3.8 Excitation spectra for tzisoG: (a) tzisoG emission spectra at pH 3.49, recorded upon excitation at 
different wavelengths and normalized for the corresponding absorbance intensity. (b) tzisoG emission 
spectra at pH 3.49, recorded upon excitation at different wavelengths and normalized to unit in intensity. 
(c) Excitation spectra normalized to unit recorded at selected emission spectra wavelengths, covering the 
whole emission band of aqueous solutions of tzisoG at pH 3.49. (d) Reconstructed excitation spectra of 

tzisoG at pH 3.49, plotting the emission intensities at the relative maxima 415 (red) and 500 (blue) nm upon 
excitation at different wavelengths. The grey line represents the relative ratio of the emission intensities 
upon excitation at different wavelengths. 
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Figure 3.9 Emission spectra recorded upon excitation at different wavelengths and normalized for the 
corresponding absorbance intensity (a, b and c) or normalized to unit in intensity (d, e and f) for aqueous 
solutions of tzisoG at pH 3.49, 4.43 and 11.39. Excitation spectra normalized to unit (g, h and i) recorded at 
selected emission spectra wavelengths, covering the whole emission band of aqueous solutions of tzisoG at 
pH 3.49, 4.43 and 11.39. Extrapolated excitation spectra by plotting the emission spectra intensities at 
selected wavelengths upon excitation at different wavelengths (j, k and l) of aqueous solutions of tzisoG at 
pH 3.49, 4.43 and 11.39. 

With regard to tz2-AA, the emission spectra recorded at pH 1.63 upon excitation at different 

wavelengths were characterized by a shoulder and maxima at 395 and 480 nm, respectively (Figure 3.7).  

The excitation spectra did not display significant variations (Figure 3.10), nevertheless suggesting the 

presence of two species with very close absorption maxima, relatively shifted to one another by 1–1.5 nm 

(the resolution limit of our instrument). A similar investigation confirmed the presence of two different 
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species at pH 6.42, near the pKa value and no further detectable deprotonation in basic media, pH 11.43. 

While the existence of a second species arising near the pKa may suggest a second tautomer existing in the 

excited state (Figure 3.6a), we note the proposed structure is only speculated and inspired by previous 

computational studies of of 2,6-diaminopurine.10 

 
Figure 3.10 Emission spectra recorded upon excitation at different wavelengths and normalized for the 
corresponding absorbance intensity (a, b and c) or normalized to unit in intensity (d, e and f) for aqueous 
solutions of tz2-AA at pH 1.63, 6.42 and 11.43. Excitation spectra normalized to unit (g, h and i) recorded 
at selected emission spectra wavelengths, covering the whole emission band of aqueous solutions of tz2-AA 
at pH 1.63, 6.42 and 11.43. Extrapolated excitation spectra by plotting the emission spectra intensities at 
selected wavelengths upon excitation at different wavelengths (j and k) of aqueous solutions of tz2-AA at 
pH 1.63 and 6.42. 
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Lastly, comparing the emission spectra of tzX at pH 1.57 and 6.49 upon excitation at different 

wavelengths shows an inversion of the two emission bands over five pH units (Figure 3.11). In acidic 

media, the higher energy band at 403 nm was followed by a shoulder at 472 nm, while at neutral pH the 

lower energy band was predominant. We speculate that this inversion in relative band intensity, without 

clear differences in the excitation spectra, could likely be due to different populations of two excited state 

tautomeric forms of tzX, shown in Figure 3.6a, at different pHs.  The same analysis, carried out at pH 11.39 

(Figure 3.11 c, f, i, l) clearly showed the contribution of two different species to the absorption and emission 

spectra due to partial deprotonation of tzX around the pKa value.  

In summary, each noncanonical analogue displays unique photophysical properties, which are 

sensitive to changes in pH and polarity. Absorption and emission spectra have allowed us to obtain pKa 

values, which are generally close to those of the native counterparts. The quantum yield values associated 

with each analogue granted further insight into structural determinants that affect the overall fluorescence 

features of the nucleosides. In particular, the presence of the exocyclic amine on the pyrimidine ring of tzG 

and tz2-AA seems to be a key determinant in maintaining a high quantum yield of these purine surrogates.  
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Figure 3.11 Emission spectra recorded upon excitation at different wavelengths and normalized for the 
corresponding absorbance intensity (a, b and c) or normalized to unit in intensity (d, e and f) for aqueous 
solutions of tzX at pH 1.57, 6.49 and 11.44. Excitation spectra normalized to unit (g, h and i) recorded at 
selected emission spectra wavelengths, covering the whole emission band of aqueous solutions of tzX at pH 
1.57, 6.49 and 11.44. Extrapolated excitation spectra by plotting the emission spectra intensities at selected 
wavelengths upon excitation at different wavelengths (j, k and l) of aqueous solutions of tzX at pH 1.57, 
6.49 and 11.44. 

3.1.3 Conclusions 

Nearly all synthesized isothiazolo purine analogues were found to be emissive, with the tzI 

containing the lowest quantum efficiency in water (< 1%), all other analogues are found to have good 

quantum yield values, with red‐shifted absorbance and emission maxima (abs = 320 – 346 nm, em = 372 

– 472). Most analogues were also sensitive to changes in pH and polarity. Importantly, pKa values for most 
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analogues were found to be close to their native counterparts. We believe that the isothiazolo purine 

analogues will function effectively as fluorescent isomorphic and isofunctional probes under physiological 

conditions, given the data above. 
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Chapter 4   

Biochemical utility of isothiazolo purine analogues  

4.1 Adenosine Deaminase 

4.1.1 Initial tzA Adenosine Deaminase Studies 

To demonstrate the utility of the new analogs and the impact of restoring the basic N7 in evolving 

the thieno alphabet into the isothiazolo one, we selected to probe the enzymatic deamination of adenosine 

to inosine. This important metabolic transformation is catalyzed by adenosine deaminase (ADA).21 We 

have previously reported the ability of ADA to recognize and deaminate thA, the thieno[3,4-d]-pyrimidine-

based analog of the naturally occurring adenosine, to thI (Scheme 4.1), the corresponding inosine derivative. 

While of significance in and of itself, the enzymatic conversion of thA to thI was, however, approximately 

20-times slower compared to that of adenosine. Since ADA has been crystallographically shown to form a 

H-bond to the N7 of its substrate, we hypothesized that restoration of this functionality in tzA, the new 

adenosine surrogate, should facilitate its deamination compared to thA.  

 
Scheme 4.1 Adenosine Deaminase reaction 

Steady state absorption spectra, taken at defined time-intervals upon addition of ADA to tzA, 

showed a fast and efficient conversion of tzA to tzI (Figure 4.8). Real-time continuous measurements, 

relying on the photophysical differences between tzA and tzI, thA and thI, and A and I,4b,22 show that while 
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the deamination reaction of thA is indeed sluggish, ADA deaminates tzA to tzI at the same rate as it 

deaminates A to I (Figure 4.1a). Note that the deamination of tzA shows similar graphs when monitored 

via absorption and emission spectra (Figure 4.1). The reaction half-life for tzA deamination, calculated 

assuming a pseudo-first order reaction, was comparable to the one observed for adenosine, the native 

substrate (t½ = 39 and 57 s, respectively) and substantially shorter than the one obtained for thA (t½ = 818 s). 

This remarkable initial deamination rate of tzA by ADA, substantiating our hypothesis, was confirmed by 

HPLC analyses (Figure 4.1b inset, Figure 4.2). Taken together, these observations highlight the improved 

functionality of the isothiazolo[4,3-d]pyrimidine over the thieno[3,4-d]pyrimidine core. 

 
Figure 4.1 (a) Enzymatic deamination of A to I (black), tzA to tzI (red) and thA to thI (grey) with ADA 
monitored by real-time absorption at 260, 340 and 340 nm respectively. Inset: zoomed in region between 0 
and 300 seconds. (b) Enzymatic deamination of tzA to tzI by ADA monitored by real-time absorption (red) 
at 340 nm and real time emission (light purple) at 410 nm (excitation at 322 nm). Inset: HPLC relative peak 
area variation at different time-points for tzA (red) and tzI (blue) monitored at 340 nm 
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Table 4.1 Enzyme-mediated ADA initial rate 

  Absorbance  Emission 

 
mn

tr
a 

k1
b T1/2

c mntr 
(exc)a 

k1
b T1/2

c 

(10-3 s-1) (s) (10-3 s-1) (s) 

A to I 260 12.23±0.8
0 

56.8±3.7 - - - 

tzA to tzI 340 17.90±0.7
3 

38.7±1.6 410 (322) 20.83±0.4
1 

33.3±0.7 

thA to 
thI 

340 0.85±0.07 817.8±62.
5 

- - - 

a mntr and exc are in nm and represent the followed and the excitation wavelengths respectively in the 
specific experiment. b Pseudo first order reaction kinetic equal to the slope of the linear tread in semi-
logaritmic plot of the experimental traces.  c t1/2 is the reaction half-time calculated assuming a pseudo 
first-order enzymatic kinetic and reflect the average over three independent measurements. 

 

 
Figure 4.2 ADA-mediated deamination analysis by HPLC. Chromatogram showing the time course of 
enzymatic conversion of tzA to tzI monitored at (a) 315 nm and (b) 340 nm. Each set shows six time points 
following the addition of ADA. For reference, an isomolar mixture of tzA and tzI is shown at the bottom of 
each graph (transparent blue/red, respectively). 

4.1.2 Noncanonical nucleoside-based ADA studies 

While we have demonstrated the potential utility of isomorphic purine analogues in enzymatic 

interconverstions,1 we sought to extend it to tz2-AA, our newly-synthesized noncanonical adenosine 

analogue. With tz2-AA possessing a significantly higher quantum yield relative to tzA, the non-canonical 

nucleoside, if accepted as an adenosine deaminase (ADA) substrate, may possess an advantage for inhibitor 

discovery assays. Furthermore, we also sought to showcase the interconversion between two different 

modified nucleosides, beyond that of tzA to tzI, by directly converting tz2-AA to tzG. Lastly, we wished to 

investigate the substrate selectivity for our isothiazolo-based analogues compared to the native adenosine 

in an effort to showcase the elevated isomorphicity of our synthetic analogues.  
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To evaluate the activity of tz2-AA with adenosine deaminase, we subjected our substrate to ADA 

under previously published conditions and followed the reaction via absorption, emission, and HPLC 

(Figure 4.3). The half-life of the deamination reaction was initially determined using steady state 

absorption and real- time emission spectroscopy for the conversion of tz2-AA into tzG (t1/2 = 29 ± 1 and 28.4 

± 0.5 s for absorption and emission, respectively). Different from the native nucleosides (t1/2 = 57 ± 4  and 

207 ± 2 s for A and 2-aminoadenosine (2-AA) respectively, Table 4.2), the reaction half-life of tz2-AA was 

found to be similar to tzA. 

Table 4.2 Enzyme deamination half-life 

aHPLC peak area quantification over a 600 s reaction time. 

 

To gain insight into the selectivity of the enzyme, the deamination reaction was performed on 

binary combinations of A, tzA and tz2-AA (with a total substrate to enzyme ratio of 1.1 U/Mol) under 

pseudo first order conditions. HPLC analyses at different time-points (Figure 4.2) evidenced that the 

enzymatic half-life of the adenosine conversion to inosine was slightly increased in the presence of tzA or 

tz2-AA (t1/2 = 66 ± 1 and 64.3 ± 0.4 s, respectively, in the presence of each analogue) in comparison to the 

reaction in which adenosine was the only substrate (t1/2 = 57 ± 4 s). On the other hand, both tzA and tz2-AA 

conversion kinetics decreased two fold when the native adenosine was present (t1/2 = 54.5 ± 0.7 and 58.8 ± 

0.4 s, respectively, vs t1/2 = 33.2 ± 0.2 and 29 ± 1 s), suggesting a higher binding affinity for the native 

adenosine relative to the analogues. Interestingly, when mixing the two fluorescent analogs tzA and tz2-AA, 

Substrate t1/2 (s) HPLC-based conversiona (%) 

 UV-Vis PL HPLC 

A 57 - - 100 
tzA 39 33 - 99 

2-AA 207 - - 100 
tz2-AA 29 28 33 100 

A / tzA - - 66 / 54 87 / 94 

A / tz2-AA - - 64 / 59 100 / 100 
tzA / tz2-AA - - 30 / 56 92 / 88 
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we noticed that tzA had a similar effect as that of A on the reaction half-life of tz2-AA (t1/2 = 56 ± 3 s) while 

maintaining a high rate of conversion to tzI (t1/2 = 29.7 ± 0.9 s). 

 
Figure 4.3 (a) Enzymatic competitive deamination of tz2-AA and native A to provide tzG and inosine as 
monitored by HPLC traces at T = 0 s and T = 600 s. (b) Enzymatic deamination of native 2-AA (grey) and 
tz2-AA (black) monitored by change in absorption spectra intensity at 290 and 368 nm respectively. Inset: 
ADA-mediated deamination of tz2-AA followed by absorption spectroscopy at 368 nm (black), real-time 
emission at 475 nm (pink) and HPLC relative peak area variation (cyan) at different time-points for tz2-AA. 
(c) Enzymatic competitive deamination of tz2-AA (cyan) and native A (green) to provide tzG (orange) and 
inosine (purple) monitored by HPLC relative peak area variation at different time-points. (d) Enzymatic 
competitive deamination of tz2-AA (cyan) and tzA (blue) to provide tzG (orange) and tzI (red) monitored by 
HPLC relative peak area variation at different time-points. (e) Enzymatic competitive deamination of tzA 
(blue) and native A (green) to provide tzI (red) and inosine (purple) monitored by HPLC relative peak area 
variation at different time-points. 
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Finally, it is worth noting that tzI, the deaminated product of tzA, seems to show a slight inhibitory 

effect, as is also reported for the corresponding native inosine.2 HPLC-based quantification of the enzymatic 

reaction after 600 seconds (Table 4.2) have shown that, different from the native nucleosides and tz2-AA, 

all enzymatic deamination reactions in which tzA was present did not proceed to full conversion for 

competitive reactions. As previously reported, the conversion to tzI was almost quantitative (99%) for tzA 

as the sole substrate for the enzyme. This potential slight inhibitory effect was more pronounced in the 

competitive assays of tzA in the presence of native A. In both cases, after 10 minutes, neither of the 

substrates were completely converted to the corresponding product.   

Overall, when comparing the relative enzymatic deamination half-life of A, tzA, and tz2-AA and 

their corresponding binary isomolar mixtures, we surmise that, as single enzymatic substrates, tzA and tz2-

AA are converted to their respective products faster than the native A. tzA was also converted faster than 

tz2-AA, likely due to the increased electronic perturbations caused by the added exocyclic amino group. 

Enzyme-mediated deamination via ADA is suggested to proceed through an SNAr-like mechanism, 

via the addition of OH followed by NH3 elimination at C6.  It has been suggested that modifications that 

decrease the aromatic character of the heterocycle and promote rehybridization may increase the reaction 

rate.3-6 We propose that this indeed leads to the increase in deamination rates of tz2-AA and tzA compared 

to A. We would also speculate that this reasoning applies for the difference in rates between tz2-AA and the 

native 2-AA riboside.  Their diminished performance in competition reactions, however, likely reflects their 

lower affinity to the enzyme.  

While ADA is a validated drug target, growing evidence suggest that misregulation of A to I editing 

in mRNA is associated with human disease, and that tRNA deamination and the enzymes involved may 

also impact human pathologies.7-10 The range of our emissive adenosine analogues (thA, tzA, tz2-AA) are all 

viable substrates for adenosine deaminases and thus can serve as substrates for the development of high 

throughput inhibitor discovery assays for such transformations. Beyond the advantages of fluorescence-

based tools over HPLC, NH3 detection or absorption measurements, the range of emissive analogues with 

distinct deamination rates provides opportunities to fine-tune such discovery assays.  
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4.2 Nicotinamide Adenine Dinucleotide (NAD+) 

Modified oligonucleotides represent a fraction of the innovative ways for exploiting fluorescent 

nucleoside analogues.11 The vast biochemistry of nucleosides and nucleotides as coenzymes and secondary 

messengers offers unique opportunities for their emissive surrogates as biophysical and mechanistic tools, 

as well as facilitators of inhibitor discovery assays. Pioneered by giants such as Leonard and Shugar, most 

early studies were done with perturbing emissive nucleoside analogues (e.g., 1,N6-ethenoadenosine) or 

poorly emissive ones (e.g., 8-azapurines).12,13 While these were among the first, a key principle for the 

universal implementation of such probes is to minimize structural and functional perturbations, which are 

inevitable consequences of replacing any native residue with a synthetic analogue. We define nucleosides 

that fulfill such critical constraints as being isomorphic and isofunctional, respectively.  Furthermore, to 

serve as effective emissive probes, at least one of the analogue’s photophysical characteristics must respond 

to structural and environmental changes. We describe such an attribute, which can be typically assessed by 

sensitivity to polarity, as responsiveness.14  

NAD+ and NADH (Figure 4.4), the corresponding reduced form, are key determinants of the 

cellular redox state.15-17 In addition to its metabolic roles and extracellular signaling functions,18 NAD+ is 

also a substrate for several key enzymes, including poly-ADP-ribose polymerases (PARP), mono-ADP-

ribose transferases (ART), sirtuins, cyclases, and DNA ligases.19-22,23-24,25,26 Its vast functions and 

involvement in metabolic and regulatory processes make NAD+ a key cofactor and its emissive analogues 

have been explored for decades.27-29 One NAD+ analogue that has been widely employed is the emissive 

1,N6-etheno NAD+ (NAD+), originally introduced by Leonard and coworkers.30 Enzymatic cleavage at the 

nicotinamide heterocycle (forming the corresponding nicotinamide and adenosine diphosphate riboside) 

is required to induce a large change in NAD+’s emission quantum yield.31-32,33,34 Other non-isomorphic 

fluorescent NAD+ analogues have been developed for similar applications,28 and a clickable version was 

recently reported.29,35 Intriguingly, while the reduced native cofactor, NADH, is emissive (em 460 nm, 

),36 the native NAD+ is not. We thus sought to develop an isomorphic and isofunctional redox 
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couple with potentially orthogonal photophysical behavior to the native substrate (Figure 4.4). Such a 

synthetic cofactor could enhance and expand the processes that can be visualized in real-time by 

fluorescence spectroscopy.37  

 
Figure 4.4 Comparing the photophysical behavior of native NAD+ and NtzAD+ in reactions involving 
alcohol dehydrogenase. 

 Considering the red-shifted absorption band and emissive nature of NADH relative to NAD+,36,38 

we hypothesized that by replacing adenosine with tzA (Figure 4.4. Scheme 4.2), our fluorescent adenosine 

analogue, an emissive NAD+ analogue with distinct photophysical features and the potential to enhance the 

spectroscopic monitoring of NAD+- dependent processes will be obtained. Herein we report the synthesis, 

photophysics, and enzymatic interconversions of NtzAD+, an NAD+ analogue based on our isomorphic 

isothiazolo heterocyclic system that is emissive and isofunctional.  While the NtzAD+/NtzADH couple is 

complementary in its photophysical behavior to that of the native cofactors NAD+/NADH, the emissive 

NtzAD+ facilitates the fluorescence-based monitoring of ADP-ribosylation reactions, which are 

“fluorescently-silent” with the native cofactor.  

The synthesis of NtzAD+ (Scheme 4.2) started from the previously synthesized tzA.18 Treatment 

with POCl3 and trimethyl phosphate afforded the corresponding 5’-monophosphate, tzAMP.39 Following 

sephadex and reverse-phase purification, the monophosphate was converted into NtzAD+ following a 
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protocol previously used for the synthesis of other NAD+ analogues through the coupling of an imidazolide-

activated nicotinamide ribonucleotide monophosphate obtained from the -Nicotinamide monophosphate 

and CDI.29  

 
Scheme 4.2 Synthesis of NtzAD. Reagents and conditions: (a) POCl3, Proton Sponge, trimethyl phosphate, 
4 oC, 2 h, 50%. (b) i. β-Nicotinamide mononucleotide, CDI, Et3N, DMF, rt, 6 h; ii. tzAMP, DMF, rt, 4 days, 
20%. 

The spectroscopic properties of NtzAD+ closely resemble that of the core nucleoside, tzA (Table 

4.3). The absorption and emission maxima are found to be 336 and 411 nm, respectively, with a 

fluorescence quantum yield of 3.8 ± 0.4% (Table 4.3).  The biocompatibility and photophysical 

responsiveness of NtzAD+, was initially tested with S. cerviseae alcohol dehydrogenase (ADH), one of the 

most commonly used enzymes. This dehydrogenase catalyzes the reversible oxidation of ethanol to 

acetaldehyde, using NAD+ as a cofactor (Figure 4.5a). When subjecting NtzAD+ to ADH and ethanol in 

buffer (pH 7.4), the conversion to the corresponding NtzADH was effectively monitored via a large decrease 

in its visible fluorescence intensity (ex 330 nm, em 410 nm) and increase in absorbance at 330 nm (Figure 

4.5b)  

  



 

166 

Table 4.3 Photophysical properties of NtzAD+ and related compounds 

a abs, , em and Stokes shift are reported in nm, 103 M–1 cm–1, nm and 103 cm–1 respectively. All 
photophysical values reflect the average of at least three independent measurements. See Table 4.7 for 
experimental error values. b Previously reported values, see corresponding references.36, 40 c Values 
measured in MilliQ water d Values measured in pH 7.6 Tris buffer. e Values measured at the end of ADH, 
assuming complete consumption in pH 7.6 Tris buffer.  

 

Subjecting the native NAD+ to the same enzymatic reaction with ADH under the same conditions 

yielded a rate comparable to that observed with NtzAD+ with t½ = 23±3 and 21±1 s for NAD+ and NtzAD+, 

respectively (see supplementary Figure 4.34 and supplementary Table 4.8). The reaction was then reversed 

towards ethanol by adding excess acetaldehyde, after the initial dehydrogenation was found to be complete. 

The fluorescence signal was subsequently restored within seconds of adding the acetaldehyde to the 

reaction solution (See supplementary Figure 4.35). This process was also monitored by HPLC, showing 

near-full conversion of the NtzAD+ to NtzADH after 5 minutes followed by instantaneous reversal of the 

process by the addition of acetaldehyde (Figure 4.5c).41  

To further challenge our emissive NAD+ analogue and assess its biochemical compatibility, it was 

tested with lactate dehydrogenase (LDH), a metabolic enzyme catalyzing the interconversion of pyruvate 

to lactate and concurrently NADH to NAD+.42-44 After consumption of NtzAD+ with ADH and ethanol, the 

reaction is treated with a solution of pyruvic acid followed by LDH. The reformation of NtzAD+ from 

NtzADH is once again monitored by emission and found to give nearly full restoration of fluorescence 

intensity (Figure 4.5d, red/orange). This behavior was complementary to that of the native NAD+, 

essentially mirroring its time course, when monitored via an increase in emission intensity at 465 nm arising 

 abs ()a em ()a Stokes shifta 
 
tzAb 338 (7.79) 410 (0.05) 5.23 

NtzAD+c 336 (6.9) 411 (0.038) 5.41 

NtzAD+ d 338 (7.2) 411 (0.044) 5.23 

NtzADH d e 336 (10.7) 412 (0.015) 5.49 

NAD+ b 259 (16.9) - - 

NADH b 339 (6.22) 460 (0.02) 7.76 
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from the formation of NADH followed by a subsequent decrease in emission after the addition of LDH 

(Figure 4.5d, grey). 

 
Figure 4.5 (a) Enzymatic cycle for NAD+ consumption and regeneration with ADH and LDH. (b) 
Enzymatic oxidation of ethanol to acetaldehyde with ADH using NtzAD+ followed by steady state UV-Vis 
and emission spectroscopies (ex = 330 nm) in 30 s intervals. (c) Enzymatic oxidation of ethanol to 
acetaldehyde with ADH via NtzAD+ (red) to NtzADH (orange) conversion, as followed by HPLC (monitored 
at 330 nm). (d) Enzymatic oxidation of ethanol to acetaldehyde with ADH followed by the enzymatic 
reduction of pyruvic acid to lactic acid via NtzAD+ (red/orange) and NAD+ (grey) followed by real-time 
emission at 410 nm (ex = 330 nm) and 465 nm (ex = 335 nm), respectively. Dashed lines represent 
weighted curve fits, see Section 4.4 for details. 

To shed light on the photophysical behavior of NtzAD+ and NtzADH their response upon enzymatic 

cleavage of the nicotinamide moiety through the use of porcine brain NADase was evaluated. As previously 

studied with NAD+ by Leonard et. al.,30 NADase is an enzyme specific for cleavage of NAD+ at the 

nicotinamide-ribose linkage, yielding the nicotinamide and adenosine diphosphate ribose units.45 We thus 

subjected our cofactor to treatment with NADase in both the oxidized and reduced forms (NtzAD+ and 

NtzADH, respectively) (Figure 4.6). Upon treatment of NtzADH (generated from NtzAD+ with ADH and 

ethanol) with NADase, emission intensity increased by a net 30% above the initial level before treatment 
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with ADH (Figure 4.6b and c). Upon treatment of NtzAD+ with NADase, a 40% increase in emission was 

observed (Figure 4.6c).  

 
Figure 4.6 (a) Enzymatic cycle for NtzAD+ consumption by ADH and NADase. (b) Steady state UV-Vis 
and emission (ex = 330 nm) spectra of NtzAD+ at time 0 (red), after enzymatic oxidation of ethanol to 
acetaldehyde with ADH (orange) and subsequent treatment with NADase (blue). (c) Real-time emission 
intensity at 410 nm (ex = 330 nm) of the enzymatic oxidation of ethanol to acetaldehyde by ADH with 
NtzAD+ (orange) followed by cleavage with NADase (blue). Inset: Cleavage of NtzAD+ with NADase (blue) 
followed by real-time emission at 410 nm (ex = 330 nm).  

We hypothesize that the diminished emission observed upon reducing NtzAD+ to NtzADH could 

therefore arise from static quenching or a filtering effect by the reduced nicotinamide moiety, which, in the 

case of the native NADH, absorbs at nearly the same wavelength as our adenosine surrogate (abs 338 nm 

and 336 nm for tzA and NADH in water, respectively). The observed emission intensity enhancement upon 

treatment with NADase and subsequent conversion to tzADP Ribose (Figure 4.6) suggests, however, that 

the photophysics of these molecules may be influenced by a myriad of intramolecular ground and excited 

state interactions between the nicotinamide and tzA moieties. We speculate these interactions may include 

a complex combination of possible filter effects, photoinduced electron transfer (PET), and additional 
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quenching pathways arising from proximity-derived interactions between the nicotinamide and isothiazolo-

pyrimidine core, as reported for NAD+, the native cofactor, and related analogues.31, 36,38,46 

Finally, to illustrate the unique features of the emissive NtzAD+ compared to the non-emissive 

NAD+ and take advantage of the photophysical changes induced upon cleavage of the nicotinamide moiety, 

as initially showcased with porcine brain NADase, we have expanded the enzymatic processes monitored 

to ADP ribosyl transfer reactions.47 While there are several classes of enzymes that exploit NAD+ through 

cleavage of the nicotinamide-ribose bond (e.g. PARPs, sirtuins), we employed arginine-specific mono-

ADP-ribose transferases (ARTs), as they allow for a clear detection of reactivity and biocompatibility 

through the modification of arginine-derived small molecules as well as proteins. Two commercially 

available recombinant proteins with reported mono-ADP-ribosylation activity were used: human ART5, a 

transferase originally cloned from Yac-1 lymphoma cells in mice,48-49 and the Cholera toxin subunit A 

(CTA),50 derived from Cholera toxin, a protein from the AB5 toxin family.  

While arginine-specific ARTs operate in diverse biological systems and are regulated in specific 

and complex manners,47, 51-52 we tested ART5 as it has been identified as a major producer of arginine-

specific ADP-ribose (ADPR) modification53 and CTA, as it has been well-studied as an arginine-specific 

ADPR transferase.54-56 Upon treatment with ART5 and agmatine (a commonly used Arg surrogate for ART 

assays),31 both NAD+ and NtzAD+ were found to primarily undergo hydrolysis, under a wide variety of 

conditions, forming ADPR and tzADPR, respectively (Figure 4.7). This process, which has been 

documented for NAD+,28a,31 was found to occur at the same rate (Figure 4.7b), as detected via emission 

(for NtzAD+) and HPLC (for both NAD+ and NtzAD+). Upon treatment with CTA and agmatine, both NAD+ 

and NtzAD+ were found to produce primarily NADR-agmatine and tzNADR-agmatine, respectively, as 

monitored via emission (for NtzAD+) and HPLC (for both NAD+ and NtzAD+) (Figure 4.7c). These 

reactions show complete consumption of the corresponding substrates within 90 minutes, and formation of 

roughly 10% of hydrolyzed ADPR or tzADPR as a minor product. Note that NtzAD+ did seem to react 

slightly slower than the native cofactor with CTA.  Importantly, however, tzADPR-agmatine was found to 
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have near identical photophysical properties as tzA, thus facilitating the fluorescence-based monitoring of 

the enzyme-mediated ADP-ribosylation.  

 
Figure 4.7 (a) Treatment of NtzAD+ with ART5 and CTA to yield ADPR and ADPR-agmatine, respectively. 
(b) Steady state emission spectra following treatment of NtzAD+ with ART5 (50 mM Tris buffer, pH 7.6, 
agmatine sulfate 200 M, DTT 400 M, and NaCl 500 M) at 0 (blue) and 18 min (red), as well as NAD+ 
at 0 (green) and 18 min (orange), ex = 335 nm; Inset: Fluorescence based kinetics of aforementioned 
reaction (em = 410 nm, ex = 335 nm, blue solid), and normalized HPLC product formation with NtzAD+ 
(blue, dashed) and native NAD (red, dashed). (c) Steady state emission spectra (ex = 335 nm) following 
treatment of NtzAD+ with CTA (40 mM potassium phosphate buffer, pH 7.2, agmatine sulfate 15 mM, DTT 
20 mM, MgCl2 2 mM, and Ovalbumin 100 mg/mL); reaction sampled at at 0 (blue), 20 (green), 50 (orange), 
and 90 min (pink); Inset: Reactions with CTA following normalized emission intensity at 410 nm (ex = 
335 nm, blue, solid), normalized HPLC product formation of NtzAD+ (blue, dashed) and native NAD+ (red, 
dashed).  

While the reactions of NtzAD+ with alcohol and lactate dehydrogenase exemplify the 

isofunctionality of our emissive cofactor within the context of biochemically-relevant redox reactions, its 

reactivity with mono ADP-ribose transferases reinforces this notion in the context of other biological 

transformation of significance.  In particular, the suitability of NtzAD+ as a substrate for ADP ribosyl 

transferases, key enzymes responsible for diverse post-transcriptional modifications of cellular regulatory 
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significance,26 illustrated with CTA-mediated tzADP-ribosylation of agmatine, showcases the formation of 

a new glycoside linkage to an amino acid derivative. Above all and in stark contrast to non-emissive native 

NAD+, such processes yield fluorescence ribosylated products and can be kinetically monitored by 

enhanced fluorescence signals, due to the displacement of the quenching nicotinamide moiety.   

In summary, the isothiazolo[4,3-d]pyrimidine-based NAD+ analogue displays isofunctionality and 

complementary photophysical behavior when compared to its native counterpart, with the oxidized form 

(NtzAD+) being much more emissive than the reduced one (NtzADH). To our knowledge, no fluorescent 

NAD+ analogues with photophysical behavior complementary to the changes seen for the native NAD+ and 

NADH framework have been previously reported. Furthermore, NtzAD+ serves as faithful substrate for 

ADP-ribose transferases.  Unlike the non-emissive NAD+, NtzAD+ facilitates the kinetic monitoring of the 

enzymatic hydrolysis and transferase processes by fluorescence spectroscopy and yields visibly fluorescent 

products.  NtzAD+ has thus been subjected to five enzymes, which share common mechanistic pathways 

with most other NAD+-utilizing enzymes, where the nicotinamide moiety serves as either a redox unit or 

as a leaving group.  The highly analogous behavior when compared to the native cofactor supports the 

isofunctionality of the new emissive analogue.  A synthetic cofactor such as NtzAD+, with unprecedented 

photophysical responses and biocompatibility, could therefore enhance and expand the real-time 

visualization of cofactor-dependent processes by fluorescence spectroscopy. 

4.3 Experimental Procedures and Supplementary Data for ADA Studies 

4.3.1 tzA Adenosine Deaminase Studies 

Bovine Spleen ADA was obtained from Sigma Aldrich (EC Number 232-817-5). The commercial 

solution (1150 U/ml in 3.2 M (NH4)2SO4, 0.01 M potassium phosphate, pH 6.0) was diluted to 3.45 U/ml 

by dissolving an aliquot (3 l) in phosphate buffer (997 l, 50 mM, pH 7.4). The enzyme solution was 

freshly prepared and kept on ice prior to use.  



 

172 

Concentrated stock solutions (3.52 mM) in DMSO were prepared for tzA, tzI, thA, adenosine and 

inosine. The spectroscopy sample were prepared in 1 cm four-sided quartz cuvette from Helma to give a 

nucleoside and enzyme concentration of 11.7 M and 27.6 mU/ml in phosphate buffer (50 mM, pH 7.4) 

and were measured at 25.00 ± 0.10 °C. 

For ADA experiments, steady state absorption spectra over time were measured on a Shimadzu 

UV-2450 spectrophotometer setting the slit at 1 nm, using a resolution of 0.5 nm and a time-delay of 30 s. 

All the spectra were corrected for the blank. Steady state emission spectra were measured on a Horiba 

Fluoromax-4 equipped with a cuvette holder with a stirring system, setting the excitation and the emission 

slits at 3 nm, the resolution at 1 nm, integration time 0.1 s and a time-delay of 20 s.  The steady state 

fluorescence spectra were performed upon excitation at 315 nm. All the spectra were corrected for the 

blank. 

 
Figure 4.8 Steady state absorption traces of A (a) and tzA (b) enzymatic conversion by ADA to I and tzI 
over a time range from 0 (solid red) to 300 s (solid blue). (c) Steady state emission traces of tzA ADA-
mediated conversion to tzI in the same time range. 

The ADA-mediated enzymatic conversion of adenosine (and its analogs) was followed in real time 

by absorbance and emission (for the emissive analogs thA and tzA) spectroscopy by monitoring the intensity 

variation at a fixed wavelength as function of time. The real-time conversion of adenosine (and its analogs 

analogs) to inosine (analogues) were performed on a Shimadzu UV-2450 spectrophotometer setting the slit 

at 1 nm taking a point every two seconds for 600 seconds (3600 seconds for thA) upon addition of ADA. 

The enzymatic conversion was followed at 260 nm for adenosine to inosine, and at 340 nm for tzA to tzI 

and thA to thI. The experiment was carried out under the same experimental condition in the presence of 
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ADA using tzI and I as substrates monitoring the absorbance at 315 and 240 nm respectively to verify that, 

over time, neither change in the absorption or emission intensity signal would take place. 

The enzymatic conversion of tzA to tzI by ADA was also followed by emission spectroscopy 

monitoring the emission intensity signal at 410 nm upon excitation at 322 nm (the isosbestic point 

determined by absorption spectroscopy). Excitation at the isosbestic point gives emission spectra that are 

unaffected by changes in optical density. The real-time conversion of tzA to tzI was measured on a Horiba 

Fluoromax-4 equipped with a cuvette holder with a built-in stirring system, setting the excitation and the 

emission slits at 1 and 3 nm respectively and taking a point every two seconds for 600 seconds upon addition 

of ADA. The initial rate constant (k1) and the reaction half-time (t1/2) were determined by a semi-logarithmic 

plot of the signal (absorbance or emission intensity) variation in the first 150 s versus time, assuming a 

pseudo first-order kinetic for the reaction and using the following equations. 

	  

Equation 4.1 Determination of rate constant (k1) 

ln	 2
 

Equation 4.2 Reaction half time equation 

Where [A] is the experimental signal over time, [A]0 is the initial signal at time zero, t is time, and k1 is the 

slope of the linear trend. The reported values are the average of three independent set of measurements and 

the coefficient of determination (R2) for the linearization were higher than 0.99 for the tzA and adenosine 

traces and higher than 0.97 for thA traces. 
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Figure 4.9 (a) Normalized absorption intensity signal over time upon addition of ADA for tzA (340 nm, 
red) and tzI (315 nm, blue). (b) Semi-logaritmic plot of the absorbance signal intensity over the first 150 
seconds upon addition of ADA for adenosine (260 nm, black), tzA (340 nm, red) and thA (340 nm, grey). 

Table 4.4 Enzyme mediated adenosine deaminase initial rate 

  Absorbance  Emission 

 
mn

tr
a 

k1
b t1/2

c mntr 
(exc)a 

k1
b t1/2

c 

(10-3 s-1) (s) (10-3 s-1) (s) 

A to I 260 12.23±0.8
0 

56.8±3.7 - - - 

tzA to 
tzI 

340 17.90±0.7
3 

38.7±1.6 410 (322) 20.83±0.4
1 

33.3±0.7 

thA to 
thI 

340 0.85±0.07 817.8±62.
5 

- - - 

a mntr and exc are in nm and represent the followed and the excitation wavelengths respectively in the 
specific experiment. b Pseudo first order reaction kinetic equal to the slope of the linear tread in semi-
logaritmic plot of the experimental traces.  c t1/2 is the reaction half-time calculated assuming a pseudo 
first-order enzymatic kinetic and reflect the average over three independent measurements. 

 

To corroborate the experiments described above, the ADA-mediated deamination was monitored 

by chromatography. HPLC analysis was carried out with an Agilent 1200 series system with an Eclipse 

XDB-C18 5m, 4.5  150 mm column. 0.1% formic acid stock solutions were prepared by dissolving 1 ml 

of formic acid (Acros, 99%) in 999 ml HPLC grade acetonitrile (Sigma) or MilliQ water and filtered using 

Millipore type GNWP 0.2 m filters before use. Each injection (35 l) was subjected to a gradient (10 

minutes, from 0.5 to 6% acetonitrile 0.1% formic acid in water 0.1% formic acid) followed by a flush (10 

minutes). A flow rate of 1 ml / minute was used and the run was carried out at 25.00 ± 0.10 °C. Each run 

was monitored at 260, 315 and 340 nm with calibrated references at 650 nm and slit set at 1 nm. 
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As a general procedure, concentrated stock solutions of tzA (5 l, 3.52 mM) were diluted with air-

saturated phosphate buffer solution (1483 l, 50 mM, pH 7.4). The solutions were mixed with a pipette (10 

seconds) and placed in a heating block at 25.00 ± 0.10 °C. Aliquots (12 l, 3.45 U/ml) of ADA stock 

solution were added to mixtures and quickly mixed. The enzymatic conversion was quenched (after 30, 60, 

120, 300 and 600 seconds) by addition of HClO4
 (35 l, 70% w/w solution) and by placing the sample in 

an ice-bath.S4 Aliquots (150 l) of the quenched solutions were filtered and HPLC analyzed. 

The HPLC traces were corrected for the blank and the peaks area were normalized by the extinction 

coefficient for tzA (A-315 = 6.12 103 and A-340 = 7.84 103 M–1 cm–1 in 4.5% water in acetonitrile + 0.1% 

formic acid) and tzI (I-315 = 7.77 103 and I-340 = 1.54 103 M–1 cm–1 in 4.5% water in acetonitrile + 0.1% 

formic acid) and the relative area were plotted as function of time. The trend line represents the loss of 

substrate (S) and the product (P) formation approximation function over time for a pseudo first-order kinetic 

reaction according to the following equations. 

	  
Equation 4.3 Substrate loss approximation 
 

	 1  
Equation 4.4 Product formation approximation 
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Figure 4.10 Trend lines for the substrate consumption (solid red based on the 340 nm traces and dashed 
red based on the 315 nm traces) and product formation (solid blue based on the 340 nm traces and dashed 
blue based on the 315 nm traces). HPLC relative peak area versus time for tzA based on the HPLC traces 
(filled red dots for 315 nm and empty red dots for 340 nm) and tzI (filled blue dots for 315 nm and empty 
blue dots for 340 nm). 
 

 
Figure 4.11 ADA-mediated tzA to tzI conversion at t = 0 s. 
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Figure 4.12 ADA-mediated tzA to tzI conversion at t = 30 s. 
 
 
 

 
Figure 4.13 ADA-mediated tzA to tzI conversion at t = 60 s. 
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Figure 4.14 ADA-mediated tzA to tzI conversion at t = 120 s. 
 
 
 
 
 

 
Figure 4.15 ADA-mediated tzA to tzI conversion at t = 300 s. 
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Figure 4.16 ADA-mediated tzA to tzI conversion at t = 600 s. 
 
 
 
 
 
 

 
Figure 4.17 Standard tzA and tzI 1:1 mixture. 
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4.3.2 Noncanonical Adenosine Deaminase Studies 

Bovine Spleen ADA was obtained from Sigma Aldrich (EC Number 232-817-5). The commercial 

solution (1150 U/mL in 3.2 M (NH4)2SO4, 0.01 M potassium phosphate, pH 6.0) was diluted to 3.45 U/mL 

by dissolving an aliquot (3 l) in phosphate buffer (997 l, 50 mM, pH 7.4). The enzyme solution was 

freshly prepared and kept on ice prior to use.  

Concentrated stock solutions in DMSO were prepared for tzA (3.52 mM),tz2-AA (3.34 mM), 2-AA 

(3.54 mM). The reaction solutions were prepared in 1 cm four-sided quartz cuvette from Helma to give a 

nucleoside and enzyme concentration of 11.7 M and 27.6 mU/mL in phosphate buffer (50 mM, pH 7.4) 

and were measured at 25.00 ± 0.10 °C.  

For the ADA experiments, the steady state absorption spectra over time were measured on a 

Shimadzu UV-2450 spectrophotometer setting the slit at 1 nm, using a resolution of 0.5 nm and a time-

delay of 30 s. All the spectra were corrected for the blank. Steady state emission spectra were measured on 

a Horiba Fluoromax-4 equipped with a cuvette holder with a stirring system, setting the excitation and the 

emission slits at 3 nm, the resolution at 1 nm, integration time 0.1 s and a time-delay of 20 s.  The steady 

state fluorescence spectra were performed upon excitation at 338 nm. All the spectra were corrected for the 

blank. 

 
Figure 4.18 Steady state absorption traces of 2-AA (a) and tz2-AA (b) enzymatic conversion by ADA to G 
and tzG over a time range from 0 (solid red) to 600 s (solid blue). (c) Steady state emission traces of tz2-AA 
ADA-mediated conversion to tzG from 0 (solid red) to 300 s (solid blue). 

The initial rate constant (k1) and the reaction half-time (t1/2) were determined by a semi-logarithmic 

plot of the signal (absorbance or emission intensity) variation in the first 150 s versus time, assuming a 
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pseudo first-order kinetic for the reaction and using Equation 4.1 and Equation 4.2. The reported values 

are the average of three independent set of measurements and the coefficient of determination (R2) for the 

linearization were higher than 0.99 for the tz2-AA trace and higher than 0.97 for 2-AA trace. 

 

 
Figure 4.19 (a) Normalized absorption intensity signal over time upon addition of ADA for tzA (340 nm, 
blue) and A (260 nm, red), tz2-AA (370 nm, black) and native 2-AA (290 nm, grey). (b) Semi-logaritmic 
plot of the absorbance signal intensity over the first 150 seconds upon addition of ADA for A (260 nm, 
red), tzA (340 nm, blue), tz2-AA (370 nm, black) and native 2-AA (290 nm, grey). Data for A and tzA are 
taken from previous published results. 

The ADA-mediated enzymatic conversion of tz2-AA to tzG was also followed by emission 

spectroscopy by monitoring the emission intensity signal at 475 nm upon excitation at 338 nm (the 

isosbestic point determined by absorption spectroscopy). Excitation at the isosbestic point gives emission 

spectra that are unaffected by changes in absorbance. The real-time conversion of tz2-AA to tzG was 

measured on a Horiba Fluoromax-4 equipped with a cuvette holder with a built-in stirring system, setting 

the excitation and the emission slits at 1 and 3 nm respectively and taking a point every two seconds for 

300 seconds upon addition of ADA. The initial rate constant (k1) and the reaction half-time (t1/2) were 

determined as described above. 
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Table 4.5 Enzyme mediated adenosine deaminase initial rate – Photophysical-based assay 

  Absorbance  Emission 

 
mntr
a 

k1
b t1/2

c mntr 
(exc)a 

k1
b t1/2

c 

(10–3 s–1) (s) (10–3 s–1) (s) 

A to I 260 12.2±0.8 57±4 – – – 
tzA to tzI 340 17.9±0.7 39±2 410 (322) 20.8±0.4 33.3±0.7 

2-AA to G 290 3.3±0.1 207±2 – – – 
tz2-AA to 370 24±1 29±1 475 (338) 24.4±0.6 28.4±0.5 

a mntr and exc are in nm and represent the followed and the excitation wavelengths respectively in the 
specific experiment. b Pseudo first order reaction kinetic equal to the slope of the linear tread in semi-
logarithmic plot of the experimental traces.  c t1/2 is the reaction half-time calculated assuming a pseudo 
first-order enzymatic kinetic and reflect the average over three independent measurements. 

To corroborate the experiments described above, the ADA-mediated deamination was monitored 

by chromatography. HPLC analysis was carried out with an Agilent 1200 series system with an Eclipse 

XDB-C18 5m, 4.5  150 mm column. 0.1% formic acid stock solutions were prepared by dissolving 1 

mL of formic acid (Acros, 99%) in 999 mL HPLC grade acetonitrile (Sigma) or MilliQ water and filtered 

using Millipore type GNWP 0.2 m filters before use. Each injection (40 l) was subjected to a gradient 

(21 minutes, from 0.5 to 10% acetonitrile 0.1% formic acid in water 0.1% formic acid) followed by a flush 

(5 minutes). A flow rate of 1 mL / minute was used and the run was carried out at 25.00 ± 0.10 °C. Each 

run was monitored at 260 and 330 nm with calibrated references at 650 nm and slit set at 1 nm. 

A concentrated stock solution of tz2-AA (5 l, 3.34 mM) was diluted with air-saturated phosphate 

buffer solution (1483 l, 50 mM, pH 7.4) and finally ADA (12 l, 3.45 U/mL) was added and quickly 

mixed. The solution was gently stirred while placed in a heating block at 25.00 ± 0.10 °C. Aliquots (100 

l) of the solution were quenched (after 30, 60, 120, 300 and 600 seconds) by addition of HClO4
 (7 l, 70% 

w/w solution) and by placing the sample in dry-ice. Aliquots (40 l) of the quenched solution were filtered 

and HPLC analyzed.  

The HPLC traces were corrected for the blank and imported on PeakFit v4.12. The peaks of interest 

were fitted or deconvoluted and the resulting peak area values were normalized by the extinction coefficient 
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tz2-AA (A-260 = 3.73 103 and A-330 = 3.97 103 M–1 cm–1) and tzG (A-260 = 2.85 103 and A-330 = 4.26 103 M–

1 cm–1) in water with 0.1% formic acid and the relative area were plotted as a function of time.  

The relative peak areas of the substrate (S) and product (P) were plotted over time. The trend line 

represents the loss of substrate (S) and the product (P) formation by non-linear regression function over 

time for a pseudo first-order kinetic reaction according to Equation 4.3 and Equation 4.4 for substrate loss 

and product formation. 

 
Figure 4.20 ADA-mediated deamination analysis by HPLC monitored at 260 (a) and 330 (b) nm. 
Chromatogram showing the time course of enzymatic conversion of tz2-AA (cyan) to tzG (orange). Each 
set shows six time points following the addition of ADA. 
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Figure 4.21 HPLC peak deconvolution at 260 (a) and 330 (b) nm. Chromatogram showing the time course 
of enzymatic conversion of tz2-AA (cyan) to tzG (orange). Each time-set shows the observed chromatogram 
(black solid), the generated signal (grey dashed), the deconvoluted peak for tz2-AA (cyan dashed) and for 
tzG (dashed orange). 
 

 
Figure 4.22 Enzymatic deamination of tz2-AA (cyan) to provide tzG (orange) monitored by HPLC relative 
peak area variation at different time-points monitored at 260 (dashed) and 330 (solid) nm. 

The HPLC analysis for competitive enzymatic deamination reactions occurred as follows. As a 

general procedure, concentrated stock solutions of tz2-AA (5 l, 3.34 mM) A (5 l, 3.74 mM) were diluted 

with air-saturated phosphate buffer solution (1478 l, 50 mM, pH 7.4) and finally ADA (12 l, 3.45 U/mL) 
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was added and quickly mixed. The solution was gently stirred while placed in a heating block at 25.00 ± 

0.10 °C. Aliquots (100 l) of the solution were quenched (after 30, 60, 120, 300 and 600 seconds) by 

addition of HClO4
 (7 l, 70% w/w solution) and by placing the sample in dry-ice. Aliquots (40 l) of the 

quenched solution were filtered and HPLC analyzed.  

The HPLC traces were corrected for the blank and imported on PeakFit v4.12. The peaks of interest 

were fitted or deconvoluted and the resulting peak area values were normalized by the extinction coefficient 

for A (A-260 = 12.78 103), I (I-260 = 5.67 103), tzA (A-260 = 2.69 103 and A-330 = 8.86 103 M–1 cm–1), tzI (A-

260 = 2.84 103 and A-330 = 5.05 103 M–1 cm–1), tz2-AA (A-260 = 3.73 103 and A-330 = 3.97 103 M–1 cm–1) and 

tzG (A-260 = 2.85 103 and A-330 = 4.26 103 M–1 cm–1) in water with 0.1% formic acid  and the relative area 

were plotted as a function of time. 

 
Figure 4.23 ADA-mediated competitive deamination analysis by HPLC monitored at 260 (a) and 330 (b) 
nm. Chromatogram showing the time course of enzymatic conversion of isomolar concentrations of tz2-AA 
(cyan) and A (green) converted to tzG (orange) and I (purple). Each set shows six time points following the 
addition of ADA. 
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Figure 4.24 HPLC peaks deconvolution at 260 (a) and 330 (b) nm. Chromatogram showing the time course 
of enzymatic competitive conversion of tz2-AA (cyan) to tzG (orange) and A (green) to I (purple). Each 
time-set shows the observed chromatogram (black solid), the generated signal (grey dashed), the 
deconvoluted peak for tz2-AA (cyan dashed), tzG (dashed orange), A (dashed green) and I (dashed purple). 
 

 
Figure 4.25 (a) Enzymatic competitive deamination of tz2-AA (cyan) and native A (green) to provide tzG 
(orange) and I (purple) monitored by HPLC relative peak area variation at different time-points monitored 
at 260 nm. (b) HPLC relative peak area variation at different time points monitored at 260 (dashed) and 
330 (solid) nm for the ADA competitive deamination of tzA (cyan) in presence of native A to generate tzG 
(orange) and I. 
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Figure 4.26 ADA-mediated competitive deamination analysis by HPLC monitored at 260 (a) and 330 (b) 
nm. Chromatogram showing the time course of enzymatic conversion of isomolar concentrations of tz2-AA 
(cyan) and tzA (blue) converted to tzG (orange) and tzI (red). Each set shows six time points following the 
addition of ADA. 
 

 
Figure 4.27 HPLC peaks deconvolution at 260 (a) and 330 (b) nm. Chromatogram showing the time course 
of enzymatic competitive conversion of tz2-AA (cyan) to tzG (orange) and tzA to tzI. Each time-set shows 
the observed chromatogram (black solid), the generated signal (grey dashed), the deconvoluted peak for 
tz2-AA (cyan dashed) and tzG (dashed orange). 
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Figure 4.28 Enzymatic competitive deamination of tz2-AA (cyan) and native tzA (blue) to provide tzG 
(orange) and tzI (red) monitored by HPLC relative peak area variation at different time-points monitored at 
260 (a) and 330 (b) nm. 
 

 
Figure 4.29 ADA-mediated competitive deamination analysis by HPLC monitored at 260 (a) and 330 (b) 
nm. Chromatogram showing the time course of enzymatic conversion of isomolar concentrations of tzA 
(blue) and A (green) converted to tzI (red) and I (purple). Each set shows six time points following the 
addition of ADA. 
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Figure 4.30 (a) Enzymatic competitive deamination of tzA (blue) and native A (green) to provide tzI (red) 
and I (purple) monitored by HPLC relative peak area variation at different time-points monitored at 260 
nm. (b) HPLC relative peak area variation at different time points monitored at 260 (dashed) and 330 (solid) 
nm for the ADA competitive deamination of tzA (blue) in presence of native A to generate tzI (red) and I. 

Table 4.6 Enzyme mediated adenosine deaminase initial rates – HPLC-based assay 

System Species mntr
a 

k1
b t1/2

c Conversiond 

(10–3 s–1) (s) 
tz2-AA/tzG tz2-AA to tzG 260 20.9±0.2 33.2±0.2 100 
 330 18.5±0.2 37.4±0.4
tz2-AA/tzG + A/I tz2-AA to tzG 260 13.0±0.4 53.2±0.3 100 
 330 11.8±0.3 58.8±0.4
 A to I 260 10.8±0.09 64.3±0.4 100 

tz2-AA/tzG + tzA/tzI tz2-AA to tzG 260 14.0±0.3 50±1 88 

 330 12.4±0.4 56±3
 tzA to tzI 260 23.3±0.5 29.7±0.9 92
 330 23.9±0.2 29±1
tzA/tzI + A/I tzA to tzI 260 12.4±0.6 56±1 94 
 330 12.7±0.4 54.5±0.7
 A to I 260 10.5±0.1 66±1 87

a mntr is in nm and represent the followed wavelength in the specific experiment. b Pseudo first order 
reaction kinetic value determined by fitting the HPLC normalized area with non-linear regression 
function.  c t1/2 is the reaction half-time calculated assuming a pseudo first-order enzymatic kinetic and 
reflect the average over three independent measurements. d Conversion into the corresponding product 
after 600 second determined by HPLC peak area. 
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4.4 Experimental Procedures and Supplementary Data for NAD+ Studies 

Reagents were purchased from Sigma-Aldrich, Fluka, TCI, and Acros and were used without 

further purification unless otherwise specified. Solvents were purchased from Sigma-Aldrich and Fisher 

Scientific, and dried by standard techniques. NMR solvents were purchased from Cambridge Isotope 

Laboratories (Andover, MA). All reactions were monitored with analytical TLC (Merck Kieselgel 60 

F254). NMR spectra were obtained on Varian Mercury 400 MHz and Varian VX 500 MHz. Mass spectra 

were obtained on an Agilent 6230 HR-ESI-TOF MS at the Molecular Mass Spectrometry Facility at the 

UCSD Chemistry and Biochemistry Department. HPLC semi-preparative purification was carried out with 

an Agilent 1200 series system with a Phenomenex C18 Synergi 4u Fusion-RP 80A, 4m, 10  250 mm 

column. 0.1% TFA stock solutions were prepared by diluting 1 ml of TFA (HPLC Grade, Acros, 99%) in 

999 ml HPLC grade ACN (Sigma) or MilliQ water and filtered using Millipore type GNWP 0.2 m filters 

before use.  

HPLC Purification Method for chemical synthesis of NtzAD+: each injection (40 l) was subjected 

to a gradient (20 minutes, from 0.5 to 7% ACN 0.1% TFA in water 0.1% TFA) followed by a flush (10 

minutes, 95% ACN 0.1% TFA in water 0.1% TFA). A flow rate of 3 ml / minute was used and the run was 

carried out at 25.0 ± 0.1 °C. Each run was monitored at 260 and 330 nm with calibrated references at 650 

nm and slit set at 1 nm. 

 
Scheme 4.3 Synthesis for tzAMP 

((2R,3S,4R)-5-(7-aminoisothiazolo[4,3-d]pyrimidin-3-yl)-3,4-dihydroxytetrahydrofuran-2-

yl)methyl dihydrogen phosphate (tzAMP). A 10 mL flame-dried flask containing tzA (0.08 g, 0.28 mmol) 

is left under high-vacuum with stir bar overnight. In an 8 mL flame-dried vial, proton sponge (0.10 g, 0.49 
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mmol) is left under high-vacuum overnight as well. Proton sponge solid (0.10 g, 0.48 mmol) is added into 

the flask containing tzA, purged with argon, and trimethyl phosphate (2.8 mL) is added. The reaction is left 

to stir at 0 °C after all material is dissolved. After several minutes stirring at 0 °C, freshly distilled POCl3 

(90 L, 0.98 mmol) is added. After 2 hours, additional POCl3 (30 L, 0.99 mmol) is added. The reaction is 

monitored via TLC (7:2:1 IPA:H2O:NH4OH 28-30%) and after 4 hours, is quenched with iced-cold TEAB 

buffer (5 mL, 0.05 M). The aqueous solution is washed with EtOAc (3  10 mL). The aqueous solution is 

then evaporated at 30 °C. The resulting residue is then subjected to ion exchange chromatography via a 

Sephadex (DEAE A25 anion-exchange) column eluting in a gradient of 0.05 M to 1 M TEAB buffer at 4 

°C. After subsequent evaporation and lyophilization, the resulting solid is subjected to reverse-phase 

column chromatography using the aforementioned HPLC purification method. 1H NMR (500 MHz, D2O): 

 8.28 (br s, 1H), 5.66 (d, J = 4.9 Hz, 1H), 4.48–4.22 (m, 1H), 4.41–4.32 (m, 2H), 4.19–4.08 (m, 2H); 31P 

NMR (202 MHz, D2O):  0.0 (s); ESI-HRMS calcd for [C10H12N4O7PS]– [M–H]– 363.0170, found 

363.0166. 

 
Scheme 4.4 Synthesis for NtzAD+ 

NtzAD+ was prepared using a modified protocol of the previously published procedure.S2 To a flame 

dried vial, nicotinamide mononucleotide (0.01 g, 0.03 mmol) is weighed and placed under high-vacuum 

overnight. Anhydrous DMF (400L) is added and to the resulting mixture, CDI (0.02 g, 0.11 mmol) and 

TEA (5 L) are added in the vial. The mixture slowly dissolves and becomes yellow, after which time the 

vial is left to stir 4 hours at rt. In a separate vial, tzAMP (0.008 g, 0.022 mmol), dried overnight, is dissolved 
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in anhydrous DMF (200 L) and anhydrous TBA (13 L, 0.055 mmol). After 5 minutes of sonication, the 

tzAMP mixture becomes a clear solution. After 4 hours, the reaction is quenched with anhydrous MeOH 

(100 L), evaporated twice with DMF (300 L), and purged with argon. The solution is then taken up with 

anhydrous DMF (2  100 L) and transferred to the tzAMP solution, and left to stir for 4 days. The reaction 

was monitored for complete consumption of starting material via LC-MS. After 4 days, the reaction mixture 

is evaporated to near dryness and the resulting residue is subjected to reverse-phase HPLC using the 

aforementioned purification method. The collected pure fractions are lyophilized to yield a white residue 

(3 mg, 20% yield). 1H NMR (500 MHz, D2O):  9.38 (br s, 1H), 9.23 (d, J = 6.2 Hz, 1H), 8.89 (d, J = 8.0 

Hz, 1H), 8.39 (br s, 1H), 8.23 (dd, J = 7.8, 6.6 Hz, 1H), 6.13 (d, J = 5.5 Hz, 1H), 5.48 (d, J = 6.2 Hz, 1H), 

4.57–4.53 (m, 1H), 4.51 (t, J = 5.3 Hz, 1H), 4.41 (dd, J = 4.9, 2.6 Hz, 1H), 4.37–4.27 (m, 4H), 4.22–4.16 

(m, 2H), 4.15–4.08 (m, 1H); 31P NMR (202 MHz, D2O):  –1.51 (dd, J = 42.4, 18.6 Hz); 13C NMR (125 

MHz, CDCl3):  165.53, 159.40, 156.91, 148.71, 145.89, 142.81, 142.44, 139.75, 134.84, 133.72, 128.42, 

99.72, 86.99 (d), 84.25 (d), 77.91, 77.42, 76.97, 71.20, 70.67, 65.19 (d), 64.76 (d); ESI-HRMS calcd for 

[C21H25N6O14P2S]–  [M–H]– 679.0630, found 679.0641.  

For absorption and emission spectroscopy, all measurements were carried out in a 1 cm four-sided 

quartz cuvette from Helma. Absorption spectra were measured on a Shimadzu UV-2450 spectrophotometer 

setting the slit at 1 nm and using a resolution of 0.5 nm. All spectra were corrected for the blank. Steady 

state emission spectra were recorded on a Horiba Fluoromax-4 equipped with a cuvette holder equipped 

with a stirring system, setting both the excitation and the emission slits at 3 nm, with the resolution at 1 nm 

and the integration time at 0.1 s. The chromophores were excited at a shorter wavelength than the 

absorbance maxima [ 5	 ] to excite the entire population, and maximize the 

recorded emission signal. All the spectra were corrected for the blank. Both instruments were equipped 

with a thermostat controlled ethylene glycol-water bath fitted to specially designed cuvette holder and the 

temperature was kept at 25.0 ± 0.1 °C. 
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Compounds were dissolved in MilliQ water to prepare highly concentrated stock solutions: NtzAD+ 

(1.47 mM), NAD+ (1.51 mM) and NADH (1.97 mM). In a typical experiment, aliquots (15 l) of the 

concentrated water solution were diluted with air-saturated solvents (3 ml). The solutions were mixed with 

a pipette for 10 seconds and placed in the cuvette holder at 25.0 ± 0.1 °C for 30 minutes before spectra were 

recorded. 

The prepared sample solutions were characterized by absorption intensity lower than 0.1 at the 

excitation wavelength (exc). The fluorescence quantum yields () were evaluated based on an external 

standard, 2-aminopurine (0.68 in water, exc 320 nm) by using the previously discussed relative quantum 

yield equation: 

Φ Φ 	 	  

Equation 4.5 Relative quantum yield calculation 

Where STD is the fluorescence quantum yield of the standard, I and ISTD are the integrated area of 

the emission band of the sample and the standard respectively, Abs and AbsSTD are the absorbance at the 

excitation wavelength for the sample and the standard respectively and n and nSTD are the solvent refractive 

index of the sample and the standard solutions respectively. 
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Table 4.7 Photophysical properties of NtzAD+ and related compounds 

aAll 

photophysical values reflect the average of at least three independent measurements. b Previously reported 
values, see corresponding references. Values measured in MilliQ water. d Values measured in Tris buffer 
(50 mM, pH 7.6). e Values measured at the end of ADH enzymatic conversion and assuming complete 
consumption in Tris buffer (50 mM, pH 7.6). 

 
Figure 4.31 Absorption (dashed lines) and emission (solid lines) spectra of NtzAD+ (green) in water, 
NtzAD+ (red) and NtzADH (orange) in Tris buffer (50 mM, pH 7.6). NtzAD+ spectra were taken prior to the 
addition of ADH while NtzADH spectra were recorded after 720 seconds after addition of ADH. The 
absorbance spectra were corrected by the corresponding dilution factors, while the emission spectra were 
normalized to 0.1 intensity of the OD at the excitation wavelength. 

For enzymatic assays: alcohol dehydrogenase (ADH) from Saccharomyces cerevisiae was obtained 

from Sigma Aldrich (EC Number 232-870-4, product number A3263-7.5KU). The commercial solid (1 mg, 

288 units/mg solid) was dissolved in Tris buffer (1 ml, 50 mM, pH 7.6) to reach a stock solution 

concentration of 288 U/mL. The enzyme solution was freshly prepared and kept on ice prior to use.  

Rabbit muscle Type II L-Lactic Dehydrogenase (Lactate dehydrogenase, LDH) was obtained from 

Sigma Aldrich (EC Number 232-617-8, product number L2500-10KU). The suspension (in ammonium 

sulfate, 1.3 mL, 920 units/mg Protein, 8.4 mg protein/mL) was taken up in an aliquot (10 L) and dissolved 

 abs ()a em ()a Stokes shifta 

 nm ( 103 M–1 
cm–1) 

nm  103 cm–1 

tzAb 338 (7.79±0.09) 410 (0.053±0.004) 5.23±0.06 

NtzAD+c 336 (6.9±0.4) 411 (0.038±0.004) 5.41±0.02 

NtzAD+d 338 (7.2±0.3) 411 (0.044±0.004) 5.23±0.03 

NtzADHe 336 (10.7±0.4) 412 (0.015±0.002) 5.49±0.02 

NAD+b 259 (16.9) - - 

NADHb 339 (6.22) 460 (0.02) 7.76 



 

195 

in Tris Buffer (990 L, 50 mM, pH 7.6) to reach a stock solution concentration of 76 U/mL. The enzyme 

solution was freshly prepared and kept on ice prior to use.  

Porcine brain NADase was obtained from Sigma Aldrich (CAS number 9032-65-9, product number 

N9879-5G). The commercial solid (43 mg, ≥0.007 unit/mg solid) was added to Tris Buffer (1 mL, 50 mM, 

pH 7.6) to reach 0.3 U/mL. Note that NADase is nearly completely insoluble in this solution and remains 

as a suspension. The enzyme stock was freshly prepared and kept on ice prior to use.  

Human ADP-ribosyltransferase 5 (ART5) Recombinant Protein, transcript variant 2, was 

purchased from Origene (Cat. #RG221774). The commercial solution (20 g in 100 uL of 25 mM Tris.HCl, 

pH 7.3, 100 mM glycine, 10% glycerol) was split into 5 separate vials, each containing 20 L of solution, 

and kept at -80 oC for storage, being placed on ice during use. 

Cholera Toxin A Subunit (CTA) from Vibrio cholerae was purchased from Sigma Aldrich. The 

commercial lyophilized powder (100 g) was dissolved in 100 L of MilliQ water and split into 5 separate 

vials, each containing 20 L of solution, and kept at 4 oC for long term storage, being placed on ice during 

use. 

The cofactors and substrates were dissolved in MilliQ water to prepare highly concentrated stock 

solutions: NtzAD+ (1.47 mM), NAD+ (1.51 mM), NADH (1.97 mM), pyruvic acid (68.14 mM), as well as 

DTT, MgCl2 hexahydrate, agmatine sulfate, sodium chloride, and ovalbumin (each prepared according to 

the necessary required concentrations for the reactions of ART5 and CTA). Acetaldehyde and EtOH 

(anhydrous, 200 proof) were used neat.  

For NtzAD+ conversion to NtzADH by alcohol dehydrogenase: In a 3 mL cuvette equipped with stir 

bar, Tris buffer (2970 L, 0.05 M, pH 7.6) is added followed by an aliquot of stock solution of NtzAD+ (15 

L, 7.4 M final concentration) or native NAD+ (15 L, 7.5 M final concentration) and EtOH (1.5 L). 

This solution is left to stir at 25.0 ± 0.1 °C for 30 minutes to equilibrate before measurements are taken. To 

start the reaction, alcohol dehydrogenase (15 L, 196 U/Mol of substrate) is added and the cuvette is left 

to stir at 25.0 ± 0.1 °C. All reactions are run in triplicate to confirm results. 
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To measure state state absorption and emission in the presence of ADH: Steady state absorption 

spectra over time were measured on a Shimadzu UV-2450 spectrophotometer setting the slit at 1 nm, using 

a resolution of 0.5 nm and a time-delay of 30 s. All spectra were corrected for the blank. Steady state 

emission spectra were measured on a Horiba Fluoromax-4 equipped with a cuvette holder with a stirring 

system, setting the excitation and the emission slits at 2 and 4 nm respectively, the resolution at 1 nm, 

integration time 0.01 s and a time-delay of 30 s. The steady state fluorescence spectra were performed upon 

excitation at 330 nm, corrected for the blank and normalized to 0.1 intensity of the OD at the excitation 

wavelength. 

 
Figure 4.32 Steady state absorption (dashed lines) and emission spectra of NtzAD+ enzymatic conversion 
to NtzADH over time 0 (cyan) to 360 (dark green). The absorption spectra are characterized by hypochromic 
and hyperchromic effect at 265 and 336 nm respectively (dashed arrows) and an isosbestic point at 278 nm. 
The emission is characterized by a decrease in intensity (solid arrow). 

For fluorescence based kinetic assays, the ADH-mediated enzymatic conversion of NAD+ and 

NtzAD+ was followed by monitoring the emission intensity at a fixed wavelength as function of time. 

Emission was monitored at 465 nm (ex 335 nm) and 410 nm (ex 330 nm) for NAD+ and NtzAD+, 

respectively, on a Horiba Fluoromax-4 equipped with a cuvette holder with a built-in stirring system, setting 

the excitation and the emission slits at 2 and 4 nm respectively and taking a point every 30 seconds for 1080 

seconds upon addition of ADH.  
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Figure 4.33 Normalized emission intensity signal over time before and upon addition of ADH for NAD+ 
(465 nm, grey) and NtzAD+ (410 nm, red and orange). The dashed lines represent weighted curve fits using 
the locally weighted Least Squares error (Lowess) method. 

The same assay was carried out on both NAD+ and NtzAD+ over a shorter time range (150 seconds) 

taking a point every 2 seconds to evaluate the initial rate constant (k1) and the reaction half-time (t1/2) by a 

semi-logarithmic plot of the emission intensity variation in the first 18 s versus time, assuming a pseudo 

first-order kinetic for the reaction and using Equation 4.1 and Equation 4.2. The reported values are the 

average of three independent measurement sets and the coefficient of determination (R2) for the 

linearizations were higher than 0.99 for the NAD+ and NtzAD+ traces. 

 
Figure 4.34 (a) Normalized emission intensity signal over time upon addition of ADH for NAD+ (465 nm, 
blue, cyan and purple) and NtzAD+ (410 nm, red, orange and yellow). (b) Semi-logarithmic plot of the 
emission signal intensity over the first 18 seconds upon addition of ADH for NAD+ (465 nm, blue, cyan 
and purple) and NtzAD+ (410 nm, red, orange and yellow). 
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Table 4.8 ADH-mediated conversion initial rate 

 

mntr 
(exc)a 

k1
b t1/2

c 

(nm) (10–3 s–1) (s) 

NAD+ to NADH 465 (335) 30±4 23±3 

NtzAD+ to 
NtzADH 

410 (330) 33±2 21±1 

a mntr and exc represent the followed and the excitation wavelengths respectively in the specific 
experiment. b Pseudo first order reaction kinetic equal to the slope of the linear tread in semi-logarithmic 
plot of the experimental traces. c t1/2 is the reaction half-time calculated assuming a pseudo first-order 
enzymatic kinetic and reflect the average over three independent measurements.  

For the ADH mediated reaction followed by reversal with acetaldehyde: In a 3 mL cuvette equipped 

with stir bar, Tris buffer (2950 L, 0.05 M, pH 7.6) is added followed by an aliquot of stock solution of 

NtzAD+ (15 L, 7.4 M final concentration) or native NAD+ (15 L, 7.5 M final concentration) and EtOH 

(1.5 L). This solution is left to stir at 25.0 ± 0.1 °C for 30 minutes to equilibrate before measurements are 

taken. To start the reaction, alcohol dehydrogenase (15 L, 196 U/Mol of substrate) is added and the 

cuvette is left to stir at 25.0 ± 0.1 °C. After the initial reaction has shown a plateau (720 seconds), 

acetaldehyde (15 L) is added and left to stir at 25.0 ± 0.1 °C. All reactions are run in triplicate to confirm 

results. The fluorescence-based real time monitoring of this process was performed as described previously. 

 
Figure 4.35 Normalized emission intensity signal over time before, upon addition of ADH (t = 0 s) and the 
reversal conversion by addition of acetaldehyde (t = 720 s) for NAD+ (465 nm, grey) and NtzAD+ (410 nm, 
red and orange). The dashed lines represent weighted curve fits using the locally weighted Least Squares 
error (Lowess) method. 
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The ADH-mediated conversion of NtzAD+ and the reversal process induced by the addition of 

acetaldehyde was monitored by chromatography. HPLC analysis was carried out on an Agilent 1200 series 

system with a Phenomenex C18 Synergi 4u Fusion-RP 80A, 4m, 4.6  250 mm column. Ammonium 

acetate (0.1 M, pH 7.00) solutions were prepared fresh and filtered using Millipore type GNWP 0.2 m 

filters before use. Each injection (30 l) was subjected to a gradient (35 minutes, from 0.5 to 2% ACN in 

ammonium acetate buffer 0.1 M, pH 7.00) followed by a flush (10 minutes, 95% ACN in ammonium acetate 

buffer 0.1 M, pH 7.00). A flow rate of 1 ml / minute was used and the run was carried out at 25.0 ± 0.1 °C. 

Each run was monitored at 260 and 330 nm with calibrated references at 650 nm and the slit set at 1 nm. 

The reaction with ADH-mediated conversion of NtzAD+ to NtzADH followed by the addition of 

acetaldehyde was prepared in following the protocol described previously. The solution was gently stirred 

while placed in a heating block at 25.0 ± 0.1 °C. Aliquots of the solution were taken before the addition of 

ADH (t = 0 min), upon reaction with ADH (t = 0.5 and 5 min) and after addition of acetaldehyde.  NtzADH 

was isolated and subjected to ESI-MS. Mass calculated for [C21H27N6O14P2S]- was 681.0787, found 

681.0791.   

For following the ADH-mediated reaction followed by reversal with LDH: In a 3 mL cuvette 

equipped with stir bar, Tris buffer (2960 L, 0.05 M, pH 7.6) is added followed by an aliquot of stock 

solution of NtzAD+ (15 L, 7.4 M final concentration) or native NAD+ (15 L, 7.5 M final concentration) 

and EtOH (1.5 L). This solution is left to stir at 25.0 ± 0.1 °C for 30 minutes to equilibrate before 

measurements are taken. To start the reaction, alcohol dehydrogenase (1 L, 13 U/Mol of substrate) is 

added and the cuvette is left to stir at 25.0 ± 0.1 °C. After the initial reaction has shown a plateau (1800 

seconds), pyruvic acid (15 L) is added and left to stir 30 seconds followed by addition of LDH (25 L, 87 

U/Mol of substrate). The reaction is left to stir at 25.0 ± 0.1 °C. All reactions are run in triplicate to confirm 

results. For the fluorescence-based real-time assay, the procedures were performed as described previously. 

For the coupled reactions with ADH followed by NADase treatment: to a 3 mL cuvette equipped 

with a stir bar, Tris buffer (2860 L, 0.05 M, pH 7.6) is added followed by an aliquot of stock solution of 
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NtzAD+ (15 L, 7.4 M final concentration) or native NAD+ (15 L, 7.5 M final concentration) and EtOH 

(1.5 L). This stirred solution is equilibrated for 30 minutes at 25.0 ± 0.1 °C before measurements are taken. 

To start the reaction, alcohol dehydrogenase (1 L, 13 U/Mol of substrate) is added and the cuvette is left 

to stir at 25.0 ± 0.1 °C. After the initial reaction has plateaued, NADase (100 L, 1.36 U/Mol of substrate) 

is added and the reaction is left to stir at 25.0 ± 0.1 °C. 

For reactions with NADase: In a 3 mL cuvette charged with stir bar, Tris buffer (2900 L, 0.05 M, 

pH 7.6) is added followed by an aliquot of stock solution of NtzAD+ (15 L, 7.4 M final concentration). 

This solution is left to stir at 25.0 ± 0.1 °C for 30 minutes to equilibrate before measurements are taken. To 

start the reaction, NADase (100 L, 1.36 U/Mol of substrate) is added and the cuvette is left to stir at 25.0 

± 0.1 °C. All reactions are run in triplicate to confirm results. 

With the aforementioned process, Steady state absorption spectra were measured on a Shimadzu 

UV-2450 spectrophotometer setting the slit at 1 nm, using a resolution of 0.5 nm. All the spectra were 

corrected for the blank. Steady state emission spectra were measured on a Horiba Fluoromax-4 equipped 

with a cuvette holder with a stirring system, setting the excitation and the emission slits at 2 nm and 4 nm, 

respectively, with the resolution at 1 nm, integration time 0.1 s.  The steady state fluorescence spectra were 

performed upon excitation at 330 nm. All the spectra were corrected for the blank. The spectra after the 

NADase step were recorded following filtration by a centrifuge tube filter (0.45 M Nylon) to obtain a 

clear solution. In the case of real-time emission monitoring, such processes were directly monitored without 

filtration and performed as previously described. 
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Figure 4.36 Absorption (dashed lines) and emission spectra (solid lines) of a) NAD+ in buffer (black), upon 
treatment with ADH (orange) and reaction with NADase (grey); b) NtzAD+ in buffer (red), upon treatment 
with ADH (orange) and reaction with NADase (blue); c) NtzAD+ in buffer (red) followed by reaction with 
NADase (blue). 

 

 

 
Figure 4.37 Normalized emission intensity signal over time for a) NAD+ (465 nm, grey); b) NtzAD+ (410 
nm, red and orange, blue) before, upon addition of ADH (t = 0 s) and the reaction with NADase (t = 810 
s). c) Normalized emission intensity signal over time for NtzAD+ (410 nm, red and blue) before and upon 
addition of NADase. The dashed lines represent weighted curve fits using the locally weighted Least 
Squares error (Lowess) method.   

For purification of tzADP Ribose: The NADase-mediated conversion of NtzAD+ into tzADP Ribose 

was run as previously described. Aliquots of this reaction were then subjected to HPLC purification, carried 

out on an Agilent 1200 series system with a Phenomenex C18 Synergi 4u Fusion-RP 80A, 4m, 4.6  250 

mm column. Each injection (50 l) was subjected to a gradient (35 minutes, from 0.5 to 2% ACN in 

ammonium acetate buffer 0.1 M, pH 7.00) followed by a flush [10 minutes, 95% ACN in ammonium acetate 

buffer 0.1 M, pH 7.00; Note: ammonium acetate solutions (0.1 M, pH 7.00) were freshly prepared and 
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filtered using Millipore type GNWP 0.2 m filters before use]. A flow rate of 1 ml / minute was used and 

the run was carried out at 25.0 ± 0.1 °C. Each run was monitored at 260 and 330 nm with calibrated 

references at 650 nm and the slit set at 1 nm. tzADP Ribose was collected at 9.8 minutes, followed by 

lyophylization to concentrate the material. This dried material was dissolved in MilliQ water and subjected 

to HRMS: ESI–, [C15H21N4O14P2S]–, calcd. 575.0256, found 575.0255.  Absorption and emission spectra of 

tzADP Ribose were measured using the aforementioned UV-VIS spectrometer and fluorimeter settings and 

compared to that of tzA.   

 
Figure 4.38 UV (dashed) and emission (solid) spectra for (a) tzADP Ribose and (b) tzA with emission 
spectra corresponding to excitation at 335 nm with excitation slit width = 3 nm and emission slit width = 5 
nm. 

For reactions with ART5: In a 125 L cuvette, Tris buffer (115 L, 0.05 M, pH 7.6) is added 

followed by an aliquot of stock solution of NtzAD+ (1 L, 11.76 M final concentration) or NAD+ (1 L, 

12.05 M final concentration), DTT (1 L, 400 M final concentration), agmatine sulfate (8 L, 200 M 

final concentration), and NaCl (1 L, 500 M final concentration). These solutions are left to stir at 30.0 ± 

0.1 °C for 30 minutes to equilibrate before measurements are taken. To start the reaction, ART5 stock 

solution (3 L) is added and the cuvette is monitored via UV or fluorescence spectroscopy at 30.0 ± 0.1 °C. 

All reactions are run in duplicate to confirm results.  

For steady state absorption and emission experiments with ART5: Steady state absorption spectra 

were measured on a Shimadzu UV-2450 spectrophotometer setting the slit at 1 nm, using a resolution of 
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0.5 nm. All the spectra were corrected for the blank. Steady state emission spectra were measured on a 

Horiba Fluoromax-4 equipped with a cuvette holder with a stirring system, setting the excitation and the 

emission slits at 2 nm and 4 nm, respectively, with the resolution at 1 nm, integration time 0.1 s.  The steady 

state fluorescence spectra were performed upon excitation at 330 nm. All the spectra (Figure S10) were 

corrected for the blank. Reactions were run in a 125 L cuvette according to procedure described 

previously. 

 
Figure 4.39 Steady state emission spectra following treatment of NtzAD+ with ART5 (with 50 mM Tris 
buffer, pH 7.6, agmatine sulfate 200 M, DTT 400 M, and NaCl 500 M) at 0 min (blue) and 18 min 
(red), excited at 335 nm, as well as NAD+ at 0 min (green) and 18 min (orange), ex = 335 nm. 

The ART5-mediated enzymatic cleavage NtzAD+ was followed by monitoring the emission 

intensity at a fixed wavelength as function of time. Emission was monitored at 10 nm (ex 330 nm) on a 

Horiba Fluoromax-4 equipped, setting the excitation and the emission slits at 2 and 4 nm respectively and 

taking a measurement every 20 seconds for 1000 seconds following the addition of the enzyme (Figure 

S11a). Reactions were run in a 125 L cuvette according to procedure described previously. 
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Figure 4.40 (a) Fluorescence based kinetics of ART5 reaction before (blue) and after (red) addition of 
enzyme (em = 410 nm, ex = 335 nm). The dashed lines represent weighted curve fits using the locally 
weighted Least Squares error (Lowess) method. (b) Normalized HPLC-monitored product formation from 
reactions with NtzAD+ (330 nm, blue) and native NAD (260 nm, red). For HPLC product formation, the 
trend lines represents the product formation approximation function over time for a pseudo first-order 
kinetic reaction, according to the following equation: 	 1 , R2 = 0.9972 (NtzAD+), 
0.9952 (NAD+). 

The ART5-mediated hydrolysis of NtzAD+ and native NAD+ was monitored by HPLC taking 

aliquots (20 L) from the same reaction setup found in 4.6.0. These aliquots were initially frozen at –78 oC 

at the given time points to cease the reaction, then thawed followed by immediate injection into the HPLC 

(20 L injection). HPLC analysis was carried out on an Agilent 1200 series system with a Phenomenex 

C18 Synergi 4u Fusion-RP 80A, 4m, 4.6  250 mm column (Figure S12). Ammonium acetate (0.1 M, pH 

7.00) solutions were prepared fresh and filtered using Millipore type GNWP 0.2 m filters before use. Each 

injection (30 l) was subjected to a gradient (For NtzAD+: 27 minutes, from 0.5 to 6% ACN in ammonium 

acetate buffer 0.1 M, pH 7.00; For NAD+: 20 minutes, from 0.2% to 2% ACN in ammonium acetate buffer 

0.1 M, pH 7.00) followed by a flush (10 minutes, 95% ACN in ammonium acetate buffer 0.1 M, pH 7.00). 

A flow rate of 1 ml / minute was used and the run was carried out at 25.0 ± 0.1 °C. Each run was monitored 

at 260 and 330 nm with calibrated references at 650 nm and the slit set at 1 nm. Product peak formation 

was normalized for each reaction and plotted. Peak formation was monitored at 330 nm NtzAD+ and 260 

nm for NAD+. See product formation HPLC traces in Figure 4.44 and Figure 4.45. 

For reactions with CTA: To a 600 L sterilized conical vial, potassium phosphate buffer (10 L, 

0.04 M, pH 7.2) is added followed by an aliquot of stock solution of NtzAD+ (1 L, 58.82 M final 
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concentration) or NAD+ (1 L, 60.29 M final concentration), DTT (1 L, 20 mM final concentration), 

agmatine sulfate (1 L, 15 mM final concentration), MgCl2 Hexahydrate (1 L, 2 mM final concentration), 

and Ovalbumin (1 L, 100 mg/mL final concentration). These solutions are left to stir at 25.0 ± 0.1 °C for 

5 minutes to equilibrate. To start the reaction, CTA stock solution (10 L) is added. All reactions are run 

in duplicate to confirm results. 

For steady state absorption and emission measurements of CTA-mediated reactions: For steady 

state spectra, 5 L aliquots are taken from the reaction mixture and diluted with 120 L MilliQ water 

followed by placement into –78 oC bath for 5 minutes to stop the reaction at the given time points. Note 

that extensive monitoring of these reactions under these quenching conditions has shown no further 

progression of the reaction. These aliquots are then warmed and placed in 125 L cuvette for spectroscopy. 

Steady state absorption spectra were measured on a Shimadzu UV-2450 spectrophotometer setting the slit  

 
Figure 4.41 (a) Steady state emission spectra following treatment of NtzAD+ with cholera toxin subunit A 
(with 40 mM potassium phosphate buffer, pH 7.2, agmatine sulfate 15 mM, DTT 20 mM, MgCl 2 mM, and 
Ovalbumin 100 mg/mL)  over time, exciting at 335 nm, with reaction aliquots taken at 0 min (blue), 20 min 
(green), 50 min (orange), and 90 min (pink). (b) Reactions of CTA with plotted normalized emission 
intensity of NtzAD+ at 410 nm (blue, ex = 335 nm) based on steady state spectra, normalized HPLC-
monitored product formation of reactions with NtzAD+ (330 nm, green) and native NAD+ (260 nm, red). 
Each trend line represents the product formation approximation function over time for a pseudo first-order 
kinetic reaction, according to the following equation: 	 1 , R2 = 0.9653 (NtzAD+, 
HPLC), 0.9859 (NAD+, HPLC), 0.9842 (NtzAD+, Emission Spectra Data). 

at 1 nm, using a resolution of 0.5 nm. All the spectra were corrected for the blank. Steady state emission 

spectra were measured on a Horiba Fluoromax-4 equipped with a cuvette holder with a stirring system, 
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setting the excitation and the emission slits at 3 nm, with the resolution at 1 nm, integration time 0.1 s.  The 

steady state fluorescence spectra were performed upon excitation at 335 nm. All the spectra were corrected 

for the blank. Reactions were run in a 125 L cuvette according to procedure described previously. 

The CTA-mediated ribosylation reactions with NtzAD+ and native NAD+ were HPLC monitored 

by taking aliquots (5 L) from the reaction mixtures and diluting them with 25 L MilliQ water followed 

by immediate placement into –78 oC bath for 5 minutes to stop the reaction at the selected given time points.  

These aliquots were thawed followed by immediate injection into the HPLC (20 L injections). HPLC 

analysis was carried out on an Agilent 1200 series system with a Phenomenex C18 Synergi 4u Fusion-RP 

80A, 4m, 4.6  250 mm column. Ammonium acetate (0.1 M, pH 7.00) solutions were prepared fresh and 

filtered using Millipore type GNWP 0.2 m filters before use. Each injection (30 l) was subjected to a 

gradient (For NtzAD+: 27 minutes, from 0.5 to 6% ACN in ammonium acetate buffer 0.1 M, pH 7.00; For 

NAD+: 20 minutes, from 0.2% to 2% ACN in ammonium acetate buffer 0.1 M, pH 7.00) followed by a 

flush (10 minutes, 95% ACN in ammonium acetate buffer 0.1 M, pH 7.00). A flow rate of 1 ml / minute 

was used and the run was carried out at 25.0 ± 0.1 °C. Product peak formation was normalized for each 

reaction and plotted (Figure S13b). Peak formation was monitored at 330 nm NtzAD+ and 260 nm for NAD+.  

For tzADP Ribose-Agmatine isolation and photophysical data: The compound was collected at 

11.6 minutes during the HPLC runs of the CTA reactions described in 4.6.3 above, followed by 

lyophylization to dryness. This dried material was dissolved in MilliQ water and subjected to HRMS: ESI–

, [C20H33N8O13P2S]–, calcd. 687.1369, found 687.1366.  tzADP Ribose-Agmatine was dissolved in 125 L 

MilliQ water and placed in a 125 L cuvette for spectral measurements (Figure S15). Steady state 

absorption spectra were measured on a Shimadzu UV-2450 spectrophotometer setting the slit at 1 nm, using 

a resolution of 0.5 nm. All the spectra were corrected for the blank. Steady state emission spectra were 

measured on a Horiba Fluoromax-4 equipped with a cuvette holder with a stirring system, setting the 

excitation and the emission slits at 3 nm, with the resolution at 1 nm, integration time 0.1 s.  The steady 
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state fluorescence spectra were performed upon excitation at 335 nm. All the spectra were corrected for the 

blank. 

 
Figure 4.42 UV (dashed) and emission (solid) spectra for tzADP Ribose-agmatine with emission spectra 
corresponding to excitation at 335 nm with excitation slit width = 3 nm and emission slit width = 3 nm. 
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Figure 4.43 1H, 13C, and 31P NMR spectra of NtzAD+ in D2O 
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Figure 4.44 HPLC-based monitoring of the reaction of NtzAD+ (Red) at 330 nm with ART5 and agmatine, 
converting to tzADPR (Green). 
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Figure 4.45 HPLC-based monitoring of the reaction of NAD+ (Red) at 260 nm with ART5 and agmatine, 
converting to ADPR (Green). 
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Figure 4.46 HPLC-based monitoring of the reaction of NtzAD+ (Red) at 330 nm with CTA and agmatine, 
converting to tzADPR-agmatine (Orange) and tzADPR (Green). 
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Figure 4.47 HPLC-based monitoring of the reaction of NAD+ (Red) at 260 nm with CTA and agmatine, 
converting to ADPR-agmatine (Yellow) and ADPR (Green arrow). 
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Chapter 5   

The development of a 2nd generation emissive RNA 

alphabet: Lessons learned and future directions 

5.1 An epilogue to the synthesis of the isothiazolo[4,3-d]pyrimidine 

nucleosides 

When approaching the design of fluorescent probes, a major risk exists as photophysical properties 

of such molecules are difficult to predict. Thus, an apprehensive perspective towards synthetic approaches 

is often seen when considering the synthesis of such molecules. In the world of synthetic organic chemistry, 

the development of structurally and stereochemically diverse natural products has remained the prominent 

tool in training synthetic organic chemists. When tackling such complex structures, the classical approach 

has been to synthesize the molecules “at all costs”, with often high resource usage (e.g. time, personnel, 

chemical supplies). The primary motivating factor behind such high resource usage is often the “guarantee” 

of a functioning natural product that has been previously elucidated, but is isolated in quantities too small 

to extensively explore biological relevance. Unlike natural products, fluorescent nucleoside analogues hold 

no guarantee for biological activity, nor for even desired photophysical properties. In this regard, the 

development of nucleoside analogues may be of significantly higher risk as proposed projects. Furthermore, 

the heterocyclic chemistry often employed for developing nucleoside analogues brings an additional 

challenge for synthetic chemists as traditional organic chemistry focuses less on such areas of research (thus 

lacking a broad array of applicable synthetic methodologies to manipulate any given heterocycle). 

Moreover, the stability of such heterocycles may be somewhat uncertain, leading to extensive 

troubleshooting when exploring new synthetic methodologies for manipulating such heterocycles.  
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While the route to access all isothiazolo analogues may seem extensive (with 9-12 steps, longest 

linear route, for the syntheses), a balance was desired between synthetic accessibility and resources required 

for synthesis. It became abundantly clear that the most straightforward route, glycosylation of the 

isothiazolo nucleobase, would not become accessible within the desired timeframe. In retrospect, the most 

promising glycosylation methods arose when exploring the palladium-based Heck coupling reactions (See 

Section 2.2.3). However, even considering this route, significant synthetic work would still be required to 

access the ribonucleoside as the sugar-derived coupling precursor was derived from a 2’-deoxyribose (i.e. 

Figure 5.1). Thus, the Thorpe-Zeigler cyclization-based route was proposed to circumvent the issues of 

glycosylating the isothiazolo heterocycle by building the heterocycle off of a sugar-derivative. The original 

challenge when approaching this synthesis was the lack of any routes to similar ribose-derived thiol 

precursors required for the proposed cyclization (such as 1, Figure 5.2). Even though the route was not 

established, a large number of synthetic methodologies exist for the manipulation of nearly every commonly 

available sugar (i.e. glucose, fructose, ribose), thus allowing for simple, previously published 

methodologies to be employed for installing the desired functionalities. 

Overall, the final synthesis of the isothiazolo[4,3-d]pyrimidine framework tells a story of how 

nontraditional methodologies must be considered when approaching a new heterocyclic scaffold. With the 

previous generation of thiophene-based nucleosides developed in the Tor research group, there is a 

significant different in electronics between thiophene and isothiazolo systems, with the thiophene-based 

purine analogues synthesized through traditional Lewis acid-based glycosylation methods. In many steps 

of the isothiazolo synthesis, from guanidinylation of the isothiazolo ring to produce tzG, to the nontraditional 

de-benzylation methods empoloying ethanedithiol, the isothiazolo framework demanded alternative 

synthetic methods. Thankfully, such efforts were found to be worthwhile, as proven via the increased 

isomorphicity and isofunctionality of such nucleosides relative to the previous designs. 
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Figure 5.1 Example isothiazolo-derived Heck coupling 

5.2 Future Synthetic Directions 

The route developed for the synthesis of the isothiazolo nucleoside analogues facilitates a divergent 

“bottom-up” approach to access each individual nucleoside (Figure 5.1). Many different nucleoside 

derivatives can be made from the established pathway, providing accessible pathways to each substrate 

from a common intermediate (3). 
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Figure 5.2 Divergent pathway to nucleoside analogues 

Several key substrates/intermediates may be synthesized for a variety of applications. For instance, 

using the protected tzI (5), one can envision the synthesis of several alkylated derivatives, taking advantage 

of the electrophilic nature of the subsequently synthesized thioamide or chlorinated species. 
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Scheme 5.1 Possible alkylated inosine derivatives 

Additionally, a 2-aminopurine analogue may be synthesized via previously described intermediates 

of the pathway to synthesized tzX and tz2-AA. A 2-aminopurine analogue is of particular interest, 

considering the highly emissive nature of the parent molecule. In the synthetic pathway to tz2-AA, the 

chlorination of 7 to yields the dichloride 8, which was subsequently treated with ammonia (Scheme 5.2). 

While part of this reaction proceeds to the diaminated material, a substantial amount is left at the mono-

substituted, chlorinated species (9). One can take advantage of this reaction, which differentiates the two 

leaving groups, by employing methodologies which may react with one specific functionality. For example, 

Guo and coworkers have performed deamination reactions under mild conditions, employing the use of 

mild conditions with CuSO4 for dehydrazination (Scheme 5.3).1 Such conditions may allow for easy access 

to an isothiazolo-based 2-AP analogue. 
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Scheme 5.2 Chemical pathway to differentiated amino-chloride species 9 

 

 
Scheme 5.3 Proposed synthesis for tz2-AP 

Several other key nucleoside-derived molecules, the triphosphate derivatives, may be also accessed 

from the deprotected nucleoside family, via standard phosphorylation conditions. Note that tzATP and 
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tzGTP have been successfully synthesized (Scheme 5.4), and are currently set to be published in 

manuscripts currently in being composed at the time of this writing.   

 
Scheme 5.4 Synthesis of tzATP and tzGTP 

Similar to the triphosphates, phosphoramidites of such molecules may also be synthesized for use 

in solid-phase RNA synthesis to construct custom oligonucleotides (Scheme 5.5). As with the 

triphosphates, the synthetic pathway to these molecules is often well defined, and thus they may be accessed 

in a straightforward manner. 

 
Scheme 5.5 tzG phosphoramidite synthesis 

2’-deoxy ribonucleosides may be synthesized for use as fluorescent DNA analogues. Typically, 

one of two synthetic pathways is employed to access DNA analogues: 1) Glycosylation of a nucleobase 

with a 2’-deoxyribose derivative or 2) Direct deoxygenation of the 2’ alcohol of the corresponding 

ribonucleoside. The direct deoxygenation of a 2’ alcohol is usually accomplished through the Barton 
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deoxygenation with the alcohol functionalized as a xanthate or thiocarbonate (See example deoxygenation 

of 2’-deoxyguanosine, Figure 5.2).  

Lastly, the strategy employed for the synthesis of the isothiazolo[4,3-d]pyrimidine nucleosides 

using a Thorpe-Ziegler cyclization may be employed using several other heteroatoms such as oxygen to 

synthesize other unique nucleobase analogues (as illustrated for isoxazole nucleosides, Scheme 5.6). 

Conveniently, these may arise from the same common iodinated sugar precursor (17). For the purposes of 

photophysical studies, it is often more efficient to design a nucleobase first as the syntheses of these 

heterocycles without the ribose unit is often easier. However, limited methods exist to extensively 

functionalize such heterocycles and thus a straightforward synthesis of the isoxazole scaffold, for example, 

may not be feasible. 

 
Figure 5.3 Barton deoxygenation mechanism & example dG synthesis 

 
Scheme 5.6 Example cyclization to synthesize isoxazolo[4,3-d]pyrimidine scaffold 
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5.3 Beyond synthetic chemistry 

Within the context of enzymatic cofactors, there are several areas with which we may explore the 

incorporation of our emissive isofunctional and isomorphic nucleosides. Cofactors that have not been 

thoroughly explored within the realm of isomorphic analogues include SAM and the various cyclic 

dinucleotides. Cofactors such as these may complement the use of fluorescent analogues as they are often 

covalently modified in ways that may drastically change the electronics of such molecules. For example, 

Cyclic dinucleotide molecules may exhibit quenching as two heterocyclic scaffolds are tied together closely 

in proximity and thus stacking effects may occur, yet will likely show changes upon cleavage of the 

phosphate bonds, losing any such proximity effects within the neighboring heterocycles. 

While the isothiazolo nucleoside analogues have primarily been explored as small molecule 

substrates for enzymes, nucleoside analogues are classically explored within the context of 

oligonucleotides. Especially within the case of fluorescent nucleosides, it is important to incorporate 

emissive analogues into larger oligomeric species since their photophysical properties may change, as 

discussed earlier. Thus, the isothiazolo purine analogues such as tzG and tzA must be incorporated into 

oligonucleotides via enzymatic means (using the corresponding triphosphates) or solid-phase synthesis (via 

the corresponding phosphoramidites) to investigate any possible quenching effects. With the triphosphate 

and phosphoramidite derivatives in hand, a large number of applications open up within the context of 

oligonucleotides as these purine analogues have already proven to be highly similar to their native 

counterparts.  

5.4 The impact of the 2nd generation isothiazolo RNA alphabet   

The development of the isothiazolo[4,3-d]pyrimidine analogues has created many new potential 

applications as fluorescent nucleosides. Furthermore, possessing emissive nucleoside analogues that only 

differ in one key atom, as is the case with the nitrogen-7 between the isothiazolo and thiopheno purine 

analogues (i.e. thG, thA vs tzG, tzA) provides key mechanistic tools to investigate the role of such a nitrogen 
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within enzymatic sites. With a library of such analogues, we may mechanistically probe biologically 

relevant pathways via the investigations of the activity of each corresponding nucleoside within 

biochemical systems (similar to ADA, where the relative rates of reactivity are unequivocally different). 

Since the initial publication of the isothiazolo-based purine analogues, the molecules have found 

applications in with at least 9 different enzymatic systems (including the 6 aforementioned enzyme systems 

employed in Chapter 4), showing activity very similar to their native counterparts under pseudo-first order 

kinetics. Given the unique nature of a fused bicyclic isothiazolo system, these molecules have also been 

subject to computational studies via independent researchers.2-3 Overall, the isothiazolo alphabet rings in a 

new era of research studies using isomorphic and isofunctional fluorescent nucleoside analogues. 
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