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Abstract 

The COVID-19 pandemic, spanning from 2020 to 2022, has clearly shown the urgent need for 

effective antiviral therapies. Nucleoside analogues have historically been used to combat viral 

infections by targeting the viral RNA-dependent RNA polymerase (RdRp). Previous studies have 

demonstrated that the triphosphate form of the nucleoside analogue T-1106 is rapidly 

incorporated into the SARS-CoV-2 genome by its RdRp, inducing C-to-U and G-to-A transition 

mutations, and causing an antiviral effect through lethal mutagenesis.  

This work aims to synthesize and evaluate modified T-1106-5′-triphosphates for their potential 

antiviral properties. These modifications are expected to alter the mechanism of polymerase 

inhibition and to improve in vivo efficacy compared to the parent unmodified nucleoside 

analogue T-1106.  

In the first part of the work, a robust route for the synthesis of these modified triphosphates was 

developed. Through SARS-CoV-2 primer extension assays, in cooperation with the group of B. 

CANARD, their properties as RdRp substrates were assessed. Notably, 2′-C-methyl-T-1106-5′-

triphosphate demonstrated efficient incorporation by RdRp, substituting GTP and causing 

immediate chain termination. However, it remained susceptible to excision by the ExoN 

proofreading complex.  

To enhance stability against ExoN, in the second part of the work, an α-thio modification was 

introduced. This resulted in 2′-C-methyl-T-1106-5′-α-thio-triphosphate, which maintained 

efficient incorporation by RdRp and exhibited resistance to ExoN-mediated excision.  

Based on these results, in the last part of this work, several prodrugs of 2′-C-methyl-T-1106-5′-α-

thio-triphosphate were synthesized. Preliminary results indicate that prodrugs with an α-thio 

modification may exhibit enhanced antiviral potency. 
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Zusammenfassung 

Die COVID-19-Pandemie, die sich von 2020 bis 2022 erstreckte, hat deutlich den dringenden 

Bedarf an wirksamen antiviralen Therapien aufgezeigt. Nucleosidanaloga wurden in der 

Vergangenheit zur Bekämpfung viraler Infektionen eingesetzt, indem sie die virale RNA-

abhängige RNA-Polymerase (RdRp) inhibieren. Frühere Studien haben gezeigt, dass die 

Triphosphat-Form des Nucleosidanalogons T-1106 effizient in das SARS-CoV-2-Genom durch die 

SARS-CoV-2 RdRp eingebaut wird, was C-zu-U- und G-zu-A-Transition Mutationen verursacht und 

einen antiviralen Effekt durch letale Mutagenese erzielt.  

Das Ziel dieser Arbeit war es, modifizierte T-1106-5′-Triphosphate zu synthetisieren und ihre 

potenziellen antiviralen Eigenschaften zu evaluieren. Durch die Einführung dieser Modifikationen 

sollte der Mechanismus der Polymeraseinhibition verändert und die in vivo Wirksamkeit im 

Vergleich zu unmodifiziertem T-1106 verbessert werden. 

Im ersten Teil der Arbeit wurde eine verlässliche Synthesestrategie für diese modifizierten 

Triphosphate entwickelt. Durch SARS-CoV-2-Primer-Extension-Assays, in Zusammenarbeit mit 

der Arbeitsgruppe von B. CANARD, wurden ihre Eigenschaften als Substrate für die RdRp bestimmt. 

Es konnte gezeigt werden, dass 2′-C-methyl-T-1106-5′-Triphosphat effizient durch die RdRp in die 

virale RNA eingebaut wird, anstelle von GTP. Dies führt wiederum zu einem sofortigen 

Kettenabbruch führt. Allerdings bleibt 2′-C-methyl-T-1106-5′-Triphosphat anfällig für den Ausbau 

aus dem viralen Genom durch den ExoN-Proof Reading Komplex. 

Um die Stabilität gegenüber ExoN zu verbessern, wurde im zweiten Teil der Arbeit eine α-thio-

Modifikation eingeführt. Es konnte gezeigt werden, dass 2′-C-methyl-T-1106-5′-α-thio-

Triphosphat weiterhin ein effizientes Substrat für die RdRp darstellt, jedoch stabil gegenüber 

dem Ausbau aus dem viralen Genom durch ExoN ist. 

Basierend auf diesen Ergebnissen wurden im letzten Teil der Arbeit mehrere Prodrugs des 2′-C-

methyl-T-1106-5′-α-thio-Triphosphats synthetisiert und auf ihre antivirale Aktivität getestet. 

Erste Ergebnisse deuten darauf hin, dass Prodrugs mit einer α-thio-Modifikation eine erhöhte 

antivirale Potenz aufweisen könnten.
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1. Introduction  

The oldest known evidence of a viral infection was obtained from a 150-million-years-old bone 

of a Jurassic dinosaur, which showed signs of osteitis deformans, which was caused by an 

infection with Paramyxoviridae.[1] The first known descriptions of humans infected by viruses 

date back 4,000 years, when Sumerians were able to link the death of humans from rabies to a 

bite of a rabid animal.[2] The terminology “virus”, which derived from the latin word for “venom”, 

was first used by the Roman encyclopaedist AULUS CORNELIUS CELSUS in A.D. 50 as the cause of 

rabies.[3] Despite the fact that LOUIS PASTEUR was able to develop the rabies vaccine, he was not 

able to identify the virus under an optical microscope, due to the small size of a virus compared 

to the size of bacteria.[4] In 1892, DIMITRI IWANOWSKI identified the pathogen causing the tobacco 

mosaic disease as a virus by pressing infectious plant sap through a bacteria-proof filter.[5,1] Ten 

years later, FRIEDRICH LOEFFLER and PAUL FROSCH described the pathogen of foot-and-mouth disease 

as the first animal virus.[5] 

In 1900, contagious diseases caused by bacteria were the most common cause of death in the 

USA, whereas nowadays only a negligible number of people in developed country die from 

infectious diseases caused by bacteria.[6] This is mainly due to the development of broad-

spectrum antibiotics and their widespread application since the 1940s.[7] In contrast to bacterial 

infections, the most effective way to combat viral infections is with vaccines, which, for example 

led to the global eradication of smallpox.[8] However, there are still many viruses, such as the 

human immunodeficiency viruses (HIV), for which no vaccine is available.[9]     

Today, the biggest threat is not only the many viruses that exist already but also the numerous 

unidentified viruses that remain undetected in domestic or wild animals. These viruses can 

potentially infect humans and have the potential to cause a global pandemic.[10,11] Most of the 

major pandemics since the beginning of the 20th century have been caused by zoonotic viruses.[10] 

For example, the Influenza-A-Virus H1N1 virus responsible for the Spanish flu in 1918 was most 

likely transmitted from swine to humans.[12] The pathogens responsible for the Ebola pandemic 

in 2014[13] and for the severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) pandemic 

in 2020 were most likely also of zoonotic origin.[14]  

The probability that a virus will cross the species barrier is further increased by the ongoing 

growth of the global population, which is expected to continue until the middle of the 21st 
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century.[15] To feed the growing world population, former rural and forested areas are being 

converted for agricultural production. This greatly increases the exposure of humans and 

domesticated animals to wildlife, thereby raising the likelihood of pathogens crossing the species 

barrier.[16] Additionally, in today’s highly connected and globalized world, travellers can act as 

vectors, spreading pathogens across the globe in a short period of time.[17,18] Another 

contributing factor is that human activities have already caused global warming of around 1.0°C, 

and this number is projected to rise in the coming years. Rising global temperatures will allow 

tropical and subtropical species to expand their ranges, thereby significantly increasing the 

number of people exposed to certain pathogens.[16,19] 

The recent SARS-CoV-2 pandemic, which resulted in millions of deaths, combined with global 

population growth and the ongoing climate crisis in a highly interconnected world, has shown 

that the question is not if a currently unknown pathogen will cause another global pandemic, but 

rather when the next “Disease X” will occur. This underlines the importance of developing new 

antiviral agents in order to be as well prepared as possible for future outbreaks of novel 

pathogens.



 
 THEORY  
 

 

5 
 

2. Theory  

2.1 Severe acute respiratory syndrome coronavirus 2 (SARS‑CoV‑2)  

Coronaviruses (CoVs) are a genetically diverse family belonging to the order Nidovirales. The 

family is further specified into the subfamily Orthocoronavirinae, which consists of four genera: 

Alphacoronavirus, Betacoronavirus, Gammacoronavirus, and Deltacoronavirus. Only 

alphacoronaviruses and betacoronaviruses are able to infect mammalian species. For example, 

HCoV-229E and the more recently identified HCoV-HKU1 primarily infect the respiratory tract 

and are typically associated with mild, seasonal symptoms commonly referred to as the 

“common cold.” In contrast to these members of the coronavirus family, three highly pathogenic 

CoVs have emerged in the last 20 years: SARS-CoV, Middle East respiratory syndrome coronavirus 

(MERS-CoV), and SARS-CoV-2.[20,21] 

The non-segmented, positive-stranded ribonucleic acid (RNA) genome of CoVs have a size 

between 26 and 32 kilobases (kb), making it one of the largest among RNA viruses.[22] 

Approximately two-thirds of the viral RNA, located at the 5′ end, comprises the replicase gene, 

which encodes two open reading frames (ORF1a and ORF1b). Translation of ORF1a and ORF1b 

produces two polyproteins, pp1a and pp1b, respectively. In the SARS-CoV-2 genome, these 

polyproteins are subsequently processed into 16 distinct non-structural proteins (NSPs). At the 

3´-end, the remaining third of the genome translates into ORFs that encode structural and 

accessory proteins. There are four vital structural proteins: Spike (S), Envelope (E), Membrane 

(M), and Nucleocapsid (N) proteins. A fundamental understanding of the viral replication cycle 

and the involved viral enzymes is crucial for identifying suitable targets for the treatment of SARS-

CoV-2 infections.[23,24] A schematic overview of the viral replication cycle is shown in Figure 1.  

Entry of coronaviruses into the host cell. The initial step in the viral replication cycle is the fusion 

of the virus particle with the host cell. The SARS-CoV-2 spike (S) glycoprotein plays a crucial role 

in this step of the cycle. The spike protein is divided into two parts: S1 and S2.[25] The S1 subunit 

is exposed on the surface and contains the receptor-binding domain (RBD), which binds to the 

host cell receptor angiotensin-converting enzyme 2 (ACE2).[26,27] Whereas the S2 subunit 

mediates the fusion of viral and cellular membranes.[28] An essential step in the fusion process is 
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the proteolytic cleavage of the coronavirus S protein by host cell proteases. So far, several host 

proteases have been identified that are used by SARS-CoV-2 to cleave the S protein, among them  

Figure 1: Overview of the SARS-CoV-2 replication cycle: The cycle begins with the binding of the viral spike 

glycoprotein to the angiotensin-converting enzyme 2 (ACE2) receptor on the host cell surface (step 1). Following 

membrane fusion, the viral genome is released into the cytoplasm, where the ORF1a and ORF1b regions are 

translated by host-cell ribosomes (step 2). The resulting polyproteins are processed into non-structural proteins 

(nsp1–16), which assemble into the RTC (step 3). The ER membranes are then reorganized into DMVs, creating 

specialized replication organelles (step 4). Inside these DMVs, RTCs mediate the replication of gRNA and the 

transcription of sgRNAs (step 5). The sgRNAs are translated into structural and accessory proteins required for viral 

assembly (step 6). Newly synthesized gRNA associates with nucleocapsid (N) protein to form nucleocapsids (step 7). 

Structural proteins are transported to the ERGIC, where they are incorporated into nucleocapsids to assemble viral 

particles (step 8). These virus particles are subsequently transported through the Golgi and trans-Golgi network, 

undergoing further maturation, and finally egress from the cell via lysosomal exocytosis (step 9).[24,29] 
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type 2 transmembrane serine protease (TMPRSS2),[30,31] cathepsin B,[32] matrix metalloproteinase 

16 (MMP16),[33] and furin.[34] A more recent study suggests that kallikrein-5 (KLK5) also plays a 

crucial role.[35] Due to the important function of host proteases in viral replication, they are a 

valuable target for chemical inhibition to prevent infection with SARS-CoV-2.[27,36] 

Expression of non-structural proteins. After the fusion of the virus particle with the host cell, the 

5′-capped SARS-CoV-2 genomic RNA (gRNA) with a poly(A) 3′ tail is released into the cytoplasm. 

After this release into the cytoplasm, the gRNA utilizes host ribosomes, which use the gRNA as 

messenger RNA (mRNA) for the translation of ORF1a and ORF1b. This translation produces the 

replicase polyproteins pp1a and pp1b.[37] After proteolytic cleavages performed by the virus-

encoded papain-like protease (PLpro), located in nsp3,[38] and the chymotrypsin-like or main 

protease (Mpro), located in nsp5,[39] 16 nsps are released. Following the release of nsp1 into the 

cytoplasm, it mediates the shutdown of host mRNA translation,[40] whereas nsp2 to nsp16 form 

the viral RTCs. Responsible for RNA synthesis is the nsp12 RNA-dependent RNA polymerase 

(RdRp) and its two cofactors, nsp7 and nsp8. In contrast to many other RNA viruses, SARS-CoV-2 

possesses proofreading function mediated by the 3′ to 5′ exonuclease (ExoN) activity of nsp14.[41] 

Due to their essential role in the formation of RTCs, the viral proteases represent promising 

targets for antiviral therapies aiming to inhibit viral replication.[24] 

Formation of replication organelles. Like all other coronaviruses, SARS-CoV-2 utilizes 

intracellular membranes of host cells to establish replication organelles.[42,43] These organelles 

function as a protected environment for RNA synthesis by concentrating necessary building 

blocks such as metabolites, cofactors, and viral enzymes, while simultaneously shielding viral RNA 

from the host immune system. These replication organelles, known as double-membrane 

vesicles (DMVs), are formed from reorganized membranes of the endoplasmic reticulum (ER) and 

remain connected to the ER via thin double-membrane connectors.[42,43] The formation of DMVs 

is mediated by nsp3, nsp4, and nsp6.[44] 

The replication and transcription complex. The RTC, which is responsible for the synthesis of 

viral RNA, is assembled inside the DMVs from all NSPs except nsp1. At the centre of the complex 

are nsp12, a nsp7–nsp8 heterodimer, and an additional nsp8. Although the RdRp domain is 

contained in nsp12, nsp7 and nsp8 serve as essential cofactors that enhance RdRp activity. It is 

assumed that nsp8 stabilizes the newly synthesized RNA strand during synthesis and acts as a 
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scaffold for various viral proteins.[45–47] Nsp13 functions as a viral helicase that unwinds the viral 

RNA, with two nsp13 molecules positioned at the centre of the RTC during elongation.[48] During 

RNA synthesis, one nsp13 binds to the 5′-end of the template RNA and guides it to the RTC.[22,49] 

These nsp13 molecules prevent backtracking during elongation, however, upon incorporation of 

a mismatched nucleotide, one nsp13 relocates and forces the RdRp to move backwards along the 

newly synthesized RNA strand.[50] This backtracking may allow the ExoN access to the 

misincorporated nucleotide at the 3′-end of the nascent RNA strand, which would otherwise be 

blocked by the RdRp.[51] The RdRp of SARS-CoV-2 is the fastest viral RdRp known so far, which 

may be necessary to efficiently synthesize the large viral genome. This high replication speed 

results in an elevated error rate during elongation, which allows the virus to adapt more rapidly 

under selective pressure but also leads to lower fidelity.[52] To maintain genomic stability and 

replication fidelity, SARS-CoV-2, like other coronaviruses, requires a proofreading function. This 

proofreading activity is provided by the 3′- to 5′-exonuclease domain in nsp14, which forms a 

complex with nsp10 acting as a cofactor.[53,54] 

Viral RNA synthesis. After the assembly of the RTC, genomic replication starts with the synthesis 

of full-length, negative-sense copies of the viral genome, for which the viral gRNA is used as a 

template. The negative-sense gRNA functions as a template for the synthesis of new positive-

sense gRNA, which is used for further translation to generate more nsps and RTCs, or is enveloped 

into new virions.[24,29] A characteristic feature of coronaviruses is the discontinuous viral 

transcription process, which generates a set of nested subgenomic RNAs (sgRNAs). During the 

synthesis of negative-sense RNA, the RTC interrupts transcription after encountering 

transcription regulatory sequences (TRSs), which are located upstream of most ORFs that encode 

structural and accessory genes in the 3´-one-third of the viral genome. This process results in the 

formation of a nested set of negative-sense sgRNAs. These sgRNAs function as templates for the 

synthesis of positive-sense sgRNAs, which are used as templates to translate structural and 

accessory proteins.[55,56] The importance of the RTC for the replication of the viral genome, as 

well as for the transcription of sgRNAs, makes nsp12, which represents the centre of the RTC, 

one of the most promising targets for antiviral agents. 

Virion assembly and virus release. The assembly of new virions may be initiated directly after 

the release of gRNA from the DMVs, by forming complexes with the N protein. At the ER-to-Golgi 

intermediate compartment (ERGIC), the N protein from the previously formed condensates 
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interacts with the cytoplasmic tail of the M protein.[57,58] The M protein plays a key role in virion 

assembly by interacting with the other structural proteins. It coordinates with the E protein, 

which directs the S protein to the sites of virion assembly and mediates their maturation[59,60]. 

The E protein acts as a viroporin, forming homopentameric, calcium-selective ion channels in the 

viral membrane.[61] Subsequently, like other betacoronaviruses, SARS-CoV-2 utilizes ADP-

ribosylation factor-like protein 8B (Arl8b)-dependent lysosomal exocytosis to exit the cell into 

the extracellular environment.[62,63] 

2.2 Treatments for SARS-CoV-2    

So far, the most effective strategy to prevent infection with SARS-CoV-2 has been large-scale 

prophylactic vaccination. To date, four different vaccines have been approved for use in the 

European Union. Bimervax and Nuvaxovid are recombinant protein vaccines. Bimervax contains 

a recombinant RBD fusion dimer of the S protein as its active antigen. Following vaccination, this 

antigen induces an immune response and the production of neutralising antibodies. These 

antibodies target the RBD of SARS-CoV-2, blocking its interaction with the ACE2 receptor and 

thereby preventing membrane fusion and subsequent viral entry.[64] Nuvaxovid acts similarly, but 

employs the full-length recombinant spike protein, stabilised in its prefusion conformation, as its 

antigen.[65]  

Comirnaty and Spikevax are both mRNA vaccines, marking the ground-breaking first use of this 

cutting-edge technology in widespread immunization. They deliver messenger RNA encoding 

various forms of the spike protein, including different variants. Once the mRNA is translated 

within host cells, the expressed spike protein is recognised as a foreign antigen, which stimulates 

both T-cell and B-cell responses. This leads to the generation of neutralising antibodies, 

contributing to robust protection against future SARS-CoV-2 infection.[66,67] 

Although SARS-CoV-2 vaccines have been highly successful in mitigating the impact of the global 

pandemic, SARS-CoV-2 remains a significant public health concern and continues to circulate 

worldwide. This ongoing transmission is due to several factors, including vaccine shortages, 

public hesitancy towards vaccination, reduced vaccine efficacy in immunosuppressed individuals, 

and the ongoing emergence of new viral variants.[68] As of 2025, it is evident that, unlike MERS 

or SARS, SARS-CoV-2 will not be eradicated and has instead become established as a seasonal 

endemic virus. These persistent infections may facilitate the appearance of further mutations, 
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potentially leading to reduced vaccine effectiveness in the future.[69,70] For these reasons, the 

search for effective drugs against SARS-CoV-2 remains important despite the availability of 

efficient vaccines.[68] 

Each of the 29 proteins encoded by the SARS-CoV genome represents a potential drug target. 

Among these, the spike protein, proteases, and the RNA-dependent RNA polymerase are 

particularly crucial for the viral replication cycle and have therefore been identified as especially 

promising candidates for drug development. In recent years, numerous structural studies of 

these viral proteins have established a strong foundation for the development of new antiviral 

drugs.[71,72] 

2.2.1 RBD-targeting antibodies  

As mentioned above, the S protein plays a key role in mediating the fusion of the viral and host 

cell membranes. One of the key steps in this process is the binding of the RBD within the S1 

subunit to the ACE2 receptor. Binding to ACE2 stabilizes the RBD in the “up” conformation,[71] 

which triggers the cleavage of the S protein by human proteases (Chapter 2.1). The other subunit 

of S1 is the N-terminal domain (NTD) (Figure 2).  

 

Figure 2: a| Cryo-EM structure of the SARS-CoV-2 S protein trimer. b| RBD and NTD. c| RBD in complex with 

human ACE2.[73]    
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In animal models, it has been shown that naturally occurring antibodies are capable of binding 

to the S protein. Most of these antibodies target the RBD, leading to neutralization of the S 

protein. Based on their binding sites, they are classified into four distinct classes[74]. These 

neutralizing antibodies (nAbs) are human monoclonal antibodies (mAbs) derived from patients 

who have successfully recovered from SARS-CoV-2 infection[71]. Antibodies that bind to the NTD 

subunit are not discussed in this work. 

Class 1 nAbs bind to the RBM in the RBD only in the “up” conformation (Figure 3)[74]. These 

antibodies are able to neutralize the S protein by preventing its binding to the ACE2 receptor.[75,76] 

Members of this class of nAbs that have received emergency use authorization (EUA) from the 

US Food and Drug Administration (FDA) include AZD8895[77] (tixagevimab), P2C-1F11[78] 

(amubarvimab), LY-CoV016[79] (etesevimab), and REGN-10933[80] (casirivimab). However, most 

class 1 antibodies show high neutralizing activity only against wild-type SARS-CoV-2, and lose 

their neutralizing capability against variants such as Beta, Gamma, and Omicron, as a result of 

mutations in the S protein.[81] 

Similar to class 1 nAbs, class 2 nAbs bind to the RBM within the RBD, blocking its interaction with 

ACE2 and thereby neutralizing the S protein through the same mechanism. However, unlike class 

1, class 2 antibodies can bind to the RBD in both the “up” and “down” conformations of the S 

protein.[74] Notable members of this class include CT-P59[82] (regdanvimab), which has been 

approved in the European Union and South Korea. AZD1061 (cilgavimab) and LY-CoV555[83] 

(bamlanivimab) have received emergency use authorization for the treatment of mild infections 

in high-risk patients.[71] Like class 1 nAbs, class 2 nAbs lose much of their activity against later-

emerging SARS-CoV-2 variants due to mutations in the S protein.[84,85] 

  

Figure 3: Structure of RBD complexes with different class 1,2,3, and 4 nAbs[71].   
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Class 3 nAbs bind a conserved region on the RBD outside of the ACE2 binding region in both the 

“up” and “down” conformations of the RBD.[74] Not all class 3 nAbs share the same neutralizing 

mechanism. For example, the neutralization mechanism of S309[86] (sotrovimab) does not rely on 

directly blocking the binding of the RBD to the ACE2 receptor, but instead on inducing steric 

hindrance and cross-linking of adjacent RBDs.[71,87,86] The advantage of class 3 nAbs over class 1 

and 2 nAbs is their ability to bind to highly conserved epitopes outside of the rapidly evolving 

ACE2 binding site.[71] The epitopes recognized by S309 belong to the most highly conserved 

regions in the SARS-CoV and SARS-CoV-2 RBDs, which enables S309 to broadly neutralize 

sarbecoviruses, including all known SARS-CoV-2 variants.[86] The S309-derived antibodies VIR-

7831 and VIR-7832 received EUA for the treatment of high-risk patients with mild symptoms.[71] 

In contrast to S309, LY-CoV1404[88] (bebtelovimab) binds to an RBD epitope that overlaps with 

the ACE2 binding site, and neutralization is achieved by preventing the RBD from binding to 

ACE2.[88] However, although the bound epitope is structurally closer to epitopes that are bound 

by other class 2 nAbs, LY-CoV1404 still belongs to class 3 and not class 2.[88] The epitope LY-

CoV1404 binds to a region of the S protein that is conserved in SARS-CoV-2 across its variants. 

Therefore, LY-CoV1404 is able to neutralize all SARS-CoV-2 variants.[88] Notably, only small 

changes in neutralization potency were observed against Omicron variants.[89] LY-CoV1404 was 

the only antibody in clinical trials that maintained neutralization potency against Omicron sub 

lineages.[88–90]  

Class 4 nAbs recognize an epitope of the RBD that is highly conserved, which does not directly 

prevent the RBD from binding to the ACE2 receptor. Instead, they bind to an epitope that is only 

accessible when at least two RBDs are in the “up” conformation. The binding of these nAbs leads 

to an unstable state of the S protein, which subsequently prevents the fusion of the viral and host 

cell membranes. The most intensively studied antibody in this class is CR3022, which, together 

with its derivatives, is part of preclinical investigations for therapeutic use.  

Overall, it can be said that class 1 and class 2 nAbs, which target the ACE2 receptor binding site 

in the RBD, will most likely lose their neutralizing abilities with the emergence of SARS-CoV-2 

variants that have mutations in the RBM. In contrast, class 3 and class 4 nAbs are much more 

promising candidates for the development of new broad-spectrum antibodies against 

coronavirus family due to their ability to bind to highly conserved regions of the RBD. However, 
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their mechanisms of neutralization, in contrast to class 1 and 2 nAbs, are not fully understood 

and require further investigation. 

2.2.2 Inhibitors of SARS-CoV-2 proteases  

Viral proteases have been successfully targeted in the past to treat viral infections caused by the 

HIV and hepatitis C virus (HCV). Viral proteases also play a crucial role in the replication cycle of 

SARS-CoV-2. After the release of the viral gRNA into the cytoplasm of the host cell, translation of 

ORF1a and ORF1b produces the polyproteins pp1a and pp1b. The SARS-CoV-2 main protease, 

Mpro, is responsible for the cleavage of these polyproteins at more than 11 sites, which releases 

several nsps that are crucial for further viral replication (Chapter 2.1). In addition to processing 

viral polyproteins, Mpro is involved in the cleavage of several host proteins that are important for 

antiviral signalling pathways. For example, melanoma-associated antigen D2 (MAGED2) 

suppresses viral genome replication by binding to the viral nucleocapsid protein.[91] Therefore, 

inhibition of Mpro should disrupt viral replication and promote the host immune response. For 

these reasons, SARS-CoV-2 proteases represent promising targets for the treatment of COVID-

19.[92] An additional advantage of targeting Mpro lies in its high degree of genetic conservation 

among coronaviruses, suggesting that Mpro inhibitors could serve as effective broad-spectrum 

antivirals against various coronavirus species.[93]   

 

Figure 4: Structure of the Mpro homodimer, highlighting the catalytic domain H41 and C145.[94]   

Mpro is a homodimer composed of two protomers A and B, which acts as a cysteine protease. 

Each of the protomers can be divided into three domains. The catalytic region consists of 

domain I (residues 8–101) and II (residues 102–184). In the cleft between these two domains the 

catalytic H41-C145 dyad and the substrate binding site are located. Domain III (residues 201–306) 
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binds to domain II and is responsible for the formation of the dimer, which is crucial for the 

catalytic activity (Figure 4).[95,96,94]    

Inhibitors that target the active site of Mpro can be divided into two classes: peptidomimetics and 

small molecules. Peptidomimetics are synthetic compounds that mimic peptides through their 

molecular structure. By mimicking peptides, they provide high specificity and selectivity for 

targets, fewer off-target effects, and reduced toxicity. Compared to natural peptides, 

peptidomimetics also offer enhanced metabolic stability through chemical modifications. 

However, they frequently suffer from poor oral bioavailability and limited membrane 

permeability, compared to small molecules.[94] One of the most promising members of this class 

is Nirmatrelvir 1, which received approval by the FDA in 2023. Leritrelvir 2, another 

peptidomimetic Mpro inhibitor, has also been approved by the National Medical Products 

Administration (NMPA) in China.[71] 

 

Figure 5: Structures of the different Mpro inhibitors.    

The second class, small molecule inhibitors, generally exhibit better membrane permeability and 

oral bioavailability than peptidomimetics. Nevertheless, they may face challenges related to 

metabolic stability, which can necessitate more frequent dosing due to their shorter half-lives. 
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Additionally, small molecules tend to have a higher risk of off-target effects and toxicity, primarily 

due to lower selectivity for the target enzyme. This class of inhibitors is also more likely to 

contribute to the development of drug resistance.[94] One of the most prominent members of 

this class of Mpro inhibitors is Ensitrelvir 3, which was developed through virtual screening 

followed by structure-based optimization. Ensitrelvir 3 has achieved approval for clinical use in 

Japan.[71,97] Masitinib 4 is another promising Mpro inhibitors that is approved for the treatment of 

mast cell tumours in dogs, and was discovered through the screening of 1900 clinically safe drugs 

against human coronavirus OC43.[71,98]   

2.2.3 Inhibitors of SARS-CoV-2 RdRp   

As described above, the nsp7-nsp8-nsp12 holo RdRp complex is situated at the centre of the RTC 

of SARS-CoV-2 (Chapter 2.1). The RdRp catalyses the incorporation of nucleoside triphosphates 

(NTPs) into the newly synthesized product RNA (pRNA) using a template RNA strand. Due to its 

essential role in the viral replication cycle, RdRp represents a particularly attractive target for 

antiviral drug development.[71] 

 

Figure 6: a| Structure of nsp12. b| View of the RdRp active site.  

Within the RdRp complex, nsp12 serves as the catalytic subunit responsible for RNA synthesis.[99] 

Nsp12 consists of three major domains: a N-terminal nidovirus RdRp-associated 

nucleotidyltransferase (NiRAN) domain (residues 1–250), an interface domain connecting the 

NiRAN and RdRp regions (residues 251–398), and the core RdRp domain (residues 399–
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932).[100,101] The architecture of the core RdRp domain resembles a hollow hand, which is 

reflected in the naming of its three subdomains: fingers, palm, and thumb. The active site of the 

core RdRp domain can be further subdivided into seven highly conserved functional motifs, 

labelled A through G, which are characteristic of positive-stranded RNA viruses (Figure 6).[68,102] 

The role of these motifs in RNA synthesis has been resolved through X-ray crystallography studies 

of the RdRp of HCV, owing to their conserved structure among positive-stranded RNA 

viruses.[103,104] In the initial step, positively charged Lys and Arg residues in motifs D and F 

recognize the incoming NTP via charge–charge interactions. Subsequently, the NTP diffuses 

through the entry channel to reach the active site.[105] Through interactions with residues in 

motifs A, B, and F, the NTP is positioned into the binding site. Specifically, the NTP forms 

stabilizing hydrogen bonds with motifs A and B, while motif F helps to establish a Watson–Crick 

base pair with the template nucleotide.[105,106] If the incoming NTP is correctly positioned inside 

the active site, the two catalytic Mg²⁺ ions are stabilized through interactions with the α and β 

phosphates of the NTP, the 3′-hydroxy group of the pRNA, and the catalytic Asp residues in motif 

C. Subsequently, interactions involving motifs A and B with the base promote the closure of the 

active site, thereby facilitating the nucleophilic attack of the deprotonated 3′-hydroxy group on 

the α-phosphorus atom of the incoming NTP. This reaction results in the elongation of the pRNA 

by one nucleotide and the release of pyrophosphate (Figure 6).[68,107] 

A wide range of different non-natural nucleoside analogues have been evaluated for their ability 

to inhibit the RdRp activity of the SARS-CoV-2 RTC. These nucleoside analogues exhibit different 

mechanisms of action with respect to the inhibition of RdRp. The most prominent nucleoside 

analogue used for the treatment of COVID-19 is Remdesivir 5, which received approval from the 

FDA in 2020. Remdesivir 5 was originally developed in an effort to find a broad-spectrum antiviral 

effective against RNA viruses in general, and the EBOV specifically, in response to the EBOV 

outbreak in 2014. This research was conducted as a collaboration between Gilead Sciences, the 

U.S. Centers for Disease Control and Prevention (CDC), and the U.S. Army Medical Research 

Institute of Infectious Diseases (USAMRIID).[108]  

Remdesivir 5 is a phosphoramidate monophosphate prodrug of the 1´-cyano-substituted 

adenosine C-nucleoside GS-441524. The monophosphate prodrug is able to penetrate cell 

membranes and subsequently releases GS-441524-5´-monophosphate inside the cell, which is 
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then further phosphorylated by host cell kinases to form the antiviral active triphosphate, 

Remdesivir nucleoside-5´-triphosphate (RTP) 6 (Chapter 2.3). RTP 6 competes with adenosine-5´-

triphosphate (ATP) during RNA synthesis and can be incorporated into the pRNA by RdRp. 

Incorporation of RTP 6 does not lead to immediate chain termination. Instead, the 3´-OH group 

of RTP 6 allows the RdRp to continue RNA synthesis. However, when the incorporated RTP 6 

reaches position i+3, a steric clash between the 1´-cyano group and S861 of nsp12 prevents 

further elongation of the RNA strand by the RdRp. This mechanism of action is called “delayed 

chain termination”.[47,109]  

 

Figure 7: Structures of Remdesivir 5 and Molnupiravir 7 and the respective triphosphates 6 and 8.  

Another prominent nucleoside analogue used for the treatment of infections with SARS-CoV-2 is 

Molnupiravir 7, which received EUA from the FDA in 2021.[110] Molnupiravir 7 is a prodrug that is 

intracellularly metabolized into its active form, β-D-N4-hydroxycytidine-5´-triphosphate (MTP) 

8.[111] MTP 8 can be used by the SARS-CoV-2 RdRp as a substrate in place of uridine-5´-

triphosphate (UTP) or cytidine-5´-triphosphate (CTP). The incorporation of MTP into the viral RNA 

strand does not lead to immediate or delayed chain termination. Instead, when the RdRp 

synthesizes -gRNA and -sgRNA using +gRNA as a template, M is frequently incorporated instead 

of U or C. This is possible because MTP exists in different tautomeric forms that allow base pairing 
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with both G and A. In the subsequent step, RNA strands containing M are used as templates for 

the synthesis of +gRNA and +sgRNA. The presence of M in the template strand induces such a 

high degree of mutation that too much genomic information is lost to produce functional RNA 

products, which leads to the termination of viral replication. This mechanism of action is referred 

to as lethal mutagenesis or error catastrophe.[111,112] The SARS-CoV-2 RdRp possesses high 

selectivity for Remdesivir 5 and Molnupiravir 7, as such, their incorporation does not affect the 

initial round of RNA synthesis. This limits their recognition and excision by the ExoN.[71,112]       

 

Figure 8: Structures of Favipiravir analogues, their nucleosides as well as their nucleoside triphosphates.  

Favipiravir, also known as T-705 9, is a nucleoside analogue originally developed by Toyama 

Chemical Co. Ltd. for the treatment of influenza, receiving clinical approval in Japan in 2014.[113] 

In addition to influenza[113], Favipiravir 9 exhibits broad-spectrum activity against various RNA 

viruses, including Ebola virus (EBOV)[114] and Lassa virus (LASV).[115] It functions as a prodrug that 

is metabolized by the host enzyme hypoxanthine guanine phosphoribosyltransferase (HGPRT) to 

generate Favipiravir-ribofuranosyl-5'-monophosphate (FRMP) 10, which is subsequently 

phosphorylated to the active triphosphate form, Favipiravir-ribofuranosyl-5'-triphosphate (FRTP) 

11.[116] Favipiravir exerts its antiviral effect through a mechanism similar to that of Molnupiravir 

7. However, unlike Molnupiravir 7, FRMP 11 is incorporated into viral RNA by the SARS-CoV-2 

RdRp as a substitute for ATP or guanosine-5´-triphosphate (GTP), owing to its ability to form 
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Watson–Crick base pairs with U and C (Figure 9). This misincorporation leads to lethal 

mutagenesis, ultimately preventing further viral replication.[117] 

 

Figure 9: Base pairing of Favipiravir 9 with cytosine and uridine. 

Recent studies indicate that the non-fluorinated analogue of Favipiravir, T-1105 12, offers several 

advantages. Research from the group of C. MEIER has shown that Favipiravir-ribonucleoside 10 is 

challenging to handle due to its chemical instability, which complicates phosphorylation and 

subsequent modifications.[118] In contrast, T-1106 13 displays significantly greater stability, 

enabling reliable synthesis of both phosphorylated and ribose-modified T-1106 derivatives.[119] 

Furthermore, removal of the fluorine atom from the pyrazine ring not only enhances chemical 

stability but also increases antiviral potency. For example, T-1105 12 exhibits fivefold higher 

activity against influenza compared to Favipiravir 9.[120] Additionally, T-1106-5'-triphosphate (T-

1106-TP) 14 has been shown to be incorporated more efficiently by the SARS-CoV-2 RdRp into 

viral RNA than FRTP 11.[52] 

2.3 Prodrug systems for nucleoside analogues 

In Chapter 2.2, it was demonstrated that, following cellular uptake, nucleoside analogues must 

be phosphorylated by host cell enzymes to their corresponding triphosphate forms, which 

represent the pharmacologically active species. Each phosphorylation step may present a 

potential “bottle-neck”, as nucleoside analogues are not the natural substrates for human 

kinases (Figure 10). This can lead to inefficient phosphorylation and, consequently, reduced levels 

of the active compound. Direct administration of the active triphosphates is not feasible, 

however, due to their high negative charge, which prevents their passage through the lipophilic 

cell membrane. To overcome this limitation, several prodrug strategies have been developed.[121]  

Prodrugs are pharmacologically inactive derivatives designed to release the active compound at 

the target site, most commonly through chemical or enzymatic cleavage. By converting 

nucleoside analogues into prodrugs that either lack negative charges or possess charges masked 
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by lipophilic groups, cellular uptake is facilitated. Once inside the cell, these prodrugs can release 

the phosphorylated active species, thereby significantly enhancing the bioavailability of the 

active compound.[121] Importantly, the cleaved masking units must not exhibit cytotoxic effects. 

Several approaches have been established to enable the intracellular delivery of mono-, di-, and 

triphosphates. Beyond improving bioavailability, prodrug systems can also enhance the 

physicochemical and pharmacokinetic properties of nucleoside analogues, including solubility, 

chemical stability, first-pass metabolism, and toxicity profiles.[122–124] 

 

Figure 10: Cell-membrane diffusion and metabolic pathway of nucleosides and nucleotide prodrugs.  

The ProTide (Prodrug + nucleotide) strategy developed by MCGUIGAN et al. in 1992 is one of the 

most commonly used prodrug strategies at the moment. This is due to the fact that ProTides are 

relatively easy to prepare, and it has been shown that they significantly increase the potency of 

their parent nucleotides. Another factor that has boosted the popularity of this prodrug system 

is the fact that numerous FDA-approved drugs rely on it. Examples include Remdesivir 5 (SARS-

CoV-2), Sofosbuvir (hepatitis C), and Tenofovir alafenamide (hepatitis B, HIV).[125]  

ProTides are phosphoramidates, where the hydroxyl groups of the monophosphate are masked 

by an aromatic group and an amino acid ester moiety. This lipophilic masking enables ProTides 

to permeate the cell membrane. Once inside the cell, the monophosphate is released following 

the metabolic cleavage of the masking units. The mechanism of the cleavage is shown in Figure 

11. In the first step, the amino acid ester is cleaved by esterases. Cathepsin A and 

carboxylesterase 1 (CES1) have been identified as the enzymes primarily responsible for ester 



 
 THEORY  
 

 

21 
 

cleavage.[126,127] Extensive research by MCGUIGAN has shown that the structure of the ester moiety 

has a significant impact on the efficiency of the cleavage, which correlates with biological 

activity.[128] Another factor that influences biological activity is the lipophilicity of the ester 

moiety, as it affects cellular uptake.[128] Additionally, beyond the influence of the ester moiety, 

the aryl motif also impacts the lipophilicity of the ProTide. The most commonly used aryl moieties 

are the phenyl and naphthalene groups. By introducing electron-withdrawing substitutions on 

these aryl groups, biological activity can be increased, whereas electron-donating groups tend to 

have a negative impact on biological activity.[129] It has also been shown that the structure of the 

amino acid significantly influences the efficiency of ester hydrolysis.[130] For example, cathepsin 

A is unable to hydrolyse ProTides with amino acids like L-valine or L-isoleucine due to their 

branched structures.[131]  

 

Figure 11: Mechanism of the metabolic cleavage of ProTides.[125] 

Ester cleavage leads to the formation of a carboxylate, which subsequently undergoes an 

intramolecular nucleophilic attack on the phosphate group. After the aryl leaving group is 

cleaved, a five-membered anhydride ring is formed.[125] In the following step, a water molecule 

nucleophilically attacks either the phosphate or the carbonyl carbon, both of which lead to ring 

opening and the formation of a phosphoramidate intermediate. In the final step, the 

monophosphate is released upon cleavage of the P–N bond. The enzyme responsible for this 

cleavage is the histidine triad nucleotide-binding protein 1 (HINT1), which functions as a 

phosphoramidase (Figure 11).[125]  
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In 1993, THOMSON et al. developed the acyloxybenzyl (AB) and bis(acyloxybenzyl) (BAB) prodrug 

concepts by masking azidothymidine-5´-monophosphate (AZT-MP) with two acyloxybenzyl 

moieties.[132] Once the lipophilic masked monophosphate passes through the cell membrane, the 

acyl group is cleaved off by host cell esterases. The resulting electron-donating alcoholate 

undergoes a 1,6-elimination, leading to the cleavage of the benzyl moiety and the release of the 

monophosphate (Figure 11).[132] 

This concept was adopted by the group of C.MEIER in 2008 for the development of masked 

diphosphate prodrugs. The coupling of bis(acyloxybenzyl) phosphoramidates with NMPs yielded 

upon oxidation the desired BAB diphosphate prodrugs (DiPPro). Due to the high lipophilicity of 

the acyl residues, it was possible to mask the remaining negative charge of the diphosphate, 

enabling the DiPPro compounds to cross the cell membrane and release the corresponding 

diphosphate inside the cell.[133] 

This breakthrough paved the way for the development of BAB triphosphate prodrugs 

(TriPPPro).[134,135] TriPPPro compounds can be synthesized in the same way as DiPPro, by coupling 

a BAB phosphoramidate with an NDP followed by oxidation of the γ-phosphorus. However, this 

strategy faces the challenge of synthesizing the corresponding NDPs, which are significantly more 

complex to prepare compared to NMPs. As a result, an alternative synthetic approach for 

TriPPPro compounds was developed. In the first step, a BAB-H-phosphonate is activated using N-

chlorosuccinimide (NCS), transforming it into the corresponding masked diphosphate through 

reaction with tetrabutylammonium phosphate. After activating this diphosphate by reacting it 

with trifluoroacetic anhydride and 1-methylimidazole, subsequent coupling with NMPs yields the 

desired TriPPPro compounds. (Figure 12).[134,135] 

 

Figure 12: General synthesis of TriPPPro compounds via H-phosphonate route. [134,135]
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3. Objectives   

In a previous study conducted by our research group in collaboration with the research group of 

B. CANARD, it could be demonstrated that the SARS-CoV-2 RdRp readily incorporates T-1106-TP 

14 into the viral RNA in place of guanosine[52]. This study indicates that T-1106-TP 14 primarily 

functions as a mutagen rather than a chain terminator. The ultimate goal of the current work is 

to develop a T-1106-derived RdRp inhibitor that acts as an immediate chain terminator, which 

may enhance the antiviral properties of these compounds compared to T-1106. 

To achieve this objective, the first aim of this thesis was to synthesize a library of T-1106-derived 

5'-triphosphates for use in primer extension assays to evaluate their efficiency in being 

incorporated into viral RNA by the RdRp. Only those T-1106 analogues proven to be efficient 

substrates for the RdRp will be considered in the development of a future prodrug strategy. 

Screening 5'-triphosphates through primer extension assays offers a more time- and cost-

efficient approach to identifying new potential RdRp inhibitors. In contrast, synthesizing and 

testing prodrugs for each potential candidate would significantly increase both the synthetic 

workload and the number of different compounds needing evaluation in cell-based infection 

assays.  

The most common modification of a nucleoside that leads to chain termination is the removal or 

replacement of the 3′-hydroxyl group, which prevents the RdRp from incorporating the 

subsequent nucleoside building block during RNA synthesis. These nucleoside analogues are 

referred to as “obligate” chain terminators because their incorporation inevitably leads to chain 

termination in the viral RNA[136]. 

For this thesis, three distinct 3′-modifications were chosen: First, the 3′-deoxy modification, the 

simplest alteration, in which the hydroxyl group is removed and replaced by a hydrogen atom. 

Second, the 3′-hydroxyl group is substituted with a fluorine atom. The replacement of hydroxyl 

groups with fluorine is a well-known bioisosteric modification in medicinal chemistry, particularly 

during lead optimization[137]. Lastly, the 3′-hydroxyl group is replaced by an azide group, derived 

from the antiretroviral drug AZT, which also features a 3′-azide modification.  
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Besides 3'-deoxy-obligate chain-terminating NAs, there are also non-obligate chain-terminating 

NAs. These NAs retain their native 3'-hydroxy group but can still lead to chain termination, even 

though they could theoretically be incorporated without disrupting chain extension[136].  

One of the most common modifications to nucleosides that result in non-obligate chain-

termination, is the introduction of a 2'-C-methyl group. When NAs with a 2'-C-methyl 

modification are integrated into viral RNA, the 2´-C-methyl group hinders further extension of 

the RNA strand by sterically hindering the binding of the next incoming NTP[138]. This strategy has 

already been used successfully to treat HCV in past[138–140]. 

In addition to the 2´-C-methyl modification, the 2´-deoxy-2´-α-fluoro-2´-β-C-methyl modification 

has also proven effective in treating HCV, particularly in the FDA-approved drug Sofosbuvir[141].  

 

Figure 13: Selected modified T-1106-5´-triphosphates for testing in primer extension assay.  
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Given the substantial success of these two modifications in the past, they should also be applied 

to T-1106. Figure 13 illustrates all the modified T-1106-5'-triphosphates that are proposed for 

synthesis and subsequent testing in the primer extension assay. 

After identifying a triphosphate that serves as an effective substrate for the SARS-CoV-2 RdRp, 

the second aim of this thesis is to develop a prodrug strategy for the corresponding nucleoside, 

to assess its antiviral activity in cell-based infection assays. 
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4. Results and Discussion  

4.1 Retrosynthesis of modified T-1106-5´-triphosphates 

The modified T-1106-5´-triphosphates should be synthesized in a single step from the 

corresponding nucleosides. These nucleosides are obtained through the coupling of methyl 3-

hydroxy-2-pyrazinecarboxylate 20 with the appropriate ribose building block, followed by 

deprotection. The retrosynthetic Figure is illustrated in Figure 14. 

Figure 14: Retrosynthetic Figure for the synthesis of modified T-1106-5´-triphosphates. 

Methyl 3-hydroxy-2-pyrazinecarboxylate 20 should be synthesized in two steps from 

commercially available 3-amino-2-pyrazinecarboxylic acid 21, as shown in Figure 15.  

 

Figure 15: Retrosynthetic Figure for the synthesis of modified methyl 3-hydroxy-2-pyrazinecarboxylate 20. 

 

Figure 16: Retrosynthetic Figure for the synthesis of the 3-deoxy ribose building blocks. 
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All three ribose building blocks required for the 3´-modified triphosphates should be synthesized 

in five steps from D-Xylose 25 (Figure 16). The first two synthetic steps are identical for all three 

building blocks, which significantly reduces the overall number of synthetic steps required. 

 

Figure 17: Retrosynthetic Figure for the synthesis of the 2-C-methyl ribose building blocks. 

1,2,3,5-Tetra-O-benzoyl-2-C-methy-D-ribofuranose 26, which is used as building block for the 

synthesis of the 2´-C-methyl-T-1106-5´-triphosphate 15 is commercially available and doesn’t 

need to be synthesized. The 2-deoxy-2-fluoro-2-C-methyl building block 27 should be synthesized 

in two steps from commercially available 3,5-di-O-benzoyl-2-deoxy-2-α-fluoro-2-β-C-methyl-D-

ribono-1,4-lactone 28 (Figure 17). 

4.2 Synthesis of the nucleoside building blocks 

4.2.1 Synthesis of pyrazine building block  

Methyl 3-hydroxy-2-pyrazinecarboxylate 20 was synthesized according to established literature 

methods.[119,142] In the initial step, 3-amino-2-pyrazinecarboxylic acid 21 was converted to 3-

hydroxypyrazine-2-carboxylic acid 29 via diazotisation using sodium nitrite and sulfuric acid, 

followed by aqueous workup, resulting in a yield of 77%.  

Figure 18: Synthesis of methyl-3-hydroxy-2-pyrazinecarboxylate 20. 
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Subsequently, 3-hydroxypyrazine-2-carboxylic acid 29 was transformed into its corresponding 

methyl ester 20 in methanol in the presence of sulfuric acid, resulting in a yield of 72% (Figure 

18).  

4.2.2 Synthesis of the ribose building blocks 

The 3-deoxy ribose building block 5-O-benzoyl-1,2-di-O-acetyl-3-deoxy-D-ribofuranose 22, was 

synthesized starting from D-xylose 25 in five steps. This method was previously established in a 

thesis[119] and combines two distinct literature protocols.[143,144] In the initial step D-xylose 25 was 

protected with 1,2-isopropylidene group, which was introduced with acetone in the presence of 

a catalytic amount of sulfuric acid, achieving a yield of 81%. In the subsequent step, the 5-position 

was protected with a benzoyl group by reacting compound 30 with benzoyl chloride and 

triethylamine, resulting in a yield of 87%.  

 

Figure 19: Synthesis of 5-O-benzoyl-1,2-di-O-acetyl-3-deoxy-D-ribofuranose 22 starting from D-Xylose 25. 

To remove the 3-hydroxy group, a BARTON-MCCOMBIE deoxygenation was performed. Compound 

31 was reacted with O-phenyl chlorothionoformate and 4-dimethylaminophenol (4-DMAP), 

resulting in the corresponding thionoester 32 in a yield of 75%. The subsequent deoxygenation 

with tributyltin hydride and azobisisobutyronitrile (AIBN) produced the 3-deoxy ribose 33 in a 

yield of 94% (Figure 19). The 1,2-isopropylidene protection group was then cleaved by reacting 

compound 33 with sulfuric acid and acetic anhydride, resulting in replacement with 1,2-di-O-

acetyl protecting groups. Finally, the desired 3-deoxy ribose building block, 5-O-benzoyl-1,2-di-
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O-acetyl-3-deoxy-D-ribofuranose 22, was obtained as an anomeric mixture in 77% yield, giving an 

overall yield of 38% over the five steps. 

 

Figure 20: Attempt to fluorinate compound 31 with DAST. 

The initial approach to synthesize the 3-fluoro ribose building block, 5-O-benzoyl-1,2-di-O-acetyl-

3-deoxy-3-fluoro-D-ribofuranose 23, involved reacting compound 31 with diethylaminosulfur 

trifluoride (DAST), followed by the exchange of the 1,2-protecting groups (Figure 20). This route 

was expected to yield the desired building block. However, after the fluorination step, the 

isolated compound exhibited a missing proton signal in the 1H-NMR spectrum, and the expected 

mass was not observed. Although the exact structure of the isolated compound could not be 

determined, it is assumed that an elimination reaction occurred during the process. Due to the 

failure of this initial fluorination attempt, an alternative method, previously published[145] and 

successfully used for the synthesis of 3'-fluoro nucleosides,[146] was adopted. In the initial step, 

the 1,2-isopropylidene acetal of compound 31 was cleaved, and a methoxy group was introduced 

at the 1-position by refluxing 31 in a 1% iodine in methanol solution, yielding 35 with 76% 

yield.[147] Fluorination of 35 using DAST under the established conditions resulted in a 52% yield 

of an anomeric mixture of compound 36. This yield was approximately 10% lower than the 

published results, despite there being no evidence of difluorinated products or epoxide 

formation. In the final step, the 1,2-isopropylidene protecting group was removed and replaced 

with 1,2-di-O-acetyl groups under the same reaction conditions previously established for the 3-

deoxy ribose building block. 5-O-Benzoyl-1,2-di-O-acetyl-3-deoxy-3-fluoro-D-ribofuranose 23 was 

obtained in a yield of 73%, with an overall yield of 20% as an anomeric mixture (Figure 21). The 

synthesis of the 3-azido ribose building block followed a previously published procedure, which 

describes the preparation of  3-azido-5-O-benzoyl-3-deoxy-1,2-O-diacetyl-D-ribofuranose 24 

starting from D-xylose 25 in five steps.[148,149] The first two reaction steps were identical to those 

previously used for the synthesis of 3-modified ribose building blocks. Subsequently, compound 

31 was treated with trifluoromethanesulfonic anhydride to convert the 3-hydroxy group into a 

superior leaving group. Due to the lability of the intermediate 37, it was reacted immediately in 
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the next step with sodium azide and a catalytic amount of tetrabutylammonium iodide (TBAI) as 

a phase transfer catalyst, yielding the azide 38 in 29% over two steps. The lower yield compared 

to the literature may be attributed to slight differences in reaction conditions. Finally, the 1,2-

isopropylidene protecting group was replaced with 1,2-di-O-acetyl groups under the previously 

described conditions, resulting in a yield of 73% and an overall yield of 15% as an anomeric 

mixture for 3-azido-5-O-benzoyl-3-deoxy-1,2-O-diacetyl-D-ribofuranose 24 (Figure 21). 

Figure 21: Synthesis of 5-O-benzoyl-1,2-di-O-acetyl-3-deoxy-3-fluoro-D-ribofuranose 23 and 3-azido-5-O-benzoyl-3-

deoxy-1,2-O-diacetyl-D-ribofuranose 24 starting from D-Xylose 25. 

The 2-deoxy-2-α-fluoro-2-β-C-methyl ribose building block, 1-O-acetyl-2-deoxy-3,5-di-O-benzoyl-

2-α-fluoro-2-β-C-methyl-D-ribofuranose 27, was synthesized according to a previously published 

procedure starting from 3,5-di-O-benzoyl-2-deoxy-2-α-fluoro-2-β-C-methyl-D-ribono-1,4-lactone 

28 in two steps.[150–152]  In the initial step, the lactone 28 is reduced to the corresponding lactol 

39 using the sterically hindered reducing agent lithium tri-tert-butoxyaluminum hydride, which 

prevents the reduction of the carbonyl functions of the protecting groups. In the second step the 

hydroxy group is acetylated by reacting the lactol 39 with acetic anhydride and 4-DMAP. This 
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reaction yielded 1-O-acetyl-2-deoxy-3,5-di-O-benzoyl-2-α-fluoro-2-β-C-methyl-D-ribofuranose 

27 in a yield of 93% over two steps as an anomeric mixture (Figure 22).  

 

Figure 22: Synthesis of 1-O-acetyl-2-deoxy-3,5-di-O-benzoyl-2-α-fluoro-2-β-C-methyl-D-ribofuranose 27. 

4.3 Synthesis of the modified T-1106 nucleosides  

The nucleosides 40, 41, and 42 were prepared following an already published procedure for the 

synthesis of modified T-1106 nucleosides,[118] which was slightly modified in a previous thesis.[119] 

The method is based on the VORBRÜGGEN glycosylation, which is an extension of the 

silyl-HILBERT-JOHNSON reaction.[153] In the initial step, 20 is silylated with hexamethyldisilazane 

(HMDS) to form compound 43. This increases the lipophilicity of compound 43, enhancing its 

solubility in organic solvents, and it also increases the electron density in the aromatic ring, 

making 43 a significantly better nucleophile than 20 (Figure 23).  

 

Figure 23: Silylation of methyl-3-hydroxy-2-pyrazinecarboxylate 20.  

In the second step, the acetyl group at the 2-position of the ribose building block 23 undergoes 

an intramolecular attack on the anomeric carbon, catalyzed by tin(IV) chloride. The mechanism 

is illustrated using the 3-deoxy-3-fluoro building block 23 (Figure 24), but it applies similarly to all 

other ribose building blocks. This process releases the 1-acetyl group, which is coordinated by a 

tin(IV) chloride molecule, leading to the formation of a cyclic oxonium ion, 44. The electrophilic 

oxonium ion is then nucleophilically attacked by the intermediate 43, resulting in the release of 

trimethylsilyl acetate and the formation of the desired nucleoside 41. Due to the steric hindrance 

imposed by the oxonium ion, which prevents a nucleophilic attack from the lower face, the β-

anomer of the nucleoside is formed exclusively (Figure 24). 
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Figure 24: Mechanism of the silyl-HILBERT-JOHNSON reaction.  

In the synthesis of nucleosides 40, 41, and 42 the first step involves refluxing 20 in HMDS for one 

hour. After removing the HMDS under reduced pressure, the silylated compound 43 is obtained 

as a solid. This solid is then redissolved in acetonitrile and dichloromethane, and the 

corresponding ribose building block along with tin(IV) chloride is added. The reaction mixture is 

stirred overnight at room temperature and then refluxed for 30 to 60 minutes to enhance 

conversion. Extending the reflux time can further improve ribose conversion and increase yields, 

but it also raises the risk of forming the undesired α-anomer. The yields for those protected 

nucleosides ranged from 57% to 85%, depending on the size of the modification at the 3´-

position. A larger modification better protects the ribose from nucleophilic attack from the 

underside, allowing longer reflux times without forming the α-anomer (Figure 25). 

 

Figure 25: Synthesis of the nucleosides 40, 41, and 42 starting from their corresponding ribose building blocks. 

In the second step, the benzoyl groups were cleaved by stirring compounds 45, 46, and 47 

overnight in 7 N methanolic ammonia. At the same time, the methoxy group was cleaved as well, 

leading to the formation of the corresponding amides 40, 41, and 42 in good yields (Figure 25). 

No traces of the α-anomer could be detected by nuclear OVERHAUSER effect spectroscopy (NOESY).  
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Figure 26: Synthesis of the nucleoside 49 starting from the ribose building block 26. 

2´-C-Methyl-T-1106 49 was synthesized under same reaction conditions as shown in Figure 25. 

The coupling with 1,2,3,5-tetra-O-benzoyl-2-C-methyl-β-D-ribofuranose 26 under the established 

VORBRÜGGEN conditions afforded the tribenzoylated nucleoside in 61% yield and the cleavage of 

the protecting groups with methanolic ammonia proceeded in 91% yield, comparable to the 

other synthesized T-1106 nucleosides (Figure 26). 

  

Figure 27: Synthesis of the nucleoside 51 starting from the ribose building block 27. 

For the synthesis of 2´-α-fluoro-2´-β-C-methyl-T-1106 51, the same reaction conditions were 

used as well. In contrast to the literature HMDS was used instead of N,O-

bis(trimethylsilyl)acetamide as silylation reagent, which did not had any influence on the 

yield.[150] Due to the fact, that the ribose building block 27 lacks a carbonyl function at the 2-

position, no oxonium ion could be formed, which led to the formation of a mixture of anomers 

of compound 50, that had to be separated by column chromatography (Figure 27).  

Additionally, the non-modified T-1106-5´-triphosphate 14 needed to be synthesized as a 

reference compound for the RdRp assay. The triphosphate 14 can be synthesized starting from 

T-1106 13. For the synthesis of T-1106 13, peracetylated ribofuranose 52 was coupled under 

standard conditions with 20, yielding the protected nucleoside 53 with a yield of 77%. 

Subsequently, 53 was deprotected under standard conditions using ammonia in methanol to 

yield T-1106 13 in a yield of 93%. As synthesizing T-1106-5´-triphosphate 14 directly from T-1106 
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13 proved unfeasible (Chapter 4.4), the corresponding methyl ester of T-1106 54 was prepared 

by deprotecting 53 with sodium methoxide in methanol, leading to a yield of 92% (Figure 28). 

  

   

Figure 28: Synthesis of T-1106 13 and the corresponding methyl ester 54.  

4.4 Synthesis of modified T-1106-5´-triphosphates 

Several methods exist for synthesizing nucleoside 5'-triphosphates from the corresponding 

nucleoside 5’-monophosphates activated as phosphoramidite,[154,155] morpholidate,[156–158] or 

imidazolidate.[159,160] The JESSEN protocol,[161] which utilizes an iterative approach, has been 

successfully applied in the past to synthesize T-1106-5´-triphosphate 14.[120] All of these different 

methods have in common that they require three to four synthetic steps from the corresponding 

nucleoside to synthesize the 5´-triphosphate. Given the large number of triphosphates that 

needed to be synthesized for this thesis, these procedures were considered impractical due to 

their considerable time requirements. The LUDWIG & ECKSTEIN protocol[162] offers a more efficient 

solution with its “one-pot, three-step” strategy, enabling the synthesis of 5'-triphosphates in a 

single step starting from the nucleoside. In Figure 29 the synthesis of 2´-α-fluoro-2´-β-C-methyl-

T-1106-5´-triphosphate 16 is discussed in detail. However, the same approach was applied to all 

other nucleoside 5'-triphosphates synthesized in this thesis using the LUDWIG & ECKSTEIN protocol. 

Although this protocol has been optimized multiple times in the past, the exact reaction 

conditions still vary considerably depending on the nucleoside employed.[163–166] In particular, 

reaction time, the amount of phosphoryl chloride, and the choice of base vary according to the 
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nucleoside. For the synthesis of the various modified T-1106-5'-triphosphates described herein, 

consistent reaction conditions were used, with slight optimizations based on those previously 

established in earlier work.[119] 

 

Figure 29: Synthesis of 2´-α-fluoro-2´-β-C-methyl-T-1106-5´-triphosphate 16 using LUDWIG & ECKSTEIN conditions.  

In the initial step, nucleoside 51 reacts using YOSHIKAWA conditions[167] to form the corresponding 

dichlorophosphoridate 55. This step presents the greatest challenge when applying the LUDWIG & 

ECKSTEIN protocol. The first phosphorylation can generate a complex mixture of different 

phosphorylation products due to the use of an unprotected nucleoside. If this occurs, the 

subsequent reaction step may result in an inseparable mixture of various products. To avoid this, 

it is essential to carefully select the reaction temperature and time, as well as the precise 

amounts of phosphoryl chloride and base in the first step (Figure 29). For the synthesis of the 

modified T-1106-5´-triphosphates, the use of five equivalents of phosphoryl chloride and two 

equivalents of proton sponge (1,8-bis(N,N-dimethylamino)naphthalin) proved effective. At 0°C, 

this high concentration of phosphoryl chloride resulted in good conversions and the minimal 

formation of side products, even with short reaction times. Figure 30 illustrates the HPLC 

chromatograms at various stages of the reaction. After 15 minutes, nearly all of the nucleoside 

51 was consumed, and only the dichlorophosphoridate 55 was formed. (Note: The 
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dichlorophosphoridate 55 is rapidly hydrolysed during the reaction quenching before HPLC 

analysis. Therefore, the detected compound is the corresponding monophosphate rather than 

the dichlorophosphoridate 55.) After 20 minutes tris(tetrabutylammonium) hydrogen 

pyrophosphate (abbreviated as PPi in Figure 30) is added together with tributylamine at 0°C. 

Within 40 minutes upon pyrophosphate addition, two additional peaks began to form. The first 

peak following the dichlorophosphoridate 55 corresponded to the intermediate cyclic 

triphosphate 56. Due to the reaction being quenched prior to HPLC analysis, an additional peak 

appears, representing the desired 5'-triphosphate 16 formed through hydrolysis of the 

intermediate 56. Twenty minutes later, the amount of dichlorophosphoridate 55 has further 

decreased, and two hours after the addition of the pyrophosphate, the reaction is quenched by 

the addition of 1 M triethylammonium bicarbonate (TEAB) buffer. The mixture was stirred for an 

additional 30 minutes to ensure complete hydrolysis of the remaining intermediate cyclic 

triphosphate 56 (Figure 29).  

 

Figure 30: Stack of HPLC chromatograms of reaction controls of the synthesis of 2´-α-fluoro-2´-β-C-methyl-T-1106-

5´-triphosphate 16 at different reaction times at 340 nm.    

Afterwards it was very important to remove all trimethyl phosphate (TMP) by extracting the 

reaction mixture with dichloromethane, otherwise it can be hard to remove it later on. 

Subsequent chromatography of the crude product on diethylaminoethyl cellulose (DEAE) 

Sephadex© A25 using TEAB buffer efficiently removes all unwanted side products and unreacted 
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monophosphate, yielding the desired 2´-α-fluoro-2´-β-C-methyl-T-1106-5´-triphosphate 16 in a 

high yield of 42% over three steps, with excellent purity of 99% at 340 nm.   

 

Figure 31: 31P-NMR of 2´-α-fluoro-2´-β-C-methyl-T-1106-5´-triphosphate 16 after purification on DEAE Sephadex© 

A25. 

After purification of the crude product on DEAE Sephadex® A25, no impurities could be detected 

by HPLC. However, in the 31P-NMR spectrum, a large singlet can be detected at around -20.5 ppm 

(Figure 31). This signal is caused by the trimetaphosphate formed from the reaction of the 

pyrophosphate with phosphoryl chloride. Due to the use of five equivalents of phosphoryl 

chloride in the initial step, an excess remained in the reaction mixture and can react with 

pyrophosphate to produce trimetaphosphate. This highlights an area for potential optimization: 

reducing the amount of phosphoryl chloride used initially or removing the excess before addition 

of pyrophosphate would likely increase yields and decrease the amount of trimetaphosphate 

formed. To remove the trimetaphosphate impurity, the crude product was further purified using 

an RP18 silica column, which in most cases completely eliminates this contaminant. The 31P-NMR 
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spectrum of pure 2´-α-fluoro-2´-β-C-methyl-T-1106-5´-triphosphate 16 is shown in Figure 32.

 

Figure 32: 31P-NMR of 2´-α-fluoro-2´-β-C-methyl-T-1106-5´-triphosphate 16 after the second column 

chromatography on RP18 silica gel.  

In comparison to a previous work,[119] in which 2'-C-methyl-T-1106-5´-triphosphate 15 was 

synthesized, the temperature of the second step was changed from -15°C to 0°C. This higher 

temperature had no adverse effect on the reaction outcome and made handling of the reaction 

easier, thereby saving a considerable amount of time. Additionally, the reaction was quenched 

by the addition of cooled TEAB buffer rather than ice water, as the excess phosphoryl chloride 

could be neutralized more gently with buffer than with water.  

Figure 33: Synthesis of 2´-C-methyl-T-1106-5´-triphosphate 15. 
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Overall, the changes had only a minor impact on the yield. However, they significantly simplified 

the handling of the reaction. As a result, 2'-C-methyl-T-1106-5´-triphosphate 15 was obtained as 

a triethylammonium salt with a yield of 55%. 

 

Figure 34: Synthesis of the modified T-1106-5´-triphosphates 17, 18, and 19. 

The 3´-modified T-1106-5´-triphosphates 17, 18 and 19 where synthesized after the exact same 

procedure in good yields between 52% and 69% (Figure 34). 

 

Figure 35: Attempt of the synthesis of T-1106-5´-triphosphate 14.  

Although T-1106-5´-triphosphate 14 has been extensively tested in SARS-CoV-2 polymerase 

assays[52], it was necessary to re-synthesize it for use as a reference compound in upcoming 

assays. As mentioned above, in a previous work, T-1106-5´-triphosphate 14 was synthesized from 

the corresponding T-1106-5´-monophosphate via a multi-step process, achieving an overall yield 

of 25% using phosphoramidite chemistry.[120] While this method is reliable, it is also quite time-

consuming. Therefore, in this thesis the established LUDWIG & ECKSTEIN protocol was applied for 

the synthesis of T-1106-5´-triphosphate 14. Unfortunately, under the established standard 
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reaction conditions, no conversion was observed. This can be attributed to the low solubility of 

T-1106 13 in the reaction medium, likely due to its higher polarity in comparison to the modified 

T-1106 compounds. Increasing the amount of phosphoryl chloride to 10 or 15 equivalents led to 

some formation of the dichlorophosphoridate, but also resulted in a broad range of undesired 

phosphorylation products (Figure 35). 

To address this issue, the lipophilicity of T-1106 13 was increased by using the corresponding 

methyl ester 54 to improve its solubility in TMP. Application of the methyl ester 54 under the 

established LUDWIG & ECKSTEIN protocol resulted in no side-product formation during the initial 

phosphorylation step, allowing the corresponding triphosphate 57 to be isolated with a yield of 

41%. For the cleavage of the methyl ester to form the corresponding amide 14, the ester was 

stirred overnight in 7 N methanolic ammonia, a method already established for nucleoside 

synthesis (Chapter 4.3) (Figure 36). This approach was also effective for the triphosphate, 

although the reaction was challenging due to the low solubility of 57 in methanol. For future 

experiments, cleavage of the ester using aqueous ammonia is recommended. This alternative 

method was successfully implemented later in this thesis for the deprotection of nucleoside 5'-

triphosphates (Chapter 4.7).  

 

Figure 36: Synthesis of T-1106-5´-triphosphate 14 via the corresponding methyl ester 54.  
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The SARS-CoV-2 RdRp is the fastest RdRp to date,[168,169] which results in a relatively high error 

rate of approximately one error per 10,000 nucleotides.[170] This error rate is similar to that of 

HIV reverse transcriptase (HIV-RT).[171] In a previous work conducted in the group of C. MEIER, it 

was demonstrated that not only nucleoside 5'-triphosphates but also nucleoside 5'-diphosphates 

are efficient substrates for HIV-RT.[172] To investigate whether the SARS-CoV-2 polymerase is also 

able to accept diphosphates as substrates, T-1106-5'-diphosphate 58 was synthesized and tested 

in polymerase assays. 

In the initial step, the T-1106 methyl ester 54 was monophosphorylated under the previously 

established YOSHIKAWA conditions, followed by the ester cleavage using methanolic ammonia, 

gave T-1106-5´-monophosphate 59 in yield of 74% (Figure 37).  

 

Figure 37: Synthesis of T-1106-5´-diphosphate 58.  

In the second step, the T-1106-5´-monophosphate 59 was converted to the corresponding 5´-

diphosphate 58 using a method developed by S. MOHAMADY.[173] The monophosphate 59 was 

activated by reacting it with trifluoroacetic anhydride (TFAA). The resulting anhydride then 

reacted with 1-methylimidazole to produce the reactive 1-methylimidazolium salt of 59. This salt 

was slowly added via a syringe pump over the course of one hour to a solution of 

tetrabutylammonium phosphate monobasic (TBAP) in acetonitrile. The slow addition of the 

activated nucleoside-5'-monophosphate prevented undesired coupling of a single phosphate 
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with a second nucleoside 5'-monophosphate. This method successfully yielded the desired T-

1106-5'-diphosphate 58 with an 80% yield.  

All of the synthesized T-1106-5'-phosphates were tested in SARS-CoV-2 polymerase assays by the 

group of B. CANARD at Aix-Marseille University. The results of these assays are discussed in 

Chapter 4.6. 

4.5 Synthesis of nucleoside-5´-triphosphates 

In the early days of the SARS-CoV-2 pandemic in 2020, Remdesivir 5 emerged as the most 

promising nucleoside analogue for treating patients with severe infections. However, its precise 

mechanism of action was not fully understood at the time. To gain further insight, the research 

group of B. CANARD aimed to test RTP 6 in the SARS-CoV-2 polymerase assay. At that time the 

triphosphate 6 was not commercially available. However, the nucleoside form of Remdesivir 60 

could be obtained commercially, allowing for the synthesis of the triphosphate 6 according to 

established literature protocols[174], resulting in a yield of 22% (Figure 38). Notably, in this 

particular synthesis, no base was used during the initial phosphorylation step. Attempts to 

improve the yield by adding a proton sponge or tributylamine did not lead to better results. 

 

Figure 38: Synthesis of Remdesivir-nucleoside-5´-triphosphate 6.  

In this thesis, in addition to the modified T-1106-5´-triphosphates, several other promising 

nucleoside 5´-triphosphates were synthesized for evaluation in SARS-CoV-2 polymerase assays. 

One notable candidate is Tiazofurin 61, which is recognized for its antiviral activity against a broad 

spectrum of RNA and DNA viruses through inhibition of inosine-5′-monophosphate 

dehydrogenase (IMPDH)[175–177]. However, the widely used antiviral drug Ribavirin 62, which also 

targets IMPDH, is known to exhibit multiple mechanisms of action[178]. Among these, Ribavirin 62 

induces antiviral effects by promoting lethal mutagenesis, a mechanism shared with T-1106 13 
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and Favipiravir 9 (Chapter 2.2.3). Given the structural similarities between Tiazofurin 61, 

Ribavirin 62, Favipiravir 9, and T-1106 13, it is hypothesized that tiazofurin-5´-triphosphate could 

serve as an effective substrate for the SARS-CoV-2 polymerase and exert antiviral effects through 

lethal mutagenesis.[179] 

Tiazofurin 61 was first synthesized in 1976 by SRIVASTAVA et al.[177] However, a more optimized 

synthetic route was published in 1999 by RAMASAMY et al.[180] In the initial step, a nitrile group is 

introduced at the 1-position of ribose 63 through a Lewis-acid-catalyzed reaction with 

trimethylsilyl cyanide, achieving a yield of 94% (Figure 39). Only the β-anomer is formed due to 

the generation of an oxonium ion (Chapter 4.3). In the original procedure, the nitrile 64 was 

reacted with hydrogen sulfide to yield the corresponding thioamide 65. However, due to the high 

toxicity of hydrogen sulfide, an alternative was sought in this work. An alternative method for 

the preparation of thioamide from nitriles was developed by NAGL et al.[181]. This method involves 

reacting nitriles with Lawesson’s reagent in the presence of an excess Lewis-acid, yielding the 

corresponding thioamides in good yields. Unfortunately, when nitrile 64 was subjected to these 

conditions, the thioamide 65 could only be isolated in a yield of 55%.  

 

Figure 39: Synthesis of Tiazofurin 61. 

This low yield can be attributed to the undesired side reaction of the Lawesson’s reagent with 

carbonyl groups, resulting in the formation thioesters. In the third step, the thioamide 65 can be 

condensed with an α-haloketone, specifically ethyl bromopyruvate, via a HANTZSCH thiazole 
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synthesis to form the corresponding thiazole 66.[182] However, the product was obtained in a low 

yield of only 12%, and yield improvements could not be achieved despite multiple attempts. Final 

cleavage of the benzoyl protection groups with methanolic ammonia afforded the desired 

Tiazofurin 61 in a yield of 85%, although the overall yield across four steps was only 5%. 

Due to these unsatisfactory results, an alternative synthetic route for the synthesis of Tiazofurin 

61 was applied, as published by BROWN et al. in 2002.[183] This represents an optimized version of 

the originally published route by RAMASAMY et al. (Figure 40).[184]  

 

Figure 40: Synthesis of Tiazofurin 61 using the improved method. 

Initially, nitrile 64 is formed under the same reaction conditions as in the previous method. In the 

subsequent step, nitrile 64 is reacted with L-cysteine ethyl ester hydrochloride in the presence of 

triethylamine, yielding the thiazoline intermediate 67, which is used directly in the next step 

without further purification. The thiazoline intermediate 67 is then oxidatively dehydrogenated 

using bromotrichloromethane and DBU. This approach is considered a mild dehydrogenation 

method, offering the advantage over alternative methods that it can be performed in the 

presence benzoyl groups.[185]  Using this approach, the protected Tiazofurin 68 was obtained in a 

yield of 75% over two steps. Subsequent deprotection with methanolic ammonia provided 

Tiazofurin 61 in a yield of 87% (Figure 40). The overall yield across four steps was 61%, marking 

a significant improvement over the previous method (see page 43). Moreover, the synthetic 

procedures used are significantly easier to handle. In the final step, Tiazofurin 61 was reacted 
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under the previously established LUDWIG & ECKSTEIN conditions without any problems, affording 

tiazofurin-5´-triphosphate 69 in a satisfactory yield of 53% (Figure 41). 

 

Figure 41: Synthesis of tiazofurin-5´-triphosphate 69. 

Other notable nucleoside analogues with a broad antiviral activity include 6-azauridine 70 and its 

prodrug azaribine, both of which have demonstrated antiviral efficacy against various RNA-

viruses in the past[186–188]. Mizoribine 71 is a another nucleoside analogue with broad antiviral 

activity[189–191], and is of particular interest in this work due to its structural similarity to T-1106 

13. The corresponding 5'-triphosphates 72 and 73 of both nucleosides were synthesized and 

tested in the SARS-CoV-2 polymerase assay.  

 

Figure 42: Synthesis of 6-azauridine-5´-triphosphate 72 and Mizoribine-5´-triphosphate 73. 
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An additional advantage of these two nucleosides is that they are both commercially available, 

allowing the corresponding triphosphates to be synthesized in a single step using standard 

LUDWIG & ECKSTEIN conditions. Under these conditions, 6-azauridine-5´-triphosphate 72 was 

synthesized with a yield of 38% and Mizoribine-5´-triphosphate 73 with a yield of 36% (Figure 

42). 

The final triphosphate synthesized for the initial polymerase assay was N4-hydroxycytidine-5´-

triphosphate 74. As early as 2004, N4-hydroxycytidine 74 was shown to possess high antiviral 

activity against SARS-CoV[192] as well as a broad range of other RNA-viruses[193]. Therefore, its 

strong antiviral activity against SARS-CoV-2 was not unexpected [194,195]. This triphosphate can be 

synthesized easily and cost-effectively in a single step from commercially available cytidine-5'-

triphosphate 75 by reacting it with an aqueous hydroxylamine solution in a yield of 31% (Figure 

43).[196] As a result, it was included in the SARS-CoV-2 polymerase assays. 

 

Figure 43: Synthesis of N4-hydroxycytidine-5´-triphosphate 74. 

4.6 SARS-CoV-2 RdRp primer extension assays  

The synthesized nucleoside-5′-phosphates were comprehensively evaluated using primer 

extension assays specific to the SARS-CoV-2 RdRp, conducted by the research group of B. CANARD 

at the University of Marseilles. In these assays, a chemically synthesized template strand (5′-

UAGCUUCUU(A/G/C)GGAGAAUGAC-3′) is annealed to a Cy5-labeled primer (5′-Cy5-

GUCAUUCUCC-3′). This primer/template duplex forms the basis for subsequent reactions.  

The assays proceed by combining the prepared primer/template duplex with the SARS-CoV-2 

RdRp complex, which comprises the proteins nsp12, nsp7, and nsp8 in a 1:3:6 stoichiometric 

ratio. As a positive control, this complex is able to completely elongate the RNA strand in the 

presence of all four natural NTPs.  
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Furthermore, to investigate the potential of non-natural NTPs as substrates, four additional 

assays were performed. Each of these assays omits one of the natural NTPs and incorporates a 

non-natural NTP being studied to determine its substrate properties. If the non-natural NTP can 

serve as an effective substrate for RdRp, it will substitute for the absent natural NTP and be 

incorporated into the growing viral RNA strand. Should the non-natural NTP acts solely as a 

substrate without terminating the chain elongation, a fully elongated product will form. 

Conversely, if it acts as a chain terminator, elongation will be arrested immediately following its 

incorporation, thus preventing further extension of the RNA chain.[52] 

This methodological approach not only evaluates the substrate capability of each non-natural 

NTP for RdRp but also identifies the specific natural NTP it most closely mimics by examining the 

base opposite which it is incorporated in the template strand. These assays, through careful 

design and execution, provide critical insights into the functionality and potential therapeutic 

applications of non-natural nucleotides in combating SARS-CoV-2, contributing to our 

understanding of their role in viral replication and inhibition. 

The first triphosphate evaluated in the primer extension assay was N4-hydroxycytidine-5´-

triphosphate 74. As expected, the primer was fully elongated in the presence of all natural NTPs. 

The addition of N4-hydroxycytidine-5´-triphosphate 74 did not inhibit primer elongation, even at 

a concentration of up to 250 μM (Figure 44). This indicates that the presence of 74 does not 

interfere with the natural elongation process at these concentrations. When assays were 

conducted without GTP, elongation predictably stalled after the incorporation of the first three 

NTPs, underscoring the critical role of GTP in subsequent RNA strand extension. If N4-

hydroxycytidine-5′-triphosphate 74 would be able to substitute for GTP, its presence would 

enable continued elongation, leading to longer RNA products. However, even at a concentration 

of 50 μM, no advancement in elongation was noted, clearly indicating that 74 is not incorporated 

in place of GTP by RdRp. Similarly, in the absence of ATP, elongation did not proceed. Conversely, 

the exclusion of CTP from the assay resulted in rapid and full elongation within one minute. 

Furthermore, assays run without UTP still resulted in fully elongated products, though a 

noticeable band appeared at position eight on the gel. This band suggests a temporary pause 

before the incorporation of UTP, potentially indicating a minor kinetic preference or delay when 

74 is incorporated. 
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Figure 44: a| Time course of primer elongation in the presence of all natural NTPs (50 μM each) at different 

concentrations of N4-hydroxycytidine-5´-triphosphate 74 (0-250 μM). b| Time course of N4-hydroxycytidine-5´-

triphosphate 74 incorporation (red dots) as a substitute of different natural NTPs (50 μM each) at different 

concentrations (0 or 50 μM). 

These findings collectively indicate that N4-hydroxycytidine-5′-triphosphate 74 is efficiently 

incorporated into the viral RNA in place of CTP and, to a lesser extent, UTP, as illustrated in Figure 

44. The ability of 74 to effectively replace these nucleotides highlights its potential utility in 

antiviral research.  
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Figure 45: Time course of 6-azauridine-5´-triphosphate 72 incorporation (red dots) as a substitute of different natural 

NTPs (50 μM each) at different concentrations (0 or 50 μM). 

When 6-azauridine-5′-triphosphate 72 was assessed under the same experimental conditions, it 

became clear that this compound was not incorporated in the absence of ATP, GTP, or CTP, 

suggesting its inability to substitute for these nucleotides (Figure 45). Notably, in scenarios where 

ATP and CTP were absent, the SARS-CoV-2 RdRp displayed a propensity for slow misincorporation 

of GTP or UTP, respectively. These misincorporations hindered further elongation of the RNA 

strand, indicating that the RdRp could not continue extending beyond these points of erroneous 

incorporation. Interestingly, in the absence of UTP, 6-azauridine-5′-triphosphate 72 was rapidly 

incorporated at the one position along the RNA strand. However, the synthesis of RNA nearly 

stalled entirely before the second incorporation event at position nine, resulting in significant 

delay in elongation. Despite this stalling, some fully elongated RNA products were eventually 

detected, albeit in reduced quantities. These observations suggest that 6-azauridine-5′-

triphosphate 72 does not function as a direct substitute for ATP, GTP, or CTP, but notably acts as 

a UTP analogue. However, its incorporation efficiency is limited, likely due to structural factors 

or interactions within the RdRp active site that reduce its incorporation rate compared to natural 

UTP. Given these findings, 6-azauridine-5′-triphosphate 72 may not represent a molecule worthy 

of further investigation in this context, as its limited efficiency and specificity suggest it may not 

be a viable candidate for therapeutic use. 
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Figure 46: Time course of Tiazofurin-5´-triphosphate 69 incorporation (red dots) as a substitute of different natural 

NTPs (50 μM each) at different concentrations (0 or 50 μM).  

In the primer extension assays conducted with Tiazofurin-5′-triphosphate 69, no incorporation 

was observed when UTP and CTP were absent (Figure 46). This suggests that Tiazofurin-5′-

triphosphate 69 does not serve as a viable substitute for these nucleotides under the tested 

conditions. In experiments where GTP was missing, a fully elongated product was detectable, 

albeit in small quantities even after an extended incubation of ten minutes. This observation 

implies that while there might be some interaction, Tiazofurin-5′-triphosphate 69 is not 

efficiently incorporated as a substitute for GTP. Interestingly, in the absence of ATP, tiazofurin-

5′-triphosphate 69 demonstrated the ability to act as an effective substrate. For the specific 

experimental setup, the primer sequence design necessitated the consecutive incorporation of 

Tiazofurin-5′-triphosphate 69 at the second and third positions.  

However, this sequential incorporation was not feasible, resulting in chain termination 

immediately after the first incorporation event. This suggests that while Tiazofurin-5′-

triphosphate 69 can be incorporated initially, subsequent incorporations are hindered, possibly 

due to structural constraints or reduced affinity for the active site after initial binding. These 

interesting results raise several important questions that warrant further investigation. For 

instance, is Tiazofurin-5′-triphosphate 69 capable of effectively competing with ATP in a mixed 

nucleotide environment? Additionally, when Tiazofurin-5′-triphosphate 69 is present as a 

template base, does it lead to misincorporation, potentially causing errors in sequence reading 

or replication fidelity? 
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Evaluation of Mizoribine-5′-triphosphate 73 in primer extension assays revealed that the 

compound exhibited only limited interactions with the SARS-CoV-2 RdRp. Specifically, 

Mizoribine-5′-triphosphate 73 was not incorporated into the RNA strand in the absence of any 

natural NTP, highlighting its inability to act as a functional substitute for the natural nucleotides 

required by the viral polymerase (Figure 47). The results of this assay suggest that Mizoribine-5′-

triphosphate 73 does not possess the properties needed to serve as an effective SARS-CoV-2 

inhibitor. Given these findings, further research and development efforts into exploring this 

compound as a potential antiviral agent are deemed unnecessary. 

 

Figure 47: Time course of Mizoribine-5´-triphosphate 73 incorporation as a substitute of different natural NTPs 

(50 μM each) at different concentrations (0 or 50 μM). 

Due to prior work that demonstrated T-1106-5´-triphosphate 14 is incorporated most efficiently 

in place of GTP, and with reduced efficiency compared to ATP,[52] the modified T-1106-5´-

triphosphates were not evaluated for their incorporation by the SARS-CoV-2 RdRp in the absence 

of UTP and CTP. In Figure 48, the findings from the primer elongation assays conducted with the 

previously synthesized modified T-1106-5´-triphosphates while excluding ATP from the reaction 

are shown. The data illustrates that the control substance, T-1106-5´-triphosphate 14, is 

effectively incorporated opposite U. Notably, consecutive incorporation of this triphosphate is 

achievable, indicating its compatibility with the RNA polymerization process. However, it must 

be pointed out that the second incorporation step is significantly slowed down, leading to an 

accumulation of the monophosphate at positions two and five of the growing RNA strand.  
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Furthermore, both the 3´-deoxy-T-1106-5´-triphosphate 17 and the 3´-fluoro-T-1106-5´-

triphosphate 18 demonstrate the capacity to be incorporated in place of ATP. As anticipated 

based on their structural modifications, these compounds lead to immediate chain termination 

during the synthesis of the RNA strand. However, their incorporation is strikingly inefficient. In 

fact, the results suggest that even the incorporation of a G mismatch is achieved with greater 

probability than that of these modified triphosphates. The other modified T-1106-5´-

triphosphates, specifically the 2´-C-methyl-T-1106-5´-triphosphate 15, the 2´-α-fluoro-2´-β-C-

methyl-T-1106-5´-triphosphate 16, and the 3´-azido-T-1106-5´-triphosphate 19 were not 

incorporated at all by the SARS-CoV-2 RdRp under the tested conditions.  

 

Figure 48: Time course of different modified T-1106-5´-triphosphates (50 μM)) incorporation (red dots) as a 

substitute of ATP in the presence of the remaining natural NTPs (50 μM each). 

In Figure 49, the same experiment is conducted again with GTP omitted. In this experiment, the 

RdRp successfully incorporates the control T-1106-5´-triphosphate 14 as an alternative to GTP 

with remarkable efficiency. Within a brief span of five minutes, a majority of the RNA chains are 

fully elongated, indicating the high efficacy of T-1106-5´-triphosphate 14 in mimicking the 

function of GTP in the polymerization process. In contrast, 3´-azido-T-1106-5´-triphosphate 18 

shows a complete lack of incorporation into the RNA strand. This result suggests that 

modifications at the 3´-position, particularly the addition of an azido group, may significantly 

hinder interactions with the RdRp active site. Consequently, this lack of incorporation led to the 

conclusion that the 3´-azido modification is not a promising candidate for developing antiviral 
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agents targeting SARS-CoV-2, as it cannot be effectively used by the viral polymerase to arrest 

viral replication. 

Furthermore, both 3´-deoxy-T-1106-5´-triphosphate 17 and 3´-fluoro-T-1106-5´-triphosphate 18 

are incorporated in place of GTP and they induce immediate chain termination upon 

incorporation. Despite being incorporated, their incorporation efficiency is considerably low, 

likely due to disturbances in necessary interactions at the active site of the RdRp. These results 

indicate that these 3´-modified triphosphates fail to compete effectively with natural NTPs and 

are thus deemed unsuitable candidates for further development as antiviral agents against SARS-

CoV-2.  

 

Figure 49: Time course of different modified T-1106-5´-triphosphates (50 μM)) incorporation (red dots) as a 

substitute of GTP in the presence of the remaining natural NTPs (50 μM each). 

The examination of 2´-α-fluoro-2´-β-C-methyl-T-1106-5´-triphosphate 16 reveals that it is 

incorporated as a substitute for ATP, resulting in immediate chain termination. However, even 

after a ten-minute reaction period, only a faint band corresponding to position four is visible on 

the gel, indicating poor incorporation efficiency by the RdRp. Consequently, it is not a suitable 

candidate for further development. 

Conversely, the 2´-C-methyl-T-1106-5´-triphosphate 15 demonstrates rapid and effective 

incorporation by the RdRp instead of GTP, immediately leading to chain termination. 

Impressively, within two minutes, a strong band forms at position four on the gel, and by ten 

minutes, almost all of the initial primer/template duplex is processed. These results showcase 



 
RESULTS AND DISCUSSION 

 

 

54 
 

the potential of the 2´-C-methyl modification in effectively mimicking GTP under the given 

conditions. This promising outcome suggests that 2´-C-methyl-T-1106-5´-triphosphate 15 could 

be a highly viable candidate for further antiviral development, provided it can compete 

effectively with natural GTP in the presence of physiological concentrations of the natural NTPs.  

 

Figure 50: Single nucleotide incorporation of GTP, T-1106-5´-TP 14 and 2´-C-methyl-T-1106-5´-TP 15 (left). Calculated 

initial velocities (vi) based of the linear regression (right) are 110.2 ± 43.4 nM/min for 14, and 119.8 ± 51.5 nM/min 

for 15. 

In the subsequent step, the initial incorporation velocities (vi) of GTP, T-1106-5´-TP 14, and 2´-C-

methyl-T-1106-5´-TP 15 were measured and compared in order to assess their respective kinetic 

properties. Attempts to determine a vi value for GTP, however, were unsuccessful due to the 

non-linear nature of its incorporation rate under the assay conditions. Specifically, the data 

revealed the occurrence of a burst phenomenon, characterized by a rapid incorporation of GTP 

during the initial 45 seconds, followed by a notable decline to a slower, linear incorporation rate 

(Figure 50). In contrast to GTP, the incorporation rates for both T-1106-5´-TP 14 and 2´-C-methyl-

T-1106-5´-TP 15 remained linear over the entire measurement period. These differences in 

kinetic behaviour may be attributed to structural or chemical differences between GTP and the 

analogues, potentially affecting their binding affinity, catalytic rate, or the overall mechanism of 

nucleotide incorporation. The consistent linearity enabled a straightforward calculation of the 

initial velocities for these analogues. The vi values determined for T-1106-5´-TP 14 and 2´-C-

methyl-T-1106-5´-TP 15 were 110.2 ± 43.4 nM/min and 119.8 ± 51.5 nM/min, respectively. The 

calculated initial incorporation velocities fall within a similar range, suggesting that the analogues 

are incorporated with comparable efficiency under the experimental conditions.   
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To evaluate whether 2´-C-methyl-T-1106-5´-TP 15 can effectively compete with GTP during 

nucleotide incorporation, further primer extension assays were conducted. These assays 

included all natural triphosphates together with varying concentrations of 15. The results 

demonstrated the formation of chain-terminated products specifically at positions four and 

seven, while no termination products were observed at position one (Figure 51). This suggests 

that, under the conditions tested, incorporation of 15 can occur at certain template positions but 

may depend on sequence context or the efficiency of analogue competition with GTP at the 

active site.  

 

Figure 51: Competitive incorporation of 2´-C-methyl-T-1106-5´-TP 15 in the presence of GTP.  

Quantitative analysis revealed that GTP is preferred over 15 by a factor of approximately 250 to 

520, indicating that the SARS-CoV-2 polymerase exhibits a much higher selectivity for the natural 

nucleotide versus the analogue. Consequently, 15 functions as a significantly less efficient 

substrate for the viral polymerase compared to GTP.  

Despite this substantial difference in substrate preference, the potential effectiveness of 15 as 

an antiviral agent should not be underestimated. The SARS-CoV-2 genome is approximately 30 kb 
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in length, 19.6% of which corresponds to guanine residues[197]. This translates to roughly 6,000 

GTP incorporation events required per genome replication cycle. In contrast, even a single 

successful incorporation of 15 at any one of these positions could result in premature chain 

termination, thereby potentially halting viral replication.  

Taken together, while 15 is a considerably poorer substrate for the RNA-dependent RNA 

polymerase of SARS-CoV-2 compared to GTP, its ability to induce chain termination following just 

one incorporation event highlights its potential as a promising antiviral agent, particularly when 

considering the large number of opportunities for incorporation throughout the viral genome. 

In contrast to most other RNA viruses, CoVs present an exceptional challenge when it comes to 

inhibiting their replication with nucleoside analogues. This difficulty primarily arises from a 

unique proofreading mechanism in CoVs that is absent in many other RNA viruses. Specifically, 

SARS-CoV has evolved the ability to excise nucleoside analogue inhibitors from their viral RNA, 

even after these have been initially incorporated by the viral RdRp[198,199]. Responsible for the 

exonuclease activity is a complex of two non-structural proteins nsp14, which possesses 3´-to-5´ 

exonuclease activity, and its co-factor nsp10[200]. Together, these proteins can recognize and 

remove mismatched nucleotides or incorporated nucleoside analogues from the nascent RNA 

strand. As a result, antiviral drugs that are effective against other RNA viruses frequently display 

greatly reduced efficacy against coronaviruses.  

Experimental evidence supports the crucial role of the nsp14-nsp10 complex in antiviral 

resistance. For instance, studies have shown that the antiviral activity of ribavirin increases by 

approximately 200-fold in strains of SARS-CoV that contain mutations disabling the ExoN activity, 

compared to wild-type virus which retains functional proofreading[201].   Even Remdesivir 5, an 

antiviral nucleoside analogue believed to be at least partially resistant to excision by ExoN[202], 

demonstrates significantly improved inhibitory activity, about 4.5-fold higher, against SARS-CoV 

mutants lacking the nsp14-mediated exonuclease activity, compared to its effect on wild-type 

virus[198,203]. These observations highlight the necessity of considering the unique proofreading 

capabilities of coronaviruses when designing effective antiviral therapies, as well as the potential 

benefits of targeting or bypassing the ExoN function to boost drug efficacy. 

To further assess the suitability of 2′-C-methyl-T-1106-5′-TP 15 as a potential antiviral agent 

against SARS-CoV-2, its resistance to excision by the SARS-CoV-2 ExoN was examined. For this 
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purpose, an incorporation-excision assay, developed in the working group of B. CANARD, was 

employed to compare the performance of 2′-C-methyl-T-1106-5′-TP 15 with that of GTP, and AT-

9010 75 (Figure 52). In this assay, a fluorescently labelled hairpin RNA substrate was extended by 

the RdRp. After 20 minutes of elongation, the reaction was halted and the nsp14/nsp10 complex 

was added to initiate the excision step. The excision reaction was then stopped at various time 

points to assess whether the incorporated nucleotide analogues were removed from the RNA 

strand. 

 

Figure 52: Incorporation and excision of 2′-C-methyl-T-1106-5′-TP 15, T-1106-5′-TP 14, AT-9010 75, and GTP. Time 

course of incorporation of 2′-C-methyl-T-1106-5′-TP 15, T-1106-5′-TP 14, AT-9010 75, and GTP by the SARS-CoV-2 

RdRp. Polymerization (Pol) timepoints are shown in orange. After 30 minutes, the reaction was stopped and 

nsp14/nsp10 complex was added. Timepoints at, which the excision reaction (Exo) was stopped are shown in black.   
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Unfortunately, as illustrated in Figure 52, the results indicate that 2′-C-methyl-T-1106-5′-TP 15 is 

rapidly excised by the viral ExoN. After one hour of exposure to ExoN, almost the entire amount 

of this nucleoside analogue was removed from the RNA strand, highlighting its limited resistance 

to the proofreading activity of the viral polymerase machinery. Despite this rapid excision, a slight 

improvement in stability was observed compared to T-1106-5′-TP 14, which was completely 

excised after only 30 minutes under the same experimental conditions. This relative 

improvement, while noteworthy, remains insufficient when considering the results obtained for 

the natural nucleotide GTP and the nucleoside analogue AT-9010 75. For both GTP and AT-9010 

75, significant resistance to excision was observed, as only approximately half of the incorporated 

nucleotides were excised after one hour.  

Taken together, these results underscore the importance of developing nucleoside analogues 

with increased resistance to excision by viral exonucleases. Improving the chemical structure of 

2′-C-methyl-T-1106-5′-TP 15 to enhance its stability against ExoN could be a crucial next step for 

increasing its antiviral potential against SARS-CoV-2. Without such improvements, rapid excision 

by ExoN is likely to limit the compound’s efficacy as an antiviral agent. In the following, the aim 

was to stabilize 2′-C-methyl-T-1106-5′-TP 15 against excision by ExoN. 

4.7 Synthesis of α-thio-2´-C-methyl-T-1106-5´-triphosphate  

In a previous study conducted by the research group of B. CANARD, it was demonstrated that the 

excision of AT-9010 75 by the SARS-CoV-2 ExoN could be prevented by substituting the α-

phosphate with an α-thiophosphate. This modification results in the formation of a chiral centre 

at the α-phosphorus atom, resulting in the formation of two distinct epimers (RP and SP) of the 

α-thiotriphosphate analogue of AT-9010 75, referred to as AT-9052 76 (Figure 53). Further 

investigations revealed that the SP isomer is preferentially incorporated as a substrate by the viral 

RdRp, and, importantly, once incorporated, this isomer is completely resistant to excision by 

ExoN.[204]  

Building on these findings, the next objective of this study was to enhance the stability of 2′-C-

methyl-T-1106-5′-TP 15 against ExoN-mediated excision by introducing an α-thiotriphosphate 

modification. Consequently, both the RP and SP isomers of α-thio-2′-C-methyl-T-1106-5′-TP 15 

were synthesized and evaluated using the incorporation-excision assay. The initial approach to 

synthesizing α-thiotriphosphates was based on the established LUDWIG & ECKSTEIN protocol 
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(Chapter 4.4). In the modified protocol, phosphoryl chloride was substituted with thiophosphoryl 

chloride as the reagent for phosphorylation, with the intention of directly obtaining the 

corresponding α-thiomonophosphate 77 from the unprotected nucleoside 13. This substitution 

represented the only significant alteration to the original method. However, no product 

formation was observed, even after reaction times of up to twelve hours at room temperature. 

In the literature, the reaction was performed successfully on various nucleosides without using a 

base and with triethyl phosphate as the solvent.[205] However, even under the exact same 

reaction conditions, no conversion could be observed by HPLC for the nucleoside 13. 

 

Figure 53:  Both isomers of α-thio-2′-C-methyl-T-1106-5′-TP 78, 79 and both isomers of AT-9052 80, 81. 

To address the lack of conversion, further modifications were made to the reaction conditions. 

Previous studies[206] have demonstrated that N-methylimidazole can serve as an effective base 

for thio-phosphorylation of 4′-fluoro nucleosides, which are presumed to be even less reactive 

than nucleoside 13. Nevertheless, using N-methylimidazole as the base still did not yield any 

formation of the desired α-thio-monophosphate 77, as confirmed by HPLC analysis (Figure 54). 
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Figure 54: Initial attempt of the synthesis of α-thio-2′-C-methyl-T-1106-5′-MP 77. 

After encountering initial difficulties with the synthesis of α-thio-phosphates it was decided not 

to invest additional time and resources into further optimizing these types of reactions for 

nucleoside 13. The main drawback of the traditional methods is that they yield a mixture of both 

isomers, necessitating separation by preparative RP-HPLC after synthesis. Instead, a 

stereoselective method for the synthesis of α-thio-triphosphates, published in 2024, was 

employed.[207] This method uses a new stereocontrolled approach in which a nucleoside is 

coupled with an in situ generated chiral triphosphate transfer reagent 81 or 82, resulting in the 

selective formation of either the RP 78 or SP 79 isomer (Figure 55), depending on the chirality of 

the triphosphate transfer agent. 

 

Figure 55: General reaction of the chiral triphosphate transfer reagent 81 and 82 with a nucleoside to give the 

respective RP 78 or SP 79 α-thio-triphosphates. 

Since this method does not produce reliable results when applied to unprotected nucleosides, it 

was necessary to protect the 2'- and 3'-hydroxyl groups of the nucleoside 49 with benzoyl groups. 

In addition to introducing protecting groups, the methyl ester was selected in place of the 

corresponding amide 49. This choice was made because the amide functionality could potentially 

participate in side reactions under the conditions required for the subsequent transformations, 
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thereby reducing the yield or purity of the desired product. The methyl ester was therefore 

considered more suitable for this synthetic route. Furthermore, the final coupling reaction was 

carried out in acetonitrile. Since the methyl ester is more lipophilic than the amide, it was 

expected to have a better solubility in acetonitrile, thereby facilitating the reaction and 

enhancing the overall efficiency of the coupling step. Importantly, choosing the methyl ester as 

a functional group did not introduce additional challenges for protecting group removal. Both 

the methyl ester and the benzoyl protecting groups could be cleaved simultaneously under 

standard conditions, thereby streamlining the deprotection process and eliminating the need for 

an extra step in the synthetic sequence. 

In the initial step, the benzoyl groups of the protected nucleoside 48 were cleaved using a 

catalytic amount of sodium methanolate, selectively retaining the methyl ester at the pyrazine 

ring and affording nucleoside 83 in a yield of 94%. In the following step, the 5'-position was 

selectively protected with tert-butyldimethylsilyl chloride, resulting in a 84% yield of compound 

84. Subsequent protection of the 2'- and 3'-positions with benzoyl chloride yielded 85 in 92%. 

This approach was preferred over conventional silyl ether deprotection methods utilizing 

fluorides, as it provides milder and more convenient reaction conditions, as well as the high yields 

reported in the literature for cleavage of silyl ethers at the 5'-position of nucleosides.[208] 

However, the observed yield of 82% for compound 86 for this step was not entirely satisfactory, 

since yields exceeding 95% are typically expected for the cleavage of 5′-silyl ethers (Figure 56). 
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Figure 56: Synthesis of the 5´-deprotected nucleoside 86.  

After successful synthesis of the nucleoside precursor, the chiral phosphor-transfer agents 81 

and 82 had to be synthesized. 81 and 82 are formed in situ from a non-chiral diphosphate building 

block 87 and a chiral thio-monophosphate building block 88 and 89, respectively (Figure 57). 

 

Figure 57: In situ formation of the chiral phosphor-transfer agents 81 and 82. 

In the initial step of the synthesis of the chiral building block, pentafluoropyridine 90 was reacted 

with sodium hydrosulfide hydrate to give tetrafluoropyridine-4-thiol 91 after an acidic workup, 

in a yield of 85%. In the subsequent step, 91 was reacted with phosphorus pentasulfide and tert-

butylamine to give compound 92 in a yield of 59% (Figure 58). 

 

 

Figure 58: Synthesis of 92.  

Simultaneously, (-)-cis-limonene oxide 93 and (+)-cis-limonene oxide 94 were reduced using 

hydrogen in the presence of a catalytic amount of platinum dioxide. After complete consumption 

of the starting material was indicated by TLC, the reaction mixture was filtered, and the solvent 

was removed under reduced pressure to afford 95 and 96, which were directly used in the next 

step (Figure 59).  
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Figure 59: Reduction of (-)-cis-limonene oxide 93 and (+)-cis-limonene oxide 94.  

In the final step of the synthesis of the chiral building block, both epoxides 95 and 96 were 

coupled with 92 using trifluoroacidic acid to afford the chiral reagents 97 and 98 in yields of 53% 

and 49%, respectively (Figure 60). The diastereoselectivity of the reaction was determined by 31P-

NMR spectroscopy, the phosphorous signal of the mayor isomer has a shift of ~96 ppm, whereas 

the minor isomer has a shift of ~102 ppm. According to the literature,[207] the diastereomeric 

ratio of the major to minor isomer should not be less than 20:1. In this synthesis, a ratio of 

approximately 50:1 was achieved for both isomers. 

 

Figure 60: Synthesis of the chiral building block 97 and 98.  

The synthesis of the diphosphate building block began with the esterification of 4-

hydroxybenzaldehyde 99 using benzoyl chloride and triethylamine. After aqueous work up, the 

resulting 4-formylphenyl benzoate 100 was used in the next step without further purification. In 

the subsequent step, the aldehyde function of 4-formylphenyl benzoate 100 was selectively 

reduced using sodium borohydride to obtain 4-(hydroxymethyl)phenyl benzoate 101, in a yield 

of 98% over two steps (Figure 60).  

Afterwards, 4-(hydroxymethyl)phenyl benzoate 101 was reacted with pyrophosphoryl chloride 

at -78°C. After four hours, the reaction was quenched by the addition of water, and the pH was 
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adjusted to 8 using saturate NaHCO3 solution, resulting in the formation and precipitation of the 

sodium salt of the monophosphate. In the next step an attempt was made to redissolve the 

precipitate by adding concentrated HCl, with the aim of generating the dihydrogen phosphate. 

However, even after substantial addition of concentrated HCl, the precipitate could not be fully 

redissolved to obtain a clear solution. Consequently, the process was continued by extracting 

with ethyl acetate, but only 29% of the desired product 102 was isolated (Figure 61). Repeating 

the reaction several times did not improve the yield, primarily because complete conversion of 

the monophosphate to the dihydrogen phosphate form could not be achieved. 

 

Figure 61: Synthesis of the monophosphate 102 starting from 4-hydroxybenzaldehyde 99.    

For further conversion of the monophosphate 102 to the desired diphosphate building block 87, 

bis(fluorenylmethyl) phosphoramidite 103 was synthesized following a protocol established by 

the research group of C. MEIER[209] (Figure 62). In the first step, phosphorus trichloride 104 was 

reacted with diisopropylamine 105 to yield the corresponding amidite 106. However, 106 was 

synthesized on a large scale and was stored for an extended period, minor decomposition could 

be observed, due to the sensitivity of 106 toward hydrolysis and oxidation. In the subsequent 

step, the amidite was reacted with 9-fluorenylmethanol 107 and triethylamine. After filtration 

and purification on silica gel, the desired phosphoramidite 103 was obtained in a yield of 67% 

(Figure 62).  

 

Figure 62: Synthesis of bis(fluorenylmethyl) phosphoramidite 103. 
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It is noteworthy that, during silica gel purification, minimizing the product’s retention time on 

the column is crucial, as the slightly acidic nature of silica gel can cause product decomposition. 

To address this, automated flash column chromatography was employed using a relatively polar 

eluent. Additionally, 1% triethylamine was added to the eluent to buffer the acidic conditions. 

Using this method, the desired amidite 103 was obtained in a yield of 67%, which is slightly lower 

compared to the literature, where a yield of 81% was reported.[209] This difference can be 

attributed to the fact that the starting material 106 was not freshly prepared and already 

exhibited minor decomposition. 

The freshly prepared phosphoramidite 103 was subsequently reacted with the monophosphate 

102 (Figure 63). 5-Phenyl-1H-tetrazole was used as an activator. After stirring at room 

temperature for one hour, the resulting phosphite was oxidized with tert-butyl hydroperoxide. 

The crude diphosphate was then purified via column chromatography on silica gel, yielding the 

desired product in 46% overall yield. 

Despite multiple purification attempts, complete removal of the 5-phenyltetrazolate salts 

formed during the reaction was not achieved. Further purification attempts resulted in significant 

product loss. Consequently, it was decided to proceed with the impure material in the 

subsequent steps without further purification. To minimize decomposition caused by residual 

salts, the diphosphate building block 87 was stored at -80 °C. 

 

Figure 63: Synthesis of the diphosphate building block 87. 

With all the necessary precursors available, the synthesis of α-thio-triphosphates 78 and 79 was 

performed. In the first step, the diphosphate building block 87 was stirred with DBU for 

10 minutes to remove the Fm protective group. Subsequently, the chiral building blocks 97 or 98 

were added alongside freshly flame-dried 3 Å molecular sieves. After fifteen minutes of reaction 

time, the chiral phosphor-transfer agent 81 or 82 was formed. Then, the protected nucleoside 86 

followed by a second portion of DBU was added. 
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After the reaction mixture was stirred for six hours, no remaining signals corresponding to the 

chiral phosphor-transfer agents 81 or 82 could be detected by 31P-NMR (observed as a doublet 

at approximately 85 ppm). However, the formation of a significant amount of protected α-thio-

triphosphate 107 was observed, a smaller amount of deprotected α-thio-triphosphate 78 was 

also formed during the reaction (Figure 64). 

  

Figure 64: 31P-NMR after six hours reaction time of the phosphate transfer step before deprotection. The formation 

of protected α-thio-triphosphate 107, as well as the formation of already γ-deprotected α-thio-triphosphate 78 

could be observed.  

Subsequently, the reaction mixture was filtered and concentrated under reduced pressure. To 

achieve complete deprotection of the γ-phosphate and simultaneous cleavage of the ester at the 

pyrazine ring, concentrated ammonia was added. The crude product was then precipitated from 

a 0.2 M sodium perchlorate solution in acetone to remove most impurities. Final purification was 

performed on a DEAE Sephadex® A25 column using a gradient of 1 M NH₄HCO₃ in water, yielding 

the desired α-thiotriphosphates 78 and 79 as ammonia salts.  

The same reaction conditions were applied to both isomers. 2´-C-methyl-T-1106-5´-α-thio-(RP)-

triphosphate 78 was obtained in a yield of 24%, while the 2´-C-methyl-T-1106-5´-α-thio-(SP)-
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triphosphate 79 in a yield of 32%. These yields are satisfactory and compare favorably with 

literature reports for ribonucleoside analogues, which range from 27% to 47% (Figure 65).[207] 

  

Figure 65: Synthesis 2´-C-methyl-T-1106-5´-α-thio-(RP)-triphosphate 78 and 2´-C-methyl-T-1106-5´-α-thio-(SP)-

triphosphate 79. 

4.8 SARS-CoV-2 RdRp primer extension and excision assays  

To assess whether the synthesized α-thio-triphosphates 78 and 79 can serve as substrates for 

SARS-CoV-2 RdRp, primer extension assays were performed in the research group of B. CANARD. 

Subsequently, the stability of these α-thio-triphosphates against excision from viral RNA by the 

SARS-CoV-2 ExoN was evaluated. Figure 66 illustrates the SARS-CoV-2 primer extension/excision 

assay. In this experiment, a synthetic hairpin RNA acts as the primer and is combined with the 

SARS-CoV-2 RdRp complex. The reaction mixture contains all natural NTPs except for GTP. GTP is 
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specifically excluded because previous results have shown that 2′-C-methyl-T-1106-TP 15 

functions as a guanosine analogue (see Chapter 4.6). 

The results demonstrate that 2´-C-methyl-T-1106-5´-α-thio-(SP)-triphosphate 79 is rapidly 

incorporated by the SARS-CoV-2 RdRp into the growing viral RNA strand, leading to immediate 

chain termination upon incorporation, as expected. In contrast, the 2´-C-methyl-T-1106-5´-α-

thio-(RP)-triphosphate 78 is also recognized as a substrate by the RdRp, but is incorporated much 

less efficiently compared to the SP isomer. Even after prolonged incubation times of up to 120 

minutes, full elongation of the RNA strand is not achieved, indicating a reduced rate of 

incorporation by the RP isomer. This difference highlights the importance of stereochemistry in 

the interaction between nucleotide analogues and the viral polymerase. 

 

                                                                                                                                                                                                                                    

Figure 66: Incorporation and excision of 2′-C-methyl-T-1106-5′-α-thio-(RP)-triphosphate 78 and 2′-C-methyl-T-1106-

5′-α-thio-(SP)-triphosphate 79. Polymerization (Pol) timepoints are shown in orange. After 120 minutes, the reaction 

was stopped and ExoN was added. Timepoints at, which the excision reaction (Exo) was stopped are shown in black. 
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To further assess the stability of the incorporated analogues, the SARS-CoV-2 ExoN was added to 

the reaction mixture after 120 minutes. The results showed that, following the addition of ExoN, 

both the SP and RP isomers remained completely resistant to excision. No detectable removal of 

either isomer was observed even after an additional 120 minutes of incubation, demonstrating 

that both forms of the nucleotide analogue confer high stability against the viral proofreading 

function. 

Taken together, these results suggest that 2′-C-methyl-T-1106-5′-α-thio-(SP)-triphosphate 79 is a 

potent inhibitor of viral RNA synthesis. Its rapid incorporation by SARS-CoV-2 RdRp, coupled with 

its ability to induce irreversible chain termination and its high stability against excision by SARS-

CoV-2 ExoN, highlight its potential as an effective antiviral agent. This suggests that 2′-C-methyl-

T-1106-5′-α-thio-(SP)-triphosphate 79 could serve as a promising candidate for the development 

of novel therapeutics against SARS-CoV-2. 

4.9 Prodrug synthesis  

Nucleoside triphosphates face a major challenge in drug development due to their limited ability 

to efficiently cross the lipophilic cell membrane. This is primarily due to their high polarity and 

the presence of four negative charges on the phosphate group. To overcome this obstacle, 

prodrug strategies can be employed to mask these negative charges and enhance lipophilicity, 

thereby facilitating cellular uptake. Once inside the cell, enzymatic or chemical processes trigger 

the release of the active compound. Specifically, these prodrugs can be designed to directly 

release the antiviral active triphosphate or to generate the mono- or diphosphate forms, which 

are then phosphorylated by host cell enzymes to produce the active triphosphate necessary for 

antiviral activity.  

To investigate the impact of the α-thio group on antiviral activity, prodrugs of 2′-C-methyl-T-1106 

49 with and without this functional group were synthesized. The prodrug approach employed 

involved ProTide technology (Chapter 2.3).[210] Compared to other approaches such as TriPPPro, 

ProTide technology offers the advantage of more straightforward incorporation of the α-thio 

group due to a simplified synthetic route. Moreover, ProTide technology has been successfully 

utilized in the development of various antiviral nucleoside analogues that have received FDA 

approval for clinical use.[211–213] However, a limitation of the ProTide technology is that it 

exclusively releases the nucleoside-5′-monophosphate within the cell. Consequently, this 



 
RESULTS AND DISCUSSION 

 

 

70 
 

approach depends on host cell kinases to convert the monophosphate into the pharmacologically 

active triphosphate. 

Phosphoramidate prodrugs can be synthesized with a wide variety of leaving groups attached to 

the phosphorus atom. For initial cell-based testing, two amino acid ester variants were selected: 

L-alanine isopropyl ester and L-alanine 2-ethylbutyl ester, each combined with a phenol residue. 

These particular combinations were chosen because they have been successfully employed in 

FDA-approved antiviral drugs. The isopropyl ester is found in Tenofovir alafenamide [213] and 

Sofosbuvir,[211] while the 2-ethylbutyl ester was used in the development of Remdesivir 5. 

For the synthesis of phosphoramidate prodrugs lacking an α-thio function, an established 

synthetic approach was employed. In this method, the unprotected nucleoside 49 is treated with 

tert-butylmagnesium chloride to form the corresponding magnesium salt, which subsequently 

was reacted with the phosphoramidite precursor 107. The commercially available precursor 107 

contains a pentafluorophenol leaving group, which, after overnight reaction, yields the desired 

phosphoramidate prodrug 108 in a satisfactory yield of 46% (Figure 67). Under identical reaction 

conditions, the synthesis was successfully carried out using the precursor 109 to yield the prodrug 

110. 

 

Figure 67: Synthesis of the phosphoramidate prodrugs 108 and 110. 
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Previous studies have demonstrated that the SP isomers of phosphoramidate prodrugs exhibit 

significantly higher antiviral activity than the corresponding RP isomers.[211]. Consequently, only 

the SP isomers of the phosphoramidate prodrugs 108 and 110 were synthesized. This approach 

was straightforward, as the necessary precursors 107 and 109 are commercially available in the 

pure SP isomeric form. 

For the synthesis of the phosphoramidate prodrugs containing an α-thio function, the same 

overall synthetic strategy was employed. However, in this case, the required precursors were not 

commercially available and therefore had to be synthesized. In the first step, phenol 111 was 

reacted with thiophosphoryl chloride in the presence of triethylamine to yield O-phenyl 

dichlorothiophosphate 112 in a yield of 90%. Subsequently, 112 was reacted with L-alanine 

isopropyl ester hydrochloride in the presence of triethylamine, to obtain compound 113 in a yield 

of 89%. Finally, 113 was reacted with pentafluorophenol in the presence of triethylamine, 

yielding the precursor 114 in 70% yield as a mixture of isomers (Figure 68). 

 

Figure 68: Synthesis of the phosphoramidate precursor 114. 

The isomers of compound 114 can be separated either by preparative HPLC using chiral columns 

or by recrystallization, with the latter generally being preferred due to lower costs. Another 

approach involves synthesizing single diastereomers of phosphoramidates using a chiral 

auxiliary. However, this method's applicability to thio-phosphoramidates is questionable, given 

the lower reactivity of the phosphorus atom.[214] Before investing significant time and effort into 

the separation of isomers, it was therefore decided to first assess whether the desired 

phosphoramidate prodrug could be synthesized from the isomeric mixture of 114. 
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In the subsequent step, the synthesized precursor 114 was reacted with the nucleoside 49 under 

the same conditions that had previously been successful for the synthesis of 108 and 110. 

However, no conversion of the starting material was observed. Even when the reaction 

temperature was increased to 50°C, there was still no detectable conversion. A possible 

explanation for the reduced reactivity of precursor 114 is the substitution of the oxygen atom 

bound to the phosphorus atom with a sulfur atom. This replacement decreases the polarization 

of the phosphorus center, thereby reducing its electrophilicity and making it less susceptible to 

nucleophilic attack by the deprotonated nucleoside (Figure 69). 

 

Figure 69: Attempt of the synthesis of the α-thio-phosphoramidate prodrug 115. 

Based on these results, it was decided to use chloride 113 as the precursor, as it is expected to 

exhibit significantly higher reactivity toward nucleophilic attack due to superior leaving group 

properties of the chloride anion compared to pentafluorophenol. However, since these 

compounds are prone to decomposition and cannot be stored for extended periods, they must 

be freshly synthesized immediately prior to use. 

 

Figure 70: Synthesis of the α-thio-phosphoramidate prodrug 115. 

By reacting the nucleoside 49 with 113 in the presence of 1-methylimidazole it was possible to 

synthesize the desired α-thio-phosphoramidate prodrug 115 in a yield of 25% as a mixture of 

isomers (Figure 70).  
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Figure 71: 31P-NMR of α-thio-phosphoramidate prodrug 115.   

The diastereomeric ratio of the resulting mixture was determined by 31P-NMR spectroscopy to 

be approximately 1:0.67 (Figure 71). However, it was not possible to determine which isomer 

was present in excess. For the current objective, evaluating whether the α-thio function has a 

beneficial effect on the antiviral activity of 2′-C-methyl-T-1106-TP 15, this uncertainty is not a 

critical issue.  

Following the successful synthesis of the isopropyl ester α-thio-phosphoramidate 113, the 

corresponding α-thio-phosphoramidate 116 bearing a 2-ethylbutyl residue was synthesized using 

the same strategy. Initially, O-phenyl dichloridothiophosphate 112 was reacted with L-alanine 2-

ethylbutyl ester hydrochloride in the presence of triethylamine, resulting in precursor 116 with 

a yield of 62%. In the subsequent step, 116 was coupled with the nucleoside 49 in the presence 

of 1-methylimidazole, affording the desired α-thio-phosphoramidate 117 in 73% yield, obtained 

as a mixture of isomers (Figure 72). The diastereomeric ratio, as determined by 31P-NMR 

spectroscopy, was found to be approximately 1:0.63. As in the previous cases, the specific 

configuration of the major isomer was not assigned. 
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Figure 72: Synthesis of the α-thio-phosphoramidate prodrug 117. 

Following the successful synthesis of phosphoramidate prodrugs of 2'-C-methyl-T-1106 49, both 

with and without an α-thio function, the next objective was to prepare the corresponding 

prodrugs of T-1106 13 in order to investigate the influence of the 2'-methyl group on antiviral 

activity. The initial approach was to use the same synthetic strategy as employed for the synthesis 

of 108 and 110. However, no conversion of the starting material was observed, even after heating 

the reaction mixture to 50°C. This lack of reactivity was attributed to the poor solubility of T-1106 

13 in THF. Subsequent attempts to improve solubility by using a 1:1 mixture of THF and CH₃CN 

also failed to produce any detectable conversion (Figure 73). 

 

Figure 73: Attempt of the synthesis of the phosphoramidate prodrug 118. 

Due to these challenges, it was decided to adopt the same synthetic strategy previously used for 

the synthesis of the α-thio-phosphoramidate prodrugs 115 and 117. This approach offers the 

advantage of conducting the reaction in CH₃CN, which is expected to provide better solubility for 

T-1106 13. However, as in the previous case, this method only yields a mixture of isomers.  
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Initially, phenyl dichlorophosphate 119 was reacted with L-alanine isopropyl ester hydrochloride 

and L-alanine 2-ethylbutyl ester hydrochloride, affording the two phosphoramidates 120 and 

121in yields of 92% and 86%, respectively. Both products were obtained as 1:1 mixtures of 

isomers (Figure 74). 

 

Figure 74: Synthesis of the phosphoramidate precursors 120 and 121. 

Both precursors 120 and 121 were subsequently reacted with T-1106 13 in the presence of 1-

methylimidazole to produce the target phosphoramidates. This reaction resulted in a yield of 

22% for 122, and 42% for 123. Both phosphoramidates were obtained as a mixture of isomers 

(Figure 75). The relatively low overall yields are likely attributable to the limited solubility of T-

1106 13 in acetonitrile, which can hinder reaction efficiency and product formation. Enhancing 

the solubility of T-1106 13 might be a key factor to enhance yields in future experiments. 

For future studies, it may be beneficial to consider introducing protecting groups, such as 

isopropyl groups, on the 2′- and 3′-hydroxy groups of T-1106 13. This modification would 

primarily aim to increase the molecule’s lipophilicity, potentially improving its solubility in organic 

solvents and simplifying purification procedures. While protecting hydroxyl groups can 

sometimes prevent unwanted side reactions, in this context, the main goal is to enhance the 

compound’s lipophilic character rather than to suppress specific side reactions. The approach 

used for synthesizing T-1106-5′-triphosphate 14, which involved utilizing the methyl ester of 13 

instead of the free amine to enhance the solubility (Chapter 4.5), is not feasible here. This is 

because selective cleavage of the ester on the pyrazine ring cannot be achieved without also 

cleaving the ester on the alanine residue. 
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Figure 75: Synthesis of the phosphoramidate prodrugs 122 and 123. 

Following the successful synthesis of the phosphoramidates 122 and 123, the subsequent 

objective was to synthesize the corresponding α-thio-phosphoramidate 124. Using the 

established synthetic strategy that was previously successful for the formation of 115 and 117, 

attempts to convert the starting materials did not yield any significant products, as indicated in 

Figure 76.  

 

Figure 76: Attempt of the synthesis of the phosphoramidate prodrug 124. 

The low solubility of 13 in the reaction solvents posed an initial barrier, which was already a 

limiting factor in the prior reactions with the same precursors. Furthermore, the inherently lower 

reactivity of the α-thio-phosphoramidates can be attributed to the nature of the phosphorus-

sulfur bond, which is less polarized compared to phosphorus-oxygen bonds. This decreased 

polarization diminishes the electrophilicity of the phosphorus center, leading to decreased 

reactivity and, consequently, no observable conversion of the starting materials despite the 
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application of the established synthetic protocols. Due to time constraints, the synthesis of 

suitable α-thio-phosphoramidate prodrugs of T-1106 13 was not achievable within the scope of 

this work. As with the previous compounds, increasing the lipophilicity of 13 could potentially 

improve its reactivity and overall synthetic efficiency. 

All the synthesized prodrugs were subsequently evaluated for their antiviral activity in cell-based 

assays, in collaboration with the research group of B. COUTARD. The results are discussed in 

chapter 4.10.   

4.10 Cell base assays  

To evaluate the antiviral activity of the synthesized prodrugs, cell-based assays were performed 

using HUH 7.5 cells infected with the SARS-CoV-2 strain G614 BavPat. EC50 values for the prodrugs 

were determined in this system. The results of these assays, summarized in Figure 77, present 

the activity profiles of various phosphoramidate prodrugs of 2´-C-methyl-T-1106 49.  

The data indicate that the phosphoramidate prodrug 110 lacking an α-thio function and bearing 

a 2-ethylbutyl residue display no detectable antiviral activity. Substitution of this residue with an 

isopropyl group resulted in a measurable, but modest EC50 value of 71.8 μM for compound 108. 

Notably, introduction of the α-thio function leads to a marked improvement in potency, reducing 

the EC50 value for compound 115 to 39.9 μM.  

A particularly significant enhancement is observed when the α-thio function is introduced to 110, 

yielding an EC50 of 1.8 μM for 117, where previously no antiviral activity was detected. Alongside 

this promising potency, a CC50 value of 48.1 μM was determined, corresponding to a SI of 27.  

Overall, these preliminary results suggest that incorporation of an α-thio function substantially 

enhances the antiviral activity of this class of prodrugs. The observed EC50 of 1.8 μM provides a 

strong foundation for further structural optimization and development. 
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Figure 77: EC50 and CC50 values of phosphoramidates prodrugs of 2´-C-methyl-T-1106 15. 

In Figure 78, the measured EC50 values for the phosphoramidate prodrugs of T-1106 13 are 

presented. Notably, these compounds already exhibit single-digit micromolar antiviral activity 

even in the absence of an α-thio functional group. Compound 122 with an isopropyl residue 

exhibits an EC50 of 7.4 μM and a CC50 of 28.4 μM, resulting in a SI of 3.8. When the isopropyl 
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residue is replaced by a 2-ethylbutyl group, the EC50 for compound 123 improves slightly to 6.5 

μM, and, importantly, no cytotoxicity was detectable in this case.  

Overall, this limited data set strongly suggests that T-1106 13 may be a superior candidate for 

further antiviral drug development compared to 2´-C-methyl-T-1106. Additionally, the data 

indicate that introduction of an α-thio function could further enhance antiviral activity, possibly 

due to increased stabilization of the RNA building blocks against excision by the SARS-CoV-2 

ExoN. 

 

Figure 78: EC50 and CC50 values of phosphoramidates prodrugs of T-1106 122 and 123. 

 In addition to the phosphoramidate prodrugs, the C9C9-TriPPPro derivatives of both 2´-C-

methyl-T-1106 49 and T-1106 13, which were previously synthesized in an earlier work,[119] were 

also evaluated for their antiviral activity in cell-based assays. The results are presented in Figure 

79. Notably, the C9C9-T-1106-TriPPPro compound 125 demonstrates superior antiviral activity, 

with an EC50 value of 2.3 μM, accompanied by a CC50 of 86 μM. This translates to a SI of 37, 

indicating good efficacy relative to cytotoxicity. In contrast, the C9C9-2´-C-methyl-T-1106-

TriPPPro compound 126 exhibited considerably lower potency, with an EC50 of 15.6 μM, and 

higher toxicity, as reflected by a CC50 of 62.1 μM, resulting in a much lower SI of 4.  
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These findings are consistent with the results obtained for the phosphoramidate prodrugs, 

further suggesting that unmodified T-1106 13 remains the more promising scaffold for antiviral 

drug development within this series. Importantly, these results also demonstrate that the 

TriPPPro approach is highly competitive with the phosphoramidate strategy in terms of antiviral 

potency, as reflected by EC50 values.  

Looking ahead, it may be worthwhile to explore the introduction of an α-thio function into the T-

1106 TriPPPro compounds. Such a modification holds the potential to further enhance antiviral 

activity and improve the overall performance of this prodrug strategy. 

 

Figure 79: EC50 and CC50 values for TriPPPro compounds of 2´-C-methyl-T-1106 125 and T-1106 126. 

In summary a series of cell-based assays using HUH 7.5 cells infected with SARS-CoV-2 were 

performed to evaluate the antiviral activity of phosphoramidate and C9C9-TriPPPro prodrugs 

derived from 2´-C-methyl-T-1106 49 and T-1106 13. Phosphoramidate prodrugs of 2´-C-methyl-

T-1106 49 required the presence of an α-thio function to exhibit strong antiviral activity (EC50 as 

low as 1.8 μM), while T-1106 prodrugs displayed potent single-digit micromolar activity even 

without this modification. C9C9-T-1106-TriPPPro 125 showed the highest potency (EC50 = 2.3 μM, 

SI = 37), outperforming the corresponding 2´-C-methyl derivative, which was less potent and 

more toxic. Overall, unmodified T-1106 derivatives appear to be the most promising candidates 
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for further development, and introduction of an α-thio function, especially into TriPPPro 

compounds, may further enhance antiviral activity. 

4.11 Synthesis of pyrazine modified T-1106-5´-triphosphates  

After the successful synthesis of ribose-modified T-1106 analogues, the focus shifted to the 

preparation of analogues with modifications at the pyrazine moiety. As an initial modification, a 

methyl group was introduced at the 6-position of the pyrazine ring. This modification was chosen 

because replacement of the fluorine atom at the 6-position in T-705 9 with a hydrogen in T-1105 

12 has been shown to significantly enhance antiviral activity.[52]  

The synthetic strategy employed was straightforward. Methyl 3-amino-6-bromopyrazine-2-

carboxylate 127 was subjected to a SUZUKI coupling with methylboronic acid, using palladium with 

Xantphos as the ligand and tripotassium phosphate as the base. This reaction yielded methyl 3-

amino-6-methylpyrazine-2-carboxylate 128 in a yield of 45%, which is somewhat lower than the 

literature value of 60%.[215] In the subsequent step, the amino group was converted to the 

corresponding hydroxy group by diazotization with sodium nitrite, resulting in a yield of 88%  for 

the pyrazine 129 (Figure 80). 

 

Figure 80: Synthesis of methyl 3-hydroxy-6-methylpyrazine-2-carboxylate 129 starting from methyl 3-amino-6-

bromopyrazine-2-carboxylate 127. 

Following the successful synthesis of the modified pyrazine 129, the compound was subjected to 

glycosylation with peracetylated ribofuranose 52 under the established VORBRÜGGEN conditions 

(see Chapter 4.4). This reaction yielded the protected nucleoside 130 in a yield of 65%. The 

resulting intermediate was then deprotected using methanolic ammonia to afford 6-methyl-T-

1106 131 in a yield of 72%. In the final step, 6-methyl-T-1106 131 was converted to its 5'-

triphosphate form following the established LUDWIG & ECKSTEIN protocol (Chapter 4.4), resulting 

in 6-methyl-T-1106-5'-triphosphate 132 with an overall yield of 38% (Figure 81). 
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Figure 81: Synthesis of 6-methyl-T-1106-5´-triphosphate 132. 

Because the 2'-C-methyl group was identified as the most promising ribose modification, it was 

decided to combine both the pyrazine and ribose modification. 

 

Figure 82: Synthesis of 6-methyl-2´-C-methyl-T-1106-5´-triphosphate 135. 
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Methyl 3-hydroxy-6-methylpyrazine-2-carboxylate 129 was coupled under the established 

VORBRÜGGEN conditions with 1,2,3,5-tetra-O-benzoyl-2´-C-methyl-β-D-ribofuranose 26, yielding 

the corresponding protected nucleoside 133 in a yield of 33%. Subsequent deprotection with 

methanolic ammonia gave 6-methyl-2'-C-methyl-T-1106 134 in a yield of 97%. Phosphorylation 

according to the LUDWIG & ECKSTEIN protocol yielded the corresponding triphosphate 135 with a 

yield of 47% (Figure 82). Both synthesized triphosphates will be part of SARS-CoV-2 polymerase 

assays in the future.  

4.12 Synthesis of T-1106-5´-triphosphates C-nucleosides  

An additional objective of this work was the synthesis of C-nucleoside analogues structurally 

related to T-1106 13, specifically by replacing the pyrazine moiety with a pyridine moiety. The 

motivation for focusing on C-nucleosides arises from their distinct structural and biological 

advantages over conventional N-nucleosides. While traditional N-nucleosides contain a glycosidic 

C–N bond, which is susceptible to cleavage by human nucleoside hydrolases and other enzymes, 

C-nucleosides feature a direct C–C bond between the nucleobase and the sugar moiety. This 

substitution significantly enhances the chemical and enzymatic stability of the glycosidic linkage, 

resulting in molecules that are more resistant to metabolic degradation.[216–218]  

The replacement of the endocyclic nitrogen atom in the nucleobase with a carbon atom is also 

of considerable interest from a medicinal chemistry perspective. This structural modification 

alters the electronic properties of the nucleoside, which can, in turn, influence its interactions 

with biological targets such as viral polymerases. Such changes may enhance the compound’s 

antiviral activity, selectivity, or pharmacokinetic properties. By introducing a pyridine ring in place 

of the pyrazine ring, further modulation of these properties is possible, potentially leading to 

compounds with improved therapeutic potential.[218] C-nucleosides derived from T-1106 13 are 

of particular interest due to the existence of several successfully synthesized analogues that have 

already demonstrated promising biological activity.[219] Notably, when the original pyrazine ring 

is replaced by a pyridine moiety, the resulting nucleoside 136 exhibits significant antiviral potency 

with an EC50 value of 1.3 μM against Influenza A/WSN/33. However, this compound also shows 

cytotoxicity, as indicated by a CC50 value of 2.0 μM. Interestingly, when the hydroxy group at the 

3-position of the pyridine ring is substituted by a fluorine atom, a slight reduction in antiviral 

activity is observed (EC50 = 1.9 μM) for the nucleoside 137. Nevertheless, this modification results 
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in a significant improvement in the compound’s safety profile, as no detectable cytotoxicity is 

observed at the tested concentrations (Figure 83).[219]  

 

Figure 83: Antiviral activity against Influenza of previously synthesized T-1106 C-nucleoside analogues.[219]  

Building on these results, the aim of the present work was to synthesize the fluorinated analogue 

(compound 137) and further modify it by introducing a 2'-C-methyl group. This additional 

substitution is expected to further modulate the mechanism of action based on the previous 

results. Following synthesis of the nucleosides, the corresponding nucleoside triphosphates will 

be prepared and evaluated in SARS-CoV-2 polymerase assays to assess their potential as antiviral 

agents against the coronavirus. The synthesis of compound 137, following the procedure 

reported by L. BEIGELMAN et al.[219], began with the preparation of the required ribose building 

block. Initially, D-ribono-1,4-lactone 138 was protected at the 2- and 3-positions with an 

isopropylidene group by reacting it with acetone under acidic conditions overnight, affording 

intermediate 139 in a yield of 73%. In the subsequent step, this intermediate was treated with 

tert-butyldiphenylsilyl chloride and imidazole, resulting in the formation of the desired ribose 

building block 140 with a yield of 60% (Figure 84). 

 

Figure 84: Synthesis of the ribose building block 140. 

In the initial attempt to synthesize compound 137, the synthetic strategy previously reported in 

the literature was followed with only minor modifications. The overall sequence of reactions is 

illustrated in Figure 85. Synthesis commenced with the deprotonation of 2-cyano-3-
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fluoropyridine 141 using LDA. After stirring for 30 minutes to ensure complete deprotonation, 

lactone 140 was added. The resulting nucleophilic addition of the deprotonated pyridine to the 

anomeric carbon of the lactone afforded lactol 142. Since this nucleophilic attack could occur 

from either the top (β) or bottom (α) face of the lactone ring, the product was obtained as a 

mixture of anomers in a yield of 69%. At this stage, efforts to separate the isomers by column 

chromatography proved unsuccessful due to their similar polarity and chromatographic 

behaviour. The reaction sequence continued with the deprotonation of the lactol 142 

intermediate using LiHMDS, followed by acetylation with acetic anhydride. This step afforded the 

acetylated lactol 143 in a yield of 71%, again as a mixture of the two anomers. As before, all 

attempts to resolve the anomeric mixture using standard chromatographic techniques failed. 

 

Figure 85: Synthesis of the α-anomer of the T-1106 C-nucleoside 147. 

Finally, the acetyl group at the 1′-position was removed by treating the compound 143 with 

triethylsilane in the presence of the Lewis acid boron trifluoride etherate, affording the desired 

C-nucleoside 144 in 84% yield. However, even at this stage, separation of the anomers was not 
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achieved. In the subsequent step, the nitrile group was hydrolysed with hydrogen peroxide in the 

presence of potassium carbonate, affording the corresponding carboxamide 145 in 72% yield. 

Notably, only a single anomer was isolated. Based on the high yield and reference to a previously 

published synthetic route, it was initially assumed that this product was the β-anomer. 

Subsequent cleavage of the 5′-silyl ether with TBAF yielded the 5′-deprotected compound 146 in 

57% yield. This lower-than-expected yield was surprising, as TBAF-mediated deprotection of 5′-

silyl ethers typically gives yields above 90%. In the final step, the 2′,3′-isopropylidene protecting 

group was removed under acidic conditions using Dowex 50W, resulting in the desired C-

nucleoside 147 in 79% yield (Figure 85). However, NOESY NMR analysis revealed that the isolated 

product was the α-anomer, not the expected β-anomer. 

 

Figure 86: Excerpt from the NOESY NMR spectrum of compound 147. The correlations between the 1´-proton and 

the 2´- and 3´-protons are clearly observable (red circles) (600 MHz, 25 °C, D2O). 

The NOESY spectrum clearly show that the 1′-proton couples with both the 2′- and 3′-protons, a 

pattern that is only possible if the α-anomer of 147 is present. In contrast, for the β-anomer, the 

1′-proton would couple exclusively with the 4′-proton (Figure 86).  



 
RESULTS AND DISCUSSION 

 

 

87 
 

The predominance of the α-anomer observed in this case is unexpected and contradicts 

previously published reports.[219] To address this issue, the synthetic strategy was modified by 

employing a different ribose building block. Instead of the original precursor, commercially 

available 2,3,5-tri-O-benzyl-D-ribono-1,4-lactone 148 was used. Earlier publications reported that 

when benzoyl protecting groups are employed, reduction of acetylated lactols with triethylsilane 

results in exclusive formation of the β-anomer.[220] However, more recent studies have suggested 

that selectivity for the β-anomer depends not only on the steric hindrance of the larger protecting 

group but also on the conformation of the oxonium ion formed upon acetyl group 

cleavage[221,222]. Despite these insights, it remains unclear why the use of a 2′,3′-isopropylidene 

protecting group led to a mixture of anomers. M. HOCEK et al. proposed that the formation of the 

hemiketal is reversible and that the β-hemiketal is preferentially reduced, resulting in 

predominant formation of the β-anomer[223]. It is also stated by M. HOCEK et al. that the reduction 

is heavily influenced by the solvent used and the reaction temperature[224]. Additionally, other 

studies have demonstrated that employing a HANTZSCH ester instead of triethylsilane also leads 

to exclusive formation of the β-anomer[225]. In summary, it can be said that to date, it is not 

completely clear under which exact conditions preferential formation of the β-anomer occurs.In 

the initial approach, 2-cyano-3-fluoropyridine 141 was deprotonated with LDA and subsequently 

reacted with lactone 148 (Figure 87). Although this synthetic strategy has previously been 

successfully applied to the preparation of 3-chloro and 3-bromo C-nucleosides,[219] all attempts 

in this case were unsuccessful. Repeated trials resulted in decomposition of both starting 

materials, for reasons that remain unclear. 

 

Figure 87: Approach to synthesize 149 starting from 2-cyano-3-fluoropyridine 141. 

To overcome this problem, a different pyridine building block was used. The overall sequence of 

reactions is illustrated in Figure 88. Using 3-fluoropyridine in place of 2-cyano-3-fluoropyridine 

150 allowed isolation of the desired lactol 151 as a mixture of anomers under the same 

conditions, with a yield of 69%. In the next step, the hydroxy group was acetylated using LiHMDS 
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and acetic anhydride, affording the acetylated product 152 in 82% yield. The subsequent 

reduction provided the pure β-anomer 153 in 58% yield (Figure 88). 

 

Figure 88: Synthesis of the β-anomer of the T-1106 C-nucleoside 157. 

To introduce the nitrile function at the 2-position, the N-oxide 154 was first formed by reacting 

153 with m-CPBA. The nitrile group was then selectively introduced at the 2-position using 

trimethylsilyl cyanide in the presence of triethylamine, affording 155 a yield of 61%.[226] In the 

subsequent step, the nitrile group was hydrolysed with hydrogen peroxide in the presence of 

potassium carbonate, yielding 54% of carboxamide 156. Finally, the benzyl protecting groups 

were removed by treatment with boron trichloride, providing the desired C-nucleoside 157 as 

the pure β-anomer in 68% yield. Subsequently, the C-nucleoside 157 was converted to the 
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corresponding triphosphate 158 using the established LUDWIG & ECKSTEIN conditions, affording a 

yield of 65% (Figure 89). 

 

Figure 89: Synthesis of the T-1106 C-nucleoside-5´-triphosphate 158. 

For the synthesis of the 2′-C-methyl-C-nucleoside, the ribose building block was first prepared 

using the same strategy previously employed for the synthesis of ribose building block 148. In 

the initial step, the hydroxy groups at the 2- and 3-positions of commercially available 2-C-

methyl-D-ribono-1,4-lactone 159 were protected by introducing an isopropylidene group through 

reaction with acetone in the presence of concentrated sulfuric acid, affording 160 in quantitative 

yield. In the subsequent step, compound 160 was treated with tert-butyldiphenylsilyl chloride 

and imidazole, resulting in the formation of the desired ribose building block 161 in 55% yield 

(Figure 90).  

 

Figure 90: Synthesis of the ribose building block 161. 

For the synthesis of 2′-C-methyl-C-nucleoside, 2-cyano-3-fluoropyridine 141 was first 

deprotonated using LDA and subsequently coupled with lactone 161, affording the 

corresponding lactol 162 in 65% yield as a mixture of anomers. In the following step, the 1′-

hydroxy group was deprotonated with LiHMDS and acetylated with acetic anhydride to produce 

163 in 79% yield. Final reduction with triethylsilane in the presence of boron trifluoride etherate 

yielded the α-anomer 164 with 38% and the desired β-anomer 165 with 42% (Figure 91). 
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Figure 91: Synthesis of the α- and β-anomer of the 2´-C-methyl-T-1106 C-nucleoside 170 and 171. 

In this case, the α- and β-anomers could be separated by column chromatography due to a 

significant difference in their retention times. Figures 92 and 93 show the NOESY NMR spectra 

of compounds 164 and 165, respectively. In the spectrum of the α-anomer, it is evident that the 

1′-proton shows correlation with the protons of the methyl group at the 2′-position. This 

observation indicates that the pyridine ring is oriented on the lower face and the 1′-proton on 

the top face of the ribose ring. In contrast, the NOESY NMR spectrum of the β-anomer reveals 

that the 1′-proton correlates with the 4′-proton and with one of the methyl groups of the 

isopropylidene protecting group, which is only possible if the 1′-proton is positioned on the 

underside of the ribose ring. 
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Figure 92: Excerpt from the NOESY NMR spectrum of compound 164. The correlations between the 1´-proton and 

the 2´-methyl group are clearly observable (red circles) (600 MHz, 25 °C, CDCl3). 

 

Figure 93: Excerpt from the NOESY NMR spectrum of compound 165. The correlations between the 1´-proton, the 

4´-proton and the isopropylidene group are clearly observable (red circles) (600 MHz, 25 °C, CDCl3) 
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Hydrolysis of the nitrile group with hydrogen peroxide in the presence of potassium carbonate 

yielded the α-carboxamide 166 in 57% yield and the β-carboxamide 167 in 71% yield. Subsequent 

cleavage of the 5′-silyl ether with TBAF afforded the 5′-deprotected nucleosides quantitatively 

for both anomers. Finally, removal of the isopropylidene protecting group under acidic conditions 

provided the α-C-nucleoside 170 in 85% yield and the desired β-C-nucleoside 171 in 95% yield 

(Figure 91). 

The synthesis of the 5′-triphosphate was carried out only for the β-C-nucleoside 171. Under 

standard LUDWIG & ECKSTEIN conditions, the corresponding 5′-triphosphate 172 was obtained in 

42% yield (Figure 94). 

 

Figure 94: Synthesis of the triphosphate 172.  

After the successful synthesis of the C-nucleoside 157 and the 2´-C-methyl-C-nucleoside 171 the 

next goal was to also synthesize the corresponding 2´-C-methyl-2´-fluoro-C-nucleoside. The 

required ribose building block was synthesized in one step from 2-deoxy-2-fluoro-2-C-methyl-D-

ribono-1,4-lactone 173. Compound 173 was therefore reacted with Markiewicz reagent 

(TIPDSiCl2) in the presence of 4-DMAP and pyridine, to give the 5- and 3-protected lactone 174 

in a yield of 90% (Figure 95).[227] 

 

 

Figure 95: Synthesis of the ribose building block 174. 
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In the next step, 2-cyano-3-fluoropyridine 141 was first deprotonated with LDA and then reacted 

with lactone 174 to afford the corresponding nucleoside 175 as a mixture of anomers. 

Subsequent acetylation of the 1′-hydroxy group proceeded in 68% yield (Figure 96). 

Unfortunately, attempts to reduce 176 to the desired nucleoside 177 were unsuccessful, as no 

conversion was observed under standard reaction conditions. Increasing the amount of Lewis 

acid, as well as extending the reaction time and raising the temperature, either resulted in no 

conversion or led to decomposition of the starting material. These issues could not be resolved 

during this work, further studies could focus on optimizing the reaction by testing alternative 

Lewis acids. 

 

Figure 96: Attempt to synthesize nucleoside 177. 

Another objective was to introduce a nitrile group at the 1′-position, motivated by the notable 

success of Remdesivir 5 and the critical role of the 1′-nitrile group in both antiviral mechanism of 

action[228,109,47] and selectivity towards viral enzymes.[229,230] This selectivity for viral, rather than 

host enzymes is known to significantly reduce the cytotoxicity of nucleoside analogues.  

 

Figure 97: Attempt to synthesize nucleoside 178. 
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Unfortunately, the desired 1′-nitrile nucleoside 178 could not be synthesized successfully, despite 

several attempts using different approaches. Both methods that had previously been employed 

for the synthesis of Remdesivir 5 were applied[174,212], but neither proved effective when applied 

to the pyridine-based C-nucleoside 179, as no conversion of the starting material was observed 

in either case. This lack of reactivity is most likely attributable to the differing electronic 

properties of the pyridine moiety, which exerts a stronger electron-withdrawing effect compared 

to the moiety present in Remdesivir 5, thereby significantly altering the chemical environment at 

the 1′-position and reducing its reactivity. Even when the more reactive acetylated lactol 180 was 

used as the substrate,[231] no formation of the desired product was detected. These results 

highlight a significant limitation in adopting established nitrile introduction methods for this class 

of C-nucleosides, and further optimization or the development of entirely new synthetic 

strategies may be required to achieve the target compound.  

4.13 Synthesis of 2´-C-modified T-1106 analogues  

After successfully synthesizing 2′-C-methyl-T-1106 49, efforts were made to synthesize further 

2′-modified T-1106 analogues. In 1997, M. WOLFE et al. published an efficient method for the 

preparation of 2′-C-branched ribonucleosides.[232] 

Figure 98: Synthesis of the 2-C-modifed ribose 182 and 183. 

Initially, commercially available 1,3,5-tri-O-benzoyl-α-D-ribofuranose 180 was oxidized to the 

corresponding ketone 181 using Dess–Martin periodinane, affording a yield of 93%. WOLFE et al. 
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demonstrated that selective reduction of ketones with Grignard reagents in the presence of 

esters is possible by converting Grignard reagents to organocerium reagents via reaction with 

cerium(III) chloride. In this case, the addition of the alkyl group occurs exclusively from the top 

face of the ribose ring, as both adjacent bulky protecting groups are oriented toward the bottom 

face of the ring. Applying this strategy, followed by benzoylation, 2-C-vinyl ribose 182 was 

obtained in a yield of 90%, and 2-C-cyclopropyl ribose 183 in a yield of 44% (Figure 98). However, 

the synthesis of the corresponding nucleosides could not be completed as part of this study. 

4.14 Supplementary Projects 

4.14.1 Synthesis of T-1106 Di- and TriPPPro compounds   

In collaboration with the group of G. GABRIEL from the Leibniz Institute in Hamburg, several T-

1106 DiPPro and TriPPPro compounds were evaluated for their antiviral activity against various 

influenza strains. 

 

Figure 99: Synthesis of the acyloxybenzyl ester 187 and 189. 

For this purpose, the C4C14-T-1106-DiPPro 184 was synthesized, as it demonstrated promising 

results in a previous study.[120] The synthesis involved a previously established phosphoramidite 

chemistry strategy.  

First, the acid chloride 186 of pentadecanoic acid 185 was prepared by reacting it with oxalyl 

chloride in the presence of a catalytic amount of DMF. This acid chloride was then directly used 

in the esterification with 4-hydroxybenzyl alcohol 188, yielding the desired C14-acyloxybenzyl 
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ester 187 with a 29% yield. Similarly, the C4-acyloxybenzyl ester 189 was synthesized using 

commercially available valeryl chloride under the same conditions, obtaining a 37% yield (see 

Figure 99).  Subsequently, bis(diisopropylamino)chlorophosphine 190 was reacted with the C4-

acyloxybenzyl ester 189 in the presence of triethylamine, resulting in compound 191 with a 91% 

yield. In the next step, this intermediate was reacted with the C14-acyloxybenzyl ester 187 using 

4,5-dicyanoimidazole as an activator, yielding the phosphoramidite 192 with 60% (Figure 100). 

 

Figure 100: Synthesis of the phosphoramidite 192. 

Subsequent coupling of the phosphoramidite 192 with the T-1106-5´-monophosphate 59 using 

DCI as activator followed by oxidation with tert-butyl hydroperoxide yielded the desired C4C14-

T-1106-DiPPro 184 in a yield of 53% (Figure 101). 

The antiviral data of C4C14-T-1106-DiPPro 184 together with the other tested T-1106 prodrugs 

were published in 2023.[233] It was demonstrated that these prodrugs exhibit high antiviral 

efficacy against a broad range of Influenza A viruses. Furthermore, when combined with 

Oseltamivir, they show synergistic effects. 
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Figure 101: Synthesis of the T-1106 DiPPro compound 184. 

As part of this cooperation, it was initially planned to also test TriPPPro compounds of ribose-

modified T-1106. Since the C9C9-2´-C-Me-T-1106-TriPPPro 126 had already been synthesized in 

a previous project, the next target molecule was the C9C9-3´-fluoro-T-1106-TriPPPro 194. For 

this synthesis, the H-phosphonate route was employed, which had already been successfully 

established by the group of C. MEIER.[134,133] 

 

Figure 102: Synthesis of the H-phosphonate 197. 

The C9-acyloxybenzyl ester 195 was synthesized via the reaction of decanoyl chloride with 4-

hydroxybenzyl alcohol 188, affording a yield of 48%. Subsequently, this ester was reacted with 
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diphenyl phosphonate 196 to produce the corresponding H-phosphonate 197, in a yield of 63% 

(Figure 102).  

The 3'-fluoro-T-1106-5'-monophosphate 198, necessary for TriPPPro synthesis, was prepared in 

a single step from the respective nucleoside 41 using established YOSHIKAWA conditions, resulting 

in a yield of 31% (Figure 103).  

 

Figure 103: Synthesis of 3´-fluoro-T-1106-5´-monophosphate 198. 

The synthesis of the symmetrically masked pyrophosphate 199 was performed using an 

established strategy developed by GOLLNEST[134]. In the first step, the H-phosphonate 197 was 

reacted with N-chlorosuccinimide in an oxidative chloridation to generate the activated 

intermediate 200. Subsequently, tetra-n-butylammonium phosphate was added, which 

nucleophilically attacked the intermediate 200, resulting in the formation of the pyrophosphate 

199 in an overall yield of 80% across both steps (Figure 104). Due to its high lability toward 

hydrolysis, pyrophosphate 199 must be freshly prepared and can be stored in the freezer for only 

up to two days. 

 

Figure 104: Synthesis of the pyrophosphate 199. 

Following the successful synthesis of the monophosphate 198 and the pyrophosphate 201, both 

precursors were coupled using a protocol originally described by MOHAMADY[234] and subsequently 
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modified by GOLLNEST[134]. First, the pyrophosphate 199 was activated with trifluoroacetic 

anhydride. After removal of all volatiles under reduced pressure, the residue was redissolved in 

DMF and treated with 1-methylimidazole to form the imidazolidate intermediate of the 

pyrophosphate. The imidazolidate serves as an excellent leaving group, making it highly 

susceptible to nucleophilic attack. In the subsequent step, monophosphate 198 was added. 

Nucleophilic attack of the monophosphate on the imidazolidate intermediate led to the 

formation of the target TriPPPro compound 194, which was obtained in a yield of 25% 

(Figure 105). 

 

Figure 105: Synthesis of the C9C9-3´-fluoro-T-1106-TriPPPro 202. 

4.14.2 Synthesis of C9C9AB-adenosine-TriPPPro compounds  

In collaboration with the research group of K. FUGGER from the University College London, the 

C9C9-TriPPPro derivative of 2-aminoadenosine 203 was prepared for evaluation of its anticancer 

activity. As a reference compound, the C9C9-TriPPPro of adenosine 204 was also synthesized. 

Since adenosine-5´-monophosphate 205 is commercially available, its synthesis was not 

necessary.

 

Figure 106: Synthesis of adenosine-5´-monophosphate 206. 
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The 2-amino-adenosine-5´-monophosphate 206 was synthesized from 2-aminoadenosine 207 

using established YOSHIKAWA conditions, resulting in a yield of 49% (Figure 106).  Subsequently, 

the TriPPPro 208 and 209 derivatives were synthesized under previously established protocols, 

with yields of 35% and 22%, respectively (Figure 107).  

 

Figure 107: Synthesis of the C9C9-adenosine-TriPPPro 203 and C9C9-2-amino-adenosine-TriPPPro 204. 

4.14.3 Synthesis of C9C9-thymidine-TriPPPro 205 

In collaboration with the research team of M. DOBBELSTEIN from the University of Göttingen, the 

C9C9-thymidine-TriPPPro 205 was synthesized using previously established protocols, achieving 

a yield of 34% from commercially available uridine-5´-monophosphate (UMP) 206 (Figure 108). 

The results of this cooperation were published in 2025.[235]  

 

Figure 108: Synthesis of the C9C9-thymidine-TriPPPro 205. 
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4.15.4 Synthesis of double γ-alkyl-masked JD-004-5´-triphosphates 

In the research group of K. SELEY-RADTKE, the flex nucleoside JD-004 207 and its corresponding 

monophosphate prodrug JD-006 were synthesized and evaluated for their antiviral activities. 

Previous studies by JIA demonstrated that the antiviral efficacy of nucleosides can be significantly 

enhanced by preparing their double-alkyl-masked triphosphate derivatives.[236–238] Building on 

this knowledge, the goal was to synthesize double γ-alkyl-masked phosphate and phosphonate 

prodrugs of nucleoside 207. The synthesis of these double γ-alkyl-masked triphosphates can be 

achieved using the same approach as for the preparation of TriPPPro derivatives.  

The JD-004-5′-monophosphate 208 was successfully synthesized under standard YOSHIKAWA 

conditions, affording a yield of 81% (Figure 109). 

 

Figure 109: Synthesis of JD-004-5´-monophosphate 208. 

The pyrophosphates 209 and 210 were synthesized following the same procedure as used for the 

double acyloxybenzyl-masked pyrophosphate 199, starting from the corresponding H-

phosphonates 211 and 212. The yields of these pyrophosphates were not determined, and they 

were directly used in the subsequent step (Figure 110). 

 

Figure 110: Synthesis of the pyrophosphate 209 and 210. 
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The respective double γ-alkyl-masked triphosphates 211 and 212 were synthesized following the 

established protocols, with yields of 28% and 12%, respectively (Figure 111). These compounds 

are currently being evaluated in cell-based antiviral assays for their activity against a diverse 

range of RNA viruses. 

 

Figure 111: Double γ-alkyl masked triphosphates 211 and 212. 

4.14.5 Synthesis of 5-fluoro-uridine-5´-triphosphate 213 

In previous work, prodrugs of 5-fluoro-uridine demonstrated promising activity as anti-cancer 

agents.[209] The aim was to introduce a 2´-C-methyl group to 5-fluoro-uridine in order to 

potentially enhance its potency as an anti-cancer or antiviral agent.  

In the initial step, 5-fluoro-uracil 214 was reacted with 1,2,3,5-tetra-O-benzoyl-2-C-methyl-D-

ribofuranose 49 under standard VORBRÜGGEN conditions (Chapter 4.3). It should be noted that the 

silylation of 5-fluoro-uracil 214 with HMDS required three hours of reflux to achieve complete 

conversion to the silylated compound, in contrast to the one-hour reaction time observed for T-

1105 12. After this extended reaction time, a clear solution was obtained, indicating successful 

silylation. Under these conditions, the protected nucleoside 215 was isolated in 86% yield. 
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Subsequent deprotection with methanolic ammonia afforded the desired 2´-C-methyl-5-fluoro-

uridine 216 in 93% yield. The resulting compound was then phosphorylated at the 5´-position 

using YOSHIKAWA conditions to produce the corresponding 5´-monophosphate 217.[239] This 

monophosphate was further converted to the 5´-triphosphate derivative 218 under MOHAMADY 

conditions,[173] giving an overall yield of 80% (Figure 112). The synthesized 2´-C-methyl-5-fluoro-

uridine-5´-triphosphate 218 is currently being evaluated in SARS-CoV-2 polymerase assays. 

 

Figure 112: Synthesis of 2´-C-methyl-5-fluoro-uridine-5´-triphosphate 218.  

4.14.6 Synthesis of Remdesivir nucleoside-5′-diphosphate 219 

In collaboration with the research group led by R. FLIEGERT at the University Medical Centre 

Hamburg-Eppendorf, the inhibitory effect of Remdesivir nucleoside-5′-diphosphate 219 on the 

de-ADP-ribosylating MacroD-like macrodomain (Mac1) of SARS-CoV-2 should be investigated.  

In the initial step, GS-441524 60 was phosphorylated at the 5′-position using established 

YOSHIKAWA conditions, achieving a yield of 56%. Notably, higher yields for this nucleoside were 

obtained when no base was added. In the subsequent step, the resulting monophosphate 220 

was converted to the corresponding diphosphate 219 using established MOHAMADY conditions, 

resulting in a 89% yield (Figure 113).  



 
RESULTS AND DISCUSSION 

 

 

104 
 

The Remdesivir nucleoside-5′-diphosphate 219 was then successfully tested at the University 

Medical Centre Hamburg-Eppendorf, and the results were prepublished in 2025.[240]  

 

Figure 113: Synthesis of Remdesivir nucleoside-5´-diphosphate 219.  
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5. Experimental Part 

5.1 Solvents, chromatography and devices 

Solvents 

Aceton-d6 C3D6O; bp.: 55.5 °C; Deutero 00105; for spectroscopic use. 

Acetonitrile  C2H3N; bp.: 81°C; VWR chemicals, HPLC grade anhydrous: 

Fisher Scientific 10353732.  

Chloroform-d1 CDCl3, bp.: 62°C; Euriso-Top D007H; for spectroscopic use.    

Dichloromethane CH2Cl2; bp.: 40°C; distilled before use; anhydrous: Fisher 

Scientific 10429252. 

Diethyl ether     C4H10O; bp.: 35°C; distilled before use. 

Dimethyl sulfoxide-d6 C2D6OS; bp.: 190°C; Euriso-Top D010ES; for spectroscopic 

use.    

Ethyl acetate     C4H8O2; bp.: 77°C; distilled before use. 

n-Hexane     C6H14; bp.: 69°C; VWR chemicals, HPLC grade.  

Methanol CH4O; bp.: 65°C; distilled before use; anhydrous: Fisher 

Scientific 10323442. 

Methanol-d4 CD4OD; bp.: 65°C; Euriso-Top D0234ES; for spectroscopic 

use.  

N,N-Dimethylformamide  C3H7NO; bp.: 153°C; anhydrous: Fisher Scientific 10045421. 

Nitromethane     CH3NO2; bp.: 101°C; Sigma-Aldrich 230731. 

Petroleum ether (50-70)  bp.: 50-70°C; distilled before use. 

Pyridine C5H5N; bp.: 116°C; anhydrous: Fisher Scientific 12834741 

Tetrahydrofuran  C4H8O; bp.: 65°C; VWR chemicals, HPLC grade; anhydrous: 

Fisher Scientific 10292182 

Water-d2 D2O; bp.: 101.4°C; Deutero 00506; for spectroscopic use. 
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Chromatography 

Thin-layer chromatography  

Thin layer chromatography was performed on precoated MACHEREY-NAGEL Alugram Xtra SIL 

G/UV254. UV-active substances were visualized with UV light at 254 nm. Furthermore, compounds 

were stained with one of the following reagents. 

1. Methanol (180 mL), water (20 mL), glacial acetic acid (25 mL), conc. sulfuric acid (5 mL), 

vanillin (1 g). 

2. Ce(SO4)4 (1g), phosphomolybdic acid (2.5 g), conc. sulfuric acid (8 mL), water (100 mL).  

Column chromatography  

Normal phase column chromatography was performed on silica gel MN 60 (0.040-0.063 mm) 

from Macherey-Nagel.  

Automated flash chromatography   

Normal phase automated flash chromatography was performed using cartridges filled with silica 

gel MN 60 (0.040-0.063 mm) from Macherey-Nagel. The purification was performed on an 

Interchim Puriflash 430 or X520 Plus.  

Reversed phase automated flash chromatography on RP18 silica gel was performed using MN RS 

16 C18 ec, MN RS 40 C18 ec or MN RS 120 C18 ec columns on an Interchim Puriflash 430 or X520 

Plus. 

High-performance liquid chromatography  

Analytical high-performance liquid chromatography was performed on an Agilent 1260 Infinity II 

system.  

Software:  Agilent OpenLabs CDS 

Pump:   1260 Quat Pump VL 

Autosampler:  1260 Vialsampler 

Detector:  1260, Dioden Array Detector (DAD) 
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Column:     EC 125/3 NUCLEODUR 100-5 C18ec (length: 125 mm, ID: 3.0 mm, particle 

size: 5 μm) from MACHEREY NAGEL; Pre-column EC 4/3 Nucleodur 100-5 

C18ec from MACHEREY-NAGEL. 

Method: CH3CN gradient in 2 mM tetrabutylammonium acetate buffer (pH 6.0); 0-20 min; 5-80%, 

flow 1 mL min-1. 

Spectroscopy 

Nuclear magnetic resonance spectroscopy (NMR) 

All NMR spectra were measured at the institute of organic chemistry or inorganic chemistry at 

the University of Hamburg. NMR spectra were recorded on a Bruker Fourier 300 (300 MHz), a 

Bruker AV 400 (400 MHz), a Bruker DRX 500 (500 MHz) or a Bruker AVIII 600 (600 MHz). The 

chemical shifts were quoted in parts per million [ppm] and were calibrated on the used solvent 

signals: Acetone-d6: 2.05 (1H), 29.84 (13C); Chloroform-d1: (1H), 77.16 (13C); Dimethyl sulfoxide-

d6: 2.50 (1H), 39.52 (13C); Methanol-d4: 3.31(1H), 49.00 (13C); Water-d2: 4.79 (1H). For further 

identification, two-dimensional experiments (H,H-COSY; HMBC; HSQC; NOESY) were performed.  

Mass spectrometry  

All mass spectra were measured at the institute of organic chemistry at the University of 

Hamburg or at the University Medical Centre Hamburg-Eppendorf (UKE). ESI mass spectrometry 

was performed on an Agilent 6224 ESI-TOF spectrometer in positive and negative mode.  

Polarimeter 

For the determination of the optical rotation an A. Krüss Optic GmbH P8000 polarimeter was 

used. The optical rotation values were measured in a cuvette with a length of 100 mm, at a 

wavelength of 589 nm.  

Further Devices  

Centrifuge 

For centrifugation a Hereaus Biofuge R with 8000 rpm or a Eppendorf 5418 R with 14000 rpm 

were used. 
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Freeze Dryer  

A Christ ALPHA 2-4 LDplus was used for freeze drying. 

5.2 Preparation of buffer-solutions 

Preparation of 2 mM tetrabutylammonium acetate buffer 

To a solution of 10% aqueous tetrabutylammonium hydroxide (12.7 mL, 4.9 mmol) in deionized 

ultrapure water (2.4 L) acetic acid (~6 mL) was added until the pH value was set to 6.0.  

Preparation of 1 M triethylammonium bicarbonate buffer (1 M TEAB) 

Triethylamine (319 mL, 2.00 mol) was added to deionized ultrapure water (2.3 L). Gaseous carbon 

dioxide evolving from sublimating dry ice was bubbled through the solution until the pH of the 

solution reaches pH 8.0.      

Preparation of 0.05 M triethylammonium bicarbonate buffer (0.05 M TEAB) 

50 mL of the 1 M TEAB solution was filled up to 1 L with deionized ultrapure water. 

5.3 Synthesis 

5.3.1 General Procedures  

General procedure I for the synthesis of 2´-C-modified ribose 

To a solution of CeCl3 (4.3 equiv.) in THF was added the appropriate Grignard reagent (4.0 equiv.) 

over 20 min at -78°C.  After the reaction mixture was stirred for 1.5 h a solution of 1,3,5-tri-O-

benzoyl-α-D-2-ketoribofuranose 181 (1.0 equiv.) in THF was added over 20 min. After the 

reaction mixture was stirred for 30 min TLC showed complete consumption of the starting 

material, whereupon the reaction was quenched by the addition of sat. aq. NH4Cl. After the 

reaction mixture was warmed to room temperature, the mixture was filtered through a pad of 

Celite. The filtrate was extracted with CH2Cl2 three times. The combined organic layers were dried 

over MgSO4, and all volatiles were removed under reduced pressure to provide the crude 

product.  

The crude product was solved in CH2Cl2 and consecutively DMAP (2.0 equiv.), Et3N (15 equiv.) 

and benzoyl chloride (3.0 equiv.) were added. After the reaction mixture was stirred overnight at 

room temperature the reaction was quenched by the addition of sat. aq. NaHCO3. The aqueous 

phase was extracted with CH2Cl2 three times. The combined organic layers were dried over 
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MgSO4, afterwards all volatiles were removed under reduced pressure purification of the crude 

product on silica gel provided the appropriate 2´-C-modified ribose.  

General procedure II for the synthesis of nucleosides using modified VORBRÜGGEN protocol  

The appropriate base (1.0 equiv.) and ammonium sulfate (0.015 equiv.) were suspended in HMDS 

and heated at 130°C for 1 h until a clear solution was formed. After all volatiles were removed 

under reduced pressure the residue was taken up in CH3CN and CH2Cl2 and the appropriate ribose 

(0.3 to 0.7 equiv.) followed by tin tetrachloride (1 M solution in CH2Cl2, 0.3 to 0.7 equiv.) were 

added. The reaction mixture was stirred for 16 h at room temperature, if no full conversion could 

be observed the reaction mixture was refluxed for further 30 to 60 min. After full conversion of 

the ribose could be observed the reaction was quenched by the addition of saturated Na2HCO3 

solution. CH2Cl2 was added and the organic layer was separated. The aqueous layer was extracted 

two times with CH2Cl2. The combined organic layers were dried over MgSO4, and afterwards all 

volatiles were removed under reduced pressure, purification of the crude product on silica gel 

provided the appropriate protected nucleosides. 

General procedure III for the cleavage acyl protection groups using sodium methanolate  

After the appropriate amount of the protected nucleoside was solved in methanol, sodium 

methoxide solution (5.4 M in MeOH, 0.1 equiv.) was added and the reaction mixture was stirred 

for 30 to 60 min at room temperature. After TLC showed full conversion of the starting material 

the pH was adjusted to 6 by adding a 1 M HCL solution, afterwards all volatiles were removed 

under reduced pressure. The crude product was subjected to a RP18 silica gel using automated 

flash chromatography (H2O/CH3CN; 100:0 to 0:100) to provide the appropriate nucleoside. 

General procedure IV for the cleavage acyl protection groups with simultaneously ester 

ammonolysis using methanolic ammonia   

The appropriate protected nucleoside was solved in methanolic ammonia (7 M NH3 in MeOH) 

and the resulting mixture was stirred for 16 h at room temperature. After complete consumption 

of the starting material all volatiles were removed under reduced pressure. The residue was 

taken up in H2O and the aqueous phase was washed with CH2Cl2 four times and with Et2O once, 

afterwards all volatiles were removed under reduced pressure. The crude product was subjected 
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to a RP18 silica gel using automated flash chromatography (H2O/CH3CN; 100:0 to 0:100). to 

provide the appropriate nucleoside.   

General procedure V for synthesis of nucleoside monophosphates using YOSHIKAWA protocol 

The appropriate nucleoside (1.0 equiv.)  was dried in vacuo overnight and solved in trimethyl 

phosphate. Depending on the solubility of the nucleoside gentle heating is required to obtain a 

solution. If the nucleoside is not completely solvable under these conditions, it is also possible to 

proceed with a suspension. After 1,8-bis(dimethylamino)naphthalene (proton sponge) (2.0 

equiv.) was added, the reaction mixture was cooled to 0°C and POCl3 (4.0 equiv.) was added 

slowly. Afterwards the reaction mixture was stirred at 0°C while the reaction was monitored 

using a RP18 HPLC. After the starting material was consumed completely or the formation of side 

products could be observed the reaction was quenched by the addition of 1 M TEAB buffer. 

Afterwards the reaction mixture was warmed to room temperature and stirred for 30 min and 

subsequently washed with CH2Cl2 three times. Then all volatiles were removed under reduced 

pressure, and the residue was subjected to a RP18 silica gel using an automated flash 

chromatography (0.05 M TEAB/CH3CN; 100:0 to 0:100). Product containing fractions were pooled 

and freeze dried to yield the appropriate nucleoside-5´-monophosphate as triethylammonium 

salt.   

General procedure VI for the synthesis of nucleoside triphosphates using modified LUDWIG & 

ECKSTEIN protocol 

The appropriate nucleoside (1.0 equiv.) was dried in vacuo overnight and solved in trimethyl 

phosphate. Depending on the solubility of the nucleoside gentle heating is required to obtain a 

solution. If the nucleoside is not completely solvable under these conditions, it is also possible to 

proceed with a suspension. After 1,8-bis(dimethylamino)naphthalene (proton sponge) (2.0 

equiv.) was added, the reaction mixture was cooled to 0°C and POCl3                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                 

(4.0 equiv.) was added slowly. Afterwards the reaction mixture was stirred at 0°C while the 

reaction was monitored using a RP18 HPLC. After the starting material was consumed completely 

or the formation of side products could be observed a precooled mixture containing tributyl 

ammonium pyrophosphate (2.5 equiv.) and tributylamine (6 equiv.) in CH3CN was added. The 

reaction mixture was further stirred at 0°C while being monitored using a RP18 HPLC. After full 

conversion of the starting material, or when no more conversion could be observed the reaction 
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was quenched by the addition of 1 M TEAB buffer. Afterwards the reaction mixture was warmed 

to room temperature, stirred for 30 min, and subsequently washed with CH2Cl2 three times. After 

all volatiles were removed under reduced pressure the residue was subjected to a DEAD-

Sephadex A-25 column using an automated flash system (0–1 M TEAB). Fractions containing the 

desired product were concentrated under reduced pressure and subjected to a RP18 silica gel 

using an automated flash chromatography (0.05 M TEAB/CH3CN; 100:0 to 0:100). Product 

containing fractions were pooled and freeze dried to yield the appropriate nucleoside-5´-

triphosphate as triethylammonium salt.   

General procedure VII for the synthesis of TriPPPro-NTP-Prodrugs using the H-phosphonate 

route 

The appropriate H-phosphonate (1.0 equiv.) was dissolved/suspended in CH3CN and N-

chlorosuccinimide (2.5 equiv.) was added. After the reaction mixture was stirred overnight at 

50 °C tetrabutylammonium phosphate monobasic (0.4 M solution in CH3CN, 3.0 equiv.) was 

added and the reaction mixture was stirred for 1 h at room temperature. Subsequently, the 

solvent was removed under reduced pressure, the resulting residue was taken up in CH2Cl2, 

washed with cold 1 M aq. NH4OAc, and cold H2O (phase separation via centrifuge). The organic 

layer was dried over MgSO4, and all volatiles were removed under reduced pressure to yield the 

appropriate pyrophosphate, that was used in the next step without further purification (Note: 

the pyrophosphate can be stored overnight under nitrogen as inert gas at -20 °C).    

To a solution of the appropriate pyrophosphate (1.0 equiv.) in CH3CN was added a solution of 

TFAA (5.0 equiv.) in Et3N (8.0 equiv.) at 0°C. After the resulting reaction mixture was stirred for 

10 min at room temperature all volatiles were removed under reduced pressure. After the 

resulting residue was co-evaporated once with CH3CN, it was dissolved again in CH3CN. Then the 

reaction mixture was cooled to 0°C and Et3N (5.0 equiv.) as well as 1-methylimidazol (2.5 equiv.) 

were added. The reaction mixture was stirred for 10 min at room temperature before the 

appropriate nucleoside 5´-monophosphate triethylammonium salt (0.3-0.5 equiv.) dissolved in 

DMF was added. The reaction mixture was stirred at room temperature until full conversion of 

the monophosphate was observed (RP18 HPLC monitoring). Afterwards all volatiles were removed 

under reduced pressure and the residue was subjected to a RP18 silica gel using an automated 

flash chromatography (H2O/CH3CN; 100:0 to 0:100), followed by ion exchange to ammonia 

(Dowex-NH4
+), and a final purification on RP18 silica gel using automated flash chromatography 



 
EXPERIMENTAL PART 

 

 

112 
 

(H2O/CH3CN; 100:0 to 0:100). Product containing fractions were pooled and freeze dried to yield 

the appropriate TriPPPro-NTP-Prodrug as ammonium salt.   

General procedure VIII for the synthesis of C-nucleosides  

The appropriate pyridine derivative (1.0 equiv.) was dissolved in THF before LDA (1 M solution in 

THF, 1.0 equiv.) was added dropwise at -78°C. After the reaction mixture was stirred for 30 min 

at -78°C a solution of the appropriate protected ribonolactone (0.5 equiv.) in THF was added 

dropwise. Then the reaction mixture was stirred for an additional hour and quenched by the 

addition of sat. aq. NH4Cl. CH2Cl2. Afterwards the organic layer was separated and the aqueous 

layer was extracted two times with CH2Cl2. The combined organic layers were dried over MgSO4, 

and all volatiles were removed under reduced pressure. Purification of the crude product on silica 

gel provided the appropriate lactol.  

General procedure IX for the acetylation of C-nucleosides  

The appropriate lactol (1.0 equiv.) was dissolved in THF before LiHMDS (1 M solution in THF, 1.5 

equiv.) was added dropwise at room temperature. After the reaction mixture was stirred for 

10 min acetic anhydride (1.5 equiv.) was added and the reaction mixture was stirred for further 

20 min. The reaction was quenched by the addition of aq. sat. NaHCO3. CH2Cl2 was added and the 

organic layer was separated. The aqueous layer was extracted two times with CH2Cl2. The 

combined organic layers were dried over MgSO4, and all volatiles were removed under reduced 

pressure. Purification of the crude product on silica gel provided the appropriate acetylated 

lactol. 

5.3.2 Synthesis of pyrazine building blocks   

3-Hydroxypyrazine-2-carboxylic acid 29 

 

3-Amino-2-pyrazinecarboxylic acid 21 (20.0 g, 144 mmol) was suspended in 100 mL conc. H₂SO₄. 

At 0°C, sodium nitrite (14.9 g, 216 mmol) was added portion-wise. The suspension was 

afterwards stirred at room temperature for two hours until a clear solution was formed. The 

reaction was quenched by pouring the reaction mixture on ice water (500 mL). The precipitated 
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solid was collected by vacuum filtration and washed with ice-cold water and redissolved in a 5% 

sodium carbonate solution. 3-Hydroxypyrazine-2-carboxylic acid 29 was precipitated by the 

addition of 1 M HCl (300 mL), collected by vacuum filtration, washed with ice-cold water, and 

dried under vacuum to give 16.0 g of 29 (114 mmol, 79%) as a yellow solid and was used without 

further purification. 

The analytical data was in accordance with those described.[142]  

1H-NMR (300 MHz, DMSO-d6): δ [ppm] = 7.80 (d, 3JHH = 3.7 Hz, 1H, H-5), 7.65 (d, 3JHH = 3.7 Hz, 1H, 

H-6).  

Methyl 3-hydroxy-2-pyrazinecarboxylate 20  

 

3-Hydroxypyrazine-2-carboxylic acid 29 (16.0 g, 114 mmol) was dissolved in MeOH (300 mL), and 

conc. H₂SO₄ (2 mL) was added. After the reaction mixture was refluxed for 16 h, all volatiles were 

removed under reduced pressure. Purification on silica gel (CH₂Cl₂/MeOH; 30:1 v/v) provided 

14.0 g of 20 (90.8 mmol, 80%) as a yellow solid. 

The analytical data was in accordance with those described.[142]  

1H-NMR (300 MHz, DMSO-d6): δ [ppm] = 7.71 (d, 3JHH = 3.7 Hz, 1H, H-5), 7.47 (d, 3JHH = 3.7 Hz, 1H, 

H-6), 3.81 (s, 3H, -OCH3).  

Methyl 3-amino-6-methylpyrazine-2-carboxylate 128 

 

Methyl 3-amino-6-bromo-2-carboxylate 127 (2.00 g, 8.62 mmol), Pd₂(OAc)₄ (193 mg, 0.86 mmol), 

Xantphos (748 mg, 1.29 mmol), methylboronic acid (773 mg, 19.9 mmol), and potassium 

phosphate tribasic (3.65 g, 17.2 mmol) were dissolved in toluene (30 mL) and water (1 mL). The 

reaction mixture was refluxed for 1 h before it was allowed to cool to room temperature, filtered 

through Celite, and washed with CH₂Cl₂. The filtrate was concentrated under reduced pressure 
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and subjected to a silica gel column using automated flash chromatography (CH₂Cl₂/ethyl 

acetate; 100:0 to 80:20 v/v). The desired product 128 (650 mg, 45%) was obtained as a brown 

solid. 

The analytical data was in accordance with those described.[215]  

1H-NMR (400 MHz, CDCl3): δ [ppm] = 8.10 (s, 1H, H-5), 6.31 (bs, 2H, -NH2), 3.97 (s, 3H, H-8), 2.47 

(s, 3H, H-9). 

13C-NMR (101 MHz, CDCl3): δ [ppm] = 167.1 (C-7), 154.3 (C-3), 147.5 (C-5), 142.3 (C-6), 122.9 (C-

2), 53.0 (C-8), 20.6 (C-9). 

HRMS (ESI+): m/z = calcd: 168.0767 [M+H]+, found: 168.0768 [M+H]+. 

Methyl 3-hydroxy-6-methylpyrazine-2-carboxylate 129 

 

Methyl 3-amino-6-methylpyrazine-2-carboxylate 128 (677 mg, 4.05 mmol) was suspended in 

conc. H₂SO₄ (2 mL). At 0°C, sodium nitrite (558 mg, 8.10 mmol) was added portion-wise. The 

suspension was then stirred at room temperature for two hours, until a solution was formed. The 

reaction was quenched by pouring the reaction mixture onto ice water (500 mL). The precipitated 

solid was collected by vacuum filtration and washed with ice-cold water. The obtained crude 

product was purified on silica gel with automated flash chromatography (CH₂Cl₂/MeOH; 100:1 to 

15:1 v/v), which provided 129 (596 mg, 88%) as a light-brown solid. 

The analytical data was in accordance with those described.[215]  

1H-NMR (400 MHz, DMSO-d6): δ [ppm] = 7.70 (s, 1H, H-5), 3.81 (s, 3H, H-8), 2.25 (s, 3H, H-9). 

5.3.3 Synthesis of ribose building blocks    

1,2-O-Isopropyliden-α-D-xylofuranose 30 
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D-Xylose 25 (20.0 g, 0.13 mol) was dissolved in acetone (520 mL), and conc. H₂SO₄ (20 mL) was 

added. After the reaction mixture was stirred for 30 min, the reaction mixture was cooled to 0°C, 

and Na₂CO₃ (34.1 g, 0.24 mol) dissolved in 100 mL water was added carefully. Afterwards, the 

reaction mixture was stirred at room temperature for 3.5 h before solid Na₂CO₃ was added until 

a pH = 7 was reached. The precipitated solid was removed by filtration and extensively washed 

with acetone. After all volatiles were removed under reduced pressure, the crude product was 

purified on silica gel (CH₂Cl₂/MeOH; 50:1 v/v), providing 30 (20.5 g, 81%) as a light-yellow oil. 

The analytical data was in accordance with those described.[144]  

 1H-NMR (600 MHz, CDCl3): δ [ppm] = 5.98 (d, 3JHH = 3.60 Hz, 1H, H-1), 4.52 (d, 3JHH = 3.80 Hz, 1H, 

H-2), 4.33 (d, 3JHH = 2.72 Hz, 1H, H-3), 4.18 – 4.16 (m, 1H, H-4), 4.13 (dd, 2JHH = 12.54 Hz, 3JHH = 

3.76 Hz, 1H, H-5), 4.03 (dd, 2JHH = 12.59 Hz, 3JHH = 2.57 Hz, 1H, H-5), 1.48 (s, 3H, C-CH3), 1.32 (s, 

3H, C-CH3).    

13C-NMR (150 MHz, CDCl3): δ [ppm] = 111.9 (C-CH3), 106.0 (C-1), 85.8 (C-2), 78.7 (C-3), 77.2 (C-4), 

61.4 (C-5), 26.9 (C-CH3), 26.3 (C-CH3). 

HRMS (ESI+): m/z = calcd: 213.0733 [M+Na]+, found: 213.0732 [M+Na]+. 

5-O-Benzoyl-1,2-O-isopropylidene-α-D-xylofuranose 31 

 

To a solution of xylose 30 (630 mg, 3.31 mmol) in CH₂Cl₂ (25 mL) was added Et₃N (689 µL, 

4.96 mmol) at 0°C. Afterwards, benzoyl chloride (419 µL, 3.61 mmol) was added over 10 min. 

After the reaction was stirred at 0°C for 2 h, the reaction was quenched by the addition of sat. 

aq. NaHCO₃. The organic phase was washed with sat. aq. NaHCO₃, dried over MgSO₄, and all 

volatiles were removed under reduced pressure. The resulting residue was purified on silica gel 

(petroleum ether/ethyl acetate; 2:1 v/v), providing 31 (850 mg, 87%) as a white solid. 

The analytical data was in accordance with those described.[144]  

1H-NMR (600 MHz, CDCl3): δ [ppm] = 8.06 – 8.05 (m, 2H, H-Bz), 7.61 – 7.58 (m, 1H, H-Bz), 7.47 – 

7.45 (m, 2H, H-Bz), 5.95 (d, 3JHH = 3.65 Hz, 1H, H-1), 4.83 – 4.79 (m, 1H, H-5), 4.60 (d, 3JHH = 3.71 Hz, 
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1H, H-2), 4.40 – 4.36 (m, 2H, H-3, H-5), 4.18 – 4.17 (m, 1H, H-4), 1.51 (s, 3H, C-CH3), 1.32 (s, 3H, 

C-CH3). 

13C-NMR (150 MHz, CDCl3): δ [ppm] = 167.6 (C-Bz), 133.8 (C-Bz), 130.1 (2C, C-Bz), 129.3 (C-Bz), 

128.7 (2C, C-Bz), 112.0 (C-CH3), 104.9 (C-1), 85.2 (C-2), 78.7 (C-3), 74.5 (C-4), 61.3 (C-5), 26.9 (C-

CH3), 26.3 (C-CH3).  

HRMS (ESI+): m/z = calcd: 317.0995 [M+Na]+, found: 317.0995 [M+Na]+. 

5-O-Benzoyl-3-O-phenylcarbonothioate-1,2-O-isopropylidene-α-D-xylofuranose 32 

 

The reaction was carried out as described in the literature with xylose 31 (318 mg, 1.08 mmol), 

4-DMAP (330 mg, 2.70 mmol), and O-phenyl chlorothionoformate (224 mg, 1.30 mmol) in CH₂Cl₂ 

(10 mL). Purification on silica gel with automated flash chromatography (petroleum ether/ethyl 

acetate; 8:1 to 4:1 v/v) provided 32 (384 mg, 75%) as a colorless solid. 

The analytical data was in accordance with those described.[119] 

5-O-Benzoyl-3-deoxy-1,2-O-isopropylidene-α-D-xylofuranose 33 

 

The reaction was carried out as described in the literature with xylose 32 (340 mg, 0.79 mmol), 

AIBN (26 mg, 0.16 mmol), and tributyltin hydride (315 mg, 1.16 mmol) in toluene (10 mL). 

Purification on silica gel with automated flash chromatography (petroleum ether/ethyl acetate; 

7:1 to 3:1 v/v) provided 33 (208 mg, 94%) as a colorless oil. 

The analytical data was in accordance with those described.[119] 
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5-O-Benzoyl-1,2-di-O-acetyl-3-deoxy-D-ribofuranose 22 

 

The reaction was carried out as described in the literature with ribose 33 (1.50 g, 5.38 mmol), 

acetic anhydride (3.24 g, 31.7 mmol), and conc. H₂SO₄ (0.75 mL) in acetic acid (30 mL). Purification 

on silica gel with automated flash chromatography (petroleum ether/ethyl acetate; 6:1 to 2:1 

v/v) provided 22 (1.34 g, 77%) as a colorless oil. 

The analytical data was in accordance with those described.[119] 

1H-NMR (600 MHz, CDCl3): δ [ppm] = α-Anomer: 8.09 – 8.03 (m, 2H, H-Bz), 7.59 – 7.56 (m, 1H, H-

Bz), 7.48 – 7.43 (m, 2H, H-Bz), 6.20 (s, 1H, H-1), 5.24 (d, 3JHH = 4.24 Hz, 1H, H-2), 4.74 – 4.70 (m, 

1H, H-4), 4.54 (dd, 2JHH = 11.94 Hz, 3JHH = 3.74 Hz, 1H, H-5), 4.35 (dd, 2JHH = 11.89 Hz, 3JHH = 5.53 Hz, 

1H, H-5), 2.29 – 2.19 (m, 2H, H-3) 2.10 (s, 3H, H-Ac), 1.97 (s, 3H, H-Ac). 

13C-NMR (150 MHz, CDCl3): δ [ppm] = α-Anomer: 170.1 (C-Ac), 169.4 (C-Ac), 166.4 (C-Bz), 133.4 

(C-Bz), 129.9 (2C, C-Bz), 129.8 (C-Bz), 128.5 (2C, C-Bz), 99.6 (C-1), 78.9 (C-4), 77.1 (C-3), 66.2 (C-

5), 31.7 (C-3), 21.2 (C-Ac), 21.0 (C-Ac).  

HRMS (ESI+): m/z = calcd: 345.0945 [M+Na]+, found: 345.0946 [M+Na]+. 

5-O-Benzoyl-1-O-methyl-α-D-xylofuranose 35 

 

To a solution of xylose 31 (1.00 g, 3.40 mmol) in MeOH (20 mL) was added iodine (166 mg, 

0.65 mmol), and the mixture was heated under reflux for 4 h. Afterwards, the reaction mixture 

was poured into sat. aq. Na₂S₂O₃ and extracted with CH₂Cl₂ three times. The combined organic 

layers were washed with sat. aq. NaCl, dried over MgSO₄, and all volatiles were removed under 

reduced pressure. Purification of the crude product on silica gel (petroleum ether/ethyl acetate; 

2:1 v/v) provided 35 (695 mg, 76%) as a white solid, as a mixture of anomers. 

The analytical data was in accordance with those described.[145] 
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1H-NMR (600 MHz, CDCl3): δ [ppm] = α-Anomer: 8.07 – 8.03 (m, 2H, H-Bz), 7.59 – 7.53 (m, 1H, H-

Bz), 7.46 – 7.42 (m, 2H, H-Bz), 5.04 (d, 3JHH = 4.34 Hz, 1H, H-1), 4.71 – 4.66 (m, 1H, H-5), 4.44 – 

4.42 (m, 1H, H-4), 4.39  (dd, 2JHH = 11.45 Hz, 3JHH = 5.30 Hz, 1H, H-5), 4.27 (t, 3JHH = 5.06 Hz, 1H, H-

3), 4.18 – 4-16 (m, 1H, H-2), 3.50 (s, 3H, -OCH3).  

β-Anomer: 8.07 – 8.03 (m, 2H, H-Bz), 7.59 – 7.53 (m, 1H, H-Bz), 7.46 – 7.42 (m, 2H, H-Bz), 4.89 (s, 

1H, H-1), 4.71 – 4.66 (m, 1H, H-5), 4.65 – 4.62 (m, 1H, H-3), 4.50 (dd, 2JHH = 11.48 Hz, 3JHH = 6.90 Hz, 

1H, H-5), 4.24 (s, 1H, H-4), 4.18 – 4-16 (m, 1H, H-2), 3.40 (s, 3H, -OCH3). 

13C-NMR (150 MHz, CDCl3): δ [ppm] = α-Anomer: 167.8 (C-Bz), 133.5 (C-Bz), 129.9 (2C, C-Bz), 

128.6 (C-Bz), 128.5 (2C, C-Bz), 102.1 (C-1), 78.0 (C-2), 76.9 (C-4), 76.6 (C-3) 63.0 (C-5), 56.2 (-OCH3).  

β-Anomer: 167.07 (C-Bz), 133.3(C-Bz), 129.9 (2C, C-Bz), 128.60 (C-Bz), 128.51 (2C, C-Bz), 108.8 (C-

1), 80.9 (C-3), 79.7 (C-4), 76.1 (C-2), 64.5 (C-5), 55.4 (-OCH3).  

HRMS (ESI-): m/z = calcd: 291.0839 [M+Na]+, found: 291.0839 [M+Na]+. 

5-O-Benzoyl-3-deoxy-3-fluoro-1-O-methyl-D-ribofuranose 36 

 

Xylose 35 (2.12 g, 7.93 mmol) was dissolved in DCM (40 mL), and diethylaminosulfur trifluoride 

(5.78 g, 35.7 mmol) was added. The reaction mixture was stirred for 20 h at room temperature. 

After the reaction mixture was cooled in an ice bath, it was poured into cooled sat. aq. NaHCO₃ 

and extracted with CH₂Cl₂ three times. The combined organic layers were washed with saturated 

aqueous NaCl, dried over MgSO₄, and all volatiles were removed under reduced pressure. 

Purification of the crude product on silica gel (petroleum ether/ethyl acetate, 2:1 v/v) provided 

36 (1.12 g, 52%) as a colorless oil, as a mixture of anomers. 

The analytical data was in accordance with those described.[145] 

1H-NMR (600 MHz, CDCl3): δ [ppm] = α-Anomer: 8.00 – 7.98 (m, 2H, H-Bz), 7.60 – 7.56 (m, 1H, H-

Bz), 7.47 – 7.44 (m, 2H, H-Bz), 5.98 (d, 3JHH = 4.72 Hz, 1H, H-1), 4.90 (ddd, 2JHF = 55.88 Hz, 3JHH = 

5.69 Hz, 3JHH = 1.43 Hz, 1H, H-3), 4.62- 4.50 (m, 2H, H-4, H-5), 4.46 – 4.42 (m, 1H, H-5), 4.20 (dt, 

3JHF = 22.31 Hz, 3JHH = 5.21 Hz, 1H, H-2), 3.50 (s, 3H, -OCH3).  
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β-Anomer: 8.08 – 8.06 (m, 2H, H-Bz), 7.60 – 7.56 (m, 1H, H-Bz), 7.47 – 7.44 (m, 2H, H-Bz), 4.89 

(dt, 2JHF = 54.00 Hz, 3JHH = 4.93 Hz, 1H, H-3), 4.91 (t, 3JHH = 1.78 Hz, 1H, H-1), 4.62- 4.50 (m, 2H, H-

4, H-5), 4.46 – 4.42 (m, 1H, H-5), 4.25 (ddd, 3JHF = 4.80 Hz, 3JHH = 4.80 Hz, 3JHH = 1.52 Hz, 1H, H-2), 

3.35 (s, 3H, -OCH3). 

13C-NMR (150 MHz, CDCl3): δ [ppm] = α-Anomer: 166.1 (C-Bz), 133.6(C-Bz), 129.7 (2C, C-Bz), 129.5 

(C-Bz), 128.7 (2C, C-Bz), 108.1 (d, 3JCF = 3.40 Hz, C-1), 90.6 (d, 1JCF = 185.56 Hz, C-3), 80.7 (d, 2JCF = 

25.08 Hz, C-4), 72.5 (d, 2JCF = 16.58 Hz, C-2), 63.1 (d, 3JCF = 10.17 Hz, C-5), 55.9 (-OCH3).  

β-Anomer: 166.3 (C-Bz), 133.4(C-Bz), 129.9 (2C, C-Bz), 129.8 (C-Bz), 128.6 (2C, C-Bz), 102.4(C-1), 

92.4 (d, 1JCF = 187.07 Hz, C-3), 78.6 (d, 2JCF = 25.48 Hz, C-4), 74.6 (d, 2JCF = 15.23 Hz, C-2), 64.3 (d, 

3JCF = 4.57 Hz, C-5), 55.7 (-OCH3). 

19F-NMR (564 MHz, CDCl3): δ [ppm] = α-Anomer: -213.1, β-Anomer: -195.4. 

HRMS (ESI+): m/z = calcd: 293.0796 [M+Na]+, found: 293.0796 [M+Na]+. 

5-O-Benzoyl-1,2-di-O-acetyl-3-deoxy-3-fluoro-D-ribofuranose 23 

 

Ribose 36 (2.30 g, 8.51 mmol) was dissolved in acetic acid (20 mL), and acetic anhydride (4.32 g, 

42.3 mmol) was added. Afterwards, the reaction mixture was cooled to 0 °C before conc. H₂SO₄ 

(1.5 mL) was added dropwise. The reaction mixture was stirred at room temperature for 4 h 

before it was poured into ice water and stirred for further 30 min. The solution was extracted 

with CH₂Cl₂ three times, and the combined organic layers were washed with sat. aq. NaHCO₃, sat. 

aq. NaCl, dried over MgSO₄, and all volatiles were removed under reduced pressure. Purification 

of the crude product on silica gel (petroleum ether/ethyl acetate, 2:1 v/v) provided 23 (2.11 g, 

73%) as a colorless oil, as a mixture of anomers. 

1H-NMR (600 MHz, CDCl3): δ [ppm] = α-Anomer: 8.03 – 8.01 (m, 2H, H-Bz), 7.60 – 7.58 (m, 1H, H-

Bz), 7.48 – 7.45 (m, 2H, H-Bz), 6.51 (d, 3JHH = 4.78 Hz, 1H, H-1), 5.23 (ddd, 2JHF = 55.24 Hz, 3JHH = 

5.40 Hz, 3JHH = 1.44 Hz, 1H, H-3), 5.15 (dt, 3JHF = 23.64 Hz, 3JHH = 5.18 Hz, 1H, H-2), 4.81 – 4.75 (m, 
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1H, H-4), 4.52 (dd, 2JHH = 12.30 Hz, 3JHH = 3.79 Hz, 1H, H-5), 4.47 (dd, 2JHH = 12.30 Hz, 3JHH = 3.64 

Hz, 1H, H-5), 2.17 (s, 3H, H-Ac), 2.15 (s, 3H, H-Ac). 

β-Anomer: 8.08 – 8.06 (m, 2H, H-Bz), 7.60 – 7.58 (m, 1H, H-Bz), 7.48 – 7.45 (m, 2H, H-Bz), 6.24 (t, 

3JHH = 1.93 Hz, 1H, H-1), 5.30 (dt, 2JHF = 52.68 Hz, 3JHH = 4.65 Hz, 1H, H-3), 5.35 – 5.33 (m, 1H, H-

2),  4.67 – 4.61 (m, 2H, H-4, H-5), 4.44 – 4.41 (m, 1H, H-5), 2.18 (s, 3H, H-Ac), 1.95 (s, 3H, H-Ac). 

13C-NMR (150 MHz, CDCl3): δ [ppm] = α-Anomer: 170.0 (C-Ac), 169.3 (C-Ac), 166.0 (C-Bz), 133.7 

(C-Bz), 129.8 (2C, C-Bz), 129.3 (C-Bz), 128.8 (2C, C-Bz), 98.3 (d, 3JCF = 2.30 Hz, C-1), 88.5 (d, 1JCF = 

191.80 Hz, C-3), 82.4 (d, 2JCF = 25.40 Hz, C-4), 71.3 (d, 2JCF = 15.37 Hz, C-2), 63.5 (d, 3JCF = 9.52 Hz, 

C-5), 21.0 (C-Ac), 20.5 (C-Ac).  

β-Anomer: 170.0 (C-Ac), 169.3 (C-Ac), 166.3 (C-Bz), 133.6(C-Bz), 129.9 (2C, C-Bz), 129.6 (C-Bz), 

128.7 (2C, C-Bz), 93.9 (C-1), 89.3 (d, 1JCF = 194.04 Hz, C-3), 80.8 (d, 2JCF = 24.89 Hz, C-4), 74.8 (d, 

2JCF = 14.54 Hz, C-2), 63.2 (d, 3JCF = 5.51 Hz, C-5), 21.2 (C-Ac), 20.6 (C-Ac). 

19F-NMR (564 MHz, CDCl3): δ [ppm] = α-Anomer: -209.1, β-Anomer: -195.2. 

HRMS (ESI+): m/z = calcd: 363.0850 [M+Na]+, found: 363.0849 [M+Na]+. 

1-O-Acetyl-2-deoxy-3,5-di-O-benzoyl-2-fluoro-2-methyl-D-ribofuranose 27 

 

 
 

The protected lactone 28 (4.60 g, 12.3 mmol) was dissolved in THF (50 mL) and cooled to -20 °C. 

Subsequently, lithium tri-tert-butoxyaluminium hydride (18.5 mL, 18.5 mmol, 1 M solution in 

THF) was added dropwise over 20 min. After the reaction mixture was stirred at -20 °C for 3 h 

and complete conversion of the starting material was confirmed by TLC, 4-DMAP (1.86 g, 13.6 

mmol) and acetic anhydride (10.7 mL, 113 mmol) were added. The reaction mixture was stirred 

for a further 1.5 h at -20 °C, after which the reaction was quenched by the addition of water and 

ethyl acetate. The solution was extracted with CH₂Cl₂ three times, and the combined organic 

layers were washed with sat. aq. NaHCO₃, sat. aq. NaCl, dried over MgSO₄, and all volatiles were 

removed under reduced pressure. Purification of the crude product on silica gel by automated 
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flash chromatography (petroleum ether/ethyl acetate, 10:1 to 4:1 v/v) provided 27 (4.82 g, 93%) 

as a colorless oil, as a mixture of anomers. 

The analytical data was in accordance with those described.[151] 

1H-NMR (600 MHz, CDCl3): δ [ppm] = α-Anomer: 8.10 – 8.07 (m, 2H, H-Bz), 8.03 – 8.00 (m, 2H, H-

Bz), 7.63 – 7.59 (m, 1H, H-Bz), 7.57 – 7.51 (m, 1H, H-Bz), 7.49 – 7.45 (m, 2H, H-Bz), 7.37 – 7.34 (m, 

2H, H-Bz), 6.22 (d, 3JHF
 = 9.61 Hz, 1H, H-1´), 5.67 (dd, 3JHF

 = 24.21 Hz, 3JHH
 = 8.28 Hz, 1H, H-3´), 4.70 

(dd, 2JHH
 = 11.92 Hz, 3JHH

 = 3.94 Hz, 1H, H-5´), 4.66 – 4.63 (m, 1H, H-4´), 4.43 (dd, 2JHH
 = 12.09 Hz, 

3JHH
 = 4.63 Hz, 1H, H-5´), 1.97 (s, 3H, H-Ac), 1.51 (d, 3JHF

 = 22.74 Hz, 1H, 2´-C-CH3). 

β-Anomer: 8.10 – 8.07 (m, 2H, H-Bz), 8.03 – 8.00 (m, 2H, H-Bz), 7.63 – 7.59 (m, 1H, H-Bz), 7.57 – 

7.51 (m, 1H, H-Bz), 7.49 – 7.45 (m, 2H, H-Bz), 7.43 – 7.39 (m, 2H, H-Bz), 6.18 (d, 3JHF
 = 2.13 Hz, 1H, 

H-1´), 5.26 (t, 3JHF
 = 5.97 Hz, 1H, H-3´), 4.66 – 4.63 (m, 1H, H-4´), 4.68 (dd, 2JHH

 = 12.83 Hz, 3JHH
 = 

3.66 Hz, 1H, H-5´), 4.55 (dd, 2JHH
 = 12.18 Hz, 3JHH

 = 4.94 Hz, 1H, H-5´), 2.18 (s, 3H, H-Ac), 1.70 (d, 

3JHF
 = 22.42 Hz, 1H, 2´-C-CH3). 

13C-NMR (150 MHz, CDCl3): δ [ppm] = α-Anomer: 168.8 (C-Ac), 165.9 (C-Bz), 165.7 (C-Bz), 133.9 

(C-Bz), 133.2 (C-Bz), 130.1 (C-Bz), 129.7 (C-Bz), 129.6 (C-Bz), 128.6 (C-Bz), 128.5 (C-Bz), 128.3 (C-

Bz), 99.5 (d, 1JCF = 183.03 Hz, C-2´), 98.4 (d, 2JCF = 35.47 Hz, C-1´), 78.7 (d, 3JCF = 1.26 Hz, C-4´), 73.6 

(d, 2JCF = 15.28 Hz, C-3´), 63.6 (C-5´), 20.9 (C-Ac), 16.5 (d, 2JCF = 24.14 Hz, 2´-C-CH3).   

β-Anomer: 169.6 (C-Ac), 166.1 (C-Bz), 165.7 (C-Bz), 133.6 (C-Bz), 133.3 (C-Bz), 129.9 (C-Bz), 129.7 

(C-Bz), 129.4 (C-Bz), 129.0 (C-Bz), 128.6 (C-Bz), 128.5 (C-Bz), 98.2 (d, 2JCF = 18.15 Hz, C-1´), 94.3 (d, 

1JCF = 206.70 Hz, C-2´), 80.4 (d, 3JCF = 1.27 Hz, C-4´), 73.2 (d, 2JCF = 15.97 Hz, C-3´), 63.3 (C-5´), 21.9 

(d, 2JCF = 25.50 Hz, 2´-C-CH3), 21.0 (C-Ac). 

19F-NMR (564 MHz, CDCl3): δ [ppm] = α-Anomer: -169.3, β-Anomer: -171.3. 

HRMS (ESI+): m/z = calcd: 439.1163 [M+Na]+, found: 439.1162 [M+Na]+. 

3-Azido-5-O-benzoyl-3-deoxy-1,2-O-isopropylidene-α-D-ribofuranose 38  
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The xylose 31 (2.76 g, 9.38 mmol) was dissolved in CH2Cl2 (25 mL), and pyridine (2.42 mL, 

28.1 mmol) was added. The reaction solution was cooled to 0 °C, and trifluoromethanesulfonic 

anhydride (1.93 mL, 11.3 mmol) was added dropwise. The reaction mixture was then stirred at 

0 °C. After 1 h, the reaction was quenched by the addition of water. Subsequently, the mixture 

was extracted with CH₂Cl₂ three times, and the combined organic layers were washed with sat. 

aq. NaHCO₃, sat. aq. NaCl, dried over MgSO₄, and all volatiles were removed under reduced 

pressure. The obtained solid was then dissolved in DMF (20 mL), and sodium azide (2.25 g, 

34.6 mmol) as well as tetrabutylammonium iodide (109 mg, 0.256 mmol) were added. After the 

reaction mixture was stirred at room temperature for two days, the reaction was quenched by 

the addition of water. Subsequently, the mixture was extracted with ethyl acetate three times, 

and the combined organic layers were washed with sat. aq. NaHCO₃, sat. aq. NaCl, dried over 

MgSO₄, and all volatiles were removed under reduced pressure. Purification of the crude product 

on silica gel (petroleum ether/ethyl acetate, 5:1 v/v) provided 38  (874 mg, 29%) as a colorless 

oil. 

The analytical data was in accordance with those described.[148] 

 1H-NMR (500 MHz, CDCl3): δ [ppm] = 8.08 – 8.04 (m, 2H, H-Bz), 7.61 – 7.55 (m, 1H, H-Bz), 7.48 – 

7.42 (m, 2H, H-Bz), 5.86 (d, 3JHH = 3.70 Hz, 1H, H-1), 4.78 (t, 3JHH = 4.19 Hz, 1H, H-2), 4.68 (dd, 2JHH 

= 12.28 Hz, 3JHH = 3.24 Hz, 1H, H-5), 4.48 (dd, 2JHH = 12.30 Hz, 3JHH = 4.71 Hz, 1H, H-5),  4.42 – 4.37 

(m, 1H, H-4), 3.65 (dd, 3JHH = 10.02 Hz, 3JHH = 4.71 Hz, 1H, H-3), 1.61 (s, 3H, C-CH3), 1.39 (s, 3H, C-

CH3). 

3-Azido-5-O-benzoyl-3-deoxy-1,2-O-diacetyl-D-ribofuranose 24  

 

The ribose 38 (819 mg, 2.56 mmol) was dissolved in acetic acid (24 mL) followed by the addition 

of acetic anhydride (2.94 g, 42.3 mmol). Afterwards, the reaction mixture was cooled to 0 °C 

before conc. H₂SO₄ (0.33 mL) was added dropwise. The reaction mixture was stirred at room 

temperature for 4 h before it was poured into ice water and stirred for further 30 min. The 

solution was extracted with CH₂Cl₂ three times and the combined organic layers were washed 
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with sat. aq. NaHCO₃, sat. aq. NaCl, dried over MgSO₄, and all volatiles were removed under 

reduced pressure. Purification of the crude product on silica gel (petroleum ether/ethyl acetate, 

2:1 v/v) provided 24 (679 mg, 73%) as a colorless solid, as a mixture of anomers.  

The analytical data was in accordance with those described.[148] 

1H-NMR (600 MHz, CDCl3): δ [ppm] = α-Anomer: 8.09 – 8.02 (m, 2H, H-Bz), 7.60 – 7.57 (m, 1H, H-

Bz), 7.48 – 7.44 (m, 2H, H-Bz), 5.98 (d, 3JHH = 4.58 Hz, 1H, H-1), 5.29 (dd, 3JHH = 7.50 Hz, 3JHH = 

4.50 Hz, 1H, H-2), 4.54 (dd, 2JHH = 13.17 Hz, 3JHH = 4.85 Hz, 1H, H-5), 4.48 – 4.46 (m, 1H, H-4), 4.44 

(dd, 2JHH = 12.24 Hz, 3JHH = 3.97 Hz, 1H, H-5), 4.19 (dd, 3JHH = 7.35 Hz, 3JHH = 3.89 Hz, 1H, H-3), 2.18 

(s, 3H, H-Ac), 2.15 (s, 3H, H-Ac).  

β-Anomer: 8.09 – 8.02 (m, 2H, H-Bz), 7.60 – 7.57 (m, 1H, H-Bz), 7.48 – 7.44 (m, 2H, H-Bz), 6.16 (s, 

1H, H-1), 5.38 (d, 3JHH = 4.76 Hz, 1H, H-2), 4.67 (dd, 2JHH = 12.16 Hz, 3JHH = 3.75 Hz, 1H, H-5), 4.44 

(dd, 2JHH = 12.24 Hz, 3JHH = 3.97 Hz, 1H, H-5), 4.39 – 4.36 (m, 1H, H-4), 4.22 (dd, 3JHH = 8.48 Hz, 3JHH 

= 4.76 Hz, 1H, H-3), 2.19 (s, 3H, H-Ac), 1.91 (s, 3H, H-Ac). 

13C-NMR (150 MHz, CDCl3): δ [ppm] = α-Anomer: 169.9 (C-Ac), 169.8 (C-Ac), 166.1 (C-Bz), 133.6 

(C-Bz), 129.6 (2C, C-Bz), 129.4 (C-Bz), 128.7 (2C, C-Bz), 94.0 (C-1), 81.3 (C-4), 72.2 (C-2), 63.9 (C-

5), 59.0 (C-3), 21.2 (C-Ac), 20.4 (C-Ac).  

β-Anomer: 169.7 (C-Ac), 168.9 (C-Ac), 166.1 (C-Bz), 133.6(C-Bz), 129.9 (2C, C-Bz), 129.8 (C-Bz), 

128.6 (2C, C-Bz), 98.2 (C-1), 80.0 (C-4), 75.9 (C-2), 63.2 (C-5), 60.2 (C-3), 20.9 (C-Ac), 20.7 (C-Ac). 

HRMS (ESI+): m/z = calcd: 386.0958 [M+Na]+, found: 386.0955 [M+Na]+. 

1,3,5-Tri-O-benzoyl-α-D-2-ketoribofuranose 181 

 

Dess–Martin periodinane (11.0 g, 25.9 mmol) was added to a solution of 1,3,5-tri-O-benzoyl-α-

D-ribofuranose 180 (10.0 g, 21.6 mmol) in CH₂Cl₂ (100 mL) at 0 °C. After the reaction mixture was 

stirred overnight at room temperature, all volatiles were removed under reduced pressure. The 

obtained residue was treated with methyl tert-butyl ether (200 mL). Subsequently, the resulting 

suspension was filtered through a pad of Celite, and the filtrate was washed consecutively with 
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sat. aq. Na₂S₂O₃, sat. aq. NaHCO₃, sat. aq. NaCl and dried over MgSO₄. After all volatiles were 

removed under reduced pressure, 181 (9.21 g, 93%) was obtained as a white foam. 

The analytical data was in accordance with those described.[232] 

1H-NMR (500 MHz, CDCl3): δ [ppm] = 8.13 – 8.10 (m, 3H, H-Bz), 8.09 – 8.06 (m, 1H, H-Bz), 8.03 – 

8.01 (m, 2H, H-Bz), 7.64 – 7.52 (m, 3H, H-Bz), 7.50 – 7.46 (m, 3H, H-Bz), 7.43 – 7.37 (m, 3H, H-Bz), 

6.21 (d, 4JHH = 1.07 Hz, 1H, H-1), 5.88 (dd, 3JHH = 8.80 Hz, 4JHH = 1.19 Hz, 1H, H-3), 5.07 – 5.04 (m, 

1H, H-4), 4.83 (dd, 2JHH = 12.37 Hz, 3JHH = 3.41 Hz, 1H, H-5), 4.65 (dd, 2JHH = 12.87 Hz, 3JHH = 4.57 Hz, 

1H, H-5). 

13C-NMR (125 MHz, CDCl3): δ [ppm] = 201.5 (C-2), 166.6 (C-Bz), 166.1 (C-Bz), 165.4 (C-Bz), 130.5 

(2C, C-Bz), 130.4 (2C, C-Bz), 130.1 (C-Bz), 129.9 (2C, C-Bz), 128.72 (2C, C-Bz), 128.70 (2C, C-Bz), 

128.66 (C-Bz), 128.59 (C-Bz), 128.56 (2C, C-Bz), 128.53 (C-Bz), 128.39 (C-Bz), 128.37 (C-Bz), 91.5 

(C-1), 78.2 (C-4), 72.2 (C-3), 63.4 (C-5).  

HRMS (ESI+): m/z = calcd: 483.1050 [M+Na]+, found: 483.1045 [M+Na]+. 

5-O-Benzoyl-1-O-methyl-α-D-xylofuranose 182 

 

The reaction was carried out according to general procedure I with 1,3,5-tri-O-benzoyl-α-D-2-

ketoribofuranose 181 (550 mg, 1.19 mmol), CeCl₃ (1.26 g, 5.13 mmol), and vinylmagnesium 

bromide (6.82 mL, 4.77 mmol, 0.7 M solution in THF). The benzoyl protection was performed 

using 4-DMAP (291 mg, 2.38 mmol), Et₃N (2.5 mL) and benzoyl chloride (412 µL, 3.58 mmol). 

Purification on silica gel with automated flash chromatography (petroleum ether/ethyl acetate; 

10:1 to 4:1 v/v) provided 182 (641 mg, 90%) as a white syrup, obtained as a mixture of anomers. 

The analytical data was in accordance with those described.[232] 

1H-NMR (600 MHz, CDCl3): δ [ppm] = α-Anomer: 8.21 – 8.19 (m, 2H, H-Bz), 8.12 – 8.11 (m, 2H, H-

Bz), 8.06 – 8.05 (m, 2H, H-Bz), 8.00 – 7.96 (m, 1H, H-Bz), 7.91 – 7.89 (m, 2H, H-Bz), 7.67 – 7.60 (m, 

3H, H-Bz), 7.59 – 7.52 (m, 2H, H-Bz), 7.50 – 7.38 (m, 4H, H-Bz), 7.18 – 7.15 (m, 2H, H-Bz), 7.14 (s, 

1H, H-1), 6.46 (dd, 3JHH = 17.63 Hz, 3JHH = 11.36 Hz, 1H, H-vinyl), 6.25 (d, 3JHH = 8.33 Hz, 1H, H-3), 
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5.43 (d, 3JHH = 17.58 Hz, 1H, H-vinyl), 5.38 (d, 3JHH = 11.55 Hz, 1H, H-vinyl), 4.82 – 4.79 (m, 1H, H-

4), 4.73 (dd, 2JHH = 12.09 Hz, 3JHH = 3.79 Hz, 1H, H-5), 4.53 (dd, 2JHH = 12.29 Hz, 3JHH = 4.85 Hz, 1H, 

H-3). 

β-Anomer: 8.25 – 8.24 (m, 2H, H-Bz), 8.12 – 8.11 (m, 2H, H-Bz), 8.08 – 8.06 (m, 2H, H-Bz), 8.03 – 

8.01 (m, 1H, H-Bz), 7.87 – 7.85 (m, 2H, H-Bz), 7.76 – 7.75 (m, 2H, H-Bz), 7.76 – 7.75 (m, 3H, H-Bz), 

7.59 – 7.52 (m, 2H, H-Bz), 7.50 – 7.38 (m, 3H, H-Bz), 7.18 – 7.15 (m, 2H, H-Bz), 7.14 (s, 1H, H-1), 

6.37 (dd, 3JHH = 17.59 Hz, 3JHH = 11.00 Hz, 1H, H-1), 5.83 (d, 3JHH = 3.10 Hz, 1H, H-3), 5.76 (d, 3JHH = 

17.56 Hz, 1H, H-vinyl), 5.51 (d, 3JHH = 11.22 Hz, 1H, H-vinyl), 4.86 – 4.83 (m, 1H, H-4), 4.74 (dd, 

2JHH = 11.85 Hz, 3JHH = 4.50 Hz, 1H, H-5), 4.68 (dd, 2JHH = 11.73 Hz, 3JHH = 5.20 Hz, 1H, H-3).  

13C-NMR (150 MHz, CDCl3): δ [ppm] = α-Anomer: 166.5 (C-Bz), 166.2 (C-Bz), 164.5 (C-Bz), 164.4 

(C-Bz), 133.9 (C-Bz), 133.83 (C-Bz), 133.81 (C-Bz), 133.1 (C-Bz), 130.2 (C-Bz), 130.1 (4C, C-Bz), 

130.0 (2C, C-Bz), 129.8 (2C, C-Bz), 129.6 (C-vinyl), 129.3 (C-Bz), 129.0 (C-Bz), 128.82 (2C, C-Bz), 

128.80 (4C, C-Bz), 128.7 (C-Bz), 128.3 (2C, C-Bz), 119.5 (C-vinyl), 97.4 (C-1), 87.3 (C-2), 78.7 (C-4), 

74.0 (C-3), 64.0 (C-5). 

HRMS (ESI+): m/z = calcd: 615.1625 [M+Na]+, found: 615.1624 [M+Na]+. 

5-O-Benzoyl-1-O-methyl-α-D-xylofuranose 183 

 

The reaction was carried out according to general procedure I with 1,3,5-tri-O-benzoyl-α-D-2-

ketoribofuranose 181 (550 mg, 1.19 mmol), CeCl₃ (1.26 g, 5.13 mmol) and cyclopropylmagnesium 

bromide (4.77 mL, 4.77 mmol, 1 M solution in THF). The benzoyl protection was performed using 

4-DMAP (291 mg, 2.38 mmol), Et₃N (2.5 mL) and benzoyl chloride (412 µL, 3.58 mmol). 

Purification on silica gel with automated flash chromatography (petroleum ether/ethyl acetate; 

10:1 to 4:1 v/v) provided 183 (319 mg, 44%) as a white foam, obtained as a mixture of anomers. 

1H-NMR (600 MHz, CDCl3): δ [ppm] = α-Anomer: 8.21 – 8.20 (m, 2H, H-Bz), 8.11 – 8.08 (m, 2H, H-

Bz), 7.91 – 7.90 (m, 2H, H-Bz), 7.72 – 7.71 (m, 2H, H-Bz), 7.67 – 7-39 (m, 8H, H-Bz), 7.31 (s, 1H, H-

1´), 7.29 – 7.27 (m, 2H, H-Bz), 7.17 – 7.14 (m, 2H, H-Bz), 6.03 (d, 3JHH = 7.79 Hz, 1H, H-3´), 4.86 – 
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4.69 (m, 2H, H-4´, H-5´), 4.50 – 4.47 (m, 1H, H-5´), 2.15 – 2.10 (m, 1H, -CH-(CH2)2), 0.97 – 0.71 (m, 

2H, -CH-(CH2)2), 0.61 – 0.51 (m, 2H, -CH-(CH2)2). 

β-Anomer: 8.11 – 8.08 (m, 4H, H-Bz), 8.03 – 8.01 (m, 2H, H-Bz), 7.67 – 7-39 (m, 10H, H-Bz), 7.29 

– 7.27 (m, 2H, H-Bz), 7.17 – 7.14 (m, 2H, H-Bz), 6.66 (s, 1H, H-1´), 5.81 (d, 3JHH = 2.80 Hz, 1H, H-

3´), 4.86 – 4.69 (m, 3H, H-4´, H-5´), 1.86 – 1.82 (m, 1H, -CH-(CH2)2), 0.97 – 0.71 (m, 4H, -CH-(CH2)2). 

13C-NMR (150 MHz, CDCl3): δ [ppm] = α-Anomer: 166.2 (C-Bz), 165.2 (C-Bz), 164.9 (C-Bz), 164.8 

(C-Bz), 134.1 (C-Bz), 133.7 (C-Bz), 133.6 (C-Bz), 133.0 (C-Bz), 130.6 (C-Bz), 130.0 (2C, C-Bz), 129.9 

(2C, C-Bz), 129.8 (2C, C-Bz), 129.7 (2C, C-Bz), 129.6 (C-Bz), 128.9 (C-Bz), 128.7 (2C, C-Bz), 128.48 

(2C, C-Bz), 128.45 (2C, C-Bz), 128.3 (2C, C-Bz), 128.2 (C-Bz), 98.3 (C-1), 89.4 (C-2), 79.3 (C-4), 73.3 

(C-3), 64.1 (C-5), 13.4 (-CH-(CH2)2), 5.38 (-CH-(CH2)2), 1.76 (-CH-(CH2)2). 

β-Anomer: 166.4 (C-Bz), 165.6 (C-Bz), 164.9 (C-Bz), 164.7 (C-Bz), 133.58 (C-Bz), 133.56 (C-Bz), 

133.4 (C-Bz), 133.2 (C-Bz), 130.1 (2C, C-Bz), 130.0 (2C, C-Bz), 129.96 (2C, C-Bz), 129.95 (2C, C-Bz), 

129.8 (2C, C-Bz), 129.5 (C-Bz), 129.4 (C-Bz),128.9 (2C, C-Bz), 128.8 (C-Bz), 128.5 (C-Bz), 128.3 (2C, 

C-Bz), 97.2 (C-1), 84.5 (C-2), 82.7 (C-4), 76.0 (C-3), 63.9 (C-5), 15.9 (-CH-(CH2)2), 4.37 (-CH-(CH2)2), 

3.23 (-CH-(CH2)2). 

HRMS (ESI+): m/z = calcd: 629.1781 [M+Na]+, found: 629.1782 [M+Na]+. 

5.3.4 Synthesis of nucleosides    

T-1106 13  

 

Step 1: The reaction was carried out according to general procedure II with 20 (5.09 g, 

33.0 mmol), ammonium sulfate (65 mg, 0.49 mmol) and HMDS (100 mL), followed by addition of 

tetra-O-acetyl-β-D-ribofuranose 52 (7.35 g, 23.1 mmol) and tin tetrachloride (33.0 mL, 

33.0 mmol, 1 M solution in CH₂Cl₂) in CH₃CN (250 mL) and CH₂Cl₂ (100 mL). Purification of the 

crude product on silica gel (CH₂Cl₂/MeOH; 60:1 v/v) provided 53 (7.32 g, 77%) as a colorless foam. 
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1H-NMR (300 MHz, CDCl3): δ [ppm] = 7.68 (d, 3JHH = 4.50 Hz, 1H, H-5), 7.50 (d, 3JHH = 4.42 Hz, 1H, 

H-6), 6.13 (d, 3JHH = 3.40 Hz, 1H, H-1´), 5.41 (dd, 3JHH = 5.72 Hz, 3JHH = 3.30 Hz, 1H, H-2´), 5.30 – 

5.26 (m, 1H, H-3´), 4.48 – 4.44 (m, 1H, H-4´), 4.41 – 4.40 (m, 2H, H-5´), 3.96 (s, 3H, -OCH3), 2.14 

(s, 3H, H-Ac), 2.12 (s, 3H, H-Ac), 2.08 (s, 3H, H-Ac). 

Step 2: The reaction was carried out according to general procedure IV with the protected 

nucleoside 53 (2.80 g, 6.79 mmol) and 30 mL of 7 M NH₃ in MeOH. Purification on RP18 silica gel 

by automated flash chromatography (H₂O/CH₃CN; 100:0 to 0:100 v/v) provided 13 (1.72 g, 93%) 

as a light-yellow solid. 

The analytical data was in accordance with those described.[120] 

1H-NMR (400 MHz, D2O): δ [ppm] = 8.30 (d, 3JHH = 4.25 Hz, 1H, H-5), 7.78 (d, 3JHH = 4.25 Hz, 1H, H-

6), 6.10 (d, 3JHH = 1.88 Hz, 1H, H-1´), 4.33 (dd, 3JHH = 5.02 Hz, 3JHH = 1.84 Hz, 1H, H-2´), 4.29 – 4.26 

(m, 1H, H-4´), 4.19 (dd, 3JHH = 8.17 Hz, 3JHH = 4.98 Hz, 1H, H-3´), 4.08 (dd, 2JHH = 13.04 Hz, 3JHH = 

2.49 Hz, 1H, H-5´), 3.92 (dd, 2JHH = 13.12 Hz, 3JHH = 4.09 Hz, 1H, H-5´).   

13C-NMR (125 MHz, D2O): δ [ppm] = 165.8 (C-7), 155.8 (C-3), 142.7 (C-2), 129.1 (C-5), 124.9 (C-6), 

91.2 (C-1´), 83.7 (C-4´), 74.6 (C-2´), 68.2 (C-3´), 59.9 (C-5´).  

HRMS (ESI+): m/z = calcd: 294.0696 [M+Na]+, found: 294.0695 [M+Na]+. 

T-1106 methyl ester 54  

 

The reaction was carried out according to general procedure III with the protected nucleoside 53 

(2.22 g, 5.40 mmol) in MeOH (25 mL) and sodium methoxide solution (80 µL, 5.4 M in MeOH). 

Purification on RP18 silica gel by automated flash chromatography (H₂O/CH₃CN; 100:0 to 0:100 

v/v) provided 54 (1.42 g, 92%) as a colorless solid. 

The analytical data was in accordance with those described.[120] 
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1H-NMR (400 MHz, D2O): δ [ppm] = 8.26 (d, 3JHH = 4.23 Hz, 1H, H-5), 7.62 (d, 3JHH = 4.20 Hz, 1H, H-

6), 6.10 (d, 3JHH = 1.67 Hz, 1H, H-1´), 4.33 (dd, 3JHH = 4.96 Hz, 3JHH = 1.72 Hz, 1H, H-2´), 4.20 – 4.16 

(m, 1H, H-4´), 4.09 (dd, 3JHH = 8.25 Hz, 3JHH = 5.00 Hz, 1H, H-3´), 4.00 (dd, 2JHH = 13.09 Hz, 3JHH = 

2.51 Hz, 1H, H-5´), 3.90 (s, 3H, -OCH3), 3.82 (dd, 2JHH = 13.13 Hz, 3JHH = 4.14 Hz, 1H, H-5´). 

13C-NMR (125 MHz, D2O): δ [ppm] = 164.4 (C-7), 154.6 (C-3), 141.5 (C-2), 129.8 (C-5), 125.2 (C-6), 

91.4 (C-1´), 83.7 (C-4´), 74.7 (C-2´), 68.1 (C-3´), 59.8 (C-5´), 53.2 (-OCH3). 

HRMS (ESI+): m/z = calcd: 309.0693 [M+Na]+, found: 309.0692 [M+Na]+. 

Methyl 4-(2´,3´,5´-tri-O-benzoyl-2´-C-methyl-β-D-ribofuranosyl)-3-oxo-2-pyrazinecarboxylate 

48  

 

The reaction was carried out according to general procedure II with 20 (1.10 g, 7.13 mmol), 

ammonium sulfate (10 mg, 0.08 mmol) and HMDS (20 mL), followed by addition of 1,2,3,5-tetra-

O-benzoyl-2-C-methyl-D-ribofuranose 26 (1.38 g, 2.37 mmol) and tin tetrachloride (7.13 mL, 

7.13 mmol, 1 M solution in CH₂Cl₂) in CH₃CN (60 mL) and CH₂Cl₂ (25 mL). Purification of the crude 

product on silica gel by automated flash chromatography (CH₂Cl₂/MeOH; 100:0 to 40:1 v/v) 

provided 48 (769 mg, 61%) as a colorless foam. 

1H-NMR (600 MHz, CDCl3): δ [ppm] = 8.14 – 8.05 (m, 4H, H-Bz), 7.85 (d, 3JHH = 8.36 Hz, 2H, H-Bz), 

7.67 (d, 3JHH = 4.39 Hz, 1H, H-5), 7.62 – 7.55 (m, 3H, H-Bz), 7.51 – 7.41 (m, 5H, H-6, H-Bz), 7.24 (d, 

3JHH = 7.77 Hz, 2H, H-Bz), 6.31 (s, 1H, H-1´), 5.78 (bs, 1H, H-3´), 4.89 (dd, 2JHH = 12.40 Hz, 3JHH = 

3.06 Hz, 1H, H-5´), 4.84 (dd, 2JHH = 12.18 Hz, 3JHH = 5.90 Hz, 1H, H-5´), 4.80 – 4.78 (m, 1H, H-4´), 

3.99 (s, 3H, -OCH3), 1.67 (s, 3H, 2´-C-CH3). 

13C-NMR (150 MHz, CDCl3): δ [ppm] = 166.4 (C-Bz), 165.6 (C-Bz), 165.4 (C-Bz), 163.6 (C-7), 152.8 

(C-3), 146.9 (C-2), 133.9 – 133.7 (m, H-Bz), 130.3 (C-Bz), 130.2 (C-Bz), 130.0 (C-Bz), 129.9 (C-Bz), 

129.8 (C-Bz), 129.6 (C-Bz), 128.8 – 128.6 (m, C-Bz), 128.5 (C-5), 122.6 (C-6), 100.2 (C-1´), 81.2 (C-

4´), 76.5 (C-2´), 75.6 (C-3´), 63.3 (C-5´), 53.2 (-OCH3), 20.6 (2´-C-C). 
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HRMS (ESI+): m/z = calcd: 635.1636 [M+Na]+, found: 635.1627 [M+Na]+. 

2´-C-Methyl-T-1106 49 

 

The reaction was carried out according to general procedure IV with the protected nucleoside 48 

(500 mg, 0.81 mmol) and 7 M NH₃ in MeOH (20 mL). Purification on RP18 silica gel by automated 

flash chromatography (H₂O/CH₃CN; 100:0 to 0:100 v/v) provided 49 (221 mg, 95%) as a colorless 

solid. 

The analytical data was in accordance with those described.[119] 

1H-NMR (400 MHz, D2O): δ [ppm] = 8.25 (d, 3JHH = 4.28 Hz, 1H, H-5), 7.79 (d, 3JHH = 4.20 Hz, 1H, H-

6), 6.35 (s, 1H, H-1´), 4.17 (ddd, 3JHH = 9.56 Hz, 3JHH = 3.74 Hz, 3JHH = 2.34 Hz, 1H, H-4´), 4.11 (dd, 

2JHH = 13.19 Hz, 3JHH = 2.29 Hz, 1H, H-5´), 3.96 (d, 3JHH = 9.57 Hz, 1H, H-3´), 3.93 (dd, 2JHH = 13.14 Hz, 

3JHH = 3.79 Hz, 1H, H-5´), 1.07 (s, 3H, 2´-C-CH3).   

13C-NMR (101 MHz, D2O): δ [ppm] = 166.2 (C-7), 156.0 (C-3), 143.7 (C-2), 129.4 (C-5), 125.4 (C-6), 

92.4 (C-1´), 82.5 (C-4´), 79.7 (C-2´), 72.4 (C-3´), 59.7 (C-5´), 19.3 (2´-C-CH3).  

HRMS (ESI+): m/z = calcd: 308.0859 [M+Na]+, found: 308.0834 [M+Na]+. 

2´-C-Methyl-T-1106 methyl ester 83 

 

The reaction was carried out according to general procedure III with the protected nucleoside 48 

(2.00 g, 3.26 mmol) in MeOH (20 mL) and sodium methoxide solution (60 µL, 5.4 M in MeOH). 
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Purification on RP18 silica gel by automated flash chromatography (H₂O/CH₃CN; 100:0 to 0:100 

v/v) provided 83 (925 mg, 94%) as a colorless solid. 

1H-NMR (500 MHz, D2O): δ [ppm] = 8.29 (d, 3JHH = 4.32 Hz, 1H, H-5), 7.68 (d, 3JHH = 4.25 Hz, 1H, H-

6), 6.28 (s, 1H, H-1´), 4.12 (ddd, 3JHH = 9.56 Hz, 3JHH = 3.80 Hz, 3JHH = 2.46 Hz, 1H, H-4´), 4.07 (dd, 

2JHH = 13.37 Hz, 3JHH = 2.29 Hz, 1H, H-5´), 3.95 (s, 3H, -OCH3), 3.92 (d, 3JHH = 9.73 Hz, 1H, H-3´), 3.89 

(dd, 2JHH = 13.20 Hz, 3JHH = 3.80 Hz, 1H, H-5´), 1.09 (s, 3H, 2´-C-CH3). 

13C-NMR (125 MHz, D2O): δ [ppm] = 164.7 (C-7), 156.5 (C-3), 146.3 (C-2), 130.5 (C-5), 124.8 (C-6), 

90.9 (C-1´), 83.7 (C-4´), 79.2 (C-2´), 72.9 (C-3´), 60.5 (C-5´), 52.4 (-OCH3), 20.1 (2´-C-CH3). 

HRMS (ESI+): m/z = calcd: 323.0850 [M+Na]+, found: 323.0848 [M+Na]+.  

2´-C-Methyl-5´-O-tert-butyldimethylsilyl-T-1106 methyl ester 84 

 

2′-C-Methyl-T-1106 methyl ester 83 (500 mg, 1.66 mmol) and tert-butyldimethylsilyl chloride 

(374 mg, 2.49 mmol) were dissolved in pyridine (20 mL) and stirred overnight at room 

temperature. After all volatiles were removed under reduced pressure, purification on silica gel 

by automated flash chromatography (CH₂Cl₂/MeOH; 50:1 to 20:1 v/v) provided 84 (569 mg, 82%) 

as a colorless solid. 

1H-NMR (600 MHz, CDCl3): δ [ppm] = 8.24 (d, 3JHH = 4.23 Hz, 1H, H-5), 7.54 (d, 3JHH = 4.21 Hz, 1H, 

H-6), 6.25 (s, 1H, H-1´), 4.11 – 4.08 (m, 2H, H-4´, H-5´), 3.97 (s, 3H, -OCH3), 3.91 (dd, 2JHH = 

11.93 Hz, 3JHH = 2.42 Hz, 1H, H-5´), 3.88 (d, 3JHH = 7.51 Hz, 1H, H-3´), 1.15 (s, 3H, 2´-C-CH3), 0.94 (s, 

9H, -SiC(CH3)3), 0.14 (s, 6H, -Si(CH3)2).   

13C-NMR (150 MHz, CDCl3): δ [ppm] = 163.1 (C-7), 154.0 (C-3), 144.5 (C-2), 128.3 (C-5), 123.9 (C-

6), 92.7 (C-1´), 84.7 (C-4´), 78.8 (C-2´), 73.1 (C-3´), 61.3 (C-5´), 53.2 (-OCH3), 26.1 (-SiC(CH3)3), 20.5 

(2´-C-CH3), 18.6 (-SiC(CH3)3), 5.4, 5,3 (-Si(CH3)2). 

HRMS (ESI+): m/z = calcd: 437.1735 [M+Na]+, found: 437.1734 [M+Na]+. 
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2´,3´-Di-O-benzoyl-2´-C-methyl-5´-O-tert-butyldimethylsilyl-T-1106 methyl ester 85 

 

To a solution of 2′-C-methyl-5′-O-tert-butyldimethylsilyl-T-1106 methyl ester 84 (550 mg, 

1.32 mmol) and 4-DMAP (324 mg, 2.65 mmol) in CH₂Cl₂ (20 mL) were added Et₃N (3 mL) and 

benzoyl chloride (459 µL, 5.59 mmol). After the reaction mixture was stirred overnight at room 

temperature, the reaction was quenched by the addition of sat. aq. NaHCO₃. Subsequently, the 

organic phase was washed with sat. aq. NaHCO₃, dried over MgSO₄ and all volatiles were 

removed under reduced pressure. Purification of the crude product on silica gel by automated 

flash chromatography (petroleum ether/ethyl acetate; 5:1 to 3:1 v/v) provided 85 (760 mg, 92%) 

as a colorless foam. 

1H-NMR (600 MHz, CDCl3): δ [ppm] = 8.07 – 8.05 (m, 3H, H-5, H-Bz), 7.81 (dd, 3JHH = 8.18 Hz, 4JHH 

= 1.12 Hz, 2H, H-Bz), 7.54 (tt, 3JHH = 7.44 Hz, 4JHH = 1.35 Hz, 1H, H-Bz), 7.49 (d, 3JHH = 4.36 Hz, 1H, 

H-6), 7.46 (tt, 3JHH = 7.48 Hz, 4JHH = 1.32 Hz, 1H, H-Bz), 7.41 (dd, 3JHH = 8.18 Hz, 2H, H-Bz), 7.23 (dd, 

3JHH = 8.18 Hz, 2H, H-Bz), 6.94 (s, 1H, H-1´), 5.72 (d, 3JHH = 5.74 Hz, 1H, H-3´), 4.50 (dt, 3JHH = 5.83 Hz, 

4JHH = 2.00 Hz, 1H, H-4), 4.13 (dd, 2JHH = 11.83 Hz, 3JHH = 2.08 Hz, 1H, H-5´), 4.05 (dd, 2JHH = 11.91 Hz, 

3JHH = 2.04 Hz, 1H, H-5´), 3.98 (s, 3H, -OCH3), 1.62 (s, 3H, 2´-C-CH3), 0.97 (s, 9H, -SiC(CH3)3), 0.18 

(s, 3H, -Si(CH3)2), 0.17 (s, 3H, -Si(CH3)2). 

13C-NMR (150 MHz, CDCl3): δ [ppm] = 165.4 (C-Bz), 165.3 (C-Bz), 163.1 (C-7), 153.0 (C-3), 146.3 

(C-2), 133.6 (C-Bz), 133.5 (C-Bz), 130.1 (2C, C-Bz), 129.9 (C-5), 129.8 (2C, C-Bz), 128.8 (C-Bz), 128.6 

(2C, C-Bz), 128.5 (2C, C-Bz), 128.2 (C-Bz), 122.5 (C-6), 89.2 (C-1´), 85.9 (C-2´), 84.1 (C-4´), 74.9 (C-

3´), 61.9 (C-5´), 53.2 (-OCH3), 26.1 (-SiC(CH3)3), 18.7 (2´-C-CH3), 18.6 (-SiC(CH3)3), -5.3 (-Si(CH3)2). 

HRMS (ESI+): m/z = calcd: 622.2239 [M+Na]+, found: 622.2239 [M+Na]+. 
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2´,3´-Di-O-benzoyl-2´-C-methyl-T-1106 methyl ester 86 

 

To a solution of 2′,3′-Di-O-benzoyl-2′-C-methyl-5′-O-tert-butyldimethylsilyl-T-1106 methyl ester 

85 (750 mg, 1.20 mmol) in MeOH (5 mL) acetyl chloride (13 µL, 0.18 mmol) was added. After the 

reaction mixture was stirred overnight at room temperature, the reaction was quenched by the 

addition of sat. aq. NaHCO₃. Subsequently, the organic phase was washed with sat. aq. NaHCO₃, 

dried over MgSO₄ and all volatiles were removed under reduced pressure. Purification of the 

crude product on silica gel by automated flash chromatography (petroleum ether/ethyl acetate; 

2:1 to 1:1 v/v) provided 86 (501 mg, 82%) as a colorless foam. 

1H-NMR (400 MHz, CDCl3): δ [ppm] = 8.09 (dd, 3JHH = 8.38 Hz, 4JHH = 1.36 Hz, 2H, H-Bz), 8.02 (d, 

3JHH = 4.45 Hz, 1H, H-5),  7.91 (dd, 3JHH = 8.40 Hz, 4JHH = 1.38 Hz, 2H, H-Bz), 7.58 (tt, 3JHH = 7.65 Hz, 

4JHH = 1.19 Hz, 1H, H-Bz), 7.55 – 7.50 (m, 2H, H-6, H-Bz), 7.44 (dd, 3JHH = 7.53 Hz, 2H, H-Bz), 7.31 

(dd, 3JHH = 7.84 Hz, 2H, H-Bz), 6.83 (s, 1H, H-1´), 5.68 (d, 3JHH = 6.84 Hz, 1H, H-3´), 4.50 (dt, 3JHH = 

6.71 Hz, 4JHH = 2.88 Hz, 1H, H-4), 4.15 (dd, 2JHH = 12.61 Hz, 3JHH = 2.38 Hz, 1H, H-5´), 4.01 (dd, 2JHH 

= 12.54 Hz, 3JHH = 2.04 Hz, 1H, H-5´), 3.99 (s, 3H, -OCH3), 1.68 (s, 3H, 2´-C-CH3). 

13C-NMR (100 MHz, CDCl3): δ [ppm] = 165.9 (C-Bz), 165.1 (C-Bz), 163.6 (C-7), 152.9 (C-3), 146.7 

(C-2), 133.8 (C-Bz), 133.5 (C-Bz), 130.0 (2C, C-Bz), 129.9 (2C, C-Bz), 129.8 (C-5), 128.6 (2C, C-Bz), 

128.5 (3C, C-Bz), 128.5 (C-Bz), 122.8 (C-6), 89.7 (C-1´), 86.1 (C-2´), 82.9 (C-4´), 74.6 (C-3´), 61.0 (C-

5´), 53.0 (-OCH3), 18.2 (2´-C-CH3). 

HRMS (ESI+): m/z = calcd: 531.1374 [M+Na]+, found: 531.1374 [M+Na]+. 
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2´-Fluoro-2´-C-methyl-T-1106 51  

 

Step 1: The reaction was carried out according to general procedure II with 20 (1.77 g, 11.5 

mmol), ammonium sulfate (6 mg, 0.05 mmol) and HMDS (15 mL), followed by the ribose 27 

(1.50 g, 3.82 mmol) and tin tetrachloride (20.0 mL, 20.0 mmol, 1 M solution in CH₂Cl₂) in CH₃CN 

(30 mL) and CH₂Cl₂ (15 mL). Purification of the crude product on silica gel by automated flash 

chromatography (CH₂Cl₂/MeOH; 60:1 to 30:1 v/v) provided 50 (561 mg, 29%) as a colorless foam. 

1H-NMR (600 MHz, CDCl3): δ [ppm] = 8.09 – 8.05 (m, 2H, H-Bz), 8.01 – 7.96 (m, 2H, H-Bz), 7.63 – 

7.53 (m, 4H, H-Bz, H-5, H-6), 7.49 –7.43 (m, 2H, H-Bz), 7.41 –7.38 (m, 2H, H-Bz), 6.66 (d, 3JHF = 

19.07 Hz, 1H, H-1‘), 5.76 (dd, 3JHF = 22.19 Hz, 3JHH = 8.81 Hz, 1H, H-3‘), 4.89 – 4.83 (m, 1H, H-4‘), 

4.74 (dd, 2JHH = 12.45 Hz, 3JHH = 3.62 Hz, 1H, H-5‘), 4.56 (dd, 2JHH = 12.42 Hz, 3JHH = 4.47 Hz, 1H, H-

5‘), 3.98 (s, 3H, -OCH3), 1.65 (d, 3JHF = 22.45 Hz, 3H, 2´-C-CH3). 

Step 2: The reaction was carried out according to general procedure IV with the protected 

nucleoside 50 (561 mg, 1.10 mmol) and 30 mL of 7 M NH₃ in MeOH. Purification on RP18 silica gel 

by automated flash chromatography (H₂O/CH₃CN; 100:0 to 0:100 v/v) provided 51 (250 mg, 79%) 

as a colorless solid. 

The analytical data was in accordance with those described.[150]  

1H-NMR (600 MHz, D2O): δ [ppm] = 7.93 (dd, 3JHH = 4.29 Hz, 5JHH = 2.69 Hz, 1H, H-5), 7.74 (d, 3JHH 

= 4.24 Hz, 1H, H-6), 6.59 (d, 3JHF = 18.75 Hz, 1H, H-1‘), 4.44 – 4.40 (m, 1H, H-4‘), 4.26 (dd, 3JHF = 

23.86 Hz, 3JHH = 9.57 Hz, 1H, H-3‘), 4.01 (dd, 2JHH = 12.94 Hz, 3JHH = 2.18 Hz, 1H, H-5‘), 3.79 (dd, 

2JHH = 12.74 Hz, 3JHH = 4.56 Hz, 1H, H-5‘), 1.59 (d, 3JHF = 23.20 Hz, 3H, 2´-C-CH3). 

13C-NMR (150 MHz, D2O): δ [ppm] = 166.7 (C-7), 155.7 (C-3), 143.2 (C-2), 130.5 (d, 4JCF = 4.40 Hz, 

C-5), 124.3 (C-6), 99.6 (d, 1JCF = 190.07 Hz, C-2´), 87.6 (d, 2JCF = 14.98 Hz, C-1´), 82.9 (C-4´), 72.9 (d, 

2JCF = 17.79 Hz, C-3´), 60.0 (C-5´), 19.9 (d, 2JCF = 24.97 Hz, 2´-C-CH3).  

19F-NMR (564 MHz, CDCl3): δ [ppm] = -165.1 (m). 
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Methyl 4-(5´-O-benzoyl-2´-O-acetyl-3´-deoxy-β-D-ribofuranosyl)-3-oxo-2-pyrazinecarboxylate 

45  

 

The reaction was carried out according to general procedure II with 20 (1.10 g, 6.54 mmol), 

ammonium sulfate (8 mg, 0.06 mmol) and HMDS (15 mL), followed by 5-O-benzoyl-1,2-di-O-

acetyl-3-deoxy-D-ribofuranose 22 (702 mg, 2.17 mmol) and tin tetrachloride (6.54 mL, 

6.54 mmol, 1 M solution in CH₂Cl₂) in CH₃CN (25 mL) and CH₂Cl₂ (10 mL). Purification of the crude 

product on silica gel (CH₂Cl₂/MeOH; 100:1 v/v) provided 45 (514 mg, 57%) as a colorless foam. 

The analytical data was in accordance with those described.[119] 

1H-NMR (300 MHz, CDCl3): δ [ppm] = 8.06 – 8.02 (m, 2H, H-Bz), 7.85 (d, 3JHH = 4.41 Hz, 1H, H-5), 

7.58 (tt, 3JHH = 7.34 Hz, 4JHH = 1.47 Hz, 1H, H-Bz), 7.51 – 7.46 (m, 2H, H-Bz), 7.32 (d, 3JHH = 4.35 Hz, 

1H, H-6), 6.01 (s, 1H, H-1´), 5.42 – 5.39 (m, 1H, H-4´), 4.83 – 4.75 (m, 2H, H-5´, H-2´), 4.62 (dd, 2JHH 

= 13.17 Hz, 3JHH = 4.80 Hz, 1H, H-5´), 3.96 (s, 3H, -OCH3), 2.21 – 2.17 (m, 2H, H-3´) 2.15 (s, 3H, H-

Ac). 

HRMS (ESI+): m/z = calcd: 439.1112 [M+Na]+, found: 439.1113 [M+Na]+. 

3´-Deoxy-T-1106 40  

 

The reaction was carried out according to general procedure IV with the protected nucleoside 45 

(1.12 g, 2.69 mmol) and 30 mL of 7 M NH₃ in MeOH. Purification on RP18 silica gel by automated 

flash chromatography (H₂O/CH₃CN; 100:0 to 0:100 v/v) provided 40 (681 mg, 94%) as a light-

yellow solid. 
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The analytical data was in accordance with those described.[119] 

1H-NMR (500 MHz, D2O): δ [ppm] = 8.29 (d, 3JHH = 4.18 Hz, 1H, H-5), 7.75 (s, 1H, 3JHH = 4.22 Hz, H-

6), 6.00 (s, 1H, H-1´), 4.69 – 4.65 (m, 1H, H-4´), 4.52 (d, 3JHH = 4.5z7 Hz, 1H, H-2´), 4.05 (dd, 2JHH = 

13.03 Hz, 3JHH = 2.80 Hz, 1H, H-5´), 3.84 (dd, 2JHH = 12.95 Hz, 3JHH = 4.81 Hz, 1H, H-5´), 2.02 (dd, 

2JHH = 14.02 Hz, 3JHH = 5.43 Hz, 1H, H-3´), 1.90 (ddd, 2JHH = 14.09 Hz, 3JHH = 5.75 Hz, 3JHH = 5.40 Hz, 

1H, H-3´). 

13C-NMR (125 MHz, D2O): δ [ppm] = 166.2 (C-7), 156.3 (C-3), 143.2 (C-2), 129.5 (C-5), 124.8 (C-6), 

91.1 (C-1´), 83.6 (C-4´) 76.2 (C-2´), 62.1 (C-5´), 32.2 (C-3´). 

HRMS (ESI+): m/z = calcd: 278.0747 [M+Na]+, found: 278.0747 [M+Na]+. 

Methyl 4-(5´-O-benzoyl-2´-O-acetyl-3´-deoxy-3´-fluoro-β-D-ribofuranosyl)-3-oxo-2-

pyrazinecarboxylate 46  

 

The reaction was carried out according to general procedure II with 20 (1.33 g, 8.64 mmol), 

ammonium sulfate (16 mg, 0.12 mmol) and HMDS (20 mL), followed by 5-O-benzoyl-1,2-di-O-

acetyl-3-deoxy-3-fluoro-D-ribofuranose 23 (2.14 g, 6.17 mmol) and tin tetrachloride (7.72 mL, 

7.72 mmol, 1 M solution in CH₂Cl₂) in CH₃CN (60 mL) and CH₂Cl₂ (20 mL). Purification of the crude 

product on silica gel (CH₂Cl₂/MeOH; 100:1 v/v) provided 46 (1.89 g, 67%) as a colorless foam. 

1H-NMR (600 MHz, CDCl3): δ [ppm] = 8.03 – 8.01 (m, 2H, H-Bz), 7.63 – 7.60 (m, 1H, H-Bz), 7.49 – 

7.46 (m, 3H, H-5, H-Bz), 7.31 (d, 3JHH = 4.48 Hz, 1H, H-6), 6.24 (d, 3JHH = 5.02 Hz, 1H, H-1), 5.47 – 

5.43 (m, 1H, H-2) 5.40 (dt, 2JHF = 72.61 Hz, 3JHH = 4.72 Hz, 1H, H-3), 4.76 – 4.69 (m, 2H, H-4, H-5), 

4.64 – 4.61 (m, 1H, H-5) 3.96 (s, 3H, -OCH3), 2.17 (s, 3H, H-Ac). 

13C-NMR (150 MHz, CDCl3): δ [ppm] = 169.8 (C-Ac), 166.0 (C-Bz), 163.3 (C-7), 152.9 (C-3), 146.7 

(C-2), 134.0 (C-Bz), 129.7 (2C, C-Bz), 129.0 (C-Bz), 128.9 (2C, C-Bz), 127.2 (C-6), 123.1 (C-5), 88.7 

(d, 3JCF = 1.40 Hz, C-1), 88.6 (d, 1JCF = 193.85 Hz, C-3), 81.2 (d, 2JCF = 25.49 Hz, C-4), 74.1 (d, 2JCF = 

14.75 Hz, C-2), 63.1 (d, 3JCF = 6.23 Hz, C-5), 53.2 (-OCH3), 20.6 (C-Ac). 
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19F-NMR (564 MHz, CDCl3): δ [ppm] = -201.8 (m). 

HRMS (ESI+): m/z = calcd: 457.1017 [M+Na]+, found: 457.1016 [M+Na]+. 

3´-Fluoro-T-1106 41  

 

The reaction was carried out according to general procedure IV with the protected nucleoside 46 

(550 mg, 1.26 mmol) and 30 mL of 7 M NH₃ in MeOH. Purification on RP18 silica gel by automated 

flash chromatography (H₂O/CH₃CN; 100:0 to 0:100 v/v) provided 41 (288 mg, 83%) as a colorless 

solid. 

1H-NMR (600 MHz, D2O): δ [ppm] = 8.14 (d, 3JHH = 4.38 Hz, 1H, H-5), 7.76 (d, 1H, 3JHH = 4.53 Hz, H-

6), 6.33 (d, 3JHH = 5.8 Hz, 1H, H-1´), 5.23 (ddd, 2JHF = 53.32 Hz, 3JHH = 4.80 Hz, 3JHH = 3.16 Hz, 1H, H-

3´), 4.58 (ddd, 2JHF = 23.80 Hz, 3JHH = 6.74 Hz, 3JHH = 3.16 Hz, 1H, H-4´), 4.53 (ddd, 2JHF = 17.79 Hz, 

3JHH = 5.77 Hz, 3JHH = 4.62 Hz, 1H, H-2´), 3.94 (dd, 2JHH = 13.06 Hz, 3JHH = 3.28 Hz, 1H, H-5´), 3.90 

(dd, 2JHH = 12.87 Hz, 3JHH = 3.83 Hz, 1H, H-5´).  

13C-NMR (150 MHz, D2O): δ [ppm] = 166.2 (C-7), 155.1 (C-3), 143.3 (C-2), 129.0 (C-5), 125.0 (C-6), 

91.1 (d, 1JCF = 185.50 Hz, C-3´), 88.7 (C-1´) 81.2 (d, 2JCF = 23.10 Hz, C-4´), 74.1 (d, 2JCF = 16.6 Hz, C-

2´), 60.2 (d, 3JCF = 8.23 Hz, C-5´). 

19F-NMR (564 MHz, D2O): δ [ppm] = -203.3. 

HRMS (ESI+): m/z = calcd: 296.0653 [M+Na]+, found: 296.0653 [M+Na]+. 
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Methyl 4-(5´-O-benzoyl-2´-O-acetyl-3´-deoxy-3´-azido-β-D-ribofuranosyl)-3-oxo-2-

pyrazinecarboxylate 47  

 

The reaction was carried out according to general procedure II with 20 (777 mg, 5.04 mmol), 

ammonium sulfate (8 mg, 0.06 mmol) and HMDS (15 mL), followed by 3-azido-5-O-benzoyl-3-

deoxy-1,2-O-diacetyl-D-ribofuranose 24 (613 mg, 1.69 mmol) and tin tetrachloride (2.48 mL, 

2.48 mmol, 1 M solution in CH₂Cl₂) in CH₃CN (38 mL) and CH₂Cl₂ (16 mL). Purification of the crude 

product on silica gel (CH₂Cl₂/MeOH; 60:1 v/v) provided 47 (657 mg, 85%) as a colorless foam. 

1H-NMR (600 MHz, CDCl3): δ [ppm] = 8.06 – 8.04 (m, 2H, H-Bz), 7.65 – 7.61 (m, 2H, H-5, H-Bz), 

7.51 – 7.47 (m, 2H, H-Bz), 7.30 (d, 3JHH = 4.32 Hz, 1H, H-6), 6.24 (d, 3JHH = 1.89 Hz, 1H, H-1´), 5.63 

(dd, 3JHH = 5.53 Hz, 3JHH = 2.03 Hz, 1H, H-2´), 4.73 (dd, 2JHH = 12.69 Hz, 3JHH = 2.56 Hz, 1H, H-5´), 

4.58 (dd, 2JHH = 12.76 Hz, 3JHH = 3.41 Hz, 1H, H-5´), 4.36 (dt, 3JHH = 9.09 Hz, 3JHH = 3.41 Hz, 1H, H-

4´), 4.31 (dd, 2JHH = 9.03 Hz, 3JHH = 5.35 Hz, 1H, H-3´), 3.96 (s, 3H, -OCH3), 2.22 (s, 3H, H-Ac). 

13C-NMR (150 MHz, CDCl3): δ [ppm] = 169.5 (C-Ac), 166.1 (C-Bz), 163.3 (C-7), 152.8 (C-3), 146.4 

(C-2), 134.0 (C-Bz), 129.8 (2C, C-Bz), 129.2 (C-Bz), 128.9 (2C, C-Bz), 127.5 (C-6), 123.1 (C-5), 91.6 

(C-1), 80.7 (C-4), 75.4 (C-2), 62.3 (C-5), 59.7 (C-3), 53.2 (-OCH3), 20.6 (C-Ac). 

3´-Azido-T-1106 42 

 

The reaction was carried out according to general procedure IV with the protected nucleoside 47 

(611 mg, 1.34 mmol) and 37 mL of 7 M NH₃ in MeOH. Purification on RP18 silica gel by automated 
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flash chromatography (H₂O/CH₃CN; 100:0 to 0:100 v/v) provided 42 (331 mg, 83%) as a colorless 

solid. 

1H-NMR (500 MHz, D2O): δ [ppm] = 8.30 (d, 3JHH = 4.22 Hz, 1H, H-5), 7.78 (d, 3JHH = 4.26 Hz, 1H, H-

6), 6.09 (d, 3JHH = 1.64 Hz, 1H, H-1´), 4.60 (dd, 3JHH = 5.06 Hz, 3JHH = 1.56 Hz, 1H, H-2´), 4.34 (dt, 3JHH 

= 9.01 Hz, 3JHH = 2.95 Hz, 1H, H-4´), 4.11 (dd, 2JHH = 13.26 Hz, 3JHH = 2.79 Hz, 1H, H-5´), 4.05 (dd, 

3JHH = 9.12 Hz, 3JHH = 5.56 Hz, 1H, H-3´), 3.92 (dd, 2JHH = 13.24 Hz, 3JHH = 3.63 Hz, 1H, H-5´). 

13C-NMR (125 MHz, D2O): δ [ppm] = 166.6 (C-7), 156.1 (C-3), 143.9 (C-2), 129.3 (C-5), 125.3 (C-6), 

91.9 (C-1´), 82.9 (C-4´), 75.5 (C-2´), 60.0 (C-5´), 59.4 (C-3´).  

HRMS (ESI+): m/z = calcd: 319.0761 [M+Na]+, found: 319.0763 [M+Na]+. 

6-Methyl-T-1106 131 

 

Step 1: The reaction was carried out according to general procedure II with 129 (500 mg, 

2.97 mmol), ammonium sulfate (6 mg, 0.06 mmol) and HMDS (10 mL), followed by tetra-O-

acetyl-β-D-ribofuranose 52 (662 mg, 2.08 mmol) and tin tetrachloride (2.97 mL, 2.97 mmol, 1 M 

solution in CH₂Cl₂) in CH₃CN (25 mL) and CH₂Cl₂ (10 mL). Purification of the crude product on silica 

gel (CH₂Cl₂/MeOH; 60:1 v/v) provided 130 (580 mg, 65%) as a colorless foam.  

Step 2: The reaction was carried out according to general procedure IV with the protected 

nucleoside 130 (580 mg, 1.36 mmol) and 20 mL of 7 M NH₃ in MeOH. Purification on RP18 silica 

gel by automated flash chromatography (H₂O/CH₃CN; 100:0 to 0:100 v/v) provided 131 (280 mg, 

72%) as a light-yellow solid. 

1H-NMR (400 MHz, D2O): δ [ppm] = 8.18 (s, 1H, H-5), 6.09 (d, 3JHH = 1.79 Hz, 1H, H-1´), 4.30 (dd, 

3JHH = 4.88 Hz, 3JHH = 1.82 Hz, 1H, H-2´), 4.25 (dt, 3JHH = 8.24 Hz, 3JHH = 3.04 Hz, 1H, H-4´), 4.20 (dd, 

3JHH = 8.03 Hz, 3JHH = 4.69 Hz, 1H, H-3´), 4.09 (dd, 2JHH = 12.94 Hz, 3JHH = 2.50 Hz, 1H, H-5´), 3.91 

(dd, 2JHH = 13.17 Hz, 3JHH = 3.65 Hz, 1H, H-5´), 2.39 (s, 3H, H-9).  
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13C-NMR (101 MHz, D2O): δ [ppm] = 166.8 (C-7), 154.8 (C-3), 141.1 (C-2), 134.4 (C-6), 126.7 (C-5), 

91.1 (C-1´), 83.6 (C-4´), 74.7 (C-2´), 68.0 (C-3´), 59.6 (C-5´), 18.8 (C-9).  

HRMS (ESI+): m/z = calcd: 308.0853 [M+Na]+, found: 308.0855 [M+Na]+. 

6-Methyl-2´-C-methyl-T-1106 134 

 

Step 1: The reaction was carried out according to general procedure II with 129 (410 mg, 

2.43 mmol), ammonium sulfate (6 mg, 0.06 mmol) and HMDS (10 mL), followed by tetra-O-

benzoyl-2′-C-methyl-β-D-ribofuranose 26 (990 mg, 1.70 mmol) and tin tetrachloride (2.43 mL, 

2.43 mmol, 1 M solution in CH₂Cl₂) in CH₃CN (25 mL) and CH₂Cl₂ (10 mL). Purification of the crude 

product on silica gel (CH₂Cl₂/MeOH; 60:1 v/v) provided 133 (350 mg, 33%) as a colorless foam. 

Step 2: The reaction was carried out according to general procedure IV with the protected 

nucleoside 133 (325 mg, 0.51 mmol) and 20 mL of 7 M NH₃ in MeOH. Purification on RP18 silica 

gel by automated flash chromatography (H₂O/CH₃CN; 100:0 to 0:100 v/v) provided 134 (152 mg, 

97%) as a colorless solid. 

1H-NMR (600 MHz, D2O): δ [ppm] = 8.18 (s, 1H, H-5), 6.09 (d, 3JHH = 1.79 Hz, 1H, H-1´), 4.30 (dd, 

3JHH = 4.88 Hz, 3JHH = 1.82 Hz, 1H, H-2´), 4.25 (dt, 3JHH = 8.24 Hz, 3JHH = 3.04 Hz, 1H, H-4´), 4.20 (dd, 

3JHH = 8.03 Hz, 3JHH = 4.69 Hz, 1H, H-3´), 4.09 (dd, 2JHH = 12.94 Hz, 3JHH = 2.50 Hz, 1H, H-5´), 3.91 

(dd, 2JHH = 13.17 Hz, 3JHH = 3.65 Hz, 1H, H-5´), 2.39 (s, 3H, H-9), 1.10 (s, 3H, 2´-C-CH3´). 

13C-NMR (150 MHz, D2O): δ [ppm] = 166.9 (C-7), 154.7 (C-3), 141.9 (C-2), 134.4 (C-5), 126.5 (C-6), 

91.9 (C-1´), 82.1 (C-4´), 79.3 (C-2´), 71.7 (C-3´), 59.1 (C-5´), 18.8 (C-9), 18.7 (2´-C-CH3). 

HRMS (ESI+): m/z = calcd: 322.1009 [M+Na]+, found: 322.1010 [M+Na]+. 
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5-Fluoro-2´-C-metyl-uridine 216  

 

Step 1: The reaction was carried out according to general procedure II with 214 (1.34 g, 

10.3 mmol), ammonium sulfate (15 mg, 0.12 mmol) and HMDS (20 mL) (note: to obtain a clear 

solution, the reaction mixture had to be stirred for 3 h), followed by 1,2,3,5-tetra-O-benzoyl-2-C-

methyl-D-ribofuranose 26 (2.00 g, 3.44 mmol) and tin tetrachloride (4.13 mL, 4.13 mmol, 1 M 

solution in CH₂Cl₂) in CH₃CN (40 mL) and CH₂Cl₂ (15 mL). Purification of the crude product on silica 

gel (CH₂Cl₂/MeOH; 60:1 v/v) provided 215 (1.74 g, 86%) as a colorless solid. 

1H-NMR (500 MHz, CDCl3): δ [ppm] = 8.98 (d, 4JHF = 3.31 Hz, 1H, -NH), 8.09 – 8.05 (m, 4H, H-Bz), 

7.86 (d, 3JHH = 7.62 Hz, 2H, H-Bz), 7.68 (d, 3JHH = 6.08 Hz, 1H, H-6), 7.61 – 7.56 (m, 2H, H-Bz), 7.51 

– 7.42 (m, 5H, H-Bz), 7.28 – 7.25 (m, 2H, H-Bz),  6.52 (s, 1H, H-1´), 5.71 (d, 3JHH = 4.72 Hz, 1H, H-

3´), 4.90 – 4.83 (m, 2H, H-5´), 4.65 – 4.62 (m, 1H, H-4´), 1.77 (s, 3H, 2´-C-CH3).  

Step 2: The reaction was carried out according to the general procedure IV with the protected 

nucleoside 215 (1.70 g, 2.88 mmol) and 20 mL of 7M NH3 in MeOH. Purification on RP18 silica gel 

with automated flash chromatography (H2O/CH3CN; 100:0 to 0:100 v/v) provided 216 (755 mg, 

93%) as a light-yellow solid. 

1H-NMR (600 MHz, D2O): δ [ppm] = 8.17 (d, 3JHH = 6.57 Hz, 1H, H-6), 5.99 (d, 3JHH = 1.57 Hz, 1H, H-

1´), 4.06 – 4.02 (m, 2H, H-4´, H-5´), 3.93 (d, 3JHH = 9.57 Hz, 1H, H-3´), 3.87 (dd, 2JHH = 13.19 Hz, 3JHH 

= 3.62 Hz, 1H, H-5´), 1.22 (s, 3H, 2´-C-CH3). 

13C-NMR (151 MHz, D2O): δ [ppm] = 159.7 (d, 2JCF = 25.44 Hz, C-4), 150.4 (C-2), 140.7 (d, 1JCF = 

233.57 Hz, C-5), 125.1 (d, 2JCF = 35.30 Hz, C-6), 91.6 (C-1’), 81.7 (C-4’), 79.1 (C-2’), 71.9 (C-3’), 59.2 

(C-5’), 18.7 (2´-C-CH3). 

19F-NMR (565 MHz, D2O): δ [ppm] = -165.5 (d, 3JFH = 6.85 Hz). 

HRMS (ESI+): m/z = calcd: 299.0650[M+Na]+, found: 299.0645 [M+Na]+. 
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1-Cyano-2,3,5-tri-O-benzoyl-β-D-ribofuranose 64 

 

Ribose 63 (4.00 g, 7.98 mmol) was dissolved in nitromethane (20 mL). Then, TMSCN (1.00 mL, 

7.96 mmol) and BF₃∙Et₂O (0.25 mL, 1.97 mmol) were added, and the reaction mixture was stirred 

for 2 h at room temperature, followed by the addition of TMSCN (0.50 mL, 4.00 mmol). After the 

reaction mixture was stirred for 1 h at room temperature, the reaction was quenched by the 

addition of sat. aq. NaHCO₃ (100 mL). The mixture was extracted with ethyl acetate, the 

combined organic layers were washed with sat. aq. NaCl, dried over MgSO₄ and all volatiles were 

removed under reduced pressure. Purification of the crude product on silica gel (petroleum 

ether/ethyl acetate; 7:3 v/v) provided 64 (3.53 g, 94%) as a colorless foam. 

The analytical data was in accordance with those described.[180] 

1H-NMR (300 MHz, CDCl3): δ [ppm] = 8.00 – 7.94 (m, 2H, H-Ph), 7.84 – 7.73 (m, 4H, H-Ph), 7.49 – 

7.35 (m, 3H, H-Ph), 7.34 – 7.19 (m, 6H, H-Ph), 5.85 (dd, 3JHH = 5.2, 4.3 Hz, 1H, H-2), 5.70 (t, 3JHH = 

5.4 Hz, 1H, H-3´), 4.82 (d, 3JHH = 4.3 Hz, 1H, H-1), 4.63 – 4.52 (m, 2H, H-4, H-5), 4.51 – 4.38 (m, 1H, 

H-5). 

Methyl 1-(2´,3´,5´-tri-O-benzoyl-β-D-ribofuranosyl)-thiazolincarboxylate 67 

 

To a solution of 64 (268 mg, 0.56 mmol) in CH₂Cl₂ (10 mL) was added L-cysteine methyl ester 

hydrochloride (208 mg, 1.20 mmol) and triethylamine (156 µL, 1.11 mmol) over 6 h (4 portions, 

every 2 h). After the reaction mixture was stirred overnight, CH₂Cl₂ was added, and the organic 

layer was subsequently washed with H₂O, sat. aq. NaCl, dried over MgSO₄ and all volatiles were 

removed under reduced pressure, providing 64 as an orange oil. The product was used in the 

next step without further purification. 
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The analytical data was in accordance with those described.[183]  

1H-NMR (300 MHz, CDCl3): δ [ppm] = 8.15 (s, 1H, H-2), 8.14 – 8.04 (m, 2H, H-Ph), 8.04 – 7.95 (m, 

2H, H-Ph), 7.95 – 7.84 (m, 2H, H-Ph), 7.63 – 7.50 (m, 3H, H-Ph), 7.50 – 7.30 (m, 6H, H-Ph), 5.95 – 

5.83 (m, 2H, H-2´, H-3´), 5.80 – 5.71 (m, 1H, H-1´), 4.89 (dd, 2JHH = 12.2 Hz, 3JHH = 3.1 Hz, 1H, H-

5´a), 4.77 (q, 3JHH = 3.7 Hz, 1H, H-4´), 4.61 (dd, 2JHH = 12.2 Hz, 3JHH = 3.9 Hz, 1H, H-5´b), 3.92 (s, 3H, 

-OCH3). 

Methyl 1-(2´,3´,5´-tri-O-benzoyl-β-D-ribofuranosyl)-thiazolcarboxylate 68 

 

To a solution of 64 (378 mg, 0.56 mmol) in CH₂Cl₂ (10 mL) were added DBU (164 µL, 1.08 mmol) 

and CBrCl₃ (61 µL, 0.62 mmol) dropwise at 0 °C. After the reaction mixture was stirred for 3 h at 

room temperature, all volatiles were removed under reduced pressure. The residue was taken 

up in ethyl acetate and washed with sat. aq. NH₄Cl, dried over MgSO₄ and all volatiles were 

removed under reduced pressure. Purification of the crude product on silica gel (petroleum 

ether/ethyl acetate; 1:1 v/v) provided 68 (252 mg, 75% over 2 steps) as a light-yellow foam. 

The analytical data was in accordance with those described.[183]  

1H-NMR (300 MHz, CDCl3): δ [ppm] = 8.15 (s, 1H, H-2), 8.14 – 8.04 (m, 2H, H-Ph), 8.04 – 7.95 (m, 

2H, H-Ph), 7.95 – 7.84 (m, 2H, H-Ph), 7.63 – 7.50 (m, 3H, H-Ph), 7.50 – 7.30 (m, 6H, H-Ph), 5.95 – 

5.83 (m, 2H, H-2´, H-3´), 5.80 – 5.71 (m, 1H, H-1´), 4.89 (dd, 2JHH = 12.2 Hz, 3JHH = 3.1 Hz, 1H, H-5´), 

4.77 (q, 3JHH = 3.7 Hz, 1H, H-4´), 4.61 (dd, 2JHH = 12.2 Hz, 3JHH = 3.9 Hz, 1H, H-5´), 3.92 (s, 3H, -OCH3). 

2,5-Anhydro-D-allonthioamid-3,4,6-tri-O-benzoyl 65 

 

To a solution of 64 (309 mg, 0.65 mmol) in toluene/Et₂O (10:1.5) were added Lawesson’s reagent 

(402 mg, 0.99 mmol) and BF₃∙Et₂O (1.00 mL, 8.10 mmol). The reaction mixture was stirred at 50 °C 
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for 3 h and then overnight at room temperature. The reaction was quenched by the addition of 

solid NaHCO₃. After all volatiles were removed under reduced pressure, the residue was taken 

up in CH₂Cl₂ and filtered. Subsequently, the solvent was removed under reduced pressure. 

Purification of the crude product on silica gel (petroleum ether/ethyl acetate; 4:1 v/v) provided 

65 (182 mg, 55%) as a light-yellow foam. 

The analytical data was in accordance with those described.[180] 

1H-NMR (500 MHz, DMSO-d6): δ [ppm] = 9.32 (br, s, 1H, -NH2), 8.52 (br, s, 1H, -NH2), 7.17 (m, 2H, 

H-Ph), 7.14 – 7.07 (m, 2H, H-Ph), 7.00 (m, 2H, H-Ph), 6.87 – 6.76 (m, 4H, H-Ph), 6.72 – 6.55 (m, 

6H, H-Ph), 5.10 (t, 3JHH = 5.1 Hz, 1H, H-2´), 4.85 (t, 3JHH = 5.4 Hz, 1H, H-3´), 4.16 (d, 3JHH = 4.9 Hz, 

1H, H-1´), 3.99 – 3.90 (m, 1H, H-4´), 3.88 – 3.74 (m, 2H, H-5´). 

Ethyl-2-(2´,3´,5´-tri-O-benzoyl-β-D-ribofuranosyl)-thiazol-4´-carboxylate 66 

 

To a solution of 65 (414 mg, 0.82 mmol) in DMF (10 mL) was added NaHCO3 (693 mg, 8.20 mmol) 

and ethyl bromopyruvate (300 µL, 2.46 mmol) at 0°C. Afterwards the reaction mixture was stirred 

at 0°C for 5 h. After the reaction mixture was cooled to -15°C a mixture of TFAA (450 µL, 

2.46 mmol) and 2,6-lutidine (600 µL, 4.92 mmol) in DMF (2 mL) was added to quench the 

reaction. The mixture was stirred for 1 h at rt and filtrated to remove the precipitated solid. After 

all volatiles were removed under reduced pressure the residue was taken up in CH2Cl2 and the 

organic phase was washed with sat. aq. NaHCO3, sat. aq. NaCl, dried over MgSO4 and all volatiles 

were removed under reduced pressure. Purification of the crude product on silica gel 

(CH2Cl2/MeOH 100:1 v/v) provided 66 (60 mg, 12%) as an orange-yellow oil. 

The analytical data was in accordance with those described.[180] 

1H-NMR (400 MHz, CDCl3): δ [ppm] = 8.13 (s, 1H, H-2), 8.08 (m, 2H, H-Ph), 8.00 (m, 2H, H-Ph), 

7.91 (m, 2H, H-Ph), 7.60 – 7.52 (m, 3H, H-Ph), 7.47 – 7.31 (m, 6H, H-Ph), 5.89 (m, 2H, H-4´, H-3´), 

5.75 (d, 3JHH = 4.8 Hz, 1H, H-1´), 4.89 (dd, 2JHH = 12.1 Hz, 3JHH = 3.1 Hz, 1H, H-5´), 4.79 – 4.73 (m, 
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1H, H-2´), 4.62 (dd, 2JHH = 12.2 Hz, 3JHH = 4.0 Hz, 1H, H-5´), 4.43 – 4.33 (m, 2H, H-5), 1.37 (t, 3JHH = 

7.1 Hz, 3H, H-6). 

Tiazofurin 61 

 

The reaction was carried out according to general procedure IV with the protected nucleoside 66 

(252 mg, 0.42 mmol) and 10 mL of 7 M NH₃ in MeOH. Purification on RP18 silica gel by automated 

flash chromatography (H₂O/CH₃CN; 100:0 to 0:100 v/v) provided 61 (76 mg, 87%) as a colorless 

solid. 

The analytical data was in accordance with those described.[183] 

1H-NMR (500 MHz, D2O): δ [ppm] = 8.28 (s, 1H, H-2), 5.20 (d, 3JHH = 5.4 Hz, 1H, H-1´), 4.38 (dd, 

3JHH = 5.4, 4.9 Hz, 1H, H-2´), 4.25 – 4.20 (m, 1H, H-3´), 4.19 (dd, 3JHH = 5.2, 3.2 Hz, 1H, H-4´), 3.89 

(dd, 2JHH = 12.5 Hz, 3JHH = 3.2 Hz, 1H, H-5´), 3.79 (dd, 2JHH = 12.5 Hz, 3JHH = 5.3 Hz, 1H, H-5´). 

13C-NMR (125 MHz, D2O): δ [ppm] = 170.9 (C-1), 152.1 (C-3), 139.2 (C-4), 126.6 (C-2), 85.9 (C-4´), 

80.9 (C-1´), 76.3 (C-2´), 71.5 (C-3´), 63.6 (C-5´). 

HRMS (ESI-): m/z = calcd: 283.0359 [M+Na]+, found: 283.0360 [M+Na]+. 

5.3.5 Synthesis of nucleoside-5´-monophosphates   

T-1106-5´-monophosphate 59 

 

Step 1: The reaction was carried out according to general procedure V with T-1106 methyl ester 

54 (100 mg, 0.35 mmol), proton sponge (150 mg, 0.70 mmol) and POCl₃ (127 µL, 1.40 mmol) in 
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trimethyl phosphate (3 mL) for 15 min. Purification by ion-exchange chromatography using a 

DEAE-Sephadex® A-25 column (H₂O/1 M TEAB; 100:0 to 0:100 v/v) and RP18 flash column 

chromatography (H₂O/CH₃CN; 100:0 to 0:100 v/v) provided the triethylammonium salt of the 

monophosphate (148 mg, 74%). Step 2: The reaction was carried out according to general 

procedure IV with the monophosphate (100 mg, 0.18 mmol) and 7 M NH₃ in MeOH (4 mL). 

Purification on RP18 silica gel by automated flash chromatography (H₂O/CH₃CN; 100:0 to 0:100 

v/v) provided 59 (91 mg, 93%) as a colorless solid. 

The analytical data was in accordance with those described.[120]  

1H-NMR (600 MHz, D2O): δ [ppm] = 8.41 (d, 3JHH = 4.26 Hz, 1H, H-5), 7.82 (d, 3JHH = 4.27 Hz, 1H, H-

6), 6.13 (d, 3JHH = 1.65 Hz, 1H, H-1´), 4.40 – 4.30 (m, 4.09 – 4.06, 4H, H-2´, H-3´, H-4´, H-5´) (dd, 

2JHH = 11.85 Hz, 3JHH = 4.94 Hz, 1H, H-5´), 3.20 (q, 3JHH = 7.29 Hz, 9H, H-b), 1.28 (t, 3JHH = 7.35 Hz, 

15H, H-a).   

13C-NMR (150 MHz, D2O): δ [ppm] = 166.0 (C-7), 155.6 (C-3), 142.2 (C-2), 129.4 (C-5), 125.2 (C-6), 

90.8 (C-1´), 82.8 (d, 3JHP
 = 8.96 Hz, C-4´), 74.9 (C-2´), 68.1 (C-3´), 62.6 (d, 3JHP

 = 4.78 Hz, C-5´).  

31P-NMR (242 MHz, D2O): δ [ppm] = 0.83 (s). 

HRMS (ESI-): m/z = calcd: 350.0395 [M-H]-, found: 350.0402 [M-H]-. 

3´-Fluoro-T-1106-5´-monophosphate 198  

 

The reaction was carried out according to the general procedure V, using 3´-fluoro-T-1106 41 

(180 mg, 0.66 mmol), POCl3 (180 µL, 1.97 mmol) and proton sponge (286 mg, 1.33 mmol) in 

trimethyl phosphate (6 mL) for 20 min. Purification by ion-exchange chromatography using a 

DEAE-Sephadex® A-25 column (H2O/1 M TEAB; 100:0 to 0:100 v/v) and RP18 flash column 

chromatography (H2O/CH3CN; 100:0 to 0:100 v/v) provided the triethylammonium salt of 198 

(106 mg, 31%) as a colorless solid. 



 
EXPERIMENTAL PART 

 

 

146 
 

1H-NMR (600 MHz, D2O): δ [ppm] = 8.26 (d, 3JHH = 4.35 Hz, 1H, H-5), 7.69 (d, 3JHH = 4.27 Hz, 1H, H-

6), 6.38 (d, 3JHH = 6.60 Hz, 1H, H-1´), 5.09 (ddd, 2JHF = 54.11 Hz, 3JHH = 4.34 Hz, 3JHH = 1.82 Hz, 1H, 

H-3´), 4.47 (ddd, 2JHF = 24.28 Hz, 3JHH = 2.58 Hz, 3JHH = 2.13 Hz, 1H, H-4´), 4.42 (ddd, 2JHF = 21.24 

Hz, 3JHH = 6.59 Hz, 3JHH = 4.30 Hz, 1H, H-2´), 4.09 – 4.06 (m, 2H, H-5´), 3.18 (q, 3JHH = 7.31 Hz, 9H, 

H-b), 1.19 (t, 3JHH = 7.35 Hz, 15H, H-a). 

31P-NMR (242 MHz, D2O): δ [ppm] = 2.09 (s). 

19F-NMR (564 MHz, D2O): δ [ppm] = -201.7 (m). 

HRMS (ESI+): m/z = calcd: 376.0316 [M+Na]+, found: 376.0317 [M+Na]+. 

2-Amino-adenosine-5´-monophosphate 206 

 

The reaction was carried out according to the general procedure V, using 2-amino adenosine 207 

(220 mg, 0.83 mmol), POCl₃ (301 µL, 3.31 mmol) and proton sponge (354 mg, 3.31 mmol) in 

trimethyl phosphate (1.5 mL) for 2 h. Purification by ion-exchange chromatography using a DEAE-

Sephadex® A-25 column (H₂O/1 M TEAB; 100:0 to 0:100 v/v) and RP18 flash column 

chromatography (H₂O/CH₃CN; 100:0 to 0:100 v/v) provided the triethylammonium salt of 206 

(202 mg, 49%) as a colorless solid. 

1H-NMR (300 MHz, D2O): δ [ppm] = 8.08 (s, 1H, H-8), 6.25 (t, 3JHH = 6.69 Hz, 1H, H-1´), 4.70 – 4.66 

(m, 1H, H-4´), 4.24 – 4.20 (m, 1H, H-3´), 4.03 – 4.00 (m, 2H, H-5´), 3.16 (q, 3JHH = 7.33 Hz, 9H, H-

b), 2.72 (ddd, 2JHH = 14.14 Hz, 3JHH = 7.59 Hz, 3JHH = 6.06 Hz, 1H, H-1´), 2.50 (ddd, 2JHH = 14.14 Hz, 

3JHH = 7.59 Hz, 3JHH = 6.06 Hz, 1H, H-1´), 1.25 (t, 3JHH = 7.37 Hz, 15H, H-a). 

13C-NMR (150 MHz, D2O): δ [ppm] = 158.4 (C-6), 155.1(C-2), 150.4 (C-4), 137.5 (C-8), 112.6 (C-5), 

85.8 (d, 3JCP
 = 8.61 Hz, C-4´), 83.2 (C-1´), 71.3 (C-3´´), 64.5 (d, 2JCP

 = 4.97 Hz, C-5´), 46.6 (C-b), 38.9 

(C-2´), 8.17 (C-a). 

31P-NMR (242 MHz, D2O): δ [ppm] = 1.18 (s). 
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HRMS (ESI-): m/z = calcd: 345.0718 [M-H]-, found: 345.0718 [M-H]-. 

Remdesivir nucleoside-5´-monophosphate (GS-441524 monophosphate) 221 

 

The reaction was carried out according to the general procedure V, using GS-441524 220 (84 mg, 

0.29 mmol) and POCl₃ (52 µL, 0.58 mmol) in trimethyl phosphate (3 mL) for 2 h. Purification by 

ion-exchange chromatography using a DEAE-Sephadex® A-25 column (H₂O/1 M TEAB; 100:0 to 

0:100 v/v) and RP18 flash column chromatography (H₂O/CH₃CN; 100:0 to 0:100 v/v) provided the 

triethylammonium salt of 221 (116 mg, 56%) as a colorless solid. 

1H-NMR (500 MHz, D2O): δ [ppm] = 7.91 (s, 1H, H-8), 7.00 (d, 3JHH = 4.67 Hz, 1H, H-5), 6.90 (d, 1H, 

3JHH = 4.87 Hz, H-6), 4.96 (d, 3JHH = 5.54 Hz, 1H, H-2´), 4.50 – 4.47 (m, 1H, H-4´), 4.43 (dd, 3JHH = 

5.74 Hz, 3JHH = 3.54 Hz, 1H, H-3´), 3.95 (ddd, 2JHH = 11.95 Hz, 3JHP = 5.81 Hz, 3JHH = 3.90 Hz, 1H, H-

5´), 3.89 (ddd, 2JHH = 11.66 Hz, 3JHP = 4.91 Hz, 3JHH = 4.01 Hz, 1H, H-5´), 3.17 (q, 3JHH = 7.51 Hz, 12H, 

H-b), 1.25 (t, 3JHH = 7.28 Hz, 12H, H-a). 

13C-NMR (125 MHz, D2O): δ [ppm] = 156.1 (C-10), 147.7 (C-8), 123.5 (C-4), 117.8 (C-1´-CN), 117.0 

(C-5), 111.4 (C-2), 102.7 (C-1), 86.0 (d, 2JCP = 8.89 Hz, C-4´), 76.9 (C-2´), 75.2 (C-1´), 70.8 (C-3´), 

63.9 (d, 2JCP = 4.26 Hz, C-5´), 47.0 (C-b), 8.6 (C-a). 

31P-NMR (161 MHz, D2O): δ [ppm] = 3.84 (s). 

HRMS (ESI-): m/z = calcd: 370.0558 [M-H]-, found: 370.0558 [M-H]-. 
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JD-004-3´-monophosphate 208 

 

The reaction was carried out according to the general procedure V, using 2-((4-(2,4-

dimethoxypyrimidin-5-yl)-1H-imidazol-1-yl)methoxy)ethan-1-ol 207 (42 mg, 0.15 mmol), POCl₃ 

(55 µL, 0.60 mmol) and proton sponge (64 mg, 0.30 mmol) in trimethyl phosphate (1.5 mL) for 

1 h. Purification on RP18 silica gel with automated flash chromatography (H₂O/CH₃CN; 100:0 to 

0:100 v/v) yielded the triethylammonium salt of 208 (65 mg, 81%) as a colorless solid. 

1H-NMR (600 MHz, D2O): δ [ppm] = 8.48 (s, 1H, H-4), 8.18 (d, 4JHH = 1.05 Hz, 1H, H-8), 7.69 (d, 4JHH 

= 1.26 Hz, 1H, H-10), 5.55 (s, 2H, H-1´), 4.02 (s, 3H, -OCH3), 4.01 – 4.00 (m, 2H, H-2´), 3.96 (s, 3H, 

-OCH3), 3.78 – 3.77 (m, 2H, H-3´), 3.19 (q, 3JHH = 7.42 Hz, 9H, H-b), 1.27 (t, 3JHH = 7.39 Hz, 15H, H-

a). 

13C-NMR (150 MHz, D2O): δ [ppm] = 167.1 (C-6), 163.5 (C-2), 153.9 (C-4), 137.7 (C-8), 130.9 (C-

11), 119.0 (C-10), 107.5 (C-5), 76.9 (C-1´), 68.5 (d, 2JCP = 7.76 Hz, C-3´), 64.1 (d, 3JCP = 5.09 Hz, C-

2´), 55.1 (-OCH3), 54.4 (-OCH3), 46.6 (C-b), 8.2 (C-a). 

31P-NMR (242 MHz, D2O): δ [ppm] = 0.41 (s).  

HRMS (ESI-): m/z = calcd: 360.0835 [M-H]-, found: 360.0835 [M-H]-. 

5.3.6 Synthesis of nucleoside-5´-diphosphates  

T-1106-5´-diphosphate 58  
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T-1106-5´monophosphate 59 (30 mg, 0.05 mmol) was suspended in CH₃CN (1 mL) before Et₃N 

(90 µL, 0.65 mmol) and TFAA (75 µL, 0.54 mmol) were added dropwise. After the reaction mixture 

was stirred for 10 min at room temperature, all volatiles were removed under reduced pressure, 

and the residue was dissolved again in CH₃CN (1 mL). The solution was then treated with Et₃N 

(75 µL, 0.54 mmol) and 1-methylimidazole (25 µL, 0.32 mmol). After the reaction mixture was 

stirred for another 10 min at room temperature, it was added dropwise via a syringe pump 

(0.2 mL/min) to a solution of monobasic tetra-n-butylammonium phosphate (406 µL, 0.16 mmol, 

0.4 M solution in CH₃CN) in CH₃CN (1 mL). Subsequently, the reaction mixture was stirred for 

30 minutes at room temperature before all volatiles were removed under reduced pressure. The 

residue was taken up in water and washed three times with CH₂Cl₂. The aqueous phase was then 

concentrated under reduced pressure, and the residue was purified by automated column 

chromatography, first using a DEAE-Sephadex® A-25 column (H₂O/1 M TEAB; 100:0 to 0:100 v/v) 

and then by RP18 flash column chromatography (H₂O/CH₃CN; 100:0 to 0:100 v/v), which provided 

the triethylammonium salt of 58. The counter ions were exchanged to sodium by dissolving the 

triethylammonium salt in a minimum amount of water before adding a solution of 0.2 M NaClO₄ 

in acetone (40 mL). The suspension was centrifuged, the supernatant was discarded, and the 

pellet was washed with acetone twice to yield the sodium salt of 58 (18 mg, 80%) as a colorless 

solid. 

The analytical data was in accordance with those described.[120]  

1H-NMR (400 MHz, D2O): δ [ppm] = 8.49 (d, 3JHH = 4.37 Hz, 1H, H-5), 7.88 (d, 3JHH = 4.28 Hz, 1H, H-

6), 6.08 (d, 3JHH = 1.76 Hz, 1H, H-1´), 4.46 (ddd, 2JHH = 12.1 Hz, 3JHP = 4.41 Hz, 3JHH = 2.01 Hz, 1H, H-

5´), 4.42 – 4.35 (m, 3H, H-2´, H-3´, H-4´), 4.27 (ddd, 2JHH = 12.2 Hz, 3JHP = 5.37 Hz, 3JHH = 2.09 Hz, 

1H, H-5´). 

31P-NMR (162 MHz, D2O): δ [ppm] = -10.59 (d, 2JPP = 20.49 Hz, P-α), -11.32 (d, 2JPP = 20.55 Hz, P-

β). 
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Remdesivir nucleoside-5´-diphosphate (GS-441524 diphosphate) 219 

 

GS-441524 monophosphate 221 (60 mg, 0.16 mmol) was suspended in CH₃CN (3 mL) before Et₃N 

(269 µL, 1.94 mmol) and TFAA (224 µL, 1.62 mmol) were added dropwise. After the reaction 

mixture was stirred for 10 min at room temperature, all volatiles were removed under reduced 

pressure, and the residue was dissolved again in CH₃CN (3 mL). The solution was then treated 

with Et₃N (224 µL, 1.62 mmol) and 1-methylimidazole (77 µL, 0.97 mmol). After the reaction 

mixture was stirred for another 10 min at room temperature, it was added dropwise via a syringe 

pump (0.2 mL/min) to a solution of monobasic tetra-n-butylammonium phosphate (1.21 mL, 

0.97 mmol, 0.4 M solution in CH₃CN) in CH₃CN (2 mL). Subsequently, the reaction mixture was 

stirred for 30 min at room temperature before all volatiles were removed under reduced 

pressure. The residue was taken up in water and washed three times with CH₂Cl₂. The aqueous 

phase was then concentrated under reduced pressure, and the residue was purified by 

automated column chromatography, using a DEAE-Sephadex® A-25 column (H₂O/1 M TEAB; 

100:0 to 0:100 v/v), and then by RP18 flash column chromatography (H₂O/CH₃CN; 100:0 to 0:100 

v/v), which provided the triethylammonium salt of 219 (64 mg, 89%) as a colorless solid. 

1H-NMR (500 MHz, D2O): δ [ppm] = 7.96 (s, 1H, H-8), 7.06 (d, 3JHH = 4.75 Hz, 1H, H-5), 6.95 (d, 1H, 

3JHH = 4.80 Hz, H-6), 4.99 (d, 3JHH = 5.05 Hz, 1H, H-2´), 4.55 – 4.52 (m, 2H, H-4´, H-3´), 4.18 (ddd, 

2JHH = 11.91 Hz, 3JHP = 6.48 Hz, 3JHH = 3.01 Hz, 1H, H-5´), 4.08 (ddd, 2JHH = 11.78 Hz, 3JHP = 5.15 Hz, 

3JHH = 2.79 Hz, 1H, H-5´), 3.20 (q, 3JHH = 8.08 Hz, 12H, H-b), 1.28 (t, 3JHH = 7.25 Hz, 18H, H-a). 

31P-NMR (162 MHz, D2O): δ [ppm] = -9.47 (d, 2JPP = 21.9 Hz, P-β), -11.3 (d, 2JPP = 21.0 Hz, P-α).  
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5.3.7 Synthesis of nucleoside-5´-triphosphates  

T-1106-5´-triphosphate 14  

 

 

Step 1: The reaction was carried out according to general procedure VI with T-1106 methyl ester 

54 (100 mg, 0.35 mmol), proton sponge (150 mg, 0.70 mmol) and POCl₃ (96 µL, 1.05 mmol) in 

trimethyl phosphate (5 mL) for 15 min, followed by the addition of tributylammonium 

pyrophosphate (477 mg, 0.87 mmol) and tributylamine (576 µL, 2.11 mmol) in CH₃CN (1 mL) for 

2 h. Purification by ion-exchange chromatography using a DEAE-Sephadex® A-25 column 

(H₂O/1 M TEAB; 100:0 to 0:100 v/v) and RP18 flash column chromatography (H₂O/CH₃CN; 100:0 

to 0:100 v/v) provided the triethylammonium salt of the triphosphate methyl ester (135 mg, 

41%). Step 2: The reaction was carried out according to general procedure IV with the 

triphosphate methyl ester (135 mg, 0.14 mmol) and 7 M NH₃ in MeOH (4 mL). Purification on 

RP18 silica gel by automated flash chromatography (H₂O/CH₃CN; 100:0 to 0:100 v/v) provided 14 

(122 mg, 90%) as a colorless solid. 

The analytical data was in accordance with those described.[120] 

1H-NMR (600 MHz, D2O): δ [ppm] = 8.37 (d, 3JHH = 4.22 Hz, 1H, H-5), 7.87 (d, 3JHH = 4.25 Hz, 1H, H-

6), 6.15 (d, 3JHH = 1.97 Hz, 1H, H-1´), 4.49 (dd, 2JHH = 12.1 Hz, 3JHH = 1.24 Hz, 1H, H-5´), 4.42 – 4.37 

(m, 3H, H-2´, H-3´, H-4´), 4.32 (dd, 2JHH = 12.2 Hz, 3JHH = 2.04 Hz, 1H, H-5´), 3.21 (q, 3JHH = 7.48 Hz, 

18H, H-b), 1.30 (t, 3JHH = 7.48 Hz, 27H, H-a). 

13C-NMR (150 MHz, D2O): δ [ppm] = 167.1 (C-7), 155.5 (C-3), 141.7 (C-2), 129.4 (C-5), 125.4 (C-6), 

89.5 (C-1´), 82.7 (d, 3JCP = 9.31 Hz, C-4´), 74.9 (C-2´), 68.0 (C-3´), 63.8 (d, 2JCP = 5.70 Hz, C-5´), 45.8 

(C-b), 8.21 (C-a). 

31P-NMR (202 MHz, D2O): δ [ppm] = -9.69 (d, 2JPP = 19.6 Hz, P-γ), -10.2 (d, 2JPP = 20.1 Hz, P-α), -

22.0 (t, 2JPP = 20.1 Hz, P-β). 
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2´-C-Methyl-T-1106-5´-triphosphate 15  

 

 

The reaction was carried out according to the general procedure VI with 2′-C-methyl-T-1106 49 

(50 mg, 0.18 mmol), proton sponge (130 mg, 0.61 mmol) and POCl₃ (64 µL, 0.70 mmol) in 

trimethyl phosphate (3 mL) for 15 min, followed by the addition of tributylammonium 

pyrophosphate (410 mg, 0.46 mmol) and tributylamine (250 µL, 1.05 mmol) in CH₃CN (1 mL) for 

2 h. Purification by ion-exchange chromatography using a DEAE-Sephadex® A-25 column 

(H₂O/1 M TEAB; 100:0 to 0:100 v/v) and RP18 flash column chromatography (H₂O/CH₃CN; 100:0 

to 0:100 v/v) provided the triethylammonium salt of 16 (90 mg, 55%) as a colorless solid. 

The analytical data was in accordance with those described.[119] 

2´-Fluoro-2´-C-methyl-T-1106-5´-triphosphate 16 

 

The reaction was carried out according to the general procedure VI with 2′-fluoro-2′-C-methyl-T-

1106 51 (87 mg, 0.30 mmol), proton sponge (130 mg, 0.61 mmol) and POCl₃ (55 µL, 0.61 mmol) 

in trimethyl phosphate (5 mL) for 15 min, followed by the addition of tributylammonium 

pyrophosphate (683 mg, 0.76 mmol) and tributylamine (432 µL, 1.82 mmol) in CH₃CN (1 mL) for 

2 h. Purification by ion-exchange chromatography using a DEAE-Sephadex® A-25 column 

(H₂O/1 M TEAB; 100:0 to 0:100 v/v) and RP18 flash column chromatography (H₂O/CH₃CN; 100:0 

to 0:100 v/v) provided the triethylammonium salt of 16 (119 mg, 42%) as a colorless solid. 
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1H-NMR (600 MHz, CD3OD): δ [ppm] = 7.84 (dd, 3JHH = 4.44 Hz, 5JHH = 2.51 Hz, 1H, H-5), 7.61 (d, 

3JHH = 4.23 Hz, 1H, H-6), 6.49 (d, 3JHF = 18.5 Hz, 1H, H-1‘), 4.36 – 4.27 (m, 3H, H-3´, H-4‘, H-5´), 4.21 

(dd, 2JHH = 11.7 Hz, 3JHH = 2.98 Hz, 1H, H-5‘), 3.11 (q, 3JHH = 7.33 Hz, 24H, H-b), 1.50 (d, 3JHF = 

22.3 Hz, 3H, 2´-C-CH3), 1.22 (t, 3JHH = 7.25 Hz, 36H, H-a). 

13C-NMR (150 MHz, CD3OD): δ [ppm] = 166.1 (C-7), 155.0 (C-3), 144.8 (C-2), 131.4 (d, 4JCF = 

4.25 Hz, C-5), 124.7 (C-6), 100.8 (d, 1JCF = 191.9 Hz, C-2´), 89.4 (d, 2JCF = 15.0 Hz, C-1´), 82.9 (d, 3JCP
 

= 9.04 Hz, C-4´), 74.4 (d, 2JCF = 17.1 Hz, C-3´), 60.0 (d, 2JCP = 5.71 Hz, C-5´), 47.4 (C-b),  18.4 (d, 2JCF 

= 25.4 Hz, 2´-C-CH3) 9.1 (C-a).  

19F-NMR (564 MHz, CD3OD): δ [ppm] = -167.8 (m). 

31P-NMR (242 MHz, CD3OD): δ [ppm] = -10.6 (d, 3JPP = 20.9 Hz, P-γ), -11.2 (d, 3JPP = 21.7 Hz, P-α), 

-23.9 (t, 3JPP = 21.6 Hz, P-β). 

HRMS (MALDI-): m/z = calcd: 525.9834 [M-H]-, found: 525.9954 [M-H]-. 

3´-Deoxy-T-1106-5´-triphosphate 17  

 

The reaction was carried out according to the general procedure VI with 3´-deoxy-T-1106 40 

(29 mg, 0.10 mmol), proton sponge (45 mg, 0.21 mmol) and POCl3 (38 µL, 0.42 mmol) in 2 mL 

trimethyl phosphate for 15 min. Followed by the addition of tributyl ammonium pyrophosphate 

(143 mg, 0.26 mmol) and tributylamine (173 µL, 0.60 mmol) in CH3CN (1.0 mL) for 2 h. Purification 

by ion-exchange chromatography using a DEAE-Sephadex® A-25 column (H2O/1 M TEAB; 100:0 

to 0:100 v/v) and RP18 flash column chromatography (H2O/CH3CN; 100:0 to 0:100) provided the 

triethylammonium salt of 17 (45 mg, 38%) as a colorless solid. 

1H-NMR (500 MHz, CD3OD-d4): δ [ppm] = 8.55 (d, 3JHH = 4.16 Hz, 1H, H-5), 7.88 (d, 3JHH = 4.13 Hz, 

1H, H-6), 5.95 (s, 1H, H-1‘), 4.73 – 4.64 (m, 1H, H-4´), 4.56 – 4.48 (m, 1H, H-2´), 4.42 – 4.40 (m, 
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1H, H-5´), 3.54 – 3.52 (m, 1H, H-5´), 3.22 (q, 3JHH = 7.3 Hz, 24H, H-b), 2.26 – 2.12 (m, 1H, H-3´), 

2.05 – 2.95 (m, 1H, H-3´),  1.30 (t, 3JHH = 7.3 Hz, 36H, H-a). 

31P-NMR (162 MHz, CD3OD-d4): δ [ppm] = -9.97 (d, 2JPP = 20.5 Hz, P-γ), -11.0 (d, 2JPP = 20.5 Hz, P-

α), -23.1 (t, 2JPP = 21.3 Hz, P-β). 

3´-Fluoro-T-1106-5´-triphosphate 18  

 

The reaction was carried out according to general procedure VI with 3′-fluoro-T-1106 41 (92 mg, 

0.34 mmol), proton sponge (144 mg, 0.67 mmol) and POCl₃ (61 µL, 0.67 mmol) in trimethyl 

phosphate (5 mL) for 15 min, followed by the addition of tributylammonium pyrophosphate 

(760 mg, 0.84 mmol) and tributylamine (522 µL, 2.02 mmol) in CH₃CN (1 mL) for 2 h. Purification 

by ion-exchange chromatography using a DEAE-Sephadex® A-25 column (H₂O/1 M TEAB; 100:0 

to 0:100 v/v) and RP18 flash column chromatography (H₂O/CH₃CN; 100:0 to 0:100 v/v) provided 

the triethylammonium salt of 18 (143 mg, 52%) as a colorless solid. 

1H-NMR (600 MHz, CD3OD): δ [ppm] = 8.33 (d, 3JHH = 4.32 Hz, 1H, H-5), 7.80 (d, 3JHH = 4.23 Hz, 1H, 

H-6), 6.49 (d, 3JHH = 7.36 Hz, 1H, H-1‘), 5.33 (ddd, 2JHF = 54.0 Hz, 3JHH = 3.98 Hz, 3JHH = 0.66 Hz, 1H, 

H-3‘), 4.59 (ddd, 3JHF = 23.3 Hz, 3JHH = 7.53 Hz, 3JHH = 4.17 Hz,  1H, H-2‘), 4.57 – 4.52 (m, 1H, H-4‘), 

4.37 (ddd, 3JHH = 11.8 Hz, 3JHH = 5.95 Hz, 3JHH = 1.73 Hz, 1H, H-5‘), 4.26 (ddd, 2JHH = 11.6 Hz, 3JHH = 

2.40 Hz, 3JHH = 2.26 Hz, 1H, H-5‘), 3.19 (q, 3JHH = 7.37 Hz, 18H, H-b), 1.31 (t, 3JHH = 7.28 Hz, 27H, H-

a). 

13C-NMR (150 MHz, CD3OD): δ [ppm] = 166.2 (C-7), 157.3 (C-3), 144.8 (C-2), 130.6 (C-5), 126.0 (C-

6), 94.1 (d, 1JCF = 184.1 Hz, C-3´), 88.3 (C-1´) 81.2 (dd, 2JCF = 24.1 Hz, 3JCP = 9.23 Hz, C-4´), 79.9 (d, 

2JCF = 16.3 Hz, C-2´), 66.3 (dd, 3JCF = 21.7 Hz, 2JCP = 5.17 Hz, C-5´), 46.6 (C-b), 8.20 (C-a). 

19F-NMR (154 MHz, CD3OD): δ [ppm] = -201.1 (m). 
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31P-NMR (242 MHz, CD3OD): δ [ppm] = -9.29 (d, 3JPP = 21.2 Hz, P-γ), -10.5 (d, 3JPP = 22.2 Hz, P-α), 

-22.7 (t, 3JPP = 21.2 Hz, P-β). 

HRMS (MALDI-): m/z = calcd: 511.9678 [M-H]-, found: 511.9865 [M-H]-. 

3´-Azido-T-1106-5´-triphosphate 19  

 

The reaction was carried out according to the general procedure VI with 3′-azido-T-1106 42 

(80 mg, 0.27 mmol), proton sponge (116 mg, 0.54 mmol) and POCl₃ (71 µL, 0.81 mmol) in 

trimethyl phosphate (2 mL) for 15 min, followed by the addition of tributylammonium 

pyrophosphate (609 mg, 0.68 mmol) and tributylamine (382 µL, 1.62 mmol) in CH₃CN (1 mL) for 

2 h. Purification by ion-exchange chromatography using a DEAE-Sephadex® A-25 column 

(H₂O/1 M TEAB; 100:0 to 0:100 v/v) and RP18 flash column chromatography (H₂O/CH₃CN; 100:0 

to 0:100 v/v) provided the triethylammonium salt of 19 (108 mg, 69%) as a colorless solid. 

1H-NMR (600 MHz, D2O): δ [ppm] = 8.33 (d, 3JHH = 3.99 Hz, 1H, H-5), 7.85 (d, 3JHH = 3.87 Hz, 1H, H-

6), 6.17 (d, 3JHH = 2.74 Hz, 1H, H-1´), 4.60 (dd, 3JHH = 5.25 Hz, 3JHH = 2.96 Hz, 1H, H-2´), 4.48 – 4.44 

(m, 2H, H-4´, H-5´), 4.32 – 4.27 (m, H-3´, H-5´), 3.21 (q, 3JHH = 7.45 Hz, 24H, H-b), 1.28 (t, 3JHH = 

7.25 Hz, 36H, H-a). 

13C-NMR (150 MHz, D2O): δ [ppm] = 166.3 (C-7), 155.8 (C-3), 142.3 (C-2), 129.1 (C-5), 125.4 (C-6), 

90.4 (C-1´), 81.8 (d, 3JCP = 9.24 Hz, C-2´), 75.5 (C-4´), 64.1 (d, 2JCP = 5.60 Hz, C-5´), 59.2 (C-3´), 46.6 

(C-b), 8.20 (C-a). 

31P-NMR (242 MHz, D2O): δ [ppm] = -11.0 (d, 2JPP = 19.8 Hz, P-γ), -11.6 (d, 2JPP = 19.1 Hz, P-α), -

23.4 (t, 2JPP = 19.4 Hz, P-β). 

HRMS (MALDI-): m/z = calcd: 534.9786 [M-H]-, found: 534.9955 [M-H]-. 
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6-Methyl-T-1106-5´-triphosphate 132 

 

The reaction was carried out according to the general procedure VI with 6-methyl-T-1106 131 

(29 mg, 0.10 mmol), proton sponge (45 mg, 0.21 mmol) and POCl₃ (38 µL, 0.42 mmol) in trimethyl 

phosphate (2 mL) for 15 min, followed by the addition of tributylammonium pyrophosphate (143 

mg, 0.26 mmol) and tributylamine (173 µL, 0.60 mmol) in CH₃CN (1 mL) for 2 h. Purification by 

ion-exchange chromatography using a DEAE-Sephadex® A-25 column (H₂O/1 M TEAB; 100:0 to 

0:100 v/v) and RP18 flash column chromatography (H₂O/CH₃CN; 100:0 to 0:100 v/v) provided the 

triethylammonium salt of 132 (45 mg, 38%) as a colorless solid. 

1H-NMR (600 MHz, D2O): δ [ppm] = 8.20 (s, 1H, H-5), 6.13 (d, 3JHH = 2.22 Hz, 1H, H-1´), 4.49 – 4.30 

(m, 5H, H-2´, H-3´, H-4´, H-5´), 3.21 (q, 3JHH = 7.40 Hz, 18H, H-b), 2.44 (s, 3H, H-9), 1.29 (t, 3JHH = 

7.36 Hz, 27H, H-a). 

13C-NMR (150 MHz, D2O): δ [ppm] = 166.1 (C-7), 154.9 (C-3), 141.0 (C-2), 134.9 (C-5), 127.0 (C-6), 

90.6 (C-1´), 82.7 (d, 3JCP = 9.31 Hz, C-4´), 75.0 (C-2´), 67.9 (C-3´), 63.7 (d, 2JPP = 5.27 Hz, C-5´), 46.6 

(C-b), 19.0 (C-9), 8.2 (C-a). 

31P-NMR (121 MHz, D2O): δ [ppm] = -10.7 (d, 2JPP = 19.7 Hz, P-γ), -11.7 (d, 2JPP = 20.1 Hz, P-α), -

23.3 (t, 2JPP = 20.0 Hz, P-β). 

HRMS (MALDI-): m/z = calcd: 523.9897 [M-H]-, found: 524.0027 [M-H]-. 

6-Methyl-2´-C-methyl-T-1106-5´-triphosphate 135 
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The reaction was carried out according to the general procedure VI with 6-methyl-2′-C-methyl-T-

1106 134 (25 mg, 0.08 mmol), proton sponge (35 mg, 0.17 mmol) and POCl₃ (30 µL, 0.33 mmol) 

in trimethyl phosphate (1 mL) for 15 min, followed by the addition of tributylammonium 

pyrophosphate (114 mg, 0.21 mmol) and tributylamine (138 µL, 0.50 mmol) in CH₃CN (1 mL) for 

2 h. Purification by ion-exchange chromatography using a DEAE-Sephadex® A-25 column 

(H₂O/1 M TEAB; 100:0 to 0:100 v/v) and RP18 flash column chromatography (H₂O/CH₃CN; 100:0 

to 0:100 v/v) provided the triethylammonium salt of 135 (37 mg, 47%) as a colorless solid. 

1H-NMR (400 MHz, D2O): δ [ppm] = 8.20 (s, 1H, H-5), 6.34 (s, 1H, H-1´), 4.45 – 4.33 (m, 2H, H-5´), 

4.26 (bs, 2H, H-3´, H-4´), 3.21 (q, 3JHH = 7.40 Hz, 18H, H-b), 2.45 (s, 1H, H-9), 1.29 (t, 3JHH = 7.36 Hz, 

27H, H-a) 1.14 (s, 1H, 2´-C-CH3). 

13C-NMR (100 MHz, D2O): δ [ppm] = 166.1 (C-7), 154.7 (C-3), 141.8 (C-2), 134.9 (C-5), 126.9 (C-6), 

91.8 (C-1´), 81.1 (d, 3JCP = 9.40 Hz, C-4´), 79.7 (C-2´), 70.6 (C-3´), 58.9 (C-5´), 46.6 (C-b), 19.0 (C-9), 

18.9 (2´-C-CH3) 8.2 (C-a). 

31P-NMR (161 MHz, D2O): δ [ppm] = -6.40 (d, 2JPP = 21.4 Hz, P-γ), -11.6 (d, 2JPP = 19.9 Hz, P-α),                       

-22.5 (t, 2JPP = 20.6 Hz, P-β). 

HRMS (MALDI-): m/z = calcd: 538.0034 [M-H]-, found: 538.0194 [M-H]-. 

Tiazofurin-5´-triphosphate 69 

 

The reaction was carried out according to the general procedure VI with Tiazofurin 61 (100 mg, 

0.38 mmol), proton sponge (162 mg, 0.76 mmol) and POCl₃ (69 µL, 0.76 mmol) in trimethyl 

phosphate (5 mL) for 30 min, followed by the addition of tributylammonium pyrophosphate 

(521 mg, 0.95 mmol) and tributylamine (620 µL, 2.28 mmol) in CH₃CN (1.9 mL) for 30 min. 

Purification by ion-exchange chromatography using a DEAE-Sephadex® A-25 column (H₂O/1 M 

TEAB; 100:0 to 0:100 v/v) and RP18 flash column chromatography (H₂O/CH₃CN; 100:0 to 0:100 

v/v) provided the triethylammonium salt of 69 (151 mg, 53%) as a colorless solid. 
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1H-NMR (500 MHz, MeOD-d4): δ [ppm] = 8.17 (s, 1H, H-2), 5.04 (d, 3JHH = 5.73 Hz, 1H, H-1´), 4.35 

(dd, 3JHH = 5.11, 3JHH = 3.89 Hz, 1H, H-3´), 4.31 – 4.27 (m, 1H, H-2´), 4.27 – 4.16 (m, 3H, H-4´, H-5´), 

3.18 (q, 3JHH = 7.36 Hz, 24H, H-b), 1.30 (t, 3JHH = 7.34 Hz, 36H, H-a). 

13C-NMR (125 MHz, MeOD-d4): δ [ppm] = 173.8 (C-4), 150.7 (C-3), 125.8 (C-2), 85.4 (C-2´), 82.9 

(C-1´), 78.8 (C-3´), 72.9 (C-4´), 66.8 (d, 2JCP = 5.2 Hz, C-5´), 46.5 (C-b), 9.1 (C-a). 

31P-NMR (162 MHz, MeOD-d4): δ [ppm] = -10.4 (d, 2JPP = 21.0 Hz, P-γ), -11.2 (d, 2JPP = 20.9 Hz, P-

α), -23.7 (t, 2JPP = 21.3 Hz, P-β). 

HRMS (MALDI-): m/z = calcd: 498.9384 [M-H]-, found: 498.9484 [M-H]-. 

Remdesivir nucleoside-5´-triphosphate (GS-441524 triphosphate) 6 

 

The reaction was carried out according to the general procedure VI with GS-441524 60 (45 mg, 

0.15 mmol), proton sponge (66 mg, 0.31 mmol) and POCl₃ (28 µL, 0.31 mmol) in trimethyl 

phosphate (2 mL) for 30 min, followed by the addition of tributylammonium pyrophosphate (210 

mg, 0.39 mmol) and tributylamine (220 µL, 0.92 mmol) in CH₃CN (0.8 mL) for 30 min. Purification 

by ion-exchange chromatography using a DEAE-Sephadex® A-25 column (H₂O/1 M TEAB; 100:0 

to 0:100 v/v) and RP18 flash column chromatography (H₂O/CH₃CN; 100:0 to 0:100 v/v) provided 

the triethylammonium salt of 6 (21 mg, 22%) as a colorless solid. 

The analytical data was in accordance with those described.[174]  

1H-NMR (600 MHz, D2O): δ [ppm] = 7.94 (s, 1H, H-8), 7.07 (d, 3JHH = 4.66 Hz, 1H, H-5), 6.95 (d, 1H, 

3JHH = 4.76 Hz, H-6), 5.02 (d, 3JHH = 5.57 Hz, 1H, H-2´), 4.57 (dd, 3JHH = 6.48 Hz, 3JHH = 3.01 Hz, 1H, 

H-3´),  4.55 – 4.52 (m, 1H, H-4´), 4.21 (ddd, 2JHH = 11.9 Hz, 3JHP = 6.49 Hz, 3JHH = 3.10 Hz, 1H, H-5´), 

4.07 (ddd, 2JHH = 11.9 Hz, 3JHP = 4.82 Hz, 3JHH = 3.34 Hz, 1H, H-5´), 3.19 (q, 3JHH = 8.12 Hz, 24H, H-

b), 1.27 (t, 3JHH = 7.29 Hz, 36H, H-a).   
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13C-NMR (125 MHz, D2O): δ [ppm] = 155.9 (C-10), 147.7 (C-8), 123.0 (C-4), 116.63 (1´-CN), 116.60 

(C-5), 111.6 (C-2), 102.3 (C-1), 85.2 (d, 2JCP = 9.23 Hz, C-4´), 76.3 (C-2´), 74.8 (C-1´), 69.8 (C-3´), 64.6 

(d, 2JCP = 4.63 Hz, C-5´), 46.6 (C-b), 8.6 (C-a). 

31P-NMR (162 MHz, D2O): δ [ppm] = -10.8 (d, 2JPP = 19.4 Hz, P-α), -11.5 (d, 2JPP = 19.9 Hz, P-γ),           

-23.3 (t, 2JPP = 17.9 Hz, P-β). 

6-Azauridine-5'-triphosphate 72 

 

The reaction was carried out according to the general procedure VI with 6-azauridine 70 (50 mg, 

0.20 mmol), proton sponge (87 mg, 0.41 mmol) and POCl₃ (37 µL, 0.41 mmol) in trimethyl 

phosphate (2.5 mL) for 15 min, followed by the addition of tributylammonium pyrophosphate 

(279 mg, 0.51 mmol) and tributylamine (336 µL, 1.22 mmol) in CH₃CN (0.9 mL) for 30 min. 

Purification by ion-exchange chromatography using a DEAE-Sephadex® A-25 column (H₂O/1 M 

TEAB; 100:0 to 0:100 v/v) and RP18 flash column chromatography (H₂O/CH₃CN; 100:0 to 0:100 

v/v) provided the triethylammonium salt of 72 (45 mg, 38%) as a colorless solid. 

1H-NMR (400 MHz, D2O): δ [ppm] = 7.56 (s, 1H, H-1), 6.16 (d, 3JHH = 4.32 Hz, 1H, H-1´), 4.67 (dd, 

3JHH = 5.33, 3JHH = 4.37 Hz, 1H, H-2´), 4.52 (d, 3JHH = 5.31 Hz, 1H, H-3´), 4.27  (q, 3JHH = 4.79 Hz, 1H, 

H-4´), 4.21 – 4.10 (m, 2H, H-5´), 3.22 (q, 3JHH = 7.34 Hz, 24H, H-b), 1.30 (t, 3JHH = 7.26 Hz, 36H, H-

a). 

31P-NMR (162 MHz, D2O): δ [ppm] = -9.44 (d, 2JPP = 21.5 Hz, P-γ), -11.3 (d, 2JPP = 19.9 Hz, P-α), -

23.1 (t, 2JPP = 20.0 Hz, P-β). 

HRMS (MALDI-): m/z = calcd: 483.9565 [M-H]-, found: 483.9725 [M-H]-. 
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Mizoribine-5'-triphosphate 73 

 

The reaction was carried out according to the general procedure VI with Mizoribine 71 (50 mg, 

0.19 mmol), proton sponge (83 mg, 0.39 mmol) and POCl₃ (35 µL, 0.39 mmol) in trimethyl 

phosphate (2.5 mL) for 30 min, followed by the addition of tributylammonium pyrophosphate 

(263 mg, 0.48 mmol) and tributylamine (275 µL, 1.16 mmol) in CH₃CN (0.9 mL) for 30 min. 

Purification by ion-exchange chromatography using a DEAE-Sephadex® A-25 column (H₂O/1 M 

TEAB; 100:0 to 0:100 v/v) and RP18 flash column chromatography (H₂O/CH₃CN; 100:0 to 0:100 

v/v) provided the triethylammonium salt of 73 (41 mg, 36%) as a colorless solid. 

1H-NMR (400 MHz, D2O): δ [ppm] = 7.48 (s, 1H, H-1), 5.55 (d, 3JHH = 6.21 Hz, 1H, H-1´), 4.48 – 4.43 

(m, 1H, H-2´), 4.40 (dd, 3JHH = 5.30, 3JHH = 3.38 Hz, 1H, H-3´), 4.21 – 4.06 (m, 3H, H-4´, H-5´), 3.13 

(q, 3JHH = 7.6 Hz, 24H, H-b), 1.21 (t, 3JHH = 7.30 Hz, 36H, H-a). 

31P-NMR (162 MHz, D2O): δ [ppm] = -9.65c (d, 2JPP = 21.9 Hz, P-γ), -11.2 (d, 2JPP = 19.5 Hz, P-α),             

-22.8 (t, 2JPP = 19.1 Hz, P-β). 

HRMS (MALDI-): m/z = calcd: 497.9610 [M-H]-, found: 497.9771 [M-H]-. 

N4-Hydroxycytidine-5'-triphosphate 74 

 

A pressure tube was charged with cytidine triphosphate disodium salt 75 (137 mg, 0.26 mmol) 

and 2 N aqueous hydroxylamine solution (2.0 mL, 4.0 mmol). Afterwards, a few drops of 10% 

aqueous NaOH solution were added to adjust the solution to pH 5. The sealed tube was stirred 
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for 5 h at 55 °C before the reaction was quenched by the addition of 50 mM TEAB. After all 

volatiles were removed under reduced pressure, the residue was subjected to a DEAE-Sephadex® 

A-25 column (H₂O/1 M TEAB; 100:0 to 0:100 v/v) using an automated flash system. Fractions 

containing the desired product were concentrated under reduced pressure and subjected to 

RP18 silica gel using automated flash chromatography (H₂O/CH₃CN; 100:0 to 0:100 v/v), 

providing the triethylammonium salt of 74 (47 mg, 31%) as a colorless solid.  

1H-NMR (500 MHz, D2O): δ [ppm] = 7.30 (d, 3JHH = 8.17 Hz, 1H, H-1), 5.98 (d, 3JHH = 6.20 Hz, 1H, H-

2), 5.88 (d, 3JHH = 8.06 Hz, 1H, H-1´), 4.42 – 4.36 (m, 2H, H-2´, H-3´), 4.26 – 4.16 (m, 3H, H-4´, H-

5´), 3.20 (q, 3JHH = 7.29 Hz, 18H, H-b), 1.30 (t, 3JHH = 7.31 Hz, 27H, H-a). 

31P-NMR (202 MHz, D2O): δ [ppm] = -9.72 (d, 2JPP = 19.7 Hz, P-γ), -10.3 (d, 2JPP = 20.5 Hz, P-α),             

-22.1 (t, 2JPP = 19.4 Hz, P-β). 

HRMS (MALDI-): m/z = calcd: 497.9610 [M-H]-, found: 497.9799 [M-H]-. 

5-Fluoro-2´-C-methyl-uridine-5´-triphosphate 218 

 

The monophosphate 217 (40 mg, 0.07 mmol) was suspended in CH₃CN (1.5 mL), before Et₃N 

(122 µL, 0.88 mmol) and TFAA (102 µL, 0.74 mmol) were added dropwise. After stirring the 

reaction mixture for 10 min at room temperature, all volatiles were removed under reduced 

pressure, and the residue was dissolved again in CH₃CN (1.5 mL). The solution was then treated 

with Et₃N (102 µL, 0.74 mmol) and 1-methylimidazole (35 µL, 0.44 mmol). After stirring for 

another 10 min at room temperature, the mixture was added dropwise via a syringe pump 

(0.2 mL/min) to a solution of tributylammonium pyrophosphate (120 mg, 0.22 mmol) in CH₃CN 

(1.5 mL). Subsequently, the reaction mixture was stirred for 30 min at room temperature, then 

all volatiles were removed under reduced pressure. The residue was taken up in water and 

washed three times with CH₂Cl₂. The aqueous phase was then concentrated under reduced 

pressure, and the residue was purified using automated column chromatography on a DEAE-
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Sephadex® A-25 column (H₂O/1 M TEAB; 100:0 to 0:100 v/v) and RP18 flash chromatography 

(H₂O/CH₃CN; 100:0 to 0:100 v/v) providing the triethylammonium salt of 218 (55 mg, 80%) as a 

colorless solid. 

1H-NMR (300 MHz, D2O): δ [ppm] = 8.00 (d, 3JHF = 6.39 Hz, 1H, H-6), 6.04 (d, 3JHH = 1.80 Hz, 1H, H-

1´), 4.38 – 4.34 (m, 2H, H-3´, H-4´), 4.11 – 4.09 (m, 2H, H-5´), 3.20 (q, 3JHH = 7.31 Hz, 24H, H-b), 

1.28 (t, 3JHH = 7.26 Hz, 36H, H-a), 1.19 (s, 3H, 2´-C-CH3). 

31P-NMR (121 MHz, D2O): δ [ppm] = -6.61 (d, 2JPP = 21.2 Hz, P-α), -11.5 (d, 2JPP = 20.0 Hz, P-γ),                     

-22.6 (t, 2JPP = 20.5 Hz, P-β). 

19F-NMR (564 MHz, D2O): δ [ppm] = -160.4 (m). 

HRMS (MALDI-): m/z = calcd: 514.9675 [M-H]-, found: 514.9817 [M-H]-. 

5.3.8 Synthesis of masking units  

4-(Hydroxymethyl)phenyl-pentadecanoate 189 

 

To a solution of 4-hydroxybenzyl alcohol 188 (1.10 g, 8.86 mmol) and Et₃N (1.10 mL, 7.97 mmol) 

in THF (15 mL), a solution of valeryl chloride (962 µL, 26.7 mmol) in THF (8 mL) was added 

dropwise over 15 minutes at 0°C. The reaction mixture was stirred overnight at room 

temperature and filtered. After all volatiles were removed under reduced pressure, purification 

on silica gel with automated flash chromatography (petroleum ether/ethyl acetate; 4:1 to 2:1 

v/v) provided 189 (685 mg, 37%) as a colorless solid. 

The analytical data was in accordance with those described.[120]  

1H-NMR (400 MHz, CDCl3): δ [ppm] = 7.36 (d, 3JHH = 8.54 Hz, 2H, H-3), 7.06 (d, 3JHH = 8.48 Hz, 2H, 

H-2), 4.67 (s, 2H, H-5), 2.56 (t, 3JHH = 7.59 Hz, 2H, H-b), 1.74 (p, 3JHH = 7.75 Hz, 2H, H-c), 1.44 (sx, 

3JHH = 7.63 Hz, 2H, H-d), 0.97 (t, 3JHH = 7.29 Hz, 3H, H-J). 

4-(Hydroxymethyl)phenyl-pentadecanoate 187 
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Step 1: To a solution of pentadecanoic acid 185 (2.00 g, 8.25 mmol) and DMF (1 drop) in CH₂Cl₂ 

(50 mL), was added oxalyl chloride (920 µL, 10.7 mmol). After stirring the reaction mixture for 

2 h at room temperature, all volatiles were removed under reduced pressure. The crude product 

186 was used in the next step without further purification. Step 2: To a solution of 4-

hydroxybenzyl alcohol 188 (1.10 g, 8.86 mmol) and Et₃N (1.10 mL, 26.7 mmol) in THF (15 mL), a 

solution of 186 (2.08 g, 7.97 mmol) in THF (8 mL) was added dropwise over 15 minutes at 0°C. 

The reaction mixture was stirred overnight at room temperature and filtered. After all volatiles 

were removed under reduced pressure, the crude product was purified on silica gel with 

automated flash chromatography (petroleum ether/ethyl acetate; 4:1 to 2:1 v/v), providing 187 

(862 mg, 29%) as a colorless solid. 

The analytical data was in accordance with those described.[120]  

1H-NMR (400 MHz, CDCl3): δ [ppm] = 7.37 (d, 3JHH = 8.30 Hz, 2H, H-3), 7.05 (d, 3JHH = 8.26 Hz, 2H, 

H-2), 4.68 (s, 2H, H-5), 2.55 (t, 3JHH = 7.54 Hz, 2H, H-b), 1.75 (q, 3JHH = 7.42 Hz, 2H, H-c), 1.41 - 1.26 

(m, 22H, H-d, H-e, H-f, H-g, H-h, H-i, H-j, H-k, H-l, H-m, H-n), 0.89 (t, 3JHH = 6.75 Hz, 3H, H-o). 

4-(Hydroxymethyl)phenyl-decanoate 195 

 

To a solution of 4-hydroxybenzyl alcohol 188 (3.98 g, 32.0 mmol) and Et₃N (3.75 mL, 26.7 mmol) 

in THF (30 mL), a solution of decanoyl chloride (5.42 mL, 26.7 mmol) in THF (15 mL) was added 

dropwise over 15 minutes at 0°C. The reaction mixture was stirred overnight at room 

temperature and filtered. After all volatiles were removed under reduced pressure, purification 
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on silica gel with automated flash chromatography (petroleum ether/ethyl acetate; 4:1 to 2:1 

v/v) provided 195 (4.31 g, 48%) as a colorless solid. 

The analytical data was in accordance with those described.[241]  

1H-NMR (400 MHz, CDCl3): δ [ppm] = 7.35 (d, 3JHH = 8.70 Hz, 2H, H-3), 7.05 (d, 3JHH = 8.49 Hz, 2H, 

H-2), 4.68 (s, 2H, H-5), 2.55 (t, 3JHH = 7.52 Hz, 2H, H-b), 1.75 (q, 3JHH = 7.65 Hz, 2H, H-c), 1.45 – 1.28 

(m, 12H, H-d, H-e, H-f, H-g, H-h, H-i), 0.89 (t, 3JHH = 6.75 Hz, 3H, H-j). 

13C-NMR (101 MHz, CDCl3): δ [ppm] = 172.5 (C-a), 150.3 (C-1), 138.5 (C-4), 128.2 (2C, C-3), 121.8 

(2C, C-2), 64.5 (C-5), 34.5 (C-b), 32.0 (C-h), 29.5 (C-d), 29.4 (2C, C-e, C-f) 29.2 (C- g), 25.1 (C-c), 22.8 

(C-i), 14.2 (C-j). 

HRMS (ESI+): m/z = calcd: 301.1774 [M+Na]+, found: 301.1772 [M+Na]+. 

Bis-(N,N-diisopropylamino)-4-pentanoylbenzylphosphoramidit 191 

 

Bis(diisopropylamino)chlorophosphine 190 (700 mg, 2.62 mmol) was dissolved in THF (10 mL) 

and cooled to 0 °C. Over a period of twenty minutes, a solution of alcohol 189 (655 mg, 3.14 

mmol) and Et₃N (1.09 mL, 7.87 mmol) in THF (10 mL) was added dropwise. The reaction mixture 

was then warmed to room temperature and stirred for 18 hours. The resulting solid was filtered, 

washed with ethyl acetate, and all volatiles were removed under reduced pressure. The obtained 

residue was purified by column chromatography on silica gel (petroleum ether/ethyl acetate; 5:1 

v/v + 5% Et₃N), yielding 191 (1.26 g, 91%) as a colorless oil. 

The analytical data was in accordance with those described.[120]  

1H-NMR (400 MHz, CDCl3): δ [ppm] = 7.29 (d, 3JHH = 8.46 Hz, 2H, H-2), 6.95 (d, 3JHH = 8.49 Hz, 2H, 

H-3), 4.67 (d, 3JHP = 7.74, 2H, H-5), 3.50 (dh, 3JHP = 10.9 Hz, 3JHH = 6.72 Hz, 4H, H-a´), 2.48 (t, 3JHH = 

7.48 Hz, 2H, H-b), 1.67 (p, 3JHH = 7.52 Hz, 2H, H-c), 1.37 (sx, 3JHH = 7.32 Hz, 2H, H-d), 1.10 (dd, 3JHH 

= 6.81 Hz, 4JHH = 2.65 Hz, 24H, H-b´), 0.90 (t, 3JHH = 7.36 Hz, 3H, H-e). 
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31P-NMR (162 MHz, CDCl3): δ [ppm] = 123.5 (s). 

(4-Pentanoyloxybenzyl-(4-pentadecanoyloxybenzyl)-diisopropylphosphoramidit 192 
 

 

After the alcohol 187 (648 mg, 1.86 mmol) and the phosphoramidite 191 (1.22 g, 2.79 mmol) 

were dissolved in THF (15 mL) and cooled to 0°C, the 4,5-dicyanoimidazole activator solution 

(7.44 mL, 1.86 mmol, 0.25 M in CH₃CN) was added dropwise. After complete addition, the 

reaction mixture was stirred for an additional hour at room temperature, and then all volatiles 

were removed under reduced pressure. Purification of the crude product by column 

chromatography on silica gel (petroleum ether/ethyl acetate; 5:1 v/v + 5% Et₃N) yielded 192 (765 

mg, 60%) as a colorless oil. 

The analytical data was in accordance with those described.[120]  

1H-NMR (400 MHz, CDCl3): δ [ppm] = 7.35 (d, 3JHH = 8.65 Hz, 4H, H-2, H-2´), 7.03 (d, 3JHH = 8.64 Hz, 

4H, H-3, H-3´), 4.74 (dd, 2JHH = 12.8 Hz, 3JHP = 8.09, 2H, H-5, H-5´), 4.66  (dd, 2JHH = 12.4 Hz, 3JHP = 

8.43 Hz, 2H, H-5, H-5´), 3.69 (dh, 3JHP = 10.3 Hz, 3JHH = 6.82 Hz, 2H, H-a´´), 2.57 – 2.52 (m, 4H, H-b, 

H-b´), 1.74 (p, 3JHH = 7.40 Hz, 4H, H-c, H-c´), 1.44 (sx, 3JHH = 7.40 Hz, 4H, H-d, H-d´), 1.33 – 1.26 (m, 

20H, H-e´, H-f´, H-g´, H-h´, H-i´, H-j ´, H-k´, H-l´, H-m´, H-n´), 1.20 (d, 3JHH = 6.82 Hz, 12H, H-b´´), 

0.97 (t, 3JHH = 7.26 Hz, 3H, H-e), 0.88 (t, 3JHH = 7.25 Hz, 3H, H-o´). 

31P-NMR (162 MHz, CDCl3): δ [ppm] = 147.9 (s). 

 

 

 

 



 
EXPERIMENTAL PART 

 

 

166 
 

 

Bis(4-decanoyloxybenzyl)-phosphonate /(C9C9AB)-H-Phosphonat 197 

 

To a solution of 4-(hydroxymethyl)phenyl decanoate 195 (3.40 g, 12.2 mmol) in pyridine (40 mL), 

diphenyl phosphonate 196 (1.17 mL, 5.82 mmol) was added, and the reaction was stirred 

overnight at 50°C. After all volatiles were removed under reduced pressure, the residue was co-

evaporated with toluene twice. The crude product was purified by recrystallization from 

methanol, followed by automated flash chromatography (petroleum ether/ethyl acetate; 2:1 to 

1:1 v/v) to provide 197 (2.27 g, 63%) as a colorless solid. 

The analytical data was in accordance with those described. 

1H-NMR (400 MHz, CDCl3): δ [ppm] = 7.38 – 7.34 (m, 4H, H-2), 7.10 – 7.06 (m, 4H, H-3), 6.91 (d, 

1JHP = 709.5 Hz, 1H, P-H), 5.09 – 4.98 (m, 4H, H-5), 2.55 (t, 3JHH = 7.92 Hz, 4H, H-b), 1.75 (p, 3JHH = 

7.27 Hz, 4H, H-c), 1.44 – 1.27 (m, 24H, H-alkyl), 0.88 (t, 3JHH = 7.36, 6.5 Hz, 6H, H-j). 

13C-NMR (101 MHz, CDCl3): δ [ppm] = 172.3 (2C, C-a), 151.1 (2C, C-1), 133.1 (d, 3JCP = 6.04 Hz, 2C, 

C-4), 129.4 (4C, C-2), 122.1 (4C, C-3), 66.8 (d, 2JCP = 6.41 Hz, 2C, C-5), 34.5 (2C, C-b), 32.0 (2C, C-

h), 29.5 (2C, C-d), 29.4 (4C, C-e, C-f), 29.2 (2C, C-g), 25.0 (2C, C-c), 22.8 (2C, C-i), 14.3 (2C, C-j). 

31P-NMR (162 MHz, CDCl3): δ [ppm] = 7.70 (s). 

HRMS (ESI+): m/z = calcd: 625.3265 [M+Na]+, found: 625.3260 [M+Na]+. 
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5.3.9 Synthesis of Di- and TriPPPro compounds  

β-(4-Pentadecanoyloxybenzyl)-(4-pentanoyloxybenzyl)-T-1106-5´-diphosphate 184 

 

After T-1106-5´-monophopshate 59 (40 mg, 0.089 mmol) and the phosphoramidite 192 (109 mg, 

0.16 mmol) were dissolved in CH₃CN (2 mL), the 4,5-dicyanoimidazole activator solution (638 µL, 

0.16 mmol, 0.25 M in CH₃CN) was added dropwise. After complete addition, the reaction mixture 

was stirred for an additional 30 minutes at room temperature before adding tert-butyl 

hydroperoxide (741 µL, 4.07 mmol, 5.5 M in decane). Subsequently, the mixture was stirred for 

another 30 minutes before all volatiles were removed under reduced pressure. The residue was 

purified on RP18 silica gel with automated flash chromatography (H₂O/CH₃CN; 100:0 to 0:100 v/v), 

followed by ion-exchange on Dowex (H⁺/NH₄⁺) and a second purification on RP18 silica gel with 

automated flash chromatography (H₂O/CH₃CN; 100:0 to 0:100 v/v), and finally freeze-dried. This 

process yielded 184 (45 mg, 53%) as a colorless cotton. 

The analytical data was in accordance with those described.[120]  

1H-NMR (400 MHz, CD3OD): δ [ppm] = 8.32 (d, 3JHH = 4.13 Hz, 1H, H-5), 7.74 (d, 3JHH = 4.17 Hz, 1H, 

H-6), 7.44 – 7.41 (m, 4H, H-2, H-2´), 7.09 - 7.03 (m, 4H, H-3), 6.08 (3JHH = 1.90 Hz, 1H, H-1´),  5.17 

– 5.11 (m, 4H, -CH2Ph ), 4.74 (dd, 2JHH = 12.8 Hz, 3JHP = 8.09, 2H, H-5´´), 4.45 – 4.41 (m, 1H, H-5´), 

4.30 – 4.25 (m, 2H, H-4´, H-5´), 4.20 – 4.15 (m, 2H, H-3´, H-5´), 2.62 – 2.57 (m, 4H, H-b, H-b´), 1.79 

– 1.69 (m, 4H, H-c, H-c´), 1.47 (sx, 3JHH = 7.45 Hz, 4H, H-d, H-d´), 1.38 – 1.28 (m, 20H, H-e´, H-f´, H-

g´, H-h´, H-i´, H-j´, H-k´, H-l´, H-m´, H-n´), 1.01 (t, 3JHH = 7.35 Hz, 3H, H-e), 0.93 (t, 3JHH = 7.07 Hz, 

3H, H-o´). 
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31P-NMR (162 MHz, D2O): δ [ppm] = -11.9 (d, 2JPP = 20.3 Hz, P-α), -12.7 (d, 2JPP = 20.4 Hz, P-β). 

γ-Bis(4-decanoyloxybenzyl)-3´-fluoro-T-1106-5´-triphosphate 202 

 

The first reaction step was carried out according to general procedure VII, using bis(4-

decanoyloxybenzyl)phosphonate 197 (180 mg, 0.30 mmol), N-chlorosuccinimide (89 mg, 

0.67 mmol), tetra-n-butylammonium phosphate solution (2.26 mL, 0.88 mmol, 0.4 M in CH₃CN), 

and CH₃CN (6 mL). The resulting crude pyrophosphate 199 was used without further purification 

or analysis. The synthesis of the TriPPPro-NTP compound was subsequently carried out according 

to general procedure VII. The pyrophosphate 199 obtained in the first step was used in CH₃CN (4 

mL), together with a solution of TFAA (212 µL, 1.42 mmol) and Et₃N (338 µL, 2.44 mmol) in CH₃CN 

(1.5 mL). For the subsequent activation, 1-methylimidazole (56 µL, 0.69 mmol) and CH₃CN (6 mL) 

were used. Thereafter, a solution of 3´-fluoro-T-1106-5´-monophosphate 198 (62 mg, 0.14 mmol) 

in DMF (3 mL) was added, and the reaction mixture was stirred for two hours at room 

temperature. Purification on RP18 silica gel by automated flash chromatography (H₂O/CH₃CN; 

100:0 to 0:100 v/v), Dowex ion-exchange (NH₄⁺), and RP18 silica gel by automated flash 

chromatography (H₂O/CH₃CN; 100:0 to 0:100 v/v), followed by freeze-drying, provided 202 (32 

mg, 25%) as a colorless cotton-like solid. 

1H-NMR (600 MHz, MeOD-d4): δ [ppm] = = 8.28 (d, 3JHH = 4.20 Hz, 1H, H-5), 7.77 (d, 1H, 3JHH = 

4.32 Hz, H-6), 7.42 – 7.39 (m, 4H, H-3´´), 7.07 – 7.03 (m, 4H, H-2´´), 6.45 (d, 3JHH = 7.10 Hz, 1H, H-

1´), 5.25 (ddd, 2JHF = 53.8 Hz, 3JHH = 4.37 Hz, 3JHH = 1.73 Hz, 1H, H-3´),  5.20 – 5.14 (m, 4H, -CH2-

Ph), 4.55 – 4.49 (m, 2H, H-2´, H-4´), 4.35 – 4.29 (m, 2H, H-5´), 2.58 (t, 3JHH = 7.57 Hz, 4H, H-b), 1.74 

(p, 3JHH = 7.57 Hz, 4H, H-c), 1.45 – 1.29 (m, 24H, H-d, H-e, H-f, H-g, H-h, H-i), 0.92 (t, 3JHH = 7.41 Hz, 

6H, H-j). 
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31P-NMR (242 MHz, MeOD-d4): δ [ppm] = -12.1 (d, 2JPP = 19.8 Hz, P-α), -11.5 (d, 2JPP = 17.5 Hz, P-

γ), -23.9 (t, 2JPP = 18.1 Hz, P-β). 

19F-NMR (564 MHz, MeOD-d4): δ [ppm] = -202.0 (m). 

γ-Bis(4-decanoyloxybenzyl)-thymidine-5´-triphosphate 205 

 

The first reaction step was carried out according to general procedure VII, using bis(4-

decanoyloxybenzyl)phosphonate 197 (310 mg, 0.51 mmol), N-chlorosuccinimide (171 mg, 

1.28 mmol), tetra-n-butylammonium phosphate solution (3.86 mL, 1.53 mmol, 0.4 M in CH₃CN), 

and CH₃CN (10 mL). The resulting crude pyrophosphate 199 was used without further purification 

or analysis (yield: 380 mg, 79%) as a light-yellow resin. The synthesis of the TriPPPro-NTP 

compound was subsequently carried out according to general procedure VII. The pyrophosphate 

199 obtained in the first step was used in CH₃CN (4 mL), together with a solution of TFAA (404 µL, 

2.56 mmol) and Et₃N (647 µL, 4.10 mmol) in CH₃CN (3 mL). For activation, 1-methylimidazole 

(116 µL, 1.28 mmol) and DMF (5 mL) were used. Next, a solution of the uridine-5′-

monophosphate 206 (80 mg, 0.17 mmol) in DMF (2 mL) was added, and the reaction mixture was 

stirred for 2 h at room temperature. Purification on RP18 silica gel with automated flash 

chromatography (H₂O/CH₃CN; 100:0 to 0:100 v/v), followed by ion-exchange on Dowex (NH₄⁺), a 

second purification on RP18 silica gel with automated flash chromatography (H₂O/CH₃CN; 100:0 

to 0:100 v/v), and finally freeze-drying, yielded 205 (62 mg, 34%) as a colorless cotton. 

1H-NMR (600 MHz, MeOD-d4): δ [ppm] = 7.80 (s, 1H, H-6), 7.40 (d, 3JHH = 8.49 Hz, 4H, H-2´´), 7.04 

(d, 3JHH = 8.41 Hz, 4H, H-2´´), 6.32 (dd, 3JHH = 7.63 Hz, 3JHH = 6.04 Hz, 1H, H-1´), 5.20 – 5.14 (m, 4H, 

-CH2-Ph), 4.58 (dt, 3JHH = 6.33 Hz, 3JHH = 3.00 Hz, 1H, H-3´),  4.28 – 4.20 (m, 2H, H-5´), 4.02 (q, 3JHH 

= 2.83 Hz, 1H, H-4´), 2.58 (t, 3JHH = 7.49 Hz, 4H, H-b), 2.30 – 2.23 (m, 1H, H-2´), 2.19 (ddd, 2JHH = 
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13.5 Hz, 3JHH = 6.14 Hz, 3JHH = 3.21 Hz, 1H, H-2´), 1.92 (d, 4JHH = 1.00 Hz, 3H, H-7), 1.74 (p, 3JHH = 

7.56 Hz, 4H, H-c), 1.46 – 1.28 (m, 24H, H-d, H-e, H-f, H-g, H-h, H-i,), 0.90 (t, 3JHH = 7.08 Hz, 6H, H-

j). 

31P-NMR (243 MHz, MeOD-d4): δ [ppm] = -11.8 (d, 2JPP = 19.8 Hz, P-α), -13.2 (d, 2JPP = 17.2 Hz, P-

γ), -23.8 (t, 2JPP = 18.1 Hz, P-β). 

HRMS (ESI-): m/z = calcd: 1001.3372 [M-H]-, found: 1001.3373 [M-H]-. 

γ-Bis(4-decanoyloxybenzyl)-adenosine-5´-triphosphate 203 

 

The first reaction step was carried out according to general procedure VII, using bis(4-

decanoyloxybenzyl)phosphonate 197 (310 mg, 0.51 mmol), N-chlorosuccinimide (171 mg, 

1.28 mmol), tetra-n-butylammonium phosphate solution (3.86 mL, 1.53 mmol, 0.4 M in CH₃CN), 

and CH₃CN (10 mL). The resulting crude pyrophosphate 199 was used without further purification 

or analysis (yield: 380 mg, 79%) as a light-yellow resin.  The synthesis of the TriPPPro-NTP 

compound was subsequently carried out according to general procedure VII. The pyrophosphate 

199 obtained in the first step was used in CH₃CN (4 mL), together with a solution of TFAA (404 µL, 

2.56 mmol) and Et₃N (647 µL, 4.10 mmol) in CH₃CN (3 mL). For activation, 1-methylimidazole 

(116 µL, 1.28 mmol) and DMF (5 mL) were used. Next, a solution of the adenosine-5´-

monophosphate 205 (93 mg, 0.17 mmol) in DMF (2 mL) was added, and the reaction mixture was 

stirred for 2 h at room temperature. Purification on RP18 silica gel with automated flash 

chromatography (H₂O/CH₃CN; 100:0 to 0:100 v/v), followed by ion-exchange on Dowex (NH₄⁺), a 

second round of purification on RP18 silica gel with automated flash chromatography 

(H₂O/CH₃CN; 100:0 to 0:100 v/v), and finally freeze-drying, yielded 203 (63 mg, 35%) as a colorless 

cotton. 
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1H-NMR (400 MHz, MeOD-d4): δ [ppm] = 8.65 (s, 1H, H-6), 8.23 (s, 1H, H-8), 7.39 – 7.36 (m, 4H, 

H-3´´), 7.04 – 7.00 (m, 4H, H-2´´), 6.45 (t, 3JHH = 6.48 Hz, 1H, H-1´), 5.20 – 5.13 (m, 4H, -CH2-Ph), 

4.58 (dt, 3JHH = 6.85 Hz, 3JHH = 3.59 Hz, 1H, H-3´),  4.36 – 4.24 (m, 2H, H-5´), 4.19 – 4.15 (m, 1H, H-

4´), 2.68 – 2.61 (m, 1H, H-2´),  2.58 (t, 3JHH = 7.49 Hz, 4H, H-b), 2.44 (ddd, 2JHH = 12.78 Hz, 3JHH = 

6.22 Hz, 3.47 Hz, 1H, H-2´), 1.74 (p, 3JHH = 6.96 Hz, 4H, H-c), 1.46 – 1.28 (m, 24H, H-d, H-e, H-f, H-

g, H-h, H-i,), 0.92 (t, 3JHH = 6.79 Hz, 6H, H-j). 

31P-NMR (161 MHz, MeOD-d4): δ [ppm] = -11.5 (d, 2JPP = 19.4 Hz, P-α), -13.2 (d, 2JPP = 16.5 Hz, P-

γ), -23.5 (t, 2JPP = 17.7 Hz, P-β). 

HRMS (ESI-): m/z = calcd: 1010.3488 [M-H]-, found: 1010.3490 [M-H]-. 

γ-Bis(4-decanoyloxybenzyl)-2-amino-adenosine-5´-triphosphate 204 

 

The first reaction step was carried out according to general procedure VII, using bis(4-

decanoyloxybenzyl)phosphonate 197 (310 mg, 0.51 mmol), N-chlorosuccinimide (171 mg, 

1.28 mmol), tetra-n-butylammonium phosphate solution (3.86 mL, 1.53 mmol, 0.4 M in CH₃CN), 

and CH₃CN (10 mL). The resulting crude pyrophosphate 199 was used without further purification 

or analysis (yield: 380 mg, 79%) as a light-yellow resin. The synthesis of the TriPPPro-NTP 

compound was subsequently carried out according to general procedure VII. The pyrophosphate 

199 obtained in the first step was used in CH₃CN (4 mL), together with a solution of TFAA (404 µL, 

2.56 mmol) and Et₃N (647 µL, 4.10 mmol) in CH₃CN (3 mL). For activation, 1-methylimidazole 

(116 µL, 1.28 mmol) and DMF (5 mL) were used. Next, a solution of the nucleoside-5′-

monophosphate 206 (96 mg, 0.17 mmol) in DMF (2 mL) was added, and the reaction mixture was 

stirred for 2 h at room temperature. Purification on RP18 silica gel with automated flash 

chromatography (H₂O/CH₃CN; 100:0 to 0:100 v/v), followed by ion-exchange on Dowex (NH₄⁺), a 
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second purification on RP18 silica gel with automated flash chromatography (H₂O/CH₃CN; 100:0 

to 0:100 v/v), and finally freeze-drying, yielded 204 (40 mg, 22%) as a colorless cotton. 

1H-NMR (400 MHz, MeOD-d4): δ [ppm] = 8.15 (s, 1H, H-8), 7.41 – 7.38 (m, 4H, H-3´´), 7.01 – 6.95 

(m, 4H, H-2´´), 6.41 (t, 3JHH = 6.59 Hz, 1H, H-1´), 5.18 – 5.11 (m, 4H, -CH2-Ph), 4.69 (dt, 3JHH = 

6.33 Hz, 3JHH = 3.26 Hz, 1H, H-3´),  4.32 – 4.20 (m, 2H, H-5´), 4.17 – 4.14 (m, 1H, H-4´), 2.57 (t, 3JHH 

= 7.32 Hz, 4H, H-b), 2.45 – 2.41 (m, 1H, H-2´), 2.35 (ddd, 2JHH = 13.2 Hz, 3JHH = 5.98 Hz, 3.48 Hz, 1H, 

H-2´), 1.72 (p, 3JHH = 7.22 Hz, 4H, H-c), 1.43 – 1.27 (m, 24H, H-d, H-e, H-f, H-g, H-h, H-i,), 0.91 (t, 

3JHH = 6.89 Hz, 6H, H-j). 

31P-NMR (161 MHz, MeOD-d4): δ [ppm] = -11.5 (d, 2JPP = 19.4 Hz, P-α), -13.2 (d, 2JPP = 16.5 Hz, P-

γ), -23.5 (t, 2JPP = 17.7 Hz, P-β). 

HRMS (ESI-): m/z = calcd: 1025.3597 [M-H]-, found: 1025.3582 [M-H]-. 

γ-(Butyl)octadecyl-JD-004-3´-triphosphate 211 

 

The first reaction step was carried out according to general procedure VII, using 

butyloctadecylphosphonate 211 (200 mg, 0.51 mmol), N-chlorosuccinimide (170 mg, 1.28 mmol), 

tetra-n-butylammonium phosphate solution (3.84 mL, 1.53 mmol, 0.4 M in CH₃CN), and CH₃CN 

(10 mL). The resulting crude pyrophosphate 209 was used without further purification or analysis 

(yield: 271 mg, 78%) as a light-yellow resin. The synthesis of the TriPPPro-NTP compound was 

subsequently carried out according to general procedure VII. The pyrophosphate 209 obtained 

in the first step was used in CH₃CN (4 mL), together with a solution of TFAA (356 µL, 2.25 mmol) 

and Et₃N (571 µL, 4.10 mmol) in CH₃CN (3 mL). For activation, 1-methylimidazole (102 µL, 1.28 

mmol) and DMF (5 mL) were used. Next, a solution of the nucleoside-5'-monophosphate 208 (79 

mg, 0.15 mmol) in DMF (2 mL) was added, and the reaction mixture was stirred for 2 h at room 
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temperature. Purification on RP18 silica gel with automated flash chromatography (H₂O/CH₃CN; 

100:0 to 0:100 v/v), followed by ion-exchange on Dowex (NH₄⁺), a second purification on RP18 

silica gel with automated flash chromatography (H₂O/CH₃CN; 100:0 to 0:100 v/v), and finally 

freeze-drying, yielded 211 (37 mg, 28%) as a colorless  cotton. 

1H-NMR (600 MHz, MeOD-d4): δ [ppm] = 9.10 (s, 1H, H-8), 8.78 (s, 1H, H-4), 7.96 (d, 4JHH = 1.29 Hz, 

1H, H-10), 5.71 (s, 2H, H-1´), 4.20 – 4.17 (m, 4H, H-a, H-a´), 4.17 (s, 3H, -OCH3), 4.16 – 4.13 (m, 

2H, H-2´), 4.04 (s, 3H, -OCH3), 3.78 – 3.77 (m, 2H, H-3´), 1.71 – 1.65 (m, 4H, H-b, H-b´), 1.46 – 1.35 

(m, 4H, H-c, H-c´), 1.33 – 1.27 (m, 28H, H-d, H-e, H-f, H-g, H-h, H-i, H-j, H-k, H-l, H-m, H-n, H-o, H-

p, H-q), 0.94 (t, 3JHH = 7.51 Hz, 3H, H-d´), 0.90 (t, 3JHH = 7.51 Hz, 3H, H-r). 

13C-NMR (151 MHz, MeOD-d4): δ [ppm] = 168.6 (C-6), 166.3 (C-2), 157.3 (C-4), 138.4 (C-8), 129.2 

(C-11), 120.0 (C-10), 105.5 (C-5), 79.7 (C-1´), 70.6 (d, 2JCP = 7.79 Hz, C-3´), 69.7 (d, 2JCP = 6.51 Hz, 

C-a), 69.4 (d, 2JCP = 6.41 Hz, C-a´), 66.7 (d, 3JHH = 5.67 Hz, C-2´), 55.8 (-OCH3), 55.3 (-OCH3), 33.4, 

33.3, 33.1, 31.4, 31.3, 30.8, 30.75, 30.72, 30.70, 30.5, 30.3, 23.7, (C-b, C-b´, C-d, C-e, C-f, C-g, C-h, 

C-i, C-j, C-k, C-l, C-m, C-n, C-o, C-p, C-q), 26.6 (C-c), 19.8 (C-c´), 14.5 (C-r), 14.0 (C-d´). 

31P-NMR (243 MHz, MeOD-d4): δ [ppm] = -11.7 (d, 2JPP = 18.9 Hz, P-α), -12.9 (d, 2JPP = 17.1 Hz, P-

γ), -23.8 (t, 2JPP = 18.0 Hz, P-β). 

HRMS (ESI-): m/z = calcd: 827.3517 [M-H]-, found: 827.3510 [M-H]-. 

γ-(Butyl)octadecyl-JD-004-3´-triphosphonate 212 

 

The first reaction step was carried out according to general procedure VII, using 

butyloctadecylphosphinate 212 (200 mg, 0.53 mmol), N-chlorosuccinimide (178 mg, 1.33 mmol), 

tetra-n-butylammonium phosphate solution (4.00 mL, 1.60 mmol, 0.4 M in CH₃CN), and CH₃CN 

(10 mL). The resulting crude pyrophosphate 210 was used without further purification or analysis 
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(yield: 310 mg, 80%) as a light-yellow resin. The synthesis of the TriPPPro-NTP compound was 

subsequently carried out according to general procedure VII. The pyrophosphate 210 obtained 

in the first step was used in CH₃CN (4 mL), together with a solution of TFAA (388 µL, 2.79 mmol) 

and Et₃N (622 µL, 4.46 mmol) in CH₃CN (3 mL). For activation, 1-methylimidazole (111 µL, 1.39 

mmol) and DMF (5 mL) were used. Next, a solution of the nucleoside-5′-monophosphate 208 (86 

mg, 0.15 mmol) in DMF (2 mL) was added, and the reaction mixture was stirred for 2 h at room 

temperature. Purification on RP18 silica gel with automated flash chromatography (H₂O/CH₃CN; 

100:0 to 0:100 v/v), followed by ion-exchange on Dowex (NH₄⁺), a second purification on RP18 

silica gel with automated flash chromatography (H₂O/CH₃CN; 100:0 to 0:100 v/v), and finally 

freeze-drying, yielded 212 (22 mg, 12%) as a colorless  cotton. 

1H-NMR (600 MHz, MeOD-d4): δ [ppm] = 9.11 (s, 1H, H-8), 8.78 (s, 1H, H-4), 7.96 (d, 4JHH = 1.22 Hz, 

1H, H-10), 5.72 (s, 2H, H-1´), 4.22 – 4.18 (m, 2H, H-a´), 4.17 (s, 3H, -OCH3), 4.16 – 4.13 (m, 2H, H-

2´), 4.05 (s, 3H, -OCH3), 3.88 - 3.78 (m, 2H, H-3´), 2.06 – 2.00 (m, 2H, H-a´), 1.69 – 1.61 (m, 4H, H-

b, H-b´), 1.45 – 1.38 (m, 4H, H-c, H-c´), 1.33 – 1.28 (m, 28H, H-d, H-e, H-f, H-g, H-h, H-i, H-j, H-k, 

H-l, H-m, H-n, H-o, H-p, H-q), 0.94 (t, 3JHH = 7.39 Hz, 3H, H-d´), 0.90 (t, 3JHH = 6.98 Hz, 3H, H-r). 

31P-NMR (243 MHz, MeOD-d4): δ [ppm] = 24.2 (d, 2JPP = 23.2 Hz, P-α), -11.6 (d, 2JPP = 19.6 Hz, P-

γ), -23.8 (t, 2JPP = 21.3 Hz, P-β). 

HRMS (ESI-): m/z = calcd: 811.3582 [M-H]-, found: 811.3585 [M-H]-. 

5.3.10 Synthesis of nucleoside-5´-α-thio-triphosphates   

Tetrafluoropyridine-4-thiol 91 

 

Sodium hydrosulfide hydrate (12.3 g, 166 mmol) was suspended in MeOH (25 mL) and stirred at 

room temperature for 30 min until most of the solid had dissolved. After the reaction mixture 

was cooled to 0 °C, pentafluoropyridine 90 (12.8 g, 75.7 mmol) was added slowly, ensuring that 

the internal reaction temperature did not exceed 30 °C. After the resulting suspension was stirred 

for 5 min, all volatiles were removed under reduced pressure. The residue was treated with 4 M 

HCl solution (45 mL) and extracted three times with hexane. The combined organic layers were 
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dried over MgSO₄, and all volatiles were removed under reduced pressure to yield 91 (11.7 g, 

85%) as a colorless liquid that formed crystals after being stored overnight at −20 °C. 

The analytical data was in accordance with those described.[207] 

19F-NMR (564 MHz, CDCl3): δ [ppm] = -90.8, -139.7 (m). 

Bis(perfluoropyridin-4-yl)-phosphorotetrathioate 92 

 

Phosphorus pentasulfide (1.70 g, 3.82 mmol) and tetrafluoropyridine-4-thiol 91 (2.10 g, 11.4 

mmol) were suspended in CH₂Cl₂ (13 mL) and cooled to 0 °C. Subsequently, tert-butylamine (1.56 

mL, 1.50 mmol) was added dropwise and the reaction mixture was stirred overnight at room 

temperature. The reaction mixture was quenched by the addition of water (13 mL), followed by 

the addition of hexane (13 mL). The resulting suspension was stirred for 30 min before the solid 

was filtered off. The solid was washed with water (6 mL), CH₂Cl₂/hexane (1:1, 3 × 6 mL) and 

hexane (6 mL). Drying of the resulting solid overnight under reduced pressure provided 92 

(1.21 g, 59%) as a white solid. 

The analytical data was in accordance with those described.[207] 

1H-NMR (600 MHz, CD3CN): δ [ppm] = 7.95 – 7.78 (m, 3H, -NH3), 1.55 (s, 9H, t-Bu). 

19F-NMR (564 MHz, CD3CN): δ [ppm] = -93.9, -133.3 (m). 

31P-NMR (242 MHz, CD3CN): δ [ppm] = 92.56 (s). 

HRMS (ESI-): m/z = calcd: 458.8559 [M-H]-, found: 458.8556 [M-H]-. 

Reduction of (-)-cis-limonene oxide 95 
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(-)-cis-limonene oxide 93 (3.00 mL, 17.9 mmol) was dissolved in MeOH (12 mL) before PtO₂ (40 

mg, 0.18 mmol) was added, and the reaction mixture was stirred overnight under a H₂ 

atmosphere. After TLC showed complete conversion of the starting material (no staining with 

cold KMnO₄ solution), the reaction mixture was filtered through a pad of Celite and washed with 

CH₂Cl₂ (20 mL). After all volatiles were removed under reduced pressure (>100 mbar, 35 °C), 

crude compound 95 was obtained as a light-brown oil and used in the next step without further 

purification. 

HRMS (ESI+): m/z = calcd: 432.0296 [M+H]+, found: 432.0295 [M+H]+. 

Reduction of (+)-cis-limonene oxide 96 

 

The (+)- epoxide 96 was prepared in same why as the (-)-epoxide 95 starting from (+)-cis-

limonene oxide 94. 

(+)-Ψ* Reagent 97 

 

After a solution of compound 92 (1.00 g, 1.87 mmol) in CH₂Cl₂ (3.5 mL) was cooled to −78 °C, 

MeOH (350 µL), crude epoxide 95 (6 mL), and trifluoroacetic acid (433 µL, 5.62 mmol) were added 

consecutively. After the reaction mixture was stirred at −78 °C for 5 min, the cooling bath was 

removed and the mixture was stirred for 1 h at room temperature. Subsequently, the reaction 

mixture was diluted with hexane (7 mL) and washed consecutively with water and 10% aqueous 

K₂HPO₄. The organic phase was dried over MgSO₄ and all volatiles were removed under reduced 

pressure. Purification of the crude product by silica gel chromatography (petroleum ether/ethyl 

acetate; 10:1 to 4:1 v/v) provided 97 (430 mg, 53%) as a colorless semi-solid that crystallized after 

being stored at −20 °C overnight. 

The analytical data was in accordance with those described.[207] 



 
EXPERIMENTAL PART 

 

 

177 
 

1H-NMR (600 MHz, CDCl3): δ [ppm] = 4.51 (ddd, 3JHH = 13.0 Hz, 3JHH = 6.13 Hz, 4JHH = 3.71 Hz, 1H, 

H-7), 2.27 – 2.25 (m, 1H, H-2), 2.05 – 2.00 (m, 1H, H-5), 1.96 – 1.93 (m, 1H, H-3), 1.83 – 1.77 (m, 

3H, H-2, H-5, H-8), 1.67 (s, 3H, -CH3), 1.66 – 1.56 (m, 2H, H-3, H-4), 1.02 (d, 3JHH = 6.13 Hz, 6.64 Hz, 

H-9 or H-10), 0.97 (d, 3JHH = 6.13 Hz, 6.43 Hz, H-9 or H-10). 

19F-NMR (564 MHz, CDCl3): δ [ppm] = -88.5, -132.5 (m). 

31P-NMR (242 MHz, CDCl3): δ [ppm] = 96.42 (s). 

HRMS (ESI+): m/z = calcd: 432.0296 [M+H]+, found: 432.0295 [M+H]+. 

(-)-Ψ* Reagent 98 

 

The (-)-Ψ* reagent 98 was prepared in same why as the (+)-Ψ* reagent 97 in a yield of 49% using 

epoxide 96. All characterization data were identical. 

4-(Hydroxymethyl)phenyl benzoate 101 

 

Step 1: After 4-hydroxybenzaldehyd 99 (6.12 g, 50.1 mmol) was dissolved in THF (50 mL), Et3N 

(8.33 mL, 60.1 mmol) was added. Afterwards benzoyl chloride (6.10 mL, 52.6 mmol) was added 

dropwise at 0°C. The reaction mixture was stirred overnight at room temperature. The reaction 

mixture was diluted with ethyl acetate (100 mL) and filtered through a pad of Celite. The filtrate 

was washed with sat. aq. NH4Cl and dried over MgSO4, and all volatiles were removed under 

reduced pressure to yield crude 4-formylphenyl benzoate 100 (11.1 g), which was used in the 

next step without further purification.  

Step 2: After 4-formylphenyl benzoate 100 (11.0 g, 48.6 mmol) was dissolved in THF (50 mL), the 

reaction mixture was cooled to 0°C before NaBH4 (5.51 g, 0.14 mol) was added in three portions. 

Afterwards the reaction mixture was warmed to room temperature over 2 h and sat. aq. NH4Cl 

was added carefully to quench the reaction. The mixture was diluted with ethyl acetate and the 
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aqueous phase was extracted with ethyl acetate. The combined organic layers were dried over 

MgSO4 and reduced under reduced pressure to yield 101 (10.9 g, 98% over two steps) as a white 

solid. 

The analytical data was in accordance with those described.[207] 

 1H-NMR (600 MHz, MeOD-d4): δ [ppm] = 8.18 – 8.16 (m, 2H, H-Bz), 7.68 (tt, 3JHH = 7.45 Hz, 4JHH = 

1.18 Hz, 1H, H-Bz), 7.56 – 7.54 (m, 2H, H-Bz), 7.43 (dd, 3JHH = 8.38 Hz, 4JHH = 2.16 Hz, 2H, H-2), 7.19 

(dd, 3JHH = 8.53 Hz, 4JHH = 1.96 Hz, 2H, H-3), 4.64 (s, 2H, H-1).   

13C-NMR (150 MHz, MeOD-d4): δ [ppm] = 166.7 (C-Bz), 151.6 (C-5), 140.6 (C-2), 134.9 (C-Bz), 131.0 

(2C, C-Bz), 130.8 (C-Bz), 129.8 (2C, C-Bz), 129.1 (2C, C-3), 122.7 (2C, C-4), 64.7 (C-1).  

4-((Phosphonooxy)methyl)phenyl benzoate 102 

 

To a solution of 4-(hydroxymethyl)phenyl benzoate 101 (2.93 g, 12.8 mmol) in THF (25 mL), 

pyrophosphoryl chloride (5.33 mL, 38.5 mmol) was added dropwise over 10 min at −78 °C. After 

the reaction mixture was stirred for 4 h at −78 °C, the reaction was quenched by the addition of 

water. By the addition of sat. aq. NaHCO₃, the pH of the resulting solution was adjusted to 8. 

Conc. HCl was added dropwise to the resulting suspension until a clear solution was formed. The 

reaction mixture was extracted with ethyl acetate, the combined organic layers were washed 

with water, dried over MgSO₄ and all volatiles were removed under reduced pressure to yield a 

white solid. The solid was suspended in CH₂Cl₂ and filtered. The filter cake was washed with 

CH₂Cl₂ and dried under reduced pressure to afford 102 (837 mg, 29%) as a white crystalline solid. 

The analytical data was in accordance with those described.[207] 

 1H-NMR (300 MHz, MeOD-d4): δ [ppm] = 8.13 (d, 3JHH = 6.73 Hz, 2H, H-Bz), 7.65 (t, 3JHH = 6.39 Hz, 

1H, H-Bz), 7.52 (d, 3JHH = 6.65 Hz, 2H, H-Bz), 7.45 (d, 3JHH = 7.54 Hz, 2H, H-2), 7.19 (d, 3JHH = 7.63 Hz, 

2H, H-3), 4.99 (d, 3JHP = 6.88 Hz, 2H, H-1). 
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13C-NMR (75 MHz, MeOD-d4): δ [ppm] = 166.6 (C-Bz), 152.2 (C-5), 136.2 (d, 3JCP = 7.87 Hz, C-2), 

135.0 (C-Bz), 131.0 (2C, C-Bz), 130.8 (C-Bz), 129.9 (2C, C-Bz), 129.8 (2C, C-3), 122.9 (2C, C-4), 68.6 

(d, 2JCP = 5.28 Hz, C-1). 

31P-NMR (121 MHz, MeOD-d4): δ [ppm] = - 0.05 (s). 

HRMS (ESI-): m/z = calcd: 307.0377 [M-H]-, found: 307.0379 [M-H]-. 

Bis-O-(9H-fluoren-9-ylmethyl)-N,N-diisopropylaminophosphoramidite 103 

 

Dichloro-N,N-diisopropylphosphoramidite 106 (2.37 g, 11.7 mmol) was dissolved in THF (20 mL) 

and cooled to 0 °C. Subsequently, Et₃N (3.41 mL, 24.6 mmol) and a solution of 9-

fluorenemethanol 107 (4.60 g, 23.4 mmol) in THF (15 mL) were added dropwise. After the 

reaction mixture was stirred overnight at room temperature, it was filtered, the filtrate was dried 

over MgSO₄ and all volatiles were removed under reduced pressure. Purification of the crude 

product by silica gel chromatography (petroleum ether/ethyl acetate; 96:4 v/v, 1% Et₃N) 

provided 103 (4.12 g, 67%) as a yellow semi-solid. 

The analytical data was in accordance with those described.[207] 

 1H-NMR (300 MHz, CDCl3): δ [ppm] = 7.68 – 7.64 (m, 4H, H-1, H-8), 7.59 – 7.54 (m, 4H, H-4, H-5), 

7.33 – 7.26 (m, 4H, H-2, H-7), 7.24 – 7.16 (m, 4H, H-3, H-6), 4.09 (t, 3JHH = 7.02 Hz, 2H, H-9), 3.92 

(dt, 3JHH = 9.89 Hz, 4JHH = 6.68 Hz, 2H, -CH2), 3.72 (dt, 3JHH = 9.85 Hz, 4JHH = 6.73 Hz, 2H, -CH2), 3.59 

(h, 3JHH = 6.69 Hz, 2H, iPr-CH), 1.07 (d, 3JHH = 6.64 Hz, 12H, iPr-CH3). 

13C-NMR (75 MHz, MeOD-d4): δ [ppm] = 145.1, 144.8 (C-8a, C-9a), 141.5, 141.4 (C-4a, C-4b), 127. 

53, 127.49 (C-2, C-7), 126.96, 126.93 (C-3, C-6), 125.6, 125.3 (C-4, C-5), 120.0, 119.9 (C-1, C-8), 

66.0 (d, 2JCP = 17.2 Hz, -CH2), 49.3 (d, 3JCP = 7.69 Hz, C-9), 43.2 (d, 2JCP = 12.4 Hz, iPr-CH), 24.7 (d, 

3JCP = 7.20 Hz, iPr-CH3).   
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31P-NMR (121 MHz, MeOD-d4): δ [ppm] = 144.36 (s). 

HRMS (ESI-): m/z = calcd: 743.1605 [M-H]-, found: 743.1602 [M-H]-. 

Diphosphate donor 87 

 

Bis-O-(9H-fluoren-9-ylmethyl)-N,N-diisopropylaminophosphoramidite 103 (1.27 g, 2.44 mmol) 

was dissolved in CH₃CN (7 mL), followed by the addition of monophosphate 102 (628 mg, 2.03 

mmol) and Et₃N (282 µL, 2.03 mmol). After the reaction mixture was stirred for 2 min, 5-phenyl-

1H-tetrazole (446 mg, 3.05 mmol) was added and the reaction mixture was stirred for 1 h before 

tert-butyl hydroperoxide (741 µL, 4.07 mmol, 5.5 M in decane) was added. The reaction mixture 

was then stirred for another 1 h. The reaction mixture was filtered through a pad of Celite and 

washed with ethyl acetate. Purification was performed by loading the filtrate onto a 20 g column 

packed with silica gel, eluting with 200 mL ethyl acetate to CH₂Cl₂/MeOH (15:1 v/v). Due to the 

fact that the crude product was still slightly contaminated with side products, a second 

purification step on silica gel (CH₂Cl₂/MeOH; 15:1 v/v) was performed. All product-containing 

fractions were combined and all volatiles were removed under reduced pressure. The resulting 

white solid was suspended in CH₂Cl₂ and filtered. The filtrate was concentrated under reduced 

pressure to provide 87 (837 mg, 46%) as a white foam. 

The analytical data was in accordance with those described.[207] 

 1H-NMR (300 MHz, CDCl3): δ [ppm] = 8.19 – 8.15 (m, 2H, H-Bz), 7.71 – 7.62 (m, 5H, H-Bz, H-Fm), 

7.54 – 7.46 (m, 6H, H-Bz, H-Fm), 7.41 – 7.28 (m, 6H, H-2, H-Fm), 7.21 – 7.13 (m, 4H, H-Fm), 7.08 

– 7.05 (m, 2H, H-3), 5.01 – 4.99 (m, 2H, H-1), 4.29 – 4.19 (m, 4H, H-Fm), 4.12 (t, 3JHH = 6.76 Hz, H-

Fm), 3.19 (h, 3JHH = 6.71 Hz, 2H, iPr-CH), 1.22 (d, 3JHH = 6.56 Hz, 12H, iPr-CH3). 

31P-NMR (121 MHz, CDCl3): δ [ppm] = -11.7 (d, 2JPP = 20.5 Hz), 13.4 (d, 2JPP = 20.2 Hz). 
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2´-C-Methyl-T-1106-5´-α-thio-(RP)-triphosphate 78 

 

Pyrophosphate 87 (150 mg, 0.18 mmol) was dissolved in CH₃CN (2.0 mL). Then, DBU (106 µL, 0.70 

mmol) was added and the reaction mixture was stirred for 10 min. Afterwards, freshly flame-

dried 3 Å molecular sieves (200 mg, powder form) and (+)-Ψ* reagent 97 (99 mg, 0.23 mmol) 

were added, and the reaction mixture was stirred at room temperature for 15 min. Subsequently, 

the protected nucleoside 86 (180 mg, 0.35 mmol) and a second portion of DBU (159 µL, 

1.06 mmol) were added, and the reaction mixture was stirred for 5 h at room temperature. After 

confirming the completion of the reaction by ³¹P-NMR, the reaction mixture was filtered. The 

solid residue was washed with CH₃CN and the filtrate was concentrated to approximately 1 mL 

under reduced pressure. Concentrated aq. NH₃ solution (5 mL) was then added. After stirring the 

reaction mixture overnight at room temperature, it was diluted with water and washed with ethyl 

acetate. The aqueous phase was concentrated under reduced pressure to about 2 mL. The 

solution was then added dropwise to a solution of 0.2 M NaClO₄ in acetone (40 mL). The 

suspension was centrifuged, the supernatant was discarded and the pellet was washed with 

acetone twice. The crude product was purified by ion-exchange chromatography using a DEAE-

Sephadex® A-25 column (H₂O/1 M NH₄HCO₃; 100:0 to 0:100 v/v) and RP18 flash column 

chromatography (H₂O/CH₃CN; 100:0 to 0:100 v/v). Fractions containing the product were 

concentrated under reduced pressure and subsequently co-evaporated with water three 

additional times. The solid residue was dissolved in a minimal amount of water and freeze-dried 

to provide the ammonium salt of 78 (26 mg, 24%) as a colorless solid. 

1H-NMR (400 MHz, D2O): δ [ppm] = 8.41 (d, 3JHH = 4.18 Hz, 1H, H-5), 7.88 (d, 3JHH = 4.48 Hz, 1H, H-

6), 6.37 (s, 1H, H-1´), 4.55 (ddd, 2JHH = 12.2 Hz, 3JHH = 5.62 Hz, 3JHP = 2.01 Hz, 1H, H-5´), 4.42 (ddd, 

2JHH = 12.2 Hz, 3JHH = 7.26 Hz, 3JHP = 2.07 Hz, 1H, H-5´), 4.32 – 4.28 (m, 1H, H-4´), 4.20 (d, 3JHH = 

9.54 Hz, 1H, H-3´), 1.16 (s, 3H, 2´-C-CH3). 



 
EXPERIMENTAL PART 

 

 

182 
 

13C-NMR (101 MHz, D2O): δ [ppm] = 166.1 (C-7), 155.6 (C-3), 143.2 (C-2), 129.6 (C-5), 125.5 (C-6), 

91.9 (C-1´), 80.8 (d, 3JCP = 9.55 Hz, C-4´), 79.6 (C-2´), 71.1 (C-3´), 63.4 (d, 3JCP = 6.14 Hz, C-5´), 18.8 

(2´-C-CH3).  

31P-NMR (161 MHz, D2O): δ [ppm] = 42.9 (d, 2JPP = 28.2 Hz, P-α), -7.91 (d, 2JPP = 20.6 Hz, P-γ), -23.4 

(dd, 2JPP = 28.0 Hz, 2JPP = 20.8 Hz, P-β). 

HRMS (MALDI-): m/z = calcd: 539.9649 [M-H]-, found: 539.9952 [M-H]-. 

2´-C-Methyl-T-1106-5´-α-thio-(SP)-triphosphate) 79 

 

Pyrophosphate 87 (155 mg, 0.18 mmol) was dissolved in CH₃CN (2.0 mL). DBU (106 µL, 

0.70 mmol) was then added and the reaction mixture was stirred for 10 min. Afterwards, freshly 

flame-dried 3 Å molecular sieves (200 mg, powder form) and (−)-Ψ* reagent 98 (102 mg, 0.24 

mmol) were added, and the reaction mixture was stirred at room temperature for 15 min. 

Subsequently, the protected nucleoside 86 (186 mg, 0.37 mmol) and a second portion of DBU 

(164 µL, 1.10 mmol) were added, and the reaction mixture was stirred for 5 h at room 

temperature. All the following purification steps were performed according to the procedure for 

the Rp-anomer 78. The ammonium salt of the Sp-anomer 79 (36 mg, 32%) was obtained as a 

colorless solid. 

1H-NMR (400 MHz, D2O): δ [ppm] = 8.48 (d, 3JHH = 4.29 Hz, 1H, H-5), 7.88 (d, 3JHH = 4.27 Hz, 1H, H-

6), 6.37 (s, 1H, H-1´), 4.52 (ddd, 2JHH = 12.4 Hz, 3JHH = 5.22 Hz, 3JHP = 2.09 Hz, 1H, H-5´), 4.44 (ddd, 

2JHH = 12.4 Hz, 3JHH = 7.41 Hz, 3JHP = 2.06 Hz, 1H, H-5´), 4.32 – 4.28 (m, 1H, H-4´), 4.20 (d, 3JHH = 

9.45 Hz, 1H, H-3´), 1.16 (s, 3H, 2´-C-CH3). 

31P-NMR (161 MHz, D2O): δ [ppm] = 43.1 (d, 2JPP = 26.8 Hz, P-α), -8.83 (d, 2JPP = 20.7 Hz, P-γ), -23.6 

(dd, 2JPP = 26.8 Hz, 2JPP = 20.2 Hz, P-β). 

HRMS (MALDI-): m/z = calcd: 539.9649 [M-H]-, found: 539.9912 [M-H]-. 
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5.3.11 Synthesis of T-1106-ProTide compounds   

N-(Chlorophenoxyphosphinothioyl)-L-alanine 1-methylethyl ester 113 

 

Step 1: To a solution of phenol 111 (1.00 g, 10.6 mmol) and phosphorus thiotrichloride (1.10 mL, 

10.6 mmol) in CH₂Cl₂ (20 mL), Et₃N (1.47 mL, 10.6 mmol) was added dropwise at 0 °C. The 

reaction mixture was allowed to slowly warm to room temperature and was then stirred 

overnight. Subsequently, the formed precipitate was filtered off and washed twice with Et₂O. All 

solvents were removed under reduced pressure to provide 1-phenol-dichlorophosphothioate 

112 (2.16 g, 90%) as a light-yellow oil.  

Step 2: To a solution of 1-phenol-dichlorophosphothioate 112 (1.94 g, 8.56 mmol) and L-alanine 

isopropyl ester hydrochloride (1.43 g, 8.56 mmol) in CH₂Cl₂ (50 mL), Et₃N (2.37 mL, 17.1 mmol) 

was added dropwise at 0 °C. After the reaction mixture was stirred overnight at room 

temperature, all volatiles were removed under reduced pressure. Purification of the crude 

product on silica gel with automated flash chromatography (petroleum ether/ethyl acetate; 10:1 

to 1:1 v/v) provided 113 (2.45 g, 89%) as a colorless oil (approximately a 1:1 mixture of 

diastereomers). 

1H-NMR (400 MHz, CDCl3): δ [ppm] = 7.40 – 7.35 (m, 2H, H-Ph), 7.33 – 7.28 (m, 2H, H-Ph), 7.27 – 

7.22 (m, 1H, H-Ph), 5.15 – 5.03 (m, 1H, H-2), 4.64 – 4.46 (m, 1H, -NH), 4.35 – 4.19 (m, 1H, H-3), 

1.53 – 1.50 (m, 3H, H-4), 1.31 – 1.24 (m, 6H, H-1).  

31P-NMR (161 MHz, CDCl3): δ [ppm] = 64.8 (s), 64.7 (s).  

HRMS (ESI+): m/z = calcd: 344.0247 [M+Na]+, found: 344.0246 [M+Na]+.  
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N-[(2,3,4,5,6-Pentafluorophenoxy)phenoxyphosphinothioyl]-L-alanine 1-methylethyl ester 114 

 

To a solution of N-(chlorophenoxyphosphinothioyl)-L-alanine isopropyl ester 113 (213 mg, 

0.66 mmol) and pentafluorophenol (121 mg, 0.66 mmol) in CH₂Cl₂ (5 mL), Et₃N (184 µL, 

1.32 mmol) was added dropwise at 0 °C. After the reaction mixture was stirred overnight at room 

temperature, all volatiles were removed under reduced pressure. Purification of the crude 

product on silica gel with automated flash chromatography (petroleum ether/ethyl acetate; 10:1 

to 1:1 v/v) provided 114 (216 mg, 70%) as a colorless solid (approximately a 1:1 mixture of 

diastereomers). 

1H-NMR (400 MHz, CDCl3): δ [ppm] = 7.39 – 7.35 (m, 2H, H-Ph), 7.31 – 7.28 (m, 2H, H-Ph), 7.25 – 

7.21 (m, 1H, H-Ph), 5.12 – 5.04 (m, 1H, H-2), 4.42 – 4.22 (m, 2H, H-4, -NH), 1.53 – 1.50 (d, 3JHH = 

6.93 Hz, 3H, H-4), 1.30 – 1.26 (m, 6H, H-1). 

13C-NMR (150 MHz, CDCl3): δ [ppm] = 172.7 - 172.5 (m, C-3), 150.6 – 150.5 (m, C-Ph), 142.7 (2C, 

C-Ph), 140.9 (2C, C-Ph), 138.9 (C-Ph), 137.1 (C-Ph), 132.7 (C-Ph), 129.75 – 129.73 (m, 2C, C-Ph), 

125.86, 126.85 (m, C-Ph), 121.16, 121.13 (m, 2C, C-Ph), 69.8, 67.7 (C-4), 51.5 (C-2), 21.82 – 21.77 

(m, 2C, C-1), 21.1 – 21.0 (m, C-5). 

19F-NMR (565 MHz, CDCl3): δ [ppm] = -151.82 – 151.93 (m, 2F), -159.26 – 159.35 (m, 1F), -162.34 

– 162.5 (m, 2F).  

31P-NMR (161 MHz, CDCl3): δ [ppm] = 65.0 (t, 4JPF = 2.20 Hz), 64.8 (t, 4JPF = 2.20 Hz). 

HRMS (ESI+): m/z = calcd: 492.0428 [M+Na]+, found: 492.0428 [M+Na]+. 
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N-(Chlorophenoxyphosphinothioyl)-L-alanine 2-ethylbutyl ester 116 

 

To a solution of 1-phenol-dichlorophosphothioate 112 (2.40 g, 10.5 mmol) and L-alanine 2-

ethylbutyl ester hydrochloride (2.21 g, 10.5 mmol) in CH₂Cl₂ (50 mL), Et₃N (2.93 mL, 21.1 mmol) 

was added dropwise at 0 °C. After the reaction mixture was stirred overnight at room 

temperature, all volatiles were removed under reduced pressure. Purification of the crude 

product on silica gel by automated flash chromatography (petroleum ether/ethyl acetate; 10:1 

to 1:1 v/v) provided 116 (2.15 g, 62%) as a colorless oil (approximately a 1:1 mixture of 

diastereomers). 

1H-NMR (400 MHz, CDCl3): δ [ppm] = 7.40 – 7.35 (m, 2H, H-Ph), 7.33 – 7.28 (m, 2H, H-Ph), 7.27 – 

7.22 (m, 1H, H-Ph), 4.71 – 4.54 (m, 1H, -NH), 4.41 – 4.26 (m, 1H, H-6), 4.18 – 4.07 (m, 2H, H-4), 

1.60 – 1.50 (m, 4H, H-7, H-3), 1.42 – 1.33 (m, 4H, H-2), 0.93 – 0.87 (m, 6H, H-1). 

13C-NMR (101 MHz, CDCl3): δ [ppm] = 173.0 – 172.9 (m, C-5), 150.2 – 150.0 (m, C-Ph), 129.75 – 

129.71 (m, 2C, C-Ph), 126.13 – 126.11 (m, C-Ph), 121.40 – 121.35 (m, 2C, C-Ph), 68.1, 67.9 (C-4), 

51.9, 51.6 (d, 2JCP
 = 1.22 Hz, C-6), 40.4 (C-7), 23.33 – 23.28 (m, 2C, C-2), 20.8 – 20.7 (m, C-3), 11.09 

– 11.05 (m, 2C, C-1). 

31P-NMR (161 MHz, CDCl3): δ [ppm] = 64.7 (s), 64.7 (s).  

HRMS (ESI+): m/z = calcd: 386.0717 [M+Na]+, found: 386.0718 [M+Na]+.  

N-(Chlorophenoxyphosphinyl)-L-alanine 1-methylethyl ester 120 

 

To a solution of phenyl dichlorophosphate 119 (1.00 g, 4.74 mmol) and L-alanine isopropyl ester 

hydrochloride (795 mg, 4.74 mmol) in CH₂Cl₂ (25 mL), Et₃N (1.31 mL, 9.48 mmol) was added 
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dropwise at -78 °C. After the reaction mixture was stirred overnight at room temperature, all 

volatiles were removed under reduced pressure. Purification of the crude product on silica gel 

with automated flash chromatography (petroleum ether/ethyl acetate; 10:1 to 1:1 v/v) provided 

120 (1.34 g, 92%) as a colorless oil (approximately a 1:1 mixture of diastereomers). 

1H-NMR (400 MHz, CDCl3): δ [ppm] = 7.45 – 7.32 (m, 2H, H-Ph), 7.28 – 7.15 (m, 2H, H-Ph), 5.02 

(s, 3JHH = 6.25 Hz, 1H, H-2), 4.33 – 4.18 (m, 1H, -NH), 4.18 – 4.07 (m, 1H, H-3), 1.51 – 1.49 (m, 3H, 

H-4), 1.30 – 1.26 (m, 6H, H-1). 

31P-NMR (161 MHz, CDCl3): δ [ppm] = 8.07 (s), 7.69 (s).  

HRMS (ESI+): m/z = calcd: 328.0476 [M+Na]+, found: 328.0468 [M+Na]+.  

N-(Chlorophenoxyphosphinyl)-L-alanine 2-ethylbutyl ester 121 

 

To a solution of phenyl dichlorophosphate 119 (2.40 g, 10.7 mmol) and L-alanine 2-ethylbutyl 

ester hydrochloride (795 mg, 4.74 mmol) in CH₂Cl₂ (25 mL), Et₃N (1.31 mL, 9.48 mmol) was added 

dropwise at −78 °C. After the reaction mixture was stirred overnight at room temperature, all 

volatiles were removed under reduced pressure. Purification of the crude product on silica gel by 

automated flash chromatography (petroleum ether/ethyl acetate; 10:1 to 1:1 v/v) provided 121 

(1.42 g, 86%) as a colorless oil (approximately a 1:1 mixture of diastereomers). 

1H-NMR (400 MHz, CDCl3): δ [ppm] = 7.40 – 7.34 (m, 2H, H-Ph), 7.32 – 7.21 (m, 2H, H-Ph), 7.19 – 

7.09 (m, 1H, H-Ph), 4.40 – 4.18 (m, 1H, -NH), 4.16 – 4.09 (m, 2H, H-4), 4.07 – 3.93 (m, 1H, H-6), 

1.60 – 1.48 (m, 3H, H-7), 1.43 – 1.28 (m, 5H, H-2, H-3), 0.92 – 0.83 (m, 6H, H-1). 

31P-NMR (161 MHz, CDCl3): δ [ppm] = 8.03 (s), 7.70 (s).  

HRMS (ESI+): m/z = calcd: 370.0945 [M+Na]+, found: 370.0952 [M+Na]+.  
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5´-(Isopropyl ((S)-hydroxy(phenoxy)phosphoryl)-L-alaninate)-2´-C-methyl-T-1106 108 

 

To a suspension of 2′-C-methyl-T-1106 49 (51 mg, 0.18 mmol) in THF (5 mL), tert-butylmagnesium 

chloride in THF (210 µL, 0.36 mmol, 1.7 M solution in THF) was added dropwise at 0 °C. The 

suspension was stirred at 0 °C for an additional 30 min before a solution of (S)-isopropyl-2-(((S)-

(perfluorophenoxy)(phenoxy)phosphoryl)amino)propanoate 107 (121 mg, 0.27 mmol) in THF 

(5 mL) was added dropwise. The reaction mixture was stirred for further 30 min at 0 °C before it 

was warmed to room temperature. After stirring overnight, the reaction mixture was quenched 

by the addition of sat. aq. NH₄Cl solution and extracted with CH₂Cl₂ twice. The organic layer was 

dried over MgSO₄ and all volatiles were removed under reduced pressure. Purification of the 

crude product on silica gel with automated flash chromatography (CH₂Cl₂/MeOH; 100:0 to 20:1 

v/v) provided 108 (45 mg, 45%) as a colorless solid. 

1H-NMR (400 MHz, CDCl3): δ [ppm] = 9.04 (s, 1H, -NH2), 7.88 (d, 3JHH = 4.23 Hz, 1H, H-5), 7.72 (d, 

3JHH = 4.12 Hz, 1H, H-6), 7.36 – 7.32 (m, 2H, H-Ph), 7.25 – 7.16 (m, 3H, H-Ph), 6.19 (s, 2H, H-1´,        

-NH2), 5.02 (s, 3JHH = 6.34 Hz, 1H, H-2´´), 4.54 (ddd, 2JHH = 12.5 Hz, 3JHH = 8.23 Hz, 3JPH = 2.53 Hz, 

1H, H-5´), 4.41 (ddd, 2JHH = 12.3 Hz, 3JPH = 8.73 Hz, 3JHH = 3.10 Hz, 1H, H-5´), 4.24 – 4.22 (m, 1H, H-

4´), 4.01 – 3.93 (m, 2H, H-3´´, -NH), 3.88 (d, 3JHH = 6.79 Hz, 3H, H-3´), 1.39 (d, 3JHH = 6.72 Hz, 3H, 

H-4´´), 1.25 (d, 3JHH = 2.64 Hz, 3H, H-1´´), 1.23 (d, 3JHH = 2.66 Hz, 3H, H-1´´), 1.01 (s, 3H, 2´-C-CH3).  

31P-NMR (161 MHz, CDCl3): δ [ppm] = 3.38 (s).  

HRMS (ESI+): m/z = calcd: 577.1670 [M+Na]+, found: 577.1666 [M+Na]+.  
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5´-(2-Ethylbutyl ((S)-hydroxy(phenoxy)phosphoryl)-L-alaninate)-2´-C-methyl-T-1106 110 

 

To a suspension of 2′-C-methyl-T-1106 49 (57 mg, 0.20 mmol) in THF (5 mL), tert-butylmagnesium 

chloride in THF (235 µL, 0.36 mmol, 1.7 M solution in THF) was added dropwise at 0 °C. The 

suspension was stirred at 0 °C for an additional 30 min before a solution of 2-ethylbutyl-((S)-

(perfluorophenoxy)(phenoxy)phosphoryl)-L-alaninate 109 (148 mg, 0.30 mmol) in THF (5 mL) was 

added dropwise. The reaction mixture was stirred for further 30 min at 0 °C before it was warmed 

to room temperature. After stirring overnight, the reaction mixture was quenched by the 

addition of sat. aq. NH₄Cl solution and extracted with CH₂Cl₂ twice. The organic layer was dried 

over MgSO₄ and all volatiles were removed under reduced pressure. Purification of the crude 

product on silica gel with automated flash chromatography (CH₂Cl₂/MeOH; 100:0 to 20:1 v/v) 

provided 110 (67 mg, 56%) as a colorless solid. 

1H-NMR (600 MHz, MeOD-d4): δ [ppm] = 8.03 (s, 1H, H-5), 7.63 (s, 1H, H-6), 7.41 – 7.38 (m, 2H, 

H-Ph), 7.31 – 7.29 (m, 2H, H-Ph), 7.24 – 7.20 (m, 1H, H-Ph), 6.31 (s, 1H, H-1´), 4.58 (ddd, 2JHH = 

11.9 Hz, 3JHH = 5.66 Hz, 3JPH = 1.84 Hz, 1H, H-5´), 4.45 (ddd, 2JHH = 11.9 Hz, 3JHH = 6.28 Hz, 3JPH = 

3.29 Hz, 1H, H-5´), 4.25 – 4.22 (m, 1H, H-4´), 4.06 (dd, 2JHP = 11.0 Hz, 3JHH = 5.02 Hz, 1H, -NH), 4.03 

– 3.91 (m, 3H, H-4´´, H-6´´), 3.86 (d, 3JHH = 9.34 Hz, 1H, H-3´), 1.39 (d, 3JHH = 7.19 Hz, 3H, H-7´´), 

1.38 – 1.33 (m, 5H, H-2´´, H-3´´), 1.08 (s, 3H, 2´-C-CH3), 0.89 (t, 3JHH = 7.44 Hz, 6H, H-1´´). 

31P-NMR (243 MHz, MeOD-d4): δ [ppm] = 3.81 (s).  

HRMS (ESI+): m/z = calcd: 619.2139 [M+Na]+, found: 619.2132 [M+Na]+.  
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5´-(Isopropyl (hydroxy(phenoxy)phosphorothioyl)-L-alaninate)-2´-C-methyl-T-1106 115 

 

To a solution of 2′-C-methyl-T-1106 49 (53 mg, 0.19 mmol) in CH₃CN (2 mL), 1-methylimidazole 

(91 µL, 0.36 mmol) was added. After the reaction mixture was stirred for 15 min at room 

temperature, a solution of N-(chlorophenoxyphosphinothioyl)-L-alanine 1-methylethyl ester 113 

(178 mg, 0.55 mmol) in CH₃CN (1 mL) was added dropwise. Subsequently, the reaction mixture 

was stirred overnight at room temperature before all volatiles were removed under reduced 

pressure. Purification of the crude product on silica gel with automated flash chromatography 

(CH₂Cl₂/MeOH; 100:0 to 20:1 v/v) provided 115 (26 mg, 25%) as a light-yellow solid, which was 

obtained as a mixture of diastereomers. 

1H-NMR (400 MHz, MeOD-d4): δ [ppm] = Major-Diastereomer: 8.13 (d, 3JHH = 3.87 Hz, 1H, H-5), 

7.58 (d, 3JHH = 4.12 Hz, 1H, H-6), 7.40 – 7.29 (m, 3H, H-Ph), 7.26 – 7.18 (m, 2H, H-Ph), 6.32 (s, 1H, 

H-1´), 5.02 (d, 3JHH = 5.80 Hz, 1H, H-2´´), 4.64 – 4.58 (m, 1H, H-5´), 4.41 (ddd, 2JHH = 11.6 Hz, 3JHH = 

6.35 Hz, 3JPH = 3.20 Hz, 1H, H-5´), 4.31 – 4.23 (m, 1H, H-4´), 4.20 – 4.03 (m, 2H, H-3´, H-3´´), 3.90 

(t, 3JHH  = 9.36 Hz, 1H, -NH), 1.39 (d, 3JHH = 7.10 Hz, 3H, H-4´´), 1.27 (d, 3JHH = 2.15 Hz, 3H, H-1´´), 

1.25 (d, 3JHH = 2.23 Hz, 3H, H-1´´), 1.10 (s, 3H, 2´-C-CH3).  

Minor-Diastereomer: 8.24 (d, 3JHH = 4.06 Hz, 1H, H-5), 7.67 (d, 3JHH = 4.33 Hz, 1H, H-6), 7.40 – 7.29 

(m, 3H, H-Ph), 7.26 – 7.18 (m, 2H, H-Ph), 6.35 (s, 1H, H-1´), 5.02 (d, 3JHH = 5.80 Hz, 1H, H-2´´), 4.64 

– 4.58 (m, 1H, H-5´), 4.48 (ddd, 2JHH = 11.9 Hz, 3JHH = 6.55 Hz, 3JPH = 2.45 Hz, 1H, H-5´), 4.31 – 4.23 

(m, 1H, H-4´), 4.20 – 4.03 (m, 2H, H-3´, H-3´´), 3.90 (t, 2JHP = 10.47,  3JHH,  = 9.36 Hz, 1H, -NH), 1.36 

(d, 3JHH = 7.19 Hz, 3H, H-4´´), 1.27 (d, 3JHH = 2.15 Hz, 3H, H-1´´), 1.25 (d, 3JHH = 2.23 Hz, 3H, H-1´´), 

1.10 (s, 3H, 2´-C-CH3).  

31P-NMR (161 MHz, MeOD-d4): δ [ppm] = 68.5 (s, major), 68.7 (s, minor). 

HRMS (ESI+): m/z = calcd: 619.2139 [M+Na]+, found: 619.2132 [M+Na]+.  
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5´-(2-Ethylbutyl (hydroxy(phenoxy)phosphorothioyl)-L-alaninate)-2´-C-methyl-T-1106 117 

 

To a solution of 2′-C-methyl-T-1106 49 (50 mg, 0.18 mmol) in CH₃CN (2 mL), 1-methylimidazole 

(86 µL, 0.88 mmol) was added. After the reaction mixture was stirred for 15 min at room 

temperature, a solution of N-(chlorophenoxyphosphinothioyl)-L-alanine 2-ethylbutyl ester 116 

(168 mg, 0.53 mmol) in CH₃CN (1 mL) was added dropwise. Subsequently, the reaction mixture 

was stirred overnight at room temperature before all volatiles were removed under reduced 

pressure. Purification of the crude product on silica gel with automated flash chromatography 

(CH₂Cl₂/MeOH; 100:0 to 20:1 v/v) provided 117 (78 mg, 73%) as a light-yellow solid, which was 

obtained as a mixture of diastereomers. 

1H-NMR (600 MHz, MeOD-d4): δ [ppm] = Major-Diastereomer: 8.10 (d, 3JHH = 3.36 Hz, 1H, H-5), 

7.56 (d, 3JHH = 3.88 Hz, 1H, H-6), 7.38 – 7.34 (m, 2H, H-Ph), 7.32 – 7.29 (m, 2H, H-Ph), 7.23 – 7.15 

(m, 1H, H-Ph), 6.30 (s, 1H, H-1´), 4.58 (ddd, 2JHH = 12.2 Hz, 3JHH = 6.92 Hz, 3JPH = 1.81 Hz, 1H, H-5´), 

4.38 (ddd, 2JHH = 11.9 Hz, 3JHH = 6.33 Hz, 3JPH = 3.28 Hz, 1H, H-5´), 4.28 – 4.22 (m, 1H, H-4´), 4.21 – 

4.16 (m, 1H, -NH), 4.09 – 4.06 (m, 2H, H-4´´), 4.03 – 4.02 (m, 1H, H-6´´), 3.86 (d, 3JHH = 9.47 Hz, 

1H, H-3´), 1.40 (d, 3JHH = 7.00 Hz, 3H, H-7´´), 1.39 – 1.30 (m, 5H, H-2´´, H-3´´), 1.09 (s, 3H, 2´-C-

CH3), 0.92 – 0.89 (m, 6H, H-1´´). 

Minor-Diastereomer: 8.22 (d, 3JHH = 3.52 Hz, 1H, H-5), 7.66 (d, 3JHH = 3.54 Hz, 1H, H-6), 7.38 – 7.34 

(m, 2H, H-Ph), 7.32 – 7.29 (m, 2H, H-Ph), 7.23 – 7.15 (m, 1H, H-Ph), 6.33 (s, 1H, H-1´), 4.60 (ddd, 

2JHH = 12.2 Hz, 3JHH = 5.22 Hz, 3JPH = 2.12 Hz, 1H, H-5´), 4.47 (ddd, 2JHH = 11.8 Hz, 3JHH = 6.72 Hz, 3JPH 

= 2.53 Hz, 1H, H-5´), 4.28 – 4.22 (m, 1H, H-4´), 4.21 – 4.16 (m, 1H, -NH), 4.09 – 4.06 (m, 2H, H-4´´), 

4.02 – 4.00 (m, 1H, H-6´´), 3.89 (d, 3JHH = 9.30 Hz, 1H, H-3´), 1.40 (d, 3JHH = 7.00 Hz, 3H, H-7´´), 1.39 

– 1.30 (m, 5H, H-2´´, H-3´´), 1.08 (s, 3H, 2´-C-CH3), 0.92 – 0.89 (m, 6H, H-1´´). 

31P-NMR (161 MHz, MeOD-d4): δ [ppm] = 68.44 (s, major), 68.65 (s, minor). 

HRMS (ESI+): m/z = calcd: 635.1911 [M+Na]+, found: 635.1956 [M+Na]+. 
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5´-(Isopropyl (hydroxy(phenoxy)phosphoryl)-L-alaninate)-T-1106 122 

 

To a solution of T-1106 13 (33 mg, 0.12 mmol) in CH₃CN (1.5 mL), 1-methylimidazole (60 µL, 

0.61 mmol) was added. After the reaction mixture was stirred for 15 min at room temperature, 

a solution of N-(chlorophenoxyphosphinyl)-L-alanine 1-methylethyl ester 120 (111 mg, 0.37 

mmol) in CH₃CN (1 mL) was added dropwise. Subsequently, the reaction mixture was stirred 

overnight at room temperature before all volatiles were removed under reduced pressure. 

Purification of the crude product on silica gel with automated flash chromatography 

(CH₂Cl₂/MeOH; 100:0 to 20:1 v/v) provided 122 (15 mg, 22%) as a light-yellow solid, which was 

obtained as a mixture of diastereomers. 

1H-NMR (600 MHz, MeOD-d4): δ [ppm] = 8.03 (d, 3JHH = 4.40 Hz, 1H, H-5a), 8.02 (d, 3JHH = 4.43 Hz, 

1H, H-5b), 7.67 (d, 3JHH = 4.35 Hz, 1H, H-6a), 7.62 (d, 3JHH = 4.32 Hz, 1H, H-6b), 7.61 – 7.52 (m, 2H, 

H-Ph), 7.47 – 7.40 (m, 2H, H-Ph), 7.37 – 7.32 (m, 1H, H-Ph), 6.29 – 6.22 (m, 1H, H-1´), 5.08 – 4.84 

(m, 3H, H-2´´, H-5´), 4.70 – 4.62 (m, 1H, H-4´), 4.57 – 4.37 (m, 2H, H-3´, H-3´´), 3.94 – 3.90 (m, 1H, 

-NH), 1.44 – 1.38 (m, 3H, H-4´´), 1.36 – 1.31 (m, 6H, H-1´´). 

31P-NMR (161 MHz, MeOD-d4): δ [ppm] = 2.86, 1.65. 

HRMS (ESI+): m/z = calcd: 601.2274 [M+IsoProp+H]+, found: 602.1109 [M+ IsoProp+H]+. 

5´-(2-Ethylbutyl (hydroxy(phenoxy)phosphoryl)-L-alaninate)-T-1106 123 

 

To a solution of T-1106 13 (24 mg, 0.09 mmol) in CH₃CN (1 mL), 1-methylimidazole (43 µL, 

0.44 mmol) was added. After the reaction mixture was stirred for 15 min at room temperature, 
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a solution of N-(chlorophenoxyphosphinothioyl)-L-alanine 2-ethylbutyl ester 121 (92 mg, 

0.270 mmol) in CH₃CN (0.5 mL) was added dropwise. Subsequently, the reaction mixture was 

stirred overnight at room temperature before all volatiles were removed under reduced 

pressure. Purification of the crude product on silica gel with automated flash chromatography 

(CH₂Cl₂/MeOH; 100:0 to 20:1 v/v) provided 123 (21 mg, 42%) as a light-yellow solid, which was 

obtained as a mixture of diastereomers. 

1H-NMR (600 MHz, MeOD-d4): δ [ppm] = 8.06 (d, 3JHH = 4.45 Hz, 1H, H-5a), 7.99 (d, 3JHH = 4.43 Hz, 

1H, H-5b), 7.64 (d, 3JHH = 4.26 Hz, 1H, H-6a), 7.54 (d, 3JHH = 4.48 Hz, 1H, H-6b), 7.27 – 7.07 (m, 4H, 

H-Ph), 7.02 – 6.87 (m, 1H, H-Ph), 6.11 – 6.09 (m, 1H, H-1´), 4.54 – 4.31 (m, 2H, H-5´), 4.25 – 4.16 

(m, 1H, H-4´), 4.13 – 4.07 (m, 1H, -NH), 4.00 – 3.80 (m, 3H, H-4´´, H-6´´), 3.70 – 3.60 (m, 1H, H-3´), 

1.33 – 1.17 (m, 8H, H-2´´, H-3´´, H-7´´), 0.83 – 0.74 (m, 6H, H-1´´). 

31P-NMR (161 MHz, MeOD-d4): δ [ppm] = 4.07, 3.85 (s). 

HRMS (ESI+): m/z = calcd: 605.1983 [M+Na]+, found: 605.1984 [M+Na]+. 

5.3.12 Synthesis of T-1106-C-nucleosides-5´-triphosphates 

4-(2´,3´,5´,Tri-O-benzyl-1´hydroxy-D-ribofuranosyl)-3-fluoropyridine 151 

 

The reaction was carried out according to the general procedure VIII with 3-fluoropyridine 150 

(2.40 g, 24.7 mmol) and LDA (24.9 mL, 24.9 mmol, 1 M solution in THF) in THF (50 mL), followed 

by the addition of lactone 148 (5.17 g, 12.4 mmol) in THF (10 mL). Purification of the crude 

product on silica gel with automated flash chromatography (petroleum ether/ethyl acetate; 10:1 

to 3:1 v/v) provided 151 (4.57 g, 69%) as a colorless oil, which was obtained as a mixture of 

anomers. 

1H-NMR (600 MHz, CDCl3): δ [ppm] = Major-anomer: 8.28 (d, 3JHF = 2.93 Hz, 1H, H-2), 8.26 (d, 3JHH 

= 4.85 Hz, 1H, H-6), 7.64 (dd, 4JHF = 6.75 Hz, 3JHH
 = 4.97 Hz, 1H, H-5), 7.29 – 7.09 (m, 15H, H-Bn), 

4.96 (bs, 1H, -OH), 4.57 – 4.42 (m, 6H, H-Bn), 4.40 (q, 3JHH = 4.48 Hz, 1H, H-4´), 4.19 (d, 3JHH = 
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4.94 Hz, 1H, H-2´), 4.01 (dd, 3JHH = 5.49 Hz, 3JHH = 4.30 Hz, 1H H-3´), 3.55 (d, 3JHH = 4.48 Hz, 1H, H-

5´). 

Minor-anomer: 8.32 (d, 3JHF = 4.60 Hz, 1H, H-6), 8.31 (d, 3JHH = 2.72 Hz, 1H, H-2), 7.64 (dd, 4JHF = 

6.33 Hz, 3JHH
 = 4.99 Hz, 1H, H-5), 7.29 – 7.09 (m, 15H, H-Bn), 4.96 (bs, 1H, -OH), 4.57 – 4.42 (m, 

6H, H-Bn), 4.37 – 4.35 (m, 1H, H-4´), 4.26 (dd, 3JHH = 4.01 Hz, 3JHH = 2.43 Hz, 1H, H-3´), 4.04 (d, 3JHH 

= 7.21 Hz, 1H, H-2´), 3.69 (dd, 2JHH = 10.4 Hz, 3JHH = 2.47 Hz, 1H H-5´), 3.42 (dd, 2JHH = 10.6 Hz, 3JHH 

= 2.26 Hz, 1H, H-5´). 

13C-NMR (150 MHz, CDCl3): δ [ppm] = Major-anomer: 156.8 (d, 1JCF = 259.5 Hz, C-3), 146.0 (d, 4JHF 

= 5.26 Hz, C-6), 138.9 (d, 2JCF = 25.9 Hz, C-2), 138.0 (C-Bn), 137.3 (C-Bn), 136.9 (C-Bn), 136.1 (d, 

2JCF = 8.28 Hz, C-4), 128.8 – 127.6 (m, 14C, C-Bn), 127.1 (C-Bn), 123.5 (C-5), 100.7 (d, 3JCF = 3.06 Hz, 

C-1´), 81.0 (C-4´), 80.1 (d, 4JCF = 2.33 Hz, C-2´), 77.3 (C-3´), 73.6 (C-Bn), 73.4 (C-Bn), 72.9 (C-Bn), 

69.4 (C-5´). 

19F-NMR (564 MHz, CDCl3): δ [ppm] = Major-anomer: -127.7 (dd, 4JHF = 7.06 Hz, 3JHF = 2.64 Hz), 

Minor-anomer: -128.7 (d, 4JHF = 6.18 Hz). 

HRMS (ESI+): m/z = calcd: 516.2180 [M+H]+, found: 516.2178 [M+H]+. 

4-(2´,3´,5´,Tri-O-benzyl-1´-O-acetyl-D-ribofuranosyl)-3-fluoropyridine 152 

 

The reaction was carried out according to the general procedure IX with lactol 151 (1.95 g, 

3.78 mmol) and LiHMDS (5.67 mL, 5.67 mmol, 1 M solution in THF) in THF (10 mL), followed by 

the addition of acetic anhydride (536 µL, 5.67 mmol). Purification of the crude product on silica 

gel with automated flash chromatography (petroleum ether/ethyl acetate; 10:1 to 3:1 v/v) 

provided 152 (1.77 g, 82%) as a colorless oil, which was obtained as a mixture of anomers. 

1H-NMR (600 MHz, CDCl3): δ [ppm] = Major-anomer: 8.30 (d, 3JHF = 2.90 Hz, 1H, H-2), 8.15 (d, 3JHH 

= 5.01 Hz, 1H, H-6), 7.48 (dd, 4JHF = 6.67 Hz, 3JHH
 = 5.07 Hz, 1H, H-5), 7.34 – 7.12 (m, 15H, H-Bn), 

4.63 – 4.48 (m, 4H, H-Bn), 4.47 – 4.46 (m, 1H, H-4´), 4.45 – 4.36 (m, 2H, H-Bn), 3.93 (dd, 3JHH = 
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5.50 Hz, 3JHH = 4.65 Hz, 1H, H-3´), 3.81 (d, 3JHH = 5.69 Hz, 1H, H-2´), 3.75 (dd, 2JHH = 10.46 Hz, 3JHH 

= 3.00 Hz, 1H, H-5´), 3.50 (dd, 2JHH = 10.6 Hz, 3JHH = 2.69 Hz, 1H, H-5´), 2.12 (s, 3H, H-Ac).  

Minor-anomer: 8.37 (d, 3JHF = 4.83 Hz, 1H, H-6), 8.31 (d, 3JHH = 2.44 Hz, 1H, H-2), 7.66 (dd, 4JHF = 

6.88 Hz, 3JHH = 5.09 Hz, 1H, H-5), 7.29 – 7.09 (m, 13H, H-Bn), 6.82 – 6.81 (m, 2H, H-Bn), 4.63 – 4.61 

(m, 1H, H-Bn), 4.58 (d, 3JHH = 3.97 Hz, H-2´), 4.58 – 4.47 (m, 2H, H-Bn), 4.44 – 4.43 (m, 1H, H-4´), 

4.42 – 4.36 (m, 2H, H-Bn), 4.30 (dd, 3JHH = 3.78 Hz, 3JHH = 1.59 Hz, 1H, H-3´), 4.19 (d, 2JHH = 11.7 Hz, 

1H, H-Bn), 3.80 (dd, 3JHH = 11.2 Hz, 3JHH = 2.44 Hz, 1H, H-5´), 3.54 (dd, 3JHH = 11.4 Hz, 3JHH = 2.47 

Hz, 1H, H-5´), 1.59 (s, 3H, H-Ac). 

13C-NMR (150 MHz, CDCl3): δ [ppm] = Major-anomer: 169.3 (C-Ac), 155.4 (d, 1JCF = 259.1 Hz, C-3), 

146.0 (d, 4JHF = 5.48 Hz, C-6), 138.8 (d, 2JCF = 25.7 Hz, C-2), 138.9 (2C, C-Bn), 137.1 (C-Bn), 136.1 

(d, 2JCF = 8.69 Hz, C-4), 128.7 – 127.8 (m, 15C, C-Bn), 122.3 (C-5), 103.7 (d, 3JCF = 2.64 Hz, C-1´), 

83.7 (C-2´), 83.6 (C-4´), 75.4 (C-3´), 73.7 (C-Bn), 73.6 (C-Bn), 72.7 (C-Bn), 69.1 (C-5´) 21.7 (C-Ac). 

19F-NMR (564 MHz, CDCl3): δ [ppm] = Major-anomer: -130.2 (dd, 4JHF = 7.08 Hz, 3JHF = 2.48 Hz), 

Minor-anomer: -131.1 (d, 4JHF = 6.38 Hz). 

HRMS (ESI+): m/z = calcd: 558.2286 [M+H]+, found: 558.2283 [M+H]+. 

4-(2´,3´,5´,Tri-O-benzyl-β-D-ribofuranosyl)-3-fluoropyridine 153 

 

The acetylated lactone 152 (100 mg, 0.18 mmol) was dissolved in CH2Cl2 (2 mL), before Et3SiH 

(687 µL, 4.30 mol) and BF3-Et2O (45 µL, 0.36 mmol) were added. After 1 h, TLC analysis showed 

no complete conversion, therefore, a second portion of BF3∙Et2O (45 µL, 0.36 mmol) was added, 

and the reaction mixture was stirred for an additional hour at room temperature. The reaction 

was quenched by the addition of aq. NaHCO3. Subsequently the mixture was extracted with 

CH2Cl2 three times and the combined organic layers were washed with sat. aq. NaHCO3 and sat. 

aq. NaCl. The organic layer was then dried over MgSO4, and all volatiles were removed under 

reduced pressure. Purification of the crude product on silica gel with automated flash 
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chromatography (petroleum ether/ethyl acetate; 10:1 to 4:1 v/v) provided the nucleoside 153 

(55 mg, 58%) as a colorless solid. 

1H-NMR (600 MHz, CDCl3): δ [ppm] = 8.37 (d, 3JHF = 1.71 Hz, 1H, H-2), 8.18 (d, 3JHH = 4.94 Hz, 1H, 

H-6), 7.62 (dd, 4JHF = 6.57 Hz, 3JHH
 = 5.76 Hz, 1H, H-5), 7.37 – 7.27 (m, 15H, H-Bn), 5.40 (d, 3JHH = 

3.44 Hz, 1H, H-1´), 4.70 (d, 2JHH = 12.2 Hz, 1H, H-Bn), 4.62 (d, 2JHH = 8.25 Hz, 1H, H-Bn), 4.60 (d, 

2JHH = 7.83 Hz, 1H, H-Bn), 4.55 (d, 2JHH = 6.93 Hz, 1H, H-Bn), 4.53 (d, 2JHH = 6.84 Hz, 1H, H-Bn), 4.41 

(d, 2JHH = 12.0 Hz, 1H, H-Bn), 4.40 – 4.38 (m, 1H, H-4´), 4.02 (dd, 3JHH = 7.10 Hz, 3JHH = 4.75 Hz, 1H, 

H-3´), 3.94 (dd, 3JHH = 4.94 Hz, 3JHH = 4.12 Hz, 1H, H-2´), 3.87 (dd, 2JHH = 10.9 Hz, 3JHH = 2.77 Hz, 1H, 

H-5´), 3.68 (dd, 2JHH = 10.9 Hz, 3JHH = 3.22 Hz, 1H, H-5´). 

13C-NMR (150 MHz, CDCl3): δ [ppm] = 156.7 (d, 1JCF = 255.9 Hz, C-3), 146.2 (d, 4JHF = 4.97 Hz, C-6), 

138.1 (C-Bn), 137.7 (C-Bn), 137.6 (C-Bn), 137.5 (d, 2JCF = 23.7 Hz, C-2), 136.7 (d, 2JCF = 10.4 Hz, C-

4), 128.6 (3C, C-Bn), 128.5 (3C, C-Bn), 128.1 (2C, C-Bn), 128.01 (C-Bn), 128.00 (C-Bn), 127.95 (2C, 

C-Bn), 127.90 (C-Bn), 127.8 (2C, C-Bn), 122.4 (C-5), 81.7 (C-2´), 80.9 (C-4´), 76.5 (2C, C-1´, C-3´), 

73.6 (C-Bn), 72.3 (C-Bn), 71.9 (C-Bn), 69.3 (C-5´). 

19F-NMR (564 MHz, CDCl3): -132.1 (d, 4JHF = 6.31 Hz). 

HRMS (ESI+): m/z = calcd: 500.2231 [M+H]+, found: 500.2228 [M+H]+. 

4-(2´,3´,5´,Tri-O-benzyl-β-D-ribofuranosyl)-2-amide-3-fluoropyridine 156 

 

Step 1: To a solution of the nucleoside 153 (916 mg, 1.83 mmol) in CH₂Cl₂ (10 mL), m-CPBA 

(1.58 g, 9.16 mmol) was added. The reaction mixture was stirred for 2 h and then quenched by 

the addition of sat. aq. Na₂SO₃. Subsequently, the mixture was extracted with CH₂Cl₂ three times. 

The organic layer was then dried over MgSO₄ and all volatiles were removed under reduced 

pressure. Purification of the crude product on silica gel with automated flash chromatography 

(CH₂Cl₂/MeOH; 50:1 to 20:1 v/v) provided 154 as a colorless solid, which was dissolved in CH₃CN 

(10 mL). After the addition of TMSCN (574 µL, 4.59 mmol) and Et₃N (424 µL, 3.06 mmol), the 
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reaction mixture was refluxed for 5 h. Subsequently, the reaction was quenched by the addition 

of sat. aq. NaHCO₃ and the mixture was extracted with CH₂Cl₂ three times. The organic layer was 

then dried over MgSO₄ and all volatiles were removed under reduced pressure. Purification of 

the crude product on silica gel with automated flash chromatography (petroleum ether/ethyl 

acetate; 4:1 to 2:1 v/v) provided the nucleoside 155 (584 mg, 61%) as a colorless solid. 

1H-NMR (300 MHz, CDCl3): δ [ppm] = 8.06 (d, 3JHH = 4.90 Hz, 1H, H-6), 7.62 (dd, 4JHF = 5.88 Hz, 3JHH
 

= 5.29 Hz, 1H, H-5), 7.32 – 7.17 (m, 15H, H-Bn), 5.27 (d, 3JHH = 3.73 Hz, 1H, H-1´), 4.57 – 4.35 (m, 

6H, H-Bn), 4.33 – 4.29 (m, 1H, H-4´), 3.95 (dd, 3JHH = 6.42 Hz,  3JHH = 4.61 Hz, 1H, H-3´), 3.94 (dd, 

3JHH = 4.92 Hz, 3JHH = 4.37 Hz, 1H, H-2´), 3.80 (dd, 2JHH = 11.0 Hz, 3JHH = 2.68 Hz, 1H, H-5´), 3.59 (dd, 

2JHH = 11.0 Hz, 3JHH = 2.68 Hz, 1H, H-5´).  

Step 2: To a solution of the nucleoside 155 (450 mg, 0.85 mmol) in DMSO (12 mL), ground K₂CO₃ 

(474 mg, 3.43 mmol) and hydrogen peroxide (30%, 7.5 mL) were added. The reaction mixture 

was stirred for 1 h at room temperature and quenched with sat. aq. Na₂SO₃. Subsequently, the 

mixture was extracted three times with CH₂Cl₂ and the combined organic layers were washed 

with sat. aq. NaHCO₃ and sat. aq. NaCl. The organic layer was then dried over MgSO₄ and all 

volatiles were removed under reduced pressure. Purification of the crude product on silica gel 

with automated flash chromatography (petroleum ether/ethyl acetate; 2:1 to 1:1 v/v) provided 

156 (253 mg, 54%) as a colorless solid. 

1H-NMR (600 MHz, CDCl3): δ [ppm] = 7.99 (d, 3JHH = 4.72 Hz, 1H, H-6), 7.86 (dd, 4JHF = 5.47 Hz, 3JHH 

= 4.74 Hz, 1H, H-5), 7.60 (bs, 1H, -NH2), 7.32 – 7.18 (m, 15H, H-Bn), 5.68 (bs, 1H, -NH2), 5.41 (s, 

1H, H-1´), 4.75 (d, 2JHH = 12.1 Hz, 1H, H-Bn), 4.60 (d, 2JHH = 12.0 Hz, 1H, H-Bn), 4.54 (d, 2JHH = 

11.6 Hz, 1H, H-Bn), 4.49 – 4.47 (m,2H, H-Bn), 4.35 – 4.33 (m, 1H, H-4´), 4.31 (d, 2JHH = 11.8 Hz, 1H, 

H-Bn), 3.98 – 3.95 (m, 2H, H-3´, H-2´), 3.88 (dd, 2JHH = 10.8 Hz, 3JHH = 2.58 Hz, 1H, H-5´), 3.65 (dd, 

2JHH = 10.8 Hz, 3JHH = 2.85 Hz, 1H, H-5´). 

13C-NMR (150 MHz, CDCl3): δ [ppm] = 164.9 (d, 3JCF = 5.44 Hz, C-7), 156.5 (d, 1JCF = 272.8 Hz, C-3), 

144.2 (d, 4JCF = 6.33 Hz, C-6), 140.2 (d, 2JCF = 11.7 Hz, C-4), 138.1 (C-Bn), 138.70 (C-Bn), 138.69 (C-

Bn), 136.4 (d, 2JCF = 4.29 Hz, C-2), 128.56 (4C, C-Bn), 128.53 (4C, C-Bn), 128.03 (2C, C-Bn), 128.02 

(C-Bn), 127.95 (C-Bn), 127.93 (2C, C-Bn), 127.88 (C-Bn), 126.8 (d, 3JCF = 1.77 Hz, C-5), 81.5 (C-2´), 

80.3 (C-4´), 77.6 (d, 3JCF = 4.04 Hz, C-1´), 76.0 (C-3´), 73.6 (C-Bn), 72.4 (C-Bn), 72.1 (C-Bn), 68.7 (C-

5´). 
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19F-NMR (564 MHz, CDCl3): -125.5 (d, 4JHF = 4.78 Hz). 

HRMS (ESI+): m/z = calcd: 543.2289 [M+H]+, found: 543.2289 [M+H]+. 

4-(-β-D-Ribofuranosyl)-2-amide-3-fluoropyridine 157 

 

A solution of the nucleoside 156 (230 mg, 0.42 mmol) in CH₂Cl₂ (3 mL) was cooled to -78 °C before 

BCl₃ (1.69 mL, 1.69 mmol, 1 M solution in CH₂Cl₂) was added dropwise. After the reaction mixture 

was stirred for 1 h at -78 °C, the reaction was quenched by the addition of MeOH, followed by 

water. Subsequently, all volatiles were removed under reduced pressure. Purification of the 

crude product on RP18 with automated flash chromatography (H₂O/CH₃CN; 100:0 to 0:100) 

provided 157 (73 mg, 68%) as a colorless solid. 

1H-NMR (600 MHz, DMSO-d6): δ [ppm] = 8.40 (d, 3JHH = 4.82 Hz, 1H, H-6), 8.02 (bs, 1H, -NH2), 7.83 

(dd, 4JHF = 5.58 Hz, 3JHH = 4.97 Hz, 1H, H-5), 7.67 (bs, 1H, -NH2), 5.73 (bs, 3H, -OH), 5.41 (d, 3JHH = 

5.56 Hz, 1H, H-1´), 3.90 – 3.84 (m, 3H, H-2´, H-3´, H-4´), 3.65 (dd, 2JHH = 11.9 Hz, 3JHH = 3.54 Hz, 1H, 

H-5´), 3.56 (dd, 2JHH = 11.9 Hz, 3JHH = 4.08 Hz, 1H, H-5´). 

13C-NMR (150 MHz, CDCl3): δ [ppm] = 164.8 (d, 3JCF = 4.37 Hz, C-7), 155.2 (d, 1JCF = 267.5 Hz, C-3), 

144.3 (d, 4JCF = 6.11 Hz, C-6), 139.7 (d, 2JCF = 10.6 Hz, C-4), 139.6 (d, 2JCF = 6.44 Hz, C-2), 125.0 (C-

5), 84.6 (C-2´), 77.2 (C-4´), 77.0 (C-1´), 70.1 (C-3´), 61.1 (C-5´). 

19F-NMR (564 MHz, CDCl3): -128.2 (d, 4JHF = 4.53 Hz). 

HRMS (ESI+): m/z = calcd: 273.0880 [M+H]+, found: 273.0881 [M+H]+. 
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4-(-β-D-Ribofuranosyl)-2-amide-3-fluoropyridine-5´-triphosphate 158 

 

The reaction was carried out according to the general procedure VI with 4-(-β-D-ribofuranosyl)-

2-amide-3-fluoropyridine 157 (20 mg, 0.09 mmol), proton sponge (31 mg, 0.15 mmol) and POCl₃ 

(27 µL, 0.29 mmol) in trimethyl phosphate (1 mL) for 15 min, followed by the addition of 

tributylammonium pyrophosphate (100 mg, 0.18 mmol) and tributylamine (121 µL, 0.43 mmol) 

in CH₃CN (1 mL) for 30 min. Purification by ion-exchange chromatography using a DEAE-

Sephadex® A-25 column (H₂O/1 M TEAB; 100:0 to 0:100 v/v) and RP18 flash column 

chromatography (H₂O/CH₃CN; 100:0 to 0:100 v/v) provided the triethylammonium salt of 158 

(44 mg, 65%) as a colorless solid. 

1H-NMR (300 MHz, DMSO-d6): δ [ppm] = 8.41 (d, 3JHH = 4.85 Hz, 1H, H-6), 8.04 (bs, 1H, -NH2), 7.89 

(dd, 4JHF = 5.78 Hz, 3JHH
 = 5.08 Hz, 1H, H-5), 7.62 (bs, 1H, -NH2), ), 5.00 (d, 3JHH = 5.06 Hz, 1H, H-1´), 

4.03 – 3.86 (m, 5H, H-2´, H-3´, H-4´, H-5´). 

31P-NMR (121 MHz, DMSO-d6): δ [ppm] = -10.5 (d, 2JPP = 19.2 Hz, P-α), -13.2 (d, 2JPP = 25.7 Hz, P-

γ), -23.3 (dd, 2JPP = 25.9 Hz, 2JPP = 19.3 Hz, P-β). 

19F-NMR (564 MHz, DMSO-d6): δ [ppm] = -128.2 (d, 4JHF = 4.56 Hz). 

HRMS (MALDI-): m/z = calcd: 510.9725 [M-H]-, found: 510.9904 [M-H]-. 

2,3-O-Isopropyliden-D-ribono-1,4-lactone 139 

 

D-Ribono-1,4-lactone 138 (3.93 g, 26.5 mmol) was dissolved in acetone (80 mL), and conc. H₂SO₄ 

(2.4 mL) was added. After the reaction mixture was stirred overnight, it was cooled to 0 °C and 

Na₂CO₃ was added until pH = 6 was reached. The precipitated solid was removed by filtration and 
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extensively washed with acetone. After all volatiles were removed under reduced pressure, the 

crude product was purified on silica gel (petroleum ether/ethyl acetate; 1:1 v/v) to provide 139 

(3.65 g, 73%) as a colorless oil. 

1H-NMR (400 MHz, CDCl3): δ [ppm] = 4.83 (d, 3JHH = 5.58 Hz, 1H, H-3), 4.78 (d, 3JHH = 5.58 Hz, 1H, 

H-2), 4.63 (t, 3JHH = 1.94 Hz, 1H, H-4), 4.00 (dd, 2JHH = 12.3 Hz, 3JHH = 2.34 Hz, 1H, H-5), 3.80 (dd, 

2JHH = 12.2 Hz, 3JHH = 1.66 Hz, 1H, H-5), 1.47 (s, 3H, O-C-(CH3)2), 1.38 (s, 3H, O-C-(CH3)2). 

13C-NMR (101 MHz, CDCl3): δ [ppm] = 175.1 (C-1), 113.3 (C-(CH3)2), 82.8 (C-4), 78.4 (C-2), 75.78 

(C-3), 62.1 (C-5), 26.9 (C-(CH3)2), 25.6 (C-(CH3)2). 

HRMS (ESI+): m/z = calcd: 188.0685 [M+Na]+, found: 188.0615 [M+Na]+. 

5-O-(tert-Butyldiphenylsilyl)-2,3-O-Isopropyliden-D-ribono-1,4-lactone 140 

 

2,3-O-Isopropylidene-D-ribono-1,4-lactone 139 (3.58 g, 19.0 mmol) as well as imidazole (2.59 g, 

38.0 mmol) were dissolved in CH₂Cl₂ (55 mL) and tert-butyldiphenylsilyl chloride (5.86 mL, 

22.8 mmol) was added. After the reaction mixture was stirred overnight at room temperature, 

the reaction was quenched by the addition of water. The organic phase was washed with sat. aq. 

NaCl, dried over MgSO₄ and all volatiles were removed under reduced pressure. Purification of 

the crude product on silica gel (petroleum ether/ethyl acetate; 4:1 v/v) provided 140 (4.83 g, 

60%) as a colorless oil. 

The analytical data was in accordance with those described.[242] 

1H-NMR (400 MHz, CDCl3): δ [ppm] = 7.73 – 7.61 (m, 4H, H-Aryl), 7.48 – 7.38 (m, 6H, H-Aryl) 4.90 

(d, 3JHH = 5.79 Hz, 1H, H-3), 4.78 (d, 3JHH = 5.61 Hz, 1H, H-2), 4.63 (t, 3JHH = 1.95 Hz, 1H, H-4), 3.91 

(dd, 2JHH = 11.6 Hz, 3JHH = 2.26 Hz, 1H, H-5), 3.75 (dd, 2JHH = 11.6 Hz, 3JHH = 1.54 Hz, 1H, H-5), 1.49 

(s, 3H, O-C-(CH3)2), 1.40 (s, 3H, O-C-(CH3)2), 1.07 – 1.05 (m, 9H, H-t-Butyl). 
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13C-NMR (150 MHz, CDCl3): δ [ppm] = 174.2 (C-1), 135.7 (2C, C-Aryl), 135.6 (2C, C-Aryl), 134.9 (C-

Aryl), 132.5 (C-Aryl), 131.6 (C-Aryl), 130.3 (C-Aryl), 129.8 (C-Aryl), 128.1 (2C, C-Aryl), 127.9 (C-

Aryl), 113.3 (C-(CH3)2), 82.5 (C-4), 78.6 (C-2), 75.9 (C-3), 63.7 (C-5), 26.9 (C-(CH3)3), 26.8 (2C, C-

(CH3)3, C-(CH3)2), 26.6 (C-(CH3)3), 25.7 (C-(CH3)2), 19.2 (C-(CH3)3). 

HRMS (ESI+): m/z = calcd: 449.1755 [M+Na]+, found: 449.1755 [M+Na]+. 

2,3-O-Isopropyliden-2-C-methyl-D-ribono-1,4-lactone 160 

 

2-C-Methyl-D-ribono-1,4-lactone 159 (2.00 g, 12.3 mmol) was dissolved in acetone (40 mL) and 

conc. H₂SO₄ (1.2 mL) was added. After the reaction mixture was stirred overnight, it was cooled 

to 0 °C, and Na₂CO₃ was added until pH = 6 was reached. The precipitated solid was removed by 

filtration and extensively washed with acetone. After all volatiles were removed under reduced 

pressure, the crude product was purified on silica gel (petroleum ether/ethyl acetate; 1:1 v/v) to 

provide 160 (2.48 g, 99%) as a colorless oil. 

The analytical data was in accordance with those described.[243] 

1H-NMR (600 MHz, CDCl3): δ [ppm] = 4.54 – 4.53 (m, 2H, H-3, H-4) 3.97 (dd, 2JHH = 12.6 Hz, 3JHH = 

3.05 Hz, 1H, H-5), 3.81 (dd, 2JHH = 12.6 Hz, 3JHH = 2.71 Hz, 1H, H-5), 1.64 (s, 3H, 2-C-CH3), 1.43 (s, 

3H, O-C-(CH3)2), 1.41 (s, 3H, O-C-(CH3)2). 

13C-NMR (150 MHz, CDCl3): δ [ppm] = 176.9 (C-1), 112.3 (C-(CH3)2), 83.5 (C-3), 82.9 (C-2), 82.6 (C-

4), 62.1 (C-5), 26.9 (C-(CH3)2), 26.3 (C-(CH3)2), 19.8 (2-C-CH3). 

HRMS (ESI+): m/z = calcd: 225.0733 [M+Na]+, found: 225.0738 [M+Na]+. 
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5-O-(tert-Butyldiphenylsilyl)-2,3-O-isopropyliden-2-C-methyl-D-ribono-1,4-lactone 161 

 

2,3-O-Isopropylidene-2-C-methyl-D-ribono-1,4-lactone 160 (2.75 g, 13.6 mmol) as well as 

imidazole (1.85 g, 27.2 mmol) were dissolved in CH₂Cl₂ (40 mL) and tert-butyldiphenylsilyl 

chloride (4.19 mL, 16.3 mmol) was added. After the reaction mixture was stirred overnight at 

room temperature, the reaction was quenched by the addition of water. The organic phase was 

washed with sat. aq. NaCl, dried over MgSO₄ and all volatiles were removed under reduced 

pressure. Purification of the crude product on silica gel (petroleum ether/ethyl acetate; 4:1 v/v) 

provided 161 (3.35 g, 55%) as a colorless oil. 

The analytical data was in accordance with those described.[243] 

1H-NMR (400 MHz, CDCl3): δ [ppm] = 7.73 – 7.63 (m, 4H, H-Aryl), 7.48 – 7.36 (m, 6H, H-Aryl) 4.53 

– 4.50 (m, 2H, H-3, H-4) 3.82 (d,3JHH = 3.64 Hz, 2H, H-5), 1.59 (s, 3H, 2-C-CH3), 1.44 (s, 3H, O-C-

(CH3)2), 1.43 (s, 3H, O-C-(CH3)2), 1.07 – 1.06 (m, 9H, H-t-Butyl). 

13C-NMR (150 MHz, CDCl3): δ [ppm] = 176.3 (C-1), 135.7 (2C, C-Aryl), 135.6 (2C, C-Aryl), 135.0 (C-

Aryl), 132.5 (C-Aryl), 132.2 (C-Aryl), 130.3 (C-Aryl), 129.8 (C-Aryl), 128.1 (2C, C-Aryl), 127.9 (C-

Aryl), 112.5 (C-(CH3)2), 83.0 (C-3), 82.5 (C-2), 82.3 (C-4), 64.3 (C-5), 27.1 (C-(CH3)2), 27.0 (C-(CH3)2), 

26.9 (3C, C-(CH3)3), 20.5 (2-C-CH3), 19.3 (C-(CH3)3). 

HRMS (ESI+): m/z = calcd: 463.1911 [M+Na]+, found: 463.1909 [M+Na]+. 

3,5-(1,1,3,3-Tetraisopropyldisiloxane-1,3-diyl)-2-deoxy-2-fluoro-2-C-methyl-D-ribono-1,4-

lactone 174 
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2-Deoxy-2-fluoro-2-C-methyl-D-ribono-1,4-lactone 173 (3.54 g, 21.5 mmol) and 4-DMAP (1.31 g, 

10.7 mmol) were dissolved in pyridine (50 mL) and 1,1,3,3-tetraisopropyl-1,3-dichlorodisiloxane 

(4.19 mL, 16.3 mmol) was added dropwise at 0°C. After the reaction mixture was stirred 

overnight at room temperature, all volatiles were removed under reduced pressure. Purification 

of the crude product on silica gel with automated flash chromatography (petroleum ether/ethyl 

acetate; 20:1 to 4:1 v/v) provided 174 (7.90 g, 90%) as a colorless syrup. 

The analytical data was in accordance with those described.[244] 

1H-NMR (600 MHz, CDCl3): δ [ppm] = 4.40 (dt, 3JHH = 8.54 Hz, 3JHH = 2.48 Hz, 1H, H-4), 4.19 (dd, 

2JHH = 13.6 Hz, 3JHH = 2.20 Hz, 1H, H-5), 4.14 (dd, 3JHF = 25.1 Hz, 3JHH = 8.55 Hz, 1H, H-3), 4.08 (dd, 

2JHH = 13.6 Hz, 3JHH = 2.76 Hz, 1H, H-5), 1.61 (d, 3JHF = 25.1 Hz, 3H, 2-C-CH3), 1.11 – 0.98 (m, 28H, 

H-Isopropyl). 

13C-NMR (150 MHz, CDCl3): δ [ppm] = 169.8 (d, 2JCF = 20.9 Hz, C-1), 92.6 (d, 1JCF = 184.8 Hz, C-2), 

81.2 (C-4), 72.6 (d, 3JHF = 16.4 Hz, C-3), 59.2 (C-5), 17.4 – 17.0 (m), 13.9, 13.1, 12.8, 12.7 (13C, 2´-

C-CH3, C-Isopropyl). 

19F-NMR (564 MHz, CDCl3): δ [ppm] = -173.5 (m). 

HRMS (ESI+): m/z = calcd: 407.2079 [M+Na]+, found: 407.2070 [M+Na]+. 

4-(5´-O-(tert-Butyldiphenylsilyl)-1´-hydroxy-2´,3´-O-isopropyliden-D-ribofuranosyl)-2-cyano-3-

fluoropyridine 142  

 

The reaction was carried out according to the general procedure VIII with 2-cyano-3-

fluoropyridine 141 (2.90 g, 23.7 mmol) and LDA (24.0 mL, 23.9 mmol, 1 M solution in THF) in THF 

(75 mL), followed by the addition of lactone 140 (5.06 g, 11.8 mmol) in THF (17 mL). Purification 

of the crude product on silica gel with automated flash chromatography (petroleum ether/ethyl 

acetate; 10:1 to 3:1 v/v) provided 142 (4.69 g, 69%) as a colorless solid, which was obtained as a 

mixture of anomers. 
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1H-NMR (600 MHz, CDCl3): δ [ppm] = Major-anomer: 8.48 (d, 3JHH = 4.76 Hz, 1H, H-6), 7.85 (dd, 

4JHF = 6.04 Hz, 3JHH = 5.29, 1H, H-5), 7.70 (dd, 3JHH = 8.31 Hz, 4JHH = 1.31 Hz, 2H, H-Ph), 7.64 (dd, 

3JHH = 8.15 Hz, 4JHH = 1.40 Hz, 2H, H-Ph), 7.52 – 7.42 (m, 6H, H-Ph), 5.53 (bs, 1H, -OH), 4.94 (dd, 

3JHH = 5.89 Hz, 3JHH = 2.19 Hz, 1H, H-3´), 4.85 (dd, 3JHH = 5.75 Hz, 3JHH = 0.84 Hz, 1H, H-2´), 4.45- 

4.42 (m, 1H, H-4´), 3.95 (dd, 2JHH = 11.5 Hz, 3JHH = 2.43 Hz, 1H, H-5´), 3.75 (dd, 2JHH = 11.5 Hz, 3JHH 

= 2.70 Hz, 1H, H-5´), 1.25 (s, 3H, C-(CH3)2), 1.18 (s, 3H, C-(CH3)2), 1.12 (s, 9H, C-(CH3)3). 

Minor-anomer: 8.42 (d, 3JHH = 4.86 Hz, 1H, H-6), 7.61 (dd, 4JHF = 8.11 Hz, 3JHH = 5.21, 1H, H-5), 7.70 

(dd, 3JHH = 8.22 Hz, 4JHH = 1.29 Hz, 2H, H-Ph), 7.59 (dd, 3JHH = 8.22 Hz, 4JHH = 1.34 Hz, 2H, H-Ph), 

7.52 – 7.46 (m, 2H, H-Ph), 7.39 – 7.36 (m, 4H, H-Ph), 5.53 (bs, 1H, -OH), 4.88 – 4.87 (m, 1H, H-3´), 

4.77 (dd, 3JHH = 7.21 Hz, 3JHH = 1.15 Hz, 1H, H-2´), 4.38- 4.36 (m, 1H, H-4´), 3.95 (dd, 2JHH = 11.5 Hz, 

3JHH = 2.43 Hz, 1H, H-5´), 3.87 (dd, 2JHH = 11.4 Hz, 3JHH = 3.82 Hz, 1H, H-5´), 1.68 (s, 3H, C-(CH3)2), 

1.43 (s, 3H, C-(CH3)2), 1.00 (s, 9H, C-(CH3)3). 

13C-NMR (150 MHz, CDCl3): δ [ppm] = Major-anomer: 159.1 (d, 1JCF = 273.3 Hz, C-3), 146.6 (d, 4JHF 

= 5.45 Hz, C-6), 137.7 (d, 2JCF = 11.1 Hz, C-4), 135.9 (2C, C-Ph), 135.7 (2C, C-Ph), 131.4 (C-Ph), 131.2 

(C-Ph), 130.8 (C-Ph), 130.6 (C-Ph), 128.4 (2C, C-Ph), 128.3 (2C, C-Ph), 126.6 (d, 3JCF = 2.98 Hz, C-5), 

123.2 (d, 2JCF = 16.7 Hz, C-2), 113.5 (d, 3JCF = 3.98 Hz, -CN), 113.2 (C-(CH3)2), 105.7 (d, 3JCF = 2.39 Hz, 

C-1´), 93.9 (C-2´), 88.1 (C-3´), 82.0 (C-4´), 65.5 (C-5´), 27.0 (3C, C-(CH3)3), 26.2 (C-(CH3)2), 25.0 (C-

(CH3)2), 19.3 (C-(CH3)3).  

19F-NMR (564 MHz, CDCl3): δ [ppm] = Major-anomer: -115.4 (dd, 4JHF = 5.67 Hz, 5JHF = 1.79 Hz), 

Minor-anomer: -116.3 (d, 4JHF = 5.83 Hz). 

4-(5´-O-(tert-Butyldiphenylsilyl)-1´-O-acetyl-2´,3´-O-isopropyliden-2´-C-methyl-D-

ribofuranosyl)-2-cyano-3-fluoropyridine 143  

 

The reaction was carried out according to the general procedure IX with lactol 142 (4.30 g, 

7.83 mmol) and LiHMDS (11.7 mL, 11.7 mmol, 1 M solution in THF) in THF (20 mL), followed by 
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the addition of acetic anhydride (1.11 mL, 11.7 mmol). Purification of the crude product on silica 

gel with automated flash chromatography (petroleum ether/ethyl acetate; 10:1 to 3:1) provided 

143 (3.24 g, 71%) as a colorless solid, which was obtained as a mixture of anomers. 

1H-NMR (600 MHz, CDCl3): δ [ppm] = Major-anomer: 8.37 (d, 3JHH = 4.93 Hz, 1H, H-6), 7.82 (dd, 

4JHF = 6.01 Hz, 3JHH = 4.94, 1H, H-5), 7.60 (dd, 3JHH = 8.20 Hz, 4JHH = 1.37 Hz, 2H, H-Ph), 7.57 (dd, 

3JHH = 8.14 Hz, 4JHH = 1.29 Hz, 2H, H-Ph), 7.49 – 7.40 (m, 6H, H-Ph), 4.81 (dd, 3JHH = 6.52 Hz, 3JHH = 

2.23 Hz, 1H, H-3´), 4.60 (d, 3JHH = 6.45 Hz, 1H, H-2´), 4.55 (q, 3JHH = 2.40 Hz, 1H, H-4´), 4.06 (dd, 

2JHH = 11.6 Hz, 3JHH = 2.73 Hz, 1H, H-5´), 3.62 (dd, 2JHH = 11.5 Hz, 3JHH = 2.40 Hz, 1H, H-5´), 2.13 (s, 

3H, H-Ac), 1.71 (s, 3H, C-(CH3)2), 1.38 (s, 3H, C-(CH3)2), 0.98 (s, 9H, C-(CH3)3).  

Minor-anomer: 8.50 (d, 3JHH = 5.00 Hz, 1H, H-6), 7.85 (dd, 4JHF = 6.01 Hz, 3JHH = 4.94, 1H, H-5), 7.68 

– 7.65 (m, 1H, H-Ph), 7.49 – 7.37 (m, 9H, H-Ph), 5.00 (dd, 3JHH = 5.83 Hz, 3JHH = 1.96 Hz, 1H, H-3´), 

4.92 (dd, 3JHH = 5.68 Hz, 3JHH = 1.02 Hz, 1H, H-2´), 4.61- 4.59 (m, 1H, H-4´), 3.77 (dd, 2JHH = 10.5 Hz, 

3JHH = 4.84 Hz, 1H, H-5´), 3.68 (dd, 2JHH = 10.5 Hz, 3JHH = 8.31 Hz, 1H, H-5´), 2.04 (s, 3H, H-Ac), 1.71 

(s, 3H, C-(CH3)2), 1.11 (s, 9H, C-(CH3)3), 1.08 (s, 3H, C-(CH3)2). 

13C-NMR (150 MHz, CDCl3): δ [ppm] = Major-anomer: 168.8 (C-Ac), 157.7 (d, 1JCF = 273.1 Hz, C-3), 

146.9 (d, 4JCF = 5.44 Hz, C-6), 137.8 (d, 2JCF = 9.78 Hz, C-4), 135.68 (C-Ph), 135.67 (C-Ph), 135.62 

(2C, C-Ph), 132.7 (C-Ph), 132.6 (C-Ph), 130.33 (C-Ph), 130.32 (C-Ph), 128.2 (C-Ph), 128.1 (2C, C-

Ph), 128.0 (C-Ph), 126.6 (C-5), 123.7 (d, 2JCF = 15.9 Hz, C-2), 116.0 (C-(CH3)2), 113.0 (d, 3JCF = 

4.86 Hz, -CN), 102.5 (C-1´), 87.5 (C-2´), 84.6 (C-3´), 80.9 (C-4´), 63.7 (C-5´), 26.9 (3C, C-(CH3)3), 26.1 

(C-(CH3)2), 25.6 (C-(CH3)2), 21.6 (C-Ac), 19.3 (C-(CH3)3).  

Minor-anomer: 168.2 (C-Ac), 157.6 (d, 1JCF = 269.7 Hz, C-3), 146.6 (d, 4JCF = 5.39 Hz, C-6), 136.2 (d, 

2JCF = 9.97 Hz, C-4), 135.68 (C-Ph), 135.67 (C-Ph), 135.62 (2C, C-Ph), 133.0 (C-Ph), 132.8 (C-Ph), 

130.22 (C-Ph), 130.20 (C-Ph), 128.2 (C-Ph), 128.1 (2C, C-Ph), 128.0 (C-Ph), 127.7 (C-5), 122.8 (d, 

2JCF = 16.4 Hz, C-2), 113.8 (C-(CH3)2), 113.2 (d, 3JCF = 4.50 Hz, -CN), 107.8 (C-1´), 87.6 (C-2´), 86.7 

(C-3´), 82.0 (C-4´), 64.0 (C-5´), 26.9 (3C, C-(CH3)3), 25.9 (C-(CH3)2), 25.0 (C-(CH3)2), 21.4 (C-Ac), 19.4 

(C-(CH3)3). 

19F-NMR (564 MHz, CDCl3): δ [ppm] = Major-anomer: -118.4 (d, 4JHF = 5.80 Hz), Minor-anomer: -

119.0 (d, 4JHF = 5.51 Hz). 

HRMS (ESI+): m/z = calcd: 591.2320 [M+H]+, found: 591.2324 [M+H]+. 
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4-(5´-O-(tert-Butyldiphenylsilyl)-2´,3´-O-isopropyliden-D-ribofuranosyl)-2-cyano-3-

fluoropyridine 144  

 

The acetylated lactone 143 (3.10 g, 4.13 mmol) was dissolved in CH₂Cl₂ (60 mL) before Et₃SiH 

(20.2 mL, 0.13 mol) and BF₃∙Et₂O (1.33 mL, 10.5 mmol) were added. After 1 h, TLC analysis 

showed incomplete conversion. Therefore, a second portion of BF₃∙Et₂O (1.33 mL, 10.5 mmol) 

was added and the reaction mixture was stirred for an additional hour at room temperature. The 

reaction was quenched by the addition of aq. NaHCO₃. Subsequently, the mixture was extracted 

three times with CH₂Cl₂, and the combined organic layers were washed with sat. aq. NaHCO₃ and 

sat. aq. NaCl. The organic layer was then dried over MgSO₄ and all volatiles were removed under 

reduced pressure. Purification of the crude product on silica gel with automated flash 

chromatography (petroleum ether/ethyl acetate; 10:1 to 4:1) provided 144 (2.34 g, 84%) as a 

colorless solid, which was obtained as a mixture of anomers. 

1H-NMR (600 MHz, CDCl3): δ [ppm] = Major-anomer: 8.45 (d, 3JHH = 4.75 Hz, 1H, H-6), 7.76 (dd, 

4JHF = 5.45 Hz, 3JHH = 5.02, 1H, H-5), 7.76 – 7.67 (m, 4H, H-Ph), 7.48 – 7.37 (m, 6H, H-Ph), 5.59 (d, 

3JHH = 4.58 Hz, 1H, H-1´), 5.11 – 5.09 (m, 1H, H-2´), 4.94 (d, 3JHH = 6.34 Hz, 1H, H-3´), 4.35 (t, 3JHH = 

2.68 Hz, 1H, H-4´), 3.94 (dd, 2JHH = 11.9 Hz, 3JHH = 3.00 Hz, 1H, H-5´), 3.79 (dd, 2JHH = 11.4 Hz, 3JHH 

= 2.95 Hz, 1H, H-5´), 1.27 (s, 3H, C-(CH3)2), 1.23 (s, 3H, C-(CH3)2), 1.10 (s, 9H, C-(CH3)3). 

Minor-anomer: 8.34 (d, 3JHH = 4.81 Hz, 1H, H-6), 7.76 (dd, 4JHF = 5.84 Hz, 3JHH = 5.35, 1H, H-5), 7.76 

– 7.67 (m, 4H, H-Ph), 7.48 – 7.37 (m, 6H, H-Ph), 5.18 (d, 3JHH = 4.92 Hz, 1H, H-1´), 4.76 (dd, 3JHH = 

6.46 Hz, 3JHH = 3.30 Hz, 1H, H-3´), 4.55 (dd, 3JHH = 6.33, 3JHH = 5.52 Hz, 1H, H-2´), 4.29 (q, 3JHH = 

3.66 Hz, 1H, H-4´), 4.00 (dd, 2JHH = 11.9 Hz, 3JHH = 3.03 Hz, 1H, H-5´), 3.87 (dd, 2JHH = 11.5 Hz, 3JHH 

= 3.40 Hz, 1H, H-5´), 1.63 (s, 3H, C-(CH3)2), 1.36 (s, 3H, C-(CH3)2), 1.04 (s, 9H, C-(CH3)3). 

13C-NMR (150 MHz, CDCl3): δ [ppm] = Major-anomer: 158.3 (d, 1JCF = 269.5 Hz, C-3), 146.8 (d, 4JCF 

= 5.15 Hz, C-6), 137.1 (d, 2JCF = 11.3 Hz, C-4), 135.7 (2C, C-Ph), 135.6 (2C, C-Ph), 132.58 (C-Ph), 

132.53 (C-Ph), 130.3 (C-Ph), 130.2 (C-Ph), 128.09 (2C, C-Ph), 128.09 (2C, C-Ph), 127.2 (d, 3JCF = 
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2.95 Hz, C-5), 121.9 (d, 2JCF = 15.0 Hz, C-2), 113.3 (d, 3JCF = 4.37 Hz, -CN), 113.0 (C-(CH3)2), 84.7 (C-

4´), 83.5 (C-3´), 82.0 (C-2´), 78.3 (C-1´), 66.2 (C-5´), 27.0 (3C, C-(CH3)3), 26.0 (C-(CH3)2), 24.7 (C-

(CH3)2), 19.2 (C-(CH3)3). 

Minor-anomer: 159.0 (d, 1JCF = 268.1 Hz, C-3), 147.1 (d, 4JCF = 5.51 Hz, C-6), 138.6 (d, 2JCF = 11.3 Hz, 

C-4), 135.7 (2C, C-Ph), 135.6 (2C, C-Ph), 133.1 (C-Ph), 132.9 (C-Ph), 130.2 (C-Ph), 130.1 (C-Ph), 

128.02 (2C, C-Ph), 127.97 (2C, C-Ph), 126.1 (d, 3JCF = 2.83 Hz, C-5), 122.6 (d, 2JCF = 15.83 Hz, C-2), 

115.0 (C-(CH3)2), 113.3 (d, 3JCF = 4.54 Hz, -CN), 86.7 (C-2´), 86.1 (C-4´), 81.7 (C-3´), 79.9 (C-1´), 64.1 

(C-5´), 27.7 (C-(CH3)2), 27.0 (3C, C-(CH3)3), 25.6 (C-(CH3)2), 19.4 (C-(CH3)3). 

19F-NMR (564 MHz, CDCl3): δ [ppm] = Major-anomer: -121.5 (d, 4JHF = 5.29 Hz), Minor-anomer:      

-120.2 (d, 4JHF = 5.44 Hz). 

HRMS (ESI+): m/z = calcd: 533.2266 [M+H]+, found: 533.2266 [M+H]+. 

4-(2´,3´-O-Isopropyliden-D-ribofuranosyl)-2-amide-3-fluoropyridine 145  

 

To a solution of the nucleoside 144 (1.38 g, 2.59 mmol) in DMSO (40 mL), ground K₂CO₃ (1.42 g, 

10.3 mmol) and hydrogen peroxide (30%, 26 mL) were added. The reaction mixture was stirred 

for 1 h at room temperature and quenched with sat. aq. Na₂SO₃. Subsequently, the mixture was 

extracted three times with CH₂Cl₂ and the combined organic layers were washed with sat. aq. 

NaHCO₃ as well as sat. aq. NaCl. The organic layer was then dried over MgSO₄ and all volatiles 

were removed under reduced pressure. Purification of the crude product on silica gel with 

automated flash chromatography (petroleum ether/ethyl acetate; 2:1 to 1:1 v/v) provided 145 

(1.05 g, 72%) as a colorless solid. 

1H-NMR (300 MHz, CDCl3): δ [ppm] = α-Anomer: 8.36 (d, 3JHH = 4.81 Hz, 1H, H-6), 7.71 (dd, 4JHF = 

5.65 Hz, 3JHH = 5.62, 2H, -NH2, H-5), 7.67 – 7.62 (m, 4H, H-Ph), 7.47 – 7.34 (m, 6H, H-Ph), 5.62 (d, 

3JHH = 4.51 Hz, 1H, H-1´), 5.58 (bs, 1H, -NH2), 5.14 – 5.09 (m, 1H, H-2´), 4.93 (d, 3JHH = 5.67 Hz, 1H, 
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H-3´), 4.32 (t, 3JHH = 2.99 Hz, 1H, H-4´), 3.92 (dd, 2JHH =11.4 Hz, 3JHH = 3.24 Hz, 1H, H-5´), 3.76 (dd, 

2JHH = 11.3 Hz, 3JHH = 3.18 Hz, 1H, H-5´), 1.25 (s, 6H, C-(CH3)2), 1.08 (s, 9H, C-(CH3)3). 

HRMS (ESI+): m/z = calcd: 551.2371 [M+H]+, found: 551.2379 [M+H]+. 

4-(2´,3´-O-isopropyliden-D-ribofuranosyl)-2-amide-3-fluoropyridine 146  

 

To a solution of the nucleoside 145 (189 mg, 0.35 mmol) in THF (2.5 mL) was added TBAF (368 

µL, 0.36 mmol, 1 M solution in THF). After the reaction mixture was stirred for 1 h at room 

temperature, it was quenched with sat. aq. NaHCO₃. Subsequently, the mixture was extracted 

three times with CH₂Cl₂ and the combined organic layers were washed with sat. aq. NaHCO₃ as 

well as sat. aq. NaCl. The organic layer was then dried over MgSO₄ and all volatiles were removed 

under reduced pressure. Purification of the crude product on silica gel with automated flash 

chromatography (CH₂Cl₂/MeOH; 100:1 to 20:1 v/v) provided 146 (60 mg, 57%) as a colorless solid. 

1H-NMR (300 MHz, MeOD-d4): δ [ppm] = α-Anomer: 8.45 (d, 3JHH = 4.93 Hz, 1H, H-6), 7.72 (dd, 

4JHF = 5.28 Hz, 3JHH = 4.89, 1H, H-5), 5.51 (d, 3JHH = 4.41 Hz, 1H, H-1´), 5.17 – 5.13 (m, 1H, H-2´), 

4.94 (d, 3JHH = 6.02 Hz, 1H, H-3´), 4.33 (t, 3JHH = 4.56 Hz, 1H, H-4´), 3.94 (d, 3JHH = 4.71 Hz, 1H, H-

5´), 1.28 (s, 3H, C-(CH3)2), 1.24 (s, 3H, C-(CH3)2). 

HRMS (ESI+): m/z = calcd: 313.1193 [M+H]+, found: 313.1200 [M+H]+. 

4-(α-D-Ribofuranosyl)-2-amide-3-fluoropyridine 147  

 

To a solution of the nucleoside 146 (50 mg, 0.16 mmol) in MeOH (2 mL) was added Dowex 50W H⁺ 

form (160 mg). The reaction mixture was stirred for 1 h at 70 °C. Subsequently, the reaction 
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mixture was filtered and all volatiles were removed under reduced pressure. Purification of the 

crude product on silica gel with automated flash chromatography (H₂O/CH₃CN; 100:0 to 0:100 

v/v) provided 147 (36 mg, 79%) as a colorless solid. 

1H-NMR (600 MHz, D2O): δ [ppm] = 8.47 (d, 3JHH = 5.07 Hz, 1H, H-6), 7.81 (dd, 4JHF = 5.58 Hz, 3JHH 

= 5.07, 1H, H-5), 5.33 (d, 3JHH = 3.65 Hz, 1H, H-1´), 4.62 – 4.60 (m, 1H, H-4´), 4.40 (dd, 3JHH = 8.90 Hz, 

3JHH = 4.49 Hz, 1H, H-3´), 3.97 (dd, 2JHH = 12.5 Hz, 3JHH = 2.54 Hz, 1H, H-5´), 3.88 (dd, 2JHH = 12.5 Hz, 

3JHH = 5.15 Hz, 1H, H-5´), 4.06 (ddd, 3JHH = 8.00 Hz, 3JHH = 5.11 Hz, 3JHH = 2.50 Hz, 1H, H-4´). 

13C-NMR (150 MHz, D2O): δ [ppm] = 167.6 (d, 3JCF = 4.36 Hz, C-7), 155.3 (d, 1JCF = 264.2 Hz, C-3), 

144.9 (d, 4JCF = 5.88 Hz, C-6), 137.9 (d, 2JCF = 12.8 Hz, C-4), 136.9 (d, 2JCF = 10.4 Hz, C-2), 126.6 (d, 

3JCF = 2.57 Hz, C-5), 81.3 (C-4´), 76.8 (d, 3JCF = 2.10 Hz, C-1´), 72.2 (C-2´), 71.8 (C-3´), 61.2 (C-5´). 

19F-NMR (564 MHz, D2O): δ [ppm] = -127.2 (d, 4JHF = 4.43 Hz). 

HRMS (ESI+): m/z = calcd: 273.0880 [M+H]+, found: 273.0883 [M+H]+. 

4-(5´-O-(tert-Butyldiphenylsilyl)-1´-hydroxy-2´,3´-O-isopropyliden-2´-methyl-C-D-

ribofuranosyl)-2-cyano-3-fluoropyridine 162  

 

The reaction was carried out according to the general procedure VIII with 2-cyano-3-

fluoropyridine 141 (590 mg, 4.83 mmol) and LDA (4.88 mL, 4.88 mmol, 1 M solution in THF) in 

THF (35 mL), followed by the addition of lactone 161 (1.06 g, 2.41 mmol) in THF (5 mL). 

Purification of the crude product on silica gel with automated flash chromatography (petroleum 

ether/ethyl acetate; 10:1 to 3:1 v/v) provided 162 (580 mg, 65%) as a colorless solid, which was 

obtained as a mixture of anomers. 

1H-NMR (600 MHz, CDCl3): δ [ppm] = Major-anomer: 8.48 (d, 3JHH = 4.87 Hz, 1H, H-6), 7.85 (dd, 

4JHF = 5.96 Hz, 3JHH = 4.89, 1H, H-5), 7.72 – 7.65 (m, 4H, H-Ph), 7.51 – 7.39 (m, 6H, H-Ph), 5.15 (bs, 

1H, -OH), 4.65 (d, 3JHH = 1.73 Hz, 1H, H-3´), 4.42 – 4.40 (m, 1H, H-4´), 3.89 (dd, 2JHH = 11.6 Hz, 3JHH 
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= 3.18 Hz, 1H, H-5´), 3.75 (dd, 2JHH = 11.5 Hz, 3JHH = 2.59 Hz, 1H, H-5´), 1.64 (s, 3H, 2´-C-CH3), 1.35 

(s, 3H, C-(CH3)2), 1.29 (s, 3H, C-(CH3)2), 1.12 (s, 9H, C-(CH3)3). 

Minor-anomer: 8.44 (d, 3JHH = 4.75 Hz, 1H, H-6), 7.72 – 7.65 (m, 5H, H-5, H-Ph), 7.51 – 7.39 (m, 

6H, H-Ph), 4.77 (bs, 1H, -OH), 4.59 (d, 3JHH = 3.67 Hz, 1H, H-3´), 4.42- 4.40 (m, 1H, H-4´), 4.02 (dd, 

2JHH = 11.7 Hz, 3JHH = 3.37 Hz, 1H, H-5´), 3.95 (dd, 2JHH = 11.7 Hz, 3JHH = 3.10 Hz, 1H, H-5´), 1.69 (s, 

3H, 2´-C-CH3), 1.50 (s, 3H, C-(CH3)2), 1.19 (s, 3H, C-(CH3)2), 1.07 (s, 9H, C-(CH3)3).  

13C-NMR (150 MHz, CDCl3): δ [ppm] = Major-anomer: 159.3 (d, 1JCF = 273.1 Hz, C-3), 146.3 (d, 4JCF 

= 5.51 Hz, C-6), 137.6 (d, 2JCF = 9.93 Hz, C-4), 135.8 (2C, C-Ph), 135.7 (2C, C-Ph), 131.5 (C-Ph), 131.3 

(C-Ph), 130.6 (C-Ph), 130.5 (C-Ph), 128.31 (2C, C-Ph), 128.26 (2C, C-Ph), 127.9 (d, 3JCF = 25.5 Hz, C-

5), 123.7 (d, 2JCF = 18.46 Hz, C-2), 113.8 (C-(CH3)2), 113.6 (d, 3JCF = 3.96 Hz, -CN), 106.7 (d, 3JCF = 

3.29 Hz, C-1´), 93.9 (C-2´), 88.1 (C-3´), 85.8 (C-4´), 65.2 (C-5´), 28.3 (C-(CH3)2), 27.6 (C-(CH3)2), 27.0 

(3C, C-(CH3)3), 20.5 (d, 5JCF = 4.65 Hz, 2´-C-CH3), 19.3 (C-(CH3)3).  

Minor-anomer: 159.3 (d, 1JCF = 273.1 Hz, C-3), 147.0 (d, 4JCF = 5.59 Hz, C-6), 138.6 (d, 2JCF = 9.60 Hz, 

C-4), 135.8 (2C, C-Ph), 135.7 (2C, C-Ph), 131.5 (C-Ph), 131.3 (C-Ph), 130.6 (C-Ph), 130.5 (C-Ph), 

128.3 (2C, C-Ph), 128.26 (2C, C-Ph), 126.7 (C-5), 123.7 (d, 2JCF = 18.5 Hz, C-2), 116.7 (C-(CH3)2), 

113.6 (d, 3JCF = 3.96 Hz, -CN), 102.3 (C-1´), 93.9 (C-2´), 86.6 (C-3´), 82.1 (C-4´), 63.2 (C-5´), 27.2 (C-

(CH3)2), 27.0 (3C, C-(CH3)3), 26.0 (C-(CH3)2), 22.9 (2´-C-CH3), 19.4 (C-(CH3)3). 

19F-NMR (564 MHz, CDCl3): δ [ppm] = Major-anomer: -112.9 (d, 4JHF = 5.94 Hz), Minor-anomer:      

-116.3 (bs). 

HRMS (ESI+): m/z = calcd: 563.2371 [M+H]+, found: 563.2370 [M+H]+. 

4-(5´-O-(tert-Butyldiphenylsilyl)-1´-O-acetyl-2´,3´-O-isopropyliden-2´-C-methyl-D-

ribofuranosyl)-2-cyano-3-fluoropyridine 163  

 

The reaction was carried out according to the general procedure IX with lactol 162 (800 mg, 

1.42 mmol) and LiHMDS (2.13 mL, 2.13 mmol, 1 M solution in THF) in THF (5 mL), followed by the 



 
EXPERIMENTAL PART 

 

 

210 
 

addition of acetic anhydride (202 µL, 2.13 mmol). Purification of the crude product on silica gel 

with automated flash chromatography (petroleum ether/ethyl acetate; 10:1 to 3:1 v/v) provided 

163 (682 mg, 79%) as a colorless solid, which was obtained as a mixture of anomers. 

1H-NMR (600 MHz, CDCl3): δ [ppm] = Major-anomer: 8.48 (d, 3JHH = 4.94 Hz, 1H, H-6), 7.81 (bs, 

1H, H-5), 7.72 – 7.64 (m, 4H, H-Ph), 7.49 – 7.40 (m, 6H, H-Ph), 4.54 – 4.51 (m, 2H, H-3´, H-4´), 3.79 

(dd, 2JHH = 10.5 Hz, 3JHH = 5.25 Hz, 1H, H-5´), 3.62 (dd, 2JHH = 10.2 Hz, 3JHH = 9.48 Hz, 1H, H-5´), 1.80 

(s, 3H, H-Ac), 1.56 (s, 3H, 2´-C-CH3), 1.31 (s, 3H, C-(CH3)2), 1.10 (s, 9H, C-(CH3)3), 1.09 (s, 3H, C-

(CH3)2). 

Minor-anomer: 8.46 (d, 3JHH = 4.94 Hz, 1H, H-6), 7.72 – 7.65 (m, 5H, H-5, H-Ph), 7.49 – 7.40 (m, 

6H, H-Ph), 4.54 – 4.51 (m, 1H, H-3´), 4.41 (q, 3JHH = 3.31 Hz, 1H, H-4´), 3.98 (dd, 2JHH = 11.8 Hz, 3JHH 

= 3.83 Hz, 1H, H-5´), 3.95 (dd, 2JHH = 11.7 Hz, 3JHH = 3.21 Hz, 1H, H-5´), 2.12 (s, 3H, H-Ac), 1.71 (s, 

3H, 2´-C-CH3), 1.44 (s, 3H, C-(CH3)2), 1.07 (s, 9H, C-(CH3)3), 1.01 (s, 3H, C-(CH3)2). 

13C-NMR (150 MHz, CDCl3): δ [ppm] = Major-anomer: 168.0 (C-Ac), 157.6 (d, 1JCF = 273.1 Hz, C-3), 

146.5 (d, 4JCF = 5.36 Hz, C-6), 136.5 (d, 2JCF = 9.57 Hz, C-4), 135.8 (3C, C-Ph), 135.7 (2C, C-Ph), 133.0 

(C-Ph), 132.79 (C-Ph), 132.76 (C-Ph), 130.25 (2C, C-Ph), 130.23 (2C, C-Ph), 127.9 (d, 3JCF = 25.5 Hz, 

C-5), 123.7 (d, 2JCF = 18.5 Hz, C-2), 113.6 (C-(CH3)2), 113.3 (d, 3JCF = 4.06 Hz, -CN), 108.4 (C-1´), 93.8 

(C-2´), 88.2 (C-3´), 85.9 (C-4´), 63.6 (C-5´), 27.0 (3C, C-(CH3)3), 26.7 (C-(CH3)2), 26.6 (C-(CH3)2), 26.2 

(2´-C-CH3), 21.3 (C-Ac), 19.4 (C-(CH3)3).  

Minor-anomer: 168.8 (C-Ac), 157.6 (d, 1JCF = 273.1 Hz, C-3), 146.8 (d, 4JCF = 5.28 Hz, C-6), 136.5 (d, 

2JCF = 9.57 Hz, C-4), 135.8 (3C, C-Ph), 135.7 (2C, C-Ph), 133.0 (C-Ph), 132.79 (C-Ph), 132.76 (C-Ph), 

130.25 (2C, C-Ph), 130.23 (2C, C-Ph), 127.9 (d, 3JCF = 25.5 Hz, C-5), 123.7 (d, 2JCF = 18.5 Hz, C-2), 

113.6 (C-(CH3)2), 113.3 (d, 3JCF = 4.06 Hz, -CN), 108.4 (C-1´), 91.3 (C-2´), 85.6 (C-3´), 83.5 (C-4´), 

63.2 (C-5´), 27.0 (3C, C-(CH3)3), 26.3 (C-(CH3)2), 22.8 (C-(CH3)2), 21.3 (2C, C-Ac, 2´-C-CH3), 19.4 (C-

(CH3)3). 

19F-NMR (564 MHz, CDCl3): δ [ppm] = Major-anomer: -118.6 (d, 4JHF = 5.94 Hz), Minor-anomer:     

-117.3 (bs). 

HRMS (ESI+): m/z = calcd: 605.2477 [M+H]+, found: 605.2495 [M+H]+. 
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4-(5´-O-(tert-Butyldiphenylsilyl)-1´-O-acetyl-2´,3´-O-isopropyliden-2´-C-methyl-D-

ribofuranosyl)-2-cyano-3-fluoropyridine 165  

 

The acetylated lactone 163 (2.50 g, 4.13 mmol) was dissolved in CH₂Cl₂ (50 mL) before Et₃SiH 

(15.8 mL, 99.2 mmol) and BF₃∙Et₂O (1.05 mL, 8.26 mmol) were added. After 1 h, TLC analysis 

showed nearly no conversion. Therefore, a second portion of BF₃∙Et₂O (1.05 mL, 8.26 mmol) was 

added, and the reaction mixture was stirred overnight at room temperature. The reaction was 

quenched by the addition of aq. NaHCO₃. Subsequently, the mixture was extracted three times 

with CH₂Cl₂ and the combined organic layers were washed with sat. aq. NaHCO₃ as well as sat. 

aq. NaCl. The organic layer was then dried over MgSO₄ and all volatiles were removed under 

reduced pressure. Purification of the crude product on silica gel with automated flash 

chromatography (petroleum ether/ethyl acetate; 95:5 to 85:15 v/v) provided the α-anomer 164 

(852 mg, 38%) and the β-anomer 165 (955 mg, 42%) as colorless solids. 

1H-NMR (600 MHz, CDCl3): δ [ppm] = β-Anomer: 8.45 (d, 3JHH = 4.85 Hz, 1H, H-6), 7.72 (dd, 3JHH = 

8.28 Hz, 4JHH = 1.41 Hz, 2H, H-Ph), 7.69 (dd, 3JHH = 8.26 Hz, 4JHH = 1.42 Hz, 2H, H-Ph), 7.57 (dd, 4JHF 

= 5.21 Hz, 3JHH = 5.05 Hz, 1H, H-5), 7.49 – 7.32 (m, 6H, H-Ph), 5.16 (s, 1H, H-1´), 4.46 (d, 3JHH = 

2.52 Hz, 1H, H-3´), 4.27 (q, 3JHH = 3.87 Hz, 1H, H-4´), 3.92 (d, 3JHH = 4.07 Hz, 2H, H-5´), 1.64 (s, 3H, 

C-(CH3)2), 1.42 (s, 3H, C-(CH3)2), 1.09 (s, 9H, C-(CH3)3), 1.00 (s, 3H, 2´-C-CH3).  

α-Anomer: 8.52 (d, 3JHH = 4.73 Hz, 1H, H-6), 7.76 (dd, 4JHF = 5.25 Hz, 3JHH = 5.17 Hz, 1H, H-5), 7.67 

– 7.65 (m, 4H, H-Ph), 7.47 – 7.37 (m, 6H, H-Ph), 5.25 (s, 1H, H-1´), 4.66 (d, 3JHH = 1.01 Hz, 1H, H-

3´), 4.33 (dt, 3JHH = 4.37 Hz, 3JHH = 1.06 Hz, 1H, H-4´), 3.86 (dd, 3JHH = 11.6 Hz, 3JHH = 4.77 Hz, 1H, 

H-5´), 3.81 (dd, 3JHH = 11.2 Hz, 3JHH = 4.17 Hz, 1H, H-5´), 1.56 (d, 4JHH = 1.70 Hz, 3H, 2´-C-CH3), 1.34 

(s, 3H, C-(CH3)2), 1.30 (s, 3H, C-(CH3)2), 1.10 (s, 9H, C-(CH3)3). 

13C-NMR (150 MHz, CDCl3): δ [ppm] = β-Anomer: 158.8 (d, 1JCF = 268.0 Hz, C-3), 146.6 (d, 4JCF = 

5.41 Hz, C-6), 136.5 (d, 2JCF = 11.0 Hz, C-4), 135.8 (2C, C-Ph), 132.8 (C-Ph), 132.7 (C-Ph), 130.18 

(2C, C-Ph), 130.16 (2C, C-Ph), 128.2 (d, 3JCF = 2.70 Hz, C-5), 128.04 (2C, C-Ph), 128.01 (2C, C-Ph), 
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122.2 (d, 2JCF = 16.0 Hz, C-2), 113.4 (C-(CH3)2), 113.3 (d, 3JCF = 4.54 Hz, -CN), 90.9 (C-2´), 89.2 (C-

3´), 85.1 (C-4´), 81.5 (C-1´), 65.1 (C-5´), 27.5 (C-(CH3)2), 27.2 (C-(CH3)2), 27.0 (3C, C-(CH3)3), 22.9 (d, 

3JCF = 4.02 Hz, 2´-C-CH3), 19.3 (C-(CH3)3). 

α-Anomer: 158.0 (d, 1JCF = 271.4 Hz, C-3), 146.9 (d, 4JCF = 5.44 Hz, C-6), 136.4 (d, 2JCF = 11.9 Hz, C-

4), 135.77 (2C, C-Ph), 135.76 (2C, C-Ph), 133.2 (C-Ph), 133.1 (C-Ph), 130.15 (2C, C-Ph), 130.12 (2C, 

C-Ph), 128.0 (2C, C-Ph), 126.6 (d, 3JCF = 2.56 Hz, C-5), 122.2 (d, 2JCF = 16.0 Hz, C-2), 114.9 (C-(CH3)2), 

113.1 (d, 3JCF = 4.35 Hz, -CN), 89.5 (C-2´), 87.1 (C-3´), 83.8 (C-4´), 81.2 (C-1´), 63.8 (C-5´), 28.3 (C-

(CH3)2), 27.0 (3C, C-(CH3)3), 26.8 (C-(CH3)2), 20.3 (2´-C-CH3), 19.4 (C-(CH3)3). 

19F-NMR (564 MHz, CDCl3): δ [ppm] = β-anomer: -118.1 (d, 4JHF = 5.87 Hz), α-anomer: -120.5 (d, 

4JHF = 3.79 Hz). 

HRMS (ESI+): m/z = calcd: 547.2422 [M+H]+, found: 547.2426 [M+H]+. 

4-(5´-O-(tert-Butyldiphenylsilyl)-2´,3´-O-isopropyliden-2´-C-methyl-β-D-ribofuranosyl)-2-

amide-3-fluoropyridine 167  

 

To a solution of the nucleoside 165 (426 mg, 0.78 mmol) in DMSO (12 mL), ground K₂CO₃ (429 mg, 

3.11 mmol) and hydrogen peroxide (30%, 8 mL) were added. The reaction mixture was stirred for 

1 h at room temperature and quenched with sat. aq. Na₂SO₃. Subsequently, the mixture was 

extracted three times with CH₂Cl₂ and the combined organic layers were washed with sat. aq. 

NaHCO₃ as well as sat. aq. NaCl. The organic layer was then dried over MgSO₄ and all volatiles 

were removed under reduced pressure. Purification of the crude product on silica gel with 

automated flash chromatography (petroleum ether/ethyl acetate; 2:1 to 1:1 v/v) provided 167 

(258 mg, 71%) as a colorless solid. 

1H-NMR (600 MHz, CDCl3): δ [ppm] = β-Anomer: 8.32 (d, 3JHH = 4.75 Hz, 1H, H-6), 7.74 (dd, 3JHH = 

8.24 Hz, 4JHH = 1.34 Hz, 2H, H-Ph), 7.70 (dd, 3JHH = 8.13 Hz, 4JHH = 1.37 Hz, 2H, H-Ph), 7.67 (bs, 1H, 

-NH2), 7.56 (dd, 4JHF = 5.56 Hz, 3JHH = 4.49 Hz, 1H, H-5), 7.48 – 7.45 (m, 2H, H-Ph), 7.44 – 7.40 (m, 
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4H, H-Ph), 5.76 (bs, 1H, -NH2), 5.24 (s, 1H, H-1´), 4.45 (d, 3JHH = 2.63 Hz, 1H, H-3´), 4.26 (q, 3JHH = 

3.93 Hz, 1H, H-4´), 3.92 (dd, 3JHH = 4.07 Hz, 4JHH = 1.42 Hz, 2H, H-5´), 1.63 (s, 3H, C-(CH3)2), 1.39 (s, 

3H, C-(CH3)2), 1.09 (s, 9H, C-(CH3)3), 1.01 (s, 3H, 2´-C-CH3). 

13C-NMR (150 MHz, CDCl3): δ [ppm] = β-Anomer: 164.5 (d, 3JCF = 5.56 Hz, C-7), 157.1 (d, 1JCF = 

275.0 Hz, C-3), 143.7 (d, 4JCF = 5.61 Hz, C-6), 137.8 (d, 2JCF = 12.47 Hz, C-4), 136.8 (d, 2JCF = 4.23 Hz, 

C-2), 135.8 (4C, C-Ph), 133.2 (C-Ph), 133.1 (C-Ph), 130.10 (2C, C-Ph), 130.07 (2C, C-Ph), 128.0 (2C, 

C-Ph), 126.3 (d, 3JCF = 1.78 Hz, C-5), 114.8 (C-(CH3)2), 89.6 (C-2´), 87.2 (C-3´), 83.6 (C-4´), 81.4 (C-

1´), 63.9 (C-5´), 28.4 (C-(CH3)2), 27.0 (3C, C-(CH3)3), 26.9 (C-(CH3)2), 20.5 (2´-C-CH3), 19.4 (C-(CH3)3). 

19F-NMR (564 MHz, CDCl3): δ [ppm] = β-anomer: -121.5 (s).  

HRMS (ESI+): m/z = calcd: 565.2528 [M+H]+, found: 565.2528 [M+H]+. 

4-(5´-O-(tert-Butyldiphenylsilyl)-2´,3´-O-isopropyliden-2´-C-methyl-α-D-ribofuranosyl)-2-

amide-3-fluoropyridine 166  

The α-anomer was synthesized in the same way as the β-anomer: Using nucleoside 164 (450 mg, 

0.83 mmol) in DMSO (7 mL), together with K₂CO₃ (454 mg, 3.29 mmol) and hydrogen peroxide 

(30%, 7 mL), provided 166 (330 mg, 57%) as a colorless solid. 

1H-NMR (300 MHz, CDCl3): δ [ppm] = α-Anomer: 8.37 (d, 3JHH = 4.53 Hz, 1H, H-6), 7.74 – 7.65 (m, 

6H, H-5, -NH2 H-Ph), 7.47 – 7.33 (m, 6H, H-Ph), 6.14 (bs, 1H, -NH2), 5.53 (s, 1H, H-1´), 4.67 (d, 3JHH 

= 0.79 Hz, 1H, H-3´), 4.26 (t, 3JHH = 4.70 Hz, 1H, H-4´), 3.85 (dd, 2JHH =11.1 Hz, 3JHH = 4.62 Hz, 1H, 

H-5´), 3.79 (dd, 2JHH = 11.3 Hz, 3JHH = 4.20 Hz, 1H, H-5´), 1.58 (d, 4JHH = 1.75 Hz, 3H, 2´-C-CH3), 1.34 

(s, 6H, C-(CH3)2), 1.09 (s, 9H, C-(CH3)3). 

4-(2´,3´-O-Isopropyliden-2´-C-methyl-β-D-ribofuranosyl)-2-amide-3-fluoropyridine 169  

 

To a solution of the nucleoside 167 (750 mg, 1.32 mmol) in THF (15 mL) was added TBAF (1.46 

mL, 1.46 mmol, 1 M solution in THF). After the reaction mixture was stirred for 1 h at room 
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temperature, it was quenched with sat. aq. NaHCO₃. Subsequently, the mixture was extracted 

three times with CH₂Cl₂ and the combined organic layers were washed with sat. aq. NaHCO₃ as 

well as sat. aq. NaCl. The organic layer was then dried over MgSO₄ and all volatiles were removed 

under reduced pressure. Purification of the crude product on silica gel with automated flash 

chromatography (CH₂Cl₂/MeOH; 100:1 to 20:1 v/v) provided 169 (431 mg, 99%) as a colorless 

solid. 

1H-NMR (600 MHz, CDCl3): δ [ppm] = β-Anomer: 8.35 (d, 3JHH = 4.80 Hz, 1H, H-6), 7.66 (dd, 4JHF = 

4.41 Hz, 3JHH = 4.21 Hz, 2H, -NH2, H-5), 6.15 (bs, 1H, -NH2), 5.24 (s, 1H, H-1´), 4.39 (d, 3JHH = 2.81 

Hz, 1H, H-3´), 4.26 (q, 3JHH = 3.64 Hz, 1H, H-4´), 3.94 (dd, 2JHH = 12.0 Hz, 3JHH = 1.42 Hz, 1H, H-5´), 

3.84 (dd, 2JHH = 12.0 Hz, 3JHH = 4.59 Hz, 1H, H-5´), 1.62 (s, 3H, C-(CH3)2), 1.38 (s, 3H, C-(CH3)2), 1.06 

(s, 3H, 2´-C-CH3). 

13C-NMR (150 MHz, CDCl3): δ [ppm] = β-Anomer: 164.5 (d,3JCF = 5.39 Hz, C-7), 157.0 (d, 1JCF = 

273.1 Hz, C-3), 144.0 (d, 4JCF = 6.28 Hz, C-6), 137.1 (d, 2JCF = 12.8 Hz, C-4), 136.9 (d, 2JCF = 4.54 Hz, 

C-2), 126.4 (d, 3JCF = 2.13 Hz, C-5), 114.9 (C-(CH3)2), 89.7 (C-2´), 87.3 (C-3´), 83.7 (C-4´), 81.8 (C-1´), 

62.8 (C-5´), 28.3 (C-(CH3)2), 26.8 (C-(CH3)2), 20.1 (2´-C-CH3). 

19F-NMR (564 MHz, CDCl3): δ [ppm] = β-anomer: -121.9 (d, 4JHF = 5.00 Hz). 

HRMS (ESI+): m/z = calcd: 327.1350 [M+H]+, found: 327.1356 [M+H]+. 

4-(2´,3´-O-isopropyliden-2´-C-methyl-α-D-ribofuranosyl)-2-amide-3-fluoropyridine 168  

The α-anomer was synthesized in the same way as the β-anomer: Using nucleoside 166 (300 mg, 

0.53 mmol) in THF (7 mL), together with TBAF (584 µL, 0.58 mmol, 1 M solution in THF), provided 

168 (172 mg, 99%) as a colorless solid. 

1H-NMR (300 MHz, CDCl3): δ [ppm] = α-Anomer: 8.35 (d, 3JHH = 4.68 Hz, 1H, H-6), 7.72 (dd, 4JHF = 

4.52 Hz, 3JHH = 4.72 Hz, 2H, -NH2, H-5), 5.98 (bs, 1H, -NH2), 5.30 (s, 1H, H-1´), 4.50 (d, 3JHH = 0.71 

Hz, 1H, H-3´), 4.39 (t, 3JHH = 5.21 Hz, 1H, H-4´), 3.94 (dd, 2JHH = 12.0 Hz, 3JHH = 1.42 Hz, 1H, H-5´), 

3.81 (d, 3JHH = 5.36 Hz, 2H, H-5´), 1.68 (d, 4JHH = 1.80 Hz, 3H, 2´-C-CH3), 1.32 (s, 3H, C-(CH3)2), 1.28 

(s, 3H, C-(CH3)2). 
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4-(2´-C-Methyl-β-D-ribofuranosyl)-2-amide-3-fluoropyridine 171  

 

To a solution of the nucleoside 169 (380 mg, 1.16 mmol) in MeOH (10 mL) was added Dowex 

50W H⁺ form (2.00 g). The reaction mixture was stirred for 1 h at 70 °C. Subsequently, the 

reaction mixture was filtered and all volatiles were removed under reduced pressure. Purification 

of the crude product on silica gel with automated flash chromatography (H₂O/CH₃CN; 100:0 to 

0:100 v/v) provided 170 (283 mg, 85%) as a colorless solid. 

1H-NMR (600 MHz, D2O): δ [ppm] = β-Anomer: 8.46 (d, 3JHH = 4.83 Hz, 1H, H-6), 7.83 (dd, 4JHF = 

5.15 Hz, 3JHH = 5.15 Hz, 1H, H-5), 5.32 (s, 1H, H-1´), 4.06 (ddd, 3JHH = 7.97 Hz, 3JHH = 5.17 Hz, 3JHH = 

2.80 Hz, 1H, H-4´), 4.02 (dd, 2JHH = 12.7 Hz, 3JHH = 2.77 Hz, 1H, H-5´), 3.88 (dd, 2JHH = 12.6 Hz, 3JHH 

= 5.53 Hz, 1H, H-5´), 4.39 (d, 3JHH = 7.73 Hz, 1H, H-3´), 0.98 (s, 3H, 2´-C-CH3). 

13C-NMR (150 MHz, D2O): δ [ppm] = β-Anomer: 167.6 (d, 3JCF = 4.32 Hz, C-7), 155.6 (d, 1JCF = 

265.0 Hz, C-3), 144.1 (d, 4JCF = 5.92 Hz, C-6), 138.0 (d, 2JCF = 12.1 Hz, C-4), 137.6 (d, 2JCF = 10.5 Hz, 

C-2), 126.4 (d, 3JCF = 2.21 Hz, C-5), 82.4 (C-4´), 81.0 (C-1´), 78.8 (C-2´), 74.5 (C-3´), 61.0 (C-5´), 20.3 

(2´-C-CH3). 

19F-NMR (564 MHz, D2O): δ [ppm] = β-anomer: -126.1 (d, 4JHF = 5.29 Hz). 

HRMS (ESI+): m/z = calcd: 287.1037 [M+H]+, found: 287.1035 [M+H]+. 

4-(2´-C-Methyl-α-D-ribofuranosyl)-2-amide-3-fluoropyridine 170  

The α-anomer was synthesized in the same way as the β-anomer: Using nucleoside 168 (130 mg, 

0.40 mmol) in MeOH (4 mL), along with Dowex 50W (1.00 g) provided 170 (92 mg, 95%) as a 

colorless solid. 

1H-NMR (300 MHz, D2O): δ [ppm] = α-Anomer: 8.49 (d, 3JHH = 4.92 Hz, 1H, H-6), 7.81 (dd, 4JHF = 

5.02 Hz, 3JHH = 5.02 Hz, 1H, H-5), 5.42 (s, 1H, H-1´), 4.20 (ddd, 3JHH = 9.09 Hz, 3JHH = 4.46 Hz, 3JHH = 
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2.23 Hz, 1H, H-4´), 4.15 (d, 3JHH = 8.86 Hz, 1H, H-3´), 4.02 (dd, 2JHH = 12.7 Hz, 3JHH = 2.23 Hz, 1H, H-

5´), 3.88 (dd, 2JHH = 12.5 Hz, 3JHH = 4.48 Hz, 1H, H-5´), 1.38 (d, 3JHH = 2.80 Hz, 3H, 2´-C-CH3). 

4-(2´-C-Methyl-β-D-ribofuranosyl)-2-amide-3-fluoropyridine-5´-triphosphate 172  

 

The reaction was carried out according to the general procedure VI with nucleoside 171 (25 mg, 

0.09 mmol), proton sponge (38 mg, 0.17 mmol) and POCl₃ (32 µL, 0.35 mmol) in trimethyl 

phosphate (1 mL) for 15 min, followed by the addition of tributylammonium pyrophosphate 

(119 mg, 0.22 mmol) and tributylamine (144 µL, 0.52 mmol) in CH₃CN (1 mL) for 30 min. 

Purification by ion-exchange chromatography using a DEAE-Sephadex® A-25 column (H₂O/1 M 

TEAB; 100:0 to 0:100 v/v) and RP18 flash column chromatography (H₂O/CH₃CN; 100:0 to 0:100 

v/v) provided the triethylammonium salt of 172 (31 mg, 42%) as a colorless solid. 

1H-NMR (600 MHz, D2O): δ [ppm] = 8.52 (d, 3JHF = 4.92 Hz, 1H, H-6), 7.98 (dd, 4JHF = 6.01 Hz, 3JHH 

= 4.98 Hz, 1H, H-5), 5.38 (s, 1H, H-1´), 4.41 (ddd, 2JHH = 11.8 Hz, 3JHH = 5.31 Hz, 4JHH = 2.65 Hz, 1H, 

H-5´), 4.32 (ddd, 2JHH = 11.9 Hz, 3JHH = 6.25 Hz, 4JHH = 3.95 Hz, 1H, H-5´), 4.22 – 4.18 (m, 1H, H-4´), 

4.01 (d, 3JHH = 8.17 Hz, 1H, H-3´), 3.20 (q, 3JHH = 7.32 Hz, 18H, H-b), 1.28 (t, 3JHH = 7.38 Hz, 27H, H-

a), 1.02 (s, 3H, 2´-C-CH3). 

31P-NMR (121 MHz, D2O): δ [ppm] = -6.61 (d, 2JPP = 21.2 Hz, P-α), -11.5 (d, 2JPP = 20.0 Hz, P-γ),          

-22.6 (t, 2JPP = 20.5 Hz, P-β). 

19F-NMR (564 MHz, D2O): δ [ppm] = -126.6 (m). 

HRMS (MALDI-): m/z = calcd: 525.9955 [M-H]-, found: 525.0065 [M-H]-. 

 

 



 
EXPERIMENTAL PART 

 

 

217 
 

4-(3´,5´-O-(1,1,3,3-Tetraisopropyldisiloxane-1,3-diyl)-2´-deoxy-2´-fluoro-1´-hydroxy-2´-C-

methyl-D-ribofuranosyl)-2-cyano-3-fluoropyridine 175 

 

The reaction was carried out according to the general procedure VIII with 2-cyano-3-

fluoropyridine 141 (2.10 g, 17.2 mmol) and LDA (17.4 mL, 17.4 mmol, 1 M solution in THF) in THF 

(50 mL), followed by the addition of lactone 174 (3.49 g, 8.60 mmol) in THF (12 mL). Purification 

of the crude product on silica gel with automated flash chromatography (petroleum ether/ethyl 

acetate; 10:1 to 4:1 v/v) provided 175 (2.10 g, 46%) as a colorless solid, which was obtained as a 

mixture of anomers. 

1H-NMR (600 MHz, CDCl3): δ [ppm] = Major-anomer: 8.53 (d, 3JHH = 4.78 Hz, 1H, H-6), 7.76 (dd, 

4JHF = 5.96 Hz, 3JHH = 4.99 Hz, 1H, H-5), 4.49 (dd, 3JHF = 24.9 Hz, 3JHH = 8.99 Hz, 1H, H-3´), 4.22 (ddt, 

3JHH = 9.14 Hz, 3JHH = 1.96 Hz, 4JHF = 1.14 Hz, 1H, H-4´), 4.00 (dd, 2JHH = 13.2 Hz, 3JHH = 2.32 Hz, 1H, 

H-5), 3.93 (dd, 2JHH = 13.2 Hz, 3JHH = 2.65 Hz, 1H, H-5), 1.49 (d, 3JHF = 22.3 Hz, 3H, 2´-C-CH3), 1.11 – 

1.03 (m, 28H, H-Isopropyl). 

Minor-anomer: 8.50 (d, 3JHH = 4.79 Hz, 1H, H-6), 7.76 (dd, 4JHF = 6.03 Hz, 3JHH = 4.83 Hz, 1H, H-5), 

4.45 (dd, 3JHF = 24.8 Hz, 3JHH = 11.6 Hz, 1H, H-3´), 4.22 (ddt, 3JHH = 9.14 Hz, 3JHH = 1.96 Hz, 4JHF = 

1.14 Hz, 1H, H-4´), 4.02 (dd, 2JHH = 12.5 Hz, 3JHH = 2.60 Hz, 1H, H-5), 3.93 (dd, 2JHH = 13.2 Hz, 3JHH = 

2.65 Hz, 1H, H-5), 1.36 (d, 3JHF = 23.2 Hz, 3H, 2´-C-CH3), 1.03 – 0.98 (m, 28H, H-Isopropyl). 

13C-NMR (150 MHz, CDCl3): δ [ppm] = Major-anomer: 159.7 (d, 1JCF = 274.9 Hz, C-3), 146.6 (d, 4JCF 

= 6.10 Hz, C-6), 136.8 (d, 2JCF = 8.79 Hz, C-4), 128.2 (C-5), 124.1 (d, 2JCF = 18.3 Hz, C-2), 113.6 (d, 

3JCF = 3.71 Hz, -CN), 103.3 (dd, 2JCF = 27.7 Hz, 3JCF = 3.34 Hz, C-1´), 101.5 (d, 1JCF = 188.5 Hz, C-2´), 

81.2 (C-4´), 72.9 (d, 2JCF = 17.0 Hz, C-3´), 60.8 (C-5´), 17.6 – 17.0 (m), 14.0, 13.2, 12.8, 12.7 (13C, 

2´-C-CH3, C-Isopropyl). 

19F-NMR (564 MHz, CDCl3): δ [ppm] = Major-anomer:  -115.2 (d, 4JHF = 5.70 Hz), -173.5 (m); Minor-

anomer: -112.0 (d, 4JHF = 5.15 Hz), -173.5 (m). 
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HRMS (ESI+): m/z = calcd: 529.2359 [M+H]+, found: 529.2353 [M+H]+. 

4-(3´,5´-O-(1,1,3,3-Tetraisopropyldisiloxane-1,3-diyl)-2´-deoxy-2´-fluoro-2´-C-methyl-1´-O-

acetyl-D-ribofuranosyl)-2-cyano-3-fluoropyridine 176 

 

 

The reaction was carried out according to the general procedure IX with lactol 175 (1.95 g, 

3.69 mmol) and LiHMDS (5.53 mL, 5.53 mmol, 1 M solution in THF), followed by the addition of 

acetic anhydride (523 µL, 5.53 mmol). Purification of the crude product on silica gel with 

automated flash chromatography (petroleum ether/ethyl acetate; 10:1 to 3:1 v/v) provided 176 

(1.43 g, 68%) as a colorless solid, which was obtained as a mixture of anomers. 

1H-NMR (600 MHz, CDCl3): δ [ppm] = Major-anomer: 8.50 (d, 3JHH = 4.86 Hz, 1H, H-6), 8.19 (dd, 

4JHF = 6.30 Hz, 3JHH = 4.99 Hz, 1H, H-5), 4.38 (dd, 3JHH = 9.05 Hz, 3JHH = 1.09 Hz, 1H, H-4´), 4.33 (dd, 

2JHH = 13.6 Hz, 3JHH = 0.74 Hz, 1H, H-5´), 4.04 (dd, 2JHH = 13.2 Hz, 3JHH = 2.65 Hz, 1H, H-5´), 3.98 (dd, 

3JHF = 23.3 Hz, 3JHH = 9.09 Hz, 1H, H-3´), 2.17 (s, 3H, H-Ac), 1.29 (d, 3JHF = 22.4 Hz, 3H, 2´-C-CH3), 

1.13 – 0.99 (m, 28H, H-Isopropyl). 

Minor-anomer: 8.55 (d, 3JHH = 4.98 Hz, 1H, H-6), 7.76 (dd, 4JHF = 7.13 Hz, 3JHH = 4.87 Hz, 1H, H-5), 

4.54 (dd, 3JHF = 25.8 Hz, 3JHH = 8.65 Hz, 1H, H-3´), 4.38 (dd, 3JHH = 9.05 Hz, 3JHH = 1.09 Hz, 1H, H-4´), 

4.09 (dd, 2JHH = 13.2 Hz, 3JHH = 3.19 Hz, 1H, H-5´), 4.04 (dd, 2JHH = 13.2 Hz, 3JHH = 2.65 Hz, 1H, H-5´), 

1.56 (d, 3JHF = 22.3 Hz, 3H, 2´-C-CH3), 1.03 – 0.98 (m, 28H, H-Isopropyl). 

13C-NMR (150 MHz, CDCl3): δ [ppm] = Major-anomer: 168.7 (C-Ac), 157.1 (d, 1JCF = 270.4 Hz, C-3), 

147.6 (d, 4JCF = 5.74 Hz, C-6), 137.8 (d, 2JCF = 9.15 Hz, C-4), 127.5 (C-5), 123.3 (d, 2JCF = 17.7 Hz, C-

2), 112.8 (d, 3JCF = 3.85 Hz, -CN), 103.4 (dd, 2JCF = 15.7 Hz, 3JCF = 2.74 Hz, C-1´), 99.7 (d, 1JCF = 

206.2 Hz, C-2´), 82.5 (3JCF = 2.35 Hz, C-4´), 71.0 (d, 2JCF = 17.7 Hz, C-3´), 59.5 (C-5´), 21.1 (C-Ac), 

17.4 – 16.8 (m), 13.6, 13.0, 12.9, 12.6 (13C, 2´-C-CH3, C-Isopropyl). 
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19F-NMR (564 MHz, CDCl3): δ [ppm] = Major-anomer:  -118.4 (d, 4JHF = 6.04 Hz); Minor-anomer: -

119.0 (d, 4JHF = 5.38 Hz). 

HRMS (ESI+): m/z = calcd: 571.2465 [M+H]+, found: 571.2464 [M+H]+. 
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7. Hazardous substance register 

Compounds GHS pictogram H-statements P-statements 

 

1,1‘-Carbonyl-

imidazole 
 

302‐314 

 

280‐305+351+338‐

310 

2-Cyano-3-

fluoropyridine  
301+311+331-315-

319 

501-261-264-270-

271-280-337+313-

305+351+338-

361+364-332+313-

301+310+330-

302+352+312-

304+340+311-

403+233-405 

3-Fluoropyridine 
 

225-315-319 

210-233-240-241-

242-243-264-280-

370+378-337+313-

305+351+338-

303+361+353-

332+313-362-

403+235-501 

4-Hydroxy-

benzaldehyde  
315-319 

264-280-302+352-

337+313-362+364-

332+313 

4-Hydroxybenzyl- 

alcohol  
315-319 

264-280-302+352-

337+313-362+364-

332+313 

5-Phenyl-1H-tetrazol 
 

302-315-319-335 

210-240-241-264-

270-280-301+312-

330-374-501 

9-Fluorenylmethanol 
 

302-315-319-335 261-305-351-338 

Acetic acid 

  
226-314 

210-233-240-280-

303+361+353-

305+351+338 

Acetic anhydride 
 

226‐302‐331‐314‐

335 

210‐260‐280‐

303+361+353‐

305+351+338‐312 

Acetone 
 

225-319-336 
210-233-240-241-

242-305+351+338 
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Acetonitrile 
 

225-302+312+332-

319 

210-280-301+312-

302+352-304+340-

305+351+338 

Acetyl chloride  
 

225-302-314-335-

412 

210-233-240-241-

242-243-260-261-

264-270-271-273-

280-301+330+331-

303+361+353-

304+340-

305+351+338-310-

312-321-330-363-

370+378-403+233-

403+235-405-501 

Azobisisobutyronitrile 
 

242-302-332-412 

210-220-234-261-

264-270-271-273-

280-301+312-

304+312-304+340-

312-330-370+378-

403+235-411-420-

501 

Ammonia solution 

25%  
314-335-410 

261-271-273-280-

303+361+353-

305+351+338 

7 M Ammonia in 

MeOH 

 

225-301+311+331-

314-370-410 

210-273-280-

303+361+353-

304+340+310-

305+351+338 

Ammonium 

bicarbonate  
302 

264-301+330+331-

312 

Ammonium chloride 
 

319-302 
270-280-

305+351+338 

Ammonium sulfate 
 

315-319-335 

261-264-270-271-

273-280-301+312-

302+352-304+340-

305+351+338-312-

321-330-332+313-

337+313-362-391-

403+233-405-501 
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Boron trichloride 1 M 

solution in 

dichloromethane 
 

314-336-351-

301+331 

304+340-280-

301+330+331-

305+351+338-310-

303+361+353 

Benzoyl chloride 
 

331-302+312-314-

317 

261-280-

303+361+353-

304+340+310-

305+351+338+310-

403+233 

Boron trifluoride 

diethyl etherate, 

approx. 48% 
 

226-310-332-372 

210-280-

303+361+353-

304+340-

305+351+338-310 

Bromotrichloro-

methane  

302+312+332-315-

319-335 

261-280-301+312-

302+352-

305+351+338-

337+313 

Cerium(III) chloride  
 

315-318-319-335-

410 

261-264-271-273-

280-302+352-

304+340-

305+351+338-310-

312-321-332+313-

337+313-362-391-

403+233-405-501 

Chloroform  
 

302-331-315-319-

351-361-336-372-

412 

201-273-

301+312+330-

302+352-

304+340+311-

308+313 

Cyclopropyl 

magnesium bromide 

0.5 M solution in THF 
 

302-314-335-336-

351 

210-231+232-280-

301+330+331-

303+361+353-

305+351+338-310 

Decanoyl chloride  
 

290-314 

280-390-

303+361+353-

301+330+331-

304+340+310-

305+351+338+310 



 
HAZARDOUS SUBSTANCE REGISTER 

 

 

 

245 
 

Dess-Martin 

periodane  
272-315-319-335 

210-220-261-264-

302+352-

305+351+338 

Dichloromethane  
 

315-319-335-336-

351-373 

261-281-

305+351+338 

Diazabicycloundecene 
 

301-302-312-314-

412 

260-264-270-273-

280-301+310-

301+312-

301+330+331-

302+352-

303+361+353-

304+340-

305+351+338-310-

312-321-322-330-

363-405-501 

Diethylaminosulfur 

trifluoride  

226-302-312-314-

332 

210-233-240-241-

242-243-260-261-

264-270-271-280-

301+312-

301+330+331-

302+352-

303+361+353-

304+312-304+340-

305+351+338-310-

312-321-322-330-

363-370+378-

403+235-405-501 

Diethyl ether 
 

224-302-336 

210-233-240-241-

242-243-261-264-

270-271-280-

301+312-

303+361+353-

304+340-312-330-

370+378-403+233-

403+235-405-501 
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Dimethyl sulfoxide  
This substance is not classified as dangerous according to 

directive 67/548/EWG. 

Diphenyl phosphite 
 

302-314-360-370-

372-340 

260-201-280-

308+311-

303+361+353-

304+340+310-

305+351+338+310 

Ethyl acetate 
 

225-319-336 

210-233-240-

305+351+338-

403+235 

Ethyl bromopyruvate 
 

315-319-335 
302+352-

305+351+338-

304+340-312-280 

Hydrogen  
 

220-280 210-377-381-403 

Hydrogen peroxide 

(30% in water)  
318-412 273-280-

305+351+338-501 

Imidazole 
 

302-314-360 

263-270-280-

301+310-

305+351+338-

308+313 

Iodine 
 

312-315-319-332-

335-372-400 

261-273-280-305-

314-338-251 

Lawesson's reagent 
 

261-302-312-332 

231+323-261-264-

270-271-280-

301+312-302+352-

304+312-304+340-

312-322-330-363-

370-378-402+404-

501 
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L-Alanine 2-ethylbutyl 

ester hydrochloride 

This substance is not classified as dangerous according to 

directive 67/548/EWG. 

L-Alanine Methyl Ester 

Hydrochloride 
This substance is not classified as dangerous according to 

directive 67/548/EWG. 

L-Cysteine methyl 

ester hydrochloride 

This substance is not classified as dangerous according to 

directive 67/548/EWG. 

Lithium 

diisopropylamide 1 M 

solution in THF  
 

225-250-304-314-

335-336-351-361-

372-411 

210-280-

301+330+331-

303+361+353-

304+340+310-

305+351+338-

370+378 

Lithium 

bis(trimethylsilyl) 

amide 1 M solution in 

THF  

225-304-314-335-

336-351 

210-280-

301+330+331-

303+361+353-

305+351+338-310 

Lithium tri-tert-

butoxyaluminum 

hydride 
 

260-314 
223-231-232-260-

280-303+361+353-

305+351+338 

2,6-Lutidine 
 

226-302-315-319 210-260-302+352-

305+351+338 

Magnesium sulfate This substance is not classified as dangerous according to 

directive 67/548/EWG. 
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meta-

Chloroperoxybenzoic 

acid 
 

226-314-335 

210-220-233-234-

240-241-242-243-

260-261-264-271-

272-280-

301+330+331-

302+352-

303+361+353-

304+340-

305+351+338-310-

312-321-332+313-

333+313-337+313-

362-363-370+378-

403+233-403+235-

405-411-420-501 

Methanol 
 

225-301-302-305-

311-331-370 

210-280-233-

301+310-

303+361+353-

304+340+311 

Methylboronic acid  
 

315-319 

264-280-302+352-

337+313-362+364-

332+313 

Methyl tert-butyl 

ether  
225-315 

210-233-240-241-

242-303+361+353 

Myristoyl Chloride 
 

290-314 

280-390-

303+361+353-

301+330+331-

304+340+310-

305+351+338+310 

N-Chlorosuccinimide 
 

290-302-314-335-

410 

260-273-280-

301+312-

303+361+353-

305+351+338 

N,N-Diemethyl 

formamide  

226-312+332-319-

360 

201-210-302+352-

305+351+338-

308+313 
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N,N-Dimethylpyridin-

4-amine  

301-310-315-319-

335 

280-305+351+338-

337+313 

N-Methylimidazole 
 

302-311-314 

270-280-301+312-

301+330+331-

303+361+353-

305+351+338 

Nitromethane 
 

226-302-332-351-

361 
210-308+313 

Oxalyl chloride 
 

260-301+331-314 

223-231+232-280-

303+361+353-

304+340+310-

305+351+338+310 

Palladium(II) acetate 
 

317-318-410 

261-272-273-280-

302+352-

305+351+338 

Pentadecylic acid 
 

315-319-335-413 261-305+351+338 

Pentafluorophenol 
 

302+312-315-319 

264-270-280-

337+313-

302+352+312-501 

Pentafluoropyridine 
 

226-315-319 

210-264-280-

370+378-337+313-

303+361+353 

Petroleum ether (50 – 

70 °C) 

 

225-304-315-336-

361-373-411 

201-210-273-

301+310-

303+361+353-331 

Phenyl 

chlorothionoformate  
314 

280-303+361+353-

304+340+310-
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305+351+338-363-

405 

Phosphorus 

pentasulfide  

228-260-302-332-

400 

210-223-231+232-

273-370-378 

Phosphorothioic 

trichloride  
302-330-314-335 

260-270-280-284-

301+330+331-

303+361+353-

304+340+310-

305+351+338-

403+233-501 

Phosphoryl chloride 
 

302-330-314-372 

280-301+312-

303+361+353-

304+340+310-

305+351+338-314 

Platinum(IV) oxide 
 

272-319 220-305+351+338 

Potassium carbonate  

 

315-319-335 

261-264-271-280-

302+352-

305+351+338 

Proton sponge 
 

315-319-335 305+351+338 

Pyridine  

 

225-302+312+332-

315-319 

210-280-301+312-

303+361+353-

304+340+312-

305+351+338 
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Pyrophosphoryl 

chloride  
314 

260-264-280-

301+330+331-

302+361+354-

304+340-

305+354+338-316-

321-363-405-501 

Sodium azide 
 

300-310-330-373-

410 

262-264-273-280-

302+352+310-

304+340+310 

Sodium bicarbonate 
This substance is not classified as dangerous according to 

directive 67/548/EWG. 

Sodium borohydride 

 

260-301-314-360 

231+232-260-280-

303+361+353-

304+340+310-

305+351+338 

Sodium carbonate  

 

319 

264-280-

305+351+338-

337+313 

Sodium chloride 
This substance is not classified as dangerous according to 

directive 67/548/EWG. 

Sodium hydrosulfide 

 

251-290-301-314-

400 

235+410-280-

301+330+331-

303+361+353-

305+351+338+310 

Sodium hydroxide  
 

290-314 

234-260-280-

303+361+353-

304+340+310-

305+351+338 
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Sodium methoxide 

5.4 M solution in 

methanol 
 

226-290-301-311-

314-318-331-370 

210-280-

301+330+331-

303+361+353-

305+351+338-

308+313-310 

Sodium nitrite 
 

272-301-319-400 

210-220-264-273-

301+310-

305+351+338 

Sodium sulfate 
This substance is not classified as dangerous according to 

directive 67/548/EWG. 

Sulfuric acid (98%) 
 

290-314 

280-301+330+331-

303+361+353-

305+351+338+310 

tert-Butyl 

hydroperoxide 

solution 5.5 M in 

decane 

 

 

226-242-302-304-

311-314-317-330-

335-341-411 

210-280-

301+330+331-

303+361+353-

304+340+310-

305+351+338-

370+378 

tert-Butylamine 
 

225-302-331-314-

412 

210-273-280-

303+361+353-

304+340+310-

305+351+338 

tert-Butyldimethylsilyl 

chloride  
228-314-411 

210-273-280-

303+361+353-

305+351+338+310 

tert-

Butyl(chlor)diphenylsil

an 
 

314-335 

261-271-280-

303+361+353-

304+340+310-

305+351+338 
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tert-Butylmagnesium 

chloride 

 

225-260-302-314-

335-351-371-372 

231+232-260-210-

280-370+387-

303+361+353-

302+335+334-

304+340+310-

305+35+338+310 

Tetrabutylammonium 

dihydrogen 

phosphate 0.4 M 

solution in acetonitrile 

 

 

225-302+312+332-

319 

210-280-301+312-

303+361+353-

304+340+312-

305+351+338 

Tetrabutylammonium 

hydroxide  
302-314 

2800-301+330+331-

303+361+353-

305+351+338+310 

Tetrabutylammonium 

fluoride 1 M solution 

in THF  

 

225-302-315-319-

335-336-351-411 

210-273-301+312-

303+361+353-

305+351+338-

308+313 

Tetrahydrofuran  

 

225-302-319-335-

336-351 

201-202-210-

301+312-

305+351+338-

308+313 

1,1,3,3-

Tetraisopropyl-1,3-

dichlorodisiloxane 
 

290-314 

234-280-

303+361+353-

304+340+310-

305+351+338-363 

Tin(IV) chloride 
 

314-335-412 

260-280-

303+361+353-

304+340+310-

305+351+338 
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Toluene  

 

225-304-315-336-

361-373-412 

202-210-273-

301+310-

303+361+353-331 

Tributylamine 
 

302-310+330-315 

260-262-280-

302+352-310-

304+340+310 

Tributyltin hydride 
 

301-312-315-319-

360-372-410 

201-273-302+352-

305+351+338-

308+310 

Triethylamine 
 

225-302-311+331-

314-335 

210-280-

301+330+331-

303+361+353-

304+340+311-

305+351+338+310 

Triethylammonium 

bicarbonate buffer 

(1 M) 

This substance is not classified as dangerous according to 

directive 67/548/EWG. 

Triethylsilane 
 

225-410 
210-303+361+353-

403+233 

Trifluoroacetic acid 
 

290-331-314-412 

260-273-280-

303+361+353-

305+351+338-312 

Trifluoroacetic 

anhydride 
 

 

314-332-412 

273-280-

301+310+331-

303+361+353-

304+340+312-

305+351+338-310 
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Trifluoromethanesulf

onic anhydride 
 

 

272-302-314-335 

210-220-280-

301+312-

303+361+353-

305+351+338 

Trimethylsilyl cyanide 
 

225-300+310+330-

410 

210-233-273-280-

303+361+353-

304+340+310 

Trimethylphosphate 
 

302-315-319-340-

351 

201-301+312+330-

302+352-

305+351+338-

308+313 

Tris(tetrabutylammon

ium) hydrogen 

pyrophosphate 
 

315-319-335 

261-264-271-280-

302+352-

305+351+338 

Valeroyl chloride 
 

226-290-314-331-

412 

210-273-280-

303+361+353-

304+340+310-

305+351+338 

Vinylmagnesium 

bromide 

 

302-314-371-372-

351-335-225-260 

260-231+232-210-

280-370+378-

303+361+353-

302+335+334-

304+340+310-

305+351+338+310 

Xantphos 
 

315-319-335 

261-264-271-280-

302+352-

305+351+338 
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