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[bookmark: _Hlk118550912][bookmark: _Hlk117519471][bookmark: _Hlk118551249]ABSTRACT: β-D-N4-hydroxycytidine (NHC, EIDD-1931) is a nucleoside analogue that exhibits broad spectrum antiviral activity against a variety of RNA viruses. Herein, we report the synthesis of a series of lipid prodrugs of NHC and a novel 3'-fluoro modified NHC analogue, and evaluation of their antiviral activity against five variants of SARS-CoV-2. All lipid prodrugs showed potent antiviral activity against the tested SARS-CoV-2 variants with EC50 values in the range of 0.31-3.51 μM, which were comparable to those of NHC or higher than those of remdesivir and molnupiravir. An increase in the cytostatic activity of the lipid prodrugs was found, but prodrug 2d proved equally selective as molnupinavir. The 3'-F analogue of NHC (6) only displayed minor antiviral activity against the SARS-CoV-2 Omicron variant (EC50 = 29.91 μM), while no activity was found for other variants at the highest concentration tested. The promising antiviral data of the lipid prodrugs of NHC suggest that they deserve further investigation as new anti-SARS-CoV-2 drugs.
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1. Introduction
[bookmark: _Hlk118549741][bookmark: _Hlk125989588][bookmark: _Hlk125989927][bookmark: OLE_LINK1][bookmark: OLE_LINK2][bookmark: OLE_LINK11][bookmark: OLE_LINK5][bookmark: OLE_LINK6]The global coronavirus disease 2019 (COVID-19) pandemic caused by severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) has infected more than 700 million people and caused 6 million deaths worldwide as of February 2023 [1]. Despite the successful development of several antiviral drugs for treating COVID-19, there is still an unmet need for safe and effective antiviral drugs against SARS-CoV-2 and its variants of concern (VOC) [2-4]. Nucleoside/tide analogues (NAs) have long been used for the treatment of viral infections, and now present an important class of drugs in the fight against SARS-CoV-2. A number of NAs such as remdesivir, VV116, molnupiravir, azvudine and bemnifosbuvir (Fig. 1), have been approved or in clinical trial for the treatment of COVID-19 [5-9]. Remdesivir was the first antiviral treatment approved for COVID-19 by the United States Food and Drug Administration (FDA) [10]. However, it can only be administered intravenously and its use is extremely limited. Molnupiravir (EIDD-2801), a newly repositioned synthetic nucleoside, was recently approved by the UK Medicines and Healthcare products Regulatory Agency (MHRA) for the treatment of mild to moderate COVID-19 patients, becoming the world’s first oral anti-COVID-19 drug [11]. 
[bookmark: _Hlk115275375][bookmark: _Hlk115189305][bookmark: _Hlk126140630][bookmark: OLE_LINK7][bookmark: OLE_LINK8][bookmark: OLE_LINK9]Molnupiravir is an isopropyl prodrug of β-D-N4-hydroxycytidine (NHC; EIDD-1931) [12]. NHC has been reported to exhibit a broad-spectrum activity against a variety of RNA viruses, including chikungunya virus, Venezuelan equine encephalitis virus (VEEV), respiratory syncytial virus (RSV), hepatitis C virus (HCV), norovirus, influenza, Ebola virus (EBOV), SARS-CoV-2, MERS-CoV, SARS-CoV, and related zoonoses 2b or 2c bat coronaviruses [7-11]. Preclinical and clinical studies have shown that molnupiravir is effective for the treatment of SARS-CoV-2 infection with a favourable safety profile [11, 13-16], although some concerns have been raised regarding the mutagenic potential of NHC [17]. After oral administration, molnupiravir is quickly cleaved in plasma to NHC, which after distribution into various tissues, is converted into its corresponding 5′-triphosphate by host kinases [18]. The active 5′-triphosphate serves as a competitive alternative substrate for viral RNA-dependent RNA polymerase (RdRp), upon incorporation into nascent viral RNA chain, leads to the accumulation of mutations in the viral genome, resulting in lethal mutations [19, 20]. The presence of the 3′-to-5′ exoribonuclease (ExoN) domain of coronaviruses poses a challenge for the treatment of COVID-19 with NAs. The proofreading exonuclease can excise incorporated nucleotide analogues and diminish their inhibitory effects, but NHC has been found to be resistant to this proofreading activity [20]. However, NHC demonstrated poor oral bioavailability in animal models. It was rapidly metabolized in the enterocytes of non-human primates after oral administration [21]. In addition, uptake of NHC from the plasma into tissues appears to be mediated by sodium-dependent concentrative transporters and high plasma levels of uridine can effectively outcompete the uptake and distribution of NHC [15]. Thus, it is interesting to develop prodrug forms of NHC to overcome these issues.
Previous studies have shown that certain fatty acyl conjugates of the anti-HIV nucleosides such as lamivudine (3TC), emtricitabine (FTC), and stavudine (d4T) exhibited enhanced activity against X4, R5, cell associated, and/or multi-drug resistant strains compared with their parent nucleosides [22-24]. For example, 5′-O-myristoyl and 5′-O-12-azidododecanoyl derivatives of 3TC displayed at least 16−36-fold higher anti-HIV activity against cell-free virus than 3TC [22]. 5′-O-myristoyl derivative of FTC exhibited 10−24-times higher anti-HIV activity than FTC alone [24]. Recently, EI-Sayed et al. reported that remdesivir can be modified with fatty acids such as myristic acid, 12-azidododecanoic, and palmitic acid without demonstrating a significant loss of antiviral activity in cell culture against SARS-CoV-2 and EBOV while generating long-acting effect in vitro [25]. Furthermore, the fatty acyl conjugates and other lipid prodrugs have also been reported to exhibit reduced toxicity, enhanced cellular uptake, improved lung exposure/selectivity and oral bioavailability compared to their parent nucleoside analogues [26-28].
[bookmark: _Hlk126142215]Inspired by the potent antiviral activity of lipid prodrugs of antiviral nucleosides as well as their favourable pharmacokinetic properties, here, we report the synthesis of a series of lipid prodrugs of NHC and the evaluation of their antiviral activity against five variants of SARS-CoV-2 in Vero E6 cells. Four fatty acids, tetradecyl carbonate, palmitic acid, myristic acid, and lauric acid were conjugated to NHC at its N4-hydroxy position. The fatty acid selection was based on the antiviral activity for the previously reported lipid prodrugs of NAs [22-25]. It was expected that the lipid prodrugs of NHC may have different physicochemical properties from molnupiravir, leading to improved antiviral activities and biological profiles [25-29]. In addition, in view of the proofreading exonuclease of coronaviruses can excise incorporated nucleotide analogues and diminish the inhibitory effects, to investigate the influence of 3′-hydroxy of NHC on anti-SARS-CoV-2 activity, a previously unknown 3′-deoxy-3′-fluoro modified NHC analogue was also prepared and evaluated.


Fig. 1. Selected examples of biologically active nucleoside/tide anti-SARS-CoV-2 agents. 

2. Results and discussion
[bookmark: _Hlk108014173]2.1. Synthesis of lipid prodrugs of NHC 
[bookmark: _Hlk126166991][bookmark: _Hlk126152561]The synthesis of N4-hydroxycytidine lipid prodrugs 2a-d is shown in Scheme 1. Four different fatty acids, tetradecyl carbonate, palmitic acid, myristic acid, and lauric acid, in the form of acyl chloride or chloroformate, underwent reaction with the N4-hydroxyl group of NHC. The conjugation of the fatty acid to NHC was accomplished by reacting 1.1 molar equivalents of the corresponding fatty acyl chloride or chloroformate with a dilute solution of NHC in dry pyridine to give mono-fatty acyl derivatives 2a-d in 62-82% yield. The free N4-hydroxy of NHC has been shown to be more reactive than the free 2′, 3′ and 5′-hydroxy groups [30]. The lipid prodrugs were fully characterized using nuclear magnetic resonance (NMR) and high-resolution mass spectroscopy (HRMS). 
[bookmark: _Hlk129359380][bookmark: OLE_LINK10]It is worth noting that the 1H NMR of these prodrugs recorded in DMSO-d6 showed several minor peaks accounting for 20-40% relative to the major peaks, though the RP-HPLC traces showed high purity of the compounds. This observation would be in line with literature reports for NHC and its N4-hydroxy derivatives that the N-hydroxycytosine can exist as a tautomer of the amine and imine [30]. To investigate this possibility, a viable temperature (VT) NMR experiment was performed for compound 2a in DMSO-d6, increasing temperature at intervals of 10 up to 60 °C. At elevated temperatures, the intensity of the minor peak slightly decreased (Fig.2). Furthermore, 1H NMR spectra were recorded in protic solvent to disrupt hydrogen bonding and isomerization. As expected, the amount of the minor isomer was significantly decreased in MeOH-d4 and the major isomer grew in intensity (Fig. 3). The above results indicate the existence of tautomers for the synthesized prodrugs.
The enhanced lipophilicity of these lipid prodrugs relative to NHC and its isopropyl prodrug molnupiravir was expected to increase their permeability properties to achieve a higher concentration of the prodrugs in the infected cells [22-25]. This conjugation may result in the development of new prodrug forms of NHC having a longer duration of action by higher uptake into infected cells and sustained intracellular release of active substrates.

 
Scheme 1. Synthesis of lipid prodrugs of NHC. Reagents and conditions: (a) 1a-d, pyridine, rt, overnight, 62-82%.


[image: ]
Fig. 2. Variable temperature (VT) NMR spectra of 2a in DMSO-d6. The arrow in spectra points to minor isomer peaks.

[image: ]
Fig. 3. 1H NMR spectra of 2a in DMSO-d6 and CD3OD. The arrow in spectra points to minor isomer peaks.

2.2. Synthesis of 3′-fluoro-NHC 
[bookmark: _Hlk102119269]3'-Fluoro-substituted nucleosides is an important class of nucleoside analogues that possess a broad-spectrum antiviral activity against diverse RNA and DNA viruses [31-33]. Here, the synthesis of 3'-deoxy-3'-fluoro modified NHC analogue 6 is shown in Scheme 2. The 3′-deoxy-3′-fluororibofuranosyl donor 3 was prepared starting from D-xylose following literature procedures [34-36]. The Vorbrüggen glycosylation with silylated benzoyl cytosine using trimethylsilyl trifluoromethanesulfonate (TMSOTf) as the Lewis acid at 85 °C in acetonitrile gave the nucleoside 4 in 43% yield. Deprotection of the benzoyl group with methanolic ammonia afforded nucleoside 5 in 77% yield. Finally, treatment of 5 with hydroxylamine sulfate to furnish target compound 6 in 62% yield.


Scheme 2. Synthesis of 3′-fluoro-NHC. Reagents and conditions: (a) BSA, TMSOTf, MeCN, 80 °C, 6 h, 43%; (b) NH3 in MeOH, rt, overnight, 77%; (c) (NH2OH)2·H2SO4, 85 °C, 5 h, 62%.

2.3. Anti-SARS-CoV-2 activity
All of the lipid prodrugs 2a-d and the 3'-deoxy-3'-fluoro modified NHC analogue 6 were evaluated for their activity against five different clinical isolates of SARS-CoV-2 (UC-1074, RG-2674, NVDBB-2220, 860-J1 and B1.1 529 BA.1) in Vero cells. The EC50 values of the synthesized compounds were calculated along with the determination of the effects on cell morphology and cell growth. NHC, molnupiravir and remdesivir were included as positive controls. The obtained results were summarized in Table 1. 
[bookmark: _Hlk126151384]As expected, the control drugs NHC, molnupiravir and remdesivir were endowed with potent antiviral activity against all the tested SARS-CoV-2 variants, especially, NHC, with EC50 values in the range of 0.28-0.89 μM. In general, lipid prodrugs 2a-d potency (EC50 = 0.31-3.51 μM) was higher than that of molnupiravir (EC50 = 0.79-5.70 μM) and remdesivir (EC50 = 1.02-3.58 μM). Interestingly, all the prodrugs 2a-d showed more potent antiviral activity against the Omicron variant (B1.1 529 BA.1) compared to other tested SARS-CoV-2 variants, with EC50 values in submicromolar concentrations (EC50 = 0.31-0.40 μM). The increased potency of 2a, 2b, and 2c derivatives relative to molnupinavir was accompanied by an increase in the cytostatic activity of the compounds (CC50 = 4.03-6.32 μM), resulting in equal or lower selectivity indices (ratio CC50/EC50) when compared to molnupinavir. Surprisingly, the lauroyl conjugate 2d demonstrated the same selectivity as molnupinavir (selectivity indices in the range of 7-49). Although it was expected that fatty acyl conjugates with longer chain lengths might achieve a higher concentration of the prodrugs in the infected cells, no substantial increase in their activity against the tested SARS-CoV-2 variants and selectivity was found. The application of lipid prodrug strategy to NHC did not lead to a boost in antiviral activity, this could be due to the delayed release of the parent nucleoside in infected cells. 

Table 1. Antiviral activity and cytotoxicity of lipid prodrugs of NHC and 3'-F analogue of NHC against different SARS-CoV-2 variants in Vero cells.
	

Compound
	Antiviral activity, EC50 (μM)a
	cytotoxicity

	
	UC-1074 (Wuhan) 
	RG-2674 (South African)
	NVDBB-2220 (UK)
	860-J1 (Delta)
	B1.1 529 BA.1 (Omicron)
	MCCb
	CC50c

	2a
	0.42
	1.12
	0.95
	1.79
	0.35
	20
	6.19

	2b
	0.42
	0.89
	1.13
	2.51
	0.31
	≥20
	6.32

	2c
	1.02
	1.46
	1.63
	3.51
	0.40
	20
	4.03

	2d
	0.41
	1.51
	1.12
	2.08
	0.33
	≥20
	16.33

	6
	>100
	>100
	>100
	>100
	29.91
	≥100
	NDd

	NHC
	0.30
	0.48
	0.53
	0.89
	0.28
	20
	5.47

	Molnupiravir
	4.00
	5.70
	3.98
	5.43
	0.79
	≥60.7
	39.32

	Remdesivir
	2.62
	1.48
	1.41
	3.58
	1.02
	>40
	>40


aEffective concentration required to reduce virus induced cytopathic effect by 50%. Virus input was 100 TCID50 (The 50% Tissue Culture Infectious Dose). bMinimum cytotoxic concentration that causes a microscopically detectable alteration of cell morphology. cCytostatic concentration required to reduce cell growth by 50%. dNot determined. The results are mean of two independent experiments.
[bookmark: _Hlk126154325]Unfortunately, the 3'-F analogue of NHC (6) only displayed minor activity against the Omicron variant (B1.1 529 BA.1), with an EC50 value of 29.91 μM, while completely devoid of activity against the Wuhan (UC-1074), South African (RG-2674), UK (NVDBB-2220) and Delta (860-J1) variants at the highest tested concentration (100 μM). The lack of antiviral activity of compound 6 indicates that NAs lack a 3′-hydroxyl group could not overcome SARS-CoV-2 exonuclease activity [37-39]. The results may offer invaluable insights for the development of more effective SARS-CoV-2 RdRp inhibitors.

2.4. Human plasma stability
To exert their antiviral activity, the lipid prodrugs should be stable in plasma and metabolized in the target cells to release intracellularly their parent nucleosides. Therefore, we determined the percentage digestion of molnupiravir and the lipid conjugates of NHC in human plasma and analysed the data using Liquid Chromatography Mass Spectrometry (LC-MS). Data are represented in the form of percentage degradation of test compounds against time by measuring peak area under the curve (Fig. 4). The carbonate prodrug 2a was found to be labile in human plasma, only 17% of 2a was observed at the 30 min time point, with a t1/2 value about 10 min. However, the fatty acyl conjugates 2b-d were found to be more stable, especially the palmitoyl conjugate 2b and the myristyl conjugate 2c, around 60% and 51% of the parent compound remained intact after 2 h incubation, respectively. Among all the tested prodrugs, the palmitoyl conjugate 2b showed the best stability in human plasma with a t1/2 value of 171 min, which was comparable to that of molnupiravir (t1/2 = 187 min). The relative stability of prodrug 2b clearly indicate that the lipid prodrugs of NHC could serve as promising leads for further optimization and development. 
[image: ]
Fig. 4. Human plasma stability of 2a-d and molnupiravir. 

3. Conclusion
[bookmark: _Hlk126152785]In summary, a series of lipid prodrugs of NHC and a 3'-fluorinated congener of NHC were synthesized, and tested for their anti-SARS-CoV-2 activity. All lipid prodrugs were endowed with interesting antiviral activity against all the tested SARS-CoV-2 variants, whereas the 3'-F modified analogue only showed minor antiviral activity against the SARS-CoV-2 omicron variant. The application of lipid prodrug strategy to NHC did not lead to a boost in antiviral potency, but the lipid prodrug 2d of NHC displayed potent anti-SARS-CoV-2 activity with a selectivity comparable to that of the isopropyl prodrug molnupiravir. The in vitro plasma stability study showed that the palmitoyl conjugate 2b exhibited comparable stability to that of molnupiravir. Overall, these data together indicate that the fatty acyl prodrugs of NHC deserve further investigation as new anti-SARS-CoV-2 agents.

4. Experimental section
4.1. Chemistry
Common solvents and reagents were purchased from commercial sources and were used as obtained. Magnetic resonance spectra (1H NMR, 13C NMR, and 19F NMR) were measured with either a Bruker-400 or 600 MHz spectrometer. 1H NMR chemical shifts are expressed in parts per million (δ) downfield from tetramethylsilane (DMSO-d6 standardized at 2.50 ppm and CD3OD standardized at 3.31 ppm). 13C NMR chemical shifts are expressed in parts per million (δ) downfield from tetramethylsilane (central peak of DMSO-d6 standardized at 39.52 ppm). ESI-MS spectra data were obtained using an API 4000 instrument. High-resolution mass spectrometry (HRMS) data were acquired by an AB_TripleTOF 5600 instrument. Reaction progress was monitored by thin layer chromatography (TLC) using silica gel GF254 plates, and spots were detected under UV light (254 and 366 nm). Compounds were purified by column chromatography using silica gel (200-300 mesh). Purities of all of the tested compounds were confirmed above 95% by using a Shimadzu analytical HPLC system on a C8 column (Inertsil Agilent ZORBAX Eclipse XDB-C8, 5 μm, 4.6 mm × 150 mm) using a gradient system (water/methanol) as a constant flow rate of 1 mL/min with UV detection at 254 nm. 

4.1.1. General procedure for the synthesis of lipid prodrugs 2a-d
To a solution of NHC (200 mg, 0.77 mmol) in anhydrous pyridine (4 mL) at 0 °C was added acid chloride (1a-d, 1.1 equiv, 0.85 mmol) dropwise. The reaction mixture was stirred at room temperature overnight. Upon completing the reaction, the reaction mixture was concentrated under reduced pressure, and the residue was purified by silica gel column chromatography using a gradient of dichloromethane/methanol to give the target prodrugs 2a-d.
4.1.2. 1-((2R,3R,4S,5R)-3,4-dihydroxy-5-(hydroxymethyl)tetrahydrofuran-2-yl)-4-((((tetradecyloxy)carbonyl)oxy)amino)pyrimidin-2(1H)-one (2a)
[bookmark: OLE_LINK3][bookmark: OLE_LINK4]Compound 2a was obtained from NHC and tetradecyl carbonochloridate (1a) in 77% yield as a white solid. NMR analysis shows a 7:3 mixture of rotamers. 1H NMR (400 MHz, DMSO-d6) δ 10.81 (s, 1H), 7.44 (d, J = 8.2 Hz, 1H), 5.95 (d, J = 8.2 Hz, 1H), 5.75 (d, J = 5.9 Hz, 1H), 5.32 (d, J = 4.5 Hz, 1H), 5.10–5.00 (m, 2H), 4.12 (t, J = 6.6 Hz, 2H), 4.02–3.91 (m, 2H), 3.81 (q, J = 3.2 Hz, 2H), 3.62–3.49 (m, 2H), 1.66–1.55 (m, 2H), 1.37–1.17 (m, 22H), 0.85 (t, J = 6.6 Hz, 3H). 1H NMR (400 MHz, CD3OD) δ 7.50 (d, J = 8.2 Hz, 1H), 5.87 (d, J = 5.0 Hz, 1H), 5.70 (d, J = 8.2 Hz, 1H), 4.24 (t, J = 6.6 Hz, 2H), 4.17–4.11 (m, 2H), 3.97 (q, J = 3.3 Hz, 1H), 3.82–3.69 (m, 2H), 1.75–1.68 (m, 2H), 1.40–1.23 (m, 22H), 0.85 (t, J = 6.6 Hz, 3H). 13C NMR (100 MHz, DMSO-d6) δ 153.62, 150.39, 149.28, 137.37, 134.93, 96.24, 87.68, 85.26, 73.47, 70.59, 68.37, 61.54, 31.77, 29.53, 29.51, 29.49, 29.46, 29.42, 29.19, 29.11, 28.65, 25.61, 22.57, 14.42. HRMS (ESI) calcd. for C24H42N3O8 [M+H]+: 500.2966, found: 500.2970.
4.1.3. 1-((2R,3R,4S,5R)-3,4-dihydroxy-5-(hydroxymethyl)tetrahydrofuran-2-yl)-4-((palmitoyloxy)amino)pyrimidin-2(1H)-one (2b)
Compound 2b was obtained from NHC and hexadecanoyl chloride (1b) in 62% yield as a white solid. NMR analysis shows a 5:1 mixture of rotamers. 1H NMR (600 MHz, DMSO-d6) δ 10.83 (s, 1H), 7.42 (d, J = 8.2 Hz, 1H), 5.76 (d, J = 5.9 Hz, 1H), 5.72 (d, J = 8.1 Hz, 1H), 5.31 (d, J = 6.0 Hz, 1H), 5.07–5.02 (m, 2H), 4.02–3.92 (m, 2H), 3.81 (q, J = 3.3 Hz, 1H), 3.62–3.50 (m, 2H), 2.43 (t, J = 7.5 Hz, 2H), 1.56–1.50 (m, 2H), 1.30–1.19 (m, 24H), 0.85 (t, J = 6.9 Hz, 3H). 1H NMR (400 MHz, CD3OD) δ 7.50 (d, J = 8.2 Hz, 1H), 5.88 (d, J = 5.1 Hz, 1H), 5.71 (d, J = 8.3 Hz, 1H), 4.17–4.11 (m, 2H), 3.97 (q, J = 3.3 Hz, 1H), 3.82–3.69 (m, 2H), 2.50 (t, J = 7.4 Hz, 2H), 1.56–1.50 (m, 2H), 1.41–1.22 (m, 24H), 0.90 (t, J = 6.7 Hz, 3H). 13C NMR (150 MHz, DMSO-d6) δ 170.67, 149.98, 149.63, 134.71, 96.73, 87.71, 85.26, 73.45, 70.60, 61.58, 32.41, 31.75, 29.50, 29.48, 29.46, 29.45, 29.37, 29.16, 29.14, 29.02, 28.96, 24.95, 24.88, 22.54, 14.37. HRMS (ESI) calcd. for C25H44N3O7 [M+H]+: 498.3174, found: 498.3177.
4.1.4. 1-((2R,3R,4S,5R)-3,4-dihydroxy-5-(hydroxymethyl)tetrahydrofuran-2-yl)-4-((tetradecanoyloxy)amino)pyrimidin-2(1H)-one (2c)
Compound 2c was obtained from NHC and myristoyl chloride (1c) in 82% yield as a white solid. NMR analysis shows a 5:1 mixture of rotamers. 1H NMR (600 MHz, DMSO-d6) δ 10.85 (s, 1H), 7.43 (d, J = 8.2 Hz, 1H), 5.77 (d, J = 5.9 Hz, 1H), 5.73 (d, J = 8.2 Hz, 1H), 5.32 (d, J = 5.8 Hz, 1H), 5.08–5.04 (m, 2H), 4.02–3.93 (m, 2H), 3.82 (q, J = 3.3 Hz, 1H), 3.62–3.51 (m, 2H), 2.44 (t, J = 7.5 Hz, 2H), 1.59–1.51 (m, 2H), 1.32–1.20 (m, 20H), 0.86 (t, J = 6.9 Hz, 3H). 13C NMR (150 MHz, DMSO-d6) δ 170.69, 149.98, 149.63, 134.71, 96.73, 87.71, 85.26, 73.45, 70.60, 61.58, 32.40, 31.75, 29.51, 29.48, 29.47, 29.45, 29.37, 29.16, 29.13, 29.00, 24.88, 22.54, 14.38. HRMS (ESI) calcd. for C23H40N3O7 [M+H]+: 470.2861, found: 470.2861.
4.1.5. 1-((2R,3R,4S,5R)-3,4-dihydroxy-5-(hydroxymethyl)tetrahydrofuran-2-yl)-4-((dodecanoyloxy)amino)pyrimidin-2(1H)-one (2d)
Compound 2d was obtained from NHC and lauroyl chloride (1d) in 82% yield as a white solid. NMR analysis shows a 5:1 mixture of rotamers. 1H NMR (400 MHz, DMSO-d6) δ 10.83 (s, 1H), 7.42 (d, J = 8.2 Hz, 1H), 5.76 (d, J = 5.8 Hz, 1H), 5.72 (d, J = 8.3 Hz, 1H), 5.32 (d, J = 5.6 Hz, 1H), 5.09–5.03 (m, 2H), 4.03–3.92 (m, 2H), 3.81 (q, J = 3.4 Hz, 1H), 3.63–3.49 (m, 2H), 2.43 (t, J = 7.4 Hz, 2H), 1.59–1.49 (m, 2H), 1.31–1.21 (m, 16H), 0.85 (t, J = 6.6 Hz, 3H). 13C NMR (100 MHz, DMSO-d6) δ 170.70, 149.98, 149.65, 134.70, 96.74, 87.60, 85.25, 73.45, 70.60, 61.56, 32.37, 31.77, 29.47, 29.39, 29.19, 29.14, 29.01, 24.94, 24.88, 22.57, 14.41. HRMS (ESI) calcd. for C21H36N3O7 [M+H]+: 442.2548, found: 442.2549.
4.1.6. ((2R,3R,4S,5R)-5-(4-benzamido-2-oxopyrimidin-1(2H)-yl)-4-(benzoyloxy)-3-fluorotetrahydrofuran-2-yl)methyl benzoate (4)
[bookmark: OLE_LINK36]A suspension of 3 (100 mg, 0.25 mmol) and N4-Benzoylcytosine (160 mg, 0.75 mmol) in anhydrous CH3CN (2 mL) was treated with BSA (0.40 mL, 1.49 mmol) and heated to 85 °C. Stirring and heating was continued until a clear solution was formed, and TMSOTf (0.16 mL, 1.49 mmol) was added. After heating at 80 °C for 6 h, the mixture was cooled to room temperature and quenched by the addition of sat. aq. NaHCO3 solution (5 mL). The solution was then filtered and the filtrate was extracted by CH2Cl2. The combined organic phases were dried over anhydrous Na2SO4, filtered, and concentrated in vacuo. The residue was purified by silica gel column chromatography (petroleum ether/EtOAc, 1:1) to give 4 (60 mg, 43%) as a white solid. 1H NMR (600 MHz, DMSO-d6) δ 11.34 (s, 1H), 8.25 (d, J = 7.4 Hz, 1H), 8.07–7.48 (m, 15H), 7.34 (d, J = 7.6 Hz, 1H), 6.31 (d, J = 4.9 Hz, 1H), 5.94–5.87 (m, 1H), 5.71 (dt, J = 53.1, 4.8 Hz, 1H), 4.78 (dq, J = 22.2, 4.4 Hz, 1H), 4.72 (dd, J = 12.1, 3.7 Hz, 1H), 4.67 (dd, J = 12.1, 5.3 Hz, 1H). 13C NMR (150 MHz, DMSO-d6) δ 167.84, 165.96, 165.11, 164.25, 154.85, 146.89, 134.44, 134.06, 133.51, 133.25, 130.04, 129.82, 129.72, 129.35, 129.26, 129.07, 128.97, 128.89, 97.34, 90.00, 89.61 (d, JC,F = 189.2 Hz), 80.58 (d, JC,F = 25.3 Hz), 74.17 (d, JC,F = 13.7 Hz), 63.93 (d, JC,F = 6.2 Hz). 19F NMR (471 MHz, DMSO-d6) δ -201.10. MS (ESI) calcd. for C30H23FN3O7 [M-H]-: 556.53, found: 555.91.
4.1.7. 4-amino-1-((2R,3S,4S,5R)-4-fluoro-3-hydroxy-5-(hydroxymethyl)tetrahydrofuran-2-yl)pyrimidin-2(1H)-one (5)
To a solution of 4 (250 mg, 0.45 mmol) in MeOH (1 mL) was added methanolic
[bookmark: _Hlk100215562]ammonia (7N, 0.5 mL), and the mixture was stirred at room temperature overnight. The reaction mixture was concentrated under reduced pressure, and the residue was purified by silica gel column chromatography (CH2Cl2/MeOH, 10:1) to give 5 (85 mg, 77%) as a white solid. 1H NMR (600 MHz, DMSO-d6) δ 7.74 (d, J = 7.4 Hz, 1H), 7.24 (d, J = 19.3 Hz, 2H), 5.93 (d, J = 7.8 Hz, 1H), 5.73 (dd, J = 29.7, 6.9 Hz, 2H), 5.21 (t, J = 5.2 Hz, 1H), 4.92 (ddd, J = 54.8, 4.4, 1.3 Hz, 1H), 4.32–4.20 (m, 1H), 4.16–4.08 (m, 1H), 3.61–3.51 (m, 2H). 13C NMR (150 MHz, DMSO-d6) δ 166.01, 156.02, 142.04, 95.12, 93.17 (d, JC,F = 181.9 Hz), 87.90, 83.04 (d, JC,F = 21.8 Hz), 72.55 (d, JC,F = 16.0 Hz), 61.28 (d, JC,F = 10.8 Hz). 19F NMR (471 MHz, DMSO-d6) δ -197.31. MS (ESI) calcd. for C18H24F2N6O8Na [2M+Na]+: 513.42, found: 512.77.
4.1.8. 1-((2R,3S,4S,5R)-4-fluoro-3-hydroxy-5-(hydroxymethyl)tetrahydrofuran-2-yl)-4-(hydroxyamino)pyrimidin-2(1H)-one (6)
To a solution of 5 (60 mg, 0.24 mmol) in H2O (0.5 mL) was added hydroxylamine sulfate (60 mg, 0.36 mmol), and the mixture was stirred at 85 °C for 5 h. The reaction mixture was concentrated under reduced pressure, and the residue was purified by silica gel column chromatography (CH2Cl2/MeOH, 20:1) to give 6 (40 mg, 62%) as a white solid. NMR analysis shows a 13:1 mixture of rotamers. 1H NMR (600 MHz, DMSO-d6) δ 10.03 (s, 1H), 9.55 (s, 1H), 7.04 (d, J = 8.3 Hz, 1H), 5.82 (d, J = 8.3 Hz, 1H), 5.76 (d, J = 6.4 Hz, 1H), 5.62 (dd, J = 8.2, 1.6 Hz, 1H), 5.21 (t, J = 5.1 Hz, 1H), 4.90 (dd, J = 54.9, 4.3 Hz, 1H), 4.24–4.15 (m, 1H), 4.10 (dt, J = 28.3, 3.6 Hz, 1H), 3.62–3.57 (m, 1H), 3.55–3.49 (m, 1H). 13C NMR (150 MHz, DMSO-d6) δ 150.15, 143.73, 130.02, 99.46, 93.38 (d, JC,F = 181.3 Hz), 85.77, 82.91 (d, JC,F = 21.5 Hz), 71.32 (d, JC,F = 16.1 Hz), 61.30 (d, JC,F = 11.6 Hz). 19F NMR (471 MHz, DMSO-d6) δ -195.94. HRMS (ESI) calcd. for C9H13FN3O5 [M+H]+: 262.0839, found: 262.0836. 

4.2. SARS-CoV-2 antiviral assay
Vero cells (ATCC-CCL81) was used to evaluate the activity of the different compounds against SARS-CoV-2. Cells were grown in Dulbecco’s Modified Eagle’s Medium (DMEM, ThermoFisher, Belgium) supplemented with 10% fetal bovine serum (FBS), 2 mM L-glutamine, 0.1 mM non-essential amino acids, 1 mM sodium pyruvate and 10 mM HEPES at 37 °C in a 5% CO2 humidified atmosphere. The SARS-CoV-2 variant, denoted UC-1074 was isolated in Vero cells (ATCC-CCL81) in 2020 from a nasopharyngeal swab of a COVID-19 patient who had a Ct of 19 for detection of SARS-CoV-2 E protein by RT-qPCR real-time reverse transcription PCR (RT-qPCR). The UC-1074 shares the same genome sequence as the early lineage A sequences (Wuhan/WH04/2020). Four variants of concern, kindly provided by Piet Maes (Laboratory of Clinical and Epidemiological Virology, Rega Institute, KU Leuven, Belgium) were used: NVDBB-2220 (Alpha variant), RG-2674 (Beta variant), 860-J1 (Delta variant) and B1.1.529 BA.1 (Omicron). All variants were used after 2-3 passages in cell culture. The infectious virus titer of the different variants was determined in Vero cells and expressed as 50% tissue culture infectious dose (TCID50) per ml. 
The cytopathic effect (CPE) reduction assay was used to evaluate the anti-SARS-CoV-2 activity of the compounds. Vero cells were seeded in 96-well plates at a density of 5x104 cells per well in DMEM 10% FBS medium. After 4-5 days of growth, the cell culture medium was removed from the Vero cells grown to confluence, and cells were treated with 5-fold serial dilutions of the compounds diluted in fresh medium (DMEM 2% FBS) and were then mocked-infected or infected with 100 TCID50/well of the SARS-CoV-2 variants (final volume 200 µl/ well). The starting drug concentrations of the compounds was 100 μM. Remdisivir, β-D-N4-hydroxycytidine (NHC; EIDD-1931) and molnupiravir were used as reference anti-SARS-CoV-2 compounds. After 6-7 days of incubation at 35°C, viral CPE was recorded microscopically based on detectable alterations of the cell morphology as soon as it reached completion in the untreated, virus-infected cells, using a 0 to 5 scale (with 0, being no CPE; 1, ∼20% CPE; 2, 20 to 40% CPE; 3, ∼40 to 60% CPE; 4, 60 to 80%; and 5, 80 to 100% CPE). The 50% effective concentration (EC50), defined as the drug concentration that reduced the CPE by 50% compared to the untreated controls, was calculated for each compound from a non-linear curve fit using Prism 4.0b software.
In parallel, the cytotoxic effects of the derivatives were assessed by evaluating the MCC (minimum cytotoxic concentration that causes a microscopically detectable alteration of cell morphology). The effects of the compounds on cell growth were as well determined by counting the number of cells with a Coulter counter in mock-infected cultures and expressed as the cytostatic concentration required to reduce cell growth by 50% (CC50). All SARS-CoV-2-related work was conducted in the BSL3 facilities of the KU Leuven Rega Institute (3CAPS) under licenses AMV 30112018 SBB 219 2018 0892 and AMV 23102017 SBB 219 2017 0589 according to institutional guidelines.
4.3. Plasma stability study
Human plasma stability assay was contracted and carried out by WuXi AppTec. The pooled frozen human plasma (3 male & 3 female from BioreclamationIVT, cat. #HUMANPLK2P2N, batch HMN708968) was thawed in a water bath at 37 °C prior to the experiment. Plasma was centrifuged at 4000 rpm for 5 min and the clots were removed if any. Using an Apricot automation workstation, plasma (98 μL/well) was added to a 96-well plate. The reaction was initiated by adding the test compounds to make a final concentration of 2 μM. Samples were then incubated at 37 °C and time points were taken at 0, 10, 30, 60, and 120 min. Time point samples were mixed with a quench solution containing internal standards tolbutamide (200 ng/mL) and labetalol (200 ng/mL) in MeCN. Quenched samples were centrifuged at 4000 rpm for 20 min at 4 °C. After centrifugation, each supernatant was transferred to a bioanalysis plate, followed by LC-MS/MS analysis.
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