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Abstract  

Coxsackievirus A24 variant (CVA24v) is the major cause of acute haemorrhagic conjunctivitis 

(AHC), an eye disease with more than 10 million cases reported over the last three decades, 

including several pandemic outbreaks. There are currently no antiviral agents nor vaccines 

available for treating or preventing the disease. CVA24v uses sialic acid receptors for host 

recognition and cell entry initiation. Elofsson et al. has synthesized pentavalent and C2-C9 

dimerized sialic conjugates, inhibiting CVA24v with IC50 values around 160 micromolar. 

However, X-ray crystallography of these compounds showed that the spacer between the sialic 

acid moieties had no interactions with the viral proteins. In this study a new dimer strategy is 

applied, instead linking the sialic acids from C4-C9, with hopes to force interactions between 

the spacer and the capsid in order to achieve greater inhibition.   
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1. Introduction  

There has been an increase in acute haemorrhagic conjunctivitis (AHC) infections over the last 

three decades, with more than 10 million cases reported, including several pandemic outbreaks 

(figure 1).[1, 2, 3, 4] AHC is a highly contagious eye infection, affecting human corneal 

epithelial cells (HCE), with symptoms including pain, swelling of the conjunctival tissue, and 

subconjunctival haemorrhaging.[5] It spreads mainly via the faecal-oral route, with an 

incubation period of 24-48 hours. The incidence has been estimated to be as high as 50% of the 

population in areas affected by an outbreak, mainly correlating with sanitation.[6] AHC usually 

resolves in around 6 days without long term complications, however, 1/10 000 infected also 

exhibit paralysis similar to the one caused by polio. [7] Currently, management is focused on 

relievement of the symptoms experienced, as there are no antiviral agents nor vaccines available 

for treating or preventing the disease.[8]  

The major cause of AHC is Coxsackievirus A24 variant, CVA24v. It was first reported of in the 

1970s after causing major outbreak of AHC in Singapore. [9, 10] 

 

Figure 1. Geographic origins of non-AHC- (red) and AHC-causing (purple, light blue, blue) CV-A24 strains of which complete 

VP1 sequences are available, with circle sizes proportional to the number of isolates. Figure made by Baggen et al.[11]  

CVA24v belongs to the family Picornaviridae and the genus Enterovirus. It is composed of a 

30 nm icosahedral capsid containing non-enveloped positive sense single-stranded RNA, with 

a genome of 7.000-8.500 nucleotides in length. The virus structure consists of viral proteins 

(VP) 1-4, where VP1-3 constitutes the icosahedral capsid, and VP4 which is a part of the inner 

surface of the virus particle. Both VP1 and VP4 function in the host entry and viral assembly 
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process, and the symmetry of the VP1 components makes a depression, a so called “canyon”, 

which often is the active site for receptors critical for the viral replication cycle. [12] The 

replication cycle begins by receptor binding, followed by cell entry, RNA uncoating, 

replication, assembly of the virus particle, and at last cell lysis. [13]  

Different members of the Picornaviridae family have been found to use a wide variety of 

receptors, including coxsackie and adenovirus receptor (CAR), Intercellular adhesion 

molecule-1 (ICAM-1), sialic acid, various integrins, and CD55. CVA24v has been identified to 

use both ICAM-1 and sialic acid receptors, and in 2011 Nitesh Mistry et al. reported there’s a 

preference for N-Acetylneuraminic acids in human corneal epithelial cells (figure 3). [14, 15, 

16] Sialic acid receptor interactions are often of low affinity, which is countered by multivalent 

binding sites. [17] In 2014 Zocher, G, et al. determined the structure of CVA24v to 1.4 Å 

resolution together with sialic acid bound to its pentameric binding site (figure 2). [18] 

 

 

 

 

Figure 2. Capsid structure of CVA24v with VP1 (light blue), VP2 

(green), VP3 (red), and sialic acid (black). The atoms of the left 

pentameric section are coloured according to the electrostatic 

potential scaling from red to blue, and the right pentameric section 

was coloured according to the distance from the centre of the capsid, 

ranging from 122 Å (blue) to 162 Å (red).  

Sialic acids are N- or O-substituted derivatives of neuraminic acid, a 9-carbon backbone sugar 

unit, and takes part in many physiological and pathological processes. They’ve been shown to 

affect neural plasticity, glomerular filtration, and blood charge repulsion, but also serves as a 

ligand for several intrinsic (siglecs, factor H, etc.) and extrinsic receptors (pathogen-binding 

proteins and toxins). [19]  

The unusual backbone of sialic acids presents some difficulties from a synthetic point of view. 

Since acetyl protective groups are commonly used for the hydroxyl groups in carbohydrate 

chemistry, which are sensitive to basic conditions, O-acyl group modifications are not feasible. 

It also has a sterically hindered and disfavoured tertiary centre (position 2, figure 3) with an 
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electron-withdrawing carboxyl-group linked to the anomeric carbon, which also lacks a 

neighbouring participating group to regulate the stereochemical outcome of the synthetic 

modifications performed. [20] Carbohydrate-based drugs also inherent poor pharmacological 

properties due to its polarity and size, for example rapid serum clearance and poor cellular 

uptake. This can however be circumvented by a topical mode of administration (eye drops, 

cream or ointment). [21]  

 

Figure 3. Chemical structure of N-acetylneuraminic acid with assigned numbered carbons.  

In 2006 Mikael Elofsson et al. reported that trivalent sialic acid conjugates inhibit binding and 

infection of adenovirus type 37, which also uses sialic acid as cellular receptors, in the lower 

nanomolar inhibition range.[22] These compounds inhibits the viral replication cycle at the first 

step, receptor binding and cell attachment, and thus also inhibits re-infection followed by viral 

particle release upon cell lysis of already infected cells.  

However, these compounds were not efficient in preventing CVA24v attachment, or infection, 

of human corneal epithelial cells (HCE). Thus, pentavalent sialic acid conjugates were designed 

and synthesized and proved to inhibit both CVA24v from binding to, and infection of, human 

corneal epithelial cells with IC50 values around 160 micromolar. X-ray crystallography of the 

pentavalent conjugates in complex with CVA24v did however not indicate an optimal chelation 

of the pentavalent binding sites as only density for the sialic acid binding sites were observed. 

To develop more potent inhibitors, Elofssons research group employed an alternative strategy 

aimed at linking sialic acid derivates from position 2 of one sialic acid unit to position 9 of 

another sialic acid unit that with the aim of achieving additional contacts with the capsid via 

spacer fragments (figure 4).  

 

Figure 4. Schematic drawing of the C2-C9 sialic acid conjugate. 
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Biological evaluation (infection experiments) of these C2-C9 sialic acid dimers showed they 

are in the same potency range (around 180 micromolar) as the pentavalent conjugates thus 

presenting a much higher relative inhibitory potency. Crystallization of the C2-C9 dimer 

together with CVA24v showed that the spacer between the two sialic acid scaffolds had no 

interactions with the viral proteins, and only density for the sialic acid units was observed 

(figure 5). [23]   

 

 

 

 

Figure 5. Crystallization images of the 

C2-C9 divalent sialic acid compound 

bound to CVA24v, showing the sialic 

acid units bound to the binding site. The 

spacer couldn't be visualized because it 

didn't interact with the viral proteins 

between the sialic acids. 

This led to the suggestion that a more favourable linking strategy may involve the C4 position 

as it would force interactions with the capsid, and spatially the spacer would point directly 

toward the canyon linking the sialic acid binding sites. 
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2. Aim 

The aim of this thesis is to synthesize three C4-C9 divalent sialic acid conjugates (figure 6, 

general structure), designed based on docking studies to CVA24v, differing only in spacer 

carbon chain length. This is done with the aim to engage the spacer between the sialic acid units 

with the viral proteins, as this would result in a higher inhibitory potency, and also a higher 

relative inhibitory potency compared to the tri- or pentavalent sialic acid conjugates. These 

compounds will then go through biological testing, with hopes of medicinal applications.  

 

  

Figure 6. Schematic drawing of the C2-C9 sialic acid conjugate (left) already synthesized and the C4-C9 

sialic acid conjugates (right) aimed to be synthesized in this thesis work. 
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3. Result & discussion 

3.1 Design and synthetic strategy 

A rational structure-based approach was used to design three divalent sialic acid conjugates, 

which differ only in the length of the spacer fragment (figure 6).  

 

Figure 6. The three divalent sialic acid conjugates aimed to be synthesized in this thesis. 

The design of compounds 19a, 19b, 19c, was confirmed by molecular docking studies that 

indicated 19b (n = 3) to have an optimal length to bridge the sialic acid binding sites with no 

apparent steric clashes with the viral capsid. Calculations for bond lengths and angles were 

within benchmark values. Contrarily, docking of 19a (n = 1) indicated that the spacer is too 

short for bridging of the sialic acid binding sites, and would thus serve as a control, since the 

inhibition should be significantly reduced if simultaneous binding of the monomers is not 

possible, potentially this compound could act by an alternative mechanism of inhibition by 

favouring aggregation of viral particles. Compound 19c (n = 7) should be too long, and not 

capable of engaging the spacer connecting the two sialic acid residues as the fit would be non-

optimal.  

The synthetic route starts from commercially available N-acetylneuraminic acid (1), and is 

based on synthesis of two key intermediates (7, 13, figure 7). These intermediates were chosen 

since they can be coupled to various spacers with different lengths and character and are easy 
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to click together using copper-catalysed azide-alkyne cycloaddition. Also, synthetic 

modifications on both the C4- and C9-carbon has been published before. [24, 25] 

 

Figure 7. The two key intermediates 

3.2 Synthesis of the C4-modified intermediate 

Synthesis of the C4-modified sialic acid intermediate 9, is done in 9 steps starting from 

commercially available N-Acetylneuraminic acid 1, introducing an amino-alkyne with retained 

stereochemistry (scheme 1). The synthetic route starts by an esterification on the C1-position, 

utilizing the ion-exchange resin Dowex 50W hydrogen form, affording compound 2 in 

quantitative yields (98%) with no need for further purification. This was followed by O-

acetylation of the hydroxyl groups, using DMAP and acetic anhydride in pyridine, to obtain 

compound 3. The yield for the reaction ranged from 55-75%. Compound 3 was treated with 

TMS-triflate facilitating elimination of C2 acetate group and formation of the intramolecular 

oxazolidine intermediate 4 in 69% yield. Compound 4 was treated with TMS-azide to afford 

compound 5 87% yield.  

Compound 5 was treated with NBS in dry MeOH and irradiated in microwave at 60°C for 20 

minutes. This drastically reduced the reaction time (from 72 hours) in comparison to previous 

work in the group. After purification, the intended diastereomer (alpha anomer) was isolated in 

21% yield. Then concurrent reduction of azide and bromine will be performed under catalysis 

by palladium to afford compound 7, which will then undergo reductive amination with aldehyde 

11 (for synthesis, see experimental section) to obtain compound 8. The last step is deprotection 
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of the hydroxy groups, using sodium methoxide in methanol, affording the key intermediate 

compound 9.  

 

Scheme 1. Synthesis of intermediate one, compound 9. Reagents and conditions: (a) Dowex H+, MeOH, r.t, 16 h, 98%; (b) 

DMAP, Ac2O, dry pyridine, r.t, 48 h, 55-75%; (c) TMS-OTf, dry Ethyl Acetate, 52°C, 3 h, 69%; (d) TMS − N3, dry tBuOH, 

80°C, 16 h, 87%; (e) NBS, dry MeOH, MW at 60°C, 20 min, pure α 21%; (f) Pd/C (20 wt %), H2 (1 atm) ; (g) NaBH(OAc)3, 

AcOH, THF; (h) Sodium methoxide, MeOH, rt. 

3.3 Synthesis of the C9-modified intermediates  

The synthesis of the C9-modified intermediates, compound 18a, 18b, 18c, also starts from sialic 

acid and is synthesized to compound 12 in five steps (scheme 2). This intermediate was 

available in Elofssons group, and synthesized in 17% overall yield. The five steps include 

esterification of the C1-position, concurrent acetylation of the hydroxy-groups and chlorination 

of the C2-position, sialidation and O-deacetylation, and a two-step-one-pot bromination and 

azidation of C9.  

Compound 12 is then reduced to an amine using triphenylphosphine in methanol, eventually 

forming a salt with addition of acetic acid. This procedure of reduction allows mild conditions 

with high yields (82%), affording compound 13. Compound 13 is then used in amide couplings 

with three different Pfp-acetate building blocks 17a-c, differing only in length of the aliphatic 
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carbon chain. This was done using DMAP as a catalyst and pyridine as a base. However, this 

reaction does not seem to be clean based on LC-MS and TLC, and the products (confirmed by 

H-NMR) proved hard to separate from an unknown impurity both with silica gel 

chromatography and HPLC. The amine in compound 13 should by far be the most reactive 

nucleophile, however, theoretically the Pfp-acetate could also be coupled to one of the hydroxy 

groups, most likely at the 4th position. Yields of 18a-c proved to be very low after purification 

(5-15%). The reason for this is unknown, and the reactants should be checked again to confirm 

the purity and integrity of the molecules. It would also be advisable to try a different procedure.    

 

Scheme 2. Synthesis of the C4-substituted intermediates. (a) 𝑃𝑃ℎ3, 𝐴𝑐𝑂𝐻, 20°𝐶, 16 ℎ, 82%; (b) DMAP, Pyridine, DCM, 20°𝐶, 

16-72 h. 

3.4 Synthesis of target compounds 19a, 19b, 19c  

The final compounds 19a, 19b, 19c will be obtained by coupling together the two intermediates, 

17a-c and 9, using a copper-catalysed azide-alkyne cycloaddition, and subsequently the ester 

will be hydrolysed using lithium hydroxide to afford the target compounds (scheme 3). 

 

Scheme 3. Synthesis of the final compound. (a) CuSO4 ∗ 5H2O (5 mol%), sodium ascorbate (10 mol%), THF: H2O 1: 1. 
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4. Material and Methods 

4.1 General chemical methods and materials 

All experiments were carried out under inert (Nitrogen) atmosphere. The dry organics solvents 

were obtained using a Glass Contour Solvent Systems (SG Water USA) purchased from Sigma 

Aldrich or dried using molecular sieves (3Å). All other chemicals were purchased from Sigma 

Aldrich. Silica gel 60 F254, purchased from Merck, was used for thin layer chromatography 

(TLC), with detection under UV-light and/or by staining with 5% H2SO4 in Ethanol, 

Triphenylphosphine followed by ninhydrin, or with a permanganate stain. Column 

chromatography was performed on silica gel (Merck, 60 Å, 70–230 mesh ASTM). Automated 

chromatography was performed on Biotage Initiator on Biotage HP-Sphere 25 μm column. LC-

MS was carried out with a Waters LC system equipped with an Xterra C18 column (50 × 19 mm, 5 

μm, 125 Å), eluted with a linear gradient of CH3CN in water, both of which contained formic acid 

(0.2%). A flow rate of 1.5 mL min−1 was used and detection was performed at 214 nm. Mass spectra 

were obtained on a Water micromass ZQ 2000 using positive and negative electrospray ionization.  

1H and 13C spectrums of the compounds were recorded with a Bruker DRX-400 spectrometer 

(BrukerBiospin GmbH, Rheinstetten, Germany) at 400MHz and 100 MHz, respectively. 

Chemical shifts are referenced to solutions in CDCl3 [Residual CDCl3 (δH 7.26 ppm, s), CDCl3 

(δC 77.2 ppm, t)], and MeOD [residual MeOD (δH 4.87, s, 3.31, t)], at 298°K. Semi-preparative 

HPLC separations were performed on a Gilson system HPLC, using a Nucleodur C-18 column 

HTEC 5 μm (VP 250/21) with a flow rate 20 mL min−1, detection at 214 nm and eluent system: A. 

aq. 0.005% HCOOH, and B. 0.005% HCOOH in CH3CN.  
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4.2 Chemical synthesis 

Methyl (5-N-acetamido-3,5-dideoxy-D-glycero-α-D-galacto-2-nonulopyranosyl)onate (2) 

 

To Dowex 50W (17g) Hydrogen form (prewashed with methanol) in methanol (450 mL), was 

added N-acetylneuraminic acid (1) (10 g, 32.33 mmol) at room temperature while stirring. The 

reaction mixture was stirred at 50°C overnight under nitrogen atmosphere, filtrated through 

celite, and concentration under reduced vacuum to afford 2 (10.26 g, 31.74 mmol) in 

quantitative yield. Used without further purification in the next step. 

Trimethyl (2S,4S,5S,6R)-6-[(1S,2R)-1,2,3-triacetoxypropyl]-5-acetylaminotetrahydro-

2H-pyran-2,2,4-carboxylate (3) 

 

Compound 2 (10.26 g, 31.74 mmol, 1 eq) and DMAP (426 mg, 3.49 mmol, 0.11 eq) was 

dissolved in dry pyridine (63.8 mL, 793.4 mmol, 25 eq) under dry conditions and nitrogen 

atmosphere. The solution was cooled to 0 °𝐶, followed by addition of acetic anhydride (33 mL, 
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349 mmol, 11 eq), and left to stir for 72 h. The solution was concentrated under reduced 

pressure, co-evaporated with toluene/DCM, and re-dissolved in ethyl acetate (600 mL). The 

organic layer was washed with 2 M HCl (200 mL x3), saturated aqueous sodium bicarbonate 

(200 mL x2), saturated brine (200 mL), dried using sodium sulfate, and concentrated under 

reduced pressure to afford 10.96 g (20.54 mmol, 66% yield) of 3. TLC (100% EtOAc), r.f: 0.25. 

LC-MS m/z calculated for C22𝐻31𝑁𝑂14 [𝑀 + 𝐻2𝑂]+ 551.58, found 551.3. Used without 

further purification in next step. 

Methyl (3aR,4R,7aR)-4-[(1S,2R)-1,2,3-triacetoxypropyl]-2-methyl-1,5-dioxa-3-aza-4,7a-

dihydro-3aH-indene-6-carboxylate (4) 

 

Compound 3 (10.96 g, 20.52 mmol, 1 eq) was dissolved in dry ethyl acetate (64 mL) under 

nitrogen atmosphere. Trimethylsilyl triflouromethanesulfonate (11 mL, 61.6 mmol, 3 eq) was 

added dropwise while heating the solution from r.t. to 52°𝐶, and left to stir for 4 hours. The 

reaction mixture was then poured into a vigorously stirring ice cold solution of saturated sodium 

bicarbonate (40 mL) and solid sodium bicarbonate (30 g), and stirred for 15 minutes, followed 

by filtration and extraction with ethyl acetate (40 mL x 3). The organic layers were combined, 

washed with brine (40 mL), dried with sodium sulfate, and concentrated under reduced 

pressure. The reaction mixture was further purified by flash chromatography affording 

compound 4 in 69 % yield. TLC (100% EtOAc), r.f: 0.5. LC-MS m/z calculated for 

𝐶18𝐻23_𝑁𝑂10 [M + H]+ 414.14, found 414.2. 1H NMR (400MHz, CDCl3): 𝛿 = 6.39 (d, 1H), 

5.64 (dd, 1H), 5.45 (dt, 1H), 4.83 (ddd, 1H), 4.60 (dd, 1H), 4.23 (dd, 1H), 3.97 (t, 1H), 3.82 (s, 

3H), 3.45 (td, 1H), 2.15 (s, 3H), 2.06 (s, 3H), 2.06 (s, 3H), 2.02 (s, 3H) ppm. 
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Methyl (4S,5R,6R)-6-[(1S,2R)-1,2,3-triacetoxypropyl]-5-acetylamino-4-azido-5,6-

dihydro-4H-pyran-2-carboxylate (5) 

 

Compound 4 (4.418 g, 10.687 mmol, 1 eq) was dissolved in tert-butanol (31.8 mL), under dry 

conditions and nitrogen atmosphere, followed by addition of azidotrimethylsilane (2.26 mL, 

17.1 mmol, 1.6 eq), and stirred at 80°𝐶 overnight equipped with a refluxed condenser with 

water at 60 degrees to prevent condensation of hydrazoic acid. The r.m. was then allowed to 

cool to r.t., diluted in ethyl acetate (127 mL) and sodium nitrate (1.15 g, 1.56 eq) in water (32 

mL), and acidified with 6 M HCl while stirring to a pH of 1. The aqueous layer was extracted 

with ethyl acetate (60 mL x 1), and the organic layers were combined and washed with water 

(50 mL x 2), 6% sodium bicarbonate (50 mL), dried with sodium sulfate, and concentrated 

under reduced pressure. The product was further purified using flash chromatography with a 

gradient of 50-100% ethyl acetate in heptane, yielding 3.52 g of compound 5 (7.712 mmol, 72% 

yield). TLC (50% EtOAc/Heptane), r.f: 0.1. LC-MS m/z calculated for 𝐶18𝐻24𝑁4𝑂10
[M + H]+ 

457.2, found 457.2. 1H NMR (400MHz, CDCl3): 𝛿 = 5.98 (d, 1H), 5.77 (d, 1H), 5.45 (dd, 1H), 

5.35-5.32 (m, 1H), 4.60 (dd,  1H), 4.54-4.47 (m, 2H), 4.19 (dd, 1H), 3.86-3.78 (m, 1H), 3.80 

(s, 1H), 3.13 (s, 3H), 2.07 (s, 3H), 2.05 (s, 3H), 2.00 (s, 3H) ppm. 
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Methyl (2S,3S,4R,5R,6R)-6-[(1S,2R)-1,2,3-triacetoxypropyl]-5-acetylamino-4-azido-3-

bromo-2-methoxytetrahydro-2H-pyran-2-carboxylate (6)  

 

Compound 5 (755 mg, 1.654 mmol, 1 eq) and NBS (353 mg, 1.985 mmol, 1.2 eq) was dissolved 

in dry methanol (8 mL) in a dry MW-vial, purged with nitrogen, and irradiated in a microwave 

at 60°𝐶 for 20 minutes. The r.m. was concentrated under reduced vacuum, and further purified 

using column chromatography (25g Biotage Snap Ultra column with a 10-100% gradient of 

ethyl acetate in heptane). Pure fractions were collected and concentrated, yielding 193 mg of 

compound 6 (0.34 mmol, 21%). TLC (75% EtOAc/Heptane), r.f: 𝛼 0.5, 𝛽 0.45. LC-MS m/z 

calculated for 𝐶19𝐻27𝐵𝑟𝑁4𝑂11 [M + H]+ 567.1, found 567.2. 1H NMR (400MHz, CDCl3): 𝛿 = 

5.52 (d, 1H), 5.36-5.32 (m, 1H), 5.26 (dd, 1H), 4.77 (dd, 1H), 4.38 (t, 1H), 4.23 (dd, 1H), 4.10 

(dd, 1H), 3.86 (s, 3H), 3.80 (d, 1H), 3.76-3.68 (m, 1H), 3.51 (s, 3H), 2.14 (s, 3H), 2.07 (s, 3H), 

2.04 (s, 3H), 2.03 (s, 3H) ppm. 

Synthesis of compound 7-9 are planned and will be performed. 
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7-Octynal (11) 

 

Dess-Martin periodinane (360 mg, 0.832 mmol, 1.05 eq) was added to a 0.1 M solution of 7-

octyn-1-ol (100 mg, 0.792 mmol, 1 eq) in dry DCM under nitrogen atmosphere and stirred at 

R.T for 2 days. TLC and LC-MS showed starting material was still present. additional 0.5 eq 

Dess-Martin Periodinane was added, and let stir for another 3 days. TLC (100% DCM), r.f: 0.3, 

0.35, 0.65 & 0.8. Not determined which one is the product. LC-MS m/z calculated for 

𝐶8𝐻12𝑂 [M + H2𝑂]− 141.19, found 141.0.  

Methyl (2R,4S,5S)-6-[(1R,2R)-3-amino-1,2-dihydroxypropyl]-5-acetylamino-4-hydroxy-

2-methoxytetrahydro-2H-pyran-2-carboxylate (13) 

 

Compound 12 (630 mg, 1.74 mmol, 1 eq) was dissolved in MeOH (36.6 mL/mmol azide, 62.5 

mL) containing triphenyl phosphine (1.38 g, 5.267 mmol, 3 eq) and water (18.3 mL/mmol 

azide, 31.8 mL). To the solution was added 20% acetic acid (3.66 mL/mmol azide, 6.37 mL) 

and water (18.3 mL/mmol azide, 31.8 mL), and let stir for 75 minutes. The methanol was 

removed under reduced pressure, and the aqueous phase was washed with DCM (40 mL x 3). 
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The aqueous phase was then freeze-dried for 4 days, yielding product 13 (560 mg, 1.41 mmol, 

81% yield). LC-MS m/z calculated for 𝐶13𝐻25𝑁2𝑂8 [M + Na+]+ 360.4, found 360.2. 1H NMR 

(400MHz, MeOD − d4): δ 4.02-3.97 (m, 1H), 3.84 (s, 3H), 3.75 (t, 1H), 3.67-3.53 (m, 3H), 

3.47 (dd, 1H), 3.37 (dd, 1H), 3.34 (s, 3H), 2.65 (dd, 1H), 2.01 (s, 3H), 1.7 (dd, 1H) ppm. 

Methyl 5-azidovalerate (15)  

 

Methyl 5-bromovalerate (14b) (2 g, 9.56 mmol, 1 eq) and sodium azide (1.86 g, 28.7 mmol, 3 

eq) was dissolved in DMF (25 mL) under nitrogen atmosphere and stirred for 3 days at 60°C. 

The reaction mixture was let cool down to room temperature, diluted in water (20 mL), and the 

aqueous layer was extracted with ethyl acetate (25 mL x 3). The combined organic layers were 

washed with brine, dried with sodium sulfate, filtered and concentrated under reduced pressure. 

Product 15 was obtained in quantitative yield (1.64 g, 9.57 mmol), and used in next step without 

further purification.  

3-azidopropanoic acid (16a) 

 

3-bromopropanoic acid (14a) (1 g, 6.537 mmol, 1 eq) and Sodium Azide (1.275 g, 19.611 

mmol, 3 eq) was dissolved in in dry DMF (15 mL) and stirred at 60°C for 48 hours. The reaction 

mixture was let cool down to room temperature, acidified to pH 1, and extracted with ethyl 

acetate (15 mL x3). The combined organic layers were washes with brine, dried with sodium 

sulfate, and concentrated under reduced pressure, yielding compound 16a (653 mg, 5.674 

mmol, 87% yield). TLC (100% DCM), r.f: 0.25. 1H NMR (400MHz, CDCl3): δ 3.91 (t, 2H), 

2.81 (t, 2H) ppm. 
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5-azidopentanoic acid (16b) 

 

Methyl 5-azidovalerate (15) was added to NaOH (2 M) in ethanol (20 mL) and water (5 mL) 

and stirred at 55°C for 20 hours. The reaction mixture was let cool down to room temperature, 

acidified to pH 1, and extracted with ethyl acetate (30 mL x3). The combined organic layers 

were washes with brine, dried with sodium sulfate, and concentrated under reduced pressure. 

The product was further purified using flash chromatography (0-5% methanol in DCM), 

yielding product 16b (1.28 g, 8.94 mmol, 93% yield). TLC (100% DCM), r.f: 0.3. LC-MS m/z 

calculated for 𝐶5𝐻9𝑁3𝑂2 [𝑀 − 𝐻]− 142.1, found 142.1. 1H NMR (400MHz, CDCl3): δ 3.71 (t, 

2H), 2.33 (t, 2H), 1.87 (m, 2H), 1.60 (m, 2H) ppm.  

5-azidononanoic acid (16c) 

 

9-bromononanoic acid (14c) (1 g, 4.217 mmol, 1 eq) and Sodium Azide (882 mg, 12.621 mmol, 

3 eq) was dissolved in in dry DMF (15 mL) and stirred at 60°C for 48 hours. The reaction 

mixture was left to cool to room temperature, acidified to pH 1, and extracted with ethyl acetate 

(15 mL x3). The combined organic layers were washed with brine, dried with sodium sulfate, 

and concentrated under reduced pressure, yielding compound 16c (971 mg, 4.873 mmol, 115% 

yield). 1H NMR (400MHz, CDCl3): δ 3.71 (t, 2H), 2.41 (t, 2H), 1.81 (q, 2H), 1.56 (q, 2H), 1.25-

1.35 (m, 8H). 
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2,3,4,5,6-Pentafluorophenyl 3-azidopropionate (17a) 

 

3-azidopropanoic acid (16a) (653 mg, 5.6738 mmol, 1 eq) and pentaflourophenol (895 𝜇L, 8.51 

mmol, 1.5 eq) was dissolved in dry ethyl acetate (11 mL). The solution was cooled to 0°C, 

followed by portion wise addition of EDC (1.19 g, 6.24 mmol, 1.1 eq) and DMAP (138 mg, 

1.135 mmol, 0.2 eq). The reaction mixture as let heat up to room temperature over the weekend 

under nitrogen atmosphere. TLC showed some starting material was still present, but it was 

decided to stop the reaction anyway. The reaction mixture was washed sequentially with water 

(10 mL x 3), 10% aqueous sodium bicarbonate (10 mL x 2), water (10 mL x2), 5% aqueous 

potassium bisulfate (10 mL x 2), and water (10 mL x 3). The organic phase was dried using 

sodium sulfate and concentrated under reduced pressure, yielding product 17a (400 mg, 1.423 

mmol, 25%). TLC (10% EtOAc/Heptane), r.f: 0.5. LC-MS m/z calculated for 

𝐶9𝐻4𝐹5𝑁3𝑂2 [M + H2O]+ 298.2, found; 298.1. 1H NMR (400MHz, CDCl3): δ 4.02 (t, 2H), 

2.96 (t, 2H) ppm. 

2,3,4,5,6-Pentafluorophenyl 3-azidopentionate (17b) 
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5-azidopentanoic acid (16b) (1 g, 6.99 mmol, 1 eq) and pentaflourophenol (1.1 mL, 10.48 

mmol, 1.5 eq) was dissolved in dry ethyl acetate. The solution was cooled to 0°C, followed by 

portion wise addition of EDC (1.47 g, 7.68 mmol, 1.5 eq) and DMAP (170 mg, 1.4 mmol, 0.2 

eq). The reaction mixture was let heat up to room temperature overnight under nitrogen 

atmosphere. Additional 0.5 eq EDC added the morning after and let stir for another 4 hours. 

The reaction mixture was then washed sequentially with water (10 mL x 3), 10% aqueous 

sodium bicarbonate (10 mL x 2), water (10 mL x2), 5% aqueous potassium bisulfate (10 mL x 

2), and water (10 mL x 3). The organic phase was dried using sodium sulfate and concentrated 

under reduced pressure, yielding product 17b (1.8g, 5.83 mmol, 83%). 1H NMR (400MHz, 

CDCl3): δ 3.72 (t, 2H), 2.38 (t, 2H), 1.86 (m, 2H), 1.61 (m, 2H) ppm. 

2,3,4,5,6-Pentafluorophenyl 9-azidononionate (17c) 

 

9-azidononanoic acid (16c) (971 mg, 4.873 mmol, 1 eq) and pentaflourophenol (767 𝜇L, 7.31 

mmol, 1.5 eq) was dissolved in dry ethyl acetate (9.5 mL). The solution was cooled to 0°C, 

followed by portion wise addition of EDC (1.03 g, 5.36 mmol, 1.1 eq) and DMAP (119 mg, 

0.974 mmol, 0.2 eq). The reaction mixture was then washed sequentially with water (10 mL x 

3), 10% aqueous sodium bicarbonate (10 mL x 2), water (10 mL x2), 5% aqueous potassium 

bisulfate (10 mL x 2), and water (10 mL x 3). The organic phase was dried using sodium sulfate 

and concentrated under reduced pressure, yielding product 17c (735 mg, 2.01 mmol, 41%). 1H 

NMR (400MHz, CDCl3): δ 3.71 (t, 2H), 2.41 (t, 2H), 1.81 (q, 2H), 1.56 (q, 2H), 1.25-1.35 (m, 

8H). 
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Methyl (2R,4S,5S)-6-[(1R,2R)-3-(3-azidopropionylamino)-1,2-dihydroxypropyl]-5-

acetylamino-4-hydroxy-2-methoxytetrahydro-2H-pyran-2-carboxylate (18a) 

 

Compound 17a (39 mg, 0.1388 mmol, 1.1 eq) and DMAP (3 mg, 0.025 mmol, 0.2 eq) was 

dissolved in dry DCM (2 mL) under dry conditions and nitrogen atmosphere, followed by 

addition of Pyridine (20 𝜇L, 0.25 mmol, 2 eq) and compound 13 (50 mg, 0.126 mmol, 1 eq). 

The reaction mixture was left to stir at 20°C for 7 days, with additional addition of DMAP (0.2 

eq) and 17a (1 drop) after 4 days. Not yet purified.   

Methyl (2R,4S,5S)-6-[(1R,2R)-3-(5-azidovalerylamino)-1,2-dihydroxypropyl]-5-

acetylamino-4-hydroxy-2-methoxytetrahydro-2H-pyran-2-carboxylate (18b) 

 

Compound 17b (58 mg, 0.189 mmol, 1.5 eq) and DMAP (3 mg, 0.025 mmol, 0.2 eq) was 

dissolved in dry DCM (2 mL) under dry conditions and nitrogen atmosphere, followed by 

addition of Pyridine (20 𝜇L, 0.25 mmol, 2 eq) and compound 13 (50 mg, 0.126 mmol, 1 eq). 

The reaction mixture was let stir at 20°C for 7 days, and further purified using column 

chromatography (Biotage 10g Snap, 0-30% MeOH/DCM with 0.1% Formic Acid). 53 mg 

obtained (crude yield 91%), but H-NMR shows the product needs further purification. Purified 

using HPLC (10-35% Acetonitrile/𝐻2𝑂 with 0.005% formic acid), but product lost after 

purification. TLC (50% EtOAc/Heptane), r.f: 0.3. 
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Methyl (2R,4S,5S)-6-[(1R,2R)-3-(9-azidononanoylamino)-1,2-dihydroxypropyl]-5-

acetylamino-4-hydroxy-2-methoxytetrahydro-2H-pyran-2-carboxylate (18c) 

 

Compound 17c (50 mg, 0.1388 mmol, 1.1 eq) and DMAP (3 mg, 0.025 mmol, 0.2 eq) was 

dissolved in dry DCM (2 mL) under dry conditions and nitrogen atmosphere, followed by 

addition of Pyridine (20 𝜇L, 0.25 mmol, 2 eq) and compound 13 (50 mg, 0.126 mmol, 1 eq). 

The reaction mixture was let stir at 20°C for 7 days. TLC (25% EtOAc/Heptane), r.f: 0.3. 

Purified using HPLC (10-35% Acetonitrile/𝐻2𝑂 with 0.005% formic acid), but product lost 

after purification. 
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5. Conclusion 

This thesis provides a synthetic strategy in order to obtain C2-C9 linked sialic acid conjugates. 

One of the major advantages of this strategy is the ability to vary both spacer chain length and 

character, in order to optimize spacer interactions with the viral particle. The synthetic route 

presented consists mainly of previously reported, but also newly devised procedures, for 

example the microwave facilitated elimination of C2 acetate group and formation of the 

intramolecular oxazolidine intermediate 4. However, synthetic efforts are still required to 

successfully purify the C9-intermediates 18a, 18b and 18c, and to reach the final steps 

connecting the aldehyde building blocks to the C4-modified sialic acid in order to obtain 

intermediate 9, followed by assessment of the target molecules antiviral potential against 

CVA24v.  
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