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2

24 Abstract 

25 The combined inhibition of ER α-glucosidases I and II has been shown to inhibit replication 

26 of a broad range of viruses that rely on ER protein quality control. We found, by screening 

27 a panel of deoxynojirimycin and cyclitol glycomimetics, that the mechanism-based ER α-

28 glucosidase II inhibitor, 1,6-epi-cyclophellitol cyclosulfate, potently blocks SARS-CoV-2 

29 replication in lung epithelial cells, halting intracellular generation of mature Spike protein, 

30 reducing production of infectious progeny, and leading to reduced syncytium formation. 

31 Through activity-based protein profiling, we confirmed ER α-glucosidase II inhibition in 

32 primary airway epithelial cells, grown at the air-liquid interface. 1,6-Epi-cyclophellitol 

33 cyclosulfate inhibits early pandemic and more recent SARS-CoV-2 variants, as well as 

34 SARS-CoV and MERS-CoV. The reported antiviral activity is comparable to the best-in-

35 class described glucosidase inhibitors, all competitive inhibitors also targeting ER α-

36 glucosidase I and other glycoprocessing enzymes not involved in ER protein quality 

37 control. We propose selective blocking ER-resident α-glucosidase II in a covalent and 

38 irreversible manner as a new strategy in the search for effective antiviral agents targeting 

39 SARS-CoV-2 and other viruses that rely on ER protein quality control.

40

41 Synopsis

42 Screening of deoxynojirimycin and cyclitol glycomimetics identified mechanism-based 

43 ER α-glucosidase II inhibitor 1,6-epi-cyclophellitol cyclosulfate as a potent inhibitor of 

44 SARS-CoV-2 replication.

45

46
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47

48 Keywords: glycomimetics, ER-resident α-glucosidase-II, SARS-CoV-2, Spike 

49 glycosylation, antiviral, carbohydrate-active enzymes

50

51

52

53

54 Introduction

55 Coronaviruses, like many other virus groups, use the host machinery for co- and post-

56 translational formation and processing of N-linked glycans. N-linked oligosaccharides are 

57 crucial for proper protein folding, stability and functioning of many proteins that are part 

58 of viral envelopes (1). In the endoplasmic reticulum (ER), α-glucosidases I and II (α-Glu I 

59 and α-Glu II) are responsible for trimming the terminal glucose moieties of nascent N-

60 glycans (Figure 1A), and the resultant mono-glucosylated N-glycans are subsequently 

61 recognized by the ER chaperones calnexin and calreticulin (CNX-CRT cycle) (2, 3), which 

62 prevent protein aggregation and assist in polypeptide folding. When a protein fails to fold 

63 correctly, glycoprotein glycosyltransferase (UGGT) reconstructs the mono-glucosylated 

64 G1M9 N-glycan, enabling another round of refolding attempts facilitated by the CNX-CRT 

65 chaperones. Upon proper folding of the protein, the final glucose residue in high mannose-

66 type N-glycans is removed by α-Glu II, leading to further trimming by ER α-mannosidase 

67 I (ERMI), after which the N-glycoproteins are routed to the Golgi apparatus for N-glycan 

68 maturation and further post-translational modification events en route to their final 

69 destination. Glycoproteins that fail to attain their proper conformation undergo mannose 
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4

70 trimming orchestrated by the ER degradation-enhancing mannosidase-like proteins 

71 (EDEMs) and ultimately are routed toward the ER-associated degradation (ERAD) 

72 machinery. Inhibition of ER α-Glu I and II has been shown to interfere with proper 

73 processing of nascent proteins through the CNX-CRT cycle, leading to their inappropriate 

74 folding, eventual dislocation from the ER and proteasomal degradation (4). This holds true 

75 for host and viral N-glycoproteins alike and ER α-Glu I/II inhibition has therefore been 

76 considered as a viable strategy for antiviral therapeutics development for several decades 

77 (5, 6). Many studies have reported the ability of iminosugars to inhibit replication of 

78 various viruses, through the blocking of ER protein quality control via ER α-Glu I/II 

79 inhibition (7). Iminosugars are polyhydroxylated glycomimetic alkaloids featuring a basic 

80 amine, replacing the sugar ring oxygen, that is thought to interact with glycosidase active 

81 site residues that partake in enzymatic glycosidic bond hydrolysis (8, 9). The potential of 

82 iminosugars as antivirals was first reported in 1987 (5, 10, 11) in the context of Human 

83 Immunodeficiency Virus (HIV), which relies on the host ER machinery for glycoprotein 

84 processing (12). These studies revealed that the two iminosugar compounds, 

85 deoxynojirimycin and castanospermine, as well as some structural analogues thereof, 

86 inhibit ER α-Glu I and II and block the production of HIV infectious progeny in vitro. Later 

87 studies using a host of structurally diverse iminosugars described blocking replication of a 

88 broad range of viruses in vitro and in vivo, including influenza viruses (13-15), severe acute 

89 respiratory syndrome coronavirus (SARS-CoV) (16), dengue virus and the hemorrhagic 

90 fever viruses Marburg and Ebola (17, 18). One of the studied iminosugars, UV-4B, showed 

91 promising results in mice, as a single high dose, which caused hallmarks of ER α-Glu I 

92 inhibition in vivo, protected the animals from a lethal dose of DENV or influenza virus(15). 
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93 Interestingly, patients that have N-glycosylation defects (defects in ER α-Glu I) due to a 

94 congenital disorder, have also reduced susceptibility to infection with enveloped viruses 

95 that depend on host glycan processing for their replication (19). Despite promising in vitro 

96 studies, phase II clinical trials with the iminosugar Celgosivir (a prodrug form of 

97 castanospermine) showed no beneficial outcomes when it was used as mono therapy for 

98 dengue and hepatitis C virus infections (20, 21). Most recently, a range of competitive α-

99 glucosidase inhibitors have been studied during the search for antivirals against SARS-

100 CoV-2 (22-24). The spike (S) protein of SARS-CoV-2, one of the envelope proteins on the 

101 virus surface, is heavily glycosylated with 23 reported N-glycan sites (25). Besides 

102 shielding of antibody epitopes (26), and modulating protein structure, N-glycosylation of 

103 S protein and its receptor binding domain (RBD) is crucial for virus infectivity, as the S 

104 protein drives virus entry by binding to the host receptor ACE2 and mediates fusion 

105 between the virus and host cell membrane (27). N-glycans and their modulation through 

106 deletion of specific sites on the RBD were reported to be important for conformational 

107 stability and accessibility of the RBD for ACE2 binding (28-31). Therefore, the 

108 incorporation of non-functional immaturely glycosylated S proteins can reduce the specific 

109 infectivity of progeny virions (16, 32). Disruption of the CNX-CRT-mediated glycoprotein 

110 processing, by iminosugars specifically, was reported to reduce the incorporation of S 

111 protein into SARS-CoV pseudovirus particles (16). In this study, it was suggested that ER 

112 α-Glu I/II inhibition could lead to both the degradation of improperly processed S proteins 

113 in the ER as well as the incorporation of incompletely glycosylated S proteins into virus 

114 particles, thus having a two-pronged mode of action.
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115 Despite the decades of research on iminosugars, no small molecules inhibiting ER α-Glu 

116 have proceeded beyond phase II clinical trials (33, 34) as antivirals. With the aim of 

117 uncovering alternative inhibitor designs for antiviral drug discovery, and building upon our 

118 recent studies on mechanism-based, covalent and irreversible glycosidase inhibition (35-

119 40), we decided to assess a panel of mechanism-based inhibitors, side by side with a set of 

120 classical N-alkyl iminosugars, for their ability to inhibit SARS-CoV-2 replication through 

121 inhibition of ER α-Glu I and II. While performing the same net transformation (hydrolysis 

122 of α-glucosidic linkages), ER α-Glu I and II do so with distinct mechanisms. Both enzymes 

123 feature a carboxylic acid and a carboxylate containing amino acid in their active site and 

124 process their substrate by acid catalysis (8, 9). Both enzymes are therefore amenable to 

125 inhibition by a basic, glucose-mimetic iminosugar. In contrast to ER α-Glu I, ER α-Glu II 

126 forms a covalent intermediate with its substrate during processing by utilizing one of the 

127 carboxylates as nucleophile. This nucleophile can be trapped by glucomimetic cyclitols 

128 endowed with an electrophile (epoxide, aziridine or cyclic sulfate). We have shown in the 

129 past that 1,6-epi-cyclophellitol (9, Figure 1) as well as its aziridine (10) and cyclic sulfate 

130 (11) analogues potently and selectively block ER α-Glu II (35). In this study, we screened 

131 members of both compound classes, cyclitols and iminosugars, for their inhibition of ER 

132 α-Glu II and antiviral activity against SARS-CoV-2. We demonstrate that 1,6-epi-

133 cyclophellitol cyclosulfate (11) most potently reduces the enzyme activity of α-Glu II, and 

134 exerts the best antiviral efficacy against SARS-CoV-2. We also show that this compound 

135 blocks replication of all SARS-CoV-2 variants tested, as well as the pathogenic SARS-

136 CoV and MERS-CoV, making it an interesting lead for further exploration towards a new 

137 class of antiviral drugs.
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138

139 Results

140 Efficacy of glucosidase inhibitors against SARS-CoV-2 correlates with their activity 

141 against ER α-glucosidase II

142 The panel of iminosugars and cyclitols, subject of the here-presented studies, is depicted 

143 in Figure 1B. With respect to the iminosugars, and to keep in line with literature 

144 precedents, we selected N-alkyl deoxynojirimycins 1-8. Deoxynojirimycin (DNJ) features 

145 the glucopyranose configuration and N-alkyl derivatives have been shown to be more 

146 effective glucosidase inhibitors compared to non-substituted DNJ (41-43). This includes 

147 the benchmark analogue, N-butyl-DNJ 1 (Miglustat, Zavesca) which is part of almost all 

148 antiviral studies on iminosugars targeting -Glu I/II. In fact, Miglustat is a clinical drug 

149 for the treatment of Gaucher disease and acts as a glucosylceramidase (GCS) inhibitor (44). 

150 It also inhibits the human retaining -glucosidases, GBA1, GBA2 and GBA3, displaying 

151 a rather broad activity profile across various glycoprocessing enzymes not involved in ER 

152 protein quality control. Besides Miglustat 1, we included DNJ derivatives 2-8 to assess the 

153 influence of the hydrophobic N-alkyl substituent on antiviral activity. Compound 8 has the 

154 L-ido-configuration and comprises the C6-epimer (glucopyranose numbering) of DNJ 

155 derivative 5. Compared to 5, L-ido-DNJ 8 is a much weaker ER -Glu inhibitor, which 

156 should be reflected in its antiviral potency. With respect to the cyclitols, we previously 

157 published 1,6-epi-cyclophellitol 9, 1,6-epi-cyclophellitol aziridine 10 and 1,6-epi-

158 cyclophellitol cyclosulfate 11 as potent and selective, mechanism-based, covalent and 

159 irreversible retaining -glucosidase inhibitors (35, 45). Besides inhibiting ER -Glu II, the 

160 single detected off-target (in the context of pharmacological ER protein quality control 
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8

161 interference) is the lysosomal -glucosidase, human acid α-glucosidase GAA. These 1,6-

162 epi-cyclophellitol analogues were designed to inhibit retaining -glucosidases exclusively 

163 (so, not inverting ones like -Glu I), and while epoxide 9 and aziridine 10 partially inhibit 

164 the retaining -glucosidases, GBA1 and GBA2, cyclosulfate 11 is completely inactive 

165 towards these enzymes. We also found that tempering the electrophilicity, as in 

166 cyclosulfamidates 17, 18 and cyclosulfamide 19 yields competitive retaining -

167 glucosidase inhibitors and to investigate the effect of going from covalent to competitive 

168 inhihition within the same compound class we included these compounds in our assays. In 

169 addition, we tested a number of structural cyclitol variations. These include 1,2-epi-

170 cyclophellitols (20-22), which may block -Glu II in a covalent, irreversible manner 

171 similar to the 1,6-epi-cyclophellitols (46). A number of partially O-methylated 

172 cyclosulfates (12-16) were included to assess the effect of polarity, while compounds 23-

173 28 were designed to contain alkyl substituents also present in the iminosugar series tested. 

174 The synthesis of the iminosugar and cyclitol inhibitors 1-11, 17-22, 25 and 26 have been 

175 published previously (35, 41-43, 45, 47). The synthesis of methylated sulfates 12-16 and 

176 alkyl aziridines 23, 24, 27 and 28 can be found in the supporting information (Scheme S1-

177 S5).
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9

178

179 Figure 1: (A) Schematic of N-glycan processing of newly synthesized proteins in the ER lumen. Folding of 

180 nascent proteins in the ER is promoted by the calnexin-calreticulin cycle (CNX-CRT cycle), which relies on 
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181 glycan trimming by ER α-Glu II (ER-II). (B) Focused library of 28 iminosugars and cyclitols subject of the 

182 here-presented studies.

183
184 The inhibitory effect of all synthesized molecules on the activity of GAA and endoplasmic 

185 reticulum α-glucosidase II (ER -Glu II, GANAB) was determined following in vitro 

186 enzyme activity methods reported previously (35), using 4-methylumbelliferyl-α-D-

187 glucopyranoside (4-MU-α-Glc) as fluorogenic substrate and measuring the amount of 4-

188 MU-mediated fluorescence (Figure 2A, left panel). N-alkyldeoxynojirimycins 1-8 all 

189 inhibited both ER -Glu II as well as GAA, but with potencies varying from the nanomolar 

190 to the micromolar range. N-alkyl-iminosugars 2-7, featuring an extended lipophilic N-alkyl 

191 moiety relative to N-butyl-DNJ 1, inhibited both enzymes rather more potently than this 

192 benchmark iminosugar, with 2 showing high potencies for both ER -Glu II (IC50 = 0.3 ± 

193 0.07 μM) and GAA (IC50 = 1.1 ± 0.09 μM). L-Ido-deoxynojirimycin 8 is a much weaker 

194 ER -Glu II inhibitor than its D-gluco-isoster 5 (both compounds containing the same 

195 adamantane-modified N-alkyl chain), and showed no activity against GAA at the measured 

196 concentrations. These results match the literature trend indicating that large, hydrophobic 

197 N-alkyl appendages positively influence glucosidase inhibitory potency in this class of 

198 compound (41-43, 47).

199 With respect to the cyclitol class of compounds, 1,6-epi-cyclophellitol cyclosulfate 11 

200 proved to be the most potent ER α-Glu II inhibitor of all compounds tested, with an IC50 

201 value of 0.03 ± 0.007 μM. Cyclosulfate 11 was also, and together with naphthyl-iminosugar 

202 2, the most potent of the GAA inhibitors. Methylation of either of the four hydroxyls (or 

203 combinations thereof) in 11, as in 1,6-epi-cyclophellitol cyclosulfates 12-16 proved 

204 detrimental to inhibitory potency, though 4-O-methyl derivative 14 with an IC50 value of 
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11

205 8.2 ± 0.1 μM for ER α-Glu II and 2.2 ± 0.09 μM for GAA still outperformed Miglustat (1) 

206 as inhibitor of both of these enzymes. Moving from covalent (cyclosulfate, 11) to 

207 competitive (17-19) cyclitol designs proved detrimental for ER α-Glu II inhibition, 

208 although compound 18 retains remarkable (IC50 = 6.1 ± 1.3 M) inhibitory activity against 

209 GAA. 1,2-Epi-cyclitols 20-22 turned out to be only moderately active ER α-Glu II 

210 inhibitors. In contrast to the 1,6-analogues (9-11), where the cyclosulfate was more potent 

211 compared to the aziridine and epoxide, epoxide 20 was the most potent of this series (46). 

212 Interestingly, 1,2-cyclosulfate 22 proved to be a rather potent GAA inhibitor, much more 

213 so than epoxide 20 and aziridine 21, suggesting that conformational aspects (the epoxide 

214 and aziridine likely enforcing a half chair conformation with respect to the cyclitol ring 

215 where the cyclosulfate will allow a chair-like conformation) are in play for this enzyme. 

216 Finally, and in contrast to what was observed for the competitive inhibitor series 1-8, 1,2-

217 cyclophellitol aziridines 23-28 bearing an N-alkyl chain (and in case of 25 an N-acyl one) 

218 are much worse inhibitors for both enzymes tested (no significant inhibition up to 100 M) 

219 when compared to the non-substituted aziridine 21. In all, 1,6-epi-cyclophellitol 

220 cyclosulfate 11 is the most potent ER α-Glu II inhibitor, with naphthylated 

221 deoxynojirimycin 2 as the most effective of the competitive inhibitors almost on a par with 

222 11.

223 To confirm the stabilizing effect of these two compounds on the enzyme, we performed a 

224 thermal stability assay with these, as well as with the less potent inhibitors 20-22, on 

225 recombinant M. musculus α-Glu II, a mouse enzyme with high sequence homology to the 

226 human enzyme (Figure 2B). ER -Glu II denaturation as a consequence of heat exposure, 

227 as well as the effect of active site-binding inhibitors on the denaturation temperature, can 
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228 be monitored by a naturally quenched SYPRO orange dye. Upon denaturation of a protein, 

229 hydrophobic regions are exposed to which the dye binds, demonstrating a distinct 

230 difference in melting temperature (Tm) for each inhibitor compared to the unliganded ER 

231 -Glu II control. Mmα-Glu II preincubated with compound 11 or 2 displayed melting 

232 temperatures (Tm) of 63.3 C and 63.5 C, respectively, whereas the unliganded enzyme 

233 denatured at approximately 15 C lower (Tm = 49.9 C). In comparison, compounds 21 and 

234 22 gave no (49.5 C) to marginal (51.7 C) Tm increases, while epoxide 20, which had the 

235 best efficacy of all 1,2-epi-cyclophellitols in the enzyme activity assay, gave a remarkably 

236 high Tm of 64.7 C.

237 To elucidate the structure-activity relationship and predict the binding mode of the 

238 compounds before and after the covalent reaction with the nucleophilic aspartate, docking 

239 into ER-α-Glu II was performed for compound 11, 10 and 9. The top scoring pose of 11, 

240 10 and 9 after non-covalent docking using Glide (in the Schrӧdinger Maestro GUI) was 

241 overlaid with the bound D-glucose molecule from the original PDB file (PDB:5H9O) as a 

242 measure of the accuracy of the pose. The compound adopted a near-identical conformation 

243 in the binding site (Figure S1A). The ligand was also subjected to covalent docking to 

244 mimic a post-reaction conformation. The outputted poses made the same hydrogen bonding 

245 interactions as the non-covalently docked pose. The top poses were overlaid with a PDB 

246 file containing a 5-fluoro-α-d-glucopyranosyl (PDB:5HJR); the poses overlaid well in a 

247 skewed boat confirmation (Figure S1B-D), suggesting confidence in the docking results. 

248 These binding pose predictions suggest compounds 11, 10 and 9 are orientated correctly in 

249 the binding site of ER α-Glu II to facilitate a covalent reaction with Asp564. 

250
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251 All compounds were then analyzed for their antiviral activity against SARS-CoV-2, in 

252 cytopathic effect (CPE) reduction assays, in which Vero E6 cells were pre-treated and 

253 infected with SARS-CoV-2 in the presence of various concentrations of compound. Three 

254 days post-infection cell viability was measured and EC50 values (compound concentration 

255 at which 50% of cell viability is reached as compared to the non-treated, infected cells) 

256 were determined (Figure 2A, right panel). Simultaneously, uninfected cells were treated 

257 with the same concentrations of compound to determine the CC50 (compound concentration 

258 at which cell viability is 50% of that of untreated cells due to cytotoxicity). All iminosugars 

259 1-8 protected cells from SARS-CoV-2 infection in this assay, and naphthyl 

260 deoxynojirimycin 2, being the most potent competitive ER α-Glu II inhibitor from the 

261 enzyme activity assay, also displayed the highest efficacy of the eight iminosugars assessed 

262 in blocking SARS-CoV-2 replication, with an EC50 value of 6 ± 0.4 μM (Figure 2D). 

263 Similar deoxynojirimycin derivatives were previously reported to have activity against 

264 SARS-CoV-2 (24, 48). UV-4, an iminosugar that was previously described to be 

265 efficacious in a mouse model (13), was tested in parallel and its activity was compared to 

266 those of compounds 11 and 2. The antiviral efficacy of UV-4 was similar to that of our 

267 iminosugar compound 2 (Figure S2A). In contrast, the EC50 value in the CPE assay for 

268 Miglustat 1 was above 100 μM (Figure 2C), which correlates to other studies which found 

269 limited antiviral activity for this compound against SARS-CoV-2 (24, 49). 1,6-Epi-

270 cyclophellitol cyclosulfate 11, our most potent ER -Glu II inhibitor, also proved to be the 

271 most potent SARS-CoV-2 replication inhibitor of all compounds tested with an EC50 value 

272 of 0.48 ± 0.1 μM (Figure 2E). This matches our general finding that ER α-Glu II inhibitory 

273 potency correlates with anti-SARS-CoV-2 replication efficacy (Figure 2A). Selective ER 
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274 α-Glu II inhibition thus appears a promising strategy in the discovery of new antiviral 

275 agents. To validate the results obtained in the Vero E6 cell-based assays, CPE reduction 

276 assays on H1299/ACE2 lung epithelial cells were performed with compounds 11, 2 and 

277 UV-4. With these human lung cells, comparable EC50 values were obtained(Figure S2B).

278 Given that 1,6-epi-cyclophellitol cyclosulfate 11 came out as the most potent compound in 

279 both the enzyme inhibition and SARS-CoV-2 CPE assays, and that this compound class, 

280 in contrast to that of iminosugars, comprises a new design class, we decided to further 

281 profile this inhibitor in more advanced virological assays to study its efficacy and 

282 mechanism of action.
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283  

284

285 Figure 2: ER α-Glu II inhibitory potency correlates with reduction of SARS-CoV-2 mediated cytopathic 

286 effect in cell culture. (A) IC50 values of compounds in in vitro enzyme activity assays with ER -Glu-II and 

287 GAA, and EC50 and CC50 values of compounds determined by CPE reduction assays with SARS-CoV-2. (B) 

288 Thermal shift profile of preincubated ER--Glu II with inhibitors. (C-E) SARS-CoV-2 CPE reduction assay 

289 dose-response curves of (C) Miglustat 1, (D) naphthyl-deoxynojirimycin 2, and (E) cyclosulfate 11. n=3 

290 independent experiments. The viability of uninfected compound-treated cells was established by MTS assay 
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291 in parallel. Means ± SEM are shown. The 50% inhibitory concentration (EC50) values were determined by 

292 non-linear regression with GraphPad Prism 6. 

293

294 1,6-Epi-cyclophellitol cyclosulfate reduces SARS-CoV-2 infectious progeny in cell 

295 culture

296 To investigate further the results from the CPE reduction assays, the effect of the most 

297 potent glucosidase inhibitor, 1,6-epi-cyclophellitol cyclosulfate 11 was assessed in viral 

298 load reduction assays on infected H1299/ACE2 lung epithelial cells. Cells were pre-treated 

299 with 11 and infected with SARS-CoV-2 at an MOI of 1. At 16 hours post infection (hpi) 

300 supernatant was harvested to quantify the infectious virus titer by plaque assay and 

301 extracellular viral RNA copies by RT-qPCR. Treatment of infected H1299/ACE2 lung 

302 epithelial cells with 11 resulted in a 100-fold reduction of the infectious progeny virus titer 

303 (Figure 3A). The inhibitory effect reached a plateau at 1.6 μM, and higher concentrations 

304 of 11 did not lead to more inhibition of virus replication. In contrast, Miglustat 1 reduced 

305 infectious progeny production only minimally, even at a concentration as high as 100 μM. 

306 Cyclosulfate 11 only slightly reduced extracellular viral RNA copy numbers (Figure 3B), 

307 indicating no effect on viral RNA production. This is in line with the expected mechanism 

308 of action of the compound that involves viral (structural) protein maturation, likely 

309 resulting in reduced infectivity of progeny virus. We then calculated the specific infectivity 

310 (defined as the number of infectious particles per viral RNA copy) of treated and untreated 

311 samples for the data in Figure 3A and 3B (Figure 3C). Treatment with compound 11 

312 caused a decrease in specific infectivity, suggesting that the infectivity of released particles 

313 is affected. None of the treatments caused noticeable cytotoxicity in uninfected treated cells 

314 (Figure 3B). Similarly, treatment of infected Calu-3 lung epithelial cells with 11 reduced 
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315 infectious progeny virus titers by ~10-fold, while no reduction in extracellular viral RNA 

316 copies was observed (Figure S3).

317

318 Figure 3: Spectrum of activity of 1,6-Epi-cyclophellitol cyclosulfate 11 and iminosugars 1 and 2 against 

319 various coronaviruses. (A-B) Viral load reduction assay on H1299/ACE2 cells with SARS-CoV-2 (MOI 1) 

320 in the presence of compounds 1 or 11. (A) Infectious virus titer and (B) extracellular viral RNA copy numbers 

321 were quantified by plaque assay and RT-qPCR, respectively. Uninfected compound-treated cells were 

322 assessed by MTS assay in parallel to measure cytotoxicity of the compounds. n = 3 independent experiments. 

323 Mean ± SEM are shown. (C) The specific infectivity of treated (using 1.5 μM of compound 11) and untreated 
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324 samples was calculated by dividing the infectious virus titer (PFU/mL) by the viral RNA copy number 

325 (copies/mL). Viral load reduction assays with (D) SARS-CoV-2 variants in H1299/ACE2 cells, (E) SARS-

326 CoV in Vero E6 cells, (F) MERS-CoV in HuH-7 cells, and (G) HCoV-229E in H1299/ACE2 cells (all with 

327 MOI 1), and treatment with 1, 2 or 11. Supernatant was harvested at 16 hpi to quantify infectious progeny by 

328 plaque assay. n = 3 independent experiments. Uninfected compound-treated cells were measured by MTS 

329 assay in parallel to assess the cytotoxicity of the compounds. Mean ± SEM are shown. Statistical analysis 

330 was conducted using one-way ANOVA and significant differences are indicated by *p<0.05. 

331

332 1,6-Epi-cyclophellitol cyclosulfate inhibits infectious progeny of SARS-CoV-2 

333 variants, SARS-CoV, and MERS-CoV, but not HCoV-229E 

334 To investigate the spectrum of activity against coronaviruses of 1,6-epi-cyclophellitol 

335 cyclosulfate 11, its effect on the replication of SARS-CoV-2 variants alpha, beta, delta, 

336 omicron BA.1, and XBB.1.5 was tested (Figure 3D). As in the above experiments (Figure 

337 3A), viral load reduction assays were performed, during which different cell lines were 

338 infected with the respective virus in the presence of compound, and at 16 hpi supernatant 

339 was harvested to quantify the infectious virus titer by plaque assay. Similar to the antiviral 

340 effect on the early pandemic SARS-CoV-2 isolate, treatment of H1299/ACE2 cells that 

341 were infected with other variants showed a ~100-fold reduction in infectious virus titer 

342 (Figure 3D). Viral load reduction assays with SARS-CoV on Vero E6 cells and MERS-

343 CoV on HuH-7 cells showed a significant reduction of infectious progeny upon treatment 

344 with increasing concentrations of compound 11 (Figure 3E and 3F), although the efficacy 

345 of the compound was slightly lower against SARS-CoV and clearly lower against MERS-

346 CoV. Interestingly, the viral load reduction assay with HCoV-229E on H1299/ACE2 cells 

347 did not show any reduction in virus infectivity, upon treatment with either compound 11 

348 or 2 (Figure 3G).
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349

350 1,6-Epi-cyclophellitol cyclosulfate strongly reduces α-glucosidase activity and inhibits 

351 SARS-CoV-2 in primary human bronchial epithelial cells cultured at the air-liquid 

352 interface

353 We next evaluated the efficacy of 1,6-epi-cyclophellitol cyclosulfate 11, in comparison to 

354 our most potent iminosugar, naphthyl-deoxynojirimycin 2, as well as Miglustat 1 in a more 

355 advanced model of primary human bronchial epithelial cells that were cultured at the air-

356 liquid interface (ALI-PBEC), as we described previously (50, 51). Thus, ALI-PBEC cells 

357 were infected with SARS-CoV-2 (10^5 PFU per insert; estimated MOI of ~0.1) and treated 

358 with compounds on the apical side of the cells for 2 hours. For uninfected controls, PBS 

359 was used instead of virus. The compounds were also present in the basal medium during 

360 the whole experiment until 48 hpi when samples were harvested. Treatment with 0.5 μM 

361 of compound 11 reduced the viral load significantly by up to 100-fold compared to the 

362 untreated control (Figure 4A). Deoxynojiriomycin derivative 2 reduced SARS-CoV-2 to 

363 similar titers, but at higher compound concentrations (10 and 100 μM), while Miglustat 1 

364 had only a slight effect at the highest concentration measured (100 M) (Figure 4A). 

365 Measurement of cell death (by LDH release in the supernatant) revealed that none of the 

366 compounds tested caused significant cytotoxicity at the highest concentrations (Figure 

367 4B). We also evaluated the reduction of retaining α-glucosidases in the treated ALI-PBEC 

368 cell cultures by treatment of the cell lysate at 48 hpi with retaining α-glucosidase activity-

369 based probe 29, which labels GAA (isoforms at 70 and 76 kDa) and both isoforms of 

370 GANAB (∼100 kDa) at pH 7 (52) (Figure 4D). In line with the in vitro enzyme activity 

371 assay results (Figure 2A), compound 11 was most efficient in inhibiting ER -Glu II and 
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372 GAA at low concentrations (Figure 4C and Figure S4), suggesting that in cellulo ER α-

373 Glu II inhibition potency correlated well with the efficacy to block SARS-CoV-2 

374 replication.
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376 Figure 4: Reduction of SARS-CoV-2 infection in primary bronchial epithelial cells is consistent with 

377 inhibition of active ER α-glucosidase II. (A) Viral load reduction assay in ALI-PBEC. Supernatant was 

378 harvested at 48 hpi to quantify infectious progeny by plaque assay. n = 3 independent experiments. Mean ± 

379 SEM are shown. Statistical analysis was conducted using one-way ANOVA and significant differences are 

380 indicated by *p<0.05. (B) The viability of uninfected compound-treated cells was measured by LDH release 

381 assay in parallel, to assess cytotoxicity of the compounds. Mean ± SEM are shown. (C) Following compound 

382 treatment, cells were lysed and the lysate at pH 7.0 was treated with activity-based probe (ABP) 29 to assess 

383 cellular retaining -glucosidase activities in a competitive activity-based protein profiling experiment. A 

384 representative gel of three independent experiments (with two biological replicates/ALI-PBEC inserts each) 

385 is shown. (D) Schematic representation of ABP labelling. Part of the figure in (D) was adapted from (52), 

386 and partly generated using Servier Medical Art, provided by Servier, licensed under a Creative Commons 

387 Attribution 3.0 unported license.  Figure S4 shows the Gelcode Blue stained gel of C), which demonstrated 

388 that equal amounts of protein were loaded.

389

390 1,6-Epi-cyclophellitol cyclosulfate inhibits SARS-CoV-2 replication at a post-entry 

391 step of the viral replication cycle

392 We then investigated the mode of action of 1,6-epi-cyclophellitol cyclosulfate 11 by 

393 assessing which step in the viral replication cycle is inhibited. First, we assessed whether 

394 the compound affects the infectivity of virus particles, that is, has virucidal or neutralizing 

395 activity. Therefore, SARS-CoV-2 was incubated with a high concentration of compound 

396 11 (50 μM) for 1 h at 37 oC, and subsequently the infectious virus titer was quantified by 

397 plaque assay. Control treatment with 70% ethanol led to full inactivation of the virus, while 

398 compound 11 had no effect on the infectious titer (Figure 5A). Next, we assessed if 

399 treatment early during infection had an effect on virus replication. We infected 

400 H1299/ACE2 cells with SARS-CoV-2 at an MOI of 3 and started treatment with compound 

401 11 at 1 hpi. At 2, 3 and 5 hpi, cells were harvested and RT-qPCR was performed to quantify 
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402 the intracellular viral genome copies. The kinetics of intracellular viral RNA accumulation 

403 were similar in untreated and compound 11 treated cells, suggesting the compound had no 

404 effect on (early) RNA replication (Figure 5B). 

405 To evaluate whether compound 11 has an effect on host proteins (for instance, ACE2) 

406 involved in viral entry, we treated monolayers of H1299/ACE2 cells with compound 11 

407 either 48 or 2 h before infection, during infection (0-1 h), or starting from 1 h post-infection 

408 (hpi). The cell monolayers were infeed with ~20 PFU of SARS-CoV-2 and after 1 h the 

409 inoculum was replaced with an overlay. In one well (Post Infection) the overlay contained 

410 compound 11. Remdesivir, a viral RNA synthesis inhibitor, was added to the overlay of 

411 another well, as a positive control for blocking virus replication in the cell. At 3 dpi cells 

412 were fixed and stained with crystal violet. Pre-treatment of the cells with compound 11, or 

413 treatment only during infection had no effect on the number of plaques that developed or 

414 their morphology. Only the presence of compound 11 after infection prevented the 

415 formation of plaques, similar to treatment with remdesivir (Figure 5C and 5D). This result 

416 suggests that the antiviral effect of 11 is not through modulating expression or functioning 

417 of host proteins (such as the ACE2 receptor) that are essential for viral attachment to, or 

418 entry into, the host cell. 
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420 Figure 5: 1,6-Epi-cyclophellitol cyclosulfate 11 inhibits SARS-CoV-2 replication and syncytium formation 

421 by reducing intracellular spike protein levels and processing. (A) Virucidal activity assay in which SARS-

422 CoV-2 was incubated with compound 11 or 70% ethanol (as control) for 1 h at RT, and (remaining) infectious 

423 progeny was quantified by plaque assay. n = 2 independent experiments. Mean ± SEM are shown. Statistical 

424 analysis was conducted using one-way ANOVA and significant differences are indicated by *p<0.05. (B) 

425 H1299/ACE2 cells were infected with SARS-CoV-2 (MOI 3) and treated with 11 from 1 hpi until harvesting 

426 at the indicated time points. Intracellular viral RNA copies were quantified by RT-qPCR. n = 3 independent 

427 experiments. (C, D) Plaque reduction assay was performed with 1 h infection and incubation for 3 days until 

428 cells were fixed and stained with crystal violet. Cells were treated with 5 μM of compound 11, either before 

429 infection (pre-treatment), during infection, or after infection (post infection) in the overlay. Treatment with 

430 RDV in the overlay was used as a control. n = 2 independent experiments. Means ± SEM are shown. (E) 

431 Western Blot analysis of viral S protein in the medium and cell lysates of untreated (UNT) or compound 11 

432 treated (2 μM) H1299/ACE2 cells that were infected with SARS-CoV-2 (MOI 2) and analyzed at  10 hpi 

433 using an S2-specific antibody. The medium was spiked with ovalbumin (Ova) as a recovery control and was 

434 concentrated, before a sample corresponding to ~250 μL of the original medium volume was analyzed. -

435 tubulin was used as a loading control for cell lysates. (F) H1299/ACE2 cells were infected with SARS-CoV-

436 2 (MOI 0.1), fixed at 10 hpi, and the viral S protein and ER marker PDI were visualized by 

437 immunofluorescence microscopy. Cells were stained with human anti-SARS-CoV-2 S protein antibody 

438 (green), mouse anti-PDI antibody for ER staining (red), and Hoechst for visualizing nuclei(blue). White 

439 arrows indicate co-localization of S with PDI. Images are representative of n = 2 independent experiments. 

440

441 1,6-Epi-cyclophellitol cyclosulfate inhibits SARS-CoV-2 replication through effects 

442 on intracellular S protein maturation and infectivity of viral progeny 

443 From the above-described experiments it became evident that treatment with 1,6-epi-

444 cyclophellitol cyclosulfate 11 led to a reduction in virus infectivity, but not to a reduction 

445 in the number of viral genome copies (Figure 3), and that inhibition was not through an 

446 effect on the receptor or virus binding and entry, but at a post-entry step other than RNA 
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447 replication (Figure 5A-D). Therefore, we suspected an effect on the S protein. As shown 

448 in Figure 4, compound 11 effciently inhibited ER α-Glu II, which is crucial for the 

449 processing of N-glycosylated viral proteins such as S. To assess the effect of α-Glu II 

450 inhibition on S protein production/maturation, we performed viral load reduction assays on 

451 H1299/ACE2 cells. Cells were infected with SARS-CoV-2 (MOI of 2) and treated with 2 

452 μM of compound 11 or cell culture medium. At 10 hpi medium and cell lysate were 

453 harvested to analyze S protein levels by Western blotting with an S2-specific antibody. 

454 Treatment with compound 11 led to a minor reduction in the amount of full-length S protein 

455 in the cell lysate and to the almost complete disappearance of the ~90 kDa S2 fragment, a 

456 product of proteolytic (furin) cleavage of mature S protein in the Golgi apparatus. This 

457 indicated that treatment with 11 impaired maturation of the S protein in the ER, leading to 

458 reduced trafficking to the Golgi (Figure 5E). The amount of (processed) S2 was also 

459 strongly reduced in the medium of compound-treated cells, suggesting the compound 

460 impaired biogenesis of particles or their S protein content (Figure 5E).  

461 Next, we set out to analyze the effect of compound 11 treatment on the level and 

462 localization of the S protein in infected cells, and formation of syncytia, which are large 

463 multinucleated cells resulting from the interaction of S protein on the surface of infected 

464 cells with ACE2 receptors on neighbouring cells, which triggers cell fusion. To this end, 

465 SARS-CoV-2-infected H1299/ACE2 cells (MOI 0.1) were treated with 5 μM of compound 

466 11 or cell culture medium as control, and at 10 hpi cells were fixed and analyzed by 

467 immunofluorescence staining for the viral S protein and the ER marker protein disulfide 

468 isomerase (Figure 5F). We observed a reduction in the amount of S protein in infected 

469 cells that were treated with compound 11 and the co-localization of S protein with the ER 
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470 marker, which suggests (partial) retention of S proteins in the ER. Treatment also led to 

471 reduced syncytium formation compared to untreated infected cells, likely due to impaired 

472 maturation, and subsequent impaired trafficking of S protein to the plasma membrane.

473

474 Discussion 

475 In this study we have assessed the ER α-Glu II inhibitory potency and anti-SARS-CoV-2 

476 activity of selected members (28 compounds in total) of two classes of glycomimetics: 

477 iminosugars and cyclitol analogues, and to what extent these two effects correlate. 

478 Deoxynojirimycin-type iminosugars as competitive inhibitors have been studied for almost 

479 four decades as candidate-antivirals for pathogenic viruses that rely on ER-protein quality 

480 control, and in recent years have also been explored as anti-SARS-CoV-2 agents (14, 15, 

481 18, 24, 53, 54). In contrast, cyclophellitol-type mechanism-based inhibitors have not been 

482 considered for this purpose. The results described here support the hypothesis that 

483 mechanism-based inactivation of ER α-Glu II may lead to effective new antiviral agents to 

484 treat infections with the numerous viruses that rely on host protein glycosylation for 

485 replication. In particular, 1,6-epi-cyclocyclosulfate 11, the most potent ER α-Glu II 

486 inhibitor of the tested compounds, also blocked viral replication most effectively. Although 

487 0.5 – 1.6 μM doses of compound 11 reduced infectious virus titers up to 2 logs in Calu3 

488 cells and ALI-PBEC, higher concentrations did not lead to a further reduction and  

489 complete inhibition of virus replication was not observed at high doses. In ALI-PBEC the 

490 maximum antiviral effect was already reached at 0.5 μM, a concentration at which an 

491 almost full inhibition of ER α-Glu II was observed, suggesting that the remaining virus 

492 replication was not due to incomplete inhibition of this enzyme. Further investigations 

Page 27 of 49

ACS Paragon Plus Environment

ACS Central Science

1

2

3

4

5

6

7

8

9

10

11

12

13

14

15

16

17

18

19

20

21

22

23

24

25

26

27

28

29

30

31

32

33

34

35

36

37

38

39

40

41

42

43

44

45

46

47

48

49

50

51

52

53

54

55

56

57

58

59

60



28

493 revealed that the antiviral effect is not due to effects on (glycosylation or quantity of) host 

494 cell factors that play a role in virus binding and entry into the host cell, or replication of 

495 the viral genome, suggesting it does not (noticeably) target the SARS-CoV-2 non-structural 

496 proteins. The antiviral effect is on blocking N-glycosylation of the S protein, the most 

497 heavily N-glycosylated SARS-CoV-2 protein, which plays crucial roles in virus binding 

498 and entry. The absence of cleaved S2 fragment in compound treated cells, indicates that 

499 impairing processing of S protein at the ER led to reduced trafficking of S to the Golgi and 

500 prevention of (furin) cleavage of the S1/S2 site, ultimately leading to less mature S protein 

501 for incorporation into infectious virus particles. Thus, cyclosulfate 11 acts on protein N-

502 glycosylation/ER protein quality control, just as the N-alkyl deoxynojirimycin derivatives 

503 tested by us and others, but, in addition compound 11 is much more selective compared to 

504 the iminosugars (35). Considering the mechanistic mode of action of inverting and 

505 retaining glucosidases, compound 11 inhibits retaining -glucosidases exclusively over 

506 inverting -glucosidases; with in the context of this work the lysosomal retaining -

507 glucosidase, GAA, as the single off-target. Deoxynojirimycin-type iminosugars in contrast 

508 also block inverting -glucosidases including ER -Glu I. The finding that blocking ER 

509 -Glu II alone is sufficient (at least in the assays reported here) for halting SARS-CoV-2 

510 replication may therefore be beneficial for situations in which ER inhibiting -Glu I has 

511 adverse effects. Iminosugars have often also other human glycoprocessing enzymes as off-

512 target. N-butyldeoxynojirimycin 1 (Miglustat) is applied in the clinic for the treatment of 

513 Gaucher disease where it acts as glucosylceramide synthase inhibitor (44, 55). It also 

514 inhibits the three human retaining -glucosidases, GBA1, GBA2, GBA3 (56). None of 

515 these enzymes play a role in SARS-CoV-2 infections, and their inhibition may lead to 
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516 adverse effects as well. Such adverse effects in contrast are not to be expected from 1,6-

517 epi-cyclophellitol cyclosulfate 11, which does not inhibit any of these enzymes (GCS, 

518 GBA1, GBA2, GBA3) as we have shown before (35). Arguably, adverse effects as elicited 

519 by 11 may be the result of inhibition of the lysosomal -glucosidase, GAA, however this 

520 enzyme is also inhibited by the iminosugars (57). We therefore conclude that compound 

521 11, which in contrast to the iminosugars is non-basic, thus not charged at physiological 

522 conditions, may be a good starting point for the development of new antiviral agents for 

523 the treatment of infections by SARS-CoV-2 and other (emerging) viruses that require ER-

524 protein quality control for replication.

525

526 Methods 

527 Compounds and cell lines 

528 Inhibitors were synthesized at the department of bio-organic synthesis at the Leiden 

529 Institute of Chemistry. The synthesis of the cyclitol and iminosugar inhibitors 9–11, 17, 

530 18–22, 25, 26, and 1–8 have been published previously (35, 41-43, 45, 47). The synthesis 

531 of methylated sulfates 12–16 and alkyl aziridines 23, 24, 27 and 28 can be found in the 

532 supporting information (Scheme S1 – S5). Lyophilized compounds were diluted in DMSO 

533 prior to use. Remdesivir, which was used as compound control in different assays, was 

534 purchased from Sigma-Aldrich and dissolved in DMSO. UV-4 (SP187) was purchased 

535 from MedChemExpress and dissolved in DMSO. 

536 Vero E6 cells and HuH-7 cells were cultured as previously described (58). Human lung 

537 cell line H1299/ACE2 is described elsewhere (59). These cells were cultured in Dulbecco’s 

538 modified Eagle’s medium with 4.5 g/L glucose with L-glutamine (DMEM; Lonza, Basel, 
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539 Switzerland) supplemented with 10% fetal calf serum (FCS) (CapriCorn Scientific, 

540 Ebsdorfergrund, Germany), 100 U/mL of Penicillin/Streptomycin (P/S) (Sigma-Aldrich, 

541 St. Louis, MO, USA), and 1200 µg/mL G418 for selection (InvivoGen, San Diego, CA, 

542 USA). Infections of Vero E6 cells, HuH-7 cells, and H1299/ACE2 cells were performed 

543 in Eagle’s minimal essential medium with 25 mM HEPES (EMEM; Lonza) supplemented 

544 with 2% FCS, 2 mM L-glutamine (Sigma-Aldrich), and 100 U/mL of P/S. Primary human 

545 bronchial epithelial cells (PBEC) were isolated and cultured as previously described (60). 

546 All cell cultures were maintained at 37 °C in an atmosphere of 5% CO2.  

547 Virus stocks 

548 All experiments with infectious SARS-CoV, SARS-CoV-2, or MERS-CoV were 

549 performed at the LUMC biosafety level 3 facilities. The clinical isolate SARS-CoV-

550 2/Leiden-0008 (isolated at LUMC during the first wave of the Corona pandemic in March 

551 2020 (GenBank: MT705206.1) was used for H1299/ACE2 and ALI-PBEC infections. This 

552 virus stock was not adapted to Vero E6 cells with regard to the spike S1/S2 cleavage site 

553 (confirmed by NGS). For CPE assays in Vero E6 cells SARS-CoV-2/Leiden0002 was used 

554 (GenBank: MT510999.1). SARS-CoV-2 variant B.1.1.7 (Αlpha), variant B.1.351 (Beta), 

555 and variant B.1.617 (Delta) were obtained from the University of Leuven. SARS-CoV-2 

556 variant BA.1 (Omicron) was obtained from RIVM (strain hCoV-19/Netherlands/NH-

557 RIVM-72291/2021, lineage B.1.1.529, GenBank: OR427989.1) and variant XBB.1.5 was 

558 isolated from a patient sample at LUMC. SARS-CoV-2/Leiden-0008 (Passage 2), SARS-

559 CoV-2/Leiden0002 and SARS-CoV isolate Frankfurt 1 (61) (Passage 4) were grown on 

560 Vero E6 cells. Αlpha (Passage 4), Beta (Passage 4), Delta (Passage 4), Omicron BA.1 and 

561 XBB.1.5 (P3) variants were grown on Calu-3 cells. MERS-CoV (N3/Jordan) (GenBank: 

Page 30 of 49

ACS Paragon Plus Environment

ACS Central Science

1

2

3

4

5

6

7

8

9

10

11

12

13

14

15

16

17

18

19

20

21

22

23

24

25

26

27

28

29

30

31

32

33

34

35

36

37

38

39

40

41

42

43

44

45

46

47

48

49

50

51

52

53

54

55

56

57

58

59

60



31

562 KJ614529.1) (Passage 3) and HCoV-229E were grown on HuH-7 cells. Virus titers were 

563 determined by plaque assay on Vero E6 cells, and for MERS-CoV and HCoV-229E on 

564 HuH-7 cells, as described before (62). 

565 In vitro GAA and GANAB enzyme activity assay 

566 Inhibition of the enzymes GAA and GANAB by the compounds was tested in vitro as 

567 described previously (35). Briefly, enzymes were preincubated with a range of inhibitor 

568 concentrations for 30 min at 37°C. The residual activity of the enzymes was then measured 

569 by adding the 4-MU–Glc substrate mixture at their corresponding optimal pH. Reactions 

570 were quenched with 1 M NaOH–glycine (pH 10.3) upon completion, and 4-MU 

571 fluorescence was measured with an LS55 fluorescence spectrophotometer (PerkinElmer) 

572 (λEX 366 nm; λEM 445 nm). IC50 values reported are the mean values from three 

573 technical replicates.

574 Cytopathic Effect (CPE) reduction assay

575 CPE reduction assays were performed as previously described (58). Briefly, Vero E6 cells 

576 were seeded in 96-well plates at a density of 5*103 cells per well. The next day, cells were 

577 infected with SARS-CoV-2/Leiden0002 in the presence of 2-fold serial dilutions of 

578 compound. 4 days post infection the CellTiter 96 aqueous nonradioactive cell proliferation 

579 kit (Promega) was used to measure the cell viability of infected (protection) and non-

580 infected cells (assessment of cytotoxicity). EC50 values reported are the mean values from 

581 three independent experiments and were calculated using GraphPad Prism 6. 

582 Expression of Mmα-Glu-II

583 The two subunits of M. musculus α-glucosidase II ganab and prkcsh were subcloned into 

584 separate vectors (pOPING and pOPINGS for ganab and prkcsh respectively) and codon 
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585 optimized for mammalian expression by Genscript. Each vector was transformed into 

586 DH5α (Thermofisher) cells by heat shock. Cultures of each subunit were grown at 37 C 

587 in LB, and the amplified DNA was purified using the PureLinkTM HiPure plasmid filter 

588 Maxiprep kit (Invitrogen) obtaining 750 µg of DNA for both constructs. The isolated DNA 

589 was co-transfected into a 600 mL suspension of 293-F cells following the Freestyle 293 

590 Expression system protocol (ThermoFisher) and harvested after 4 days at 37°C, 8% CO2, 

591 at 135 rpm.

592 Purification of ER α-Glu-II

593 Cells were pelleted at 200 g, for 20 minutes at 4 °C and the clarified media was then further 

594 centrifuged for 20 minutes, at 5000 g at 4 °C. The clarified media was loaded onto a pre-

595 equilibrated 5 mL HisTrap excel column (Cytiva) with binding buffer (1x PBS, 20 mM 

596 imidazole, 5% glycerol w/v) and eluted using a buffer gradient 0-100% of elution buffer 

597 (1x PBS, 500 mM imidazole, 5% glycerol w/v) over 20 CVs. Fractions containing Mmα-

598 Glu-II were concentrated and loaded onto size exclusion S200 column (Cytiva), which was 

599 pre-equilibrated with HEPES buffer (20 mM HEPES pH 7.5 and 150 mM NaCl). The 

600 Mmα-Glu-II containing fractions were pooled and a trypsinolysis was performed using 

601 sequencing grade modified trypsin (Promega), supplemented with 2 mM CaCl2 for 4 hours 

602 at a ratio of 1:100 (trypsin: Mmα-Glu-II). The size exclusion was repeated and the resulting 

603 Mmα-Glu-II was pooled and concentrated to 8 mg/mL.

604 Thermal shift assays 

605 Triplicate reactions of 10  M Mmα-Glu-II unliganded control and 10 M Mmα-Glu-II 

606 with 50 µM inhibitor were prepared to a final volume of 30 µL with buffer (20 mM HEPES 

607 pH 7.5 and 150 mM NaCl). Before the assay, 20x SYPRO orange dye was added to each 
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608 reaction mixture. The assay was performed using the Stratagene Mx3005P qPCR machine 

609 where the SYPRO orange dye was excited at λex 517 nm and monitored at 585 nm with 2 

610 °C min-1 increases from 25 °C – 95 °C. Readings were averaged to produce a thermal 

611 stability curve with fluorescence plotted against temperature and the Tm estimated from the 

612 midpoint. 

613 Viral load reduction assays

614 For SARS-CoV-2 (variants) and HCoV-229E infections, H1299/ACE2 cells were seeded 

615 in 96-well plates at a density of 104 cells per well and the next day infected at MOI 1. 

616 Infections with SARS-CoV-2 were incubated at 37 °C, and infections with HCoV-229E at 

617 33 °C. For SARS-CoV or MERS-CoV infections (MOI 1), Vero E6 or HuH-7 cells were 

618 seeded in 96-well plates at a density of 2*104 cells per well. Cells were incubated at 37 °C. 

619 After removal of the inoculum at 1 hpi, cells were washed three times with warm PBS or 

620 medium after which they were incubated in infection medium (EMEM). Supernatant 

621 samples were harvested at 16 hpi and infectious virus titers were determined by plaque 

622 assay, and viral RNA copy numbers by RT-qPCR. In parallel, the cytotoxicity of 

623 compound treatment was measured on uninfected cells by the CellTiter 96 aqueous 

624 nonradioactive cell proliferation kit. 

625 Immunofluorescence staining

626 For immunofluorescence imaging of viral spike protein H1299/ACE2 cells were seeded 

627 onto glass cover slips in 24-well plates at a density of 1.6*105 cells per well. Thenext day 

628 they were infected with SARS-CoV-2/Leiden0008 (MOI 0.1) in Opti-MEM reduced serum 

629 medium (Thermo Fisher Scientific). At 16 hpi, cells were fixed with 3% warm 

630 paraformaldehyde. Immunofluorescent staining of viral spike protein was done using 
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631 human anti-spike antibody P52 (gift from King’s college) and goat-α-human IgG Alexa 

632 488 antibody (Thermo Fisher Scientific). Staining of endoplasmic reticulum was done 

633 using mouse anti-PDI antibody (Fuller)(63), and donkey-α-mouse Cy3 antibody (Jackson).  

634 Western Blot 

635 For western blot analysis, H1299/ACE2 cells were seeded in 6-well plates at a density of 

636 6.5*105 cells per well and the next day infected with SARS-CoV-2/Leiden0008 at an MOI 

637 of 2. At 10 hpi supernatant was harvested and 4000 μL medium was spiked with ovalbumin 

638 (internal recovery control), and concentrated to 150 μL using Amicon Ultra-0.5 centrifugal 

639 filter units (Merck), according to the manufacturer’s instruction. An equal amount of 

640 Laemmli buffer was added and samples were heated at 95 °C for 5 min. Samples were 

641 analyzed by SDS-PAGE (10% gel, 30 min at 90 V, then 50 min at 120 V) and subsequently 

642 blotted for 30 min in a semi-dry blotting system (Bio-Rad). The membrane was blocked 

643 with 1% casein in PBST for 1 h at RT, before incubation with primary antibodies overnight 

644 at 4 °C. Spike proteins were detected using SARS/SARS-CoV-2 spike protein S2-specific 

645 mAb 1A9 (Invitrogen) as primary antibody . The loading control tubulin was detected with 

646 mouse-anti-α-tubulin antibody B-5-1-2 (abcam) and spiked ovalbumin was detected with 

647 mouse ovalbumin mAb 1D3D5 (ThermoFischer). The next day the membrane was washed 

648 three times for 5 min with PBST, and then incubated in 0.5% casein in PBST with a 

649 secondary goat-α-mouse-HRP antibody (P0447, Dako) for 1 h at RT. After washing again 

650 three times, the membrane was incubated in Clarity Western ECL Substrate (Bio-Rad) for 

651 2 minutes and imaged with the Uvitec Alliance Q9 advanced imager. 

652 RNA isolation and RT-qPCR 
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653 RNA was isolated by magnetic bead isolation, as described in (51). Equine arteritis virus 

654 (EAV) in AVL lysis buffer (Qiagen) was spiked into the isolation reagent as an internal 

655 control for extracellular RNA samples. RT-qPCR was performed using TaqMan Fast Virus 

656 1-step master mix (Thermo Fisher Scientific) and as previously described (64). The cellular 

657 reference gene PGK1 served as a control for intracellular RNA. Primers and probes for 

658 EAV and PGK1 and the normalization procedure were described before (62). Primers and 

659 probes for SARS-CoV-2, as well as a standard curve, were used as described previously 

660 (64, 65). 

661 Plaque Assay

662 To quantify infectious virus titers, plaque assays were done on Vero E6 cells (SARS-CoV-

663 2 and variants, SARS-CoV), H1299/ACE2 (HCoV-229E) or HuH-7 (MERS-CoV). For 

664 SARS-CoV-2 and variants, 2x104 cells/well were seeded in a 96-well plate, and serial 

665 dilutions of samples were inoculated for 1 h at 37 °C on a rocking platform. Inoculums 

666 were removed and 100 L of methylcellulose overlay was added. Cells were incubated for 

667 4 days until fixation and crystal violet staining. Alternatively, plaque assays for SARS-

668 CoV-2 (variants) were done in 6-well plates, with avicel overlay and 3 days incubation. 

669 HCoV-229E samples were quantified in 12-well plates, using avicel overlay and incubating 

670 for 4 days. MERS-CoV samples were quantified in 12-well plates with avicel overlay or 

671 96-well plates with methylcellulose overlay for 3 days. 

672 Infection of ALI-PBEC and activity-based probe labelling 

673 ALI-PBEC were pre-treated with compound in the basal medium for 3 hours. Cells were 

674 infected with 100 000 PFU of SARS-CoV-2/Leiden0008 per insert (estimated MOI of 0.1) 

675 with compounds present in the inoculum. After 2 hours at 37 °C on a rocking platform, the 
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676 inoculum was removed and cells were washed three times with warm PBS. Compounds 

677 stayed present in the basal medium until 48 h post infection. At 48 hpi the viral load was 

678 determined by plaque assay on a 200 L apical wash (PBS incubated on the apical side of 

679 the inserts for 10 min at 37 °C). For assessing cytotoxicity with the CyQuant LDH 

680 cytotoxicity assay (Thermo Fisher Scientific), 10 μL of apical wash was diluted 5x with 40 

681 μL PBS. 25 μL of this dilution was added to 25 μL assay reagent and incubated for 30 min 

682 at RT in the dark. The plate was fixed and measured at a wavelength of 490 nM (Envision 

683 reader, Perkin Elmer). For the activity-based probe labelling, the inserts were washed one 

684 more time with PBS and processed as described previously (52). Briefly, cells were lysed 

685 with 60 μL of potassium phosphate buffer per insert. A fluorescently-labelled Probe 

686 (JJB383) was diluted in MclIvaine buffer (pH 7) to a 10 μM stock and incubated for 5 min 

687 on ice. For labelling of the cell lysate, 10 μL of lysate was added to 10 μL of MclIvaine 

688 buffer and 5 μL of probe. The lysate was incubated for 30 mins at 37 °C, before addition 

689 of 10 μL of Laemmli sample buffer (4x). Samples were heated at 95 oC for 5 min and 

690 separated in a 10% SDS-PAGE gel. Fluorescence was measured at a wavelength of 625 

691 nm (Cy5) with a Uvitec Alliance Q9 imager (BioSPX). After imaging, the gels were stained 

692 with GelCode Blue stain reagent (Thermo Fisher Scientific) and visualized using a Uvitec 

693 Essential V6 system to check for equal loading.

694 Plaque reduction assay 

695 H1299/ACE2 cells were seeded in a 6-well plate at a density of 1.3*10^5 cells/well (20 % 

696 confluency), 96 h prior to infection. Cells were treated with 5 μM of compound 11 either 

697 48 or 2 h before infection, or during the 1 h infection in the inoculum. The monolayers 

698 were infected with ~20 PFU of SARS-CoV-2/Leiden0008. In the post infection treatment, 
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699 the compound (or RDV) was added to the avicel overlay. Cells were incubated for 4 days 

700 at 37 °C before fixation and crystal violet staining.

701

702

703

704 Supporting Information: 

705 Additional experimental details: Synthesis of the methylated sulfamidates 12–16 and the 

706 alkyl aziridines 23, 24, 27 and 28; and additional results: SARS-CoV-2 Viral load reduction 

707 assay on Calu-3 lung epithelial cells, SARS-CoV Viral load reduction assay on Vero E6 

708 cells, GelCode Blue staining of SDS-PAGE gel of activity-based protein profiling 

709 experiment, SDS-PAGE gel of activity-based protein profiling at pH 4.

710
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Supplementary Figures  

 

Figure S1: Docking of 1,6-cyclitols compounds into the α-glucosidase II active site (PDB 5H9O).  

(A) Overlay of the top non-covalent dockings of compounds 10 (orange), 9 (purple) and 11 (grey) with glucose 

(pink PDB: 5H9O). Black lines indicating H-bond interactions with active site residues, including catalytic 

nucleophile D564. 

(B) Top covalent docking for compound 11 (grey), the covalent bond formed between nucleophile D564 along 

with H-bond interactions and overlaid with covalent 5F-Glc (PDB: 5HJR, green).  

(C) Top covalent docking of compound 9 covalently bound to catalytic nucleophile D564 along with H-bonds 

interactions (black dashes).  

(D) Top covalent docking of compound 10 covalently bound to catalytic nucleophile D564 along with H-bonds 

interactions (black dashes).  



 

Figure S2: Cytopathic effect reduction assays on Vero E6 monkey kidney cells and H1299/ACE2 human lung 

epithelial cells. (A) SARS-CoV-2 CPE assay dose-response curves of naphthyl-deoxynojirimycin 2, cyclosulfate 

11, and iminosugar UV4 on (A) Vero E6 cells, and (B) H1299/ACE2 cells. n=2 independent experiments. The 

viability of uninfected compound-treated cells was established by MTS assay in parallel. Means ± SEM are shown. 

The 50% inhibitory concentration (EC50) values were determined by non-linear regression with GraphPad Prism 

6. Methods for the CPE assay on H1299/ACE2 cells can be found in this supplementary material.  

 

 

Figure S3:  1,6-epi-cyclophellitol cyclosulfate inhibits SARS-CoV-2 infectious progeny production in Calu-3 

lung epithelial cells. (A-B) Viral load reduction assay in Calu-3 cells with SARS-CoV-2 (MOI 1) and samples 

harvested at 16 hpi. (A) Infectious virus titer and (B) extracellular viral RNA copy numbers were quantified by 



plaque assay and RT-qPCR, respectively. Uninfected compound-treated cells were assessed by MTS assay in 

parallel to measure cytotoxicity of the compounds. n=3 independent experiments. Mean ± SEM are shown.  

 

Figure S4: Activity-based probe labelling of cell lysate from SARS-CoV-2 infected ALI-PBEC that were treated 

with compound 11, 1 and 2. (A) performed at pH7. GelCode Blue staining of SDS-PAGE to visualize the total 

protein amount that was loaded. Gel was washed three times for 5 minutes with deionized water, stained over 

night with GelCode Blue staining reagent, and washed again three times, before imaging using a Uvitec 

Essential V6 system. (B) performed at pH4.  

 

Supporting synthesis schemes 
 

 

Scheme S1. Preparation of target compounds 5 and 6. Reagents and conditions: (a) BCl3, DCM, -78 oC, 4 h, 89% 

(b) Benzaldehyde dimethyl acetal, p-TsOH, DMF/MeCN, 4 h, 73% (c) i: KI, K2CO3, 2-aminoethyl 

diphenylborinate, alkyl halide, MeCN, 18 h ii: TFA, H2O, DCM, 1.5 h, iii: alkyl halide, TBAI, 60% NaH, DMF, 2 

h, 36% (32), 31% (33)  (d) RuCl3∙H2O, NaIO4, EtOAc/H2O/MeCN,  (e) i: SOCl2, Et3N, DCM, ii: RuCl3∙H2O, 

NaIO4, EtOAc/H2O/MeCN, 46% (38), 40% (39) over 3 steps (f) Pd/C, H2, MeOH/THF, 4 h, 91% (5), 93% (6). 

 



 
 

Scheme S2. Preparation of target compound 9. Reagents and conditions: (a) MeI, 60% NaH, DMF, 4 h, 91%, (b) 

TFA, H2O, DCM, 1.5 h, 83%, (c) BnBr, TBAI, 60% NaH, DMF, 5 h, 94%, (d) RuCl3∙H2O, NaIO4, 

EtOAc/H2O/MeCN, 2 h, 39% (43), 29% (44), (e) i: SOCl2, Et3N, DCM, 1.5 h, ii: RuCl3∙H2O, NaIO4, 
EtOAc/H2O/MeCN, 2.5 h, 73%, (f) Pd/C, H2, MeOH/THF, 4 h, 93%.    

 

 

 

 

 

 

 

 

 
Scheme S3. Preparation of target compound 7. Reagents and conditions: (a) i: TrtCl, DMAP, Et3N, DMF, 18 h, ii: 

MeI, 60% NaH, DMF, 3 h, iii: p-TsOH, DCM/MeOH, 4 h, 62% over 3 steps (b) BnBr, TBAI, 60% NaH, DMF, 2 

h, 95% (c) RuCl3∙H2O, NaIO4, EtOAc/H2O/MeCN, 2 h (d) i: SOCl2, Et3N, DCM, 1.5, ii: RuCl3∙H2O, NaIO4, 

EtOAc/H2O/MeCN, 2.5 h, 29% over 3 steps, (e) Pd/C, H2, MeOH/THF, 5 h, 97%. 

 



 
 

Scheme S4. Preparation of target compound 8. Reagents and conditions: (a) i: TrtCl, DMAP, Et3N, DMF, 18 h ii: 

BnBr, 60% NaH, TBAI, DMF, 6 h, iii: p-TsOH, DCM/MeOH, 4 h, 71% over 3 steps (b) MeI, 60% NaH, DMF, 2 

h, 92% (c) RuCl3∙H2O, NaIO4, EtOAc/H2O/MeCN, 2 h, 39% (53), 32% (54), (d) i: SOCl2, Et3N, DCM, 1.5 h, ii: 

RuCl3∙H2O, NaIO4, EtOAc/H2O/MeCN, 2.5 h, 74% (e) Pd/C, H2, MeOH/THF, 5 h, 93%. 

 

 

 

Scheme S5. Preparation of target compounds 13, 14, 17 and 18. Reagents and conditions: (a) alkyl halogen, 

K2CO3, DMF, 3 h 100 oC, 44% (13), 24% (14), 41% (17), 38% (18). 

 

  



Biochemical methods 
 

Cell culture/lysates  

Fibroblast cell lines were cultured in HAMF12-DMEM medium  supplied with 10% (v/v) FCS, 0.1% 
(w/v) penicillin/streptomycin, and 0.5% (w/v) sodium pyruvate, under 7% CO2 at 37 °C. Confluent 
fibroblasts were cultured 1:3 each week. Cell pellets were stored at -80 °C until lysates were prepared. 
Cell lysates were prepared in potassium phosphate (KPi) lysis buffer (25 mM K2HPO4/KH2PO4, pH 6.5, 
supplemented with protease inhibitor cocktail (EDTA-free, Roche, Basel, Switzerland) and 0.1 % (v/v) 
triton X-100) via one Freeze-thaw cycle, followed by sonication on ice. Protein concentration was 
determined with the BCA Protein Assay Kit (ThermoFisher PierceTM) with 10x lysate dilution in KPi 
buffer (without protease inhibitor). Lysates were stored in aliquots at -80 °C until use.  

IC50 

Enzymes used for IC50 were obtained as follows: recombinant human GAA (Myozyme) were obtained 
from Genzyme, USA and fibroblast cell lysates were used for ER-II alpha-glucosidase. Apparent IC50 
values were determined throughout pre-incubation of 12.5 µL enzyme-mixture with 12.5 µL inhibitor 
for 30 minutes at 37 °C. GAA activity was measured with 47 nM enzyme (Myozyme) and 100 µL 3 mM 
4-MU-α-D-glucopyranoside for 30 minutes at 37 °C. ER-II activity was measured using fibroblast cell 
lysates containing 10 µg protein (concentration was determined with BCA protein assay kit; Thermo 
Fisher) and 100 µL, 3 mM 4-MU α-D-glucopyranoside for 1 hour at 37 °C. After incubation with 
substrate mixture, the enzymatic reactions were quenched with 200 µL 1 M NaOH-Glycine (pH 10.3) 
and hydrolyzed 4-MU fluorescence is measured with a LS55 fluorescence spectrophotometer (Perkin 
Elmer: λEX 366 nm, λEM 445 nm). Background fluorescence (enzyme-mixture without substrate) is 
subtracted from the mean value, and normalized with maximal activity (without inhibitor). GAA is 
diluted in 150 mM McIlvain buffer pH 4.0 supplemented with 0.1% bovine serum albumin (BSA, w/v%) 
and 0.01% NaN3 as bacteriostatic. ER-II is diluted in 150 mM McIlvain buffer pH 7.0 supplemented 
with 0.1% bovine serum albumin (BSA, w/v%) and 0.01% NaN3 as bacteriostatic. Values plotted for 
concentration inhibitor are those in the final reaction mixture containing enzyme, inhibitor and substrate 
(125 µL total). The IC50 value is the average of two-/triplicates from technical triplicates.  

Time-dependent inhibition  

To study the type of inhibition, GAA and fibroblast cell lysates were pre-incubated for 5, 10, 15, 30, and 
60 minutes with inhibitor (2x IC50 value) at 37 °C. Thereafter, 100 μL of substrate mixture (3 mM 4-
MU α-D-glucopyranoside pH 4.0 for GAA, pH 7.0 for ER-II alpha-glucosidase) was added and 
incubated for 30 minutes (GAA) or 60 minutes (ER-II alpha-glucosidase). Finally, stop buffer (1 M 
glycine-NaOH pH 10.3) was added to stop the reaction and hydrolyzed 4-MU fluorescence was 
measured. Background fluorescence (enzyme-mixture without substrate) was subtracted from the mean 
value, and normalized to maximal activity (without inhibitor). Time was plotted vs residual enzyme 
activity. either a straight line was observed or decreased activity over time, relating to non-covalent or 
covalent inhibition, respectively.  

Docking Method 

The crystal structure co-ordinates of murine endoplasmic reticulum α-glucosidase II in complex with 
D-glucose (PDB: 5H9O) [5] were imported into Maestro software (Release 2024-1, Schrӧdinger, LLC, 
New York, NY, 2024) and prepared using the Protein Preparation module (pH = 7.4) [6]. A receptor grid 
was generated centred around the bound D-glucose molecule. The ligand was imported into the Maestro 
GUI and prepared using the LigPrep tool. Prepared ligands were docked into the generated receptor grid 
using the Glide module and the OPLS4 forcefield [7-11]. XP mode (extra precision) and flexible ligand 



sampling were utilised, and epik state penalties were added to the docking scores [12]. Conformational, 
torsional and positional restraints were not used, except for stereochemical definitions in the ligand file.  
A maximum of 10 outputted poses was requested, and post-docking minimisation was carried out. 
Covalent docking was also performed using the covalent docking module of Glide [13]. The prepared 
ligand was docked into a receptor grid generated around the bound D-glucose molecule, and Asp564 
was defined as the reactive residue. A custom reaction type for the aziridine and cyclic sulfate was 
created, allowing for attack of the aspartate residue at position 1 of the ligand definition (cyclic sulfate: 
[C][O][S]=[O]; aziridine [C][N][C]), and bond breakage between positions 1 and 2 of the ligand 
definition. A pre-defined reaction type was used for the epoxide. Docking was carried out in thorough 
‘pose prediction’ mode, and MM-GBSA scoring was performed. Conformational, torsional and 
positional restraints were not used, except for stereochemical definitions in the ligand file. 

The docking poses were exported as .pdb files and imported into ChimeraX, where figures were 
generated [14].  

 

Cytopathic Effect (CPE) reduction assay on H1299/ACE2 

CPE reduction assays were performed as previously described [15]. Briefly, H1299/ACE2 cells were 
seeded in 96-well plates at a density of 1*104 cells per well. The next day, cells were infected with 
SARS-CoV-2/Leiden0008 in the presence of 2-fold serial dilutions of compound. 2 days post infection 
the CellTiter 96 aqueous nonradioactive cell proliferation kit (Promega) was used to measure the cell 
viability of infected (protection) and non-infected cells (assessment of cytotoxicity). EC50 values 
reported are the mean values from three independent experiments and were calculated using GraphPad 
Prism 6.  

  



Fluorescent IC50 assays on recombinant human GAA (Myozyme) and ER-II for compounds  
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General experimental procedures 
 

All chemicals were of commercial grade and were used as received unless stated otherwise. Solvents 
used in synthesis were dried and stored over 4Å molecular sieves. Deuterated chloroform was stored 
over activated 3 Å molecular rods (rods, size 1/16 in., Sigma Aldrich) and potassium carbonate. Flash 
column chromatography was performed on silica gel 60 Å (0.04 – 0.063 mm, Screening Devices B.V.). 
TLC analysis was performed on TLC Silica gel 60 (Kieselgel 60 F254, Merck) with UV detection (254 
nm) and by spraying with a solution of (NH4)6Mo7O24·H2O (25 g/L) and (NH4)4Ce(SO4)4·2H2O (10 g/L) 
in 10% sulfuric acid in water followed by charring at ± 200 °C. TLC-MS analysis was performed on a 
Camag TLC-MS Interface coupled with an API165 (SCIEX) mass spectrometer (eluted with tert-
butylmethylether/EtOAc/MeOH, 5/4/1, v:v:v +0.1% formic acid, flow rate 0.12 mL/min). High-
resolution mass spectra (HRMS) were recorded on a Waters Synapt G2-Si (TOF) equipped with an 
electrospray ion source in positive mode (source voltage 3.5 kV) and an internal lock mass LeuEnk 
(M+H+ = 556.2771). 1H and 13C NMR spectra were recorded on a Bruker AV-400 NMR (400 and 101 
MHz respectively) or a Bruker AV-500 NMR (500 and 126 MHz respectively). All samples were 
measured in CDCl3, unless stated otherwise. Chemical shifts (δ) are given in ppm relative to tetramethyl 
silane as internal standard or the residual signal of the deuterated solvent. Coupling constants (J) are 
given in Hz. All given 13C APT spectra are proton decoupled. NMR peak assignment was accomplished 
using COSY, HSQC. Proton and carbon numbering for NMR peak assignment was done as followed: 
numbering was done similarly to their glucose counterparts and not their respective nomenclature. 
Numbering starts at the ‘anomeric’ center and progresses similarly as their glucose counterpart. ‘H-7’ or 
‘C-7’ is used where the intramolecular oxygen is substituted for carbon. 

 

Synthetic procedures 
 

(1R,2R,3S,6R)-6-(hydroxymethyl)cyclohex-4-ene-1,2,3-triol (30)           

Cyclohexene 29 (0.85 g, 2.5 mmol, 1.0 eq) was dissolved in anhydrous DCM (17 mL), 

cooled to -78℃ and BCl3 (1M solution in DCM, 12.5 mmol, 5.0 eq) was added 

dropwise. The reaction was stirred at -78℃ for 4 h and quenched with MeOH. The 

reaction mixture was concentrated in vacuo and the crude material was purified by silica 

gel flash column chromatography (0%→30% MeOH in EtOAc, silica prewashed with MeOH) to obtain 30 

(0.35 g, 2.2 mmol, 89%) as a white solid.  1H NMR (400 MHz, MeOD) δ 5.63 (dt, J = 10.2, 1.7 Hz, 1H, H-

1), 5.58 (dt, J = 10.1, 2.0 Hz, 1H, H-6), 4.04 (ddd, J = 7.7, 3.8, 2.0 Hz, 1H, H-2), 3.79 (dd, J = 10.6, 4.1 Hz, 

1H, H-7b), 3.60 (dd, J = 10.7, 6.1 Hz, 1H, H-7a), 3.49 – 3.39 (m, 2H, H-3, H-4), 2.27 (ddq, J = 8.3, 4.3, 2.1 

Hz, 1H, H-5). 13C NMR (101 MHz, MeOD) δ 128.9 (C-6), 126.5 (C-1), 76.8 (C-3), 71.5 (C-2), 69.9 (C-4), 

61.3 (C-7), 45.6 (C-5). HRMS (ESI) m/z: [M+Na+] calcd for C7H12O4Na 183.0633, found 183.0634. 

(4aR,7S,8R,8aR)-2-phenyl-4a,7,8,8a-tetrahydro-4H-benzo[d][1,3]dioxine-7,8-diol (31)         

Cyclohexene 30 (80 mg, 0.5 mmol, 1.0 eq) was  dissolved in an anhydrous 4:1 mixture 

of ACN/DMF (2.5 mL) and benzaldehyde dimethylacetal (0.19 mL, 1.25 mmol, 2.5 

eq) was added. The pH of the mixture was adjusted to 2 with pTsOH and the reaction 

mixture was stirred on a rotary evaporator (rotavap) for 4 h at 60℃ and 650 mbar. 

The reaction was quenched with Et3N and diluted with EtOAc. The organic layer was washed with sat. aq. 

 

 



NaHCO3 and brine, dried over MgSO4, filtered and concentrated in vacuo. The crude product was purified 

by silica gel flash column chromatography (0%→10% MeOH in DCM) to obtain 31 (92 mg, 0.37 mmol, 

73%) as a white solid. 1H NMR (400 MHz, CDCl3) δ 7.56 – 7.43 (m, 2H, CHAr), 7.43 – 7.31 (m, 3H, CHAr), 

5.62 (dt, J = 10.0, 2.8 Hz, 1H, H-6), 5.56 (s, 1H, H-8), 5.36 – 5.31 (m, 1H, H-1), 4.33 – 4.22 (m, 2H, H-2, H-

7b), 3.88 (dd, J = 10.4, 7.3 Hz, 1H, H-3), 3.63 – 3.55 (m, 2H, H-4, H-7a), 2.62 (ddtd, J = 11.4, 6.6, 3.4, 1.6 

Hz, 1H, H-5). 13C NMR (101 MHz, CDCl3) δ 137.8 (CqAr), 130.6 (C-6), 129.3, 128.4, 126.4 (CHAr), 124.3 

(C-1), 102.3 (C-8), 80.8 (C-4), 75.7 (C-3), 73.9 (C-2), 70.0 (C-7), 38.6 (C-5). HRMS (ESI) m/z: [M+Na+] 

calcd for C14H16O4Na 271.0946, found 271.0948. 

((((1R,2R,3S,6R)-6-((benzyloxy)methyl)-2-methoxycyclohex-4-ene-1,3-

diyl)bis(oxy))bis(methylene))dibenzene (32) Diol 31 (0.12 g, 0.5 mmol, 1.0 eq) was co-evaporated (3x) 

toluene and dissolved in anhydrous MeCN (2.5 mL). Subsequently, KI (83 mg, 0.5 

mmol, 1.0 eq), K2CO3 (83 mg, 0.6 mmol, 1.2 eq) and 2-aminoethyl diphenylborinate 

(38 mg, 0.15 mmol, 0.3 eq) and BnBr (59 µL, 0.5 mmol, 1.0 eq) were added to the 

solution and the mixture was stirred at 60 ℃ for 18 h. The reaction was quenched 

with water and diluted with EtOAc. The organic layer was washed with sat. aq. NaHCO3 and brine, dried 

over MgSO4, filtered and concentrated in vacuo. The crude material was filtered over a silica plug. The 

filtered material was dissolved in DCM (2.5 mL) and cooled to 0 ℃. Water (1 mL) and TFA (0.19 mL, 2.5 

mmol, 5.0 eq) were added and the reaction was stirred for 1.5 h at rt after which TLC analysis indicated full 

conversion of the starting material. The solution was washed with sat. aq. NaHCO3, H2O and brine, dried 

over MgSO4, filtered and concentrated in vacuo.  The crude material was dissolved in anhydrous DMF and 

cooled to 0℃. NaH (60% dispersion in mineral oil) was added and the reaction was stirred for 15 min at 0℃. 

Subsequently, MeI was added dropwise. The reaction was stirred for 2 h at rt, diluted with Et2O and quenched with 

MeOH at 0℃. The organic layer was washed with H2O and brine (2x), dried over MgSO4, filtered and concentrated 

in vacuo. The crude material was purified by silica gel flash column chromatography (0%→15% EtOAc in pentane) 

to obtain 32 (80 mg, 0.18 mmol, 36% over 3 steps) as a colorless oil. 1H NMR (500 MHz, CDCl3) δ 7.43 – 7.33 

(m, 2H, CHAr), 7.31 – 7.23 (m, 13H, CHAr), 5.74 – 5.69 (m, 1H, H-6), 5.67 (dt, J = 10.2, 1.7 Hz, 1H, H-1), 

4.91 (s, 1H, CHHPh), 4.89 (s, 1H, CHHPh), 4.71 (s, 1H, CHHPh), 4.68 (s, 1H, CHHPh), 4.56 – 4.52 (m, 1H, 

CHHPh), 4.51 (d, J = 12.2 Hz, 1H, CHHPh), 4.21 (ddd, J = 7.8, 3.5, 1.7 Hz, 1H, H-2), 3.74 (dd, J = 10.1, 7.8 

Hz, 1H, H-3), 3.62 (dd, J = 9.0, 3.4 Hz, 1H, H-7b), 3.57 (dd, J = 9.0, 5.0 Hz, 1H, H-7a), 3.52 (s, 3H, OCH3), 

3.41 (t, J = 9.8 Hz, 1H, H-4), 2.51 – 2.43 (m, 1H, H-5). 13C NMR (126 MHz, CDCl3) δ 139.5, 139.0, 138.6 

(3x CqAr), 129.6 (C-1), 128.5, 128.4, 128.1, 128.0, 127.9, 127.8, 127.7, 127.6 (CHAr), 127.2 (C-6), 85.7 (C-

3), 81.2 (C-2), 80.9 (C-4), 75.6, 73.7, 72.8 (3x CH2Ph), 70.1 (C-7), 59.1 (OCH3), 45.1 (C-5). HRMS (ESI) 

m/z: [M+Na+] calcd for C29H32O4Na 467.2198, found 467.2200. 

(3aS,4R,5R,6S,7R,7aR)-5-(benzyloxy)-4-((benzyloxy)methyl)-7-methoxy-6-(naphthalen-2-

ylmethoxy)hexahydrobenzo[d][1,3,2]dioxathiole 2,2-dioxide (38) A solution of NaIO4 (0.13 g, 0.63 mmol, 

2.5 eq) and RuCl3∙H2O (3.7 mg, 18 µmol, 0.07 eq) in water (2.0 mL) was added 

dropwise to an ice-cooled and  vigorously stirred solution of cyclohexene 32 (0.11 g, 

0.25 mmol, 1.0 eq) in EtOAc/MeCN 1:1 (7.5 mL). The reaction was stirred for 2 h at 

0℃ after which TLC analysis indicated full conversion. The reaction was quenched 

with sat. aq. Na2S2O3 and the aqueous layer was extracted with EtOAc (3x). The 

combined organic layers were washed with brine, dried over MgSO4, filtered and 

concentrated in vacuo. The crude material was purified by silica gel flash column 

chromatography (5%→30% acetone in pentane) to obtain 34 as white solid. SOCl2 (22 µL, 0.31 mmol, 3.5 eq) 

was added dropwise over 5 min to an ice-  cooled solution of diol 34 (42 mg, 88 µmol, 1.0 eq) and Et3N (49 µL, 

0.35 mmol, 4.0 eq) in DCM (1.0 mL). The reaction was stirred for 1,5 h at 0℃ after which TLC analysis indicated 

full conversion of the starting material. The reaction mixture was diluted with cold Et2O and the organic layer was 

washed with cold water and brine, dried over MgSO4, filtered and concentrated in vacuo. Final traces of Et3N were 

removed under high vacuum. The crude material was dissolved in EtOAc/ACN and a solution of NaIO4 and 

RuCl3∙H2O in water was added at 0℃. The reaction was stirred for 2,5 h at this temperature and subsequently 

diluted with EtOAc and quenched with sat. aq. N2S2O3. The layers were separated and the aqueous layer was 

extracted with EtOAc. The combined organic layers were washed with water and brine, dried over MgSO4, filtered 

and concentrated in vacuo. The crude product was purified by silica gel flash column chromatography (0%→15% 

EtOAc in pentane) to obtain cyclosulfate 38 (21 mg, 40 µmol, 46%) as a colorless oil. 1H NMR (500 MHz, 

 



CDCl3) δ 7.38 – 7.29 (m, 15H, CHAr), 5.09 – 5.02 (m, 2H, H-1, H-6), 4.77 – 4.71 (m, 4H, 4x CHHPh), 4.54 

(s, 2H, 2x CHHPh), 3.86 – 3.80 (m, 2H, H-3, H-7b), 3.71 – 3.66 (m, 1H, H-2), 3.59 (dd, J = 9.5, 2.2 Hz, 1H, 

H-7a), 3.52 (s, 3H, OCH3), 3.26 (dd, J = 11.7, 8.2 Hz, 1H, H-4), 2.44 (ddt, J = 11.6, 9.5, 2.2 Hz, 1H, H-5). 
13C NMR (126 MHz, CDCl3) δ 138.4, 137.9, 137.5 (3x CqAr), 128.9, 128.7, 128.6, 128.4, 128.2, 128.12, 

128.08, 128.05, 128.0 (CHAr), 81.9 (C-3), 81.1 (C-1), 79.8 (C-6), 77.5 (C-4), 76.1 (C-2), 75.0, 74.1, 73.7 (3x 

CH2Ph), 64.1 (C-7), 61.2 (OCH3), 43.6 (C-5). HRMS (ESI) m/z: [M+Na+] calcd for C29H32O8SNa 563.1716, 

found 563.1717. 

(3aS,4R,5R,6S,7R,7aR)-5,6-dihydroxy-4-(hydroxymethyl)-7-methoxyhexahydrobenzo[d][1,3,2]dioxathiole 

2,2-dioxide (5) Cyclosulfate 38 (15 mg, 28 µmol, 1.0 eq) was dissolved in MeOH/THF (1 mL) and purged with 

N2. Pd/C (10 wt%, 12 mg, 11 µmol, 0.4 eq) was added to the solution and the reaction 

mixture was again purged with N2. The reaction mixture was flushed for 5 min with H2 

before being left to stir under H2 atmosphere for 5 h. The reaction mixture was flushed with 

N2 and filtered over whatman filter paper. The filtrate was concentrated in vacuo and the 

crude material was purified by silica gel flash column chromatography (0%→20% MeOH 

in DCM, silica prewashed with MeOH) to obtain 5 (6.8 mg, 25 µmol, 91%) as a white 

solid. 1H NMR (500 MHz, MeOD) δ 5.11 – 5.05 (m, 1H, H-1), 4.08 (dd, J = 11.1, 
2.3 Hz, 1H, H-7B), 3.76 (dd, J = 10.9, 4.0 Hz, 1H, H-6), 3.69 (dd, J = 11.1, 2.8 Hz, 1H, H-7A), 3.63 – 
3.54 (m, 2H, CH-2, H-3), 3.39 – 3.34 (m, 1H, H-4), 2.94 (s, 3H, CH3), 1.98 (tt, J = 11.1, 2.6 Hz, 1H, H-
5). 13C NMR (126 MHz, MeOD) δ 85.3 (C-1), 74.6 (C-2/3), 70.9 (C-2/3), 68.8 (C-4), 62.7 (C-6), 57.1 
(C-7), 47.1 (C-5), 37.3 (CH3). HRMS (ESI) m/z: [M+Na+] calcd for C8H14O8SNa 293.2418, found 

293.2420. 

((((1R,2R,3S,6R)-6-((benzyloxy)methyl)-2-methoxycyclohex-4-ene-1,3-

diyl)bis(oxy))bis(methylene))dibenzene (33) Diol 31 (0.12 g, 0.5 mmol, 1.0 eq) was co-evaporated (3x) toluene 

and dissolved in anhydrous MeCN (2.5 mL). Subsequently, KI (83 mg, 0.5 mmol, 1.0 eq), 

K2CO3 (83 mg, 0.6 mmol, 1.2 eq) and 2-aminoethyl diphenylborinate (38 mg, 0.15 mmol, 

0.3 eq) and MeI (31 µL, 0.5 mmol, 1.0 eq) were added to the solution and the mixture was 

stirred at 60 ℃ for 18 h. The reaction was quenched with water and diluted with EtOAc. 

The organic layer was washed with sat. aq. NaHCO3 and brine, dried over MgSO4, filtered and concentrated in 

vacuo. The crude material was filtered over a silica plug. The filtered material was dissolved in DCM (2.5 mL) 

and cooled to 0 ℃. Water (1 mL) and TFA (0.19 mL, 2.5 mmol, 5.0 eq) were added and the reaction was 

stirred for 1.5 h at rt after which TLC analysis indicated full conversion of the starting material. The solution 

was washed with sat. aq. NaHCO3, H2O and brine, dried over MgSO4, filtered and concentrated in vacuo. 

The crude material was dissolved in anhydrous DMF (10 mL) and cooled to 0℃. NaH (60% dispersion in mineral 

oil, 92 mg, 2.3 mmol, 4.5 eq) was added and the reaction was stirred for 15 min at 0℃. Subsequently, TBAI (9.2 

mg, 25 µmol, 0.05 eq) and BnBr (0.21 mL, 1.8 mmol, 3.6 eq) were added. The reaction was stirred for 2 h at rt, 

diluted with Et2O and quenched with MeOH at 0℃. The organic layer was washed with H2O and brine (2x), dried 

over MgSO4, filtered and concentrated in vacuo. The crude material was purified by silica gel flash column 

chromatography (0%→15% EtOAc in pentane) to obtain 33 (71 mg, 0.16 mmol, 31%) as a colorless oil. 1H NMR 

(500 MHz, CDCl3) δ 7.40 – 7.36 (m, 2H, CHAr), 7.35 – 7.26 (m, 13H, CHAr), 5.74 – 5.69 (m, 1H, H-6), 5.67 

(dt, J = 10.2, 1.7 Hz, 1H, H-1), 4.93 (s, 1H, CHHPh), 4.91 (s, 1H, CHHPh), 4.72 (s, 1H, CHHPh), 4.69 (s, 

1H, CHHPh), 4.59 – 4.55 (m, 1H, CHHPh), 4.53 (d, J = 12.2 Hz, 1H, CHHPh), 4.17 (ddd, J = 7.8, 3.5, 1.7 

Hz, 1H, H-2), 3.75 (dd, J = 10.1, 7.8 Hz, 1H, H-3), 3.62 (dd, J = 9.0, 3.4 Hz, 1H, H-7b), 3.58 (dd, J = 9.0, 

5.0 Hz, 1H, H-7a), 3.53 (s, 3H, OCH3), 3.41 (t, J = 9.8 Hz, 1H, H-4), 2.51 – 2.46 (m, 1H, H-5). 13C NMR 

(126 MHz, CDCl3) δ 139.0, 138.9, 138.6 (3x CqAr), 129.4 (C-1), 128.3, 128.2, 128.1, 128.0, 127.9, 127.8, 

127.7, 127.6 (CHAr), 127.2 (C-6), 85.8 (C-3), 81.5 (C-2), 80.9 (C-4), 75.6, 73.5, 72.9 (3x CH2Ph), 70.4 (C-

7), 61.5 (OCH3), 45.1 (C-5). HRMS (ESI) m/z: [M+Na+] calcd for C29H32O4Na 467.2198, found 467.2200. 

(3aR,4R,5S,6R,7R,7aS)-4,6-bis(benzyloxy)-7-((benzyloxy)methyl)-5-

methoxyhexahydrobenzo[d][1,3,2]dioxathiole 2,2-dioxide (39) A solution of NaIO4 (64 mg, 0.3 mmol, 2.5 eq) 

 

 



and RuCl3∙H2O (1.7 mg, 8.4 µmol, 0.07 eq) in water was added dropwise to an ice-cooled and  vigorously stirred 

solution of cyclohexene 33 (53 mg, 0.12 mmol, 1.0 eq)in EtOAc/MeCN 1:1 (6 mL). The reaction was stirred for 

2 h at 0℃ after which TLC analysis indicated full conversion. The reaction was quenched 

with sat. aq. Na2S2O3 and the aqueous layer was extracted with EtOAc (3x). The combined 

organic layers were washed with brine, dried over MgSO4, filtered and concentrated in 

vacuo. The crude material was purified by silica gel flash column chromatography 

(5%→30% acetone in pentane) to obtain diols 35 and 37. SOCl2 (14 µL, 0.19 mmol, 3.5 

eq) was added dropwise over 5 min to an ice-  cooled solution of diol 35 (26 mg, 54 µmol, 

1.0 eq) and Et3N (67 µL, 0.48 mmol, 4.0 eq) in DCM (1.2 mL). The reaction was stirred 

for 1,5 h at 0℃ after which TLC analysis indicated full conversion of the starting material. The reaction mixture 

was diluted with cold Et2O and the organic layer was washed with cold water and brine, dried over MgSO4, filtered 

and concentrated in vacuo. Final traces of Et3N were removed under high vacuum. The crude material was 

dissolved in EtOAc/MeCN 1:1 (4.4 mL) and a solution of NaIO4 (24 mg, 0.11 mmol, 2.0 eq) and RuCl3∙H2O (1.1 

mg, 5.5 µmol, 0.1 eq) in water (2.2 mL) was added at 0℃. The reaction was stirred for 2,5 h at this temperature 

and subsequently diluted with EtOAc and quenched with sat. aq. N2S2O3. The layers were separated and the 

aqueous layer was extracted with EtOAc. The combined organic layers were washed with water and brine, dried 

over MgSO4, filtered and concentrated in vacuo. The crude product was purified by silica gel flash column 

chromatography (0%→15% EtOAc in pentane) to obtain cyclosulfate 39 (26 mg, 48 µmol, 40% over 3 steps) as a 

colorless oil. 1H NMR (500 MHz, CDCl3) δ 7.34 – 7.27 (m, 15H, CHAr), 5.11 – 5.04 (m, 2H, H-1, H-6), 4.78 

– 4.72 (m, 4H, 4x CHHPh), 4.53 (s, 2H, 2x CHHPh), 3.85 – 3.79 (m, 2H, H-3, H-7b), 3.71 – 3.66 (m, 1H, 

H-2), 3.56 (dd, J = 9.5, 2.2 Hz, 1H, H-7a), 3.52 (s, 3H, OCH3), 3.28 (dd, J = 11.7, 8.2 Hz, 1H, H-4), 2.48 

(ddt, J = 11.6, 9.5, 2.2 Hz, 1H, H-5). 13C NMR (126 MHz, CDCl3) δ 138.5, 138.0, 137.6 (3x CqAr), 128.7, 

128.6, 128.5, 128.4, 128.3, 128.11, 128.08, 128.06, 128.0 (CHAr), 82.0 (C-3), 81.2 (C-1), 80.3 (C-6), 78.1 

(C-4), 76.1 (C-2), 75.2, 73.9, 73.3 (3x CH2Ph), 64.0 (C-7), 60.7 (OCH3), 43.1 (C-5). HRMS (ESI) m/z: 

[M+Na+] calcd for C29H32O8SNa 563.1716, found 563.1717. 

(3aR,4R,5S,6R,7R,7aS)-4,6-dihydroxy-7-(hydroxymethyl)-5-methoxyhexahydrobenzo[d][1,3,2]dioxathiole 

2,2-dioxide (6) Cyclosulfate 39 (21 mg, 39 µmol, 1.0 eq) was dissolved in MeOH/THF (1 mL) and purged with 

N2. Pd/C (10 wt%, 17 mg, 16 µmol, 0.4 eq) was added to the solution and the reaction 

mixture was again purged with N2. The reaction mixture was flushed for 5 min with H2 

before being left to stir under H2 atmosphere for 5 h. The reaction mixture was flushed with 

N2 and filtered over whatman filter paper. The filtrate was concentrated in vacuo and the 

crude material was purified by silica gel flash column chromatography (0%→20% MeOH in 

DCM, silica prewashed with MeOH) to obtain 6 (10 mg, 37 µmol, 94%) as a white solid. 1H 

NMR (500 MHz, MeOD) δ 4.91 (dd, J = 10.2, 5.3 Hz, 1H, H-6), 4.02 (dd, J = 11.2, 2.3 

Hz, 1H, H-7A), 3.96 (dd, J = 5.3, 3.4 Hz, 1H, H-1), 3.69 (dd, J = 8.5, 2.7 Hz, 1H, H-7B), 3.68 – 3.65 (m, 1H, 

H-3), 3.61 (dd, J = 9.8, 3.4 Hz, 1H, H-2), 3.41 (dd, J = 11.2, 8.7 Hz, 1H, H-4), 2.97 (s, 3H, CH3), 2.23 (tt, J 

= 10.3, 2.5 Hz, 1H, H-5). 13C NMR (126 MHz, MeOD) δ 80.1 (C-6), 76.2 (C-3), 72.9 (C-2), 70.1 (C-4), 65.3 

(C-1), 57.8 (C-7), 47.9 (C-5), 35.1 (CH3). HRMS (ESI) m/z: [M+Na+] calcd for C8H14O8SNa 293.2418, found 

293.2419. 

(4aR,7S,8R,8aR)-7,8-dimethoxy-2-phenyl-4a,7,8,8a-tetrahydro-4H-benzo[d][1,3]dioxine (40)           

Compound 31 (62 mg, 0.25 mmol, 1.0 eq) was dissolved in anhydrous DMF (5 mL) 

and cooled to 0℃. NaH (60% dispersion in mineral oil, 30 mg, 0.75 mmol, 3.0 eq) 

was added and the reaction was stirred for 15 min at 0℃. Subsequently, MeI (39 µL, 

0.63 mmol, 2.5 eq) was added dropwise to the solution. The reaction was stirred for 

4 h at rt, diluted with Et2O and quenched with MeOH at 0℃. The organic layer was washed with H2O and 

brine (2x), dried over MgSO4, filtered and concentrated in vacuo. The crude material was purified by silica 

gel flash column chromatography (10%→30% EtOAc in pentane) to obtain 40 (64 mg, 0.23 mmol, 91%) as 

a colorless oil. 1H NMR (400 MHz, CDCl3) δ 7.55 – 7.49 (m, 2H, CHAr), 7.40 – 7.33 (m, 3H, CHAr), 5.75 

(dt, J = 9.9, 3.0 Hz, 1H, H-1), 5.60 (s, 1H, H-8), 5.40 (dt, J = 9.9, 1.8 Hz, 1H, H-6), 4.28 (dd, J = 10.8, 4.6 

Hz, 1H, H-7b), 3.97 (dtd, J = 6.4, 3.1, 1.8 Hz, 1H, H-2), 3.74 – 3.60 (m, 6H, H-3, H-4 , H-7a, OCH3), 3.49 

(s, 3H, OCH3), 2.71 – 2.61 (m, 1H, H-5). 13C NMR (101 MHz, CDCl3) δ 138.13 (CqAr), 128.8, 128.3 (CHAr), 

128.2 (C-1) 126.1 (CHAr), 125.4 (C-6), 101.6 (C-8), 83.1 (C-3), 82.2 (C-2/C-4), 82.1 (C-2/C-4), 70.0 (C-7), 

 

 

 



60.5 (OCH3), 57.2 (OCH3), 38.4 (C-5). HRMS (ESI) m/z: [M+Na+] calcd for C16H20O4Na 299.1259, found 

299.1261. 

(1R,2R,5S,6S)-2-(hydroxymethyl)-5,6-dimethoxycyclohex-3-en-1-ol (41) Compound 40 (55 mg, 0.2 

mmol, 1.0 eq) was dissolved in DCM (1 mL) and cooled to 0 ℃. Water (0.39 mL) and 

TFA (77 µL, 1.0 mmol, 5.0 eq) were added and the reaction was stirred for 1.5 h at rt 

after which TLC analysis indicated full conversion of the starting material. The 

solution was washed with sat. aq. NaHCO3, H2O and brine, dried over MgSO4, filtered 

and concentrated in vacuo. The crude product was purified by silica gel flash column chromatography 

(0%→10% MeOH in DCM) to obtain 41 (31 mg, 0.17 mmol, 83%) as a colorless oil. 1H NMR (400 MHz, 

MeOD) δ 5.73 – 5.65 (m, 2H, H-1, H-6), 3.83 – 3.76 (m, 2H, H-2, H-7b), 3.61 (s, 3H, OCH3), 3.61 – 3.57 

(m, 1H, H-7A), 3.51 (t, J = 9.7 Hz, 1H, H-4), 3.44 (s, 3H, OCH3), 3.19 (dd, J = 10.1, 7.8 Hz, 1H, H-3), 2.29 

– 2.23 (m, 1H, H-5). 13C NMR (101 MHz, MeOD) δ 129.7 (C-1/C-6), 127.5 (C-1/C-6), 86.9 (C-3), 83.1 (C-

2), 71.6 (C-4), 63.2 (C-7), 60.8 (OCH3), 57.0 (OCH3), 47.7 (C-5). HRMS (ESI) m/z: [M+Na+] calcd for 

C9H16O4Na 211.0946, found 211.0947. 

((((1R,4S,5R,6R)-6-(benzyloxy)-4,5-dimethoxycyclohex-2-en-1-yl)methoxy)methyl)benzene (42)             

Compound 41 (28 mg, 0.15 mmol, 1.0 eq) was dissolved in anhydrous DMF (3 mL) 

and cooled to 0℃. NaH (60% dispersion in mineral oil, 18 mg, 0.45 mmol, 3.0 eq) 

was added and the reaction was stirred for 15 min at 0℃. Subsequently, TBAI (3 mg, 

7.5 µmol, 0.05 eq) was added followed by dropwise addition of BnBr (45 µL, 0.38 

mmol, 2.5 eq). The reaction was stirred for 5 h at rt, diluted with Et2O and quenched with MeOH at 0℃. The 

organic layer was washed with H2O and brine (2x), dried over MgSO4, filtered and concentrated in vacuo. 

The crude material was purified by silica gel flash column chromatography (5%→25% EtOAc in pentane) to 

obtain 42 (52 mg, 0.14 mmol, 94%) as a colorless oil.  1H NMR (400 MHz, CDCl3) δ 7.38 – 7.23 (m, 10H, 

CHAr), 5.71 – 5.64 (m, 2H, H-1, H-6), 4.89 (d, J = 10.9 Hz, 1H, CHHPh), 4.49 – 4.38 (m, 3H, 3x CHHPh), 

3.91 (ddd, J = 7.8, 3.2, 1.8 Hz, 1H, H-2), 3.68 (s, 3H, OCH3), 3.57 (t, J = 9.8 Hz, 1H, H-4), 3.51 (dd, J = 4.1, 

1.6 Hz, 2H, H-7a, H-7b), 3.48 (s, 3H, OCH3), 3.42 (dd, J = 10.1, 7.8 Hz, 1H, H-3), 2.47 (dddd, J = 9.1, 5.6, 

2.8, 1.0 Hz, 1H, H-5). 13C NMR (101 MHz, CDCl3) δ 138.8, 138.4 (2x CqAr), 129.4, 128.5, 128.3, 127.9, 

127.78, 127.76, 126.5 (CHAr), 86.8 (C-3), 82.5 (C-2), 78.5 (C-4), 75.3, 73.2 (2x CH2Ph), 69.2 (C-7), 60.9 

(OCH3), 57.2 (OCH3), 44.3 (C-5). HRMS (ESI) m/z: [M+Na+] calcd for C23H28O4Na 391.1885, found 

391.1887. 

  

 

 



(1S,2S,3S,4R,5S,6S)-4-(benzyloxy)-3-((benzyloxy)methyl)-5,6-dimethoxycyclohexane-1,2-diol (43) and 

(1R,2R,3S,4R,5S,6S)-4-(benzyloxy)-3-((benzyloxy)methyl)-5,6-dimethoxycyclohexane-1,2-diol (44)                  

A solution of NaIO4 (39 mg, 0.18 mmol, 1.5 eq) and RuCl3∙H2O (1.7 mg, 8.4 µmol, 0.07 eq) in water (1.0 

mL) was added dropwise to an ice-cooled and  vigorously stirred solution of cyclohexene 42 (44 mg, 0.12 

mmol, 1.0 eq) in EtOAc/MeCN 1:1 (3.6 mL). The reaction was stirred for 2 h at 0℃ after which TLC analysis 

indicated full conversion. The reaction was quenched with sat. aq. Na2S2O3 and the aqueous layer was 

extracted with EtOAc (3x). The combined organic layers were washed with brine, dried over MgSO4, filtered 

and concentrated in vacuo. The crude material was purified by silica gel flash column chromatography 

(5%→30% acetone in pentane) to obtain 43 (19 mg, 47 µmol, 39%) and 44 (14 mg, 35 µmol, 29%) as white 

solids.                                                              

 (43): 1H NMR (400 MHz, CDCl3) δ 7.37 – 7.24 (m, 10H, CHAr), 4.85 (d, J = 10.8 

Hz, 1H, CHHPh), 4.54 – 4.43 (m, 3H, 3x CHHPh), 4.19 (t, J = 2.8 Hz, 1H, H-1), 3.85 

(dd, J = 9.0, 2.7 Hz, 1H, H-7b), 3.63 (s, 5H, H-6, H-7a, OCH3), 3.58 (t, J = 9.4 Hz, 

1H, h-3), 3.51 (s, 3H, OCH3), 3.25 (dd, J = 11.0, 9.2 Hz, 1H, H-4), 3.22 – 3.16 (s, 1H, 

OH), 3.05 (dd, J = 9.6, 2.8 Hz, 1H, H-2), 2.51 (s, 1H, OH), 2.20 – 2.12 (m, 1H, H-5). 
13C NMR (101 MHz, CDCl3) δ 138.6, 138.1 (2x CqAr), 128.7, 128.6, 128.5, 128.23, 128.20, 128.1, 127.91, 

127.87, 127.8 (CHAr), 84.6 (C-3), 82.3 (C-2), 77.8 (C-4), 75.2 (CH2Ph), 73.5 (CH2Ph), 70.0 (C-6), 69.6 (C-

1), 68.4 (C-7), 61.2 (OCH3), 58.2 (OCH3), 43.0 (C-5). HRMS (ESI) m/z: [M+H+] calcd for C23H31O6 

403.2121, found 403.2122.            

 (44): 1H NMR (400 MHz, CDCl3) δ 7.38 – 7.24 (m, 10H, CHAr), 4.87 (d, J = 10.7 

Hz, 1H, CHHPh), 4.53 – 4.44 (m, 3H, 3x CHHPh), 4.24 (t, J = 2.5 Hz, 1H, H-6), 3.88 

(dd, J = 9.0, 5.5 Hz, 1H, H-7b), 3.78 (dd, J = 11.4, 9.1 Hz, 1H, H-4), 3.71 (dd, J = 

9.0, 3.1 Hz, 1H, H-7a), 3.68 (s, 3H, OCH3), 3.66 (s, 3H, OCH3), 3.51 – 3.42 (m, 1H, 

H-2), 3.42 – 3.37 (m, 1H, H-1), 3.34 (s, 1H, 6-OH), 3.16 (t, J = 9.0 Hz, 1H, H-3), 2.50 

(d, J = 4.9 Hz, 1H, 1-OH), 1.67 (dddd, J = 10.9, 5.4, 3.1, 2.0 Hz, 1H, H-5). 13C NMR (101 MHz, CDCl3) δ 

138.6, 137.7 (2x CqAr), 128.7, 128.6, 128.2, 128.1, 127.91, 127.89 (CHAr), 88.8 (C-3), 83.9 (C-2), 77.3 (C-

4), 75.5 (CH2Ph), 74.4 (C-1), 73.7 (CH2Ph), 71.0 (C-6), 69.0 (C-7), 61.3 (OCH3), 61.0 (OCH3), 43.3 (C-5). 

HRMS (ESI) m/z: [M+H+] calcd for C23H31O6 403.2121, found 403.2123. 

(3aS,4R,5R,6S,7R,7aR)-5-(benzyloxy)-4-((benzyloxy)methyl)-6,7-

dimethoxyhexahydrobenzo[d][1,3,2]dioxathiole 2,2-dioxide (45) SOCl2 (9.4 µL, 0.13 mmol, 3.5 eq) was 

added dropwise over 5 min to a ice-  cooled solution of diol 43 (15 mg, 37 µmol, 1.0 

eq) and Et3N (21 µL, 0.15 mmol, 4.0 eq) in DCM. The reaction was stirred for 1,5 h 

at 0℃ after which TLC analysis indicated full conversion of the starting material. The 

reaction mixture was diluted with cold Et2O and the organic layer was washed with 

cold water and brine, dried over MgSO4, filtered and concentrated in vacuo. Final 

traces of Et3N were removed under high vacuum. The crude material was dissolved 

in EtOAc/ACN 1:1 (3 mL) and a solution of NaIO4 (16 mg, 74 µmol, 2.0 eq) and RuCl3∙H2O (1.0 mg, 3.7 

µmol, 0.1 eq) in water (1.5 mL) was added at 0℃. The reaction was stirred for 2,5 h at this temperature and 

subsequently diluted with EtOAc and quenched with sat. aq. N2S2O3. The layers were separated and the 

aqueous layer was extracted with EtOAc. The combined organic layers were washed with water and brine, 

dried over MgSO4, filtered and concentrated in vacuo. The crude product was purified by silica gel flash 

column chromatography (0%→15% EtOAc in pentane) to obtain cyclosulfate 45 (13 mg, 27 µmol, 73%) as 

a colorless oil. 1H NMR (400 MHz, CDCl3) δ 7.37 – 7.24 (m, 10H, CHAr), 5.21 (dd, J = 5.1, 3.4 Hz, 1H, H-

1), 5.11 (dd, J = 10.0, 5.1 Hz, 1H, H-6), 4.83 (d, J = 10.9 Hz, 1H, CHHPh), 4.51 (d, J = 10.8 Hz, 1H, CHHPh), 

4.49 – 4.45 (m, 1H, CHHPh), 4.42 (d, J = 11.7 Hz, 1H, CHHPh), 3.86 (dd, J = 9.4, 2.2 Hz, 1H, H-7b), 3.60 

(s, 3H, OCH3), 3.59 – 3.54 (m, 5H, H-3, H-7a, OCH3), 3.49 – 3.44 (m, 1H, H-4), 3.44 – 3.40 (m, 1H, H-2), 

2.45 (ddt, J = 12.1, 10.1, 2.2 Hz, 1H, H-5). 13C NMR (101 MHz, CDCl3) δ 138.2, 137.7 (2x CqAr), 128.7, 

128.6, 128.1, 128.04, 128.02 (CHAr), 83.6 (C-3), 80.4 (C-1), 80.2 (C-6), 78.6 (C-4), 75.4 (C-2), 75.2, 73.5 

(2x CHHPh), 64.1 (C-7), 60.7 (OCH3), 59.6 (OCH3), 43.4 (C-5). HRMS (ESI) m/z: [M+Na+] calcd for 

C23H28O8SNa 487.1403, found 487.1404. 

 

 

 



(3aS,4R,5R,6S,7R,7aR)-5-hydroxy-4-(hydroxymethyl)-6,7-

dimethoxyhexahydrobenzo[d][1,3,2]dioxathiole 2,2-dioxide (9) Cyclosulfate 45 (10 mg, 22 µmol, 1.0 eq) 

was dissolved in MeOH/THF 3:1 (1.0 mL) and purged with N2. Pd/C (10 wt%, 9.4 

mg, 8.8 µmol, 0.4 eq) was added to the solution and the reaction mixture was again 

purged with N2. The reaction mixture was flushed for 5 min with H2 before being left 

to stir under H2 atmosphere for 4 h. The reaction mixture was flushed with N2 and 

filtered over whatman filter paper. The filtrate was concentrated in vacuo and the 

crude material was purified by silica gel flash column chromatography (0%→15% 

MeOH in DCM) to obtain 9 (5.8 mg, 20 µmol, 93%) as a white solid. 1H NMR (500 

MHz, MeOD) δ 5.45 (dd, J = 4.6, 3.4 Hz, 1H, H-1), 5.15 (dd, J = 10.2, 4.6 Hz, 1H, H-6), 4.03 (dd, J = 11.2, 

2.4 Hz, 1H, H-7b), 3.65 (dd, J = 10.9, 2.4 Hz, 1H, H-7a), 3.62 (s, 3H, OCH3), 3.55 (s, 3H, OCH3), 3.49 (dd, 

J = 9.3, 3.4 Hz, 1H, H-2), 3.45 (dd, J = 11.6, 9.0 Hz, 1H, H-4), 3.29 (d, J = 9.1 Hz, 1H, H-3), 2.13 (ddt, J = 

11.4, 10.1, 2.5 Hz, 1H, H-5). 13C NMR (126 MHz, MeOD) δ 84.6 (C-3), 82.8 (C-1), 82.6 (C-6), 79.6 (C-2), 

68.2 (C-4), 61.4 (OCH3), 59.0 (OCH3), 57.0 (C-7), 46.6 (C-5). HRMS (ESI) m/z: [M+Na+] calcd for 

C9H16O8SNa 307.0464, found 307.0465. 

((1R,4S,5S,6R)-4,5-bis(benzyloxy)-6-methoxycyclohex-2-en-1-yl)methanol (46)         

Cyclohexene 29 (0.17 g, 0.5 mmol, 1.0 eq) was dissolved in anhydrous DMF (5 mL) 

and TrtCl (0.17 g, 0.6 mmol, 1.2 eq) were added and the reaction mixture was stirred 

overnight rt. The reaction mixture was diluted with Et2O and the organic layer was 

washed with sat. aq. NaHCO3, water and brine, dried over Na2SO4 and concentrated in 

vacuo. Final traces of Et3N were removed under high vacuum and the crude material was used without further 

purification. The obtained oil was dissolved in anhydrous DMF (10 mL) and cooled to 0℃. NaH (60% 

dispersion in mineral oil, 30 mg, 0.75 mmol, 1.5 eq) was added and the solution was stirred for 15 min at 

0℃. MeI (37 µL, 0.6 mmol, 1.2 eq) was added dropwise and the reaction was stirred for 3 h at rt. The reaction 

was diluted with Et2O and quenched with MeOH at 0℃. The organic layer was washed with water and brine 

(2x), dried over MgSO4, filtered and concentrated in vacuo. The obtained crude oil was dissolved in 

DCM/MeOH 1:3 (2.5 mL) and p-TsOH (29 mg, 0.15 mmol, 0.3 eq) was added. The reaction was stirred for 

4 h at rt and quenched with Et3N until pH 6-7 was reached. The reaction mixture was diluted with DCM and 

the organic layer was washed with sat. aq. NaHCO3 and brine. The crude material was purified by silica gel 

flash column chromatography (5%→25 EtOAc in pentane) to obtain 46 (0.11 g, 0.31 mmol, 62% over 3 

steps) as a colorless oil. 1H NMR (500 MHz, CDCl3) δ 7.41 – 7.37 (m, 2H, CHAr), 7.36 – 7.26 (m, 8H, CHAr), 

5.74 (ddd, J = 10.2, 2.9, 2.2 Hz, 1H, H-6), 5.53 (dt, J = 10.1, 2.1 Hz, 1H, H-1), 4.88 (s, 2H, 2x CHHPh), 4.71 

– 4.64 (m, 2H, 2x CHHPh), 4.18 (ddt, J = 7.6, 3.4, 2.1 Hz, 1H, H-2), 3.78 – 3.71 (m, 3H, H-7a, H-7b, H-3), 

3.62 (s, 3H, OCH3), 3.39 (dd, J = 10.0, 9.2 Hz, 1H, H-4), 2.46 (dddd, J = 11.4, 7.0, 3.2, 1.5 Hz, 1H, H-5), 

2.08 (s, 1H, 7-OH). 13C NMR (126 MHz, CDCl3) δ 138.9, 138.5 (2x CqAr), 128.53 (C-6), 128.49, 128.4, 

128.1, 128.0, 127.82, 127.78 (CHAr), 127.7 (C-1), 84.8 (C-3), 82.0 (C-4), 80.6 (C-2), 75.2, 72.2 (2x CH2Ph), 

64.0 (C-7), 61.0 (OCH3), 45.7 (C-5). HRMS (ESI) m/z: [M+Na+] calcd for C22H26O4Na 377.1729, found 

377.1731. 

((((1S,2S,5R,6R)-5-((benzyloxy)methyl)-6-methoxycyclohex-3-ene-1,2-

diyl)bis(oxy))bis(methylene))dibenzene (47) Compound 46 (0.1 g, 0.28 mmol, 1.0 eq) was dissolved in 

anhydrous DMF (5.6 mL) and cooled to 0℃. NaH (60% dispersion in mineral oil, 17 

mg, 0.42 mmol, 1.5 eq) was added and the reaction was stirred for 15 min at 0℃. 

Subsequently, TBAI (5.2 mg, 14 µmol, 0.05 eq) was added followed by dropwise 

addition of BnBr (40 µL, 0.34 mmol, 1.2 eq). The reaction was stirred for 2 h at rt, 

diluted with Et2O and quenched with MeOH at 0℃. The organic layer was washed with H2O and brine (2x), 

dried over MgSO4, filtered and concentrated in vacuo. The crude material was purified by silica gel flash 

column chromatography (5%→15% EtOAc in pentane) to obtain 47 (0.12 g, 0.27 mmol, 95%) as a colorless 

oil. 1H NMR (500 MHz, CDCl3) δ 7.41 – 7.37 (m, 2H, CHAr), 7.37 – 7.24 (m, 13H, CHAr), 5.72 – 5.68 (m, 

1H, H-6), 5.66 (dt, J = 10.2, 1.7 Hz, 1H, H-1), 4.88 (s, 1H, CHHPh), 4.88 (s, 1H, CHHPh), 4.68 (s, 1H, 

CHHPh), 4.68 (s, 1H, CHHPh), 4.58 – 4.54 (m, 1H, CHHPh), 4.49 (d, J = 12.2 Hz, 1H, CHHPh), 4.19 (ddd, 

J = 7.8, 3.5, 1.7 Hz, 1H, H-2), 3.71 (dd, J = 10.1, 7.8 Hz, 1H, H-3), 3.58 (dd, J = 9.0, 3.4 Hz, 1H, H-7b), 3.55 

(dd, J = 9.0, 5.0 Hz, 1H, H-7a), 3.50 (s, 3H, OCH3), 3.38 (t, J = 9.8 Hz, 1H, H-4), 2.48 – 2.42 (m, 1H, H-5). 

 

 



13C NMR (126 MHz, CDCl3) δ 139.1, 138.7, 138.4 (3x CqAr), 129.2 (C-1), 128.48, 128.45, 128.1, 128.0, 

127.9, 127.8, 127.7, 127.6 (CHAr), 127.0 (C-6), 85.3 (C-3), 80.8 (C-2), 80.6 (C-4), 75.3, 73.3, 72.2 (3x 

CH2Ph), 69.5 (C-7), 61.1 (OCH3), 44.5 (C-5). HRMS (ESI) m/z: [M+Na+] calcd for C29H32O4Na 467.2198, 

found 467.2200. 

(3aR,4R,5S,6R,7R,7aS)-4,5-bis(benzyloxy)-7-((benzyloxy)methyl)-6-

methoxyhexahydrobenzo[d][1,3,2]dioxathiole 2,2-dioxide (50) A solution of NaIO4 (0.13 g, 0.63 mmol, 

2.5 eq) and RuCl3∙H2O (3.7 mg, 18 µmol, 0.07 eq) in water (2.0 mL) was added 

dropwise to an ice-cooled and  vigorously stirred solution of cyclohexene 47 (0.11 g, 

0.25 mmol, 1.0 eq) in EtOAc/MeCN 1:1 (7.5 mL). The reaction was stirred for 2 h at 

0℃ after which TLC analysis indicated full conversion. The reaction was quenched 

with sat. aq. Na2S2O3 and the aqueous layer was extracted with EtOAc (3x). The 

combined organic layers were washed with brine, dried over MgSO4, filtered and 

concentrated in vacuo. The crude material was purified by silica gel flash column chromatography (5%→30% 

acetone in pentane) to obtain 48 as white solid. SOCl2 (25 µL, 0.35 mmol, 3.5 eq) was added dropwise over 

5 min to an ice-  cooled solution of diol 48 (48 mg, 0.1 mmol, 1.0 eq) and Et3N (56 mg, 0.4 mmol, 4.0 eq) in 

DCM (5 mL). The reaction was stirred for 1,5 h at 0℃ after which TLC analysis indicated full conversion of 

the starting material. The reaction mixture was diluted with cold Et2O and the organic layer was washed with 

cold water and brine, dried over MgSO4, filtered and concentrated in vacuo. Final traces of Et3N were 

removed under high vacuum. The crude material was dissolved in EtOAc/MeCN 1:1 (8.0 mL) and a solution 

of NaIO4 (43 mg, 0.2 mmol, 2.0 eq) and RuCl3∙H2O (2.1 mg, 10 µmol, 0.1 eq) in water (4.0 mL) was added 

at 0℃. The reaction was stirred for 2,5 h at this temperature and subsequently diluted with EtOAc and 

quenched with sat. aq. N2S2O3. The layers were separated and the aqueous layer was extracted with EtOAc. 

The combined organic layers were washed with water and brine, dried over MgSO4, filtered and concentrated 

in vacuo. The crude product was purified by silica gel flash column chromatography (0%→15% EtOAc in 

pentane) to obtain cyclosulfate 50 (39 mg, 73 µmol, 29% over 3 steps) as a colorless oil. 1H NMR (500 MHz, 

CDCl3) δ 7.37 – 7.26 (m, 15H, CHAr), 5.07 – 5.02 (m, 2H, H-1, H-6), 4.75 – 4.70 (m, 4H, 4x CHHPh), 4.51 

(s, 2H, 2x CHHPh), 3.83 – 3.77 (m, 2H, H-3, H-7b), 3.68 – 3.64 (m, 1H, H-2), 3.57 (dd, J = 9.5, 2.2 Hz, 1H, 

H-7a), 3.48 (s, 3H, OCH3), 3.23 (dd, J = 11.7, 8.2 Hz, 1H, H-4), 2.41 (ddt, J = 11.6, 9.5, 2.2 Hz, 1H, H-5). 
13C NMR (126 MHz, CDCl3) δ 138.0, 137.8, 137.1 (3x CqAr), 128.8, 128.62, 128.61, 128.4, 128.3, 128.11, 

128.09, 128.05, 128.0 (CHAr), 81.8 (C-3), 81.0 (C-1), 80.1 (C-6), 77.3 (C-4), 75.7 (C-2), 75.0, 73.8, 73.5 (3x 

CH2Ph), 64.2 (C-7), 60.9 (OCH3), 43.4 (C-5). HRMS (ESI) m/z: [M+Na+] calcd for C29H32O8SNa 563.1716, 

found 563.1717. 

(3aR,4R,5R,6R,7R,7aS)-4,5-dihydroxy-7-(hydroxymethyl)-6-

methoxyhexahydrobenzo[d][1,3,2]dioxathiole 2,2-dioxide (7) Cyclosulfate 50 (35 mg, 65 µmol, 1.0 eq) 

was dissolved in MeOH/THF 4:1 (1.0 mL) and purged with N2. Pd/C (10 wt%, 28 mg, 

26 µmol, 0.4 eq) was added to the solution and the reaction mixture was again purged 

with N2. The reaction mixture was flushed for 5 min with H2 before being left to stir 

under H2 atmosphere for 5 h. The reaction mixture was flushed with N2 and filtered over 

whatman filter paper. The filtrate was concentrated in vacuo and the crude material was 

purified by silica gel flash column chromatography (0%→20% MeOH in DCM, silica 

prewashed with MeOH) to obtain 50 (17 mg, 63 µmol, 97%) as a white solid. 1H NMR 

(500 MHz, MeOD) δ 5.26 (dd, J = 4.5, 2.9 Hz, 1H, H-1), 5.18 (dd, J = 10.2, 4.5 Hz, 1H, H-6), 3.91 (dd, J = 

11.1, 2.3 Hz, 1H, H-7b), 3.73 – 3.64 (m, 3H, H-2, H-3, H-7a), 3.60 (s, 3H, OCH3), 3.10 (ddd, J = 11.4, 7.8, 

1.1 Hz, 1H, H-4), 2.08 (ddt, J = 11.4, 10.2, 2.3 Hz, 1H, H-5). 13C NMR (126 MHz, MeOD) δ 85.8 (C-1), 82.8 

(C-6), 78. (C-5), 74.8 (C-3), 70.5 (C-2), 61.0 (OCH3), 56.8 (C-7), 46.1 (C-5). HRMS (ESI) m/z: [M+Na+] 

calcd for C8H14O8SNa 293.2418, found 293.2419.  

 

 

 



((1R,4S,5R,6R)-4,5,6-tris(benzyloxy)cyclohex-2-en-1-yl)methanol (51)          

Cyclohexene 29 (0.17 g, 0.5 mmol, 1.0 eq) was dissolved in anhydrous DMF (5 mL) 

and Et3N (0.14 mL, 1.0 mmol, 2.0 eq). Subsequently, DMAP (12 mg, 0.1 mmol, 0.1 

eq) and TrtCl (0.17 g, 0.6 mmol, 1.2 eq) were added and the reaction mixture was 

stirred overnight rt. The reaction mixture was diluted with Et2O and the organic layer 

was washed with sat. aq. NaHCO3, water and brine, dried over Na2SO4 and concentrated in vacuo. Final 

traces of Et3N were removed under high vacuum and the crude material was used without further purification. 

The obtained oil was dissolved in anhydrous DMF (10 mL) and cooled to 0℃. NaH (60% dispersion in 

mineral oil, 30 mg, 0.75 mmol 1.5 eq) was added and the solution was stirred for 15 min at 0℃. TBAI (9.2 

mg, 25 µmol, 0.05 eq) was added followed by dropwise addition of BnBr (71 µL, 0.6 mmol, 1.2 eq) and the 

reaction was stirred for 6 h at rt. The reaction was diluted with Et2O and quenched with MeOH at 0℃. The 

organic layer was washed with water and brine (2x), dried over MgSO4, filtered and concentrated in vacuo. 

The obtained crude oil was dissolved in DCM/MeOH 1:3 2.5 mL and pTsOH (29 mg, 0.15 mmol, 0.3 eq) 

was added. The reaction was stirred for 4 h at rt and quenched with Et3N until pH6-7 was reached. The 

reaction mixture was diluted with DCM and the organic layer was washed with sat. aq. NaHCO3 and brine. 

The crude material was purified by silica gel flash column chromatography (5%→25 EtOAc in pentane) to 

obtain cyclohexene 51 (0.15 g, 0.36 mmol, 71% over 3 steps) as a colorless oil. 1H NMR (500 MHz, CDCl3) 

δ 7.39 – 7.24 (m, 15H, CHAr), 5.75 (ddd, J = 10.2, 2.9, 2.2 Hz, 1H, H-6), 5.54 (dt, J = 10.1, 2.0 Hz, 1H, H-

1), 4.99 (d, J = 11.2 Hz, 1H, CHHPh), 4.94 (d, J = 11.1 Hz, 1H, CHHPh), 4.91 (d, J = 11.1 Hz, 1H, CHHPh), 

4.71 – 4.62 (m, 3H, 3x CHHPh), 4.23 (ddt, J = 7.6, 3.4, 2.0 Hz, 1H, H-2), 3.84 (dd, J = 10.1, 7.7 Hz, 1H, H-

3), 3.69 – 3.59 (m, 3H, H-4, H-7A, H-7B), 2.52 – 2.43 (m, 1H, H-5), 1.62 (d, J = 39.7 Hz, 1H, 7-OH). 13C 

NMR (126 MHz, CDCl3) δ 138.9, 138.5, 138.4 (3x CqAr), 128.6, 128.53, 128.49, 128.4 (CHAr), 128.30 (C-

1/C-6), 128.25 (C-1/C-6), 128.02, 127.98, 127.8, 127.7 (CHAr), 85.2 (C-3), 80.9 (C-2), 78.7 (C-4), 75.3, 75.2, 

72.2 (3x CH2Ph), 63.3 (C-7), 45.9 (C-5). HRMS (ESI) m/z: [M+Na+] calcd for C28H30O4Na 453.2042, found 

453.2043. 

((((1R,2R,3S,6R)-6-(methoxymethyl)cyclohex-4-ene-1,2,3-triyl)tris(oxy))tris(methylene))tribenzene 

(52) Cyclohexene 51 (0.13 g, 0.3 mmol, 1.0 eq) was dissolved in anhydrous DMF (6 

ml) and cooled to 0℃. NaH (60% dispersion in mineral oil, 18 mg, 0.45 mmol, 1.5 

eq) was added and the reaction was stirred for 15 min at 0℃. Subsequently, MeI (22 

µL, 0.36 mmol, 1.2 eq) was added dropwise. The reaction was stirred for 2 h at rt, 

diluted with Et2O and quenched with MeOH at 0℃. The organic layer was washed with H2O and brine (2x), 

dried over MgSO4, filtered and concentrated in vacuo. The crude material was purified by silica gel flash 

column chromatography (5%→15% EtOAc in pentane) to obtain 52 (0.12 g, 0.28 mmol, 92%) as a colorless 

oil. 1H NMR (500 MHz, CDCl3) δ 7.38 – 7.24 (m, 15H, CHAr), 5.72 (ddd, J = 10.2, 2.8, 2.1 Hz, 1H, H-6), 

5.63 (dt, J = 10.1, 2.0 Hz, 1H, H-1), 4.96 (d, J = 11.1 Hz, 1H, CHHPh), 4.92 (s, 2H, 2x CHHPh), 4.69 (s, 2H, 

2x CHHPh), 4.59 (d, J = 11.1 Hz, 1H, CHHPh), 4.25 (ddt, J = 7.6, 3.7, 2.0 Hz, 1H, H-2), 3.81 (dd, J = 10.1, 

7.8 Hz, 1H, H-3), 3.66 (t, J = 9.9 Hz, 1H, H-4), 3.43 (d, J = 3.9 Hz, 2H, H-7a, H-7b), 3.24 (s, 3H, OCH3), 

2.53 – 2.47 (m, 1H, H-5). 13C NMR (126 MHz, CDCl3) δ 139.0, 138.8, 138.6 (3x CqAr), 129.2 (C-1), 128.51, 

128.49, 128.4, 128.2, 128.01, 127.98, 127.8, 127.7, 127.6 (CHAr), 127.2 (C-6), 85.5 (C-3), 80.9 (C-2), 78.3 

(C-4), 75.5, 75.4, 72.2 (3x CH2Ph), 72.0 (C-7), 59.1 (OCH3), 44.5 (C-5). HRMS (ESI) m/z: [M+Na+] calcd 

for C29H32O4Na 467.2198, found 467.2199. 

(1S,2S,3S,4S,5R,6S)-3,4,5-tris(benzyloxy)-6-(methoxymethyl)cyclohexane-1,2-diol (53) and 

(1R,2R,3S,4S,5R,6S)-3,4,5-tris(benzyloxy)-6-(methoxymethyl)cyclohexane-1,2-diol (54)              

A solution of NaIO4 (0.13 g, 0.63 mmol, 2.5 eq) and RuCl3∙H2O (3.7 mg, 18 µmol, 0.07 eq) in water (2.0 

mL) was added dropwise to an ice-cooled and  vigorously stirred solution of cyclohexene 52 (0.11 g, 0.25 

mmol, 1.0 eq) in EtOAc/MeCN 1:1 (7.5 mL). The reaction was stirred for 2 h at 0℃ after which TLC analysis 

indicated full conversion. The reaction was quenched with sat. aq. Na2S2O3 and the aqueous layer was 

extracted with EtOAc (3x). The combined organic layers were washed with brine, dried over MgSO4, filtered 

and concentrated in vacuo. The crude material was purified by silica gel flash column chromatography 

(5%→30% acetone in pentane) to obtain diols 53 (47 mg, 98 µmol, 39%) and 54 (38 mg, 80 µmol, 32%) as 

white solids.                   

 

 



 (53): 1H NMR (400 MHz, CDCl3) δ 7.39 – 7.26 (m, 15H, CHAr), 4.89 (d, J = 10.8 

Hz, 1H, CHHPh), 4.81 (d, J = 10.8 Hz, 1H, CHHPh), 4.70 (s, 1H, CHHPh), 4.70 (s, 

1H, CHHPh), 4.56 (d, J = 11.8 Hz, 1H, CHHPh), 4.51 (d, J = 11.8 Hz, 1H, CHHPh), 

4.12 (t, J = 2.8 Hz, 1H, H-1), 3.90 – 3.81 (m, 2H, H-3, H-7b), 3.69 (dd, J = 9.0, 5.2 

Hz, 1H, H-7a), 3.66 – 3.60 (m, 1H, H-6), 3.50 (s, 3H, OCH3), 3.36 (dd, J = 9.6, 2.8 

Hz, 1H, H-2), 3.11 (dd, J = 11.0, 9.3 Hz, 1H, H-4), 3.05 (d, J = 6.2 Hz, 1H, 6-OH), 2.59 (s, 1H, 1-OH), 2.10 

(tdd, J = 10.9, 5.2, 2.6 Hz, 1H, H-5). 13C NMR (101 MHz, CDCl3) δ 138.9, 138.1, 138.0 (3x CqAr), 128.5, 

128.43, 128.37, 128.0, 127.93, 127.89, 127.7, 127.64, 127.57 (CHAr), 82.7 (C-3), 79.9 (C-2), 79.6 (C-4), 

75.6, 73.4, 72.6 (3x CH2Ph), 70.4 (C-1), 69.4 (C-6), 67.9 (C-7), 60.9 (OCH3), 43.2 (C-5). HRMS (ESI) m/z: 

[M+Na+] calcd for C29H34O6Na 501.2253, found 467.2254. 

 (54): 1H NMR (500 MHz, CDCl3) δ 7.39 – 7.26 (m, 15H, CHAr), 4.93 (d, J = 11.2 

Hz, 1H, CHHPh), 4.87 (s, 2H, 2x CHHPh), 4.76 (d, J = 11.2 Hz, 1H, CHHPh), 4.57 

(d, J = 11.8 Hz, 1H, CHHPh), 4.54 (d, J = 11.8 Hz, 1H, CHHPh), 4.23 (t, J = 2.5 Hz, 

1H, H-6), 3.90 (dd, J = 9.0, 5.8 Hz, 1H, H-7b), 3.80 – 3.72 (m, 2H, H-2, H-7a), 3.61 

(dd, J = 11.3, 9.1 Hz, 1H, H-4), 3.51 (s, 3H, OCH3), 3.49 (d, J = 10.2 Hz, 1H, H-1), 

3.45 (t, J = 9.3 Hz, 1H, H-3), 3.23 (s, 1H, 6-OH), 2.38 (s, 1H, 1-OH), 1.66 (dddd, J = 11.2, 5.6, 3.1, 2.1 Hz, 

1H, H-5). 13C NMR (126 MHz, CDCl3) δ 138.83, 138.80, 137.8 (3x CqAr), 128.69, 128.67, 128.5, 128.14, 

128.05, 128.0, 127.9, 127.8, 127.7 (CHAr), 86.5 (C-3), 82.3 (C-2), 79.4 (C-4), 75.8, 75.6 (2x CH2Ph), 74.6 

(C-1), 73.7 (CH2Ph), 70.9 (C-6), 68.9 (C-7), 61.2 (OCH3), 43.6 (C-5). HRMS (ESI) m/z: [M+Na+] calcd for 

C29H34O6Na 501.2253, found 467.2254. 

(3aR,4R,5S,6R,7R,7aS)-4,5,6-tris(benzyloxy)-7-(methoxymethyl)hexahydrobenzo[d][1,3,2]dioxathiole 

2,2-dioxide (55) SOCl2 (21 µL, 0.29 mmol, 3.5 eq) was added dropwise over 5 min to an ice-  cooled solution 

of diol 53 (40 mg, 84 µg, 1.0 eq) and Et3N (47 µL, 0.34 mmol, 4.0 eq) in DCM (4.2 

mL). The reaction was stirred for 1,5 h at 0℃ after which TLC analysis indicated full 

conversion of the starting material. The reaction mixture was diluted with cold Et2O 

and the organic layer was washed with cold water and brine, dried over MgSO4, 

filtered and concentrated in vacuo. Final traces of Et3N were removed under high 

vacuum. The crude material was dissolved in EtOAc/MeCN 1:1 (6.7 mL) and a 

solution of NaIO4 (36 mg, 0.17 mmol, 2.0 eq) and RuCl3∙H2O (1.7 mg, 8.4 µmol, 0.1 eq) in water was added 

at 0℃. The reaction was stirred for 2,5 h at this temperature and subsequently diluted with EtOAc and 

quenched with sat. aq. N2S2O3. The layers were separated and the aqueous layer was extracted with EtOAc. 

The combined organic layers were washed with water and brine, dried over MgSO4, filtered and concentrated 

in vacuo. The crude product was purified by silica gel flash column chromatography (0%→15% EtOAc in 

pentane) to obtain cyclosulfate 55 (34 mg, 62 µmol, 74%) as a colorless oil. 1H NMR (400 MHz, CDCl3) δ 

7.39 – 7.26 (m, 15H, CHAr), 5.08 – 5.00 (m, 2H, H-1, H-6), 4.82 (d, J = 11.0 Hz, 1H, CHHPh), 4.79 – 4.73 

(m, 3H, 3x CHHPh), 4.71 (d, J = 10.9 Hz, 1H, CHHPh), 4.54 (d, J = 11.0 Hz, 1H, CHHPh), 3.91 (t, J = 7.9 

Hz, 1H, H-3), 3.72 (dq, J = 7.6, 2.6 Hz, 2H, H-2, H-7b), 3.50 – 3.45 (m, 1H, H-4)), 3.45 – 3.41 (m, 1H, H-

7a), 3.27 (s, 3H, OCH3), 2.49 (ddt, J = 11.7, 9.5, 2.2 Hz, 1H, H-5). 13C NMR (101 MHz, CDCl3) δ 138.0, 

137.8, 137.0 (CqAr), 128.7, 128.52, 128.49, 128.3, 128.2, 127.97, 127.95, 127.89, 127.85 (CHAr), 81.8 (C-3), 

80.9 (C-1), 79.8 (C-6), 75.6 (C-2), 75.3 (C-4), 75.1, 74.9, 73.7 (3x CH2Ph), 66.3 (C-7), 58.9 (OCH3), 43.3 

(C-5). HRMS (ESI) m/z: [M+Na+] calcd for C29H34O8SNa 563.1716, found 563.1717. 

(3aR,4R,5S,6R,7R,7aS)-4,5,6-trihydroxy-7-(methoxymethyl)hexahydrobenzo[d][1,3,2]dioxathiole 2,2-

dioxide (8) Cyclosulfate 55 (30 mg, 55 µmol, 1.0 eq) was dissolved in MeOH/THF 3:1 (2 mL) and purged 

with N2. Pd/C (10 wt%, 23 mg, 22 µmol, 0.4 eq) was added to the solution and the 

reaction mixture was again purged with N2. The reaction mixture was flushed for 5 

min with H2 before being left to stir under H2 atmosphere for 5 h. The reaction mixture 

was flushed with N2 and filtered over whatman filter paper. The filtrate was 

concentrated in vacuo and the crude material was purified by silica gel flash column 

chromatography (0%→20% MeOH in DCM, silica prewashed with MeOH) to obtain 

8 (14 mg, 51 µmol, 93%) as a white solid. 1H NMR (500 MHz, MeOD) δ 5.28 – 5.24 

(m, 1H, H-1), 5.17 (dd, J = 10.2, 4.4 Hz, 1H, H-6), 3.81 (dd, J = 9.5, 2.5 Hz, 1H, H-7b), 3.66 (dd, J = 9.9, 

 

 

 

 



3.5 Hz, 1H, H-2), 3.56 (dd, J = 9.9, 9.2 Hz, 1H, H-3), 3.48 (dd, J = 9.5, 2.5 Hz, 1H, H-7a), 3.38 (s, 3H, 

OCH3), 3.36 – 3.34 (m, 1H, H-4), 2.16 (ddt, J = 11.3, 10.1, 2.5 Hz, 1H, H-5). 13C NMR (126 MHz, MeOD) 

δ 86.2 (C-1), 83.3 (C-6), 74.7 (C-3), 70.4 (C-2), 68.9 (C-4), 67.7 (C-7), 59.4 (OCH3), 45.8 (C-5). HRMS 

(ESI) m/z: [M+Na+] calcd for C8H14O8SNa 293.2418, found 293.2419. 

N-(Naphtalenyl-2-methoxy)-pentyl-1,2-Dideoxy-1,2-azabicyclo[4.1.0]-carba-α-D-glucose (13). 
Compound 56 (16 mg, 0.1 mmol), prepared according to literature procedures[1–

4], was dissolved in anhydrous DMF (2.0 mL, 0.05 M) followed by the addition 

of naphtalenyl-2-methoxypentyl iodide (71 mg, 0.2 mmol, 2.0 eq.), prepared 
according to literature procedures[3,4], and K2CO3 (138 mg, 0.3 mmol, 3.0 eq.). 
The reaction was stirred for 3 hours at 100 ᵒC under protective atmosphere. Upon 

full conversion was observed (Rf 0.7 (MeOH:DCM, 2:8, v:v), the reaction 
mixture was concentrated and purified by flash column chromatography (2:98 
MeOH:DCM à 8:92 MeOH:DCM). A second flash column purification (40:60 
acetone:DCM à 60:40 acetone:DCM) yielded the title compound (17.0 mg, 44 

µmol, 44%) as a colorless oil. 1H NMR (500 MHz, MeOD, HH-COSY, HSQC): 
δ 7.86 – 7.78 (m, 4H, CHarom), 7.51 – 7.43 (m, 3H, CHarom), 4.65 (d, J = 0.8 Hz, 2H, H-6’), 3.60 – 3.50 (m, 
5H, H-3, H-6, H-5’), 3.07 (dd, J = 10.9, 8.2 Hz, 1H, H-4), 2.32 (dt, J = 11.7, 7.3 Hz, 1H, H-1’), 2.21 (dt, J = 

11.7, 7.4 Hz, 1H, H-1’), 2.04 (ddd, J = 14.0, 4.4, 1.2 Hz, 1H, H-7), 1.75 (ddd, J = 6.4, 3.4, 1.2 Hz, 1H, H-2), 
1.69 – 1.53 (m, 6H, H-1, H-7, H-2’, H-4’), 1.52 – 1.40 (m, 3H, H-5, H-3’); 13C NMR (126 MHz, MeOD, 
HSQC): δ 137.4, 134.8, 134.5 (Cq-arom), 129.1, 128.9, 128.7, 127.5, 127.2, 126.9 (CHarom), 76.3 (C-4), 74.9 

(C-3), 74.0 (C-6’), 71.3, 64.5 (C-6, C-5’), 61.6 (C-1’), 45.6 (C-1), 40.9 (C-2), 37.5 (C-5), 30.7, 30.3 (C-2’, 
C-4’), 28.2 (C-7), 25.1 (C-3’); HRMS (ESI) m/z: [M+Na+] calcd for C23H31NO4Na 408.2151, found 
408.2153. 

 

N-(Biphenyl-4-methoxy)-pentyl-1,2-Dideoxy-1,2-azabicyclo[4.1.0]-carba-α-D-glucose (14). 
Compound 56 (16 mg, 0.1 mmol), prepared according to literature 

procedures[1–4], was dissolved in anhydrous DMF (2.0 mL, 0.05 M) followed 
by the addition of 1,1’-biphenyl-4-methoxypentyl iodide (76 mg, 0.2 mmol, 
2.0 eq.), prepared according to literature procedures[3,4], and K2CO3 (138 mg, 

0.3 mmol, 3.0 eq.). The reaction was stirred for 3 hours at 100 ᵒC under 
protective atmosphere. Upon full conversion was observed (Rf 0.7 
(MeOH:DCM, 2:8, v:v), the reaction mixture was concentrated and purified 

by flash column chromatography (2:98 MeOH:DCM à 8:92 MeOH:DCM). 
A second flash column purification (40:60 acetone:DCM à 60:40 
acetone:DCM) yielded the title compound (10.0 mg, 24 µmol, 24%) as a 

colorless oil. 1H NMR (500 MHz, MeOD, HH-COSY, HSQC): δ 7.64 – 7.57 (m, 4H, CHarom), 7.45 – 7.38 

(m, 4H, CHarom), 7.35 – 7.30 (m, 1H, CHarom), 4.54 (s, 2H, H-6’), 3.60 – 3.57 (m, 2H, H-6/H-5’), 3.55 – 3.50 
(m, 3H, H-3, H-6/H-5’), 3.07 (dd, J = 10.9, 8.2 Hz, 1H, H-4), 2.33 (dt, J = 11.7, 7.3 Hz, 1H, H-1’), 2.24 (dt, 
J = 11.7, 7.3 Hz, 1H, H-1’), 2.06 (ddd, J = 14.1, 4.4, 1.3 Hz, 1H, H-7), 1.78 (ddd, J = 6.4, 3.4, 1.2 Hz, 1H, 

H-1), 1.68 – 1.55 (m, 6H, H-2, H-7, H-2’, H-4’), 1.53 – 1.41 (m, 3H, H-5, H-3’); 13C NMR (126 MHz, 
MeOD, HSQC): δ 142.1, 141.8, 139.0 (Cq-arom), 129.9, 129.4, 128.3, 128.0 (CHarom), 76.3 (C-4), 74.9 (C-3), 
73.6 (C-6’), 71.3, 64.5 (C-6, C-5’), 61.6 (C-1’), 45.6 (C-2), 40.9 (C-1), 37.5 (C-5), 30.7, 30.3 (C-2’, C-4’), 

28.2 (C-7), 25.1 (C-3’); HRMS (ESI) m/z: [M+Na+] calcd for C25H33NO4Na 434.2307, found 434.2308. 
 

  



N-(Adamantly-1-methoxy)-pentyl-1,2-Dideoxy-1,2-azabicyclo[4.1.0]-carba-α-D-glucose (17). 

Compound 56 (16 mg, 0.1 mmol), prepared according to literature procedures[1–

4], was dissolved in anhydrous DMF (2.0 mL, 0.05 M) followed by the addition of 
adamantyl-1-methoxypentyl iodide (72 mg, 0.2 mmol, 2.0 eq.), prepared 
according to literature procedures[3,4], and K2CO3 (138 mg, 0.3 mmol, 3.0 eq.). 

The reaction was stirred for 3 hours at 100 ᵒC under protective atmosphere. Upon 
full conversion was observed (Rf 0.8 (MeOH:DCM, 2:8, v:v), the reaction mixture 
was concentrated and purified by flash column chromatography (2:98 

MeOH:DCM à 8:92 MeOH:DCM) yielded the title compound (16.3 mg, 41 
µmol, 41%) as a colorless oil. 1H NMR (500 MHz, MeOD, HH-COSY, HSQC): 
δ 3.59 (d, J = 4.9 Hz, 2H, H-6), 3.53 (d, J = 8.2 Hz, 1H, H-3), 3.39 (t, J = 6.4 Hz, 

2H, H-5’), 3.09 – 3.07 (m, 1H, H-4), 2.97 (s, 2H, H-6’), 2.36 (dt, J = 11.7, 7.2 Hz, 
1H, H-1’), 2.23 (dt, J = 11.7, 7.4 Hz, 1H, H-1’), 2.07 (ddd, J = 14.2, 4.5, 1.3 Hz, 1H, H-7), 1.95 (p, J = 3.1 
Hz, 3H, H-9’, H-9’, H-9’), 1.82 – 1.73 (m, 4H, H-10’, H-10’, H-10’, H-1/H-2), 1.71 – 1.66 (m, 4H, H-10’, 

H-10’, H-10’), 1.63 – 1.54 (m, 12H, H-1/H-2, H-7, H-2’, H-4’, H-8’, H-8’, H-8’), 1.53 – 1.47 (m, 1H, H-5), 
1.44 – 1.38 (m, 2H, H-3’); 13C NMR (126 MHz, MeOD, HSQC): δ 83.1 (C-6’), 76.3 (C-4), 74.9 (C-3), 72.5 
(C-5’), 64.5 (C-6), 61.7 (C-1’), 45.6, 40.9 (C-1, C-2), 40.9 (C-2’/C-4’/C-8’), 38.4 (C-10’), 37.5 (C-5), 35.2 
(C-7’), 30.7 (C-2’/C-4’/C-8’), 30.4 (C-2’/C-4’/C-8’), 30.2 (C-9’), 28.2 (C-7), 25.2 (C-3’); HRMS (ESI) m/z: 

[M+Na+] calcd for C23H39NO4Na 416.2777, found 416.2778. 

 
N-(Naphtalenyl-1-methoxy)-pentyl-1,2-Dideoxy-1,2-azabicyclo[4.1.0]-carba-α-D-glucose (18). 

Compound 56 (16 mg, 0.1 mmol), prepared according to literature procedures[1–

4], was dissolved in anhydrous DMF (2.0 mL, 0.05 M) followed by the addition 

of naphtalenyl-1-methoxypentyl bromide (61 mg, 0.2 mmol, 2.0 eq.), prepared 
according to literature procedures[3,4], and K2CO3 (138 mg, 0.3 mmol, 3.0 eq.). 
The reaction was stirred for 3 hours at 100 ᵒC under protective atmosphere. Upon 

full conversion was observed (Rf 0.7 (MeOH:DCM, 2:8, v:v), the reaction mixture 
was concentrated and purified by flash column chromatography (2:98 
MeOH:DCM à 8:92 MeOH:DCM). A second flash column purification (40:60 

acetone:DCM à 70:30 acetone:DCM) yielded the title compound (14.5 mg, 38 
µmol, 38%) as a colorless oil. 1H NMR (500 MHz, MeOD, HH-COSY, HSQC): 
δ 8.14 – 8.11 (m, 1H, CHarom), 7.90 – 7.81 (m, 2H, CHarom), 7.55 – 7.41 (m, 4H, 
CHarom), 4.94 (d, J = 1.9 Hz, 2H, H-6’), 3.59 – 3.55 (m, 4H, H-6, H-5’), 3.51 (d, 

J = 8.2 Hz, 1H, H-3), 3.06 (dd, J = 10.9, 8.2 Hz, 1H, H-4), 2.28 (dt, J = 11.7, 7.2 Hz, 1H, H-1’), 2.14 (dt, J 
= 11.7, 7.4 Hz, 1H, H-1’), 2.01 (ddd, J = 14.0, 4.5, 1.2 Hz, 1H, H-7), 1.73 – 1.68 (m, 1H, H-2, H-2’/H-4’), 
1.67 – 1.57 (m, 2H), 1.57 – 1.36 (m, 7H, H-1, H-5, H-7, H-3’, H-2’/H-4’); 13C NMR (126 MHz, MeOD, 

HSQC): δ 135.3, 135.2, 133.2 (Cq-arom), 129.7, 129.5, 127.7, 127.1, 126.8, 126.2, 125.2 (CHarom), 76.3 (C-4), 
74.9 (C-3), 72.4 (C-6’), 71.1, 64.5 (C-6, C-5’), 61.5 (C-1’), 45.6 (C-1), 40.9 (C-2), 37.5 (C-5), 30.7, 30.2 (C-
2’, C-4’), 28.2 (C-7), 25.0 (C-3’); HRMS (ESI) m/z: [M+Na+] calcd for C23H31NO4Na 408.2151, found 

408.2152. 

 
 

 

 

 

 

  



NMR Data; spectra of new and selected compounds 
1H NMR, 400MHz, MeOD of 30 

 

13C NMR, 101MHz, MeOD of 30 

 

 



 

HH-COSY NMR, MeOD of 30 

 

HSQC NMR, MeOD of 30 

 



1H NMR, 400MHz, CDCl3 of 31 

 

13C NMR, 101MHz, CDCl3 of 31 

 

 

 



HH-COSY NMR, CDCl3 of 31 
 

 

HSQC NMR, CDCl3 of 31

 



1H NMR, 500MHz, CDCl3 of 32 

 

13C NMR, 126MHz, CDCl3 of 32 

 

 

 



HH-COSY NMR, CDCl3 of 32 

 

HSQC NMR, CDCl3 of 32 

 

 



1H NMR, 500MHz, CDCl3 of 38 

 

13C NMR, 126MHz, CDCl3 of 38 

 

 



HH-COSY NMR, CDCl3 of 38 
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