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Abstract: The synthesis of six-membered 2-acetamido L-iminosugar C-alkyl and C-aryl glycosides is reported. A diastereoselective sugar ring enlargement/C-alkylation (or arylation) /ring contraction sequence applied to a D-gluco-configured 2-acetamido azidolactol provides the L-iminosugar C-glycosides. The 1,2-trans stereocontrolled introduction of the pseudoanomeric substituent in these heterocycles strongly suggests a NHAc neighbouring group participation. The corresponding unprotected iminosugars exhibited moderate hexosaminidases and -glucuronidase inhibition.
Introduction
Iminosugars C-glycosides constitute an important subfamily of iminosugars1 that can be seen as iminoglycosides analogues in which the pseudoanomeric oxygenated substituent has been replaced by a C-C bond to afford chemically stable iminoglycoconjugates. Since the first synthesis in the 80’s,2 many synthetic means have been invested to develop robust access to this class of sugar analogs. The main reason for such efforts is the biological potential of these molecules that sometimes exceeds the potency of the more synthetically available N-alkyl iminosugars, as glycosidase or glycosyltransferase inhibitors.3 Nevertheless, the main drawback associated with iminosugar C-glycosides design is their multistep synthetic access despite impressive recent progress.4 Therefore a general and efficient pathway to deliver this important class of bioactive molecules allowing access to any sugar analog and enabling late introduction of anomeric structural diversity is still of current interest. It is worth to say that the synthetic strategies reported so far5 have permitted the synthesis of all kinds of six-membered C-alkyl and C-aryl iminosugars except one to the best of our knowledge, the N-acetyl-D-glucosamine (GlcNAc) analogs and its stereoisomers. These molecules appear more challenging to obtain due to the presence of the sensitive NHAc moiety. All told, six-membered homoiminosugars6 derived from GlcNAc have been recently reported by us7 and the group of Wong.8 The biological importance of GlcNAc clearly justifies the synthesis of such iminosugar C-glycosides that might demonstrate potent and selective inhibition of specific glycosidases of therapeutic value that process GlcNAc-derived glycoconjugates, including enzymes involved in human pathologies such as Tay-Sachs9 and Schindler-Kanzaki10 lysosomal storage disorders, Alzheimer disease,11 allergy12 and osteoarthritis.13  Indeed, a vast array of 2-acetamido polyhydroxypiperidines, lacking a pseudoanomeric substituent, has been reported in which the endocyclic nitrogen has been decorated with many structurally different substituents to target these specific enzymes.14 Ideally, to promote the discovery of biologically active molecules, strategies that favor stereoselective introduction of a wide range of substituents at the pseudoanomeric position on a late stage intermediate should be preferred. This is the case with electrophilic iminosugar donors15 that have emerged as an attractive strategy to access iminosugars C-glycosides hampered by their inherent poor chemical stability. In this context, we have previously reported a new access to both L- and D-iminosugar C-glycosides16 exploiting a stable sugar-derived N,O acetal17 accessible from the corresponding azidolactol by a Staudinger/azawittig reaction.17 Its C-alkylation followed by a ring isomerization step under mild conditions afforded polyhydroxylated piperidines displaying structural diversity at C-1 and C-6. Using this approach, we would like to disclose herein our efforts dedicated to the synthesis of L-iminosugar C-glycosides displaying an NHAc group at C-2 (Figure 1).
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Figure 1. Strategy used to access C-alkyl and C-aryl L-iminosugar C-glycosides derived from GlcNAc.

Results and Discussion
The synthesis of the key 2-acetamido N,O acetal was first studied. Allylation of the anomeric position of GlcNAc 1 followed by acetylation of the free OH groups yielded the -glucoside 2 in 77% yield after flash chromatography.18 Removal of the acetate groups with tBuOK followed by a regioselective tosylation of the primary alcohol and a subsequent displacement with sodium azide uneventfully furnished the azidosugar 3 in 72% over three steps. Benzylation of the free OH groups in 3 (BnBr, BaO, Ba(OH)2.8H2O, DMF)19 yielded the fully protected azide 4 in 84% yield. Removal of the allyl group (iridium complex/I2)20 furnished the azidolactol 5 in 99% yield ready for the Staudinger/azawittig step for which different conditions (temperature, phosphine, solvent) were screened (Scheme 1, Table 1). 
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Scheme 1. Synthesis of bicyclic hemiaminal 6 derived from GlcNAc
For purification purposes, supported PPh3 was tried first and treatment of 5 with this phosphine in THF at room temperature overnight provided the bicyclic hemiaminal 6 in 51% yield (Entry 1). Heating the reaction mixture to 40°C furnished 6 in an improved 58% yield. Nevertheless, at this temperature another N,O acetal 6’ that could be separated by flash chromatography was isolated (Entry 2). NMR analysis of 6’ allowed the assignement a ManNAc-like configuration according to the observed coupling constants (J1,2 3.2 Hz, J2,3 5.8 Hz, J3,4 1.6 Hz, J4,5 1.6 Hz, J5,6 1.4 Hz, J5,6’ 7.6 Hz) (Figure 2). This epimerization at C-2 position is in line with the known rapid equilibration between GlcNAc and ManNAc under basic conditions.21 When bicycle 6 was submitted to Staudinger/azawittig conditions at 70°C, no trace of compound 6’ was detected. This indicates that epimerization at C-2 took place earlier suggesting an epimerisation of the GlcNAc azidolactol 5 to furnish the corresponding ManNAc azidolactol 5’. Epimerisation at C-2 of the transient seven-membered imine is also possible and cannot be ruled out. Increasing the temperature to 75°C improved the yield to 79% while a 2:1 ratio was still observed for the 6:6’ products. Nevertheless, we faced serious reproducibility problems with this phosphine, which, in combination with the epimerization phenomenon and its cost, forced us to test other cheaper phosphines, namely PMe3 and (Ph2PCH2)2 that proved efficient for this type of transformation in the literature.17a,22   

While use of (Ph2PCH2)2 did not significantly improved the Staudinger-azawittig reaction (Entry 5), PMe3 produced the desired N,O acetal 6 in 60% in 1 h at 40°C without the observation of a significant amount of epimerized bicycle (Entry 6). Performing the reaction at 75°C furnished the desired bicycle 6 in 83% yield contaminated with the C-2 epimer 6’ (7:1 ratio).
	
Table 1. Staudinger-azawittig conditions applied to azidolactol 5 in THF. 

	Entry 
	Phosphine 
	Temp.
	Reaction time[a]
	Yield [b]
	6:6’ratio[b]

	1
	Sup.PPh3
	RT
	overnight
	51%
	1:0

	2
	Sup. PPh3
	40°C
	overnight
	58%
	2:1

	3
	Sup. PPh3
	75°C
	overnight
	79%
	2:1

	4
	(Ph2PCH2)2
	RT
	1 h
	50%[c]
	1:0

	5
	PMe3
	RT
	overnight
	-
	-

	6
	PMe3
	40°C
	1h
	60%
	1:0

	7
	PMe3
	75°C
	1h
	83%
	7:1

	
	[a] Reaction time needed for complete conversion of the starting material. [b] Yield and ratio based on isolated compound. [c] contaminated with phosphine residues. 


With the hemiminals 6 and 6’ in hand, introduction of aliphatic and aromatic substituents at the anomeric position was then investigated (Scheme 3). Treatment of 6 respectively with the methyl, vinyl, allyl, butyl and phenyl organomagnesium halides (10 equiv.) under reverse addition conditions afforded the corresponding azepanes 7a-e in satisfying 58-81% yields over two steps after N-benzylation of the crude product.22 In all cases, one single diastereoisomer was observed by NMR in the crude reaction mixture that was next isolated. Because of the inherent azepane ring flexibility,23 the configuration of the stereogenic centre bearing the newly introduced alkyl or aryl group in azepanes 7a-e was difficult to determine at this stage based on NMR data. It was firmly confirmed by the analysis of the corresponding piperidine derivatives. Polyhydroxylated azepanes are indeed useful precursors to access sugar-like piperidines by ring contraction involving activation of the -OH group and its displacement by the endocyclic nitrogen.24 This skeletal rearrangement was applied to the azepanes 7a-e. Trifluoroacetic anhydride (TFAA) proved more efficient than Mitsunobu conditions to achieve the ring isomerisation,25 smoothly affording the partially protected six-membered iminosugar C-glycosides 8a-e in 56-75% yield after ester saponification.  Final hydrogenolysis of 8a-e under slightly acidic conditions provided the -L-ido iminosugar C-alkyl and C-aryl glycosides 9a-e after ion exchange resin purification. All final compounds display very similar 1H-NMR spectra with large J1,2 , J2,3 J3,4 coupling constant values in agreement with a 1,2-trans relationship for the H-1, H-2, H-3 and H-4 protons and a 4C1 conformation (Table 2). The stereocontrol observed during the Grignard addition in the GlcNAc series differs strikingly from the stereochemical outcome obtained with the 2-O-benzyl Glc derivatives.16 In the Glc series, PhMgBr and AllMgBr exclusively gave the 1,2-trans azepanes, MeMgBr and BuMgBr produced the 1,2 cis azepanes while CH2=CHMgBr provided a mixture of 1,2 cis and 1,2-trans azepanes. The diastereoselectivity observed in the GlcNAc series can tentatively be attributed to the anchimeric assistance of the acetamide group at C-2, as previously observed by Vasella.15b
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Scheme 2. Synthesis of 2-acetamido L-iminosugar C-glycosides 9a-e.
These results prompted us to study the scope of this approach. To this end, the nucleophilic ring opening of the ManNAc-configured hemiaminal 6’ was examined. Treatment of 6’ respectively with AllMgBr, BuMgBr and PhMgBr afforded the corresponding azepanes 10b-d in modest (36%) to satisfactory (65%) yields as single diastereomers except with CH2=CHMgBr that furnished two separable azepanes 10a (26%) and 10a’ (14%) as in the 2-OBn Glc series.16 The reason for this lack of diastereoselectivity with vinyl magnesium bromide remains still unclear. As this stage it was not possible to assign the configuration of the pseudoanomeric position due to broad NMR signals. Further ring isomerization of 10a-d and 10a’ with TFAA provided the six-membered iminosugar C-glycosides 11a-d and 11a’ in 63-85% yield after ester hydrolysis. Here again, all compounds displayed broad NMR signals that could not be analyzed in details. Gratifyingly, final hydrogenolysis of piperidines 11a-d quantitatively furnished the target -L-gulo-iminosugar C-glycosides 12a-d displaying exploitable NMR spectra. Observation of large J1,2, small J2,3 , medium J3,4 and J4,5 (around 1 Hz) coupling constants (Table 2) in these compounds supports a 1C4 conformation and a 1,2-trans relationship for these derivatives in agreement with an anchimeric assistance of the NHAc group. 
.
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Scheme 3. Synthesis of 2-acetamido L-iminosugar C-glycosides 12a-d.


	
Table 2. Key NMR data for compounds 9a-e and 12a-d. 

	Compound 
	J1,2
	J2,3
	J3,4
	J4,5
	conformation

	9a
	9.3
	9.6
	9.4
	5.8
	4C1

	9b
	9.8
	9.3
	9.3
	5.3
	4C1

	9c
	9.3
	9.3
	9.3
	5.8
	4C1

	9d
	9.3
	9.3
	9.3
	5.7
	4C1

	9e
	11.6
	9.7
	9.8
	5.7
	4C1

	12a
	11.5
	2.5
	4.2
	≤1
	1C4

	12b
	11.3
	2.7
	4.3
	1.1
	1C4

	12c
	11.3
	2.7
	4.2
	1.4
	1C4

	12d
	11.9
	2.3
	3.5
	˂1
	1C4

	
	


Finally, all the polyhydroxylated piperidines were assayed on a panel of seven targeted glycosidases and proved to be only moderate hexosaminidases and -glucuronidase inhibitors unlike their 1-deoxy counterparts and analogs, emphasizing the different behavior of glycosidases toward C-1 manipulation in iminosugars. Compounds 9a-e proved to be moderate inhibitors of these enzymes, compounds 9a and 9c, exhibiting a methyl and propyl group, being the most potent -N-acetylglucosaminidase inhibitors of the series with IC50 of 79 M (jack bean) and 58 M (HL60) respectively (Table 3). 
The L-configuration of these inhibitors is probably responsible for the low degree of inactivation observed. This hypothesis was further confirmed by the lack of inhibition obtained for compounds 12a-d that proved totally inactive toward hexosaminidases. The stereochemical mismatch between these L-gulo-configured molecules and the D-gluco- or D-galacto- configured hexosaminidase substrates are even more pronounced here. Noteworthy, the phenyl derivative 12d proved to be a selective albeit weak -glucuronidase inactivator (90 M). Nevertheless, these piperidines might still hold biological potential as some L-iminosugars demonstrated unexpected biological activities including pharmacological chaperone behavior despite a lack of glycosidase inhibition.27 

Table 3. Concentration (in M) of iminosugars 9a-e and 12a-d giving 50% inhibition of various glycosidases (IC50).
	





Conclusions
In conclusion, starting from GlcNAc, via a stable electrophilic [5,6] bicyclic N,O acetal bearing a 2-NHAc group and exploiting the ability of -hydroxyazepanes to undergo skeletal rearrangement, we have developed a synthetic route to new six-membered L- iminosugar-C-glycosides displaying an acetamido group at C-2 position and an alkyl or aryl group at C-1. These molecules displaying a hydrophobic aglycon moiety proved to be poor hexosaminidase inhibitors which suggest the incorporation of more hydrophilic aglycons to possibly trigger significant glycosidase inhibition as demonstrated by the corresponding homoiminosugars.
Experimental Section
[bookmark: _Toc366656671][bookmark: _Toc366656882][bookmark: _Toc369549200][bookmark: _Toc370045843][bookmark: _Toc370896293][bookmark: _Toc370901787][bookmark: _Toc370903253][bookmark: _Toc370924494][bookmark: _Toc370939186][bookmark: _Toc371182677]General methods
Synthesis: All commercially available reagents were used as supplied without further purification. Solvents (DMF, THF) were distilled under anhydrous conditions. Petroleum ether (PE) refers to the 40-60 °C boiling fraction. Air and water sensitive reactions were performed in “flame” dried glassware under Ar atmosphere. TLC plates were visualized under 254 nm UV light and/or by dipping the TLC plate into a solution of 3 g of phosphomolybdic acid in 100 mL of ethanol followed by heating with a heat gun. Flash chromatography columns were performed using silica gel 60 (15-40 μm). Amberlite 200© purification procedure used is as follow: the resin was first washed with aq. 1N HCl, then with H2O until pH 7. A solution of the compound in water is placed on the column, first eluted with H2O then with aq. 2M NH4OH. NMR experiments were recorded on a 400 Bruker spectrometer at 400 MHz for 1H nuclei and at 100 MHz for 13C nuclei. The chemical shifts are expressed in parts per million (ppm) relative to TMS (δ = 0 ppm) and the coupling constant J in hertz (Hz). NMR multiplicities are reported using the following abbreviations: b = broad, s = singlet, d = doublet, t = triplet, q = quadruplet, m = multiplet. HRMS were obtained with a Q-TOF spectrometer. Optical rotations were measured using a Perkin–Elmer 341 polarimeter. Compounds names and numbering in the experimental section are given according to IUPAC nomenclature.
Biological assays: in vitro enzyme inhibition: The enzymes -N-acetylglucosaminidases (from bovine kidney, human placenta, and jack bean), -N-acetylgalactosaminidase (from chicken liver), -glucuronidases (bovine liver and E. coli) and p-nitrophenyl glycosides were purchased from Sigma-Aldrich Co. The cell lysate of human acute amyloid leukemia cell line HL60 (RBRC) was cultured in RPMI 1640 medium containing 10% fetal calf serum, 100 units/mL of penicillin and 100 µg/mL streptomycin (Invitrogen) at 37 °C under 5% CO2, was used as the source of -N-acetylglucosaminidase. The glycosidase activities were determined using an appropriate p-nitrophenyl glycoside as substrate at the optimum pH of each enzyme. The reaction mixture (1 mL) contained 2 mM of the substrate and the appropriate amount of enzyme. The reaction was stopped by adding 2 mL of 400 mM Na2CO3. The released p-nitrophenol was measured spectrometrically at 400 nm.

2-acetamido-6-azido-2,6-dideoxy-1-O-allyl-3,4-di-O-benzyl-D-gluco-pyranose (4): To a solution of compound 3 (2.1 g, 7.2 mmol) in dry DMF (25 mL) were added Ba(OH)2.8 H2O (1.0 g, 3.3 mmol), BaO (3.9 g, 25.6 mmol) and BnBr (2.6 mL, 21.6 mmol). The reaction mixture was stirred at room temperature for 7 h, then MeOH (10 mL) was added. The reaction mixture was filtered through Celite®, washed with 1N HCl (2 x 25 mL) and extracted with Et2O (2 x 25 mL). The organic layer was dried over MgSO4 and concentrated under reduced pressure after filtration. The residue was purified by flash chromatography (DCM/MeOH: 99:1) to afford compound 4 as a white solid (2.8 g, 84 %). Rf 0.41 (PE/EtOAc: 6/4); [α]D = 76.7° (c 1.1 , CHCl3); 1H NMR (CDCl3, 400 MHz): δ 7.38-7.28 (m, 10H, ArCH), 5.93-5.85 (m, 1H, CHAll), 5.37 (d, 1H, NH), 5.27 (dd, J = 1.4, 17.2 Hz, 1H, CH2All), 5.21 (dd, J = 1.4, 10.4 Hz, 1H, CH2All), 4.98-4.81 (m, 3H, OCH2Ph), 4.66 (d, J = 11.6 Hz, 1H, OCH2Ph), 4.60 (d, J = 11 Hz, 1H, OCH2Ph), 4.27 (td, J = 3.6, 10.4 Hz, 1H, H2), 4.18-4.13 (m, 1H, CH2All), 3.99-3.94 (m, 1H, CH2All), 3.84-3.80 (m, 1H, H5), 3.73 (dd, J = 10.4, 8.9 Hz, 1H, H3), 3.56 (dd, J = 8.9, 9.6 Hz, 1H, H4), 3.45 (dd, J = 13.1, 2.4 Hz, 1H, H6a), 3.33 (dd, J = 13.1, 5.8 Hz, 1H, H6b), 1.86 (s, 3H, CH3Ac); 13C NMR (CDCl3, 100 MHz): δ 169.9 (CO), 138.3, 137.8 (ArC), 133.5 (CHAll), 128.7, 128.6, 128.3, 128.2, 128.0 (ArCH), 118.1 (CH2All), 96.8 (C1), 80.3 (C3), 79.2 (C4), 75.3, 75.1 (OCH2Ph), 71.0 (C5), 68.4 (CH2All), 52.5 (C2), 51.3 (C6), 23.5 (CH3Ac); HRMS (ESI) m/z: [M+H]+ calcd. for C25H30N4O5: 467.2294; found: 467.2290.

[bookmark: _Toc366656686][bookmark: _Toc366656897][bookmark: _Toc369549205][bookmark: _Toc370045848][bookmark: _Toc370896298][bookmark: _Toc370901792][bookmark: _Toc370903258][bookmark: _Toc370924499][bookmark: _Toc370939191][bookmark: _Toc371182682]2-acetamido-6-azido-2,6-dideoxy-3,4-di-O-benzyl-D-glucopyranose (5): The iridium catalyst (Ph2MeP)2Ir(cod)PF6 (220 mg, 0.26 mmol) was stirred in dry degassed THF (75 mL) and activated under an H2 atmosphere, until the orange red suspension became a clear slightly orange solution. The solution was bubbled with Ar to remove the excess of H2. A solution of compound 4 (6.08 g, 13 mmol) in dry degassed THF (75 mL) was added to the previous solution. The reaction mixture was stirred at room temperature for 1 h, then a solution of I2 (6.6 g, 26 mmol) in a THF/H20 mixture (4:1, 89 mL) was added dropwise. The reaction mixture was stirred at room temperature for 1 h, quenched with a 10 % aqueous NaHSO3 and extracted with DCM (100 mL). The organic layer was washed with brine, dried over MgSO4 and concentrated under reduced pressure after filtration. The residue was purified by flash chromatography (DCM/MeOH: 95:5) to afford compound 5 as a white solid (5.48 g, 99 %). Rf 0.42 (PE/EtOAc: 3/7); [α]D = 82.4° (c 1.0, MeOH); 1H NMR (CDCl3, 400 MHz): δ 7.38-7.30 (m, 10H, ArCH), 5.41 (d, J = 9.1 HZ, 1H, NH), 5.21 (d, J = 3.4 Hz, 1H, H1), 4.88 (qAB, 2H, OCH2Ph), 4.67 (qAB, 2H, OCH2Ph), 4.17-4.11 (m, 1H, H2), 4.06-4.02 (m, 1H, H5), 3.80 (dd, J = 10.5, 8.9 Hz, 1H, H3), 3.58 (dd, J = 8.9, 9.6 Hz, 1H, H4), 3.51 (dd, J = 13.1, 2.5 Hz, 1H, H6a), 3.34 (dd, J = 13.1, 5.5 Hz, 1H, H6b), 1.84 (s, 3H, CH3Ac); 13C NMR (CDCl3, 400 MHz): δ 170.6 (CO), 138.3, 137.8 (ArC), 129.3, 129.1, 128.8, 128.7, 128.7, 128.4, 128.2, 128.2, 128.1 (ArCH), 92.1 (C1), 79.3 (C3, C4), 75.3, 75.1 (OCH2Ph), 70.7 (C5), 53.3 (C2), 51.4 (C6), 23.5 (CH3Ac); HRMS (ESI) m/z: [M+H]+ Calcd. for C22H27N4O5: 427.1981; found: 427.1977.

[bookmark: _Toc366656687][bookmark: _Toc366656898][bookmark: _Toc369549206][bookmark: _Toc370045849][bookmark: _Toc370896299][bookmark: _Toc370901793][bookmark: _Toc370903259][bookmark: _Toc370924500][bookmark: _Toc370939192][bookmark: _Toc371182683](3R,4S,5S,6R,7R)-6-acetamido-4,5-di(benzyloxy)-8-oxa-1-aza-bicyclo[3.2.1]octane (6) and (3R,4S,5S,6S,7R)-6-acetamido-4,5-di(benzyloxy)-8-oxa-1-aza-bicyclo[3.2.1]octane (6’):
Method 1: To a solution of compound 5 (582 mg, 1.36 mmol) in anhydrous THF (25 mL) was added triphenylphosphine polymer bound (640 mg, 3 mmol.g-1, 2.05 mmol). The reaction mixture was stirred at room temperature for 24 h, then filtered through Celite® and concentrated under reduced pressure. The residue was purified by flash chromatography (EtOAc/MeOH/Et3N: 90:5:3) to afford compound 6 as a pale yellow oil (268 mg, 51 %).
Method 2: To a solution of compound 5 (1.7 g, 4.0 mmol) in anhydrous THF (60 mL) was added triphenylphosphine polymer bound (3.7 g, 3 mmol.g-1, 12.0 mmol). The reaction mixture was stirred at 75 °C for 15 h, then filtered through Celite® and concentrated under reduced pressure. The residue was purified by flash chromatography (EtOAc/MeOH/Et3N: 92:5:3) to afford compounds 6 (853 mg, 56 %) and 6’ (348 mg, 23 %) as pale yellow oils.
Method 3: To a solution of compound 5 (506 mg, 1.17 mmol) in anhydrous THF (10 mL) was added a solution of PMe3 (1M/toluene, 4.7 mL, 4.74 mmol). The reaction mixture was stirred at 75 °C for 1 h, then concentrated under reduced pressure. The residue was purified by flash chromatography (EtOAc/MeOH/Et3N: 92:5:3) to afford compounds 6 and 6’ (368 mg, 81 %, 6:6’ ratio = 7:1) as pale yellow oils.
6: Rf 0.35 (EtOAc/MeOH/Et3N: 90/5/3); [α]D = - 19.5° (c 0.6, CHCl3); 1H NMR (CDCl3, 400 MHz): δ 7.36-7.27 (m, 8H, ArCH), 7.22 (d, J = 6.6 Hz, 2H, ArCH), 6.23 (d, J = 9.5 Hz, 1H, NH), 4.95 (s, 1H, H7), 4.76 (d, J = 12.2 Hz, 1H, OCH2Ph), 4.52 (d, J = 12.2 Hz, 1H, OCH2Ph), 4.49 (d, J = 7 Hz, 1H, H3), 4.42 (qAB, J = 11.9 Hz, 2H, OCH2Ph), 4.13 (d, J = 9.5 Hz, 1H, H6), 3.46 (s, 1H, H4), 3.31-3.28 (m, 2H, H5, H2a), 3.08-3.04 (m, 1H, H2b), 1.91 (s, 3H, CH3Ac); 13C NMR (CDCl3, 400 MHz): δ 169.3 (CO), 137.9, 137.7 (ArC), 128.6, 128.5, 128.0, 127.9, 127.8, 127.7 (ArCH), 88.6 (C7), 76.4 (C5), 75.8 (C4), 74.1 (C3), 71.9, 71.0 (OCH2Ph), 49.3 (C6), 45.3 (C2), 23.3 (CH3Ac); HRMS (ESI) m/z: [M+H]+ Calcd. for C22H27N2O4: 383.1971; found: 383.1967.
6’: Rf 0.29 (EtOAc/MeOH/Et3N: 90/5/3); [α]D = 56.9° (c 1.1, CHCl3); 1H NMR (CDCl3, 400 MHz): δ 7.31-7.24 (m, 10H, ArCH), 6.13 (d, J = 9.2 Hz, 1H, NH), 4.87 (d, J = 2.4 Hz, 1H, H7), 4.52 (m, 4H, H3, 3xOCHPh), 4.32 (d, 2H, OCHPh, H6), 3.66 (d, J = 5.7 Hz, 1H, H5), 3.45 (s, 1H, H4), 3.18 (dd, J = 0.5, 8.9 Hz, 1H, H2a), 3.06 (dd, J = 2.8, 7.2 Hz, 1H, H2b), 1.92 (s, 3H, CH3Ac); 13C NMR (CDCl3, 400 MHz): δ 169.6 (CO), 137.8, 137.2 (ArC), 128.7, 128.6, 128.5, 128.3, 128.0, 127.8 (ArCH), 87.6 (C7), 75.6 (C4), 74.7 (C5), 73.5 (C3), 73.1, 71.1 (OCH2Ph), 47.3 (C6), 45.4 (C2), 23.3 (CH3Ac); HRMS (ESI) m/z: [M+H]+ Calcd. for C22H27N2O4: 383.1971; found: 383.1972.

[bookmark: _Toc366656692][bookmark: _Toc366656903][bookmark: _Toc369549211][bookmark: _Toc370045854][bookmark: _Toc370896304][bookmark: _Toc370901798][bookmark: _Toc370903264][bookmark: _Toc370924505][bookmark: _Toc370939197][bookmark: _Toc371182688](3R,4R,5R,6S,7S)-6-acetamido-1-benzyl-4,5-di(benzyloxy)-7-methyl azepan (7a): A solution of compound 6 (400 mg, 1.05 mmol) in anhydrous THF (7 mL) was added dropwise to a solution of MeMgBr (3.5 mL, 3 M in Et2O, 10.5 mmol) at 0 °C. The reaction mixture was stirred at room temperature for 1 h, quenched with saturated aqueous NH4Cl (20 mL) and extracted with EtOAc (3 x 25 mL). The organic layer was washed with brine, dried over MgSO4 and concentrated under reduced pressure after filtration. To the obtained residue in DMF (10 mL) were added K2CO3 (435 mg, 3.15 mmol) and BnBr (200 µL, 1.6 mmol). The reaction mixture was stirred at room temperature for 15 h, quenched with H2O (20 mL) and extracted with Et2O (3 x 30 mL). The organic layer was washed with brine, dried over MgSO4 and concentrated under reduced pressure after filtration. The residue was purified by flash chromatography (PE/EtOAc: 8:2 to 1:1) to afford compound 7a as a yellow oil (298 mg, 58 %). Rf 0.35 (PE/EtOAc: 1/1); [α]D = - 22.2° (c 1.2, CHCl3); 1H NMR (CDCl3, 400 MHz): δ 7.34-7.22 (m, 15H, ArCH), 7.05-7.03 (m, 1H, NH), 4.90 (d, J = 11.8 Hz, 1H, OCH2Ph), 4.62-4.58 (m, 3H, OCH2Ph), 4.24-4.20 (m, 1H, H6), 4.16-4.15 (m, 1H, H3), 3.84 (dd, J = 6.6, 1.6 Hz, 1H, H4), 3.74 (dd, J = 6.6, 1.4 Hz, 1H, H5), 3.66 (qAB, J = 13.8 Hz, 2H, NCH2Ph), 3.01-2.98 (m, 1H, H7), 2.86-2.85 (m, 2H, H2a, H2b), 1.84 (s, 3H, CH3Ac), 1.18 (d, J = 7.1 Hz, 3H, CH3Me); 13C NMR (CDCl3, 100 MHz): δ 168.6 (CO), 138.6, 138.4 (ArC), 128.6, 128.5, 128.5, 128.4, 128.3, 127.9, 127.8, 127.8, 127.5 (ArCH), 86.1 (C4), 84.6 (C5), 73.4, 72.9 (OCH2Ph), 69.9 (C3), 59.1 (NCH2Ph), 58.0 (C7), 52.9 (C6), 52.3 (C2), 23.5 (CH3Ac), 10.6 (CH3Me); HRMS (ESI) m/z: [M+H]+ Calcd. for C30H37N2O4: 489.2753; found: 489.2747.

[bookmark: _Toc366656689][bookmark: _Toc366656900][bookmark: _Toc369549208][bookmark: _Toc370045851][bookmark: _Toc370896301][bookmark: _Toc370901795][bookmark: _Toc370903261][bookmark: _Toc370924502][bookmark: _Toc370939194][bookmark: _Toc371182685](3R,4R,5R,6S,7S)-6-acetamido-1-benzyl-4,5-di(benzyloxy)-7-vinyl azepan-3-ol (7b): A solution of compound 6 (187 mg, 0.49 mmol) in anhydrous THF (3.3 mL) was added dropwise to a solution of CH2CHMgBr (7 mL, 0.7 M in THF, 10 mmol) at 0 °C. The reaction mixture was stirred at room temperature for 1 h, quenched with saturated aqueous NH4Cl (20 mL) and extract with EtOAc (3 x 25 mL). The organic layer was washed with brine, dried over MgSO4 and concentrated under reduced pressure after filtration. To the residue in DMF (4.5 mL) were added K2CO3 (203 mg, 1.47 mmol) and BnBr (88 µL, 0.73 mmol). The reaction mixture was stirred at room temperature for 15 h, quenched with H2O (10 mL) and extracted with Et2O (3 x 15 mL). The organic layer was washed with brine, dried over MgSO4 and concentrated under reduced pressure after filtration. The residue was purified by flash chromatography (PE/EtOAc: 8:2 to 7:3) to afford compound 7b as a yellow oil (155 mg, 63 %). Rf 0.21 (PE/EtOAc: 6/4); [α]D = - 38.5° (c 1.1, CHCl3); 1H NMR (CDCl3, 400 MHz): δ 7.28-7.21 (m, 15 H, ArCH), 6.98 (d, J = 9.3 Hz, 1H, NH), 6.12-6.03 (m, 1H, CHVinyl), 5.33-5.30 (m, 1H, CH2Vinyl), 5.25-5.21 (m, 1H, CH2Vinyl), 4.84 (d, J = 11.8 Hz, 1H, OCH2Ph), 4.61 (s, 2H, OCH2Ph), 4.57 (d, J = 11.8 Hz, 1H, OCH2Ph), 4.36 (ddd, J = 9.4, 6.1.2 Hz, 1H, H6), 4.18-4.16 (m, 1H, H3), 3.84 (dd, J = 6.5, 1.8 Hz, 1H, H4), 3.78 (dd, J = 6.5.2 Hz, 1H, H5), 3.66 (s, 2H, NCH2Ph), 3.31 (dd, J = 6.2, 8.3 Hz, 1H, H7), 2.93-2.92 (m, 2H, H2a, H2b), 1.82 (s, 3H, CH3Ac); 13C NMR (CDCl3, 100 MHz): δ 168.7 (CO), 139.5 138.5 138.3 (ArC), 132.8 (CHVinyl), 128.9 128.7, 128.6, 128.5, 128.4, 128.3, 128.1, 128.0, 127.9, 127.8, 127.6, 127.3 (ArCH), 119.8 (CH2Vinyl), 86.0 (C4), 83.6 (C5), 73.5, 72.1 (OCH2Ph), 69.9 (C3), 65.6 (C7), 59.3 (NCH2Ph), 53.0 (C2), 51.8 (C6), 23.5 (CH3Ac); HRMS (ESI) m/z: [M+H]+ Calcd. for C31H37N2O4: 501.2753; found: 501.2747.

(3R,4R,5R,6S,7S)-6-acetamido-7-allyl-1-benzyl-4,5-di(benzyloxy)-azepan-3-ol (7c): A solution of compound 6 (212 mg, 0.55 mmol) in anhydrous THF (2.7 mL) was added dropwise to a solution of AllMgBr (1.6 mL, 1.7 M in THF, 2.77 mmol) at 0 °C. The reaction mixture was stirred at room temperature for 1 h, quenched with saturated aqueous NH4Cl (10 mL) and extract with EtOAc (3 x 15 mL). The organic layer was washed with brine, dried over MgSO4 and concentrated under reduced pressure after filtration. To the residue in DMF (4 mL) were added K2CO3 (227 mg, 1.65 mmol) and BnBr (98 µL, 0.82 mmol). The reaction mixture was stirred at room temperature for 15 h, quenched with H2O (10 mL) and extracted with Et2O (3 x 15 mL). The organic layer was washed with brine, dried over MgSO4 and concentrated under reduced pressure after filtration. The residue was purified by flash chromatography (PE/EtOAc: 7:3) to afford compound 7c as a yellow oil (189 mg, 81 %). Rf 0.25 (PE/EtOAc: 7/3); [α]D = - 42.9° (c 0.6, CHCl3); 1H NMR (CDCl3, 400 MHz): δ 7.35-7.23 (m, 15 ArCH), 1.90 (d, J = 7.5 Hz, 1H, NH), 5.88-5.84 (m, 1H, CHAll), 5.04-5.01 (m, 2H, CH2All), 4.90 (d, J = 11.8 Hz, 1H, OCH2Ph), 4.61-4.57 (m, 3H, OCH2Ph), 4.34 (dd, J = 6.2, 8.5 Hz, 1H, H6), 4.21 (t, J = 4.4 Hz, 1H, H3), 3.88 (dd, J = 1.5, 6.6 Hz, 1H, H4), 3.76-3.73 (m, 3H, NCH2Ph, H5), 2.95-2.87 (m, 3H, H7, H2a, H2b), 2.49-2.37 (m, 2H, CH2All), 1.81 (s, 3H, CH3Ac); 13C NMR (CDCl3, 400 MHz): δ 168.6 (CO), 138.4, 138.3 (ArC), 136.4 (CHAll), 128.8, 128.7, 128.6, 128.5, 128.4, 128.1, 128.0, 127.8, 127.6 (ArCH), 117.2 (CH2All), 86.2 (C4), 84.1 (C5), 73.7, 72.2 (OCH2Ph), 69.8 (C3), 64.0 (C7), 59.2 (NCH2Ph), 53.1 (C2), 50.8 (C6), 30.9 (CH2All), 23.5 (CH3Ac); HRMS (ESI) m/z: [M+H]+ Calcd. for C32H39N2O4: 515.2910; found: 515.2906.

[bookmark: _Toc366656690][bookmark: _Toc366656901][bookmark: _Toc369549209][bookmark: _Toc370045852][bookmark: _Toc370896302][bookmark: _Toc370901796][bookmark: _Toc370903262][bookmark: _Toc370924503][bookmark: _Toc370939195][bookmark: _Toc371182686](3R,4R,5R,6S,7S)-6-acetamido-1-benzyl-4,5-di(benzyloxy)-7-butyl azepan-3-ol (7d): A solution of compound 6 (386 mg, 1.01 mmol) in anhydrous THF (6.7 mL) was added dropwise to a solution of nBuMgCl (5.7 mL, 20 % in THF/Toluene, 10.1 mmol) at 0 °C. The reaction mixture was stirred at room temperature for 1 h, quenched with saturated aqueous NH4Cl (20 mL) and extract with EtOAc (3 x 25 mL). The organic layer was washed with brine, dried over MgSO4 and concentrated under reduced pressure after filtration. To the residue in DMF (10 mL) were added K2CO3 (420 mg, 3.0 mmol) and BnBr (181 µL, 1.5 mmol). The reaction mixture was stirred at room temperature for 15 h, quenched with H2O (20 mL) and extracted with Et2O (3 x 30 mL). The organic layer was washed with brine, dried over MgSO4 and concentrated under reduced pressure after filtration. The residue was purified by flash chromatography (PE/EtOAc: 8:2 to 7:3) to afford compound 7d as a yellow oil (325 mg, 61 %). Rf 0.47 (PE/EtOAc: 6/4); [α]D = - 27.6° (c 0.6, CHCl3); 1H NMR (CDCl3, 400 MHz): δ 7.38-7.22 (m, 20H, ArCH), 6.99 (d, J = 9.1 Hz, 1H, NH), 4.92 (d, J = 11.7 Hz, 1H, OCH2Ph), 4.62-4.59 (m, 3H, OCH2Ph), 4.35 (ddd, J = 1.2, 5.9, 9.1 Hz, 1H, H6), 4.19-4.16 (m, 1H, H3), 3.87 (dd, J = 1.6, 8.1 Hz, 1H, H4), 3.77-3.71 (m, 3H, NCH2Ph, H5), 2.92-2.91 (m, 2H, H2a, H2b), 2.77-2.75 (m, 1H, H7), 1.81 (s, 3H, CH3Ac), 1.64-1.60 (m, 2H, CH2nBu), 1.44-1.40 (m, 1H, CH2nBu), 1.27-1.23 (m, 3H, CH2nBu), 0.84 (t, J = 7.0 Hz, 3H, CH3nBu); 13C NMR (CDCl3, 100 MHz): δ 168.6 (CO), 138.6, 138.4 (ArC), 128.7, 128.6, 128.5, 128.4, 128.3, 127.9, 127.8, 127.7, 127.5, 127.2 (ArCH), 86.2 (C4), 84.4 (C5), 73.5, 72.1 (OCH2Ph), 69.9 (C3), 63.7 (C7), 59.1 (NCH2Ph), 53.0 (C2), 50.7 (C6), 29.9, 25.5 (CH2nBu), 23.5 (CH3Ac), 23.0 (CH2nBu), 14.0 (CH3nBu); HRMS (ESI) m/z: [M+H]+ Calcd. for C33H43N2O4: 531.3223; found: 531.3218.

[bookmark: _Toc366656691][bookmark: _Toc366656902][bookmark: _Toc369549210][bookmark: _Toc370045853][bookmark: _Toc370896303][bookmark: _Toc370901797][bookmark: _Toc370903263][bookmark: _Toc370924504][bookmark: _Toc370939196][bookmark: _Toc371182687](3R,4R,5R,6S,7S)-6-acetamido-1-benzyl-4,5-di(benzyloxy)-7-phenyl azepan (7e): A solution of compound 6 (397 mg, 1.04 mmol) in anhydrous THF (7 mL) was added dropwise to a solution of PhMgBr (3.7 mL, 2.8 M in Et2O, 10.4 mmol) at 0 °C. The reaction mixture was stirred at room temperature for 1 h, quenched with saturated aqueous NH4Cl (20 mL) and extracted with EtOAc (3 x 25 mL). The organic layer was washed with brine, dried over MgSO4 and concentrated under reduced pressure after filtration. To the residue in DMF (10 mL) were added K2CO3 (430 mg, 3.12 mmol) and BnBr (186 µL, 1.6 mmol). The reaction mixture was stirred at room temperature for 15 h, quenched with H2O (20 mL) and extract with Et2O (3 x 30 mL). The organic layer was washed with brine, dried over MgSO4 and concentrated under reduced pressure after filtration. The residue was purified by flash chromatography (PE/EtOAc: 8:2 to 7:3) to afford compound 7e as a yellow oil (389 mg, 68 %). Rf 0.35 (PE/EtOAc: 6/4); [α]D = - 8.1° (c 0.7, CHCl3); 1H NMR (CDCl3, 400 MHz): δ 7.48 (d, J = 7.6 Hz, 2H, ArCH), 7.33-7.14 (m, 16H, ArCH), 7.05 (d, J = 7.1 Hz, 2H, ArCH), 5.85 (d, J = 8.9 Hz, 1H, NH), 4.89 (dt, J = 1.6, 8.8 Hz, 1H, H6), 4.79 (d, J = 7.6 Hz, 1H, OCH2Ph), 4.76 (d, J = 7.6 Hz, 1H, OCH2Ph), 4.65 (d, J = 11.6 Hz, 1H, OCH2Ph), 4.60 (d, J = 11.6 Hz, 1H, OCH2Ph), 4.34-4.32 (m, 1H, H3), 4.13 (m, 2H, H4, H7), 3.91 (dd, J = 2.0, 6.8 Hz, 1H, H5), 3.83 (d, J = 14.1 Hz, 1H, NCH2Ph), 3.41 (d, J = 14.1 Hz, 1H, NCH2Ph), 3.14 (dd, J = 14.3, 5.3 Hz, 1H, H2a), 3.00 (dd, J = 14.3, 9.3 Hz, 1H, H2b), 1.71 (s, 3H, CH3Ac); 13C NMR (CDCl3, 100 MHz): δ 168.8 (CO), 141.3, 139.9, 138.4, 138.3 (ArC), 128.8, 128.5, 128.4, 128.3, 128.2, 128.0, 127.8, 127.7, 127.2, 126.8 (ArCH), 83.8 (C4), 80.7 (C5), 74.4, 72.4 (OCH2Ph), 69.2 (C7), 68.2 (C3), 53.2 (NCH2Ph), 53.1 (C2), 52.9 (C6), 23.4 (CH3Ac); HRMS (ESI) m/z: [M+H]+ Calcd. for C35H39N2O4: 551.2910; found: 551.2898.

[bookmark: _Toc366656699][bookmark: _Toc366656910][bookmark: _Toc369549218][bookmark: _Toc370045861][bookmark: _Toc370924515][bookmark: _Toc370939207][bookmark: _Toc371182698](2S,3S,4R,5R,6S)-3-acetamido-1-benzyl-2-methyl-4,5-di (benzyloxy)-6-(hydroxymethyl) piperidine (8a): To a solution of compound 7a (24 mg, 0.05 mmol) in anhydrous toluene (0.5 mL) were added Et3N (14 µL, 0.09 mmol) and TFAA (10 µL, 0.07 mmol) at 0 °C. The reaction mixture was stirred at 115 °C for 4 h. At room temperature NaOH 10 % (2.0 mL) was added and the reaction mixture was stirred at room temperature for 1 h, then washed with H2O (5 mL) and extracted with EtOAc (2 x 10 mL). The organic layer was dried over MgSO4 and concentrated under reduced pressure after filtration. The residue was purified by flash chromatography (PE/EtOAc: 1:1) to afford compound 8a as a colourless oil (18 mg, 75 %). Rf 0.42 (PE/EtOAc: 1/1); [α]D = - 11.2° (c 0.6, CHCl3); 1H NMR (CDCl3, 400 MHz): δ 7.38-7.21 (m, 15H, ArCH), 5.97 (m, 1H, NH), 4.70 (qAB, J = 11.8 Hz, 2H, OCH2Ph), 4.54 (qAB, J = 11.4 Hz, 2H, OCH2Ph), 4.05-4.00 (m, 1H, H5), 3.87-3.80 (m, 3H, NCH2Ph, H3), 3.79-3.75 (m, 2H, CH2OH), 3.64 (t, J = 6.4 Hz, 1H, H4), 3.17-3.13 (m, 1H, H2), 2.95-2.93 (m, 1H, H6), 1.79 (s, 3H, CH3Ac), 1.19 (d, J = 7.5 Hz, 3H, CH3Me); 13C NMR (CDCl3, 100 MHz): δ 169.6 (CO), 138.4, 137.4 (ArC), 128.8, 128.7, 128.6, 128.3, 128.1, 127.9, 127.4 (ArCH), 78.8 (C3), 77.2 (C4), 73.5, 72.7 (OCH2Ph), 59.8 (CH2OH), 55.7 (C2), 52.7 (C6), 51.5 (C5), 51.1 (NCH2Ph), 23.5 (CH3Ac), 13.3 (CH3Me); HRMS (ESI) m/z: [M+H]+ Calcd. for C30H37N2O4: 489.2753; found: 489.2750.

[bookmark: _Toc366656696][bookmark: _Toc366656907][bookmark: _Toc369549215][bookmark: _Toc370045858][bookmark: _Toc370903271][bookmark: _Toc370924512][bookmark: _Toc370939204][bookmark: _Toc371182695](2S,3S,4R,5R,6S)-3-acetamido-1-benzyl-4,5-di(benzyloxy)-6-(hydroxylmethyl)-2-vinylpiperidine (8b): To a solution of compound 7b (47 mg, 0.09 mmol) in anhydrous toluene (1 mL) were added Et3N (26 µL, 0.19 mmol) and TFAA (20 µL, 0.14 mmol) at 0 °C. The reaction mixture was stirred at 115 °C for 4 h. At room temperature NaOH 10 % (3.6 mL) was added and the reaction mixture was stirred at room temperature for 1 h, then washed with H2O (5 mL) and extracted with EtOAc (2 x 10 mL). The organic layer was dried over MgSO4 and concentrated under reduced pressure after filtration. The residue was purified by flash chromatography (PE/Acetone: 9:1 to 7:3) to afford compound 8b as a colourless oil (33 mg, 70 %). Rf 0.08 (PE/EtOAc: 6/4); [α]D = - 5.7° (c 0.7, CHCl3); 1H NMR (CDCl3, 400 MHz): δ 7.36-7.21 (m, 15H, ArCH), 6.35-6.29-6.05 (m, 2H, NH, CHVinyl), 5.22 (d, J = 10.2 Hz, 1H, CH2Vinyl), 5.09 (d, J = 17.2 Hz, 1H, CH2Vinyl), 4.29 (d, J = 11.7 Hz, 1H, OCH2Ph), 4.61 (d, J = 11.4 Hz, 1H, OCH2Ph), 4.58 (d, J = 11.8 Hz, 1H, OCH2Ph), 4.50 (d, J = 11.2 Hz, 1H, OCH2Ph), 4.15-4.14 (m, 1H, H3), 4.05 (d, J = 13.4 Hz, 1H, NCH2Ph), 3.97 (dd, J = 5.0, 11.7 Hz, 1H, CH2OH), 3.85 (dd, J = 3.8, 11.7 Hz, 1H, CH2OH), 3.80-3.79 (m, 2H, H4, H5), 3.53 (d, J = 13.4 Hz, 1H, NCH2Ph), 3.21 (s, 2H, H6, H2), 1.76 (s, 3H, CH3Ac); 13C NMR (CDCl3, 100 MHz): δ 169.4 (CO), 138.3, 137.3 (ArC), 132.3 (CHVinyl), 128.8, 128.7, 128.6, 128.5, 128.5, 128.4, 128.3, 128.0 (ArCH), 119.7 (CH2Vinyl), 80.5, 75.4 (C4, C5), 72.9, 72.7 (OCH2Ph), 62.6 (C6 or C2), 60.9 (CH2OH), 55.3 (C6 or C2), 52.3 (NCH2Ph), 50.7 (C3), 23.5 (CH3Ac); HRMS (ESI) m/z: [M+H]+ Calcd. for C31H37N2O4: 501.2753; found: 501.2749.

[bookmark: _Toc366656695][bookmark: _Toc366656906][bookmark: _Toc369549214][bookmark: _Toc370045857][bookmark: _Toc370903270][bookmark: _Toc370924511][bookmark: _Toc370939203][bookmark: _Toc371182694](2S,3S,4R,5R,6S)-3-acetamido-2-allyl-1-benzyl-4,5-di(benzyloxy)-6-(hydroxymethyl) piperidine (8c): To a solution of compound 7c (68 mg, 0.13 mmol) in anhydrous toluene (1 mL) were added Et3N (40 µL, 0.26 mmol) and TFAA (30 µL, 0.20 mmol) at 0 °C. The reaction mixture was stirred at 115 °C for 4 h. At room temperature NaOH 10 % (5.2 mL) was added and the reaction mixture was stirred at room temperature for 1 h, then washed with H2O (5 mL) and extracted with EtOAc (2 x 10 mL). The organic layer was dried over MgSO4 and concentrated under reduced pressure after filtration. The residue was purified by flash chromatography (PE/EtOAc: 6:4) to afford compound 8c as a colourless oil (38 mg, 56 %). Rf 0.22 (PE/EtOAc: 6/4); [α]D = - 13.2° (c 0.3, CHCl3); 1H NMR (CDCl3, 400 MHz): δ 7.30–7.18 (m, 15H, ArCH), 5.82-5.68 (m, 2H, NH, CHAll), 5.08-5.03 (m, 2H, CH2All), 4.71 (qAB, J = 11.8 Hz, 2H, OCH2Ph), 4.50 (qAB, J = 11.5 Hz, 2H, OCH2Ph), 4.17-4.09 (m, 1H, H5), 3.87 (dd, J = 4.8, 6.2 HZ, 1H, H3), 3.83 (s, 2H, NCH2Ph), 3.77-3.75 (m, 2H, CH2OH), 3.64 (t, J = 6.6 Hz, 1H, H4), 3.17-3.13 (m, 1H, H2), 2.86-2.85 (m, 1H, H6), 2.60-2.53 (m, 1H, CH2All), 2.44-2.37 (m, 1H, CH2All), 1.78 (s, 3H, CH3Ac); 13C NMR (CDCl3, 100 MHz): δ 169.7 (CO), 138.4, 137.5 (ArC), 135.7 (CHAll), 128.9, 128.7, 128.6, 128.3, 128.2, 128.1, 127.9, 127.5 (ArCH), 117.3 (CH2All), 78.11 (C3), 77.4 (C4), 73.7, 72.6 (OCH2Ph), 59.4 (CH2OH), 57.1 (C6), 55.1 (C2), 50.3 (NCH2Ph), 49.1 (C5), 30.6 (CH2All), 23.5 (CH3Ac); HRMS (ESI) m/z: [M+H]+ Calcd. for C32H39N2O4: 515.2910, found: 515.2907.

[bookmark: _Toc366656697][bookmark: _Toc366656908][bookmark: _Toc369549216][bookmark: _Toc370045859][bookmark: _Toc370903272][bookmark: _Toc370924513][bookmark: _Toc370939205][bookmark: _Toc371182696](2S,3S,4R,5R,6S)-3-acetamido-1-benzyl-2-butyl-4,5-di (benzyloxy)-6-(hydroxymethyl) piperidine (8d): To a solution of compound 7d (69 mg, 0.11 mmol) in anhydrous toluene (1 mL) were added Et3N (32 µL, 0.23 mmol) and TFAA (25 µL, 0.17 mmol) at 0 °C. The reaction mixture was stirred at 115 °C for 4 h. At room temperature NaOH 10 % (4.4 mL) was added and the reaction mixture was stirred at room temperature for 1 h, then washed with H2O (5 mL) and extracted with EtOAc (2 x 10 mL). The organic layer was dried over MgSO4 and concentrated under reduced pressure after filtration. The residue was purified by flash chromatography (EP/EtOAc: 8:2 to 6:4) to afford compound 8d as a colourless oil (41 mg, 60 %). Rf 0.20 (PE/EtOAc: 6/4); [α]D = - 23.9° (c 1.1, CHCl3); 1H NMR (CDCl3, 400 MHz): δ 7.37-7.18 (m, 15H, ArCH), 4.71 (qAB, J = 11.7 Hz, 2H, OCH2Ph), 4.52 (qAB, J = 11.5 Hz, 2H, OCH2Ph), 4.11-4.09 (m, 1H, H5), 3.90 (dd, J = 5.1, 6.9 Hz, 1H, H3), 3.82 (d, J = 13.2 Hz, 1H, NCH2Ph), 3.77-3.73 (m, 3H, CH2OH, NCH2Ph), 3.62 (t, J = 7 Hz, 1H, H4), 3.20-3.15 (m, 1H, H2), 2.74-2.73 (m, 1H, H6), 1.81 (s, 3H, CH3Ac), 1.73-1.68 (m, 1H, CH2nBu), 1.60-1.55 (m, 1H, CH2nBu), 1.39-1.33 (m, 1H, CH2nBu), 1.30-1.20 (m, 3H, CH2nBu), 0.86 (t, J = 6.8 Hz, 3H, CH3nBu); 13C NMR (CDCl3, 100 MHz): δ 169.8 (CO), 138.5, 137.6 (ArC), 129.1, 128.7, 128.7, 128.6, 128.3, 128.2, 128.1, 127.9, 127.5 (ArCH), 78.3 (C4), 77.8 (C5), 73.9, 72.6 (OCH2Ph), 59.0 (CH2OH), 56.9 (C6), 55.4 (C2), 50.1 (NCH2Ph), 49.8 (C3), 28.7, 25.7 (CH2nBu), 23.5 (CH3Ac), 22.8 (CH2nBu), 14.2 (CH3nBu); HRMS (ESI) m/z: [M+H]+ Calcd. for C33H43N2O4: 531.3223; found: 531.3222.

[bookmark: _Toc366656698][bookmark: _Toc366656909][bookmark: _Toc369549217][bookmark: _Toc370045860][bookmark: _Toc370903273][bookmark: _Toc370924514][bookmark: _Toc370939206][bookmark: _Toc371182697](2S,3S,4R,5R,6S)-3-acetamido-1-benzyl-4,5-di(benzyloxy)-6-(hydroxymethyl)-2-phenylpiperidine (8e): To a solution of compound 7e (37 mg, 0.07 mmol) in anhydrous toluene (1 mL) were added Et3N (20 µL, 0.13 mmol) and TFAA (15 µL, 0.10 mmol) at 0 °C. The reaction mixture was stirred at 115 °C for 4 h. At room temperature NaOH 10 % (2.5 mL) was added and the reaction mixture was stirred at room temperature for 1 h, then washed with H2O (5 mL) and extracted with EtOAc (2 x 10 mL). The organic layer was dried over MgSO4 and concentrated under reduced pressure after filtration. The residue was purified by flash chromatography (PE/EtOAc: 8:2) to afford compound 8e as a colourless oil (24 mg, 65 %). Rf 0.29 (PE/EtOAc: 1/1); [α]D = - 25.0° (c 0.7, CHCl3); 1H NMR (CDCl3, 400 MHz): δ 7.36-7.18 (m, 18H, ArCH), 7.04 (d, J = 6.7 Hz, 2H, ArCH), 5.45-5.43 (m, 1H, NH), 4.90 (1H, J = 11.5 Hz, 1H, OCH2Ph), 4.67 (d, J = 11.5 Hz, 1H, OCH2Ph), 4.62 (qAB, J = 11.5 Hz, 2H, OCH2Ph), 4.19-3.93 (m, 6H, H3, H4, H5, H6, CH2OH), 3.49 (qAB, J = 13.8 Hz, 2H, NCH2Ph), 3.24-3.19 (m, 1H, H2), 2.68-2.69 (m, 1H, OH), 1.63 (s, 3H, CH3Ac); 13C NMR (CDCl3, 100 MHz): δ 170.1 (CO), 139.5, 139.2, 138.8, 137.8 (ArC), 128.8, 128.7, 128.6, 128.5, 128.4, 128.2, 128.1, 128.0, 127.9, 127.7, 127.1 (ArCH), 80.4, 79.8 (C3, C4), 75.1, 73.2 (OCH2Ph), 62.8 (C5, C6), 57.2 (CH2OH), 56.5 (C2), 52.1 (NCH2Ph), 23.5 (CH3Ac); HRMS (ESI) m/z: [M+H]+ Calcd. for C35H38N2O4: 551.2910; found: 551.2907.

[bookmark: _Toc366656704][bookmark: _Toc366656915][bookmark: _Toc369549223][bookmark: _Toc370045866][bookmark: _Toc371182704][bookmark: _Toc369549230][bookmark: _Toc370045873][bookmark: _Toc371182705](2S,3S,4R,5R,6S)-3-acetamido-2-methyl-4,5-diol-6-(hydroxymethyl) piperidine (9a): To a solution of compound 8a (18 mg, 0.04 mmol) in MeOH (2 mL) were added Pd/C 10 % (9 mg), black palladium (9 mg) and HCl 1N (96 µL). The reaction mixture was stirred under hydrogen atmosphere at room temperature for 15 h, then filtered through Celite® and concentrated under reduced pressure. The residue was purified with Amberlite 200© to afford compound 9a as a white solid (7 mg, 90 %). [α]D = - 48 (c 0.1, MeOH); 1H NMR (CD3OD, 400 MHz): δ 3.78-3.75 (m, 2H, CH2OH), 3.72 (dd, J = 5.8, 8.9 Hz, 1H, H5), 3.46-3.41 (m, 2H, H3, H4), 3.20-3.15 (m, 1H, H6), 2.88 (dt, J = 6.3, 9.1 Hz, 1H, H2), 1.98 (s, 3H, CH3Ac), 1.06 (d, J = 6.3 Hz, 3H, CH3Me); 13C NMR (CD3OD, 100 MHz): δ = 173.6 (CO), 74.1 (C5), 73.9 (C4), 59.3 (C3), 59.2 (C6), 58.1 (CH2OH), 49.0 (C2), 22.9 (CH3Ac), 19.1 (CH3Me); HRMS (ESI) m/z: [M+H]+ Calcd. for C9H19N2O4: 219.1345; found: 219.1341.

[bookmark: _Toc366656701][bookmark: _Toc366656912][bookmark: _Toc369549220][bookmark: _Toc370045863][bookmark: _Toc370939210][bookmark: _Toc371182701](2S,3S,4R,5R,6S)-3-acetamido-2-ethyl-4,5-diol-6-(hydroxymethyl) piperidine (9b) : To a solution of compound 8b (61 mg, 0.12 mmol) in MeOH (6 mL) were added Pd/C 10 % (30 mg), black palladium (30 mg) and HCl 1N (288 µL). The reaction mixture was stirred under hydrogen atmosphere at room temperature for 15 h, then filtered through Celite® and concentrated under reduced pressure. The residue was purified with Amberlite 200© to afford compound 9b as a white solid (24 mg, 88 %). [α]D = - 44.3° (c 0.3, MeOH); 1H NMR (CD3OD, 400 MHz): δ 3.79-3.70 (m, 3H, H5, CH2OH), 3.52 (t, J = 9.7 Hz, 1H, H3), 3.41 (t, J = 9.4 Hz, 1H, H4), 3.22-3.17 (m, 1H, H6), 2.66 (m, 1H, H2), 1.97 (s, 3H, CH3Ac), 1.64 (m, 1H, CH2Et), 1.31 (m, 1H, CH2Et), 0.94 (t, J = 7.5 Hz, 1H, CH3Et); 13C NMR (CD3OD, 100 MHz): δ 173.5 (CO), 74.2 (C4), 73.9 (C5), 58.7 (C6), 58.1 (CH2OH), 57.5 (C3), 54.6 (C2), 26.2 (CH2Et), 22.9 (CH3Ac), 10.5 (CH3Et); HRMS (ESI) m/z: [M+H]+ Calcd. for C10H21N2O4: 233.1501; found: 233.1497.

[bookmark: _Toc366656700][bookmark: _Toc366656911][bookmark: _Toc369549219][bookmark: _Toc370045862][bookmark: _Toc370939209][bookmark: _Toc371182700](2S,3S,4R,5R,6S)-3-acetamido-4,5-diol-6-(hydroxymethyl)-2-propyl piperidine (9c) : To a solution of compound 8c (44 mg, 0.08 mmol) in MeOH (4 mL) were added Pd/C 10 % (22 mg), black palladium (22 mg) and HCl 1N (192 µL). The reaction mixture was stirred under hydrogen atmosphere at room temperature for 15 h, then filtered through Celite® and concentrated under reduced pressure. The residue was purified with Amberlite 200© to afford compound 9c as a white solid (18 mg, 85 %). [α]D = - 47.7° (c 0.3, MeOH); 1H NMR (CD3OD, 400 MHz): δ 3.79-3.70 (m, 3H, H3, CH2OH), 3.51 (t, J = 9.6 Hz, 1H, H5), 3.42 (t, J = 9.4 Hz, 1H, H4), 3.23-3.17 (m, 1H, H2), 2.77-2.71 (m, 1H, H6), 1.98 (s, 3H, CH3Ac), 1.59-1.42 (m, 2H, CH2Pr), 1.34-1.24 (m, 2H, CH2Pr), 0.94 (t, 3H, CH3Pr); 13C NMR (CD3OD, 100 MHz): δ 173.5 (CO), 74.1 (C4), 73.9 (C5), 58.6 (C2), 58.1 (CH2OH), 57.9 (C3), 52.9 (C6), 35.7 (CH2Pr), 22.9 (CH3Ac), 20.0 (CH2Pr), 14.4 (CH3Pr); HRMS (ESI) m/z: [M+H]+ Calcd. for C11H23N2O4: 247.1658; found: 247.1653.

[bookmark: _Toc366656702][bookmark: _Toc366656913][bookmark: _Toc369549221][bookmark: _Toc370045864][bookmark: _Toc371182702][bookmark: _Toc366656703][bookmark: _Toc366656914][bookmark: _Toc369549222][bookmark: _Toc370045865][bookmark: _Toc371182703](2S,3S,4R,5R,6S)-3-acetamido-2-butyl-4,5-diol-6-(hydroxymethyl) piperidine (9d): To a solution of compound 8d (79 mg, 0.15 mmol) in MeOH (7.5 mL) were added Pd/C 10 % (40 mg), black palladium (40 mg) and HCl 1N (360 µL). The reaction mixture was stirred under hydrogen atmosphere at room temperature for 15 h, then filtered through Celite® and concentrated under reduced pressure. The residue was purified with Amberlite 200© to afford compound 9d as a white solid (34 mg, 89 %). [α]D = - 50.0° (c 0.5, MeOH); 1H NMR (CD3OD, 400 MHz): δ 3.79-3.70 (m, 3H, H5, CH2OH), 3.51 (t, J = 9.4 Hz, 1H, H3), 3.41 (t, J = 9.7 Hz, 1H, H4), 3.22-3.17 (m, 1H, H6), 2.75-2.70 (m, 1H, H2), 1.97 (s, 3H, CH3Ac), 1.63-1.56 (m, 1H, CH2nBu), 1.46-1.24 (m, 5H, CH2nBu), 0.91 (t, J = 6.9 Hz, 3H, CH3nBu); 13C NMR (CD3OD, 100 MHz): δ 173.5 (CO), 74.1 (C4), 73.9 (C5), 58.6 (C6), 58.1 (CH2OH), 57.9 (C3), 53.3 (C2), 33.2, 29.1, 23.7 (CH2nBu), 22.9 (CH3Ac), 14.3 (CH3nBu); HRMS (ESI) m/z: [M+H]+ Calcd. for C12H25N2O4: 261.1814; found: 261.1812.

(2S,3S,4R,5R,6S)-3-acetamido-4,5-diol-6-(hydroxymethyl)-2-phenyl piperidine (9e): To a solution of compound 8e (24 mg, 0.04 mmol) in MeOH (2 mL) were added Pd/C 10 % (12 mg), black palladium (12 mg) and HCl 1N (96 µL). The reaction mixture was stirred under hydrogen atmosphere at room temperature for 15 h, then filtered through Celite® and concentrated under reduced pressure. The residue was purified with Amberlite 200© to afford compound 9e as a white solid (12 mg, quantitative). [α]D = - 39.0° (c 0.24 , MeOH); 1H NMR (CD3OD, 400 MHz): δ 7.41-7.39 (m, 2H, ArCH), 7.31-7.24 (m, 3H, ArCH), 3.97-3.83 (m, 5H, H2, H3, H5, CH2OH), 3.59 (t, J = 9.5 Hz, 1H, H4), 3.32-3.30 (m, 3H, H6, CD3OD), 1.69 (s, 3H, CH3Ac); 13C NMR (CD3OD, 100 MHz): δ 172.9 (CO), 141.6 (ArC), 129.3, 129.2, 128.8 (ArCH), 74.4 (C4), 74.2 (C5), 59.9 (C6), 58.8, 58.3 (C2, C3), 57.8 (CH2OH), 22.6 (CH3Ac); HRMS (ESI) m/z: [M+H]+ Calcd. for C14H20N2O4: 281.1501; found: 281.1498.

(3R,4R,5R,6R,7R)-6-acetamido-1-benzyl-4,5-di(benzyloxy)-7-vinylazepan-3-ol (10a) and (3R,4R,5R,6R,7S)-6-acetamido-1-benzyl-4,5-di(benzyloxy)-7-vinylazepan-3-ol (10a’): A solution of compound 6’ (112 mg, 0.29 mmol) in anhydrous THF (1.7 mL) was added dropwise to a solution of vinylmagnesium bromide (1.5 mL, 1 M in THF, 1.46 mmol) at 0 °C. The reaction mixture was stirred at room temperature for 1 h, quenched with saturated aqueous NH4Cl (20 mL) and extracted with EtOAc (3 x 25 mL). The organic layer was washed with brine, dried over MgSO4 and concentrated under reduced pressure after filtration. To the residue in DMF (1 mL) were added K2CO3 (120 mg, 0.87 mmol) and BnBr (52 µL, 0.43 mmol). The reaction mixture was stirred at room temperature for 15 h, quenched with H2O (10 mL) and extracted with Et2O (3 x 15 mL). The organic layer was washed with brine, dried over MgSO4 and concentrated under reduced pressure after filtration. The residue was purified by flash chromatography (PE/EtOAc: 6:4) to afford compound 10a as a yellow oil (58 mg, 40 %) and 10a’ as a brown oil (21 mg, 14 %).
10a: Rf 0.32 (PE/EtOAc: 6/4); [α]D = 64.3° (c 2.1, CHCl3); 1H NMR (CDCl3, 400 MHz): δ 7.41-7.20 (m, 15 H, ArCH), 5.78 (m, 1H, CHVinyl), 5.20-5.16 (m, 1H, NH), 5.14 (dd, J = 1.6, 10.2 Hz, 1H, CH2Vinyl), 4.89 (dd, J = 1.3, 17.0 Hz, 1H, CH2Vinyl), 4.28 (d, J = 11.1 Hz, 1H, OCH2Ph), 4.25 (d, J = 11.8 Hz, 1H, OCH2Ph), 4.61 (m, 1H, H6), 4.49 (d, J = 11.1 Hz, 1H, OCH2Ph), 4.43 (d, J = 11.8 Hz, 1H OCH2Ph), 4.03 (m, 1H, H3), 3.98 (dd, J = 4.6, 3.8 Hz, 1H, H4), 3.89 (dd, J = 1.4, 4.9 Hz, 1H, H5), 3.81 (d, J = 13.9 Hz, 1H, NCH2Ph), 3.68 (d, J = 13.9 Hz, 1H, NCH2Ph), 3.13 (dd, J = 8.7, 14.6 Hz, 1H, H2a), 2.98 (t, J = 9.3 Hz, 1H, H7), 2.63 (dd, J = 4.6, 14.5 Hz, 1H, H2b), 2.47 (d, J = 8.4 Hz, 1H, OH), 1.71 (s, 3H, CH3Ac); 13C NMR (CDCl3, 100 MHz): δ 169.1 (CO), 139.8, 138.6, 137.9 (ArC), 135.0 (CHVinyl), 128.8, 128.7, 128.6, 128.6, 128.4, 128.2, 128.2, 128.1, 127.8, 127.0 (ArCH), 118.0 (CH2Vinyl), 80.9 (C5), 79.3 (C4), 73.6, 72.8 (OCH2Ph), 69.7 (C3), 64.8 (C7), 59.4 (NCH2Ph), 50.8 (C2), 50.5 (C6), 23.4 (CH3Ac); HRMS (ESI) m/z: [M+H]+ Calcd. for C31H37N2O4: 501.2748; found: 501.2760.
10a’: Rf 0.42 (Et2O); [α]D = 12.5° (c 3.3 , CHCl3); 1H NMR (400 MHz, CDCl3): δ 7.35-7.10 (m, 15H, ArCH), 6.03 (dt, J = 17.3, 9.9 Hz, 1H, CHVinyl), 5.54 (d, J = 9.2 Hz, 1H, NH), 5.19 (dd, J = 10.2, 1.9 Hz, 1H, CH2Vinyl), 5.06-4.97 (m, 1H, CH2Vinyl), 4.77 (d, J = 12.2 Hz, 1H, OCH2Ph), 4.71 (ddd, J = 9.0, 5.4, 3.2 Hz, 1H, H6), 4.59 (d, J = 11.4 Hz, 1H, OCH2Ph), 4.49 (d, J = 11.4 Hz, 1H, OCH2Ph), 4.41 (d, J = 12.2 Hz, 1H, OCH2Ph), 4.05 (dd, J = 6.1, 2.9 Hz, 1H, OCH2Ph), 4.01-3.94 (m, 1H, H4), 3.85 (d, J = 14.0 Hz, 1H, H3), 3.80 (dd, J = 6.1, 3.2 Hz, 1H, H5), 3.23 (d, J = 13.9 Hz, 1H, NCH2Ph), 3.08 (dd, J = 9.2, 5.5 Hz, 1H, H7), 2.87 (dd, J = 14.2, 7.2 Hz, 1H, H2a), 2.68 (dd, J = 14.2, 6.7 Hz, 1H, H2b), 1.66 (s, 3H, CH3Ac); 13C NMR (CDCl3, 100 MHz): δ 168.9 (CO), 138.9 (ArC), 138.1 (CHVinyl), 128.7, 128.6, 128.4, 128.3, 128.1, 127.9, 127.8, 127.1 (ArCH), 119.2 (CH2Vinyl), 82.4 (C5), 82.3 (C4), 74.5, 72.4 (OCH2Ph), 69.8 (C3), 69.2 (C7), 59.4 (NCH2Ph), 52.2 (C2), 48.3 (C6), 23.4 (CH3Ac); HRMS (ESI) m/z: [M+H]+ Calcd. for C31H37N2O4: 501.2748; found: 501.2755.

(3R,4R,5R,6R,7R)-6-acetamido-7-allyl-1-benzyl-4,5-di(benzyloxy)-azepan-3-ol (10b): A solution of compound 6’ (78 mg, 0.20 mmol) in anhydrous THF (1.1 mL) was added dropwise to a solution of AllMgBr (706 µL, 1.7 M in THF, 1.02 mmol) at 0 °C. The reaction mixture was stirred at room temperature for 1 h, quenched with saturated aqueous NH4Cl (10 mL) and extracted with EtOAc (3 x 15 mL). The organic layer was washed with brine, dried over MgSO4 and concentrated under reduced pressure after filtration. To the residue in DMF (1 mL) were added K2CO3 (83 mg, 0.60 mmol) and BnBr (36 µL, 0.30 mmol). The reaction mixture was stirred at room temperature for 15 h, quenched with H2O (10 mL) and extracted with Et2O (3 x 15 mL). The organic layer was washed with brine, dried over MgSO4 and concentrated under reduced pressure after filtration. The residue was purified by flash chromatography (PE/EtOAc: 7:3) to afford compound 10b as a yellow oil (67 mg, 65 %). Rf 0.49 (PE/EtOAc: 6/4); [α]D = 21.9° (c 3.4, CHCl3); 1H NMR (CDCl3, 400 MHz): δ 7.41-7.21 (m, 15H, ArCH), 5.78 (m, 1H, CHAll), 5.34 (d, J = 8.5 Hz, 1H, NH), 5.02 (m, 2H, CH2All), 4.81 (d, J = 11.0 Hz, 1H, OCH2Ph), 4.60 (d, J = 11.7 Hz, 1H, OCH2Ph), 4.54 (t, J = 9.3 Hz, 1H, H6), 4.48 (d, J = 11.0 Hz, 1H, OCH2Ph), 4.41 (d, J = 11.7 Hz, 1H, OCH2Ph), 3.98 (m, 2H, H3, NCH2Ph), 3.88 (t, J = 4.9, 3.8 Hz, 1H, H5), 3.82 (m, 2H, H4, NCH2Ph), 3.04 (dd, J = 9.8, 14.6 Hz, 1H, H2a), 2.66 (m, 2H, H2b, H7), 2.39 (d, J = 8.3 Hz, 1H, OH), 2.21 (m, 2H, CH2All), 1.73 (s, 3H, CH3Ac); 13C NMR (CDCl3, 100 MHz): δ 169.1 (COAc), 140.1, 138.4, 137.9 (ArC), 136.4 (CHAll), 128.9, 128.8, 128.7, 128.6, 128.6, 128.5, 128.3, 128.2, 128.2, 128.3 (ArCH), 116.6 (CH2All), 80.0 (C4), 78.2 (C5), 73.4, 73.0 (OCH2Ph), 67.7 (C3), 62.0 (C7), 59.5 (NCH2Ph), 50.9 (C6), 50.1 (C2), 35.5 (CH2All), 23.4 (CH3Ac); HRMS (ESI) m/z: [M+Na]+ Calcd. for C32H38N2NaO4: 537.2740; found: 537.2724.

(3R,4R,5R,6R,7R)-6-acetamido-1-benzyl-4,5-di(benzyloxy)-7-butyl azepan-3-ol (10c): A solution of compound 6’ (100 mg, 0.26 mmol) in anhydrous THF (1.5 mL) was added dropwise to a solution of nBuMgCl (866 µL, 20 % in THF/Toluene, 1.30 mmol) at 0 °C. The reaction mixture was stirred at room temperature for 1 h, quenched with saturated aqueous NH4Cl (20 mL) and extracted with EtOAc (3 x 25 mL). The organic layer was washed with brine, dried over MgSO4 and concentrated under reduced pressure after filtration. To the residue in DMF (10 mL) were added K2CO3 (108 mg, 0.78 mmol) and BnBr (47 µL, 0.39 mmol). The reaction mixture was stirred at room temperature for 15 h, quenched with H2O (20 mL) and extracted with Et2O (3 x 30 mL). The organic layer was washed with brine, dried over MgSO4 and concentrated under reduced pressure after filtration. The residue was purified by flash chromatography (PE/EtOAc: 6:4) to afford compound 10c as a yellow oil (63 mg, 46 %). Rf 0.63 (PE/EtOAc: 6/4); [α]D = 17.0° (c 4.4, CHCl3); 1H NMR (CDCl3, 400 MHz): δ 7.41-7.22 (m, 15H, ArCH), 5.33 (d, J = 9.0 Hz, 1H, NH), 4.82 (d, J = 11.1 Hz, 1H, OCH2Ph), 4.72 (d, J = 11.7 Hz, 1H, OCH2Ph), 4.47 (m, 3H, 2OCH2Ph, H6), 4.03 (m, 1H, H3), 4.00 (d, J = 13.7 Hz, 1H, NCH2Ph), 3.87 (m, 1H, H4 or H5) 3.82 (m, 1H, H4 or H5), 3.77 (d, J = 13.7 Hz, 1H, NCH2Ph), 2.95 (dd, J = 9.8, 14.5 Hz , 1H, H2a), 2.64 (dd, J = 3.6, 14.5 Hz, 1H, H2b), 2.03 (m, 1H, H7), 1.75 (s, 3H, CH3Ac), 2.39 (m, 1H, OH) 1.35-1.15 (m, 6H, CH2nBu), 0.81 (t, J = 7.2 Hz, 3H, CH3nBu); 13C NMR (CDCl3, 100 MHz): δ 169.2 (COAc), 140.3 , 138.4, 137.9 (ArC), 129.0, 128.7, 128.6, 128.6, 128.5, 128.3, 128.2, 128.1, 128.1 (ArCH), 79.6, 78.3 (C4 and C5), 73.3, 73.2 (OCH2Ph), 67.3 (C3), 62.5 (C7), 59.6 (NCH2Ph), 51.5 (C6), 49.6 (C2), 30.9, 28.9 (CH2nBu), 23.5 (CH3Ac), 23.0 (CH2nBu), 14.1 (CH3nBu); HRMS (ESI) m/z: [M+H]+ Calcd. for C33H43N2O4: 531.3230; found: 531.3217.

(3R,4R,5R,6R,7R)-6-acetamido-1-benzyl-4,5-di(benzyloxy)-7-phenyl azepan-3-ol (10d): A solution of compound 6’ (100 mg, 0.26 mmol) in anhydrous THF (4.5 mL) was added dropwise to a solution of PhMgCl (650 µL, 2M in THF, 1.30 mmol) at 0 °C. The reaction mixture was stirred at room temperature for 4 h, quenched with saturated aqueous NH4Cl (20 mL) and extracted with EtOAc (3 x 25 mL). The organic layer was washed with brine, dried over MgSO4 and concentrated under reduced pressure after filtration. To the residue in DMF (1.5 mL) were added K2CO3 (38 mg, 0.28 mmol) and BnBr (16 µL, 0.14 mmol). The reaction mixture was stirred at room temperature for 15 h, quenched with H2O (20 mL) and extracted with Et2O (3 x 30 mL). The organic layer was washed with brine, dried over MgSO4 and concentrated under reduced pressure after filtration. The residue was purified by flash chromatography (PE/EtOAc: 6:4) to afford compound 10d as a yellow oil (46 mg, 36 %). Rf 0.37 (PE/EtOAc: 6:4); [α]D = +23.9° (c 0.18, CHCl3); 1H NMR (CDCl3, 400 MHz): δ 7.31-7.10 (m, 20H, ArCH), 5.01 (t, J = 9.7 Hz, 1H, H6), 4.89 (d, J = 9.0 Hz, 1H, NH), 4.79 (d, J = 11.2 Hz, 1H, OCH2Ph), 4.76 (d, J = 11.8 Hz, 1H, OCH2Ph), 4.45 (d, J = 11.2 Hz, 1H, OCH2Ph), 4.36 (d, J = 11.8 Hz, 1H, OCH2Ph), 3.99 (m, 1H, H3), 3.91 (sl, 2H, H4, H5) 3.67 (d, J = 10.5 Hz, 1H, H7), 3.59 (d, J = 14.1 Hz, 1H, NCHPh), 3.52-3.40 (m, 3H, NCHPh, H2a), 2.57 (dd, J = 3.8, 14.8 Hz, 1H, H2b), 2.03 (m, 1H, H7), 2.44 (m, 1H, OH), 1.38 (s, 3H, CH3Ac); 13C NMR (CDCl3, 100 MHz): δ 168.5 (COAc), 140.8, 139.7, 138.4, 137.8 (ArC), 128.7, 128.6, 128.6, 128.5, 128.3, 128.2, 128.1, 128.1, 127.3, 126.8 (ArCH), 80.6, 78.8 (C4 and C5), 73.6, 72.6 (OCH2Ph), 69.0 (C3), 65.2 (C7), 59.3 (NCH2Ph), 50.8 (C2), 5.07 (C6), 22.9 (CH3Ac); HRMS (ESI) m/z: [M+H]+ Calcd. for C35H39N2O4: 551.2904; found: 551.2920.

(2R,3R,4R,5R,6S)-3-acetamido-1-benzyl-4,5-di(benzyloxy)-6-(hydroxymethyl)-2-vinyl piperidine (11a): To a solution of compound 10a (39 mg, 0.08 mmol) in anhydrous toluene (1 mL) were added Et3N (45 µL, 0.31 mmol) and TFAA (33 µL, 0.23 mmol) at 0 °C. The reaction mixture was stirred at 115 °C for 4 h. At room temperature NaOH 10 % (3.4 mL) was added and the reaction mixture was stirred at room temperature for 1 h, then washed with H2O (5 mL) and extracted with EtOAc (2 x 10 mL). The organic layer was dried over MgSO4 and concentrated under reduced pressure after filtration. The residue was purified by flash chromatography (PE/Acetone: 9:1 to 7:3) to afford compound 11a as a colourless oil (25 mg, 64 %). [α]D = 21.2° (c 2.0, CHCl3); 1H NMR (CDCl3, 400 MHz): δ 7.46-7.06 (m, 15H, ArCH), 5.74 (dt, J = 17.2, 9.8 Hz, 1H, CHvinyl), 5.63 (d, J = 9.3 Hz, 1H, NH), 5.18 (dd, J = 10.2, 1.5 Hz, 1H, CH2vinyl), 5.13 (d, J = 17.0 Hz, 1H, CH2vinyl), 4.76 (d, J = 11.7 Hz, 1H, OCH2Ph), 4.53 (qAB, J = 11.7 Hz, 2H, OCH2Ph), 4.44 (m, 2H, OCH2Ph, H3), 4.05 (d, J = 15.6 Hz, 1H, NCH2Ph), 3.84 (d, J = 15.7 Hz, 1H, NCH2Ph), 3.81-3.71 (m, 3H, H4, H5, CH2OH), 3.64 (m, 1H, CH2OH), 3.21 (t, J = 8.5 Hz, 1H, H2), 3.14 (m, 1H, H6), 1.83 (s, 3H, CH3Ac); 13C NMR (CDCl3, 100 MHz): δ 169.4 (CO), 139.8, 139.0 (ArC), 137.8 (CHVinyl), 128.8, 128.7, 128.4, 128.4, 128.3, 128.2, 126.9 (ArCH), 119.4 (CH2Vinyl), 75.7, 74.6 (C4, C5), 73.2, 72.3 (OCH2Ph), 64.7 (C2), 61.9 (CH2OH), 60.0 (C6), 54.0 (NCH2Ph), 48.2 (C3), 23.6 (CH3Ac); HRMS (ESI) m/z: [M+H]+ Calcd. for C31H37N2O4: 501.2755; found: 501.2748.

(2S,3R,4R,5R,6S)-3-acetamido-1-benzyl-4,5-di(benzyloxy)-6-(hydroxymethyl)-2-vinyl piperidine (11a’): To a solution of compound 10a’ (21 mg, 0.04 mmol) in anhydrous toluene (1 mL) were added Et3N (23 µL, 0.17 mmol) and TFAA (18 µL, 0.12 mmol) at 0 °C. The reaction mixture was stirred at 115 °C for 4 h. At room temperature NaOH 10 % (1.7 mL) was added and the reaction mixture was stirred at room temperature for 1 h, then washed with H2O (5 mL) and extracted with EtOAc (2 x 10 mL). The organic layer was dried over MgSO4 and concentrated under reduced pressure after filtration. The residue was purified by flash chromatography (PE/Acetone: 9:1 to 7:3) to afford compound 11a’ as a colourless oil (8 mg, 38 %). Rf 0.79 (Et2O); [α]D = 29.8° (c 0.4, CHCl3); 1H NMR (CDCl3, 400 MHz): δ 7.45-7.17 (m, 15H, ArCH), 6.12-5.96 (m, 1H, CHvinyl), 5.74-5.58 (m, 1H, NH), 5.24 (dd, J = 10.2, 1.6 Hz, 1H, CH2vinyl), 5.03 (d, J = 16.9 Hz, 1H, CHvinyl), 4.76 (d, J = 12.2 Hz, 1H, OCH2Ph), 4.65-4.46 (m, 4H, H3 OCH2Ph), 4.07 (d, J = 13.8 Hz, 1H, NCH2Ph), 3.98-3.91 (m, 1H, CH2OH), 3.86-3.72 (m, 2H, CH2OH, H4), 3.71 (dd, J = 4.9, 3.5 Hz, 1H, H5), 3.59 (d, J = 13.9 Hz, 1H, NCH2Ph), 3.30 (dd, J = 8.9, 4.2 Hz, 1H, H2), 3.24 (s, 1H, H6), 2.76 (bs, 1H, OH), 1.87 (s, 3H, CH3Ac); 13C NMR (CDCl3, 100 MHz): δ 169.5 (CO), 138.2, 138.1, 137.7 (ArC), 134.5 (CHVinyl), 128.7, 128.7, 128.6, 128.5, 128.3, 128.2, 128.0, 127.9 (ArCH), 119.9 (CH2Vinyl), 77.8 (C5), 77.6 (C4), 73.2, 72.7 (OCH2Ph), 61.4 (C2), 61.0 (CH2OH), 55.4 (C6), 52.9 (NCH2Ph), 47.2 (C3), 23.6 (CH3Ac); HRMS (ESI) m/z: [M+H]+ Calcd. for C31H37N2O4: 501.2755; found: 501.2748.

(2R,3R,4R,5R,6S)-3-acetamido-2-allyl-1-benzyl-4,5-di(benzyloxy)-6-(hydroxymethyl) piperidine (11b): To a solution of compound 10b (38 mg, 0.07 mmol) in anhydrous toluene (1 mL) were added Et3N (41 µL, 0.29 mmol) and TFAA (31 µL, 0.22 mmol) at 0 °C. The reaction mixture was stirred at 115 °C for 4 h. At room temperature NaOH 10 % (2.9 mL) was added and the reaction mixture was stirred at room temperature for 1 h, then washed with H2O (5 mL) and extracted with EtOAc (2 x 10 mL). The organic layer was dried over MgSO4 and concentrated under reduced pressure after filtration. The residue was purified by flash chromatography (PE/EtOAc: 4:6) to afford compound 11b as a colourless oil (24 mg, 63 %). Rf 0.23 (PE/Et2O: 4/6); [α]D = 18.1° (c 2.0, CHCl3); 1H NMR (CDCl3, 400 MHz): δ 7.45-7.19 (m, 15H, ArCH), 5.78 (d, J = 9.2 Hz, 1H, NH), 5.75-5.63 (m, 1H, CHAll), 5.05-4.95 (m, 1H, CH2All), 4.84 (d, J = 11.4 Hz, 1H, OCH2Ph), 4.66-4.47 (m, 4H, OCH2Ph, H3), 4.08 (d, J = 14.7 Hz, 1H, NCH2Ph), 3.86 (d, J = 14.7 Hz, 1H, NCH2Ph), 3.83-3.77 (m, 2H, H4, H5), 3.64-3.58 (m, 2H, CH2OH), 3.39-3.32 (m, 1H, H6), 2.87 (m, 1H, H2), 2.43-2.29 (m, 1H, CH2All), 2.08-1.95 (m, 1H, CH2All), 1.87 (s, J = 12.1 Hz, 1H, CH3Ac); 13C NMR (CDCl3, 100 MHz): δ 169.7 (CO), 138.0, 138.0 (ArC), 135.9 (CHAll), 128.7, 128.7, 128.7, 128.4, 128.3, 128.1, 128.1, 128.0 (ArCH), 117.0 (CH2All), 77.4 (C5), 75.3 (C4), 74.1, 71.9 (OCH2Ph), 62.5 (C6), 61.0 (CH2OH), 60.3 (C2), 53.5 (NCH2Ph), 46.9 (C3), 34.9 (CH2All), 23.7 (CH3Ac); HRMS (ESI) m/z: [M+H]+ Calcd. for C32H39N2O4: 515.2912, found: 515.2904.

(2R,3R,4R,5R,6S)-3-acetamido-1-benzyl-2-butyl-4,5-di (benzyloxy)-6-(hydroxymethyl) piperidine (11c): To a solution of compound 10c (29 mg, 0.05 mmol) in anhydrous toluene (1 mL) were added Et3N (31 µL, 0.22 mmol) and TFAA (23 µL, 0.16 mmol) at 0 °C. The reaction mixture was stirred at 115 °C for 4 h. At room temperature NaOH 10 % (2.1 mL) was added and the reaction mixture was stirred at room temperature for 1 h, then washed with H2O (5 mL) and extracted with EtOAc (2 x 10 mL). The organic layer was dried over MgSO4 and concentrated under reduced pressure after filtration. The residue was purified by flash chromatography (PE/EtOAc: 4:6) to afford compound 11c as a colourless oil (24 mg, 85 %). Rf 0.35 (PE/Et2O: 4/6); [α]D = 4.3° (c 1.1, CHCl3); 1H NMR (CDCl3, 400 MHz): δ 7.46-7.17 (m, 15H, ArCH), 5.81 (d, J = 9.0 Hz, 1H, NH), 4.84 (d, J = 11.4 Hz, 1H, OCH2Ph), 4.66 (d, J = 9.9 Hz, 1H, OCH2Ph), 4.56 (qAB, J = 2.8 Hz, 2H, OCH2Ph), 4.50-4.45 (m, J = 11.4 Hz, 1H, H3), 4.01 (d, J = 13.0 Hz, 1H, NCH2Ph), 3.88-3.76 (m, 3H, H4, H5, NCH2Ph), 3.75-3.61 (m, 2H, CH2OH), 3.46-3.33 (m, 1H, H6), 2.67 (s, 1H, H2), 2.52 (s, 1H, OH), 1.89 (s, 3H, CH3Ac), 1.54-1.44 (m, 1H, CH2nBu), 1.33 -1.11 (m, 5H, CH2nBu), 0.93-0.73 (m, 3H, CH3nBu); 13C NMR (CDCl3, 100 MHz): δ 169.7 (CO), 138.1, 138.1, 137.8 (ArC), 128.7, 128.7, 128.6, 128.5, 128.3, 128.1, 128.0, 127.4 (ArCH), 77.8, 75.5 (C4, C5), 74.2, 71.9 (OCH2Ph), 62.7 (CH2OH, C2), 61.2 (C6), 53.9 (NCH2Ph), 47.1 (C3), 29.8, 29.4 (CH2nBu), 23.7 (CH3Ac), 22.9 (CH2nBu), 14.1 (CH3nBu); HRMS (ESI) m/z: [M+H]+ Calcd. for C33H43N2O4: 531.3221; found: 531.3217.

(2R,3R,4R,5R,6S)-3-acetamido-1-benzyl-4,5-di(benzyloxy)-6-(hydroxymethyl)-2-phenyl piperidine (11d): To a solution of compound 10d (40 mg, 0.073 mmol) in anhydrous toluene (1.2 mL) were added Et3N (39.2 µL, 0.290 mmol) and TFAA (30.4 µL, 0.218 mmol) at 0 °C. The reaction mixture was stirred at 115 °C for 4 h. At room temperature NaOH 10 % (2.1 mL) was added and the reaction mixture was stirred at room temperature for 2 h, then washed with H2O (5 mL) and extracted with EtOAc (2 x 10 mL). The organic layer was dried over MgSO4 and concentrated under reduced pressure after filtration. The residue was purified by flash chromatography (PE/EtOAc: 5:5) to afford compound 11d as a white foam (18.5 mg, 46 %). Rf 0.37 (PE/EtOAc: 6/4); [α]D = +37.3° (c 0.52, CHCl3); 1H NMR (CDCl3, 400 MHz): δ 7.35-7.06 (m, 20H, ArCH), 5.28 (d, J = 9.7 Hz, 1H, NH), 4.68 (d, J = 11.8 Hz, 1H, OCHPh), 4.61 (ddd, J = 2.7, 10.6, 12.4 Hz, 1H, H3), 4.50 (d, J = 11.8 Hz, 1H, OCHPh), 4.28 (d, J = 11.8 Hz, 1H, OCHPh), 3.87 (d, J = 16.0 Hz, 1H, NCHPh), 3.75 (m, 3H), 3.66 (d, J = 10.8 Hz, 1H), 3.56 (dd, J = 3.2, 11.2 Hz, 1H), 3.48 (d, J = 16.0 Hz, 1H, NCHPh), 3.07 (t, J = 2.7 Hz, 1H, H2), 2.10 (m, 1H, OH), 1.47 (s, 3H, CH3Ac); 13C NMR (CD3COCD3, 100 MHz): δ 168.4 (CO), 140.0, 139.7 (ArC), 130.3, 129.1, 128.7, 128.6, 128.5, 128.3, 127.1 (ArCH), 75.4, 74.4 (C4, C5), 73.4, 72.7 (OCH2Ph), 66.7, 62.4 (3 CH), 61.7 (CH2OH), 54.9 (NCH2Ph), 22.6 (CH3Ac); HRMS (ESI) m/z: [M+H]+ Calcd. for C35H39N2O4: 551.2904; found: 551.2914.

(2R,3R,4R,5R,6S)-3-acetamido-2-ethyl-4,5-diol-6-(hydroxymethyl) piperidine (12a): To a solution of compound 11a (25 mg, 0.05 mmol) in MeOH (2 mL) was added Pd/C 10 % (13 mg), black palladium (13 mg) and HCl 1N (120 µL). The reaction mixture was stirred under hydrogen atmosphere at room temperature for 15 h, then filtered through Celite® and concentrated under reduced pressure to afford compound 12a as a white solid (13 mg, quant.). [α]D = 20.5° (c 0.7, MeOH); 1H NMR (CD3OD, 400 MHz): δ 4.39 (d, J = 11.0 Hz, 1H, H3), 3.90 (d, J = 4.1 Hz, 1H, H5), 3.85-3.76 (m, 2H, CH2OH), 3.75-3.71 (m, 1H, H4), 3.50-3.48 (m, 1H, H6), 3.31-3.18 (m, 1H, H2), 1.95 (s, 3H, CH3Ac), 1.86-1.73 (m, 1H, CH2Et), 1.70-1.56 (m, 1H, CH2Et), 0.99 (t, J = 7.4 Hz, 3H, CH3Et); 13C NMR (CD3OD, 100 MHz): δ 173.9 (CO), 70.5 (C4), 68.6 (C5), 60.8 (CH2OH), 58.3 (C6), 57.1 (C2), 49.3 (C3), 24.9 (CH2Et), 23.5 (CH3Ac), 10.7 (CH3Et); HRMS (ESI) m/z: [M+H]+ Calcd. for C10H21N2O4: 233.1495; found: 233.1496.

(2R,3R,4R,5R,6S)-3-acetamido-4,5-diol-6-(hydroxymethyl)-2-propyl piperidine (12b): To a solution of compound 11b (24 mg, 0.05 mmol) in MeOH (2 mL) was added Pd/C 10 % (12 mg), black palladium (12 mg) and HCl 1 N (112 µL). The reaction mixture was stirred under hydrogen atmosphere at room temperature for 15 h, then filtered through Celite® and concentrated under reduced pressure to afford compound 12b as a white solid (13 mg, quant.). [α]D = 58.5° (c 0.3, MeOH); 1H NMR (CD3OD, 400 MHz): δ 4.44 (dd, J = 16.6, 14.7 Hz, 1H, H3), 3.98 (d, J = 4.0 Hz, 1H, H5), 3.94-3.82 (m, 2H, CH2OH), 3.78 (d, J = 18.9 Hz, 1H, H4), 3.56 (t, J = 13.6 Hz, 1H, H6), 3.38-3.28 (m, 1H, H2), 1.95 (s, 3H, CH3Ac), 1.80-1.72 (m, 1H, CH2Pr), 1.69-1.40 (m, 3H, CH2Pr), 0.97 (t, J = 5.0 Hz, 3H, CH3Pr); 13C NMR (CD3OD, 100 MHz): δ 173.9 (CO), 70.5 (C4), 68.6 (C5), 60.8 (CH2OH), 58.1 (C6), 56.0 (C2), 49.6 (C3), 34.3 (CH2Pr), 23.4 (CH3Ac), 20.6 (CH2Pr), 15.2 (CH3Pr); HRMS (ESI) m/z: [M+H]+ Calcd. for C11H23N2O4: 247.1659; found: 247.1652.

(2R,3R,4R,5R,6S)-3-acetamido-2-butyl-4,5-diol-6-(hydroxymethyl) piperidine (12c): To a solution of compound 11c (18 mg, 0.03 mmol) in MeOH (2 mL) was added Pd/C 10 % (9 mg), black palladium (9 mg) and HCl 1 N (82 µL). The reaction mixture was stirred under hydrogen atmosphere at room temperature for 15 h, then filtered through Celite® and concentrated under reduced pressure to afford compound 12c as a white solid (9 mg, quant.). [α]D = 56.6° (c 0.2, MeOH); 1H NMR (CD3OD, 400 MHz): δ 4.42 (dd, J = 11.5, 2.3 Hz, 1H, H3), 3.91 (d, J = 3.9 Hz, 1H, H5), 3.87-3.75 (m, 2H, CH2OH), 3.75-3.69 (m, 1H, H4), 3.50 (dd, J = 15.9, 9.4 Hz, 1H, H6), 3.30-3.20 (m, 1H, H2), 1.97 (s, 3H, CH3Ac), 1.79-1.66 (m, 1H, CH2nBu), 1.61-1.54 (m, 1H, CH2nBu), 1.51-1.22 (m, 4H, CH2nBu), 0.89 (t, J = 7.1 Hz, 3H, CH3nBu); 13C NMR (CD3OD, 100 MHz): δ 173.8 (CO), 70.6 (C4), 68.7 (C5), 60.9 (CH2OH), 58.3 (C6), 56.2 (C2), 49.7 (C3), 31.8, 29.3, 24.6 (CH2nBu), 23.4 (CH3Ac), 14.8 (CH3nBu); HRMS (ESI) m/z: [M+H]+ Calcd. for C12H25N2O4: 261.1819; found: 261.1809.

(2R,3R,4R,5R,6S)-3-acetamido-4,5-diol-6-(hydroxymethyl)-2-phenyl piperidine (12d): To a solution of compound 11d (13 mg, 0.024 mmol) in a mixture water/dichloroethane (3 mL, 1/1 v/v) were added conc. HCl (4 µL) and black palladium (30 mg). The reaction mixture was stirred at 40°C for 15 h, then filtered through Celite® and concentrated under reduced pressure to afford compound 12d as a white foam (7.5 mg, quant.). [α]D = + 6.4° (c 0.52, MeOH); 1H NMR (CD3OD, 400 MHz): δ 7.54 (m, 2H, CHPh), 7.42 (m, 3H, CHPh), 4.38 (d, J = 11.9 Hz, 1H, H3), 4.03 (m, 1H, H5), 3.94 (m, 1H, H4), 3.86 (m, 3H, H6, CH2OH), 3.73 (m, 1H, H2), 1.68 (s, 3H, CH3Ac); 13C NMR (CD3OD, 100 MHz): δ 172.3 (CO), 134.4 (CPh), 130.8, 130.3, 129,8 (CHPh),70.1 (C4), 68.2 (C5), 60.1 (CH2OH), 59.5 (C6), 58.6 (C2), 49.8 (C3), 22.2 (CH3Ac); HRMS (ESI) m/z: [M+H]+ Calcd. for C14H21N2O4: 281.1496; found: 281.1492.
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