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Experimental

General

TLC was performed on aluminum sheets precoated with silica gel 60 F254 (Merck). Visualization was achieved
by immersing the plates into a 10% solution of phosphomolybdic acid (PMA) in ethanol followed by heating the
plate. Flash column chromatography was carried out on silica gel 60 (0.040-0.060 mm, Merck) with distilled
solvents. All commercially available reagents and anhydrous solvents were used as received. p-Nitrophenyl a-D-
mannopyranoside (pNP-Manp) and Jack bean a-mannosidase were purchased from Sigma; swainsonine and DIM
from Carbosynth. All reactions containing sensitive reagents were carried out under a nitrogen atmosphere. 'H
NMR and *3C NMR spectra were recorded at 25 °C with a Bruker AVANCE |11 HD 400 spectrometer. Chemical
shifts are given in ppm (8) relative to the residual signal of the appropriate deuterated solvent used (CDCls,
CDs0D, D,0). Optical rotations were determined on a Jasco P-2000 polarimeter at 20 °C. High-resolution mass
spectra were recorded with an Orbitrap Elite (Thermo Scientific) mass spectrometer with ESI ionization in

positive mode. The compounds for biological assays were lyophilized before the use.
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Synthesis

2,3-O-Isopropylidene-1,4-di-O-methanesulfonyl-5-O-trityl-L-ribitol (2)
EtsN (12.16 mL, 87.3 mmol) was added to a stirred solution of diol 1 [1] (15.16 g,

. . . . M
34.9 mmol) in CH.Cl> (400 mL) and the reaction mixture was cooled to 0 °C (ice~ | /""" OMS_oms
water bath). MsClI (6.48 mL, 83.8 mmol) was added dropwise and the reaction mixture dy
was stirred for 15 min. Then, the ice—water bath was removed and the reaction mixture ><

was stirred at rt overnight. Next, the reaction mixture was washed with water (3 x
200 mL), and the aqueous layer was extracted with CH,Cl, (200 mL). The combined organic extracts were dried
over Na;SOy, filtered, and the solvent was evaporated under reduced pressure. The crude product was purified by
column chromatography on silica gel (EtOAc/hexane 1:2) to afford dimesylate 2 as a white solid (16.56 g, 80%).
Rr = 0.18 (EtOAc/hexane 1:2); [a]o = +18.4 (¢ = 1.0; CHCls); *H NMR: (400 MHz; CDCls), 8/ppm: 7.47-7.40
(m, 6H, Ar), 7.36-7.23 (m, 6H, Ar), 7.21-7.16 (m, 3H, Ar), 4.91 (ddd, 1H, J = 7.2, 4.9, 2.6 Hz, 4H), 4.58-4.42
(m, 3H, H-1a, H-2, H-3), 4.33 (dt, 1H, J = 10.6, 5.4 Hz, H-1b), 3.57 (dd, 1H, J = 11.3, 2.6 Hz, H-5a), 3.46 (dd,
1H, J =11.3, 4.9 Hz, H-5b), 3.03 and 2.89 (2s, each 3H, 2xS02CHs), 1.43 and 1.37 [2s, each 3H, C(CHs)z]; 3C
NMR: (100 MHz; CDCls), 8/ppm: 143.0, 128.7, 128.04, 127.4 (Ar), 109.7 [C(CHs),], 87.5 (CPhs), 78.7 (C-4),
75.1 (C-3), 74.4 (C-2), 68.2 (C-1), 62.8 (C-5), 39.3 and 37.5 (OSOCH3), 27.5 and 25.4 [C(CHs)2]. HRMS (ESI,
m/z): calculated for C29H3400S; [M+H]*: 591.1717; found: 591.1715.

(3aS,4R,6aR)-5-Benzyl-2,2-dimethyl-4-((trityloxy)methytetrahydro-3aH-[1,3]dioxolo[4,5-c]pyrrole (3)
A solution of dimesylate 2 (16.43 g, 28.0 mmol) in BnNH, (100 mL) was stirred at 120 °C
for 7 h. Next, BnNH, was evaporated under reduced pressure and the residue was dissolved [
in CHCI3 (250 mL). The reaction mixture was washed with water (3 x 100 mL), the organic TFO/\S—Z
layer was separated, dried over Na,SO,, filtered and the solvent was evaporated under o O

reduced pressure. The crude product was purified by column chromatography on silica gel ><
(EtOAc/hexane 9:1) to afford pyrrolidine 3 as a thick yellow oil (14.33 g, quant.). Re=0.17

(EtOAc/hexane 9:1); [a]po = —31.1 (c = 1.0; CHCls); *H NMR: (400 MHz; CDCls), §/ppm: 7.51-7.43 (m, 5H, Ar),
7.32-7.10 (m, 15H, Ar), 4.70 (dd, 1H, J = 6.4, 4.9 Hz, H-3a), 4.55 (dd, 1H, J = 6.4, 4.6 Hz, H-6a), 4.06 (d, 1H, J
= 13.7 Hz, NCH,A), 3.65 (dd, 1H, J = 9.5, 6.1 Hz, CH,0OTr), 3.31 (dd, 1H, J = 9.5, 5.4 Hz, CH,OTr), 3.09 (d,
1H, J=13.7 Hz, NCH,Ar), 2.95 (d, 1H, J = 11.1 Hz, H-6), 2.39 (q, 1H, J = 5.5 Hz, H-4), 1.98 (dd, 1H, J=11.1,
4.7 Hz, H-6°), 1.38 and 1.29 [2s, each 3H, C(CHs)2]; 3C NMR: (100 MHz; CDCl3), 8/ppm: 144.2, 138.7, 128.9,
128.6, 128.1, 127.7, 126.8, 126.7 (Ar), 111.2 [C(CH;).], 87.0 (CPh3), 81.2 (C-3a), 78.2 (C-6a), 67.5 (C-4), 62.3
(CH,OTTr), 59.6 (C-6), 57.8 (NCH,Ar), 26.3 and 26.0 [C(CHs).]. HRMS (ESI, m/z): calculated for C3sH3sNO3
[M+H]*: 506.2690; found: 506.2693.
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((3aS,4R,6aR)-5-Benzyl-2,2-dimethyltetrahydro-3aH-[1,3]dioxolo[4,5-c]pyrrol-4-yl)methanol (4)
In a manner similar to [2], PTSA-H,0 (1.41 g, 7.42 mmol) was added to a stirred solution
of tritylether 3 (2.50 g, 4.94 mmol) in CH,Cl; (50 mL) and MeOH (25 mL) and the reaction [
mixture was stirred at rt for 24 h. Next, PTSA was neutralized with conc. NH; solution Ho/\g_z

(2 mL) and the solvent was evaporated under reduced pressure. The crude product was o 0

purified by column chromatography on silica gel (EtOAc/hexane 2:3) to afford alcohol 4 ><
as a thick yellow oil (0.90 g, 69%). Re = 0.20 (EtOAc/hexane 2:3); [a]o = —60.9 (¢ = 1.0;

CHCIls); *H NMR: (400 MHz; CDCly), 8/ppm: 7.32-7.20 (m, 5H, Ar), 4.72 (dd, 1H, J = 6.4, 4.9 Hz, H-3a), 4.59
(dd, 1H, J = 6.4, 4.7 Hz, H-6a), 4.05 (d, 1H, J = 13.4 Hz, NCH,Ar), 3.97-3.93 (m, 2H, CH,OTr), 3.23 (d, 1H, J
= 13.4 Hz, NCH,Ar), 3.08 (d, 1H, J = 11.1 Hz, H-6), 2.60 (br s, 1H, OH), 2.37 (dd, 1H, J = 9.2, 4.8 Hz, H-4),
2.14 (dd, 1H,J=11.1, 4.7 Hz, H-6), 1.55 and 1.32 [2s, each 2H, C(CHa)2]; 3C NMR: (100 MHz; CDCl3), 8/ppm:
138.0, 128.8, 128.3, 127.1 (Ar), 111.5 [C(CHs).], 81.9 (C-3a), 77.9 (C-6a), 67.1 (C-4), 59.7 (CH,OTr), 58.7 (C-
6), 56.7 (NCH:Ar), 26.2 and 25.0 [C(CHj3),]; HRMS (ESI, m/z): calculated for C15H,1NO3s [M+Na]*: 286.1414;
found 286.1422.

((3aS,4R,6aR)-5-Benzyl-2,2-dimethyltetrahydro-3aH-[1,3]dioxolo[4,5-c]pyrrol-4-yl)methyl 4-

methylbenzenesulfonate (5)

In a manner similar to [2], DMAP (723 mg, 5.92 mmol) was added to a stirred solution of

alcohol 4 (780 mg, 2.96 mmol) in CH,Cl, (25 mL) and the reaction mixture was cooled to En
0 °C (ice—water bath). TsCI (791 mg, 4.15 mmol) was added and the reaction mixture was TSO/\S_Z
stirred for 15 min. Then, the ice—water bath was removed and the reaction mixture was o O
stirred at rt for 3 h. Next, the reaction mixture was washed with water (2 x 15 mL), organic ><

layer was separated, dried over Na SO, filtered and the solvent was evaporated under

reduced pressure. The crude product was purified by column chromatography on silica gel (EtOAc/hexanes 1:4)
to afford tosylate 5 as a thick yellow oil (1.1 g, 88%). R = 0.27 (EtOAc/hexane 1:4); [a]o = —65.6 (¢ = 1.0;
CHCI3); *H NMR: (400 MHz; CDCl3), 8/ppm: 7.79-7.75 (m, 2H, Ar), 7.35-7.12 (m, 7H, Ar), 4.61 (dd, 1H, J =
6.3, 4.9 Hz, H-3a), 4.55 (dd, 1H, J = 6.4, 4.5 Hz, H-6a), 4.31 (dd, 1H, J = 10.0, 6.5 Hz, CH,OTs), 4.16 (dd, 1H, J
=10.0, 5.1 Hz, CH,0Ts), 3.96 (d, 1H, J = 13.7 Hz, NCH,Ar), 3.25 (d, 1H, J = 13.7 Hz, NCH,Ar), 3.01 (d, 1H, J
=11.2 Hz, H-6), 2.60 (dd, 1H, J = 10.9, 5.3 Hz, H-4), 2.44 (s, 3H, CH3-CsH4S02), 2.09 (dd, 1H, J = 11.3, 4.3 Hz,
H-6), 1.37 and 1.24 [2s, each 3H, C(CHs)2]; *C NMR: (100 MHz; CDCls), &/ppm: 144.7, 138.0, 132.8, 129.8,
1285, 128.3, 128.1, 127.1 (Ar), 111.5 [C(CHs)2], 80.3 (C-3a), 77.9 (C-6a), 68.9 (CH.OTs), 65.8 (C-4), 59.4 (C-
6), 57.6 (NCH;Ar), 26.1 and 25.4 [C(CHs3);], 21.63 (CHs3-CeHsSO2); HRMS (ESI, m/z): calculated for
C2H27NOsS [M+H]*: 418.1683; found 418.1699.

(3aS,4R,6aR)-5-Benzyl-2,2,4-trimethyltetrahydro-3aH-[1,3]dioxolo[4,5-c]pyrrole (6)

In a manner similar to [2], LiBHEt; (1.7 M in THF, 9.10 mL, 15.50 mmol) was added dropwise B
to a stirred solution of tosylate 5 (1.08 g, 2.59 mmol) in anhydrous THF (30 mL) at 0 °C (ice— N
water bath) under a nitrogen atmosphere. After 15 min of stirring, the ice—water bath was

removed and the reaction mixture was stirred at 40 °C overnight. Next, the reaction mixture o_ 0O
was carefully quenched with water (2.5 mL) while cooling to 0 °C (ice—water bath). The solvent

was evaporated under reduced pressure and the residue was partitioned between water (40 mL)
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and EtOAc (40 mL). Layers were separated and the aqueous layer was extracted with EtOAc (40 mL). The
combined organic extracts were dried over Na,SO,, filtered and the solvent was evaporated under reduced
pressure. The crude product was purified by column chromatography (EtOAc/hexane 1:6) to afford pyrrolidine 6
as a colorless oil (530 mg, 83%). Re = 0.29 (EtOAc/hexane 1:6); [a]po = —70.8 (c = 1.0; CHCl3); *H NMR: (400
MHz; CDCls), 6/ppm: 7.33-7.18 (m, 5H, Ar), 4.56 (dd, 1H, J = 6.4, 4.6 Hz, H-6a), 4.49 (dd, 1H, J = 6.4, 4.7 Hz,
H-3a), 4.03 (d, 1H, J = 13.5 Hz, NCH,Ar), 3.09 (d, 1H, J = 13.5 Hz, NCH,Ar), 3.01 (d, 1H, J = 11.1 Hz, H-6),
2.24-2.14 (m, 1H, H-4), 1.97 (dd, 1H, J = 11.1, 4.6 Hz, H-6), 1.55 and 1.33 [2s, each 3H, C(CHs)2], 1.23 (d, 3H,
J = 6.3 Hz, CH3); °C NMR: (100 MHz; CDCl3), §/ppm: 138.8, 128.6, 128.2, 126.8 (Ar), 111.1 (C(CHs),), 82.5
(C-3a), 78.1 (C-6a), 62.8 (C-4), 59.4 (C-6), 56.6 (NCHAr), 26.4 and 25.8 [C(CH3).], 12.6 (CHs); HRMS (ESI,
m/z): calculated for C15H1NO, [M+H]*: 248.1645; found 248.1648.

(2R,3S,4R)-1-Benzyl-2-methylpyrrolidine-3,4-diol (7)
In a manner similar to [2], 20% HCI (1.5 mL) was added to a stirred solution of acetonide 6
(64 mg, 0.26 mmol) in MeOH (3 mL) while cooling to 0 °C (ice—water bath). After 15 min Bn

|
. . . . . N
of stirring, the ice—water bath was removed and the reaction mixture was stirred at rt \S_—Z

overnight. Next, HCI was carefully neutralized with solid Na,CO; (0.6 g). The resulting

HO  OH

suspension was filtered, the filtration cake was washed with MeOH (5 mL) and the filtrate

was concentrated. The residue was suspended in CH;Cl, (10 mL), filtered and the solvent was evaporated under
reduced pressure. The crude product was purified by column chromatography on silica gel (MeOH/CHCI; 1:10
containing 0.5% (v/v) conc. NHj3) to afford pyrrolidine 7 as a yellow oil (38 mg, 70%). Rr = 0.28 (MeOH/CHCl;
1:10 containing 0.5 % (v/v) conc. NH3); [a]p = —41.8 (¢ = 1.0; CHCl); *H NMR: (400 MHz; CDCls), §/ppm:
7.36-7.19 (m, 5H, Ar), 4.11 (td, 1H, J = 5.8, 2.1 Hz, H-4), 3.99 (t, 1H, H-3), 3.97 (d, 1H, J = 13.0 Hz, NCHAr),
3.17 (d, 1H, J = 13.0 Hz, NCHAr), 2.77 (dd, 1H, J = 10.8, 2.0 Hz, H-5), 2.51 (p, 1H, J = 6.3 Hz, H-2), 2.32 (dd,
1H, J=10.9, 6.0 Hz, H-5), 1.21 (d, 3H, J = 6.5 Hz, CH3); *C NMR: (100 MHz; CDCls), 6/ppm: 138.1, 129.0,
128.3, 127.2 (Ar), 73.6 (C-3), 70.0 (C-4), 62.0 (C-2), 59.4 (C-5), 57.2 (NCH,Ar), 13.3 (CHs); HRMS (ESI, m/z):
calculated for C1,H;:7NO, [M+H]*: 208.1332; found 208.1335.

(2R,3S,4R)-1-(4-lodobenzyl)-2-methylpyrrolidine-3,4-diol (8)
In a manner similar to [2], a suspension of 10% Pd-C (25 mg, 10 wt %) and

pyrrolidine 6 (250 mg, 1.01 mmol) in MeOH (10 mL) was stirred at rt under a I
hydrogen atmosphere (balloon) for 48 h. The catalyst was filtered off, the filtrate was (©/
cooled to 0 °C (ice—water bath) and conc. HCI (0.38 mL) was added. The ice—water N

bath was removed and the reaction mixture was stirred at 40 °C for 2 h. The solvents \S_Z

were evaporated to dryness to give the corresponding hydrochloride as white solid HO OH

(174 mg), which was used in next reaction without further purification and

characterization. To a suspension of the hydrochloride in anhydrous DMF (10 mL), K,CO;3 (418 mg, 3.03 mmol,
3 equiv) and 4-iodobenzyl bromide (359 mg, 1.21 mmol, 1.2 equiv) were added and the reaction mixture was
stirred at rt overnight. Next, the reaction mixture was partitioned between water (40 mL) and EtOAc (40 mL), the
organic layer was separated and washed with water (40 mL). The organic layer was dried over Na,SO,, filtered
and the solvent was evaporated under reduced pressure. The crude product was purified by column
chromatography on silica gel (MeOH/CHCI; 1:10 containing 0.5% (v/v) conc. NHs) to afford pyrrolidine 8 as an
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orange solid (207 mg, 61%). Rr = 0.18 (MeOH/CHCI; 1:10 containing 0.5 % (v/v) conc. NH3); [a]o = —25.6 (C
= 1.0; CHCIs3); *H NMR: (400 MHz; CDCls3), 8/ppm: 7.63 (d, 2H, J = 8.7 Hz, Ar), 7.04 (d, 2H, J = 8.2 Hz, Ar),
4.13 (td, 1H, J=5.8, 2.2 Hz, H-4), 4.00 (t, 1H, J = 5.5 Hz, H-3), 3.91 (d, 1H, J = 13.2 Hz, NCH,Ar), 3.12 (d, 1H,
J =13.2 Hz, NCHAr), 2.78 (dd, 1H, J = 10.8, 2.1 Hz, H-5), 2.58 (br s, 2H, OH), 2.52 (p, 1H, J = 7.7 Hz, H-2),
2.31(dd, 1H, J=10.8, 6.0 Hz, H-5"), 1.19 (d, 3H, J = 6.5 Hz, CH3); **C NMR: (100 MHz; CDCls), §/ppm: 137.9,
137.5, 130.9, 92.5 (Ar), 73.6 (C-3), 70.0 (C-4), 62.1 (C-2), 59.4 (C-5), 56.8 (NCH,Ar), 13.3 (CH3); HRMS (ESI,
m/z): calculated for C12Hi6INO, [M+Na]*: 356.0118; found 356.0128.

(2R,3S,4R)-2-Methyl-1-(naphthalen-2-ylmethyl)pyrrolidine-3,4-diol (9)
In a manner similar to [2], a suspension of 10% Pd-C (6.5 mg, 10 wt %) and pyrrolidine

6 (65 mg, 0.26 mmol) in MeOH (5 mL) was stirred at rt under a hydrogen atmosphere ‘O
(balloon) for 48 h. The catalyst was filtered off, the filtrate was cooled to 0 °C (ice—water

bath) and conc. HCI (0.10 mL) was added. The ice—water bath was removed and the \Siz

reaction mixture was stirred at 40 °C for 2 h. The solvents were evaporated to dryness to
HO OH

give the corresponding hydrochloride as white solid (37.7 mg), which was used in next
reaction without further purification and characterization. To a suspension of the hydrochloride in anhydrous DMF
(2 mL), K,CO3 (102 mg, 0.74 mmol, 3 equiv) and 2-(bromomethyl)naphthalene (65 mg, 0.29 mmol, 1.2 equiv)
were added and the reaction mixture was stirred at rt overnight. Next, the reaction mixture was partitioned between
water (20 mL) and EtOAc (20 mL), the organic layer was separated and washed with water (20 mL). The organic
layer was dried over Na,SQ,, filtered and the solvent was evaporated under reduced pressure. The crude product
was purified by column chromatography on silica gel (CHCIs/MeOH 10:1 containing 0.5% (v/v) conc. NHs) to
afford pyrrolidine 9 as a yellow oil (47.4 mg, 70%). R 0.16 (CHCIl3/MeOH 10 :1 containing 0.5 % (v/v) conc.
NH;); [a]o = -55.4 (c 0.25; MeOH); *H NMR: (400 MHz; CD3;0OD), &/ppm: 7.89-7.79 (m, 4H, Ar), 7.55-7.46
(m, 3H, Ar), 4.19 (td, 1H, J = 5.8, 2.2 Hz, H-4), 4.15 (d, 1H, J = 13.2 Hz, NCHAr), 4.02 (t, 1H, J = 5.5 Hz, H-
3), 3.44 (d, 1H, J = 13.0 Hz, NCH2Ar), 2.85 (dd, 1H, J = 10.8, 3.4 Hz, H-5), 2.67 (dt, 1H, J = 12.4, 6.2 Hz, H-2),
2.57 (dd, 1H, J = 10.8, 6.8 Hz, H-5), 1.26 (d, 3H, J = 6.5 Hz, CH3); **C NMR: (100 MHz; CD;0D), &/ppm:
137.1, 134.8,134.3, 128.9, 128.8, 128.7, 128.6, 128.5, 127.0, 126.7 (Ar), 74.4 (C-3), 70.6 (C-4), 64.2 (C-2), 60.6
(C-5), 59.4 (NCH:Ar), 13.3 (CHg); HRMS (ESI, m/z): calculated for CisHi1sNO, [M+Na]*: 258.1489; found
258.1488.

(2R,3S,4R)-2-Methylpyrrolidine-3,4-diol hydrochloride (10)
A suspension of 10% Pd-C (9.3 mg, 10 wt %) and pyrrolidine 7 (93.3 mg, 0.45 mmol,
1 equiv) in MeOH (10 mL) was stirred at rt under a hydrogen atmosphere (balloon) for 'T"HCl

3 h. The catalyst was filtered, the filtrate was cooled to 0 °C (ice—water bath) and conc. N

HCI (0.15 mL) was added. The ice—water bath was removed and the reaction mixture \S—Z
was stirred at 40 °C for 2 h. The solvents were evaporated and the product was HO OH
lyophilized to give 10 as a yellowish solid (47.1 mg, 68%). Rr 0.03 (EtOAc/MeOH 3:1
containing 0.5% (v/v) conc. NHa); [a]p = +25.7 (¢ 0.29; H,0); *H NMR: (400 MHz; CD30D), 8/ppm:  4.44 (td,
1H,J =7.7,4.0 Hz, H-4), 4.05 (t, 1H, J = 3.7 Hz, H-3), 3.63 (qd, 1H, J = 6.8, 3.4 Hz, H-2), 3.46 (dd, 1H, J=11.7,
7.9 Hz, H-5), 3.12 (dd, 1H, J = 11.7, 7.4 Hz, H-5¢), 1.43 (d, 3H, J = 6.5 Hz, CH3). 3C NMR: (100 MHz; CDs0D),
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S/ppm: & 72.6 (C-3), 72.1 (C-4), 48.5 (C-2), 59.2 (C-5), 12.2 (CHa); HRMS (ESI, m/z): calculated for CsH;iNO,
[M+H]*: 118.0863; found 118.0863.

(3aS,4R,6aR)-Benzyl 2,2-dimethyl-4-((trityloxy)methyl)dihydro-3aH-[1,3]dioxolo[4,5-c]pyrrol-5(4H)-
carboxylate (11)
In a manner similar to [2], a suspension of 10% Pd-C (0.5 g, 10 wt %) and N-

benzylpyrrolidine 3 (5.06 g, 10.0 mmol) in MeOH (10 mL) was stirred at rt under a '
hydrogen atmosphere (balloon) for 48 h. The catalyst was filtered off and the solvent was TrOAS__Z
evaporated under reduced pressure. The residue was dissolved in CH,Cl, (70 mL) and Et;N o 0
(3.48 mL, 25.0 mmol) was added to the reaction mixture. While cooling to 0 °C (ice—water ><
bath), CbzClI (45% in toluene, 7.50 mL, 0.02 mol) was added to the reaction mixture. After

15 min of stirring, the ice—water bath was removed and the reaction mixture was stirred at rt for 2 h. Next, the

reaction mixture was washed with water (2 x 70 mL), the layers separated and the aqueous layer was extracted
with CH,Cl, (50 mL). The combined organic extracts were dried over Na,SOs, filtered and the solvent was
evaporated under reduced pressure. The crude product was purified by column chromatography on silica gel
(EtOAc/hexanes 1:4) to afford carboxylate 11 as a white solid (4.99 g, 91%). Re = 0.21 (EtOAc/hexane 1:4); [a]o
=—26.6 (c = 1.0; CHCl3); *H NMR: (400 MHz; CDCls), 8/ppm: 7.51-7.42 (m, 5H, Ar), 7.41-7.12 (m, 15H, Ar),
5.16 (d, 1H, J = 12.3 Hz, OCHPh), 4.99 (d, 1H, J = 12.3 Hz, OCH,Ph), 4.79 (t, 1H, J = 6.7 Hz, H-3a), 4.69 (td,
1H,J=7.1, 43 Hz, H-6a), 4.28 (q, 1H, J = 6.7 Hz, H-4), 3.92 (dd, 1H, J = 12.2, 7.3 Hz, H-6), 3.39 (t, 1H, J= 7.8
Hz, CH,0OTr), 3.31 (dd, 1H, J = 9.1, 6.8 Hz, CH,0Tr), 3.23 (dd, 1H, J=12.4, 4.4 Hz, H-6"), 1.29 and 1.24 [2s,
each 3H, C(CHs)2]; 3C NMR: (100 MHz; CDCls), 8/ppm: 154.7 (CO), 144.2, 136.6, 128.9, 128.5, 128.1, 127.7,
126.9 (Ar), 113.2 [C(CHs),], 86.8 (CPhs), 79.5 (C-3a), 77.7 (C-6a), 67.1 (OCH,Ph), 61.4 (CH,OTr), 58.9 (C-4),
50.4 (C-6), 26.1 and 25.0 [C(CHs),]; HRMS (ESI, m/z): calculated for CssHssNOs [M+Na]*: 572.2407; found
572.2411.

(3aS,4R,6aR)-Benzyl 4-(hydroxymethyl)-2,2-dimethyldihydro-3aH-[1,3]dioxolo[4,5-c]pyrrol-5(4H)-
carboxylate (12)

In a manner similar to [2], PTSA-H,0 (24 mg, 0.13 mmol) was added to a stirred solution

of trityl ether 11 (1.74 g, 3.17 mmol) in CH,Cl, (30 mL) and MeOH (1 mL) and the reaction ,ibz
mixture was stirred at rt for 20 min. Next, PTSA was neutralized with conc. NHs solution HO

(0.24 mL), the reaction mixture was dried over Na,SO,, filtered and the solvent was /\OS—ZO
evaporated under reduced pressure. The crude product was purified by column ><

chromatography on silica gel (EtOAc/hexane 1:1) to afford alcohol 12 as a colorless oil
(874 mg; 90%). Rr = 0.25 (EtOAc/hexane 1:1); [a]o = —22.6 (¢ = 1.0; CHCIs3); *H NMR: (400 MHz; CDCly),
§/ppm: 7.45-7.17 (m, 5H, Ar), 5.16 (d, 1H, J = 12.3 Hz, OCH,Ph), 5.12 (d, 1H, J = 12.3 Hz, OCH,Ph), 4.81 (br
s, 1H), 4.72 (br s, 1H), 4.35 (br s, 1H), 3.90 (br s, 3H), 3.65 (br s, 2H), 1.49 and 1.33 [2s, each 3H, C(CHs)]; *C
NMR: (100 MHz; CDCls), 8/ppm: C=0 not observed, 136.2, 128.6, 128.2, 128.1 (Ar), 112.6 [C(CHs3).], 80.4,
77.6,67.4 (OCH,Ph), 62.1,51.8, 26.3 and 24.8 [C(CHs).]; HRMS (ESI, m/z): calculated for C16H2:NOs [M+Na]*:
330.1312; found 330.1323;.
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(3aS,4R,6aR)-Benzyl 4-((S)-1-hydroxyethyl)-2,2-dimethyldihydro-3aH-[1,3]dioxolo[4,5-c]pyrrol-5(4H)-
carboxylate (13)

In a manner similar to [2], DMP (1.72 g, 4.05 mmol) was added to a stirred solution of
alcohol 12 (860 mg, 2.7 mmol) in CH,Cl, (27 mL) and the reaction mixture was stirred at HO i
rt for 1 h. The reaction mixture was washed with saturated NaHCO3 solution (2 x 15 mL) /\Y_Z
and 10% Na,S,05 solution (15 mL). The organic layer was dried over Na,SQ,, filtered and

the solvent was evaporated to give the corresponding aldehyde (887 mg), which was used ><

in next reaction without further purification and characterization. MeMgBr (3 M in Et,0,
3.15 mL, 9.45 mmol) was added to the solution of the aldehyde in anhydrous Et,O (27 mL) while cooling to 0 °C
(ice—water bath) under a nitrogen atmosphere. After 15 min of stirring, the ice—water bath was removed and the
reaction mixture was stirred at rt for 1 h. The reaction mixture was quenched with saturated NH4CI solution
(10 mL) and water (30 mL) was added. The layers were separated and the aqueous layer was extracted with Et,O
(20 mL). The combined organic extracts were dried over Na;SOs, filtered and the solvent was evaporated under
reduced pressure. The crude product was purified by column chromatography (EtOAc/hexane 1:2) to afford
pyrrolidine 13 as a white solid (549 mg, 63%). Rr = 0.16 (EtOAc/hexane 1:2); [a]o = —5.0 (¢ = 1.0; CHCI3); H
NMR: (400 MHz; CDCls), 6/ppm: 7.39-7.25 (m, 5H, Ar), 5.14 (s, 2H, OCH,Ph), 4.72-4.60 (m, 2H), 4.21 (pd,
1H, J=6.4, 3.8 Hz, CHOH), 3.64 (br s, 3H), 1.47 and 1,31 [2s, each 3H, C(CHz3)2], 1.34 (d, 3H, J=6.3 Hz, CH3);
13C NMR: (100 MHz; CDCls), 8/ppm: 136.2, 128.6, 128.2, 128.0 (Ar), 112.5 [C(CHs)], 80.4, 67.5 (OCH,Ph),
66.7,52.5, 26.8 and 24.9 [C(CHs),], 20.4 (CHs); HRMS (ESI, m/z): calculated for C17H,3NOs [M+Na]*: 344.1468;
found 344.1483.

General method for alkylation (Method A)

In a manner similar to [2], a suspension of 10% Pd-C (10 wt % of 13) and alcohol 13 (0.35 mmol, 1 equiv) in
MeOH (5 mL) was stirred at rt under a hydrogen atmosphere (balloon) for 2 h. The catalyst was filtered off and
the solvent was evaporated under reduced pressure. The crude amine was dissolved in anhydrous DMF
(5 mL/0.35mmol of amine) and the reaction mixture was cooled to 0 °C (ice—water bath). K,COs (1.4 equiv) and
the corresponding bromide (1 equiv) were added and the reaction mixture was stirred for 15 min. Then, the ice—
water bath was removed and the reaction mixture was stirred at rt overnight. The reaction mixture was partitioned
between water (50 mL) and EtOAc (25 mL) and the layers were separated. The organic layer was washed with
water (50 mL) and brine (5 mL), dried over Na,SOs, filtered and the solvent was evaporated under reduced

pressure. The crude product was purified by column chromatography on silica gel.

(S)-1-((3aS,4R,6aR)-5-Benzyl-2,2-dimethyltetrahydro-3aH-[1,3]dioxolo[4,5-c]pyrrol-4-yl)ethanol (14)
Reduction of 13 (155 mg, 0.48 mmol, 1 equiv) afforded the crude amine, which was
directly reacted with K,COj3 (93 mg) and BnBr (57 L) following the general procedure K©
Method A. The crude product was purified by column chromatography on silica gel HQ_
(MeOH/CHCI; 1:60) to afford pyrrolidine 14 (46 mg, 35%) as colorless oil. Re = 0.15 /\i_z
(MeOH/CHCI; 1:60); [a]o = —59.9 (¢ = 1.0; CHCI3); *H NMR: (400 MHz; CDCls), o__ 0O
§/ppm: 7.38-7.20 (m, 5H, Ar), 4.64 (dd, 1H, J = 6.4, 4.9 Hz, H-3a), 4.58-4.53 (m, 1H, A
H-6a), 4.33 (d, 1H, J = 13.3 Hz, NCH,Ar), 4.26-4.17 (m, 1H, CHOH), 3.20 (d, 1H, J =

13.3 Hz, NCH,Ar), 3.04 (d, 1H, J = 11.4 Hz, H-6), 2.54 (br s, 1H, OH), 2.33 (t, 1H, J = 4.9 Hz, H-4), 2.14 (dd,
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1H, J = 11.4, 4.9 Hz, H-6"), 1.53 and 1.29 [2s, each 3H, C(CH3)], 1.41 (d, 3H, J = 6.6 Hz, CH3); *C NMR: (100
MHz; CDCl), 8/ppm: 139.0, 128.5, 128.4 (Ar), 111.2 [C(CHs)z], 81.8 (C-3a), 77.8 (C-6a), 71.8 (C-4), 66.5
(CHOH), 59.2 (C-6), 58.8 (NCH.AT), 26.3 and 22.3 [C(CHs)z], 25.0 (CHs); HRMS (ESI, m/z): calculated for
C1sH2sNO [M+H]*: 278.1751; found 278.1758.

(S)-1-((3aS,4R,6aR)-5-(4-lodobenzyl)-2,2-dimethyltetrahydro-3aH-[1,3]dioxolo[4,5-c]pyrrol-4-yl)ethanol
(15)
Reduction of 13 (113 mg, 0.35 mmol, 1 equiv) afforded the crude amine, which

was directly reacted with K,CO; (67 mg) and 4-iodobenzyl bromide (104 mg) '
following the general procedure Method A. The crude product was purified by HO p/

as a colorless oil (88 mg, 62%). Rr = 0.16 (MeOH/CHClI; 1:60); [a]o = —36.3 (¢ =
1.0; CHCI3); *H NMR: (400 MHz; CDCls), 8/ppm: 7.60 (d, 2H, J = 8.3 Hz, Ar), ><
7.10(d, 2H, J=8.2 Hz, Ar), 4.63 (dd, 1H, J = 6.4, 4.8 Hz, H-3), 4.55 (dd, 1H, J =
6.3,4.9 Hz, H-2), 4.32 (d, 1H, J = 13.5 Hz, NCH,Ar), 4.25-4.16 (m, 1H, H-5), 3.12 (d, 1H, J = 13.5 Hz, NCH,Ar),
3.00 (d, 1H, J = 11.3 Hz, H-1a), 2.36 (s, 1H, OH), 2.30 (t, 1H, J = 5.0 Hz, H-4), 2.08 (dd, 1H, J = 11.3, 4.8 Hz,
H-1b), 1.52 and 1.28 [2s, each 3H, C(CHs)z], 1.40 (d, 3H, J = 6.6 Hz, CHs); *C NMR: (100 MHz; CDCls), §/ppm:
138.9, 137.4, 130.4 (Ar), 111.2 [C(CHs)], 92.1 (Ar), 81.8 (C-3), 77.6 (C-2), 71.7 (C-4), 66.9 (C-5), 59.3 (C-1),
58.0 (NCH,Ar), 26.3 and 25.0 [C(CHs),], 22.3 (CHs); HRMS (ESI, m/z): calculated for C16H22INO3 [M+Na]*:
426.0537; found 426.0551.

column chromatography on silica gel (MeOH/CHCI; 1:60) to afford pyrrolidine 15 /\giz

(S)-1-((3aS,4R,6aR)-2,2-Dimethyl-5-(naphthalen-2-ylmethyl)tetrahydro-3aH-[1,3]dioxolo[4,5-c]pyrrol-4-
yl)ethanol (16)
Reduction of 13 (140 mg, 0.44 mmol, 1 equiv) afforded the crude amine, which was

directly reacted with K,CO3 (84 mg) and 2-(bromomethyl)naphthalene (96 mg)
HQ

following the general procedure Method A. The crude product was purified by

: N
column chromatography on silica gel (EtOAc/hexane 8:1—4:1) to afford pyrrolidine /\g_z
16 as a colorless oil, (64.4 mg, 46%). Re = 0.15 (MeOH/CHCI; 1:60); [o]o = -137.6 oxo
(c 0.22; CHCls); 'H NMR: (400 MHz; CDCl3), 8/ppm: 7.86-7.71 (m, 4H, Ar), 7.53

(dd, 1H, J=8.4, 1.6 Hz, Ar), 7.48-7.40 (m, 2H, Ar), 4.66 (dd, 1H, J=6.4, 4.9 Hz, H-

3a), 4.61-4.55 (m, 1H, H-6a), 4.51 (d, 1H, J = 13.3 Hz, NCH.Ar), 4.30-4.24 (m, 1H, CHOH), 3.41 (d, 1H, J =
13.3 Hz, NCH,Ar), 3.06 (d, 1H, J = 11.5 Hz, H-6), 2.41 (t, 1H, J = 5.0 Hz, H-4), 2.22 (dd, 1H, J = 11.5, 4.9 Hz,
H-6), 1.56 and 1.30 [2s, each 3H, C(CH3),), 1.45 (d, 3H, J = 6.6 Hz, CHs); *C NMR: (100 MHz; CDCls), §/ppm:
136.6, 133.5, 132.9, 128.2, 127.9, 127.8, 127.1, 127.0, 126.1, 125.7 (Ar), 111.4 [C(CHzs),], 81.9 (C-3a), 77.9 (C-
6a), 72.0 (C-4), 66.7 (CHOH), 59.3 (C-6), 59.0 (NCH,Ar), 26.4 and 22.4 [C(CHs)], 25.1 (CHs); HRMS (ESI,
m/z): calculated for CyHzsNO3z; [M+H]*: 328.1907; found 328.1905.
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General procedure for deprotection (Method B)

In a manner similar to [2], 20% HCI (1 mL) was added to a stirred solution of protected acetonide (0.15 mmol) in
MeOH (2 mL) while cooling to 0 °C (ice—water bath). After 15 min of stirring, the ice—water bath was removed
and the reaction mixture was stirred at rt for 72 h. Next, HCI was carefully neutralized with solid Na,COs (950 mg,
1.5 equiv to HCI). The resulting suspension was filtered, the filtration cake was washed with MeOH (5 mL) and
the filtrate was concentrated. The residue was suspended in DCM (5 mL), filtered and the solvent was evaporated
under reduced pressure. The crude product was purified by column chromatography.

(2R,3S,4R)-1-Benzyl-2-((S)-1-hydroxyethyl)pyrrolidine-3,4-diol (17)

Deprotection of acetonide 14 (49 mg, 0.16 mmol) following the general procedure

Method B afforded after purification by column chromatography on silica gel K@
HO

(MeOH/CHCI; 1:20 containing 0.5% (v/v) conc. NHj) triol 17 as a colorless oil (29 mg,
78%). Re = 0.10 (MeOH/CHCI; 1:20 containing 0.5 % (v/v) conc. NHs); [a]p = —19.0 ; N
(c = 0.5; CHCls); *H NMR: (400 MHz; CDCls), 8/ppm: 7.37-7.23 (m, 5H, Ar), 4.33 /\S—Z
(dd, 1H, J = 8.7, 4.9 Hz, H-3), 4.15-4.07 (m, 2H, NCH,Ar, CHOH), 4.05 (td, 1H, J =
4.7, 2.0 Hz, H-4), 3.60 (d, 1H, J = 13.5 Hz, NCH,Ar), 3.01 (dd, 1H, J = 11.3, 1.9 Hz, H-5), 2.97 (dd, 1H, J = 8.7,
1.5 Hz, H-2), 2.56 (dd, 1H, J = 11.3, 4.4 Hz, H-5°), 1.32 (d, 3H, J = 6.7 Hz, CHs); *C NMR: (100 MHz; CDCls),
§/ppm: 138.5, 128.5, 128.4, 127.4 (Ar), 73.4 (C-3), 71.5 (C-4), 68.2 (C-2), 65.0 (CHOH), 62.4 (NCH:Ar), 58.4
(C-5), 21.9 (CH3); HRMS (ESI, m/z): calculated for C13H;9NO3; [M+H]*: 238.1438; found 238.1442.

HO OH

(2R,3S,4R)-2-((S)-1-Hydroxyethyl)-1-(4-iodobenzyl)pyrrolidine-3,4-diol (18)
Deprotection of acetonide 15 (62 mg, 0.15 mmol) following the general procedure
Method B afforded after purification by column chromatography on silica gel '
(MeOH/CHCI; 1:20 containing 0.5% (v/v) conc. NHs) triol 18 as white crystals HO K©/
(38 mg, 68%). R =0.11 (MeOH/CHCI3 1:20 containing 0.5 % (v/v) conc. NH;3); [a]o z N

=-11.2 (c = 1.0; CHCls); *H NMR: (400 MHz; CDCls), 8/ppm: 7.66 (d, 2H, J = 8.3 /\S_Z

Hz, Ar), 7.08 (d, 2H, J = 8.2 Hz, Ar), 4.34 (dd, 1H, J = 8.7, 4.9 Hz, H-3), 4.11 (qd, HO OH
1H,J =6.7, 1.5 Hz, CHOH), 4.08-3.99 (m, 2H, H-2, NCHAr, H-2), 3.54 (d, 1H, J = 13.8 Hz, NCH,Ar), 2.98
(dd, 1H, J=11.2, 1.9 Hz, H-5), 2.95 (dd, 1H, J =8.8, 1.6 Hz, H-2), 2.50 (dd, 1H, J = 11.2, 4.3 Hz, H-5), 1.31 (d,
3H, J = 6.7 Hz, CHs); 3C NMR: (100 MHz; CDCls3), &/ppm: 138.3, 137.6, 130.2, 92.5 (Ar), 73.4 (C-3), 71.5 (C-
4), 68.3 (C-2), 65.2 (CHOH), 61.8 (NCHAr), 58.4 (C-5), 21.8 (CHs); HRMS (ESI, m/z): calculated for
Ci3H15INO3 [M+Na]*: 386.0224; found 386.0222.

(2R,3S,4R)-2-((S)-1-Hydroxyethyl)-1-(naphthalen-2-ylmethyl)pyrrolidine-3,4-diol (19)
Deprotection of acetonide 16 (57 mg, 0.17 mmol) following the general procedure

Method B afforded after purification by column chromatography on silica gel
HO

(MeOH/CHCI; 1:20 containing 0.5% (v/v) conc. NHj) triol 19 as a yellowish oil

(28 mg, 56%). Rr = 0.10 (MeOH/CHCI3 1:20 containing 0.5 % (v/v) conc. NHs); N
[a]o = —20.6 (¢ 0.24; CHsOH); *H NMR: (400 MHz; CDsOD), 8/ppm: 7.89-7.76 /\S‘—Z
(m, 4H, Ar), 7.60 (dd, 1H, J = 8.5, 1.5 Hz, Ar), 7.50-7.35 (m, 2H, Ar), 4.37 (d,
1H, J = 13.5 Hz, NCH,AYr), 4.25 (dd, 1H, J = 7.2, 4.7 Hz, H-3), 4.16-4.09 (m, 2H,

HO  OH
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H-4, CHOH), 3.75 (d, 1H, J = 13.5 Hz, NCH,Ar), 2.95-2.88 (m, 2H, H-5, H-2), 2.66 (dd, 1H, J = 10.9, 5.4 Hz,
H-59), 1.35 (d, 3H, J = 6.5 Hz, CHs); 3C NMR: (100 MHz; CDsOD), 8/ppm: 138.3, 134.9, 134.3, 128.9, 128.7,
128.6, 128.3, 127.0, 126.6 (Ar), 74.1 (C-3), 72.2 (C-4), 71.6 (C-2), 67.9 (CHOH), 63.4 (NCH,Ar), 59.0 (C-5),

21.4 (CHs); HRMS (ESI, m/z): calculated for C17H21NO3 [M+H]*: 288.1594; found 288.1595

(2R,3S,4R)-2-((S)-1-Hydroxyethyl)pyrrolidine-3,4-diol-HCI (20)
A suspension of 10% Pd-C (6.0 mg, 20 wt %) and pyrrolidine 17 (30.3 mg, 0.13 mmol)

in MeOH (5 mL) was stirred at rt under a hydrogen atmosphere (balloon) for 5 h. The

catalyst was filtered off, the filtrate was cooled to 0 °C (ice—water bath) and acidified HO

with conc. HCI (0.05 mL). The ice—water bath was removed and the solvents were
evaporated. The product was lyophilized to give 20 as a yellowish solid (18 mg, 76%).
Rr = 0.05 (MeOH/EtOACc 1:3 containing 0.5 % (v/v) conc. NH3); [a]o = +196.6 (c 0.31;

HO

'Tl' HCI
N

OH

H,0). 'H NMR: (400 MHz; D;0), 8/ppm: 4.49 (td, 1H, J = 8.4, 3.9 Hz, H-4), 4.26 (t, 1H, J = 3.6 Hz, H-3), 4.15
(dg, 1H, J = 9.1, 6.3 Hz, H- CHOH), 3.55 (dd, 1H, J = 12.0, 8.3 Hz, H-5), 3.44 (dd, 1H, J = 9.2, 3.2 Hz, H-2),
3.16 (dd, 1H, J = 12.0, 8.6 Hz, H-5"), 1.29 (d, 3H, J = 6.3 Hz, CH3); *C NMR: (100 MHz; D,0), 8/ppm: 70.3 (C-
4), 69.7 (C-3), 67.3 (C-2), 64.3 (CHOH), 46.4 (C-5), 19.6 (CHs); HRMS (ESI, m/z): calculated for CsH13N30s

[M+H]*: 148.0968; found 148.09609.

(3aS,3bR,4S,8aR)-2,2,4-Trimethyltetrahydro-[1,3]dioxolo[4",5":3,4]pyrrolo[1,2-cloxazol-6(3aH)-one (21)

In a manner similar to [2], anhydrous pyridine (25 pL, 0.31 mmol) and Tf,O (65 uL,
0.31 mmol) were added to a solution of alcohol 13 (50 mg, 155 pmol) in anhydrous CH,Cl,
(2 mL) under a nitrogen atmosphere while cooling to 0 °C (ice—water bath) and the reaction
mixture was stirred for 1.5 h. Then, the reaction mixture was partitioned between water
(10 mL) and CHCI; (2 mL) and the layers were separated. The aqueous layer was extracted

with CHCI3 (10 mL), the combined organic extracts were dried over Na,SOy, filtered and the

e

o—%%a
N

o_ 0

A

solvent was evaporated under reduced pressure. The crude product was purified by column chromatography
(EtOAC/hexane 2:1) to afford cyclic carbamate 21 as white crystals (21 mg, 64%). R = 0.10 (EtOAc/hexane 2:1);
[a]o = —14.4 (c = 1.0; CHCI3); *H NMR: (400 MHz; CDCls), §/ppm: 4.86 (p, 1H, J = 6.7 Hz, H-4), 4.79 (td, 1H,
J=5.3, 1.1 Hz, H-8a), 4.61 (dd, 1H, J=5.1, 3.3 Hz, H-3a), 3.88 (dd, 1H, J = 13.3, 1.1 Hz, H-8), 3.63 (dd, 1H, J
= 6.9, 3.3 Hz, H-3b), 3.13 (dd, 1H, J=13.3, 5.5 Hz, H-8"), 1.65 (d, 3H, J = 6.7 Hz; CH3), 1.46 and 1.28 [2s, each
3H, C(CHs)2]; 3C NMR: (100 MHz; CDCls), 8/ppm: 161.2 (CO), 112.9 [C(CHs)], 81.9 (C-8a), 80.0 (C-3a), 72.1
(C-4), 65.9 (C-3b), 52.5 (C-8), 26.5 and 24.5 [C(CHs)2], 14.6 (CH3); HRMS (ESI, m/z): calculated for C1oH1sNO4

[M+H]*: 214.1074; found 214.1075.

(R)-1-((3aS,4R,6aR)-2,2-Dimethyltetrahydro-3aH-[1,3]dioxolo[4,5-c]pyrrol-4-yl)ethanol

(22)

In a manner similar to [2], a 10% NaOH solution (5 mL) was added to a solution of
carbamate 21 (289 mg, 1.36 mmol) in EtOH (25 mL) and the reaction mixture was refluxed
for 24 h. The solvent was evaporated under reduced pressure and the residue was
partitioned between brine (30 mL) and CHClI3 (30 mL). The layers were separated and the

aqueous layer was extracted with CHCI; (30 mL). The combined organic extracts were

HO

H
N

dried over Na,SO,, filtered and the solvent was evaporated under reduced pressure. The
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crude product was purified by column chromatography on silica gel (MeOH/CHCI; 1:20 containing 0.5% (v/v)
conc. NHs) to afford pyrrolidine 22 as white crystals (172 mg, 67%). R = 0.13 (MeOH/CHCI; 1:20 containing 0.5
% (v/Vv) conc. NH3); [a]p = —61.0 (¢ = 0.5; CHCI3); 'H NMR: (400 MHz; CDCl3), 8/ppm: 4.76 (dd, 1H, J = 5.6,
4.1 Hz, H-6a), 4.70 (dd, 1H, J = 5.6, 3.8 Hz, H-3a), 4.10-4.01 (m, 1H, CHOH), 3.16 (d, 1H, J = 13.5 Hz, H-6),
2.82 (brs, 1H), 2.66 (dd, 1H, J = 13.5, 3.8 Hz, H-6), 2.56 (dd, 1H, J = 4.8, 4.4 Hz, H-4), 2.27 (br s, 1H), 1.48
and 1.32 [2s, each 3H, C(CHs),], 1.40 (d, 3H, J = 6.6 Hz, CHs); **C NMR: (100 MHz; CDCls), §/ppm: 110.9
[C(CHs3).], 82.3 (C-3a), 82.2 (C-6a), 68.0 (C-4), 67.4 (CHOH), 52.6 (C-6), 25.7 and 23.6 [C(CHs),], 21.5 (CHa);
HRMS (ESI, m/z): calculated for CoH;:7NO; [M+H]*: 188.1281; found 188.1281.

General method for alkylation (Method C)

In a manner similar to [2], K.CO;3 (1.7 equiv) was added to a stirred solution of pyrrolidine 22 (1 eq.) in anhydrous
DMF (5 mL/0.46 mmol of 22) and the reaction mixture was cooled to 0 °C (ice—water bath). The corresponding
bromide was added (1.3 equiv) and the reaction mixture was stirred for 15 min. The ice—water bath was removed
and the reaction mixture was stirred at rt overnight. Then, the reaction mixture was partitioned between water
(10 mL) and EtOAc (10 mL), the layers were separated and the aqueous layer was extracted with EtOAc (5 mL).
The combined organic extracts were washed with water (3 x 10 mL), dried over Na,;SOy, filtered and the solvent
was evaporated under reduced pressure. The crude product was purified by column chromatography.

(R)-1-((3aS,4R,6aR)-5-Benzyl-2,2-dimethyltetrahydro-3aH-[1,3]dioxolo[4,5-c]pyrrol-4-yl)ethanol (23)
Reaction of 22 (87 mg, 0.47 mmol) with K,COj3 (109 mg) and BnBr (72 L) following
the general procedure Method C afforded after column chromatography on silica gel (@
(MeOH/CHCI; 1:150) pyrrolidine 23 as a white solid (120 mg, 93%). Re = 0.30 HO

N
(MeOH/CHCls 1:150); [a]o = ~77.0 (¢ = 0.5; CHCl5); 'H NMR: (400 MHz; CDCls),
8/ppm: 7.35-7.20 (m, 5H, Ar), 4.76 (dd, 1H, J = 6.4, 4.2 Hz, H-6a), 4.54 (dd, 1H, J = a8
6.3, 5.1 Hz, H-3a), 4.28-4.18 (m, 2H, CHOH, NCH,Ar), 3.47 (d, 1H, J = 7.5 Hz, OH), X

3.11(d, 1H, J = 13.1 Hz, NCH,Ar), 3.04 (d, 1H, J = 11.0 Hz, H-6), 2.11-2.02 (m, 2H,

H-4, H-6°), 1.53 and 1.3 [2s, each 3H, C(CHs),], 1.44 (d, 3H, J = 6.6 Hz CHa); 1*C NMR: (100 MHz; CDCl),
S/ppm: 138.0, 128.9, 128.2, 127.0 (Ar), 111.3 [C(CHs),], 81.2 (C-6a), 77.2 (C-3a), 70.2 (C-4), 64.4 (CHOH), 58.8
(C-6), 55.8 (NCH.Ph), 26.2 and 24.8 [C(CHs).], 20.7 (CHs); HRMS (ESI, m/z): calculated for CisHasNOs
[M+H]*: 278.1751; found 278.1757.

(R)-1-((3aS,4R,6aR)-5-(4-lodobenzyl)-2,2-dimethyltetrahydro-3aH-[1,3]dioxolo[4,5-c]pyrrol-4-yl)ethanol
(24)

Reaction of 22 (70 mg, 0.37 mmol) with K,COj3 (88 mg) and 4-iodobeznyl bromide
(144 mg) following the general procedure Method C afforded after column I
chromatography on silica gel (MeOH/CHCI; 1:150) pyrrolidine 24 as a white solid HO K©/
(142 mg, 94%). Rr = 0.24 (MeOH/CHCI; 1:150); [a]o = —36.7 (c = 0.5; CHCIs); *H )\ﬁz

NMR: (400 MHz; CDCls), 8/ppm: 7.63 (d, 2H, J = 8.3 Hz, Ar), 7.09 (d, 2H, J = 8.2

Hz, Ar), 4.77 (dd, 1H, J = 6.4, 4.2 Hz, H-6a), 4.54 (dd, 1H, J = 6.3, 5.0 Hz, H-3a), ><
4.22-4.11 (m, 2H, H-5, NCH,Ar), 3.43 (d, 1H, J = 8.0 Hz, OH), 3.01 (d, 1H, J=13.3

Hz, NCH.Ar), 2.99 (s, 1H, J = 10.8 Hz, H-6), 2.06 (t, 1H, J = 3.9 Hz, H-4), 2.03 (dd, 1H, J = 10.9, 5.0 Hz, H-6"),
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1.52 and 1.30 [2s, each 3H, C(CHs),], 1.43 (d, 3H, J = 6.6 Hz, CH3); *C NMR: (100 MHz; CDCls), 3/ppm: 138.1,
137.4, 130.8 (Ar), 111.3 [C(CHs),], 92.3 (Ar), 81.1 (C-6a), 77.2 (C-3a), 70.3 (C-4), 64.4 (CHOH), 58.9 (C-6),
55.3 (NCH.Ar), 26.2 and 24.7 [C(CHs3)2], 20.8 (CH3); HRMS (ESI, m/z): calculated for C16H22INO3 [M+H]™:
404.0717; found 404.0714.

(R)-1-((3aS,4R,6aR)-2,2-Dimethyl-5-(naphthalen-2-ylmethyl)tetrahydro-3aH-[1,3]dioxolo[4,5-c]pyrrol-4-
yl)ethanol (25)
Reaction of 22 (58 mg, 0.31 mmol) with K,CO; (73 mg) and 2-

(bromomethyl)naphthalene (89 mg) following the general procedure Method C
HO

afforded after column chromatography on silica gel (EtOAc/hexane 8:1—4:1) N
pyrrolidine 25 as a yellow oil (91 mg, 90%). Rr = 0.22 (MeOH/CHCI; 1:150); [a]o )\Q
=-56.3 (c 0.23; CHCl3); *H NMR: (400 MHz; CD30D), 8/ppm: 7.86-7.81 (m, 4H, o__ 0O
Ar), 7.56 (dd, 1H, J = 8.6, 1.4 Hz, Ar), 7.49-7.44 (m, 2H, Ar), 4.84 (m, 1H, H-3a), ><
4.62 (dd, 1H, J = 6.3, 5.0 Hz, H-6a), 4.46 (d, 1H, J = 13.2 Hz, NCH.AYr), 4.33 (qd, 1H, J = 6.5, 3.3 Hz, CHOH),
3.46 (d, 1H, J = 13.7 Hz, NCH,A), 3.05 (d, 1H, J = 11.4 Hz, H-6), 2.49 (s, 1H, H-4), 2.37 (d, 1H, J = 6.9 Hz, H-
6), 1.52 and 1.29 [2s, each 3H, C(CHs),], 1.48 (d, 3H, J = 6.6 Hz, CH3); **C NMR: (100 MHz; CD3;0D), §/ppm:
134.8, 134.5, 129.1, 128.8, 128.7, 128.5, 127.2, 127.0 (10C, Ar), 112.5 (C(CH;)), 82.1 (C-3a), 78.4 (C-6a), 72.2
(C-4), 66.0 (CHOH), 59.6 (C-6), 57.8 (NCHAr), 26.0 and 24.4 [C(CH3).], 20.5 (CHs); HRMS (ESI, m/z):
calculated for C,oH2sNO3; [M+H]*: 328.1907; found 328.1918.

(2R,3S,4R)-1-Benzyl-2-((R)-1-hydroxyethyl)pyrrolidine-3,4-diol (26)

Deprotection of 23 (116 mg, 0.31 mmol) following general procedure Method C
afforded after purification by column chromatography on silica gel (MeOH/CHCI; 1:20 K@
containing 0.5% (v/v) conc. NHs) triol 26 as a yellowish oil (67 mg, 67%). Re = 0.11 HO
(MeOH/CHCI; 1:20 containing 0.5 % (v/v) conc. NHg); [a]o =—92.3 (¢ = 0.5; CHClIy); )\Siz

H NMR: (400 MHz; CDCls), 8/ppm: 7.36-7.23 (m, 5H, Ar), 4.37 (t, 1H, J = 5.7 Hz, H-

3), 4.13-4.03 (m, 2H, H-4, CHOH), 3.94 (d, 1H, J = 13.5 Hz, NCH,Ar), 3.42 (d, 1H, J
= 13.5 Hz, NCH,Ar), 3.01 (dd, 1H, J = 11.0, 3.9 Hz, H-5), 2.62-2.55 (m, 2H, H-2, H-5"), 1.43 (d, 3H, J = 6.7 Hz,
CHj3); BC NMR: (100 MHz; CDCly), 8/ppm: 138.4, 128.6, 128.5, 127.3 (Ar), 73.6 (C-3), 70.5 (C-4), 69.1 (C-2),
66.8 (CHOH), 58.8 (NCH.Ar), 58.5 (C-5), 18.2 (CHs); HRMS (ESI, m/z): calculated for Ci3H1oNO3s[M+H]":
238.1437; found 238.1432.

HO  OH

(2R,3S,4R)-2-((R)-1-Hydroxyethyl)-1-(4-iodobenzyl)pyrrolidine-3,4-diol (27)
Deprotection of 24 (140 mg, 0.35 mmol) following general procedure Method C

afforded after purification by column chromatography on silica gel (MeOH/CHCI; !
1:20 containing 0.5% (v/v) conc. NHs) triol 27 as an orange solid (116 mg, 92%). HO

Rr = 0.17 (MeOH/CHCI; 1:20 containing 0.5% (v/v) conc. NHs); [a]o = —50.9 (c = )\SEZ

0.5; CHCI3); 'H NMR: (400 MHz; CDCls), 8/ppm: 7.65 (d, 2H, J = 8.3 Hz, Ar), 7.05
(d, 2H, J=8.2 Hz, Ar), 4.38 (t, 1H, J = 5,6 Hz, H-3), 4.24 (br s, 1H, OH), 4.14-4.01
(M, 2H, H-4, CHOH), 3.89 (d, 1H, J = 13.7 Hz, NCH,Ar), 3.34 (d, 1H, J = 13.7 Hz, NCH,Ar), 2.98 (dd, 1H, J =
10.9, 3.7 Hz, H-5), 2.85 (br s, 1H, OH), 2.58 (dd, 1H, J = 6.4, 2.9 Hz, H-2), 2.51 (dd, 1H, J = 10.9, 5.8 Hz, H-5"),

HO  ©OH
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1.43 (d, 3H, J = 6.7 Hz, CHs); *°C NMR: (100 MHz; CDCls), 8/ppm: 138.1, 137.7, 130.4, 92.6 (Ar), 73.6 (C-3),
70.5 (C-4), 69.1 (C2), 66.9 (CHOH), 58.7 (NCH,Ar), 58.0 (C-5), 18.3 (CHa); HRMS (ESI, m/z): calculated for
Ci1sH1sINO; [M+H]*: 364.0404; found 364.0399.

(2R,3S,4R)-2-((R)-1-Hydroxyethyl)-1-(naphthalen-2-yImethyl)pyrrolidine-3,4-diol (28)
Deprotection of 25 (80 mg, 0.24 mmol) following general procedure Method C
afforded after purification by column chromatography on silica gel (CHCls/MeOH

20:1 containing 0.5% (v/v) conc. NHs) triol 28 as a yellow oil (40 mg, 57%). R = HO
0.10 (MeOH/CHCI; 1:20 containing 0.5 % (v/v) conc. NHs); [a]o = —31.6 (c 0.2; N

CHsOH); H NMR: (400 MHz; CD;0D), 8/ppm: 7.87-7.84 (m, 4H, Ar), 7.57 (dd, )\S—Z
1H, J = 8.6, 1.4 Hz, Ar), 7.50-7.47 (m, 2H, Ar), 4.40 (dd, 1H, J = 6.1, 4.8 Hz, H-3),
4.27 (d, 1H, J = 13.3 Hz, NCH,AY), 4.17-4.09 (m, 2H, H-4, CHOH), 3.76 (d, 1H, J = 13.3 Hz, NCH,AYr), 3.01
(dd, 1H, J = 10.9, 4.7 Hz, H-5), 2.86 (dd, 1H, J = 6.1, 4.8 Hz, H-2), 2.77 (dd, 1H, J = 10.9, 6.0 Hz, H-5), 1.39
(d, 3H, J = 6.6 Hz, CHs); 3C NMR: (100 MHz; CDs0OD), 8/ppm: 136.4, 134.8, 134.4, 129.1, 129.0, 128.8, 128.6,

128.3, 127.2, 127.0 (Ar), 74.5 (C-3), 71.5 (C-4), 71.2 (C-2), 68.4 (CHOH), 60.8 (NCHAr), 58.6 (C-5), 20.5
(CHs); HRMS (ESI, m/z): calculated for C17H21NO3 [M+H]*: 288.1594; found 288.1593.

HO OH

(2R,3S,4R)-2-((R)-1-Hydroxyethyl)pyrrolidine-3,4-diol (29)

Asuspension of 10% Pd-C (7.5 mg, 20 wt %) and pyrrolidine 26 (37 mg, 0.16 mmol)

in MeOH (5 mL) was stirred at rt under a hydrogen atmosphere (balloon) for 5 h. HO 'TI HCI
The catalyst was filtered off, the filtrate was cooled to 0 °C (ice—water bath) and N
acidified with conc. HCI (50 pL). The ice—water bath was removed and the solvents )ﬁ
were evaporated. The product was lyophilized to give 29 as a yellowish solid HO OH

(25 mg, 86%). R = 0.05 (MeOH/EtOAC 1:3 containing 0.5% (v/v) conc. NHs); [a]o

= +83.7 (¢ 0.42; H,0); 'H NMR: (400 MHz; D;0), 8/ppm: 4.55 (dt, 1H, J = 8.5, 3.9 Hz, H-4), 4.43 (t, 1H, J = 3.4
Hz, H-3), 4.25 (dq, 1H, J = 8.4, 6.4 Hz CHOH), 3.64 (dd, 1H, J = 12.0, 8.4 Hz, H-5), 3.47 (dd, 1H, J = 8.4, 3.0
Hz, H-2), 3.22 (dd, 1H, J=12.0, 8.6 Hz, H-5°), 1.36 (d, 3H, J = 6.4 Hz, CH3); 3C NMR: (100 MHz; D,0), §/ppm:
70.0 (C-4), 69.5 (C-3), 65.8 (C-2), 62.9 (CHOH), 47.0 (C-5), 19.3 (CHs); HRMS (ESI, m/z): calculated for
CeH1sNO3 [M+H]*: 148.0968; found 148.0975.
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Enzyme assay

Recombinant soluble forms of Drosophila melanogaster Golgi (GMIIb) and lysosomal (LManlI) a-mannosidases
as well as Caenorhabditis elegans Golgi a-mannosidase AMAN-2 were produced in Pichia pastoris and enriched
by ammonium sulfate precipitation or nickel chelation chromatography as previously described [3,4]. The a-
mannosidase from Canavalia ensiformis (JBMan) was purchased from Sigma. The mannosidase activity of these
enzyme preparations were measured using p-nitrophenyl a-D-mannopyranoside (pNP-Man; Sigma; 100 mM stock
in dimethylsulfoxide) as a substrate at 2 mM final concentration in 50 mM acetate buffer of the relevant previously
defined optimal pH, GMIIb and AMAN-2 at pH 6.0, LManll at pH 5.2, and JBMan at pH 5.0) and 0.5 pL of the
enzyme (0.05 pg of protein for JBMan), in a total volume of 50 pL for 1-2 h at 37 °C. GMIIb was assayed in the
presence of 0.5 mM CoCl,.

The lyophilized derivatives used in the assay were dissolved in DMSO to the final concentration 50 mM and
further diluted to a desired concentration in water. These derivatives were preincubated with the enzyme in the
buffer for 5 min at rt and the reaction was started by addition of the substrate. The reactions were terminated with
two volumes (0.1 mL) of 0.5 M sodium carbonate and the production of p-nitrophenol was measured at 405 nm
using a multimode reader Mithras LB943 (Berthold Technologies). The average or representative result of three
independent experiments made in duplicate is presented. The ICsp values were determined with 2 mM pNP-Man.
The K values were determined from Dixon plots of assays performed with pNP-Man (0.5-4 mM).
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Molecular modeling

Docking with Glide. The X-ray structure of recombinant Drosophila melanogaster Golgi a-mannosidase 11
(dGMII, PDB ID: 3BLB) [5,6] was used as 3D enzyme models of human GMII and LMan for docking of the
synthesized compounds with the GLIDE program [7,8] of the Schridinger package. Protonation states of amino
acid residues of the enzymes was calculated for the pH 6.0 (dGMII) using the Propka v.2 program [9,10]. For
docking with dGMII all crystallographic molecules of water at the active site of dGMII were deleted except one
(WAT1820, numbering according to PDB ID: 3BLB). This water has been shown to be conserved in crystal
structures of dGMII either with intact substrates or inhibitors [11-13]. In docking calculations, the catalytic acid
(Asp341 of dGMII) was modeled either in the neutral (as Ash®) or ionized (as Asp~) form to see differences in
prediction of binding poses of the docked ligands. The receptor box for the docking conformational search was
centered at the Zn?* ion cofactor at the bottom of the active site with a size of 39 x 39 x 39 A using partial atomic
charges for the receptor from the OPLS2005 force field except for the Zn?* and side chains of His90, Asp92,
Asp204, Arg228, Tyr269, Asp270, Asp340, Asp341 and His471. For these structural fragments the charges were
calculated at the quantum mechanics level with the DFT (Density Functional Theory) method (M06-2X) [13]
using a hybrid QM/MM model (M06-2X/LACVP**:0PLS2005) [15-17] with the QSite [18,19] program of the
Schrédinger package. The grid maps were created with no Van der Waals radius and charge scaling for the atoms
of the receptor. Flexible docking in standard (SP) precision was used. The partial atomic charges of the docked
ligands were calculated at the DFT level (M06-2X/LACVP**) [14,15] using the Jaguar program [20] of the
Schrédinger package. All ligands were docked with the amino group at the pyrrolidine ring either in protonated
and neutral forms. The potential for nonpolar parts of the ligands was softened by scaling the van der Waals radii
by a factor of 0.8 for atoms of the ligands with partial atomic charges less than specified cut-off of 0.15. The 5000
poses were kept per ligand for the initial docking stage with scoring window of 100 kcal mol™ for keeping initial
poses; the best 400 poses were kept per ligand for energy minimization. The ligand poses with RMS deviations
less than 0.5 A and maximum atomic displacement less than 1.3 A were discarded as duplicates. The post-docking
minimization for 10 ligand poses with the best docking score was performed and optimized structures were saved
for subsequent analyses using the MAESTRO viewer [21] of the Schrodinger package.

QM/MM geometry optimizations. Geometries of selected complexes (inhibitor:enzyme) from molecular
docking were subsequently optimized at the QM/MM level (BP86/LACVP*:0OPLS2005) [15,17,22] using the
Qsite [18,19] program of the Schrddinger package. The following decomposed scheme was used: the QM part
(more than 280 atoms) of the inhibitor:dGMII system consisted of Zn?* ion, inhibitor, water molecule WAT1820
(described in the previous section) and amino acid residues (Asp92, Asp204, Asp341, Asp340, Asp270, Asp409,
Asp4d72, Arg228, Arg876, His90, His471, Tyr267, Tyr269, Tyr727, Ser268, Trp95, Trp415, Phe206). The rest of
the enzyme was included into the MM part and described by the OPLS2005 force field [17]. The QM/MM
methodology (an additive scheme) with hydrogen caps on boundary QM atoms and electrostatic treatment at the
interface between the QM and MM regions using Gaussian charge distributions represented on a grid (keyword
HCAPESCHG=3) was employed. The neutral form of the pyrrolidine ring of the inhibitors and the ionized form
of the catalytic acid Asp341 of dGMII were considered. These ionized forms were used based on previous pK,
calculations of imino-D-lyxitols bound at the active site of dGMII [32].

FMO-PIEDA calculations. Pair interaction energy decomposition analysis (PIEDA) was used along the two-
body FMO method [23-25]. From the QM/MM-optimized inhibitor:enzyme complexes active-site clusters
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consisted of more than 30 amino acid residues, Zn?* ion and the bound inhibitor were built using the Facio program
[26]. The hybrid orbital projection operator (HOP) technique was used in the generation of fragments for the
covalently bounded amino acids. The FMO calculations were performed using the second-order Maller-Plesset
theory [27,28] (MP2) with the 6-31G(d) basis and polarizable continuum model (PCM) [29]. The Gamess package
[30,31] [version 30 June 2021 (R1)] was used. The virtue of the FMO technique is to predict pair interactions
between the two structural fragments of the molecular system embedded within the electrostatic potential of the
surroundings (IFIE — inter fragment interaction energy). FMO-PIEDA enables the separation of the interaction

energy into physically interpretable

Eint = Eeis + Eexch + Ectmix + Edisp. (1)

The electrostatic energy Eqs originates from Coulomb-like interactions between the fragments, the exchange
energy Eexcn arises for fermion particles, the electrons, and accounts for the Pauli repulsion of electrons between
the fragments. Ec.+mix iS Somewhat peculiar; it includes the charge transfer that results from electron transfer from
occupied molecular orbitals of one fragment to the vacant virtual orbitals on the second fragment. The mixing
part is basically an approximate polarization. Dispersion energy Eqisp Originates from interactions of instantaneous
fluctuations of dipoles on the fragments due to electron correlation. This method was recently used to analyze
interaction energy in different biomolecular systems [32-37].

To understand an inhibitory effect of a substituent at C-5 of the inhibitor ring of 10, 20, 28, 29, 30, 31 and DIM,
the inhibitor was divided into two fragments, the pyrrolidine ring structure (l:ing) and the methyl moiety (liinker) (in
10), (1S)-1-hydroxyethyl (in 20), (1R)-1-hydroxyethyl (in 28 and 29), hydroxymethyl (in 30 and 31) and (1R)-
1,2-dihydroxyethyl moiety in (DIM). Then, the interaction energy between the inhibitor and enzyme (AE;g)
consists of the interaction energy between the pyrrolidine ring of the inhibitor and enzyme (AEqing.c) and the

interaction energy between the linker of the inhibitor and enzyme (AEjinker-£):

AE = AEring-E + AEIinker»E (2)
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