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ABSTRACT

This report is about the identification, synthemil initial biological characterization of deriweds of
4-epi-isofagomine as pharmacological chaperone$ {BfGiuman lysosomd-galactosidase. The two
epimers of 4-epi-isofagomine carrying a pentyl grat C-5a, namely (53- and (5&)-5a-C-pentyl-4-
epi-isofagomine, were prepared by an innovativeegalare involving in the key step the addition of
nitrohexane to a keto-pentopyranoside. Both e@mesre evaluated as inhibitors of the hunfan
galactosidase: the (Bastereoisomer (compount) was found to be a very potent inhibitor of the
enzyme (IGy = 8 nM, 30x more potent than 4-epi-isofagomingldt7.3) with a high selectivity for
this glycosidase whereas the $apimer was a much weaker inhibitor. In additicompoundl
showed a remarkable activity as a PC. It signifigaenhanced the residual activity of mutdgt
galactosidase in 15 patient cell lines out of 28hvwenhancement factors greater than 3.5 in 10 cell
lines and activity restoration up to 91% of nornfdtogether, these results indicated thatRp&a-C-
pentyl-4-epi-isofagomine constitutes a promising&Sed drug candidate for the treatment of GM1-

gangliosidosis and Morquio disease type B.

Keywords: galactosidase inhibitors, GM1-gangliosidosis, Moqg disease type B, iminosugars,

pharmacological chaperones



1. Introduction

GM1-gangliosidosis [1] and Morquio disease type2Bdre two clinically distinct lysosomal storage
disorders due to deficiency of the lysosomal enzyrgalactosidase, which hydrolyzes terminal
galactose residues from cell constituents, inclyd@1-gangliosides, glycoproteins, oligosaccharides
and the glycosaminoglycan keratan sulfate. Botleadiss are inherited in an autosomal recessive
manner. A defective lysosomal enzyme results inabeumulation of its physiological substrates in
lysosomes, and more largely in cells, tissues, gand body fluids. Depending on the mutations,
degradation of one or the other of tRegalactosidase substrates is more or less impaifed.
degradation of GM1-gangliosides is predominantliedive, the patients develop the symptomatology
of GM1-gangliosidosis, while accumulation of kerataulfate is an indication for Morquio disease type
B. GM1-gangliosidosis is a neurodegenerative disowdth three clinical forms based on the age of
onset of symptoms, severity, and residBr@jalactosidase activity. Morquio disease type Bbgs to
the mucopolysaccharidoses, a group of inheritedrmierrors of metabolism caused by defects in the
degradation of glycosaminoglycans. This diseasesgmts clinical features overlapping those of
Morquio disease type A, but is the result of aadiéht deficient enzymg3{galactosidases. N-acetyl-
galactosamine-6-sulfatase).

Morquio disease type B is characterized by normiglligence and skeletal dysplasia that results in
short stature and skeletal abnormalities. GM1-gasiglosis and Morquio disease type B are very rare
diseases, with a prevalence in the range of 1 G0D0 and 1 in 250’000 births, respectively [2].rFo
GM1-gangliosidosis, this value is reported to bghkr in some geographical regions, especially in
Brazil, with 6 new cases per 100’000 births [3]. &goday, both diseases remain orphan pathologies.
Patients are only offered palliative treatments;hsas orthopedic surgery in the case of Morquio
disease type B.

Therapies relying on enzyme substitution, substragegluction, gene replacement and

pharmacological chaperones constitute options fog treatment of lysosomal diseases [4].
3



Pharmacological chaperones (PCs) offer the advasttmat they can be designed to distribute into the
target organs, in particular the brain and the bpaad to be orally available [5]. In addition,they

are low molecular weight compounds, they shouldéeid of immunogenic properties and the cost of
manufacturing might be kept affordable. Finallyg iecent development of 1-deoxygalactonojirimycin
(DGJ) as a pharmacological chaperonecofgyalactosidase (Fabry disease) validates the alirsnd
commercial viability of the pharmacological chaperdased therapies for lysosomal storage diseases
[6].

Over the last decade, a few investigators repdtieddevelopment dB-galactosidase PCs, the first
example being galactose [7]. One of the most inyattd compoundd\-octyl-4-epif3-valienamine
(NOEV), was already reported in 2003 by Suzuki aodorkers [8]. Importantly, their study showed
that this compound was therapeutically activepBugalactosidase-deficient transgenic mice with a
mutated form of the humaf-galactosidase. This was the fiist vivo evidence of the therapeutic
potential of PCs for the treatment of these twdplaigies. Othef3-galactosidase PCs were reported,
which were mainly exploiting the DGJ scaffold [9}12 bicyclic derivative of DGJ developed by
Garcia-Fernandez, Higaki and coworkers was alsduated in the humanized GM1-gangliosidosis
mouse model. As observed with NOEV, this new commplowas therapeutically active, albeit to a
lesser extent, which likely reflects the high camtcations required to restofegalactosidase activity in
patient cells [12]. To our knowledge, none of thkeo-galactosidase PCs was evaluated in disease
animal models, and none is currently undergointhérrpreclinical development.

Our report focus on the identification, synthesid anitial biological characterization of a derinet
of 4-epi-isofagomine (4-epi-IFG) as a potent anecer PC for the human lysosonfaigalactosidase
[13]. Previous studies by our group [14] and othirs] have shown that the substitution of an
iminosugar moiety with a group mimicking an aglyepsubstantially improved the potency and the

specificity of iminosugar-based glycosidase inluitst Following this approach, 4-epi-IFG (Fig. 19]1



was modified with a &alkyl chain at the C-5a position in either of th possible configurations. In
one of them, the modification considerably increlaibe potency and the selectivity of this compound,
previously known as a moderate inhibitor of the haorfi-galactosidase, but lacking the desired
selectivity for development as a drug candidate.adldition, the resulting compount (Fig. 1)
increase-galactosidase enzyme activity in two-thirds of tbeted GM1-gangliosidosis and Morquio
disease type B patient cell lines. Taken togethes, results presented in this report indicate that

compoundl constitutes a potential PC-based drug candidatéhéotreatment of GM1-gangliosidosis
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Fig. 1. Structures of galactoside mimics

2. Results and discussion
2.1. Synthesis of iminosugars 1 and 2

We recently reported iminoribitol derivatives (Figul) asp-galactosidase inhibitors [17]. SAR
studies showed that adding an alkyl group nexhenitrogen atom in the imino+ibitol structure
leads to a 400-fold improvement of its inhibitorgtigity on bovine galactosidase. No similar effect

was observed on the human enzyme. In these inaéistig we also observed that 4-epi-IFG was a
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much better inhibitor than iminoribitol. We theredodecided to investigate 4-epi-IFG derivatives
carrying a substituent at C-5a, hypothesizing thet modification would improve the activity of the
parent compound, as it was observed in the imirtotiberies. We therefore embarked on the synthesis
of (5aR)- and (5&)-5a-C-pentyl-4-epi-IFG1 and2 (strictly (2R, 3R, 4S 5R)- and (& 3R, 4S, 5R)-3-
hydroxymethyl-2-pentylpiperidine-4,5-diol). To okmowledge, there is only one example of a related
compound in the literature: Sa-methyl-4-epi-IFG was prepared from a bicyclic &mtin the course

of synthetic studies [18]. Very recently, prelimiparesults on 4-epi-IFG derivatives carrying a
functionalized alkyl group at C-5a were reported! dhe compounds were shown to be gdbd
galactosidase inhibitors [19]. 8&Alkyl-isofagomine derivatives (as glucoside minibsve also been
synthesized and found to be potent inhibitorg-glucocerebrosidase [20], the enzyme responsible fo
Gaucher disease, and good candidates as PCs [Bl]syDthesis differs significantly from these
studies, as it is inspired from the concise synshet IFG developed by Andersch and Bols, which
used the addition of nitromethane to a pentopyredaesived ketone as the key step [22]. Using a
longer chain nitroalkane, we planned to simultasgointroduce the nitrogen atom and the €-C
fragment of the final molecule. As&€hain was introduced as a good compromise to geogbme
lipophilic character to the molecule without risgiproblems of toxicity that are common with longer
alkyl chains [23].

The synthesis started frooilyxose (Scheme 1), which was converted to ket adaptation of
known procedures [24,25]. The reaction of this keton neat nitrohexane in the presence of;Njave

the branched-chain sugar derivaté/en 52% yield; use of a co-solvent resulted ingnsicant drop in
yield. Interestingly the addition of nitrohexanesaguite stereoselective, as it led to a 7:3 mixtfre
the epimers at the nitromethine group, and a siogidiguration at the ring carbon atom. The C-4(R)
configuration was indeed favored by both kinetiddj@ion to the less hindered face of the ketone) an
thermodynamic factors (equatorial disposition oé thitrohexyl group). Two consecutive catalytic

hydrogenations promoted the reduction of the rfitraction, the cleavage of the benzyl group, and an
6



intramolecular reductive amination, leading to mseparable mixture of two iminosugars, epimeric at

C-5a @) and still bearing a hydroxyl group at positiorbC-
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Scheme 1Reagents and conditions: (a) BnOH, PTSA, 60 °Ch,788%; (b) 2,2-dimethoxypropane,
acetone, PTSA, rt, 18 h, 64%; (c) Dess-Martin gbniane, CHCI,, rt, 16 h, 99%; (d) 1-nitrohexane,
NEts, rt, 4 d, 52%; (e) B} Raney Ni, AcOH, iPrOH, rt, 5 d, 85%; (f,HPd(OH)/C, AcOH, iPrOH, rt,
3 d, quant.
In order to remove this group, dehydration of bhestt nitroaldol6é was attempted under various
conditions, including acetylation/elimination acgdimg to literature procedures [26], but these rieast
were unsuccessful. Finally, reductive cleavageheftertiary alcohol function & could be achieved
under radical conditions by way of a cyclic thidwamate (Scheme 2). Preliminary protection of the
nitrogen atom ir8 as a benzyl carbamate allowed the separationeofsitbmers9 and 10. On both
isomers, the cyclic thiocarbonate was preparediefiily and radical deoxygenation was realized with
BusSnH, which gave the expected product containingraaty C-H bond [27]. Interestingly, the
reaction of thiocarbonattl led to a single compound2, precursor of the desired a5a-C-pentyl-
4-epi-IFG 1, whereas compount¥ gave a separable mixture of the two iminosudarand16, which
were later identified as the precursors ofsa-C-pentyl-4-epi-IFG2 and its epimer at C-519).
Hydrogen transfer at C-5 anti with respect to thbssituents at C-4 and C-5a appeared to be highly

favored in the case dfl, whereas the transfer became less stereoseledtime the substituents at C-4

and C-5a were trans as 1d. Final deprotection steps were conducted on eprheg, providing thus



the three isomeric products 2 and 19. NMR analyses of the three compounds unambiguously
confirmed their configuration at C-5 and C-5a.
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Scheme 2.Reagents and conditions: (a) benzyl chloroformBt®EA, EtOH, rt, 16 h9: 18%, 10:

31%; (b) thiocarbonyldiimidazole, THF, reflux, 4 hl: 86%, 14: 91%; (c) BuSnH, AIBN, toluene,
reflux, 16 h,12: 60%,15: 38%,16: 43%; (d) B, 10% Pd/C, iPrOH, rt13: 96%,17: 49%,18: 67%; (e)
Dowex 50WX8, dioxane/bD (5:3), rt, 18h1: 84%,2: 86%,19: quant.

2.2.Inhibition studies on human (3-galactosidase

Compoundl was first evaluated for its capacity to inhibiethumanB-galactosidase activity. Using
lysate of human peripheral blood mononuclear ¢€IBMC) as a source of enzyme, it was found that
the IG of 1 was 8 nM at pH 7.3 (Table 1). By comparison, theept compound, 4-epi-IFG, had an
ICs50 of 240 nM, indicating that the introduction of anpyl chain at position C-5a resulted in a 30-fold
increase in potency. EpimeBsand 19 were also tested for their inhibitory capacitytieé humar3-
galactosidase. Remarkably, 5,5a-trans isohevas found to be 1600-fold less active than all-cis

isomerl and the double epimer dfat C-5 and C-5a, compouri®, was only weakly active on the



enzyme (IG, >150uM), illustrating the exquisite specificity of themanf3-galactosidase for structure

1.

Table 1.Inhibitory activities of 4-epi-IFG derivatives tands humai-galactosidase

ICs0 (LM)
H H H H
N H11Cs N H11Cs,,, N H1Cs,, N
(@OH p\w KQ\OH |\\“©\OH
OH OH OH OH OH OH OH OH
4-epi-IFG 1 2 19
pH 7.3 0.24 +£0.015 0.008 £+ 0.0004 13+4.7 >150
pH 4.3 12+2.8 0.18 £ 0.019 fd nd®

2 not determined

The selectivity ofl was next evaluated on a set of human glycosidasegor the3-galactosidase,
assays were established using PBMC lysate, as @esaii human enzyme, and a corresponding
chromogenic or fluorogenic substrate. A compounackihg one of the glycosidase activities was
included in each assay, as a validation of theefit enzymatic tests. Five of the 6 glycosidasstedl
were not inhibited by compouridup to 160 uM. Th§-glucosidase was the only glycosidase weakly
blocked by this compound, with ansf®f 100 uM, indicating that compourdwas considerably less
active on the-glucosidase than on tHggalactosidase (Table 2). Overall, compoundas found
exquisitely selective for humaf-galactosidase, as it was not active on a set adety related

glycosidases.

Table 2. Inhibitory activities towards a set of human glgitases

ICs0 (UM)  ICs0 (LM)

Human enzymés | compound  reference
1 compound

Structure
reference compound




H
N
B-galactosidase 0.01 0.24 ((‘J\ 4-epi-IFG
OH
OH OH
OH
H
N
a-galactosidase > 160 0.08 DGJ
HO " OH
OH
OH
H
N
a-glucosidase > 160 0.05 DNJ
HO™ “ OH
OH
OH
HO,,
B-glucosidase 100 30 “o Conduritol B epoxide
HO -
OH
b
OH " (0]
a-hexosaminidase > 160 0.1 N J
HOY “'NHAc
OH
H C
N
B-hexosaminidase > 160 15 /Q
AcHN \ OH
HO¢ OH

#Human PBMC lysates were used as the source obgjlyase activities.
P DorPHAN'S proprietary inhibitor [28].
° Ref. [29]

2.3.Heat denaturation of 3-galactosidase

The capacity of a compound to protect an enzymma fienaturation by heat and chemical treatments is

regarded as predictive of its pharmacological chape activity [30]. Compound was evaluated for
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its capacity to protecf-galactosidase from heat-induced inactivati@rGalactosidase activity in
human PBMC lysates was reduced by half followingtlexposition at 48C for 3 min. In the presence
of 20 and 200 nM of compount], the same effect was obtained after 4 and 17 rid8C,
respectively. At higher concentrations of compoudndhe level off3-galactosidase activity remained
above 50% over at least 40 min at 4g illustrating the remarkable capacity of this gmund to

stabilize the native structure of tBegalactosidase protein (Fig. 2).
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Fig. 2. Protection of3-galactosidase against heat denaturation by congpbuihhe concentrations of
compoundl were 0 (squares), 20 nM (triangles), 200 nM (diad®) and 2 uM (circles).

2.4.Evaluation of chaperone activity in treated fibroblasts from GM1-gangliosidosis and

Morquio disease type B patients

It was next investigated whether compouhtiad the capacity to restofegalactosidase activity in
cells from GM1-gangliosidosis and Morquio diseageetB patients. Following an experimental design
applied in several studies [7,9,11,31], patientdititasts were first cultured for 5 days in the pree

of increasing concentrations of compouhdB-Galactosidase anfi-hexosaminidase activities were
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then determined in cell lysatgs-Hexosaminidase activity was used as a means &sasell viability
and cell number between cultures. Figure 3 presbatsesults obtained with fibroblasts derived fram
GM1-gangliosidosis patient bearing the R201C/H28hMtations. The3-galactosidase activity was
enhanced with increasing concentrations of compdyredposure to 0.08, 0.4 and 2 uM of compound
1 resulted in a 7, 12 and 15-fold activity increa$gd-galactosidase respectively. By contrast, ffhe
hexosaminidase activity remained stable over theaof concentrations tested (Fig. 3). These
observations indicated that compouhcad the capacity to specifically induce the recpvef (3-

galactosidase activity in patient cells.
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Fig. 3. Chaperone activity on fibroblasts from a GM1-gaogjlilosis patient. Results presented are
means of 4 values obtained from independent c@ture

These studies were then extended to a panel ofa@2np cell lines. As the chaperone effect was
observed in numerous tests over a broad concemiregnge, Table 3 presents a compilation offthe
galactosidase activity values induced by conceantratof compound ranging between 2 and 10 pM,
concentrations at which maximal fold enhancemergeewusually observed. Although the set of cell

lines represents only a limited fraction of the atiains reported thus far, our observations inditade
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mutations associated with the different forms of Giangliosidosis (infantile, juvenile and late ajse

as well as with Morquio disease type B, were resp@nto compoundl. Overall, increase@-

galactosidase activity was detected in the cedidioarrying missense mutations while, as expented,

rescue of activity was detected in the cell linegying a null allele at homozygous level (patiebts

and 17). The chaperone effect was heterogeneoassadifferent genetic backgrounds, from a modest

1.5-fold up to a 35-fold enhancement of figalactosidase activity. As residual enzyme adgtiwitthe

patient cells is very variable, from less than 134w 5-10%, it was expected that the resulting aedu

recovery of glycosidase activity would span a broatye, from a few percent to more than 50% of the

level found in cells from healthy individuals. Renkebly, in half of the cell lines, the recovery chad

at least 10% of the level found in normal cellsahue believed to represent a threshold above wdiich

therapeutic benefit might be obtained [32,33].

Table 3. Enhancement dB-galactosidase activity in fibroblasts of GM1-gaagidosis and Morquio
disease type B patients following treatment witmpoundl

Patient Disease/Phenotype

Mutation

Maximal fold Residual Restored
... b ..
enhancement activity actlwtyc

© 00N Ul WDN P

NP RPPRPPRPREPRRPRPR
OCWwW~NOOUDN WNIERO

GM1-gangliosidosis/infantile
GM1-gangliosidosis/adult

GM1-gangliosidosis/infantile
GM1-gangliosidosis/infantile
GM1-gangliosidosis/infantile
GM1-gangliosidosis/infantile

GM1-gangliosidosis/late infantile

GM1-gangliosidosis/juvenile
GM1-gangliosidosis/juvenile
GM1-gangliosidosis/juvenile
GM1-gangliosidosis/juvenile
GM1-gangliosidosis/juvenile
GM1-gangliosidosis/juvenile
GM1-gangliosidosis/infantile
GM1-gangliosidosis/infantile
GM1-gangliosidosis/infantile
GM1-gangliosidosis/infantile

GM1-gangliosidosis/juvenile/adult

GM1-gangliosidosis/adult
GM1-gangliosidosis/adult

Homozygous insertk88+2T>C

I51T/151T
R59H/R59H
R59H/R59H

C127Y/W161G
R148S/S532G/L305F
S191N/R351Term
R201C/R201C
R201C/R201C
R201C/H281Y
R201H/c.247dupl
R201H/G76E
R201H/H281Y
R208C/IVS10+1 G>A
Q255H/K578R
H281Y/splicing
R351Ter/R351Ter
G438E/G438E
R442Q/W92Term
R457Q/R457Q

11
1.6
14
11
11

1

11

15
54
18
3.5
6.7
4.7
44
20
35
1
2
15
7.3

0.25
44
0.5
nd
0.8
0.4

0.28
6.4
70.
nd
0.9
0.4
11
75
11
nd
23
51
22
nd
04
91
0.3
6.8
8 4
29
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21 GM1l-gangliosidosis/infantile P549L/P549L 1.3 08 1
22 Morquio B W273L/R482H 15 6.5 10
23 Morquio B W273L/W509C 15 6.5 10

® Fold enhancement was determined following treatroéthe cells for up to 5 days in the presence or
the absence of compourdd The maximal enhancement obtained, up to the naxtoncentration of
compound tested (1@M), is presented.

® The values indicate thg-galactosidase activity (in %) in fibroblasts oftigated patient cells as
compared with the activity in cells from healthgimduals

¢ The values are calculated by multiplying the fefthancement factor with the residual activity
9 Data from [31]

nd: not determined

2.5.pH dependence of3-galactosidase inhibition

Compoundl was found to have significant chaperone activityao array of3-galactosidase mutants.
The tight binding of compound to 3-galactosidase is believed to induce proper foldihthe newly
synthesized protein in the endoplasmic reticulumg & rescue it from early degradation before
trafficking to the lysosomes. Once the protein ha@ached the lysosome, it is desirable that the
inhibitory activity would be reduced in the aciddavironment of this organelle. Compoufdvas
found indeed to have appropriate pH dependencegataatosidase inhibitor (Table 1). Ata pH = 7.3,
mimicking the endoplasmic reticulum medium, the poomd was a strong inhibitor of hum@n
galactosidase, with an 4&= 8 nM. The IG, value was found to increase progressively withrekesing

pH values, to reach an 4g&= 180 nM at pH 4.3, a value 22-fold higher thampldt7.3 (Table 1); the
catalytic rate of the enzyme was 4-fold higher taameutral pH. As a result of this pH dependence,
compoundl dissociates readily from the enzyme in the ac@heironment of the lysosomes and thus

does not prevent its action on lysosomal substrates

3. Conclusions

(5aR)-5a-C-Pentyl-4-epi-IFGL and its (5&)-epimer2 were synthesized from-lyxose and evaluated as

inhibitors of human lysosom@lgalactosidase. The all-cis, @aepimer was found to be a very potent
14



inhibitor of this enzyme (I65= 8 nM), much more potent than the (5aS)-epimertaadcparent 4-epi-
isofagomine (1600x and 30x respectively), thus aémg fine structure-activity relationship in this
family of 1N-iminosugar derivatives. Compouridbehaved as a remarkable PC, considering it is
capable of restoring3-galactosidase activity and expression in two-thiaf the tested GM1-
gangliosidosis and Morquio disease type B patiefitioes, with enhancement of residual activitigs

to 35-fold, and restoration of enzyme activity opotLl%. In addition its capacity to dissociate rgadi
from the enzyme in an acidic environment indicdtest compound. constitutes a promising PC-based
drug candidate for the treatment of these two sely@osomal storage disorders. Further investigatio

in this direction are in progress and will be reépdrin due course.

4. Experimental section

4.1.Chemistry.

Materials and methods: All reactions requiring anhydrous conditions weegried out using oven-
dried glassware under an atmosphere of dry Ar. WaE dried through a column containing activated
alumina under nitrogen pressure (Dry Solvent Stat@T S100, GlassTechnology, Geneva,
Switzerland). CHCI, was distilled from FOs. All reagent-grade chemicals and anhydrous tolwesre
obtained from commercial suppliers and were usedeesived. High resolution mass spectra were
recorded on a Bruker Q-TOF MaXis spectrometidrand**C NMR spectra were recorded on Bruker
Avance Il (250 MHz), Bruker Avance Il HD nanoba400 MHz) or Bruker Avance Ill (600 MHz)
spectrometers. Chemical shifts are given in ppmaedeferenced to the residual solvent signabor t
TMS as internal standard. Carbon multiplicities everssigned by DEPT experimentsi and *C
signals were attributed on the basis of H-H and @dtrelations. Spectral splitting patterns are
designated as follows: s, singlet; d, doublet;ipldt; g, quadruplet; m, multiplet; br, broad. Tperity

of tested iminosugars was shown to186% by HPLC (VWR Hitachi LaChrom Elite system) ugia

Nucleodur Sphinx RP column (Macherey-Nagel, 150 x¥n6 mm, particle size: 5 um) and a SEDEX
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85 LT-ELSD detector (SEDERE). A gradient of solveom a 98:2 mixture of fBO/MeOH containing
0.5% of formic acid to pure MeOH containing 0.5%fafmic acid in 30 min was used (flow rate: 1
mL/min). Specific rotations were measured in a 1-defl with a Perkin-Elmer 341 polarimeter.
Melting points were determined in capillary tubeghwa Bichi apparatus. Analytical thin layer
chromatography was performed using Silica Gel,&§0precoated plates (Merck) with visualization by
UV light and ceric sulfate/ammonium molybdate solut(0.5 g/0.24 g in 500 mL of 1M aqueous
H,SOy). Flash chromatography was performed on Silica8Bgl40-63 pum, Merck).

Numbering schemes for NMR data:

Benzyl a-D-lyxopyranoside (3).To a solution ob-lyxose (20.0 g, 0.133 mol) in benzyl alcohol (37
mL) was added PTSA (210 mg, 1.10 mmol, 0.008 efg imixture was heated at 60 °C for 78 h.
Toluene (10 mL) was added and the resulting mixtwes concentrated under vacuum and co-
evaporated with toluene (3 x 30 mL) to give a sdiite solid, which was then suspended in a mixture
of hexane/CHCl, (2:1) (180 mL). The solid was filtered and washieoroughly with cold BEO. The
filtrate was concentrated under vacuum and thegoha® was repeated three times to give the desired
compound3 (24.8 g, 78%) as a white solitH NMR spectrum is in accordance with literatureadat

[24].

Benzyl 2,30-isopropylidene-a-p-lyxopyranoside (4).To a suspension of compouBd10.1 g, 0.042
mol) in acetone (140 mL) were added 2,2-dimethosypne (17.5 mL, 0.142 mol, 3.4 eq) and PTSA

(178 mg, 0.936 mmol, 0.02 eq). The mixture wagedifat rt for 18 h. A 1:1 mixture of hexanefBt
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(120 mL) was added and the solution was washedsaitirated aqueous NaHg®0 mL), water (2 x
60 mL) and dried over MgSOConcentration under vacuum gave crddes a colorless oil, which was
purified by flash column chromatography on silica ¢petroleum ether/EtOAc 85:15, then 7:3, then
6:4) to afford compound (7.55 g, 64%) as a white solitH NMR spectrum is in accordance with

literature data [24].

Benzyl 2,30-isopropylidenef3-L-erythro-pent-4-uloside (5).To a solution of alcoho# (1.0 g, 3.57
mmol) in anhydrous C}Cl, (36 mL) under Ar was added Dess-Martin periodindh&2 g, 4.29
mmol, 1.2 eq). The mixture was stirred for 16 Wtafhe solvent was evaporated under vacuum. The
residue was suspended in cold@and the solid was removed by filtration throughi®@. The filtrate
was concentrated under vacuum to give the cleaneddsetones (0.98 g, 99%) as a pale yellow solid.

'H NMR spectrum is in accordance with literaturead25].

Benzyl 2,30-isopropylidene-4-C-[(1R,S)(1-nitrohex-1-yl)]-B-L-ribopyranosides (6a) and (6b).To

a solution of keton® (1.98 g, 7.11 mmol) in 1-nitrohexane (5.5 mL) veakled NEj (2.8 mL, 20.1
mmol, 2.8 eq). The mixture was stirred for 4 dtaf he reaction was quenched with saturated aqueous
NH4CI (40 mL). The agueous phase was extracted wiAEt(80 mL). The organic phase was then
washed with brine (40 mL), dried over Mgs@nd concentrated under vacuum to give the crude
product. Flash column chromatography on silica @troleum ether/EtOAc, 92:8) afforded an
inseparable mixture of the two diastereoison@erand6b (1.5 g, 52%) in a 7:3 ratio as a colorless oil.
'H NMR (400 MHz, CDCJ): 8 7.47-7.28 (m, 5H, Hon), 5.05 (br s, 1H, H1), 4.75 (d, 1H, @Ph,J =

11.6 Hz), 4.60-4.51 (m, 1H, H6), 4.54 (d, 1H, ££&H,J = 11.6 Hz), 4.26 (d, 0.7H, KRy, J = 6.4 Hz),
4.17-4.09 (M, 1.3H, Hzas, H3min, H2min), 3.88 (d, 0.3H, H5hn, J = 12.4 Hz), 3.81 (d, 0.7H, HEfy, J

= 12.0 Hz), 3.73 (d, 0.7H, HRas, J = 12.0 Hz), 3.58 (d, 0.3H, H&@, J = 12.4 Hz), 3.04 (s, 0.7H,
OHuway), 2.96 (s, 0.3H, OK), 2.16-1.95 (m, 1.3H, HERy, 2H7min), 1.72-1.65 (m, 0.7H, HYAy),

1.55 (s, 0.9H, CHPrmr), 1.54 (s, 2.1H, CHPrway), 1.37 (s, 0.9H, CkPrmn), 1.36 (s, 2.1H,
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CHsiPryay), 1.30-1.29 (m, 6H, Chiex), 0.95-0.82 (m, 3H, GHex).*C NMR (100 MHz, CDGCJ):
5136.65 (Gron), 128.69-128.28 (Clbn), 110.24 (CiPyiay), 110.15 (CiPfin), 96.60 (Ciuas), 96.40
(Clmin), 92.71 (CGin), 92.68 (Cias), 74.35 (CRiaz), 74.32 (Cin), 72.52 (CBin), 72.03 (CHnay),
69.74 (CHPhyaj), 69.66 (CHPhnin), 69.49 (Cias), 69.05 (Chin), 61.26 (CHin), 60.79 (Chad),
31.12, 28.02, 25.99, 22.41 (Ghéxuay), 31.17, 27.23, 25.93, 22.45 (Giexn,), 26.17, 25.36
(CHziPryaj), 26.13, 25.36 (CEiPrmin), 14.00 (CHheXmin), 13.98 (CHhexya;). HRMS (ESI): miz
[M+NH4]" calcd for GiH3sNO7: 427.2439, found: 427.243&yz [M+Na]" calcd for G;HziNNaO;:

432.1993, found: 432.1992.

Benzyl 2,30-isopropylidene-4-C-[(1R,S)(1-aminohex-1-yl)]-L-ribopyranosides (7a) and (7b)To

a solution of the mixture of isomeés and6b (289 mg, 0.706 mmol) in iPrOH (7.1 mL) were added
glacial AcOH (0.71 mL) and Raney Ni (excess, 28)0try in H,O). The mixture was stirred under a
H, atmosphere for 5 d at rt. Then the catalyst wiéerdid through a membrane, washed with MeOH
and the filtrate was concentrated under vacuumv® tipe crude product as a green oil. Flash column
chromatography on silica gel (GEI,/MeOH 9:1) gave an inseparable mixture of the two
diastereoisomerga and 7b (228 mg, 85%) in a 7:3 ratio as a colorless Bil. NMR (400 MHz,
CD30D): 6 7.43-7.28 (m, 5H, Hom), 4.90 (d, 1H, H1J)= 3.3 Hz), 4.79 (d, 1H, C}#*h,J = 11.9 Hz),
4.61 (d, 1H, CHPh,J = 11.9 Hz), 4.36 (d, 1H, H3= 5.8 Hz), 4.13 (dd, 1H, H2= 3.3, 5.8 Hz), 3.78
(d, 1H, H5bJ=12.0 Hz), 3.57 (d, 1H, H58~ 12.0 Hz), 2.96 (dd, 0.7H, K@;, J= 2.4, 9.6 Hz), 2.81-
2.79 (m, 0.3H, Hgin), 1.69-1.26 (m, 14H, Ciiex, CHiPr), 0.95 (t, 3H, Ckhex,J = 6.6 Hz).°C
NMR (100 MHz, CROD): 8138.63 (Gron), 129.41, 129.19, 128.90 (Gkl), 110.96 (CiRyiay),
110.63 (CiP#in), 99.73 (Ckin), 99.56 (Ciua), 76.33 (C2), 76.09 (C3), 71.20 (C4), 70.76 tEH),
64.84 (Chin), 63.52 (ChaJ), 58.39 (C&in), 57.59 (Chiag), 32.95, 30.66, 27.24, 23.60 (@tdxuas),
31.66, 27.48 (ChheXnin), 26.92 (CHiPrmin), 26.84, 25.96 (CkiPryas), 14.39 (CHhex). HRMS (ESI):

m/z [M+H] " calcd for GiH3sNOs: 380.2432, found: 380.2433.
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(2R,S, 3S, 4R, 5R)-3-Hydroxymethyl-4,5-O-isopropylidene-2-pentylpiperidine-3,4,5-triol (8a)and
(8b). To a solution of the mixture of isomefa and7b (367 mg, 0.967 mmol) in iPrOH (10 mL) were
added glacial AcOH (1 mL) and 20% Pd(QHK) (150 mg). The mixture was stirred under a H
atmosphere for 3 d at rt. Then the catalyst wasrétl through a membrane, washed with iPrOH and
the filtrate was concentrated under vacuum to gieecrude product as a clean mixture of epindars
and8b (264 mg, quant.) in a 7:3 ratio as a colorless'HiINMR (600 MHz, CQOD): & 4.55 (dt, 0.7H,
H2uay, J= 3.9, 3.9, 7.2 Hz), 4.48 (dt, 0.3H, KX J= 4.8, 4.8, 6.6 Hz), 4.29 (d, 0.7H, K3, J = 7.2
Hz), 4.21 (dd, 0.3H, H3., J= 1.2, 6.6 Hz), 3.72 (d, 0.3H, H@h, J = 11.4 Hz), 3.66 (d, 0.3H, HEa,
J=11.4 Hz), 3.64 (d, 0.7H, Héay, J = 11.4 Hz), 3.61 (d, 0.7H, HGay, J = 11.4 Hz), 3.51 (dd, 0.7H,
Hlbyaj, J = 3.9, 13.5 Hz), 3.34 (dd, 0.3H, Hikh J = 5.4, 13.2 Hz), 3.23 (dd, 0.7H, k&, J = 3.6,
13.2 Hz), 3.21-3.18 (m, 0.3H, H&), 3.18 (dd, 0.7H, Hiay, J = 3.9, 13.5 Hz), 2.92 (dd, 0.3H,
Hlamin, J = 6.0 Hz, 13.2 Hz), 1.93-1.83 (m, 1H, gient), 1.76-1.60 (m, 2H, GHent), 1.51 (s, 3H,
CHsiPr), 1.40-1.27 (m, 5H, Cipent), 1.38 (s, 3H, C#Pr), 0.94 (t, 3H, Chpent,J = 6.6 Hz).°C
NMR (62.5 MHz, CRQOD): & 111.20 (CiP#in), 110.68 (CiP#ias), 75.52 (C3in), 75.20 (C§ay), 72.82
(C4min), 72.74 (Céhaz), 70.82 (C2in), 70.79 (CZiaz), 65.27 (Chin), 64.70 (C@as), 60.01 (Chin),
54.83 (Cas), 42.43 (Clun), 41.61 (Chin), 32.84, 28.41, 26.53, 23.45 (Gniyay), 32.67, 28.60,
27.40 (CHpentun), 27.18, 24.86 (CkPrmin), 27.08, 24.58 (ChiPrya;), 14.35 (CHpent). HRMS

(ESI): mVz [M+H] " calcd for G4H2eNOy4: 274.2013, found: 274.2015.

(2R, 3S, 4R, 5R)-N-Benzyloxycarbonyl-3-hydroxymethyl-4,50-isopropylidene-2-pentylpiperi-
dine-3,4,5-triol (9) and (&, 3S, 4R, 5R)-N-Benzyloxycarbonyl-3-hydroxymethyl-4,50-isopro-
pylidene-2-pentylpiperidine-3,4,5-triol (10). The mixture of epimer8a and8b (500 mg, 1.83 mmol)
was dissolved in EtOH (15 mL). At 0 °C, DIPEA (9A6, 5.49 mmol, 3 eq) and benzyl chloroformate
(392 uL, 2.75 mmol, 1.5 eq) were added. The mixtuae stirred for 30 min at 0 °C and then 16 h.at rt

The solvent was removed under vacuum and the residis purified by flash column chromatography
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on silica gel (toluene/acetone 7:1) to give theanapimerl0 (228 mg, 31%) and the minor 08€132
mg, 18%), both as white solids and mixtures ofmaes (65:35).

9: mp = 140-143°C.q]p*° = + 6.4 € = 1.01, CHCY)). *H NMR (400 MHz, CDC}): & 7.44-7.22 (m,
5H, Haron), 5.25-5.03 (m, 2H, CHPh), 4.40-4.23 (m, 2H, Hik, H2, H5uaj), 4.22-4.16 (m, 0.35H,
H5min), 4.12 (dd, 0.65H, Hiny, J = 7.2, 13.6 Hz), 4.04-3.97 (m, 1H, H3), 3.77-3(6% 2H, H6), 3.22
(br s, 0.65H, Olgas), 2.81-2.58 (m, 1.65H, Hla, QMy), 2.58 (s, 0.35H, OH,), 2.17 (br s, 0.35H,
OHmin), 2.10-1.93 (m, 1H, H7b), 1.47 (s, 3H, @Pr), 1.31 (s, 3H, CHPr), 1.41-1.02 (m, 7H,
3CHypent, H7a), 0.95-0.78 (m, 3H, Gpent).>*C NMR (100 MHz, CDG)): 8 157.29 (CGhay), 156.64
(COmin), 136.67 (Grommin, 136.56 (Gromma), 129.10-127.70 (Ckbn), 110.04 (CiPfin), 109.95
(CiPrvag), 76.34 (C3), 74.31 (Gfh), 73.57 (Céhin), 70.03 (CRias), 69.85 (C2in), 67.70 (CHPhyay),
67.62 (CHPhyin), 65.49 (C@ia), 65.06 (C6in), 57.45 (C5in), 57.10 (Chays), 40.27 (Cluas), 39.87
(Clmin), 31.59 (CHpentyin), 31.54 (CHpeniyas), 28.53, 26.20 (CkiPryaj), 28.48, 26.27 (CEPmin),
25.99-25.68, 22.63 (Cident), 14.14 (Chpent). HRMS (ESI):m/z [M+H]" calcd for GoHzsNOe:
408.2381, found: 408.237@yz [M+Na]" calcd for G,HzaNNaGs: 430.2200, found430.2209.

10: mp = 84-86°C. (i]p*° = + 52.2 ¢ = 1.38, MeOH)!H NMR (400 MHz, CDC}): & 7.42-7.22 (m,
5H, Harom), 5.21-5.04 (m, 2H, CHPh), 4.40-4.25 (m, 2H, H2, H3), 4.25-4.09 (m, 1Hb} 4.09-4.00
(m, 0.65H, Hfay), 3.96-3.87 (M, 0.35H, H&), 3.78 (br d, 1H, H6b) = 11.2 Hz), 3.57-3.44 (m, 1H,
H6a), 3.35-3.20 (m, 1H, Hila), 2.82-2.72 (m, 1H, Q58 (br s, 0.65H, Ojrhy), 2.41 (br s, 0.35H,
OHmin),1.69-1.41 (m, 2H, k), 1.40-1.11 (m, 12H, 3Cfgent, 2CHiPr), 0.97-0.76 (m, 3H, Cipent).
%C NMR (100 MHz, CDC}): 5 156.92 (C@a3), 156.58 (CQin), 138.00 (Grommin), 136.92 (Gromma),
129.17-127.90 (Clon), 109.11 (CiPfin), 109.00 (CiPyiay), 75.47, 73.46 (G@n, C3nin), 75.27, 73.15
(C2un1, C3ual), 72.84 (Céuns), 72.42 (Céhin), 67.58 (CHPhyin), 67.24 (CHPhyas), 65.59 (C&in),
65.22 (CGia), 54.38 (Chin), 54.06 (Chias), 41.90 (Chin), 41.80 (Ciuny), 32.13 (CHpent), 28.76

(CTmin), 28.09 (CYia3), 26.24 (CHpentyin), 26.08 (CHpentyaj), 26.01 (CHIiPrmin), 25.88 (CHiPryay),
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24.53 (CHiPr), 22.72 (CHpent), 14.19 (Ckpent). HRMS (ESI)mVz [M+H]" calcd for GoH34NOs:

408.2381, found408.2377m/z[M+Na]" calcd for GoHzaNNaGs: 430.2200, found430.2204.

General procedure for the formation of cyclic thio@arbonate: The diol was dissolved in anhydrous
THF (0.1 M) under Ar. Thiocarbonyldiimidazole (1€%§) was added. The mixture was heated under
reflux for 4 h, then cooled to rt. The solvent wamoved under vacuum and the residue was purified
by flash column chromatography on silica gel toegithe cyclic thionocarbonate as a mixture of

rotamers (6:4).

(2R, 3S, 4R, 5R)-N-Benzyloxycarbonyl-3-hydroxymethyl-4,50-isopropylidene-2-pentylpiperi-
dine-3,4,5-triol 3,3'-thiocarbonate (11). Compound1l (74 mg, 86%) as a colorless syrup was
obtained from diol9 (78 mg, 0.191 mmol) following general proceduréerapurification using
petroleum ether/EtOAc (7.5:1) as the eluértNMR (400 MHz, CDCY): 5 7.46-7.28 (m, 5H, o),
5.25-5.07 (m, 2H, ChPh), 4.85-4.72 (m, 1H, H6b), 4.65-4.54 (m, 0.4H 5 4.50-4.32 (m, 3.2H,
H6a, H3, Hiyay, Hlbyay), 4.24-4.14 (m, 1.4H, H2, Hih), 2.94-2.82 (m, 0.4H, H}@), 2.80-2.70 (m,
0.6H, Hlay), 2.05-1.91 (m, 1H, H7b), 1.51 (s, 3H, @PY), 1.36 (s, 3H, CHPr), 1.32-1.10 (m, 7H,
3CHypent, H7a), 0.95-0.80 (m, 3H, @béent).*C NMR (100 MHz, CDGJ): 5189.92 (C$.), 189.78
(CSwa), 155.52 (C@ui), 155.47 (CQin), 136.31 (Grommi), 136.20 (Gromma), 128.70-127.92
(CHaron), 111.12 (CiPr), 87.71 (Gfh), 87.52 (Chas), 74.60 (CZias), 74.35 (CZin), 72.95 (C6), 69.83
(C3min), 69.55 (CRiny), 68.08 (CHPhyas), 67.89 (CHPhyin), 55.62 (Chias), 55.17 (Chin), 39.73
(Clmin), 39.07 (Cuaz), 31.45, 26.32 (Chpentyn), 31.32, 25.96, 25.45 (GHeniua;), 28.01
(CHsiPryag), 27.81 (CHiPryin), 26.14 (CHIiPr), 22.48 (CHpent), 14.03 (Ckpent). HRMS (ESI)m/z
[M+H]" calcd for GsH3NOgS: 450.1945, found450.1943;mVz [M+NH,]" calcd for GaHzsNoOsS:

467.2210, found467.2210m/z [M+Na]" calcd for GsHzNNaQsS: 472.1764, found472.1763.

(2S, 3S, 4R, B5R)-N-Benzyloxycarbonyl-3-hydroxymethyl-4,50-isopropylidene-2-pentylpiperi-

dine-3,4,5-triol 3,3-thiocarbonate (14).Compound14 (200 mg, 91%) as a colorless syrup was
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obtained from dioll0 (199 mg, 0.488 mmol) following general proceduméier purification using
petroleum ether/EtOAc (6:1) as the eludht.NMR (400 MHz, CDCJ): & 7.49-7.26 (m, 5H, Kom),
5.23-5.05 (m, 2H, CHPh), 4.89-4.78 (m, 1H, H6b), 4.49-4.29 (m, 4H, HA&yA;, H2, H3, H1lkyy),
4.28-4.16 (M, 1H, Hljn, H5min), 3.29-3.13 (M, 1H, H1a), 1.65-1.51 (m, 2H, H7}6E1.11 (m, 12H,
3CHypent, 2CHiPr), 0.95-0.78 (m, 3H, Cipent). *C NMR (100 MHz, CDGCJ); & 190.53 (CHiay),
190.40 (C$in), 156.78 (CQnaJ), 156.04 (CQin), 136.42 (Gromma), 135.89 (Grommi), 128.97-128.10
(CHarom), 110.69 (CiPyias), 110.54 (CiRfin), 87.95 (Céin), 87.71 (Chas), 75.53 (C&ay), 75.43
(C6min), 74.56, 72.79 (G2ay, C3uai), 74.47, 72.91 (GRn, C3nin), 68.11 (CHPhyn), 67.58
(CHzPhvay), 55.14 (C5in), 54.58 (CRiaj), 42.07 (Caz), 41.61 (Chin), 31.93, 25.37 (Chbeniyay),
31.86, 25.50 (Chpentnn), 28.36 (C¥iaz), 28.08 (Chin), 25.68, 24.37 (CHPrmin), 25.54, 24.20
(CHaiPryaj), 22.55 (CHpent), 14.08 (Ckpeniya), 14.05 (CHpent,n,). HRMS (ESI):mVz [M+H]"
calcd for GaH3oNOgS: 450.1945, found: 450.1944yz [M+Na]” calcd for GaHaNNaQsS: 472.1764,

found: 472.1765.

General procedure for deoxygenation:Half of a degassed solution of AIBN (0.12 eq, 4 niM
anhydrous toluene was added to a degassed sodbftitve cyclic thiocarbonate (0.05 M) and SuH

(2 eq) in anhydrous toluene. The mixture was stificr 2 h at rt, and then the second half of the
solution of AIBN was added. The mixture was stirfed 16 h under reflux. After cooling to rt, the
reaction mixture was washed twice with 10% aqud€ktigv mL = 1.5 x total volume of toluene) and
saturated agueous NaHg(@ mL). The combined aqueous phases were extré&ctedes with EtOAc
(3v mL). The combined organic phases were dried MgSQ, and concentrated under vacuum. The
residue was purified by flash column chromatographgilica gel (petroleum ether/EtOAc 7:3) to give
the protected iminosugar as a mixture of rotamgrs) (containing traces of impurities coming from

BusSnH.
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(2R, 3R, 4S, 5R)-N-Benzyloxycarbonyl-3-hydroxymethyl-4,50-isopropylidene-2-pentylpiperi-
dine-4,5-diol (12). Compound12 (38 mg, 60%) as a colorless syrup was obtaineth fayclic
thionocarbonaté 1 (72 mg, 0.160 mmol) following general procedut¢.NMR (400 MHz, CDCY): &
7.43-7.20 (M, 5H, Hon), 5.20 (d, 0.5H, CbPh,J = 12.4 Hz), 5.12 (s, 1H, GRh), 5.05 (d, 0.5H,
CH,Ph,J = 12.4 Hz), 4.42-4.26 (m, 2H, H3, H5), 4.22 (d&gH),. 0.5H1bJ= 7.2, 13.6 Hz), 4.17-4.00
(m, 1.5H, H2, 0.5H1b), 3.87-3.73 (m, 2H, 2H6), 2884 (m, 1H, H1a), 2.26-2.13 (m, 1H, H4), 2.03-
1.81 (m, 2H, H7b, OH), 1.49 (s, 3H, @RAr), 1.33 (s, 3H, CHPr), 1.43-1.05 (m, 7H, 3Cident, H7a),
0.90-0.78 (m, 3H, Chbent).*C NMR (100 MHz, CDGCJ): & 155.76, 155.48 (CO), 136.78, 136.74
(Caron), 128.61-127.76 (Chbm), 109.54 (CiPr), 73.41, 73.31 (C3), 71.22, 70.82)( 67.45, 67.31
(CH.Ph), 61.82, 61.75 (C6), 51.17, 50.99 (C5), 42.248@ (C4), 39.84, 39.49 (C1), 31.70, 25.90,
25.81, 22.66 (Chpent), 28.77, 26.29, 26.24 (GHAr), 26.93, 26.78 (C7), 14.15, 14.14 (§pent).
HRMS (ESI):m/z [M+H]" calcd for GoH3sNOs: 392.2432, found: 392.2432yz [M+Na]" calcd for

CaoH3sNNaGs: 414.2251, found: 414.2250.

(2S, 3R, 4S, 5R)-N-Benzyloxycarbonyl-3-hydroxymethyl-4,50-isopropylidene-2-pentylpiperi-
dine-4,5-diol (15) and (&, 3S, 4S, 5R)-N-Benzyloxycarbonyl-3-hydroxymethyl-4,50-isopropyli-
dene-2-pentylpiperidine-4,5-diol (16).Compoundl6 (71 mg, 43%) and compourid (63 mg, 38%)
as colorless syrups were obtained from cyclic tbeambonatel4 (189 mg, 0.420 mmol) following

general procedure.

15: 'H NMR (400 MHz, CDCY): & 7.45-7.23 (M, 5H, Ko, 5.22-5.04 (m, 2H, C#Ph), 4.61-4.51 (m,
1H, H3), 4.37-4.21 (m, 1.5H, H2, 0.5H1b), 4.21-4(8 1.5H, 0.5H1b, H5), 3.90-3.72 (M, 2H, 2H6),
2.91-2.78 (m, 1H, H1a), 2.54-2.29 (m, 1H, OH), 11788 (m, 2H, H4, H7b), 1.48-1.09 (m, 13H, H7a,
3CHypent, 2CHiPr), 0.91-0.74 (m, 3H, Cipent). *C NMR (100 MHz, CDG): & 156.99, 156.57
(CO), 137.07, 136.74 (&), 128.46, 128.02, 127.88 (Ghl), 109.01, 108.96 (CiPr), 74.37, 74.01,

73.64, 73.56 (C2, C3), 67.32, 66.93 (BH), 62.92, 62.78 (C6), 49.11, 48.82 (C5), 42.237@ (C1),
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40.85, 40.76 (C4), 33.50, 33.10 (C7), 32.20, 242870 (CHpent), 25.97, 24.32 (GfPr), 14.15
(CHazpent). HRMS (ESI):mvz [M+H]" calcd for G,H3NOs: 392.2432, found: 392.24291/z
[M+NH4]" calcd for GoHs/N2Os: 409.2697, found: 409.2692yz [M+Na]" calcd for GoHzsNNaGs:

414.2251, found: 414.2249.

16: 'H NMR (400 MHz, CDCJ): 8 7.44-7.22 (m, 5H, Kom), 5.28-5.03 (m, 2H, CHPh), 4.61-4.45 (m,
1H, H1b), 4.45-4.26 (m, 1H, H5), 4.18-4.02 (m, M8, H2), 3.83 (dd, 1H, H6k] = 7.2, 10.4 Hz),
3.61 (br s, 1H, H6a), 3.26-3.10 (m, 1H, H1a), AB0s, 1H, OH), 2.03-2.15 (m, 1H, H4), 1.46 (s, 3H,
CHsiPr), 1.42-1.10 (m, 11H, 4Gident, CHiPr), 0.90-0.76 (m, 3H, Cpent). °C NMR (100 MHz,
CDCL): & 156.11 (CO), 137.05 (), 128.49, 127.92, 127.46 (Gkh), 109.02 (CiPr), 74.58, 71.80
(C2, C3), 67.19 (CkPh), 63.62 (C6), 51.93 (C5), 44.14 (C4), 39.44 (B1)59, 26.93, 25.51, 22.65
(CHopent), 28.43, 26.49 (G#Pr), 14.08 (CHpent). HRMS (ESI)nmvz [M+H]" calcd for GoHzNOs:
392.2432, found: 392.2430z [M+NH,4]" calcd for GoH3/N,Os: 409.2697, found: 409.2694m/z

[M+Na]" calcd for GoHzsNNaQs: 414.2251, found: 414.2250.

General procedure for benzyloxycarbonyl deprotectia: To a solution of thél-protected compound
in iPrOH (0.02 M) was added 10% Pd/C (500 mg/mmdhe mixture was stirred under a H
atmosphere at rt until completion of the reactiohQ). More catalyst was added if needed. Then the
catalyst was filtered through a membrane, washéell WwWrOH and the filtrate was concentrated under

vacuum to give the deprotected compound free oé@rtaining impurities.

(2R, 3R, 4S, B5R)-3-Hydroxymethyl-4,5-O-isopropylidene-2-pentylpiperidine-4,5-diol (13).
Compoundl3 (24 mg, 96%) as a yellow syrup was obtained fidiprotected compounii2 (38 mg,
0.097 mmol) following general procedufer]p®® = + 31.7 € = 1.00, MeOH).*H NMR (250 MHz,
CD;OD): 3 4.38 (dd, 1H, H3) = 3.3, 5.8 Hz), 4.14 (dt, 1H, H2,= 5.8, 5.8, 7.0 Hz), 3.68 (d, 2H, 2H8,

J=7.5 Hz), 2.99 (ddd, 1H, HZ,= 2.9, 6.3, 10.9 Hz), 2.79 (dd, 1H, H1bs 5.8, 13.0 Hz), 2.68 (dd,
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1H, Hla,J = 7.0, 13.0 Hz), 2.16 (ddt, 1H, H3= 3.3, 6.37.5, 7.5 Hz), 1.92-1.74 (m, 1H, H7b), 1.46
(s, 3H, CHiIPr), 1.31 (s, 3H, CkiPr), 1.56-1.14 (m, 7H, 3Cient, H7a), 0.92 (t, 3H, Gdent,J= 6.6
Hz). *C NMR (100 MHz, CROD): 8 109.81 (CiPr), 73.90 (C3), 73.32 (C2), 61.76 (G&).70 (C5),
42.84 (C1), 42.46 (C4), 33.09, 27.46, 23.62 i), 29.26 (C7), 28.06, 25.45 (@Pr), 14.40

(CHaspent). HRMS (ESI)myz [M+H] " calcd for G4H2gNOs: 258.2064, found258.2066.

(2S, 3R, 4S, B5R)-3-Hydroxymethyl-4,5-O-isopropylidene-2-pentylpiperidine-4,5-diol  (17).
Compoundl7 (17 mg, 49%) as a colorless syrup was obtained Neprotected compountl5 (54 mg,
0.138 mmol) following general procedure, after poagition using CHCI,/MeOH (9:1) as the eluent.
[a]p?° = - 28.3 € = 1.00, MeOH)*H NMR (250 MHz, CRQOD): d 4.47 (dd, 1H, H3) = 3.5, 5.5 Hz),
4.11 (dt, 1H, H2J = 5.5, 5.5, 7.9 Hz), 3.33-3.29 (m, 2H, 2H6), 2(8d, 1H, H1bJ = 5.5, 12.6 Hz),
2.58 (dd, 1H, H1a)= 7.9, 12.6 Hz), 2.64-2.51 (m, 1H, H5), 1.72 (ddtld, H4,J = 3.5, 5.3, 7.5, 11.0
Hz), 1.66-1.58 (m, 1H, H7b), 1.47 (s, 3H, §Pf), 1.58-1.42 (m, 1H, H7a), 1.34 (s, 3H, £§IP4), 1.42-
1.23 (m, 6H, 3Chpent), 0.92 (t, 3H, Chpent,J = 6.8 Hz).”*C NMR (100 MHz, CROD): & 110.62
(CiPr), 73.90 (C3), 72.50 (C2), 61.64 (C6), 53.06) 46.08 (C1), 43.58 (C4), 33.57 (C7), 33.06,
26.02, 23.58 (Chpent), 27.72, 25.46 (GiPr), 14.37 (CHpent). HRMS (ESI)m/z [M+H]* calcd for

Cl4H23N03: 258.2064, found: 258.2064.

(2S, 35S, 4S, B5R)-3-Hydroxymethyl-4,5-O-isopropylidene-2-pentylpiperidine-4,5-diol  (18).
Compoundl8 (26 mg, 67%) as a yellow syrup was obtained figqprotected compounti6 (60 mg,
0.153 mmol) following general procedurel]§®® = + 22.4 ¢ = 1.00, MeOH).*H NMR (250 MHz,
CD;0OD): 8 4.33-4.22 (m, 2H, H2, H3), 3.90 (dd, 1H, H6b= 5.0, 11.1 Hz), 3.69 (dd, 1H, H6&=
4.3, 11.1 Hz), 3.15 (dd, 1H, H1b= 6.1, 12.9 Hz), 3.10 (dt, 1H, H3,= 3.8, 7.4, 7.4 Hz), 2.82 (dd,
1H, Hla,J = 7.0, 12.9 Hz), 2.11-2.05 (m, 1H, H4), 1.64-1(62 2H, 2H7), 1.50 (s, 3H, GiPr), 1.46-
1.28 (m, 9H, 3Chpent, CHiPr), 0.98-0.87 (m, 3H, Cpent).”*C NMR (100 MHz, CROD): & 109.43

(CiPr), 76.72 (C3), 71.95 (C2), 61.56 (C6), 54.@%) 47.02 (C1), 41.80 (C4), 32.94, 26.90, 23.56
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(CHypent), 30.98 (C7), 28.53, 26.45 (gPr), 14.36 (CHpent). HRMS (ESI)nvz [M+H]" calcd for

C14H2gNO3: 258.2064, found: 258.2064.

General procedure for isopropylidene deprotection:The protected compound was dissolved in a
mixture of dioxane/bD (5:3; 0.01 M) and Dowex 50WX8 ion-exchange regii form, 10
mL/mmol), previously washed with dioxane®i (1:1), was added. The mixture was stirred fohl8

rt, then poured into a column and washed with ciexgO (1:1) and with HO. Elution with aqueous
0.5 N NH,OH (800 mL/mmol), followed by concentration undeacuum gave the expected

iminosugar.

(2R, 3R, 4S, 5R)-3-Hydroxymethyl-2-pentylpiperidine-4,5-diol or (5aR)-5a-C-pentyl-4-epi-
isofagomine (1). Compoundl (16 mg, 84%) as a colorless syrup was obtained fprotected
iminosugarl3 (23 mg, 0.089 mmol) following general procedurdof® = - 9.5 € = 1.00, MeOH)H
NMR (250 MHz, CROD): & 3.90 (dd, 1H, H6bJ = 3.5, 11.5 Hz), 3.87-3.84 (m, 1H, H3), 3.80 (dd,
1H, H6a,J = 4.5, 11.5 Hz), 3.75-3.68 (m, 1H, H2), 3.00 (iH, H1b,J = 2.8, 13.4 Hz), 2.73 (d, 1H,
Hla,J= 13.4 Hz), 2.70-2.64 (m, 1H, H5), 1.89-1.82 (m, Hd), 1.72-1.53 (m, 2H, 2H7), 1.49-1.26
(m, 6H, CHpent), 0.97-0.87 (m, 3H, GHent).**C NMR (100 MHz, CQOD): & 72.04 (C3), 68.92
(C2), 58.63 (C5), 58.15 (C6), 50.76 (C1), 44.08)(B&.11, 27.39, 23.63 (Gpent), 32.96 (C7), 14.39

(CHaspent). HRMS (ESImyz [M+H] " calcd for G;H24NOs: 218.1751, found218.1753.

(2S, 3R, 4S, B5R)-3-Hydroxymethyl-2-pentylpiperidine-4,5-diol or (5aS)-5a-C-pentyl-4-epi-
isofagomine (2).Compound2 (12 mg, 86%) as a colorless syrup was obtained fpootected
iminosugarl7 (17 mg, 0.067 mmol) following general procedurdof’ = - 34.5 ¢ = 1.05, MeOH)H
NMR (250 MHz, CROD): & 4.10 (t, 1H, H3,J = 2.5 Hz), 3.65 (d, 2H, 2H6), = 6.0 Hz), 2.53 (ddd,
1H, H2,J = 2.5, 6.6, 9.3 Hz), 2.92-2.71 (m, 3H, H5, 2H1),3t1.55 (m, 1H, H7b), 1.53-1.40 (m, 1H,

H4), 1.53-1.22 (m, 7H, H7a, 3Gpent), 0.98-0.85 (m, 3H, GHent).*C NMR (100 MHz, CROD): &
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70.91 (C2), 70.69 (C3), 62.14 (C6), 52.06 (C5),028(C4), 46.91 (C1), 33.64 (C7), 33.32, 25.92,
23.63 (CHpent), 14.40 (Ckpent). HRMS (ESI)mvz [M+H]" calcd for G1H.4NOs: 218.1751, found:

218.1752.

(2S, 3S, 4S, 5R)-3-Hydroxymethyl-2-pentylpiperidine-4,5-diol (19). Compoundl9 (22 mg, quant.)
as a colorless syrup was obtained from protectadosngarl8 (26 mg, 0.101 mmol) following
general procedurea]p?® = + 9.7 € = 1.00, MeOH)'H NMR (250 MHz, CQOD): 5 4.02 (t, 1H, H3]
= 3.2 Hz), 3.87 (dt, 1H, H3 = 3.2, 7.4, 7.4 Hz), 3.78 (dd, 1H, H6lg..= 7.0, 11.3 Hz), 3.69 (dd, 1H,
H6a, Jsp-4= 4.6, 11.3 Hz), 3.13 (dt, 1H, H3,= 3.8, 7.0, 7.0 Hz), 2.87 (d, 2H, 2HL7= 7.4 Hz), 2.02-
1.94 (m, 1H, H4), 1.58-1.44 (m, 2H, 2H7), 1.44-1(86 6H, 3CHpent), 0.97-0.86 (m, 3H, GHent).
%C NMR (100 MHz, CROD): & 71.15 (C3), 67.38 (C2), 60.54 (C6), 53.50 (C5)846(C1), 45.72
(C4), 33.01, 27.19, 23.59 (Gpent), 31.60 (C7), 14.36 (Gpent). HRMS (ESI)m/z [M+H] " calcd for

C11H24NOs: 218.1751, found: 218.1752.

4.2. Enzymatic assays

Human PBMC lysates were used as a source of huigjaosglases. Each assay was conducted using
lysate from the indicated number of cells with #ppropriate buffer and substrate supplemented with
protease inhibitors (cOmplété Protease Inhibitor Cocktail Tablets, Roche) and T#ton X-100.
Otherwise indicated, th@-galactosidase assays were conducted with the &quivof 2 x 16 cells per
reaction in 50 mM sodium phosphate, pH 7.3, usiag, substrate, 4-methylumbellifer@-D-
galactopyranoside at 0.8 mM. Thegalactosidase assays were conducted with the aguoivof 2 x

10 cells per reaction in 100 mM sodium citrate, pB, 4ising, as substrate, 4-methylumbellifexryb-
galactopyranoside at 1 mM. Tleglucosidase assays were conducted with the equivaf 2 x 16
cells per reaction in 100 mM sodium citrate, pH, 418ing, as substrate, 4-methylumbellifeoyb-
glucopyranoside at 1 mM. THgglucosidase assays were conducted with the eguivalf 2 x 16

cells per reaction in 100 mM sodium citrate, pH, 8@pplemented with 10 mM taurocholic acid and 5
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mM 2-mercaptoethanol, using, as substrate, 4-mathiytlliferyl 3-p-glucopyranoside at 1 mM. The
N-acetyla-D-glucosaminidase assays were conducted with thevalent of 2.5 x 19 cells per
reaction in 50 mM sodium citrate, pH 4.3, using,sabstrate, 4-methylumbelliferyl 2-acetamido-2-
deoxy@a-D-glucopyranoside at 0.25 mM. TH&hexosaminidase assays were conducted with the
equivalent of 0.4 x 10cells per reaction in 50 mM sodium citrate, pH,4i8ing, as substrate, 4-
nitrophenyl 2-acetamido-2-deoy3+D-glucopyranosidat 2 mM. The enzymatic reactions were run for
2 hours at 37C, with the exception of thi-acetyla-p-glucosaminidase assays, which were incubated
for 17 hours. The fluorogenic reactions were stdppg the addition of an equal volume of glycine
0.15 M, pH 10.2 and fluorescence emission was ohitexd at 445 nm using an excitation wavelength
at 365 nm. The colorimetric reactions were stopgpethe addition of an equal volume of NaOH 0.2 M

and absorbance was determined at 405 nm.

4.3. Heat denaturation assays

The tests were conducted essentially as describbedei literature [34]. Samples of human PBMC
lysates (equivalent of 2 x i@ells/reaction) in 50 mM sodium phosphate, pH Eugplemented with
protease inhibitors and 1% Triton X-100 were indatat 48°C for 0, 5, 10, 20, and 40 minutes in the
presence of graded concentrations of compdunihe samples were then diluted in citrate bufbét,
4.3, and 0.25 mM of 4-methylumbellifergtp-galactopyranoside was added. After 17 hours &C37
the reactions were stopped by the addition of analkegolume of glycine 0.15 M, pH 10.2.

Fluorescence was then determined at 445 nm usiega@tation wavelength at 365 nm.

4.4. Cell-based chaperone assays

Patient fibroblasts were purchased from the Cotiatitute (Camden, NJ) or were obtained directly
from patients according to the ethical committeguneements of the respective institutions in which
the cell lines were generated. The GM03348 fibrstbtzell line, from a healthy donor, was from the

Coriell Institute. The chaperone assays were cdedullowing the method described in Rightal
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[11]. Fibroblasts were cultured in 25 tifasks placed in a humidified incubator (37 and 5% CG)
using DMEM complete medium (DMEM-c) made of DMEM dngm supplemented with non-essential
amino acids, penicillin, streptomycin and 10% fetalf serum (Invitrogen Thermo Fisher Scientific).
For the chaperone assays, the cells were harvbgtégpsinization, seeded in triplicates at 2 X 10
cells per well of 24 well plates in 2 ml of DMEMwath adequate concentrations of compound. After 3
days in culture, 1 ml of medium was removed fromheaell and replaced by 1 mL of fresh DMEM-c
medium containing the corresponding concentratfocompound. Following another 2 days in culture,
the medium of each well was discarded, the celleweashed twice with phosphate buffer saline, 125
puL of lysis buffer were added per well (sodium atiér 100 mM, pH 4.3, supplemented with protease
inhibitors and 1% Triton X-100) and the plates wiozen at -80°C. The lysates were then thawed
and clarified by centrifugation (5 minutes at 190@m in an Eppendorf microfuge). For the
determination of thd-galactosidase activity, 80 pL of lysate were thstted in wells of black wall
fluorometric 96 well plates and 20 pL of substrgtanethylumbelliferyl-p-galactopyranoside at 5
mM in lysis buffer) were added per well. For thdedmination of the3-hexosaminidase activity, 15
puL of lysate were distributed in wells of black Wiiliorometric 96 well plates, 65 pL of lysis buffe
and 20 pL of substrate (4-methylumbelliferyl 2-aetdo-2-deoxya-D-glucopyranoside at 5 mM in
lysis buffer) were added per well. The plates wamn incubated for 2 hours at 3Z. The enzymatic
reactions were stopped by the addition of an egolaime of glycine 0.15 M, pH 10.2 and fluorescence

emission was determined at 445 nm using an exaitatavelength at 365 nm.
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Highlights:

e The synthesis of 3 new C-alkylated derivatives of 4-epi-isofagomine is described.
* Their inhibitory activities and selectivity towards human [3-galactosidase were evaluated.
e Compound 1 behaved as an effective pharmacological chaperone towards several mutations.



