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A B S T R A C T

Multivalent systems based on C2-alkylated (3R,4R,5R)-3,4,5-trihydroxypiperidines, members of the iminosugar 
family, were developed as modulators of the lysosomal enzyme β-glucocerebrosidase (GCase), whose deficiency 
causes Gaucher disease and is also related to Parkinson disease. The iminosugar units were successfully multi
merized onto tri- and tetrapodal scaffolds and gold nanoparticles, enabling a systematic investigation of the 
multivalent effects. Both architectures exhibited a marked enhancement in inhibitory potency compared to a 
suitable monovalent reference compound, proving a strong multivalent effect. However, while tri- and tetra
valent compounds primarily act as enzyme inhibitors in cellular assays, gold nanoparticle-based systems retain a 
productive chaperone window, promoting mutant N370S GCase rescue in Gaucher patient-derived fibroblasts by 
up to 1.7-fold at 100 nM, without detectable cytotoxicity. Overall, these findings highlight the critical role of 
scaffold organization in balancing enzyme inhibition and functional rescue in the design of multivalent phar
macological chaperones for Gaucher disease.

1. Introduction

Gaucher disease (GD) is the most prevalent lysosomal storage dis
order and is caused by pathogenic variants in the GBA1 gene, leading to 
reduced activity of the lysosomal hydrolase β-glucocerebrosidase 
(GCase). Impaired GCase function results in lysosomal accumulation of 
glucosylceramide, driving progressive cellular and organ dysfunction [1,
2]. Among the many GBA1 variants, N370S and L444P are the most 
frequent worldwide and are associated with markedly different clinical 
phenotypes, highlighting the mutation-dependent nature of therapeutic 
responses [3,4]. Notably, GBA1 variants are among the most prevalent 
and recognized genetic risk factors for Parkinson disease (PD), further 
underscoring the biomedical relevance of strategies aimed at restoring 
GCase function [5–7]. Current therapies for GD include enzyme 
replacement therapy (ERT), based on the systemic delivery of recom
binant GCase to patients, and substrate reduction therapy (SRT), aimed 
at reducing the biosynthesis of glucosylceramide. ERT requires lifelong 
intravenous administration and, in addition, fails to target the 

neuronopathic forms of GD as the recombinant enzyme is unable to cross 
the blood-brain barrier. SRT may be associated with tolerability issues 
and limited efficacy in neuronopathic forms [8–11]. Consequently, 
important therapeutic gaps remain, particularly for neurological forms 
and GBA1-associated PD. Pharmacological chaperones (PCs) represent 
an attractive therapeutic strategy for GD. They are molecules capable to 
bind and stabilize misfolded GCase in the endoplasmic reticulum, pro
moting its correct trafficking to lysosomes and restoring residual hy
drolytic activity [12]. Notably, a PC has already been approved for the 
treatment of Fabry disease, another lysosomal storage disorder; how
ever, to date, no PC has yet reached the market for GD. Ambroxol [ABX 
(1), Fig. 1A] was identified by high-throughput screening as a small 
molecule with chaperone activity toward GCase [13] and has progressed 
to clinical evaluation for the treatment of GD and extended recently to 
PD [14–18]. Among other potential GCase PCs, iminosugars represent 
the most extensively studied class [19,20]. Iminosugars are carbohy
drate mimetics in which the endocyclic oxygen atom of the sugar ring is 
replaced by nitrogen. Within this class, isofagomine [IFG (2), Fig. 1A] 

* Corresponding author.
E-mail addresses: francesca.clemente@unifi.it (F. Clemente), camilla.matassini@unifi.it (C. Matassini), marco.marradi@unifi.it (M. Marradi). 

Contents lists available at ScienceDirect

European Journal of Medicinal Chemistry

journal homepage: www.elsevier.com/locate/ejmech

https://doi.org/10.1016/j.ejmech.2026.118992
Received 31 March 2026; Received in revised form 18 May 2026; Accepted 19 May 2026  

European Journal of Medicinal Chemistry 316 (2026) 118992 

Available online 20 May 2026 
0223-5234/© 2026 The Authors. Published by Elsevier Masson SAS. This is an open access article under the CC BY license 
( http://creativecommons.org/licenses/by/4.0/ ). 

https://orcid.org/0000-0003-1200-1935
https://orcid.org/0000-0003-1200-1935
https://orcid.org/0000-0002-6766-4624
https://orcid.org/0000-0002-6766-4624
https://orcid.org/0000-0003-2890-8179
https://orcid.org/0000-0003-2890-8179
https://orcid.org/0000-0001-6448-7266
https://orcid.org/0000-0001-6448-7266
https://orcid.org/0000-0002-7174-1960
https://orcid.org/0000-0002-7174-1960
https://orcid.org/0000-0002-1081-533X
https://orcid.org/0000-0002-1081-533X
https://orcid.org/0000-0002-8336-383X
https://orcid.org/0000-0002-8336-383X
https://orcid.org/0000-0003-0831-6942
https://orcid.org/0000-0003-0831-6942
mailto:francesca.clemente@unifi.it
mailto:camilla.matassini@unifi.it
mailto:marco.marradi@unifi.it
www.sciencedirect.com/science/journal/02235234
https://www.elsevier.com/locate/ejmech
https://doi.org/10.1016/j.ejmech.2026.118992
https://doi.org/10.1016/j.ejmech.2026.118992
http://creativecommons.org/licenses/by/4.0/


represents the most clinically advanced example, having progressed to 
clinical trials for GD; however, it failed to demonstrate meaningful 
clinical benefit, essentially due to its high hydrophilicity [21]. Following 
this outcome, research efforts increasingly shifted toward amphiphilic 
iminosugars. In particular, N- or C-alkylated derivatives have gained 
significant attention, as the introduction of hydrophobic substituents 
enables fine modulation of enzyme binding affinity and selectivity, as 
well as improved cellular uptake. Structure activity relationship studies 
have consistently shown that alkyl chain's length is a critical determi
nant of iminosugar chaperoning performance, with long-chain de
rivatives (≥C8) producing more pronounced GCase enhancement [19,
20]. Recently, C2-alkylated iminosugars have emerged as a particu
larly promising class, combining potent GCase interaction with phar
macological chaperoning potential in Gaucher relevant cellular models 
(compounds 3, ent-3, 4–7; Fig. 1B) [22–28].

In recent years, it has been reported that GCase is responsive to 
multimeric systems based on iminosugars [29–34]. In particular, it has 
been demonstrated that molecular architectures that accommodate 
multiple iminosugar ligands onto a single scaffold (multivalent systems) 
can promote cooperative interactions with GCase resulting in enhanced 
functional responses beyond simple statistical effects (multivalent ef
fect) [35]. However, most of the multivalency-based strategies targeting 
GCase have focused on N-substituted iminosugars primarily due to their 
easier synthesis [30–32], in spite of the evidence that monovalent 
C-alkylated derivatives generally outperform their N-alkylated coun
terparts [20]. To the best of our knowledge, the only example of 
multivalent C-alkylated iminosugars exhibiting chaperoning activity 
towards GCase consists of pyrrolidine-based derivatives reported by 
Dehoux and co-workers, among which compound 8 (Fig. 1C) showed the 
highest PC activity [36]. No examples of multivalent C-alkylated 
piperidine type iminosugars have been reported so far. In this context, 
we synthesized new multivalent systems based on the C-octyl piperidine 
type iminosugar 7 with established GCase-modulating properties 
(Fig. 1B) [26,27] and investigated how its multivalent presentation in
fluences GCase activity. To this end, the key intermediate C2-undecyl 
(3R,4R,5R)-3,4,5-trihydroxypiperidine type iminosugar 9 was 

multimerized onto tri- and tetrapodal scaffolds and gold nanoparticles 
(Fig. 2). Tri- and tetrapodal scaffolds are well-established platforms for 
iminosugar multimerization [30–33], while only a limited number of 
glyco-gold nanoparticles (GNPs) functionalized with iminosugars [34] 
have been reported to date, and none of them bear C-alkylated imino
sugars. To study the impact of iminosugar density and spatial organi
zation across these different scaffolds on GCase modulation, multivalent 
systems 10–13 and GNP 1–2 (Fig. 2) were first evaluated for their 
interaction with GCase in leukocyte extracts from healthy donors using 
inhibitory assays. Next, their ability to rescue mutant GCase activity was 
evaluated in patient-derived fibroblasts.

2. Results and discussion

2.1. Synthesis of the bioactive unit and assembling of multivalent 
architectures

Multivalent scaffolds have been extensively employed to multi
merize iminosugars, particularly N-alkylated derivatives, in order to 
generate GCase inhibitors and modulators [30–33]. Here, we describe 
the synthesis of new multivalent C2-alkylated piperidine type iminosu
gars of different valencies and geometries (see Fig. 2) via copper 
(I)-catalyzed alkyne azide cycloaddition (CuAAC) through the reaction 
of various terminal alkyne-functionalized multivalent scaffolds with a 
suitable azide-tagged C2-alkylated iminosugar. To this end, the pro
tected C2-undecyl trihydroxypiperidine intermediate 9, bearing an 
azido group, was prepared as described below (Schemes 1 and 2). In the 
first step, the freshly prepared Grignard reagent 14 was added to nitrone 
15 (Scheme 1), which was synthesized in five steps from D-mannose 
according to a well-established procedure developed in our research 
group [37,38]. To obtain the desired C2 (R)-configuration in the final 
piperidine moiety, we employed Grignard addition conditions estab
lished in our previous studies, which demonstrated that BF3⋅Et2O pro
motes preferential Re-face attack on nitrone 15, generating the R 
configuration at the newly formed stereocenter [26,27].This configu
ration was selected based on prior structure-activity relationship 

Fig. 1. A) ABX and IFG, currently in clinical trials as GCase pharmacological chaperones (PCs); B) C2-alkylated iminosugars (3, ent-3, 4–7) reported as potential PCs 
for GD, enhancing GCase activity in N370S and L444P* fibroblasts; C) multivalent C2-alkylated pyrrolidine 8 and its activity in N370S fibroblasts.
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studies, which identified compound 7 (Fig. 1B) as one of the most 
effective PCs in our set of candidates, more active than its (S)–C2 dia
stereoisomer [26,27].

Thus, the Grignard reagent 14, prepared by treatment of 1-bromoun
dec-1-ene with magnesium in dry THF [39], was added to nitrone 15 in 
dry THF at − 30 ◦C, in the presence of BF3⋅Et2O as Lewis acid. After 
column chromatography, the reaction afforded the two diastereomeric 
hydroxylamines 16 (R configuration at C5, 85% yield) and 17 (S 
configuration at C5, 4% yield), together with the corresponding aldo
nitrone 18 (R configuration at C5, 3% yield) (Scheme 1). The R 
configuration at the new stereocenter of major product 16 and corre
sponding nitrone 18 is consistent with our previous findings on related 
additions and is securely assigned on the basis of their NMR spectra, 
which display signals at C4–C5 superimposable to those reported for 
similar R-configured alkyl adducts [26,27]. As previously observed for 
related systems [26,27], the hydroxylamines showed limited stability 
upon exposure to air and underwent partial spontaneous oxidation to 
the corresponding aldonitrones during handling and storage, as a 
consequence of slow oxidation by atmospheric oxygen at room tem
perature. However, this event does not constitute a trouble to our syn
thetic aim, since both hydroxylamines and nitrones are suitable 
substrates for the final reductive amination to close the piperidine ring 

[26,27]. Therefore, hydroxylamines 16 and 17 were characterized only 
by 1H NMR and ESI-MS immediately after purification, while complete 
characterization was carried out on the more stable oxidized nitrone 18. 
To advance the synthesis of the desired (R)-C2-undecyl trihydrox
ypiperidine 9, the mixture of 16 and 18 was subjected a standard 
hydroboration-oxidation procedure, using BH3⋅THF in dry THF followed 
by addition of 30% H2O2 in the presence of 10 M NaOH (Scheme 2) [40]. 
After flash column chromatography (FCC), the hydroxylamine 19 was 
isolated in 61% yield and separated from nitrone 20 (8% yield). As 
above, 19 underscores slow spontaneous air oxidation to 20 and was 
characterized only by ESI-MS and 1H NMR immediately after purifica
tion, while 20 was fully characterized.

Next, the desired piperidine skeleton was synthesized via a reductive 
amination strategy. Formation of the target piperidine 21 was achieved 
by treating the 19/20 mixture with hydrogen (balloon) in acetic acid 
using Pd/C as a catalyst, following a well-established procedure for 
related systems [26,27]. Gratifyingly, the reductive amination and 
ring-closure proceeded smoothly from the hydroxylamine/nitrone 
mixture as the substrate. This outcome can be rationalized by consid
ering that, under the reaction conditions, both species are reduced to the 
same secondary amine intermediate. Concomitant debenzylation at the 
anomeric position unmasks the aldehyde functionality, enabling 

Fig. 2. Novel multivalent architectures and gold nanostructured architectures based on a C2-undecyl trihydroxypiperidine, prepared and assayed in this work.

Scheme 1. a) BF3⋅Et2O, dry THF, − 30 ◦C to r.t., 3.5 h, 16 (85%), 17 (4%) and 18 (3%).

Scheme 2. a) 1. BH3⋅THF, dry THF, 0 ◦C to r.t., 17 h, 2. H2O2 (30%), NaOH (10 M), r.t., 1.5 h, 19 (61%) and 20 (8%); b) Pd/C, H2, AcOH, MeOH, r.t., 2 d, 68%; c) 
Boc2O, Et3N, MeOH, r.t., 3 d, 98%; d) 1. MsCl, dry Py, r.t., 5 h; 2. NaN3, dry DMF, 50 ◦C, 3 d, 92%.
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intramolecular reductive amination and leading to the formation of the 
piperidine ring. After purification by FCC, the desired product 21 was 
isolated in 68% yield. Piperidine 21 was then protected at nitrogen as 
t-butyl carbamate 22 by standard protocols [41] and recovered in nearly 
quantitative yield after FCC. Regioselective mesylation of the primary 
hydroxy group of 22, followed by nucleophilic substitution with NaN3, 
afforded the desired azido derivative 9, which resulted pure enough 
after work-up to be used without further purification (see Experimental 
and ESI). The azido derivative 9 was employed in CuAAC reactions with 
the multivalent alkyne-bearing scaffolds 23, 24, 25 and methyl prop
argyl ether (26) (Scheme 3). While 1,3,5-triethynylbenzene (23) and 
alkyne 26 are commercially available, the trivalent scaffold 24 and 
tetravalent scaffold 25 were synthesized from commercially available 
tris(hydroxymethyl)aminomethane and pentaerythritol, respectively, 
following reported procedures [42,43]. The CuAAC reactions were 
performed using CuSO4 and sodium ascorbate in a 2:1 THF/H2O mixture 
under microwave irradiation at 80 ◦C for 90 min (Scheme 3). After 
treatment with the copper-scavenger resin QuadraSil® MP and purifi
cation by FCC, the desired trivalent 27, tetravalent 28 and trivalent 29 
were obtained in good yields (82%, 77% and 91%, respectively) 
(Scheme 3). The same conditions afforded the monovalent reference 
compound 30 in 67% yield (Scheme 3). Simultaneous removal of the 
acetonide and the t-butyl carbamate protecting groups from all the ad
ducts was achieved under acidic conditions (12 M HCl) in methanol 
followed by treatment with strongly basic resin Ambersep 900-OH. The 
trivalent compounds 10 and 12 were purified by size exclusion chro
matography (SEC) using Sephadex LH-20 and obtained in 90% and 92% 
yields, respectively, while tetravalent compound 11 was obtained in 
67% yield after FCC (Scheme 3). The monovalent analogue 31 obtained 
in quantitative yield (Scheme 3), was prepared to evaluate the rp/n 
ratio, where rp represents the relative potency of a multivalent inhibitor 
(calculated as the ratio of the IC50 of 31 divided by the IC50 of the 
multivalent system) and n the number of binding units. This parameter 
allows quantification of the multivalent effect (MVE, see below) [44].

2.2. Synthesis and characterization of multivalent GNP decorated with 
C2-alkylatyed iminosugars

Glyco-gold nanoparticles (GNPs) have attracted particular interest 
owing to their aqueous stability, synthetic accessibility, and the possi
bility to precisely controlling ligand density and spatial organization 
[45]. Azide 9 was employed as a key precursor also for the preparation 
of multivalent GNPs. For grafting purposes, the heterobifunctional 
linker 32 was synthesized from tetra(ethylene glycol) in four steps ac
cording to a method previously reported [45]. This linker bears a ter
minal alkyne suitable for CuAAC coupling with the precursor 9 and a 
thiol-protected group at the opposite terminus, enabling subsequent 
anchoring to the gold nanoparticle surface. The CuAAC between alkyne 
32 and the azido-piperidine 9 was carried out under the previously 
described conditions, affording compound 33 in 50% yield after puri
fication by FCC (Scheme 4). Subsequent acidic deprotection of the 
acetonide and the t-butyl carbamate group in methanol, followed by 
thioester cleavage with NaOMe, transformed 33 into the disulfide ligand 
13, with the disulfide bridge masking the terminal thiol functionalities 
(Scheme 4). With 13 in hand, the synthesis of GNPs was carried out 
according to the methodology developed by Penadés and collaborators, 
based on the Brust and Schiffrin synthesis [46,47]. The synthetic pro
cedure is based on the in situ reduction of HAuCl4 in the presence of 
suitable thiol-ended ligands and allows precise control over the 
composition of mixed ligands on the same GNP. In the present case, the 
ligand density on GNPs was tuned by changing the ratio between the 
iminosugar bioactive ligand 13 and the inner ligand 5-(thio)pentyl 
β-D-glucopyranoside (GlcC5S) bearing a short aliphatic linker (Scheme 
4). The latter compound was prepared by following a well-established 
procedure [34]. In addition to acting as an inner component, GlcC5S 
enhances the water dispersibility of the GNPs. Regarding the bioactive 
ligand 13, the long aliphatic chain ensures the formation of stable 
self-assembled monolayers (SAMs) on the gold surface, while the tetra 
(ethylene glycol) segment provides conformational flexibility, enhances 
water solubility, and minimizes non-specific adsorption of biomolecules, 

Scheme 3. a) 1. Sodium ascorbate, CuSO4, 2:1 THF/H2O, MW, 150 W, 80 ◦C, 90 min; 2. QuadraSil® MP, MeOH, r.t., 1 h; 27 (82%), 29 (91%), 28 (77%), 30 (67%); 
b) 1. 12 M HCl, MeOH, r.t., 17 h; 2. Ambersep 900-OH, MeOH, r.t., 45 min, 10 (90%), 11 (67%), 12 (92%), 31 (100%).
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such as proteins [48].This architecture allows the iminosugar to extend 
outward from the nanoparticle core and be displayed on the gold sur
face, thereby promoting molecular interactions with the target GCase 
enzyme.

Two mixtures of GlcC5S (inner ligand) and 13 (bioactive ligand) 
characterized by different proportions of the two components were 
prepared and the ratios assessed by 1H NMR. The percentages of the 
bioactive ligands reported in Scheme 4 correspond to these combined 
ratios; however the determination of the real iminosugar molarity on the 
nanoparticles was verified on each mixed-ligand GNP by qNMR and 
elemental analysis [34]. The ligand mixtures were then added to an 
aqueous HAuCl4 solution, followed by the addition of an excess of 
NaBH4 as reducing agent. After 5 h at room temperature, the superna
tant was removed and the mixed-ligand GNPs were washed with 
methanol. The residue was dispersed in Milli-Q water, purified by 
dialysis against water, and freeze-dried. GNP-1 were fully dispersible in 
water up to 6 mg/mL. Increasing the piperidine density, as in GNP-2, led 
to reduced colloidal stability, requiring 40 mM aqueous acetic acid to 
achieve water dispersibility. The GNPs were then fully characterized 
through a set of complementary techniques. Transmission electron mi
croscopy (TEM) micrographs showed monodispersed GNPs with a small 
gold core (around 2 nm, Table 1; see ESI) and no aggregation was 
evident. In agreement with TEM data, no plasmon absorption maximum 
around 520 nm, typical of gold nanoparticles with larger gold diameters 
[49], was observed in UV− vis spectra. Combining the information ob
tained by TEM (gold core diameter) with the experimental values of the 

elemental analysis, as reported in the literature [34], it was possible to 
estimate an average molecular formula and molecular weight, as well as 
the valency, in terms of iminosugar units per each GNP (Table 1). The 1H 
NMR spectra of the GNPs showed broader peaks compared with those of 
the free ligands, compatible with limited mobility and successful 
nanoparticle formation. The molar concentration of the bioactive 
C2-alkylated iminosugar was confirmed by quantitative 1H NMR 
(qNMR) in D2O using 3-(trimethylsilyl)propionic-2,2,3,3-d4 acid 
(TSPd4) as an internal reference. The diagnostic signal of the triazole 
proton around 7.8 ppm was used for the quantification. Acetic acid-d4 
was used to guarantee the D2O dispersibility of GNP-2.

2.3. In vitro biological evaluation: inhibition of human GCase

The preliminary biological evaluation of the newly synthesized C2- 
undecyl (3R,4R,5R)-3,4,5-trihydroxypiperidine multivalent architec
tures 10, 11, 12, 13 and GNP-1 and GNP-2 was carried out by 
measuring their inhibitory activity towards human GCase. Multivalent 
architectures 10, 11, 12 and 13 were screened at a 1 mM concentration 
using extracts from a pool of human leukocytes isolated from healthy 
donors (37 ◦C and optimal pH conditions, see Experimental Section). All 
tested compounds exhibited significant inhibitory activity toward GCase 
at 1 mM (see ESI-Fig. S40). The monovalent piperidine 31 showed 
approximately 80% inhibition of GCase, whereas all newly developed 
multivalent piperidines inhibited the enzyme by more than 90%. These 
results suggest that the multimeric presentation of the active 

Scheme 4. a) 1. Sodium ascorbate, CuSO4, 2:1 THF/H2O, MW, 15 0W, 80 ◦C, 90 min, 50%; 2. QuadraSil® MP, MeOH, r.t., 1 h; b) 1. 12 M HCl, MeOH, r.t., 17 h; 2. 
NaOMe, MeOH, r.t., 24 h, 100%; c) GlcC5S, HAuCl4⋅3H2O, NaBH4, MeOH, H2O, 5 h, r.t.

Table 1 
Characterization data of GNP-1 and GNP-2.

AuNPs GNP-1 GNP-2g

Mean gold core diameter (nm)a 1.9 ± 0.1 nm 2.1 ± 0.1 nm
Average number of Au atomsb 309 309
Elemental Analysis (% found)c C 18.52, H 3.01, N 0.87, S 4.27 C 24.51, H 4.02, N 2.78, S 2.47
Estimated average molecular formulad Au309(C38H72N5O8S)12(C11H21O6S)94 Au309(C38H72N5O8S)44(C11H21O6S)49

Estimated average molecular weight (kDa) 96 kDa 108 kDa
Estimated valencye 12 44
Conc. of iminosugar in 0.2 mg/mL of AuNPsf 25 μM 81 μM

a Diameter of the gold nanocluster, as measured by TEM (see the ESI).
b Average number of gold atoms per nanoparticle, calculated from the size of the gold cluster obtained by TEM, as previously reported [50].
c Experimental values of elemental analysis obtained in terms of elements percentage.
d Average molecular formula estimated by combining TEM and the values of the elemental analysis found.
e Referred to the bioactive unit (C2-alkylated iminosugar).
f Concentration of the iminosugar estimated from the GNP average molecular formula and weight.
g Acetic acid was required to guarantee water dispersibility (40 mM).
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trihydroxypiperidine moiety enhances biological activity. Consistently, 
monovalent 31 displayed higher IC50 value than those of the corre
sponding multivalent systems (Table 2). Compounds 10, 12 and 13 
showed an IC50 in the low micromolar range (Table 2; entries 1, 2 and 4), 
while 11, identified as the most potent multivalent inhibitor of the se
ries, showed an IC50 in the nanomolar range (Table 2; entry 3). To 
provide a quantification of the multivalent effect, the valency-corrected 
relative potency (rp/n, see Section 2.1) of all derivatives was determined 
(Table 2). A positive multivalent effect was observed in all cases (rp/ 
n > 1), indicating that the enhancement of inhibitory activity is not due 
to mere statistical effects [44]. The tetravalent piperidine 11 showed a 
markedly enhanced rp/n value (88; Table 2, entry 3) compared to the 
other tested compounds (rp/n ranging from 3 to 10). This ratio is also 
much higher than the rp/n value of the multivalent pyrrolidine type 
iminosugars reported by M. Borie-Guichot et al., which are currently the 
best multivalent GCase inhibitors reported to date [36]. This finding 
highlights the critical importance of selecting the appropriate mono
valent counterpart when determining the multivalency factor of multi
valent compounds.

GNP-1 and GNP-2 were also subjected to a preliminary biological 
evaluation by measuring their inhibitory activity toward human GCase 
at a concentration of 0.4 mg/mL. Both nanoconstructs showed strong 
inhibitory activity (84% and 96%, respectively; see ESI). Accordingly, 
the IC50 value of GNP-1 is reported in Table 2 and discussed, whereas 
the data obtained for GNP-2 are provided only in the ESI and are not 
discussed due to the large experimental error associated with its poor 

colloidal stability under the assay conditions. GNP-1 exhibited an IC50 
value in the low micromolar range and its rp/n value was higher than 1 
(Table 2; entry 5). In contrast, GNPs fully functionalized with the inner 
ligand (β-glucoside), used as a negative control, displayed only weak 
inhibitory activity, reaching approximately 50% inhibition only at a 
concentration above 13 μM, as previously reported [34]. These findings 
clearly indicate that the presence of the iminosugar moiety on the 
nanoparticle surface is essential for effective GCase inhibition. GNP-1 
(n = 12, IC50 0.6 μM) showed a slightly higher IC50 than the tetrava
lent iminosugar 11 (n = 4, IC50 0.1 μM), indicating lower inhibitory 
potency in spite of the higher multivalency. However, this does not 
preclude a potential chaperoning effect, since inhibition and chaper
oning activity are not directly proportional, and excessively strong in
hibition is often detrimental to chaperone activity [26,27].

2.4. Ex vivo biological evaluation: pharmacological chaperone activity in 
intact patient-derived fibroblasts

To assess the potential of the new multivalent inhibitors as PCs for 
GD, representative compounds were selected based on their valency (tri- 
and tetravalent) and scaffold. In particular, trivalent iminosugar 10 
(showing a lower IC50 than 12), tetravalent iminosugar 11, and nano
particle GNP-1 were subjected to proof-of-concept studies in intact cells 
(see ESI-Figs. S41–S46) [51–53]. Cells carrying either the 
N370S/RecNcil or the L444P/L444P neuronopathic mutations were 
incubated with increasing concentrations of each compound for four 

Table 2 
IC50 data for C2-alkylated 3,4,5-trihydroxypiperidine multivalent architectures 10–13 and GNP-1; comparison with the monovalent compound 31.

Entry Compound  IC50 (μM) Valency (n) rp rp/n

1 3.3 ± 0.3 3 11 4

2 4.3 ± 0.8 3 8 3

3 0.10 ± 0.06 4 352 88

4 1.7 ± 0.7 2 20 10

5 0.6 ± 0.1 12a 59 5

6 35 ± 8 1 - -

a Based on the estimated average molecular formula (see Table 1).
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days, after which GCase activity was measured. ABX (1; Fig. 1A), a 
well-established non-iminosugar PC, and IFG (2; Fig. 1A), an iminosugar 
with chaperone characteristics, were included as reference standards 
due to their advancement into clinical development. Both compounds 
significantly enhanced GCase activity in N370S mutant cells but were 
ineffective in L444P fibroblasts, clearly demonstrating the strong mu
tation dependence of PCs [54,55]. Within this framework, we also 
reassessed 7, which had previously shown robust GCase PC activity in 
lysate-based assays [26,27,56]. However, recent studies suggest that the 
dilution inherent to cell lysis can markedly reduce the inhibitory 
behavior, thereby limiting the translational relevance of such assays. To 
overcome this limitation, 7 was evaluated in intact GD fibroblasts using 
the 4-methylumbelliferyl-β-D-glucopyranoside substrate without cell 
harvesting or lysis. Under these physiologically conditions, 7 induced a 
marked enhancement of GCase activity (~60%), occurring at 3-10 μM in 
N370S fibroblasts and at higher concentrations (10-30 μM) in L444P 
cells (see ESI-Figs. S40 and S41). These results confirm the ability of 7 to 
stabilize mutant GCase and prevent its degradation in intact cells. Both 
multivalent compounds, 10 and 11, caused a clear inhibition of GCase 
activity at 1 μM, which prevented further evaluation at higher concen
trations. Importantly, no tri- and tetravalent architectures induced a 
measurable increase in GCase activity at submicromolar concentrations, 
indicating the absence of a functional PC effect in both tested cell lines 
(see ESI-Figs. S43–S44). When compared with our N-alkylated (3R, 
5R)-3,4,5-trihydroxypiperidine multivalent systems [32], these results 
indicate a substantial loss of biological activity. A similar trend emerges 
when comparing our systems with N-alkylated DNJ-derived chaperones 
reported in the literature. While several DNJ-based derivatives show 
robust increases in GCase activity, particularly in the N370S variant [29,
30], our C2-alkylated (3R,4R,5R)-3,4,5-trihydroxypiperidine multiva
lent architectures fail to reproduce these effects, reinforcing the idea 
that not all multivalent iminosugar presentations are compatible with a 
productive PC effect. In contrast, GNP-1 exhibited a more favorable 
biological profile, showing a significant increase in GCase activity 
without detectable cytotoxic effects at the tested concentrations. At high 
concentrations (0.2 mg/mL), GNP-1 caused inhibition of GCase activity, 
indicating a dose-dependent effect. In fibroblasts carrying the 
N370S/RecNciI mutations, GNP-1 produced a 1.7-fold enhancement of 
GCase activity at 0.1 μM nanoparticle concentration, corresponding to 
approximately 1.20 μM iminosugar. No enhancement was observed in 
the L444P cell line, again in agreement with the known mutation 
specificity of PCs (see ESI- Figs. S45–S46). Notably, a comparable level 
of enhancement (~1.7-fold) was observed at 0.2 μM N-alkylated (3R, 
5R)-3,4,5-trihydroxypiperidine nanoparticle concentration, corre
sponding to ~3 μM iminosugar [34], confirming that 
nanoparticle-based multivalent presentation preserves chaperone ac
tivity toward the N370S mutation at low concentrations. When 
compared to 7, our previously identified best C2-alkylated monovalent 
chaperone, GNP-1 achieves similar levels of GCase rescue but at a lower 
effective iminosugar concentration per active unit.

Overall, these results indicate that multivalency of a C2-undecyl 
(3R,4R,5R)-3,4,5-trihydroxypiperidine, when appropriately engineered 
on a nanoparticle platform such as GNP-1, can support productive 
pharmacological chaperoning effect on mutated N370S GCase. 
Conversely, C2-alkylated tri- and tetravalent architectures lead to 
reduced GCase activity, resulting in inhibition rather than chaperone 
efficacy.

3. Conclusion

This study expands the chemical landscape of GCase modulators by 
presenting unprecedented multivalent systems based on C2-undecyl 
(3R,4R,5R)-3,4,5-trihydroxypiperidine. The multivalent presentation 
dictated by the scaffold architecture profoundly influenced enzyme 
engagement, thereby modulating the inhibitory potency relative to the 
corresponding monovalent analogues. The tetravalent iminosugar 11 

exhibited nanomolar inhibition of GCase activity with a strong multi
valent effect (rp/n = 88). Glyco-gold nanoparticles GNP-1 decorated 
with the same C-alkylated iminosugar also exhibited an increased in
hibition compared to the monovalent compound (rp/n = 5), but with 
less inhibitory potency than 11. However, in relevant cellular models, 
the multivalent construct 11 did not result in a productive PC effect, 
while GNP-1 displayed a functional window in which mutant GCase 
activity was enhanced by up to 1.7-fold at 0.1 μM in N370S/RecNciI 
fibroblasts. This result is of great relevance coupled with the one ob
tained with the previously reported pyrrolidine multivalent compound 8 
(2.5-fold GCase rescue at 1 μM). Piperidine-coated GNP-1 represents an 
additional multivalent nanosystem with PC activity that, together with 
the pyrrolidine multivalent compound 8, expands the arsenal of multi
valent strategies based on C-alkylated iminosugars under investigation 
for GD. These findings further confirm that scaffold topology, as well as 
ligand density and spatial arrangement, critically determine whether 
enzyme engagement by multivalent iminosugars leads to functional 
GCase rescue in addition to inhibition. Overall, C2-alkylated iminosugar 
multivalency is a promising strategy to modulate GCase activity. Prop
erly designed nanoscale platforms can combine efficient GCase binding 
with significant enzyme rescue, supporting the development of new PCs 
for GD.

4. Experimental

4.1. Synthesis

General methods: Commercial reagents were used as received. All 
reactions were carried out under magnetic stirring and monitored by 
TLC on 0.25 mm silica gel plates (Merck F254). Column chromatogra
phies were carried out on Silica Gel 60 (32–63 μm), on silica gel 
(230–400 mesh, Merck) and by size exclusion chromatography (SEC) on 
Sephadex LH-20. Yields refer to spectroscopically and analytically pure 
compounds unless otherwise stated. 1H NMR spectra were recorded on a 
Varian Mercury-400 or on a Varian INOVA-400 instruments. 13C NMR 
spectra were recorded on a Varian Mercury-400 or on a Varian Gemini- 
200. UV-Vis spectra were measured with a Varian CaryWin 4000 UV/Vis 
spectrophotometer. IR spectra were recorded with an IR Affinity-1S 
Shimadzu spectrophotometer or with a FTIR-8400S Shimadzu spectro
photometer. ESI MS spectra were recorded with a Thermo Scientific™ 
LCQ fleet ion trap mass spectrometer. Elemental analyses were per
formed with Thermoscientific FlashSmart Elemental Analyzer CHNS/O. 
Optical rotation measurements were performed on a JASCO DIP-370 
polarimeter. Microwave reactions were carried out using a Biotage 
Initiator + microwave reactor. These instruments are part of the facil
ities of the Department of Chemistry “U. Schiff” at the University of 
Florence. Transmission electron microscopy (TEM) analysis was per
formed with a JEOL JEM-2100Fmicroscope, operating at 200 kV.

Regarding NMR, the chemical shifts are reported relative to CDCl3 
(13C: δ = 77.0 ppm, 1H: 7.26 ppm), CD3OD (13C: δ = 49.0 ppm, 1H: 
δ = 3.31 ppm), or D2O (1H: δ = 4.79 ppm). Integrals are in accordance 
with assignments, coupling constants are given in Hz. Splitting patterns 
are described by using the following abbreviations: br, broad; s, singlet; 
d, doublet; t, triplet; q, quartet; m, multiplet. For detailed peak assign
ments 2D spectra were measured (gCOSY, gHSQC). The carbon multi
plicities were determined after complete signal assignment on the basis 
of the NMR data.

4.1.1. Acronyms and main abbreviations
AcOEt = ethyl acetate, Et2O = diethyl ether, FCC = flash column 

chromatography, MeOH =methanol, NaOMe = sodium methoxide, 
NEt3 = triethylamine, PE = petroleum ether, Py = pyridine, Rf = reten
tion factor, r.t. = room temperature, SPR = surface plasmon resonance, 
THF = tetrahydrofuran, TLC = thin layer chromatography.
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4.1.2. Trihydroxypiperidine precursors and linkers

4.1.2.1. Synthesis of benzyl-2,3-O-(1-methylethylidene)-α-D-mannofur
anoside-5-(undec-11-en-1-yl)-5-(N-benzylhydroxylamine) (16) , benzyl- 
2,3-O-(1-methylethylidene)-β-L-gulofuranoside-5- (undec-11-en-1-yl)-5-(N- 
benzyl-hydroxylamine) (17) and benzyl-2,3-O-(1-methylethylidene)-α-D- 
mannofuranoside-5-(undec-1-ene)-5-(phenylmethanimine oxide) (18). A 
solution of nitrone 15 (2g, 5.2 mmol) in dry THF (50 mL) was stirred at 
− 30 ◦C under nitrogen atmosphere and then BF3⋅Et2O (645 μL, 
5.2 mmol) was added. After that, the solution of Grignard reagent 14 
(0.86 M, 15 mL) was slowly added. The reaction mixture was stirred 
until a TLC control (PE:AcOEt 1:1) attested the disappearance of the 
starting material. A 1 M NaOH solution (10 mL) and Et2O (10 mL) were 
added to the mixture at 0 ◦C and left stirring for 20 min. The two layers 
were separated and the aqueous layer was extracted with Et2O (2x10 
mL). The combined organic layers were washed with brine (2x30 mL), 
dried with Na2SO4 and concentrated under reduced pressure. The crude 
mixture was purified by silica gel column chromatography (PE:AcOEt 
15:1) to give 17 (Rf = 0.45, 107 mg, 0.2 mmol, 4% yield) and 16 
(Rf = 0.35, 2.37 g, 4.4 mmol, 85% yield) and 18 (Rf = 0.20, 89 mg, 
0.16 mmol, 3% yield) as a colourless oils.

The secondary hydroxylamines underwent spontaneous partial 
oxidation upon exposure to air to give the corresponding nitrones; 
therefore, only 1H NMR and ESI-MS analyses were performed immedi
ately after purification by column chromatography.

17: 1H-NMR (400 MHz, CDCl3) δ 8.35–8.31 (m, 1H, Ha), 7.45–7.41 
(m, 4H, Ar), 7.30–7.26 (m, 6H, Ar), 5.80 (ddt, J = 16.9, 10.2, 6.7 Hz, 
H10′), 5.01 (s, 1H, H1), 4.98-4.89 (m, 2H, H11′), 4.78-4.74 (m, 1H, H3), 
4.67 (d, J = 5.8 Hz, 1H, H2), 4.62-4.56 (m, 2H, H4 and -O-CH2a-Ph), 
4.33 (d, J = 11.6 Hz, 1H, -O-CH2b-Ph), 4.10-4.02 (m, 1H, H5), 2.21–2.08 
(m, 1H, H1′a), 2.07-1.98 (m, 2H, H9′), 1.72–1.63 (m, 1H, H1′b), 1.50 (s, 
3H, CH3), 1.42–1.18 (m, 17H, H2′-8′ and CH3). ESI-MS: m/z calc. for 
C33H46NO5 536.72; found: 559.21 (100, [M+Na]+).

16: 1H-NMR (400 MHz, CDCl3) δ 7.40–7.27 (m, 10H, Ar), 5.82 (ddt, 
J = 16.9, 10.2, 6.6 Hz, 1H, H10′), 5.08 (s, 1H, H1), 5.03-4.90 (m, 2H, 
H11′), 4.83 (dd, J = 5.8, 3.5 Hz, 1H, H3), 4.75–4.60 (m, 3H, H2 and -O- 
CH2a-Ph and –OH), 4.49 (d, J = 11.7 Hz, 1H, -O-CH2b-Ph), 4.33 (dd, 
J = 6.8, 3.4 Hz, 1H, H4), 3.93 (br s, 2H, -N-CH2-Ph), 3.32 (q, J = 6.3 Hz, 
1H, H5), 2.09-2.00 (m, 2H, H9′), 1.81-1.81 (m, 2H, H1′), 1.64-1.50 (m, 
4H, H2′ and H10′), 1.44 (s, 3H, CH3), 1.40-1.20 (m, 18H, H3′-H8′ and 
CH3). ESI-MS: m/z calc. for C33H46NO5 536.72; found: 559.25 (100, 
[M+Na]+).

The oxidized form of 16 obtained from the column chromatography 
was fully characterized.

18: [α]23
D = +33.05 (c = 1.25, CHCl3) 1H-NMR (400 MHz, CDCl3) δ 

8.31–8.25 (m, 1H, Ha), 7.46–7.41 (m, 4H, Ar), 7.37–7.28 (m, 6H, Ar), 
5.80 (ddt, J = 13.4, 10.2, 6.6 Hz, 1H, H10′), 5.07 (s, 1H, H1), 5.03-4.89 
(m, 2H, H11′), 4.73–4.60 (m, 3H, H2-3 and -O-CH2a-Ph), 4.53-4.45 (m, 
2H, H4 and -O-CH2b-Ph), 4.22–4.13 (m, 1H, H5), 2.20–2.08 (m, 1H, 
H1′a), 2.08-1.97 (m, 2H, H9′), 1.89–1.76 (m, 1H, H1′b), 1.48 (s, 3H, CH3), 
1.40–1.19 (m, 17H, H2′-8′ and CH3). 13C-NMR (50 MHz, CDCl3) δ 139.4 
(d, 1C, C10′), 137.4 (s, 2C, Ar), 128.9 (d, 1C, Ca), 136.3, 130.6, 130.5, 
128.7, 128.6, 128.6, 128.1, 127.9 (d, 10C, Ar), 114.2 (t, 1C, C11′), 112.6 
(s, acetonide quaternary C), 105.5 (d, 1C, C1), 85.3 (d, 1C, C2), 80.0 (d, 
1C, C4), 79.3 (d, 1C, C3), 74.7 (d, 1C, C5), 69.2 (t, 1C, -O-CH2-Ph), 33.9 
(t, 1C, C9′), 29.7, 29.6, 29.5, 29.5, 29.2, 29.1, 26.3, 24.9 (t, 8C, C1′-8’; q, 
1C, CH3), 26.1 (q, 1C, CH3). ESI-MS: m/z calc. for C33H44NO5 534.32; 
found: 558.25 (100, [M+Na]+). IR (CHCl3): ν̃ = 3691, 2929, 2856, 
1600, 1453, 1379, 1234, 1082, 1022 cm− 1. Elemental analysis: Calcd 
for C33H44NO5 C% 74.13; N% 2.62; H% 8.29; Found C% 74.12; N% 2.24; 
H% 8.57.

4.1.2.2. Synthesis of benzyl-2,3-O-(1-methylethylidene)-α-D-mannofur
anoside-5-(11-hydroxyundecyl)-5-(N-benzylhydroxylamine) (19) and 
benzyl-2,3-O-(1-methylethylidene)-α-D-mannofuranoside-5-(11- 

hydroxyundecyl)-5-(phenylmethanimine oxide) (20). A 1 M solution of 
BH3-THF in THF (380 μL, 0.4 mmol) was slowly added to a stirred so
lution of 16 and 18 (100 mg, 0.2 mmol) in 6 mL dry THF at 0 ◦C, under 
argon. After stirring at r.t. for 2 h, the reaction was cooled to 0 ◦C and an 
aqueous solution of NaOH (10 M, 212 μL) was added to get an alkaline 
reaction environment, followed by the addition of an aqueous solution 
of H2O2 (30%, 950 μL). The reaction mixture was stirred at r.t. for 1 h. 
After the reaction was completed, it was diluted with AcOEt (5 mL) and 
washed with a saturated solution of NaHCO3 (3 x 2 mL) and brine (1 x 
3 mL). The organic layer was dried over Na2SO4 and concentrated under 
reduced pressure. The crude material was purified by FCC (silica gel, PE: 
AcOEt 5:3) to afford alcohol 19 (Rf = 0.56, 64.1 mg, 0.12 mmol, 61%) 
and 20 (Rf = 0.4, 8.2 mg, 0.016 mmol, 8%) as a colourless oils.

19: 1H-NMR (400 MHz, CDCl3) δ 7.49–7.27 (m, 10H, Ar), 5.07 (s, 
1H, H1), 4.89-4.81 (m, 1H, H3), 4.72–4.61 (m, 3H, H2 and -O-CH2a-Ph 
and –OH), 4.49 (d, J = 11.8 Hz, 1H, -O-CH2b-Ph), 4.22–4.11 (m, 1H, H4), 
3.92 (br s, 2H, -N-CH2-Ph), 3.63 (t, J = 6.6 Hz, 2H, H11′), 3.38-3.29 (m, 
1H, H5), 1.83-1.71 (m, 2H, H1′), 1.64-1.50 (m, 4H, H2′ and H10′), 1.43 
(s, 3H, CH3), 1.40-1.21 (m, 20H, H3′-H9′ and CH3). ESI-MS: m/z calc. for 
C33H48NO6 554.35; found: 576.31 (100, [M+Na]+).

20: [α]23
D = 8.2 (c = 1.4, CHCl3). 1H-NMR (400 MHz, CDCl3) δ 

8.31–8.23 (m, 1H, Ha), 7.49–7.41 (m, 4H, Ar), 7.40–7.28 (m, 6H, Ar), 
5.07 (s, 1H, H1), 4.76–4.58 (m, 3H, H2-3 and -O-CH2a-Ph), 4.56-4.41 
(m, 2H, H4 and -O-CH2b-Ph), 4.22–4.11 (m, 1H, H5), 3.62 (t, 
J = 6.6 Hz, 2H, H11′), 2.22–2.07 (m, 2H, H1′), 1.93-1.16 (m, 24H, H2′- 
H10′ and 2x CH3).13C-NMR (50 MHz, CDCl3) δ 137.5 (s, 2C, Ar), 136.3- 
130.6-130.5-128.9-128.6-128.2-127.9 (d, 11C, Ca and Ar), 112.6 (s, 
acetonide quaternary C), 105.6 (d, 1C, C1), 85.3 (d, 1C, C2), 80.1 (d, 1C, 
C4), 79.4 (d, 1C, C3), 74.7 (d, 1C, C5), 69.3 (t, 1C, -O–CH2–Ph), 63.2 (t, 
1C, C11′), 32.9, 29.8, 29.8, 29.5, 29.5, 26.3, 26.1, 25.9, 24.9 (t, 10C, C1′- 
10’; q, 2C, CH3). ESI-MS: m/z calc. for C33H46NO6 552.33; found: 
575.30 (100, [M+Na]+). IR (neat): ̃ν = 3387, 2924, 2852, 1581, 1454, 
1373, 1323, 1269, 1209, 1163, 1145, 1076, 1020, 974, 920, 889, 856, 
819, 692 cm− 1. Elemental analysis: Calcd for C33H46NO6 C% 71.71; N 
% 2.53; H% 8.39; Found C% 71.70; N% 1.97; H% 8.57.

4.1.2.3. Synthesis of (2R,3R,4S,5R)-3-hydroxy-4,5-O-(1-methyl
ethylidene)-2-(11-hydroxyundecyl) piperidine (21). Acetic acid (20 μL, 
0.32 mmol) and Pd/C (50 mg) were sequentially added to a mixture of 
nitrone 20 and hydroxylamine 19 (91.6 mg, 0.16 mmol) in dry MeOH 
(11 mL), under nitrogen atmosphere. The mixture was stirred at r.t. 
under hydrogen atmosphere (balloon) for 2 days, until a control by 1H 
NMR spectroscopy attested the presence of 21. The mixture was filtered 
through Celite® and the solvent was removed under reduced pressure. 
The corresponding free amine was obtained by dissolving the residue in 
MeOH, adding the strongly basic resin Ambersep 900-OH, and stirring 
the mixture for 45 min. The resin was removed by filtration and the 
crude product was purified on silica gel by FCC (CH2Cl2:MeOH:NH4OH 
(6%) 10:1:0.1) to afford the piperidine 21 (Rf = 0.5, 37.3 mg, 
0.11 mmol, 68% yield). [α]23

D = − 19.4 (c = 1.7, MeOH).1H-NMR 
(400 MHz, CD3OD) δ 4.23-4.15 (m, 1H, H5), 3.90-3.81 (m, 1H, H4), 
3.54 (t, J = 6.7 Hz, 2H, H11′), 3.30-3.21 (m, 2H, H3 and H6a), 2.92 (dd, 
J = 14.7, 2.9 Hz, 1H, H6b), 2.25-2.18 (m, 1H, H2), 1.86-1.76 (m, 1H, 
H1′a), 1.55-1.44 (m, 6H, H1′b, H10′ and CH3),1.43-1.25 (m, 19H, H2′-H9′ 
and CH3).13C-NMR (100 MHz, CD3OD) δ 110.1 (s, 1C, acetonide qua
ternary C), 81.7 (d, 1C, C4), 75.8 (d, 1C, C3), 75.2 (d, 1C, C5), 62.9 (t, 
1C, C11′), 60.1 (d, 1C, C2), 46.7 (t, 1C, C6), 33.7, 32.5, 31.1, 30.8, 30.7, 
30.6, 28.5, 26.9, 26.7, 26.6 (t, 10C, C1′-C10’; q, 2C, 2x CH3). ESI-MS: m/ 
z calc. for C19H37NO4 343.27; found: 344.17 (100, [M+H]+). IR (neat): 
ν̃ = 3394, 3313, 3253, 2980, 2922, 2852, 1377, 1282, 1247, 1219, 1166, 
1145, 1083, 968, 850, 759, 719 cm− 1. Elemental analysis: Calcd for 
C19H37NO4C% 66.43; N% 4.08; H% 10.86; Found C% 66.43; N% 3.95; H 
% 10.55.
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4.1.2.4. Synthesis of (2R,3R,4S,5R)-3-hydroxy-4,5-O-(1-methyl
ethylidene)-N-Boc-2-(11-hydroxyundecyl) piperidine (22). NEt3 (458 μL, 
3.3 mmol) and Boc2O (720 mg, 3.3 mmol) were added to a solution of 
piperidine 21 (379 mg, 1.1 mmol) in MeOH (15 mL). The mixture was 
stirred at r.t. for 3 days, until a TLC control showed the disappearance of 
21. The mixture was diluted with AcOEt (20 mL) and washed with brine 
(3x15mL). The organic layer was dried over Na2SO4 and concentrated 
under reduced pressure. The crude product was purified on silica gel by 
FCC (CH2Cl2:MeOH:NH4OH (6%) 10:1:0.1) to afford the product 22 
(Rf = 0.6, 409.2 mg, 0.92 mmol, 98% yield). [α]23

D = − 20.8 (c = 1.43, 
MeOH) 1H-NMR (400 MHz, acetone-d6) δ 4.38-4.24 (m, 2H, H5 and 
OH), 4.08 (br s, 1H, H6a), 4.01 (t, J = 6.2 Hz, 1H, H4), 3.82 (br s, 1H, 
H2), 3.74 (dd, J = 10.7, 5.4 Hz, 1H, H3), 3.52 (dd, J = 12.0, 6.2 Hz, 2H, 
H11′), 3.39 (t, J = 5.2 Hz, 1H, OH), 2.75 (br s, 1H, H6a), 1.84-1.65 (m, 
2H, H1′), 1.56-1.40 (m, 14H, H10′ and 4x CH3), 1.38-1.26 (m, 19H, H2′- 
H9′ and CH3). 13C-NMR (100 MHz, acetone-d6) δ 109.7 (s, 1C, aceto
nide quaternary C), 79.7 (s, 1C, BOC quaternary C), 78.8 (d, 1C, C4), 
71.5-71.4 (d, 2C, C3 and C5), 62.5 (t, 1C, C11′), 33.8, 31.1, 30.4, 30.3, 
28.6, 27.9, 26.7, 26.3, 25.5 (t, 10C, C1′-C10’; q, 5C, 5x CH3). ESI-MS: m/ 
z calc. for C24H45NO6 443.32; found: 466.19 (100, [M+Na]+). IR 
(neat): ν̃ = 3415, 2978, 2922, 2852, 1693, 1668, 1456, 1417, 1367, 
1325, 1305, 1246, 1217, 1161, 1056, 858, 765, 719 cm− 1. Elemental 
analysis: Calcd for C24H45NO6 C% 64.98; N% 3,16; H% 10.22; Found C 
% 64.98; N% 2.83; H% 9.89.

4.1.2.5. Synthesis of (2R,3R,4S,5R)-3-hydroxy-4,5-O-(1-methyl
ethylidene)-N-Boc-2-(11-azidoundecyl) piperidine (9). MsCl (15 μL, 
0.13 mmol) was added to a solution of 22 (45.3 mg, 0.1 mmol) in dry Py 
(235 μL). The mixture was stirred at r.t. for 5 h, until a TLC control 
showed the disappearance of 22. The mixture was diluted with AcOEt 
(10 mL) and washed with brine (3x5mL). The organic layer was dried 
over Na2SO4 and concentrated under reduced pressure. The crude 
product was dissolved in dry DMF (1.5 mL) and NaN3 (60.5 mg, 
0.93 mmol) was added. The mixture was stirred at r.t. for 3 days, and the 
crude was diluted with AcOEt (10 mL) and washed with brine (3x5mL). 
The organic layer was dried over Na2SO4 and concentrated under 
reduced pressure. The product 9 was obtained enough pure without any 
further purification steps (43 mg, 0.09 mmol, 92% yield) as a yellow oil. 
[α]23

D = − 21.6 (c = 1.3, MeOH) 1H-NMR (400 MHz, acetone-d6) δ 4.28 
(m, 2H, H5 and OH), 4.09 (br s, 1H, H6a), 4.01 (t, J = 6.3 Hz, 1H, H4), 
3.82 (br s, 1H, H2), 3.78-3.71 (m, 1H, H3), 3.32 (t, J = 6.9 Hz, 2H, H11′), 
2.74 (br s, 1H, H6a), 1.81-1.68 (m, 2H, H1′), 1.66-1.52 (m, 2H, H10′), 
1.48-1.24 (m, 31H, H2′-H9′ and 5x CH3). 13C-NMR (100 MHz, acetone- 
d6) δ 109.7 (s, 1C, acetonide quaternary C), 79.7 (s, 1C, Boc quaternary 
C), 78.8 (d, 1C, C4), 71.6 (d, 2C, C3 and C5), 57.3 (d, 1C, C2), 52.0 (t, 1C, 
C11′), 38.3 (t, 1C, C6), 30.4, 30.3, 29.5, 28.6, 27.9, 27.4, 26.4, 25.5 (t, 
10C, C1′-C10’; q, 5C, 5x CH3). ESI-MS: m/z calc. for C24H44N4O5 468.33; 
found: 491.20 (100, [M+Na]+). IR (neat): ̃ν = 3415, 2978, 2922, 2852, 
1693, 1668, 1456, 1417, 1367, 1325, 1305, 1246, 1217, 1161, 1056, 
858, 765, 719 cm− 1.

4.1.3. Synthesis of multivalent systems

4.1.3.1. Tri- and tetravalent architectures. General procedure for 
CuAAC reaction: CuSO4 (30 mol%), sodium ascorbate (60 mol%) and 
alkyne 23, 24, 25, 26 or 32 (1 equiv.) were added to a solution of 
protected azido-piperidine 9 (appropriate equivalent) in a 2:1 THF:H2O 
mixture. The reaction mixture was stirred in a MW reactor at 80 ◦C for 
90 min until TLC analysis (AcOEt:PE 2:1) showed the disappearance of 
the starting material (Rf = 0.7) and formation of the desired product. 
After filtration through Celite®, the solvent was removed under reduced 
pressure and the crude was first treated with Quadrasil® MP resin. Then, 
if necessary, it was purified through FCC, to obtain the products 27, 28, 
29, 30, 33.

4.1.3.1.1. Synthesis of protected trivalent aromatic iminosugar 27.

The general procedure employing scaffold 23 (4.5 mg, 0.03 mmol), 9 
(45.8 mg, 0.1 mmol), sodium ascorbate (4 mg, 0.02 mmol) and CuSO4 
(1.6 mg, 0.01 mmol) afforded product 27 as white waxy solid after pu
rification by FCC (AcOEt:PE 2:1) (Rf 0.18, 38.2 mg, 0.025 mmol, 82% 
yield). [α]24

D = − 9.4 (c = 1.1, MeOH) 1H-NMR (400 MHz, acetone-d6) δ 
8.53 (s, 3H, H13′), 8.38 (s, 3H, H12′), 4.50 (t, J = 7.1 Hz, 6H, H11′), 4.39- 
4.24 (m, 6H, H5 and -OH), 4.03 (br s, 3H, H6a), 4.01 (t, J = 6.2 Hz, 3H, 
H4), 3.82 (br s, 3H, H2), 3.78-3.70 (m, 3H, H3), 2.74 (br s, 3H, H6b), 
2.03-1.94 (m, 6H, H10′), 1.79-1.65 (m, 6H, H1′), 1.45-1.25 (m, 93H, H2′- 
H9′ and 15x CH3).13C-NMR (100 MHz, acetone-d6) δ 155.9 (s, 3C, 
carbonyl carbon), 147.6 (s, 3C, triazole quaternary C), 133.6 (s, 3C, 
aromatic quaternary C), 122.5 (d, 3C, C13′), 121.9 (d, 3C, C12′), 109.8 
(s, 3C, acetonide quaternary C), 79.8 (s, 3C, Boc quaternary C), 78.9 (d, 
3C, C4), 71.6 (d, 6C, C3 and C5), 57.5 (d, 3C, C2), 50.9 (t, 3C, C11′), 41.1 
(t, 3C, C6), 31.3, 31.2, 30.5, 30.4, 30.3, 29.9, 29.6, 28.7, 28.1, 27.3, 
26.5, 25.7 (t, 30C, C1′-C10’; q, 15C, 15x CH3). ESI-MS: m/z calc. for 
C84H138N12O15: 1555.04; found: 1578.52 (100, [M+Na]+). IR (neat): 
ν̃ = 3437, 3128, 2977, 2925, 2853, 1689, 1619, 1457, 1365, 1246, 1217, 
1160, 1061, 859, 791, 765 cm− 1. Elemental analysis calc. for 
C84H138N12O15: C% 64.84, N% 10.80, H% 8.94; found: C% 64.85, N% 
10.26, H% 8.75.

4.1.3.1.2. Synthesis of protected trivalent iminosugar 29. The general 
procedure employing scaffold 24 (8.4 mg, 0.025 mmol), 9 (38.3 mg, 
0.08 mmol), sodium ascorbate (4 mg, 0.02 mmol) and CuSO4 (1.6 mg, 
0.01 mmol) afforded product 29 as white waxy solid after purification 
by FCC (AcOEt:PE 2:1) (Rf 0.15, 29.8 mg, 0.017 mmol, 69% yield). 
[α]24

D = − 6.1 (c = 1.2, MeOH) 1H-NMR (400 MHz, acetone-d6) δ 7.92 
(s, 3H, H12′), 5.39 (br s, 1H, –NH), 4.56 (s, 6H, H13′), 4.40 (t, J = 7.2 Hz, 
8H, H11′ and -OH), 4.29 (dt, J = 9.4, 6.8 Hz, 3H, H5), 4.11 (br s, 3H, 
H6a), 4.01 (t, J = 6.2 Hz, 3H, H4), 3.82 (br s, 3H, H2), 3.79-3.69 (m, 9H, 
H3 and H14′), 2.74 (br s, 3H, H6b), 1.97-1.83 (m, 6H, H10′), 1.83-1.64 
(m, 6H, H1′), 1.50-1.20 (m, 102H, H2′-H9′ and 18x CH3). 13C-NMR 
(100 MHz, acetone-d6) δ 155.5 (s, 3C, carbonyl carbon), 145.6 (s, 3C, 
triazole quaternary C), 123.9 (d, 3C, C12′), 109.8 (s, 3C, acetonide 
quaternary C), 79.8 (s, 4C, Boc quaternary C), 78.9 (d, 3C, C4), 71.7 (d, 
3C, C3), 71.6 (d, 3C, C5), 69.8 (t, 3C, C14′), 65.7 (t, 3C, C13′), 59.7 (s, 
1C, H2NC(CH2O)3), 50.7 (t, 3C, C11′), 31.2, 30.5, 30.4, 29.9, 28.8, 28.1, 
27.3, 26.5, 25.6 (t, 30C, C1′-C10’; q, 18C, 18x CH3). ESI-MS: m/z calc. 
for C90H157N13O20: 1740.17; found: 893.18 [(M/2) + Na]+. IR (neat): 
ν̃ = 3382, 2962, 2925, 2853, 1689, 1456, 1412, 1365, 1353, 1351, 1347, 
1258, 1159, 1057, 1008, 861, 786, 704, 686, 660 cm− 1. Elemental 
analysis calc. for C90H157N13O20: C% 62.08, N% 10.46, H% 9.09; found: 
C% 62.04, N% 9.46, H% 9.86.

4.1.3.1.3. Synthesis of protected tetravalent iminosugar 28. The gen
eral procedure employing scaffold 25 (5.8 mg, 0.02 mmol), 9 (40 mg, 
0.085 mmol), sodium ascorbate (2.4 mg, 0.012 mmol) and CuSO4 (1 mg, 
0.006 mmol) afforded product 28 as white waxy solid after purification 
by FCC (CH2Cl2:MeOH:NH4OH (6%) 30:1:0.1) (Rf 0.17, 33.3 mg, 
0.015 mmol, 77% yield). [α]24

D = − 6.1 (c = 1.8, MeOH) 1H-NMR 
(400 MHz, acetone-d6) δ 7.92 (s, 4H, H12′), 4.52 (s, 8H, H13′), 4.39 (t, 
J = 7.1 Hz, 8H, H11′), 4.29 (dt, J = 9.6, 6.8 Hz, 4H, H5), 4.11 (br s, 4H, 
H6a), 4.01 (t, J = 6.2 Hz, 4H, H4), 3.82 (br s, 4H, H2), 3.79-3.72 (m, 4H, 
H3), 3.45 (s, 8H, H14′), 2.75 (br s, 4H, H6b), 1.96-1.85 (m, 8H, H10′), 
1.79-1.67 (m, 8H, H1′), 1.51-1.25 (m, 124H, H2′-H9′ and 20x CH3).13C- 
NMR (100 MHz, acetone-d6) δ 155.9 (s, 3C, carbonyl carbon), 145.7 (s, 
3C, triazole quaternary C), 123.8 (d, 3C, C12′), 109.8 (s, 3C, acetonide 
quaternary C), 79.8 (s, 4C, Boc quaternary C), 78.8 (d, 3C, C4), 71.5 (d, 
3C, C3), 71.4 (d, 3C, C5), 69.7 (t, 3C, C14′), 65.7 (t, 3C, C13′), 57.5 (d, 
3C, C2), 50.6 (t, 3C, C11′), 46.1 (s, 1C, C(CH2O)4), 41.0 (t, 3C, C6), 31.2, 
30.4, 30.3, 30.2, 29.8, 28.6, 28.5, 28.1, 27.3, 26.8, 26.2, 25.9, 25.6 (t, 
40C, C1′-C10’; q, 20C, 20x CH3). ESI-MS: m/z calc. for C113H196N16O24: 
2161.46; found: 1103.8 [(M/2) + Na]+. IR (neat): ν̃ = 3445, 3135, 
2977, 2924, 2853, 1690, 1456, 1410, 1392, 1365, 1247, 1218, 1161, 
1064, 948, 859, 836, 765, 721 cm− 1. Elemental analysis calc. for 
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C113H196N16O24: C% 62.75, N% 10.36, H% 9.13; found: C% 62.75, N% 
10.63, H% 9.05.

4.1.3.1.4. Synthesis of protected monovalent iminosugar 30. The 
general procedure employing methyl propargyl ether 26 (5 μL, 
0.06 mmol), 9 (30 mg, 0.06 mmol), sodium ascorbate (7.6 mg, 
0.04 mmol) and CuSO4 (3 mg, 0,02 mmol) afforded product 30 as white 
waxy solid after purification by FCC (AcOEt:PE 1:1) (Rf 0.18, 21.7 mg, 
0.04 mmol, 67% yield). [α]25

D = − 22.9 (c = 1.0, MeOH), 1H-NMR 
(400 MHz, acetone-d6) δ 7.89 (s, 1H, H12′), 4.47 (s, 2H, H13′), 4.39 (t, 
J = 7.1 Hz, 2H, H11′), 4.36-4.26 (m, 1H, H5), 4.12 (br s, 1H, H6a), 4.01 
(t, J = 6.2 Hz, 1H, H4), 3.84 (br s, 1H, H2), 3.78-3.71 (m, 1H, H3), 3.31 
(s, 3H, H14′), 2.74 (br s, 1H, H6b), 1.97-1.85 (m, 2H, H10′), 1.80-1.66 
(m, 2H, H1′), 1.55-1.25 (m, 31H, H2′-H9′ and 5x CH3).13C-NMR 
(100 MHz, acetone-d6) δ 156.1 (s, 1C, carbonyl carbon), 146.5 (s, 1C, 
triazole quaternary C), 123.7 (d, 1C, C12′), 109.7 (s, 1C, acetonide 
quaternary C), 78.9 (d, 1C, C4), 71.5 (d, 1C, C3), 71.4 (d, 1C, C5), 66.4 
(t, 1C, C13′), 58.6 (q, 1C, C13‘), 57.9 (d, 1C, C2), 50.5 (t, 1C, C11’), 31.0, 
30.3, 30.1, 28.6, 27.9, 27.1, 26.3, 25.5 (t, 10C, C1′-C10’; q, 5C, 5x CH3). 
ESI-MS: m/z calc. for (C28H50N4O6): 538.72; found: 539.13 (19, 
[M+H]+); 561.34 (100, [M+Na]+). IR (neat): ν̃ = 3419, 2922, 2852, 
1687, 1616, 1541, 1506, 1417, 1367, 1246, 1161, 1091, 1056, 767, 
723 cm− 1. Elemental analysis calc. for C28H50N4O6: C% 62.43, N% 
10.40, H% 9.35; found: C% 62.39, N% 10.11, H% 9.16.

4.1.3.1.5. Synthesis of protected iminosugar 33. The general proced
ure employing scaffold 32 (40 mg, 0.08 mmol), 9 (40 mg, 0.09 mmol), 
sodium ascorbate (9.9 mg, 0.05 mmol) and CuSO4 (3.2 mg, 0.02 mmol) 
afforded product 36 as yellow oil after purification by FCC (AcOEt) (Rf 

0.20, 37.7 mg, 0.04 mmol, 50% yield). [α]23
D = − 13.4 (c = 1.18, MeOH). 

1H-NMR (400 MHz, acetone-d6) δ 7.82 (s, 2H, H12′ and -NH), 4.48 (d, 
J = 5.9 Hz, 2H, H13′), 4.37 (t, J = 7.1 Hz, 2H, H11′), 4.33-4.25 (m, 1H, 
H5), 4.11 (br s, 1H, H6a), 4.02 (t, J = 6.2 Hz, 1H, H4), 3.95 (s, 2H, H14′), 
3.83 (br s, 1H, H2), 3.78-3.73 (m, 1H, H3), 3.72-3.49 (m, 12H, H15′- 
H20′), 3.42 (t, J = 6.6 Hz, 2H, H21′), 2.88-2.83 (m, 2H, H31′), 2.74 (br s, 
1H, H6b), 2.30 (s, 3H, H32′), 1.93-1.85 (m, 2H, H10′), 1.80-1.65 (m, 2H, 
H1′), 1.49-1.49 (m, 4H, H22′ and H30′), 1.47-1.21 (m, 45H, H2′-H9′, 
H23′-H29′, and 5x CH3).13C-NMR (100 MHz, acetone-d6) δ 170.6 (s, 
1C, -SC––O), 150.0 (s, 1C, carbonyl carbon), 145.9 (s, 1C, triazole 
quaternary C), 123.1 (d, 1C, C12′), 117.3, 109.7 (s, 1C, acetonide qua
ternary C), 79.8 (s, 1C, quaternary Boc), 78.8 (d, 1C, C4), 71.8, 71.5, 
71.4, 71.2, 71.1, 70.9 (d, 2C, C3, C5; t, 8C, C14′-C21′), 50.6 (t, 1C, C11′), 
35.04 (t, 1C, C13′), 31.1, 30.6, 30.5, 30.4, 30.3, 30.2, 29.8, 28.6, 27.2, 
26.9, 25.6 (t, 20C, C1′-C10′, C22′-C31′, q, 6C, 6x CH3). ESI-MS: m/z calc. 
for (C48H87N5O11S): 941.61; found: 964.47 (100, [(M) + Na]+). IR 
(neat): ν̃ = 3292, 2924, 2852, 1687, 1533, 1463, 1417, 1365, 1246, 
1107, 1055 cm− 1. Elemental analysis calc. for C48H87N5O11S: C% 
61.18, N% 7.43, H% 9.31, S% 3.40; found: C% 61.18, N% 7.24, H% 
9.67, S% 2.81.

General procedure for the acidic deprotection: A solution of 
protected compound 27, 28, 29, 30, or 33 in MeOH (0.01 M) was left 
stirring with 12 M HCl at room temperature for 24 h. The crude mixture 
was concentrated to yield the hydrochloride salt of the piperidine. The 
corresponding free amine was obtained by dissolving the residue in 
MeOH, then the strongly basic resin Ambersep 900-OH was added, and 
the mixture was stirred for 90 min. The resin was removed by filtration 
and the crude product, if necessary, was purified through FCC on silica 
gel or SEC using Sephadex LH-20 to afford the desired products 10, 12, 
11, 13 and 31.

4.1.3.1.6. Synthesis of trivalent aromatic iminosugar 10. Reaction of 
27 (34 mg, 0.02 mmol) and 12 M HCl (25 μL) afforded product 10 after 
purification by SEC (Sephadex LH-20) using methanol as an eluent 
(18.2 mg, 0.016 mmol, 80%) as a waxy white solid. [α]24

D = − 9.88 
(c = 0.92, MeOH). 1H-NMR (400 MHz, CD3OD) δ 8.51 (s, 3H, H13′), 
8.30 (s, 3H, H12′), 4.48 (t, J = 7.0 Hz, 6H, H11′), 4.03-3.98 (m, 3H, H5), 
3.53 (t, J = 9.4 Hz, 3H, H3), 3.45 (dd, J = 9.2, 2.9 Hz, 3H, H4), 3.15 (dd, 

J = 13.5, 3.0 Hz, 3H, H6a), 2.99 (d, J = 13.4 Hz, 3H, H6b), 2.74-2.61 (m, 
3H, H2), 2.05-1.89 (m, 9H, H10′ and H1′a), 1.58-1.47 (m, 3H, H1′b), 
1.41-1.19 (m, 48H, H2′-H9′). 13C-NMR (100 MHz, CD3OD) δ 148.1 (s, 
3C, triazole quaternary C), 133.3 (s, 3C, aromatic quaternary C), 123.3 (d, 
3C, C12′), 122.9 (d, 3C, C13′), 75.2 (d, 3C, C4), 71.9 (d, 3C, C3), 68.6 (d, 
3C, C5), 61.4 (d, 3C, C2), 51.6 (t, 3C, C11′), 49.9 (t, 3C, C6), 31.5, 31.2, 
30.7, 30.6, 30.5, 30.4, 30.0, 28.7, 27.4, 26.5 (t, 30C, C1′-C10′). ESI-MS: 
m/z calc. for (C60H102N12O9): 1134.79; found: 1135.60 (25, [M+H]+); 
568.66 (67, [(M/2) + H]+); 379 (100, [(M/3) + H]+). IR (neat): 
ν̃ = 3315, 2922, 2850, 1620, 1454, 1435, 1224, 1076, 1055, 881, 721, 
650 cm− 1. Elemental analysis calc. for C60H120N4O6: C% 63.46, N% 
14.80, H% 9.05; found: C% 63.45, N% 14.20, H% 9.45.

4.1.3.1.7. Synthesis of trivalent iminosugar 12. Reaction of 29 
(26 mg, 0.015 mmol) and 12 M HCl (17 μL) afforded product 12 after 
purification by SEC (Sephadex LH-20) using methanol as an eluent 
(16.8 mg, 0.014 mmol, 92%) as a waxy white solid. [α]26

D = − 6.2 
(c = 0.8, MeOH) 1H-NMR (400 MHz, CD3OD) δ 8.00 (s, 3H, H12′), 4.60 
(s, 6H, H13′), 4.40 (t, J = 7.1 Hz, 6H, H11′), 4.03-3.97 (m, 3H, H5), 3.59- 
3.48 (m, 9H, H3 and H14′), 3.44 (dd, J = 9.2, 2.7 Hz, 3H, H4), 3.14 (dd, 
J = 13.4, 2.5 Hz, 3H, H6a), 2.97 (d, J = 13.3 Hz, 3H, H6b), 2.69-2.59 (m, 
3H, H2), 2.03-1.83 (m, 9H, H10′ and H1′a), 1.64-1.44 (m, 3H, H1′b), 
1.44-1.20 (m, 48H, H2′-H9′). 13C-NMR (100 MHz, CD3OD) δ 145.3 (s, 
3C, triazole quaternary C), 125.0 (d, 3C, C12′), 75.3 (d, 3C, C4), 72.1 (d, 
3C, C3), 70.8 (d, 3C, C14′), 68.8 (d, 3C, C5), 65.3 (d, 3C, C13′), 61.5 (d, 
3C, C2), 58.9 (s, 1C, H2NC(CH2O)3), 51.4 (t, 3C, C11′), 49.9 (t, 3C, C6), 
31.7, 31.3, 30.8, 30.6, 30.5, 30.1, 27.5, 26.5 (t, 30C, C1′-C10′). ESI-MS: 
m/z calc. for (C61H113N13O12): 1219.86; found: 1242.96 (17, [M+Na]+); 
568.66 (67, [(M/2) + H]+); 379 (100, [(M/3) + H]+). IR (neat): 
ν̃ = 3315, 2918, 2850, 1591, 1454, 1338, 1220, 1143, 1055, 719 cm− 1. 
Elemental analysis calc. for C61H113N13O12: C% 60.02, N% 14.91, H% 
9.33; found: C% 60.02, N% 14.19, H% 9.65.

4.1.3.1.8. Synthesis of tetravalent iminosugar 11. Reaction of 28 
(16 mg, 0.008 mmol) and 12 M HCl (15 μL) afforded product 11 after 
purification by FCC (CH2Cl2:MeOH:NH4OH (6%) 2:1:0.2) (Rf 0.18, 
8.6 mg, 0.005 mmol, 67%) as a waxy white solid. [α]25

D = − 9.5 (c = 0.84, 
MeOH), 1H-NMR (400 MHz, CD3OD) δ 7.92 (s, 4H, H12′), 4.50 (s, 8H, 
H13′), 4.45-4.33 (m, 8H, H11′), 3.91-3.83 (m, 4H, H5), 3.50-3.39 (m, 
8H, H14′), 3.36-3.33 (m, 8H, H3 and H4), 2.96 (d, J = 13.8, 4H, H6a), 
2.69 (d, J = 13.9 Hz, 4H, H6b), 2.34-2.24 (m, 4H, H2), 1.96-1.77 (m, 
12H, H10′ and H1′a), 1.59-1.49 (m, 4H, H1′b), 1.43-1.24 (m, 64H, H2′- 
H9′). 13C-NMR (100 MHz, CD3OD) δ 146.1 (s, 4C, triazole quaternary 
C), 124.9 (d, 4C, C12′), 76.6 (d, 4C, C4), 73.7 (d, 4C, C3), 70.6 (d, 4C, 
C14′), 69.9 (d, 4C, C5), 65.3 (d, 4C, C13′), 61.7 (d, 4C, C2), 51.4 (t, 4C, 
C11′), 50.7 (t, 4C, C6), 46.4 (s, 1C, C(CH2O)4), 32.8, 31.4, 31.1, 30.7, 
30.6, 30.1, 27.5, 26.7 (t, 40C, C1′-C10′). ESI-MS: m/z calc. for 
(C81H148N16O16): 1601.13; found: 1602.87 (7, [M+H]+); 802.34 (53, 
[M+2H]2+); 535.04 (89, [M+3H]3+), 401.53 (100, [M+4H]4+). IR 
(neat): ν̃ = 3273, 2916, 2848, 1654, 1465, 1334, 1215, 1093, 1072, 
1055, 837, 781 cm− 1. Elemental analysis calc. for C81H148N16O16: C% 
60.72, N% 13.99, H% 9.31; found: C% 60.72, N% 13.30, H% 9.30.

4.1.3.1.9. Synthesis of monovalent iminosugar 31. Reaction of 30 
(22 mg, 0.04 mmol) and 12 M HCl (25 μL) afforded product 31 after 
purification by FCC (CH2Cl2:MeOH:NH4OH (6%) 2:1:0.2) (Rf 0.21, 
15.9 mg, 0.04 mmol, quantitative yield) as a waxy white solid. 
[α]25

D = − 17.2 (c = 0.92, MeOH), 1H-NMR (400 MHz, CD3OD) δ 7.96 (s, 
1H, H12′), 4.53 (s, 2H, H13′), 4.40 (t, J = 7.1 Hz, 2H, H11′), 3.87-3.83 
(m, 4H, H5), 3.38-3.29 (m, 4H, H14′, H3 and H4), 2.95 (dd, J = 14.0, 
2.6 Hz, 1H, H6a), 2.67 (d, J = 13.9 Hz, 1H, H6b), 2.33-2.25 (m, 1H, H2), 
1.95-1.80 (m, 3H, H10′ and H1′a), 1.61-1.46 (m, 1H, H1′b), 1.39-1.22 (m, 
16H, H2′-H9′). 13C-NMR (100 MHz, CD3OD) δ 145.7 (s, 1C, triazole 
quaternary C), 124.9 (d, 1C, C12′), 76.7 (d, 1C, C4), 73.9 (d, 1C, C3), 
70.7 (d, 1C, C5), 66.3 (d, 1C, C13′), 61.7 (d, 1C, C2), 58.3 (q, 1C, C14′), 
51.3 (t, 1C, C11′), 50.8 (t, 1C, C6), 32.9, 31.3, 31.1, 30.7, 30.6, 30.5, 
30.0, 27.4, 26.6 (t, 10C, C1′-C10′). ESI-MS: m/z calc. for (C20H38N4O4): 
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398.29; found: 399.30 (100, [M+H]+); 421.30 (17, [(M + Na]+). IR 
(neat): ν̃ = 3294, 2916, 2846, 1672, 1467, 1373, 1220, 1149, 1091, 
1072, 1056, 977, 837, 719 cm− 1. Elemental analysis calc. for 
C20H38N4O4: C% 60.27, N% 14.05, H% 9.61; found: C% 60.27, N% 
13.18, H% 9.75.

4.1.3.1.10. Synthesis of disulfide ligand iminosugar 13. A solution of 
protected compound 33 (25 mg, 0.03 mmol) in MeOH (1.4 mL) was left 
stirring with 12 M HCl (30 μL) at room temperature for 24 h. The crude 
mixture was concentrated, dissolved in MeOH (1.5 mL) and left stirring 
with NaOMe (1.4 mg, 0.03 mmol) for 24h. The crude was concentrated, 
yielding the product 13 (23 mg, 0.015 mmol, quantitative yield) as a 
yellow waxy solid. [α]25

D = − 12.2 (c = 1.5, MeOH), 1H-NMR (400 MHz, 
CD3OD) δ 7.88 (s, 2H, H12′), 4.52 (s, 4H, H13′), 4.37 (t, J = 7.0 Hz, 4H, 
H11′), 4.05 (s, 4H, H14′), 3.96 (br s, 2H, H5), 3.70-3.55 (m, 26H, H4 and 
H15′-H20′), 3.51-3.37 (m, 6H, H21′ and H3), 3.14-3.03 (m, 2H, H6a), 
2.95-2.82 (m, 2H, H6b), 2.68 (t, J = 7.3 Hz, 4H, H31′), 2.52 (br s, 2H, 
H2), 2.09-1.80 (m,4H, H10′), 1.75-1.49 (m, 12H, H1′, H20′, H30′), 1.49- 
1.17 (m, 68H, H2′-H9′ and H21′-29′). 13C-NMR (100 MHz, CD3OD) δ 
146.1 (s, 2C, triazole quaternary C), 124.1 (d, 2C, C12′), 75.8 (d, 2C, C3), 
72.8, 72.6, 72.5, 71.7, 71.3, 71.2, 71.1, 70.9, 70.8 (d, 2C, C4; t, 16H, 
C14′-C21′), 69.5 (d, 2C, C5), 61.5 (d, 2C, C2), 51.4 (t, 2C, C11′), 50.2 (t, 
2C, C6), 39.8 (t, 2C, C31′), 35.2 (t, 2C, C13′), 32.1, 31.3, 30.9, 30.7, 30.6, 
30.3, 30.2, 30.1, 29.4, 27.5, 27.2, 26.6 (t, 38C, C1′-C10′ and C22′-C30′). 
ESI-MS: m/z calc. for C76H144N10O16S2: 1517.02; found: 759.68 (100, 
[M+2H]2+). IR (neat): ̃ν = 3390, 2916, 2848, 1587, 1556, 1463, 1435, 
1384, 1350,1107, 1055 cm− 1. Elemental analysis calc. for 
C76H144N10O16S2: C% 60.13, N% 9.23, H% 9.56, S% 4.22; found: C% 
60.13, N% 9.18, H% 9.59, S% 3.81.

4.1.3.2. Glyco-gold nanoparticles (GNPs). General procedure for the 
preparation of gold nanoparticles decorated with sugars and/or 
iminosugars.

An aqueous solution of HAuCl4 (25 mM, 1 equiv.) was added to a 
suitable mixture (12 mM) of thiol-ending ligands (3 equiv. overall) in 
MeOH. An aqueous solution of NaBH4 (1 M, 27 equiv.) was then portion- 
wise added under magnetic stirring. The black suspension formed was 
stirred for 5 h at 25 ◦C in the dark. The residue was washed several times 
with MeOH. In order to separate the nanoparticles from the supernatant, 
centrifugation (12000 rpm, 2 min) was performed. The combined su
pernatants were evaporated and analysed by 1H NMR to study the 
nanoparticles ligands composition. The residue was dissolved in a 
minimal volume of HPLC gradient grade water and purified by dialysis 
(SnakeSkin® Pleated Dialysis Tubing, 3500 MWCO). The GNPs were 
obtained as a dark-brown powder after freeze-drying and analysed via 
1H NMR, UV-Vis Spectroscopy and elemental analysis. These GNPs did 
not show a well-defined plasmon absorption maximum (at around 
520 nm) typical of gold nanoparticles with larger gold diameters [49]. 
The average molecular formulas were calculated on the basis of the 
elemental analysis and TEM.

GNP-1: Starting from a 1:4 mixture of compound 13 (10 mg, 
12.8 μmol in terms of thiols) and βGlcC5S (14.5 mg, 51.4 μmol) in MeOH 
(5.35 mL), HAuCl4 (856 μL, 25 mM) and NaBH4 (289.1 μL, 1 M) were 
added. NPs GNP-1 were obtained as brown amorphous powder (5.9 mg, 
35% yield). q1H NMR (400 MHz, D2O containing 0.05 wt % of 3-(tri
methylsilyl)propionic-2,2,3,3-d4 acid, sodium salt as internal standard): 
4.4 mg of GNP-1 contain 0.77 μmoles of 13 ligand in terms of thiols. 
Significant peaks: δ = 7.81 (br signal, 1H, triazole H), 0.02 (s, 9H, Si 
(CH3)3); UV-Vis (H2O, 0.2 mg/mL): no SPR peak observed; Elemental 
analysis Calc. (%) for Au309(C38H72N5O8S)12(C11H21O6S)94 (average 
molecular weight: 96 kDa): C 18.56, H 2.97, N 0.87, S 3.54, found: C 
18.52, H 3.01, N 0.87, S 4.27.

GNP-2: Starting from a 1:1 mixture of compound 13 (5 mg, 6.4 μmol 
in terms of thiols) and βGlcC5S (1.8 mg, 6.4 μmol) in MeOH (1.07 mL), 
HAuCl4 (172 μL, 25 mM) and NaBH4 (111.5 μL, 1 M) were added. NPs 
GNP-2 were obtained as brown amorphous powder (1.2 mg, 16% yield). 

NPs GNP2 showed dispersibility in H2O in the presence of AcOH 
(40 mM). q1H NMR (400 MHz, D2O containing 0.05 wt % of 3-(trime
thylsilyl)propionic-2,2,3,3-d4 acid, sodium salt as internal standard): 
1 mg of GNP-2 contain 0.63 μmoles of 13 ligand in terms of thiols. 
Significant peaks: δ = 7.77 (br signal, 1H, triazole H), − 0.09 (s, 9H, Si 
(CH3)3); UV-Vis (H2O, 0.2 mg/mL): no SPR peak observed; Elemental 
analysis Calc. (%) for Au309(C11H21O6S)49(C38H72N5O8S)44 (average 
molecular weight: 108 kDa): C 24.58, H 3.92, N 2.85, S 2.76, found: C 
24.51, H 4.02, N 2.78, S 2.47.

4.2. Biological evaluation

4.2.1. Biochemical characterization

4.2.1.1. Inhibitory activity towards human GCase [26,27]. All experi
ments on biological materials were performed in accordance with the 
ethical standards of the institutional research committee and with the 
1964 Helsinki Declaration and its later amendments. In keeping with 
ethical guidelines, all blood and cell samples were obtained for storage 
and analysed only after written informed consent of the patients (and/or 
their family members) was obtained, using a form approved by the local 
Ethics Committee (Codice Protocollo: Lysolate “Late -onset Lysosomal 
Storage Disorders (LSDs) in the differential diagnosis of neurodegener
ative diseases: development of new diagnostic procedures and focus on 
potential pharmacological chaperones (PCs). Project ID code:16774_bio, 
5 May 2020, Comitato Etico Regionale per la Sperimentazione Clinica 
della Regione Toscana, Area Vasta Centro, Florence, Italy). Control and 
patient samples were anonymized and used only for research purposes.

Newly compounds (monovalent 31 and multivalent compounds 
10–13 at 1 mM and GNP-1 and GNP-2 at 0.4 mg/mL) were screened 
towards human GCase from leukocytes isolated from healthy donors 
(controls). Isolated leukocytes were disrupted by sonication, and a micro 
BCA protein assay kit (Sigma-Aldrich) was used to determine the total 
protein amount for the enzymatic assay, according to the manufacturer's 
instructions. Enzyme activity was measured in a flat-bottomed 96-well 
plate. Compound solution (3 μL), 4.29 μg/μL leukocytes homogenate 
(7 μL), and substrate 4-methylumbelliferyl-β-D-glucoside (3.33 mM, 20 
μL, Sigma-Aldrich) in citrate/phosphate buffer (0.1 : 0.2, M/M, pH 5.8) 
containing sodium taurocholate (0.3%) and Triton X-100 (0.15%) at 37 
◦C were incubated for 1 h. The reaction was stopped by the addition of 
sodium carbonate (200 μL; 0.5 M, pH 10.7) containing Triton X-100 
(0.0025 %), and the fluorescence of 4-methylumbelliferone released by 
β-glucosidase activity was measured in SpectraMax M2 microplate 
reader (λex = 365 nm, λem = 435 nm; Molecular Devices). Percentage 
GCase inhibition is given with respect to the control (without iminosu
gar). Data are mean +SD (n = 3).

4.2.1.2. The IC50 values [26,27]. The IC50 values of inhibitors against 
GCase were determined by measuring the initial hydrolysis rate with 
4-methylumbelliferyl-β-D-glucopyranoside (3.33 mM). Data obtained 
were fitted by using the appropriate Equation (see ESI)

4.3. Chaperoning activity assays [51–53]

Gaucher disease patients’ cells were obtained from the “Cell line and 
DNA Biobank from patients affected by Genetic Diseases” (Gaslini 
Hospital, Genova, Italy)-Telethon Genetic Biobank Network). The cell 
passage number of fibroblasts is between 15 and 25.

To determine the GCase activity in intact cells, 3000-4000 cells were 
plated into 96-well black plate with clear bottom in DMEM, 10% FBS at 
37 ◦C under 5% CO2, either with or without the tested compounds in a 
dose-dependent manner at several concentrations. After 24 h of attach
ment, the medium was replaced with a fresh medium containing new 
compounds or Isofagomine (IFG) or Ambroxol (ABX) (as a control, they 
reached clinical trials for GD or/and GD/PD treatment). The cells were 
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incubated for 4 days with the medium for DMSO-treated cells or 
compound-treated cells. The final concentration of DMSO was <0.5% 
which had no cytotoxicity. The enzyme activity assay was performed 
after removing the medium supplemented with compounds. The 
monolayers were washed with Dulbecco's PBS solution (Gibco pH 7.4). 
PBS (16 μL) and acetate buffer (0.2 M, 16 μL, pH 4.0) were added to each 
well. The reaction was started by the addition of 4-methylumbelliferyl 
β-D-glucoside (4 mM, 25 μL, Sigma) to each well, followed by incuba
tion at 37 ◦C for 2 h. The reaction was stopped by lysing the cells with 
glycine buffer (0.2 M, 200 μL, pH 10.8). The fluorescence was also 
measured by the release of 4-methylumbelliferone with an excitation 
wavelength of 355 nm and an emission wavelength of 460 nm (Spec
traMax M5, Molecular Devices). The fluorescence of untreated cells was 
compared with those treated with compounds. The GCase enzyme ac
tivity data in CTRL fibroblasts were expressed as mean ± standard de
viation (n = 8), while in treated fibroblasts the data were expressed as 
mean ± standard deviation (n = 5 or 3). Under these experimental 
conditions, the activity of non-lysosomal β-glucosidase was shown to be 
negligible (typically around 5%) at pH 4. This was confirmed by J. W. 
Kelly and co-workers using chonduritol B-epoxide (CBE), an irreversible 
inhibitor that specifically targets lysosomal GCase but does not affect 
non-lysosomal β-glucosidase. As expected, the CBE-insensitive activity 
was minimal, indicating that the observed GCase activity largely origi
nated from the lysosomal enzyme [54].

Statistical Analysis: Statistical significance was evaluated using 
Student's t-test. A p-value lower than 0.05 was considered to be statis
tically significant. The single (*), double (**), triple (***) and quadruple 
(****) asterisks refer to p-values lower than 0.05, 0.01, 0.001 and 
0.0001, respectively. Statistical analysis was performed using the 
GraphPad Prism 8.
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[13] S. Pantoom, L. Hules, C. Schöll, A. Petrosyan, M. Monticelli, J. Pospech, M. 
V. Cubellis, A. Hermann, J. Lukas, Mechanistic insight into the mode of action of 
acid β-Glucosidase enhancer ambroxol, Int. J. Mol. Sci. 23 (2022) 3536, https:// 
doi.org/10.3390/ijms23073536.

[14] C.R.A. Silveira, J. MacKinley, K. Coleman, Z. Li, E.C. Finger, R. Bartha, S. 
A. Morrow, J.L. Wells, M.J. Borrie, R.G. Tirona, C.A. Rupar, G. Zou, R.A. Hegele, 
D. Mahuran, P.A. MacDonald, M.E. Jenkins, M.S. Jog, S.H. Pasternak, Ambroxol as 
a novel disease-modifying treatment for Parkinson's disease dementia: protocol for 
a single-centre, randomized, double-blind, placebo-controlled trial, BMC Neurol. 
19 (2019) 20, https://doi.org/10.1186/s12883-019-1252-3.

[15] S. Mullin, L. Smith, K. Lee, G. D'Souza, P. Woodgate, J. Elflein, J. Hällqvist, 
M. Toffoli, A. Streeter, J. Hosking, W.E. Heywood, R. Khengar, et al., Ambroxol for 
the treatment of patients with parkinson disease with and without 
glucocerebrosidase gene mutations: a nonrandomized, noncontrolled trial, JAMA 
Neurol. 77 (2020) 427–434, https://doi.org/10.1001/jamaneurol.2019.4611.

[16] B. den Hollander, H.L. Le, E.L. Swart, H. Bikker, C.E.M. Hollak, M.M. Brands, 
Clinical and preclinical insights into high-dose ambroxol therapy for gaucher 
disease type 2 and 3: a comprehensive systematic review, Mol. Genet. Metabol. 143 
(2024) 108556, https://doi.org/10.1016/j.ymgme.2024.108556.

[17] O. Siemeling, S. Slingerland, S. van der Zee, T. van Laar, Study protocol of the 
GRoningen Early-PD ambroxol treatment (GREAT) trial: a randomized, double- 
blind, placebo-controlled single-centre trial with ambroxol in parkinson patients 

F. Buco et al.                                                                                                                                                                                                                                    European Journal of Medicinal Chemistry 316 (2026) 118992 

12 

https://doi.org/10.1016/j.ejmech.2026.118992
https://doi.org/10.1016/j.ejmech.2026.118992
http://refhub.elsevier.com/S0223-5234(26)00437-X/sref1
http://refhub.elsevier.com/S0223-5234(26)00437-X/sref1
https://doi.org/10.3390/diagnostics14242840
https://doi.org/10.3390/diagnostics14242840
https://doi.org/10.1002/humu.20676
https://doi.org/10.3390/ijms18020441
https://doi.org/10.3390/cells11081261
https://doi.org/10.3390/genes15121605
https://doi.org/10.3390/genes15121605
https://doi.org/10.3389/fnagi.2025.1671760
https://doi.org/10.3389/fnagi.2025.1671760
https://doi.org/10.1016/S0140-6736(00)02161-9
https://doi.org/10.1016/S0140-6736(00)02161-9
https://doi.org/10.1006/bcmd.2002.0497
https://doi.org/10.1016/j.ejim.2016.07.011
https://doi.org/10.1016/j.ymgme.2022.11.002
https://doi.org/10.1021/jm301557k
https://doi.org/10.1021/jm301557k
https://doi.org/10.3390/ijms23073536
https://doi.org/10.3390/ijms23073536
https://doi.org/10.1186/s12883-019-1252-3
https://doi.org/10.1001/jamaneurol.2019.4611
https://doi.org/10.1016/j.ymgme.2024.108556


with a GBA mutation, BMC Neurol. 24 (2024) 146, https://doi.org/10.1186/ 
s12883-024-03629-9.

[18] C.R.A. Silveira, K.K.L. Coleman, K. Borron, R.G. Tirona, C.A. Rupar, G. Zou, R. 
A. Hegele, C. Wellington, S. Stukas, E.C. Finger, R. Bartha, S.A. Morrow, J.L. Wells, 
M.J. Borrie, D. Mahuran, P.A. MacDonald, M.E. Jenkins, M.S. Jog, G. Dresser, 
S. Fox, R. Camicioli, B. Feagan, D.A. Mendonça, M. Mayich, M.D. Sharma, S. 
K. Pandey, S.H. Pasternak, Ambroxol as a treatment for parkinson disease 
dementia: a randomized clinical trial, JAMA Neurol. 82 (2025) 797–807, https:// 
doi.org/10.1001/jamaneurol.2025.1687.

[19] E.M. Sánchez-Fernández, J.M. García Fernández, C. Ortiz Mellet, Glycomimetic- 
based pharmacological chaperones for lysosomal storage disorders: lessons from 
gaucher, GM1-Gangliosidosis and fabry diseases, Chem. Commun. 52 (2016) 
5497–5515, https://doi.org/10.1039/c6cc01564f.

[20] M. Martínez-Bailén, F. Clemente, C. Matassini, F. Cardona, GCase enhancers: a 
potential therapeutic option for gaucher disease and other neurological disorders, 
Pharmaceuticals 15 (2022) 823, https://doi.org/10.3390/ph15070823.

[21] Amicus Therapeutics, Amicus Therapeutics Announces Preliminary Results of 
Phase 2 Study with Plicera™ for Gaucher Disease, Amicus Therapeutics Press 
Release, 2009. https://ir.amicusrx.com/news-releases/news-release-details/amic 
us-therapeutics-announces-preliminary-results-phase-2-study.

[22] X. Zhu, K.A. Sheth, S. Li, H.-H. Chang, J.-Q. Fan, Rational design and synthesis of 
highly potent β-Glucocerebrosidase inhibitors, Angew. Chem. Int. Ed. 44 (2005) 
7450–7453, https://doi.org/10.1002/anie.200502662.

[23] P. Compain, O.R. Martin, C. Boucheron, G. Godin, L. Yu, K. Ikeda, N. Asano, Design 
and synthesis of highly potent and selective pharmacological chaperones for the 
treatment of Gaucher's disease, ChemBioChem 7 (2006) 1356–1359, https://doi. 
org/10.1002/cbic.200600217.

[24] J.-Q. Fan, X. Zhu, K. Sheth, Hydroxy piperidine derivatives to treat gaucher 
disease, U.S. Patent 7 (741) (2010) 340.

[25] A. Kato, I. Nakagome, K. Sato, A. Yamamoto, I. Adachi, R.J. Nash, G.W. Fleet, 
Y. Natori, Y. Watanabe, T. Imahori, et al., Docking study and biological evaluation 
of pyrrolidine-based iminosugars as pharmacological chaperones for gaucher 
disease, Org. Biomol. Chem. 14 (2016) 1039–1048, https://doi.org/10.1039/ 
C5OB02223A.

[26] F. Clemente, C. Matassini, A. Goti, A. Morrone, P. Paoli, F. Cardona, Stereoselective 
synthesis of C-2 alkylated trihydroxypiperidines: novel pharmacological 
chaperones for gaucher disease, ACS Med. Chem. Lett. 10 (2019) 621–626, https:// 
doi.org/10.1021/acsmedchemlett.8b00602.

[27] F. Clemente, C. Matassini, C. Faggi, S. Giachetti, C. Cresti, A. Morrone, P. Paoli, 
A. Goti, M. Martínez-Bailén, F. Cardona, Glucocerebrosidase (GCase) activity 
modulation by 2-Alkyl trihydroxypiperidines: inhibition and pharmacological 
chaperoning, Bioorg. Chem. 98 (2020) 103740, https://doi.org/10.1016/j. 
bioorg.2020.103740.

[28] T. Castellan, V. Garcia, F. Rodriguez, I. Fabing, Y. Shchukin, M.L. Tran, 
S. Ballereau, T. Levade, Y. Génisson, C. Dehoux, Concise asymmetric synthesis of 
new enantiomeric C-Alkyl pyrrolidines acting as pharmacological chaperones 
against gaucher disease, Org. Biomol. Chem. 18 (2020) 7852–7861, https://doi. 
org/10.1039/D0OB01522A.

[29] C. Decroocq, D. Rodríguez-Lucena, K. Ikeda, N. Asano, P. Compain, Cyclodextrin- 
based iminosugar click clusters: the first examples of multivalent pharmacological 
chaperones for the treatment of lysosomal storage disorders, ChemBioChem 13 
(2012) 661–664, https://doi.org/10.1002/cbic.201200005.

[30] A. Joosten, C. Decroocq, J. de Sousa, J.P. Schneider, E. Etamé, A. Bodlenner, T. 
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