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We have used the azide–alkyne Huisgen cycloaddition reaction to obtain two families of bivalent hetero-

dimers where tacrine is connected to an azasugar or iminosugar, respectively, via linkers of variable

length. The heterodimers were investigated as cholinesterase inhibitors and it was found that their activity

increased with the length of the linker. Two of the heterodimers were significantly stronger acetylcholin-

esterase inhibitors than the monomeric tacrine. Molecular modelling indicated that the longer heterodi-

mers fitted better into the active gorge of acetylcholinesterase than the shorter counterparts and the

former provided more efficient simultaneous interaction with the tryptophan residues in the catalytic

anionic binding site (CAS) and the peripheral anionic binding site (PAS).

Introduction

Alzheimer’s disease (AD) is an age-related progressive neurode-
generative disorder of the brain, which results in death 3–9
years after diagnoses.1 The anatomical hallmarks of AD
include atrophy of regions in the brain, which are associated
with cognitive impairment and memory loss.2 AD is con-
sidered a multifactorial disorder for which the exact pathologi-
cal mechanisms involved are not fully understood,3 but it is
thought to include hallmarks such as formation of beta-
amyloid (βA) protein deposits (the major component of extra-
neuronal senile plaque), accumulation of hyperphosphorylated
tau protein (the major component in intracellular neurofibril-
lary tangles (NFTs)),1,4 inflammation,5 deficits of the neuro-
transmitter acetylcholine (ACh),6 oxidative stress,7 and metal
ion dyshomeostasis.8

Currently, there is no remedy available for AD,9 which is
associated with the fact that the causes of the disease have not
yet been pinpointed.10 The best medicinal health care for AD
patients at the moment is palliative drugs, in particular acetyl-
cholinesterase inhibitors (AChEIs).3 The first such drug to be

approved for clinical use was tacrine (9-amino-1,2,3,4-tetrahy-
droacridine) (1) (Fig. 1), which was withdrawn from the market
as it caused liver damage in ca. 30% of the patients.11 The
Food and Drug Administration (FDA) has currently four drugs
in its arsenal for AD treatment, and three of them, namely
donepezil (Aricept®) (2), galantamine (Razadyne®) (3), and riv-
astigmine (Exelon®) (4) (Fig. 1) are AChEI drugs.12 The mecha-
nism of action for these drugs is inhibition of the enzyme
acetylcholinesterase (AChE) and thereby increasing the neuro-
transmission, mediated by its substrate acetylcholine (ACh).13

Such AD treatment is in line with the cholinergic hypothesis,
which suggests that a low level of ACh in the brain is the
reason for cognitive declines found in AD patients.14 In this
context, it is worth mentioning that treatment of AD patients
with symptomatic relief drugs increase the cost of treatment as
they prolong the patients’ mild, moderate, and severe stages of
the disease,15 which apart from the personal burden empha-
sizes the urgent need to develop new drugs to cure AD.

In addition to AChE, butyrylcholinesterase (BuChE) is
another type of cholinesterase (ChE), which shares 65% of the
amino acid sequence with AChE.16 However, in a healthy
brain, AChE plays a major role in regulating the ACh level.17

During the progression of AD, the BuChE level in the brain is
increased up to 120% and the AChE level is reduced to
55–67% compared to an AD free brain.18 Thus, cholinesterase
inhibitors (ChEIs) such as rivastigmine19 that exhibit
mixed AChE/BuChE inhibition could be beneficial for AD treat-
ment.20 On the other hand, because BuChE exists in low levels
in the brain and high levels in peripheral tissues,
selective AChE inhibition could be beneficial to avoid side
effects.21
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X-ray analysis of Torpedo californica acetylcholinesterase
(TcAChE) revealed a catalytic triad nearby the bottom of a 20 Å
deep active gorge decorated with aromatic residues.22 In the
proximity of the catalytic triad, a catalytic anionic binding site
(CAS) was identified. A second binding site, the peripheral
anionic binding site (PAS), that is rich in aromatic residues, was
identified at the mouth of the gorge. PAS plays a non-cholin-
ergic function in the progress of AD as it has been found to
promote the aggregation of βA protein into amyloid fibrils,
which in turn is involved in senile plaque formation.23 In line
with this conclusion, it has been found that AChEIs that bind
exclusively to PAS inhibit AChE promoted βA aggregation
whereas no such inhibition was observed for the AChEIs that
bind exclusively to CAS.24 In addition, dual binding site AChEIs
(i.e. inhibitors that bind simultaneously to the PAS and CAS)
have been found not only to inhibit the hydrolysis of ACh but
also AChE promoted aggregation of βA protein,24,25 which are
both attractive targets for AD treatment.26

X-ray analysis of tacrine in complex with TcAChE has shown
that tacrine is bound in CAS where it interacts with Trp84 via π
stacking interactions.27 However, computational studies have
shown that tacrine has a low affinity interaction with Trp279 in
PAS.28 Indeed, X-ray analysis of bivalent tacrine dimer 5 (bis
(7)-tacrine) (Fig. 1) in complex with TcAChE revealed a chela-
tion effect in which one of the tacrine rings established inter-
action with PAS whereas the other tacrine ring interacted with
CAS in a very similar way as tacrine bound alone to TcAChE.29

Comparison of the ChE inhibitory properties between tacrine
homodimer 5 revealed: that 5 is a 1000 times stronger AChEI
than tacrine and that 5 is 10 000 times more selective for the
inhibition of AChE over BuChE compared to tacrine.30 The sig-
nificantly higher AChE inhibition activity of 5 was attributed to
its interaction with PAS (in addition to CAS), which plays an
essential role for the high selectivity for AChE inhibition as
BuChE is missing aromatic residues that are present in PAS of
AChE.29 The very high AChE inhibition activity by 5 has trig-
gered the synthesis and biological evaluation of other
homobivalent25c,d,31 and heterobivalent32 tacrine derivatives.
An important aspect for such compounds to behave as

efficient dual binding site AChEIs is that the length of the
linker between the two binding units is of an optimized length
to allow simultaneous interaction with CAS and PAS.33 In
addition, hydrophobic interactions between mid-gorge resi-
dues and the linker34 along with the gain in entropy when
gorge bound water molecules are replaced by a bound
inhibitor29,35 contribute to enhanced binding affinity. Tacrine
derivatives have not only been found to increase the inhibition
potency of AChE, it has also been found that a new series of
N-propagyl tacrines displays significantly lower hepatotoxicity
than tacrine,36 which indicate that the identification of tacrine
derivatives as novel AD drugs are of interest.

Azasugars (such as 6 in Fig. 1) and iminosugars (such as
7–10 in Fig. 1) are mostly known for their glycosidase inhibi-
tory potency, which has been attributed to their ability to be
protonated at physiological pH and thereby constitute charged
analogues of the transition state for enzymatic cleavage of gly-
cosides.37 The inhibition activity of glycosidases by aza- and
iminosugars has attracted interest to evaluate them for treat-
ment of disorders such as diabetes, cancer, viral infections,
and lysosomal storage disorders.38 To date, three iminosugars,
namely, Glyset® (N-(2-hydroxyethyl)-1-deoxynojirimycin) (8),
Zavesca® (N-butyl-1-deoxynojirimycin) (9) and Galafold®
(1-deoxygalactonojirimycin) (10) (Fig. 1) are in clinical use for
the treatment of type 2 diabetes,39 Gaucher’s,40 and Fabry’s
disease,41 respectively. However, the biological activity of imi-
nosugars goes beyond inhibition of glycosidases. For instance,
it was recently found that some iminosugars behave as potent
inhibitors of cholinesterases,42 although such property has
only been scarcely explored. It was proposed that iminosugars
in their protonated form, at least to some extent, resemble the
charged ChEs substrate ACh,42a which is an important aspect
for generating interactions with the active gorge of AChE.27

In this project, we targeted tacrine-isofagomine 12a–12d
and tacrine-1-deoxynojirimycin 13a–13c heterodimers (Fig. 2)
as potential cholinesterase inhibitors. As mentioned above,
the fact that one tacrine moiety in tacrine dimer 5 binds to
CAS and the other tacrine moiety binds to PAS demonstrate
that tacrine possesses affinity for both binding sites.29 In

Fig. 1 The structure of cholinesterase inhibitors (ChEIs) 1–5 and glycosidase inhibitors 6–10.
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addition, the quaternary ammonium groups of decamethonium
(DECA) interact simultaneously with Trp279 and Trp84 in PAS
and CAS, respectively.27 Because pKaH for isofagomine (6) and
1-deoxynojirimycin (DNJ) (7) is 8.443 and 6,7,44 respectively, we
hypothesize that a significant fraction of 12 and 13 would be pro-
tonated on the nitrogen atom of the isofagomine and DNJ
moiety, respectively. As such, when the pharmacophores are con-
nected with a linker of optimized length, we argue that 12 and 13
could act as dual binding site AChEIs in two possible general
poses (Fig. 2): the sugar mimetic group (isofagomine or DNJ) and
tacrine group bound to PAS and CAS (pose 1), respectively, or the
opposite way around (pose 2) (Fig. 2). In addition, we envisaged
that the connection of the two binding units, namely, isofago-
mine or deoxynojirimycin with tacrine using Cu(I) catalyzed
alkyne–azide cyclization would provide additional interactions
with the enzyme, as triazole linkages in other bivalent AChE
inhibitors have been found to establish various types of non-
covalent interactions with mid gorge residues.45

In this paper, we present the synthesis of heterodimers 12
and 13 in which the pharmacophores are connected via a
linker of variable length, results from biological testing of 12
and 13 as ChEIs, and results from docking studies of 12 and
13 into AChE.

Results and discussion
Synthesis

Azide 17 was obtained from alcohol 14,46 via a mesylation-azi-
dation sequence (Scheme 1). Azides 18 and 19 were obtained
from alkyl bromide 15 and 16,47 respectively, upon treatment
with sodium azide in DMF.

With the azide-armed tacrines 17, 18, and 19 in hand, the
synthesis of isofagomine-tacrine heterodimers 12a–12d contin-
ued from known nitro alcohol 2048 (Scheme 2), which was sub-

jected to an acetylation-reduction-Cbz protection sequence to
provide carbamate 21. This compound was subjected to palla-
dium-catalyzed hydrogenation followed by propagylation to
provide propargylamine 22. In the following step, this com-
pound was subjected to Cu(I) catalyzed cycloaddition with
known azide 2334 in addition to 17, 18, and 19 to provide isofa-
gomine-tacrine heterodimers 24a, 24b, 24c, and 24d, respect-
ively, in 55–77% yield. In the following step, the acetal ring
was removed upon treatment with 8 M aqueous HCl to provide
isofagomine-tacrine heterodimers 12a–12d after treatment
with aqueous NaOH. To obtain the hydrochloric acid salt 6HCl
of isofagomine, compound 21 was subjected to palladium-
catalyzed hydrogenation followed by Boc-protection (to sim-
plify purification) to obtain carbamate 25. Treatment of 25
with aqueous HCl provided 6HCl.

The synthesis of 1-deoxynojirimycin-tacrine heterodimers
13a–13c started from known alkyne 2649 (Scheme 3). This com-
pound underwent Cu(I) catalyzed cycloaddition with azides 23,
17, and 18 to provide heterodimers 27a–27c. A final BCl3 pro-
moted de-O-benzylation provided the target compounds 13a–
13c after treatment with aqueous NaOH.

Inhibition studies

Inhibitory properties of derivatives 12a–d and 13a–c against
cholinesterases (AChE from Electrophorus electricus and BuChE
from equine serum) were obtained using the Ellman’s cholori-
metric assay (see the Experimental section for details). Data
for the anti-Alzheimer’s drugs tacrine, donepezil and galanta-
mine, as positive controls, and parent isofagomine-HCl (6HCl)
and DNJ (7) were also included for comparison. The inhibition
constants and the mode of inhibition obtained for these com-
pounds are shown in Table 1; the mode of inhibition was
double checked using the Cornish-Bowden plots (1/V vs. [I]
and [S]/V vs. [I]). As an example, Cornish-Bowden plots for the
inhibition of AChE by compound 13c is depicted in Fig. 3.

The data depicted in Table 1 show interesting structure–
activity relationships; thus, the absence of the tacrine moiety
led to complete lack of activity (entry 8, 6HCl, Ki > 100 µM), or
weak inhibitory properties against BuChE (entry 9, DNJ, micro-
molar range). Although moderate, the latter result confirms
that the iminosugar moiety is capable of entering and interact-
ing with cholinesterases, at least with BuChE. In this context,
some of us recently reported that some DNJ derivatives armed
with electron rich aromatics behaved as good BuChE inhibi-

Fig. 2 Compounds 12 and 13 represent the proposed ChEIs in the work
presented in this paper.

Scheme 1 Synthesis of azidoalkyl-functionalized tacrines 17–19.
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Scheme 2 Synthesis of tacrine-isofagomine heterodimers 12a–12d.

Scheme 3 Synthesis of DNJ-tacrine heterodimers 13a–13c.
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tors,42c with activities within the low micromolar range, even
stronger than marketed donepezil and galantamine. Molecular
docking simulations revealed H-bond interactions between the

iminosugar residue and the enzyme catalytic subsite, together
with van der Waals interactions involving the aromatic appen-
dage and the PAS region of the enzyme.42c

Table 1 Inhibitory constants (Ki, µM) and mode of inhibition against Electrophorus electricus AChE and equine serum BuChE for derivatives 12a–
12d and 13a–13c

Entry Compound n AChE BuChE

1 12a 1 Kia = 2.1 ± 0.4 Kia = 0.69 ± 0.13
(Competitive) Kib = 0.81 ± 0.34

(Mixed)
2 12b 2 Kia = 1.3 ± 0.3 Kia = Kib = 1.5 ± 0.2

Kib = 2.7 ± 0.9 (Non-competitive)
(Mixed)

3 12c 5 Kia = 0.0289 ± 0.0094 Kia = 0.26 ± 0.04
Kib = 0.0302 ± 0.0058 Kib = 0.63 ± 0.18
(Mixed) (Mixed)

4 12d 7 Kia = 0.0114 ± 0.0028 Kia = 0.012 ± 0.004
Kib = 0.0175 ± 0.0024 Kib = 0.030 ± 0.007
(Mixed) (Mixed)

5 13a 1 Kia = 3.6 ± 1.0 Kia = 1.6 ± 0.1
Kib = 2.3 ± 0.6 Kib = 4.8 ± 0.5
(Mixed) (Mixed)

6 13b 2 Kia = 1.8 ± 0.5 Kia = 0.45 ± 0.12
Kib = 2.1 ± 0.1 Kib = 2.3 ± 0.9
(Mixed) (Mixed)

7 13c 5 Kia = 0.0071 ± 0.0010 Kia = 0.44 ± 0.07
Kib = 0.0174 ± 0.0056 Kib = 2.1 ± 0.2
(Mixed) (Mixed)

8 Isofagomine-HCl (6HCl) >100 >100
9 DNJ (7) >100 Kia = Kib = 16 ± 3

(Non-competitive)
10 Tacrine (1) Kia = Kib = 0.0548 ± 0.0039 Kia = Kib = 0.0048 ± 0.0005

(Non-competitive) (Non-competitive)
11 Donepezil (2) IC50 = 0.03550 IC50 = 2.350

12 Galantamine (3) Kia = 1.5 ± 0.6 Kia = 4.5 ± 0.9
(Competitive) (Competitive)
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Both families of compounds, isofagomine-tacrine heterodi-
mers 12a–12d (entries 1–4) and DNJ-tacrine heterodimers 13a–
13c, (entries 5–7) presented herein followed the same inhi-
bition profile, namely, that the inhibition activity of both AChE
and BuChE increased by the number of methylene groups in
the linker between the pharmacophores. However, the trend
was more distinctive for the inhibition of AChE; interestingly,
and based on the IC50 values, a 4 to 6 fold enhancement in
activity was achieved for heterodimers 12c (IC50 = 14.0 nM),
12d (IC50 = 11.0 nM), and 13c (IC50 = 7.9 nM) compared to
tacrine (IC50 = 50 nM) against AChE. These results suggest that
increasing the length of the linker might allow more efficient
simultaneous interaction with PAS and CAS according to pose
1 or pose 2 in Fig. 2. The suggested dual binding site inhi-
bition profile is supported by the mixed inhibition profile of
AChE by 12c, 12d, and 13c, which has also been observed for
donepezil (2)51 for which X-ray analysis revealed that it binds
simultaneously to CAS and PAS of AChE.52 Tacrine was found
to be a non-competitive inhibitor (special type of mixed inhi-
bition with both inhibitory constants equal to each other), in
agreement with previously reported data.53

In this project it is also interesting to note that when
tacrine, which is a powerful AChEI, is dimerized with isofago-
mine or DNJ, that both are inactive towards AChEIs via a linker
of suitable length, the obtained heterodimers 12d and 13c
display significantly higher inhibition activity than tacrine.
Such observations have been made earlier when tacrine hetero-
dimers that are more potent AChEIs than tacrine alone have
been obtained by assembling tacrine with a compound that is

a very weak AChEI alone, which demonstrate the power of bi-
valent AChE inhibition.54

Docking and molecular dynamics simulation studies

Docking of the bivalent heterodimers 12a, 12c, 13a, and 13c to
the Electrophorus electricus AChE enzyme resulted in relative
binding affinities of the respective nine most favorable poses
within a range of 1.0 kcal mol−1 for all ligands considered, in
both their respective protonation variants, which is protonated
at the isofagomine moiety (sugNH) for 12a and 12c and the
DNJ moiety (sugH) for 13a and 13c or at the tacrine moiety
(tacNH). Also for each ligand model, there was a pose with the
isofagomine moiety (of 12a and 12c) or DNJ moiety (of 13a
and 13c) in contact with PAS and the tacrine moiety in contact
with CAS, suggested as pose 1 in Fig. 1, and one with the
reverse orientation, namely, the tacrine moiety in contact with
the PAS and the isofagomine moiety (of 12a and 12c) or DNJ
moiety (of 13a and 13c) in contact with CAS, termed pose 2 in
Fig. 1. The estimated binding affinities differ only marginally
between the two poses (0.4–1.0 kcal mol−1).

All docking poses (pose 1 or 2) of all investigated ligands
(12a, 12c, 13a, and 13c), regardless of the length of the linker
between the pharmacophores, show the isofagomine or DNJ
moiety and the tacrine moiety close to residues Trp86 or
Trp286 (Electrophorus electricus AChE numbering) in the
active gorge, respectively.

However, the longer ligands 12c and 13c (n = 5), form closer
contacts to residues Trp86 and Trp286 than the shorter (n = 1)
ligands 12a and 13a. In the latter cases, the stacking of the
moiety in the CAS (tacrine or sugar mimetic, respectively) is
wedged between Trp86 and Tyr337, indicating optimal place-
ment, whereas only the tacrine moiety has contact with Trp286
in the PAS, which indicates that the tacrine moiety possesses
higher affinity for the Trp residues than the isofagomine
moiety and DNJ moiety in 12a and 13a, respectively.

Comparison of protonated ligands with the same length
and the same pose, but different site of protonation (sugNH or
tacNH) and different sugar mimic moiety (isofagomine for 12
or DNJ for 13), show that the tacrine rings share the same posi-
tion for the long ligands 12c and 13c and in pose 1 are also
placed very similarly for the shorter 12a and 13a ligands (see
Fig. S2†). In pose 2, the tacrine rings of the shorter ligands are
slightly closer to Trp286 than those of their longer
counterparts.

Representative snapshots from the MD simulations are pro-
vided as supplementary material (Fig. S3†). The initial poses
are largely maintained throughout the MD simulations,
though the actual conformations exhibit some fluctuations.
12c in pose 2, however, shows its sugar moiety leaving the
wedged position between Trp86 and Tyr337, but remaining
close to Trp86 (Fig. S3†).

According to the MD simulations, the shorter ligands 12a
and 13a in pose 1 seem to be less well accommodated in the
active gorge of AChE than their longer counterparts 12c and
13c in the same pose, which is in agreement with the obser-
vation that 12c (IC50 = 14.0 nM) is a 24 times stronger AChEI

Fig. 3 Cornish-Bowden plots for compound 13c against AChE (V: rate
of reaction, [S]: substrate concentration, and [I]: inhibitor concentration);
errors (SD) for n = 2.
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than 12a (IC50 = 340 nM) and 13c (IC50 = 7.9 nM) a 190 times
stronger AChEI than 13a (IC50 = 1500 nM). We have computed
interaction energies between AChEIs 12a, 12c, 13a or 13c with
the AChE enzyme. Comparison of those interaction energies
(Table 2) reveals sugar mimetic protonated (sugNH) ligands
exhibit stronger interactions with the enzyme than their
tacrine-protonated (tacNH) counterparts in the same pose,
with the exception of 13a in pose 2 where the tacrine proto-
nated moiety (tacNH) is slightly preferred. Of all models with
12a, 12c, 13a, or 13c in complex with AChE, sugar mimetic pro-
tonated 13c interacts most favorably with the protein when in
pose 1 (Fig. 4a), that is with its DNJ moiety at the PAS and the
tacrine moiety positioned in the CAS, and still considerably
strong when in pose 2 (Fig. 4b). Thus, both the relative inter-
action energies and the MD simulations are in agreement with
the fact that 13c is a more potent AChEI than 12a, 12c, and
13a.

Interaction energies calculated for the shorter ligands 12a
and 13a (Table 2) indicate preferential binding to the active
gorge of AChE in pose 2 and pose 1, respectively, in which the
both ligands are protonated at the sugar mimetic moiety.

For ligand 12c, pose 1 is favored over pose 2, as far as inter-
action energies are concerned, in which 12c prefers to be pro-

tonated at the isofagomine moiety (sugNH) (−478 kJ mol−1)
over the tacrine moiety (tacNH) (−413 kJ mol−1). Indeed, this
model, when the isofagomine moiety of AChEI 12c is proto-
nated in pose 1 shows interaction energies with the AChE
enzyme, which within errors come close to that of ligand 13c
in the opposite, less favorable, pose 2. The same holds for the
interaction energies of the most favorable model of 13a, also
in pose 1, if one takes the errors in favor of 13a and in disfavor
of 13c (in pose 2). In other words, even when bound in the
“wrong” direction, 13c is still as strong a binder as the other
ligands. When in its preferred pose 1, though, 13c shows inter-
action energies with the AChE enzyme that outperform all
other ligands in all poses and protonation states, in agreement
with the measured considerably higher inhibition activity of
this ligand.

Conclusions

Four tacrine-isofagomine and three tacrine-DNJ heterodimers
have been synthesized using click-ligation and evaluated as
ChEIs as a novel family of potential Alzheimer’s agents. Three
of them 12c, 12d, and 13c outperformed the reference com-
pounds tacrine (1), donepezil (2), and galantamine (3) as
AChEIs of which 12d also was a slightly stronger BuChE inhibi-
tor than tacrine, which indicate that both the isofagomine and
DNJ moieties contribute with productive interactions to AChE.
The observed tendency for the AChE inhibition was that the
activity was improved upon increasing the length of the linker
between the pharmacophores, which was expected to be
crucial for simultaneous interaction with PAS and CAS. In fact,
modelling studies indicated that the longer ligands 12c and
13c interact more favorably into the active gorge than the
shorter counterparts 12a and 13a, respectively. An interesting
observation was that the tacrine moiety could be in either CAS
or PAS depending on the identity of the sugar mimetic moiety
in the heterodimers. Our data suggest that for the stronger
binders, i.e. the longer ligands, binding of the tacrine moiety
to CAS is preferred (defined as pose 1 in Fig. 2).

Experimental
General experimental

Dichloromethane was dried over 4 Å molecular sieves (oven
dried). For petroleum ether (PE), the 40–65 °C fraction was
used. All reactions were carried out under a N2 or Ar atmo-
sphere if not otherwise specified. TLC analyses were per-

Table 2 Summed interactions energies (kJ mol−1) of the sugar, tacrine, and triazole moieties of AChEIs 12a, 12b, 12c, and 13d with the AChE
enzyme (sugNH = isofagomine moiety for 12a and 12c or DNJ moiety of 13a and 13c; TacNH = tacrine moiety; pose 1 and pose 2 refer to figure)

Compound 12a 13a 12c 13c

Protonation sugNH tacNH sugNH tacNH sugNH tacNH sugNH tacNH
Pose 1 −411.1 ± 3.2 −401.7 ± 5.5 −464.5 ± 27.2 −413.1 ± 10.0 −477.8 ± 10.9 −413.3 ± 11.8 −517.0 ± 5.0 −372.3 ± 5.5
Pose 2 −458.5 ± 1.5 −437.4 ± 5.5 −419.0 ± 3.9 −426.6 ± 4.1 −332.9 ± 25.6 −317.4 ± 9.6 −493.2 ± 19.6 −422.0 ± 14.3

Fig. 4 Ligand 13c interacts more efficiently with AChE in pose 1 (a)
compared to pose 2 (b) (pose 1 and pose 2 are defined in Fig. 2).
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formed on Merck silica gel 60 F254 plates using UV light for
detection. Silica gel NORMASIL 60® 40–63 µm was used for
flash column chromatography. NMR spectra were recorded
with a Bruker Avance NMR spectrometer; 1H NMR and 13C
NMR spectra were recorded at 400.13 MHz and 100.61 MHz,
respectively. Chemical shifts are reported in ppm relative to an
internal standard of residual chloroform (δ = 7.26 ppm for 1H
NMR; δ = 77.00 ppm for 13C NMR), residual methanol (δ =
3.31 ppm for 1H NMR; δ = 49.00 ppm for 13C NMR). High-
resolution mass spectra (HRMS) were recorded from MeOH
solutions on a JMS-T100LC AccuTOFTM in positive electro-
spray ionization (ESI) mode.

Synthetic procedures

N-(3-Azidopropyl)-1,2,3,4-tetrahydroacridin-9-amine (17). To
a suspension of alcohol 14 (497 mg, 1.94 mmol, 1 equiv.) and
NEt3 (0.31 mL, 2.21 mmol, 1.15 equiv.) in anhydrous CH2Cl2
(12 mL) at 0 °C under a N2-atmosphere was added dropwise
MsCl (0.16 mL, 2.08 mmol, 1.07 equiv.). After addition, the
mixture was kept stirring for 15 minutes before the addition of
saturated aqueous NaHCO3 (15 mL) and CH2Cl2 (15 mL). The
layers were separated, and the organic layer was dried
(MgSO4), filtered, and concentrated under reduced pressure.
The crude mesylate was dissolved in DMF (4 mL) and to the
solution was added NaN3 (505 mg, 7.76 mmol, 4 equiv.). After
addition, the mixture was kept stirring at 45 °C overnight.
Saturated aqueous NaCl (20 mL) and EtOAc (20 mL) were
added and the organic layer was collected and concentrated
under reduced pressure. Purification of the residue by silica
gel flash column chromatography (CHCl3/MeOH/NH4OH
475 : 25 : 1) provided the title compound 17 (404 mg, 74%) as a
yellow oil. Rf 0.42 (CHCl3/MeOH/NH4OH 475 : 25 : 1); 1H-NMR
δH (CDCl3, 400.13 MHz) 7.93–7.91 (2 H, m, ArH), 7.58–7.54 (2
H, m, ArH), 7.39–7.35 (1 H, m, ArH), 4.07 (1 H, brs, NH), 3.57
(2Q5 H, t, J = 6.5 Hz, CH2), 3.46 (2 H, t, J = 6.4 Hz, CH2), 3.08–3.06
(2 H, m, CH2), 2.75–2.72 (2 H, m, CH2), 1.96–1.89 (2 H, m, 3 ×
CH2);

13C-NMR δC (CDCl3, 100.61 MHz) 158.8 (Ar), 150.3 (Ar),
147.5 (Ar), 129.0 (Ar), 128.6 (Ar), 124.2 (Ar), 122.5 (Ar), 120.6
(Ar), 117.1 (Ar), 49.5 (CH2), 46.8 (CH2), 34.1 (CH2), 30.7 (CH2),
25.1 (CH2), 23.2 (CH2), 22.9 (CH2); HRMS (ESI); calcd for
C16H20N5

+ 282.1713; found 282.1711.
General procedure for the preparation of compounds 18 and

19. To a solution of the alkyl bromide 15 or 16 (2.40 mmol, 1
equiv.) in DMF (10 mL) was added NaN3 (9.60 mmol, 4 equiv.).
The mixture was heated overnight at 80 °C under Ar-atmo-
sphere. After this time, the mixture was cooled to room temp-
erature and the solvent was evaporated under reduced
pressure. Then, 100 mL of water was added, and the aqueous
phase was extracted with EtOAc (2 × 100 mL). The phases were
separated, and the organic layer was dried with MgSO4, filtered
and concentrated under reduced pressure. The concentrate
was purified by silica gel flash column chromatography.

N-(6-Azidohexyl)-1,2,3,4-tetrahydroacridin-9-amine (18). The
crude product of 18 was purified by silica gel flash column
chromatography (CH2Cl2/MeOH 99 : 1 → 98 : 2 → 95 : 5) to
provide 18 (436.1 mg, 56%) as a brown oil. Rf 0.60 (CH2Cl2/

MeOH/NH4OH 9 : 1 : 0.1); 1H-NMR δH (CDCl3, 400.13 MHz)
8.22 (1 H, d, J = 8.1 Hz, ArH), 8.09 (1 H, d, J = 8.7 Hz, ArH),
7.61–7.57 (1 H, m, ArH), 7.40–7.36 (1 H, m, ArH), 5.18 (1 H,
brs, NH), 3.75–3.70 (2 H, m, CH2), 3.25 (2 H, t, J = 6.8 Hz,
CH2), 3.18–3.15 (2 H, m, CH2), 2.69–2.66 (2 H, m, CH2),
1.90–1.88 (2 H, m, 2 × CH2), 1.79–1.74 (2 H, m, CH2), 1.63–1.56
(2 H, m, CH2), 1.44–1.40 (4 H, m, 2 × CH2);

13C-NMR δC
(CDCl3, 100.61 MHz) 154.7 (Ar), 153.4 (Ar), 142.9 (Ar), 130.5
(Ar), 124.6 (2 × Ar), 123.8 (Ar), 118.0 (Ar), 113.4 (Ar), 51.3 (CH2),
48.9 (CH2), 31.4 (CH2), 31.1 (CH2), 28.8 (CH2), 26.5 (2 × CH2),
24.4 (CH2), 22.5 (CH2), 21.7 (CH2); HRMS (ESI); calcd for
C19H26N5

+ 324.2183; found 324.2179.
N-(8-Azidooctyl)-1,2,3,4-tetrahydroacridin-9-amine (19). The

crude product of 19 was purified by silica gel flash column
chromatography (CH2Cl2/MeOH 99 : 1 → 98 : 2 → 95 : 5) to
provide 19 (568.1 mg, 66%) as a brown oil. Rf 0.64 (CH2Cl2/
MeOH/NH4OH 9 : 1 : 0.1); 1H-NMR δH (CDCl3, 400.13 MHz)
8.07 (1 H, d, J = 8.4, ArH), 8.01–7.99 (1 H, m, ArH), 7.60–7.55 (1
H, m, ArH), 7.38–7.34 (1 H, m, ArH), 4.38 (1 H, brs, NH),
3.61–3.56 (2 H, m, CH2), 3.24 (1 H, t, J = 6.8 Hz, CH2), 3.12 (2
H, brs, CH2), 2.68–2.66 (2 H, m, CH2), 1.92–1.88 (4 H, m, 2 ×
CH2), 1.73–1.66 (2 H, m, CH2), 1.60–1.54 (2 H, m, CH2),
1.42–1.33 (8 H, m, 4 × CH2);

13C-NMR δC (CDCl3, 100.61 MHz)
156.9 (Ar), 152.0 (Ar), 145.5 (Ar), 129.4 (Ar), 127.0 (Ar), 124.1
(Ar), 123.3 (Ar), 119.2 (Ar), 114.7 (Ar), 51.5 (CH2), 49.4 (CH2),
32.8 (CH2), 31.7 (CH2), 29.3 (CH2), 29.1 (CH2), 28.9 (CH2), 26.9
(CH2), 26.7 (CH2), 24.6 (CH2), 22.9 (CH2), 22.4 (CH2); HRMS
(ESI); calcd for C21H30N5

+ 352.2496; found 352.2488.
Benzyl 4-(benzyloxycarbonyl)aminomethyl-((2′S,3′S)-2′,3′,-

dimethoxybutan-2′,3′-diyl)-β-D-arabinopyranoside (21). Step 1:
A mixture of alcohol 20 (1.26 g, 3.05 mmol, 1 equiv.) and
p-toluenesulfonic acid monohydrate (58.0 mg, 0.305 mmol,
0.10 equiv.) in Ac2O (12 mL) was stirred overnight at room
temperature. Before the solvent was removed under reduced
pressure at 30 °C. The concentrate was dissolved in CH2Cl2
(100 mL) and saturated aqueous NaHCO3 (50 mL) was added.
The layers were separated, and the organic extract was dried
(MgSO4), filtered, and concentrated under reduced pressure.
Step 2: The residue was dissolved in EtOH (50 mL) and was
added a suspension of NaBH4 (138.5 mg, 3.66 mmol, 1.2
equiv.) in EtOH (17 mL) at 0 °C under a N2-atmosphere. After
addition, the mixture was kept stirring at room temperature
for 90 minutes. The volatiles were removed under reduced
pressure and the residue was dissolved in 0.6 M aqueous HCl
(50 mL) and EtOAc (50 mL) at 0 °C. The layers were separated,
and the organic extract was dried (MgSO4), filtered, and con-
centrated under reduced pressure. The residue was dissolved
in toluene (×2) and concentrated under reduced pressure. Step
3: The concentrate was dissolved in anhydrous THF (37 mL)
under a N2-atmosphere at 0 °C. Then, the solution was added
LiAlH4 (463 mg, 12.2 mmol, 4 equiv.) was then added in por-
tions. After addition, the mixture was allowed to reach room
temperature overnight. The reaction was quenched by slow
addition of EtOH at 0 °C. After quenching, the mixture was fil-
tered through Celite by the aid of CH2Cl2. The filtrate was
added H2O and the phases were separated. The organic layer
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was dried (MgSO4), filtered, and concentrated under reduced
pressure. Step 4: The residue was dissolved in anhydrous
CH2Cl2 (12 mL) and was added anhydrous NEt3 (0.51 mL,
3.66 mol, 1.2 equiv.) at 0 °C under a N2-atmosphere. The solu-
tion was added dropwise CbzCl (0.43 mL, 3.05 mmol, 1 equiv.)
and the obtained mixture was kept stirring overnight at room
temperature. The volatiles were removed under reduced
pressure and the residue underwent purification by silica gel
column chromatography (EtOAc/PE 17 : 3 → 4 : 1) to provide
the title compound 21 (432.4 mg, 28%) as a white foam. Rf
0.54 (EtOAc/PE 3 : 7); [α]28D +3 (c 0.71, CHCl3);

1H-NMR δH
(CDCl3, 400.13 MHz) 7.42–7.27 (10 H, m, ArH), 5.33 (1 H, brs,
NH), 5.11 (2 H, brs, CH2Ph), 4.88 (1 H, d, J = 3.9 Hz, 1-H), 4.73
(1 H, d, J = 13.0 Hz, CHaPh), 4.65 (1 H, d, J = 13.0 Hz, CHbPh),
4.32 (1 H, dd, J3;4 = 5.5 Hz, J3;2 = 10.7 Hz, 3-H), 3.93–3.87 (2 H,
m, 2-H, 5a-H), 3.56–3.50 (3 H, m, CH2N, 5b-H), 3.25 (3 H, s,
OCH3), 3.20 (3 H, s, OCH3), 2.03–2.01 (1 H, m, 4-H), 1.32 (3 H,
s, CH3), 1.27 (3 H, s, CH3);

13C-NMR δC (D2O, 100.61 MHz)
156.7 (CvO), 137.8 (2 × Ar), 136.9 (Ar), 128.6–127.6 (5 × Ar),
100.1, 99.9 (2′-C, 3′-C), 96.8 (1-C), 69.2 (CH2Ph), 66.6 (CH2Ph),
66.1 (2-C), 65.7 (3-C), 61.1 (5-C), 48.0, 47.9 (OCH3), 39.7 (4-C),
39.3 (CH2N), 18.0, 17.8 (2 × CH3); HRMS (ESI); calcd for
C27H35O8NNa

+ 524.2255; found 524.2245.
N-Propagyl-((2′S,3′S)-2′,3′,-dimethoxybutan-2′,3′-diyl)isofagomine

(22). Step 1: A suspension of carbamate 21 (121 mg,
0.243 mmol, 1 equiv.) and Pd/C (10 wt%, 242 mg) in EtOH/
AcOH (9 : 1; 15 mL) under a N2-atmosphere was degassed and
introduced a H2-atmosphere (1 atm). The mixture was kept
stirring overnight. The reaction mixture was then filtered
through Celite® by the aid of EtOH and the filtrate was con-
centrated under reduced pressure. The concentrate was dis-
solved in toluene (×2) and concentrated under reduced
pressure. Step 2: The residue was dissolved in anhydrous
MeCN (1.4 mL) under a N2-atmosphere. K2CO3 (67.2 mg,
0.486 mmol, 2 equiv.) was added and the temperature was
adjusted to 0 °C. Propargyl bromide (80 wt% in toluene, 32 μL,
0.486 mmol, 2 equiv.) was then added dropwise and the
mixture was kept stirring at 0 °C for 2 hours and 10 minutes.
Aqueous Na2S2O3 (10 wt%, 10 mL) was then added and the
aqueous mixture was extracted with CH2Cl2 (2 × 15 mL). The
phases were separated, and the organic extract was concen-
trated under reduced pressure. Purification of the concentrate
by silica column chromatography (EtOAc/PE 1 : 1 → 3 : 2) pro-
vided the title compound 22 (21 mg, 29%) as a colorless syrup.
Rf 0.50 (EtOAc); [α]27D +161 (c 0.36, CHCl3);

1H-NMR δH (CDCl3,
400.13 MHz) 3.85–3.76 (2 H, m, 3-H, CHaOH), 3.63–3.60 (1 H,
m, CHbOH), 3.49–3.44 (1 H, m, 4-H), 3.38 (2 H, d, J = 2.2,
CH2N), 3.28 (3 H, s, OCH3), 3.27 (3 H, s, OCH3), 2.89–2.83 (2
H, m, 2a-H, 6a-H), 2.37 (1 H, t, J = 10.4, J = 10.4, 2b-H), 2.26 (1
H, t, J = 2.2, CH-alkyne), 2.19–2.08 (2 H, m, 5-H, 6b-H), 1.32 (3
H, s, OCH3), 1.29 (3 H, s, OCH3);

13C-NMR δC (CDCl3,
100.61 MHz) 100.1, 99.6 (2′-C, 3′-C), 78.1 (C-alkyne), 74.1, 74.0
(4-C, CH-alkyne), 68.1 (3-C), 63.9 (CH2OH), 54.0, 53.4 (2-C,
6-C), 48.1, 48.0 (OCH3), 46.7 (CH2N), 40.8 (C-5), 18.1, 17.9
(CH3); HRMS (ESI); calcd for C15H26NO5

+ 300.1805; found
300.1804.

General procedure for the preparation of compounds 24a–
24d. A mixture of alkyne 22 (0.08 M, 1 equiv.), azide 17, 18, 19
or 23 (0.08 M, 1 equiv.), and copper(II) sulfate pentahydrate
(0.3 equiv.) in DMAc (for 24a, 24c, and 24d) or DMF (for 24b)
in a foil covered round bottom flask was degassed and intro-
duced a N2-atmosphere before the addition of sodium ascor-
bate (0.60 equiv.). The mixture was kept stirring at room temp-
erature for 2.5 hours. The solvent was then removed under
reduced pressure and the concentrate was purified by silica gel
column chromatography.

N-((1-(2-((1,2,3,4-Tetrahydroacridin-9-yl)amino)ethyl)-1H-1,2,3-
triazol-4-yl)methyl)-((2′S,3′S)-2′,3′,-dimethoxybutan-2′,3′-diyl)isofa-
gomine (24a). The crude product of 24a was purified by silica
gel flash column chromatography (CH2Cl2/MeOH/NH4OH
950 : 50 : 1 → 925 : 75 : 1 → 900 : 100 : 1) to provide 24a
(28.3 mg, 62%) as a light yellow solid. Rf 0.20 (CH2Cl2/MeOH/
NH4OH 850 : 150 : 1); [α]27D +86 (c 0.28, CHCl3); HRMS (ESI);
1H-NMR δH (CDCl3, 400.13 MHz) 7.91 (1 H, d, J = 8.1 Hz, ArH),
7.78 (1 H, d, J = 8.0 Hz, ArH), 7.56–7.52 (1 H, m, ArH), 7.41 (1
H, s, ArH), 7.36–7.31 (1 H, m, ArH), 4.55 (2 H, t, J = 5.4 Hz,
CH2), 4.04 (2 H, t, J = 4.9 Hz, CH2), 3.80–3.67 (4 H, m, CH2-N,
CHaOH, 3-H), 3.54 (1 H, dd, JCHbOH;5 = 5.1 Hz, JCHbOH;CHaOH =
10.9 Hz, CHbOH), 3.39 (1 H, t, J4;5 = 10.1 Hz, 4-H), 3.23 (3 H, s,
OCH3), 3.21 (3 H, s, OCH3), 3.05 (2 H, t, J = 6.0 Hz, CH2),
2.93–2.89 (2 H, m, 2a-H, 6a-H), 2.62 (2 H, t, J = 5.9 Hz, CH2), 2.12
(1 H, t, J2b;2a = 10.6 Hz, 2b-H), 2.03–1.96 (1 H, m, 5-H), 1.93–1.87
(5 H, m, 6b-H, 2 × CH2), 1.29 (3 H, s, CH3), 1.25 (3 H, s, CH3);
13C-NMR δC (CDCl3, 100.61 MHz) 158.2 (Ar), 149.9 (Ar), 146.2
(Ar), 144.4 (Ar), 129.0 (Ar), 128.0 (Ar), 124.6 (Ar), 123.7 (Ar), 122.3
(Ar), 120.2 (Ar), 117.5 (Ar), 100.0, 99.5 (2′-C, 3′-C), 74.0 (4-C), 68.1
(3-C), 63.5 (CH2OH), 55.1 (2-C), 54.1 (6-C), 52.7 (CH2-N), 50.8
(CH2), 48.1 (CH2), 47.9 (OCH3), 47.8 (OCH3), 40.9 (5-C), 33.4
(CH2), 24.9 (CH2), 22.9 (CH2), 22.6 (CH2), 18.0 (CH3), 17.9 (CH3);
calcd for C30H43N6O5

+ 567.3289; found 567.3284.
N-((1-(2-((1,2,3,4-Tetrahydroacridin-9-yl)amino)propyl)-1H-1,2,3-

triazol-4-yl)methyl)-((2′S,3′S)-2′,3′,-dimethoxybutan-2′,3′-diyl)isofa-
gomine (24b). The crude product of 24b was purified by silica
gel flash column chromatography (CH2Cl2/MeOH/NH4OH
925 : 75 : 1 → 925 : 75 : 3 → 900 : 100 : 3) to provide 24b
(83.3 mg, 77%) as a colorless wax. Rf 0.16 (CH2Cl2/MeOH/
NH4OH 850 : 150 : 3); [α]26D +75 (c 0.59, EtOAc); 1H-NMR δH
(400 MHz, CDCl3) 7.92–7.88 (2 H, m, ArH), 7.57–7.53 (1 H, m,
ArH), 7.38–7.34 (2 H, m, ArH), 4.44 (2 H, t, J = 6.6 Hz, CH2),
4.36 (1 H, brs, NH), 3.81–3.67 (4 H, m, CH2-N, 3-H, CHaOH),
3.54 (1 H, dd, J = 5.0 Hz, J = 10.8 Hz, CHbOH), 3.46 (2 H, t, J =
6.6 Hz, CH2), 3.42–3.37 (1 H, m, 4-H), 3.23 (3 H, s, OCH3), 3.22
(3 H, s, OCH3), 3.06–3.04 (2 H, m, CH2), 2.93–2.88 (2 H, m, 2a-
H, 6a-H), 2.73 (2 H, brs, CH2), 2.44 (1 H, brs, OH), 2.24–2.21 (2
H, m, CH2), 2.11 (1 H, t, J = 10.5 Hz, 2b-H), 2.05–1.97 (1 H, m,
5-H), 1.91–1.90 (5 H, m, 6b-H, 2 × CH2), 1.29 (3 H, s, CH3), 1.25
(3 H, s, CH3);

13C-NMR δC (100 MHz, CDCl3) 158.7 (Ar), 150.2
(Ar), 147.1 (Ar), 144.3 (Ar), 128.8 (Ar), 128.7 (Ar), 124.4 (Ar),
122.9 (Ar), 122.3 (Ar), 120.5 (Ar), 117.2 (Ar), 100.0, 99.6 (2′-C, 3′-
C) 74.1 (4-C), 68.1 (3-C), 63.6 (CH2OH), 55.0 (2-C), 54.2 (6-C),
52.8 (CH2-N), 48.1 (OCH3), 48.0 (OCH3), 47.7 (CH2), 45.4 (CH2),
40.9 (5-C), 33.9 (CH2), 31.7 (CH2), 25.1 (CH2), 23.1 (CH2), 22.8
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(CH2), 18.0 (CH3), 17.9 (CH3); HRMS (ESI); calcd for
C31H45N6O5

+ 581.3446; found 581.3440.
N-((1-(2-((1,2,3,4-Tetrahydroacridin-9-yl)amino)hexyl)-1H-1,2,3-

triazol-4-yl)methyl)-((2′S,3′S)-2′,3′,-dimethoxybutan-2′,3′-diyl)iso-
fagomine (24c). The crude product of 24c was purified by silica
gel flash column chromatography (CH2Cl2/MeOH/NH4OH
925 : 75 : 1 → 1850 : 150 : 3 → 1800 : 200 : 3) to provide 24c
(56 mg 55%) as a white foam. Rf 0.52 (CH2Cl2/MeOH 7 : 1 + 1
droplet of NH4OH); [α]26D +75 (c 0.32, CH2Cl2);

1H-NMR δH
(CDCl3, 400.13 MHz) 8.27 (1 H, d, J = 7.7 Hz, ArH), 8.07 (1 H,
d, J = 8.5 Hz, ArH), 7.62 (1 H, t, J = 7.3 Hz, ArH), 7.45 (1 H, s,
ArH), 7.41–7.37 (1 H, m, ArH), 4.34 (2 H, t, J = 7.0 Hz, CH2),
3.83–3.68 (6 H, m, CH2-N, CHaOH, CH2, 3-H), 3.55 (1 H, dd,
JCHbOH;5 = 5.0 Hz, JCHbOH;CHaOH = 10.8 Hz, CHbOH), 3.41 (1 H,
t, J4;5 = 10.1 Hz, 4-H), 3.24 (3 H, s, OCH3), 3.23 (3 H, s, OCH3),
3.19 (2 H, t, J = 5.6 Hz, CH2), 2.96–2.92 (2 H, m, 2a-H, 6a-H),
2.64 (2 H, t, J = 5.7 Hz, CH2), 2.13 (1 H, t, J2b;2a = 10.5 Hz, 2b-
H), 2.06–1.98 (1H, m, 5-H), 1.97–1.87 (7 H, m, 6b-H, 3 × CH2),
1.79–1.72 (2 H, m, CH2), 1.51–1.44 (2 H, m, CH2), 1.40–1.35 (2
H, m, CH2), 1.30 (3 H, s, CH3), 1.26 (3 H, s, CH3);

13C-NMR δC
(CDCl3, 100.61 MHz) 154.7 (Ar), 153.8 (Ar), 144.1 (Ar), 130.9
(Ar), 124.9 (Ar), 123.8 (Ar), 122.8 (Ar), 114.4 (Ar), 100.1, 99.7 (2′-
C, 3′-C), 74.2 (4-C), 68.2 (3-C), 63.7 (CH2OH), 55.2 (2-C), 54.1
(6-C), 52.9 (CH2-N), 50.1 (CH2), 48.8 (CH2), 48.2 (OCH3), 48.1
(OCH3), 41.0 (5-C), 31.3 (CH2), 30.8 (CH2), 30.2 (CH2), 26.3
(CH2), 26.2 (CH2), 24.4 (CH2), 22.6 (CH2), 21.7 (CH2), 18.1
(CH3), 18.0 (CH3) (three aromatic carbons are obscured or over-
lapping); HRMS (ESI); calcd for C34H51N6O5

+ 623.3915; found
623.3906.

N-((1-(2-((1,2,3,4-Tetrahydroacridin-9-yl)amino)octyl)-1H-1,2,3-
triazol-4-yl)methyl)-((2′S,3′S)-2′,3′,-dimethoxybutan-2′,3′-diyl)iso-
fagomine (24d). The crude product of 24d was purified by
silica gel flash column chromatography (CH2Cl2/MeOH/
NH4OH 925 : 75 : 1 → 1850 : 150 : 3 → 1800 : 200 : 3) to provide
24d (36.5 mg, 71%). Rf 0.56 (CH2Cl2/MeOH 7 : 1 + 1 droplet of
NH4OH);[α]26D +73 (c 0.52, CH2Cl2);

1H-NMR δH (CDCl3,
400.13 MHz) 8.12 (1 H, d, J = 8.4 Hz, ArH), 8.03 (1 H, d, J = 8.5
Hz, ArH), 7.58 (1 H, t, J = 7.3 Hz, ArH), 7.42 (1 H, s, ArH), 7.37
(1 H, t, J = 7.3 Hz, ArH), 4.30 (2 H, t, J = 7.2 Hz, CH2), 3.82–3.67
(4 H, m, CH2–N, CHaOH, 3-H), 3.63 (2 H, t, J = 7.2 Hz, CH2),
3.54 (1 H, dd, JCHbOH;5 = 5.0 Hz, JCHbOH;CHaOH = 10.8 Hz,
CHbOH), 3.40 (1 H, t, J4;5 = 10.1 Hz, 4-H), 3.23 (3 H, s, OCH3),
3.22 (3 H, s, OCH3), 3.13 (2 H, t, J = 5.5 Hz, CH2), 2.94–2.89 (2
H, m, 2a-H, 6a-H), 2.65 (2 H, t, J = 5.7 Hz, CH2), 2.11 (1 H, t,
J2b;2a = 10.6 Hz, 2b-H), 2.05–1.98 (1 H, m, 5-H), 1.93–1.86 (7 H,
m, 6b-H, 3 × CH2), 1.73–1.66 (2 H, m, CH2), 1.41–1.31 (8 H, m,
4 × CH2), 1.29 (3 H, s, CH3), 1.25 (3 H, s, CH3);

13C-NMR δC
(CDCl3, 100.61 MHz) 155.8 (Ar), 152.8 (Ar), 143.9 (Ar), 130.1
(Ar), 125.8 (Ar), 124.4 (Ar), 123.6 (Ar), 122.6 (Ar), 118.6 (Ar),
114.3 (Ar), 114.0 (Ar), 100.1, 99.6 (2′-C, 4′-C), 74.3 (4-C), 68.2
(3-C), 63.7 (CH2OH), 55.1 (2-C), 54.1 (6-C), 52.9 (CH2-N), 50.4
(CH2), 49.3 (CH2), 48.2 (OCH3), 48.0 (OCH3), 40.9 (5-C), 31.9
(CH2), 31.6 (CH2), 30.3 (CH2), 29.2 (CH2), 28.9 (CH2), 26.8
(CH2), 26.5 (CH2), 24.5 (CH2), 22.8 (CH2), 22.1 (CH2), 18.1
(CH3), 18.0 (CH3). HRMS (ESI); calcd for C36H55N6O5

+

651.4228; found 651.4227.

General procedure for the preparation of compounds 12a–
12d. A mixture of 24a, 24b, 24c or 24d (0.1 M) in 8 M aqueous
HCl/MeOH (2 : 1) was stirred at room temperature for
24 hours. The volatiles were then removed under reduced
pressure. The residue (0.25 M) was dissolved in 1 M aqueous
NaOH/MeOH (29 : 160) and kept stirring for 4 hours at room
temperature before the volatiles were removed under reduced
pressure and the concentrate underwent purification by silica
gel flash column chromatography.

N-((1-(2-((1,2,3,4-Tetrahydroacridin-9-yl)amino)ethyl)-1H-1,2,3-
triazol-4-yl)methyl)isofagomine (12a). The crude product of 12a
was purified by silica gel column chromatography (CH3CN/
H2O/NH4OH 90 : 10 : 1) to provide 12a (13.1 mg, 59%) as a
yellow syrup. Rf 0.18 (CH3CN/H2O/NH4OH 40 : 10 : 1); 1H-NMR
δH (CD3OD, 400.13 MHz) 7.90–9.88 (1 H, m, ArH), 7.78 (1 H,
dd, J = 0.7 Hz, J = 8.5 Hz, ArH), 7.69 (1 H, s, ArH), 7.61–7.57 (1
H, m, ArH), 7.41–7.37 (1 H, m, ArH), 4.63 (2 H, t, J = 5.6 Hz,
CH2), 4.08 (2 H, t, J = 5.6 Hz, CH2), 3.73 (1 H, dd, JCHaOH;5 = 3.8
Hz, JCHaOH;CHbOH = 10.9 Hz, CHaOH), 3.63–3.55 (2 H, m, CH2-
N), 3.46–3.40 (2 H, m, CHbOH, 3-H), 3.02–2.96 (3 H, m, 4-H,
CH2), 2.94–2.84 (2 H, m, 2a-H, 6a-H), 2.66 (2 H, t, J = 6.0 Hz,
CH2), 1.94–1.80 (6 H, m, 2b-H, 6b-H, 2 x CH2), 1.72–1.63 (1 H,
m, 5-H); 13C-NMR δC (CD3OD, 100.61 MHz) 158.9 (Ar), 152.7
(Ar), 146.9 (Ar), 144.6 (Ar), 130.3 (Ar), 127.4 (Ar), 125.9 (Ar),
125.5 (Ar), 124.1 (Ar), 121.1 (Ar), 118.0 (Ar), 75.8 (4-C), 73.5
(3-C), 62.6 (CH2OH), 59.1 (2-C), 56.0 (6-C), 53.2 (CH2-N), 52.0
(CH2), 48.9 (CH2), 45.0 (5-C), 33.7 (CH2), 26.0 (CH2), 23.8
(CH2), 23.4 (CH2); HRMS (ESI); calcd for C24H33N6O3

+

453.2609; found 453.2602.
N-((1-(2-((1,2,3,4-Tetrahydroacridin-9-yl)amino)propyl)-1H-1,2,3-

triazol-4-yl)methyl)isofagomine (12b). The crude product of 12b
was purified by silica gel column chromatography (CH3CN/
H2O/NH4OH 90 : 10 : 1 → 175 : 15 : 2) to provide 12b (9.1 mg,
66%) as a colorless syrup. Rf 0.11 (CH3CN/H2O/NH4OH
85 : 15 : 1); [α]27D +10 (c 0.42, MeOH); 1H-NMR δH (D2O,
400.13 MHz) 2.67 (1 H, s, ArH), 7.49–7.44 (3 H, m, ArH),
7.17–7.13 (3 H, m, ArH), 4.37 (2 H, brs, CH2), 3.67 (1 H, dd,
JCHaOH;5 = 3.2 Hz, JCHaOH;CHaOH = 11.5 Hz, CHaOH), 3.56 (2 H,
s, CH2–N), 3.53–3.47 (1 H, m, 3-H), 3.39 (1 H, dd, JCHbOH;5 =
7.0 Hz, JCHbOH;CHaOH = 11.5 Hz, CHbOH), 3.34–3.32 (2 H, m,
CH2), 2.99–2.91 (2 H, 2a-H, 4-H), 2.85–2.82 (1 H, m, 6a-H), 2.67
(2 H, brs, CH2), 2.22–2.15 (4 H, m, 2 × CH2), 1.88–1.79 (4 H, m,
2b-H, 6b-H), 1.69 (5 H, brs, 5-H, 2 × CH2);

13C-NMR δC (D2O,
100.61 MHz) 155.5 (Ar), 152.2 (Ar), 142.8 (Ar), 141.8 (Ar), 130.2
(Ar), 125.2 (Ar), 124.2 (Ar), 123.7 (Ar), 123.1 (Ar), 117.6 (Ar),
114.7 (Ar), 73.6 (4-C), 71.2 (3-C), 60.7 (CH2OH), 56.4 (2-C), 53.4
(6-C), 50.7 (CH2–N), 48.0 (CH2), 44.8 (CH2), 42.8 (5-C), 31.0
(CH2), 30.1 (CH2), 23.9 (CH2), 21.8 (CH2), 21.2 (CH2); HRMS
(ESI); calcd for C25H35N6O3

+ 467.2765; found 467.2760.
N-((1-(2-((1,2,3,4-Tetrahydroacridin-9-yl)amino)hexyl)-1H-1,2,3-

triazol-4-yl)methyl)isofagomine (12c). The crude product of 12c
was purified by silica flash column chromatography (CH3CN/
H2O/NH4OH 185 : 15 : 1 → 180 : 20 : 1) to provide the title com-
pound 12c (30.5 mg, 73%) as a colorless wax. Rf 0.16 (CH3CN/
H2O/NH4OH 34 : 6 : 1); [α]26D +15 (c 0.26, MeOH); 1H-NMR δH
(CD3OD, 400.13 MHz) 8.13 (1 H, dd, J = 3.5 Hz, J = 8.5 Hz,
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ArH), 7.85 (1 H, s, ArH), 7.79 (1 H, d, J = 8.4 Hz, ArH),
7.63–7.58 (1 H, m, ArH), 7.42–7.38 (1 H, m, ArH), 4.37–4.33 (2
H, m, CH2), 3.79 (1 H, dd, JCHaOH;5 = 3.7 Hz, JCHaOH;CHbOH =
10.9 Hz, CHaOH), 3.67 (2 H, s, CH2–N), 3.62–3.57 (2 H, m,
CH2), 3.52–3.47 (2 H, m, CHbOH, 3-H), 3.05 (1 H, t, J4;5 = 9.6
Hz, 4-H), 3.01–2.98 (4 H, m, 2a-H, 6a-H, CH2), 2.74–2.70 (2 H,
m, CH2), 1.95–1.04 (8 H, m, 2b-H, 6b-H, 3 × CH2), 1.78–1.71 (1
H, m, 5-H), 1.69–1.62 (2 H, m, CH2), 1.44–1.36 (2 H, m, CH2),
1.33–1.28 (2 H, m, CH2);

13C-NMR δC (CD3OD, 100.61 MHz)
157.6 (Ar), 154.2 (Ar), 146.1 (Ar), 144.5 (Ar), 130.7 (Ar), 126.4
(Ar), 125.2 (Ar), 125.1 (Ar), 124.8 (Ar), 120.4 (Ar), 116.0 (Ar),
75.9 (4-C), 73.2 (3-C), 62.6 (CH2OH), 59.2 (2-C), 56.0 (6-C), 53.3
(CH2–N), 51.1 (CH2), 49.3 (CH2), 45.0 (5-C), 33.1 (CH2), 31.9
(CH2), 31.1 (CH2), 27.2 (CH2), 27.1 (CH2), 25.9 (CH2), 23.9
(CH2), 23.3 (CH2); HRMS (ESI); calcd for C28H41N6O3

+

509.3235; found 509.3228.
N-((1-(2-((1,2,3,4-Tetrahydroacridin-9-yl)amino)octyl)-1H-1,2,3-

triazol-4-yl)methyl)isofagomine (12d). The crude product of
12d was purified by silica flash column chromatography
(CH3CN/H2O/NH4OH 90 : 20 : 1) to provide the title compound
12d (15.5 mg, 52%) as yellow syrup. Rf 0.14 (CH3CN/H2O/
NH4OH 170 : 30 : 3); [α]26D +15 (c 0.55, MeOH); 1H-NMR δH
(CD3OD, 400.13 MHz) 8.09 (1 H, dd, J = 3.1 Hz, J = 8.5 Hz,
ArH), 7.87 (1 H, d, J = 2.0 Hz, ArH), 7.76 (1 H, d, J = 8.5 Hz,
ArH), 7.57–7.53 (1 H, m, ArH), 7.38–7.34 (1 H, m, ArH),
4.36–4.32 (2 H, m, CH2), 3.79 (1 H, dd, JCHaOH;5 = 3.7 Hz,
JCHaOH;CHbOH = 10.9 Hz, CHaOH), 3.68 (2 H, s, CH2–N),
3.55–3.47 (4 H, m, CHbOH, 3-H, CH2), 3.08–2.97 (5 H, m, 2a-
H, 6a-H, 4-H, CH2), 2.76–2.72 (2 H, m, CH2), 1.95–1.89 (6 H, m,
2b-H, 6b-H, 2 × CH2), 1.86–1.82 (2 H, m, CH2), 1.78–1.70 (1 H,
m, 5-H), 1.66–1.57 (2 H, m, CH2), 1.34–1.31 (8 H, m, 4 × CH2);
13C-NMR δC (CD3OD, 100.61 MHz) 158.9 (Ar), 153.4 (Ar), 147.7
(Ar), 144.4 (Ar), 129.9 (Ar), 127.7 (Ar), 125.2 (Ar), 124.7 (Ar),
124.5 (Ar), 121.2 (Ar), 116.7 (Ar), 75.9 (4-C), 73.2 (3-C), 62.6
(CH2OH), 59.2 (2-C), 56.0 (6-C), 53.3 (CH2–N), 51.3 (CH2), 49.3
(CH2), 45.1 (5-C), 34.0 (CH2), 32.2 (CH2), 31.2 (CH2), 30.1
(CH2), 29.8 (CH2), 27.7 (CH2), 27.3 (CH2), 26.1 (CH2), 24.1
(CH2), 23.7 (CH2). HRMS (ESI); calcd for C30H45N6O3

+

537.3548; found 537.3542.
N-tert-Butoxycarbonyl-((2′S,3′S)-2′,3′,-dimethoxybutan-2′,3′-diyl)

isofagomine (25). Step 1: A degassed suspension of carbamate
21 (133 mg, 0.267 mmol, 1 equiv.) and Pd/C (10 wt%) in EtOH
(14.4 mL) and AcOH (1.5 mL) was introduced an H2-atmo-
sphere (1 atm). The reaction mixture was kept stirring over-
night at room temperature before the mixture was filtered
through Celite and washed with CH2Cl2. The filtrate was con-
centrated under reduced. Step 2: The concentrate was dis-
solved in EtOH/H2O (2 : 1; 3 mL) and was added NEt3
(0.094 mL, 0.668 mmol, 2.5 equiv.) and Boc2O (0.12 mL,
0.534 mmol, 2 equiv.). The mixture was kept stirring at room
temperature overnight. The volatiles were then removed under
reduced pressure and the concentrate underwent purification
by silica gel flash column chromatography (EtOAc/PE 3 : 17 →
1 : 1) to provide the title compound 25 (47.8 g, 50%) as trans-
parent syrup. Rf 0.47 (PE/EtOAc 1 : 1); [α]26D +158 (c 0.43,
MeOH); 1H-NMR δH (CDCl3, 400.13 MHz) 4.14 (2 H, brs, 2a-H,

6a-H), 3.74 (1 H, d, JCHaOH;5 = 6.1 Hz, JCHaOH;CHbOH = 10.9 Hz,
CHaOH), 3.67–3.58 (3 H, m, 3-H, 4-H, CHbOH), 3.27 (6 H, s, 2
× CH3) 2.65 (1 H, brs, 2b-H), 2.53–2.47 (1 H, m, 6b-H),
2.04–1.85 (2 H, m, OH, 5-H), 1.44 (9 H, s, C(CH3)3), 1.31 (3 H,
s, CH3), 1.30 (3 H, s, CH3);

13C-NMR δC (CDCl3, 100.61 MHz)
154.8 (CvO), 100.1, 99.7 (2′-C, 3′-C), 80.4 (C(CH3)3), 73.8, 67.6
(3-C, 4-C), 62.8 (CH2OH), 48.2, 48.1 (OCH3), 46.4, 45.4 (2-C,
6-C), 41.2 (5-C), 28.5 (C(CH3)3), 18.0, 17.8 (CH3); HRMS (ESI);
calcd for C17H31NO7Na

+ 384.1993; found 384.1990.
Isofagomine hydrochloride (6HCl). A mixture of 25 (50 mg,

0.138 mmol) in 8 M aqueous HCl (10 mL) and MeOH (4.5 mL)
was stirred overnight at room temperature. The volatiles were
then removed under reduced pressure. The concentrate was
dissolved 0.6 M aqueous HCl (20 mL) and washed with CHCl3
(2 × 20 mL). The aqueous layer was concentrated under
reduced pressure to provide the title compound 6HCl
(18.4 mg, 73%) as a light-yellow syrup. The NMR data was in
agreement with reported data;55 1H-NMR δH (D2O,
400.13 MHz) 3.83 (1 H, dd, J = 3.2, J = 11.3), 3.80–3.73 (2 H, m),
3.55–3.50 (3 H, m), 3.01–2.94 (1 H, m), 2.91–2.85 (1 H, m),
2.00–1.93 (1 H, m); 13C-NMR δC (D2O, 100.61 MHz) 71.1, 68.5,
59.0, 46.6, 44.8, 41.0.

General procedure for preparation of compounds 27a–27c. A
mixture of alkyne 26 (0.07 M, 1 equiv.), azide 23, 17 or 18 (0.07
M, 1 equiv.), and copper(II) sulfate pentahydrate (0.30 equiv.)
in DMF in a foil covered round bottom flask was degassed and
introduced a N2-atmosphere before the addition of sodium
ascorbate (0.60 equiv.). After addition, the mixture was kept
stirring overnight at room temperature. After this time, the
solvent was removed under reduced pressure and the residue
was purified by silica gel column chromatography.

N-((1-(2-((1,2,3,4-Tetrahydroacridin-9-yl)amino)ethyl)-1H-1,2,3-
triazol-4-yl)methyl)-2,3,4,6-tetra-O-benzyl-1-deoxynojirimycin
(27a). The crude product of 27a was purified by silica gel flash
column chromatography (CH2Cl2/MeOH 9 : 1 → 17 : 3) to
obtain the title compound 27a (66 mg, 94%) as a yellow syrup.
Rf 0.43 (CH2Cl2/MeOH 9 : 1); [α]26D +6 (c 0.66, EtOAc); 1H-NMR
δH (CDCl3, 400.13 MHz) 7.93 (1 H, d, J = 8.3 Hz, ArH), 7.76 (1
H, d, J = 8.4 Hz, ArH), 7.51 (1 H, t, J = 7.3 Hz, ArH), 7.35–7.19
(20 H, m, ArH), 7.08–7.07 (2 H, m, ArH), 4.89 (1 H, d, J = 11.0
Hz, CHPh), 4.83 (1 H, d, J = 10.8 Hz, CHPh), 4.73 (1 H, d, J =
11.0 Hz, CHPh), 4.51 (2 H, s, 2 × CHPh), 4.51 (1 H, d, J = 11.9
Hz, CHPh), 4.46–4.42 (3 H, m, CHPh, CH2), 4.33 (1 H, d, J =
10.8 Hz, CHPh), 4.17 (1 H, d, JCHaN;CHbN = 15.3 Hz, CHaN),
3.94–3.92 (3 H, m, 6a-H, CH2), 3.90–3.89 (1 H, m, CHbN), 3.71
(1 H, dd, J6b;5 = 2.3 Hz, J6a;6b = 10.5 Hz, 6b-H), 3.64 (1 H, ddd,
J2;1a = 4.8 Hz, J2;3 = 9.2 Hz, J2;1b = 10.2 Hz, 2-H), 3.50 (1 H, t, J4;5
= 9.3 Hz, 4-H), 3.31 (1 H, t, J3;2 = 9.2 Hz, 3-H), 3.12 (1 H, dd,
J1a;2 = 4.8 Hz, J1a;1b = 11.2 Hz, 1a-H), 3.06–3.03 (2 H, m, CH2),
2.61–2.59 (2 H, m, CH2), 2.22 (1 H, dt, J5;6 = 2.3 Hz, J5;4 = 9.3
Hz, 5-H), 2.16–2.10 (1 H, m, 1b-H), 1.84–1.83 (4 H, m, 2 ×
CH2);

13C-NMR δC (CDCl3, 100.61 MHz) 158.1 (Ar), 150.0 (Ar),
146.2 (Ar), 142.5 (Ar), 138.9 (Ar), 138.5 (Ar), 137.8 (Ar),
129.1–127.6 (Ar), 124.7 (Ar), 124.1 (Ar), 122.3 (Ar), 120.2 (Ar),
117.5 (Ar), 87.0 (3-C), 78.6 (4-C), 78.3 (2-C), 75.4 (CH2Ph), 75.3
(CH2Ph), 73.6 (CH2Ph), 72.7 (CH2Ph), 66.6 (6-C), 62.8 (5-C),
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54.7 (1-C), 50.6 (CH2), 47.9 (CH2), 47.3 (CH2–N), 33.3 (CH2),
24.9 (CH2), 22.9 (CH2), 22.5 (CH2); HRMS (ESI); calcd for
C52H57N6O4

+ 829.4436; found 829.4432.
N-((1-(2-((1,2,3,4-Tetrahydroacridin-9-yl)amino)propyl)-1H-1,2,3-

triazol-4-yl)methyl)-2,3,4,6-tetra-O-benzy-1-deoxynojirimycin (27b).
The crude product of 27b was purified by silica gel column
chromatography(CH2Cl2/MeOH 19.1 → 9 : 1) to obtain the title
compound 27b (32 mg, 50%) as a light yellow syrup. Rf 0.23
(CH2Cl2/MeOH 9 : 1); [α]27D +12 (c 0.33, CH2Cl2);

1H-NMR δH
(CDCl3, 400.13 MHz) 7.99 (1 H, d, J = 8.5 Hz, ArH), 7.60–7.56 (1
H, m, ArH), 7.41–7.34 (4 H, m, ArH), 7.31–7.23 (17 H, m, ArH),
7.11–7.08 (2 H, m, ArH), 4.90 (1 H, d, J = 11.0 Hz, CHPh), 4.86
(1 H, d, J = 10.7 Hz, CHPh), 4.75 (1 H, d, J = 11.0 Hz, CHPh),
4.64 (2 H, s, 2 × CHPh), 4.56 (1 H, d, J = 11.9 Hz, CHPh), 4.47
(1 H, d, J = 11.9 Hz, CHPh), 4.43 (2 H, t, J = 6.4 Hz, CH2), 4.36
(1 H, d, J = 10.7 Hz, CHPh), 4.21 (1 H, d, JCHaN;CHbN = 15.3 Hz,
CHaN), 3.98–3.93 (2 H, m, 6a-H, CHbN), 3.74 (1 H, dd, J6b;5 =
2.9 Hz, J6a;6b = 10.5 Hz, 6b-H), 3.69–3.63 (3 H, m, CH2, 2-H),
3.53 (1 H, t, J4;5 = 9.3 Hz, 4-H), 3.32 (1 H, t, J3;2 = 9.1 Hz, 3-H),
3.18–3.12 (3 H, m, CH2, 1a-H), 2.69–2.68 (2 H, m, CH2),
2.27–2.24 (3 H, m, CH2, 5-H), 2.22 (1 H, t, J1b;1a = 11.2 Hz, 1b-
H), 1.89–1.88 (4 H, m, 2 × CH2);

13C-NMR δC (CDCl3,
100.61 MHz) 142.6 (Ar), 138.9 (Ar), 138.5 (Ar), 138.4 (Ar), 137.9
(Ar), 128.6–127.7 (Ar), 125.0 (Ar), 123.6 (Ar), 122.9 (Ar), 87.1
(3-C), 78.6 (4-C), 78.4 (2-C), 75.5 (CH2Ph), 75.4 (CH2Ph), 73.7
(CH2Ph), 72.8 (CH2Ph), 66.7 (6-C), 62.8 (5-C), 54.7 (1-C), 47.5
(CH2), 47.4 (CH2–N), 45.2 (CH2), 31.2 (CH2), 29.8 (CH2), 24.7
(CH2), 22.6 (CH2), 21.9 (CH2). HRMS (ESI); calcd for
C53H58N6O4Na

+ 865.4412; found 865.4396.
N-((1-(2-((1,2,3,4-Tetrahydroacridin-9-yl)amino)hexyl)-1H-1,2,3-

triazol-4-yl)methyl)-2,3,4,6-tetra-O-benzy-1-deoxynojirimycin (27c).
The crude product of 27c was purified by silica gel column
chromatography (CH2Cl2/MeOH 49 : 1 → 47 : 8) to obtain the
title compound 27c (42 mg, 48%) as a light-yellow syrup. Rf
0.73 (CH2Cl2/EtOH/NH4OH 90 : 10 : 1); [α]27D +7 (c 0.29, CH2Cl2);
1H-NMR δH (CDCl3, 400.13 MHz) 8.40 (1 H, d, J = 8.3 Hz, ArH),
8.13 (1 H, d, J = 8.6 Hz, ArH), 7.61 (1 H, t, J = 7.6 Hz, ArH), 7.38
(1 H, t, J = 7.6 Hz, ArH), 7.33–7.21 (19 H, m, ArH), 7.07–7.04 (2
H, m, ArH), 4.88 (1 H, d, J = 11.0 Hz, CHPh), 4.82 (1 H, d, J =
10.7 Hz, CHPh), 4.73 (1 H, d, J = 11.0 Hz, CHPh), 4.61 (2 H, s,
2 × CHPh), 4.56 (1 H, d, J = 12.0 Hz, CHPh), 4.45 (1 H, d, J =
11.9 Hz, CHPh), 4.32 (1 H, d, J = 10.7 Hz, CHPh), 4.26 (2 H, t,
J = 7.0 Hz, CH2), 4.18 (1 H, d, JCHaN;CHbN = 15.2 Hz, CHaN),
3.97–3.94 (1 H, m, 6a-H), 3.92 (1 H, d, JCHbN;CHaN = 15.2 Hz,
CHbN), 3.83 (2 H, t, J = 7.0 Hz, CH2), 3.72 (1 H, dd, J6b;5 = 2.5
Hz, J6b;6a = 10.5 Hz, 6b-H), 3.68–3.62 (1 H, m, 2-H), 3.53 (1 H, t,
J4;5 = 9.3 Hz, 4-H), 3.32 (1 H, t, J3;2 = 9.1 Hz, 3-H), 3.22 (2 H, t,
J = 5.6 Hz, CH2), 3.12 (1 H, dd, J1a;2 = 4.8 Hz, J1a;1b = 11.0 Hz,
1a-H), 2.59 (2 H, t, J = 5.8 Hz, CH2), 2.22 (1 H, dt, J5;6 = 2.5 Hz,
J5;4 = 9.3 Hz, 5-H), 2.13 (1 H, t, J1b;1a = 11.0 Hz, 1b-H),
1.89–1.75 (8 H, m, 4 × CH2), 1.50–1.43 (2 H, m, CH2), 1.37–1.30
(2 H, m, CH2).

13C-NMR δC (CDCl3, 100.61 MHz) 154.9 (Ar),
152.4 (Ar), 142.0 (Ar), 140.0 (Ar), 138.9 (Ar), 138.5 (Ar), 138.4
(Ar), 137.9 (Ar), 131.9 (Ar), 128.5–127.6 (Ar), 125.1 (Ar), 124.1
(Ar), 123.0 (Ar), 122.0 (Ar), 116.5 (Ar), 111.6 (Ar), 87.2 (3-C),
78.6 (2-C), 78.4 (4-C), 75.5 (CH2Ph), 75.4 (CH2Ph), 73.3

(CH2Ph), 72.8 (CH2Ph), 66.4 (6-C), 62.8 (5-C), 54.6 (1-C), 49.9
(CH2), 48.4 (CH2), 47.4 (CH2–N), 31.0 (CH2), 30.0 (CH2), 29.2
(CH2), 26.0 (CH2), 25.9 (CH2), 24.0 (CH2), 22.1 (CH2), 21.0
(CH2); HRMS (ESI); calcd for C56H65N6O4

+ 885.5055; found
885.5062.

General procedure for the preparation of compounds 13a–
13c. A solution of compound 27a, 27b or 27c (0.045 M) in
anhydrous CH2Cl2 under a N2-atmosphere at −78 °C was
slowly added BCl3 (1 M in heptane, 20 equiv.). After addition,
the mixture was kept stirring at −78 °C for 2 hours and then at
0 °C overnight. The mixture was added aqueous NaOH (1 M,
60 equiv.)/CH3OH (13 : 15) and was kept stirring at 0 °C for
10 minutes. After this time, the volatiles were removed under
reduced pressure and the concentrate underwent purification
by silica gel column chromatography.

N-((1-(2-((1,2,3,4-Tetrahydroacridin-9-yl)amino)ethyl)-1H-1,2,3-
triazol-4-yl)methyl)-1-deoxynojirimycin (13a). The crude product
of 13a was purified by silica column chromatography (MeCN/
H2O/NH4OH 950 : 50 : 1 → 850 : 150 : 1) to provide the title
compound 13a (20 mg, 64%) as a yellow syrup. Rf 0.11 (MeCN/
H2O 17 : 3); [α]27D −4 (c 0.51, MeOH/H2O 8 : 1); 1H-NMR δH
(D2O, 400.13 MHz) 7.82 (1 H, d, J = 8.6 Hz, ArH), 7.76 (1 H, t, J
= 7.4 Hz, ArH), 7.68 (1 H, s, ArH), 7.56 (1 H, d, J = 7.4 Hz, ArH),
7.50–7.46 (1 H, m, ArH), 4.70–4.67 (2 H, m, CH2), 4.38–4.36 (2
H, m, CH2), 3.85 (1 H, dd, J6a;5 = 2.2 Hz, J6a;6b = 12.8 Hz, 6a-H),
3.77 (1 H, d, JCHaN;CHbN = 15.3 Hz, CHaN), 3.72 (1 H, dd, J6b;5 =
2.2 Hz, J6b;6a = 12.8 Hz, 6b-H), 3.60 (1 H, d, JCHbN;CHaN = 15.3
Hz, CHbN), 3.41 (1 H, ddd, J2;1a = 4.9 Hz, J2;3 = 9.2 Hz, J2;1b =
10.5 Hz, 2-H), 3.30 (1 H, t, J4;5 = 9.4 Hz, 4-H), 2.86 (2 H, brs,
CH2), 2.79 (1 H, t, J3;2 = 9.2 Hz, 3-H), 2.72 (1 H, dd, J1a;2 = 4.9
Hz, J1a;1b = 11.1 Hz, 1a-H), 2.45 (2 H, brs, CH2), 1.86–1.85 (4 H,
m, 2 × CH2), 1.68 (1 H, t, J1b;1a = 11.1 Hz, 1b-H), 1.56 (1 H, dt,
J5;6 = 2.2 Hz, J5;4 = 9.4 Hz, 5-H); 13C-NMR δC (D2O, 100.61 MHz)
156.1 (Ar), 151.7 (Ar), 140.8 (Ar), 137.6 (Ar), 132.7 (Ar), 125.5
(Ar), 125.4 (Ar), 123.8 (Ar), 119.4 (Ar), 115.4 (Ar), 113.4 (Ar),
78.0 (3-C), 69.4 (4-C), 68.5 (2-C), 63.5 (5-C), 56.8 (6-C), 55.3
(1-C), 51.0 (CH2), 47.0 (CH2), 45.4 (CH2–N), 28.2 (CH2), 23.5
(CH2), 21.2 (CH2), 20.2 (CH2); HRMS (ESI); calcd for
C24H33N6O4

+ 469.2558; found 469.2560.
N-((1-(2-((1,2,3,4-Tetrahydroacridin-9-yl)amino)propyl)-1H-1,2,3-

triazol-4-yl)methyl)-1-deoxynojirimycin (13b). The crude product
of 13b was purified by silica gel column chromatography
(CH3CN/H2O/NH4OH 90 : 10 : 1 → 85 : 15 : 1) to provide the title
compound 13b (18 mg, 90%) as a yellow syrup. Rf 0.11
(CH3CN/H2O/NH4OH 190 : 50 : 1); 1H-NMR δH (D2O,
400.13 MHz) 7.85 (1 H, s, ArH), 7.72–7.69 (2 H, m, ArH), 7.48
(1 H, d, J = 8.7 Hz, ArH), 7.34 (1 H, t, J = 7.8 Hz, ArH), 4.51 (2
H, t, J = 5.9 Hz, CH2), 3.99 (1 H, dd, J6a,5 = 2.4 Hz, J6a;6b = 12.7
Hz, 6a-H), 3.89–3.85 (2 H, m, CHaN, 6b-H), 3.81–3.77 (3 H, m,
CHbN, CH2), 3.53–3.47 (1 H, m, 2-H), 3.40 (1 H, t, J4;5 = 9.4 Hz,
4-H), 3.01 (1 H, t, J3;2 = 9.3 Hz, 3-H), 2.88 (1 H, dd, J1a;2 = 4.9
Hz, J1a;1b = 11.2 Hz, 1a-H), 2.80 (2 H, brs, CH2), 2.39–2.32 (4 H,
m, 2 × CH2), 2.05–1.97 (2 H, m, 5-H, 1b-H), 1.83 (4 H, brs, 2 ×
CH2);

13C-NMR δC (D2O, 100.61 MHz) 155.5 (Ar), 150.1 (Ar),
140.5 (Ar), 137.2 (Ar), 132.8 (Ar), 125.5 (Ar), 124.9 (Ar), 124.2
(Ar), 118.5 (Ar), 114.5 (Ar), 111.4 (Ar), 77.8 (3-C), 69.4 (4-C),
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68.4 (2-C), 64.0 (5-C), 56.8 (6-C), 55.1 (1-C), 48.0 (CH2), 45.7
(CH2–N), 44.6 (CH2), 29.3 (CH2), 27.8 (CH2), 23.2 (CH2), 21.2
(CH2), 20.1 (CH2). HRMS (ESI); calcd for C22H35N6O4

+

483.2714; found 483.2702.
N-((1-(2-((1,2,3,4-Tetrahydroacridin-9-yl)amino)hexyl)-1H-

1,2,3-triazol-4-yl)methyl)-1-deoxynojirimycin (13c). The crude
product of 13c was purified by silica gel column chromato-
graphy (MeCN/H2O/NH4OH 975 : 25 : 1 → 850 : 150 : 1) to
provide the title compound 13c (24 mg, 97%) as a yellow solid.
Rf 0.13 (CH3CN/H2O/NH4OH 850 : 150 : 1); [α]26D −8 (c 0.23,
MeOH/H2O 2 : 1); 1H-NMR δH (D2O, 400.13 MHz) 7.92 (1 H, s,
ArH), 7.83 (1 H, d, J = 8.7 Hz, ArH), 7.63 (1 H, t, J = 7.7 Hz, ArH),
7.41 (1 H, d, J = 8.4 Hz, ArH), 7.30 (1 H, t, J = 7.7 Hz, ArH), 4.34 (2
H, t, J = 6.7 Hz, CH2), 4.07 (1 H, dd, J6a;5 = 1.9 Hz, J6a;6b = 12.8 Hz,
6a-H), 3.96–3.85 (3 H, m, CH2–N, 6b-H), 3.57–3.54 (2 H, m, CH2),
3.50 (1 H, dd, J2;1a = 4.8 Hz, J2;1b = 10.1 Hz, 2-H), 3.41 (1 H, t, J4;5
= 9.5 Hz, 4-H), 3.07 (1 H, t, J3;2 = 9.2 Hz, 3-H), 2.92 (1 H, dd, J1a;2
= 4.8 Hz, J1a;1b = 11.2 Hz, 1a-H), 2.74 (2 H, brs, CH2), 2.31 (2 H,
brs, CH2), 2.07 (1 H, t, J1b;1a = 11.2 Hz, 1b-H), 2.01–1.98 (1 H, m,
5-H), 1.86–1.79 (6 H, m, 3 × CH2), 1.59 (2 H, q, J = 7.1 Hz, CH2),
1.29 (2 H, q, J = 7.3 Hz, CH2), 1.20–1.13 (2 H, m, CH2).

13C-NMR
δH (D2O, 100.61 MHz) 155.2 (Ar), 150.3 (Ar), 140.9 (Ar), 138.1 (Ar),
132.3 (Ar), 125.3 (Ar), 124.6 (Ar), 119.1 (Ar), 114.9 (Ar), 111.4 (Ar),
78.1 (3-C), 69.7 (4-C), 68.6 (2-C), 64.1 (5-C), 57.0 (6-C), 55.4 (1-C),
50.1 (CH2), 47.3 (CH2), 45.9 (CH2–N), 29.4 (CH2), 29.1 (CH2), 28.1
(CH2), 25.1 (CH2), 25.0 (CH2), 23.0 (CH2), 21.3 (CH2), 20.2 (CH2);
HRMS (ESI); calcd for C28H41N6O4

+ 525.3184; found 525.3179.

Inhibition assays

For measuring the anti-cholinesterase activity of title com-
pounds, a double-beam Hitachi U-2900 spectrophotometer
was used, following the classical Ellman’s assay, with minor
modifications.56

In PS cuvettes (1.2 mL final volume), the following concen-
trations were fixed: 0.975 mM 5,5′-dithiobis(2-nitrobenzoic
acid) (DTNB), 50 µM phosphate buffer (pH 8.0); 5 different
substrate concentrations were used, ranging from 0.25 to 4.0
of the expected KM value. Two different sets of experiments
were performed: one without inhibitor, and another one with
3,4 different inhibitor concentrations (giving roughly 30–80%
inhibition at [S] = KM). The enzyme was appropriately diluted
so as to give a reaction rate within 0.12–0.15 Abs min−1 at the
highest substrate concentration in the absence of inhibitor.
Reaction was monitored at 405 nm during 125 s, T = 25 °C.

The mode of inhibition was doubly determined using the
CornishBowden (1/v vs. [I], [S]/v vs. [I]) plots.57

Kinetic parameters (KM, Vmax) were obtained using non-
linear regression analysis (least squares fit) using GraphPad
Prism 8.01 software; inhibition constants were calculated
using the following equations:

Competitive inhibition:

Kia ¼ ½I�
KM app

KM
� 1

Mixed inhibition:

KM app ¼ KM

1þ ½I�
Kia

1þ ½I�
Kib

Vmax app ¼ Vmax

1þ ½I�
Kib

Non-competitive:

KM app ¼ KM

Vmax app ¼ Vmax

1þ ½I�
Ki

:

Modelling and simulation methods

Protein model. The protein model is a monomer based on
the crystal structure of acetylcholinesterase from
Electrophorous Electricus (pdb code 1C2B).58 Missing atoms
(side chains of Asp491. Arg492, Asp494. Ser495, Lys 496, and
Ser497 as well as hydrogen atoms) have been added using the
coordinates estimated by the psfgen plugin of the VMD soft-
ware suite.59

Ligand models

As ligands, we have modelled compounds 12a, 12c and com-
pounds 13a and 13c, representing the ligands with the shortest
(n = 2) and the longest linkers (n = 5) available with both imi-
nosugar variants. Since the pKa values of the isolated iminosu-
gars as well as that of tacrine (pKa = 9.8)60 suggest these moi-
eties to be protonated, we have set up models in which each of
the ligands is protonated either at the nitrogen atom of the
iminosugar moiety (sugNH) or the nitrogen atom of the
tacrine ring system (tacNH). Note that in contrast to earlier
modelling studies of bis-tacrine61 in which both tacrine moi-
eties were protonated, we decided to model the ligand with a
signle positive charge, i.e. one site protonated.

These models have been optimised on the Hartree–Fock
level of theory with a 6-31G(d) basis set and using the
Gaussian programme.62 On the optimized geometries, electro-
static potentials have been calculated so as to obtain RESP
charges and GAFF parameters63 for the ligands therefrom.
Those force field parameters were determined employing
antechamber.64

Protein–ligand complexes

The AChE receptor protein from another organism, Torpedo
californica, that has a ligand, similar to our AChEIs, bound,29

shows a slightly different active site conformation than the
1c2b structure from Electrophorous Electricus (see supporing
Fig. S1†). In particular, the conformation of residue Tyr337 in
Electrophorous Electricus is unfavorable for ligand binding com-
pared to the conformation of the corresponding Phe330 in
Torpedo californica. We have therefore altered the confor-
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mation of residue Tyr337 such that it coincides with the con-
formation of Phe330.

Models of protein–ligand complexes have been built by
docking the ligand molecules into the AChE receptor protein
with altered Y337 conformation using vina autodock65 with all
non-cyclic single bonds treated as rotable. The search space
was 22 × 24 × 24 A3. Up to 9 poses within a maximum of 3 kcal
mol−1 difference in estimated binding affinity were generated
for each ligand and starting conformation. From the thus gen-
erated poses, two for each model were selected for subsequent
MD simulations comprising pose 1, with the tacrine at the CAS
inside the protein (and the iminosugar moiety towards the PAS
at the mouth of the protein) and pose 2 with the iminosugar
moiety at the CAS inside the protein (and the tacrine moiety at
the PAS). For ligand 12a, in both protonation states, sugH and
tacH, no pose 1 could be obtained by the automated docking,
rather these models were generated by manually docking the
ligand into the protein, using a pose obtained from docking to
the AChE receptor protein from Torpedo californica (1ut6) as a
template.

The total set of model complexes thus generated is:

12a sugNH
pose 1

12c sugNH
pose 1

13a sugNH
pose 1

13c sugNH
pose 1

12a sugNH
pose 2

12c sugNH
pose 2

13a sugNH
pose 2

13c sugNH
pose 2

12a tacNH pose
1

12c tacNH pose
1

13a tacNH pose
1

13c tacNH pose
1

12a tacNH pose
2

12c tacNH pose
2

13a tacNH pose
2

13c tacNH pose
2

MD simulations. Molecular dynamics simulations were
carried out using the Amber14SB force field66 for the protein
and GAFF parameters (see above) for ligands. The systems were
solvated in a cubic box of 11 nm. The boxes were filled with
TIP3P water,67 sodium and chloride ions added for neutralis-
ation, and an additional salt concentration of 150 mmol L−1 so
as to mimic physiological conditions. The temperature was con-
trolled to be at 300 K employing the V-rescale thermostat.68 After
200 ps equilibration with the solute atoms constrained, 200 ns
production run was performed for each system. Only the last 100
ns of each of the simulations was used for analysis so as to allow
sufficient equilibration time for the ligand and protein and
thereby reduce bias from the initial structure preparation. For
MD simulations and analysis, the gromacs programme, version
2019.669 was employed. Molecule figures were generated using
VMD and python molecule viewer.70
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