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Alteració processat
de l'APP

Augment de
producció d'Aβ42

Agregació de l'Aβ42 i deposició
en forma de plaques senils

Efectes d'oligòmers d'Aβ
sobre sinapsis

Dany sinàptic i
neuronal progressiu

Alteració de l'homeòstasi iònica
neuronal: dany oxidatiu

Alteració de quinases
/ fosfatases

Cabdells
neurofibril·lars

Disfunció neuronal generalitzada
i mort cel·lular

Dèficit de neurotransmissors
en sistema nerviós central

Disfunció glutamatèrgica

Dèficit colinèrgic
Símptomes cognitius,

neuropsiquiàtrics i
funcionals

Excitotoxicitat:
mort neuronal
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Antagonistes
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n = 0, 2
m = 4-10
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NH
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R

tacrina, 1
IC50 (hAChE) = 205 nM
IC50 (hBChE) = 43,9 nM

donepezil, 2
IC50 (hAChE) = 11,6 nM
IC50 (hBChE) = 7273 nM

17
IC50 (AChE de rata) = 6,0 nM
IC50 (BChE de rata) = 76 nM

18
IC50 (hAChE) = 25 nM
IC50 (hBChE) = 0,6 nM

19a,b, X = O; R = H; n = 2, 3
20a,b, X = O; R = Cl; n = 2, 3
21a,b, X = H,H; R = H; n = 2, 3
22a,b, X = H,H; R = Cl; n = 2, 3
IC50 (hAChE) = 0,27−5,13 nM
IC50 (hBChE) = 7,25-136 nM 
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N R

Cl

H2N

HO

HO

HN

N R

23, R = H
24, R = Cl

25 (3 equiv.)

26a, R = H, n = 2 
26b, R = H, n = 3 
27a, R = Cl, n = 2
27b, R = Cl, n = 3

(  )n

(  )n

1-pentanol, reflux, 18 h

MsO

HN

N R

28a, R = H, n = 2 
28b, R = H, n = 3 
29a, R = Cl, n = 2
29b, R = Cl, n = 3

(  )n

MsCl (1,5 equiv.), Et3N

CH2Cl2, −10 ºC, 30 min

MeO

MeO

NH

X

30, X = O
31, X = H,H

Et3N, DMSO

85 ºC, 2 dies

MeO

MeO

N

X

HN

N R

19a, X = O, R = H, n = 2 (18% global)
19b, X = O, R = H, n = 3 (66% global)
20a, X = O, R = Cl, n = 2 (36% global)
20b, X = O, R = Cl, n = 3 (26% global)
21a, X = H,H, R = H, n = 2 (31% global)
21b, X = H,H, R = H, n = 3 (17% global)
22a, X = H,H, R = Cl, n = 2 (26% global)
22b, X = H,H, R = Cl, n = 3 (31% global)

(  )n
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N R

Cl

H2N

HO

HO

HN

N R

23, R = H
24, R = Cl

25 (3 equiv.)

26a, R = H, n = 2 (95%)
26b, R = H, n = 3 (quantitatiu)
27a, R = Cl, n = 2 (85%)
27b, R = Cl, n = 3 (92%)

(  )n

(  )n

1-pentanol, reflux, 18 h

HO

HN

N R
26a, R = H, n = 2
26b, R = H, n = 3
27a, R = Cl, n = 2
27b, R = Cl, n = 3

(  )n

MsO

HN

N R
28a, R = H, n = 2 (95%)
28b, R = H, n = 3 (99%)
29a, R = Cl, n = 2 (97%)
29b, R = Cl, n = 3 (92%)

(  )n

MsCl (1,5 equiv.), Et3N

CH2Cl2, −10 ºC, 30 min
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MeO

MeO

NHdonepezil·HCl, 2·HCl

MeO

MeO

N

O
H2, Pd/C 5%

MeOH, 28 atm
65 ºC, 6 dies

82%

31
·HCl

MeO

MeO

O

+

N

p-TSA·H2O
toluè

reflux, 6 h MeO

MeO

N

O

3634 35

MeO

MeO

NH

H2, Pd/C, HCl conc.
MeOH, 30 atm
65 ºC, 20 dies

31·HCl

HO

95%

97%
·HCl
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N R
28a, R = H, n = 2
28b, R = H, n = 3
29a, R = Cl, n = 2
29b, R = Cl, n = 3

(  )n
MeO

MeO

NH

X

30, X = O
31, X = H,H

+

MeO

MeO

N

X

HN

N R

20a, X = O, R = Cl, n = 2 (33%; 27% global)
20b, X = O, R = Cl, n = 3 (42%; 36% global)
21a, X = H,H, R = H, n = 2 (56%; 51% global)
21b, X = H,H, R = H, n = 3 (37%; 37% global)
22a, X = H,H, R = Cl, n = 2 (28%; 23% global)
22b, X = H,H, R = Cl, n = 3 (38%; 32% global)

(  )n

Et3N, DMSO

85 ºC, 2 dies
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38a, X = O, n = 2 (56%)
38b, X = O, n = 3 (58%)
39a, X = H,H, n = 2 (55%)
39b, X = H,H, n = 3 (44%)

MeO

MeO

NH

X

30, X = O
31, X = H,H

1-pentanol, reflux, 48 h

X OH

37a, X = Br, n = 2
37b, X = Cl, n = 3

(  )
n

MeO

MeO

N

X

HO
(  )n
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38a, X = O, n = 2 
38b, X = O, n = 3 
39a, X = H,H, n = 2 
39b, X = H,H, n = 3

MeO

MeO

N

X

HO
(  )n

SOCl2

CH2Cl2
4 h, reflux

40a, X = O, n = 2 
40b, X = O, n = 3 
41a, X = H,H, n = 2 
41b, X = H,H, n = 3

MeO

MeO

N

X

Cl
(  )n

·HCl
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NH2

N Cl

1) KOH, DMSO
    T ambient, 2 h

T ambient, 72 h

2)

43
MeO

MeO

N

O

Cl
(  )n40a, n = 2 

40b, n = 3

MeO

MeO

N

O

HN

N Cl

(  )n

20a, n = 2 
20b, n = 3

//

NH2

N Cl

O
ClH2N

NC
+ AlCl3, ClCH2CH2Cl

reflux, 18 h, 83%

32 42 43

·HCl
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NH2

N Cl

1) KOH, DMSO
    T ambient, 2 h

T ambient, 72 h

2)

43
MeO

MeO

N

Cl
(  )n41a, n = 2 

41b, n = 3

MeO

MeO

N

HN

N Cl

(  )n

22a, n = 2 (35%, 19% global)
22b, n = 3 (50%, 22% global)

·HCl
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Vincenza Andrisano,# Joan Estelrich,|,⊥ Mònica Lizondo,|,⊥ Axel Bidon-Chanal,| and F. Javier Luque|
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A novel series of donepezil-tacrine hybrids designed to simultaneously interact with the active, peripheral
and midgorge binding sites of acetylcholinesterase (AChE) have been synthesized and tested for their ability
to inhibit AChE, butyrylcholinesterase (BChE), and AChE-induced A� aggregation. These compounds consist
of a unit of tacrine or 6-chlorotacrine, which occupies the same position as tacrine at the AChE active site,
and the 5,6-dimethoxy-2-[(4-piperidinyl)methyl]-1-indanone moiety of donepezil (or the indane derivative
thereof), whose position along the enzyme gorge and the peripheral site can be modulated by a suitable
tether that connects tacrine and donepezil fragments. All of the new compounds are highly potent inhibitors
of bovine and human AChE and BChE, exhibiting IC50 values in the subnanomolar or low nanomolar range
in most cases. Moreover, six out of the eight hybrids of the series, particularly those bearing an indane
moiety, exhibit a significant A� antiaggregating activity, which makes them promising anti-Alzheimer drug
candidates.

Introduction
Since bis(7)-tacrine, a heptamethylene-linked dimer of the

first marketed anti-Alzheimer drug tacrine (1, Chart 1), was
developed 1 decade ago,1–3 the search for inhibitors of acetyl-
cholinesterase (AChEa) able to simultaneously bind to its
catalytic and peripheral binding sites has become an area of
very active research. Several classes of dual binding site AChE
inhibitors have been developed by connecting through a suitable
linker the two interacting units, which are generally derived from
known AChE inhibitors either commercialized or under
development.2–8 The success of the dual binding site strategy
is evidenced by the large increase in AChE inhibitory potency
of these dimers or hybrids relative to the parent compounds
from which they have been designed. Further interest comes
from the fact that some of these dual binding site AChE
inhibitors have been shown to inhibit the aggregation of
�-amyloid peptide (A�),9–18 which is a key event in the
neurotoxic cascade of Alzheimer’s disease (AD).19 This effect,

which has been related to the blockade of the AChE peripheral
site20 by dual binding site AChE inhibitors, makes these
compounds very promising disease-modifying anti-Alzheimer
drug candidates.
To date, the sole dual binding site AChE inhibitor approved

for the treatment of AD is donepezil (2, Chart 1), though it was
not specifically designed as such.21 The X-ray crystallographic
structure of the complex between Torpedo californica AChE
(TcAChE) and donepezil (PDB entry 1EVE)22 shows that the
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† Laboratori de Quı́mica Farmacèutica and IBUB, Universitat de
Barcelona.

‡ Universitat Autònoma de Barcelona.
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Chart 1. Structures of Tacrine, Donepezil, and the Known
Donepezil-Tacrine Hybrids 3 and 4
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elongated structure of donepezil spans the entire length of the
enzyme active-site gorge forming a variety of interactions with
specific residues, such as aromatic stacking interactions between
the benzyl and indanone moieties and the indole rings of Trp84
and Trp279 (Trp86 and Trp286 in human AChE) at the catalytic
and peripheral sites, respectively, and the cation-π interaction
between the protonated piperidine nitrogen and the phenyl ring
of Phe330. As a result of its dual binding site character,
donepezil at 100 μM is able to inhibit by 22% the AChE-induced
aggregation of A�.23 As bis(7)-tacrine, most of the dual binding
site AChE inhibitors developed so far contain at least one unit
related to tacrine, probably because of its ease of synthesis and
itsaffinityforboththeactiveandperipheralsitesofAChE.10–12,17,24–34

Conversely, to the best of our knowledge, only two classes of
donepezil-based hybrids have been purposely designed as dual
binding site AChE inhibitors by combining different fragments
of donepezil with tacrine.30,31 Among these donepezil-tacrine
hybrids, compounds 3 and 4 (Chart 1), which retain the
N-benzylpiperidine and the 5,6-dimethoxy-1-indanone moieties
of donepezil, respectively, are the most potent, they being 37-
and 7-fold more potent than tacrine but nearly equipotent to
donepezil, while their A�-antiaggregating effect has not been
assessed.
Herein, we describe the synthesis, pharmacological evaluation

(AChE and butyrylcholinesterase (BChE) inhibition and A�-
antiaggregating effect), and molecular modeling of a novel class
of highly potent donepezil-tacrine hybrids. On the basis of the
binding modes of donepezil22 and tacrine35 within TcAChE,
these novel hybrids were designed by combining the 5,6-
dimethoxy-2-[(4-piperidinyl)methyl]-1-indanone moiety of done-
pezil with tacrine, which would thus replace the benzyl moiety
of donepezil. In contrast to the preceding approaches,30,31 the
strategy adopted here largely preserves the chemical skeleton
of donepezil, which should allow the new hybrid compounds
not only to mimic the interactions of tacrine at the catalytic
site and of the indanone ring at the peripheral one but also to
preserve the contacts of the piperidine moiety with the residues
that are lining the wall of the AChE gorge as a third binding
site within the enzyme.

Chemistry

The structures of the novel donepezil-tacrine hybrids
14-15a,b are shown in Scheme 1. The linker was selected
taking into account the sizable increase in AChE inhibitory
potency observed in tacrine-based homo- and heterodimers upon
introduction in the tether of a protonatable amino group at a
distance equivalent to three methylene groups.28,29 Because this
protonatable amino group could be the piperidine nitrogen atom
of these donepezil-tacrine hybrids, a length of two to three
methylenes for the linker was considered. Moreover, introduc-
tion of a chlorine atom at position 6 of the tacrine skeleton
should lead to additional interactions within the active site of
the enzyme.36–38

The synthesis of the novel donepezil-tacrine hybrids
14-15a,b was carried out through a three-step sequence
involving amination of the known 9-chloro-1,2,3,4-tetrahy-
droacridines 5 or 639,40 with an ω-aminoalcohol 7, followed by
mesylation of the resulting alcohol 8 or 9 and subsequent
reaction with the known piperidine 1221,41,42 (Scheme 1). Taking
into account that both enantiomers of donepezil display similar
pharmacologic and pharmacokinetic profiles and span the entire
AChE gorge with a common pattern of interactions,43 com-
pounds 14-15a,b, which bear the stereocenter-containing
indanone unit of donepezil, were prepared in racemic form.

Moreover, because the indane derivative 13 is readily avail-
able,44 the synthesis of a parallel series of achiral hybrids
16-17a,b was also carried out by following the same meth-
odology but using piperidine 13 in the last step instead of 12
(Scheme 1).
In a first approach, the amination of the chloroquinolines 5

and 6 was carried out on reaction with 3 equiv of 2-aminoethanol
(7a) or 3-amino-1-propanol (7b) in refluxing 1-pentanol45,46 for
18 h, followed by removal of the solvent and excess of
aminoalcohol by distillation under reduced pressure. Alterna-
tively, the change of this tedious microdistillation workup by a
standard acid-base extraction turned out to be much more
convenient for the isolation of the desired alcohols. In this way,
the new alcohols 8a and 9a,b and the known alcohol 8b40 were
obtained in excellent yields and used directly in the next reaction
without further purification. However, for characterization
purposes, the new alcohols 8a and 9a,b were transformed into
their hydrochlorides and recrystallized from MeOH/AcOEt
mixtures.
Mesylation of 8-9a,b proceeded almost quantitatively, af-

fording pure mesylates 10a,b and 11a and slightly impure 11b,
which were used directly in the following reaction.
Piperidine 12 was prepared in quantitative yield following a

described procedure42 based on the catalytic hydrogenation of
donepezil in MeOH at 1 atm and room temperature for 72 h,
while piperidine 13 was prepared in 82% yield by a new
procedure involving the catalytic hydrogenation of donepezil
hydrochloride in MeOH in the presence of 1 N HCl at 28 atm
and 65 °C for 6 days (Scheme 2). Alternatively, 13 was prepared
in better yield (92% overall) through a two-step procedure
involving aldol condensation of 5,6-dimethoxy-1-indanone with
pyridine-4-carboxaldehyde in the presence of p-TsOH ·H2O in
refluxing toluene,41 followed by catalytic hydrogenation of the
resulting compound 18 under forcing conditions (Scheme 2).

Scheme 1. Synthesis of the Donepezil-Tacrine Hybrids
14-17a,b
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Finally, alkylation of piperidines 12 and 13 with a stoichio-
metric amount of mesylates 10-11a,b in the presence of excess
of Et3N in DMSO at 85 °C for 2 days afforded the desired
donepezil-tacrine hybrids 14-15a,b and the indane derivatives
16-17a,b in low to moderate yields (Scheme 1) after a tedious
purification of the crude products by silica gel column
chromatography.
For comparison purposes, the indane derivative of donepezil,

19 (Scheme 2), was also prepared. This compound can be
prepared directly from donepezil by reduction with borane in
THF.44 However, in our hands this reaction failed. Other
attempts to prepare 19 involving Wolff-Kishner reduction of
donepezil or benzylation of piperidine 13 afforded intractable
mixtures containing the desired product together with starting
materials and some byproduct, as those arising from demethy-
lation of the 5-methoxy group, in the first case, or from N,N-
dibenzylation, in the latter. Finally, we prepared 19 in 53% yield
by NaBH3CN reductive alkylation of piperidine 13 with
benzaldehyde (Scheme 2), followed by purification by silica
gel column chromatography.
The novel hybrids 14-17a,b were fully characterized as

dihydrochlorides through their spectroscopic data and elemental
analyses (C, H, N, Cl), while the known indane analogue of
donepezil 19 was characterized by spectroscopic data and
HRMS analyses.

Pharmacology

AChE and BChE Inhibition. To determine the potential
interest of the new donepezil-tacrine hybrids 14-15a,b and
the indane derivatives 16-17a,b for the treatment of AD, their
AChE inhibitory activity was assayed by the method of Ellman
et al.47 on AChE from bovine (bAChE) and human (hAChE)
erythrocytes. Recent evidence has shown that in advanced AD
patients, AChE activity is greatly reduced in specific brain
regions while BChE activity increases, likely as compensation
for AChE decrease.48 The increasing role of BChE in the
hydrolysis of acetylcholine as the ratio AChE/BChE gradually
decreases in these patients suggests that inhibition of BChE
might be valuable in the search for anti-Alzheimer agents.48,49

Consequently, the inhibitory activity on human serum BChE
(hBChE) was also assayed by the same method.

Table 1 summarizes the data for the new compounds, as well
as for tacrine ·HCl, 6-chlorotacrine ·HCl, and donepezil ·HCl as
reference compounds. Although the indane analogue of done-
pezil 19 is a known compound,44 its biological activity has not
been determined. In order to extend the comparison of activity
between indanone and indane derivatives planned for the novel
hybrids, the cholinesterase inhibitory activity of this indane
derivative of donepezil was also assessed. All of the new hybrids
are highly potent bAChE inhibitors, exhibiting IC50 values in
the subnanomolar range in most cases and being clearly more
potent than the parent compounds tacrine (57- to 1440-fold),
6-chlorotacrine (3- to 65-fold), donepezil (4- to 90-fold), and
19 (640- to 16100-fold). Hybrids 14-15, which bear the
indanone system of donepezil, are more potent bAChE inhibitors
(1.3- to 9-fold more potent) than their indane analogues 16-17,
although the difference is much more pronounced in the case
of donepezil and 19 (180-fold). The presence of a chlorine atom
in the tacrine moiety enhances the inhibitory potency by 3-fold
in indanone hybrids, while it has less effect in indane hybrids.
Moreover, the three-methylene tether in the hybrids of the b
series makes them 6- and 3-fold more potent than their indanone
and indane counterparts of the a series, respectively. Overall,
compound 15b is the most active compound with an IC50 of 90
pM.
The new hybrids result in less potent inhibitors of human

than bovine AChE (1.2- to 3-fold less potent), as it is the case
for the parent compounds (around 1.5-fold less potent). Nev-
ertheless, they are highly potent hAChE inhibitors, being more
active than tacrine (40- to 760-fold), 6-chlorotacrine (2-to 30-
fold), and donepezil (2- to 45-fold). As observed for bAChE,
the best substitution pattern involves the presence of a chlorine
atom at position 6 of the tacrine unit, the indanone ring of
donepezil, and a tether length of three methylenes. As a result,
15b is also the most active hAChE inhibitor (IC50 ) 0.27 nM).
Moreover, the new hybrids are potent inhibitors of hBChE,

though their activity is lower than that shown for hAChE. Thus,
these compounds are 1.6- to 246-fold more potent toward
hAChE than hBChE, as it is found for 6-chlorotacrine and
donepezil (110- and 627-fold more potent toward AChE) but
in contrast with tacrine (4.7-fold more potent toward BChE).
WhenhBChEinhibitoryactivityisconsidered,thestructure-activity
relationships in this novel class of compounds reveal trends
different from those observed for the AChE inhibitory activity.
Thus, the indane hybrids 16-17 are 1.5-fold more potent than
their analogues 14-15 bearing the indanone system of donepezil

Scheme 2. Synthesis of Piperidine 13 and the Indane Derivative
of Donepezil 19

Table 1. Pharmacological Data of the Hydrochlorides of Tacrine,
6-Chlorotacrine, Donepezil, Compound 19, and the Dihydrochlorides of
the Donepezil-Tacrine Hybrids 14-15a,b and Their Indane Derivatives
16-17a,ba

IC50 (nM)

compd bAChE hAChE hBChE

14a ·2HCl 1.74 ( 0.02 4.04 ( 0.06 12.4 ( 0.6
14b ·2HCl 0.29 ( 0.03 0.88 ( 0.04 12.3 ( 0.6
15a ·2HCl 0.57 ( 0.05 0.67 ( 0.06 136 ( 9
15b ·2HCl 0.09 ( 0.01 0.27 ( 0.03 66.3 ( 4.0
16a ·2HCl 2.28 ( 0.06 5.13 ( 0.52 8.06 ( 0.32
16b ·2HCl 0.82 ( 0.06 2.16 ( 0.21 7.25 ( 0.33
17a ·2HCl 1.86 ( 0.07 2.60 ( 0.23 88.7 ( 0.2
17b ·2HCl 0.82 ( 0.08 1.06 ( 0.05 72.7 ( 4.2
tacrine ·HCl 130 ( 10 205 ( 18 43.9 ( 1.7
6-chlorotacrine ·HCl 5.73 ( 0.44 8.32 ( 0.75 916 ( 19
donepezil ·HCl 8.12 ( 0.26 11.6 ( 1.6 7273 ( 621
19 ·HCl 1451 ( 33 not determined 6401 ( 119

a Values are expressed as mean ( standard error of the mean of at least
four experiments. IC50 inhibitory concentration (nM) of AChE (from bovine
or human erythrocytes) or BChE (from human serum) activity.
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(with the only exception of 17b, which is slightly less potent
than 15b), which agrees with the 1.1-fold increase in potency
of indane analogue 19 relative to donepezil. Moreover, a chlorine
atom at position 6 of the tacrine unit is detrimental for the
hBChE inhibitory activity, the unsubstituted hybrids 14 and 16
being 10-fold more potent than their 6-chloro derivatives 15
and 17, which agrees with the 21-fold increase in potency of
tacrine relative to 6-chlorotacrine and with the results reported
for other tacrine-based dual binding site AChE inhibitors.12,26

The effect of the tether length on the BChE inhibitory activity
is much lower than that observed when the AChE inhibitory
activity is considered, the hybrids of the b series being
equipotent or slightly more potent (up to 2-fold) than their
counterparts of the a series. Overall, the most active BChE
inhibitor is 16b (IC50 ) 7.25 nM), which is 6-, 125-, 1000-,
and 880-fold more potent than tacrine, 6-chlorotacrine, done-
pezil, and 19, respectively.
Although the higher AChE vs BChE inhibitory activity of

the first tacrine-based homo- and heterodimers was initially
ascribed to the lack of a peripheral binding site in BChE,1,46

recent studies have suggested that Phe278 would be responsible
for π-π interactions with aromatic moieties of tacrine-based
heterodimers.28 The higher BChE inhibitory activity of bis(7)-
tacrine and several tacrine-based heterodimers,28,29 as well as
that of some of the new donepezil-tacrine hybrids herein
described, relative to tacrine seems to validate this hypothesis.
At this point, the high inhibitory activity toward both AChE
and BChE of most of the donepezil-tacrine hybrids should not
be detrimental for an anti-Alzheimer agent because dual
inhibition of AChE and BChE could increase the efficacy of
treatment and broaden the indications.49

The novel compounds reported in this study compare quite
favorably with the previously known donepezil-tacrine
hybrids.30,31 Thus, hybrids 14-17a,b are more potent AChE
inhibitors than compounds 3 (IC50 ) 6.0 nM, using rat cortex
AChE; IC50 ) 223 and 5.7 nM21 for tacrine and donepezil,
respectively, with the same enzyme source) and 4 (IC50 ) 25
nM, using bovine erythrocyte AChE; IC50 ) 167 and 19 nM
for tacrine and donepezil, respectively, in the same assay).
Regarding the BChE inhibitory activity, compounds 14a,b and
16a,b are more potent than 3 (IC50 ) 76 nM, using rat serum
BChE; IC50 ) 92 and 7138 nM21 for tacrine and donepezil,
respectively, with the same enzyme source), though none of
them is as potent as 4 (IC50 ) 0.6 nM, using hBChE; IC50 )
24 and 930 nM for tacrine and donepezil, respectively).

Thioflavin T Competition Assay. Inestrosa et al. reported
that AChE binds, through its peripheral site, to A�, thereby
inducing amyloid fibril formation,20,50,51 thus making blockade
of the AChE peripheral site an interesting pharmacological target
to develop disease-modifying anti-Alzheimer drug candidates.
Since propidium, a selective inhibitor of the AChE peripheral
site, exhibits an increase in fluorescence upon binding to AChE,
it has been used as a probe for competitive ligand binding to
the enzyme.31,52,53 Thioflavin T is another fluorescent probe
widely used to detect amyloid structures,54 though it can also
bind to other proteins.55,56 In particular, thioflavin T binds to
the AChE peripheral site, and the fluorescence enhancement
reported for thioflavin T upon binding to AChE is much greater
than that observed with propidium.56 Therefore, we chose
thioflavin T to study the interaction of selected donepezil-tacrine
hybrids (compounds 15a and 15b) at the AChE peripheral site.
Table 2 shows the reduction of thioflavin T fluorescence

arising from the competition with 15a and 15b, as well as
tacrine, 6-chlorotacrine, and donepezil as reference compounds.

Since the excitation wavelength of propidium is very close to
the emission wavelength of thioflavin T, this compound was
not included in the assay. The active site inhibitors tacrine and
6-chlorotacrine reduce thioflavin T fluorescence, on average,
by 12%, an effect that might be ascribed to changes in the local
conformation at the peripheral site induced upon binding at the
AChE active site.56 The dual binding site AChE inhibitor
donepezil led to a 2-fold greater reduction in fluorescence (26%
reduction) relative to the preceding active site inhibitors, as
expected from the direct interaction of the indanone moiety with
the AChE peripheral site. Finally, the novel donepezil-tacrine
hybrids 15a and 15b produced the highest reductions in
thioflavin T fluorescence among all the tested compounds (79%
and 57% reduction, respectively), which could be ascribed to
the displacement of the fluorophore at the peripheral site of the
enzyme. Moreover, the 3- and 2-fold greater effect obtained
for 15a and 15b relative to donepezil suggests a larger
occupancy of the AChE peripheral site by the indanone unit of
the novel hybrids.

Inhibiton of AChE-Induced A� Aggregation. The results
of the thioflavin T competition assay provide indirect evidence
of the ability of these donepezil-tacrine hybrids to interfere
with the AChE-induced A� aggregation. A direct measure
involving AChE and A� was therefore required to assess the
potential disease-modifying role of these hybrids. Thus, the
inhibitory activity of hybrids 15-17a,b on the AChE-induced
aggregation of A�1-40 was determined by a thioflavin T
fluorescent method.23 Also, the A�-antiaggregating effect of
6-chlorotacrine and the indane derivative of donepezil 19 was
determined, while those of tacrine and donepezil were already
described.23

Table 3 summarizes the A�-antiaggregating activity of the
novel hybrids and reference compounds. The six tested
donepezil-tacrine hybrids exhibit, at a 100 μM concentration,
a significant A�-antiaggregating effect with percentages of
inhibition ranging from 38% to 66%, being 5.4- to 9.4-fold more
potent than tacrine, 4.4- to 7.8-fold more potent than 6-chlo-
rotacrine, 1.7- to 3-fold more potent than donepezil, and 2.1-

Table 2. Thioflavin T Competition Assay Results with the
Dihydrochlorides of the Donepezil-Tacrine Hybrids 15a and 15b and
with the Hydrochlorides of Tacrine, 6-Chlorotacrine, and Donepezila

compd reduction of fluorescence (%)

15a ·2HCl 79.4 ( 3.5
15b ·2HCl 57.0 ( 2.0
tacrine ·HCl 12.6 ( 3.8
6-chlorotacrine ·HCl 12.4 ( 1.9
donepezil ·HCl 26.0 ( 3.5

a Percentage of thioflavin T fluorescence reduction by effect of several
AChE inhibitors at 100 μM concentration. Values are expressed as the mean
( standard error of the mean of three experiments.

Table 3. Inhibition of hAChE-Induced Aggregation of A�1-40 by
Donepezil-Tacrine Hybrids 15-17a,b and Tacrine, 6-Chlorotacrine,
Donepezil, and 19 as Reference Compoundsa

compd inhibition at 100 μM ( SEM (%)

15a ·2HCl 37.6 ( 8.8
15b ·2HCl 46.1 ( 9.0
16a ·2HCl 60.0 ( 3.2
16b ·2HCl 65.9 ( 2.5
17a ·2HCl 61.6 ( 1.8
17b ·2HCl 63.5 ( 6.2
tacrine ·HCl 7b

6-chlorotacrine ·HCl 8.5 ( 1.6
donepezil ·HCl 22b

19 ·HCl 17.5 ( 2.5
a Values are the mean of two independent measurements, each performed

in duplicate (SEM ) standard error of the mean). b Data from ref 23.
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to 3.8-fold more potent than 19. Indane derivatives 16-17a,b
are clearly more potent than indanone derivatives 15a,b (about
1.5-fold), in contrast with the similar effect determined for
donepezil and its indane derivative 19. The length of the linker
and the substitution at the active site interacting unit, i.e., the
presence or absence of the chlorine atom at position 6 of the
tacrine unit, have little effect on the A�-antiaggregating activity
of the hybrids, observing only a slightly increased effect in the
hybrids bearing the trimethylene linker. The A�-antiaggregating
effects exhibited by these donepezil-tacrine hybrids are in the
same range as those of known dual binding site AChE inhibitors
such as lipocrine,11 xanthostigmine derivatives,13 and bis-(7)-
tacrine derivatives,17 while other families with lower9,14 or
higher10,12,15,16 potencies have been developed.
The ability of dual binding site AChE inhibitors to block the

AChE-induced A� aggregation constitutes their most interesting
property because of the derived potential to interfere upstream
in the neurotoxic cascade of AD. However, some concerns exist
about the biological relevance of the results of the in vitro A�
antiaggregating effects of these compounds. Indeed, these assays
are performed using much higher concentrations of AChE and
A� than those present in brain, but they are necessary to
accelerate the aggregation process up to a reasonable extent for
analytical purposes. Also, the concentration of inhibitor used
in these assays is much higher (usually 100 μM) than those
necessary to inhibit AChE (in the nanomolar or picomolar
range). However, as pointed out elsewhere,23 these high
concentration values should be normalized in order to compare
the inhibition data. Thus, if the inhibitor/AChE concentration
ratio in both the Ellman’s assay for determination of the AChE
inhibitory activity and in the thioflavin T-based fluorometric
assay for determination of the A� antiaggregating effect is taken
into account, the resulting values are indeed of the same
magnitude. Thus, it would seem reasonable that similar amounts
of a given inhibitor might afford both inhibitory activities.
Moreover, the proof-of-concept of the therapeutic usefulness

of the in vitro A� antiaggregating effect of dual binding site
AChEIs has been recently obtained in in vivo studies. Thus,
memoquin, a dual binding site AChEI that in vitro blocked by
87% the AChE-induced A� aggregation at 100 μM,15,16 has
been shown to delay A� expression to significantly reduce A�
deposits and to rescue behavioral deficits linked to attention

and memory in 15-month-old AD11 mice, a kind of transgenic
mice that display a full set of hallmarks of AD.15 Also,
Neuropharma’s NP-61 (formerly NP-0361), a dual binding site
AChEI that in vitro inhibited the AChE-induced A� aggregation
with an IC50 value 1 order of magnitude lower than that of
propidium, reduced the number, surface area, and size of
amyloid plaques in the cortex and hippocampus in human
amyloid precursor protein (hAPP) transgenic mice (Swedish and
London mutation) after oral administration during 3 months,
and the reduced brain amyloid burden resulted in a significantly
increased cognition (spatial learning and memory in the Morris
water maze test).57 In the first half of 2007, NP-61 entered phase
I clinical trials for Alzheimer’s disease in the U.K.,58 which
constitutes clear evidence of the promising role of these
compounds as anti-Alzheimer disease-modifying agents.

Molecular Modeling Studies

To gain insight into the molecular determinants that modulate
the inhibitory activity of the novel donepezil-tacrine hybrids,
the binding modes of 15a and 15b were explored by means of
10 ns molecular dynamics (MD) simulations performed for their
complexes to hAChE. In the two cases the potential energy
dropped smoothly during the first nanosecond, but it remained
nearly constant for the rest of the trajectory (Figure 1). Indeed,
the stability of the trajectories is supported by the small
positional root-mean-squared deviations determined for the
backbone and heavy atoms, which amount to around 0.9 and
1.4 Å, respectively (Figure 1).
The position of 15a with respect to selected key residues in

the binding site is shown in Figure 2. The tacrine moiety is
firmly bound to the catalytic site of hAChE, it being stacked
against the aromatic rings of Trp86 and Tyr337 (average
distances from the central ring of tacrine of 3.73 and 4.35 Å,
respectively, and numbering of residues corresponding to
hAChE). The aromatic nitrogen of tacrine, protonated at
physiological pH, is hydrogen-bonded to the main chain
carbonyl oxygen of His447 (average N · · ·O distance of 2.81
Å). Finally, the chlorine atom occupies a small hydrophobic
pocket formed by Trp439, Met443, and Pro446, which parallels
the interaction observed between the chlorine atom at position
3 of huprine X, a hybrid compound whose structure contains a

Figure 1. Time dependence of the potential energy (×105, kcal/mol) and the positional root-mean-squared deviation (rmsd, Å) determined for the
backbone and heavy atoms in the mobile part of the simulation system for the hAChE complexes with 15a (gray) and 15b (black). The profiles
were smoothed in 50 ps windows for the sake of clarity.
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6-chlorotacrine moiety, and TcAChE,38,59 though in this latter
case Pro446 is replaced by Ile439. The occupancy of such
hydrophobic pocket by the chlorine atom contributes to the
higher potency of heterodimers having the 6-chlorotacrine unit
relativetotheirunsubstitutedcounterparts.Asnotedpreviously,12,28

in hBChE, Met437 replaces Pro446 of hAChE and Ile439 of
TcAChE, which makes the terminal methyl group of Met437
to be around 1.2 Å closer to the chlorine atom. The larger steric
hindrance due to the greater proximity of the chlorine atom to
Met437 could account for the detrimental influence of this
substituent on the hBChE inhibitory activity.
Regarding the linker, which is aligned along the gorge, the

most relevant features come from the interactions formed by
the piperidine ring. This unit occupies a position slightly shifted
from that found in the X-ray crystallographic structure of the
TcAChE-donepezil complex (PDB entry 1EVE), although it still
retains the electrostatic interaction with the carboxylate group
of Asp74 (average N(piperidine) · · ·O(carboxylate) distance of
4.72 Å). In turn, this latter residue is hydrogen-bonded to the
hydroxyl group of Tyr72 (average O · · ·O distance of 2.87 Å).
Moreover, the protonated piperidine nitrogen is hydrogen-
bondedtothehydroxylgroupofTyr337(averageN(piperidine) · · ·O
distance of 3.20 Å). Thus, a network of interactions that couple
several residues in the gorge and the catalytic binding site is
formed. Finally, the indanone ring is stacked onto the aromatic
ring of Trp286 (average distance between the centers of
indanone and indole rings of 4.38 Å), whose orientation
resembles that found in the TcAChE-donepezil complex.
Moreover, the carbonyl group of the indanone unit forms water-
mediated contacts with the backbone N-H groups of Phe295
and Arg296 and the CdO groups of Pro290 and Ser293, which
should contribute to the higher AChE inhibitory activity of
indanone derivatives relative to the indane analogues.
The binding mode of 15b at the catalytic site of hAChE

closely mimics the interactions noted above for 15a (Figure 2).
Thus, the tacrine ring is stacked against Trp86 and Tyr337
(average distances between rings of 3.63 and 4.44 Å, respec-
tively), the protonated quinoline nitrogen is hydrogen-bonded
to the main chain carbonyl oxygen of His447 (average N · · ·O
distance of 2.82 Å), and the chlorine atom fills the hydrophobic
pocket formed by Trp439, Met443, and Pro446. The enlarge-
ment of the tether length, however, leads to differences in the
interactions found along the gorge and at the peripheral site.
First, the protonated piperidine N-H group points directly to
the carboxylate group of Asp74 (average N · · ·O distance of 2.73
Å), which would strengthen the electrostatic interaction. The
hydrogen bonds between Asp74 and Tyr72 and between the
piperidine N-H unit and Tyr337 observed in the binding of

15a are lost in the complex with 15b. Thus, Asp74 forms a
hydrogen-bond interaction with the backbone N-H unit of
Leu76 and the hydroxyl group of Tyr337 establishes a hydrogen-
bond contact with Tyr124. Second, though at the beginning of
the simulation the indanone ring was stacked onto the indole
ring of Trp286, its orientation changed along the first nanosec-
ond of MD simulation and adopted an arrangement roughly
normal to the indole ring (Figure 3). This change was ac-
companied by a conformational change in the indole ring of
Trp286, whose position differed from that found in the X-ray
structure by a rotation around the CR-C�-C3indole-C3aindole
from -83° (in 1EVE) to +32°. This finding, therefore, supports
the conformational plasticity of this residue in the peripheral
site of the enzyme already noted by other studies.12,60–62

Comparison of the binding mode of compounds 15a and 15b
with that of tacrine and donepezil (taken from X-ray structures
1ACJ and 1EVE, respectively) shows that the tacrine unit in
the dual binding site inhibitors closely matches the position
occupied by tacrine in the catalytic site (Figure 4). There are,
however, notable differences in the relative arrangement of the
indanone units of 15a and 15b. Thus, in 15a this unit is shifted
compared to the position occupied by the corresponding moiety
of donepezil, leading to a more efficient π-π stacking interac-
tion between the indanone ring of 15a and the indole ring of
Trp286 (Figure 4). In 15b the strong electrostatic interaction
formed between the protonated piperidine and Asp74 explains
the distinct orientation of the indanone unit relative to donepezil
and the conformational change adopted by the indole ring of
Trp286, which impedes the formation of a π-π stacking
interaction (Figure 4).

Conclusion

We have synthesized a new series of donepezil-tacrine
hybrids, designed to simultaneously interact with the active,
peripheral, and mid-gorge binding sites of AChE. In contrast
to previous approaches, the conjunctive strategy adopted here
largely preserves the chemical skeleton of donepezil while its
benzyl moiety is replaced by a tacrine unit. The length of the
tether that connects the two constituting fragments of the novel
hybrids, i.e., the 5,6-dimethoxy-2-[(4-piperidinyl)methyl]-1-
indanone moiety of donepezil (or its corresponding indane
derivative) and the tacrine (or 6-chlorotacrine) unit, has a
relevant effect on the arrangement of the hybrid along the gorge,
leading to different orientations of the piperidine ring and the
indanone system within the enzyme gorge and at the peripheral
site, respectively, while their tacrine unit closely matches the
position occupied by tacrine within the AChE active site. Thus,

Figure 2. Representation of the heterodimers 15a (left) and 15b (right) in the binding site of hAChE highlighting selected residues that form the
main interactions with tacrine, piperidine, and indanone units of the inhibitors. Most hydrogen atoms are omitted for the sake of clarity.
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enlargement of the linker from two to three methylenes permits
the piperidine ring to form a direct electrostatic interaction with
Asp74, though at the expense of a less efficient π-π interaction
between the indanone unit and the indole ring of Trp286. In
spite of these structural differences, all of the new hybrids are
highly potent bovine and human AChE inhibitors, exhibiting
IC50 values in the subnanomolar range in most cases and being
clearly more potent than the parent compounds from which they
were designed and the previously described donepezil-tacrine
hybrids. The most potent AChE inhibitors are those bearing an
indanone system, a chlorine atom at the tacrine unit and a tether
length of three methylenes. Though all of the new hybrids are
less potent toward hBChE, the most active compounds, i.e.,

those bearing an unsubstituted tacrine unit irrespective of the
presence of an indanone or indane system and the tether length,
are also more potent hBChE inhibitors than the parent com-
pounds. Following some interesting results arising from a
thioflavin T competition assay to assess their interaction with
the AChE peripheral site, six out of the eight hybrids of the
series were tested for their ability to block the AChE-induced
A�-aggregation. All the tested hybrids exhibited a significant
A� antiaggregating activity, being more potent than the parent
compounds, including the dual binding site inhibitor donepezil.
Overall, these results suggest that the novel donepezil-tacrine
hybrids herein reported may have a potential disease-modifying
role in the treatment of AD.

Experimental Section

Chemistry. General Methods. Melting points were determined
in open capillary tubes with a MFB 595010 M Gallenkamp melting
point apparatus. The 300 MHz 1H/75.4 MHz 13C NMR spectra,
400 MHz 1H/100.6 MHz 13C NMR spectra, and 500 MHz 1H NMR
spectra were recorded on Varian Gemini 300, Varian Mercury 400,
and Varian Inova 500 spectrometers, respectively. The chemical
shifts are reported in ppm (δ scale) relative to internal tetrameth-
ylsilane, and coupling constants are reported in hertz (Hz).
Assignments given for the NMR spectra of the new compounds
have been carried out by comparison with the NMR data of 15a,
16a, 17b, and 6-chlorotacrine, as model compounds, which in turn
were assigned on the basis of DEPT, COSY 1H/1H (standard
procedures), NOESY 1H/1H, and COSY 1H/13C (gHSQC and
gHMBC sequences) experiments. IR spectra were run on a Perkin-
Elmer Spectrum RX I spectrophotometer. Absorption values are
expressed as wavenumbers (cm-1); only significant absorption
bands are given. Column chromatography was performed on silica
gel 60 AC.C (35-70 mesh, SDS, no. 2000027). Thin-layer
chromatography was performed with aluminum-backed sheets with
silica gel 60 F254 (Merck, no. 1.05554), and spots were visualized
with UV light and 1% aqueous solution of KMnO4. Analytical grade
solvents were used for crystallization, while pure for synthesis solvents
were used in the reactions, extractions, and column chromatography.
For characterization purposes, the new donepezil-tacrine hybrids
were transformed into the corresponding dihydrochlorides and
recrystallized. Worthy of note, as previously reported for some
tacrine-related dimeric compounds,63 the new donepezil-tacrine

Figure 3. Time dependence of the relative orientation of the indanone ring of heterodimers 15a (black) and 15b (gray) and the indole ring of
Trp286 at the peripheral site. The relative orientation was measured from the cosine function of the angle formed by the vectors normal to the
indanone and indole rings. Accordingly, a perfect stacking would correspond to cos θ ) 1, while a perpendicular arrangement is denoted by cos θ
) 0.

Figure 4. Superposition of the heterodimers 15a (left) and 15b (right)
with tacrine (taken from the 1ACJ X-ray structure of the
TcAChE-tacrine complex, blue) and donepezil (from the 1EVE X-ray
structure of the TcAChE-donepezil complex, orange), showing the
relative positions of Trp86 (Trp84 in 1ACJ) and Trp286 (Trp279 in
1EVE) at the catalytic and peripheral sites, respectively. Compounds
15a and 15b are colored by atom.
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hybrids have the ability to retain molecules of water, which cannot
be removed after drying the analytical samples at 80 °C/30 Torr
for 2 days. Thus, the elemental analyses of these compounds showed
the presence of variable amounts of water. NMR spectra of all of
the new compounds were performed at the Serveis Cientı́fico-
Tècnics of the University of Barcelona, while elemental analyses
and high resolution mass spectra were carried out at the My-
croanalysis Service of the IIQAB (CSIC, Barcelona, Spain) with a
Carlo Erba model 1106 analyzer and at the Mass Spectrometry
Laboratory of the University of Santiago de Compostela (Spain)
with a Micromass Autospec spectrometer, respectively.

General Procedure for the Reaction of 9-Chloro-1,2,3,4-
tetrahydroacridine, 5, or 6,9-Dichloro-1,2,3,4-tetrahydroacri-
dine, 6, with ω-Aminoalcohols. A mixture of 5 or 6 (1 mmol)
and an excess of the aminoalcohol 7 (3 mmol) in 1-pentanol (1
mL) was heated under reflux with magnetic stirring for 18 h. The
resulting mixture was cooled to room temperature, diluted with
AcOEt (5 mL), and extracted with 1 N HCl (4 × 3 mL). The
combined aqueous extracts were washed with AcOEt (3 × 3 mL),
alkalinized with NaOH pellets (until pH 12), and extracted with
CH2Cl2 (3 × 8 mL). The combined organic extracts were dried
with anhydrous Na2SO4 and concentrated in vacuo to give alcohol
8 or 9 as a pale-brown solid or oily residue, which was used in the
next step without further purification.
For characterization purposes, analytical samples of the hydro-

chlorides of 8 and 9 were prepared as follows: The alcohol 8 or 9
(1 mmol) was dissolved in MeOH (10 mL). The solution was
filtered through a 0.45 μm polytetrafluoroethylene (PTFE) filter and
treated with an excess of a methanolic solution of HCl (3 mmol),
and the resulting solution was concentrated in vacuo to dryness.
The solid was recrystallized from a mixture MeOH/AcOEt in a
ratio of 1:4 (5 mL) and dried at 80 °C/30 Torr for 48 h to give the
9-(ω-hydroxyalkylamino)tetrahydroacridine hydrochloride 8 ·HCl
or 9 ·HCl as a light-brown solid.

9-[(2-Hydroxyethyl)amino]-1,2,3,4-tetrahydroacridine Hy-
drochloride (8a ·HCl). From 5 (3.34 g, 15.4 mmol) and 2-ami-
noethanol 7a (2.48 mL, 2.83 g, 46.4 mmol), alcohol 8a (3.52 g,
95% yield, free base) was obtained: Rf ) 0.38 (CH2Cl2/MeOH/
25% aqueous NH4OH, 9:1:0.1). 8a ·HCl: mp 184-185 °C (MeOH/
AcOEt, 1:4); IR (KBr) ν 3700-2400 (max at 3358, 3142, 3058,
3016, 2938, 2872, O-H, N-H, +N-H, and C-H st), 1633, 1592,
1577, and 1524 (ar-C-C and ar-C-N st) cm-1; 1H NMR (300
MHz, CD3OD) δ 1.90-2.04 (complex signal, 4H, 2-H2 and 3-H2),
2.74 (m, 2H, 1-H2), 3.01 (m, 2H, 4-H2), 3.86 (t, J ) 5.4 Hz, 2H,
2′-H2), 4.01 (t, J ) 5.4 Hz, 2H, 1′-H2), 4.87 (s, OH, NH and +NH),
7.54 (ddd, J ) 8.4 Hz, J′ ) 6.0 Hz, J′′ ) 2.4 Hz, 1H, 7-H),
7.76-7.84 (complex signal, 2H, 5-H and 6-H), 8.40 (d, J ) 8.4
Hz, 1H, 8-H); 13C NMR (75.4 MHz, CD3OD) δ 21.1 (CH2, C3),
23.1 (CH2, C2), 24.8 (CH2, C1), 30.1 (CH2, C4), 51.2 (CH2, C1′),
61.7 (CH2, C2′), 113.7 (C, C9a), 117.7 (C, C8a), 121.2 (CH, C5),
126.0 (CH, C8), 126.1 (CH, C7), 133.3 (CH, C6), 140.9 (C, C10a),
152.8 (C, C4a), 157.4 (C, C9). HRMS calcd for (C15H18N2O +
H+) 243.1497, found 243.1494.

General Procedure for the Mesylation of Alcohols 8 and 9.
To a cold solution (-10 °C, ice-salt bath) of the alcohol 8 or 9 (1
mmol) and anhydrous Et3N (1.7 mmol) in anhydrous CH2Cl2 (6
mL), methanesulfonyl chloride (1.5 mmol) was added dropwise,
and the reaction mixture was stirred for 30 min at this temperature.
The mixture was concentrated in vacuo, the residue was taken in
CH2Cl2 (4 mL), and the resulting organic solution was washed with
2 N NaOH (3 × 3 mL) until the aqueous phase remained basic
(pH> 10), dried with anhydrous Na2SO4, and concentrated in vacuo
to give the corresponding mesylate 10 or 11 as a brown oily residue,
which was used in the next step without further purification.
For characterization purposes, analytical samples of the mesylates

were obtained by extraction of the oily crude product with hot
AcOEt except in the case of 11a, whose analytical sample was
prepared by recrystallization of the corresponding hydrochloride,
obtained in a similar way to that described for the hydrochlorides
of alcohols 8 and 9.

9-[(2-Methanesulfonyloxyethyl)amino]-1,2,3,4-tetrahydroacri-
dine (10a). From alcohol 8a(3.52 g, 14.5 mmol), mesylate 10a (4.41
g, 95% yield) was obtained: Rf ) 0.67 (CH2Cl2/MeOH/25% aqueous
NH4OH, 9:1:0.1); IR (NaCl) ν 3391 and 3339 (N-H st), 1638,
1586, and 1524 (ar-C-C and ar-C-N st), 1352 (SO2 st as), 1178
(SO2 st s) cm-1; 1H NMR (300 MHz, CDCl3) δ 1.88-1.98
(complex signal, 4H, 2-H2 and 3-H2), 2.76 (m, 2H, 1-H2), 2.97 (s,
3H, OSO2CH3), 3.08 (m, 2H, 4-H2), 3.81 (m, 2H, 1′-H2), 4.34 (t,
J ) 4.9 Hz, 2H, 2′-H2), 4.54 (broad s, 1H, NH), 7.39 (ddd, J ) 8.4
Hz, J′ ) 6.8 Hz, J′′ ) 1.5 Hz, 1H, 7-H), 7.57 (ddd, J ) 8.4 Hz, J′
) 6.8 Hz, J′′ ) 1.5 Hz, 1H, 6-H), 7.91-7.95 (complex signal, 2H,
5-H and 8-H); 13C NMR (75.4 MHz, CDCl3) δ 22.4 (CH2) and
22.7 (CH2) (C2 and C3), 24.7 (CH2, C1), 33.3 (CH2, C4), 37.3
(CH3, OSO2CH3), 47.4 (CH2, C1′), 69.0 (CH2, C2′), 117.7 (C, C9a),
120.7 (C, C8a), 122.2 (CH), 124.3 (CH), 127.8 (CH), 128.7 (CH)
(C5, C6, C7, and C8), 146.2 (C, C10a), 149.6 (C, C4a), 158.2 (C,
C9). HRMS calcd for (C16H20N2O3S + H+) 321.127, found
321.128.

General Procedure for the Coupling of Mesylates 10 and
11 with 5,6-Dimethoxy-2-[(4-piperidinyl)methyl]indan-1-one
(12) or 5,6-Dimethoxy-2-[(4-piperidinyl)methyl]indane (13). A
solution of the mesylate 10 or 11 (1 mmol), the piperidine 12 or
13 (1 mmol), and anhydrous Et3N (2.5 mmol) in DMSO (8 mL)
was heated at 85 °C for 48 h. The resulting solution was allowed
to cool to room temperature and was concentrated in vacuo. The
brown oily residue was treated with aqueous 2 N NaOH (25 mL)
and extracted with CH2Cl2 (3 × 35 mL). The combined organic
extracts were washed with water (6 × 40 mL) and brine (4 × 30
mL), dried with anhydrous Na2SO4, filtered, and evaporated under
reduced pressure to give an oily residue, which was submitted to
column chromatography (35-70 μm silica gel, CH2Cl2/MeOH/25%
aqueous NH4OH mixtures as eluent).
The isolated donepezil-tacrine hybrids 14-17 were transformed

into the corresponding dihydrochlorides as follows: A solution of
the free base (1 mmol) in MeOH (40 mL) was filtered through a
0.45 μm PTFE filter and treated with excess of a methanolic solution
of HCl (5 mmol). The solution was concentrated in vacuo to
dryness, and the solid residue was recrystallized from MeOH (20
mL) and dried at 80 °C/30 Torr for 48 h.

9-[(2-{4-[(5,6-Dimethoxy-1-oxoindan-2-yl)methyl]piperidin-1-
yl}ethyl)amino]-1,2,3,4-tetrahydroacridine Dihydrochloride (14a ·
2HCl). From mesylate 10a (276 mg, 0.86 mmol) and piperidine
12 (249 mg, 0.86 mmol), compound 14a (87 mg, 20% yield) was
obtained as a pale-brown solid on elution with a mixture of CH2Cl2/
MeOH/25% aqueous NH4OH, 99.5:0.5:0.4: Rf ) 0.91 (CH2Cl2/
MeOH/25% aqueous NH4OH, 90:10:0.1). 14a ·2HCl: mp 190-191
°C (MeOH); IR (KBr) ν 3700-2400 (max at 3401, 2928, 2871,
2718, N-H, +N-H, and C-H st), 1685, 1672 (CdO st), 1636,
1588, 1523, and 1500 (ar-C–C and ar-C–N st) cm-1; 1H NMR
(500 MHz, CD3OD) δ 1.45 (m, 1H, indanone-2-CHa), 1.62-1.73
(broad signal, 2H, piperidine 3-Hax and 5-Hax), 1.86 (m, 1H,
indanone-2-CHb), 1.90-2.02 (broad signal, 1H, piperidine 4-H),
superimposed 1.99 (complex signal, 4H, acridine 2-H2 and 3-H2),
2.02 (broad d, J ) 14.5 Hz, 1H) and 2.14 (broad d, J ) 14.0 Hz,
1H) (piperidine 3-Heq and 5-Heq), 2.74-2.80 (complex signal, 2H,
indanone 2-H and 3-Ha), 2.84 (m, 2H, acridine 1-H2), 3.08 (m, 2H,
acridine 4-H2), 3.12 (broad signal, 2H, piperidine 2-Hax and 6-Hax),
superimposed in part 3.34 (dd, J ) 18.0 Hz, J′ ) 8.5 Hz, 1H,
indanone 3-Hb), 3.60 (broad signal, 2H, NHCH2CH2N), 3.72 (broad
signal, 2H, piperidine 2-Heq and 6-Heq), 3.85 (s, 3H, 6-OCH3), 3.94
(s, 3H, 5-OCH3), 4.42 (t, J ) 7.7 Hz, 2H, NHCH2CH2N), 4.85 (s,
NH and +NH), 7.07 (s, 1H, indanone 4-H), 7.15 (s, 1H, indanone
7-H), 7.68 (ddd, J ) 8.5 Hz, J′ ) 7.0 Hz, J′′ ) 1.0 Hz, 1H, acridine
7-H), 7.83 (dd, J ) 8.5 Hz, J′ ) 1.0 Hz, 1H, acridine 5-H), 7.91
(ddd, J ) 8.5 Hz, J′ ) 7.0 Hz, J′′ ) 1.0 Hz, 1H, acridine 6-H),
8.43 (d, J ) 8.5 Hz, 1H, acridine 8-H); 13C NMR (100.6 MHz,
CD3OD) δ 21.7 (CH2, acridine C3), 23.0 (CH2, acridine C2), 25.7
(CH2, acridine C1), 29.5 (CH2, acridine C4), 30.3 (CH2) and 31.1
(CH2) (piperidine C3 and C5), 33.0 (CH, piperidine C4), 34.2 (CH2,
indanone C3), 39.0 (CH2, indanone-2-CH2), 43.1 (CH2,
NHCH2CH2N), 46.1 (CH, indanone C2), 54.1 (2 CH2, piperidine
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C2 and C6), 56.5 (CH3, 6-OCH3), 56.7 (CH3, 5-OCH3), 57.4 (CH2,
NHCH2CH2N), 105.3 (CH, indanone C7), 109.0 (CH, indanone C4),
114.4 (C, acridine C9a), 117.6 (C, acridine C8a), 120.3 (CH,
acridine C5), 125.9 (CH, acridine C8), 127.2 (CH, acridine C7), 129.8
(C, indanone C7a), 134.3 (CH, acridine C6), 139.4 (C, acridine C10a),
151.1 (C, indanone C6), 151.3 (C, indanone C3a), 153.1 (C, acridine
C4a), 157.8 (C) and 158.0 (C) (indanone C5 and acridine C9), 209.7
(C, indanone C1). Anal. (C32H39N3O3 ·2HCl ·1.5H2O) C, H, N, Cl.

Biochemical Studies. AChE inhibitory activity was evaluated
spectrophotometrically at 25 °C by the method of Ellman,47 using
AChE from bovine or human erythrocytes and acetylthiocholine
iodide (0.53 and 0.13 mM for bovine and human AChE, respec-
tively) as substrate. The reaction took place in a final volume of 3
mL of 0.1 M phosphate-buffered solution, pH 8.0, containing 0.025
or 0.04 unit of bovine or human AChE, respectively, and 333 μM
5,5′-dithiobis(2-nitrobenzoic) acid (DTNB) solution used to produce
the yellow anion of 5-thio-2-nitrobenzoic acid. Inhibition curves
were performed in triplicate by incubating at least 12 concentrations
of inhibitor for 15 min. One triplicate sample without inhibitor was
always present to yield 100% of AChE activity. The reaction was
stopped by the addition of 100 μL of 1 mM eserine, and the color
production was measured at 414 nm. BChE inhibitory activity
determinations were carried out similarly, using 0.035 unit of human
serum BChE and 0.56 mM butyrylthiocholine, instead of AChE
and acetylthiocholine, in a final volume of 1 mL.
Data from concentration-inhibition experiments of the inhibitors

were calculated by nonlinear regression analysis, using the Graph-
Pad Prism program package (GraphPad Software; San Diego, CA),
which gave estimates of the IC50 (concentration of drug producing
50% of enzyme activity inhibition). Results are expressed as the
mean ( SEM of at least four experiments performed in triplicate.
DTNB, acetylthiocholine, butyrylthiocholine, and the enzymes were
purchased from Sigma, and eserine was purchased from Fluka.

Thioflavin T Competition Assay. Fluorescence measurements
were carried out at room temperature in a SFM-25 spectrofluo-
rimeter (Biotek, Italy) using a 1 mL quartz cell. Fluorescence was
monitored at 448 and 488 nm for excitation and emission,
respectively. An aqueous solution of hAChE at 2.3 μM was stirred
at room temperature for 24 h. After incubation, an amount of 50
μL of the enzyme solution was mixed with 750 μL of 50 mM
glycine-NaOH buffer (pH 8.5) containing 15 μM thioflavin T. The
resulting solution was stirred for 1 h, and the fluorescence of the
sample was recorded (F1). To check the ability of reducing the
fluorescence arising from the interaction of AChE and thioflavin
T, the enzyme, at a final concentration of 2.3 μM, was mixed with
the inhibitor (final concentration of 100 μM), and the solution was
stirred for 24 h. After incubation, an amount of 50 μL of the protein
solution was mixed with 750 μL of fluorophore solution, as
indicated above, and the corresponding fluorescence was recorded
(F2). Finally, the fluorescence of a solution formed by 750 μL of
the buffer containing the dye and 50 μL of water was recorded
(F0). The percentage of reduction of ThT fluorescence was
determined as

%) 1-
F2-F0
F1-F0

(1)

Inhibition of AChE-Induced A�40 Aggregation Assay. Thiofla-
vin T (Basic Yellow 1), human recombinant AChE lyophilized
powder, and 1,1,1,3,3,3-hexafluoro-2-propanol (HFIP) were pur-
chased from Sigma Chemicals. Buffers and other chemicals were
of analytical grade. Absolute DMSO over molecular sieves was
from Fluka. Water was deionized and doubly distilled. �-Amyloid
1-40 (A�40), supplied as trifluoroacetate salt, was purchased from
Bachem AG (Bubendorf, Switzerland). A�40 (2 mg mL-1) was
dissolved in HFIP and lyophilized. The 1 mM solutions of tested
inhibitors were prepared by dissolution in MeOH.
Aliquots of 2 μL of A�40 peptide, lyophilized from 2 mg mL-1

HFIP solution and dissolved in DMSO, were incubated for 24 h at
room temperature in 0.215 M sodium phosphate buffer (pH 8.0) at
a final concentration of 230 μM. For co-incubation experiments,
aliquots (16 μL) of hAChE (final concentration of 2.30 μM, A�/

AChE molar ratio of 100:1) and AChE in the presence of 2 μL of
the tested inhibitor (final inhibitor concentration 100 μM) in 0.215
M sodium phosphate buffer, pH 8.0, solution were added. Blanks
containing A�1-40 alone, human recombinant AChE alone, and
A�1-40 plus tested inhibitors in 0.215 M sodium phosphate buffer
(pH 8.0) were prepared. The final volume of each vial was 20 μL.
Each assay was run in duplicate. To quantify amyloid fibril
formation, the thioflavin T fluorescence method was then applied.23

The fluorescence intensities due to �-sheet conformation were
monitored for 300 s at λem ) 490 nm (λexc ) 446 nm). The percent
inhibition of the AChE-induced aggregation due to the presence
of the tested compound was calculated by the following expression:
100 - [(IFi/IFo) × 100] where IFi and IFo are the fluorescence
intensities obtained for A� plus AChE in the presence and in the
absence of inhibitor, respectively, minus the fluorescence intensities
due to the respective blanks.

Molecular Modeling Methods. The binding modes of com-
pounds 15a and 15b were explored by means of 10 ns molecular
dynamics simulations performed for their complexes to human
acetylcholinesterase (hAChE). To this end, models of the bonded
ligands were built up using the X-ray crystallographic structure of
the hAChE-fasciculin complex (PDB code 1B41).64 Fasciculin was
removed from the structure, truncated residues were reconstructed,
and missing residues were modeled using InsightII graphics
package.65 The starting pose of the ligands was determined by
means of docking computations with GOLD66 (using GoldScore
scoring function), which was successful for predicting the docking
of donepezil in the enzyme (see Supporting Information), and was
later refined by inspection of the X-ray crystallographic structures
of the TcAChE complexes with tacrine (1ACJ),35 huprine X
(1E66),38 and donepezil (1EVE)22 and the final structures of
previous heterodimer studies.12,31 The system was hydrated by
centering a sphere of 50 Å of TIP3P67 water molecules at the
inhibitor, paying attention to filling the position of crystallographic
waters inside the binding cavity. Finally, six Na+ cations were
added to neutralize the negative charge of the system with the xleap
module of AMBER8.68

Molecular dynamics simulations were run using the sander
module of AMBER8 and the parm98 parameters for the protein.
The charge distribution of the inhibitor was determined from a fit
to the HF/6s-31G(d) electrostatic potential obtained with Gaussi-
an’0369 using the RESP procedure,70 and the van der Waals
parameters were taken from those defined for related atoms in the
AMBER force field. The system was partitioned into a mobile
region, which included the ligand, all the protein residues containing
at least one atom within 20 Å from the ligand, and all the water
molecules and Na+ cations. The geometry of the system was
minimized in four steps. First, the position of hydrogen atoms was
optimized using 3000 steps of steepest descent algorithm. Then
water molecules were refined through 2000 steps of steepest
descent followed by 3000 steps of conjugate gradient. Next, the
ligand, water molecules, and counterions were optimized with
2000 steps of steepest descent and 4000 steps of conjugate
gradient, and finally the whole system was optimized with 3000
steps of steepest descent and 7000 steps of conjugate gradient.
Thermalization of the mobile part of the system was performed
in five steps of 20 ps, incrementing the temperature up to 298
K. At this point, a 10 ns molecular dynamics simulation was
carried out using a time step of 1 fs. SHAKE was used for those
bonds containing hydrogen atoms, and a cutoff of 11 Å was
used for nonbonded interactions.
The analysis of the structural features that mediate the binding

mode to the enzyme was determined by averaging the parameters
for the snapshots (saved every picosecond) sampled along the last
5 ns of the molecular dynamics simulations.
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9-[(3-Hydroxypropyl)amino]-1,2,3,4-tetrahydroacridine hydrochloride (8b·HCl). From 

5 (3.39 g, 15.6 mmol) and 3-amino-1-propanol, 7b (3.58 mL, 3.52 g, 46.8 mmol), alcohol 

8b (3.99 g, quantitative yield, free base) was obtained: Rf 0.27 (CH2Cl2 / MeOH / 25% 

aqueous NH4OH 9:1:0.1). 8b·HCl: mp 125–126 ºC (MeOH / AcOEt 1:4) [described 130–

133 ºC].1

6-Chloro-9-[(2-hydroxyethyl)amino]-1,2,3,4-tetrahydroacridine hydrochloride 

(9a·HCl). From 6 (2.80 g, 11.1 mmol) and 2-aminoethanol, 7a (2.2 mL, 2.23 g, 36.5 

mmol), alcohol 9a (2.61 g, 85% yield, free base) was obtained: Rf 0.42 (CH2Cl2 / MeOH / 

25% aqueous NH4OH 9:1:0.1). 9a·HCl: mp 221–222 ºC (MeOH / AcOEt 1:4); IR (KBr) ν

3600–2400 (max. at 3372, 3291, 3136, 3052, 3009, 2939, 2872, 2784, O−H, N−H, +N−H

and C−H st), 1632, 1588, 1573, and 1518  (ar−C−C and ar−C−N st) cm–1; 1H NMR (500 

MHz, CD3OD) δ 1.93–2.02 (complex signal, 4H, 2-H2 and 3-H2), 2.71 (m, 2H, 1-H2), 3.00 

(m, 2H, 4-H2), 3.89 (t, J = 5.2 Hz, 2H, 2’-H2), 4.07 (t, J = 5.2 Hz, 2H, 1’-H2), 4.85 (s, OH, 

NH and +NH), 7.56 (dd, J = 9.0 Hz, J’ = 2.0 Hz, 1H, 7-H), 7.77 (d, J = 2.0 Hz, 1H, 5-H), 
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8.49 (d, J = 9.0 Hz, 1H, 8-H); 13C NMR (75.4 MHz, CD3OD) δ 21.8 (CH2, C3), 22.8 (CH2,

C2), 24.6 (CH2, C1), 29.3 (CH2, C4), 51.2 (CH2, C1’), 61.4 (CH2, C2’), 113.5 (C, C9a), 

115.4 (C, C8a), 119.0 (CH, C5), 126.6 (CH, C7), 128.7 (CH, C8), 139.9 (C, C6), 140.3 (C, 

C10a), 152.2 (C, C4a), 158.2 (C, C9). Anal. (C15H17ClN2O·HCl·1/4H2O) C, H, N, Cl. 

6-Chloro-9-[(3-hydroxypropyl)amino]-1,2,3,4-tetrahydroacridine hydrochloride 

(9b·HCl). From 6 (2.80 g, 11.1 mmol) and 3-amino-1-propanol, 7b (2.5 mL, 2.46 g, 32.7 

mmol), alcohol 9b (2.96 g, 92% yield, free base) was obtained: Rf 0.32 (CH2Cl2 / MeOH / 

25% aqueous NH4OH 9:1:0.1). 9b·HCl: mp 164–165 ºC (MeOH / AcOEt 1:4); IR (KBr) ν

3500–2400 (max. at 3353, 3314, 3263, 3131, 3051, 3014, 2936, 2907, 2875, 2845, 2803, 

O−H, N−H, +N−H and C−H st), 1630, 1572, and 1526 (ar−C−C and ar−C−N st) cm–1; 1H

NMR (500 MHz, CD3OD) δ 1.92–2.00 (complex signal, 4H, 2-H2 and 3-H2), 2.03 (m, 2H, 

2’-H2),  2.64 (m, 2H, 1-H2), 2.99 (m, 2H, 4-H2), 3.83 (t, J = 5.5 Hz, 2H, 3’-H2), 4.14 (t, J =

6.0 Hz, 2H, 1’-H2),  4.85 (s, OH, NH and +NH), 7.54 (dd, J = 9.0 Hz, J’ = 2.0 Hz, 1H, 7-

H), 7.76 (d, J = 2.0 Hz, 1H, 5-H), 8.46 (d, J = 9.0 Hz, 1H, 8-H); 13C NMR (75.4 MHz, 

CD3OD) δ 21.8 (CH2, C3), 22.8 (CH2, C2), 24.6 (CH2, C1), 29.3 (CH2, C4), 33.0 (CH2,

C2’), 48.6 (CH2, C1’), 61.5 (CH2, C3’), 113.1 (C, C9a), 115.1 (C, C8a), 118.9 (CH, C5), 

126.1 (CH, C7), 129.0 (CH, C8), 139.9 (C, C6), 140.5 (C, C10a), 151.6 (C, C4a), 157.5 (C, 

C9). Anal. (C16H19ClN2O·HCl·1/4H2O) C, H, N, Cl. 
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9-[(3-Methanesulfonyloxypropyl)amino]-1,2,3,4-tetrahydroacridine (10b). From 

alcohol 8b (3.99 g, 15.6 mmol), mesylate 10b (5.15 g, 99% yield) was obtained: Rf 0.95 

(CH2Cl2 / MeOH / 25% aqueous NH4OH 9:1:0.1); IR (NaCl) ν 3282 (N-H st), 1639, 1586, 

1524 and 1501 (ar−C−C and ar−C−N st), 1352 (SO2 st as), 1174 (SO2 st s) cm–1; 1H NMR 

(300 MHz, CDCl3) δ 1.84–1.94 (complex signal, 4H, 2-H2 and 3-H2), 2.06 (m, 2H, 2’-H2), 

2.71 (m, 2H, 1-H2), 2.96 (s, 3H, OSO2CH3), 3.04 (m, 2H, 4-H2), 3.60 (m, 2H, 1’-H2), 4.33 

(t, J = 5.8 Hz, 2H, 3’-H2),  7.35 (pseudo t, J = 7.6 Hz, 1H, 7-H), 7.54 (pseudo t, J = 7.6 Hz, 

1H, 6-H), 7.88–7.92 (complex signal, 2H, 5-H and 8-H) (the signal corresponding to the 

NH group was not observed); 13C NMR (75.4 MHz, CDCl3) δ 22.5 (CH2) and 22.8 (CH2)

(C2 and C3), 24.7 (CH2, C1), 30.6 (CH2, C2’), 33.5 (CH2, C4), 37.2 (CH3, OSO2CH3), 44.7 

(CH2, C1’), 67.4 (CH2, C3’), 116.7 (C, C9a), 120.1 (C, C8a), 122.2 (CH), 124.0 (CH), 

128.1 (CH), and 128.4 (CH) (C5, C6, C7, and C8), 146.6 (C, C10a), 150.2 (C, C4a), 158.2 

(C, C9). HRMS calcd for [C17H22N2O3S + H]+ 335.142, found 335.141. 

 

6-Chloro-9-[(2-methanesulfonyloxyethyl)amino]-1,2,3,4-tetrahydroacridine (11a). 

From alcohol 9a (2.61 g, 9.44 mmol), mesylate 11a (3.23 g, 97% yield) was obtained: Rf

0.63 (CH2Cl2 / MeOH / 25% aqueous NH4OH 9:1:0.1). 11a·HCl: mp: 149–150 ºC (MeOH); 

IR (KBr) ν 3700–2500 (max. at 3426, 3234, 3114, 3012, 2925, 2798, N−H, +N−H and C−H

st), 1630, 1606, 1582 and 1572 (ar−C−C and ar−C−N st), 1354 (SO2 st as), 1161 (SO2 st s) 

cm–1; 1H NMR (500 MHz, CD3OD) δ 1.94–2.00 (complex signal, 4H, 2-H2 and 3-H2), 2.76 

(m, 2H, 1-H2), 3.03 (m, 2H, 4-H2), 3.08 (s, 3H, OSO2CH3), 4.31 (t, J = 5.0 Hz, 2H, 1’-H2), 
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4.57 (t, J = 5.0 Hz, 2H, 2’-H2), 4.85 (s, NH and +NH), 7.59 (dd, J = 9.0 Hz, J’ = 2.0 Hz, 

1H, 7-H), 7.82 (d, J = 2.0 Hz, 1H, 5-H), 8.39 (d, J = 9.0 Hz, 1H, 8-H); 13C NMR (75.4 

MHz, CD3OD) δ 21.7 (CH2, C3), 22.8 (CH2, C2), 25.1 (CH2, C1), 29.5 (CH2, C4), 37.4 

(CH3, OSO2CH3), 48.3 (CH2, C1’), 69.7 (CH2, C2’), 114.7 (C, C9a), 116.0 (C, C8a), 119.2 

(CH, C5), 127.2 (CH, C7), 128.3 (CH, C8), 140.2 (2 C, C6 and C10a), 153.2 (C, C4a), 

158.6 (C, C9). HRMS calcd for [C16H19ClN2O3S + H]+ 355.0878, found 355.0889. 

6-Chloro-9-[(3-methanesulfonyloxypropyl)amino]-1,2,3,4-tetrahydroacridine (11b). 

From alcohol 9b (2.96 g, 10.2 mmol), impure mesylate 11b (3.47 g, 92% yield) was 

obtained, and directly used in the next step without further purification: Rf 0.70 (CH2Cl2 /

MeOH / 25% aqueous NH4OH 9:1:0.1). 

 

5,6-Dimethoxy-2-[(4-piperidinyl)methyl]indane (13). 

Procedure A. A mixture of donepezil hydrochloride (2.00 g, 4.81 mmol), 1 N HCl (7 mL, 7 

mmol) and 5% Pd/C (50% content in water, 801 mg) in MeOH (24 mL) was hydrogenated 

in a Parr reactor at 28 atm and 65 ºC for 6 days. The resulting suspension was filtered and 

the filtrate was evaporated under reduced pressure. The resulting residue was diluted with 

CH2Cl2 (30 mL) and 2 N NaOH (15 mL). The organic phase was collected and the aqueous 

one was extracted with CH2Cl2 (3×30 mL). The combined organic phases were washed 

with H2O (4×30 mL), dried with anhydrous Na2SO4 and concentrated in vacuo to give 
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piperidine 13 (1.09 g, 82% yield) as a light brown solid: Rf 0.26 (CH2Cl2 / MeOH / 25% 

aqueous NH4OH 90:10:0.1).  

An analytical sample of 13·HCl was prepared by treatment of a solution of 13 (50 mg, 0.18 

mmol) in CH2Cl2 (2 mL) with a methanolic solution of HCl (1.81 N, 0.3 mL), followed by 

evaporation in vacuo. After drying at 80 ºC / 30 Torr for 2 days, 13·HCl (57 mg) was 

obtained as a white solid: mp 243–244 ºC (MeOH); IR (KBr) ν 3500–2100 (max. at 3436, 

2944, 2884, 2836, 2801, 2764, 2641, 2504, +N−H and C−H st), 1609, 1591 and 1504 

(ar−C−C st) cm–1; 1H NMR (500 MHz, CD3OD) δ 1.41 [m, 2H, piperidine 3(5)-Hax], 1.50 

(t, J = 7.0 Hz, 2H, indane-2-CH2), 1.74 (m, 1H, piperidine 4-H), 1.99 [broad d, J = 14.5 Hz, 

2H, piperidine 3(5)-Heq], 2.48−2.60 [complex signal, 3H, indane 2-H and 1(3)-Hcis], 

2.97−3.03 [complex signal, 4H, indane 1(3)-Htrans and piperidine 2(6)-Hax], 3.39 [broad d, J

= 13.0 Hz, 2H, piperidine 2(6)-Heq], 3.78 [s, 6H, 5(6)-OCH3], 4.85 (s, +NH2), 6.80 [s, 2H, 

indane 4(7)-H]; 13C NMR (100.6 MHz, CD3OD) δ 30.2 [CH2, piperidine C3(5)], 33.6 (CH, 

piperidine C4), 38.7 (CH, indane C2), 40.3 [CH2, indane C1(3)], 43.3 (CH2, indane-2-CH2), 

45.3 [CH2, piperidine C2(6)], 56.7 [CH3, 5(6)-OCH3], 109.7 [CH, indane C4(7)], 136.3 [C, 

indane C3a(7a)], 149.4 [C, indane C5(6)]. 

Procedure B. A mixture of compound 18 (17.8 g, 63.3 mmol), concd. HCl (8.2 mL, 35%, 

78.6 mmol) and 5% Pd/C (50% content in water, 10.7 g) in MeOH (300 mL) was 

hydrogenated in a Parr reactor at 30 atm and 65 ºC for 20 days. The resulting suspension 

was filtered and the filtrate was evaporated in vacuo to give 13·HCl (19.2 g, 97% yield) as a 

brown solid. 
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9-[(3-{4-[(5,6-Dimethoxy-1-oxoindan-2-yl)methyl]piperidin-1-yl}propyl)amino]-

1,2,3,4-tetrahydroacridine dihydrochloride (14b·2HCl). From mesylate 10b (80 mg, 

0.24 mmol) and piperidine 12 (82 mg, 0.28 mmol), compound 14b (87 mg, 69% yield) was 

obtained as a pale brown solid, on elution with a mixture of CH2Cl2 / MeOH / 25% aqueous 

NH4OH 98:2:0.5: Rf 0.46 (CH2Cl2 / MeOH / 25% aqueous NH4OH 9:1:0.1). 14b·2HCl: mp 

198–199 ºC (MeOH); IR (KBr) ν 3700–2400 (max. at 3435, 2930, 2706, N−H, +N−H and 

C−H st), 1690 (C=O st), 1636, 1590, 1522 and 1500 (ar−C−C and ar−C−N st) cm–1; 1H

NMR (500 MHz, CD3OD) δ 1.44 (m, 1H, indanone-2-CHa), 1.50–1.62 (broad signal, 2H, 

piperidine 3-Hax and 5-Hax), 1.80–1.96 (broad signal, 2H, piperidine 4-H and indanone-2-

CHb), 1.96–2.05 (complex signal, 5H, acridine 2-H2 and 3-H2, and piperidine 3-Heq or 5-

Heq), 2.10 (broad d, J = 13.0 Hz, piperidine 5-Heq or 3-Heq), 2.31 (complex signal, 2H, 

NHCH2CH2CH2N), 2.72-2.80 (complex signal, 4H, acridine 1-H2, indanone 2-H and 3-Ha), 

2.95–3.03 (broad signal, 2H, piperidine 2-Hax and 6-Hax), 3.05 (m, 2H, acridine 4-H2), 3.25 

(complex signal, 2H, NHCH2CH2CH2N), superimposed in part 3.34 (dd, J = 17.5 Hz, J’ = 

8.0 Hz, 1H, indanone 3-Hb), 3.56–3.68 (broad signal, 2H, piperidine 2-Heq and 6-Heq), 3.85 

(s, 3H, 6-OCH3), 3.93 (s, 3H, 5-OCH3), 4.08 (t, J = 7.0 Hz, 2H, NHCH2CH2CH2N), 4.85 (s, 

NH and +NH), 7.06 (s, 1H, indanone 4-H), 7.15 (s, 1H, indanone 7-H), 7.64 (ddd, J = 9.0

Hz, J’ = 7.0 Hz, J” = 1.0 Hz, 1H, acridine 7-H), 7.80 (dd, J = 8.5 Hz, J’ = 1.0 Hz, 1H, 

acridine 5-H), 7.88 (ddd, J = 8.5 Hz, J’ = 7.0 Hz, J” = 1.0 Hz, 1H, acridine 6-H), 8.43 (d, J

= 9.0 Hz, 1H, acridine 8-H); 13C NMR (100.6 MHz, CD3OD) δ 21.7 (CH2, acridine C3), 
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23.0 (CH2, acridine C2), 25.2 (CH2, acridine C1), 26.3 (CH2, NHCH2CH2CH2N), 29.4 

(CH2, acridine C4), 30.3 (CH2) and 31.2 (CH2) (piperidine C3 and C5), 33.1 (CH, 

piperidine C4), 34.1 (CH2, indanone C3), 39.0 (CH2, indanone-2-CH2), 45.9 (CH2,

NHCH2CH2CH2N), 46.1 (CH, indanone C2), 54.1 (CH2) and 54.2 (CH2) (piperidine C2 and 

C6), 55.3 (CH2, NHCH2CH2CH2N), 56.5 (CH3, 6-OCH3), 56.8 (CH3, 5-OCH3), 105.2 (CH, 

indanone C7), 109.0 (CH, indanone C4), 113.5 (C, acridine C9a), 117.2 (C, acridine C8a), 

120.2 (CH, acridine C5), 126.3 (CH, acridine C8), 126.8 (CH, acridine C7), 129.7 (C, 

indanone C7a), 134.2 (CH, acridine C6), 139.6 (C, acridine C10a), 151.0 (C, indanone C6), 

151.4 (C, indanone C3a), 152.3 (C, acridine C4a), 157.7 (C) and 157.9 (C) (indanone C5 

and acridine C9), 209.9 (C, indanone C1). Anal. (C33H41N3O3·2HCl·2.5H2O) C, H, N, Cl. 

 

6-Chloro-9-[(2-{4-[(5,6-dimethoxy-1-oxoindan-2-yl)methyl]piperidin-1-

yl}ethyl)amino]-1,2,3,4-tetrahydroacridine dihydrochloride (15a·2HCl). From mesylate 

11a (1.02 g, 2.88 mmol) and piperidine 12 (0.82 g, 2.84 mmol), compound 15a (514 mg, 

33% yield) was obtained as a pale brown solid, on elution with a mixture of CH2Cl2 /

MeOH / 50% aqueous NH4OH 95:5:0.4: Rf = 0.53 (CH2Cl2 / MeOH / 50% aqueous NH4OH 

9:1:0.05). 15a·2HCl: mp 187−189 ºC (MeOH); IR (KBr) ν 3600–2500 (max. at 3401, 3258, 

3054, 3005, 2926, 2862, 2791, N−H, +N−H and C−H st), 1687, 1675 (C=O st), 1629, 1583 

and 1500 (ar−C−C and ar−C−N st) cm–1; 1H NMR (500 MHz, CD3OD) δ 1.44 (m, 1H, 

indanone-2-CHa), 1.64–1.78 (m, 2H, piperidine 3-Hax and 5-Hax), 1.86 (m, 1H, indanone-2-

CHb), 1.92–2.02 (complex signal, 5H, acridine 2-H2 and 3-H2, and piperidine 4-H), 2.05 
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(broad d, J = 14.0 Hz, 1H) and 2.12 (broad d, J = 14.0 Hz, 1H) (piperidine 3-Heq and 5-

Heq), 2.71-2.78 (complex signal, 2H, indanone 2-H and 3-Ha), 2.82 (m, 2H, acridine 1-H2), 

3.06 (m, 2H, acridine 4-H2), 3.15 (broad dd, J ≈ J’ ≈ 12.0 Hz, 2H, piperidine 2-Hax and 6-

Hax), superimposed in part 3.33 (dd, J = 18.0 Hz, J’ = 8.0 Hz, 1H, indanone 3-Hb), 3.62 (t, J

= 6.5 Hz, 2H, NHCH2CH2N), 3.70–3.79 (complex signal, 2H, piperidine 2-Heq and 6-Heq), 

3.84 (s, 3H, 6-OCH3), 3.93 (s, 3H, 5-OCH3), 4.43 (t, J = 6.5 Hz, 2H, NHCH2CH2N), 4.85 

(s, NH and +NH), 7.05 (s, 1H, indanone 4-H), 7.12 (s, 1H, indanone 7-H), 7.63 (dd, J = 9.0

Hz, J’ = 2.0 Hz, 1H, acridine 7-H), 7.83 (d, J = 2.0 Hz, 1H, acridine 5-H), 8.44 (d, J ≈ 9.0

Hz, 1H, acridine 8-H); 13C NMR (100.6 MHz, CD3OD) δ 21.6 (CH2, acridine C3), 22.9 

(CH2, acridine C2), 25.6 (CH2, acridine C1), 29.5 (CH2, acridine C4), 30.3 (CH2) and 31.1 

(CH2) (piperidine C3 and C5), 33.1 (CH, piperidine C4), 34.2 (CH2, indanone C3), 39.0 

(CH2, indanone-2-CH2), 43.1 (CH2, NHCH2CH2N), 46.1 (CH, indanone C2), 54.8 (2 CH2,

piperidine C2 and C6), 56.5 (CH3, 6-OCH3), 56.7 (CH3, 5-OCH3), 57.3 (CH2,

NHCH2CH2N), 105.2 (CH, indanone C7), 109.0 (CH, indanone C4), 114.8 (C, acridine 

C9a), 116.0 (C, acridine C8a), 119.4 (CH, acridine C5), 127.7 (CH, acridine C7), 128.2 

(CH, acridine C8), 129.8 (C, indanone C7a), 140.1 (C, acridine C6), 140.3 (C, acridine 

C10a), 151.1 (C, indanone C6), 151.3 (C, indanone C3a), 153.6 (C, acridine C4a), 157.7 

(C) and 157.9 (C) (indanone C5 and acridine C9), 209.6 (C, indanone C1). Anal. 

(C32H38ClN3O3·2HCl·3H2O) C, H, N, Cl. 
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6-Chloro-9-[(3-{4-[(5,6-Dimethoxy-1-oxoindan-2-yl)methyl]piperidin-1-

yl}propyl)amino]-1,2,3,4-tetrahydroacridine dihydrochloride (15b·2HCl). From crude 

mesylate 11b (1.00 g, 2.71 mmol) and piperidine 12 (784 mg, 2.71 mmol), compound 15b

(634 mg, 42% yield) was obtained as a light yellow solid, on elution with a mixture of 

CH2Cl2 / MeOH / 50% aqueous NH4OH 95:5:0.4: Rf = 0.24 (CH2Cl2 / MeOH / 50% 

aqueous NH4OH 9:1:0.05). 15b·2HCl: mp 177 ºC (dec.) (MeOH); IR (KBr) ν 3600–2500 

(max. at 3411, 3258, 3131 3060, 2931, 2879, N−H, +N−H and C−H st), 1686 (C=O st), 

1654, 1630, 1586, and 1499 (ar−C−C and ar−C−N st) cm–1; 1H NMR (500 MHz, CD3OD) δ

1.45 (m, 1H, indanone-2-CHa), 1.50–1.65 (complex signal, 2H, piperidine 3-Hax and 5-Hax), 

1.84 (m, 1H, indanone-2-CHb), 1.90–2.00 (complex signal, 5H, acridine 2-H2 and 3-H2, and 

piperidine 4-H), 2.04 (broad d, J = 14.0 Hz, 1H) and 2.11 (broad d, J = 13.5 Hz, 1H) 

(piperidine 3-Heq and 5-Heq), 2.32 (m, 2H, NHCH2CH2CH2N), 2.73–2.78 (complex signal, 

4H, acridine 1-H2, indanone 2-H and 3-Ha) 2.99–3.05 (complex signal, 4H, acridine 4-H2,

piperidine 2-Hax and 6-Hax), 3.26 (broad t, J = 7.5 Hz, 2H, NHCH2CH2CH2N), 

superimposed in part 3.34 (dd, J = 17.5 Hz, J’ = 8.0 Hz, 1H, indanone 3-Hb), 3.60–3.66 

(broad signal, 2H, piperidine 2-Heq and 6-Heq), 3.85 (s, 3H, 6-OCH3), 3.94 (s, 3H, 5-OCH3), 

4.07 (t, J = 7.0 Hz, 2H, NHCH2CH2CH2N), 4.85 (s, NH and +NH), 7.07 (s, 1H, indanone 4-

H), 7.15 (s, 1H, indanone 7-H), 7.62 (dd, J = 9.5 Hz, J’ = 2.0 Hz, 1H, acridine 7-H), 7.80 

(d, J ≈ 2.0 Hz, 1H, acridine 5-H), 8.43 (d, J ≈ 9.5 Hz, 1H, acridine 8-H); 13C NMR (100.6 

MHz, CD3OD) δ 22.5 (CH2, acridine C3), 23.2 (CH2, acridine C2), 25.8 (CH2, acridine 

C1), 27.1  (CH2, NHCH2CH2CH2N), 31.4 (CH2), 31.5 (CH2) and 32.7 (CH2) (acridine C4 
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and piperidine C3 and C5), 34.1 (CH2, indanone C3), 34.4 (CH, piperidine C4), 39.5 (CH2,

indanone-2-CH2), 46.4 (CH, indanone C2), 48.2 (CH2, NHCH2CH2CH2N), 54.7 (2 CH2,

piperidine C2 and C6), 56.4 (CH3, 6-OCH3), 56.7 (CH3, 5-OCH3), 57.1 (CH2,

NHCH2CH2CH2N), 105.2 (CH, indanone C7), 108.9 (CH, indanone C4), 115.0 (C, acridine 

C9a), 117.1 (C, acridine C8a), 122.2 (CH, acridine C5), 126.1 (CH, acridine C7), 127.9 

(CH, acridine C8), 129.7 (C, indanone C7a), 138.1 (C) and 143.8 (C) (acridine C6 and 

C10a), 151.0 (C, indanone C6), 151.2 (C, indanone C3a), 155.4 (C),  155.6 (C) and 157.6 

(C) (acridine C4a and C9, and indanone C5), 209.9 (C, indanone C1). Anal. 

(C33H40ClN3O3·2HCl·2.5H2O) C, H, N, Cl. 

 

9-[(2-{4-[(5,6-Dimethoxyindan-2-yl)methyl]piperidin-1-yl}ethyl)amino]-1,2,3,4-

tetrahydroacridine dihydrochloride (16a·2HCl). From mesylate 10a (500 mg, 1.56 

mmol) and piperidine 13 (430 mg, 1.56 mmol), compound 16a (436 mg, 56% yield) was 

obtained as a pale brown solid, on elution with a mixture of CH2Cl2 / MeOH / 50% aqueous 

NH4OH 97:3:0.2: Rf 0.45 (CH2Cl2 / MeOH / 50% aqueous NH4OH 90:10:0.05). 16a·2HCl: 

mp 176–178 ºC (MeOH); IR (KBr) ν 3600–2500 (max. at 3401, 3263, 3065, 2927, 2835, 

2725, 2670, N−H, +N−H and C−H st), 1635, 1604, 1585, 1525 and 1501 (ar−C−C and 

ar−C−N st) cm–1; 1H NMR (500 MHz, CD3OD) δ 1.53 (t, J = 6.7 Hz, 2H, indane-2-CH2), 

1.63 [m, 2H, piperidine 3(5)-Hax], 1.76 (m, 1H, piperidine 4-H), 1.96–2.00 (complex signal, 

4H, acridine 2-H2 and 3-H2), 2.06 [broad d, J = 14.5 Hz, 2H, piperidine 3(5)-Heq], 2.48-2.61 

[complex signal, 3H, indane 2-H and 1(3)-Hcis], 2.84 (m, 2H, acridine 1-H2), 3.00 [dd, J =
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14.0 Hz, J’ = 7.5 Hz, 2H, indane 1(3)-Htrans],  3.06–3.15 [complex signal, 4H, acridine 4-H2

and piperidine 2(6)-Hax], 3.59 (t, J = 6.7 Hz, 2H, NHCH2CH2N), 3.71 [broad d, J = 12.0

Hz, 2H, piperidine 2(6)-Heq], 3.78 [s, 6H, 5(6)-OCH3], 4.42 (t, J = 6.7 Hz, 2H, 

NHCH2CH2N), 4.85 (s, NH and +NH), 6.79 [s, 2H, indane 4(7)-H], 7.68 (ddd, J = 8.0 Hz, 

J’ = 7.0 Hz, J’’ = 1.0 Hz, 1H, acridine 7-H), 7.83 ( broad d, J = 8.0 Hz, 1H, acridine 5-H), 

7.91 (ddd, J = 8.0 Hz, J’ = 7.0 Hz, J’’ = 1.0 Hz, 1H, acridine 6-H), 8.42 (d, J = 8.0 Hz, 1H, 

acridine 8-H); 13C NMR (100.6 MHz, CD3OD) δ 21.7 (CH2, acridine C3), 23.0 (CH2,

acridine C2), 25.6 (CH2, acridine C1), 29.5 (CH2, acridine C4), 31.0 [broad CH2, piperidine 

C3(5)], 33.5 (broad CH, piperidine C4), 38.9 (CH, indane C2), 40.3 [CH2, indane C1(3)], 

43.0 (broad CH2, NHCH2CH2N), 43.2 (CH2, indane-2-CH2), 54.7 [broad CH2, piperidine 

C2(6)], 56.7 [CH3, 5(6)-OCH3], 57.4 (broad CH2, NHCH2CH2N), 109.7 [CH, indane 

C4(7)], 114.3 (C, acridine C9a), 117.6 (C, acridine C8a), 120.3 (CH, acridine C5), 126.0 

(CH, acridine C8), 127.2 (CH, acridine C7), 134.3 (CH, acridine C6), 136.3 [C, indane 

C3a(7a)], 139.5 (C, acridine C10a), 149.4 [C, indane C5(6)], 153.0 (C, acridine C4a), 158.0 

(C, acridine C9). Anal. (C32H41N3O2·2HCl·1.75H2O) C, H, N. Cl, calcd, 11.74; found, 

11.22. 

9-[(3-{4-[(5,6-dimethoxyindan-2-yl)methyl]piperidin-1-yl}propyl)amino]-1,2,3,4-

tetrahydroacridine dihydrochloride (16b·2HCl). From mesylate 10b (480 mg, 1.44 

mmol) and piperidine 13 (440 mg, 1.60 mmol), compound 16b (274 mg, 37% yield) was 

obtained as a white solid, on elution with a mixture of CH2Cl2 / MeOH / 50% aqueous 
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NH4OH 96:4:0.2: Rf 0.31 (CH2Cl2 / MeOH / 50% aqueous NH4OH 9:1:0.05). 16b·2HCl: 

mp 67−69 ºC (MeOH); IR (KBr) ν 3600–2500 (max. at 3401, 3060, 2926, 2857, 2840, 

2725, N−H, +N−H and C−H st), 1630, 1585, 1522 and 1502 (ar−C−C and ar−C−N st) cm–

1; 1H NMR (500 MHz, CD3OD) δ 1.49–1.60 [complex signal, 4H, indane-2-CH2 and 

piperidine 3(5)-Hax], 1.74 (m, 1H, piperidine 4-H), 1.99 (complex signal, 4H, acridine 2-

H2 and 3-H2), 2.05 [broad d, J = 14.0 Hz, 2H, piperidine 3(5)-Heq], 2.33  (m, 2H, 

NHCH2CH2CH2N), 2.49–2.60 [complex signal, 3H, indane 2-H and 1(3)-Hcis], 2.78 (m, 

2H, acridine 1-H2), 2.97–3.07 [complex signal, 6H, indane 1(3)-Htrans, acridine 4-H2 and 

piperidine 2(6)-Hax], 3.25 (m, 2H, NHCH2CH2CH2N), 3.62 [broad d, J = 12.5 Hz, 2H, 

piperidine 2(6)-Heq], 3.78 [s, 6H, 5(6)-OCH3], 4.08 (t, J = 7.0 Hz, 2H, NHCH2CH2CH2N), 

4.85 (s, NH and +NH), 6.78 [s, 2H, indane 4(7)-H], 7.64 (ddd, J = 8.0 Hz, J’ = 7.0 Hz, J” 

= 1.0 Hz, 1H, acridine 7-H), 7.80 (dd, J = 8.0 Hz, J’ = 1.0 Hz, 1H, acridine 5-H), 7.88 

(ddd, J = 8.0 Hz, J’ = 7.0 Hz, J” = 1.0 Hz, 1H, acridine 6-H), 8.43 (d, J = 8.0 Hz, 1H, 

acridine 8-H); 13C NMR (100.6 MHz, CD3OD) δ 21.8 (CH2, acridine C3), 23.0 (CH2,

acridine C2), 25.3 (CH2, acridine C1), 26.3 (CH2, NHCH2CH2CH2N), 29.4 (CH2, acridine 

C4), 30.9 [CH2, piperidine C3(5)], 33.6 (CH, piperidine C4), 38.8 (CH, indane C2), 40.3 

[CH2, indane C1(3)], 43.1 (CH2, indane-2-CH2), 45.9 (CH2, NHCH2CH2CH2N), 54.3 

[CH2, piperidine C2(6)], 55.3 (CH2, NHCH2CH2CH2N), 56.7 [CH3, 5(6)-OCH3], 109.7 

[CH, indane C4(7)], 113.5 (C, acridine C9a), 117.3 (C, acridine C8a), 120.2 (CH, acridine 

C5), 126.3 (CH, acridine C8), 126.8 (CH, acridine C7), 134.2 (C, acridine C6), 136.3 [C, 
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indane C3a(7a)], 139.6 (C, acridine C10a), 149.4 [C, indane C5(6)], 152.3 (C, acridine 

C4a), 157.9 (C, acridine C9). Anal. (C33H43N3O2·2HCl·2.5H2O) C, H, N, Cl. 

6-Chloro-9-[(2-{4-[(5,6-dimethoxyindan-2-yl)methyl]piperidin-1-yl}ethyl)amino]-

1,2,3,4-tetrahydroacridine dihydrochloride (17a·2HCl). From mesylate 11a (520 mg, 

1.47 mmol) and piperidine 13 (400 mg, 1.45 mmol), compound 17a (216 mg, 28% yield) 

was obtained as a pale brown solid, on elution with a mixture of CH2Cl2 / MeOH / 50% 

aqueous NH4OH 95:5:0.4: Rf 0.45 (CH2Cl2 / MeOH / 50% aqueous NH4OH 9:1:0.05). 

17a·2HCl: mp 218–220 ºC (MeOH); IR (KBr) ν 3600–2500 (max. at 3421, 3274, 3060, 

2926, 2835, N−H, +N−H and C−H st), 1629, 1617, 1578 and 1500 (ar−C−C and ar−C−N st) 

cm–1; 1H NMR (500 MHz, CD3OD) δ 1.53 (t, J = 7.0 Hz, 2H, indane-2-CH2), 1.63 [pseudo 

q, J ≈ 12.0 Hz, 2H, piperidine 3(5)-Hax], 1.70–1.80 (broad signal, 1H, piperidine 4-H), 

1.94–2.04 (complex signal, 4H, acridine 2-H2 and 3-H2), 2.06 [broad d, J = 14.0 Hz, 2H, 

piperidine 3(5)-Heq], 2.50-2.61 [complex signal, 3H, indane 2-H and 1(3)-Hcis], 2.81 (m, 

2H, acridine 1-H2), 2.98–3.14 [complex signal, 6H, acridine 4-H2, indane 1(3)-Htrans, and 

piperidine 2(6)-Hax], 3.58 (m, 2H, NHCH2CH2N), 3.71 [broad d, J = 11.5 Hz, 2H, 

piperidine 2(6)-Heq], 3.78 [s, 6H, 5(6)-OCH3], 4.41 (t, J = 6.5 Hz, 2H, NHCH2CH2N), 4.85 

(s, NH and +NH), 6.79 [s, 2H, indane 4(7)-H], 7.65 (dd, J = 9.5 Hz, J’ = 2.0 Hz, 1H, 

acridine 7-H), 7.83 (d, J = 2.0 Hz, 1H, acridine 5-H), 8.43 (d, J ≈ 9.5 Hz, 1H, acridine 8-H); 

13C NMR (100.6 MHz, CD3OD) δ 21.6 (CH2, acridine C3), 22.9 (CH2, acridine C2), 25.6 

(CH2, acridine C1), 29.6 (CH2, acridine C4), 30.9 [CH2, piperidine C3(5)], 33.4 (CH, 
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piperidine C4), 38.8 (CH, indane C2), 40.3 [CH2, indane C1(3)], 43.1 (2 CH2, indane-2-

CH2 and NHCH2CH2N), 54.9 [broad CH2, piperidine C2(6)], 56.7 [CH3, 5(6)-OCH3], 57.3 

(broad CH2, NHCH2CH2N), 109.6 [CH, indane C4(7)], 114.6 (C, acridine C9a), 115.8 (C, 

acridine C8a), 119.2 (CH, acridine C5), 127.5 (CH, acridine C7), 128.2 (CH, acridine C8), 

136.2 [C, indane C3a(7a)], 140.0 (C, acridine C6), 140.1 (C, acridine C10a), 149.3 [C, 

indane C5(6)], 153.5 (C, acridine C4a), 157.7 (C, acridine C9). Anal. 

(C32H40ClN3O2·2HCl·2.25H2O) C, H, N, Cl. 

6-Chloro-9-[(3-{4-[(5,6-dimethoxyindan-2-yl)methyl]piperidin-1-yl}propyl)amino]-

1,2,3,4-tetrahydroacridine dihydrochloride (17b·2HCl). From crude mesylate 11b (490 

mg, 1.33 mmol) and piperidine 13 (370 mg, 1.35 mmol), compound 17b (274 mg, 38% 

yield) was obtained as a white solid, on elution with a mixture of CH2Cl2 / MeOH / 50% 

aqueous NH4OH 95:5:0.4: Rf 0.29 (CH2Cl2 / MeOH / 50% aqueous NH4OH 9:1:0.05). 

17b·2HCl: mp 158–160 ºC (dec.) (MeOH); IR (KBr) ν 3600–2450 (max. at 3412, 3054, 

2929, 2835, N−H, +N−H and C−H st), 1629, 1578 and 1501 (ar−C−C and ar−C−N st) cm–1;

1H NMR (500 MHz, CD3OD) δ 1.51 (t, J = 7.0 Hz, 2H, indane-2-CH2), superimposed in 

part 1.57 [broad pseudo q, J = 13.0 Hz, 2H, piperidine 3(5)-Hax], 1.74 (m, 1H, piperidine 4-

H), 1.96–2.00 (complex signal, 4H, acridine 2-H2 and 3-H2), 2.05 [broad d, J = 14.0 Hz, 

2H, piperidine 3(5)-Heq], 2.33 (m, 2H, NHCH2CH2CH2N), 2.48-2.60 [complex signal, 3H, 

indane 2-H and 1(3)-Hcis], 2.75 (m, 2H, acridine 1-H2), 2.97–3.04 [complex signal, 6H, 

acridine 4-H2, indane 1(3)-Htrans, and piperidine 2(6)-Hax], 3.25 (m, 2H, NHCH2CH2CH2N), 
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3.62 [broad d, J = 12.5 Hz, 2H, piperidine 2(6)-Heq], 3.78 [s, 6H, 5(6)-OCH3], 4.07 (t, J =

7.5 Hz, 2H, NHCH2CH2CH2N), 4.85 (s, NH and +NH), 6.78 [s, 2H, indane 4(7)-H], 7.62 

(dd, J = 9.5 Hz, J’ = 2.0 Hz, 1H, acridine 7-H), 7.80 (d, J = 2.0 Hz, 1H, acridine 5-H), 8.43 

(d, J ≈ 9.5 Hz, 1H, acridine 8-H); 13C NMR (100.6 MHz, CD3OD) δ 21.7 (CH2, acridine 

C3), 22.8 (CH2, acridine C2), 25.1 (CH2, acridine C1), 26.2 (CH2, NHCH2CH2CH2N),  29.4 

(CH2, acridine C4), 30.9 [CH2, piperidine C3(5)], 33.6 (CH, piperidine C4), 38.8 (CH, 

indane C2), 40.3 [CH2, indane C1(3)], 43.1 (CH2, indane-2-CH2), 46.0 (CH2,

NHCH2CH2CH2N), 54.3 [CH2, piperidine C2(6)], 55.3 (CH2, NHCH2CH2CH2N), 56.7 

[CH3, 5(6)-OCH3], 109.7 [CH, indane C4(7)], 114.0 (C, acridine C9a), 115.7 (C, acridine 

C8a), 119.2 (CH, acridine C5), 127.7 (CH, acridine C7), 128.6 (CH, acridine C8), 136.3 [C, 

indane C3a(7a)], 140.2 (C, acridine C6), 140.4 (C, acridine C10a), 149.4 [C, indane C5(6)], 

152.7 (C, acridine C4a), 157.9 (C, acridine C9). Anal. (C33H42ClN3O2·2HCl·3H2O) C, H, N, 

Cl. 

 

2-[(1-benzylpiperidin-4-yl)methyl]-5,6-dimethoxyindane hydrochloride (19·HCl). To a 

solution of piperidine 13·HCl (300 mg, 0.96 mmol) in MeOH (8 mL), NaBH3CN (130 mg, 

2.07 mmol), AcOH (0.12 mL, 126 mg, 2.10 mmol), and freshly distilled benzaldehyde 

(0.15 mL, 153 mg, 1.44 mmol) were added. The reaction mixture was stirred at room 

temperature for 3 h and treated with additional NaBH3CN (65 mg, 1.03 mmol), and 

benzaldehyde (0.08 mL, 77 mg, 0.72 mmol). The resulting mixture was stirred at room 

temperature for 15 h and was evaporated under reduced pressure. The resulting residue was 
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diluted with H2O (35 mL) and was extracted with CH2Cl2 (4×15 mL). The combined 

organic extracts were washed successively with 2 N NaOH (3×15 mL) and brine (2×15

mL), were dried with anhydrous Na2SO4 and evaporated in vacuo, to give a brown solid 

residue (477 mg), which was submitted to column chromatography (35−70 μm, silica gel, 

CH2Cl2 / MeOH / 50% aqueous NH4OH mixtures as eluent). On elution with CH2Cl2 /

MeOH 99.5:0.5, benzyl alcohol (186 mg) was separated. On elution with CH2Cl2 / MeOH / 

50% aqueous NH4OH 98:2:0.2 to 90:10:0.2, compound 19 (185 mg, 53% yield) was 

isolated as a white solid: Rf 0.12 (CH2Cl2 / MeOH 98:2).  

The hydrochloride of 19 was prepared by treatment of a 0.45 μm-PTFE filtered solution of 

19 (171 mg, 0.47 mmol) in CH2Cl2 (3 mL) with a methanolic solution of HCl (3.5 N, 0.9 

mL), followed by evaporation in vacuo, and trituration of the resulting solid (172 mg) with 

Et2O (6×1 mL). After drying at 80 ºC / 30 Torr for 2 days, 19·HCl (161 mg) was obtained 

as a white solid: mp 211–213 ºC (MeOH); IR (KBr) ν 3500–2100 (max. at 3430, 3059, 

3037, 2998, 2923, 2836, 2630, 2614, 2589, 2498, 2423, +N−H and C−H st), 1607 and 1506 

(ar−C−C st) cm–1; 1H NMR (400 MHz, CD3OD) δ 1.40−1.52 [complex signal, 4H, indane-

2-CH2 and piperidine 3(5)-Hax], 1.70 (m, 1H, piperidine 4-H), 2.01 [broad d, J = 14.4 Hz, 

2H, piperidine 3(5)-Heq], 2.46−2.58 [complex signal, 3H, indane 2-H and 1(3)-Hcis], 2.97 

[dd, J = 13.6 Hz, J’ = 6.8 Hz, 2H, indane 1(3)-Htrans], superimposed in part 3.02 [broad dd, 

J ≈ J’ ≈ 12.8 Hz, 2H, piperidine 2(6)-Hax], 3.49 [broad d, J = 12.8 Hz, 2H, piperidine 2(6)-

Heq], 3.77 [s, 6H, 5(6)-OCH3], 4.31 (s, 2H, N−CH2−Ph), 4.85 (s, +NH), 6.78 [s, 2H, indane 

4(7)-H], 7.48−7.57 (complex signal, 5H, Ar−H); 13C NMR (100.6 MHz, CD3OD) δ 30.8 
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[CH2, piperidine C3(5)], 33.6 (CH, piperidine C4), 38.8 (CH, indane C2), 40.2 [CH2,

indane C1(3)], 43.0 (CH2, indane-2-CH2), 53.9 [CH2, piperidine C2(6)], 56.7 [CH3, 5(6)-

OCH3], 61.8 (CH2, N−CH2−Ph), 109.7 [CH, indane C4(7)], 130.3 [CH, phenyl C2(6)], 

130.5 (C, phenyl C1), 131.2 (CH, phenyl C4), 132.4 [CH, phenyl C3(5)], 136.3 [C, indane 

C3a(7a)], 149.4 [C, indane C5(6)]. HRMS calcd for [C24H32NO2 + H]+ 366.2427, found 

366.2426. 
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Predicted pose of donepezil obtained by using GOLD  
 
Top: View of the X-ray crystallographic structure of the AChE enzyme complexed to 
donepezil (gray) and the docked ligand (colored by atom). 
Bottom: View of the X-ray and docked ligands in the binding site. 
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Appendix 

 

Compound Molecular Calculated Found 

Formula C H N Cl C H N Cl 

9a·HCl·0.25H2O C15H17ClN2O·HCl·0.25H2O 56.70 5.87 8.82 22.32 56.58 5.85 8.85 22.09

9b·HCl·0.25H2O C16H19ClN2O·HCl·0.25H2O 57.93 6.23 8.44 21.37 58.03 6.31 8.41 21.23

14a·2HCl·1.5H2O C32H39N3O3·2HCl·1.5H2O 62.64 7.23 6.85 11.56 62.64 7.05 6.59 11.59

14b·2HCl·2.5H2O C33H41N3O3·2HCl·2.5H2O 61.39 7.49 6.51 10.98 61.60 7.24 6.31 11.16

15a·2HCl·3H2O C32H38ClN3O3·2HCl·3H2O 56.93 6.87 6.22 15.75 57.16 6.90 5.89 15.41

15b·2HCl·2.5H2O C33H40ClN3O3·2HCl·2.5H2O 58.28 6.97 6.18 15.64 58.18 7.08 5.92 15.33

16a·2HCl·1.75H2O C32H41N3O2·2HCl·1.75H2O 63.62 7.76 6.96 11.74 63.67 7.58 6.80 11.22

16b·2HCl·2.5H2O C33H43N3O2·2HCl·2.5H2O 62.75 7.98 6.65 11.22 62.50 7.93 6.45 11.48

17a·2HCl·2.25H2O C32H40ClN3O2·2HCl·2.25H2O 59.35 7.24 6.49 16.42 59.00 7.14 6.40 16.17

17b·2HCl·3H2O C33H42ClN3O2·2HCl·3H2O 58.71 7.46 6.22 15.75 58.46 7.70 6.14 16.04
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m = 9, 50f (35%)
m=10, 50g (38 %)

m = 4, 63a (11%)
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m = 9, 63f (53%)
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N

O

CO2Et

Cl

N

O

Cl

1) 
SOCl 2

, 1
h

2) 
50

c, 
Et 3

N (2
,5 

eq
), 

CH 2
Cl 2

, 6
1 h

H

Cl

OHO

1) NaOH 5 N, MeOH, 16 h, reflux

2) HCl

1) ClCO2Et (1eq.)
    Et3N (2,1 equ.)
    CH2Cl2, 0 ºC, 30 min.

2) 50c, T amb., 64 h

23% global

N

O

Cl

H
NO

(CH2)6

HN

N

Cl

t-BuOK (2 eq.),
50c, toluè,
reflux, 6 dies

t-BuOK (1 eq.)
50c, dissolvents
 microones

NaCN (0,1 eq.)
50c, EtOH
microones

44

64c

66·HCl
1) Et3N (1,6 eq.), DMF
    50c, HOBt (1 eq.)

    DIEA (2,5 eq.)
    EDC (1 eq.)
     T amb., 16h

18% global
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N

O

CO2Et

Cl

1) NaOH 5 N, MeOH,
  16 h, reflux

2) HCl

44

N

O

Cl

H

Cl

OHO

1) ClCO2Et (1equiv.)
    Et3N (2,1 equiv.)
    CH2Cl2, 0 ºC, 30 min

2) 50c-g, T amb., 64 h

64c, m = 6, 23% global
64d, m = 7, 33% global
64e, m = 8, 16% global
64f, m = 9, 37% global
64g, m = 10, 30% global
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 E�


1) ClCO2Et,           
   Et3N, CH2Cl2

N

O

CO2Me

N

O

CO2H

·HCl
1) KOH, MeOH, Δ, 64 h

2) HCl−Et2O, 30 min

N

O

O

H
N N

H

N

m

Cl

45 67·HCl

65a, m = 4, 48% global
65b, m = 5, 31% global
65c, m = 6, 25% global
65d, m = 7, 42% global
65e, m = 8, 39% global

2) 50a-e, T amb., 64 h
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Two isomeric series of dual binding site acetylcholinesterase (AChE) inhibitors have been designed,
synthesized, and tested for their ability to inhibit AChE, butyrylcholinesterase, AChE-induced and self-
induced β-amyloid (Aβ) aggregation, and β-secretase (BACE-1) and to cross blood-brain barrier. The
new hybrids consist of a unit of 6-chlorotacrine and a multicomponent reaction-derived pyrano[3,2-c]-
quinoline scaffold as the active-site and peripheral-site interacting moieties, respectively, connected
through an oligomethylene linker containing an amido group at variable position. Indeed, molecular
modeling and kinetic studies have confirmed the dual site binding of these compounds. The newhybrids,
and particularly 27, retain the potent and selective human AChE inhibitory activity of the parent
6-chlorotacrine while exhibiting a significant in vitro inhibitory activity toward the AChE-induced and
self-induced Aβ aggregation and toward BACE-1, as well as ability to enter the central nervous system,
which makes them promising anti-Alzheimer lead compounds.

Introduction

In the past decade, the design of novel classes of inhibitors
of the enzyme acetylcholinesterase (AChEa) as therapeutic
interventions for Alzheimer’s disease (AD) has been mostly
driven by the pivotal finding that AChE can bind the
β-amyloid peptide (Aβ), thereby promoting Aβ aggregation
as an early event in the neurodegenerative cascade of AD.1,2

The Aβ proaggregating effect of AChE results in cognitive
impairment in doubly transgenic mice expressing human
amyloidprecursorprotein (APP) andhumanAChE.3,4 Block-
ade of the peripheral site of AChE, the Aβ recognition zone
within the enzyme,5 was therefore expected to affect the
AChE-induced Aβ aggregation and could be a potential
strategy to modulate the progression of AD.

On the basis of these premises, novel classes of AChE
inhibitors (AChEIs) targeting the peripheral site have

emerged as promising disease-modifying anti-Alzheimer drug
candidates.6 Of particular interest are those AChEIs able to
simultaneously bind to both peripheral and catalytic sites,
which are separated by about 14 Å, as they are located at the
mouth and at the bottom of the gorge leading to the active
site.7 Apart from the Aβ antiaggregating effects arising from
blockade of the peripheral site, dual binding site AChEIs are
usually endowed with a potent AChE inhibitory activity
because of the increased number of drug-target interactions,
thus overcoming the low activity of selective peripheral site
AChEIs.8-18 Indeed, in vitro inhibitory activities of AChE
and AChE-induced Aβ aggregation have been reported for
different families of dual binding site AChEIs,19-34 which in
cases such asmemoquin26,27 andNP-6135 have been shown to
reduce brain amyloid burden and increase cognition in animal
models of AD. Some dual binding site AChEIs such as
memoquin26,27 or bis(7)-tacrine9,13,36,37 are undergoing pre-
clinical evaluation, while NP-61 entered phase I clinical trials
for AD in the U.K. in April 2007.38 Prompted by these results
and the tremendous potential of dual binding site AChEIs to
impact both the course of AD and its symptomatology, the
design and synthesis of novel families of dual binding site
AChEIs have been actively pursued in the past years.39-52

The design of dual binding site AChEIs is carried out by
linking through a tether of suitable length an active-site
interacting unit, usually derived from a known active site
AChEI, with a peripheral-site interacting unit suited to inter-
act with Trp286 (human AChE (hAChE) numbering), the

*To whom correspondence should be addressed. Phone: þ34
þ 934024533. Fax:þ34þ 934035941. E-mail: dmunoztorrero@ub.edu.

aAbbreviations: Aβ, β-amyloid peptide; AChE, acetylcholinesterase;
AChEI, acetylcholinesterase inhibitor; AD, Alzheimer’s disease; APP,
amyloid precursor protein; bAChE, bovine acetylcholinesterase;
BACE-1, β-secretase; BBB, blood-brain barrier; BChE, butyrylcholi-
nesterase; CNS, central nervous system; DDQ, 2,3-dichloro-5,6-dicya-
no-1,4-benzoquinone; DTNB, 5,50-dithiobis(2-nitrobenzoic) acid;
hAChE, human acetylcholinesterase; hBChE, human butyrylcholines-
terase; HFIP, 1,1,1,3,3,3-hexafluoro-2-propanol; PAMPA, parallel ar-
tificial membrane permeation assay; PBS, phosphate buffered saline;
PDB, Protein Data Bank; PTFE, polytetrafluoroethylene; TcAChE,
Torpedo californica acetylcholinesterase.
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characteristic residue of the peripheral site. With a few excep-
tions in which a peripheral-site interacting unit containing an
aliphatic amine, protonated at physiological pH, or a qua-
ternary ammonium group establishes cation-π interactions
with Trp286, in most cases the peripheral-site interacting unit
contains aromatic moieties able to establish π-π stacking
interactions with Trp286, in some cases reinforced by con-
comitant cation-π interactions due to the presence of proto-
natable or quaternary nitrogen atoms in the aromatic system.
The prototype of peripheral site AChEI is propidium
(1, Chart 1), which binds the AChE peripheral site in two
orientations related by a flip of 180� around the phenanthri-
dinium pseudosymmetry axis.53,54 The driving force for the
binding of 1 to the peripheral site is the π-π stacking,
reinforced by cation-π interactions, between the phenanthri-
dinium moiety and Trp286, which is supplemented by a
hydrogen bond between one of the aromatic amino groups
and His287.

Some of us recently reported the synthesis of the multi-
component reaction-derived pyrano[3,2-c]quinoline scaffold
2 (Chart 1).55 We thought that a 5-phenyl-substituted deriva-
tive thereof would resemble the 6-phenylphenanthridinium
moiety of propidium and could serve as the peripheral-site
interacting unit of a novel family of dual binding site AChEIs.
Because the nitrogen atom of this tricyclic moiety is not
expected to be protonated at physiological pH (Table S1,
Supporting Information), this aromatic system should estab-
lish π-π stacking with Trp286. Noteworthy, the neutral
character of this moiety could result in a better penetration
into the central nervous system (CNS).

Herein, we describe the synthesis, pharmacological eva-
luation, and molecular modeling of a novel family of
potent dual binding site AChEIs that combine a 5-phen-
ylpyrano[3,2-c]quinoline moiety with 6-chlorotacrine, 3

(Chart 1), a potent AChEI already used in other dual binding
site AChEIs,22,23,31,32,39,44,52,56,57 through an amido-contain-
ing oligomethylene linker. The pharmacological evaluation of
these novel compounds includes AChE and butyrylcholines-
terase (BChE) inhibition, as well as inhibition of the AChE-
and self-induced Aβ aggregation and inhibition of β-secretase
(BACE-1), which altogether comprises an interesting set of
effects sharedby some dual binding siteAChEIs.Toprove the
starting hypothesis on a good blood-brain barrier (BBB)
permeability, the brain penetration of the novel hybrids has
been assessed using an artificial membrane assay.

Chemistry

The structures of the novel 5-phenylpyrano[3,2-c]-
quinoline-6-chlorotacrine hybrids 18-27 are shown in
Scheme 2. Alignment of the 5-phenylpyrano[3,2-c]quinoline
system with the phenanthridiniummoiety of propidium in its
complex with mouse AChE53 (Figure S1, Supporting In-
formation) revealed that if the novel hybrids were to interact
with AChE by placing the tricyclic system in a way similar to
that of the tricyclic system of propidium, position 9 of the
pyrano[3,2-c]quinoline system would be suitable for attach-
mentof the linker,which from this point could snakedown the
active site gorge. An ester group at position 9 was chosen as a
suitable functionalization to allow attachment of the linker by
reaction with an appropriate aminoalkyltacrine. Thus, tricyc-
lic ester 11 (Scheme 1) was designed as the precursor of the
peripheral-site interacting unit of the novel hybrids 18-22

(Scheme 2).

Recently, Martı́nez and co-workers developed a novel
series of indole-tacrine hybrids as dual binding site AChEIs,
which contained an amido group within the linker either
directly bound to the indole system (i.e., the peripheral-site
interacting unit) or separated by one to three atoms
(methylene groups in most cases), and reported important
differences in the AChE inhibitory activity upon shift of
the amido group within the tether chain while keeping the
same total length of the linker.23 Specifically, separation of the
amide from the indole ringby twomethylene groups increased
up to 2300-fold the AChE inhibitory potency relative to the
indole directly bound counterpart. In view of these results, we
designed the tricyclic ester 12 (Scheme 1) as the precursor of
the parallel series of hybrids 23-27 (Scheme 2), containing
linkers of the same total length as 18-22 but with the amido
group shifted two positions within the tether. Regarding the
length of the linker, oligomethylene chains of 6-10 and 4-8
members for hybrids 18-22 and 23-27, respectively, were
considered suitable to provide the dual site binding.

Chart 1. Structures of Propidium, Scaffold 2, and 6-Chlorota-
crine

Scheme 1. Synthesis of Tricyclic Esters 11 and 12 and Car-
boxylic Acids 13 and 14
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The synthesis of hybrids 18-27 was envisaged through the
coupling of tricyclic esters 11 and 12 with readily available
aminoalkyltacrines 17.23 A straightforward access to 11 and
12 was carried out through a Povarov multicomponent reac-
tion.58 Thus, reaction of 3,4-dihydro-2H-pyran, 4, with ethyl
p-aminobenzoate, 5, and p-chlorobenzaldehyde, 7, under
Y(OTf)3 catalysis in CH3CN afforded in 76% yield a 1.3:1
diastereomeric mixture of pyranotetrahydroquinolines 9,
whose 2,3-dichloro-5,6-dicyano-1,4-benzoquinone (DDQ)
oxidation55 yielded the desired tricyclic ester 11 in 75% yield.
The Povarov reaction of methyl 3-(4-aminophenyl)propano-
ate 659 with 4 and benzaldehyde 8 under Sc(OTf)3 catalysis,
followed by DDQ oxidation of the diastereomeric mixture of
pyranotetrahydroquinolines 10 and catalytic hydrogenation
of the unseparable mixture of the desired ester 12 and its
cinnamate derivative, formed by the competitive oxidation of
the ethylene bridge, afforded in 82% overall yield the tricyclic
ester 12 (Scheme 1). This latter compound lacked the chlorine
atom at the phenyl substituent, present in 11. However, this
chlorine atom, easily removable in the catalytic hydrogena-
tion conditions, was not expected to play a major role in the
interaction of this moiety with the AChE peripheral site.

Aminoalkyltacrines 17a-g were synthesized in 35-78%
yield following a procedure23,60,61 that involves amination of
dichloroacridine 1562 with commercially available R,ω-dia-
mines 16a-g in refluxing 1-pentanol (Scheme 2). In this
reaction, significant amounts of dimers of 6-chlorotacrine,
28a-g,56,62,63 were formed despite the fact that an excess of
diamines (4 equiv) was used.

Hydrolysis of esters 11 and 12 (Scheme 1), followed by
treatment of the corresponding carboxylic acids 13 and 14

with 1 equiv of ethyl chloroformate and 2.2 equiv of Et3N in
CH2Cl2, and reaction of the resulting mixed anhydrides with

1 equiv of aminoalkyltacrines 17c-g and 17a-e, respectively,
afforded hybrids 18-22 and 23-27 in low to moderate yields
(19-37%and 25-48%yield, respectively). The novel hybrids
18-27 were fully characterized as dihydrochlorides through
their spectroscopic data, HRMS, and elemental analyses.Not
unexpectedly, in a study to assess the potential chemical
instability at physiological pH of the new hybrids due to the
presence of a hydrolyzable amido group, hybrid 23 did not
undergo any noticeable decomposition in 1:1 acetonitrile/
Sorensen phosphate buffer at pH 7.4 up to 4 days at 37 �C
(see Supporting Information).

Pharmacology and Molecular Modeling

Cholinesterase Inhibition. AChE Inhibition. The AChE
inhibitory activity of hybrids 18-27 was assayed by the
method of Ellman et al.64 on AChE from bovine (bAChE)
and human (hAChE) erythrocytes (Table 1). The hybrids of
the first series (18-22) are potent inhibitors of both bAChE
and hAChE, with IC50 values in the low nanomolar range in
most cases. The most potent hAChE inhibitor was 20, and
shortening or lengthening of the linker led to a 3- to 7-fold
decrease of inhibitory activity. The hybrids of the second
series (23-27) are also potent inhibitors of both enzymes. In
contrast with the first series, hybrids 23-27 turned out to be
2- to 3-fold more potent toward the human enzyme. Also,
unlike the first series, no significant dependency on the length
of the linker was found for the hAChE inhibitory activity of
23-27. Hybrids 24 and 25 were the most potent hAChE
inhibitors of the second series, they being roughly equipotent
to compound 20, in which the total length of the linker is
equivalent to that of 25. Although dual site binding toAChE
is expected to increase the inhibitory potency relative to the
monomeric parent compounds from which they were de-
signed, this assumption is not always fulfilled.65,66 Indeed,
the hAChE inhibitory activity of hybrids 20, 24, and 25 is
comparable with that of the parent 6-chlorotacrine and is
clearly higher than the activity measured for propidium and
the tricyclic ester precursors 11 and 12.

Molecular Modeling Studies. To gain insight into the
molecular determinants that modulate the hAChE inhibi-
tory activity of the novel hybrids, the binding mode of
compounds 20, 25, and 27 was investigated by means of
docking computations.

The conformation of the active site gorge appears to be
highly conserved in different X-ray crystallographic struc-
tures. In particular, the observed structural changes at the
catalytic binding site are small except for those of Tyr337 (in
hAChE; Phe330 in Torpedo californica AChE, TcAChE).67,68

Accordingly, the binding mode of the 6-chlorotacrine unit
of these hybrids can be inferred from the X-ray crystal-
lographic structures of TcAChE complexes with tacrine7

and its structurally related analogue huprine X,69 where the
9-aminotetrahydroacridine unit is stacked against Trp86
and Tyr337 (Trp84 and Phe330 in TcAChE), the protonated
pyridine nitrogen atom is hydrogen-bonded to His447
(His440 in TcAChE), and the chlorine atom fits a hydro-
phobic pocket formed by Trp439, Met443, and Pro446
(Trp432,Met436, and Ile439 inTcAChE). In fact, a common
pose is found for the tacrinemoiety in theX-ray structures of
a variety of dual binding site inhibitors, including bis(5)-
tacrine and bis(7)-tacrine,70 tacrine(8)-4-aminoquinoline,70

NF595,71 tacrine(10)-hupyridone,72 and TZ2PA6.73 The
structural features of the binding of the pyrano[3,2-c]-
quinoline moiety of the hybrids at the peripheral site are

Scheme 2. Synthesis of Hybrids 18-27
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more delicate because of the conformational flexibility of
Trp286 (Trp279 in TcAChE), as noted in the X-ray struc-
tures available for several peripheral site ligands,53 including
propidium, and dual binding site inhibitors70-73 as well as
from molecular dynamics simulations.23,31,74 In fact, three
main arrangements of the indole ring of Trp286 can be
identified upon inspection of the X-ray structures (Table
S2, Supporting Information). The first orientation is char-
acterized by dihedral angles χ1 (N-CR-Cβ-Cγ) and χ2 (CR-
Cβ-Cγ-Cδ2) close to -60�and -80�, respectively, as found
in the apo form of the enzyme,53,75 and in complexes with
catalytic (tacrine,7 huprine X,69 and (-)-huperzine A76) and
peripheral (propidium, decidium, and gallamine)53 binding
site inhibitors. Moreover, this arrangement is found in com-
plexes with dual binding site inhibitors (decamethonium,7

donepezil,77 bis(5)-tacrine,70 tacrine(10)-hupyridone,72 and
anti-TZ2PA673) and in the complexwith fasciculin.78Dihedral

angles close to -120� (χ1) and þ50� (χ2) are found in com-
plexes with bis(7)-tacrine,70 tacrine(8)-4-aminoquinoline,70

and NF595.71 At this point, it is worth stressing how the
different lengths of the tether in bis(5)-tacrine and bis(7)-
tacrine lead to a distinct arrangement of the indole ring of
Trp286.70 Finally, an alternative orientation defined by dihe-
dral angles close to -160� (χ1) and -120� (χ2) is found in the
complex with syn-TZ2PA6.73 Overall, this analysis stresses the
conformational plasticity of Trp286 and its capability to adopt
different orientations depending on the chemical features of
the ligand.

On the basis of the preceding discussion, the binding
modes of 20, 25, and 27were investigated using three models
of hAChE, in which Trp286 was imposed to adopt each one
of the three above-mentioned conformational orientations
(denoted as A, B, and C; Figure 1). Moreover, suitable
restraints were introduced to fix the orientation of the
6-chlorotacrine moiety, thus enhancing the conformational
sampling of the ligand at the peripheral binding site and
along the gorge. Noteworthy, this restrained docking proto-
col was able to predict the X-ray binding mode of bis(5)-
tacrine, bis(7)-tacrine, tacrine(8)-4-aminoquinoline, (R)- and
(S)-tacrine(10)-hupyridone, and syn- and anti-TZ2PA6
within the first 10 poses and with root-mean square devia-
tions less than 1.8 Å (Table S3, Supporting Information).

Following previous studies in the literature,79-81 the re-
lative stabilities of the first 50 poses obtained in the docking
of every ligandon eachone of the targetswere reranked using
MM-PBSA calculations (Table S4, Supporting In-
formation). In all cases the most favorable binding is found
for target C, as this binding mode is favored by 4.3-7.6 and
2.4-9.9 kcal/mol when dielectric permittivities of 2 and 4 are
considered for the interior of the ligand-hAChE complex,
respectively, relative to the second most stable complex.
Moreover, the results also show that there are small differ-
ences in the affinities estimated for the binding of hybrids 20,
25, and 27 to target C. Keeping in mind the range of
uncertainty expected for MM-PBSA calculations,80,82 this
finding is in agreement with the similar inhibitory potencies
measured for these compounds (IC50 values ranging from 7
to 14 nM, Table 1).

Inspection of the best poses found for hybrid 20 bound
to target C shows that the 6-chlorotacrine moiety
roughly matches the tacrine unit of syn-TZ2PA6. The slight

Table 1. AChE and BChE Inhibitory Activities of the Hydrochlorides of 6-Chlorotacrine and Tricyclic Esters 11 and 12, Propidium Iodide, and the
Dihydrochlorides of the Pyrano[3,2-c]quinoline-6-Chlorotacrine Hybridsa

IC50 (nM)

compd bAChE hAChE hBChE AChE selectivityb

18 3 2HCl 20.4 ( 0.9 19.2 ( 1.5 1074 ( 178 56

19 3 2HCl 10.3 ( 0.4 18.3 ( 2.6 1931 ( 47 106

20 3 2HCl 10.4 ( 0.7 7.03 ( 0.3 331 ( 42 47

21 3 2HCl 24.0 ( 1.6 24.9 ( 1.5 1391 ( 31 56

22 3 2HCl 93.7 ( 3.2 50.0 ( 3.0 1622 ( 117 32

23 3 2HCl 48.1 ( 2.0 16.6 ( 1.0 586 ( 16 35

24 3 2HCl 23.9 ( 1.3 9.64 ( 1.4 290 ( 9.8 30

25 3 2HCl 30.8 ( 1.9 11.1 ( 0.1 218 ( 3.2 20

26 3 2HCl 29.9 ( 0.6 14.4 ( 1.4 234 ( 7.8 16

27 3 2HCl 34.1 ( 1.0 14.0 ( 1.2 1076 ( 78 77

11 3HCl >10000 >10000 >10000 ndc

12 3HCl >10000 ndc ndc ndc

propidium iodide 6289 ( 377 32300 ( 2200d 13200 ( 400d 0.4

6-chlorotacrine 3HCl 5.73 ( 0.4 8.32 ( 0.7 916 ( 19 110
aValues are expressed as the mean ( standard error of the mean of at least four experiments. IC50 inhibitory concentration (nM) of AChE (from

bovine or human erythrocytes) or BChE (from human serum) activity. b IC50(hBChE)/IC50(hAChE). cNot determined. dData from ref 21.

Figure 1. Representation of the three orientations adopted by
Trp286 in targets A (blue), B (red), and C (orange) of hAChE
(χ1 and χ2 amount to-60� and-80� forA, to-120� andþ50� for B,
and to-160� and-120� for C; see text). The backbone of hAChE is
shown in ribbon (light-blue). Trp86 at the catalytic site is colored by
atom, and the gorge leading from the peripheral site to the catalytic
pocket is shown in gray.
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displacement observed for the tetrahydroacridine systems
can be ascribed to the positioning of the chlorine atom in 20

in the hydrophobic pocket formed by Trp439, Met443, and
Pro446 (see above) and particularly to the active role played
by the triazole ring in the tether of syn-TZ2PA6 inmediating
interactions with specific residues along the gorge (see
Figure 2),73 which also explain the different arrangement
of the linker observed for syn-TZ2PA6 and for the two poses
of 20. At the peripheral binding site the pyrano[3,2-c]-
quinoline moiety adopts two main orientations (Figure 2),
which can be roughly interconverted by a 180� rotation
through the C5-C9 axis. At first sight, this finding might
be surprising, keeping in mind the well-defined arrangement
observed for the phenanthridinium moiety of syn-TZ2PA6
in the X-ray structure,73 but this can be ascribed to addi-
tional interactions involving the buried phenanthridinium
amino group that are absent in the case of the pyrano[3,2-c]-
quinoline moiety. Accordingly, the stacking of the pyrano-
[3,2-c]quinoline moiety might involve distinct arrangements
provided that there exists a significant overlap with the
aromatic rings of Trp286 and Tyr72 and that steric clashes
with neighboring residues are avoided. Similar overall ar-
rangements are found for hybrids 25 and 27 (see Figures S2
and S3, Supporting Information).

To further explore the proposed binding mode, a series of
10 ns molecular dynamics simulations were run for com-
pounds 20 and 25, which were chosen as representative
members of the two series of dual binding site inhibitors.
The simulations were run for each of the two potential

binding modes shown in Figure 2 for compound 20 (and
Figures S2 and S3 for 25). Only the trajectories run for the
ligand with the pyran ring oriented toward the bulk solvent
yielded stable trajectories, as noted by inspection of the time
dependence of both the potential energy and the root-mean-
square deviation of selected atoms in the protein backbone,
the binding site, and the ligand in the ligand-receptor
complexes (Figure S4, Supporting Information). There is a
large resemblance between the snapshots collected at the end
of the trajectories and those used as starting structures
(Figure 3). The main difference lies in the orientation of
the tether, which adopts a more extended conformation at
the end of the trajectories. Nevertheless, the tacrine unit
remains stacked between the aromatic rings of Trp86 and
Tyr337, and the pyrano[3,2-c]quinoline unit retains the π-π
stacking with Trp286 and Tyr72. Finally, a well-defined
interaction pattern between the amido functionality and
residues lining the entrance of the gorge is not observed.
This finding is in contrast with the binding mode reported
from modeling studies for a series of structurally related
indole-tacrine hybrids containing an amido group within
the linker,23 where this group was proposed to participate in
hydrogen-bond interactions with several residues in the
gorge. These distinct features could presumably stem from
the different arrangement of the pyrano[3,2-c]quinoline and
indole units at the peripheral binding site.

Kinetic Analysis of AChE Inhibition. The mechanism of
AChE inhibition was investigated in vitro using compound
20, the most potent inhibitor of the two series. Graphical

Figure 2. (Top) Representation of the most favorable binding mode of hybrid 20 (colored by atom) determined from MM-PBSA
computations performed with internal permittivities of 2 (left) and 4 (right). Relevant residues at the catalytic (Trp86 and Tyr337)
and peripheral (Trp286 and Tyr72) binding sites are colored by atom. (Bottom) Representation of the poses predicted for hybrid 20

fromMM-PBSA computations and the orientation of syn-TZ2PA6 (blue) in the X-ray crystallographic structure of mouse AChE (PDB entry
1Q83).
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analysis of the overlaid reciprocal Lineweaver-Burk plots
(Figure 4) showed both increasing slopes (decreased Vmax)
and increasing intercepts (higher Km) at increasing inhibitor
concentration. This pattern indicates mixed-type inhibition.
Therefore, in agreement with molecular modeling studies,
the pattern in Figure 4 shows that 20 is able to bind the
peripheral site as well as the active site of hAChE. Replots of
the slope versus concentration of 20 give an estimate of the
competitive inhibition constant, Ki, of 1.91 nM.

BChE Inhibition. Recent evidence has shown that inhibi-
tion of BChE might be valuable in the search for anti-
Alzheimer agents.83,84 Consequently, the inhibitory activity
on human serum BChE (hBChE) was also assayed by the
method of Ellman et al. (Table 1).64 6-Chlorotacrine inhibits
hAChE 110-fold more potently than hBChE.31 The presence
of the chlorine atom at the tacrine unit, which leads to an
increased AChE inhibitory activity relative to unsubstituted
tacrine,85-87 becomes detrimental for hBChE inhibition. A
steric hindrance due to the proximity of the chlorine atom to
the terminal methyl group of Met437 in the hBChE active
site seems to account for the detrimental influence of this
substituent on the hBChE inhibitory activity relative to
tacrine,23,65 which is 21-fold more potent toward hBChE
than 6-chlorotacrine.31 As expected, hybrids 18-27 aremore
potent inhibitors of hAChE thanhBChE (32- to 106-fold and
16- to 77-fold in the first and second series, respectively).
Hybrids 23-27 exhibit IC50 values in the nanomolar range,
they being 1.5- to 7-fold more potent than their counterparts
of the first series and up to 3- to 4-fold more potent than
6-chlorotacrine.

Inhibition of Aβ Aggregation and Formation. Inhibition of

AChE-Induced AβAggregation.With the design of this novel
family of dual binding site AChEIs, an interference with the
AChE-induced Aβ aggregation was also pursued. Thus, the
new hybrids were tested for their ability to inhibit the AChE-
induced aggregation of Aβ1-40, by using a thioflavin T
fluorescence method.88 Also, the Aβ-antiaggregating effect
of one of the tricyclic ester precursors, 12, was determined,
while those of propidium88 and 6-chlorotacrine31 were al-
ready described. The new hybrids significantly inhibit, at
100 μM, the hAChE-induced Aβ aggregation, with per-
centages of inhibition ranging from 23% to 46% (Table 2),
while 6-chlorotacrine and 12 were the almost inactive. Most
of the new hybrids could be classified as weak inhibitors
of the AChE-induced Aβ aggregation, with expected
IC50 values in the high micromolar range, while the

most potent described inhibitors display potencies in the
low micromolar range.21,23,26,27,30,33 Nevertheless, the in-
hibitory activity of the most potent hybrids, 26 and 27, is
in the same range as that of other known dual binding site
AChEIs.20,22,24,28,29,31,32

The Aβ antiaggregating effect of the novel hybrids seems
to depend on the position of the amido group within the
linker, the hybrids of the second series being more potent
than their counterparts of the first series. Moreover, the Aβ
antiaggregating effect seems to be independent of the length
of the linker within the first series, while a slightly increased
effect is observed upon lengthening of the linker in the
second series. Overall, the most potent AChE-induced Aβ
aggregation inhibitors within both series were hybrids 26 and
27. The higher Aβ antiaggregating activity of the novel
hybrids relative to 6-chlorotacrine and 12 seems to be
indicative of their dual binding site character. In turn, their
lower Aβ antiaggregating activity relative to propidium
could be ascribed to the different binding mode of the
pyrano[3,2-c]quinoline moiety of these hybrids at the AChE
peripheral site and/or to a less efficient interaction with
Trp286 due to the lack of cation-π interaction in our
hybrids, which are not protonated at the quinoline nitrogen
atom of this moiety at physiological pH.

Figure 3. Representation of the structures (blue) collected at the end of the 10 ns molecular dynamics simulations of compounds 20 (left) and
25 (right) bound toAChE showing the stacking of the tacrinemoiety with Trp86 andTyr337 and of the phenylpyrano[3,2-c]quinoline unit with
Trp286 and Tyr72 (yellow). The starting structure used in molecular dynamics simulations is shown in green.

Figure 4. Kinetic study on the mechanism of AChE inhibition by
20. Overlaid Lineweaver-Burk reciprocal plots of AChE initial
velocity at increasing substrate concentration (ATCh, 0.56-
0.11 mM) in the absence of inhibitor and in the presence of 20

(1.25-3.75 nM) are shown. Lines were derived from a weighted
least-squares analysis of the data points.
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Inhibition of Spontaneous Aβ Aggregation. A number of
dual binding site AChE inhibitors exhibit a significant
inhibitory activity on Aβ self-aggregation.23,26,27,29,32-34

The new hybrids significantly inhibit the self-induced Aβ
aggregation when tested at equimolar ratio with Aβ, with
percentages of inhibition ranging from 12% to 49%
(Table 2). In the same assay conditions, 6-chlorotacrine
and the tricyclic ester 12 turned out to be, respectively,
almost and completely inactive, while propidium was more
potent than the new hybrids. Hybrids of the second series
were generally more potent than their counterparts of the
first series, with the sole exception of 24which was 2-fold less
potent than 19. A clear dependency of the spontaneous Aβ
antiaggregating activity on the length of the linker was not
observed. Compounds 23, 26, and 27 were the most potent
hybrids. It might be hypothesized that a two-methylene
linker between the amido group and the phenylpirano[3,2-
c]quinoline moiety facilitates the formation of hydrogen
bonds, withAβ leading to an increased affinity. The expected
IC50 values for the most potent hybrids must be around
50 μM, while the strongest inhibitors of spontaneous Aβ
aggregation among known dual binding site AChEIs show
potencies in the lowmicromolar range.26,27,33,34 Thus, 23, 26,
and 27 can be considered moderate inhibitors of Aβ1-42 self-
aggregation.

Inhibition of BACE-1. BACE-1 has been largely investi-
gated as a therapeutic target for disease-modifying agents in
AD, since BACE-1 is involved in the proteolytic cleavage of
APP to Aβ and BACE-1 knockout mice did not show any
adverse phenotype. Although highly active in vitro peptide
inhibitors with poor pharmacokinetics are known, potent
brain permeable inhibitors have not been developed yet.
Therefore, there is an increasing need for small organic
BACE-1 inhibitors able to cross the BBB.89 The ability of
the novel hybrids to inhibit in vitro human recombinant
BACE-1 was also investigated. Some dual binding site
AChEIs such as donepezil,90 bis(7)-tacrine,91 lipocrine,92

memoquin,26 and AP224393 exhibit BACE-1 inhi-
bitory activity, which increases their potential as disease-
modifying anti-Alzheimer drug candidates. In particular,
since the new hybrids might structurally resemble to some
extent bis(7)-tacrine, which showed in vitro and in vivo
activity,91 their BACE-1 inhibitory activity was first
screened at a single concentration (2.5 μM) by a fluoro-
metric assay.94

Hybrid 27was themost potent BACE-1 inhibitor, exhibit-
ing a 78% inhibition. Compounds 19, 20, 25, and 26were less
active than 27 (15-34% inhibition), and the rest of the
hybrids, the tricyclic ester 12, and 6-chlorotacrine were
inactive (Table 2). In general the BACE-1 inhibitory activity
of the hybrids of the second series was higher than that of
their counterparts of the first series. For the second series, the
inhibitory activity increased alongwith the tether length. The
IC50 value of themost active hybrid (27) was 1.81( 0.48 μM,
it being more active than bis(7)-tacrine in vitro (IC50 =
7.5 μM).91 Thus, 27 emerged as a promising anti-Alzheimer
drug candidate endowed with a potent hAChE inhibitory
activity (nanomolar range) and a significant in vitro inhibi-
tory effect on both Aβ formation and AChE-induced and
self-induced Aβ aggregation.

In Vitro Blood-Brain Barrier Permeation Assay. Brain
penetration is a major issue for successful CNS drugs. In the
past years, several in silico/in vitro methods have been used
to predict the BBB permeation potential of test compounds.
Among them, the parallel artificial membrane permeation
assay (PAMPA-BBB) described by Di et al.95 predicts pas-
sive BBB permeation with high success, high throughput,
and reproducibility. To evaluate the brain penetration of the
pyrano[3,2-c]quinoline-6-chlorotacrine hybrids herein de-
scribed, we used the PAMPA-BBB assay, which was success-
fully applied by some of us to different compounds.39,52,96-98

The in vitro permeability (Pe) of selected hybrids (18, 19, and
23-27), the tricyclic ester 12, and 6-chlorotacrine through a
lipid extract of porcine brain was determined by using
phosphate buffered saline (PBS)/EtOH (80:20 or 70:30,
depending on the solubility of compounds). At each solvent
mixture, assay validation was made by comparing the ex-
perimental permeability with the reported values of 15
commercial drugs that gave a good lineal correlation:Pe(exp)
=1.48Pe(bibl)þ 1.91 (R2=0.95) for PBS/EtOH (80:20) and
Pe(exp)=1.99 Pe(bibl) þ 1.07 (R2 = 0.92) for PBS/EtOH
(70:30). From these equations and taking into account the
limits established by Di et al. for BBB permeation,95 we
established that compounds with permeability values over
7.8 � 10-6 cm s-1 (PBS/EtOH, 80:20) or 9.0 � 10-6 cm s-1

(PBS/EtOH, 70:30) should cross the BBB. All tested hybrids
showed permeability values over the above limits (Table 3;
see also Table S5, Supporting Information), pointing out
that they could cross the BBB and reach their pharmacolo-
gical targets located in the CNS.

Table 2. Aβ Aggregation and BACE-1 Inhibitory Activities of the Hydrochlorides of 6-Chlorotacrine and Tricyclic Ester 12, Propidium Iodide,
and the Dihydrochlorides of the Pyrano[3,2-c]quinoline-6-Chlorotacrine Hybridsa

compd AChE-induced Aβ1-40 aggregation
b (%) Aβ1-42 self-induced aggregationc (%) BACE-1 activityd (%)

18 3 2HCl 27.2 ( 7.1 16.4 ( 2.6 nae

19 3 2HCl 22.9 ( 3.2 28.6 ( 3.3 14.5 ( 5.7

20 3 2HCl 28.6 ( 0.5 21.5 ( 1.8 18.5 ( 7.6

21 3 2HCl ndf ndf ndf

22 3 2HCl 27.9 ( 5.2 20.5 ( 1.1 nae

23 3 2HCl 34.4 ( 1.0 45.3 ( 0.9 nae

24 3 2HCl 37.9 ( 3.4 12.2 ( 1.1 nae

25 3 2HCl 38.9 ( 2.6 30.8 ( 8.6 19.6 ( 5.1

26 3 2HCl 45.9 ( 2.8 49.1 ( 15.1 34.4 ( 3.6

27 3 2HCl 45.7 ( 0.3 47.3 ( 8.8 77.8 ( 6.4

12 3HCl 10.5 ( 4.7 nae nae

propidium iodide 82.0 ( 2.5g 89.8 ( 0.9 ndf

6-chlorotacrine 3HCl 8.5 ( 1.6h 7.1 ( 1.2 nae

aValues are expressed as mean ( standard error of the mean from two independent measurements, each performed in duplicate. bA 100 μM
concentration of the inhibitorwas used. cA50 μMconcentration of the inhibitorwas used ([Aβ]/[I]=1/1). dA2.5 μMconcentration of the inhibitorwas
used. eNot active. fNot determined. gData from ref 88. hData from ref 31.
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Conclusion

We have synthesized a new series of pyrano[3,2-c]-
quinoline-6-chlorotacrine hybrids as a novel class of dual
binding site AChEIs. Variation of the position of an amido
group within the oligomethylene linker gives rise to two
parallel isomeric series. In general, the new hybrids are potent
AChEIs, with IC50 values in the low nanomolar range and
with slight differencesbetweenboth series.The results indicate
that linkage of a 5-phenylpyrano[3,2-c]quinoline moiety to a
unit of the highly potent AChE active site inhibitor 6-chlor-
otacrine through an amido-containing tether does not result
in an increased potency, as the most potent hybrids are
equipotent to 6-chlorotacrine. Moreover, the AChE inhibi-
tory potency of the hybrids shows amodest dependence on the
length of the linker and the position of the amido group.
Molecular modeling and kinetic studies have confirmed the
dual site binding of these hybrids to hAChE. Apart from the
characteristic interactions of the 6-chlorotacrine unit of these
hybrids within the active site of AChE, the pyranoquinoline
moiety is proposed to interact at the peripheral site forming a
double near-parallel stacking with Trp286 and Tyr72, respec-
tively, which are positioned in a way similar to the arrange-
ment found in the complex of the enzyme with syn-TZ2PA6.
The presence of a chlorine atom at position 6 of the tacrine
unit, known to be detrimental for BChE inhibition, not
unexpectedly accounts for the hAChE/hBChE selectivity of
these hybrids.

Because of their dual binding site character, the newhybrids
are able to inhibit the AChE-induced Aβ1-40 aggregation.
Also, these compounds exhibit a significant ability to inhibit
the self-induced Aβ1-42 aggregation, and some of them can
also inhibit BACE-1. In general, these effects seem to be
sensitive to the position of the amido group of the linker,
the hybrids of the second series being more potent than their
counterparts of the first series. Moreover, in the second series
the activities increase along with the tether length. Finally,
these hybrids seem to be able to cross BBB. Overall, 27

emerges as a promising anti-Alzheimer drug candidate able
to hit both AChE (catalytic and noncatalytic activities) and
Aβ (aggregation and production) and, therefore, with poten-
tial symptomatic and disease-modifying effects.

Experimental Section

Chemistry. General Methods. Melting points were deter-
mined in open capillary tubes with a MFB 595010M Gallen-
kamp or a B€uchi B-540 melting point apparatus. 300 MHz 1H/
75.4 MHz 13C NMR spectra, 400 MHz 1H/100.6 MHz 13C
NMR spectra, and 500MHz 1HNMR spectra were recorded on

Varian Gemini 300, Varian Mercury 400, and Varian Inova
500 spectrometers, respectively. The chemical shifts are reported
in ppm (δ scale) relative to internal tetramethylsilane, and
coupling constants are reported in hertz (Hz). Assignments
given for the NMR spectra of the new compounds have been
carried out by comparison with the NMR data of 18, 27, and
6-chlorotacrine, as model compounds, which in turn were
assigned on the basis of DEPT, COSY 1H/1H (standard pro-
cedures), and COSY 1H/13C (gHSQC and gHMBC sequences)
experiments. IR spectra were run on Perkin-Elmer Spectrum
RX I or Thermo Nicolet Nexus spectrophotometers. Absorp-
tion values are expressed as wavenumbers (cm-1); only signifi-
cant absorption bands are given. Column chromatography was
performed on silica gel 60 AC.C (35-70 mesh, SDS, ref
2000027). Thin-layer chromatography was performed with
aluminum-backed sheets with silica gel 60 F254 (Merck, ref
1.05554), and spots were visualized with UV light and 1%
aqueous solution of KMnO4. The analytical samples of all of
the new hybrids that were subjected to pharmacological evalua-
tion possess a purity of g95%, as evidenced by results of their
elemental analyses.

(4aRS,5RS,10bRS)- and (4aRS,5SR,10bRS)-Ethyl 5-(4-Chl-
orophenyl)-3,4,4a,5,6,10b-hexahydro-2H-pyrano[3,2-c]quinoline-9-car-
boxylate (9).Y(OTf)3 (295mg, 0.55mmol, 0.2 equiv) was added to a
solution of p-chlorobenzaldehyde, 7 (385 mg, 2.74 mmol, 1 equiv),
and ethyl p-aminobenzoate, 5 (453 mg, 2.74 mmol, 1 equiv), in dry
CH3CN (20 mL). A solution of 3,4-dihydro-2H-pyran, 4 (250 μL,
231mg, 2.74mmol, 1 equiv), in dry CH3CN (3mL) was then added,
and the reaction mixture was stirred at room temperature under
inert atmosphere for 12 h. Saturated aqueousNaHCO3 (20mL) was
added, and the resulting mixture was extracted with AcOEt (3 �
10 mL). The combined organic extracts were dried with anhydrous
Na2SO4, filtered, and concentrated under reduced pressure to give a
residue (1.1 g), whichwas subjected to column chromatography [35-
70 μm silica gel (40 g), hexane/AcOEt mixtures]. On elution with
hexane/AcOEt, 20:80, the desired product 9 (722mg, 71%yield) was
isolatedasa1.3:1mixtureofdiastereoisomersasawaxysolid.Asingle
diastereoisomer was obtained as a waxy solid in pure form from
fractions isolated from the flash chromatography (51 mg, 5% yield)
and characterized as the all-cis isomer (4aRS,5RS,10bRS): IR (NaCl)
ν 3346 (N-Hst), 1685 (CdOst) cm-1; 1HNMR(400MHz,CDCl3)
δ 1.27-1.62 (m, 4H, 3-H2 and 4-H2), 1.37 (t, J=7.1 Hz, 3H, CH2-
CH3), 2.16 (m, 1H, 4a-H), 3.43 (dt, J=12.0, J0=1.9Hz, 1H, 2-Hax),
3.63 (broadd,J≈12.0Hz,1H,2-Heq), 4.26 (s, 1H,NH), 4.33 (m,2H,
CH2-CH3),4.73 (d,J=1.7Hz,1H,10b-H),5.28 (d,J=5.4Hz,1H,5-
H), 6.58 (d, J=8.4 Hz, 1H, 7-H), 7.30-7.40 (complex signal, 4H, 5-
ArH), 7.79 (d, J=8.4 Hz, 1H, 8-H), 8.11 (s, 1H, 10-H); 13C NMR
(100.6 MHz, CDCl3) δ 14.5 (CH3, CH2-CH3), 18.1 (CH2, C3), 25.3
(CH2, C4), 38.4 (CH, C4a), 58.6 (CH, C5), 60.3 (CH2, CH2-CH3),
60.7 (CH2, C2), 72.1 (CH, C10b), 113.6 (CH, C7), 118.7 (C, C9),
120.3 (C,C10a), 128.0 (CH,C8), 128.7 (CH, 5-Ar-Cmeta), 129.8 (CH,
5-Ar-Cortho), 130.1 (CH, C10), 133.5 (C, 5-Ar-Cpara), 138.7 (C, 5-Ar-
Cipso), 148.7 (C, C7a), 166.8 (C, CO). HRMS calcd for (C21-
H22

35ClNO3 þ Hþ) 372.1361, found 372.1370.
Ethyl 5-(4-Chlorophenyl)-3,4-dihydro-2H-pyrano[3,2-c]quino-

line-9-carboxylate (11). To a solution of the diastereomeric
mixture of tetrahydroquinolines 9 (408 mg, 1.11 mmol) in
CHCl3 (15 mL), DDQ (498 mg, 2.19 mmol, 2 equiv) was added,
and the reaction mixture was stirred at room temperature for
24 h. Saturated aqueous Na2CO3 (50 mL) was added, the
organic phasewas separated, and the aqueous onewas extracted
with CH2Cl2 (3� 10 mL). The combined organic phase and
extracts were dried with anhydrous Na2SO4 and evaporated
under reduced pressure to give a crude residue (870 mg), which
was subjected to column chromatography [35-70 μm silica gel
(20 g), hexane/AcOEt mixtures]. On elution with hexane/
AcOEt, 50:50, pyranoquinoline 11 (305 mg, 75% yield) was ob-
tained as an off-white solid: mp 197-199 �C (hexane/AcOEt, 1:1);
IR (NaCl) ν1715 (CdOst), 1623 (ar-C-Candar-C-Nst) cm-1;
1HNMR(400MHz,CD3OD) δ1.36 (t,J=7.1Hz, 3H,CH2-CH3),

Table 3. Permeability Results from the PAMPA-BBB Assay for
Selected Pyrano[3,2-c]quinoline-6-Chlorotacrine Hybrids (Pe, 10-6

cm s-1) with Their Predictive Penetration into the CNS

compd Pe (10
-6 cm s-1)a prediction

18 3 2HClb 14.9 ( 1.1 CNSþ
19 3 2HClb 17.7 ( 0.2 CNSþ
23 3 2HClc 15.1 ( 0.2 CNSþ
24 3 2HClb 10.6 ( 0.4 CNSþ
25 3 2HClc 13.2 ( 0.4 CNSþ
26 3 2HClb 10.2 ( 0.3 CNSþ
27 3 2HClb 10.1 ( 0.4 CNSþ
12

c 21.4 ( 0.6 CNSþ
6-chlorotacrine 3HClc 19.8 ( 0.4 CNSþ

aValues are expressed as the mean ( standard deviation of three
independent experiments. bCompound dissolved in PBS/EtOH (70:30).
cCompound dissolved in PBS/EtOH (80:20).
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2.09 (m, 2H, 3-H2), 2.76 (t, J=6.3Hz, 2H, 4-H2), 4.39 (q, J=7.1
Hz, 2H,CH2-CH3), 4.60 (m, 2H, 2-H2), 7.60-7.70 (complex signal,
4H, 5-ArH), 8.04 (dd, J=8.9Hz, J0 =0.5Hz, 1H, 7-H), 8.46 (dd,
J=8.9Hz,J0=1.8Hz, 1H, 8-H), 8.93 (dd,J=1.8Hz,J0 =0.5Hz,
1H, 10-H); 13C NMR (100.6 MHz, CD3OD) δ 13.4 (CH3, CH2-
CH3), 20.3 (CH2,C3), 22.3 (CH2,C4), 62.0 (CH2,CH2-CH3), 70.3
(CH2, C2), 114.5 (C, C4a), 119.3 (C, C10a), 120.8 (CH,C10), 125.1
(C, C9), 129.4 (CH, C7), 130.1 (CH, C8), 130.3 (CH, 5-Ar-Cortho),
130.8 (CH, 5-Ar-Cmeta), 133.3 (C, 5-Ar-Cpara), 138.0 (C, 5-Ar-
Cipso), 140.6 (C, C6a), 157.2 (C, C10b), 165.0 (C, C5), 166.3 (C,
CO). HRMS calcd for (C21H18

35ClNO3 þ Hþ) 368.1048, found
368.1056.

Methyl 3-(3,4-Dihydro-5-phenyl-2H-pyrano[3,2-c]quinolin-
9-yl)propanoate (12). A. Synthesis of the Diastereomeric Mix-

ture of Tetrahydroquinolines 10. To a solution of 3,4-dihydro-
2H-pyran (508 μL, 468 mg, 5.58 mmol, 1 equiv), benzaldehyde
(566 μL, 591 mg, 5.58 mmol, 1 equiv), and the aniline 6 (1.00 g,
5.58 mmol, 1 equiv) in CH3CN (40 mL) was added Sc(OTf)3
(550 mg, 1.12 mmol, 0.2 equiv), and the reaction mixture was
stirred overnight under inert atmosphere at room temperature.
Saturated aqueous NaHCO3 (40 mL) was added, and the
resulting mixture was extracted with AcOEt (3 � 30 mL). The
combined organic extracts were dried with anhydrous MgSO4

and concentrated under reduced pressure to give a residue
(1.9 g), which was subjected to column chromatography [35-
70 μm silica gel (40 g), hexane/AcOEt/Et3N mixtures]. On
elution with hexane/AcOEt/Et3N, 74:25:1, the expected adduct
10 (1.68 g, 86% yield) was obtained as a diastereomeric mixture.

B. DDQ Oxidation of 10 to 12: Overoxidation of 12 to Its
Cinnamic Derivative. To a solution of the mixture of diastereoi-
somers 10 (4.75 g, 13.5 mmol, 1 equiv) in CHCl3 (50 mL) were
added Et3N (5.70 mL, 4.14 g, 40.8 mmol, 3 equiv) and DDQ
(3.10 g, 13.6 mmol, 1 equiv). The reactionmixture was heated to
reflux for 3 h and concentrated in vacuo. The resulting solid
residue (7.90 g) was subjected to column chromatography [35-
70 μm silica gel (200 g), hexane/AcOEt mixtures]. On elution
withhexane/AcOEt, 20:80, thedesiredpyranoquinoline12 (1.60 g)
was obtained together with its cinnamic derivative (1.60 g, 35%
combined yield).

C. Hydrogenation of the Mixture of 12 and Its Cinnamic

Derivative. The previous mixture (100 mg) was subjected to
hydrogenation at atmospheric pressure in EtOH (10 mL) in the
presence of 10% w/w Pd/C (20 mg) for 12 h. The resulting
mixture was filtered, and the filtrate was concentrated in vacuo.
The resulting residue was taken up in AcOEt (15 mL) and
washed with saturated aqueous NaHCO3 (20 mL), and the
organic phasewas driedwith anhydrousMgSO4 and evaporated
at reduced pressure to yield the desired pyranoquinoline 12
(98mg, 95%overall yield from 10),whichwasobtainedas a glassy
white solid: mp 93-94 �C (AcOEt); IR (NaCl) ν 1736 (CdO st)
cm-1; 1H NMR (400 MHz, CDCl3) δ 1.99 (m, 2H, 3-H2), 2.73
(complex signal, 4H, 4-H2 and 9-CH2-CH2-COO), 3.13 (t, J=
7.8 Hz, 2H, 9-CH2-CH2-COO), 3.67 (s, 3H, COOCH3), 4.42 (t,
J=5.2 Hz, 2H, 2-H2), 7.43 (complex signal, 4H, 8-H, 5-ArHmeta,
and 5-ArHpara), 7.55 (dd, J=8.4Hz, J’=1.5Hz, 2H, 5-ArHortho),
7.94 (d, J=1.5 Hz, 1H, 10-H), 7.97 (d, J=8.4 Hz, 1H, 7-H); 13C
NMR (100.6 MHz, CDCl3) δ 21.7 (CH2, C3), 23.6 (CH2, C4),
31.0 (CH2, 9-CH2-CH2-COO), 35.5 (CH2, 9-CH2-CH2-COO),
51.5 (CH3, COOCH3), 66.9 (CH2, C2), 110.6 (C, C4a), 119.6 (C,
C10a), 119.7 (CH, C10), 128.0 (CH, C7), 128.1 (CH, 5-Ar-Cpara),
128.6 (CH, 5-Ar-Cortho), 129.0 (CH, 5-Ar-Cmeta), 130.1 (CH,C8),
137.5 (C, C9), 140.3 (C, 5-Ar-Cipso), 146.0 (C, C6a), 156.9 (C,
C10b), 160.2 (C, C5), 173.1 (C, COO). HRMS calcd for
(C22H21NO3 þ Hþ) 348.1594, found 348.1588.

General Procedure for the Reaction of 6,9-Dichloro-1,2,3,4-

tetrahydroacridine, 15, with R,ω-Alkanediamines. A mixture of
15 (1 mmol) and an excess of the diamine 16 (4 mmol) in
1-pentanol (1.3 mL) was heated under reflux with magnetic
stirring for 18 h. The resulting mixture was cooled to
room temperature, diluted with CH2Cl2 (3 mL), and washed

successively with aqueous 2NNaOH (3� 3mL) and water (2�
3 mL). The organic phase was dried with anhydrous Na2SO4

and concentrated in vacuo to give a brown oily residue, from
which 1-pentanol and the excess of diamine were removed by
distillation at 100 �C/1Torr and 140 �C/1Torr, respectively. The
distillation residue was taken in CH2Cl2 (1.3 mL), filtered, and
concentrated in vacuo to give a brown oily residue which was
subjected to column chromatography (35-70 μm silica gel,
CH2Cl2/MeOH/25% or 50% aqueous NH4OH or AcOEt/
MeOH/Et3N mixtures as eluent) to afford, separately, bis-6-
chlorotacrine 28 and the desired amine 17 as a brown and
yellowish oil, respectively.

For characterization purposes, analytical samples of the
dihydrochlorides of 17 and 28 were prepared as follows: the
amine 17 or the dimer 28 (1 mmol) were dissolved inMeOH (2-
10 mL), the solution was filtered through a polytetrafluoroethy-
lene (PTFE) 0.45 μm filter and treated with an excess of a
methanolic solution of HCl (6-9 mmol), and the resulting
solution was concentrated in vacuo to dryness. The solid was
recrystallized from MeOH/AcOEt mixtures, triturated with
Et2O, and dried at 65 �C/15 Torr for 4 days to give 17 3 2HCl
or 28 3 2HCl as yellowish solids.

9-[(6-Aminohexyl)amino]-6-chloro-1,2,3,4-tetrahydroacridine
Dihydrochloride (17c 3 2HCl). From 15 (4.00 g, 15.9 mmol) and
1,6-diaminohexane, 16c (7.52 g, 64.8 mmol), a brown oily
residue (7.30 g) was obtained and subjected to column chroma-
tography [35-70 μm silica gel (88 g), CH2Cl2/MeOH/25%
aqueous NH4OH mixtures]. On elution with CH2Cl2/MeOH/
25% aqueous NH4OH, 99:1:0.05, bis(6)-6-chlorotacrine, 28c
(246 mg), a mixture 28c/17c in the approximate ratio of 20:80
(1H NMR) (614 mg, 8% total yield of 28c), and amine 17c (3.61
g, 78% total yield) were consecutively isolated as brown-yellow
oils: Rf(17c)=0.39; Rf(28c)=0.80 (CH2Cl2/MeOH/25% aqueous
NH4OH, 9:1:0.01).

17c 3 2HCl:mp 157-158 �C (MeOH); IR (KBr) ν 3500-2500
(max at 3413, 2935, 2864, N-H, þN-H, and C-H st), 1630,
1573, and 1513 (ar-C-C and ar-C-N st) cm-1; 1HNMR (300
MHz, CD3OD, presat/Watergate) δ 1.39-1.52 (complex signal,
4H, 30-H2 and 40-H2), 1.66 (tt, J ≈ J0 ≈ 7.5 Hz, 2H, 50-H2), 1.80
(tt, J≈ J0 ≈ 7.5 Hz, 2H, 20-H2), 1.88-1.98 (complex signal, 4H,
2-H2 and 3-H2), 2.69 (m, 2H, 1-H2), 2.90 (t, J=7.5 Hz, 2H, 60-
H2), 2.98 (m, 2H, 4-H2), 3.83 (t, J=7.5Hz, 2H, 10-H2), 7.48 (dd,
J=9.3 Hz, J0=2.1 Hz, 1H, 7-H), 7.75 (d, J=2.1 Hz, 2H, 5-H),
8.30 (d, J=9.3Hz, 1H, 8-H); 13CNMR (75.4MHz, CD3OD) δ
22.3 (CH2, C3), 23.2 (CH2, C2), 25.2 (CH2, C1), 27.1 (CH2) and
27.3 (CH2) (C3

0 andC40), 28.5 (CH2), 30.9 (CH2) and 31.4 (CH2)
(C4, C20, and C50), 40.6 (CH2, C6

0), 49.1 (CH2, C1
0), 114.3 (C,

C9a), 116.5 (C, C8a), 121.3 (CH, C5), 126.1 (CH, C7), 128.0
(CH, C8), 138.5 (C, C6), 142.8 (C, C10a), 154.5 (C, C4a), 156.2
(C, C9).

28c 3 2HCl [N,N0-Bis(6-chloro-1,2,3,4-tetrahydroacridin-9-yl)-
1,6-hexanediamine]: mp 126-127 �C (MeOH); IR (KBr) ν
3500-2500 (max at 3254, 3049, 2933, 2859, 2792, N-H, þN-
H, andC-Hst), 1631, 1603, 1574, 1557, and 1514 (ar-C-Cand
ar-C-Nst) cm-1; 1HNMR(300MHz,CD3OD) δ 1.50 (m, 4H,
30-H2), 1.80-2.00 (complex signal, 12H, 2-H2, 3-H2, and 20-H2),
2.66 (m, 4H, 1-H2), 2.98 (m, 4H, 4-H2), 3.91 (t, J ≈ 7.0 Hz, 4H,
10-H2), 4.87 (s, NHand þNH), 7.51 (dd, J=9.6Hz, J0 =2.2Hz,
2H, 7-H), 7.75 (d, J=2.2Hz, 2H, 5-H), 8.35 (d, J≈ 9.6 Hz, 2H,
8-H); 13C NMR (75.4 MHz, CD3OD) δ 22.5 (CH2, C3), 23.3
(CH2, C2), 25.3 (CH2, C1), 27.4 (CH2), 31.4 (CH2), and 31.6
(CH2) (C4, C2

0, and C30), 49.2 (CH2, C1
0), 114.6 (C, C9a), 116.9

(C, C8a), 122.1 (CH, C5), 125.9 (CH, C7), 127.7 (CH, C8), 138.0
(C, C6), 143.6 (C, C10a), 155.3 (C), and 155.6 (C) (C4a and C9).

9-[(8-Aminooctyl)amino]-6-chloro-1,2,3,4-tetrahydroacridine
Dihydrochloride (17e 3 2HCl). From 15 (4.00 g, 15.9 mmol) and
1,8-diaminooctane, 16e (8.24 g, 57.2 mmol), a brown oily
residue (9.56 g) was obtained and subjected to column chroma-
tography [35-70 μm silica gel (115 g), CH2Cl2/MeOH/25%
aqueous NH4OH mixtures]. On elution with CH2Cl2/MeOH/
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25% aqueous NH4OH, 96:4:0.1 to 85:15:0.2, bis(8)-6-chlorota-
crine, 28e (2.11 g, 46% yield) and amine 17e (2.00 g, 35% yield)
were consecutively isolated as brown-yellow oils:Rf(17e) = 0.33;
Rf(28e)=0.88 (CH2Cl2/MeOH/25% aqueousNH4OH, 9:1:0.01).

17e 3 2HCl:mp 109-110 �C (MeOH/AcOEt, 1:1); IR (KBr) ν
3500-2500 (max at 3344, 2929, 2855, N-H, þN-H, and C-H
st), 1630, 1605, 1574, 1558, and 1512 (ar-C-Cand ar-C-Nst)
cm-1; 1H NMR (300 MHz, CD3OD) δ 1.24-1.44 (complex
signal, 8H, 30-H2, 4

0-H2, 5
0-H2, and 60-H2), 1.63 (tt, J ≈ J0 ≈ 7.5

Hz, 2H, 70-H2), 1.71 (tt, J ≈ J0 ≈ 7.5 Hz, 2H, 20-H2), 1.84-1.94
(complex signal, 4H, 2-H2 and 3-H2), 2.66 (m, 2H, 1-H2), 2.89 (t,
J= 7.5 Hz, 2H, 80-H2), 2.94 (m, 2H, 4-H2), 3.69 (t, J= 7.5 Hz,
2H, 10-H2), 4.89 (s, NH, þNH and þNH3), 7.36 (dd, J=9.0 Hz,
J0 =2.1Hz, 1H, 7-H), 7.71 (d, J=2.1Hz, 1H, 5-H), 8.16 (d, J=
9.0 Hz, 1H, 8-H); 13C NMR (75.4 MHz, CD3OD) δ 22.8 (CH2,
C3), 23.5 (CH2, C2), 25.5 (CH2, C1), 27.4 (CH2) and 27.7 (CH2)
(C30 and C60), 28.6 (CH2), 30.1 (2 CH2), 31.8 (CH2), and 32.1
(CH2) (C4, C2

0, C40, C50, and C70), 40.8 (CH2, C8
0), 49.4 (CH2,

C10), 115.1 (C, C9a), 117.6 (C, C8a), 123.3 (CH, C5), 125.6 (CH,
C7), 127.4 (CH, C8), 137.3 (C, C6), 144.9 (C, C10a), 155.0 (C,
C4a), 156.6 (C, C9).

28e 3 2HCl [N,N0-Bis(6-chloro-1,2,3,4-tetrahydroacridin-9-yl)-
1,8-octanediamine]: mp 134-135 �C (MeOH/AcOEt, 1:1); IR
(KBr) ν 3500-2500 (max at 3229, 3046, 2926, 2853, 2768, N-H,
þN-H, and C-H st), 1630, 1570, and 1515 (ar-C-C and ar-
C-N st) cm-1; 1H NMR (300 MHz, CD3OD, presat/Water-
gate) δ 1.37-1.48 (complex signal, 8H, 30-H2 and 4

0-H2), 1.83 (tt,
J≈ J0 ≈ 7.2Hz, 4H, 20-H2), 1.90-1.98 (complex signal, 8H, 2-H2

and 3- H2), 2.66 (m, 4H, 1-H2), 2.99 (m, 4H, 4-H2), 3.92 (t, J=
7.2 Hz, 4H, 10-H2), 7.54 (dd, J=9.3 Hz, J0=2.1 Hz, 2H, 7-H),
7.77 (d, J≈ 2.1 Hz, 2H, 5-H), 8.37 (d, J≈ 9.3 Hz, 2H, 8-H); 13C
NMR (75.4 MHz, CD3OD) δ 21.8 (CH2, C3), 22.9 (CH2, C2),
24.8 (CH2, C1), 27.6 (CH2, C3

0), 29.4 (CH2, C4), 30.2 (CH2) and
31.3 (CH2) (C2

0 and C40), 49.2 (CH2, C1
0), 113.2 (C, C9a), 115.3

(C, C8a), 119.0 (CH, C5), 126.6 (CH, C7), 128.7 (CH, C8), 139.9
(C, C6), 140.3 (C, C10a), 152.0 (C, C4a), 157.5 (C, C9).

General Procedure for the Preparation of Amides 18-27 from

Esters 11 or 12 and Amines 17. A.1. Hydrolysis of Ester 11. A
solution of ester 11 (1mmol) and aqueous 5NNaOH (1.2mL, 6
equiv) inMeOH (56mL) was heated under reflux with magnetic
stirring for 16 h. The resulting mixture was cooled to 0 �C (ice-
water bath), treated with aqueous 2 N HCl (5.5 mL, 11 equiv),
and concentrated in vacuo. The obtained solid residue was
extracted with MeOH (18 mL), and the organic extract was
evaporated at reduced pressure to give the hydrochloride of the
corresponding carboxylic acid, 13, as a white solid, which was
used in the next step without further purification.

A.2. Hydrolysis of Ester 12. A solution of ester 12 (1 mmol)
and KOH pellets (240 mg of 85% purity reagent, 3.6 equiv) in
MeOH (25 mL) was heated under reflux with magnetic stirring
for 24 h. The resulting mixture was cooled to room temperature
and evaporated in vacuo. The obtained solid residue was treated
with a solution of HCl in Et2O (20 equiv) with stirring for
30 min, and the suspension was evaporated in vacuo to give the
hydrochloride of the corresponding carboxylic acid, 14, as a
white solid, which was used in the next step without further
purification.

B. Reaction of Carboxylic Acids 13 or 14 with Amines 17. To a
cold solution (0 �C, ice-water bath) of 13 or 14 (crude product
arising from 1 mmol of the starting ester 11 or 12) and anhy-
drous Et3N (2.2 mmol) in anhydrous CH2Cl2 (50 mL), ethyl
chloroformate (1 mmol) was added and the mixture was thor-
oughly stirred at 0 �C for 30 min. To the resulting solution, a
cold solution (0 �C, ice-water bath) of amine 17 (1 mmol) in
anhydrousCH2Cl2 (50mL)was added, and the reactionmixture
was stirred at room temperature for 64-72 h and treated with
10% aqueous Na2CO3 until pH 10 (95 mL). The organic phase
was separated, and the aqueous one was extracted with CH2Cl2
(3 � 40 mL). The organic phase and combined extracts were
washed with water (2� 80 mL), dried with anhydrous Na2SO4,

and evaporated at reduced pressure to give a yellow oily residue,
which was subjected to column chromatography (35-70 μm
silica gel, hexane/AcOEt/Et3N or heptane/AcOEt/Et3N mix-
tures as eluent) to afford the amides 18-27 as yellowish oils.

The isolated hybrids 18-27 were transformed into the corre-
sponding dihydrochlorides as follows: A solution of the free
base (1 mmol) in CH2Cl2 (10-60 mL) was filtered through a
0.45 μm PTFE filter and treated with excess of a methanolic
solution of HCl (6 mmol). The solution was concentrated in
vacuo to dryness, and the solid residue was, in general, recrys-
tallized from MeOH/AcOEt mixtures and dried at 65 �C/15
Torr for 4 days.

6-Chloro-9-{{6-[5-(4-chlorophenyl)-3,4-dihydro-2H-pyrano[3,2-
c]quinoline-9-carboxamido]hexyl}amino}-1,2,3,4-tetrahydroa-
cridine Dihydrochloride (18 3 2HCl). From crude 13 [173 mg of
the crude product obtained from 136 mg (0.37 mmol) of ester
11] and amine 17c (126 mg, 0.37 mmol), a brown oily residue
(212 mg) was obtained and subjected to column chromatog-
raphy [35-70 μm silica gel (20 g), hexane/AcOEt/Et3N
mixtures]. On elution with hexane/AcOEt/Et3N, 20:80:0.05
to 0:100:0.05, hybrid 18 (56 mg, 23% yield) was isolated as a
yellowish oil:Rf=0.52 (AcOEt/Et3N, 10:0.05). 18 3 2HCl: mp
194-195 �C (CH2Cl2). IR (KBr) ν 3500-2500 (max at 3393,
3253, 3056, 2928, 2856, N-H, þN-H, O-H, and C-H st),
1633 and 1575 (CdO, ar-C-C and ar-C-N st) cm-1; 1H
NMR (500 MHz, CD3OD) δ 1.46-1.56 (complex signal, 4H,
30-H2 and 40-H2), 1.70 (tt, J ≈ J0 ≈ 7.0 Hz, 2H, 50-H2), 1.88 (tt,
J = J0 = 7.0 Hz, 2H, 20-H2), 1.92-1.99 (complex signal, 4H,
2-H2 and 3-H2), 2.16 (tt, J = J0=6.0 Hz, 2H, 300-H2), 2.68 (t,
J= 6.0 Hz, 2H, 1-H2), 2.85 (t, J=6.0 Hz, 2H, 400-H2), 2.98 (t,
J=6.0 Hz, 2H, 4-H2), 3.45 (t, J=7.0 Hz, 2H, 60-H2), 3.96 (t,
J=7.0 Hz, 2H, 10-H2), 4.76 (t, J≈ 6.0 Hz, 2H, 20 0-H2), 4.85 (s,
NH and þNH), 7.53 (dd, J=9.5 Hz, J0=2.0 Hz, 1H, 7-H), 7.69
[dm, J=8.5Hz, 2H, 3(5)-H p-chlorophenyl], superimposed in
part 7.73 [dm, J=8.5Hz, 2H, 2(6)-H p-chlorophenyl], 7.74 (d,
J=2.0 Hz, 1H, 5-H), 8.09 (d, J≈ 9.0 Hz, 1H, 70 0-H), 8.34 (dd,
J= 9.0 Hz, J0=2.0 Hz, 1H, 800-H), 8.38 (d, J= 9.5 Hz, 1H, 8-
H), 8.79 (d, J = 2.0 Hz, 1H, 100 0-H); 13C NMR (100.6 MHz,
CD3OD) δ 21.72 (CH2, C3

0 0), 21.74 (CH2, C3), 22.9 (CH2, C2),
23.7 (CH2, C4

00), 24.7 (CH2, C1), 27.2 (CH2) and 27.5 (CH2)
(C30andC40), 29.3 (CH2, C4), 30.2 (CH2, C5

0), 31.2 (CH2, C2
0),

40.9 (CH2, C60), 49.1 (CH2, C10), 70.9 (CH2, C20 0), 113.4
(C, C9a), 115.2 (C, C4a00), 115.4 (C, C8a), 119.1 (CH, C5),
120.5 (C, C10a0 0), 122.9 (CH, C70 0), 123.3 (CH, C100 0), 126.7
(CH, C7), 128.8 (CH, C8), 130.4 [CH, C3(5) p-chlorophenyl],
132.0 [CH, C2(6) p-chlorophenyl], 132.7 (CH þ C, C80 0 and
C1 p-chlorophenyl), 135.0 (C, C90 0), 138.7 (C, C4 p-chloro-
phenyl), 140.0 (C, C6), 140.5 (C, C10a), 142.2 (C, C6a0 0),
152.1 (C, C4a), 157.8 (C, C9), 158.6 (C, C50 0), 166.2 (C,
C10b00), 168.0 (C, CONH). HRMS calcd for (C38H38

35Cl2-
N4O2þHþ) 653.2450, found 653.2432. Anal. (C38H38Cl2N4-
O2 3 2HCl 3 2.4H2O) C, H, N.

6-Chloro-9-{{8-[3-(3,4-dihydro-5-phenyl-2H-pyrano[3,2-c]qui-
nolin-9-yl)propanamido]octyl}amino}-1,2,3,4-tetrahydroacridine Di-

hydrochloride (27 3 2HCl). From crude 14 [126 mg of the crude
product obtained from 122 mg (0.35 mmol) of ester 12] and
amine 17e (126 mg, 0.35 mmol), a yellow oily residue (198 mg)
was obtained and subjected to column chromatography [35-70
μm silica gel (19 g), heptane/AcOEt/Et3N mixtures]. On elution
with heptane/AcOEt/Et3N, 20:80:0.1, hybrid 27 (91 mg, 39%
yield) was isolated as a yellowish oil:Rf=0.68 (AcOEt/MeOH/
Et3N, 90:10:0.1). 27 3 2HCl: mp 190-191 �C (MeOH). IR (KBr)
ν 3500-2500 (max at 3389, 3245, 3056, 2925, 2853, N-H, þN-
H, O-H, and C-H st), 1633 and 1576 (CdO, ar-C-C, and
ar-C-N st) cm-1; 1H NMR (500 MHz, CD3OD) δ 1.20-1.36
(complex signal, 6H, 40-H2, 50-H2, and 60-H2), 1.37-1.45
(complex signal, 4H, 30-H2, and 70-H2), 1.81 (quint, J=7.5 Hz,
2H, 20-H2), 1.91-1.99 (complex signal, 4H, 2-H2, and 3-H2),
2.15 (quint, J ≈ 6.0 Hz, 2H, 30 0-H2), 2.62 (t, J = 7.5 Hz, 2H,
900-CH2-CH2-CONH), 2.66 (t, J=6.0 Hz, 2H, 1-H2), 2.83
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(t, J=6.5 Hz, 2H, 40 0-H2), 2.99 (t, J=6.0 Hz, 2H, 4-H2), 3.10 (t,
J= 7.5 Hz, 2H, 80-H2), 3.18 (t, J=7.5 Hz, 2H, 90 0-CH2-CH2-
CONH), 3.92 (t, J=7.5Hz, 2H, 10-H2), 4.76 (t, J=5.0Hz, 2H,
200-H2), 4.84 (s, NH and þNH), 7.55 (dd, J=9.5 Hz, J0 = 2.0
Hz, 1H, 7-H), 7.65-7.74 [complex signal, 5H, Ar-H phenyl],
7.77 (d, J= 2.0 Hz, 1H, 5-H), 7.94 (dd, J=9.0Hz, J0 =1.5Hz,
1H, 80 0-H), 8.00 (d, J=9.0 Hz, 1H, 70 0-H), 8.21 (d, J=1.5 Hz,
1H, 100 0-H), 8.37 (d, J ≈ 9.5 Hz, 1H, 8-H); 13C NMR (100.6
MHz, CD3OD) δ 21.8 (CH2, C3

0 0), 21.9 (CH2, C3), 22.9 (CH2,
C2), 23.8 (CH2, C4

00), 24.7 (CH2, C1), 27.6 (CH2, C3
0), 27.7

(CH2, C6
0), 29.3 (CH2, C4), 30.1 (CH2) and 30.2 (CH2) (C4

0
and C50), 30.3 (CH2, C7

0), 31.3 (CH2, C2
0), 32.8 (CH2, 9

0 0-CH2-
CH2-CONH), 38.1 (CH2, 9

00-CH2-CH2-CONH), 40.3 (CH2,
C80), 49.2 (CH2, C1

0), 70.6 (CH2, C2
0 0), 113.3 (C, C9a), 114.2

(C, C4a00), 115.4 (C, C8a), 119.1 (CH, C5), 121.0 (C, C10a00),
122.3 (2 CH, C70 0 and C100 0), 126.8 (CH, C7), 128.8 (CH, C8),
130.2 (CH) and 132.2 (CH þ C) [C1, C2(6), C3(5), and C4
phenyl], 135.9 (CH, C80 0), 139.7 (C, C6a0 0), 140.1 (C, C6), 140.5
(C, C10a), 142.9 (C, C900), 152.1 (C, C4a), 157.8 (C, C500), 157.9
(C, C9), 165.1 (C, C10b0 0), 174.3 (C, CONH). HRMS calcd for
(C42H47

35ClN4O2 þ Hþ) 675.3460, found 675.3457. Anal.
(C42H47ClN4O2 3 2HCl 3 2.25H2O) C, H, N.

Biochemical Studies. AChE and BChE Inhibition Assay.
AChE inhibitory activity was evaluated spectrophotometrically
at 25 �Cby themethod of Ellman,64 using AChE from bovine or
human erythrocytes and acetylthiocholine iodide (0.53 or 0.13
mM for bAChE and hAChE, respectively) as substrate. The
reaction took place in a final volume of 3 mL of 0.1 M
phosphate-buffered solution, pH 8.0, containing 0.025 or 0.04
units of bAChE or hAChE, respectively, and 333 μM 5,50-
dithiobis(2-nitrobenzoic) acid (DTNB) solution used to pro-
duce the yellow anion of 5-thio-2-nitrobenzoic acid. Inhibition
curves were performed in triplicate by incubating at least 12
concentrations of inhibitor for 15 min. One triplicate sample
without inhibitor was always present to yield 100% of AChE
activity. The reaction was stopped with 100 μL of 1mM eserine,
and the color production was measured at 414 nm. BChE
inhibitory activity determinations were carried out similarly,
using 0.035 unit of human serum BChE and 0.56 mM butyr-
ylthiocholine, instead of AChE and acetylthiocholine, in a final
volume of 1 mL.

Data from concentration-inhibition experiments of the in-
hibitors were calculated by nonlinear regression analysis, using
the GraphPad Prism program package (GraphPad Software;
SanDiego,CA), which gave estimates of the IC50 (concentration
of drug producing 50% of enzyme activity inhibition). Results
are expressed as the mean ( SEM of at least four experiments
performed in triplicate. DTNB, acetylthiocholine, butyrylthio-
choline, and enzymes were purchased from Sigma, and eserine
was purchased from Fluka.

Kinetic Analysis of AChE Inhibition. To obtain estimates of
the mechanism of action of 20, reciprocal plots of 1/velocity
versus 1/[substrate] were constructed at relatively low concen-
tration of substrate (0.56-0.11 mM) by using Ellman’s meth-
od64 and human recombinant AChE (Sigma, Milan, Italy).
Three concentrations of 20 were selected for this study: 1.25,
1.88, and 3.75 nM. The plots were assessed by a weighted least-
squares analysis that assumed the variance of the velocity (v) to
be a constant percentage of v for the entire data set. Data
analysis was performed with GraphPad Prism 4.03 software
(GraphPad Software Inc.).

Slopes of the obtained reciprocal plots were then plotted
against 20 concentration in a similar weighted analysis, and Ki

was determined as the intercept on the negative x-axis.
AChE-Induced Aβ1-40 Aggregation Inhibition Assay. Thio-

flavin T (Basic Yellow 1), human recombinant AChE lyophi-
lized powder, 1,1,1,3,3,3-hexafluoro-2-propanol (HFIP), were
purchased from Sigma Chemicals. Absolute DMSO over mo-
lecular sieves was from Fluka. Water was deionized and do-
ubly distilled. Αβ1-40, supplied as trifluoroacetate salt, was

purchased from Bachem AG (Bubendorf, Switzerland). Aβ1-40

(2 mg mL-1) was dissolved in HFIP and lyophilized. The 1 mM
solutions of tested inhibitors were prepared by dissolution in
MeOH.

Aliquots of 2 μLAβ1-40 peptide, lyophilized from 2mgmL-1

HFIP solution and dissolved in DMSO, were incubated for 24 h
at room temperature in 0.215 M sodium phosphate buffer (pH
8.0) at a final concentration of 230 μM. For co-incubation
experiments aliquots (16 μL) of hAChE (final concentration
2.30 μM, Aβ/AChE molar ratio 100:1) and AChE in the
presence of 2 μL of the tested inhibitor (final inhibitor concen-
tration 100 μM) in 0.215 M sodium phosphate buffer, pH 8.0,
solution were added. Blanks containing Aβ1-40 alone, human
recombinant AChE alone, and Aβ1-40 plus tested inhibitors in
0.215 M sodium phosphate buffer (pH 8.0) were prepared. The
final volume of each vial was 20 μL. Each assay was run in
duplicate. To quantify amyloid fibril formation, the thioflavin T
fluorescence method was then applied.88 The fluorescence in-
tensities due to β-sheet conformation were monitored for 300 s
at λem = 490 nm (λexc=446 nm). The percent inhibition of the
AChE-induced aggregation due to the presence of the tested
compound was calculated by the following expression: 100 -
[(IFi/IFo) � 100)] where IFi and IFo are the fluorescence
intensities obtained for Aβ plus AChE in the presence and in
the absence of inhibitor, respectively, minus the fluorescence
intensities due to the respective blanks.

Aβ1-42 Self-Aggregation Inhibition Assay. As reported in a
previously published protocol,99 HFIP pretreated Aβ1-42 sam-
ples (BachemAG, Switzerland) were solubilizedwith aCH3CN/
Na2CO3/NaOH (48.4:48.4:3.2) mixture. Experiments were per-
formed by incubating the peptide in 10 mM phosphate buffer
(pH 8.0) containing 10 mM NaCl at 30 �C for 24 h (final Aβ
concentration 50 μM) with and without inhibitor (50 μM, Aβ/
inhibitor=1/1). Blanks containing the tested inhibitors were
also prepared and tested. To quantify amyloid fibrils formation,
the thioflavin T fluorescence method was used.88 After incuba-
tion, samples were diluted to a final volume of 2.0 mL with 50
mM glycine-NaOH buffer (pH 8.5) containing 1.5 μM thio-
flavin T. A 300 s time scan of fluorescence intensity was carried
out (λexc=446 nm; λem=490 nm, FP-6200 fluorometer, Jasco
Europe), and values at plateau were averaged after subtracting
the background fluorescence of 1.5 μM thioflavin T solution.
The fluorescence intensities were compared, and the percent
inhibition due to the presence of the inhibitor was calculated by
the following formula 100- [(IFi/IFo)� 100] where IFi and IFo

are the fluorescence intensities obtained for Aβ1-42 in the
presence and in the absence of inhibitor, respectively.

β-Secretase (BACE-1) Inhibition Assay. β-Secretase (BACE-
1, Sigma) inhibition studies were performed by employing a
peptide mimicking APP sequence as substrate (M-2420,
Bachem). The following procedure was employed: an amount
of 5 μL of test compound (or DMSO) was preincubated with
175 μL of the enzyme (c=17.2 nM) for 1 h at room temperature.
The substrate (3 μM)was then added and left to react for 15min.
The fluorescence signal was read at λem=405 nm (λexc=320 nm).
The fluorescence intensities with and without inhibitor were
compared, and the percent inhibition due to the presence of test
compounds was calculated. The % inhibition due to the pre-
sence of increasing test compound concentration was calculated
by the following expression: 100 - [(IFi/IFo) � 100], where IFi

and IFo are the fluorescence intensities obtained for BACE-1 in
the presence and in the absence of inhibitor, respectively.
Inhibition curve was obtained for 27 by plotting the % inhibi-
tion versus the logarithm of inhibitor concentration in the assay
sample. The linear regression parameters were determined and
the IC50 was extrapolated, when possible (GraphPad Prism 4.0,
GraphPad Software Inc.).

To demonstrate inhibition of BACE-1 activity, a peptido-
mimetic inhibitor (β-secretase inhibitor IV, Calbiochem) was
serially diluted into the reactions’ wells (IC50=0.013 μM).
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Molecular Modeling. Docking was performed with the pro-
gram rDock, which is an extension of the program Ribo-
Dock,100 using an empirical scoring function calibrated on the
basis of protein-ligand complexes.101 The reliability of rDock
was assessed by docking a set of known dual binding site
AChEIs taking advantage of the X-ray crystallographic struc-
tures of their complexes with AChE (PDB entries 1Q83, 1Q84,
1ODC, 1ZGB, 1ZGC, 2CKM, and 2CMF), which was also
chosen to identify three different orientations of the indole ring
of Trp286 in the peripheral binding site in hAChE (see Molec-
ular Modeling Studies and also Tables S2 and S3 in Supporting
Information).

The docking of compounds 20, 25, and 27 in hAChEwas then
explored using the three structural models of the target hAChE
(named A, B, and C). Structural water molecules that mediate
relevant interactions between the tacrine moiety and the enzyme
were retained in the target models. The docking volume was
defined as the space within 10 Å of the ligands spanning both
catalytic and peripheral binding sites. The ligands were consid-
ered in their monocationic form on the basis of the pKa

estimated using ACD software.102 The structure of the ligands
was initially energy minimized at the AM1103 level using Gauss-
ian 03.104 Suitable restraints were introduced to position the
tacrinemoiety of the hybrids in the catalytic site, as inspection of
the X-ray crystallographic structures of several tacrine-based
dual binding site AChEIs reveals that the tacrine unit shares a
common bindingmode, which in turnmimics the pose found for
AChE complexes with tacrine7 and huprine X69 (see text). This
allowed us to focus the sampling effort on the orientation of the
pyrano[3,2-c]quinoline unit of the hybrids at the peripheral
binding site and the linker along the gorge. Each compound
was subjected to 100 docking runs, and the output docking
modes were analyzed by visual inspection in conjunction with
the docking scores.

The ligand-protein poses were reranked using the MM-
PBSAapproach (Table S4, Supporting Information). An energy
minimization of the complexes was first carried out in order to
reduce steric clashes that might arise from docking calculations.
All minimizations andMM-PBSA calculations were performed
with the parmm99 force field of the Amber-9 package.105 The
relative binding affinities of the best poses of the ligands were
determined by using eq 1.

ΔGbinding ¼ ΔGMM þΔGsol
ele þΔGsol

nonpolar -TΔS ð1Þ

The partial atomic charges for the compoundswere derived using
the RESP protocol106 by fitting to the molecular electrostatic
potential calculated at the HF/6-31G* level with Gaussian 03.
The internal conformational energy (ΔGMM) was determined
using the standard formalism and parameters implemented in
AMBER. The electrostatic contribution (ΔGele

sol) was computed
using a dielectric constant of 78.4 for the aqueous environment,
while values of 2 and 4 were considered for the ligand-enzyme
complex. The electrostatic potentials were calculated using a
grid spacing of 0.25 Å. The interior of the solutes was defined as
the volume inaccessible to a solvent probe sphere of radius 1.4 Å.
The nonpolar contribution (ΔGnonpolar

sol ) was calculated using a
linear dependence with the solvent-accessible surface.107 Final-
ly, entropy changes upon complexation were assumed to cancel
out in the comparison of the binding affinities of 20 and 25, as
the number of rotatable bonds is the same in both compounds.
However, since the spacer of 27 is larger by twomethylene units,
its binding affinity was corrected for the entropic penalty
associated with the freezing of the two extra internal degrees
of freedom using an empirical correction of 0.6 kcal/mol
per rotatable bond.108,109

Finally, molecular dynamics simulations were run to further
check the stability of the proposed bindingmode for compounds
20 and 25. Simulations were performed using the same protocol
adopted in our previous studies,31,109 which also enabled us to

predict the binding mode of huprines to AChE.110 Briefly, the
enzyme was immersed in a pre-equilibrated box of TIP3P111

water molecules. The final systems contained the protein-
ligand complex and around 16 000 water molecules (about
57 000 atoms). After thermatilization at 298 K, a series of
10 ns trajectories were sampled for the different compounds in
the receptor-ligand complex. The system was simulated in the
NPT ensemble using periodic boundary conditions and Ewald
sums for treating long-range electrostatic interactions (with the
default Amber-9 parameters). All simulations were performed
with the parmm99 force field of the Amber-9 package. The
structural analysis was performed using in-house software and
standard codes (PTRAJ module) of Amber-9.

In Vitro BBB Permeation Assay. Prediction of the brain
penetration was evaluated using a parallel artificial membrane
permeation assay (PAMPA) in a similar manner as described
previously.39,52,95-98 Commercial drugs, phosphate buffered
saline solution at pH 7.4 (PBS), and dodecane were purchased
from Sigma, Aldrich, Acros, and Fluka. Millex filter units
(PVDF membrane, diameter 25 mm, pore size 0.45 μm) were
acquired from Millipore. The porcine brain lipid (PBL) was
obtained fromAvanti Polar Lipids. The donormicroplate was a
96-well filter plate (PVDF membrane, pore size 0.45 μm), and
the acceptor microplate was an indented 96-well plate, both
fromMillipore. The acceptor 96-well microplate was filled with
180 μL of PBS/EtOH (80:20 or 70:30), and the filter surface of
the donor microplate was impregnated with 4 μL of PBL in
dodecane (20 mg mL-1). Compounds were dissolved in PBS/
EtOH (80:20 or 70:30) at 1 mg mL-1, filtered through a Millex
filter, and then added to the donor wells (180 μL). The donor
filter plate was carefully put on the acceptor plate to form a
sandwich, whichwas left undisturbed for 120min at 25 �C.After
incubation, the donor plate was carefully removed and the
concentration of compounds in the acceptor wells was deter-
mined by UV spectroscopy. Every sample was analyzed at five
wavelengths, in four wells, and at least in three independent
runs, and the results are given as themean( standard deviation.
In each experiment, 15 quality control standards of known BBB
permeability were included to validate the analysis set.
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9-[(4-Aminobutyl)amino]-6-chloro-1,2,3,4-tetrahydroacridine Dihydrochloride 
(17a·2HCl). ���K����������������K�	
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9-[(5-Aminopentyl)amino]-6-chloro-1,2,3,4-tetrahydroacridine Dihydrochloride 
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6-Chloro-9-{{7-[5-(4-chlorophenyl)-3,4-dihydro-2H-pyrano[3,2-c]quinoline-9-
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6-Chloro-9-{{8-[5-(4-chlorophenyl)-3,4-dihydro-2H-pyrano[3,2-c]quinoline-9-
carboxamido]octyl}amino}-1,2,3,4-tetrahydroacridine Dihydrochloride (20·2HCl).�
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6-Chloro-9-{{9-[5-(4-chlorophenyl)-3,4-dihydro-2H-pyrano[3,2-c]quinoline-9-
carboxamido]nonyl}amino}-1,2,3,4-tetrahydroacridine Dihydrochloride (21·2HCl).�
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6-Chloro-9-{{10-[5-(4-chlorophenyl)-3,4-dihydro-2H-pyrano[3,2-c]quinoline-9-
carboxamido]decyl}amino}-1,2,3,4-tetrahydroacridine Dihydrochloride (22·2HCl).�
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6-Chloro-9-{{4-[3-(3,4-dihydro-5-phenyl-2H-pyrano[3,2-c]quinolin-9-
yl)propanamido]butyl}amino}-1,2,3,4-tetrahydroacridine Dihydrochloride (23·2HCl).�
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6-Chloro-9-{{5-[3-(3,4-dihydro-5-phenyl-2H-pyrano[3,2-c]quinolin-9-
yl)propanamido]pentyl}amino}-1,2,3,4-tetrahydroacridine Dihydrochloride 
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In Vitro Blood–Brain Barrier Permeation Assay  

 
Table S5.�9����������G�����<-�'������<����	��7��9�F9�+###�����G���������������&��
��
�������	��7��*;������	��H��������	���	��9G��	�Q)!/+'UJ��	���	��'+�7���������	��NG������
K��7��7����9�������$��9�	�������	��	����7���C�%��

�

�����������
���
��

#���%*� 9#�V*�>N�
�.-V/-��

9#�V*�>N�
�L-V)-�� � ������	��

9#�V*�>N�
�.-V/-��

9#�V*�>N
�L-V)-�� 9��������	

����������	�� <L%-� /L%'�d�<%L� ).%E�d�/%(�  18W/N��� 	%�%'� <(%E�d�<%< �C�Z�
$��������� <'%-� /'%L�d�-%(� /.%)�d�/%<�  19W/N��� 	%�%'� <L%L�d�-%/ �C�Z�
��������	�� <)%-� <E%/�d�-%)� //%)�d�<%/�  23W/N�� <M%<�d�-%/� 	%�%� �C�Z�
���������	�� </%-� //%E�d�-%)� /(%(�d�/%)�  24W/N�� 	%�%'� <-%'�d�-%( �C�Z�
���
������	�� E%)� 	%�%� /'%<�d�/%(�  25W/N�� <)%/�d�-%(� 	%�%� �C�Z�
�����O�	�� .%.� <)%/�d�-%)� //%(�d�<%M�  26W/N��� 	%�%'� <-%/�d�-%) �C�Z�
�7��������O�	�� '%M� .%M�d�-%(� <)%'�d�-%E�  27W/N��� 	%�%'� <-%<�d�-%( �C�Z�
���	���	�� M%)� <-%/�d�-%E� <(%<�d�-%.�  12 /<%(�d�-%'� 	%�%� �C�Z�
������������	�� M%<� .%.�d�-%(� '%(�d�-%)�  '+�7���������	�WN��� <E%.�d�-%(� 	%�%� �C�Z�
����;����� /%M� /%M�d�-%)� )%-�d�-%/�  � �
7G����������	�� <%E� (%E�d�-%/� (%E�d�-%/�   � � �
����	�� <%)� (%L�d�-%)� (%(�d�-%)�   � � �
������;���	� <%<� (%)�d�-%/� /%.�d�-%<�   � � �
�	�;���	� -%E� (%L�d�-%(� (%/�d�-%)�   � � �
���;���	� -%.� )%<�d�-%<� /%'�d�-%<�   � � �

��&���������7�����	�d��&���)��	����	��	���;������	��%�*�B�:�	�������%�)%�'�������	���
18W/N��!�19W/N��!�24W/N��!�26W/N��!��	��27W/N���K�����$���������	�9#�V*�>N��L-V)-��
�����������7������������������G��	�9#�V*�>N��.-V/-�%�

�
�

�

�

�

�

�

�

�

�

� �/)



����G�$��������	��K����������G��������	
��7���;������	���������������G��������������
���
��K��7����������$�����!�K7��7�
�$����
������	��������������	��	����7���������
�����M�%��

�

y = 1.4823x + 1.9076
R2 = 0.9488

0

10

20

30

0 10 20
Described P e (10-6 cm s-1)

E
xp

er
im

en
ta

l P
e 
(1

0-6
 c

m
 s

-1
)

�
����

y = 1.9884x + 1.0699
R2 = 0.9206

0

10

20

30

40

50

0 5 10 15 20
Described P e (10-6 cm s-1)

E
xp

er
im

en
ta

l P
e (

10
-6

 c
m

 s-
1 )

�
����

�

Figure S5.� ��	���� ����������	� ���K��	� �;������	���� �	�� ��������� �����������G� ��
����������� ���
�� ���	
� �7�� 9�F9�+###� ����G%� ���� 9#�V*�>N� �.-V/-�%� ���� 9#�V*�>N�
�L-V)-�%�

�
����� �7�� �����
7�+��	�� �J�����	�� �	�� ��:�	
� �	��� �����	�� �7�� ���������� ������� ��� ###�

���������	!)�K����������7����7����	
����������������G�����7��������G������7�K	��	�B�����
�'%�

�

Table S6. 6�	
�����9����������G���9�F9�+###�����G�����!�<-�'������<�%�

� 9#�V*�>N��.-V/-�� 9#�V*�>N��L-V)-��

������	�����7�
7�###����������	���C�Z�� ���e�L%.� ���e�E%-�

������	������	������	�###����������	���C�ZA��� L%.�e����e�(%E� E%-�e����e�M%<�

������	�������K�###����������	���C���� ���f�(%E� ���f�M%<�

�

 

 

 

� �/(



References 
 
�<�� Y��	�!�*%�N%3�&�!��%�&��
+��:��9���������V���	�����!�����������&���
	��	��F��7���%�

������&F*����B�;����G�>�����O����	3�*���$���V����������!�/--.3����)M)�)ME%�
�/�� ��&A�:�� $.%-/!� ��$�	���� �7������G� &�$������	�!� �	�%!� B���	��� >C!� ��	���!�

KKK%�������%���!�/--'%�
�)�� &�!� �%3� Y��	�!� *%� N%3� ��	!� Y%3� F���		���!� >%� ?%3� ������!� b%� B%� N�
7� B7���
7����

���������� F�����	�� 9����������G� ����G� ��� #�����#���	� #������%� #��0� 60� ���0�
	5�
0�2003!�<=!�//)�/)/%�

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

� �/M



� �/'

 

Appendix 
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Compound Molecular Calculated Found 

� Formula �� N� C� �� N� C�

17aW/N��W<%MN/>� �<LN//��C)W/N��W<%MN/>� M-%ML '%L(� <-%(<� M-%(E� '%/(� <-%-M�

28bW/N��W/%LMN/>� �)<N)(��/C(W/N��W/%LMN/>� M'%L' '%).� .%M(� M'%'L� '%/(� .%L)�

28fW/N��W<%/MN/>� �)MN(/��/C(W/N��W<%/MN/>� '<%)' '%.(� .%<.� '<%-'� '%.<� L%LE�

18W/N��W/%(N/>� �).N).��/C(>/W/N��W/%(N/>� ME%/E M%.L� L%/.� ME%''� M%ME� '%.)�

19W/N��W-%MN/>� �)EN(-��/C(>/W/N��W-%MN/>� '/%(E M%L.� L%(L� '/%<<� '%-/� L%/.�

20W/N��� �(-N(/��/C(>/W/N��� ')%'L M%..� L%(/� '(%-(� '%-L� L%<(�

21W/N��W/%<N/>� �(<N((��/C(>/W/N��W/%<N/>� '<%-' '%/L� '%EM� '-%LE� M%.L� '%E/�

22W/N��W<%/MN/>� �(/N('��/C(>/W/N��W<%/MN/>� '/%'M '%)/� '%E'� '/%''� '%<M� '%E<�

23W/N��W)N/>W-%/M��>*�� �).N)E��C(>/W/N��W)N/>W-%/M��>*�� '-%E. '%()� L%/E� '<%<)� '%<.� '%E-�

24W/N��W)N/>� �)EN(<��C(>/W/N��W)N/>� '<%'/ '%M-� L%)L� '<%M/� '%'-� L%-)�

25W/N��W(N/>� �(-N()��C(>/W/N��W(N/>� '-%'( '%L(� L%-L� '-%(M� '%/-� '%'-�

26W/N��W/N/>� �(<N(M��C(>/W/N��W/N/>� ')%E) '%'L� L%/L� ')%'(� '%'<� L%-L�

27W/N��W/%/MN/>� �(/N(L��C(>/W/N��W/%/MN/>� ')%E' '%.(� L%<-� '(%)(� '%.'� '%')�
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Introduction

Alzheimer’s disease (AD) represents one of the major unmet
disorders in modern medicine. Current therapeutic options for
AD—the acetylcholinesterase (AChE) inhibitors donepezil, riva-
stigmine and galantamine, and the glutamate NMDA receptor
antagonist memantine—are regarded as symptomatic. The
launch of the first generation of disease-modifying anti-Alz-
heimer drugs remains elusive, after the recent failure of the
most advanced candidates in phase III clinical trials due to effi-
cacy or safety issues.[1]

AD is a complex disorder that arises from multiple molecular
defects, and it therefore involves more than one key patho-
genic target. The polyetiological origin of AD renders the
notion that it can be efficiently managed through single-target
drugs untenable. In an attempt to fulfill the acute need for ef-
fective disease-modifying anti-Alzheimer therapies, research ef-
forts are gradually shifting toward the rational design of drug
candidates aimed at addressing multiple biological targets,
preferentially those involved in the mechanisms that drive the
progression of the disease.

b-Amyloid peptide (Ab) seems to be the major culprit in trig-
gering neuronal death and subsequent cognitive decline in AD
patients. Ab is a 39–43 amino acid peptide generated by pro-
teolytic cleavage of the amyloid precursor protein (APP)
through the sequential action of b-secretase (b-site APP cleav-
ing enzyme or BACE-1) and g-secretase. The aggregation of Ab
is considered to be the key event in the neuropathogenesis of
AD.[2]

Fibrillar aggregated Ab is deposited in amyloid plaques
(senile plaques) in the brain of AD patients, constituting a
prominent hallmark of the disease. Plaque-derived Ab fibrils

A new family of dual binding site acetylcholinesterase (AChE)
inhibitors has been designed, synthesized, and tested for their
ability to inhibit AChE, butyrylcholinesterase (BChE), AChE-in-
duced and self-induced b-amyloid (Ab) aggregation and b-sec-
retase (BACE-1), and to cross the blood–brain barrier. The new
heterodimers consist of a unit of racemic or enantiopure hupri-
ne Y or X and a donepezil-related 5,6-dimethoxy-2-[(4-piperidi-
nyl)methyl]indane moiety as the active site and peripheral site
to mid-gorge-interacting moieties, respectively, connected

through a short oligomethylene linker. Molecular dynamics
simulations and kinetics studies support the dual site binding
to AChE. The new heterodimers are potent inhibitors of
human AChE and moderately potent inhibitors of human
BChE, AChE-induced and self-induced Ab aggregation, and
BACE-1, and are predicted to be able to enter the central nerv-
ous system (CNS), thus constituting promising multitarget anti-
Alzheimer drug candidates with the potential to modify the
natural course of this disease.
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enhance oxidative stress and inflammation, leading to neuro-
nal toxicity,[3] although over the last decade a growing body of
evidence has identified non-fibrillar Ab oligomers as the main
toxic species in AD.[4] The aggregation process is highly depen-
dent on Ab concentration,[5] which consequently makes Ab for-
mation another pivotal target for AD management. Because
BACE-1 is the first and rate-limiting step in Ab generation, it is
considered a good target for intervention.[6]

The so-called dual binding site acetylcholinesterase inhibi-
tors (AChEIs) have recently emerged as a new class of anti-Alz-
heimer drug candidates that may have the potential to posi-
tively modify the course of AD, exhibiting both multipotency
and the ability to interfere the neurotoxic cascade upstream
by targeting Ab. The primary biological target of these com-
pounds is the enzyme AChE, with which they interact simulta-
neously, blocking both the active and peripheral sites, placed
respectively at the bottom and the mouth of a 20-	-long
gorge.[7] This particular mode of action usually results in high
AChE inhibitory potency, of interest for the management of
the symptomatology of AD by compensating for the character-
istic central cholinergic deficit in AD patients, and, more inter-
estingly, in a blockade of the peripheral-site-mediated Ab pro-
aggregating action of AChE. Indeed, AChE can bind through
its peripheral site to soluble Ab, thereby promoting Ab aggre-
gation as an early event in the neurodegenerative cascade of
AD.[8] This Ab pro-aggregating action results in an increase in
brain amyloid burden and cognitive impairment in double
transgenic mice that overexpress both human APP and AChE.[9]

Recently, it has been found that AChE accelerates the forma-
tion of synaptotoxic Ab oligomers, particularly protofibrils or
amylospheroids, which are responsible for the increased neuro-
toxicity of Ab when complexed with AChE.[10]

To the extent that dual binding site AChEIs can block Ab oli-
gomerization and its subsequent neurotoxicity apart from the
acetylcholine-hydrolyzing activity of AChE, this class of com-
pounds shows promise as disease-modifying anti-Alzheimer
agents. This is particularly true in some dual binding site
AChEIs that have been found to be able to inhibit BACE-1 as
well, a direct effect independent of their interaction with
AChE.[11] The proof-of-concept of the particular pharmacologi-
cal profile of dual binding site AChEIs has been obtained in
two of these compounds, namely memoquin[11a] and NP-61,[12]

which have been shown to decrease brain amyloid burden
and increase cognitive function in animal models of AD. Some
dual binding site AChEIs such as memoquin[11a] or bis(7)-ta-
crine, also called bis(7)-cognitin,[13] are currently undergoing
preclinical evaluation, while NP-61 is currently in phase I clini-
cal trials for AD in the UK.

So far, the sole dual binding site AChEI among the marketed
anti-Alzheimer drugs is donepezil (1, Figure 1).[14] The dual site
binding of donepezil to AChE is mediated by two aromatic
stacking interactions between its benzyl and 5,6-dimethoxy-1-
indanone moieties and the indole rings of Trp84 and Trp279
[Torpedo californica AChE (TcAChE) numbering, equivalent to
Trp86 and Trp286 in human AChE (hAChE)] at the catalytic and
peripheral sites, respectively. Additionally, the piperidine nitro-
gen atom, protonated at physiological pH, establishes addi-

tional interactions with mid-gorge residues, namely cation–p
interactions with the phenyl ring of Phe330 (Tyr337 in hAChE).
This binding mode endows donepezil with high hAChE inhibi-
tory activity and moderate in vitro AChE-induced Ab aggrega-
tion inhibitory activity.

We recently developed a family of heterodimers that bear
the 5,6-dimethoxy-2-[(4-piperidinyl)methyl]-1-indanone moiety
of donepezil (or the indane derivative thereof) and a unit of ta-
crine (2, Figure 1) as the peripheral to mid-gorge and active
site interacting moieties, respectively. These heterodimers
(series 3 and 4, Figure 1) are more potent hAChE and AChE-in-
duced Ab aggregation inhibitors than the parent donepezil
and tacrine.[15]

One decade ago, huprines emerged as a novel class of
highly potent hAChEIs.[16] The lead huprines, the so-called hu-
prines Y and X (5 and 6, respectively, Figure 1) exhibit a multi-
target pharmacological profile encompassing M1 muscarinic re-
ceptor agonistic activity, NMDA receptor antagonistic proper-
ties, and in vitro and in vivo neuroprotective effects against
NMDA-, glutamate-, and 3-nitropropionic acid-induced toxicity,
apart from highly potent hAChE inhibitory activity.[16e] More-
over, huprines have been shown to be effective in improving
cognition after chronic treatment in normal middle-aged mice
without inducing adverse effects.[17] The X-ray crystallographic
structure of the complex between TcAChE and (�)-huprine X
(PDB ID: 1E66)[18] and biochemical studies[16c] revealed that hu-
prines tightly bind to the active site of AChE, with one of the
highest affinities reported for a reversible inhibitor. Taking into
account the outstanding pharmacological profile of huprines,
which could be shared by their derivatives, and their high-af-
finity binding to the catalytic site of AChE, huprines constitute
a very attractive moiety for development as the active site in-
teracting unit in dual binding site AChEIs.[19]

Herein we describe the synthesis, pharmacological evalua-
tion, and molecular modeling of a novel family of dual binding
site AChEIs that combine the donepezil-related 5,6-dimethoxy-
2-[(4-piperidinyl)methyl]indane moiety with a unit of racemic
or enantiopure huprine Y or X through an ethylene or tri-
methylene linker. Our pharmacological evaluation of these

Figure 1. Structures of donepezil, tacrine, donepezil–tacrine heterodimers
series 3 and 4, and (�)-huprines Y and X.

1856 www.chemmedchem.org � 2010 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim ChemMedChem 2010, 5, 1855 – 1870

MED D. MuÇoz-Torrero et al.



novel compounds includes AChE and butyrylcholinesterase
(BChE) inhibition, as well as inhibition of AChE- and self-in-
duced Ab aggregation and inhibition of BACE-1. Penetration of
the novel heterodimers into the CNS was also assessed by
using an artificial membrane assay.

Results and Discussion

Chemistry

The main difference in the pharmacological profile of hetero-
dimers of the series 3 and 4, which differ structurally only by
the presence of an indanone or an indane system, lies in the
fact that the former are more potent hAChE inhibitors (up to
fourfold), whereas the latter are more potent inhibitors of
hAChE-induced Ab aggregation (1.5-fold).[15] The most valuable
activity of dual binding site AChEIs is the interference with Ab,
as this could endow the compound with a potential disease-
modifying effect, while inhibition of the catalytic activity of
AChE would be responsible for a symptomatic action. There-
fore, we selected the 5,6-dimethoxy-2-[(4-piperidinyl)methyl]in-
dane moiety of heterodimers of series 4 as the peripheral site
interacting unit of the new family of donepezil–huprine heter-
odimers 11–12a,b (Scheme 1) for development, with the hope
of attaining a greater Ab anti-aggregating effect, albeit per-
haps at the expense of a somewhat lower inhibitory potency
toward AChE. Moreover, the lack of stereogenic centers in this

moiety avoids problems related to the formation and separa-
tion of diastereomeric mixtures when combined with the chiral
huprine moiety; such problems would have been present if
the chiral indanone moiety of heterodimers of series 3 were
used instead.

Huprines Y and X (5 and 6, Figure 1) were selected as the
active site interacting unit of the novel heterodimers because
they are the most potent huprines developed so far.[16] The eu-
tomer of this structural class is the levorotatory enantiomer,
bearing the 7S,11S configuration. Consequently, (�)-5 and (�)-
6 were used for the preparation of the novel heterodimers,
apart from the racemic compounds. Moreover, for comparison
purposes the distomer (++)-5 was used for the synthesis of one
of the heterodimers.

Taking into account that tacrine and huprines, the active site
interacting unit of donepezil–tacrine heterodimers of series 3
and 4 and of the novel donepezil–huprine heterodimers 11–
12a,b, respectively, occupy the same binding zone within the
AChE active site,[7, 18] and that the dual site binding of hetero-
dimers of the series 3 and 4 was supported by recent molecu-
lar modeling studies,[15] the same lengths of the linker used in
3 and 4 were considered adequate to provide the necessary
distance between huprine and the donepezil-related moiety
for the desired dual site binding in the novel family of hetero-
dimers.

The synthesis of donepezil–tacrine heterodimers of the
series 3 and 4 involved amination of a readily available tacrine-
related 4-chloroquinoline[20] with 2-aminoethanol or 3-amino-1-
propanol, followed by mesylation and alkylation of the done-
pezil-derived piperidine.[15] The same methodology was not
considered to be so useful for the synthesis of the novel done-
pezil–huprine heterodimers 11–12a,b mainly because the mul-
tistep preparation of the starting huprine-related 4-chloroqui-
noline is hampered by issues of regioselectivity and poor
yield.[19,21]

Therefore, an alternative methodology was envisioned for
the novel donepezil–huprine heterodimers, which involved the
use of a 4-aminoquinoline, that is, huprines Y or X themselves,
instead of the aforementioned 4-chloroquinoline derivative. On
the one hand, racemic huprines Y and X can be easily prepared
at the multi-gram scale through a four-step sequence from
bicyclo[3.3.1]nonane-3,7-dione, involving a final Friedl
nder
condensation, which regioselectively affords huprines bearing
the endocyclic carbon–carbon double bond and the quinoline
system in an anti disposition.[16] On the other hand, enantio-
pure huprines Y and X can be obtained at the gram scale by
chiral chromatographic resolution of the racemic compounds,
namely by medium-pressure liquid chromatography using mi-
crocrystalline cellulose triacetate as the chiral stationary
phase,[22] thus enabling the synthesis of donepezil–huprine
heterodimers in enantiopure form.

The first step of the sequence for the synthesis of the novel
donepezil–huprine heterodimers 11–12a,b involved alkylation
of the known piperidine 7[15,23] with 2-bromoethanol or 3-
chloro-1-propanol in 1-pentanol at reflux,[24] which afforded al-
cohols 9a and 9b in moderate yields (Scheme 1). Alcohols 9a
and 9b were converted into the corresponding chloro deriva-Scheme 1. Synthesis of the donepezil–huprine heterodimers 11–12a,b.
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tives 10a and 10b by reaction with excess thionyl chloride,
without alkaline aqueous workup to avoid the subsequent for-
mation of cyclization by-products arising from intramolecular
alkylation of the piperidine nitrogen atom. Racemic or enantio-
pure huprines Y and X were alkylated with the crude chloro
derivatives 10a and 10b by using a standard procedure[25] to
afford racemic or enantiopure donepezil–huprine heterodimers
11–12a,b in moderate yields, after a tedious silica gel chroma-
tographic purification. The novel heterodimers 11–12a,b were
fully characterized as dihydrochlorides through their spectro-
scopic data and elemental analyses (C, H, N, Cl).

Biological evaluation

AChE inhibition

The AChE inhibitory activity of heterodimers 11–12a,b was as-
sayed by the method of Ellman et al.[26] on human recombinant
AChE (hAChE) (Table 1). The novel donepezil–huprine hetero-
dimers are potent inhibitors of hAChE, exhibiting IC50 values in

the low nanomolar range in most cases. Some clear structure–
activity relationship trends are evident from the data in
Table 1. The levorotatory enantiomers of these heterodimers,
bearing a (7S,11S)-huprine moiety, are the eutomers in this
family, being roughly twofold more potent than the corre-
sponding racemic compounds and much more potent than
the dextrorotatory enantiomers [(�)-11b is 19-fold more
potent than (++)-11b] . This finding reflects the greater inhibito-
ry activity of the levorotatory enantiomers of the parent com-
pounds, as noted in a 23–31-fold difference between the po-
tencies of (�)- and (+)-huprines. Moreover, the hAChE inhibito-

ry potency of the heterodimers increases with the presence of
a trimethylene linker, as the corresponding compounds are 3–
8-fold more potent than their ethylene-linked counterparts. Fi-
nally, the inhibitory activity also increases with the presence of
a methyl substituent at position 9 of the huprine moiety (hu-
prine Y derivatives are ~1.5–3-fold more potent than their hu-
prine X-based counterparts). This latter trend was a priori unex-
pected, because the reverse trend is found for the parent com-
pounds [(�)-huprine Y is 1.6-fold less potent than (�)-huprine
X].

Overall, the most potent hAChEI of the series is (�)-11b,
which turned out to be eightfold more potent than donepezil
but, contrary to our expectations, sixfold less potent than the
parent (�)-huprine Y [(�)-5] . Also, the most potent huprine X-
based heterodimer, namely (�)-12b, turned out to be 14-fold
less potent than the parent (�)-huprine X [(�)-6] . Although
high hAChE inhibitory activity was retained in the novel done-
pezil–huprine heterodimers, the lower potency relative to the
parent huprines seemed indicative of unfavorable interactions
arising from the linker in the mid-gorge region or structural re-
arrangements that might affect the proper positioning of the
huprine moiety within the catalytic site. Finally, the inhibitory
activity of the most potent heterodimers, (�)-11b and (�)-
12b, was in the same range as that found for the most potent
compounds of the structurally related indane-bearing donepe-
zil–tacrine heterodimers of series 4 (Figure 1, R=Cl, n=3,
IC50=1.06 nm ; R=H, n=3, IC50=2.16 nm). Nevertheless, cau-
tion should be taken in making a strict comparison because
the AChE source was different, as the latter heterodimers were
evaluated using human erythrocyte AChE instead of human re-
combinant AChE.

Molecular modeling studies of AChE inhibition

The binding mode of compounds (�)-11a and (�)-11b to
hAChE was explored by means of 30 ns molecular dynamics
(MD) simulations. The starting pose of the compounds was
built by taking advantage of the known pose of huprine X in
the X-ray crystallographic complex with TcAChE,[18] and the
binding pose of the related donepezil–tacrine heterodimers
studied in our previous work.[15] The MD simulation run for the
complex between hAChE and (�)-11a yielded a stable trajecto-
ry, as noted by inspection of the time evolution of both the
potential energy and the root-mean-square deviation (RMSD)
of the protein backbone (1.9 	), the residues that delineate the
binding cavity, including catalytic, mid-gorge, and peripheral
sites (2.4 	), and the inhibitor (1.2 	) in the ligand–enzyme
complexes (Figure 2). For the complex with (�)-11b, whereas
similar RMSD values were obtained for the protein backbone
and the binding site, the RMSD of the ligand increased to
2.5 	 after the first 23 ns and then remained stable until the
end of the trajectory. The distinct relaxation times required for
accommodation of the two inhibitors in the binding site sug-
gest that there must be some differences between the interac-
tions that mediate the binding of (�)-11a and (�)-11b to
hAChE.

Table 1. AChE and BChE inhibitory activities of the hydrochlorides of do-
nepezil, racemic and enantiopure huprines Y and X, and the dihydrochlor-
ides of racemic and enantiopure heterodimers 11a,b and 12a,b.[a]

Compd IC50 [nm] AChE
hAChE hBChE Selectivity[b]

(�)-11a·2HCl 18.1�1.2 336�21 19
(�)-11a·2HCl 13.0�0.1 303�12 23
(�)-11b·2HCl 5.37�0.3 88�2.3 16
(�)-11b·2HCl 2.61�0.2 349�20 134
(+)-11b·2HCl 49.9�5.1 95�5.3 2
(�)-12a·2HCl 48.6�5.2 174�9.4 4
(�)-12a·2HCl 28.6�2.3 419�17 15
(�)-12b·2HCl 6.32�0.1 61�3.2 10
(�)-12b·2HCl 3.85�0.2 194�9.3 50
donepezil·HCl 21.4�2.3 7273�621 340
(�)-huprine Y·HCl 0.61�0.03 236�44 387
(�)-huprine Y·HCl 0.43�0.03 247�18 574
(+)-huprine Y·HCl 13.6�1.5 153�31 11
(�)-huprine X·HCl 0.67�0.05 15.8�2.4 24
(�)-huprine X·HCl 0.27�0.02 159�10 589
(+)-huprine X·HCl 6.30�0.50 58.3�5.9 9

[a] Values are expressed as the mean �SEM of at least four experiments;
IC50 : 50% inhibitory concentration of human recombinant or human
serum BChE activity. [b] (IC50 hBChE)/(IC50 hAChE).
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In the (�)-11a–hAChE complex, binding of the huprine Y
moiety at the catalytic site nearly matches the position of hu-
prine X in the X-ray crystallographic structure of the complex
with TcAChE (PDB ID: 1E66) (Figure 3).[18] Thus, the heteroaro-
matic ring system of the huprine Y unit of (�)-11a stacks
against the indole ring of Trp86 (average distance: 3.8 	), and
the protonated quinoline nitrogen atom is hydrogen bonded
to the carbonyl group of His447 (2.8 	). However, the stacking
of the heteroaromatic ring system of huprines against the ben-
zene ring of Phe330 found in the X-ray structure is not main-
tained in the interaction of (�)-11a with hAChE (note that
Phe330 in TcAChE is replaced by Tyr337 in hAChE). The loss of
this interaction can be ascribed to the formation of a hydrogen
bond between the hydroxy group of Tyr337 and the protonat-
ed piperidine nitrogen atom of (�)-11a (3.1 	), which in turn
precludes the proper arrangement for the stacking of the
phenol ring of Tyr337 and the quinoline system of the hupri-
ne Y unit. In the peripheral site, the indane system stacks
against Trp286 (4.7 	), thus mimicking the interaction observed
in the X-ray structure of donepezil bound to TcAChE (PDB ID:

1EVE).[14] There is, however, a sizable displacement in the rela-
tive position of the indane and indanone systems of (�)-11a
and donepezil, as the five-membered ring of the indane
moiety of (�)-11a occupies roughly the same position as the
six-membered ring of the indanone moiety of donepezil, thus
leading to better stacking between the indane system of (�)-
11a and Trp286 relative to that of donepezil.

In the mid-gorge region the presence of the piperidine ring
gives rise to a remarkable structural rearrangement of specific
residues. Thus, in the complex between donepezil and TcAChE,
Tyr121 forms a water-mediated interaction with the piperidine
nitrogen atom of donepezil. In the (�)-11a–hAChE complex,
such an interaction is lost due to the new orientation adopted
by the piperidine ring to form a hydrogen bond with Tyr337
(see above). In turn, this new orientation would cause the pi-
peridine ring to collide with Tyr124 and Phe338 (Tyr121 and
Phe331 in TcAChE). However, the steric clash is minimized
upon displacement of the side chain of those residues, which
in turn affects the spatial arrangement of Phe297 and Phe295
(Phe290 and Phe288 in TcAChE). Finally, the piperidine ring
also forces the distortion of Tyr341 (Tyr334 in TcAChE), which
in turn affects the spatial orientation of Trp439 and Met443
(Trp432 and Met436 in TcAChE). Notably, those residues define
binding pockets that accommodate the ethyl group and chlor-
ine atom present at positions 9 (Phe288, Phe290 and Phe331)
and 3 (Trp432 and Met436) of huprine X in TcAChE.

The binding of (�)-11b at the catalytic and peripheral sites
of hAChE retains the essential features noted for (�)-11a, such
as stacking against Trp86 and Trp286, and the hydrogen bond
with His447. However, replacement of the ethylene linker in
(�)-11a by a trimethylene linker in (�)-11b influences the po-
sitioning of the piperidine ring in the mid-gorge site and leads
to different interactions with the neighboring residues. Thus,
the hydrogen bond formed between (�)-11a and Tyr337 is
lost in (�)-11b, whereas the additional methylene unit in the
linker permits the approach of the piperidine ring to the car-
boxylate group of Asp74, leading to a salt bridge interaction.
Moreover, the increased length of the linker minimizes the
steric hindrance of the piperidine ring with both Tyr124 and
Tyr341, which occupy positions similar to those observed in
the X-ray structures 1E66 and 1EVE. In contrast, the orientation
of Tyr337 is largely altered, and affects the positioning of
Phe338 in the binding site. As a result, while the ethyl chain of
huprine X in 1E66 fits a cavity delineated by Phe288, Phe290,
and Phe331 in TcAChE, such pocket is formed by Tyr337,
Phe295, and Phe297 in the complex between (�)-11b and
hAChE.

The preceding findings suggest that the decrease in inhibi-
tory potency of the novel heterodimers (�)-11a and (�)-11b
relative to the parent huprine Y can be related to the structural
distortion generated by the presence of the piperidine ring in
the tether that links huprine and indane moieties. In particular,
such distortion affects the pocket filled by the methyl/ethyl
substituent bound at position 9 in the huprine moiety, and
could thus explain the different influence exerted by the re-
placement of methyl by ethyl in the inhibitory potency of the
heterodimers and the parent compounds (see Table 1). Thus,

Figure 2. Time dependence of the positional RMSD (	) of a) (�)-11a and
b) (�)-11b determined for the backbone (black), the binding site (red), and
the ligand (green) in the mobile part of the simulation system for the hAChE
complex. The profiles were smoothed in 50 ps windows for the sake of clari-
ty.
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whereas replacement of methyl by ethyl in (�)-huprine in-
creases the inhibitory potency by 1.6-fold, the reverse trend is
observed for the heterodimers, with potency decreasing by
~1.5–3-fold (see Table 1).

To check the preceding hypothesis, thermodynamic integra-
tion (TI) calculations coupled with MD simulations were per-
formed to rationalize the difference in binding affinity between
methyl- and ethyl-substituted heterodimers. The change in
binding free energy was determined from the thermodynamic
cycle shown in Figure 4. The results predict that the conversion
from methyl [(�)-11a,b] to ethyl [(�)-12a,b] decreases the
binding affinity for the enzyme by 0.4 and 0.3 kcalmol�1, re-
spectively, which is in agreement with the experimental data.
In contrast, similar calculations performed for the parent com-
pound, (�)-huprine, predicted huprine X to be more potent
than huprine Y by 0.7 kcalmol�1.[16d]

As a whole, these results reflect the changes in the available
experimental data originated upon replacement of methyl by
ethyl at position 9, thus lending support to the structural

models derived from the extend-
ed MD simulations. Moreover,
these results highlight the im-
portance of the mid-gorge site
in modulating the binding affini-
ty of dual binding site inhibitors
in AChE.

Kinetic analysis of AChE
inhibition

To gain further insight into the
mechanism of action of this
family of compounds on human
recombinant AChE, a kinetics
study was carried out with the
most potent compound of the
series : heterodimer (�)-11b.
Graphical analysis of the overlaid
reciprocal Lineweaver–Burk plots
(Figure 5) showed both in-
creased slopes (decreased Vmax)
and intercepts (higher KM) with
increasing inhibitor concentra-
tions. This pattern indicates
mixed-type inhibition, and there-
fore supports the dual site bind-
ing suggested by MD simula-
tions. Re-plots of the slope
versus concentration of hetero-
dimer (�)-11b gave an estimate
of the competitive inhibition
constant, Ki, at 0.53 nm.

BChE inhibition

Recent evidence has shown that
inhibition of BChE might be val-

uable in the search for anti-Alzheimer agents.[27] Consequently,
the inhibitory activity toward human serum BChE (hBChE) was
also assayed by the method of Ellman et al. (Table 1).[26] Hu-
prines are selective for hAChE versus hBChE inhibition. The
presence of the chlorine atom at the huprine unit, which is
partly responsible for the high hAChE inhibitory activity of 4-
aminoquinoline derivatives,[28] becomes detrimental for hBChE
inhibition. Steric hindrance due to the proximity of the chlor-
ine atom to the terminal methyl group of Met437 in the
hBChE active site seems to account for the detrimental influ-
ence of this substituent on the hBChE inhibitory activity rela-
tive to unsubstituted 4-aminoquinolines such as tacrine,[29]

which is a fivefold more potent inhibitor toward hBChE than
hAChE.[15] Moreover, donepezil is very selective for hAChE
versus hBChE inhibition. As expected, the huprine-based heter-
odimers 11–12a,b are more potent inhibitors of hAChE than
hBChE (2–134-fold). Nevertheless, as huprines themselves, they
can be considered moderately potent inhibitors of hBChE, with
IC50 values in the nanomolar range. Following the same trends

Figure 3. Superposition of the structures (green) collected at the end of the 30 ns MD simulations of compounds
a) (�)-11a and c) (�)-11b bound to hAChE, and the X-ray crystallographic structures of TcAChE with donepezil
(orange, PDB ID: 1EVE) and (�)-huprine X (dark blue, PDB ID: 1E66). Comparison of the structures (green) and rel-
evant residues (cyan) collected at the end of the 30 ns MD simulations of compounds b) (�)-11a and d) (�)-11b
with the X-ray crystallographic structure of TcAChE with donepezil (orange, PDB ID: 1EVE).
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found in the parent huprines, the hBChE inhibitory activity of
the novel heterodimers increases with the presence of an ethyl
substituent at position 9 of the huprine moiety (huprine X de-
rivatives being 1.5–2-fold more potent than their huprine Y-
based counterparts) and with the presence of a dextrorotatory
huprine moiety, with the 7R,11R configuration (the levorotatory
enantiomers being generally two to fourfold less potent than
the racemic compounds and fourfold less potent than the dex-
trorotatory enantiomer in the case of 11b). The tether length

leading to higher activity turned out to be that corresponding
to a trimethylene linker, the corresponding heterodimers being
1.2–4-fold more potent than their ethylene-linked counter-
parts. Overall, the most potent hBChEI among these hetero-
dimers was (� )-12b, which is 119-fold more potent than done-
pezil, but fourfold less potent than the parent (� )-huprine X
[(� )-6] . Slightly lower inhibitory potencies were found for (� )-
11b and (++)-11b.

Inhibition of AChE-induced Ab aggregation

Regarding the potential interference of the new heterodimers
with Ab, they were first tested for their ability to inhibit AChE-
induced aggregation of Ab1–40, by using a thioflavin T fluores-
cence method.[30] The Ab anti-aggregating effect of racemic
and enantiopure (�)- and (+)-huprines Y and X, was also deter-
mined, while that of donepezil was already described.[30] The
new heterodimers significantly inhibit, at a concentration of
100 mm, hAChE-induced Ab aggregation, with percentages of
inhibition ranging from 25 to 50% (Table 2). In all cases, the in-
hibitory activity was higher than that of the dual binding site
AChEI donepezil (22%), likely a result of better dual site bind-
ing to AChE, and in most cases also higher than those of the
parent huprines, which exhibited remarkable inhibitory activity
(12–37%). Although (�)-huprine X has been shown to bind
tightly to the AChE active site,[18] kinetics studies have demon-
strated that this compound interferes with the binding of the
peripheral site AChEI propidium to AChE.[16c] The binding ge-

Figure 4. Thermodynamic cycle used in free energy calculations in water
and in the hAChE enzyme to determine relative binding. The results for the
forward and reverse mutations are given in parentheses. Values are in kcal
mol�1.

Figure 5. Kinetics study on the mechanism of AChE inhibition by heterodi-
mer (�)-11b. Overlaid Lineweaver–Burk reciprocal plots of AChE initial veloc-
ity at increasing substrate concentration (ATCh, 0.56–0.11 mm) in the ab-
sence of inhibitor and in the presence of (�)-11b (0.18–0.88 nm) are shown.
Lines were derived from a weighted least-squares analysis of the data
points.

Table 2. Ab aggregation and BACE-1 inhibitory activities of the hydro-
chlorides of donepezil, racemic and enantiopure huprines Y and X, and
the dihydrochlorides of racemic and enantiopure heterodimers 11a,b and
12a,b.[a]

Compd AChE-induced
Ab1–40 aggre-
gation [%][b]

Ab1–42 self-in-
duced aggre-
gation [%][c]

BACE-1 [%][d]

(�)-11a·2HCl 44.2�1.0 26.0�2.0 14.3�7.6[e]

(�)-11a·2HCl 31.1�0.4 16.3�0.5 24.6�3.0[e]

(�)-11b·2HCl 44.5�1.8 28.5�0.4 29.1�2.9[e]

(�)-11b·2HCl 41.5�2.4 29.0�2.0 30.8�4.1[e]

(+)-11b·2HCl 24.9�2.4 29.9�1.3 13.1�4.7[e]

(�)-12a·2HCl 35.7�3.2 16.3�0.5 19.2�2.2[e]

(�)-12a·2HCl 27.3�2.6 20.9�0.3 12.5�0.7[e]

(�)-12b·2HCl 49.8�0.4 20.9�0.3 18.0�9.0[e]

(�)-12b·2HCl 43.8�0.8 23.6�4.0 14.9�3.9[e]

donepezil·HCl 22[f] <5[g] –[h]

(�)-huprine Y·HCl 37.5�0.5 ND[i] ND[i]

(�)-huprine Y·HCl 25.1�4.9 10.2�6.5 14.0�0.1[j]

(+)-huprine Y·HCl 11.6�1.7 13.2�1.9 13.6�2.3[j]

(�)-huprine X·HCl 34.1�0.2 25.5�2.1 15.7�3.8[j]

(�)-huprine X·HCl 28.9�0.2 25.4�1.2 21.8�7.2[j]

(+)-huprine X·HCl 21.5�1.4 22.9�0.4 16.7�0.6[j]

[a] Values are expressed as the mean �SEM from two independent meas-
urements, each performed in duplicate. [b] Inhibitor concentration:
100 mm. [c] Inhibitor concentration: 10 mm ([Ab]/[I]=5:1). [d] Inhibitor
concentration: 5 mm. [e] Human recombinant BACE-1 (Sigma), substrate
M-2420 (Bachem). [f] Data from Ref. [30] . [g] Data from Ref. [31a] .
[h] IC50=11.3�0.9 mm. [i] Not determined. [j] Human recombinant BACE-1
(Invitrogen), substrate Panvera Peptide (Invitrogen).
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ometry and added molecular volume of huprines, when bound
to the active site, could explain the decreased affinity of pe-
ripheral site ligands such as propidium,[16c] as well as Ab.

The AChE-induced Ab aggregation inhibitory activity of the
novel heterodimers 11–12a,b slightly increased with the pres-
ence of a trimethylene linker (up to 1.6-fold relative to the eth-
ylene-linked counterparts) and a unit of racemic huprine, while
the presence of a methyl or ethyl substituent at position 9 of
the huprine moiety had essentially no effect on this activity.
Overall, the most potent compounds were the trimethylene-
linked heterodimers (� )-11b, (�)-11b, (� )-12b, and (�)-12b,
as well as the ethylene-linked heterodimer (� )-11a, all of
which showed percentages of inhibition between 40 and 50%,
which are in the same range as those of the structurally related
heterodimers of series 3 and 4 (Figure 1).

Inhibition of Ab self-aggregation

A number of dual binding site AChE inhibitors have been
found to exhibit significant inhibitory activity toward Ab self-
aggregation.[11a,29a, 31] Analogously, the new donepezil–huprine
heterodimers significantly inhibit the self-induced Ab aggrega-
tion when tested at a concentration fivefold lower than that of
Ab, with percentages of inhibition ranging from 16 to 30%
(Table 2). In all cases, this effect was higher than that of done-
pezil (<5%) and (�)- and (++)-huprine Y (10 and 13%, respec-
tively), while similar to that of racemic and enantiopure hupri-
ne X (23–25%). Contrary to the trend found for the parent hu-
prines, the Ab anti-aggregating action of the novel heterodim-
ers slightly increased with the presence of a methyl group at
position 9 of the huprine moiety (1.2–1.6-fold relative to the
ethyl-substituted counterparts). Also, this activity slightly in-
creased with the presence of a trimethylene linker (1.1–1.8-fold
relative to the ethylene-linked counterparts), while it generally
remained insensitive to the configuration of the huprine
moiety.

The strongest inhibitors of spontaneous Ab aggregation
among known dual binding site AChEIs show potencies in the
low micromolar range.[11a,31a,d,e] The expected IC50 values for
most of the heterodimers of this family must be clearly below
50 mm, so that they could be considered moderate inhibitors
of Ab1–42 self-aggregation.

Inhibition of BACE-1

BACE-1 constitutes a prime therapeutic target for disease-mod-
ifying anti-Alzheimer drugs, as it is involved in the initial and
rate-limiting step of the proteolytic cleavage of APP to Ab ; its
inhibition should decrease all forms of Ab. Indeed, Ab genera-
tion, amyloid pathology, and cognitive deficits are abrogated
in BACE-1-deficient bigenic mice overexpressing APP.[5b] How-
ever, BACE-1 has other substrates in addition to APP, and so its
complete inhibition might lead to serious side effects. Thus, al-
though initial studies on BACE-1-deficient mice indicated no
adverse phenotype,[32] some subtle effects on both peripheral
and central myelin formation have recently been found.[33] This
mechanism-based toxicity, more importantly present in inhibi-

tors of the more promiscuous g-secretase, requires some selec-
tivity or a balanced inhibition, which could be reached by mild
inhibition or by simultaneously addressing multiple targets in
order to minimize harmful side effects.[3a] Indeed, the degree of
decrease in Ab synthesis that secretase inhibitors have to ach-
ieve to affect the progression of AD is a matter of debate, and
partial inhibition of BACE-1 has been proposed to provide
therapeutic benefits with limited mechanism-based adverse ef-
fects.[5b] Thus, heterozygous BACE-1 knockout APP transgenic
mice with only 15% reduction of brain Ab show a dramatic de-
crease in brain amyloid burden at old age.[34]

Although highly active in vitro peptide inhibitors with poor
pharmacokinetics are known, development of potent brain-
permeable inhibitors is turning out to be a difficult task.
Indeed, so far only one BACE-1 inhibitor, namely CTS-21166,
has reached clinical trials. Therefore, there is still an increasing
need for small organic BACE-1 inhibitors that are able to cross
the blood–brain barrier (BBB).[35] As previously mentioned,
some dual binding site AChEIs such as bis(7)-tacrine[11c,36] and
some derivatives thereof,[11b] lipocrine,[37] memoquin,[11a]

AP2243,[38] and some pyrano[3,2-c]quinoline-6-chlorotacrine
heterodimers[31f] exhibit significant BACE-1 inhibitory activity,
which is independent of their action on the primary target,
AChE.

Thus, the BACE-1 inhibitory activity of this novel family of
dual binding site AChEIs was screened at a single concentra-
tion (5 mm) by a fluorimetric assay, which is considered predic-
tive of activity in cell culture.[39] All of the heterodimers exhibit-
ed significant BACE-1 inhibition (12–31%). The substitution
pattern leading to greater BACE-1 inhibition involved the pres-
ence of a methyl substituent at position 9 of the huprine
moiety (1.3–2.1-fold more potent than the ethyl-substituted
counterparts) and a trimethylene linker (1.1–2-fold more
potent than the ethylene-linked counterparts), while a clear
trend regarding the configuration of the huprine moiety was
not found. The most potent BACE-1 inhibitors, that is, hetero-
dimers (� )-11b, (�)-11b, and (�)-11a, are more potent inhibi-
tors than the parent huprines, and roughly equipotent to do-
nepezil (IC50=11.3�0.9 mm) when evaluated under the same
assay conditions. Indeed, heterodimer (�)-11b exhibited an
IC50 value of 11.0�0.59 mm, thus constituting a moderate
BACE-1 inhibitor.

In vitro blood–brain barrier permeation assay

Successful CNS drugs must overcome the biological hurdle of
BBB penetration. To predict the brain penetration of the done-
pezil–huprine heterodimers described herein, we used the
widely known PAMPA-BBB assay,[40] which was successfully ap-
plied by us to different classes of anti-Alzheimer com-
pounds.[31f, 41] The in vitro permeability (Pe) of racemic 11–
12a,b, and of the parent huprines Y and X and donepezil
through a lipid extract of porcine brain were determined by
using phosphate-buffered saline (PBS)/EtOH (80:20 or 70:30,
depending on the solubility of compounds). At each solvent
mixture, assay validation was made by comparing the experi-
mental permeability with the reported values of 15 commercial
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drugs that gave a good linear correlation: Pe (exp.)=1.48Pe (lit.)+

1.91 (R2=0.95) for PBS/EtOH (80:20) and Pe (exp.)=2.15Pe (lit.)+

1.13 (R2=0.93) for PBS/EtOH (70:30) (see tables 1 and 2 and
figure 3 of the Supporting Information). From these equations
and taking into account the limits established by Di et al. for
BBB permeation,[40] we established that compounds with per-
meability values greater than 7.8�10�6 cms�1 (PBS/EtOH,
80:20) or 9.7�10�6 cms�1 (PBS/EtOH, 70:30) should cross the
BBB. All tested heterodimers, as well as the parent huprines
and donepezil, showed permeability values over the above
limits (Table 3), pointing out that they could cross the BBB and
reach their pharmacological targets located in the CNS, as has
been confirmed for huprines in in vivo and ex vivo stud-
ies,[16d,17] and, of course, for donepezil during clinical use.

Conclusions

We have synthesized a new family of donepezil–huprine heter-
odimers designed to simultaneously interact with the peripher-
al, mid-gorge, and active sites of hAChE, with the aim of attain-
ing high hAChE inhibitory activity and more importantly of in-
terfering with AChE-induced Ab aggregation; the former effect
is of interest for the management of the symptomatology of
AD, and the latter for the modification of AD progression. The
novel heterodimers are potent inhibitors of hAChE and moder-
ately potent inhibitors of hAChE-induced Ab aggregation, and
are clearly superior to the parent donepezil in both activities.
They are also more potent than the parent huprines as hAChE-
induced Ab aggregation inhibitors, but are less potent than
huprines for hAChE inhibition. This fact could be ascribed to
the structural distortion within hAChE generated by the pres-
ence of the piperidine ring in the linker of the heterodimers.
The hAChE and hAChE-induced Ab aggregation inhibitory ac-
tivity of the novel heterodimers compares with that found for
the most potent compounds of the structurally related indane-
bearing donepezil–tacrine heterodimers of series 4. Interesting-
ly, the novel heterodimers also exhibit a significant inhibitory
activity toward hBChE and Ab self-aggregation, are able to
block Ab formation through inhibition of BACE-1, and have
been predicted to be able to cross the BBB and enter the CNS.
Although it remains to be proven if the novel heterodimers

share other activities of the parent huprines such as modula-
tion of cholinergic or NMDA receptors or neuroprotective ef-
fects, their multitarget pharmacological and pharmacokinetic
profile described herein make these heterodimers very promis-
ing disease-modifying anti-Alzheimer drug candidates.

Experimental Section

Chemistry

Melting points were determined in open capillary tubes with a
MFB 595010M Gallenkamp melting point apparatus. 1H NMR
(400 MHz) and 13C NMR (100.6 MHz) spectra, as well as 500 MHz
1H NMR spectra were recorded on Varian Mercury 400 and Varian
Inova 500 spectrometers, respectively. Chemical shifts (d) are re-
ported in ppm relative to internal tetramethylsilane, and coupling
constants are reported in Hertz (Hz). Assignments given for the
NMR spectra of the new compounds were carried out by compari-
son with the NMR data of the previously described heterodimer 4
(X=H,H; R=Cl; n=3) and huprines 5 and 6, as model compounds,
which in turn, were assigned on the basis of DEPT, COSY 1H/1H
(standard procedures), and COSY 1H/13C (gHSQC and gHMBC se-
quences) experiments. IR spectra were run on a PerkinElmer Spec-
trum RX I spectrophotometer. Absorption values are expressed as
wavenumbers (cm�1) ; only significant absorption bands are given.
Column chromatography was performed on silica gel 60 AC.C (35–
70 mesh, SDS, ref. 2000027) or with Biotage FLASH 40M Silica
equipment (KP-SilTM 40–63 mm, 40�150 mm cartridges). Thin-layer
chromatography was performed with aluminum-backed sheets
with silica gel 60 F254 (Merck, ref. 1.05554), and spots were visual-
ized with UV light and 1% aqueous solution of KMnO4. Optical ro-
tations were measured on a PerkinElmer model 241 polarimeter.
The specific rotation was not corrected for the presence of solvent
of crystallization. Analytical-grade solvents were used for crystalli-
zation, while pure synthesis-grade solvents were used in the reac-
tions, extractions, and column chromatography. For characteriza-
tion purposes, the new heterodimers were transformed into the
corresponding dihydrochlorides, and recrystallized. The analytical
samples of all of the new heterodimers which were subjected to
pharmacological evaluation possess a purity �95% as evidenced
by their elemental analyses. Notably, as previously reported for
some tacrine-related dimeric compounds,[42] the new heterodimers
described herein have the ability to retain water molecules, which
cannot be removed after drying the analytical samples at 65 8C,
30 Torr for 4 days. Thus, the elemental analyses of these com-
pounds showed the presence of variable amounts of water, which
have been indicated in the corresponding compound formulas.
NMR spectra of all of the new compounds were performed at the
Serveis Cient�fico-T�cnics of the University of Barcelona, while ele-
mental analyses and high-resolution mass spectrometry were car-
ried out at the Microanalysis Service of the IIQAB (CSIC, Barcelona,
Spain) with a Carlo Erba model 1106 analyzer, and at the Serveis
Cient�fico-T�cnics of the University of Barcelona with an LC–MSD
TOF Agilent Technologics spectrometer.

2-{[1-(2-Hydroxyethyl)piperidin-4-yl]methyl}-5,6-dimethoxyin-
dane (9a). A mixture of piperidine 7 (970 mg, 3.53 mmol, 1 equiv)
and 2-bromoethanol, 8a (0.5 mL, 0.88 g, 7.05 mmol, 2 equiv) in 1-
pentanol was heated under reflux for 48 h. The resulting suspen-
sion was allowed to cool to room temperature, diluted with EtOAc
(60 mL) and extracted with aqueous 1n HCl (3�20 mL). The com-
bined aqueous phases were washed with EtOAc (4�20 mL), alkali-
nized with NaOH pellets (pH 12), and extracted with CH2Cl2 (3�

Table 3. Permeability results from the PAMPA-BBB assay for the donepe-
zil–huprine heterodimers, huprines Y and X, and donepezil, with their pre-
dicted penetration into the CNS.

Compd Pe [10�6 cms�1][a] Prediction

(�)-11a·2HCl[b] 15.2�0.1 CNS+
(�)-11b·2HCl[b] 11.4�0.2 CNS+
(�)-12a·2HCl[b] 21.3�0.4 CNS+
(�)-12b·2HCl[c] 17.1�0.4 CNS+
donepezil·HCl[c] 25.2�0.2 CNS+
(�)-huprine Y·HCl[c] 18.2�0.1 CNS+
(�)-huprine X·HCl[c] 17.8�0.1 CNS+

[a] Values are expressed as the mean �SD of three independent experi-
ments. [b] Compound dissolved in PBS/EtOH (70:30). [c] Compound dis-
solved in PBS/EtOH (80:20).
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30 mL). The combined organic extracts were dried with anhydrous
Na2SO4 and concentrated in vacuo to give a grey solid residue
(861 mg), which was subjected to column chromatography (35–
70 mm silica gel, CH2Cl2/MeOH/50% aq NH4OH mixtures as eluent).
On elution with CH2Cl2/MeOH/50% aq NH4OH 92:8:0.5, alcohol 9a
(616 mg, 55%) was isolated as a white solid. On elution with
CH2Cl2/MeOH/50% aq NH4OH 90:10:0.5!80:20:0.5, starting piperi-
dine 7 (193 mg) [68% yield of alcohol 9a based on reacted piperi-
dine 7] was recovered.

9a : Rf=0.27 (CH2Cl2/MeOH/50% aq NH4OH 8.5:1.5:0.05); mp: 78–
79 8C (CH2Cl2/MeOH/50% aq NH4OH 92:8:0.5) ; 1H NMR (400 MHz,
CDCl3): d=1.24 [dddd, J� J’� J’’�12.4 Hz, J’’’=3.2 Hz, 2H, piperi-
dine 3(5)-Hax] , superimposed in part 1.30–1.44 (m, 1H, piperidine
4-H), 1.44 (dd, J= J’=6.8 Hz, 2H, 2-CH2), 1.72 [brd, J=12.0 Hz, 2H,
piperidine 3(5)-Heq] , 2.05 [ddd, J= J’=11.6 Hz, J’’=1.6 Hz, 2H, pi-
peridine 2(6)-Hax] , superimposed in part 2.46–2.61 [complex signal,
3H, indane 1(3)-Ha and 2-H], 2.51 (t, J=5.2 Hz, 2H, NCH2CH2OH),
2.90 [brd, J=11.6 Hz, 2H, piperidine 2(6)-Heq] , 2.96 [dd, J=14.0 Hz,
J’=7.2 Hz, 2H, indane 1(3)-Hb] , 3.60 (t, J=5.2 Hz, 2H, NCH2CH2OH),
3.84 [s, 6H, indane 5(6)-OCH3], 6.73 [s, 2H, indane 4(7)-H], the
signal corresponding to the OH group was not observed; 13C NMR
(100.6 MHz, CDCl3): d=32.7 [CH2, piperidine C3(5)] , 34.5 (CH, piper-
idine C4), 37.7 (CH, indane C2), 39.5 [CH2, indane C1(3)] , 42.8 (CH2,
2-CH2), 53.8 [CH2, piperidine C2(6)] , 56.0 [CH3, indane 5(6)-OCH3],
57.8 (CH2, NCH2CH2OH), 59.5 (CH2, NCH2CH2OH), 107.9 [CH, indane
C4(7)] , 134.9 [C, indane C3a(7a)] , 147.8 [C, indane C5(6)]; IR (KBr):
ñ=3514 cm�1 (O-H st) ; Anal. calcd for C19H29NO3: C 71.44, H 9.15, N
4.38, found: C 71.41, H 9.09, N 4.36.

2-{[1-(3-Hydroxypropyl)piperidin-4-yl]methyl}-5,6-dimethoxyin-
dane (9b). It was prepared as described for 9a. From piperidine 7
(1.09 g, 3.96 mmol, 1 equiv) and 3-chloro-1-propanol, 8b (0.7 mL,
0.79 g, 8.37 mmol, 2 equiv), a grey solid residue (1.02 g) was ob-
tained and subjected to column chromatography (35–70 mm silica
gel, CH2Cl2/MeOH/50% aq NH4OH mixtures as eluent). On elution
with CH2Cl2/MeOH/50% aq NH4OH 92:8:0.5, alcohol 9b (577 mg,
44%) was isolated as a white solid. On elution with CH2Cl2/MeOH/
50% aq NH4OH 90:10:0.5 to 85:15:0.5, starting piperidine 7
(78 mg) [47% of alcohol 9b based on reacted piperidine 7] was re-
covered.

9b : Rf=0.29 (CH2Cl2/MeOH/50% aq NH4OH 9:1:0.05); mp: 85–86 8C
(CH2Cl2/MeOH/50% aq NH4OH 92:8:0.5) ; 1H NMR (400 MHz, CDCl3):
d=1.22 [dddd, J� J’� J’’�12.4 Hz, J’’’=3.6 Hz, 2H, piperidine 3(5)-
Hax] , superimposed in part 1.30–1.41 (m, 1H, piperidine 4-H), 1.42
(dd, J= J’=6.4 Hz, 2H, 2-CH2), 1.67–1.76 [complex signal, 4H,
NCH2CH2CH2OH and piperidine 3(5)-Heq], 1.92 [brdd, J� J’
�11.2 Hz, 2H, piperidine 2(6)-Hax] , 2.45–2.55 [complex signal, 3H,
indane 1(3)-Ha and 2-H], 2.58 (t, J=5.6 Hz, 2H, NCH2CH2CH2OH),
2.95 [dd, J=14.0 Hz, J’=7.6 Hz, 2H, indane 1(3)-Hb] , 3.05 [brd, J=
11.2 Hz, 2H, piperidine 2(6)-Heq] , 3.79 (t, J=5.6 Hz, 2H,
NCH2CH2CH2OH), 3.83 [s, 6H, indane 5(6)-OCH3], 6.72 [s, 2H, indane
4(7)-H], the signal corresponding to the OH group was not ob-
served; 13C NMR (100.6 MHz, CDCl3): d=27.1 (CH2, NCH2CH2CH2OH),
32.6 [CH2, piperidine C3(5)] , 34.4 (CH, piperidine C4), 37.7 (CH,
indane C2), 39.4 [CH2, indane C1(3)] , 42.6 (CH2, 2-CH2), 54.2 [CH2, pi-
peridine C2(6)] , 56.0 [CH3, indane 5(6)-OCH3], 59.3 (CH2,
NCH2CH2CH2OH), 64.8 (CH2, NCH2CH2CH2OH), 107.8 [CH, indane
C4(7)] , 134.9 [C, indane C3a(7a)] , 147.8 [C, indane C5(6)]; IR (KBr):
ñ=3172 cm�1 (O-H st) ; Anal. calcd for C20H31NO3: C 72.04, H 9.37, N
4.20, found: C 72.06, H 9.25, N 4.16.

2-{[1-(2-Chloroethyl)piperidin-4-yl]methyl}-5,6-dimethoxyindane
(10a). SOCl2 (6.43 mL, 10.5 g, 88.2 mmol, 50 equiv) was added

dropwise to a 5 8C solution of alcohol 9a (566 mg, 1.77 mmol,
1 equiv) in CH2Cl2 (25 mL). The reaction mixture was heated under
reflux for 4 h, cooled to room temperature and evaporated in va-
cuo. The resulting light-brown solid residue was taken in CH2Cl2
(5�10 mL) and evaporated in vacuo to give crude 9a·HCl
(671 mg), which was used in the next step without further purifica-
tion.

2-{[1-(3-Chloropropyl)piperidin-4-yl]methyl}-5,6-dimethoxyin-
dane (10b). It was prepared as described for 10a. From alcohol
9b (694 mg, 2.08 mmol, 1 equiv) and SOCl2 (7.6 mL, 12.4 g,
104 mmol, 50 equiv), crude 10b·HCl (825 mg) was obtained and
used in the next step without further purification.

General procedure for the reaction of w-chloroalkylpiperidines
10 with huprines 5 and 6. A solution of huprine 5 or 6 (1 mmol)
in anhydrous DMSO (4.5 mL) was prepared by heating at 70 8C in a
water bath, was allowed to cool to room temperature, and was
added to a mixture of powdered KOH (343 mg of a 85% purity re-
agent, 5.2 mmol) and 4 	 molecular sieves (~600 mg). The result-
ing mixture was stirred thoroughly at room temperature for 2 h
and then treated, dropwise, with a solution of w-chloroalkylpiperi-
dine 10 (1.2 mmol) in DMSO (1.5–5 mL), previously prepared by
heating at 70 8C in a water bath. The reaction mixture was stirred
thoroughly at room temperature for 3–5 days, diluted with water
(30–100 mL), and extracted with CH2Cl2 (4�20 mL). The combined
organic extracts were washed with water (3�30 mL), dried with
anhydrous Na2SO4, and evaporated at reduced pressure to give a
brown solid or oily residue, which was subjected to column chro-
matography [35–70 mm silica gel or Biotage FLASH 40M Silica
equipment (KP-SilTM 40–63 mm, 40�150 mm cartridges), CH2Cl2/
MeOH/50% aq NH4OH or hexane/EtOAc/Et3N mixtures as eluent].

The isolated donepezil–huprine heterodimers 11–12 were trans-
formed into the corresponding dihydrochlorides as follows: A solu-
tion of the free base (1 mmol) in CH2Cl2 (10–50 mL) was filtered
through a 0.45 mm PTFE filter and treated with an excess of a
methanolic solution of HCl (9 mmol). The solution was concentrat-
ed in vacuo to dryness and the solid residue was recrystallized
from MeOH/EtOAc mixtures and/or dried at 65 8C, 30 Torr for
4 days.

(��)-3-Chloro-12-[(2-{4-[(5,6-dimethoxyindan-2-yl)methyl]piperi-
din-1-yl}ethyl)amino]-6,7,10,11-tetrahydro-9-methyl-7,11-metha-
nocycloocta[b]quinoline [(� )-11a] . From (� )-5 (235 mg,
0.83 mmol) and crude 10a [aliquot of 371 mg of a total amount of
671 mg of the crude product obtained from 566 mg (1.77 mmol)
of alcohol 9a] , a brown solid residue (384 mg) was obtained and
subjected to column chromatography [35–70 mm silica gel (50 g),
CH2Cl2/MeOH/50% aq NH4OH 99:1:0.4] , to afford successively hete-
rodimer (� )-11a (103 mg, 21%) as a light-yellow solid, a mixture
(� )-11a/(�)-5 in an approximate ratio 64:36 (1H NMR) [114 mg,
36% total yield of (� )-11a] , and starting huprine (� )-5 (47 mg)
[58% total yield of (� )-11a based on reacted (� )-5] .

(� )-11a : Rf=0.64 (CH2Cl2/MeOH/50% aq NH4OH 9:1:0.05).

(� )-11a·2HCl: mp: 200–202 8C (CH2Cl2/MeOH 6:7); 1H NMR
(500 MHz, CD3OD): d=1.53 (t, J=7.0 Hz, 2H, indane 2-CH2), 1.58 (s,
3H, 9-CH3), 1.66 [m, 2H, piperidine 3(5)-Hax] , 1.72–1.80 (br signal,
1H, piperidine 4-H), 1.93 (d, J=18.5 Hz, 1H, 10-Hendo), superim-
posed in part 1.97 (dm, J�13.0 Hz, 1H, 13-Hsyn), 2.06 [brd, J=
14.5 Hz, 2H, piperidine 3(5)-Heq] , superimposed in part 2.10 (dm,
J=13.0 Hz, 1H, 13-Hanti), 2.53 [brd, J=14.0 Hz, 2H, indane 1(3)-Hcis] ,
superimposed in part 2.48–2.60 (m, 1H, indane 2-H), superimposed
in part 2.60 (brdd, J�18.5 Hz, J’=5.0 Hz, 1H, 10-Hexo), 2.78 (m, 1H,
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7-H), 2.92 (dm, J=18.0 Hz, 1H, 6-Hendo), 3.00 [dd, J�14.0 Hz, J’
�7.0 Hz, 2H, indane 1(3)-Htrans] , 3.11 [br t, J=11.5 Hz, 2H, piperi-
dine 2(6)-Hax] , 3.24 (dd, J=18.0 Hz, J’=5.5 Hz, 1H, 6-Hexo), 3.60 (m,
1H, 11-H), superimposed in part 3.62 (m, 2H, NHCH2CH2N), 3.68–
3.76 [br signal, 2H, piperidine 2(6)-Heq] , 3.77 [s, 6H, indane 5(6)-
OCH3], 4.42 (t, J=6.5 Hz, 2H, NHCH2CH2N), 4.84 (s, NH and +NH),
5.58 (brd, J=4.5 Hz, 1H, 8-H), 6.78 [s, 2H, indane 4(7)-H], 7.64 (dd,
J=9.0 Hz, J’=2.0 Hz, 1H, 2-H), 7.81 (d, J�2.0 Hz, 1H, 4-H), 8.35 (d,
J=9.0 Hz, 1H, 1-H); 13C NMR (100.6 MHz, CD3OD): d=23.4 (CH3, 9-
CH3), 27.5 (CH, C11), 27.8 (CH, C7), 29.1 (CH2, C13), 30.9 [CH2, piperi-
dine C3(5)] , 33.4 (CH, piperidine C4), 36.2 (CH2, C10), 36.6 (CH2, C6),
38.9 (CH, indane C2), 40.3 [CH2, indane C1(3)], 43.0 (CH2,
NHCH2CH2N), 43.9 (CH2, indane 2-CH2), 54.9 [CH2, piperidine C2(6)] ,
56.7 [CH3, indane 5(6)-OCH3], 57.2 (CH2, NHCH2CH2N), 109.7 [CH,
indane C4(7)] , 116.0 (C) and 119.3 (C) (C11a and C12a), 119.4 (CH,
C4), 125.1 (CH, C8), 127.5 (CH, C2), 129.0 (CH, C1), 134.7 (C, C9),
136.3 [C, indane C3a(7a)], 140.4 (C, C3), 140.8 (C, C4a), 149.4 [C,
indane C5(6)] , 152.5 (C, C5a), 157.1 (C, C12); IR (KBr): ñ=3500–2500
(max at 3417, 3256, 3055, 3001, 2928, 2835, N-H, +N-H, O-H, and C-
H st), 1630, 1581, and 1504 cm�1 (ar-C-C and ar-C-N st) ; HRMS m/z
[M++H]+ calcd for C36H44

35ClN3O2: 586.3194, found: 586.3207; Anal.
calcd for C36H44ClN3O2·2HCl·3H2O: C 60.63, H 7.35, N 5.89, Cl 14.91,
found: C 60.90, H 7.05, N 5.93, Cl 15.06.

(�)-(7S,11S)-3-Chloro-12-[(2-{4-[(5,6-dimethoxyindan-2-yl)me-
thyl]piperidin-1-yl}ethyl)amino]-6,7,10,11-tetrahydro-9-methyl-
7,11-methanocycloocta[b]quinoline [(�)-11a] . From (�)-5
(>99% ee, 295 mg, 1.04 mmol) and crude 10a [aliquot of 473 mg
of a total amount of 2.50 g of the crude product obtained from
2.20 g (6.90 mmol) of alcohol 9a] with a reaction time of 5 days, a
brown solid residue (686 mg) was obtained and subjected to
column chromatography [35–70 mm silica gel (68 g), CH2Cl2/MeOH/
50% aq NH4OH mixtures] . On elution with CH2Cl2/MeOH/50% aq
NH4OH 99:1:0.2 to 98:2:0.2, heterodimer (�)-11a (106 mg, 17%)
and a mixture (�)-11a/(�)-5 in an approximate ratio 55:45
(1H NMR) [210 mg, 36% total yield of (�)-11a, 54% total yield of
(�)-11a based on reacted huprine (�)-5] were successively isolated
as a colorless oil and a yellowish oil, respectively.

(�)-11a·2HCl: mp: 228–230 8C (CH2Cl2/MeOH 4:1); [a]D20=�139
(c=0.96 in MeOH); the 1H and 13C NMR spectra were identical to
those reported above for (� )-11a·2HCl; IR (KBr): ñ=3600–2500
(max at 3551, 3388, 3342, 3229, 3056, 2928, 2842, 2701, N-H, +N-H,
O-H, and C-H st), 1629, 1582, and 1505 cm�1 (ar-C-C and ar-C-N st);
HRMS m/z [M+H]+ calcd for C36H44

35ClN3O2: 586.3194, found:
586.3193; Anal. calcd for C36H44ClN3O2·2HCl·2H2O: C 62.20, H 7.25,
N 6.04, Cl 15.30, found: C 62.45, H 7.20, N 6.19, Cl 15.13.

(�)-3-Chloro-12-[(3-{4-[(5,6-dimethoxyindan-2-yl)methyl]piperi-
din-1-yl}propyl)amino]-6,7,10,11-tetrahydro-9-methyl-7,11-meth-
anocycloocta[b]quinoline [(� )-11b] . From (� )-5 (311 mg,
1.09 mmol) and crude 10b [aliquot of 508 mg of a total amount of
825 mg of the crude product obtained from 694 mg (2.08 mmol)
of alcohol 9b] , a brown solid residue (641 mg) was obtained. After
three successive purifications by column chromatography [35–
70 mm silica gel (65 g), CH2Cl2/MeOH/50% aq NH4OH 99:1:0.2 to
92:8:0.2 + Biotage FLASH 40M Silica equipment, CH2Cl2/MeOH/
50% aq NH4OH 98:2:0.2 + Biotage FLASH 40M Silica equipment,
CH2Cl2/MeOH/50% aq NH4OH 100:0:0.2 to 95:5:0.2] , a mixture (� )-
5/(�)-11b in an approximate ratio 38:62 (1H NMR) (152 mg) and
heterodimer (� )-11b [136 mg, 21% isolated yield, 35% total yield,
43% total yield based on reacted huprine (� )-5] were isolated as a
yellowish solid and oil, respectively.

(� )-11b : Rf=0.59 (CH2Cl2/MeOH/50% aq NH4OH 9:1:0.05).

(� )-11b·2HCl: mp: 184–186 8C (MeOH/EtOAc 1:8); 1H NMR
(500 MHz, CD3OD): d=1.51 (m, 2H, indane 2-CH2), superimposed
in part 1.55 [m, 2H, piperidine, 3(5)-Hax] , 1.58 (s, 3H, 9-CH3), 1.70–
1.80 (br signal, 1H, piperidine 4-H), 1.92 (d, J=17.5 Hz, 1H, 10-
Hendo), superimposed in part 1.97 (dm, J�13.0 Hz, 1H, 13-Hsyn), 2.04
[brd, J=14.5 Hz, 2H, piperidine 3(5)-Heq], 2.09 (dm, J=13.0 Hz, 1H,
13-Hanti), 2.37 (m, 2H, NHCH2CH2CH2N), 2.52 [brd, J=13.0 Hz, 2H,
indane 1(3)-Hcis] , superimposed in part 2.48–2.59 (m, 1H, indane 2-
H), superimposed in part 2.62 (brdd, J�17.5 Hz, J’=4.0 Hz, 1H, 10-
Hexo), 2.77 (m, 1H, 7-H), 2.88 (d, J=18.0 Hz, 1H, 6-Hendo), 2.99 [dd, J
�13.0 Hz, J’=8.0 Hz, 2H, indane 1(3)-Htrans] , superimposed in part
3.00 [m, 2H, piperidine 2(6)-Hax] , 3.22 (dd, J=18.0 Hz, J’=5.5 Hz,
1H, 6-Hexo), 3.27 (m, 2H, NHCH2CH2CH2N), 3.54 (m, 1H, 11-H), 3.58–
3.66 [br signal, 2H, piperidine 2(6)-Heq] , 3.77 [s, 6H, indane 5(6)-
OCH3], 4.08 (t, J=7.0 Hz, 2H, NHCH2CH2CH2N), 4.85 (s, NH and
+NH), 5.58 (brd, J=5.0 Hz, 1H, 8-H), 6.78 [s, 2H, indane 4(7)-H],
7.60 (dd, J=9.5 Hz, J’=2.0 Hz, 1H, 2-H), 7.78 (d, J=2.0 Hz, 1H, 4-
H), 8.41 (d, J=9.5 Hz, 1H, 1-H); 13C NMR (100.6 MHz, CD3OD): d=
23.5 (CH3, 9-CH3), 26.2 (CH2, NHCH2CH2CH2N), 27.4 (CH, C11), 27.9
(CH, C7), 29.3 (CH2, C13), 30.9 [CH2, piperidine C3(5)] , 33.6 (CH, pi-
peridine C4), 36.1 (CH2, C10), 36.4 (CH2, C6), 38.8 (CH, indane C2),
40.3 [CH2, indane C1(3)] , 43.0 (CH2, indane 2-CH2), 46.6 (CH2,
NHCH2CH2CH2N), 54.3 [CH2, piperidine C2(6)] , 55.3 (CH2,
NHCH2CH2CH2N), 56.7 [CH3, indane 5(6)-OCH3], 109.7 [CH, indane
C4(7)] , 115.8 (C) and 118.3 (C) (C11a and C12a), 119.2 (CH, C4),
125.1 (CH, C8), 127.2 (CH, C2), 129.4 (CH, C1), 134.7 (C, C9), 136.3
[C, indane C3a(7a)], 140.3 (C, C3), 140.9 (C, C4a), 149.4 [C, indane
C5(6)] , 151.8 (C, C5a), 156.9 (C, C12); IR (KBr): ñ=3600–2500 (max
at 3417, 3252, 3060, 2995, 2928, 2835, N-H, +N-H, O-H, and C-H st),
1630, 1581, and 1504 cm�1 (ar-C-C and ar-C-N st) ; HRMS m/z
[M+H]+ calcd for C37H46

35ClN3O2: 600.3351, found: 600.3358; Anal.
calcd for C37H46ClN3O2·2HCl·2H2O: C 62.66, H 7.39, N 5.93, Cl 15.00,
found: C 62.29, H 7.19, N 5.71, Cl 15.05.

(�)-(7S,11S)-3-Chloro-12-[(3-{4-[(5,6-dimethoxyindan-2-yl)me-
thyl]piperidin-1-yl}propyl)amino]-6,7,10,11-tetrahydro-9-methyl-
7,11-methanocycloocta[b]quinoline [(�)-11b] . From (�)-5
(>99% ee, 200 mg, 0.70 mmol) and crude 10b [aliquot of
276 mg of a total amount of 1.29 g of the crude product obtained
from 1.30 g (3.90 mmol) of alcohol 9b] , a brown oily residue
(415 mg) was obtained and subjected to column chromatography
[35–70 mm silica gel (42 g), CH2Cl2/MeOH/50% aq NH4OH 99:1:0.2] ,
to afford successively a mixture (�)-5/(�)-11b in an approximate
ratio 22:78 (1H NMR) (65 mg) and heterodimer (�)-11b [64 mg,
15% isolated yield, 27% total yield, 29% total yield based on react-
ed (�)-5] as yellowish oils.

(�)-11b·2HCl: mp: 206–208 8C (CH2Cl2/MeOH 5:1); [a]D20=�139
(c=0.11 in MeOH); the 1H and 13C NMR spectra were identical to
those reported above for (� )-11b·2HCl; IR (KBr): ñ=3600–2500
(max at 3371, 3232, 3119, 3055, 2924, 2856, 2646, N-H, +N-H, O-H,
and C-H st), 1630, 1582, and 1502 cm�1 (ar-C-C and ar-C-N st);
HRMS m/z [M+H]+ calcd for C37H46

35ClN3O2: 600.3351, found:
600.3344; Anal. calcd for C37H46ClN3O2·2HCl·3.5H2O: C 60.36, H
7.53, N 5.71, Cl 14.45, found: C 60.07, H 7.29, N 5.34, Cl 14.79.

(+)-(7R,11R)-3-Chloro-12-[(3-{4-[(5,6-dimethoxyindan-2-yl)me-
thyl]piperidin-1-yl}propyl)amino]-6,7,10,11-tetrahydro-9-methyl-
7,11-methanocycloocta[b]quinoline [(+)-11b] . From (+)-5
(>99% ee, 283 mg, 0.99 mmol) and crude 10b [aliquot of
461 mg of a total amount of 1.29 g of the crude product obtained
from 1.30 g (3.90 mmol) of alcohol 9b] , a brown oily residue
(590 mg) was obtained and subjected to column chromatography
[35–70 mm silica gel (59 g), hexane/EtOAc/Et3N 50:50:0.2] , to afford
successively starting (+)-5 (41 mg) as a yellowish solid, a mixture
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(++)-5/(+)-11b in an approximate ratio 35:65 (1H NMR) (20 mg), and
heterodimer (+)-11b [279 mg, 47% isolated yield, 49% total yield,
59% total yield based on reacted (+)-5] as yellowish oils.

(+)-11b·2HCl: mp: 198–199 8C (MeOH/EtOAc 2:13); [a]D20=+140
(c=0.82 in MeOH); the 1H and 13C NMR spectra were identical to
those reported above for (� )-11b·2HCl; IR (KBr): ñ=3600–2500
(max at 3400, 3220, 3119, 3061, 3014, 2920, 2897, 2833, 2628, 2552,
N-H, +N-H, O-H, and C-H st), 1630, 1605, 1583, and 1504 cm�1 (ar-
C-C and ar-C-N st) ; HRMS m/z [M+H]+ calcd for C37H46

35ClN3O2:
600.3351, found: 600.3352; Anal. calcd for
C37H46ClN3O2·2HCl·2.5H2O: C 61.88, H 7.44, N 5.85, Cl 14.81, found:
C 62.14, H 7.22, N 5.81, Cl 14.38.

(�)-3-Chloro-12-[(2-{4-[(5,6-dimethoxyindan-2-yl)methyl]piperi-
din-1-yl}ethyl)amino]-9-ethyl-6,7,10,11-tetrahydro-7,11-methano-
cycloocta[b]quinoline [(� )-12a] . From (� )-6 (322 mg, 1.08 mmol)
and crude 10a [aliquot of 464 mg of a total amount of 503 mg of
the crude product obtained from 396 mg (1.24 mmol) of alcohol
9a] , a brown solid residue (549 mg) was obtained and subjected
to column chromatography [35–70 mm silica gel (55 g), CH2Cl2/
MeOH/50% aq NH4OH mixtures] . On elution with CH2Cl2/MeOH/
50% aq NH4OH 99:1:0.2 to 95:5:0.2, heterodimer (� )-12a (181 mg,
28%) was isolated as a yellowish solid.

(� )-12a : Rf=0.58 (CH2Cl2/MeOH/50% aq NH4OH 9:1:0.05).

(� )-12a·2HCl: mp: 222–225 8C (MeOH/EtOAc 2:9); 1H NMR
(500 MHz, CD3OD): d=0.91 (t, J=7.5 Hz, 3H, 9-CH2CH3), 1.52 (m,
2H, indane 2-CH2), 1.55–1.68 [br signal, 2H, piperidine 3(5)-Hax] ,
1.70–1.80 (br signal, 1H, piperidine 4-H), 1.86 (dq, J=15.0 Hz, J’=
7.5 Hz, 1H) and 1.89 (dq, J=15.0 Hz, J’=7.5 Hz, 1H) (9-CH2CH3),
1.93 (d, J=18.0 Hz, 1H, 10-Hendo), 1.99 (dm, J=13.0 Hz, 1H, 13-
Hsyn), 2.05 [brd, J=13.5 Hz, 2H, piperidine 3(5)-Heq] , 2.11 (dm, J
�13.0 Hz, 1H, 13-Hanti), 2.52 [brd, J=13.0 Hz, 2H, indane 1(3)-Hcis] ,
superimposed in part 2.48–2.60 (m, 1H, indane 2-H), 2.63 (brdd, J
�18.0 Hz, J’=4.5 Hz, 1H, 10-Hexo), 2.81 (m, 1H, 7-H), 2.92 (brd, J=
18.0 Hz, 1H, 6-Hendo), 2.99 [dd, J=13.0 Hz, J’=7.0 Hz, 2H, indane
1(3)-Htrans] , 3.04–3.15 [br signal, 2H, piperidine 2(6)-Hax] , 3.25 (dd,
J=18.0 Hz, J’=5.5 Hz, 1H, 6-Hexo), 3.57 (m, 1H, 11-H), superim-
posed in part 3.61 (m, 2H, NHCH2CH2N), 3.64–3.74 [br signal, 2H,
piperidine 2(6)-Heq] , 3.77 [s, 6H, indane 5(6)-OCH3], 4.41 (t, J=
6.0 Hz, 2H, NHCH2CH2N), 4.84 (s, NH and +NH), 5.59 (brd, J=
5.5 Hz, 1H, 8-H) 6.78 [s, 2H, indane 4(7)-H], 7.63 (dd, J=9.0 Hz, J’=
2.0 Hz, 1H, 2-H), 7.81 (d, J=2.0 Hz, 1H, 4-H), 8.35 (d, J=9.0 Hz, 1H,
1-H); 13C NMR (100.6 MHz, CD3OD): d=12.5 (CH3, 9-CH2CH3), 27.5
(CH, C11), 27.8 (CH, C7), 29.4 (CH2, C13), 30.9 (CH2, 9-CH2CH3), 31.0
[CH2, piperidine C3(5)] , 33.5 (CH, piperidine C4), 35.1 (CH2, C10),
36.3 (CH2, C6), 38.9 (CH, indane C2), 40.3 [CH2, indane C1(3)] , 43.1
(CH2, NHCH2CH2N), 43.9 (CH2, indane 2-CH2), 54.9 [CH2, piperidine
C2(6)] , 56.7 [CH3, indane 5(6)-OCH3], 57.1 (CH2, NHCH2CH2N), 109.7
[CH, indane C4(7)] , 116.0 (C) and 119.3 (C) (C11a and C12a), 119.5
(CH, C4), 123.4 (CH, C8), 127.5 (CH, C2), 128.9 (CH, C1), 136.3 [C,
indane C3a(7a)] , 140.2 (C, C9), 140.4 (C, C3), 140.8 (C, C4a), 149.4
[C, indane C5(6)] , 152.6 (C, C5a), 157.1 (C, C12); IR (KBr): ñ=3600–
2500 (max at 3402, 3256, 3226, 3056, 2925, 2851, 2707, 2651, N-H,
+N-H, O-H, and C-H st), 1629, 1582, 1557, and 1505 cm�1 (ar-C-C
and ar-C-N st) ; HRMS m/z [M+H]+ calcd for C37H46

35ClN3O2:
600.3351, found: 600.3358; Anal. calcd for
C37H46ClN3O2·2HCl·1.5H2O: C 63.47, H 7.34, N 6.00, Cl 15.19, found:
C 63.51, H 7.18, N 5.94, Cl 15.21.

(�)-(7S,11S)-3-Chloro-12-[(2-{4-[(5,6-dimethoxyindan-2-yl)me-
thyl]piperidin-1-yl}ethyl)amino]-9-ethyl-6,7,10,11-tetrahydro-
7,11-methanocycloocta[b]quinoline [(�)-12a] . From (�)-6
(>99% ee, 303 mg, 1.02 mmol) and crude 10a [aliquot of 413 mg

of a total amount of 2.50 g of the crude product obtained from
2.20 g (6.90 mmol) of alcohol 9a] , a brown solid residue (555 mg)
was obtained and subjected to column chromatography [35–
70 mm silica gel (55 g), CH2Cl2/MeOH/50% aq NH4OH mixtures] . On
elution with CH2Cl2/MeOH/50% aq NH4OH 99:1:0.2 to 98:2:0.2,
heterodimer (�)-12a (110 mg, 18%) and a mixture (�)-12a/(�)-6
in an approximate ratio 68:32 (1H NMR) [156 mg, 35% total yield of
(�)-12a, 43% total yield of (�)-12a based on reacted huprine (�)-
6] were successively isolated as colorless and yellowish oils, respec-
tively.

(�)-12a·2HCl: mp: 251–252 8C (CH2Cl2/MeOH 4:1); [a]D20=�140
(c=1.39 in MeOH); the 1H and 13C NMR spectra were identical to
those reported above for (� )-12a·2HCl; IR (KBr): ñ=3500–2500
(max at 3402, 3220, 3117, 3047, 2927, 2904, 2837, 2718, 2677, 2642,
2505, N-H, +N-H, O-H, and C-H st), 1631, 1601, 1582, and
1502 cm�1 (ar-C-C and ar-C-N st); HRMS m/z [M+H]+ calcd for
C37H46

35ClN3O2: 600.3351, found: 600.3353; Anal. calcd for
C37H46ClN3O2·2HCl·1.75H2O: C 63.06, H 7.37, N 5.96, Cl 15.09,
found: C 63.03, H 7.27, N 5.94, Cl 14.50.

(�)-3-Chloro-12-[(3-{4-[(5,6-dimethoxyindan-2-yl)methyl]piperi-
din-1-yl}propyl)amino]-9-ethyl-6,7,10,11-tetrahydro-7,11-metha-
nocycloocta[b]quinoline [(� )-12b] . From (� )-6 (230 mg,
0.77 mmol) and crude 10b [aliquot of 358 mg of a total amount of
1.69 g of the crude product obtained from 1.33 g (3.99 mmol) of
alcohol 9b] , a brown solid residue (412 mg) was obtained and sub-
jected to column chromatography [Biotage FLASH 40m Silica
equipment, CH2Cl2/MeOH/50% aq NH4OH mixtures] . On elution
with CH2Cl2/MeOH/50% aq NH4OH 99:1:0.2 to 97:3:0.2, a mixture
(� )-6/(�)-12b in an approximate ratio 10:90 (1H NMR) (138 mg)
and heterodimer (� )-12b [97 mg, 21% isolated yield, 47% total
yield, 50% total yield based on reacted huprine (� )-6] were suc-
cessively isolated as yellowish oil and solid, respectively.

(� )-12b : Rf=0.59 (CH2Cl2/MeOH/50% aq NH4OH 9:1:0.05).

(� )-12b·2HCl: mp: 210–211 8C (MeOH/EtOAc 1:8); 1H NMR
(500 MHz, CD3OD): d=0.91 (t, J=7.5 Hz, 3H, 9-CH2CH3), 1.46–1.60
[complex signal, 4H, indane 2-CH2 and piperidine 3(5)-Hax] , 1.70–
1.78 (br signal, 1H, piperidine 4-H), 1.84–1.92 (complex signal, 2H,
9-CH2CH3), 1.94 (d, J=18.0 Hz, 1H, 10-Hendo), superimposed in part
1.97 (brd, J�12.5 Hz, 1H, 13-Hsyn), 2.04 [brd, J=13.5 Hz, 2H, piper-
idine 3(5)-Heq], 2.11 (dm, J=12.5 Hz, 1H, 13-Hanti), 2.36 (m, 2H,
NHCH2CH2CH2N), 2.52 [brd, J=13.0 Hz, 2H, indane 1(3)-Hcis] , super-
imposed in part 2.48–2.58 (m, 1H, indane 2-H), 2.62 (brdd, J
�18.0 Hz, J’�4.0 Hz, 1H, 10-Hexo), 2.80 (m, 1H, 7-H), 2.88 (d, J
�18.0 Hz, 1H, 6-Hendo), 2.99 [dd, J�13.0 Hz, J’�7.0 Hz, 2H, indane
1(3)-Htrans] , superimposed in part 3.04 [m, 2H, piperidine 2(6)-Hax] ,
3.23 (dd, J=18.0 Hz, J’=5.5 Hz, 1H, 6-Hexo), superimposed in part
3.27 (m, 2H, NHCH2CH2CH2N), 3.54 (m, 1H, 11-H), 3.58–3.66 [m, 2H,
piperidine 2(6)-Heq] , 3.77 [s, 6H, indane 5(6)-OCH3], 4.08 (t, J=
7.0 Hz, 2H, NHCH2CH2CH2N), 4.84 (s, NH and +NH), 5.59 (brd, J=
5.0 Hz, 1H, 8-H), 6.78 [s, 2H, indane 4(7)-H], 7.60 (dd, J�9.5 Hz,
J’=1.5 Hz, 1H, 2-H), 7.78 (d, J=1.5 Hz, 1H, 4-H), 8.40 (d, J=9.5 Hz,
1H, 1-H); 13C NMR (100.6 MHz, CD3OD): d=12.5 (CH3, 9-CH2CH3),
26.2 (CH2, NHCH2CH2CH2N), 27.3 (CH, C11), 27.8 (CH, C7), 29.5 (CH2,
C13), 30.87 (CH2) and 30.92 (CH2) [9-CH2CH3 and piperidine C3(5)] ,
33.6 (CH, piperidine C4), 34.9 (CH2, C10), 36.2 (CH2, C6), 38.8 (CH,
indane C2), 40.3 [CH2, indane C1(3)], 43.0 (CH2, indane 2-CH2), 46.5
(CH2, NHCH2CH2CH2N), 54.3 [CH2, piperidine C2(6)] , 55.3 (CH2,
NHCH2CH2CH2N), 56.7 [CH3, indane 5(6)-OCH3], 109.7 [CH, indane
C4(7)] , 115.8 (C) and 118.3 (C) (C11a and C12a), 119.2 (CH, C4),
123.3 (CH, C8), 127.2 (CH, C2), 129.3 (CH, C1), 136.3 [C, indane
C3a(7a)] , 140.2 (C, C9), 140.3 (C, C3), 140.8 (C, C4a), 149.4 [C,
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indane C5(6)] , 151.8 (C, C5a), 156.8 (C, C12); IR (KBr): ñ=3600–2500
(max at 3372, 3254, 3120, 3055, 2926, 2837, 2723, N-H, +N-H, O-H,
and C-H st), 1630, 1583, and 1503 cm�1 (ar-C-C and ar-C-N st);
HRMS m/z [M++H]+ calcd for C38H48

35ClN3O2: 614.3507, found:
614.3515. Anal. calcd for C38H48ClN3O2·2HCl·2.5H2O: C 62.33, H 7.57,
N 5.74, Cl 14.53, found: C 62.11; H 7.19, N 5.59; Cl 14.79.

(�)-(7S,11S)-3-Chloro-12-[(3-{4-[(5,6-dimethoxyindan-2-yl)me-
thyl]piperidin-1-yl}propyl)amino]-9-ethyl-6,7,10,11-tetrahydro-
7,11-methanocycloocta[b]quinoline [(�)-12b] . From (�)-6
(>99% ee, 311 mg, 1.04 mmol) and crude 10b [aliquot of 408 mg
of a total amount of 1.29 g of the crude product obtained from
1.30 g (3.90 mmol) of alcohol 9b] , a brown oily residue (610 mg)
was obtained. After two successive purifications by column chro-
matography [35–70 mm silica gel (76 g), CH2Cl2/MeOH/50% aq
NH4OH 99:1:0.2 + 35–70 mm silica gel (45 g), hexane/EtOAc/Et3N
50:50:0.2] , starting huprine (�)-6 (143 mg) and heterodimer (�)-
12b [151 mg, 24%, 44% based on reacted huprine (�)-6] were iso-
lated as a yellowish solid and oil, respectively.

(�)-12b·2HCl: mp: 234–236 8C (CH2Cl2/MeOH 5:2); [a]D20=�136
(c=0.10 in MeOH); the 1H and 13C NMR spectra were identical to
those reported above for (� )-12b·2HCl; IR (KBr): ñ=3600–2500
(max at 3419, 3129, 3064, 2925, 2852, N-H, +N-H, O-H, and C-H st),
1629, 1583, and 1505 cm�1 (ar-C-C and ar-C-N st) ; HRMS m/z
[M+H]+ calcd for C38H48

35ClN3O2: 614.3507, found: 614.3501; Anal.
calcd for C38H48ClN3O2·2HCl·3H2O: C 61.58, H 7.61, N 5.67, Cl 14.35,
found: C 61.56, H 7.43, N 5.41, Cl 14.10.

Biological evaluation

AChE and BChE inhibition assay. AChE and BChE inhibitory activi-
ty was evaluated spectrophotometrically by the method of Ellman
et al. ,[26] using human recombinant AChE and human serum BChE.
The reactions took place in a final volume of 300 mL 0.1m PBS
pH 8.0, containing 0.02 UmL�1 AChE or BChE and 333 mm 5,5’-di-
thiobis(2-nitrobenzoic) acid (DTNB) solution used to produce the
yellow anion of 5-thio-2-nitrobenzoic acid. Inhibition curves were
performed in duplicate using at least 10 increasing concentrations
of inhibitor and pre-incubating for 20 min at 37 8C. One duplicate
sample without inhibitor was always present to yield 100% AChE
or BChE activity. Substrates, acetylthiocholine iodide (450 mm) or
butyrylthiocholine iodide (300 mm) were then added, and the reac-
tion was developed for 5 min at 37 8C. The color production was
measured at l=412 nm using a labsystems Multiskan spectropho-
tometer.

Data from concentration–inhibition experiments of the inhibitors
were calculated by nonlinear regression analysis using the Graph-
Pad Prism program package (GraphPad Software; San Diego, CA,
USA), which gave estimates of the IC50 value (concentration of
drug effecting 50% inhibition of enzyme activity). Results are ex-
pressed as the mean �SEM of at least four experiments performed
in duplicate. DTNB, acetylthiocholine iodide, butyrylthiocholine
iodide, and enzymes were purchased from Sigma.

Kinetic analysis of AChE inhibition. To obtain estimates of the
mechanism of action of (�)-11b, reciprocal plots of 1/velocity
versus 1/[substrate] were constructed at relatively low concentra-
tion of substrate (0.563–0.112 mm) by using Ellman’s method[26]

and human recombinant AChE (Sigma, Milan, Italy). Three concen-
trations of (�)-11b were selected for this study: 0.18, 0.35, and
0.88 nm. The plots were assessed by a weighted least-squares anal-
ysis that assumed the variance of the velocity (v) to be a constant
percentage of v for the entire data set. Data analysis was per-

formed with GraphPad Prism 4.03 software (GraphPad Software
Inc.).

Slopes of the obtained reciprocal plots were then plotted against
(�)-11b concentration in a similar weighted analysis, and Ki was
determined as the intercept on the negative x-axis.

AChE-induced Ab1–40 aggregation inhibition assay. Thioflavin T
(Basic Yellow 1), human recombinant AChE lyophilized powder,
1,1,1,3,3,3-hexafluoro-2-propanol (HFIP), were purchased from
Sigma Chemicals. Absolute DMSO over molecular sieves was from
Fluka. Water was deionized and doubly distilled. Ab1–40, supplied as
trifluoroacetate salt, was purchased from Bachem AG (Switzerland).
Ab1–40 (2 mgmL�1) was dissolved in HFIP and lyophilized. The 1 mm
solutions of tested inhibitors were prepared by dissolution in
methanol.

Aliquots of 2 mL Ab1–40 peptide, lyophilized from 2 mgmL�1 HFIP
solution and dissolved in DMSO, were incubated for 24 h at room
temperature in 0.215m sodium phosphate buffer (pH 8.0) at a final
concentration of 230 mm. For co-incubation experiments, aliquots
(16 mL) of hAChE (final concentration 2.30 mm, Ab/AChE molar ratio
100:1) and AChE in the presence of 2 mL of the tested inhibitor
(final inhibitor concentration: 100 mm) in 0.215m sodium phos-
phate buffer pH 8.0 solution were added. Blanks containing Ab1–40

alone, human recombinant AChE alone, and Ab1–40 plus tested in-
hibitors in 0.215m sodium phosphate buffer (pH 8.0) were pre-
pared. The final volume of each vial was 20 mL. Each assay was run
in duplicate. To quantify amyloid fibril formation, the thioflavin T
fluorescence method was then applied.[30] After incubation, sam-
ples were diluted to a final volume of 2.0 mL with 50 mm glycine-
NaOH buffer (pH 8.5) containing 1.5 mm thioflavin T. A 300 s time
scan of fluorescence intensity was carried out (lex=446 nm; lem=
490 nm, FP-6200 fluorimeter, Jasco Europe), and values at plateau
were averaged after subtracting the background fluorescence of
1.5 mm thioflavin T solution. The percent inhibition of the AChE-in-
duced aggregation due to the presence of the tested compound
was calculated by the following expression: 100�(IFi/IFo�100), in
which IFi and IFo are the fluorescence intensities obtained for Ab
plus AChE in the presence and absence of inhibitor, respectively,
minus the fluorescence intensities due to the respective blanks.

Ab1–42 self-aggregation inhibition assay. As reported in a previ-
ously published protocol,[43] HFIP pretreated Ab1–42 samples
(Bachem AG, Switzerland) were solubilized with a mixture of
CH3CN/Na2CO3/NaOH (48.4:48.4:3.2). Experiments were performed
by incubating the peptide in 10 mm phosphate buffer (pH 8.0)
containing 10 mm NaCl, at 30 8C for 24 h (final Ab concentration:
50 mm) with and without inhibitor (10 mm, Ab/inhibitor=5:1).
Blanks containing the tested inhibitors were also prepared and
tested. Following the same procedure previously described for the
AChE-induced Ab1–40 aggregation inhibition assay to quantify amy-
loid fibrils formation, the thioflavin T fluorescence method was
used.[30] The fluorescence intensities were compared, and the per-
cent inhibition due to the presence of the inhibitor was calculated
from the fluorescence intensities obtained for Ab1–42 in the pres-
ence and in the absence of inhibitor, respectively.

BACE-1 inhibition assay. BACE-1 (Sigma, Italy) inhibition studies
were performed by employing a peptide mimicking APP sequence
as substrate (M-2420, Bachem; Switzerland). The following proce-
dure was employed: 5 mL test compound (or DMSO) were pre-incu-
bated with 175 mL of the enzyme (c=17.2 nm) for 1 h at room
temperature. The substrate (3 mm) was then added and left to
react for 15 min. The fluorescence signal was read at lem=405 nm
(lex=320 nm). The fluorescence intensities with and without inhibi-
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tor were compared and the percent inhibition due to the presence
of test compounds was calculated. The percent inhibition due to
the presence of increasing test compound concentration was cal-
culated from the fluorescence intensities obtained for BACE-1 in
the presence and in the absence of inhibitor, respectively.

To demonstrate inhibition of BACE-1 activity a peptidomimetic in-
hibitor (b-secretase inhibitor IV, Calbiochem, UK) was serially dilut-
ed into the reaction wells (IC50=0.013 mm).

For compounds that showed fluorescence interferences with the
previous assay conditions, a different enzyme source and substrate
was used for testing the BACE-1 inhibition. In brief, purified baculo-
virus-expressed BACE-1 in 50 mm Tris (pH 7.5), 10% glycerol and
rhodamine-derivative substrate (Panvera peptide) were purchased
from Invitrogen (Milan, Italy). Stock solutions of the test com-
pounds were prepared in DMSO and diluted with 50 mm sodium
acetate buffer (pH 4.5). Specifically, 20 mL of BACE-1 enzyme
(11.7 nm, final concentration) were incubated with 20 mL of test
compound for 60 min. To start the reaction, 20 mL of Panvera pep-
tide (0.25 mm, final concentration) were added to each well. The
mixture was incubated at 37 8C for 60 min. To stop the reaction,
20 mL of BACE-1 stop solution (sodium acetate, 2.5m) were added
to each well. The spectrofluorimetric assay was subsequently per-
formed by reading the fluorescence signal at l=590 nm. The
DMSO concentration in the final mixture was maintained <5%
(v/v) to guarantee no significant loss of enzyme activity. Additional
measurements were performed in the presence of a detergent
(CHAPS, 0.1% w/v) to check for nonspecific effects.[44]

Molecular modeling. The binding modes of compounds (�)-11a
and (�)-11b were explored by means of 30 ns MD simulations per-
formed for their complexes to hAChE. The simulation protocol was
based on the computational strategy used in our previous stud-
ies,[15] which is briefly summarized here. MD simulations were run
using the PMEMD module of Amber9 and the parm99SB parame-
ters for the protein. The enzyme was modeled in its physiologically
active form with neutral His440 and deprotonated Glu327, which
together with Ser200 form the catalytic triad. The standard ioniza-
tion state at neutral pH was considered for the rest of ionizable
residues with the exception of Asp392 and Glu443, which were
neutral, and His471, which was protonated, according to previous
studies.[45] The charge distribution of the inhibitors was determined
from a fit HF/6-31G(d) electrostatic potential obtained with Gaussi-
an 03[46] using the RESP procedure.[47] The starting pose of the com-
pounds was built up taking advantage of the known pose of hupri-
ne X in the X-ray crystallographic complex with TcAChE[18] and the
binding pose of the related donepezil–tacrine heterodimers stud-
ied in our previous work.[15] Six Na+ cations were added to neutral-
ize the negative charge of the system with the XLEAP module of
Amber9.[48] The system was immersed in a box of TIP3P[49] water
molecules, preserving the crystallographic waters inside the bind-
ing cavity. The final systems contained the protein–ligand complex,
Na+ cations, and ~20000 water molecules.

The geometry of the system was minimized in four steps. First, the
position of hydrogen atoms was optimized using 3000 steps of
steepest descent algorithm. Then, water molecules were refined
through 2000 steps of steepest descent followed by 3000 steps of
conjugate gradient. Next, the ligand, water molecules, and coun-
terions were optimized with 2000 steps of steepest descent and
4000 steps of conjugate gradient, and finally the whole system
was optimized with 3000 steps of steepest descent and 7000 steps
of conjugate gradient. Thermalization of the system was performed
in five steps of 20 ps, increasing the temperature from 100 K up to

298 K. Then, a series of 30 ns trajectories were run for the two
compounds using a time step of 1 fs. SHAKE was used for those
bonds containing hydrogen atoms, in conjunction with periodic
boundary conditions at constant pressure (1 atm) and temperature
(298 K), Particle-Mesh Ewald for the treatment of long-range elec-
trostatic interactions, and a cutoff of 11 	 for nonbonded interac-
tions.

Free energy calculations were performed using thermodynamic in-
tegration (TI) as implemented in the SANDER module of the
Amber9 package to investigate the effect of replacing the methyl
group at position 9 by an ethyl group on the binding affinity of
(�)-11b and (�)-12b. Calculations were carried out using the
Sander module of Amber9 package. The alchemical mutation was
performed for the inhibitors in water and in the enzyme. The start-
ing structures for the TI computations in the enzyme were taken
from the last snapshot of the previous MD simulations. To carry
out the alchemical transformation in water, a 1 ns MD simulation
was run for the compound in aqueous solution before starting TI
calculations for the inhibitor in solution. In this latter case, the si-
mulated system contained two chloride anions to neutralize the
positive charge of the inhibitor, and ~2100 TIP3P water molecules.
The mutations involved both forward (methyl!ethyl) and reverse
(ethyl!methyl) calculations in both aqueous solution and in the
enzyme. To this end, the final structures obtained at the end of the
forward TI calculation were equilibrated for 5 ns before starting the
reverse mutation. The numerical integration was performed by
using a five-point quadrature strategy with l values of 0.04691,
0.23076, 0.5, 0.76923, and 0.95308. The time step was 1 fs, and the
simulated time for every l value was 2 ns. Thus, the total sampling
time for each alchemical free energy change calculation was 14 ns.
This simulation protocol sufficed to obtain equilibrated values of
dV/dl during the last 1 ns, which were used to compute the
change in free energy associated to the alchemical transformation.

In vitro PAMPA-BBB permeation assay. Prediction of the brain
penetration was evaluated using a parallel artificial membrane per-
meation assay (PAMPA), in a similar manner as described previous-
ly.[40, 41] Commercial drugs, PBS at pH 7.4, and dodecane were pur-
chased from Sigma, Aldrich, Acros, and Fluka. Millex filter units
(PVDF membrane, diameter 25 mm, pore size 0.45 mm) were ac-
quired from Millipore. The porcine brain lipid (PBL) was obtained
from Avanti Polar Lipids. The donor microplate was a 96-well filter
plate (PVDF membrane, pore size 0.45 mm) and the acceptor micro-
plate was an indented 96-well plate, both from Millipore. The ac-
ceptor 96-well microplate was filled with 170 mL PBS/EtOH (80:20
or 70:30), and the filter surface of the donor microplate was im-
pregnated with 4 mL porcine brain lipid (PBL) in dodecane
(20 mgmL�1). Compounds were dissolved in PBS/EtOH (80:20 or
70:30) at 100 mgmL�1, filtered through a Millex filter, and then
added to the donor wells (170 mL). The donor filter plate was care-
fully put on the acceptor plate to form a sandwich, which was left
undisturbed for 120 min at 25 8C. After incubation, the donor plate
was carefully removed, and the concentration of compounds in
the acceptor wells was determined by UV/Vis spectroscopy. Every
sample was analyzed at five wavelengths, in four wells and at least
in three independent runs, and the results are given as the mean
�SD. In each experiment, 15 quality control standards of known
BBB permeability were included to validate the analysis set.
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Figure 1. Time (ps) evolution of selected interactions between the inhibitor (�)-11a and residues in the binding site 

of hAChE. Distances are in Å. Average values were taken from the snapshots sampled in the last 5 ns. 

 

       His447 (C=O) --- Quinolinyl nitrogen Tyr337 (OH)---Piperidinyl nitrogen 

 
       Stacking Trp286 --- Indane moiety Stacking Trp86 --- (–)-Huprine moiety 
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Figure 2. Time (ps) evolution of selected interactions between the inhibitor (�)-11b and residues in the binding site 

of hAChE. Distances are in Å. Average values were taken from the snapshots sampled in the last 5 ns. 

 

       His447 (C=O) --- Quinolinyl nitrogen Asp74 --- Piperidinyl nitrogen 

 
       Stacking Trp286 --- Indane moiety Stacking Trp86 --- (–)-Huprine moiety 
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In vitro evaluation of the brain penetration of donepezil��huprine hybrids 11a,b and 12a,b, donepezil, 

huprine Y and huprine X using the PAMPA�BBB assay 

 

Table 1. Permeability (Pe 10�6 cm s�1)[a] in the PAMPA-BBB assay for commercial drugs (used in the experiment 
validation) and compounds 11a,b, 12a,b, donepezil, huprine Y and huprine X with their predictive penetration into 
the CNS.  

 

Commercial 
drugs 

Bibl.[b] PBS:EtOH 
(80:20) 

PBS:EtOH 
(70:30)  Compd. 

PBS:EtOH 
(80:20) 

PBS:EtOH
(70:30) Prediction 

Testosterone 17.0 27.6 ± 1.7 42.1 ± 1.7  (±)-11a n.d.[c] 15.2 ± 0.1 CNS+ 
Verapamil 16.0 26.7 ± 0.4 30.9 ± 2.1  (±)-11b n.d.[c] 11.4 ± 0.2 CNS+ 
Imipramine 13.0 19.2 ± 0.3 24.4 ± 1.2  (±)-12a n.d.[c] 21.3 ± 0.4 CNS+ 
Desipramine 12.0 22.9 ± 0.3 27.0 ± 1.6  (±)-12b 17.1 ± 0.4 n.d. CNS+ 
Progesterone 9.3 n.d. 26.0 ± 0.2  Donepezil 25.2 ± 0.2 n.d. CNS+ 
Promazine 8.8 13.2 ± 0.3 23.0 ± 1.8  (±)-Huprine Y 18.2 ± 0.1 n.d. CNS+ 
Chlorpromazine 6.5 8.5 ± 0.4 14.5 ± 0.7  (±)-Huprine X 17.8 ± 0.1 n.d. CNS+ 
Clonidine 5.3 10.2 ± 0.9 18.4 ± 0.8      
Corticosterone 5.1 8.8 ± 0.4 7.6 ± 0.4      
Piroxicam 2.5 2.5 ± 0.3 3.1 ± 0.1      
Hydrocortisone 1.9 4.9 ± 0.2 4.9 ± 0.2      
Caffeine 1.3 4.7 ± 0.3 4.8 ± 0.3      
Lomefloxacin 1.1 4.3 ± 0.2 2.7 ± 0.1      
Enoxacin 0.9 4.7 ± 0.4 4.1 ± 0.2      
Ofloxacin 0.8 3.1 ± 0.1 2.6 ± 0.03      
[a] Data are the mean ± standard deviation of three independent experiments. [b] Taken from ref. [40]. [c] 
Compounds evaluated in PBS:EtOH (70:30) because of their poor solubility in PBS:EtOH (80:20). 

 

 

At each solvent mixture, assay validation was made by comparing the experimental permeability with the 

reported values of the commercial drugs that gave a good lineal correlation (Figure 3).  
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Figure 3. Lineal correlation between experimental and reported permeability of commercial drugs using the 
PAMPA-BBB assay. (a) PBS:EtOH (80:20). (b) PBS:EtOH (70:30). 
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 4

From these straight-line equations and taking into account the limits established by Di et al. for BBB 

permeation,[41] we established the ranges of permeability for these assays as shown in Table 2. 

 

Table 2. Ranges of permeability of PAMPA-BBB assays (Pe, 10�6 cm s�1). 

 PBS:EtOH (80:20) PBS:EtOH (70:30) 

Compounds of high BBB permeation (CNS+) Pe > 7.8 Pe > 9.7 

Compounds of uncertain BBB permeation (CNS+/�) 7.8 > Pe > 4.9 9.7 > Pe > 5.4 

Compounds of low BBB permeation (CNS�) Pe < 4.9 Pe < 5.4 
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1) HCl,

H2O, 2 h, t ambH3CO
OCH3

H3CO
OCH3 H3COOC COOCH3

O

CO2CH3

H3CO2C

HO OH

CO2CH3

H3CO2C

HCl, AcOH O

OH2O, 24 h, reflux

OMeLi , THF

OH

O

OMs

MsCl, Et3N

CH2Cl2, −10oC, 30 min

O

SiO2

O

OH

, CH2Cl2

55%

87% 98%

2)

NaOH, MeOH
t amb. 72 h
        
       52%

72 74 75 76

0 oC, 35 min

77

T amb, 3 h

SiO2 , CH2Cl2

T amb, 3 h

56% 11%

78
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48%

7 h, reflux
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12.88 min

13.92 min

(±)-huprina Y

MPLC quiral

Anàlisi per HPLC quiral
(Perkin Elmer, Chiralcel-OD, 

Hexà/EtOH/DEA 
75:25:0,1; 0,3 mL/min; λ=235 nm

Eluent: EtOH 96% 
Flux: 2 mL/min

12.90 min 13.95 min
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N

NH

Br
7

N

NH2

R R1. KOH, DMSO
    T amb, 2 h

2. Br-(CH2)7-Br, 80
    T amb, 16 h

R = H, 1R
R = Cl, 43

R = H, 81 (38%)
R = Cl, 82 (37%) 
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18.58 min

17.95 min

Cromatograma de (−)-(7S,11S)-70b

Cromatograma de (+)-(7R,11R)-70b

1.  KOH, DMSO
     T amb 2 h

2.N

NH2
Cl

N

NH

    T amb, 64 h
Br

7

(−)-(7S,11S)-15

N

NH
Cl

1.  KOH, DMSO
     T amb 2 h

2.
N

NH

    T amb, 64 h
Br

7

NH

N

N

NH
Cl

HN

N

N

NH2
Cl

(+)-(7R,11R)-15

                   27% aïllat (−)-(7S,11S)-70b

(+)-(7R,11R)-70b

34% total (HPLC) / 9% aïllat




1.  KOH, DMSO
     T amb 2 h

2.N

NH2
Cl

N

NH

    T amb, 64 h
Br

7

(−)-(7S,11S)-15

N

NH
Cl

1.  KOH, DMSO
     T amb 2 h

2.
N

NH

    T amb, 64 h
Br

7

NH

N

N

NH
Cl

HN

N

N

NH2
Cl

(+)-(7R,11R)-15

15% total (HPLC) / 6% aïllat (−)-(7S,11S)-71b

(+)-(7R,11R)-71b

23% total (HPLC) / 10% aïllat

13.46 min

14.91 min

Cromatograma de (+)-(7R,11R)-71b

Cromatograma de (−)-(7S,11S)-71b

Cl

Cl

Cl

Cl
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ABSTRACT: A family of huprine−tacrine heterodimers has been developed to simultaneously block the active and peripheral
sites of acetylcholinesterase (AChE). Their dual site binding for AChE, supported by kinetic and molecular modeling studies,
results in a highly potent inhibition of the catalytic activity of human AChE and, more importantly, in the in vitro neutralization
of the pathological chaperoning effect of AChE toward the aggregation of both the β-amyloid peptide (Aβ) and a prion peptide
with a key role in the aggregation of the prion protein. Huprine−tacrine heterodimers take on added value in that they display a
potent in vitro inhibitory activity toward human butyrylcholinesterase, self-induced Aβ aggregation, and β-secretase. Finally, they
are able to cross the blood−brain barrier, as predicted in an artificial membrane model assay and demonstrated in ex vivo
experiments with OF1 mice, reaching their multiple biological targets in the central nervous system. Overall, these compounds
are promising lead compounds for the treatment of Alzheimer’s and prion diseases.

■ INTRODUCTION
Alzheimer’s disease (AD) and prion diseases are fatal
progressive neurodegenerative disorders with a devastating
albeit very different impact on humans. Worldwide, it is
estimated that 35 million people suffer dementia, most cases
being due to AD,1 whereas prion diseases affect approximately
one individual in 1 million people each year.2 Although
relatively rare, the emergence of variant Creutzfeldt-Jakob
disease in the human population likely due to the consumption
of contaminated beef products has attracted much scientific and

public interest. The devastating nature and public health
concerns posed by Alzheimer’s and prion diseases render the
development of effective drugs against these disorders an acute
clinical need.3

Very interestingly, despite the significant differences in
incidence, as well as in clinical symptomatology and disease
evolution, AD and prion diseases share common hallmarks and
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similar pathogenic mechanisms,4,5 among them oxidative stress,
excessive transition metal ions, and prominently aggregation
and accumulation in the brain of a β-sheet rich protein as
fibrillar amyloid deposits, namely the β-amyloid peptide (Aβ)
in AD, a 39−43-amino acid peptide arising from the proteolytic
cleavage of the amyloid precursor protein (APP) by the
sequential action of the enzymes β-secretase (BACE-1) and γ-
secretase, and the scrapie prion protein (PrPSc), a conforma-
tionally altered isoform of the 209-amino acid normal cellular
prion protein (PrPC).2,5,6 Consequently, similar therapeutic
approaches against Alzheimer’s and prion diseases could be
envisaged, including antioxidants, β-sheet breakers, and metal
chelators.4,6,7

Because aggregation of misfolded Aβ or PrPSc is widely
accepted to be a key event in the early pathogenesis of
Alzheimer’s and prion diseases,2,8 anti-AD and anti-prion drug
discovery is to a large extent driven by the design of Aβ and
prion protein aggregation inhibitors. Thus, Aβ aggregation
inhibitors have been extensively studied in the past,9 whereas
the design of prion protein anti-aggregating compounds is
becoming increasingly popular,10 by disruption of protein−
protein interactions through a direct action on the protein
prone to aggregation. However, the conversion of soluble Aβ or
PrPC into each pathological β-sheet rich conformer and their
subsequent aggregation can be promoted by the action of
pathological chaperones.3 Indeed, apolipoprotein E (apoE),11

α1-antichymotrypsin,11 C1q complement factor,12 and acetyl-
cholinesterase (AChE)13 have been reported to accelerate Aβ
aggregation in vitro. Very interestingly, a critical dependence of
Aβ deposition in plaques on the presence of apoE and AChE
has also been confirmed in vivo in transgenic mice models of
AD.14,15 The pathological chaperoning effect of apoE and
AChE seems to be initiated by the binding to Aβ through
hydrophobic interactions to form stable complexes that are
prone to aggregation.13,16,17 Inhibition of the pathological
chaperoning effect of these molecules by blockade of these
hydrophobic interactions has emerged as a promising approach
to reducing the level of protein aggregation and modifying
disease progression at a very early stage.8 Binding of AChE to
Aβ is proposed to be mediated by the AChE peripheral site,16

located at the mouth of a 20 Å narrow gorge at the bottom of
which the catalytic site is placed. Thus, compounds able to
block either the AChE peripheral site or simultaneously both
the catalytic and peripheral sites [dual-binding site AChE
inhibitors (AChEIs)] have emerged as promising new drug
candidates for mitigating the pathological chaperoning effect of
AChE. The proof of concept of this approach has been
obtained from a few dual-binding site AChEIs,18−20 which have
been shown to reduce brain amyloid load and improve
cognition in animal models of AD. One of them, Noscira’s
NP-61, is currently in phase I clinical trials for AD in the United
Kingdom.
It remains to be determined whether a similar approach can

be used against prion diseases. A first step in this direction has
been the recent discovery of a similar pathological chaperoning
effect of AChE toward prion peptide aggregation. Thus, AChE
has been reported to promote in vitro the aggregation of
PrP106−126,21 one of the key domains involved in the
aggregation and conformational change of the prion protein,
and PrP82−146, the main component of the amyloid plaques
found in patients with Gerstmann-Straüssler-Scheinker disease,
accelerating oligomer and amyloid fibril formation.22 Not
unlike the interaction with Aβ, the PrP pro-aggregating action

of AChE seems to reside in its peripheral site, as addition of the
specific peripheral site inhibitor propidium iodide results in the
inhibition of AChE-induced PrP106−126 and PrP82−146
aggregation. Thus, at 100 μM, propidium iodide inhibits the
AChE-induced aggregation of Aβ,23 PrP106−126,21 and
PrP82−14622 by 82, 87, and 78%, respectively. However,
because of its DNA−RNA intercalating properties and the
presence of two quaternary nitrogen atoms, which prevents its
entry into the central nervous system (CNS), propidium iodide
does not have any therapeutic applicability. Alternatively, dual-
binding site AChEIs should also be able to inhibit the AChE-
induced PrP aggregation, although no example of such a class of
compounds with this activity has been reported.
Recently, we described a short series of dual-binding site

AChEIs,24 consisting of a unit of racemic huprine Y [(±)-6
(Scheme 1)], a high-affinity reversible AChEI,25 and a unit of

tacrine [1 (Scheme 1)], a known AChEI with reported affinity
for both the active and peripheral sites of AChE,26 or its 6-
chloro-substituted analogue, 6-chlorotacrine (2), connected
through a linker of suitable length. These racemic huprine−
tacrine heterodimers exhibited a very potent inhibitory activity
toward human erythrocyte AChE and human serum butyr-
ylcholinesterase (BChE),24 although their mechanism of action,
i.e., the dual-site binding to AChE, as well as their anti-
amyloidogenic effects remained to be determined.
Herein, we describe the synthesis of several enantiopure

huprine−tacrine heterodimers and new longer racemic
homologues, as well as a thorough pharmacological evaluation
of the new heterodimers and those previously reported,
including, on one hand, the determination of their inhibitory
activity toward AChE-induced Aβ and PrP aggregation and
toward human recombinant AChE. The mechanism of action
responsible for these activities has been studied by means of
molecular dynamics simulations and kinetic studies. On the

Scheme 1. Synthesis of the Huprine−Tacrine Heterodimers
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other hand, other anti-amyloidogenic activities such as the
inhibitory activities toward Aβ self-induced aggregation and
BACE-1 as well as the BChE inhibitory activity have been
evaluated for the whole family of huprine−tacrine hetero-
dimers. Finally, the penetration of these compounds into the
brain has been assessed using an artificial membrane assay and
ex vivo experiments.

■ RESULTS AND DISCUSSION
Chemistry. The previously described huprine−tacrine

heterodimers bear a unit of racemic huprine Y and a hexa-,
hepta-, 4-methyl-4-azahepta-,27 or octamethylene linker
[(±)-7a−d and (±)-8a−d (Scheme 1)]. With regard to the
interaction with the catalytic site of AChE, it is well established
that the eutomer in the family of huprines is the levorotatory
enantiomer, bearing the 7S,11S configuration.25,28,29

In this work, we have synthesized the new longer nona- and
decamethylene-linked homologues in racemic form [(±)-7e,
(±)-7f, (±)-8e, and (±)-8f], as well as the enantiopure
(−)-(7S,11S)- and (+)-(7R,11R)-heptamethylene-linked heter-
odimers (−)-7b, (+)-7b, (−)-8b, and (+)-8b (Scheme 1), to
determine if longer tether lengths could lead to improved
blockade of the AChE peripheral site upon dual-site binding to
the enzyme and to assess potential differences in potency
between the enantiomers of huprine−tacrine heterodimers with
respect to the different biological activities to be tested.
As previously described,24 the synthesis of the new huprine−

tacrine heterodimers was envisaged by nucleophilic substitution
of α,ω-dihaloalkanes with 4-aminoquinoline derivatives tacrine

or 6-chlorotacrine and huprine Y. Alternative procedures based
on the high-temperature nucleophilic aromatic substitution of
4-chloroquinoline derivatives with α,ω-diaminoalkanes30 or Pd-
catalyzed amination reactions31,32 were discarded because they
required the use of a huprine-related 4-chloroquinoline
precursor not readily available.24

Thus, alkylation of tacrine (1) or 6-chlorotacrine (2)33 with
1,9-dibromononane or 1,10-dibromodecane in the presence of
KOH in DMSO26 afforded bromoalkyltacrines 4e,f and 5e,f in
moderate yields (Scheme 1). Alkylation of racemic huprine Y,34

(±)-6, with 4e,f and 5e,f under similar reaction conditions,
followed by purification via silica gel column chromatography,
afforded the racemic heterodimers (±)-7e,f and (±)-8e,f in
moderate to good yields.
Different attempts to chromatographically resolve (±)-8b at

preparative scale by medium-pressure liquid chromatography
(MPLC) using microcrystalline cellulose triacetate as the chiral
stationary phase34 under different conditions were fruitless.
Eventually, we managed to set up a novel methodology that
allowed the resolution of (±)-8b, based on preparative high-
performance liquid chromatography (HPLC) using amylose
tris(3,5-dimethylphenylcarbamate) as the chiral selector in the
stationary phase and a 100:0.2 acetonitrile/Et2NH mixture as
the eluent, which afforded (−)-8b and (+)-8b in >99 and 97%
ee, respectively, albeit in insufficient amounts to allow their
complete chemical and pharmacological characterization.
Alternatively, enantiopure heterodimers (−)- and (+)-7b and
(−)- and (+)-8b were prepared at a more suitable scale
(decigram scale) and in good yields by chromatographic

Table 1. Inhibitory Activities of the Dihydrochlorides or Trihydrochlorides of Huprine−Tacrine Heterodimers and Reference
Compounds toward AChE and AChE-Induced Aβ1−40 and PrP106−126 Aggregation, BChE, Self-Induced Aβ1−42 Aggregation,
and BACE-1a

compd
hAChE IC50

(nM)b
AChE-induced Aβ1−40
aggregationc (%)

AChE-induced PrP106−126
aggregationc (%)

hBChE IC50
(nM)b

Aβ1−42 self-induced
aggregationd (%)

BACE-1
inhibitione (%)

(±)-7a 0.89 ± 0.07 44.4 ± 1.3 90.9 ± 2.0 24.6 ± 1.5 44.4 ± 7.0 naf

(±)-7b 1.89 ± 0.19 56.9 ± 5.1 89.1 ± 2.5 87.1 ± 4.2 51.5 ± 3.1 naf

(−)-7b 1.33 ± 0.07 66.4 ± 1.3 91.1 ± 1.3 133 ± 4.1 60.8 ± 6.4 naf

(+)-7b 6.84 ± 0.48 56.5 ± 3.0 83.5 ± 3.4 139 ± 5.2 57.0 ± 7.2 naf

(±)-7c 0.42 ± 0.04 38.8 ± 3.7 92.4 ± 0.6 44.2 ± 1.3 28.1 ± 6.4 naf

(±)-7d 1.38 ± 0.13 66.9 ± 1.3g 87.3 ± 2.8h 74.2 ± 5.7 63.7 ± 4.0 naf

(±)-7e 3.53 ± 0.37 57.8 ± 0.4 87.2 ± 2.9 43.3 ± 4.2 53.7 ± 0.9 26.5 ± 1.6
(±)-7f 4.19 ± 0.39 54.1 ± 0.3 93.4 ± 1.2 26.6 ± 2.5 33.3 ± 4.9 34.8 ± 2.5i

(±)-8a 0.74 ± 0.07 30.0 ± 3.7 91.9 ± 1.4 75.2 ± 2.6 30.9 ± 2.2 18.5 ± 3.5
(±)-8b 4.02 ± 0.27 44.2 ± 5.7 84.5 ± 3.9 73.3 ± 6.0 37.0 ± 5.7 40.9 ± 0.4
(−)-8b 2.04 ± 0.24 42.7 ± 1.1 79.4 ± 8.3 86.8 ± 4.2 32.2 ± 2.7 40.0 ± 2.8j

(+)-8b 11.5 ± 1.08 44.9 ± 2.2 83.1 ± 5.5 47.4 ± 4.4 45.5 ± 3.6 41.8 ± 0.7k

(±)-8c 0.31 ± 0.02 35.2 ± 2.9 87.5 ± 2.2 51.3 ± 4.6 38.6 ± 5.5 naf

(±)-8d 1.32 ± 0.09 47.2 ± 1.4 87.2 ± 2.6l 35.1 ± 3.8 30.3 ± 0.2 46.6 ± 3.1m

(±)-8e 3.26 ± 0.19 23.5 ± 0.4 91.7 ± 2.5 27.2 ± 2.3 36.3 ± 4.0 41.6 ± 1.0n

(±)-8f 9.09 ± 0.92 23.4 ± 2.3 90.4 ± 1.3 76.6 ± 4.9 29.3 ± 4.7 40.3 ± 0.1o

(±)-6 0.69 ± 0.03 17.1 ± 4.5 69.0 ± 1.3 175 ± 6.3 ndp ndp

(−)-6 0.43 ± 0.03 24.7 ± 1.3 ndp ndp 11.5 ± 5.2 14.0 ± 0.1
(+)-6 13.6 ± 1.50 9.1 ± 3.6 ndp ndp 13.2 ± 1.9 13.6 ± 2.3
1 317 ± 15.3 5.2 ± 2.9 16.2 ± 1.7 24.5 ± 0.6 5.6 ± 1.6 naf

aValues are expressed as means ± the standard error of the mean (SEM) of at least four experiments (n = 4), each performed in duplicate (AChE
and BChE inhibition), three experiments (n = 3), each performed in duplicate (AChE-induced, self-induced Aβ aggregation, and BACE-1
inhibition), or three experiments (n = 3), each performed in triplicate (AChE-induced PrP106−126 aggregation inhibition). bIC50 inhibitory
concentration of human recombinant AChE or human serum BChE. cPercent inhibition with inhibitor at 100 μM. dPercent inhibition with inhibitor
at 10 μM (5:1 [Aβ]:[I]). ePercent inhibition with inhibitor at 5 μM, and human recombinant BACE-1 (Sigma) and substrate M-2420 (Bachem) (for
huprine−tacrine heterodimers) or human recombinant BACE-1 (Invitrogen) and substrate Panvera Peptide (Invitrogen) (for reference
compounds). fNot active. gIC50 = 61.3 ± 5.4 μM. hIC50 = 68.7 ± 1.0 nM. iIC50 = 7.3 ± 0.8 μM. jIC50 = 5.7 ± 0.5 μM. kIC50 = 5.9 ± 1.1 μM. lIC50 =
263 ± 50 nM. mIC50 = 4.9 ± 0.6 μM. nIC50 = 5.8 ± 1.2 μM. oIC50 = 6.6 ± 0.1 μM. pNot determined.
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resolution of huprine Y, (±)-6, by our previously described
methodology,34 followed by alkylation of the obtained
enantiopure (−)- or (+)-6 with bromoheptyltacrine 4b or 5b,
respectively (Scheme 1).
The novel huprine−tacrine heterodimers were fully charac-

terized as dihydrochlorides via their spectroscopic data and
elemental analyses. Pharmacological evaluation of the complete
family of huprine−tacrine heterodimers was conducted from
their dihydrochloride or trihydrochloride salts.
Pharmacology and Molecular Modeling. Inhibition

of Human AChE and AChE-Induced Aβ and PrP Aggrega-
tion. AChE Inhibition. Huprine−tacrine heterodimers were
rationally designed to hit AChE as their primary biological
target, in a dual-site binding fashion, which should endow these
compounds with the ability to block the enzyme catalytic
activity and, more interestingly, the pathological chaperoning
effect of AChE toward both Aβ and PrP aggregation. The
AChE inhibitory activity of the novel heterodimers (±)-7e,f,
(±)-8e,f, (−)-7b, (+)-7b, (−)-8b, and (+)-8b was assayed by
the method of Ellman et al.35 on human recombinant AChE
(hAChE) (Table 1). Also, the previously synthesized
heterodimers (±)-7a−d and (±)-8a−d, which had been
evaluated using human erythrocyte AChE, were re-evaluated
using the more readily available human recombinant enzyme.
All the huprine−tacrine heterodimers are very potent

inhibitors of human recombinant AChE, exhibiting IC50 values
in the subnanomolar to low nanomolar range. The presence or
absence of a chlorine atom at position 6 of the tacrine unit does
not seem to have a clear effect on hAChE inhibitory activity,
thus suggesting that the tacrine unit is binding at the AChE
peripheral site, rather than the active site. Conversely, some
clear trends were found regarding the length and nature of the
linker of these heterodimers. On one hand, the inhibitory
activity was maximal when a chain of six methylenes was
present and decreased in the longer homologues, heterodimers
(±)-7a and (±)-8a being 5- and 12-fold more potent than
decamethylene-linked heterodimers (±)-7f and (±)-8f, re-
spectively. A second peak of activity was found for octa-
methylene-linked heterodimers (±)-7d and (±)-8d, which
turned out to be 3- and 7-fold more potent than (±)-7f and
(±)-8f, respectively. On the other hand, replacement of the
central methylene group of the tether chain of heptamethylene-
linked compounds (±)-7b and (±)-8b with a protonatable
methylamino group, (±)-7c and (±)-8c, respectively, resulted
in 5- and 13-fold increased hAChE inhibitory potency,
respectively. These results are in agreement with those reported
by Savini et al. for a series of tacrine homodimers and may be
ascribed to additional cation−π interactions with some
midgorge aromatic residues, which would act as a third
recognition site within the active site gorge of AChE, apart
from the active and peripheral sites.27 As expected, the
levorotatory (7S,11S)-huprine-based heterodimers are the
eutomers with regard to hAChE inhibition, compounds
(−)-7b and (−)-8b being 5−6-fold more potent than the
dextrorotatory enantiomers.
Overall, the most potent huprine−tacrine heterodimers are

(±)-7c and (±)-8c, which turned out to be ∼2- and ∼750−
1000-fold more potent than the parent (±)-huprine Y and
tacrine, respectively, and (±)-7a and (±)-8a, which were
roughly equipotent to (±)-huprine Y and around 400-fold
more potent than tacrine.
AChE-Induced Aβ Aggregation Inhibition. The ability of

the huprine−tacrine heterodimers to block the chaperoning

effect of AChE toward Aβ1−40 aggregation was assessed using a
thioflavin T fluorescent method,23 and the parent racemic and
enantiopure huprines and tacrine as reference compounds
(Table 1). Huprine−tacrine heterodimers, at 100 μM, exhibited
a significant inhibitory activity toward hAChE-induced Aβ
aggregation, with percentages of inhibition ranging from 39 to
67% in the tacrine-based heterodimers and from 23 to 47% in
the chlorotacrine-based heterodimers. All heterodimers are
clearly more potent Aβ anti-aggregating compounds than the
parent huprine Y and tacrine. The structural features leading to
a stronger Aβ anti-aggregating effect are the presence of an
unsubstituted tacrine unit and an octamethylene linker,
heterodimer (±)-7d being the most potent of the family
(IC50 = 61.3 ± 5.4 μM.). In contrast with the trends found
regarding hAChE inhibition, (i) the presence of a protonatable
amino group within the linker seems to be detrimental for the
AChE-induced Aβ aggregation inhibitory activity and (ii) there
are no significant differences in Aβ anti-aggregating activity
between enantiomeric huprine−tacrine heterodimers.

AChE-Induced PrP106−126 Aggregation Inhibition. The
ability of the huprine−tacrine heterodimers to block the
chaperoning effect of AChE toward PrP106−126 aggregation
was assessed through fluorescence microscopy analysis using a
peptide containing a coumarin fluorescent probe (coumarin
PrP106−126) and bovine AChE.21 The parent racemic and
enantiopure huprines as well as tacrine were also evaluated as
reference compounds (Table 1). All the huprine−tacrine
heterodimers, at 100 μM, turned out to be potent inhibitors
of the AChE-induced PrP106−126 aggregation with percen-
tages of inhibition generally higher than 80%, and, therefore,
without significant differences between compounds bearing an
unsubstituted or chloro-substituted tacrine unit, between
different tether lengths, or between enantiomers. To the best
of our knowledge, this is the first report of a family of dual-
binding site AChEIs able to neutralize the pathological
chaperoning effect of AChE toward both Aβ and PrP
aggregation.
Even though huprine−tacrine heterodimers are more potent

Aβ and PrP anti-aggregating compounds than the parent
tacrine and huprine Y, the latter compound exhibits a
remarkable inhibitory activity (17 and 69% inhibition of
AChE-induced Aβ and PrP106−126 aggregation, respectively).
Indeed, huprine X, the 9-ethyl-substituted analogue of huprine
Y, has recently been reported to decrease by 40% levels of
insoluble Aβ1−40 in the hippocampus of a transgenic mouse
model of AD.36 (−)-Huprine X has been shown to tightly bind
to the AChE active site,29 but kinetic studies have demonstrated
that this compound also interferes with the binding of the
peripheral site AChEI propidium to AChE.25 The binding
geometry and added molecular volume of huprines, when
bound to the active site, could therefore account for the
decreased affinity of peripheral site ligands such as propidium,
which could also be the case for Aβ and PrP.
The potent and greater (relative to the parent huprine Y and

tacrine) inhibitory activity of huprine−tacrine heterodimers
toward hAChE and AChE-induced Aβ and PrP aggregation
might be ascribed to dual-site binding to the enzyme.

Kinetic Analysis of AChE Inhibition. To gain insight into the
mechanism of action of the huprine−tacrine heterodimers,
responsible for AChE inhibition as well as AChE-induced Aβ
and PrP aggregation, we conducted both kinetic analysis and
molecular modeling studies of the interaction of selected
compounds with hAChE. The mechanism of AChE inhibition
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was investigated in vitro using compound (−)-8b. Graphical
analysis of the overlaid reciprocal Lineweaver−Burk plots
(Figure S2 of the Supporting Information) showed both
increasing slopes (decreased Vmax) and increasing intercepts
(higher Km) at increasing inhibitor concentrations, this pattern
being indicative of a mixed-type inhibition. Thus, this kinetic
study supported the dual-site binding to AChE as the
mechanism of action of this compound. Replots of the slope
versus concentration of (−)-8b give an estimate of the
competitive inhibition constant, Ki, of 1.51 nM.
Molecular Modeling Studies. The mechanism of action of

huprine−tacrine heterodimer (−)-8b on AChE was further
studied by molecular dynamics (MD) simulations. To this end,
the orientation of the inhibitor in the catalytic gorge of AChE
was modeled by taking advantage of the X-ray structural data
available for distinct AChE−ligand complexes. The X-ray
structure of the complex between Torpedo californica AChE
(TcAChE) and the heptamethylene-linked bis(4-aminoquino-
line)-based compound bis(7)-tacrine (PDB entry 2CKM)37

was used as template to orient (−)-8b. Both huprine and 6-
chlorotacrine units in (−)-8b should be capable of interacting
simultaneously at both catalytic and peripheral sites of the
enzyme, thus mimicking the interaction of the two tacrine units
of bis(7)-tacrine with Trp84 (catalytic site; Trp86 in hAChE)
and Trp279 (peripheral site; Trp286 in hAChE). Taking into
account the larger hAChE inhibitory activity of (−)-huprine Y
relative to that of 6-chlorotacrine (31-fold more potent against
recombinant hAChE, as the experimentally measured IC50 of 6-
chlorotacrine is 13.2 nM), we placed the huprine Y moiety of
(−)-8b in the catalytic site and its 6-chlorotacrine unit in the
peripheral site. From a structural viewpoint, the 4-aminoquino-
line unit of (−)-huprine X bound to TcAChE (PDB entry
1E66)29 superposes well with the corresponding unit of tacrine
in its complex with TcAChE (PDB entry 1ACJ),38 and with the
tacrine moiety of bis(7)-tacrine that fills the active site in
2CKM. This arrangement permits the carbobicyclic system of
(−)-huprine X to be accommodated in a pocket defined by
aromatic residues Phe288, Phe290, and Phe331, whereas the
chlorine atom at position 3 fills a hydrophobic pocket
delineated by Trp432 and Met436 (Figure S3 of the Supporting
Information). A similar arrangement might be expected for the
binding of the huprine moiety of (−)-8b to the catalytic site.
With regard to the peripheral site interacting unit, two
orientations that differ by a 180° rotation around the N−N

axis of the central ring of the 6-chlorotacrine unit of (−)-8b
were considered (Figure S3 of the Supporting Information),
namely, a first binding mode in which the chlorine atom was
oriented toward the aqueous solvent (denoted as binding mode
A) and an alternative binding mode in which the chlorine atom
was oriented toward the interior of the peripheral site (denoted
as binding mode B). In both orientations, the 6-chlorotacrine
moiety would stack against Trp279 and Tyr70 (Trp286 and
Tyr72, respectively, in hAChE). However, the pseudoplanar
structure of the 6-chlorotacrine moiety and the large
accessibility of the peripheral site make it difficult to discern
a priori between the two arrangements in the peripheral site.
After 34 ns MD simulations of these two alternative modes

of binding of (−)-8b to hAChE, orientation A seemed to be the
most favorable. The reliability of this binding mode is
supported by the structural integrity and energetic stability of
the snapshots collected from the trajectory (Figure 1 and
Figure S4 of the Supporting Information). The root-mean-
square deviation (rmsd) of the protein backbone amounts to
1.9 Å, which is slightly larger than the rmsd determined for the
set of residues that delineate the binding cavity, including
catalytic, midgorge, and peripheral sites (1.4 Å). The
heteroaromatic ring system of the (−)-huprine moiety is firmly
stacked against the indole ring of Trp86 (average distance of
4.0 Å) and the phenol ring of Tyr337 (average distance of 3.8
Å). Moreover, the stacked complex is further stabilized by the
hydrogen bond between the protonated quinoline nitrogen
atom and the carbonyl group of His447 (2.9 Å). On the other
hand, the 6-chlorotacrine unit remains stacked against the
aromatic rings of Trp286 and Tyr72 (average distances of 3.7
and 3.8 Å, respectively). Even though there are no specific
interactions between the heptamethylene linker and the
residues in the midgorge, it is worth noting that the structural
integrity of the binding site is assisted by a network of transient
hydrogen bonds between different residues, namely, hydrogen
bonds between Asp74 and Tyr341 and Thr79, a hydrogen
bond between Tyr72 and Thr75, and finally a water-mediated
bridge between Tyr337 and Tyr124. Compared to the X-ray
structure of the TcAChE−bis(7)-tacrine complex, it is worth
noting the global resemblance found between the skeleton of
(−)-8b in the modeled complex and bis(7)-tacrine in the X-ray
structure (Figure 1), as noted in the similar position of the
heteroaromatic rings and the heptamethylene linker. Overall,

Figure 1. Representation of the mode of binding of (−)-8b (green) in the catalytic gorge of hAChE. The left panel shows the superposition of the
snapshots at the beggining and end of the 34 ns trajectory, and of the snapshots taken every 5 ns. The right panel shows the superposition of bis(7)-
tacrine (yellow) and (−)-8b in the final snapshot of the trajectory (magenta) and X-ray structure 2CKM (orange). The side chains of selected
residues are also shown (hydrogens omitted for the sake of clarity).
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the structural analysis supports the stability of binding mode A
proposed for (−)-8b in hAChE.
When the alternative binding mode B was examined, the

rmsd profile revealed the occurrence of much larger structural
readjustment in the residues that delineate the binding site
(Figure S5 of the Supporting Information), which is clearly
visible in the distorted structure of the ligand and relevant
residues in the binding site (Figure S6 of the Supporting
Information). This effect can be ascribed to the unfavorable
interactions between the chlorine atom of the 6-chlorotacrine
unit and the carboxylate and carbonyl groups of Glu285 and
Val282, respectively, which tend to displace the tacrine unit
from the peripheral site. Such displacement alters the
arrangement of the side chain, which in turn leads to steric
clashes in the midgorge and is propagated to the catalytic site
(Figure S7 of the Supporting Information).
From an energetic point of view, the larger structural stability

of binding mode A is also reflected in the binding affinities
predicted using the solvent interaction energy (SIE) technique,
which is a variant of the MM/PBSA method carefully
parametrized by calibrating the (free) energy contributions
against experimental binding affinities.39 The SIE calculations
were performed for 100 snapshots evenly taken during the last
5 ns of the trajectories. Whereas the binding affinity (ΔGbinding)
is predicted to be −14.4 ± 0.3 kcal/mol for binding mode A, it
is destabilized by 1.6 kcal/mol (ΔGbinding = −12.8 ± 0.5 kcal/
mol) for binding mode B, thus reinforcing the integrity of
binding mode A for the AChE−(−)-8b complex.
BChE Inhibition. Other activities of interest in the context of

AD treatment such as BChE, self-induced Aβ aggregation, and
BACE-1 inhibition have been also evaluated (Table 1).
There is a growing appreciation of an important role of

BChE in dementia, where this enzyme seems to exert a
compensatory effect in response to a great decrease in brain
AChE activity as AD progresses.40 In this light, the inhibitory
activity of the huprine−tacrine heterodimers on human serum
BChE (hBChE) was assayed by the method of Ellman et al.
(Table 1).35

(±)-Huprine Y inhibits hAChE 250-fold more potently than
hBChE. The presence of the chlorine atom at position 3 of the
aminoquinoline moiety of huprines, which is in part responsible
for its high hAChE inhibitory activity,29 becomes detrimental
for hBChE inhibition. A steric hindrance between the chlorine
atom and the side chain of Met437 in the hBChE active site
seems to account for the detrimental effect of this substituent
on the hBChE inhibitory activity of chloro-substituted 4-
aminoquinolines relative to unsubstituted counterparts such as
tacrine,27,41 which turned out to be 13-fold more potent toward
hBChE than hAChE. As huprines, huprine−tacrine hetero-
dimers are selective inhibitors of hAChE, exhibiting inhibitory
potencies 4−105-fold higher toward hAChE than toward
hBChE, albeit still maintaining potent hBChE inhibitory
activity, with IC50 values in the nanomolar range (Table 1).
No clear trends were found regarding the influence of the
presence or absence of a chlorine atom at the tacrine unit or the
length of the linker on the hBChE inhibitory activity. The
presence of a methylamino group in the linker seemed to be
beneficial for this activity, compounds (±)-7c and (±)-8c being
3- and 1.5-fold more potent than (±)-7b and (±)-8b,
respectively, with an equivalent tether length. The
(+)-(7R,11R)-enantiomer of heterodimer 8b is more potent
than the levorotatory enantiomer, but in the case of 7b, both
enantiomers turned out to be equipotent. The most potent

huprine−tacrine heterodimers as hBChE inhibitors, i.e., (±)-7a,
(±)-7f, and (±)-8e, are 6−7-fold more potent than
(±)-huprine Y and equipotent with respect to tacrine.

Aβ Self-Aggregation Inhibition. The inhibitory activity of
huprine−tacrine heterodimers on Aβ self-induced aggregation
was also evaluated using a thioflavin T-based fluorometric
assay.42 Huprine−tacrine heterodimers significantly inhibit the
self-induced Aβ aggregation when tested at a concentration 5-
fold lower than that of Aβ, exhibiting percentages of inhibition
ranging from 28 to 64%, clearly higher than those found for the
parent huprine Y and tacrine (Table 1). The presence of an
unsubstituted tacrine unit leads to a higher potency,
heterodimers 7 being ∼1.5−2-fold more potent than their 6-
chlorotacrine-based counterparts 8. In the first series, the
inhibitory activity toward Aβ self-aggregation peaks at a tether
length of eight methylenes whereas the presence of a
methylamino group in the linker is detrimental to this activity,
and no difference in potency was found for enantiomers. In the
6-chlorotacrine-based series, the length of the linker and the
presence of a methylamino group in the linker had a weaker
influence on this activity, but a significant difference in potency
was found for both enantiomers of compound 8b, in favor of
the dextrorotatory enantiomer.
It is worth noting that the most potent huprine−tacrine

heterodimers toward Aβ self-induced aggregation, i.e., com-
pounds (±)-7b, (−)-7b, (+)-7b, (±)-7d, and (±)-7e, have IC50
values below or close to 10 μM.
As a final remark, considering the overall inhibitory activity of

huprine−tacrine heterodimers on AChE-induced and self-
induced Aβ aggregation, the possibility that the inhibitory
activity against self-induced Aβ aggregation does not partially
contribute to the inhibitory action against the AChE-induced
one cannot be unequivocally excluded.

BACE-1 Inhibition. BACE-1 is involved in the first and rate-
limiting step of formation of Aβ from APP. Because Aβ
aggregation is partially a concentration-dependent event,
reduction of brain Aβ levels by inhibition of BACE-1 might
be of utmost importance for a disease-modifying anti-Alzheimer
therapeutic approach.43 Indeed, brain Aβ production, amyloid
pathology, and cognitive deficits are abrogated in BACE-1
knockout mice overexpressing APP.44 Some concerns about
potential mechanism-based toxicity,45 which might be pre-
vented by a partial inhibition of BACE-1, have arisen.
Encouragingly, heterozygous BACE-1 knockout APP transgenic
mice with an only 15% reduction in the level of brain Aβ
showed a dramatic reduction in brain amyloid burden at old
age.44

The ability of the huprine−tacrine heterodimers to inhibit in
vitro human recombinant BACE-1 was determined at a single
concentration (5 μM) using a fluorometric assay.46 6-
Chlorotacrine-based heterodimers were found to exhibit an
important BACE-1 inhibitory activity, with percentages of
inhibition ranging from 18 to 47% at 5 μM (Table 1), clearly
higher than that of huprine Y and tacrine. In this series, neither
the length of the linker nor the configuration of the huprine
moiety in the enantiopure heterodimers had an influence on
BACE-1 inhibitory activity, most of these heterodimers
displaying very similar percentages of inhibition between 40
and 47%, whereas only the presence of a methylamino group in
the linker was clearly detrimental for BACE-1 inhibition.
Conversely, with the sole exception of the longer homologues
(±)-7e and (±)-7f, heterodimers bearing an unsubstituted
tacrine unit were inactive toward BACE-1.
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The IC50 for BACE-1 inhibition was determined for most of
the active heterodimers, namely, (±)-7f, (−)-8b, (+)-8b, and
(±)-8d−f, and found to lie within the range from 5 to 7 μM
(Table 1). Thus, huprine−tacrine heterodimers exhibit a
BACE-1 inhibitory activity very similar to that found for the
prototypic dual-binding site AChEI bis(7)-tacrine (IC50 = 7.5
μM)47 and can be considered moderately potent inhibitors of
BACE-1. Moreover, on the basis of the structural similarity
between huprine−tacrine heterodimers and bis(7)tacrine,
which was found to reduce BACE-1 intracellular activity at a
concentration of 1 μM,47 we are confident that these
heterodimers can be active in more complex biological systems,
being able to cross the cell membrane and therefore exerting
the same activity in cell cultures.
Brain Penetration. In Vitro Blood−Brain Barrier Perme-

ation Assay. The development of drugs intented to act in the
CNS has to contend with the need to efficiently cross the BBB.
Brain penetration of the huprine−tacrine heterodimers was
predicted using a parallel artificial membrane permeation assay,
namely the widely known PAMPA−BBB assay.48 The in vitro
permeability (Pe) of racemic huprine−tacrine heterodimers
through a lipid extract of porcine brain was determined by
using a 70:30 phosphate-buffered saline (PBS)/EtOH mixture.
The assay was validated by comparing the experimental
permeability with the reported values of 15 commercial drugs
that gave a good linear correlation: Pe(exp) = 1.99Pe(lit.) + 1.07
(R2 = 0.92) (Tables S1 and S2 and Figure S8 of the Supporting
Information). From this equation and taking into account the
limits established by Di et al. for BBB permeation,48 we
established that compounds with permeability values of >9.0 ×
10−6 cm/s should cross the BBB. All the huprine−tacrine
heterodimers showed permeability values above this limit, with
the sole exceptions of (±)-7e and (±)-8c, for which an
uncertain BBB permeation has been predicted (Tables S1 and
S2 of the Supporting Information). In general, heterodimers
bearing a 6-chloro-substituted tacrine unit seem to be more
brain permeable than their counterparts bearing an unsub-
stituted tacrine unit. Also, brain permeability increases with an
increase in tether length, heterodimers (±)-7f and (±)-8f being
the most permeable of each series. Not unexpectedly,
introduction of a protonatable methylamino group into the
linker leads to a decreased permeability relative to that of the
corresponding heterodimer with an oligomethylene linker of
equivalent length.
These results reveal that most huprine−tacrine heterodimers

could cross the BBB and reach their multiple pharmacological
targets located in the CNS, which has been confirmed for
huprines in in vivo36 and ex vivo28 studies.
Ex Vivo Brain Penetration Study. To confirm the brain

permeability of the huprine−tacrine heterodimers predicted by
the PAMPA−BBB assay, compounds (±)-7d and (±)-8d were
subjected to an ex vivo determination of their AChE inhibitory
activity using the same methodology and conditions previously
set up for huprines.28 In this assay, huprine−tacrine
heterodimers were administered intraperitoneally (ip) to OF1
mice at a single dose of 10 μmol/kg 20 min before the animals
were sacrificed, and the percentage of brain AChE inhibition
versus untreated controls was measured. Heterodimers (±)-7d
and (±)-8d were found to inhibit mouse brain AChE activity
by 30.0 ± 3.3 and 28.5 ± 3.7%, respectively, relative to control
nontreated animals. The parent (±)-huprine Y had been
reported to inhibit brain AChE activity under these conditions
by 59.2 ± 8.2%. The lower potency of (±)-7d and (±)-8d

relative to that of the parent huprine Y could be ascribed, in
part, to their slightly lower potency found in vitro (Table 1),
but also to the fact that in this assay we used the experimental
conditions that were optimized for huprines. Irrespective of the
fact that perhaps a greater activity could be observed for
huprine−tacrine heterodimers (±)-7d and (±)-8d under
optimized conditions, their significant inhibition of brain
mouse AChE after their ip administration clearly demonstrates
that they are able to cross the BBB in vivo.

■ CONCLUSION

We have developed a family of 16 heterodimeric compounds
consisting of a unit of racemic or enantiopure huprine Y linked
to a unit of tacrine or 6-chlorotacrine through an oligo-
methylene chain of 6−10 methylene groups or a 4-methyl-4-
azaheptamethylene chain. These huprine−tacrine heterodimers
have been designed to simultaneously interact with both the
active and peripheral sites of AChE and in some cases also with
aromatic residues at the midgorge of the enzyme. The dual-site
binding of these compounds to hAChE results in a highly
potent inhibition of the catalytic activity of hAChE and, more
importantly, in an in vitro neutralization of the pathological
chaperoning effect of this enzyme toward Aβ and PrP
aggregation. To the best of our knowledge, this is the first
report of a structural family exhibiting this dual anti-
amyloidogenic action. Because Aβ aggregation and PrP
aggregation are key early pathogenic events in AD and prion
diseases, the dual action of huprine−tacrine heterodimers is of
great interest for a potential disease-modifying treatment of
these disorders. Additionally, huprine−tacrine heterodimers
have been found to display other pharmacological effects
resulting from their action on biological targets other than
AChE, namely, a potent inhibitory activity on BChE and a
significant inhibitory activity toward self-induced Aβ aggrega-
tion and BACE-1, which should reinforce their symptomatic
and disease-modifying effects, respectively, in the context of AD
treatment, even though it should be noted that more balanced
activities at the different targets would be desirable. Huprine−
tacrine heterodimers are able to cross the BBB, as predicted by
the PAMPA−BBB assay and demonstrated for two selected
compounds in ex vivo experiments, thereby having access to
their different biological targets in the CNS, from which a
plethora of pharmacological effects result. Taken together, the
data show that huprine−tacrine heterodimers can be
considered very promising lead compounds for AD and prion
diseases.

■ EXPERIMENTAL SECTION
The analytical samples of all of the huprine−tacrine heterodimers that
were subjected to pharmacological evaluation possess a purity of ≥95%
as evidenced by their elemental analyses. Enantiopure huprine−tacrine
heterodimers possess an enantiomeric excess of >99% as evidenced by
chiral HPLC. The synthetic procedure for the preparation of the
huprine−tacrine heterodimers is exemplified through the synthesis of
(−)-7b.

(−)-(7S,11S)-3-Chloro-6,7,10,11-tetrahydro-9-methyl-12-({7-
[(1,2,3,4-tetrahydroacridin-9-yl)amino]heptyl}amino)-7,11-
methanocycloocta[b]quinoline Dihydrochloride [(−)-7b·2HCl]
from (−)-Huprine Y. A mixture of finely powdered KOH (85% pure
reagent, 225 mg, 3.42 mmol, 1.6 equiv), (−)-huprine Y [(−)-6]34 (323
mg, 1.14 mmol, 1 equiv), and 4 Å molecular sieves (approximately 690
mg) in dry DMSO (4 mL) was thoroughly stirred for 1 h and heated
with a heatgun every 10 min and for an additional 1 h at room
temperature. The resulting mixture was added dropwise over 2 h to a
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mixture of haloalkyltacrine 4b (515 mg, 1.37 mmol, 1.2 equiv) in dry
DMSO (5 mL). The reaction mixture was vigorously stirred at room
temperature for 3 days, diluted with water (200 mL), treated with
NaOH pellets until an alkaline pH was reached, and extracted with
AcOEt (3 × 160 mL). The combined organic extracts were washed
with water (3 × 150 mL), dried with anhydrous Na2SO4, and
evaporated at reduced pressure to give a brown oily residue (549 mg),
which was subjected to column chromatography (35−70 mesh silica
gel, 100:0.2 CH2Cl2/50% aqueous NH4OH mixture). Starting (−)-6
(63 mg), β-elimination byproduct (25 mg), a mixture of β-elimination
byproduct and heterodimer (−)-7b in a ratio of 1:99 (285 mg), and
pure heterodimer (−)-7b (85 mg, 13% isolated yield, 56% total yield)
were consecutively separated as yellowish oils.
A solution of (−)-7b (85 mg, 0.15 mmol) in CH2Cl2 (10 mL) was

filtered through a polytetrafluoroethylene 0.45 μm filter and treated
with an excess of a methanolic solution of HCl (0.65 N, 2.0 mL, 1.3
mmol), and the resulting solution was concentrated in vacuo to
dryness. The solid was taken in MeOH (0.6 mL) and precipitated
upon addition of AcOEt (1.6 mL). The precipitated solid was
separated and dried at 65 °C and 15 Torr for 4 days to give
(−)-7b·2HCl·2.75H2O (75 mg) as a light brown solid: [α]20D = −139
(c = 0.30, MeOH); >99% ee by chiral HPLC on the liberated base
[CHIRALCEL OD-H column, 90:10:0.1 hexane/EtOH/Et2NH
mixture, flow rate of 0.2 mL/min, λ = 254 nm; (−)-7b, tR = 55.27
min, k′1 = 2.54; (+)-7b, tR = 61.77 min, k′2 = 2.96; α = 1.16, res. = 6.7];
mp 237−239 °C (3:8 MeOH/AcOEt); IR (KBr) ν 3600−2500
(maxima at 3405, 3234, 3049, 2927, 2855, and 2773 cm−1; N+-H, N-H,
and C-H st), 1628, 1617, 1583, 1572, 1534 (ar-C-C and ar-C-N st)
cm−1. The 1H and 13C NMR spectra were identical to those described
for (±)-7b·2HCl.24 HRMS calcd for C37H43

35ClN4 + H: 579.3249.
Found: 579.3240. Anal. (C37H43ClN4·2HCl·2.75H2O) C, H, N, Cl.
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J.; Muñoz-Torrero, D.; Rosenberry, T. L. Huprine X is a novel high-
affinity inhibitor of acetylcholinesterase that is of interest for the
treatment of Alzheimer’s disease. Mol. Pharmacol. 2000, 57, 409−417.
(26) Pang, Y.-P.; Quiram, P.; Jelacic, T.; Hong, F.; Brimijoin, S.
Highly potent, selective, and low cost bis-tetrahydroaminacrine
inhibitors of acetylcholinesterase. J. Biol. Chem. 1996, 271, 23646−
23649.
(27) Savini, L.; Gaeta, A.; Fattorusso, C.; Catalanotti, B.; Campiani,
G.; Chiasserini, L.; Pellerano, C.; Novellino, E.; McKissic, D.; Saxena,
A. Specific targeting of acetylcholinesterase and butyrylcholinesterase
recognition sites. Rational design of novel, selective, and highly potent
cholinesterase inhibitors. J. Med. Chem. 2003, 46, 1−4.
(28) Camps, P.; El Achab, R.; Morral, J.; Muñoz-Torrero, D.; Badia,
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3-Chloro-6,7,10,11-tetrahydro-9-methyl-12-���10-[(6-chloro-1,2,3,4-

tetrahydroacridin-9-yl)amino]decyl�amino�-7,11-methanocycloocta[b]quinoline 
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Preparative resolution of (��)-3-chloro-6,7,10,11-tetrahydro-9-methyl-12-��7-[(6-

chloro-1,2,3,4-tetrahydroacridin-9-yl)amino]heptyl�amino�-7,11-

methanocycloocta[b]quinoline [(�)-8b] by chiral HPLC: (�)-(7S,11S)-8b and (+)-
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In Vitro Blood–Brain Barrier Permeation Assay  
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Coordenades inicials (X0) 
Càlcul d’Ev(X0) 

Determinació de la derivada primera i segona de 
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Determinació de la direcció de búsqueda del 
mínim. Suggerència de noves coordenades X’ 

Càlcul d’EV(X’) 
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