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Introduction

Alzheimer’s disease (AD), the most common cause of dementia
in elderly people, is a complex neurodegenerative illness of
the central nervous system (CNS), characterized by progressive
memory loss and other cognitive impairments. The etiology of
AD is not completely known, although there are diverse hall-
marks such as b-amyloid (Ab) deposits, t-protein aggregation,
oxidative damage in cell structures, and low levels of acetyl-
choline (ACh) that seem to play significant roles in the dis-
ease.[1]

Several pharmacological strategies have emerged over the
last decades including cholinergic[2] and noncholinergic inter-
ventions.[3] The cholinergic approach launched four drugs on
the market for management of the disease: the acetylcholines-
terase inhibitors (AChE-Is) tacrine, donepezil, rivastigmine, and
galantamine, which increase neurotransmission at cholinergic
synapses in the brain, improving cognition.[4] The only ap-
proved noncholinergic drug for AD is memantine, an N-
methyl-d-aspartate (NMDA) receptor antagonist, which im-
proves cognition and mental functions by restoration of ho-
meostasis in the glutamatergic system.[5] Nowadays many can-
didates with other pharmacological profiles are in phase III
clinical trials, such as the g-secretase inhibitor LY450139, the
presenilin modulator docosahexaenoic acid, the PPAR-g agonist
rosiglitazone, and the anticholesterol agent simvastatin,
among others.[6]

To date, the approved AChE-Is have been considered as
simple symptomatic short-term drugs that improve memory
but do not stop neurodegeneration. However, clinical data

emerging from long-term trials suggests that the rate of neu-
rodegenerative progression of AD is decreased in patients
treated with these drugs, and that a disease-modifying effect
may take place.[7] Moreover, the recent development of neuroi-
maging techniques has provided empirical evidence of these
beneficial effects, showing that patients treated with AChE-Is
do not show the widespread cortical atrophic changes associ-
ated with AD.[8]

The disease-modifying effects observed with the use of
AChE-Is might be related to their primary mode of action or
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Tacrine–melatonin hybrids were designed and synthesized as
new multifunctional drug candidates for Alzheimer’s disease.
These compounds may simultaneously palliate intellectual defi-
cits and protect the brain against both b-amyloid (Ab) peptide
and oxidative stress. They show improved cholinergic and anti-
oxidant properties, and are more potent and selective inhibi-
tors of human acetylcholinesterase (hAChE) than tacrine. They
also capture free radicals better than melatonin. Molecular
modeling studies show that these hybrids target both the cat-
alytic active site (CAS) and the peripheral anionic site (PAS) of

AChE. At sub-micromolar concentrations they efficiently dis-
place the binding of propidium iodide from the PAS and could
thus inhibit Ab peptide aggregation promoted by AChE. More-
over, they also inhibit Ab self-aggregation and display neuro-
protective properties in a human neuroblastoma line against
cell death induced by various toxic insults, such as Ab25–35,
H2O2, and rotenone. Finally, they exhibit low toxicity and may
be able to penetrate the central nervous system according to
an in vitro parallel artificial membrane permeability assay for
the blood–brain barrier (PAMPA-BBB).
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their binding with other neuronal targets (NMDA, nicotinic, or
muscarinic receptors)[9] or even their interaction with the amy-
loid cascade.[10] Biochemical studies have indicated that AChE
directly induces the assembly of Ab peptides into amyloid fi-
brils, forming stable AChE–Ab complexes, which are more
toxic than Ab peptides alone.[11] Because the adhesion function
of AChE to Ab is located at the peripheral anionic site (PAS),[12]

inhibitors that are able to bind both the catalytic active site
(CAS) and PAS are of particular interest in AD, as they can si-
multaneously improve memory and slow the rate of amyloid
degeneration.[13] For this reason, the interest in these dual-site
inhibitors has increased in recent years, with NP-61 being the
first compound of this class in phase I clinical trials for Alzheim-
er’s disease.[14]

During aging, the endogenous antioxidant defense system
progressively decays, and an increasing body of evidence sup-
ports the early involvement of oxidative stress in the patho-
genesis and progression of AD.[15] Recent research has demon-
strated that oxidative damage is an event that precedes the
appearance of other pathological hallmarks of the disease,
namely senile plaques and neurofibrillary tangles.[16] Thus,
drugs that specifically scavenge oxygen radicals could be
useful for either the prevention or treatment of AD.[17]

Tacrine (1), the first drug approved for AD, is a potent non-
selective inhibitor of both AChE and butyrylcholinesterase
(BuChE). Although hepatotoxicity has limited the therapeutic
use of this drug, the search for tacrine analogues is still of in-
terest in AD research.[18] Melatonin (2) is a pineal neurohor-
mone, the levels of which decrease during aging, especially in
AD patients. It has been reported to possess strong antioxidant
activity, and is able to directly scavenge a variety of reactive
oxygen species (ROS).[19] Melatonin also stimulates several en-
dogenous antioxidative enzymes, improves mitochondrial
energy metabolism, decreases neurofilament hyperphosphory-
lation, and plays a neuroprotective role against Ab.[20]

Continuing with our research on various heterocyclic com-
pound families with potential application in AD,[21] and taking
into account that drugs with two or more useful biological ac-
tivities for the same pathology may represent an important
pharmacological advance,[22] we are currently interested in
multifunctional drugs that combine potent dual binding to
both the CAS and PAS of AChE and neuroprotective properties
in a single small molecule. Tacrine–melatonin hybrids (3–25)
were designed by using moieties with well-known properties
for each biological activity : 1 for the inhibition of AChE
through its binding to the CAS, and 2 for both its neuroprotec-
tive properties and its interaction with the PAS. Regarding the
CAS of AChE, which is located at the bottom of a deep gorge,
we considered tethering these two fragments with hydrocar-
bon chains, following a previously described strategy.[23] These
flexible linkers could be accommodated by the enzyme cavity,
allowing simultaneous interaction with the CAS and PAS of
AChE (Figure 1).

In this field, we reported preliminary results on the synthesis
and biological evaluation of tacrine–melatonin hybrids that
show better AChE inhibitory and antioxidant properties than
their separate structures.[24] Prompted by their promising bio-

logical profile, we describe herein the synthesis of new ta-
crine–melatonin hybrids in order to have a broader chemical
structure–biological activity relationship analysis by molecular
modeling, and to study additional pharmacological properties
such as propidium iodide displacement from AChE, effects on
Ab self-aggregation, and cell viability. We also studied the neu-
roprotective effects of these hybrids against death induced in
neuroblastoma cells by various toxic insults related to Ab de-
generation (Ab25–35), as well as oxidative stress triggered by hy-
drogen peroxide and rotenone.

Results and Discussion

Synthesis

Scheme 1 depicts the general procedure for the synthesis of
tacrine–melatonin hybrids 3–25. The treatment of 9-chloro-
1,2,3,4-tetrahydroacridines 26–30, obtained by published

methods,[25] with various a,w-amino acids in n-pentanol at
reflux overnight, and subsequent hydrolysis of the pentyl ester
intermediates with sodium hydroxide in a mixture of dioxane/
H2O (1:1) at reflux yielded acids 31–35 in good yields. These
acids were suitably activated with (benzotriazol-1-yloxy)tris(di-
methylamino)phosphonium hexafluorophosphate (BOP) and
subsequently coupled with commercially available amines

Figure 1. Design strategy for tacrine–melatonin hybrids 3–25 (see Table 1
for definitions of R, R’, X, and n).

Scheme 1. Synthesis of tacrine–melatonin derivatives.
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(tryptamine, 5-methoxytryptamine, and serotonin) in the pres-
ence of triethylamine in dichloromethane solutions at room
temperature to afford the desired tacrine–melatonin amides 3–
23. Bioisosteric transformation of the amide into the thioamide
group was carried out by using Lawesson’s reagent (LR). Thus,
the treatment of 4 and 6 with 1.5 equivalents of LR in toluene
at reflux afforded the thioamide hybrids 24 and 25 in good
yields.

All tacrine–melatonin hybrids were purified by chromato-
graphic techniques and then transformed into their hydrochlo-
ride salts by treatment with gaseous hydrochloric acid in di-
chloromethane solution. Free bases were used to obtain spec-
troscopic (1H NMR, 13C NMR, IR, and MS) data, and hydrochlo-
ride salts were employed to determine both purity (HPLC and
combustion analysis) and biological activities (cholinergic, anti-
oxidant, CNS penetration, and neuroprotective properties).

Cholinergic and antioxidant activities

The tacrine–melatonin hybrids were tested as inhibitors of
AChE and BuChE by following the method of Ellman et al.[26]

Initially, these compounds were evaluated against mammalian
enzymes, specifically AChE from bovine erythrocytes and
BuChE from horse serum. These enzymes were chosen owing
to their lower cost and their high degree of sequence identity
to the human enzymes.[27] Tacrine (1) and melatonin (2) were
also tested for comparative purposes (Table 1). All tacrine–mel-
atonin derivatives were found to be potent inhibitors of mam-

malian cholinesterases at the low-nanomolar concentration
range, better than tacrine. As expected, melatonin did not in-
hibit either enzyme.

Comparing hybrids with the same substituent in each het-
erocycle, compounds with a 5- or 6-methylene linker between
the amine and the amide groups showed better inhibition of
AChE than molecules with a 4- or a 7-methylene chain. The in-
troduction of a chlorine atom at position 8 or a fluorine atom
at position 7 of the tacrine framework decreased the inhibitory
activity toward both enzymes (compounds 9, 13, and 19).
However, compounds derived from 6-chlorotacrine (7 and 8)
and 6,8-dichlorotacrine (10 and 11) were more potent and se-
lective AChE inhibitors than their unsubstituted counterparts
(4 and 5). Finally, replacement of the amide by a thioamide
group afforded compounds 24 and 25, which are less potent
than their respective counterparts 4 and 6.

Then the tacrine–melatonin hybrids were evaluated as inhib-
itors of human cholinesterases and as free radical scavengers
(Table 1). All hybrids potently inhibited human AChE (hAChE),
with IC50 values in the nanomolar and picomolar ranges (5 �
10�9–8 � 10�12

m), reflecting 70- to 43 000-fold greater potency
than tacrine.

In general, the relationships between chemical structure and
the inhibition of human cholinesterases are similar to those
found with enzymes from other mammalian sources. From the
IC50 values of compounds 4, 5, and 7–11 bearing an unsubsti-
tuted indole, it appears that variations on the tacrine fragment
influence both potency and selectivity toward hAChE. The

Table 1. Inhibition of cholinesterases by tacrine–melatonin hybrids, tacrine, and melatonin, along with oxygen radical absorbance capacity (ORAC).[a]

Compd[b] R n X R’ IC50 [nm] Selectivity Trolox
AChE[c] BuChE[d] hAChE[e] hBuChE[e] for hAChE[f] ACHTUNGTRENNUNG[equiv][g]

3 H 4 O H 20.0�0.8 12�1 3.0�0.1 5.0�0.2 2 ND
4 H 5 O H 4.0�0.2 12�1 0.35�0.01 2.5�0.1 7 3.6�0.1
5 H 6 O H 1.0�0.1 0.95�0.05 0.5�0.02 6.8�0.3 14 3.3�0.1
6 H 7 O H 2.5�0.1 2.5�0.1 0.8�0.05 5.0�0.2 6 ND
7 6-Cl 5 O H 2.0�0.1 5.2�0.3 0.725�0.03 175�5 241 2.2�0.1
8 6-Cl 6 O H 0.2�0.01 8.1�0.3 0.1�0.05 35�2 350 2.1�0.03
9 8-Cl 5 O H 65�3 15�1 0.87�0.04 23�2 26 4.0�0.1

10 6,8-diCl 5 O H 3.5�0.2 8.2�0.3 0.7�0.03 250�8 357 1.9�0.1
11 6,8-diCl 6 O H 2.0�0.1 85�4 0.008�0.0004 7.8�0.4 975 2.5�0.1
12 6,8-diCl 7 O H 15�0.6 10�0.5 ND ND – ND
13 7-F 5 O H 36�2 30�1 ND ND – ND
14 H 4 O OCH3 35�1 1.8�0.1 2.5�0.4 2.5�0.3 1 ND
15 H 5 O OCH3 9.0�0.3 2.0�0.1 0.8�0.04 1.5�0.01 2 1.5�0.1
16 H 6 O OCH3 2.3�0.1 2.5�0.1 0.65�0.03 3.0�0.2 5 2.7�0.1
17 H 7 O OCH3 20�1 3.0�0.1 5.0�0.4 2.5�0.1 – ND
18 6-Cl 5 O OCH3 12�1 55�2 3.0�0.4 150�5 50 ND
19 8-Cl 5 O OCH3 25�1 22�1 0.65�0.05 15�1 23 1.9�0.1
20 6,8-diCl 5 O OCH3 4.0�0.2 50�1 ND ND – ND
21 6,8-diCl 6 O OCH3 5.0�0.3 100�4 0.04�0.002 25�1 625 1.7�0.01
22 H 5 O OH 35�2 3.5�0.2 0.45�0.02 1.0�0.1 2 3.2�0.2
23 H 7 O OH 25�1 2.5�0.1 ND ND – ND
24 H 5 S H 6.5�0.2 15�0.5 ND ND – ND
25 H 7 S H 40�1 10�0.5 ND ND – ND
1 40�2 10�0.4 350�10 40�2 – <0.01
2 >100 >100 ND ND – 2.3�0.1

[a] Results are presented as the mean �SD (n = 3); ND: not determined. [b] See Scheme 1 for chemical structures. [c] AChE from bovine erythrocytes.
[d] BuChE from horse serum. [e] Enzymes from human source. [f] Selectivity for hAChE = [IC50 (hBuChE)]/ACHTUNGTRENNUNG[IC50 ACHTUNGTRENNUNG(hAChE)] . [g] Data are expressed as (mmol
trolox)/(mmol tested compound).
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presence of a chlorine atom at
position 6 improved both fac-
tors; hybrid 8 is a low sub-nano-
molar hAChE inhibitor with
good selectivity for this enzyme.
The potency toward hAChE de-
creased in the case of com-
pound 9, in which the chlorine is
at position 8 of the tacrine
framework, revealing that this
change in the structure is not
well tolerated by the enzyme. Fi-
nally, disubstituted 6,8-dichloro-
tacrine derivative 11 is the most
potent and selective hAChE in-
hibitor of this series, indicating
that the two chlorine atoms
could act synergistically in the
active site. This compound ex-
hibited an IC50 value of 0.008 nm

toward hAChE, which is 43 000-
fold more potent than tacrine,
and showed remarkable selectiv-
ity: ~1000-fold more active
toward hAChE than hBuChE. Fi-
nally, regarding modifications to the indole fragment, the intro-
duction of a methoxy or hydroxy group at position 5 gave rise
to compounds with inferior values for both potency and selec-
tivity toward hAChE.

Owing to their potency and selectivity toward hAChE, these
tacrine–melatonin hybrids should mostly activate central choli-
nergic transmission, improving mental abilities, and be free of
the peripheral side effects related to nonselective cholinester-
ase inhibitors like tacrine.[28]

The antioxidant activities of tacrine–melatonin hybrids were
determined by their competition with fluorescein in the cap-
ture of oxygen radicals, thermally generated from 2,2’-azobis-ACHTUNGTRENNUNG(amidinopropane) dihydrochloride, following a well-established
method (ORAC-FL).[29] Trolox, a vitamin E analogue, was used
as standard, and the results were expressed as trolox equiva-
lents [(mmol trolox)/(mmol tested compound)] (Table 1). Tacrine
showed negligible radical-capture capacity, whereas melatonin
had an ORAC-FL value 2.3-fold higher than that of trolox. This
activity fully agrees with the value previously described for
melatonin (ORAC = 2.0),[30] pointing out the reliability of our ex-
periments. Tested compounds showed potent peroxyl radical
absorbance capacities ranging from 1.5- to 4-fold the trolox
value. Regarding the indole structure, the best results were ob-
tained with unsubstituted (4, 5, 7–11) or 5-hydroxy derivatives
(22), whereas compounds 15, 16, and 21 derived from 5-me-
thoxyindole showed lower values.

In vitro BBB permeation assay

To evaluate the brain penetration of tacrine–melatonin hybrids,
we used a parallel artificial membrane permeation assay for
blood–brain barrier (PAMPA-BBB) by partially following the

method described by Di et al. ,[31] which we successfully applied
to different compounds.[32] The in vitro permeabilities (Pe) of ta-
crine–melatonin hybrids 3–25 and 20 commercial drugs
through a lipid extract of porcine brain were determined, and
the results are listed in Table 2. Assay validation was made by
comparing the experimental permeability (Pe exptl) with the re-
ported values (Pe pubd) of these commercial drugs that gave a
good linear correlation: Pe exptl = 0.73 Pe pubd + 1.48 (r2 = 0.95).
From this equation, and taking into account the limits previ-
ously established for BBB permeation,[31] we found that mole-
cules with a permeability >4.4 � 10�6 cm s�1 are able to cross
the BBB.

The assay predicted the control compounds correctly and
showed that almost all tacrine–melatonin derivatives could
cross the BBB and reach their biological targets located in the
CNS (Table 2). Only compounds 22 and 23, derived from 5-hy-
droxyindole, showed a decreased capacity for brain permea-
tion.

Molecular modeling

With the aim of obtaining useful information about the bind-
ing interactions between tacrine–melatonin hybrids and
hAChE, a molecular modeling study was performed. The active
site of hAChE is composed of the catalytic triad (Ser203,
Glu334, and His447) at the bottom of the gorge, the anionic
subsite at Trp86, the acyl pocket at Phe295 and Phe297, and
the oxyanion hole at Gly120, Gly121, and Ala204. In addition
to this, the PAS at the entrance of the gorge (Tyr72 and
Trp286) is of particular interest, as it is believed to play a major
role in Ab plaque formation as a key step in the development
of AD.[12]

Table 2. Permeability results from the PAMPA-BBB assay for 20 commercial drugs (used in experimental valida-
tion) and tacrine–melatonin hybrids with their predictive penetration in the CNS.

Compd Pe pubd [10�6 cm s�1][a] Pe exptl [10�6 cm s�1][b] Compd Pe exptl [10�6 cm s�1][b] Prediction

testosterone 17.0 13.0�0.4 3 12.1�0.5 CNS+

verapamil 16.0 13.0�0.5 4 11.0�0.5 CNS+

imipramine 13.0 9.1�0.4 5 9.2�0.4 CNS+

desipramine 12.0 11.0�0.5 6 8.7�0.4 CNS+

astemizole 11.0 11.0�0.4 7 7.7�0.3 CNS+

progesterone 9.3 8.6�0.4 8 6.9�0.3 CNS+

promazine 8.8 7.3�0.3 9 5.2�0.1 CNS+

chlorpromazine 6.5 6.1�0.2 10 8.4�0.2 CNS+

clonidine 5.3 6.8�0.2 11 7.6�0.3 CNS+

corticosterone 5.1 7.2�0.3 12 6.1�0.2 CNS+

piroxicam 2.5 2.3�0.1 13 6.4�0.3 CNS+

hydrocortisone 1.9 3.2�0.1 14 9.3�0.2 CNS+

aldosterone 1.2 2.7�0.1 15 7.7�0.1 CNS+

lomefloxacin 1.1 1.3�0.05 16 8.6�0.3 CNS+

enoxacin 0.9 1.7�0.06 17 7.9�0.2 CNS+

atenolol 0.8 2.0�0.1 18 8.0�0.2 CNS+

ofloxacin 0.8 1.8�0.07 19 8.9�0.1 CNS+

isoxicam 0.3 1.6�0.07 20 9.6�0.4 CNS+

theophylline 0.1 1.5�0.05 21 8.8�0.4 CNS+

cimetidine 0.0 1.2�0.05 22 2.0�0.1 CNS�
23 2.8�0.2 CNS�
25 6.8�0.3 CNS+

[a] Published values from reference [31] . [b] Data are the mean �SD of three independent experiments.
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Although the three-dimensional structure of hAChE is
known, its complex with tacrine, the common framework to all
these hybrids, has not been solved. As an alternative, we used
the well-known complex between AChE from Torpedo californi-
ca (TcAChE) and tacrine as a starting model (PDB code 1ACJ).
First, the crystallographic coordinates of tacrine found in the
TcAChE–tacrine complex were transferred to hAChE, and then
the complex was energy-minimized (see Experimental Section
for details). In this optimized complex, tacrine showed only in-
teractions with the CAS binding site of hAChE, whereas no in-
teractions were observed with the PAS subsite (Table 3). As
previously observed in the TcAChE–tacrine complex,[33] the pro-
tonated nitrogen atom of the quinoline ring establishes a hy-
drogen bond with the carbonyl group of the main chain of
His447 of the hAChE catalytic triad. In addition, the quinoline
ring is p-stacked between the aromatic rings of Trp86 and
Tyr337 in a sandwich arrangement. Previous structural studies
showed that the Tyr337 residue (Phe330 in 1ACJ) adopts an
open, closed, or half-open conformation according to angles c1

and c2, and depending on the nature of the ligand.[34] The
TcAChE–donepezil complex (PDB code 1EVE) is characterized
by the open-gate conformation, whereas the complex with ta-
crine (1ACJ) displays a closed conformation, and the half-open
conformation is observed in the complex between TcAChE and
(�)-huperzine A (1VOT).[35] In the current study, the Tyr337 resi-
due displays a closed conformation (c1 = 166.38 and c2 = 35.38),
as is the case for the TcAChE–tacrine complex.

Similarly, we constructed models for the complexes between
hAChE and tacrine–melatonin hybrids, using the same orienta-
tion for the tetrahydroquinoline ring as found in the energy-
minimized hAChE–tacrine complex. The binding energy
(DGbind) of the optimized complexes gave evidence for strong
interactions between the enzyme and the synthetic tacrine–
melatonin hybrids. According to our rational design, these
compounds occupy the entire enzymatic gorge, with strong in-
teractions with the CAS, mid-gorge, and PAS (Table 3).

In all complexes the tacrine moiety was bound to CAS (see
Table 3 and Figure 2), displaying a parallel p–p stacking inter-
action between Trp86 and Tyr337 [distances between aromatic
centroids: 3.36–3.63 � (Trp86) and 5.86–6.72 � (Tyr337)] . In ad-
dition, a hydrogen bond was observed between the protonat-

ed nitrogen atom of the quinoline ring and the carbonyl
group of the main chain of His447 (N···O distances: 3.54–
3.90 �). According to the average values of angles c1 and c2

(1608 and 508, respectively), the residue of Tyr337 shows a
closed orientation in all cases that improved the aromatic in-
teraction between this amino acid and the tacrine fragment.

Regarding the 6-chloro (compound 8) and 6,8-dichlorota-
crine (10 and 11) derivatives, the chlorine atom at position 6

Table 3. Optimized complexes between hAChE and tacrine–melatonin hybrids. Binding energy and distances [�] to outstanding binding subsites: CAS, hy-
drophobic pocket (HPP), mid-gorge, and PAS.

Compd DGbind [kcal mol�1] CAS HPP[c] Mid-Gorge PAS
Trp86[a] Tyr337[a/b] His447 Tyr124 Arg296 Tyr72[d] Tyr124[d/e] Trp286[d]

1 �3.68 3.57 5.60/3.71 3.61 – – – – – –
4 �9.31 3.36 6.05/3.91 3.69 – 4.10 2.38 4.84 4.50/4.86 6.92
5 �10.48 3.56 5.97/3.87 3.54 – – – 3.91 4.20/3.93 5.91
8 �11.13 3.59 6.72/4.41 3.90 3.50 – – 3.75 4.89/4.28 4.28
9 �9.82 3.37 5.85/3.88 3.74 – 3.72 2.40 4.87 4.56/4.70 5.85

10 �10.04 3.47 6.06/3.99 3.64 3.32 3.87 2.37 4.96 4.62/4.92 5.79
11 �11.46 3.47 6.14/3.95 3.66 3.40 – – 3.39 5.92/4.53 4.72
15 �10.55 3.48 6.11/3.87 3.58 – 3.84 2.82 5.44 4.80/5.23 5.71
16 �11.07 3.51 5.86/3.83 3.61 – – – 4.25 8.16/6.35 5.13
21 �11.44 3.48 6.15/3.98 3.65 3.44 – – 3.48 7.37/5.64 4.96
22 �9.68 3.63 5.88/3.74 3.59 – 3.74 2.97 4.50 4.36/4.54 6.62

[a] Distance between the aromatic centroids of both tacrine and the corresponding amino acid. [b] Distance between the aromatic centroid of tacrine and
the carbonyl oxygen atom of the amino acid. [c] Distance between the chlorine atom and the hydrophobic pocket (HPP). [d] Distance between the aromat-
ic centroids of both indole and the corresponding aromatic amino acid. [e] Distance between the aromatic centroid of indole and the carboxylic oxygen
atom of the amino acid.

Figure 2. Hybrids 10 (n = 5, green) and 11 (n = 6, red) docked into the cata-
lytic gorge of hAChE, highlighting the protein residues belonging to CAS
(blue) and PAS (yellow) that establish the main interactions.
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occupies a small hydrophobic pocket composed of Trp439,
Met443, and Pro446, as illustrated in Figure 3. This additional
interaction could explain the greater potencies of hybrids with
a chlorine atom at position 6 in the tacrine ring relative to the
unsubstituted counterparts.

In all tacrine–melatonin hybrids the linker is aligned along
the gorge of the enzyme, where the amide group establishes
the most relevant interactions. In hybrids containing five meth-
ylene units between the amine and the amide groups (com-
pounds 4, 9, 10, 15, and 22), the nitrogen atom belonging to
the amide was hydrogen-bonded to the carbonyl oxygen of
Arg296 (average N···O distance: 2.59 �), whereas the amide
oxygen was bonded to the hydroxy group of Tyr124 (average
O···O distance <4.0 �). These stabilizing interactions were not
observed in hybrids with a tether of six methylene units due
to the opposite orientation of the amide group (Table 3). More-
over, the 5-hydroxyindole derivative 22 showed an additional
hydrogen bond between its phenolic hydroxy group and the
carbonyl oxygen of Arg296 (O···O distance: 3.0 �).

The tacrine–melatonin hybrids adopted an appropriate ori-
entation in the PAS that allows aromatic interactions between
the indole ring and the aromatic side chain of both Tyr72 and
Trp286 (Table 3). Compounds containing a tether of six methyl-
ene units (5, 8, 11, 16, and 21) showed shorter distances to
PAS residues, indicating improved p–p stacking interactions.
For instance, hybrid 11 (n = 6) showed better stabilizing inter-
actions with PAS residues than its counterpart 10 (n = 5,
Table 3). This general feature could explain the greater hAChE
inhibition of hybrids with a tether of six methylene units rela-
tive to compounds bearing linkers of five methylene units.

Finally, Tyr72 and Trp286 changed their initial orientation in
the free enzyme to improve the aromatic interactions with the
melatonin fragment in the final complexes, as deduced from
the dihedral angles listed in Table 4. In each complex, the c1

angle belonging to Trp286 showed the greatest variation, indi-
cating a stronger interaction between this residue and the
melatonin fragment. Notably, hybrids with a six-methylene unit
tether (5, 8, 11, 16, and 21) provoked higher variations in c1 of
Trp286 than compounds with shorter linkers.

To quantify the contribution of amino acids in the binding
process, variations in the solvent-accessible surface area
(DSASA) were calculated by using Structural Thermodynamic
Calculations software (v 4.3). The residues with DSASA>4 �2

are listed in Table 5, along with their partial contribution to the
binding energy of the complex (DGbind). According to the
above molecular modeling studies, the most important contri-
butions were found in the residues belonging to the CAS
(Trp86, Tyr337, and His447), the mid-gorge (Tyr124 and
Arg296), and the PAS (Tyr72, Asp74, and Trp286). In all com-
plexes, aromatic interactions (Tyr72, Trp86, Trp286, and Tyr337)
contribute more to complex stability than hydrogen bonds
(Tyr124, Arg296, and His447). In the case of compounds with
five-methylene unit linkers (4, 9, 10, 15, and 22) the most im-
portant aromatic contributions to DGbind are due to Trp86 and
Tyr337, both from the CAS. However, for the six-methylene
unit hybrids (5, 8, 11, 16, and 21) Trp286 from PAS establishes
the most significant aromatic binding interaction, besides the
two CAS residues previously mentioned which also contribute
to the stability of the final complexes of this family.

hAChE and hBuChE alignment

As previously stated, tacrine–melatonin hybrids show more af-
finity for hAChE than for hBuChE; this selectivity is more dra-
matic for compounds bearing a 6-chlorotacrine group (7 and
8) or a 6,8-dichlorotacrine group (10, 11, and 21). To explain
this behavior, a sequence alignment of the amino acid residues
of both enzymes was carried out with the ClustalX program.[36]

Although hAChE and hBuChE have high homology (54 % iden-
tity and 81 % similarity), we found differences in some CAS and
PAS residues that are involved in inhibitor binding (Figure 4).
The hAChE catalytic gorge is lined by fourteen aromatic resi-
dues, whereas for hBuChE, six of these positions (Tyr72, Tyr124,
Trp286, Phe295, Phe297, and Tyr337) are replaced by aliphatic

Figure 3. Interactions of hybrid 11 (cyan) with the hydrophobic pocket com-
posed by Trp439, Met443, and Pro446 (red).

Table 4. Dihedral angles for Tyr72 and Trp286 observed in the optimized
complexes.[a]

Tyr72 Trp286
Ligand c1 c2 c1 c2

none 157.10 78.30 �57.57 95.16
4 212.00 107.90 168.30 90.70
5 191.10 98.60 221.30 110.20
8 200.20 98.00 232.40 102.80
9 209.10 105.90 169.70 91.10

10 189.20 93.30 172.10 86.60
11 192.20 93.20 194.80 71.20
15 189.40 95.00 161.30 98.60
16 187.80 76.90 201.60 85.00
21 193.00 85.90 207.10 73.80
22 212.50 108.40 167.70 88.70

[a] Dihedral angle c1: a–b–g–d ; dihedral angle c2 : b–g–d–e.
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amino acids (Asn68, Gln119, Ala277, Leu286, Val288, and
Ala328, respectively). Because the main forces involved in the
binding between tacrine–melatonin hybrids and hAChE are p–
p stacking interactions, these amino acid differences could ex-
plain the observed selectivity, because in hBuChE these inter-
actions were diminished.

The greater selectivity toward
hAChE observed in the 6-chloro
(7 and 8) and 6,8-dichloro deriv-
atives (10, 11, and 21) could be
explained by the replacement of
Pro446 in hAChE by Met437 at
this position in hBuChE. Such re-
placement removes the hydro-
phobic pocket that anchors the
chloride atom in hAChE; at the
same time, the terminal methyl
group of Met437 undergoes
steric clash with the 6-chlorota-
crine unit (Figure 5).

Propidium displacement assay

As mentioned in the Introduc-
tion, AChE has secondary non-
cholinergic functions related to
fibril assembly and deposition of
Ab in AD. The structural motif of
the enzyme that promotes Ab

fibril formation is located at the
PAS, where Trp286 appears to
play an important role.[12] Sup-
port for this hypothesis is given
by studies demonstrating that,
while selective CAS inhibitors do
not decrease Ab aggregation,
the PAS-specific ligand propidi-
um is able to abolish fibril for-
mation.[37]

To determine if tacrine–mela-
tonin hybrids are able to bind
the PAS of AChE, as our molecu-
lar modeling study indicated,
hybrid 8 was chosen as an illus-
trative compound for the series.
Its experimental affinity for the
PAS of AChE was studied by dis-
placement of propidium iodide,
a specific AChE PAS ligand that
exhibits a 10-fold fluorescence
enhancement when bound to
AChE.[38] Compound 8 was evalu-
ated at 0.3, 1.0, and 3.0 mm,
showing propidium displace-
ments of 42, 34, and 35 %, re-
spectively. 1,5-Bis-(4-allyldime-

thylammoniumphenyl)pentan-3-one dibromide was used as a
reference compound at 3 mm, exhibiting a propidium displace-
ment of 21 %, worse than 8 at the lowest concentration tested
(42 % at 0.3 mm). These results confirmed the observations
made in the molecular modeling study, indicating that tacrine–
melatonin hybrids are able to bind to the PAS of AChE, and

Figure 4. Primary sequence alignment of hAChE (PDB code 1B41) and hBuChE (PDB code 1P0I) employing the
ClustalX program. [* identity, D high similarity, C moderate similarity, ~ key CAS residues, ~ key PAS residues.]

Table 5. Partial contribution [in kcal mol�1] to the total binding energy [DGbind] of amino acids involved in the
binding process.[a]

Residue 1 4 5 8 9 10 11 15 16 21 22

Tyr72 -- -- -- -- -- �0.1 �0.2 �0.1 �0.4 �0.3 �0.1
Asp74 -- �0.3 0.0 0.0 �0.2 �0.2 �0.2 �0.2 �0.3 �0.4 �0.2
Thr83 -- -- -- 0.1 -- -- -- -- -- -- --
Trp86 �0.4 �0.4 �0.4 �0.4 �0.4 �0.4 �0.4 �0.4 �0.4 �0.4 �0.4
Gly121 �0.4 �0.3 �0.3 �0.2 �0.3 �0.3 �0.3 �0.3 �0.3 �0.3 �0.3
Tyr124[b] -- �0.5 �0.5 �0.6 �0.5 �0.4 �0.5 �0.5 �0.4 �0.5 �0.5
Tyr133 �0.1 �0.1 �0.1 �0.1 �0.1 �0.1 �0.1 �0.1 �0.1 �0.1 �0.1
Glu202 �0.1 �0.1 �0.2 �0.2 �0.1 �0.2 �0.2 �0.2 �0.2 �0.2 �0.2
Glu285 -- 0.1 -- -- 0.1 -- -- 0.1 -- -- --
Trp286 -- �0.1 �0.8 �0.6 �0.2 �0.2 �0.6 �0.4 �0.8 �0.8 �0.2
Phe295 -- -- �0.1 -- -- -- �0.1 -- �0.1 -- --
Arg296[b] -- �0.2 �0.3 �0.3 �0.2 �0.2 �0.2 �0.4 -- �0.1 �0.3
Phe297 -- -- �0.1 �0.1 �0.1 �0.1 �0.1 �0.1 �0.1 �0.1 �0.1
Ser298 -- -- �0.1 �0.2 �0.1 �0.1 �0.1 �0.1 -- -- �0.1
Tyr337 �0.3 �0.5 �0.6 �0.5 �0.5 �0.5 �0.6 �0.5 �0.6 �0.6 �0.5
Phe338 -- �0.1 -- �0.1 -- �0.1 �0.1 �0.1 �0.1 �0.1 �0.1
Tyr341 -- �0.1 �0.1 �0.1 �0.1 �0.1 �0.2 �0.1 �0.2 �0.2 �0.1
His447[b] 0.2 �0.2 �0.2 �0.2 �0.2 �0.3 �0.2 �0.2 �0.2 �0.3 �0.2

[a] Only residues with DSASA>4 �2 were considered. [b] Hydrogen bonding.
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can therefore inhibit Ab fibril formation promoted by this
enzyme.

Effects on Ab self-aggregation

To study the effect of tacrine–melatonin hybrids on Ab peptide
self-aggregation, a thioflavin T fluorescence assay was used.
This method measures the percentage of b-sheet amyloid fibril
structures of a solution of Ab1–40, alone or in the presence of
tested compounds, using propidium as reference.[39] Hybrids 5
(tacrine–indole), 7 (6-chlorotacrine–indole), 10 (6,8-dichlorota-
crine–indole), and 16 (tacrine–5-methoxyindole), showing simi-
lar inhibitory potency toward hAChE (IC50 = 0.5–0.7 nm) and
covering the most relevant structural features in both aromatic
fragments, were selected for this experiment. With the excep-
tion of 10, these tacrine–melatonin hybrids efficiently inhibit
Ab aggregation in a range varying from 47 to 63 % (Table 6),
and are at least as potent as propidium, which caused 46 % in-
hibition. The most potent hybrid is 7, containing 6-chlorota-
crine and an unsubstituted indole ring.

Cell viability and neuroprotection studies

To explore the therapeutic potential of tacrine–melatonin hy-
brids, cell viability and neuroprotective capacity against differ-
ent toxic insults (Ab and oxidative stress) were assayed with
the human neuroblastoma cell line SH-SY5Y and the above se-
lected hybrids 5, 7, 10, and 16. Cytotoxic effects were studied
by exposing cells to compounds at two different concentra-
tions (1 and 10 mm) for 24 h. Cell viability reached 100 % when
hybrids were tested at 1 mm, and was >80 % when 5, 7, and
16 were evaluated at 10 mm (Table 6). Only hybrid 10 showed
a little less cell viability (78 %) when it was tested at 10 mm,
probably due to the presence of two chlorine atoms in the ta-
crine fragment. These results indicate that tacrine–melatonin
hybrids exhibit a wide therapeutic safety range.

The neuroprotective effects of compounds 5, 7, and 16
against the toxic action of the Ab25–35 fragment were deter-
mined by using a concentration range from 0.1 nm to 10 mm.
As shown in Table 6, compounds showed moderate neuropro-
tective effects; hybrid 7 (6-chlorotacrine–indole) was the most
active, with a neuroprotection percentage of 16.2�0.2 % at
1 mm.

Conditions of oxidative stress in neuroblastoma cells were si-
mulated by using hydrogen peroxide or rotenone as toxic
agents. Hydrogen peroxide is a nonselective reactive species
that causes lipid peroxidation and DNA damage in cells,[40]

whereas rotenone is a specific inhibitor of the mitochondrial
complex I and induces apoptosis by enhancing the generation
of mitochondrial ROS.[41] In both experiments, the endogenous
antioxidant enzyme catalase was employed as a reference
(Table 6). Whereas compound 5 exerted moderate neuropro-
tection against the effects of hydrogen peroxide, hybrid 7 (6-
chlorotacrine–indole) was able to protect cells against rote-
none-induced toxicity; this neuroprotection is equal to that de-
rived from the endogenous antioxidant enzyme catalase.

Conclusions

In summary, we have developed new tacrine–melatonin hy-
brids that display several interesting in vitro activities for the
treatment of AD: cholinergic, antioxidant, and neuroprotective
properties. They are potent and selective inhibitors of hAChE,

Figure 5. Superposition of complexes formed between hybrid 11 and hAChE
(PDB code 1B41, red) and hBuChE (PDB code 1P0I, blue). The inhibitor is rep-
resented in gray, and the chlorine atoms are shown in green. Only the
amino acid residues of hBuChE are labeled.

Table 6. Inhibition of Ab1–40 peptide aggregation, cell viability, and neuroprotection (NP) against both Ab25–35 peptide and oxidative stress by selected ta-
crine–melatonin hybrids at the concentrations indicated.[a]

Compd Inhibition of
Ab1–40 Aggregation[b]

Cell Viability[c] NP vs. Ab25–35
[d] NP vs. oxidative stress[d]

1 mm 10 mm 0.1 nm 10 nm 1 mm 10 mm 0.3 mm 3 mm

5 47�7 100 85 3.4�0.03 5.7�0.07 9.0�0.03 2.6�0.02 19�1[e] ND
7 63�5 100 88 4.1�0.08 10.9�0.2 16.2�0.2 9.4�0.09 ND 30�3[f]

10 �0 100 78 ND ND ND ND ND ND
16 47�7 100 95 0 3.4�0.06 5.7�0.06 2.3�0.05 ND ND

[a] Results are the mean �SEM (n = 3); ND: not determined. [b] Percentage of non-aggregated Ab1–40 after 24 h incubation using Ab1–40 at 10 mm and
tested compounds (including propidium) at 100 mm ; inhibition of Ab1–40 aggregation by propidium: 46 %. [c] Percentage of cell survival after incubation
with tested compounds for 24 h. [d] Percentage of cell survival after incubation with the toxic insult and the tested compound for 24 h. [e] H2O2 (60 mm) ;
neuroprotection of catalase at 0.3 mm : 95 %. [f] Rotenone (30 mm) ; neuroprotection of catalase at 3 mm : 30 %.
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with IC50 values in the nanomolar and picomolar ranges (5 �
10�9–8 � 10�12

m), and are therefore 70- to 43 000-fold more
potent than tacrine. 6-Chloro- and 6,8-dichlorotacrine–melato-
nin derivatives show remarkable selectivity, being 200–1000-
fold more active toward hAChE than hBuChE. They showed
greater antioxidant properties than trolox, the aromatic portion
of vitamin E responsible for radical capture, as well as melato-
nin itself.

In accordance with the dual interaction with both the CAS
and PAS of hAChE, as shown by molecular modeling studies,
these tacrine–melatonin hybrids are able to displace propidium
from the PAS, and thus may be able to diminish Ab aggrega-
tion promoted by AChE. Moreover, they inhibit Ab self-aggre-
gation and are at least as potent as propidium. In human neu-
roblastoma cells they show protective properties against
damage caused by Ab and by mitochondrial free radicals. Fi-
nally, they have low toxicity and would be able to penetrate
the CNS to reach their cerebral targets.

It is therefore expected that these multifunctional products
would increase patient cognition, diminish the oxidative
damage caused by mitochondrial free radicals, and delay the
degenerative process related to the excessive deposition of
Ab. Such outstanding properties highlight these tacrine–mela-
tonin hybrids as very interesting multifunctional prototypes in
the search for new disease-modifying agents for Alzheimer’s
disease.

Experimental Section

Chemistry

General procedures : Reagents and solvents were purchased from
common commercial suppliers and were used without further pu-
rification. Chromatographic separations were performed on silica
gel using flash-column chromatography (Kieselgel 60, Merck, 230–
400 mesh), and compounds were detected with UV light (l=
254 nm). NMR spectra were recorded with a Varian XL-300 spec-
trometer. Typical spectral parameters for 1H NMR were: spectral
width 10 ppm, pulse width 9 ms (578), data size 32 K. The acquisi-
tion parameters in decoupled 13C NMR spectra were: spectral
width 16 kHz, acquisition time 0.99 s, pulse width 9 ms (578), data
size 32 K. Chemical shifts (d) are reported in ppm relative to inter-
nal Me4Si, and J values are reported in Hz. IR spectra were recorded
with a PerkinElmer Spectrum One FTIR spectrometer. HPLC analy-
ses were performed on Waters 6000 equipment with a UV detector
(l : 214–274 nm) using a Delta Pak C18 5 mm, 300 � column. Com-
pounds were eluted at a flow rate of 1.0 mL min�1, using mixtures
of CH3CN (solvent A) and H2O with 0.05 % trifluoroacetic acid (sol-
vent B) as indicated in each case. Melting points were determined
in a Reichert–Jung Thermovar apparatus. Mass spectra were ob-
tained by electrospray ionization (ESI) in positive mode using a
Hewlett–Packard MSD 1100 spectrometer. Elemental analyses were
carried out in a PerkinElmer 240C instrument. Intermediates 26–30
were synthesized by following published methods.[25]

General procedure for the synthesis of acids 31–35. A mixture of
the appropriate 9-chloro-1,2,3,4-tetrahydroacridine 26–30
(1.0 mmol) and a,w-amino acid (1.0 mmol) in pentanol (20 mL) was
held a reflux overnight. After cooling to room temperature, the
mixture was diluted with CH2Cl2 (50 mL), washed with NaOH(aq)
(10 %, 3 � 30 mL), and H2O (3 � 30 mL). The organic phase was dried

over Na2SO4 and evaporated to dryness under reduced pressure.
Intermediate esters were purified by flash-column chromatography
using mixtures of CH2Cl2/CH3OH and then hydrolyzed with NaOH
in a mixture of H2O and dioxane (1:1). After holding at reflux for 6–
18 h, the solution was cooled to room temperature and was made
acidic with 2 n HCl(aq). The solvent was evaporated under reduced
pressure, and the residue was purified by silica gel flash-column
chromatography. Intermediates 31 b,c, 32 b,c, 33 b, 34 b,c, and 35 b
were described in a previous work.[24]

5-(1,2,3,4-Tetrahydroacridin-9-ylamino)pentanoic acid (31 a). Col-
orless syrup (85 % yield): Rf = 0.4 (CH2Cl2/CH3OH, 8:1) ; 1H NMR
(300 MHz, CD3OD): d= 8.57 (d, J = 8.5 Hz, 1 H), 8.02 (t, J = 8.5 Hz,
1 H), 7.98 (d, J = 8.5 Hz, 1 H), 7.76 (t, J = 8.5 Hz, 1 H), 4.16 (t, J =
6.8 Hz, 2 H), 3.21 (m, 2 H), 2.91 (m, 2 H), 2.56 (t, J = 6.8 Hz, 2 H), 2.14
(m, 4 H), 2.05 (m, 2 H), 1.86 ppm (m, 2 H); 13C NMR (75 MHz,
CD3OD): d= 21.8, 22.9, 23.0, 24.9, 29.3, 30.9, 34.1, 48.6, 112.9, 117.0,
120.1, 126.4, 126.5, 134.0, 139.7, 151.6, 157.9, 177.0 ppm; ESI-MS
m/z 299 [M+H]+ ; Anal. calcd for C18H22N2O2 : C 72.46, H 7.43, N
9.39, found: C 72.69, H 7.76, N 8.99.

8-(1,2,3,4-Tetrahydroacridin-9-ylamino)octanoic acid (31 d). Col-
orless syrup (76 % yield): Rf = 0.6 (CH2Cl2/CH3OH, 13:1) ; 1H NMR
(300 MHz, CD3OD): d= 8.58 (dd, J = 8.4 Hz, J = 1.2 Hz, 1 H), 8.04
(ddd, 1 H, J = 8.4 Hz, J = 7.1 Hz, J = 1.2 Hz, 1 H), 7.95 (dd, J = 8.4 Hz,
J = 1.2 Hz, 1 H), 7.77 (ddd, J = 8.4 Hz, J = 7.1 Hz, J = 1.2 Hz, 1 H), 4.14
(t, J = 7.2 Hz, 2 H), 3.20 (t, J = 5.4 Hz, 2 H), 2.88 (t, J = 5.4 Hz, 2 H),
2.45 (t, J = 7.3 Hz, 2 H), 2.16 (m, 4 H), 2.02 (quint, J = 7.3 Hz, 2 H),
1.77 (quint, J = 7.3 Hz, 2 H), 1.58 ppm (m, 6 H); 13C NMR (75 MHz,
CD3OD): d= 21.8, 22.9, 24.8, 25.6, 27.5, 29.4, 29.8, 29.9, 31.4, 34.8,
49.1, 112.9, 117.1, 120.1, 126.3, 126.5, 134.1, 139.8, 151.7, 158.1,
177.5 ppm; ESI-MS m/z 341 [M+H]+ ; Anal. calcd for C21H28N2O2 : C
74.08, H 8.29, N 8.23, found: C 74.55, H 8.52, N 8.89.

8-(6,8-Dichloro-1,2,3,4-tetrahydroacridin-9-ylamino)octanoic acid
(34 d). Colorless syrup (79 % yield): Rf = 0.5 (CH2Cl2/CH3OH, 15:1) ;
1H NMR (300 MHz, CD3OD): d= 7.98 (d, J = 2.3 Hz, 1 H), 7.77 (d, J =
7.3 Hz, 1 H), 3.81 (t, J = 7.2 Hz, 2 H), 3.19 (t, J = 6.4 Hz, 2 H), 2.97 (t,
J = 6.4 Hz, 2 H), 2.39 (t, J = 7.3 Hz, 2 H), 2.09 (m, 4 H), 1.87 (quint, J =
7.0 Hz, 2 H), 1.72 (quint, J = 7.0 Hz, 2 H), 1.46 ppm (m, 6 H); 13C NMR
(75 MHz, CD3OD): d= 22.5, 23.2, 25.8, 27.4, 27.7, 29.9, 30.0, 31.8,
32.5, 36.0, 50.4, 116.5, 118.8, 123.4, 128.4, 131.7, 136.0, 146.8, 155.1,
158.8, 178.9 ppm; ESI-MS m/z 409 [M+H]+ ; Anal. calcd for
C21H26Cl2N2O2 : C 61.62, H 6.40, N 6.84, found: C 61.99, H 6.75, N
6.43.

6-(7-Fluoro-1,2,3,4-tetrahydroacridin-9-ylamino)hexanoic acid
(35 b). Colorless syrup (80 % yield): Rf = 0.6 (CH2Cl2/CH3OH, 14:1) ;
1H NMR (300 MHz, CD3OD): d= 8.25 (dd, 3J8,F = 10.7 Hz, J = 8.5 Hz,
1 H), 8.05 (dd, J = 8.5 Hz, 4J5,F = 5.1 Hz, 1 H), 7.85 (ddd, 3J6,F = 10.0 Hz,
J = 8.5 Hz, J = 2.4 Hz, 1 H), 4.08 (t, J = 7.2 Hz, 2 H), 3.22 (m, 2 H), 2.92
(m, 2 H), 2.40 (t, J = 7.2 Hz, 2 H), 2.13 (m, 4 H), 2.02 (quint, J = 7.2 Hz,
2 H), 1.84 (quint, J = 7.2 Hz, 2 H), 1.64 ppm (m, 2 H); 13C NMR
(75 MHz, CD3OD): d= 21.8, 23.0, 25.3, 26.2, 27.4, 29.5, 31.3, 36.6,
48.6, 110.4 (d, 2JC,F = 25.7 Hz), 113.0, 118.1 (d, 3JC,F = 9.0 Hz), 123.1 (d,
3JC,F = 9.0 Hz), 123.3 (d, 2JC,F = 26.2 Hz), 136.7, 152.3, 157.1, 160.5 (d,
1JC,F = 245.2 Hz), 179.9 ppm; ESI-MS m/z 331 [M+H]+ ; Anal. calcd
for C19H23FN2O2 : C 69.07, H 7.02, N 8.48, found: C 69.37, H 7.33, N
8.14.

General procedure for the synthesis of tacrine–melatonin hy-
brids 3–23. The appropriate 3-(2-aminoethyl)indole derivative
(1.0 mmol) and then triethylamine (2.6 mmol) were added to a
mixture of the corresponding acid 31–35 (1.0 mmol) and benzo-
triazol-1-yloxy)tris(dimethylamino)phosphonium hexafluorophos-
phate (BOP, 1.3 mmol) in CH2Cl2. The reaction mixture was stirred
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at room temperature overnight and then diluted with CH2Cl2

(50 mL). The resulting mixture was consecutively washed with
aqueous citric acid (10 %, 3 � 30 mL), NaHCO3(aq) (10 %, 3 � 30 mL),
and H2O (30 mL). The organic phase was dried over Na2SO4 and
evaporated to dryness under reduced pressure. The residue was
purified on a silica gel column using mixtures of EtOAc/CH3OH/
30 % NH3(aq) as eluent, obtaining the corresponding tacrine–mela-
tonin compound as a syrup. Subsequent treatment with HCl(g) in
CH2Cl2 yielded the HCl salt, which was collected by filtration as a
pure solid. Tacrine–melatonin hybrids 4, 5, 7–11, 15, 16, 18, 19, 21,
and 22 were described in a previous work.[24]

N-(2-(1H-Indol-3-yl)ethyl)-5-(1,2,3,4-tetrahydroacridin-9-ylamino)-
pentanamide (3). Syrup (51 % yield): Rf = 0.3 (EtOAc/CH3OH/30 %
NH3(aq), 6:1:0.2) ; 1H NMR (300 MHz, CD3OD): d= 8.27 (dd, J =
8.5 Hz, J = 1.0 Hz, 1 H), 7.95 (dd, J = 8.5 Hz, J = 1.0 Hz, 1 H), 7.73
(ddd, J = 8.5 Hz, J = 6.8 Hz, J = 1.0 Hz, 1 H), 7.70 (dd, J = 7.8 Hz, J =
1.0 Hz, 1 H), 7.55 (ddd, J = 8.5 Hz, J = 6.8 Hz, J = 1.0 Hz, 1 H), 7.48
(dd, J = 7.8 Hz, J = 1.0 Hz, 1 H), 7.26 (dt, J = 7.8 Hz, J = 1.0 Hz, 1 H),
7.22 (s, 1 H), 7.15 (dt, J = 7.8 Hz, J = 1.0 Hz, 1 H), 3.69 (t, J = 6.6 Hz,
2 H), 3.64 (t, J = 7.2 Hz, 2 H), 3.16 (m, 2 H), 3.08 (t, J = 7.2 Hz, 2 H),
2.91 (m, 2 H), 2.33 (t, J = 6.6 Hz, 2 H), 2.09 (m, 4 H), 1.78 ppm (m,
4 H); 13C NMR (75 MHz, CD3OD): d= 23.6, 24.0, 24.4, 26.7 (2C), 31.6,
33.3, 36.6, 41.3, 48.6, 112.2, 113.3, 116.7, 119.3, 119.6, 121.6, 122.2,
123.3, 124.5, 124.9, 127.5, 128.8, 129.9, 138.1, 147.9, 153.4, 158.7,
175.7 ppm; IR (KBr): ñ= 3413, 3256, 2933, 2863, 1635, 1588, 1523,
1457, 1410, 1357, 1252, 747 cm�1; ESI-MS m/z 441 [M+H]+ ; 3·HCl:
pale-yellow solid; mp: 105–107 8C; HPLC (A/B, 80:20) tR = 8.16 min
(98 %); Anal. calcd for C28H32N4O·HCl: C 70.50, H 6.97, N 11.74,
found: C 70.83, H 7.25, N 11.52.

N-(2-(1H-Indol-3-yl)ethyl)-8-(1,2,3,4-tetrahydroacridin-9-ylami-
no)octanamide (6). Syrup (65 % yield): Rf = 0.5 (EtOAc/CH3OH/30 %
NH3(aq), 9:1:0.2) ; 1H NMR (300 MHz, CD3OD): d= 8.37 (dd, J =
8.5 Hz, J = 1.0 Hz, 1 H), 7.93 (dd, J = 8.5 Hz, J = 1.0 Hz, 1 H), 7.82
(ddd, J = 8.5 Hz, J = 6.8 Hz, J = 1.0 Hz, 1 H), 7.71 (dd, J = 7.7 Hz, J =
1.0 Hz, 1 H), 7.61 (ddd, J = 8.5 Hz, J = 6.8 Hz, J = 1.0 Hz, 1 H), 7.49
(dd, J = 7.7 Hz, J = 1.0 Hz, 1 H), 7.23 (dt, J = 7.7 Hz, J = 1.0 Hz, 1 H),
7.21 (s, 1 H), 7.15 (dt, J = 7.7 Hz, J = 1.0 Hz, 1 H), 3.84 (t, J = 7.3 Hz,
2 H), 3.65 (t, J = 7.3 Hz, 2 H), 3.15 (m, 2 H), 3.10 (t, J = 7.3 Hz, 2 H),
2.91 (m, 2 H), 2.31 (t, J = 7.3 Hz, 2 H), 2.09 (m, 4 H), 1.86 (quint, J =
7.3 Hz, 2 H), 1.72 (quint, J = 7.3 Hz, 2 H), 1.54 ppm (m, 6 H); 13C NMR
(75 MHz, CD3OD): d= 23.0, 23.7, 25.6, 26.3, 26.6, 27.5, 28.0, 30.4,
31.9, 32.2, 36.9, 41.3, 48.4, 112.7, 113.7, 115.0, 119.4, 119.7, 120.0,
122.7, 123.8, 124.1, 125.2, 126.0, 129.3, 132.6, 138.6, 143.9, 155.4,
156.2, 176.6 ppm; IR (KBr): ñ= 3419, 3262, 2931, 2852, 1636, 1590,
1524, 1460, 1358, 1298, 1161, 986, 844, 747, 557 cm�1; ESI-MS m/z
483 [M+H]+ ; 6·HCl: pale-yellow solid; mp: 85–87 8C; HPLC (A/B,
80:20) tR = 9.95 min (99 %); Anal. calcd for C31H38N4O·HCl: C 71.72,
H 7.57, N 10.79, found: C 71.43, H 7.27, N 10.41.

N-(2-(1H-Indol-3-yl)ethyl)-8-(6,8-dichloro-1,2,3,4-tetrahydroacri-
din-9-ylamino)octanamide (12). Syrup (29 % yield): Rf = 0.6 (EtOAc/
CH3OH/30 % NH3(aq), 12:1:0.2) ; 1H NMR (300 MHz, CD3OD): d= 7.84
(d, J = 2.2 Hz, 1 H), 7.71 (dd, J = 7.8 Hz, J = 1.0 Hz, 1 H), 7.62 (d, J =
2.2 Hz, 1 H), 7.47 (dd, J = 7.8 Hz, J = 1.0 Hz, 1 H), 7.23 (dt, J = 7.8 Hz,
J = 1.0 Hz, 1 H), 7.21 (s, 1 H), 7.13 (dt, J = 7.8 Hz, J = 1.0 Hz, 1 H), 3.62
(t, J = 7.3 Hz, 2 H), 3.52 (t, J = 7.3 Hz, 2 H), 3.13 (t, J = 6.5 Hz, 2 H),
3.08 (t, J = 7.3 Hz, 2 H), 2.92 (t, J = 6.5 Hz, 2 H), 2.30 (t, J = 7.3 Hz,
2 H), 2.05 (m, 4 H), 1.74 (m, 4 H), 1.45 ppm (m, 6 H); 13C NMR
(75 MHz, CD3OD): d= 23.9, 24.4, 26.7, 27.4, 27.9, 28.3, 30.4 (2C),
32.5, 34.7, 37.6, 41.8, 51.0, 112.7, 113.7, 118.3, 119.7, 120.0, 121.2,
122.7, 123.8, 127.4, 128.6, 129.3, 131.1, 135.5, 138.6, 150.2, 154.7,
159.4, 176.4 ppm; IR (KBr): ñ= 3402, 3272, 2930, 2855, 1737, 1643,
1594, 1575, 1543, 1457, 1434, 1339, 1114, 988, 951, 848, 791,

741 cm�1; ESI-MS m/z 551 [M+H]+ ; 12·HCl: pale-yellow solid; mp:
95–96 8C; HPLC (A/B, 80:20) tR = 8.48 min (98 %); Anal. calcd for
C31H36Cl2N4O·HCl: C 63.32, H 6.34, N 9.53, found: C 63.53, H 6.71, N
9.89.

N-(2-(1H-Indol-3-yl)ethyl)-6-(7-fluoro-1,2,3,4-tetrahydroacridin-9-
ylamino)hexanamide (13). Syrup (50 % yield): Rf = 0.7 (EtOAc/
CH3OH/30 % NH3(aq), 6:1:0.2) ; 1H NMR (300 MHz, CD3OD): d= 8.17
(dd, 3JH,F = 10.6 Hz, J = 2.5 Hz, 1 H), 7.90 (dd, J = 8.2 Hz, 4JH,F = 5.0 Hz,
1 H), 7.82 (ddd, 3JH,F = 10.6 Hz, J = 8.2 Hz, J = 2.5 Hz, 1 H), 7.63 (dd,
J = 7.8 Hz, J = 1.0 Hz, 1 H), 7.43 (dd, J = 7.8 Hz, J = 1.0 Hz, 1 H), 7.18
(s, 1 H), 7.16 (dt, J = 7.8 Hz, J = 1.0 Hz, 1 H), 7.08 (dt, J = 7.8 Hz, J =
1.0 Hz, 1 H), 3.98 (t, J = 7.3 Hz, 2 H), 3.60 (t, J = 7.3 Hz, 2 H), 3.07 (m,
2 H), 3.02 (t, J = 7.3 Hz, 2 H), 2.80 (m, 2 H), 2.36 (t, J = 7.3 Hz, 2 H),
2.05 (m, 4 H), 1.94 (quint, J = 7.3 Hz, 2 H), 1.80 (quint, J = 7.3 Hz,
2 H), 1.59 ppm (m, 2 H); 13C NMR (75 MHz, CD3OD): d= 26.1, 21.6,
22.8, 24.9, 26.3, 26.9, 29.2, 31.0, 36.8, 41.3, 48.5, 110.5 (d, 2JC,F =
25.7 Hz), 112.1 (2C), 113.0 (d, 3JC,F = 7.0 Hz), 117.9, 119.2, 119.5,
122.2, 122.7 (d, 3JC,F = 9.0 Hz), 123.4, 123.6 (d, 2JC,F = 26.2 Hz), 128.7,
136.3, 137.9, 151.9, 157.2, 160.4 (d, 1JC,F = 245.3 Hz), 175.9 ppm; IR
(KBr): ñ= 3430, 2939, 2863, 1638, 1598, 1528, 1458, 1253, 1220,
1099, 836, 742, 559 cm�1; ESI-MS m/z 473 [M+H]+ ; 13·HCl: pale-
yellow solid; mp: 90–92 8C; HPLC (A/B, 80:20) tR = 6.36 min (100 %);
Anal. calcd for C29H33FN4O·HCl: C 68.42, H 6.73, N 11.01, found: C
68.78, H 6.95, N 11.34.

N-[2-(5-Methoxy-1H-indol-3-yl)ethyl]-5-(1,2,3,4-tetrahydroacri-
din-9-ylamino)pentanamide (14). Syrup (33 % yield): Rf = 0.4
(EtOAc/CH3OH/30 % NH3(aq), 6:1:0.2) ; 1H NMR (300 MHz, CD3OD):
d= 8.35 (dd, J = 8.5 Hz, J = 1.2 Hz, 1 H), 7.92 (dd, J = 8.5 Hz, J =
1.2 Hz, 1 H), 7.84 (ddd, J = 8.5 Hz, J = 6.6 Hz, J = 1.2 Hz, 1 H), 7.65
(ddd, J = 8.5 Hz, J = 6.6 Hz, J = 1.2 Hz, 1 H), 7.34 (d, J = 8.8 Hz, 1 H),
7.20 (d, J = 2.5 Hz, 1 H), 7.19 (s, 1 H), 6,87 (dd, J = 8.8 Hz, J = 2.5 Hz,
1 H), 3.97 (s, 3 H), 3.80 (t, J = 7.3 Hz, 2 H), 3.63 (t, J = 7.2 Hz, 2 H), 3.14
(m, 2 H), 3.04 (t, J = 7.3 Hz, 2 H), 2.87 (m, 2 H), 2.37 (t, J = 7.3 Hz, 2 H),
2.10 (m, 4 H), 1.73 ppm (m, 4 H); 13C NMR (75 MHz, CD3OD): d=
23.4, 24.1, 24.4, 26.1, 26.8, 31.8, 32.7, 37.4, 41.7, 48.2, 56.7, 101.8,
112.9, 113.3, 113.5, 115.8, 120.1, 124.7, 125.2, 125.7, 125.8, 129.6,
131.9, 138.8, 145.1, 155.4, 155.6, 156.6, 176.2 ppm; IR (KBr): ñ=
3414, 2934, 1643, 1590, 1523, 1486, 1453, 1358, 1298, 1200, 1174,
1128, 1070, 1035, 985, 845, 799, 753, 718, 556 cm�1; ESI-MS m/z
471 [M+H]+ ; 14·HCl: pale-yellow solid; mp: 84–86 8C; HPLC (A/B,
80:20) tR = 6.50 min (99 %); Anal. calcd for C29H34N4O2·HCl: C 68.69,
H 6.96, N 11.05, found: C 68.97, H 6.67, N 11.37.

N-[2-(5-Methoxy-1H-indol-3-yl)ethyl]-8-(1,2,3,4-tetrahydroacri-
din-9-ylamino)octanamide (17). Syrup (29 % yield): Rf = 0.4 (EtOAc/
CH3OH/30 % NH3(aq), 7:1:0.2) ; 1H NMR (300 MHz, CD3OD): d= 8.25
(dd, J = 8.5 Hz, J = 1.0 Hz, 1 H), 7.94 (dd, J = 8.5 Hz, J = 1.0 Hz, 1 H),
7.72 (ddd, J = 8.5 Hz, J = 6.6 Hz, J = 1.0 Hz, 1 H), 7.53 (ddd, J =
8.5 Hz, J = 6.6 Hz, J = 1.0 Hz, 1 H), 7.36 (d, J = 8.8 Hz, 1 H), 7.22 (d,
J = 2.5 Hz, 1 H), 7.20 (s, 1 H), 6.91 (dd, J = 8.8 Hz, J = 2.5 Hz, 1 H), 3.98
(s, 3 H), 3.77 (t, J = 7.3 Hz, 2 H), 3.63 (t, J = 7.3 Hz, 2 H), 3.16 (m, 2 H),
3.08 (t, J = 7.3 Hz, 2 H), 2.92 (m, 2 H), 2.31 (t, J = 7.2 Hz, 2 H), 2.10 (m,
4 H), 1.78 (m, 4 H), 1.50 ppm (m, 6 H); 13C NMR (75 MHz, CD3OD):
d= 23.8, 24.3, 26.4, 26.8, 27.3, 28.2, 30.5 (2C), 32.6, 33.8, 37.4, 41.7,
49.2, 56.8, 101.8, 113.2, 113.4, 113.5, 116.6, 121.1, 124.7, 125.3,
125.5, 127.0, 129.6, 131.0, 133.8, 146.9, 154.6, 155.4, 158.2,
176.7 ppm; IR (KBr): ñ= 3265, 2930, 2855, 1645, 1579, 1522, 1487,
1456, 1357, 1296, 1213, 1173, 1072, 1036, 984, 924, 830, 797, 756,
679, 639, 558 cm�1; ESI-MS m/z 513 [M+H]+ ; 17·HCl: pale-yellow
solid; mp: 55–57 8C; HPLC (A/B, 80:20) tR = 10.48 min (99 %); Anal.
calcd for C32H40N4O2·HCl: C 71.72, H 7.57, N 10.79, found: C 71.92,
H 7.87, N 10.43.
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6-(6,8-Dichloro-1,2,3,4-tetrahydroacridin-9-ylamino)-N-(2-(5-me-
thoxy-1H-indol-3-yl)ethyl)hexanamide (20). Syrup (68 % yield):
Rf = 0.7 (EtOAc/CH3OH/30 % NH3(aq), 9:1:0.2) ; 1H NMR (300 MHz,
CD3OD): d 7.80 (d, J = 2.2 Hz, 1 H), 7.63 (d, J = 2.2 Hz, 1 H), 7.34 (d,
J = 8.7 Hz, 1 H), 7.21 (s, 1 H), 7.20 (d, J = 2.4 Hz, 1 H), 6.86 (dd, J =

8.7 Hz, J = 2.4 Hz, 1 H), 3.97 (s, 3 H), 3.62 (t, J = 7.2 Hz, 2 H), 3.56 (t,
J = 7.2 Hz, 2 H), 3.12 (t, J = 6.3 Hz, 2 H), 3.04 (t, J = 7.2 Hz, 2 H), 2.92
(t, J = 6.3 Hz, 2 H), 2.30 (t, J = 7.2 Hz, 2 H), 2.04 (m, 4 H), 1.79 (quint,
J = 7.0 Hz, 2 H), 1.72 (quint, J = 7.0 Hz, 2 H), 1.44 ppm (m, 2 H);
13C NMR (75 MHz, CD3OD): d= 22.8, 23.6, 26.3, 26.5, 27.2, 27.3, 31.6,
32.5, 36.9, 41.2, 50.5, 56.3, 101.3, 112.4, 112.8, 113.0, 116.6, 118.9,
124.2, 124.3, 128.4, 129.1, 131.2, 133.3, 135.5, 147.2, 154.8, 155.6,
159.0, 175.9 ppm; IR (KBr): ñ= 3410, 2936, 2863, 1627, 1577, 1535,
1486, 1458, 1351, 1216, 1174, 846, 558 cm�1; ESI-MS m/z 553
[M+H]+ ; 20·HCl: pale-yellow solid; mp: 83–85 8C; HPLC (A/B, 80:20)
tR = 5.23 min (98 %); Anal. calcd for C30H34Cl2N4O2·HCl: C 61.07, H
5.98, N 9.50, found: C 61.37, H 6.25, N 9.83.

N-[2-(5-Hydroxy-1H-indol-3-yl)ethyl]-8-(1,2,3,4-tetrahydroacridin-
9-ylamino)octanamide (23). Syrup (39 % yield): Rf = 0.5 (EtOAc/
CH3OH/30 % NH3(aq), 7:1:0.2) ; 1H NMR (300 MHz, CD3OD): d= 8.28
(dd, J = 8.5 Hz, J = 1.2 Hz, 1 H), 7.93 (dd, J = 8.5 Hz, J = 1.2 Hz, 1 H),
7.74 (ddd, J = 8.5 Hz, J = 6.6 Hz, J = 1.2 Hz, 1 H), 7.55 (ddd, J =
8.5 Hz, J = 6.6 Hz, J = 1.2 Hz, 1 H), 7.32 (d, J = 8.5 Hz, 1 H), 7.16 (s,
1 H), 7.10 (d, J = 2.4 Hz, 1 H), 6.83 (dd, J = 8.5 Hz, J = 2.4 Hz, 1 H),
3.71 (t, J = 7.1 Hz, 2 H), 3.61 (t, J = 7.3 Hz, 2 H), 3.13 (m, 2 H), 3.02 (t,
J = 7.3 Hz, 2 H), 2.88 (m, 2 H), 2.29 (t, J = 7.1 Hz, 2 H), 2.06 (m, 4 H),
1.80 (quint, J = 7.2 Hz, 2 H), 1.71 (quint, J = 7.2 Hz, 2 H), 1.48 ppm
(m, 6 H); 13C NMR (75 MHz, CD3OD): d= 41.2, 23.4, 23.9, 25.9, 26.3,
26.8, 27.6, 30.0 (2C), 32.1, 33.5, 37.0, 49.6, 103.5, 112.3, 112.5, 112.6,
116.2, 120.7, 124.4, 124.7, 124.9, 126.8, 129.5, 130.3, 133.0, 146.8,
151.1, 153.9, 158.0, 176.1 ppm; IR (KBr): ñ= 3255, 2998, 2889, 2849,
2807, 1644, 1590, 1527, 1460, 1299, 1200, 1068, 986, 844, 749 cm�1;
ESI-MS m/z 499 [M+H]+ ; 23·HCl: pale-yellow solid; mp: 108–
110 8C; HPLC (A/B, 80:20) tR = 4.63 min (100 %); Anal. calcd for
C31H38N4O2·HCl: C 69.58, H 7.35, N 10.47, found: C 69.79, H 7.68, N
10.78.

General procedure for the synthesis of thioamides 24 and 25.
Lawesson’s reagent (LR, 1.5 mmol) was added to a solution of 4 or
6 (1.0 mmol) in toluene (anhyd, 10 mL), and the mixture was held
a reflux for 8 h. It was then cooled to room temperature and puri-
fied by silica gel flash-column chromatography. Subsequent treat-
ment with HCl(g) in CH2Cl2 yielded the HCl derivative as a pure
solid that was collected by filtration.

N-(2-(1H-Indol-3-yl)ethyl)-6-(1,2,3,4-tetrahydroacridin-9-ylamino)-
hexanethioamide (24). Syrup (60 % yield): Rf = 0.7 (EtAcO/CH3OH/
30 % NH3(aq), 8:1:0.2) ; 1H NMR (300 MHz, CD3OD): d= 8.55 (dd, J =
8.0 Hz, J = 1.0 Hz, 1 H), 7.93 (dd, J = 8.0 Hz, J = 1.0 Hz, 1 H), 7.78 (dd,
J = 8.0 Hz, J = 1.0 Hz, 1 H), 7.76 (ddd, J = 8.0 Hz, J = 6.3 Hz, J = 1.0 Hz,
1 H), 7.58 (ddd, J = 8.0 Hz, J = 6.3 Hz, J = 1.0 Hz, 1 H), 7.48 (dd, J =
8.0 Hz, J = 1.0 Hz, 1 H), 7.23 (dt, J = 8.0 Hz, J = 1.0 Hz, 1 H), 7.21 (s,
1 H), 7.15 (dt, J = 8.0 Hz, J = 1.0 Hz, 1 H), 4.11 (t, J = 7.3 Hz, 2 H), 4.02
(t, J = 7.2 Hz, 2 H), 3.22 (t, J = 7.2 Hz, 2 H), 3.10 (m, 2 H), 2.91 (m, 2 H),
2.76 (t, J = 7.2 Hz, 2 H), 2.09 (m, 4 H), 1.86 (quint, J = 7.1 Hz, 2 H),
1.80 (quint, J = 7.1 Hz, 2 H), 1.58 ppm (m, 2 H); 13C NMR (75 MHz,
CD3OD): d= 21.8, 22.9, 24.4, 26.2, 29.2, 29.5, 31.0, 36.9, 46.3, 47.9,
49.6, 112.2, 113.0, 116.2, 119.5, 119.6, 120.0, 122.3, 123.4, 124.8,
125.0, 126.3, 128.8, 130.4, 138.2, 147.3, 154.0, 157.9, 206.3 ppm; IR
(KBr): ñ= 3240, 3040, 2932, 2875, 1633, 1587, 1522, 1455, 1355,
1252, 1102, 751, 677, 620 cm�1; ESI-MS m/z 471 [M+H]+ ; 24·HCl:
yellow solid; mp: 121–123 8C; HPLC (A/B, 80:20) tR = 7.6 min (99 %);
Anal. calcd for C29H34N4S·HCl: C 68.68, H 6.96, N 11.05, found: C
68.98, H 7.25, N 11.37.

N-(2-(1H-Indol-3-yl)ethyl)-8-(1,2,3,4-tetrahydroacridin-9-ylami-
no)octanethioamide (25). Syrup (87 % yield): Rf = 0.7 (EtOAc/
CH3OH/30 % NH3(aq), 9:1:0.2) ; 1H NMR (300 MHz, CD3OD): d= 8.32
(dd, J = 8.0, J = 1.0 Hz, 1 H), 7.93 (dd, J = 8.0 Hz, J = 1.0 Hz, 1 H), 7.78
(dd, J = 7.0 Hz, J = 1.1 Hz, 1 H), 7.76 (ddd, J = 8.0 Hz, J = 6.3 Hz, J =

1.0 Hz, 1 H), 7.58 (ddd, J = 8.0 Hz, J = 6.3 Hz, J = 1.0 Hz, 1 H), 7.48
(dd, J = 7.9 Hz, J = 1.1 Hz, 1 H), 7.23 (dt, J = 7.9 Hz, J = 1.1 Hz, 1 H),
7.21 (s, 1 H), 7.15 (dt, J = 7.9 Hz, J = 1.1 Hz, 1 H), 4.06 (t, J = 7.3 Hz,
2 H), 3.76 (t, J = 7.3 Hz, 2 H), 3.25 (t, J = 7.3 Hz, 2 H), 3.15 (m, 2 H),
2.91 (m, 2 H), 2.72 (t, J = 7.3 Hz, 2 H), 2.09 (m, 4 H), 1.84 (m, 4 H),
1.50 ppm (m, 6 H); 13C NMR (75 MHz, CD3OD): d= 23.4, 23.9, 24.4,
25.9, 27.6, 29.5, 29.9, 30.4, 32.1, 33.4, 46.9, 47.5, 49.6, 112.2, 113.0,
116.2, 119.5, 119.6, 120.6, 122.3, 123.4, 124.8, 125.0, 126.7, 128.8,
130.4, 138.2, 147.3, 154.0, 157.9, 206.1 ppm; IR (KBr): ñ= 3245,
3049, 2930, 2855, 1635, 1589, 1522, 1458, 1357, 1261, 1102, 802,
751, 679, 618 cm�1; ESI-MS m/z 499 [M+H]+ ; 25·HCl: yellow solid;
mp: 113–115 8C; HPLC (A/B, 80:20) tR = 6.9 min (100 %); Anal. calcd
for C31H38N4S·HCl: C 69.57, H 7.35, N 10.47, found: C 69.87, H 7.68,
N 10.85.

Molecular modeling methods

The simulation system was based on the X-ray crystallographic
structure of tacrine (1) in complex with AChE from Torpedo californ-
ica (TcAChE; PDB code 1ACJ), owing to its high degree of identity
with hAChE (PDB code 1B41). The coordinates of 1 from the pat-
tern complex TcAChE–1 were transferred to the hAChE structure,
and this new complex, hAChE–1, was used as a model to study the
binding mode of the tacrine–melatonin hybrids with the human
enzyme. All calculations were performed on a Silicon Graphics
Octane workstation (300 MHz MIPS R12000 (IP30) processor), using
the Sketch Molecule of SYBYL 6.9 to construct the molecules. In all
cases, the MMFF94 force field was applied with the use of distant-
dependent dielectric constants and a conjugate gradient method
until the gradient reached 0.05 kcal mol�1 ��1. The molecules were
manually positioned within the binding pocket of the enzyme,
taking into account the experimental data about well-known inhib-
itors. The manual minimization of complexes maintained a rigid
enzyme backbone, using the MMFF94 force field until the gradient
reached 0.05 kcal mol�1 ��1. These complexes were the input struc-
tures for docking using the FlexiDock command within SYBYL 6.9.
During the flexible docking analysis, the protein was considered
rigid except the residues involved in the binding site, and the li-
gands were considered flexible. Conformers were classified in dif-
ferent families taking into account: 1) the binding energy from the
FlexiDock results, 2) the main interactions between the inhibitor
and the binding sites of the enzyme (CAS, PAS, and mid-gorge)
using the Ligand Protein Contact (LPC) program,[42] and 3) the
Gibbs energy of binding (DGbind) calculated with Structural Thermo-
dynamic Calculations (STC) software v 4.3.[43] The representative
molecules from all groups were re-optimized using the above
mentioned conditions.

Biochemical methods

In vitro cholinesterase inhibition assay. AChE from bovine eryth-
rocytes (0.25–1.0 U mg�1, lyophilized powder), AChE from human
erythrocytes (minimal 500 U (mg protein)�1 in buffered aqueous so-
lution), BuChE from equine serum (10 U (mg protein)�1, lyophilized
powder), and BuChE from human serum (3 U (mg protein)�1,
lyophilized powder) were purchased from Sigma. Compounds
were evaluated in 100 mm phosphate buffer (pH 8.0) at 30 8C,
using acetylthiocholine and butyrylthiocholine (0.4 mm) as sub-
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strates, respectively. In both cases, 5,5’-dithiobis(2-nitrobenzoic)acid
(DTNB, Ellman’s reagent, 0.2 mm) was used, and IC50 values were
calculated by UV/Vis spectroscopy from the absorbance changes at
l= 412 nm.[26] Experiments were performed in triplicate.

Oxygen radical absorbance capacity assay. The ORAC-FL method
of Ou et al.[29a] partially modified by D�valos et al.[29b] was followed,
using a Polarstar Galaxy plate reader (BMG Labtechnologies GmbH,
Offenburg, Germany) with 485-P excitation and 520-P emission fil-
ters. The equipment was controlled by the Fluostar Galaxy soft-
ware (v 4.11-0) for fluorescence measurement. 2,2’-Azobis(amidino-
propane) dihydrochloride (AAPH), (� )-6-hydroxy-2,5,7,8-tetrame-
thylchromane-2-carboxylic acid (trolox), and fluorescein (FL) were
purchased from Sigma–Aldrich. The reaction was carried out in
75 mm phosphate buffer (pH 7.4), and the final reaction mixture
was 200 mm. Antioxidant (20 mL) and fluorescein (120 mL; 70 nm

final concentration) solutions were placed in a black 96-well micro-
plate (96F untreated, NuncTM). The mixture was pre-incubated for
15 min at 37 8C, and the AAPH solution (60 mL; 12 mm final concen-
tration) was then added rapidly with a multichannel pipette. The
microplate was immediately placed in the reader, and the fluores-
cence was recorded every minute for 80 min. The microplate was
automatically shaken prior to each reading. Samples were mea-
sured at eight different concentrations (0.1–1 mm). A blank (FL +
AAPH) using phosphate buffer instead of the sample solution and
eight calibration solutions using trolox (1–8 mm) were also carried
out in each assay. All reaction mixtures were prepared in duplicate,
and at least three independent assays were performed for each
sample. Antioxidant curves (fluorescence versus time) were first
normalized to the curve of the blank corresponding to the same
assay, and then the area under the fluorescence decay curve (AUC)
was calculated. The net AUC corresponding to a sample was calcu-
lated by subtracting the AUC corresponding to the blank. Regres-
sion equations between net AUC and antioxidant concentration
were calculated for all the samples. ORAC-FL values were ex-
pressed as trolox equivalents by using the standard curve calculat-
ed for each assay. Final results were expressed as (mmol trolox
equivalent)/(mmol pure compound).

In vitro BBB permeation assay. Prediction of brain penetration
was evaluated using a parallel artificial membrane permeation
assay (PAMPA) in a similar manner as described previously.[31, 32]

Commercial drugs, phosphate-buffered saline (PBS, pH 7.4), and
dodecane were purchased from Sigma–Aldrich, Acros, and Fluka.
Millex filter units (PVDF membrane, 1= 25 mm, pore size 0.45 mm)
were acquired from Millipore. The porcine brain lipid (PBL) was ob-
tained from Avanti Polar Lipids. The donor microplate was a 96-
well filter plate (PVDF membrane, pore size 0.45 mm), and the ac-
ceptor microplate was an indented 96-well plate, both from Milli-
pore. The acceptor 96-well microplate was filled with 170 mL PBS/
EtOH (9:1), and the filter surface of the donor microplate was im-
pregnated with 4 mL porcine brain lipid (PBL) in dodecane
(20 mg mL�1). Compounds were dissolved in PBS/EtOH (9:1) at
1 mg mL�1, filtered through a Millex filter, and then added to the
donor wells (170 mL). The donor filter plate was carefully 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 in at least three in-
dependent runs, and the results are given as the mean �SD. In
each experiment, 20 quality control standards of known BBB per-
meability were included to validate the analysis set.

Measurement of propidium iodide displacement from the pe-
ripheral anionic site (PAS) of AChE. A solution of AChE from
bovine erythrocytes at a concentration of 5 mm in 0.1 mm Tris
buffer (pH 8.0) was used. Aliquots of compounds were added to
give final concentrations of 0.3, 1.0, and 3.0 mm, and the solutions
were kept at room temperature for at least 6 h. Afterward, the
samples were incubated for 15 min with propidium iodide at a
final concentration of 20 mm, and the fluorescence (lex = 485 nm,
lem = 620 nm) was measured in a fluorescence microplate reader
(Fluostar Optima, BMG, Germany).

Inhibition of b-amyloid peptide aggregation : thioflavin T-based
fluorimetric assay. The thioflavin T fluorescence method was
used.[39] Ab1–40 peptide lyophilized from HFIP solution (rPeptide,
Bogart, GA, USA) was dissolved in DMSO to obtain a 2.3 mm solu-
tion. Aliquots of Ab in DMSO were then incubated with constant
rotation for 24 h at room temperature in 0.215 m sodium phos-
phate buffer (pH 8.0) at a final Ab concentration of 10 mm in the
presence or absence of compounds or propidium at 100 mm, used
as reference. Analyses were performed with a Fluostar Optima
plate reader (BMG). Fluorescence was measured at 450 nm (lex)
and 485 nm (lem). To determine fibril formation after incubation,
solutions containing Ab or Ab plus AChE inhibitors were added to
50 mm glycine-NaOH buffer (pH 8.5) containing 3 mm thioflavin T in
a final volume of 150 mL. Each assay was run in triplicate and mea-
sured at various time points (0–24 h). The fluorescence intensities
were recorded, and the percent aggregation was calculated by the
following expression: 100�(IFi/IF0�100) in which IFi and IF0 are the
fluorescence intensities obtained for Ab in the presence and ab-
sence of inhibitor, respectively, after subtracting the fluorescence
of respective blanks.[44]

Culture of SH-SY5Y cells and studies of cell viability and neuro-
protection. SH-SY5Y cells, at passages between 3 and 16 after
thawing, were maintained in Dulbecco’s modified Eagle’s medium
(DMEM) containing 15 nonessential amino acids and supplemented
with 10 % fetal calf serum, 1 mm glutamine, 50 U mL�1 penicillin,
and 50 mg mL�1 streptomycin (reagents from GIBCO, Madrid,
Spain). Cultures were seeded into flasks containing supplemented
medium and were maintained at 37 8C in 5 % CO2/humidified air.
Stock cultures were passaged 1:4 twice weekly. For assays, SH-
SY5Y cells were sub-cultured in 48-well plates at a seeding density
of 105 cells per well. For the cytotoxicity experiments, cells were
treated with drugs before confluence, in serum-free DMEM.

To study the cytotoxic effects of the compounds alone, cells were
plated at a density of 105 cells per well at least 48 h before toxicity
measurements. Cells were exposed for 24 h to the compound at
various concentrations, and the quantitative assessment of cell
death was made by measurement of the percentage of the intra-
cellular enzyme lactate dehydrogenase (LDH) released to the extra-
cellular medium (cytotoxicity detection kit, Roche). The quantity of
LDH was evaluated in a microplate reader (Anthos 2010 or Labsys-
tems iMES Reader MS) at 492 nm (lex) and 620 nm (lem). Controls
were taken as having 100 % viability. To study the cytoprotective
action of various compounds against cell death induced by 200 mm

Ab25–35, 60 mm H2O2, or 30 mm rotenone, drugs were given at t0 and
maintained for 24 h. The media were then replaced by fresh media
still containing the drug plus cytotoxic stimulus, and cells were left
for an additional 24 h period. Cell survival was assessed measuring
LDH activity.

Measurement of lactic dehydrogenase (LDH) activity. Extracellu-
lar and intracellular LDH activity was measured by UV/Vis using a
cytotoxicity cell death kit (Roche–Boehringer, Mannheim, Germany)

&12& www.chemmedchem.org � 2009 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim ChemMedChem 0000, 00, 1 – 15

�� These are not the final page numbers!

MED M. I. Rodr�guez-Franco et al.

www.chemmedchem.org


according to the manufacturer’s protocol. Total LDH activity was
defined as the sum of intracellular and extracellular LDH activity,
and released LDH was defined as the percentage of extracellular
versus total LDH activity. Data were expressed as the mean �SEM
of at least three different cultures in quadruplicate. LDH released
was calculated for each individual experiment, considering as
100 % the extracellular LDH released by the vehicle with respect to
the total. To determine percent protection, LDH release was nor-
malized as follows: in each individual triplicate experiment, LDH re-
lease obtained in untreated cells (basal) was subtracted from the
LDH released upon the toxic treatment and normalized to 100 %,
and that value was subtracted from 100.
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Tacrine–Melatonin Hybrids as
Multifunctional Agents for Alzheimer’s
Disease, with Cholinergic, Antioxidant,
and Neuroprotective Properties

Tacrine–melatonin hybrids are poten-
tial multifunctional drugs for Alzheim-
er’s disease that may simultaneously
palliate intellectual deficits and protect
the brain against both b-amyloid pep-
tide and oxidative stress. Molecular

modeling studies show that they target
both the catalytic active site (CAS) and
the peripheral anionic site (PAS) of
AChE. They are nontoxic and may be
able to penetrate the CNS, according to
in vitro PAMPA-BBB assays.
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