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AP2238 was the first compound published to bind both anionic sites of the human acetylcholinesterase,
allowing the simultaneous inhibition of the catalytic and the amyJ®jato-aggregating activities of AChE.

Here we attempted to derive a comprehensive struetacgvity relationship picture for this molecule,
affording 28 derivatives for which AChE and BChE inhibitory activities were evaluated. Selected compounds
were also tested for their ability to prevent the AChE-inducgebfggregation. Moreover, docking simulations

and molecular orbital calculations were performed.

Introduction and the benzylamino moiety itself. A total of 28 analogues
Alzheimer's disease (AP, the most common form of (Table 1) ofl were synthesized, and their biological activities
dementia, was described for the first time a century ago by Alois Were tested using the hAChE and BChE enzymes. Eight
Alzheimer. He described typical clinic characteristics such as compounds, properly selected, were also tested for their ability

memory disturbance and the neuropathological picture with ©© Prevent the AChE-induced /Aaggregation. In addition,
miliary bodies and dense bundles of fibrils, which are known docking simulations and molecular orbital calculations were
today as plaques and tangles, the hallmarks of the disease. Thé&arried out to study the binding mode of the inhibitors at the
cholinergic hypothesis in AD states that degeneration of NAChE gorge.

cholinergic neurons in the basal forebrain nuclei causes distur- .

bances in presynaptic cholinergic terminals in the hippocampus Chemistry

and neocortex, which could account for memory alterations and 1, synthesis of the compounds—29 is reported in

other cognitive symptonsOne therapeutic approach to enhance gcheme 1. The previously synthesized intermedid@sa4
cholinergic neurotransmission is the increase in acetylcholine \yaore prominated usind\-bromosuccinimide in CGlwith a
(ACh) availability induced by inhibiting acetylcholinesterase catalytic amount of (PhCOG to give the bromo-derivatives

(AChE). Besides its catalytic function, AChE also acts as a 4559 The nucleophilic attack of the selected benzylalkylamine
promoter of A fibril formation, this effect being independent 4 ihe bromo-derivatives afforded the compoundsl8 and

from its normal hydrolyzing activity and associated with the 55 _»g Methylation of compoundl with CHsl gave 29,
peripheral anionic site (PAS) of the enzym@&his finding Reduction of compound8 with H, over Pd/CaC@gave 19.

stimulated a great interest toward the design of hybrid molecules L .
capable of simultaneously inhibiting AChE and AChE-induced . Syntheses of heterocyclic |r1termed|am)§—44 are reported
in Schemes 25 (see Supporting Information (SI)).

Ap aggregation. Our research group has been involved in the
development of AChE inhibitors for several years, and recently,
this dual target approach has been addressed by linking a
benzylamino group and a coumarin heterocycle through a phenyl  Evaluation of Structure—Activity Relationships (SARs)
ring. The combined moleculd, (AP2238), proved to be able  Related to Catalytic hAChE Activity. The inhibitory potencies,

to simultaneously contact both the central and the peripheral expressed as kg values, of compoundd—29 on recombinant
anionic sites of AChE.In this paper, we intend to extensively hAChE and BChE from human serum in comparison with the
investigate the structureactivity relationships (SARs) df. We referencel are reported in Table 2. The selectivity toward AChE
modified the lead compountl in all its peculiar parts (Chart  versus BChE was, for all compounds, of 3 orders of magnitude
1): the coumarin moiety and its substituents, the position of or more. In view of a clearer presentation of the SAR of the
the benzylamino group with respect to the coumarin nucleus, series, five structural features tfwere identified:

To wh q hould be add 4 Ph 051 (a) Position of the Benzylalkylamino Moiety. Compound
*To whom correspondence should be addressed. Pher9 ; ; ) ) L -
2099722. Fax:+39 051 2099734. E-mail: lorna.piazzi@unibo.Lt. 2, in which theN-benzylN-methyl group is in thenetaposition

a Abbreviations: SAR, structureactivity relationships; AChE, acetyl- ~ With respect to the coumarin moiety, showed a lower AChE
cholinesterase; hAChE, human acetylcholinesterase; BChE, butyrylcho- inhibitory potency compared to the leddThe same trend was

linesterase; A, beta-amyloid peptide; AD, Alzheimer's disease; PAS, ivativeR—A i i
peripheral anionic site; DMRAY\,N-dimethylformamide; DMSO, dimethyl ShO\INn for monon;]ethoxg. dﬁrlvatIV(;& B’hm which trlmemeta
sulfoxide; RMSD, root mean square deviation; DFT, density functional analogues and5 had a higher 16, than thepara-analogueg

theory; NMR, nuclear magnetic resonance. and6.

Results and Discussion
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Chart 1. SAR Studies ofl (AP2238)
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22-24 25-28
cpd chain R R? R3 R4 cpd chain R R? R3 R4
1 para OCH OCH; CHs H 14 para OCH OCH; CH3 m-OCH;
2 meta OCH OCH;s CHs H 15 para OCH OCH; CHs p-OCHs
3 meta OCH H CHs H 16 para OCH OCH; CoHs H
4 para OCH H CHs H 17 para OCH OCH; C,HsOH H
5 meta H OCH CHs H 18 para H NQ CHs H
6 para H OCH CHs H 19 para H NH CH3 H
7 para OCH OCHs CHjs 0-NO; 22 para CH
8 para OCH OCH; CHs mNO- 23 meta CH
9 para OCH OCHz CHs p-NO2 24 meta GHs
10 para OCH OCH;z; CHs 0-CH3 25 meta OCH OCH;g
11 para OCH OCH; CHs m-CHz 26 para OCH OCH;
12 para OCH OCH;s CHs p-CHs 27 para OCH H
13 para OCH OCHz CHs 0-OCHs 28 para H OCH
Scheme % the benzylamino group ipara-position and introduced both
R3 electron withdrawing and electron-donor substituents on the
JBr _/‘N 1—°C . 29 terminal phenyl ring.Ortho-, meta, and para-nitro (7—9),
Ar—CHs 2, Ar L Ar _@ 18— 9 - 19 -methyl (10-12), and -methoxy 13—15) derivatives were
e synthesized. All these compounds, with the exceptiob3djo-
3044 45-59 118, 20-28 methoxy), showed a reduced anticholinesterase activity, probably

aReagents: (a) NBS, (PhCOQ); (b) 4@—\ ; (c) CHil;
R*X HN—R3

(d) Hp, Pd/CaCQ. "Number sequence of compounds is referred to Table 1
and Schemes-25 (see SI).

(b) Substituents on the Heteroaromatic NucleusConsider-
ing the methoxy groups in positions 6 and 7, for batkta-
andpara-compounds, the substitution in position 6 seemed to
be more important than the substitution in position 7 to maintain
a submicromolar activity. On the basis of previous results, we
introduced an electron-withdrawing (NJOand an electron-
donating (NH) substituent in position 6 of the coumarin moiety
with the N-benzylN-methyl group inpara-position (compounds
18 and 19, respectively). The 16 of both compounds was
higher than the 16 of the lead compound, but similar to the
6-monomethoxy derivativé.

From the analysis of pointgf and ) of the SAR study, it
clearly emerged that th&l-benzylN-methyl group inpara

indicating that the unsubstituteld-benzyl group completely
filled the bottom of the AChE gorge and that no increase in
hindrance on this part of the molecule was allowed. Exception-
ally, compoundl3 showed an I that is of the same order of
magnitude as the lead compouhdThis could be explained,
as seen for other AChE inhibito?s! considering that the
o-methoxy group is able to stabilize the formal positive charge
of the amino group through mixed inductive and mesomeric
effects® which is crucial not only to properly interact with the
central aromatic residue by catiom interaction, but also to
induce the molecule to penetrate the gotge.

(d) Substituent on the Basic Nitrogen.To confirm the
importance of the positive charge, the methyl ammonium
analogue ofl (29) was synthesized and showed the lowestIC
of the series. We also replaced the methyl group of the amino
function of 1 with ethyl and hydroxyethyl groups, affordirig
and17, respectively. Compounti6, showing an I value of
18.3 nM, is more than 2 times more active than compolind

position and the 6,7-dimethoxy coumarin conferred the best This result was in agreement with data presented by other

anticholinesterase activity so far (see Table 2).
(c) Substituents on the Terminal Phenyl RingOn the basis
of previous results, we maintained the dimethoxycoumarin with

authors® where the introduction of an ethyl substituent
conferred a higher potency. The better activity could be related
to the increased lipophilicity of compourid compared to that
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Table 2. Inhibition of AChE and BChE Activities and AChE-mediate@/ggregation

inhibition inhibition
of AB(1—40) of AB(1—40)
ICs0 (NM) ICs0 (NM) aggregatioh ICs0 (NM) ICs0 (NM) aggregatioh
cpd AChE + SEM BChE+ SEM SEM within 5% cpd AChE + SEM BChE+ SEM SEM within 5%
1 445+ 6.5 48.9x 10° 35 16 18.3+ 3.2 118x 1¢° 38
2 202+ 9.0 279x 10° 25 17 493+ 2.3 35.1x 10° 6
3 2290+ 290 >10° 18 148+ 14 >10° <5
4 892+ 54 570x 10° <5 19 281+ 13 >107° <5
5 303+ 9.0) 136x 10° 20 not solub not solub
6 163+ 7.0 1300x 10° <5 21 30 300 >10°
7 987+ 76 >10° 22 1230+ 60 >105
8 368+ 23 >107° 23 2020+ 180 >107°
9 24 600 >10° 24 1590+ 60 >10°
10 366+ 40 >105 25 2270+ 270 >105
11 122+ 40 >1075 26 3100+ 390 >107°
12 310+ 36 >10° 27 18 100 88.9x 10°
13 62.1+ 1.9 52.9x 10° 15 28 80 500 >10°
14 714+ 39 >107° 29 10.5+£5.0 43.8x 10°
15 2260+ 60 >107°

aHuman recombinants AChE and BChE from human serum were usggva{lies represent the concentration of inhibitor required to decrease enzyme
activity by 50% and are the mean of two independent measurments, each performed in triplicate- (8&hMard error of the meaning)Determined at
[inhibitor] = 100uM, [AB(1—40)] = 230 uM and [AChE]= 2.3 uM.

of compoundL. This hypothesis could also explain the inhibitory In Figure 1B, the binding mode d22 and 26 (i.e., the
potency of compound7, which is very similar to that ofL.: isoflavone and flavonpara-derivatives) is reported along with
the positive lipophilic effect due to two carbon units is 1. In this case, we observed that all inhibitors could simulta-
counterbalanced by the lower lipophilicity caused by introducing neously interact with both sites of the enzyme, and that while
the OH group. 22 lost the H-bond with Phe295 backbor#g kept such an

(e) Oxygenated Heteroaryl Moiety We inverted the position  interaction. The experimental results reported in Table 2 showed
of the coumarin and the central phenyl ring of the lead that22and26 were almost 2 orders of magnitude less potent

compound so that the 1,2-dimethoxyphenyl moiety could interact thanl, and therefore, we had to conclude that docking outcomes
with the PAS and the coumarin could act as a spacer; alone were not able to explain the reduced potenci€2aind
unfortunately, this compound2@) was insoluble, and no 26 when compared td.
biological activity could be measured. The substitution of the  To provide a possible rationalization for the SARs of these
coumarin nucleus with other oxygenated heteroaryl nuclei was compounds, molecular orbital calculations within the density
performed: the 3-benzyl-6,7-coumarin was substituted with 2,3- functional theory (DFT) framework were performed. The
dimethoxyxanthen-9-one leading to compowigd which is 3 calculations were carried out on the 5,6-dimethoxycoumarin and
orders of magnitude less active thanprobably because itis  6,7-dimethoxychromone skeletons. In particular, we computed
too short compared to the lead compound. The coumarin moietythe energy of the frontier molecular orbital LUMO (i.e., the
was also substituted with isoflavone and flavone (compounds lowest unoccupied molecular orbital) of both scaffolds at the
22—24 and 25—-28, respectively). For all compounds, the B3LYP/6-31G* level of theory. The results showed that the
inhibitory activity toward AChE was lower than for the reference  LUMO energy of 5,6-dimethoxycoumarin was almost 9 kcal/
compoundl, and even if the dimethoxy compounds were better mol less than the LUMO energy of the 6,7-dimethoxychromone.
inhibitors than the monomethoxy derivatives, the significant Furthermore, we also carried out single-point calculations by
decrease in their activities could not be explained by means of adding one electron to both scaffolds (see Sl). These calculations
classical SARs. showed that the 5,6-dimethoxycoumarin was more prompted
Docking Simulations and Molecular Orbital Calculations. to accept the additional electron when compared to the 6,7-
To thoroughly investigate the SARs of the present series of dimethoxychromone, with the energy difference being 10.3 kcal/
AChE inhibitors, docking simulations were carried out with the mol in favor of the coumarin compound. These results showed
software GOLBC and outcomes were rationalized by means of the ability of the 5,6-dimethoxycoumarin moiety f which
the clustering algorithm ACIAPL12 Compoundl, previously ~—~ Wwas to better accept electrons when compared to the 6,7-
docked by means of a different procedérevas studied dimethoxychromone 022 and 26 and therefore explained the
according to the present computational strategy (see SlI).higher inhibitory potency ol relative to22 and26 toward the
Notably, the binding mode of at the gorge of hAChE was  hAChE enzyme. Actually, it is now widely accepted that Trp286
very similar to that previously reportédyith an overall RMSD  of the AChE PAS attracts ACh from the solvent bulk by means
for the nonhydrogen atoms less than 1 A. In Figure 1A, the of cation—x interaction? demonstrating that this amino acid
binding mode ofl. and2 (themetaanalogue ofl) at the hAChE ~ preferably donates (rather than accepts) electronsr-r
gorge is reported. It can be seen that whileould favorably ~ Stacking with ligand$? The above-reported results agree with
interact with both the catalytic site and the PAS of the enz§me, Similar computations carried out on a series of xanthostigmine
2 was not able to properly reach Trp286. In particular, while derivativesi® demonstrating that the energy of the frontier
the benzylamino moieties of both compounds could interact with Orbitals should be taken into account when designing ligands
Trp86 of the catalytic pocket, only the coumarin moietylof  binding at tryptophan residues.
could also establish a favorabfe-sr stacking with the PAS AChE-Induced A Aggregation Inhibition. Compoundl
residue Trp286. Moreovep, also lost the H-bond interaction  proved to be able to simultaneously contact both the central
with the backbone of Phe295, and this could likely explain its and the peripheral anionic sites of hACtdhd cause inhibition
decreased activity when comparedlto of 35% in A8 (1—40) aggregation. Inhibitors of Aoligomer-
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A

Figure 1. (A) Docking model ofl (carbon atoms in green) adcarbon atoms in orange) at the hAChE gorge. The H-bond between the carbonyl

of the coumarin moiety of and the hydrogen (cyan) of the Phe295 backbone NH is shown as a dark-red dotted line. It can be seen that while
simultaneously contacts both sites of the enzyme g&dgenot properly able to reach Trp286 of the PAS. (B) Docking modél (@arbon atoms

in green),22 (carbon atoms in yellow), ang6 (carbon atoms in magenta) at the hAChE gorge. The same H-bond as reported in (A) is shown. It
can be seen that all derivatives are able to simultaneously contact both sites of the hAChE gorge. The activity difference should, therefore, be
looked for at the electronic rather than at the geometrical level.

ization have become increasingly popular as promising phar- tyrosines of the AChE gorge, providing a different binding
macotherapy for AD. However, assaying many compounds for mode, which is likely unable to inhibit the pro-aggregating effect
inhibition of AS aggregation can be a very expensive endeavor ofAChE.

in light of the large quantities of enzyme and peptide needed )

for screening® Consequently, for this assay we were forced to Conclusions

choose a limited number of compounds on the basis of their  Starting from the dual AChE inhibitot, we evaluated the
inhibitory potency. Thus, because the coumarin nucleus is SAR of 28 analogues in which the modifications performed
supposed to interact with the PAS, some coumarins endowedinvolved the substituents on the coumarin nucleus, the coumarin
with different substituents on the heterocyclic nucleus were nucleus itself, the relative position of the benzylmethylamino
selected. In particular, compoundsand 6, with one methoxy group, the alkyl function on the amino group, and the substit-
group in positions 6 and 7, respectively, and compoub8ls  uents on the terminal phenyl ring. The few compounds showing

and 19, with an electron-withdrawing (N£) and an electron-  an IGso of the same order of magnitude bfwere 13, 16, 17,
donating (NH) substituent in position 6 of the coumarin moiety, and 29, while 16 (AP2243) was twice as potent as the lead
respectively, were chosen. We also tested comp@ndrrying compound. All these derivatives maintained the peculiar features

the benzylmethylamino group in tleetaposition, to evaluate ~ of 1, namely, the dimethoxy coumarin nucleus and the benzy-
the effect of this modification on A aggregation. Moreover, lalkylamino group in thepara-position. Thus, the structure of
compoundsl3, 16, and17, being the best AChE inhibitors of ~ 1 sééms to be crucial for optimal activity, because only the
the series, were also evaluated. The percentage of inhibition ofmodification performed on compourid, an ethyl instead of a -
AChE-induced 48 aggregation at 100M is reported in Table ~ Methyl group on the basic nitrogen, led to an improvement in
2. It may be noticed that the inhibitor concentration in the POth catalytic and AChE-induced/aggregation activities.
aggregation assay is much higher than they Malues of the
same compounds. Nevertheless, as was pointed out elselfhere,
if “normalized” on the basis of the different amount of enzyme ~ Chemistry. 3{4-[(Benzylmethylamino)methyl]pheny}-6,7-
used in the Ellman’s and aggregation assays, the ratio [inhibitor])/ dimethoxychromen-2-one (1)A mixture of45(1.32 g, 3.52 mmol)

; : ; and benzylmethylamine (0.92 mL, 7.04 mmol) in toluene (125 mL)
I[f‘igslnlz Ozjltgﬁssi'glrze tr;;grzitfn?;;n gr%tguiizaﬁl Ci:nohr}zﬁgfeggﬂy’was stirred under reflux for 20 h. The solution was washed with

. . ; . water and extracted wit6 N HCI; the aqueous layer was basified
simultaneously carry out both the anti-cholinesterase and anti-yith Na,COs, and extracted with C¥Cl,. The combined organic
aggregating actions. Most of the tested compounds did not causaayers were dried and concentrated under reduced pressure to
any significant inhibition of 4 aggregation, apart fror6, give an oil.'H NMR (CDCly): ¢ 2.42 (s, 3H), 3.68 (s, 2H), 3.69
where the part of the molecule interacting with the PAS is (s, 2H), 3.93 (s, 3H), 3.95 (s, 3H), 6.84 (d, 2H), 71R48 (m,
unaffected, which showed inhibition similar to that bf(38 7H), 7.63 (d, 2H), 7.77 (s, 1H). The product was then converted in

; ici ; he hydrochloride salt affordingHCI (90 mg, 6% yield): mp 236
and 35%, respectively). Surprisingly, compourtiwhich bears t y
an ethanol substituent on the nitrogen interacting with the 232°C (MeOH). ES-MSm/z 452 (M+ 1). Anal. (GeHzeCINO)

i | anionic si id h d kably low inhibi ¢ H N
internal anionic site residues, showed a remarkably low inhibi- 6-Amino-3< 4-[(benzylmethylamino)methyljpheny} -chromen-

tory _activity towa_rd the AChE-induced /A aggregation. A 2-one (19) A solution of 18 (2.62 g, 6.55 mmol) in THF (250
possible explanation could be that the presence of a hydroxy mL) was hydrogenated in the presence of Pd/Cagt@tmospheric
group drives the ligand to interact by means of H-bonding with pressure and room temperature. The mixture was filtered and the

Experimental Section
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filtrate was evaporated to give a residue that was purified by
gradient flash chromatography. Eluting (from &, 100% to
CH,CI,/EtOH 98:2) afforded.9 (1.7 g, 70% yield) as a dark yellow
solid: mp 166-167 °C. 'H NMR (CDCly): 6 2.22 (s, 3H), 3.57
(s, 2H), 3.58 (s, 2H), 6.73 (d, 1H), 6.84 (dd, 1H), 7~1432 (m,
8H), 764-7.70 (m, 3H). ES-MSm/z 371 (M + 1). Anal.
(Ca4H22N20,) C, H, N.
Benzyl-[4-(6,7-dimethoxy-2-oxo-Bl-chromen-3-yl)benzyl]dim-
ethyl Ammonium lodide (29). A solution of CHl (54 mg, 0.38
mmol) and1-HCI (85 mg, 0.19 mmol) in MeOH (25 mL) was
stirred overnight and then poured into diethyl ether. The filtered
solid afforded29 (51 mg, 24% yield) as a light beige solid: mp
145-147°C.*H NMR (CDsCOCDs): 6 3.26 (s, 6H), 3.88 (s, 3H),
3.98 (s, 3H), 5.14 (s, 2H), 5.17 (s, 2H), 7.02 (s, 1H), 7.28 (s, 1H),
7.23-7.62 (m, 3H), 7.757.78 (m, 4H), 7.9%+7.98 (m, 2H), 8.22
(s, 1H). ES-MSm/z 558 (M + 1). Anal. (G7H2gINO,) C, H, N,
l.
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