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ABSTRACT 

A highly efficient and selective protocol for the halogenation of the C ─H bond of 4-aminocoumarin derivatives is reported. This 
shows that the use of trihaloisocyanuric acids in the synthesis of aminocoumarin derivatives consists of obtaining pharmacologi- 
cally important compounds using new strategies and transformations. The proposed method has a broad substrate scope and uses 
ethyl acetate as the solvent. The reaction scope evaluation of 4-aminocoumarins with different structural characteristics showed 
that the reaction tolerates electron-withdrawing groups (compounds 3d–f and 8c–e ) and electron-donating groups (compounds 
3b-c , 3g , 5 , 7 , and 8b ). A sterically hindered group attached to the nitrogen at C4 was also tolerated in the bromination reaction 
(compound 3h ), as well as an alkyl group (compound 7 ) and even the absence of a substituent on the nitrogen (compound 5 ). 
Molecular docking results show that, among the compounds tested, compound 3h stands out. Its predicted interactions with 
acetylcholinesterase (AChE), monoamine oxidase B (MAO-B), β-secretase enzyme (BACE), and N-methyl-D-aspartate receptors 
(NMDAR) suggest a promising profile for inhibiting these neurochemical enzymes and antagonizing glutamatergic NMDAR, 
potentially contributing to therapeutic strategies for neurodegenerative diseases such as Alzheimer’s disease. 
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 Introduction 

oumarins are naturally occurring secondary metabolites pro-
uced by microorganisms and plants [ 1 ]. These 2-H-chromen-2-
ne derivatives have rapidly become attractive due to their broad
pectrum of biological activities, among additional applications
 2–4 ]. Previous studies showed that coumarins possess antibacte-
ial, antifungal, antiviral, antioxidant, anticancer, anticoagulant
nd anti-inflammatory activities, among others [ 5–11 ]. Thus,
his is an open access article under the terms of the Creative Commons Attribution License, which perm
ited. 
2026 The Author(s). ChemistrySelect published by Wiley-VCH GmbH 
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the coumarin scaffold has been of interest in drug discovery.
4-Aminocoumarins are a class of synthetic coumarin deriva-
tives usually obtained from nucleophilic substitution reactions
between amines and 4-hydroxycoumarins [ 8 ]. Members of this
family have significantly shown diverse biological activities,
especially anticancer [ 12–17 ] (Figure 1 ). 

The presence of the amino group at position C-4 plays a
pivotal role in the chemical reactivity of these compounds by
its use, distribution and reproduction in any medium, provided the original work is properly 
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FIGURE 1 Derivatives of aminocoumarins with biological activities. 
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nhancing the electronic density of C3 and subsequently its
ucleophilicity. The reactivity of C3 has been explored in 4-
minocoumarins during synthetic reactions such as formylation,
lkylation, arylation, selenylation, thiocyanation and others [ 8,
8–26 ]. These strategies have proven to be useful in the search
or bioactive compounds derived from 4-aminocoumarins and
ighlight the relevance of pursuing the development of new
ynthetic methodologies that widen the possibility for structure
iversification. 

he halogenation of aromatic hydrocarbons and heterocycles rep-
esents a fundamental reaction in organic synthesis, significantly
xpanding the arsenal of methods available for constructing
omplex organic molecules [ 27 ]. This transformation not only
nables the synthesis of highly valued intermediates but also
roduces organohalogen compounds that play essential roles
n a wide range of applications [ 28, 29 ]. In particular, halogen
ncorporation into natural products can dramatically alter their
hysicochemical properties due to pronounced electronic and
teric effects. These modifications arise from the distinct size and
lectronegativity of halogen atoms relative to hydrogen or other
ubstituents, leading to changes in molecular polarity, lipophilic-
ty, and overall reactivity. As a result, halogenated compounds
ften exhibit higher permeability across the blood-brain barrier,
long with enhanced binding affinity and selectivity toward
pecific biological targets, which can significantly influence their
harmacological profiles by improving receptor interactions,
ncreasing metabolic stability, and enhancing bioavailability [ 30–
3 ] (Figure 2 ). 

he pharmaceutical industry has particularly benefited from
trategic halogenation, with approximately 25% of drugs and
rug candidates containing at least one halogen atom [ 34 ].
of 22
This underscores the importance of halogenation in optimizing
pharmacokinetic properties and enhancing therapeutic efficacy
[ 35, 36 ]. Moreover, the formation of carbon-halogen (C ─X)
bonds is a crucial step in organic synthesis, serving as key
intermediates in substitution and cross-coupling reactions [ 37 ].
Notably, palladium-catalyzed methodologies, such as Suzuki–
Miyaura and Heck cross-coupling reactions, have revolutionized
the pharmaceutical industry by enabling the efficient synthesis
of bioactive molecules, including anticancer and antiviral drugs
[ 38 ]. 

Beyond pharmaceuticals, halogenated compounds play a vital
role in agrochemical and advanced materials, where halogens
help define key physicochemical properties that influence stabil-
ity, bioavailability, and biological interactions. Strategic halogena-
tion thus remains a powerful tool in medicinal chemistry and
beyond, enabling the fine-tuning of molecular interactions and
the optimization of lead compounds for diverse applications [ 39,
40 ]. 

Traditionally, the introduction of halogen atoms in organic
frameworks consists of electrophilic substitution in aromatic and
heteroaromatic compounds with electrophilic halogen species
[ 41 ]. Classical electrophilic aromatic halogenation using X2 is still
a useful synthetic tool, but the difficulties associated with the
manipulation of molecular halogens and the lack of chemoselec-
tivity narrow down its use. To avoid the use of excess molecular
halogens (mainly Cl2 and Br2 ) and strong chemical oxidizers,
other environmentally friendly halogenation methods have been
developed in recent decades [ 42–44 ]. 

Trichloroisocyanuric acid (TCCA) is a widely used chlorinating
agent, renowned not only for its effectiveness as a bleach and
ChemistrySelect, 2026
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FIGURE 2 Examples of halogenated compounds: (A) Natural origin; (B) Synthetic origin; (C) Halogenated coumarin with biological activity. 
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ts bactericidal properties but also for its low cost, remark-
ble stability, ease of handling, and ready accessibility [ 45, 46 ]
Scheme 1A ). 

hese attributes make TCCA a green source of chlorine, and all
rihaloisocyanuric acids (TXCAs, where X = Cl, Br, or I) have
merged as valuable halogenating agents for organic compounds.
or instance, both TCCA and its bromine analog (TBCA) exhibit
xcellent atomic efficiency by generating up to three equivalents
f the respective halogen in situ. This capability translates into
ffective reagent savings (up to a factor of 229), while promoting
ore sustainable and environmentally friendly halogenation pro-
esses [ 47–49 ]. Consequently, these reagents are ideal not only for
aboratory-scale syntheses but also hold significant promise for
hemistrySelect, 2026
large-scale industrial applications, aligning closely with modern
green chemistry initiatives [ 50 ] (Scheme 1B ). 

To the best of our knowledge, literature contains only isolated
reports on the halogenation of 4-aminocoumarins. A compre-
hensive and systematic study on the halogenation of these
compounds would be useful for the design of new synthetic strate-
gies toward the synthesis of novel bioactive 4-aminocoumarin
derivatives. In this context, this study describes the development
of a new, efficient, and rapid synthesis protocol for the direct halo-
genation of the C(sp2 ) ─H bond of 4-aminocoumarin derivatives
using trihaloisocyanuric acids (TXCA, X = Cl and Br), providing
a more sustainable protocol. In addition, molecular docking
and absorption, distribution, metabolism, excretion, and toxicity
3 of 22
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SCHEME 1 (A) Types of 1,3,5-trihaloisocyanuric acids; (B) Halogenation reaction in imidazopyridine derivatives [ 50 ]; (C) This work. 
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ADMET) profiling studies were performed with the halogenated
oumarin derivatives obtained, to evaluate their interactions with
iological targets related to Alzheimer’s disease, since other
imilar structures have been identified as multitarget enzyme
nhibitors related to neurodegenerative diseases [ 51 ]. Inhibiting
pecific enzymes and receptors in the central nervous system
CNS), such as acetylcholinesterase (AChE), monoamine oxidase
 (MAO-B), and beta-secretase enzymes (BACE), or N-methyl-
-aspartate receptors (NMDAR), offers promising therapeutic
pproaches for AD [ 52 ]. 
of 22
2 Results and Discussion 

Initially, the optimization process to determine the optimal
reaction conditions began by selecting tribromoisocyanuric acid
(TBCA) as the halogenation agent. This choice was made due
to the intermediate reactivity of bromine compared to chlorine
and iodine. Consequently, we anticipated that the reaction con-
ditions established during the optimization process would be
more likely to yield good results with both TCCA and TICA
(triiodoisocyanuric acid). 
ChemistrySelect, 2026
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TABLE 1 Optimization study of the reaction conditions for the synthesis of product 3a .a 

Entry TBCA (equiv.) Solvent Temperature (◦C) Time (min.) 
Yield of 3a 

(%)b 

1 0.35 EtOH r.t 120 73 
2 0.17 EtOH r.t 120 15 
3 0.50 EtOH r.t 120 13 
4 1.0 EtOH r.t 120 15 
5 0.35 MeOH r.t 120 14 
6 0.35 DCM r.t 120 13 
7 0.35 MeCN r.t 120 41 
8 0.35 Acetone r.t 120 85 
9 0.35 H2 O r.t 120 Trace 
10 0.35 Acetone/H2 O (3:1) r.t 120 58 
11 0.35 AcOEt r.t 120 88 
12 0.35 AcOEt r.t 60 64 
13 0.35 AcOEt r.t 90 86 
14 0.35 AcOEt r.t 150 96 
15c 0.35 AcOEt r.t 150 90 
16c 0.35 AcOEt r.t 60 90 
17c 0.35 AcOEt r.t 30 85 
18c 0.35 AcOEt r.t 15 70 
19c 0.35 AcOEt 50 15 60 

a Reaction carried out under atmosphere conditions with 2 mL of solvent (0.05 mol.L− 1 in relation to 1a ). 
b Isolated yield. 
c Reaction carried out with 1 mL of solvent (0.1 mol.L− 1 in relation to 1a ). 
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he 4-(phenylamino)coumarin 1a was chosen as the model
ubstrate for the bromination reaction. We began our study by
sing 0.1 mmol of 1a , 0.35 equiv. of TBCA in ethanol as a solvent.
fter 2 h at room temperature, total consumption of substrate 1a
as observed, and brominated aminocoumarin 3a was obtained
n 73% yield after column chromatography purification (Table 1 ,
ntry 1). Furthermore, we decided to vary the amount of TBCA
o check if this could improve the yield of product 3a . The
romination reaction proved to be dependent on the amount of
BCA equivalents, where the use of 0.17, 0.5, and 1.0 equiv. led to
he formation of the reaction product 3a with yields of 13% to 15%
Table 1 , entries 2–4). The ideal amount of TBCA was therefore set
t 0.35 equiv. (Table 1 , entry 1). Next, the reaction was carried out
y replacing ethanol with other solvents. The use of solvents such
s methanol, dichloromethane, acetonitrile, and acetone afforded
hemistrySelect, 2026
compound 3a with yields ranging 13% to 85% (Table 1 , entries 5–
8). When water was used, only trace amounts of product 3a were
detected, and a mixture of acetone/water 3:1 provided 58% yield
for the target compound (Table 1 , entries 9-10). The use of AcOEt
as a solvent was able to provide the reaction product with 88%
yield (Table 1 , entry 11), therefore, it was chosen as the reaction
solvent. 

It was also assessed whether the reaction time would influence
the yield of the halogenation product 3a . Reducing the reaction
time to 60 min led to a decrease in yield to 64% (Table 1 , entry
12). When the reaction was conducted for 90 min, there was no
significant change in the yield of 3a , while increasing the reaction
time to 150 min led to the formation of the desired product in 96%
yield (Table 1 , entries 13 and 14). 
5 of 22
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dopting 150 min as the best time to carry out the reaction, we
oved on to the last reaction parameter to be evaluated, which
as concentration. Increasing the concentration of the reaction
edium to 0.1 mol.L− 1 (in relation to 1a ) allowed product 3a to
e obtained still in a very satisfactory yield of 90% (Table 1 , entry
5). 

e wondered whether it would be possible to reduce the reaction
ime at this new concentration without significant losses in yield.
hen the reaction was carried out at a concentration of 0.1
ol.L− 1 for periods of 30 and 60 min, product 3a was formed in
ields of 85%–90% (Table 1 , entries 16 and 17). These results show
hat there is no significant loss of efficiency when reaction time
s reduced to 30 min. On the other hand, when the reaction was
erformed 15 min the yield of 3a was significantly lower (70%)
Table 1 , entry 18). Although 70% is still a good yield, we believe
hat it is more advantageous to keep the reaction going for 30
in and achieve a yield of 85%. Lastly, we evaluated if heating
ould increase the yield of compound 3a in the 15-min condition,
ut the effect produced was the opposite and a yield of 60% was
btained when the reaction was carried out at 50 ◦C for 15 min
Table 1 , entry 19). At the end of this study, we concluded that
he best condition for obtaining 3a is that described in entry 17 of
able 1 , using 0.35 equiv. of TBCA, AcOEt as the solvent, room
emperature, a concentration of 0.1 mol.L− 1 and a reaction time
f 30 min. 

ith the optimum reaction conditions for the formation of 3-
romo-4-(phenylamino)coumarin 3a in hand, we moved toward
he evaluation of the substrate scope of the methodology. First, we
nvestigated the reaction behavior when derivatives of compound
a were used. Eight examples were obtained from these studies,
hich provided the products of interest 3a–h with yields ranging
rom 42% to 98% (Scheme 2 ). 

e evaluated the influence of substituents in position 4 of the
romatic ring. Substrates bearing electron-donating and electron-
ithdrawing groups were used and the corresponding products
a–f were obtained in good to excellent yields. It is worth noting
hat an additional 30 min were required to obtain products 3b
nd 3g . The reaction using the bulky naphthyl substrate gave two
roducts, with 3h as the major one, obtained in 55% yield, and the
ther in trace amount. 

he methodology described was also explored using coumarins
 and 6 , containing the NH2 group and the benzyl group,
espectively (Scheme 3 ). As with the 4 -(N-a rylamino)coumarins,
he novel bromination product was obtained in good yield (77%),
emonstrating that the presence of the aliphatic group, as well as
he absence of a substituent at the nitrogen was well tolerated,
ith good reaction behavior. 

e also evaluated the scalability of the reaction by carrying out
n experiment on a gram scale. First, we carried out the reaction
t 0.5 mmol of compound 1a , at a concentration of 0.1 M for 75
in and, to our delight, the target product generated 66% yield.
hen the reaction was performed with 1.5 mmol of 1a , it took
4 h, affording the product with a yield of 24%. We decided to
epeat the reaction and reduce the reaction time to 5 h, obtaining
 product yield of 69%. 
of 22

C
rea
To further evaluate the scalability, we increased the reaction
scale to 4.5 mmol of coumarin 1a (Scheme 4 ). It is worth noting
that this reaction proved to be faster than the others, taking
only 120 min for the starting material to be consumed. In this
condition, the brominated coumarin 3a was isolated in 54% yield.
For all the scale-up experiments, the consumption of the starting
material took longer compared to the small-scale reaction, which
is not uncommon due to changes in energy and mass transfer
phenomena. 

Based on the results achieved with TBCA, we decided to see if
the optimum reaction condition found for the bromination of
coumarins 1 could lead to the chlorination product when used
with TCCA. To our satisfaction, compound 1a was converted
into the corresponding chlorinated product 8a with a 43% yield
(Scheme 5 ). Based on this result, we used some of the previously
described substrates to evaluate the scope of the reaction with
TCCA. From this study we obtained 5 examples ( 8a–e ) which
provided products of interest with yields ranging from 43% to
82%. 

We evaluated the performance of the reaction by varying the
in substrate. The presence of an electron-withdrawing group on
the aromatic ring provided the corresponding product ( 8c–e )
above 60%. For the substrate with an electron-donating group
( 8b ), the desired product was obtained in moderate yield, and
no additional time was required. Finally, it can be said that
the optimum condition previously established for the reaction
involving TBCA also proved to be effective for the formation of
the chlorinated products obtained using TCCA. 

Reactions with TICA were also carried out under the same
conditions used for bromination and chlorination of 4-
aminocoumarins 1 . Substrates 1b , 1d , and 1e were subjected to
the reaction with TICA, but only 1b and 1d were able to afford
the corresponding iodinated products 10a and 10b , albeit in a
low yield of 16%-21%(Scheme 6 ). Attempts to improve the yield of
the iodination products were made, including treatment of the
silica gel to avoid degradation during purification, addition of a
base to the reaction medium, use of excess of TICA, and change
of solvent, among others (see Supporting Information —SI for
more details). Afterwards, we found a slight improvement in the
yield of compound 10b , which was obtained in 33% yield. 

According to the results obtained, iodination with TICA proved
to be much less efficient than bromination with TBCA or
chlorination with TICA. Although some conditions were able
to provide iodinated products, we noticed low reproducibility
in these experiments, which compromises the viability of this
approach as a way of obtaining iodinated 4-aminocoumarins.
Given this, we decided not to continue with the studies involving
TICA and 4-aminocoumarins. 

2.1 Mechanistic Studies 

Once the studies to determine the reaction scope for the
methodology were completed, we proceeded to carry out planned
experiments with the aim of the mechanism by which the
reaction occurs. 
ChemistrySelect, 2026
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SCHEME 2 Reaction between coumarins 1a–h and TBCA. 
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.2 Modified Reaction Atmosphere Studies 

wo studies were carried out using modified atmospheres. First,
he reaction was carried out maintaining the reaction parameters
lready established, but with a pure O2 reaction atmosphere.
his experiment aimed to investigate whether the process follows
 radical reaction mechanism. Molecular oxygen is a biradical
pecies, characterized by having two unpaired electrons in its
rontier orbitals. Thus, the presence of radicals in the reaction
ould lead to their rapid reaction with the molecular oxygen
resent in the medium, which could interrupt the progress of
he reaction. Therefore, if this occurred, a significant reduction
n the reaction yield would be expected. However, the yield
bserved in this experiment was 92% (Scheme 7A ), which is
imilar to that observed without changing the reaction atmo-
phere. This result indicates that the reaction mechanism may
ot involve radical species. In the second study, the reaction
as carried out in an argon atmosphere, to check whether
he oxygen or water present in the atmospheric air had any
ffect on the reaction. However, the yield observed in this study
as also 92%. It can therefore be concluded that none of the
omponents of atmospheric air play any role in the reaction
echanism. 
hemistrySelect, 2026
2.3 Reaction in the Presence of a Radical 
Inhibitor 

Some experiments were carried out to help us understand the
reaction mechanism. The first experiments carried out involved
the use of radical inhibitors such as 2,2,6,6-tetramethyl-piperidi-
1-nyl)oxyl (TEMPO) and 2,6-di- tert -butyl-4-methylphenol (BHT)
(Scheme 7B ). In the experiment with TEMPO, product 3a was
obtained in 46% yield, i.e ., approximately half the yield obtained
when the radical inhibitor was not present (85%). However, in
the experiment with BHT, the yield obtained for the brominated
product was close to the reference value. These results do not
lead us to a clear conclusion about the possible involvement of
a radical mechanism, although the result obtained with TEMPO
is a good indication. 

2.4 Mechanism Proposal 

Based on the experiments previously discussed and the reports
in the literature [ 50, 53, 54 ], we believe there might be an ionic
path and a radical path operating in parallel for the bromination
of 4-aminocoumarins using TBCA (Scheme 8 ). 
7 of 22

tive C
om

m
ons L

icense



SCHEME 3 Reaction using coumarins 4 and 6 . 

SCHEME 4 Scale-up reaction for the bromination coumarin 1a . 
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or the Ionic path (Scheme 8a ), we expect the first step should
e the nucleophilic attack of 1 to one of the bromine atoms of
BCA. This step should be facilitated by the labile nature of the
 ─Br bond and the stability of the carbocation placed next to
oth the aromatic ring and the nitrogen atom in intermediate
I . Next, proton abstraction from intermediate II , mediated by
he anion I , would restore the α, β-unsaturated double bond,
ffording debrominated TBCA III and the corresponding halo-
enated product 3 . In the alternative radical path (Scheme 8b ),
nitiation should occur through homolytic cleavage of the N ─Br
ond in TBCA, affording the bromine radical (Br∙) and the
itrogen radical IV . The addition of Br∙ to coumarin 1 should

orm radical V , which should benefit from the same structural  

of 22

ti
features mentioned in the case of carbocation II , as both are
electron-deficient carbon species. In the final step, hydrogen atom
abstraction (HAT) from V should afford III’ , which is essentially
the same as III , as both are tautomers, along with corresponding
halogenated product 3 . 

2.5 Molecular Docking 

A virtual screening was carried out with all compounds using
molecular docking tools. As summarized in Table 2 , the tested
compounds exhibited similar binding affinities with the protein
targets (AChE, BACE, MAO-B, and NMDAR). Among them, com-
ChemistrySelect, 2026
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SCHEME 5 Evaluation study of the chlorination reaction scope of compounds 1 with TCCA. 

SCHEME 6 Iodination of 4-aminocoumarins 1b , 1d , and 1e using TICA. 
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ound 3h has reached the lowest docking scores (stronger bind-
ng affinity). Their docking scores were lower than those demon-
trated for drug prototypes or medicines (positive controls).
hus, compound 3h demonstrated superior in silico potential for

nteracting with different protein targets associated with AD. 

hemistrySelect, 2026
AChE is a crucial enzyme in the degradation of acetylcholine
(ACh) in the CNS. Reduced ACh levels are implicated in
the pathophysiology of cognitive dysfunction occurring in AD.
Therefore, enhancing cholinergic neurotransmission by AChE

inhibitors ( e.g . rivastigmine) has been established as an AD 
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SCHEME 7 Mechanistic studies with (A) modified reaction atmosphere, and (B) presence of radical inhibitors. 
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herapeutic strategy [ 55 ]. We demonstrated that all tested com-
ounds exhibited low binding energies (less than -9 kcal/mol)
or human AChE, with a particular emphasis on compounds 3h
-10.3 kcal/mol), followed by 3c and 8e ( − 9.9 kcal/mol), which
utperformed the positive control, rivastigmine ( − 7.3 kcal/mol).
tudies indicate that residues such as Trp286 and Phe338 are
ssential for substrate binding and the stability of the enzyme-
nhibitor complex [ 56, 57 ]. Docking results showed that our
ompounds interact with these critical residues, suggesting that
heir inhibitory potency may result from effectively blocking
ubstrate access to the catalytic site, as evidenced by the low
inding energies, especially for compound 3h . 

ompound 3h was selected for an in-depth presentation of
nteraction diagrams (Figures 3–6 ). We also selected three other
ompounds with high target binding affinities ( 3c , 3g , and
e ) based on the best docking scores for at least two targets
nd included their interaction diagrams in the Supplementary
aterial (Figure S1–S12 ). 

s shown in Figure 3A , compound 3h interacted with AChE
hrough multiple molecular interactions. The amino acid
esidues Trp86, Gly121, Phe338, Phe297, Phe295, Val294, Tyr341,
0 of 22
Asp74, Asn87, and Tyr72 were involved in Van der Waals
interactions. Moreover, Ser125 and Tyr124 contributed to Pi-
donor hydrogen bonds. Pi-Pi stacking and Pi-Pi T-shaped
interactions were observed with Trp286. 

Another tested target, MAO-B, plays a crucial role in the degrada-
tion of monoaminergic neurotransmitters. MAO inhibitors such
as selegiline have been applied to mitigate symptoms of AD.
Furthermore, as MAO enzymes are generators of reactive species,
MAO- inhibition B can mitigate oxidative stress, a key factor
involved in neurodegeneration. In this study, compounds 3c, 3g ,
3h ( − 11.4 kcal/mol), among others, exhibited significantly lower
binding energies than selegiline ( − 7.3 kcal/mol). The compounds
bind to the active site of the human MAO-B enzyme and interact
with important residues. Trp388 plays a role in noncovalent
binding to FAD, while Tyr398 and Tyr435 form an aromatic
arrangement that stabilizes substrate binding [ 58, 59 ]. 

In its interaction with human MAO-B, compound 3h exhibited
several distinct molecular interactions. The amino acid residues
Val294, Phe343, Arg42, Gln206, Tyr60, Ser59, Gly58, Cys172,
Tyr326, Met436, and Gly434 were involved in Van der Waals
interactions. Additionally, Pi-Pi interactions were observed with
ChemistrySelect, 2026
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SCHEME 8 Proposed mechanism for the bromination of 4-aminocoumarins with TBCA. 
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rp388, Gly57, and Tyr398 residues. A conventional hydrogen
ond was established with Cys397, while Lys296 and Leu171 par-
icipated in Pi-alkyl interactions (Figure 4A ). These interactions
ith MAO-B are similar to those of selegiline, suggesting that
ompound 3h exhibits an interaction profile comparable to that
f the positive control. 

mall-molecule inhibitors of BACE1 reduce A β peptide produc-
ion and are leading drug candidates for AD. Although drugs
uch as verubecestat have been clinically tested, they were
iscontinued due to low efficacy or adverse effects [ 60 ]. Here, our
n silico predictions indicate that different compounds, with an
mphasis on 3h ( − 9.3 kcal/mol) and 8e ( − 8.2 kcal/mol, similar
o verubecestat score), could have the potential to act as BACE1
nhibitors and interact with other targets. For BACE, residue
yr71 plays a significant role in stabilizing the inhibitor’s binding,
ontributing to a more durable and effective interaction at the
nzyme’s active site. Additionally, residues Ile126 and Arg128 are
ssential for interaction, suggesting these residues are critical
or the initial binding and maintenance of the enzyme-inhibitor
omplex [ 61 ]. 

n Figure 5A , it can be observed that compound 3h , upon inter-
cting with BACE, displayed several molecular interactions. The
mino acid residues Ile126, Ser36, Ser35, Asn37, Lys75, Lys107, and
he108 were involved in Van der Waals interactions. Additionally,
le118, Arg128, and Tyr71 formed Pi interactions, while Val69
hemistrySelect, 2026
mediated a Pi-sigma interaction, and Trp76 established a Pi-donor
hydrogen bond. 

Regarding NMDA receptor inhibition, studies have shown that
modulating critical residues like Arg367 and Gly390 can sig-
nificantly influence receptor function. Interactions with these
residues can affect the receptor’s role in synaptic plasticity,
learning, and memory, which are essential processes in the CNS
[ 62, 63 ]. Here, compounds 3g ( − 8.0 kcal/mol) and 3h ( − 8.1
kcal/mol) demonstrate a greater potential for interacting with this
receptor compared with memantine ( − 5.3 kcal/mol), which is a
reference glutamatergic drug for AD. Notably, the strong binding
of 3g and 3h to residues Arg367 and Gly390 suggests that these
compounds may effectively disrupt the receptor’s interaction
with its natural ligands, potentially altering its role in synaptic
processes. This could enhance their efficacy as NMDA receptor
inhibitors, thereby offering a promising approach for modulating
receptor activity in AD. 

Compound 3h , upon interacting with NMDAR, involved amino
acid residues Ala370, Lys368, and Phe369 in the formation of Pi-
donor hydrogen bonds, while residues Arg367, Lys179, Pro142,
Tyr372, Phe388, Gly390, Glu153, and Ser391 participated in Van
der Waals interactions. Furthermore, while Leu149 mediated a
Pi-sigma and Pi-alkyl interaction and Lys368 also established
Pi-alkyl interaction, residues His146 and Asn362 also formed
conventional hydrogen bonds (Figure 6A ). 
11 of 22
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TABLE 2 Molecular docking scores (Kcal/mol) of compounds 3a–h , 5 , 7 , 8a–e , 10a and 10b in relation to AChE, MAO-B, BACE, NMDAR. 

Compounds 

Docking scores (Kcal/mol) 

AChE BACE MAO-B NMDAR 

3a − 9.2 − 7.5 − 9.7 − 7.7 
3b − 9.2 − 7.9 − 9.6 − 7.6 
3c − 9.9 − 8.1 − 10.2 − 7.9 
3d − 9.7 − 7.9 − 9.9 − 7.9 
3e − 9.7 − 8.1 − 10.1 − 7.7 
3f − 9.8 − 8.0 − 10.0 − 7.8 
3g − 9.3 − 8.0 − 10.2 − 8.0 
3h − 10.3 − 9.3 − 11.4 − 8.1 
5 − 7.5 − 6.3 − 7.3 − 5.8 
7 − 9.6 − 8.1 − 9.5 − 7.4 
8a − 9.3 − 7.7 − 9.7 − 7.8 
8b − 9.2 − 7.9 − 9.8 − 7.5 
8c − 9.8 − 8.1 − 9.9 − 7.9 
8d − 9.8 − 8.2 − 10.1 − 7.6 
8e − 9.9 − 8.2 − 9.9 − 7.7 
10a − 9.0 − 7.7 − 9.4 − 7.6 
10b − 9.5 − 7.4 − 9.6 − 7.7 
Rivastigmine (PC) − 7.3 — — —
Verubecestat (PC) — − 8.2 — —
Selegiline (PC) — — − 7.3 —
Memantine (PC) — — — − 5.3 

Abbreviations: AChE, Acetylcholinesterase; BACE, beta-secretase enzyme; MAO-B, monoamine oxidase B; NMDAR, N-methyl-D-aspartate receptor; PC, positive 
control. 

FIGURE 3 The molecular docking results of compound 3h are depicted by (A) protein-ligand interactions with the human AChE enzyme in 2D 

format and (B) ligand-enzyme interactions in 3D format (PDB ID: 4PQE). 
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FIGURE 4 The molecular docking results of compound 3h are depicted as (A) protein-ligand interactions with the human MAO-B isoform in 2D 

format and (B) ligand-enzyme interactions in 3D format (PDB ID: 2V5Z). 

FIGURE 5 The molecular docking results of compound 3h are represented by (A) protein-ligand interactions with the human BACE enzyme in 
2D format and (B) ligand-enzyme interactions in 3D format (PDB ID: 2WJO). 
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ocking studies have revealed that the analyzed compounds are
otential multifunctional candidates for the treatment of neu-
odegenerative diseases, such as AD. This potential is attributed to
heir ability to interact with various biological targets, including
ChE, MAO-B, BACE, and the NMDAR, achieving results equal
o or surpassing those of all tested positive controls. Based on
inding energy scores from docking studies, we have chosen
ompound 3h (which had the lowest binding energies) as the
ost promising molecule for modulating the different protein tar-
ets studied, indicating its potential as a multi-target compound.
evertheless, other molecules such as 3c , 3g , and 8e also showed
oteworthy results in this study. 
hemistrySelect, 2026
2.6 Prediction of ADMET Properties 

Considering molecular docking findings, compounds identified
as having the greatest potential to interact with different target
proteins involved in AD ( 3c , 3g , 3h, and 8e) were subsequently
selected for further evaluation of their pharmacokinetic parame-
ters and toxicity to predict their ADMET profiles. The results of
these analyses are summarized in Table 3 . 

The Caco-2 permeability coefficient and human intestinal absorp-
tion metrics showed high permeability and absorption rates above
90% for compounds 3c , 3g , 3h, and 8e , indicating favorable
13 of 22
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FIGURE 6 The results of molecular docking of compound 3h are represented by (A) protein-ligand interactions with the NMDAR receptor in 2D 

format and (B) ligand-receptor interactions in 3D format (PDB ID: 5EWJ). 

TABLE 3 Predicted pharmacokinetic and toxicity profiles (ADMET) of the selected compounds. 

Property Model name 

Predicted value/Compound 

Unit 3c 3g 3h 8e 

Abs Water solubility − 5.060 − 5.060 − 4.622 − 5.213 Numeric (log mol/L) 
Abs Caco2 permeability 1.624 1.624 1.578 1.632 Numeric (log Papp in 10− 6 

cm/s) 
Abs Intestinal absorption (human) 91.784 91.784 92.217 90.392 Numeric (% absorbed) 
Abs Skin Permeability − 2.649 − 2.649 − 2.759 − 2.654 Numeric (log Kp) 
Abs P-glycoprotein I inhibitor No No Yes No Categorical (Yes/No) 
Abs P-glycoprotein II inhibitor No No Yes No Categorical (Yes/No) 
Dist VDss (human) 0.128 0.128 − 0.020 0.083 Numeric (log L/kg) 
Dist Fraction unbound (human) 0.036 0.036 0.154 0.028 Numeric (Fu) 
Dist BBB permeability 0.355 0.355 0.277 0.343 Numeric (log BB) 
Dist CNS permeability − 1.302 − 1.302 0.380 − 1.302 Numeric (log PS) 
Met CYP2D6 substrate No No No No Categorical (Yes/No) 
Met CYP2D6 inhibitor No No No No Categorical (Yes/No) 
Exc Total Clearance − 0.229 − 0.211 − 0.277 − 0.139 Numeric (log ml/min/kg) 
Exc Renal OCT2 substrate No No No No Categorical (Yes/No) 
Tox Max. tolerated dose (human) 0.158 0.158 0.709 0.162 Numeric (log mg/kg/day) 
Tox hERG I inhibitor No No No No Categorical (Yes/No) 
Tox Oral Rat Acute Toxicity (LD50 ) 2.124 2.124 2.503 2.159 Numeric (mol/kg) 
Tox Oral Rat Chronic Toxicity 

(LOAEL) 
0.815 0.815 1.804 0.942 Numeric (log 

mg/kg_bw/day) 
Tox Hepatotoxicity No No Yes No Categorical (Yes/No) 
Tox Skin Sensitisation No No No No Categorical (Yes/No) 

Abbreviations: ADMET, absorption, distribution, metabolism, excretion, and toxicity; Papp, apparent permeability coefficient; Kp, skin permeability constant; 
VDss, Steady-state volume of distribution; Fu, fraction unbound; BBB, blood–brain barrier; BB, blood–brain; CNS, central nervous system; PS, permeability-surface 
area; LD, lethal dose; LOAEL, lowest-observed-adverse-effect level. 
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bsorption. Metabolically, the compounds were neither sub-
trates nor inhibitors of CYP2D6, reducing the risks of drug
nteractions. For excretion, these compounds are not OCT2
ubstrates, minimizing the risks of adverse renal interactions.
lthough molecular docking studies identified compound 3h
s the most promising among those tested, it is important to
ote that ADMET testing revealed some disadvantages of this
ompound compared with the others. Compound 3h inhibited
-glycoproteins, while compounds 3c , 3g , and 8e did not, sug-
esting that the latter may have more sustained intracellular
ctivity. Compounds 3c , 3g , and 8e are predicted to cross the
lood-brain barrier (BBB), crucial for central nervous system
CNS) activity, with compound 3h showing almost significant
ermeability. On the other hand, inhibiting P-glycoprotein at the
BB could enhance drug ( 3h ) penetration into the CNS, although
his approach carries some risks. 

hroughout drug development, one common adverse effect that
ften causes drug failures is cardiac arrhythmias. This issue is
sually linked to the drug’s ability to block the hERG cardiac
otassium channel [ 64 ]. Toxicity analysis via pkCSM indicated
ompounds 3c , 3g , 3h , and 8e did not fit as hERG inhibitors
r skin sensitization agents. Besides, they present similar acute
D50 . On the other hand, the in silico findings also indicated
hat compound 3h is predicted to have hepatotoxicity and
igher chronic toxicity compared to compounds 3c , 3g , and
e . Nonetheless, given the limitations of in silico studies and
he complexity of living systems, future in vitro and in vivo
tudies will be crucial for elucidating the mechanisms of action
f these compounds, assessing their efficacy, and evaluating the
otential for adverse effects. Furthermore, the potential effects of
ts metabolites cannot be ruled out. 

 Conclusion 

n summary, we have presented an efficient and greener method-
logy for the synthesis of C3-halogenated 4-aminocoumarins
sing trihaloisocyanuric acids. This new protocol was amenable
or bromination and chlorination of several 4-aminocoumarins
ut showed very narrow application for the iodination of
hese compounds. Substrates with different structural charac-
eristics were able to provide the corresponding halogenated
roducts under the optimized reaction conditions, especially
or bromination. The reaction scope showed good tolerance
f electron-withdrawing groups (compounds 3d–f and 8c–e )
nd electron-donating groups (compounds 3b-c , 3g , 5 , 7, and
b ). A sterically hindered group attached to the nitrogen on
4 was also tolerated in the bromination reaction (compound
h ), as well as an alkyl group (compound 7 ) and the absence
f any substituent at the nitrogen (compound 5 ). Reactions
ith TICA demonstrated poor reproducibility, and the desired
odinated products were obtained only in a few cases, always
n low yields. The features of this new synthetic protocol
how good overlap with some of the principles of green
hemistry, which are: i) no excess reagents (PII); ii) clean
olvent (ethyl acetate) (PIV), iii) the reaction takes place at
oom temperature (PVI). We can say that the methodology
as environmental advantages over conventional protocols, as
t reduces the use of toxic reagents and simplifies reaction
onditions. Molecular docking analysis revealed that compound
hemistrySelect, 2026
3h , a member of the 2-chromen-2-one class, exhibited the
most promising predicted interaction profile against Alzheimer’s
disease-related proteins among the molecules tested, although
compounds 3c , 3g , and 8e also demonstrated favorable results
(target affinity) with favorable ADMET profiles and CNS per-
meability. The potential binding of the compound 3h to tar-
gets such as AChE, MAO-B, BACE, and NMDAR suggests a
multifaceted mechanism of action, with inhibitory effects on
key enzymes and antagonism of glutamatergic signaling via
NMDAR. These properties indicate the potential of halogenated
4-aminocoumarins as therapeutic candidates for the manage-
ment of neurodegenerative disorders, particularly Alzheimer’s
disease. 

4 Experimental Section 

4.1 Chemistry 

4.1.1 General Remarks 

Starting materials and reagents were obtained from commer-
cial suppliers and used without further purification unless
otherwise noted. Technical-grade solvents were purified by dis-
tillation before use (hexane, ethyl acetate, dichloromethane,
and methanol), and PA-grade solvents were used without fur-
ther purification. Reaction monitoring and retention factor (Rf)
determination were performed on pre-coated thin layer chro-
matography (TLC) sheets (TLC SILICA GEL 60 F254, MERCK)
which were visualized by ultraviolet light quenching ( λmax =
254 nm) or by immersion in vanillin. Developing solution,
followed by heating the plate to blot out the stains. Flash column
chromatography was performed on silica gel (Silica gel 60,
MACHEREY-NAGEL, 230-400 mesh particle size). The results
of the reaction products were determined by proton nuclear
magnetic resonance spectroscopy (1 H NMR) and carbon nuclear
magnetic resonance spectroscopy (13 C NMR) and were recorded
on a Bruker AVANCE DRX-200 (200 MHz) or Bruker AVANCE
DRX- 400 (400 MHz). Infrared (IR) spectra were recorded on
an ABB FTIR-FTLA2000 spectrometer using KBr pellets. High-
resolution mass spectra (HRMS) were recorded on a Bruker
microTOF-Q II or Waters Xevo G2-S QTOF mass spectrometer
using electrospray ionization (ESI) in positive ( + ) ion mode. The
mass error (deviation, in ppm) of the measurements was deter-
mined by the difference between the experimentally observed
m/z and the theoretical m/z. 

4.2 Synthetic Procedures 

Compounds 1a-h [ 65 ], 4 [ 65 ], and 6 [ 64 ] were synthesized
according to procedures described in the literature, and their
characterization corroborated the reported spectroscopic data
[ 65–67 ]. 

4.2.1 General Procedure for the Synthesis of 
3-Bromo-4-Aminocoumarins (3a–h) 

In a test tube equipped with a magnetic stirring bar, 16 mg
(35 µmol) of TBCA and 1 mL of ethyl acetate were combined
15 of 22
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SCHEME 9 Synthesis of 3-bromo-4-aminocoumarins ( 3a–h ). 
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Scheme 9 ). The mixture was stirred for five minutes until most of
he solids dissolved. Subsequently, 0.1 mmol of the corresponding
-aminocoumarin was added in a single portion. The reaction was
llowed to proceed at room temperature for 30 min before 10 mL
f ethyl acetate was added to quench the reaction. The solvent
as then removed under reduced pressure, and the final product
as purified via column chromatography on silica gel, using a
:8 mixture of ethyl acetate and hexane as the mobile phase. All
ompounds of this series are new. 

.2.1.1 3-Bromo-4-(phenylamino)-2 H -chromen-2-one 
3a). 

ield : 96% (30 mg); Physical Appearance : light yellow solid;
p : 166-167◦C; 1 H NMR ( 400 MHz, CDCl3 ) δ 7.40 (ddd, J = 8.6,
.1, 1.6 Hz, 1H), 7.33 – 7.26 (m, 3H), 7.18 – 7.11 (m, 2H), 7.05 –
.00 (m, 2H), 6.91 (tt, J = 7.0, 1.3 Hz, 1H). 13 C NMR ( 100 MHz,
DCl3 ) δ 158.1, 152.7, 149.9, 140.6, 131.9, 129.7, 125.9, 125.9, 123.4,
23.3, 117.6, 114.0, 94.4. HRMS (APPI+ ): [M-H]− = 313.9822, found
or [C15 H9 BrNO2 ]− = 313.9817. 

.2.1.2 3-Bromo-4-((4-methoxyphenyl)amino)-2 H - 
hromen-2-one (3b). 

ield : 96% (33 mg); Physical Appearance : brown solid; mp :
60–163◦C; 1 H NMR (400 MHz, CDCl3 ) δ 7.42 (ddd, J = 8.5, 7.2,
.6 Hz, 2H), 7.30 (dd, J = 8.4, 1.3 Hz, 1H), 7.12 (dd, J = 8.3, 1.5
z, 1H), 7.07 – 7.03 (m, 2H), 6.92 (ddd, J = 8.4, 7.2, 1.3 Hz, 1H),
.88 – 6.84 (m, 2H), 3.80 (s, 3H). 13 C NMR (100 MHz, CDCl3 ) δ
58.2, 158.1, 152.8, 150.3, 133.2, 131.8, 125.9, 125.7, 123.2, 117.6, 114.9,
13.9, 92.2, 55.6. HRMS (APPI+ ): [M + Na]+ = 367.9893, found for
C16 H12 BrNO3 Na+ ] = 367.9890. 
6 of 22
4.2.1.3 3-Bromo-4-(4-tolylamino)-2 H -chromen-2-one 
(3c). 

Yield : 42% (12 mg); Physical Appearance : brown solid; mp : 155-
156◦C; 1 H NMR (400 MHz, CDCl3 ) δ 7.43 (ddd, J = 8.6, 7.2, 1.5 Hz,
1H), 7.31 (dd, J = 8.4, 1.3 Hz, 1H), 7.19 – 7.10 (m, 3H), 6.99 – 6.93 (m,
3H), 2.34 (s, 3H). 13 C NMR (10 MHz, CDCl3 ) δ 158.2, 152.7, 150.1,
137.9, 136.1, 131.8, 130.3, 125.9, 123.7, 123.2, 117.6, 114.0, 93.4, 21.0.
HRMS (APPI+ ): [M + H]+ = 330.0124, found for [C1 6 H13 BrNO2 ]+ 
= 330.0126. 

4.2.1.4 3-Bromo-4-((4-fluorophenyl)amino)-2 H - 
chromen-2-one (3d). 

Yield : 60% (20 mg); Physical Appearance : white solid; mp : 186-
187◦C; 1 H NMR (400 MHz, CDCl3 ) δ 7.41 (ddd, J = 8.6, 7.2, 1.6 Hz,
1H), 7.29 (dd, J = 8.4, 1.3 Hz, 1H), 7.07 (dd, J = 8.3, 1.5 Hz, 1H), 7.03
– 6.99 (m, 3H), 6.93 (ddd, J = 8.4, 7.2, 1.3 Hz, 1H), 6.87 (d, J = 5.7
Hz, 1H). 13 C NMR (101 MHz, CDCl3 ) δ 161.9, 159.4, 158.0, 151.3 (d,
JC ─F = 287.5 Hz), 136.6, 132.0, 125.6, 125.5 (d, JC ─F = 8.5 Hz), 123.4,
117.7, 116.6 (d, JC ─F = 23 Hz), 113.8, 94.1; HRMS (APPI+ ): [M + Na]+ 
= 355.9693, found for [C15 H9 BrFNO2 Na]+ = 355.9697. 

4.2.1.5 3-Bromo-4-((4-bromophenyl)amino)-2 H - 
chromen-2-one (3e). 

Yield : 82% (32 mg); Physical Appearance : yellow solid; mp :
194-195◦C; 1 H NRM (400 MHz, CDCl3 ) δ (ppm): δ 7.54 – 7.51 (m,
1H), 7.49 – 7.46 (m, 1H), 7.38 (dd, J = 8.3, 1.0 Hz, 1H), 7.21 (dd, J
ChemistrySelect, 2026
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 8.2, 1.5 Hz, 1H), 7.06 (dd, J = 11.3, 4.2 Hz, 1H), 6.97 (d, J = 8.8
z, 2H), 6.86 (s, 1H); 13 C NRM (100 MHz, CDCl3 ) δ 157.9, 153.2,
49.7, 139.5, 133.1, 131.9, 125.6, 124.5, 123.6, 118.6, 117.0, 114.1, 96.0;
RMS (APPI+ ): [M-H]− = 391.8927, found for [C15 H8 Br2 NO2 ]− =
91.8943. 

.2.1.6 3-Bromo-4-((4-chlorophenyl)amino)-2 H - 
hromen-2-one (3f). 

ield : 91% (32 mg); Physical Appearance : brown solid; mp : 195-
96◦C; 1 H NMR (400 MHz, CDCl3 ) δ 7.51 (ddd, J = 8.6, 7.1, 1.6 Hz,
H), 7.38 (dd, J = 8.5, 1.2 Hz, 1H), 7.36 – 7.30 (m, 2H), 7.20 (dd, J
 8.2, 1.5 Hz, 1H), 7.09 – 6.99 (m, 3H), 6.89 (s, 1H). 13 C NMR (100
Hz, CDCl3 ) δ 157.9, 152.7, 149.5, 139.2, 132.1, 131.1, 129.8, 125.6,
24.3, 123.5, 117.7, 113.9, 95.4. HRMS (APPI+ ): [M-H]− = 347.9427,
ound for [C15 H8 BrClNO2 ]− = 347.9433. 

.2.1.7 3-Bromo-4-(2-tolylamino)-2 H -chromen-2-one 
3g). 

ield : 98%; Physical Appearance : yellow solid ; mp : 179-180◦C ;
 H NRM (400 MHz, CDCl3 ) δ (ppm): δ 7.46 (t, J = 7.0 Hz, 1H),
.38 – 7.31 (m, 2H), 7.23 (t, J = 7.2 Hz, 1H), 7.16 (t, J = 7.6 Hz,
H), 7.04 (d, J = 9.7 Hz, 1H), 6.95 (dd, J = 13.9, 7.0 Hz, 2H), 6.80
s, 1H), 2.37 (s, 3H); 13 C NRM (100 MHz, CDCl3 ) δ 158.2, 152.5,
50.6, 138.8, 132.5, 132.0, 131.5, 127.3, 127.0, 125.6, 125.1, 123.3, 117.9,
14.1, 92.5, 18.1 ; HRMS (APPI+ ): [M + Na]+ = 351.9943, found for
C16 H12 BrNO2 Na]+ = 351.9946. 

.2.1.8 3-Bromo-4-(naphthalen-2-ylamino)-2 H- 
hromen-2-one (3h). 

ield : 55% (20 mg); Physical Appearance : brown solid; mp : 177-
79◦C; 1 H NRM (400 MHz, CDCl3 ) δ (ppm): δ 8.31 (s, 1H), 7.90 (s,
H), 7.44 (d, J = 6.1 Hz, 6H), 7.39 (d, J = 8.3 Hz, 3H), 7.24 – 7.18
m, 1H), 7.01 (s, 2H), 5.89 (s, 1H); 13 C NRM (400 MHz, CDCl3 ) δ
ppm): 158.5, 152.8, 149.6, 137.8, 133.8, 131.8, 129.8, 128.0, 127.4, 127.2,
hemistrySelect, 2026
126.0, 125.9, 123.7, 122.4, 120.3, 117.7, 94.7; HRMS (APPI+ ): [M-H]− 
= 363.9973, found for [C19 H11 BrNO2 ]− = 363.9981. 

4.2.1.9 4-(Benzylamino)-3-bromo-2 H -chromen-2-one 
(7). 

Yield : 72% (24 mg); Physical Appearance : White solid; mp: ◦C;
1 H NMR (400 MHz, CDCl3 ) δ 7.82 (dd, J = 8.3, 1.5 Hz, 1H), 7.56
(ddd, J = 8.6, 7.2, 1.4 Hz, 1H), 7.46 – 7.35 (m, 6H), 7.28 – 7.22 (m,
1H), 5.66 (t, J = 6.0 Hz, 1H), 4.96 (d, J = 5.9 Hz, 2H). 13 C NMR (100
MHz, CDCl3 ) δ 158.3, 153.2, 152.6, 137.5, 132.1, 129.3, 128.4, 127.3,
124.0, 123.8, 118.0, 114.4, 89.1, 51.7. HRMS (APPI+ ): [M + Na]+ =
351.9949, found for [C16 H12 BrNO2 Na+ ] = 351.9945 

4.2.1.10 4-Amino-3-bromo-2 H -chromen-2-one (5). 

Yield : 77% (18 mg); Physical Appearance : White solid; mp : >
200◦C; 1 H NMR ( 400 MHz, DMSO-d6 ) δ 8.20 – 8.13 (m, 1H), 7.64
(td, J = 7.7, 1.5 Hz, 1H), 7.40 – 7.32 (m, 2H). 13 C NMR (100 MHz,
DMSO-d6 ) δ 158.0, 152.6, 152.2, 132.9, 124.4, 123.9, 117.3, 114.1, 81.8;
HRMS (APPI+ ): [M + H]+ = 239.9660, found for [C9 H7 BrNO2 ]+ =
239.9658. 

4.2.2 General Procedure for the Synthesis of 
3-chloro-4-aminocoumarins (8a–e) 

In a test tube equipped with a magnetic stirring bar, 8mg (35 µmol)
of TCCA and 1 mL of ethyl acetate were combined (Scheme 10 ).
The mixture was stirred for five minutes until most of the
solids dissolved. Subsequently, 0.1 mmol of the corresponding 4-
aminocoumarin was added in a single portion. The reaction was
allowed to proceed at room temperature for 30 min before 10 mL
of ethyl acetate was added to quench the reaction. The solvent
was then removed under reduced pressure, and the final product
was purified via column chromatography on silica gel, using a
2:8 mixture of ethyl acetate and hexane as the mobile phase. All
compounds of this series are new. 

4.2.2.1 3-Chloro-4-(phenylamino)-2 H -chromen-2-one 
(8a). 
17 of 22
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SCHEME 10 Synthesis of 3-chloro-4-aminocoumarins ( 8a–e ). 
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ield : 43% (12 mg); Physical Appearance : yellow solid; mp : 187-
88◦C; 1 H NMR ( 400 MHz, CDCl3 ) δ 7.47 (ddd, J = 8.6, 7.2, 1.5 Hz,
H), 7.39 – 7.34 (m, 3H), 7.28 – 7.20 (m, 2H), 7.14 – 7.06 (m, 2H),
.01 (ddd, J = 8.3, 7.2, 1.3 Hz, 1H). 13 C NMR (100 MHz, CDCl3 )
158.1, 152.2, 147.8, 140.4, 131.8, 129.6, 125.8, 125.8, 123.4, 123.4,
17.6, 114.2, 102.7. HRMS (APPI+ ): [M-H]− = 270.0327, found for
C15 H9 ClNO2 ]− = 270.0326. 

.2.2.2 3-Chloro-4-((4-methoxyphenyl)amino)-2 H - 
hromen-2-one (8b). 

ield : 55%; Physical Appearance : brown solid; mp : 174-175◦C;
 H NMR (400 MHz, CDCl3 ) δ 7.45 (ddd, J = 8.6, 7.2, 1.5 Hz, 1H),
.35 (dd, J = 8.4, 1.3 Hz, 1H), 7.16 (dd, J = 8.3, 1.5 Hz, 1H), 7.13
7.05 (m, 2H), 6.99 (ddd, J = 8.4, 7.1, 1.3 Hz, 1H), 6.96 – 6.89
m, 2H), 3.85 (s, 3H). 13 C NMR (100 MHz, CDCl3 ) δ 158.1, 152.3,
48.3, 133.0, 131.6, 125.9, 125.7, 123.3, 117.7, 114.9, 114.0, 100.7, 55.6.
RMS (APPI+ ): [M-H]− = 300.0433, found for [C16 H11 ClNO3 ]− =
00.0440. 

.2.2.3 3-Chloro-4-((4-fluorophenyl)amino)-2 H - 
hromen-2-one (8c). 

ield : 82% (24 mg); Physical Appearance : brown solid; mp : 117-
19◦C; 1 H NMR (400 MHz, DMSO-d6 ) δ 9.24 (s, 1H), 7.83 (dd, J
 8.2, 1.5 Hz, 1H), 7.64 (ddd, J = 8.6, 7.2, 1.4 Hz, 1H), 7.44 (dd,
 = 8.3, 1.2 Hz, 1H), 7.37 – 7.28 (m, 1H), 7.23 – 7.08 (m, 4H). 13 C
MR (100 MHz, DMSO-d6 ) δ 160.5, 158.5, 158.1, 151.7, 147.6, 137.1,
37.1, 132.6, 125.1, 125.0, 124.6, 124.4, 117.5, 116.3, 115.8, 115.6, 100.0.
RMS (APPI+ ): [M-H]− = 288.0228, found for [C15 H8 ClFNO2 ]−
 288.0226. 
8 of 22

ti
4.2.2.4 4-((4-Bromophenyl)amino)-3-chloro-2 H - 
chromen-2-one (8d). 

Yield : 77% (27 mg); Physical Appearance : beige solid; mp : >
200◦C; 1 H NMR (400 MHz, DMSO-d6 ) δ 9.30 (s, 1H), 7.84 (dd, J
= 8.2, 1.5 Hz, 1H), 7.65 (ddd, J = 8.6, 7.2, 1.5 Hz, 1H), 7.51 – 7.44
(m, 3H), 7.35 (ddd, J = 8.3, 7.2, 1.2 Hz, 1H), 7.05 – 6.97 (m, 2H).
13 C NMR (100 MHz, DMSO-d6 ) δ 158.4, 151.7, 147.1, 140.4, 132.7,
131.8, 124.8, 124.6, 124.1, 117.5, 116.6, 115.6, 102.3. HRMS (APPI+ ):
[M-H]− = 347.9432, found for [C15 H8 BrClNO2 ]− = 347.9433. 

4.2.2.5 3-Chloro-4-((4-chlorophenyl)amino)-2 H - 
chromen-2-one (8e). 

Yield : 62% (27 mg); Physical Appearance : brown solid; mp : 121-
122◦C; 1 H NMR (400 MHz, DMSO-d6 ) δ 9.32 (s, 1H), 7.84 (dd, J
= 8.2, 1.5 Hz, 1H), 7.65 (ddd, J = 8.6, 7.2, 1.5 Hz, 1H), 7.46 (dd, J =
8.3, 1.2 Hz, 1H), 7.38 – 7.34 (m, 3H), 7.15 – 7.00 (m, 2H). 13 C NMR
(100 MHz, DMSO-d6 ) δ 158.4, 151.7, 147.2, 139.9, 132.7, 128.9, 127.7,
124.7, 124.5, 123.8, 117.5, 116.5, 102.0. HRMS (APPI+ ): [M-H]− =
303.9932, found for [C15 H8 Cl2 NO2 ]− = 303.9939. 

4.2.3 General Procedure for the Synthesis of 
3-iodo-4-aminocoumarins (10a-b) 

In a test tube equipped with a magnetic stirring bar, TICA
(17,7 mg, 35 µmol) was dissolved in ethyl acetate (1 mL), and
the mixture was stirred for five minutes until most of the
solid dissolved (Scheme 11 ). Subsequently, the corresponding 4-
aminocoumarin (0.1 mmol) was added in a single portion. The
reaction mixture was stirred at room temperature for 30 min, after
which ethyl acetate (10 mL) was added to quench the reaction,
ChemistrySelect, 2026
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SCHEME 11 Synthesis of 3-iodo-4-aminocoumarins ( 10a-b ). 
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nd the solvent was then removed under reduced pressure. The
rude product was purified by flash column chromatography on
ilica gel using a gradient of ethyl acetate/hexane (10:90→ 30:70)
s the mobile phase. Both compounds of this series are new. 

.2.3.1 3-Iodo-4-(4-methoxyphenyl)amino)-2 H - 
hromen-2- one (10a). 

ield : 16% (6 mg); Physical Appearance : brown solid; 1 H NMR
400 MHz, CDCl3 ) δ 7.44 (d, J = 8.4 Hz, 1H), 7.35 (d, J = 21.2 Hz,
H), 7.17 (t, 1H), 7.06 (d, J = 6.9 Hz, 5H), 6.92 – 6.86 (m, 8H), 3.83 (s,
H).13 C NMR (100 MHz, CDCl3 ) δ 159.3, 158.3, 153.9, 153.2, 135.3,
33.9, 133.2, 132.5, 125.7, 123.0, 117.4, 114.4, 113.2, 55.7, 29.9. (APPI+ ):
M + Na]+ = 415.9754, found for [C16 H12 INNaO3 ]+ = 415.9759. 

.2.3.2 3-Iodo-4-(4-fluorophenylamino)-2 H -chromen-2- 
ne (10b). 

ield : 33% (12 mg); Physical Appearance : brown solid; 1 H
MR (400 MHz, CDCl3 ) δ 7.51 – 7.44 (m, 1H), 7.37 (d, J = 9.1 Hz,
H), 7.15 (d, J = 9.7 Hz, 1H), 7.07 (s, 4H), 7.00 – 6.95 (m, 1H), 6.81 (s,
H). 13 C NMR (100 MHz, CDCl3 ) δ 157.9, 152.5, 150.3, 140.4, 132.2,
29.4, 125.8, 123.0, 117.6, 114.4, 94.4. HRMS (APPI+ ): [M + H]+ =
81.9735, found for [C15 H10 FINO2 ]+ = 381.9695. 

.3 Molecular Docking 

olecular docking was used as a crucial tool to predict the
ptimal orientation and binding with the AChE, MAO-B, BACE,
hemistrySelect, 2026
and NMDAR. This technique enabled the simulation and analysis
of the interactions between the tested compounds and the
target proteins. Additionally, positive controls were analyzed
for comparison (Rivastigmine—AChE, Verubecestat—BACE,
Selegiline—MAO-B, Memantine—NMDAR). 

Initially, the 2D structures of the compounds were drawn using
ChemDraw software and then converted to 3D using Avogadro
0.9.4 [ 68 ]. The electric charges of each atom and the types and
numbers of torsions were defined using AutoDock Tools [ 69 ]. The
3D crystal structures of the protein binding sites were obtained
from the Protein Data Bank (PDB): AChE (PDB ID: 4PQE), MAO-
B (PDB ID: 2V5Z), BACE (PDB ID: 2WJO), and NMDAR-subunits
GluN1/GluN2B (PDB ID: 5EWJ). The ligands were removed from
the enzyme structures using Chimera 1.5.3 [ 70 ]. The enzyme
preparation, which involved the removal of water molecules and
ions, and the correction of heterogroups, was carried out using
AutoDock Tools. Docking was then performed with AutoDock
Vina 1.1.1, which identifies potential interaction sites [ 71 ] The
interactions between the ligands and the proteins were analyzed
using Discovery Studio 2016. 

4.4 Prediction of ADMET Properties 

The pharmacokinetic properties encompassing the absorption,
distribution, metabolism, excretion, and toxicity (ADMET) of
selected compounds were assessed using the pkCSM ADMET
website developed by Accelrys Software, Inc. in San Diego,
CA, United States [ 72 ]. Absorption assessment involved using
the Caco-2 cell line to simulate membrane permeability and
predict intestinal and dermal absorption. Additionally, we inves-
tigated the compounds’ interactions with P-glycoprotein (P-gp),
considering their role as substrates or inhibitors. Compound
distribution was evaluated for its ability to cross the blood-brain
barrier and permeate the CNS using appropriate computational
models. The volume of distribution (VDss) was predicted to
estimate tissue distribution. Regarding metabolism, we employed
cytochrome P450 (CYP) enzyme models to predict whether the
compounds act as substrates or inhibitors of these enzymes.
Excretion was estimated by considering renal transport via
organic cation transporter 2 (OCT2) using a total clearance
model. Toxicity evaluation included computational predictions,
the ability to inhibit the hERG potassium channel, and risks of
hepatotoxicity and dermal sensitization. 
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Information section. 
The Supporting Information is available free of charge. Experimental 
procedures, optimization details and analytical data for 
characterization of compounds: 1 H NMR and 13 C NMR Spectra, 
IR spectra, and HRMS Spectra, along with molecular docking data. 
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