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A R T I C L E  I N F O A B S T R A C T

Alzheimer’s disease (AD), a neurodegenerative disorder with a complex aetiology, is the most common memory 
dysfunction particularly affecting the elderly. Various protein targets have been classified to be involved in the 
AD treatment, including 5-HT6 receptor (5-HT6R). So far, the 5-HTöR ligands obtained by our research group 
have become a good basis for hydrophobicity modulation to give a chance for more effective action toward AD 
by additional influence on target enzymes, e.g. cyclin-dependent kinase 5 (CDK5). In the search for 5-HTöR 
agents with additional inhibitory action on the enzyme, a series of 25 new 1,3,5-triazines (7-31) as modifications 
of lead, 4-[1-(2,5-dichlorophenoxy)propyl]-6-(4-methylpiperazin-1-y\)-1,3,5-triazine-2-amine (6), was rationally 
designed. Molecular modelling, synthesis, crystallographic studies, in vitro biological assays and behavioral 
studies in vivo were performed. The new triazines showed high affinity (Ki < 100 nM) and selectivity for 5-HTöR. 
The most effective one, 4-[1-(2,5-difluorophenoxy)propyl]-6-(4-methylpiperazin-1-y\)-1,3,5-triazine-2-amine (8), 
exhibited the strong antagonistic action towards 5-HTöR (Kj =  5 nM, pKb =  8.16), had an impact on the memory 
processes in the Novel Object Recognition test and displayed anxiolytic-like activity in the Elevated Plus Maze 
test in rats. Moreover, it had the antiplatelet effect as well as very good permeability (PAMPA model), high 
metabolic stability (RLMs) and satisfactory safety in vitro. Although the CDK5 inhibitory effects in vitro for the 
tested compounds (8, 10, 14, 18, 26-31) missed the potency expected from in silico simulations, the novel 
antagonist (8) with a very satisfying pharmacological and ADMET profile can serve as a new lead structure in 
further searches for innovative therapy against AD with accompanying symptoms.

1. Introduction

Alzheimer’s disease (AD) is a complex central nervous system (CNS)

disorder involving a number of signaling pathways [ 1,2]. Recently, after 
no breakthrough in the treatment of this disease for over 20 years, two 
new biological drugs against AD have been approved by FDA -
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aducanumab (in 2021 [3])  and lecanemab (in 2023 [4]), both of which 
are monoclonal antibodies. The fact that therapies with these drugs are 
extremely expensive, and that the primary therapeutic targets of the 
latest synthetic new molecular entities (NMEs) are still cholinesterases 
[ 5], reinforces the compelling need to look for synthetic drugs that offer 
a chance for accessibility for each patient. Due to the composite aeti­
ology, design of multifunctional molecules, which combine the activity 
via two or more potential AD targets, might be the solution for devel­
opment of an effective AD therapy. Thus, important AD-related targets, 
including enzymes and G-protein coupled receptors (GPCRs), gain 
increasing research attention. As it comes to enzymes, monoamine ox­
idase B (MAO-B) has been widely explored in the search for new drugs 
against the neurodegenerative diseases such as AD [6-8 ]. The MAO-B 
enzyme found in the brain and peripheral tissues plays an important 
role in the deamination of biogenic amines and therefore the regulation 
of neurotransmitter levels [9]. It is still under consideration whether 
MAO-B inhibitors are effective in the AD treatment. Neuroprotective 
mechanisms mediated by cyclin-dependent kinase 5 (CDK5) inhibition 
seem to be also interesting approach leading to AD therapy. The role of 
this enzyme in AD pathology has been proved by various lines of evi­
dence [ 10-14]. The kinase CDK5, restricted to neuronal cells, contrib­
utes significantly to various important processes of the nervous system, i. 
e.: regulation of synaptic plasticity, release of neurotransmitters and 
neurite proliferation [ 15]. Complex CDK5/p25 shows an expanded level 
of tau phosphorylation, which is the main component of neurofibrillary 
tangles (NFTs) found in AD patients’ brain [ 16,17].

Among GPCRs, the serotonin receptor 5-HT6 (5-HT6R) attracts spe­
cial attention due to the significant procognitive activity of its ligands, 
either agonists or antagonists, confirmed in many preclinical studies [2, 
18-21]. However, all the selective 5-HT6R agents investigated so far 
have not passed clinical trials, mainly due to the insufficient activity in 
patients compared to that observed in animal models [2].

Taking into account the complex aetiology of AD, the additional

action of 5-HT6R ligands on either CDK5 or MAO-B would allow finding 
an innovative drug, with a strengthened therapeutic effect. Therefore, 
the discovery of multi-targeted agents that combine the activity towards 
5-HT6R with the above-mentioned enzymes seems to be promising way 
in the search for new AD drugs fitting into the current trend of poly­
pharmacology [22]. In our previous studies, we characterized the highly 
potent, selective 5-HT6R antagonists among derivatives of 1,3,5-triazine 
with confirmed procognitive activity in vivo (e.g. 1, Fig. 1). The studies 
allowed to explore new chemical space thanks to significant structural 
differences of triazine-based compounds from the previously reported 
indole-like and/or sulfone-containing 5-HT6R ligands [23-27]. It can be 
noticed that triazine-based 5-HT6R agents characterize a similar struc­
tural topology as the reference strong CDK5 inhibitor (2), crystallized 
with CDK5/p25 complex - PDB ID: 3O0G (1 vs 2, Fig. 1), which could 
lead to analogous fitting of these compounds in the binding pocket of the 
enzyme. Other lines of evidence showed a potency of various triazine 
derivatives to inhibit CDK5 (3-5, Fig. 1) [28-32]. Moreover, several 
inhibitors of MAO-A and/or MAO-B that contain the 1,3,5-triazine 
motifs in the structure have been described [7,33,34]. The aforemen­
tioned results highlight the potential of triazine derivatives in applica­
tion for multitargeted AD therapy. This guiding principle resulted in the 
performing of molecular modelling of our compounds library with 
particular attention to the possibility of binding to CDK5. Performed in 
silico study confirmed the relevance of the structures designed for syn­
thesis towards inhibition of CDK5 kinase. A series of 25 innovative 
chemical compounds that combine in their structure the features char­
acteristic for 5-HT6R ligands and moieties providing interaction with a 
hinge region pivotal in kinase molecular biology [35,36] have been 
developed. According to the literature, in order to gain interactions with 
kinase proteins, the molecule should contain characteristic structural 
fragments which consist of H-bond acceptor (HBA) and H-bond donor 
(HBD) being in close distance from each other and sterically available as 
observed in the already reported CDK5 inhibitors [37].

Fig. 1. Structures of triazine 5-HTeR and CDK5-agents with corresponding motifs marked in colors (blue -  topology of 2-amino-triazine-like moiety and green -  
hydrophobic aromatic); a) structural similarities of representative triazine-based 5-HTeR antagonist (1) [23] and the reference inhibitor crystallized with CDK5/p25 
(2) [38]; b) CDK5 active agent with 1,3,5-triazine scaffold (3) [28]; c) other CDK5 inhibitors: 4 [39] and 5 [10] with structural similarities to 1.



Such located functional groups form double hydrogen bonds with 
characteristic hinge region (mainly with Cys83) in the binding pocket of 
CDK5. This phenomenon has been already confirmed not only by 
computational prediction but also by X-ray crystallography studies [38].

In our recent research, the phenoxy-derivatives of 1,3,5-triazine with 
chlorine substituent(s) at the phenyl ring appeared to be especially 
interesting due to possible halogen-bonding that improved the affinity 
to the 5-HT6R [26]. Among them, the 2,5-dichlorophenoxy derivative 6 
(Fig. 2) as the highly active agent (Ki =  6 nM) with the potent 5-HT6R 
antagonistic action in the functional bioassay (KB =  27 pM) and selec­
tivity with respect to other GPCRs’ off-targets, i.e. 5-HT1A, 5-HT2A, 
5-HT7 and D2 dopamine receptors, was found. Compound 6 also 
exhibited significant procognitive effects in vivo in the Novel Object 
Recognition (NOR) test in rats, but its active dose was higher than that of 
other triazine compounds with even weaker affinities for 5-HT6R [27, 
40]. An insight into the drug-like profile indicated that this compound 
(6) had rather poor metabolic stability, while the precipitation (poor 
solubility) during the hepatotoxicity assay in vitro made it impossible to 
determine its exact safety [26]. Compound 6 seemed to be a good 
starting point for further pharmacomodulation and therefore it was 
chosen as a lead structure for the present studies.

The previous results for the triazine 5-HT6R agents have proved that 
even small changes in position and number of chlorine substituents at 
the phenyl ring caused significant differences in both, in vitro and in vivo 
biological profiles of the compounds [26,27,41]. However, a question of 
the chlorine atom replacement with different substituents, especially 
with another halogen, was not explained to date. Thus, in the present 
study, we aimed to examine the role of the exchange of chlorine into 
fluorine or fluorine-containing substituents for the considered pharma­
cological profile, including the inhibition of enzyme targets (MAO-B, 
CDK5) desirable in search for new complex therapy of AD. Fluorine has 
been selected as the major component of the modifications at 4-position 
of 1,3,5-triazine ring as its presence might bring many benefits, e.g. 
lower molecular mass, better metabolic stability, and lower toxicity risk, 
while still retaining the desirable electron- and hydrophobic properties 
of introduced substituents [42,43]. As a second modification, the sub­
stitution of an amino group (at position 2 in the triazine ring) with an 
additional aromatic ring (phenyl or 4-pyridine) was also considered 
noteworthy for increasing the lipophilicity of the compound (Fig. 2).

The fixed 2,5-substitution topology of the phenyl ring and the ethyl 
linker branching were of our main interest. For comparison, the 2,3- 
disubstituted topology, which has corresponding electron and hydro­
phobic properties but different steric ones, was also taken into consid­
eration. Furthermore, the shorter (methyl) linker branching, which 
enhanced the 5-HT6R activity for some triazine-compounds described

earlier [26], was taken into account. In this context, a series of 
twenty-five new triazine derivatives (7-31) as chemical modifications of 
the lead 6 was rationally designed (Fig. 2). In this paper, molecular 
modelling, synthesis, radioligand binding assays towards the 5-HT6R 
and off-targets for the investigated series were presented. An analysis of 
the 3D-structure for one representative, with the use of experimental 
X-ray crystallographic analysis, was performed. For selected active 
compounds, extended biological screening, i.e.: functional assays, 
inhibiting properties for enzymes (CDK5, MAO-B) and “drug-likeness” 
screening in vitro, with special attention to the influence on platelet 
aggregation, as well as in vivo behavioral studies on procognitive, anti­
depressant- and anxiolytic-like effects, were performed. At the end, 
structure-activity relationship (SAR) analysis based on obtained results 
was discussed.

2. Results

2.1. Computer-aided design in search fo r  additional action on CDK5

In order to check out a potency to modulate the activity of CDK5 for 
the 1,3,5-triazine-piperazine compounds explored by us, and conse­
quently, to rationally design pertinent chemical modifications that could 
improve the action, molecular modelling study was used. In the first 
step, compounds 7-25 were docked to the CDK5 crystal structure (2, 
PDB ID: 3O0G). Two CDK5 ligands present in the CHEMBL database 
with the triazine core were selected as reference structures (Fig. 3).

Both, the series 7-25 and the reference pair (CHEMBL1980246 and 
CHEMBL1986666) were well docked to the CDK5 binding pocket. 
Example docking poses for compounds 7, 14, 22 and 23 are shown in 
Fig. 4. The comparison of docking poses of the reference compounds and 
compounds 7-25, as well as analysis of the CDK5 binding pocket indi­
cated that it might be beneficial to expand the molecule from the triazine 
side by addition of another aromatic moiety. The reference compounds 
are quite well aligned with compounds 7-25 in the binding pocket; 
however, in all cases, one of the aromatic moieties of the reference 
structures is not covered by the synthesized compounds.

Taking the conclusion from the first step into account, a small series 
of compounds (26-31) with an additional aromatic moiety at the 
triazine NH substituent were designed. In the next step, the designed 
compounds (26-31) were docked to the CDK5 binding pocket. Selected 
docking poses (for 26, 27 and 31) with reference to the structures from 
the CHEMBL database are presented in Fig. 5.

The docking poses found (Fig. 5) indicate that substitution by addi­
tional aromatic moiety extended the ligand-protein contact network of 
the synthesized compounds; all aromatic moieties of the reference

Fig. 2. Lead structure 6  and its arranged modifications.



Fig. 3. Reference literature compounds used in the CDK5 modelling studies.

Fig. 4. Docking results to CDK5 for the reference compounds and selected compounds from the group 7-25: a) CHEMBL1980246 (yellow) and 7 (magenta); b) 
CHEMBL1980246 and 14 (orange); c) CHEMBL1986666 (purple) and 23 (cyan); d) CHEMBL1986666 and 22 (green).



compounds are well aligned with the respective parts of the compounds 
26-31 (especially for CHEMBL1090246). Results of the molecular 
modelling simulation confirmed a possibility of the additional inhibitory 
action towards CDK5 for both sets of triazines (7-25 and 26-31) with 
significantly higher probability for the last series (26-31). Thus, it was 
decided to synthesize the whole series (7-31), and perform its phar­
macological evaluation in vitro, including the CDK5 inhibitory assays for 
all representatives from the group 26-31, and for selected ones from the 
group 7-25.

2.2. Synthesis

nineteen O-alkylations of corresponding commercial phenols with, 
either the methyl 2-bromopropanoate or the methyl 2-bromobutanoate, 
in the first step ( Scheme 1b). The intermediates (33-51) reacted with 32 
by the cyclic condensation to form final products (7-25, Scheme 1b). The 
aromatic ethers (33-51) and consistently final compounds (7-25) were 
obtained as racemic mixtures.

The final compounds (26-31) were synthesized in Buchwald-Hartwig 
reaction (Scheme 2) using the commercial phenyl bromide (55) or 4- 
bromopyridine (56) and the appropriate final dichlorophenoxy-1,3,5- 
triazine derivative (6, 52-54) obtained previously [26]. Additional 
chemical data are provided in Supplementary Material.

The final compounds (7-25) were obtained within the synthetic 
route ( Scheme 1) based on the procedures described previously for the 
chlorine-derivatives of 1,3,5-triazines [26]. Before the main route, the 
biguanide intermediate (32) was synthesized (Scheme 1a). Then, the 
compounds 7-25 were obtained in 2-step synthesis pathways (Scheme 
1b). The appropriate aromatic ether esters (33-51) were formed by

2.3. Crystallographic analysis fo r  22

For the series of 1,3,5-triazines (7-31), intensive attempts were made 
to obtain a crystal suitable for X-ray analysis, which was successful in the 
case of one representative, i.e. 22. 3D structure for compound 22 was 
investigated and compared with that of lead 6 [26], by the use of X-ray

Scheme 1. Synthetic route for compounds 7-25. Reagents and conditions: (i) BuOH, reflux, 16h, yield: 8 6%; (ii) acetonitrile, K2CO3, reflux, 1-16 h, yield: 36-98%; 
(iii) absolute methanol, Na, reflux 16 h, yield: 21-58%.



55: X = CH; 
56: X = N.

Scheme 2. Buchwald-Hartwig reaction for compounds 26-31. Reagents and 
yield: 27-41%.

Fig. 6. The molecular geometry of 22 with the atom numbering schemes. 
Displacement ellipsoids are drawn at the 50% probability level.

analysis. The projection of molecular geometry in the crystal of 22 is 
presented in Fig. 6.

The triazine ring is almost planar with an r.m.s. deviation from 
planarity of fitted atoms (N1, C2, N3, C4, N5 and C6) of 0.0065 A. The 
nitrogen atoms at C2 and C4 atoms are coplanar with triazine ring 
(deviation from this plane 0.0018 A). An analysis of the bond lengths C- 
N for both nitrogen atoms (N2 and N6) shows the values of 1.35 and
1.34 A, indicating conjugation of these atoms with the triazine ring. The 
piperazine ring adopts chair conformation with equatorial position of 
the methyl group at the N4 atom and intermediate location of the sub­
stituent at N2 atom between equatorial and axial position, as indicated 
by the torsion angle C4-N2-C9-C10 being 124.7(1)° (for equatorial po­
sition value about 180° and for axial 60°). This value is similar to values 
observed in other triazine derivatives, for which we determined crystal 
structures earlier [26]. The interplanar angle between triazine and 
piperazine rings is 53.52(5)°, while between triazine and aromatic ring 
is 87.02(4)° . The geometry of this compound (22) is similar to that of 
lead (6) containing 2,5-dichloro substituents (Fig. 7) [26].

The main motif of intermolecular interactions is based on N-H— N  
hydrogen bonds (Fig. 8), leading to the formation of C(9) chains in the 
crystal lattice. This type of interactions was not observed in the more 
active compound 6. The second hydrogen atom at the N6 atom is also 
engaged in the hydrogen bond with the N3 atom of another molecule 
related by the inversion center. These interactions lead to the formation 
of dimers, also observed in the crystal structures of lead compound 6 and 
another derivative published earlier [26]. Furthermore, the crystal

26, 52: R1 = 3,5-diCI, R2 = Et, X = CH;
27, 52: R1 = 3,5-diCI, R2 = Et, X = N;
28, 53: R1 = 3,5-diCI, R2 = n-Bu, X = CH;
29, 53: R1 = 3,5-diCI, R2 = n-Bu, X = N;
30, 54: R1 = 2,3-diCI, R2 = Et, X = CH;
31, 6: R1 = 2,5-diCI, R2 = Et, X = CH.

conditions: (iv) sodium tert-butoxide, RuPhos Pd G3, 1,4-dioxane, 100 °C, 3h,

Fig. 7. The overlap of the triazine rings of 22 (green) in the crystal and lead 6 
containing 2,5-dichloro substituents at aromatic ring (grey) in a crystal struc­
ture published previously [26]. Hydrogen atoms have been omitted for clarity.

structure is stabilized by C-H—N, C-H—O and C-H—F contacts. Param­
eters of these interactions are presented in Table 1. Thus, for the less 
active compound 22 N-H—N hydrogen bonds with engagement of ni­
trogen atom of piperazine ring as acceptor and C-H—O hydrogen bonds 
are observed, which are not present in the crystal structure of more 
active compound 6.

2.4. Pharmacology

2.4.1. GPCR binding profile

2.4.1.1. Radioligand binding assay. All newly synthesized compounds 
(7-31) have been assessed on their affinities for GPCR receptors, 
including the 5-HT6R main target and the off-targets (serotonin 5- 
HT1AR, 5-HT2AR, 5-HT7R and dopaminergic D2R), in the radioligand 
binding assay (RBA). The whole series (7-31) showed potent affinities 
(K i <  100 nM) for the 5-HT6R and significant selectivity over the off­
targets (Table 2, Table S1 in the Supplementary Material). In partic­
ular, nine compounds (8, 10, 12, 14, 16, 25, 26, 30, 31) displayed very 
strong affinity (5-HT6R: K i <  20 nM) and significant selectivity over 
other GPCRs (20-600 fold). Compound 8 turned out to be the most 
potent 5-HT6R agent, which exhibited even stronger binding (Ki =  5 nM) 
than that of lead (6).

2.4.1.2. Molecular modelling fo r  the interactions with 5-HTgR. An 
induced fit docking approach was used to dock the newly synthesized 
derivatives (7-31) to the crystal structure of the 5-HT6R (PDB ID: 7XTB). 
Results for compound 22 indicated the high geometry alignment of the 
modelled conformation with that coming from the crystallographic 
analysis (see Supplementary, Fig. S6). It should be noted, that results of 
the molecular modelling showed a high consistency with the binding 
mode reported previously for 1,3,5-triazine derivatives using our 5-



Table 1
Parameters of intermolecular interactions in the crystal of 22.

D-H---A H-A (A) D-A (A) D-H-A (°) Symmetry code

N6-H6B— N3 2.23 3.121(1) 171.8 -x+1, y, -z+1/2
N6-H6A-N4 2.18 3.049(1) 170.5 -x+1, y, -z+1/2
C8-H8B—N1 2.69 3.358(2) 125.4 x, -y+1, z+1/2
C12-H12-F2 2.60 3.540(1) 156.2 x, -y+1, z-1/2
C18-H18—F1 2.57 3.255(1) 129.4 x, -y+1, z-1/2
C19-H19-O1 2.62 3.552(1) 168.5 x, y+1, z

HT6R homology models [21,23,24,26]. On this basis, the effect of 
fluorine substitution on the interaction in the binding pocket was also 
compared.

Analysis of the binding mode (Fig. 9a) indicated the salt bridge be­
tween positively charged nitrogen (from N-methylpiperazine ring) and 
the negatively charged side chain of aspartic acid D3.32, the C H -i/ i- i  
interactions with phenylalanine F6.51 and/or F7.34, and hydrogen bond 
between the primary amino group of 1,3,5-triazine core and the 
carbonyl oxygen of alanine A5.42. The substituted aromatic moiety 
linked with the 1,3,5-triazine ring was exposed to the hydrophobic 
cavity constituted by transmembrane helices TM3-TM5 and extracel­
lular loop 2 (ECL2). Comparison of the binding modes of F-, Cl-, and CF3- 
substituted in positions 2- and 5- derivatives showed coherent orienta­
tions of this moiety in the hydrophobic cavity, stabilized additionally by 
the CH-n interaction with H167. The 2,5-diCl derivative 6 was found to 
form halogen bonds (all with backbone carbonyl oxygen) with alanine 
A4.56 (XB distance =  3.2 A, a-hole angle =  165°) formed by chlorine in 
position 5. The fluorinated analogues 8 and 18 formed the dipole-dipole 
stabilization interaction with C- O bonds of alanine A4.56 and a 
partially the side chain of S4.57. An extension of the 1,3,5-tritriazine 
derivatives by adding at position 2 an additional aromatic ring 
showed retaining the high activity towards 5-HT6R. Molecular docking 
revealed that this can be related to the formation of stabilizing CH-n/n-n 
interactions between the additional aromatic ring of compound 31 and 
residues W6.48 and F5.47 (Fig. 9b).

2.4.I.3. Structure -  5HT$R affinity relationship. All the newly synthe­
sized compounds (7-31) showed high affinities for 5-HT6R with Ki 
values lower than 100 nM, and nine of them displayed a very strong 
affinity towards 5-HT6R (Ki <  20 nM). The results obtained in this work 
allow for a discussion on structure-activity relationships, taking into 
account the role of the substitution at the phenyl ring with respect to the 
length of linker branching and the meaning of an additional aromatic 
moiety at the triazine NH2 group.

As the length of the linker branching (methyl vs ethyl) is concerned, 
the ethyl branching was distinctly more favorable for the 5-HT6R affinity 
than the methyl one. It can be confirmed along with the whole series, 
with exception of two members containing methoxy group at the phenyl 
ring (19, 20, Table 2). A similar trend was also observed for the dichloro- 
substituted series [26]. In the case of ethyl branched compounds (6, 8,

10, 12, 14, 16, 18, 20, 22, 24 and 25) the affinity for 5-HT6R was 
decreasing in the following order: 2,5-diF >2,5-diCl>2-F,5-Cl>2-F, 
5-CF3>  2-CF3,5-F ~  2-Cl,3-F> 2-Cl,5-F >  2-F,3-Cl> 2,5-diCF3 >  2,3-diF 
>  2-MeO,5-F, while in the case of the methyl-branched compounds (7, 9,
11, 13, 15, 17, 19, 21 and 23) the corresponding order is as follows: 
2-CF3,5-F> 2-F,3-Cl ~2,5-diCF3 ~  2-Cl,5-F> 2-F.5-CF3>  2,5-diF >  2-F, 
5-Cl >  2-OMe,5-F> 2,3-diF (Table 2). Although the differences in Ki 
values are subtle, they allow to notice some trends typical for this series.

First, it can be observed a significant decrease in the 5-HT6R affinities 
with the transfer of the fluorine substituents from 5 into the 3-position of 
the phenyl ring. This is intriguing and divergent from the previous re­
sults found for the dichloro-substituted series, where the 2,5-dichloro- 
phenyl compound (lead 6) and its 2,3-dichloro-analogue demonstrated 
equal and very potent affinities for the 5-HT6R [26]. The crystallo- 
graphic analysis for diCl- (6) and diF- (22) derivatives may support to 
explain this issue. In general, the comparison of geometries of the highly 
active compound 6 and the less active 22 does not show significant 
differences but a deeper insight shows a decreasing pyramidality of the 
N2 atom in piperazine ring for 22 in comparison to 6. The flatter ge­
ometry around the N2 atom makes more rigid molecule 22, which more 
limits its fit into the receptor-binding pocket. Furthermore, a fluorine 
atom is more electronegative than chlorine atom, thus strongly influ­
encing the electron distribution within the molecule. The difference 
seems to be particularly distinct in the case of vicinal 2,3-diF vs. 2,3-diCl 
substituents, followed by an appropriate decrease in ability of a mole­
cule to form non-covalent interactions.

As another trend, the replacement of the halogen substituent at the 
phenyl ring with the methoxy one (19, 20) can confirm the unprofitable 
role of the less hydrophobic and electron-donating substituent for the 5- 
HT6R affinity, which was postulated in another previous research [23].

Furthermore, the second modification (the additional aromatic ring) 
saved the trends of SAR for the linker and the aromatic ring substitution 
observed in the previous series (6-25, 52-54 [32]). Thus, the relatively 
highest 5-HT6R affinity was observed for the ethyl linker if compared to 
the n-butyl one (26 vs. 28, and 27 vs. 29). Then, the favorable position in 
the phenoxyl ring was the 2,3- and 2,5-dichloro substitution compared 
to the 3,5-position.

2.4.I.4. Functional assays. Selected active compounds with the ethyl 
linker and structurally differentiated containing various chemical 
groups at the phenyl ring in position 2,3 (25 and 30), 2,5 (8, 10, 12, 16, 
18 and 31) and 3,5 (26) were subjected to functional assays to investi­
gate their intrinsic activity towards the 5-HT6R. Compound 18 was 
chosen because it has two large strong electron-withdrawing CF3 groups 
that might possess a significant effect on fitting into the binding pocket. 
During the experiments, cAMP levels were measured (Table 3). None of 
the tested derivatives showed agonistic mechanism, while all of them 
displayed strong antagonistic activity (pKb =  6.57-8.48) in the low 
nanomolar range (see details in Table S2, Supplementary Material). 
Furthermore, the antagonistic potency was in good accordance with 
their affinities found in the RBA, i.e. pKb was in the similar range in the



Table 2
The results from radioligand binding assays for the investigated compounds 7-31.

7-31

Compound R1 R2 R3 Ki [nM]*

5-HT6R 5-HT1aR 5-HT2aR 5 -HT7R D2R

Lead 6 2,5-diCl Et H 6 4760 484 5706 320
7 2,5-diF Me H 56 3110 2278 21720 1020
8 2,5-diF Et H 5 3039 573 11530 1633
9 2-F,5-Cl Me H 58 2019 625 11900 416
10 2-F,5-Cl Et H 11 4400 770 15120 817
11 2-Cl,5-F Me H 39 1544 2674 7237 1444
12 2-Cl,5-F Et H 18 1746 311 602
13 2-F,5-CF3 Me H 52 6075 1464 17100 931
14 2-F,5-CF3 Et H 12 8273 1172 18790 1079
15 2-CF3,5-F Me H 30 6977 629 29570 408
16 2-CF3,5-F Et H 15 2906 281 7330 260
17 2,5-diCF3 Me H 35 5759 797 20000 811
18 2,5-diCF3 Et H 31 8501 1538 18120 820
19 2-OMe,5-F Me H 60 6169 2402 107900 2430
20 2-OMe,5-F Et H 72 4752 819 44990 1788
21 2,3-diF Me H 94 4719 704 24040 1352
22 2,3-diF Et H 55 2652 3031 11480 1305
23 2-F,3-Cl Me H 31 2129 113 9743 472
24 2-F,3-Cl Et H 23 2942 209 4338 595
25 2-Cl,3-F Et H 15 1926 2239 8684 3356

26 3,5-diCl Et Ph 7 19170 1680 16150 565
27 3,5-diCl Et Pyr 66 4922 437 12570 723
28 3,5-diCl n-Bu Ph 21 143600 287 33590 2589
29 3,5-diCl n-Bu Pyr 94 5141 694 5141 2079
30 2,3-diCl Et Ph 8 4584 117 2673 411
31 2,5-diCl Et Ph 6 5397 338 2590 421

Ref - 7a 32b 21c 62d 9a

*Standard deviations are given in the Supplementary Material (Table S1). 
a Olanzapine. 
b buspirone. 
c aripiprazole.

clozapine; 5-HTeR affinities in bold; Ph -  phenyl group; Pyr -  4-pyridyl group.

Fig. 9. Illustration of the binding modes of the selected 2,5-disubstituted derivatives within the 5-HTeR binding site. Binding modes of analogues with chlorine (6 ; 
cyan), fluorine (8 ; magenta), CF3 (18; yellow), and chlorine but with an aromatic ring connected via NH to triazine (31; green). Amino acids that are crucial for the 
L-R interactions are shown as thick dark-grey sticks.



Table 3
Functional assays results towards 5-HT6R for representative compounds (8 , 10, 
12, 14, 16, 18, 25, 26, 30 and 31).

Compound Agonist modea Emax [%] ± SEM Antagonist modeb pKb ±  SEM

Serotonin 100.00 ±  2.88 N.T.
Mianserin N.C. 6.42 ± 0.06
SB258585 N.T. 9.55 ± 0.09
8 10 ± 2.96 8.16 ± 0.02
10 11 ± 4.52 8.23 ± 0.35
12 7 ± 0.35 N.C
14 5 ± 1.44 8.26 ± 0.33
16 8 ± 0.10 N.C.
18 5 ± 3.72 7.69 ± 0.02
25 1 ± 0.58 8.48 ± 0.40
26 9 ± 0.54 6.57 ± 0.05
30 8 ± 0.44 7.13 ± 0.15
31 3 ± N.C. 7.43 ± 0.01

Abbreviations: Emax - the maximal response; N.T. -  not tested; N.C. - not
calculable.

a Scores were standardized as a percentage of the maximum agonist response. 
(Serotonin 10~5 M).

b Scores were standardized as a percentage of the reference antagonist. 
(SB258585 10“ 5 M).

case of 8, 10,14 and 25 and slightly weaker for compounds 18, 26, 30 
and 31 (Table 2 vs. Table 3).

2.4.2. Enzyme inhibitory profile

2.4.2.1. CDK5 kinase inhibition. In line with the objectives of this study 
and based on the molecular modelling prediction, selected active and 
structurally differentiated 5-HT6R antagonists (8, 10, 14, 18, 26-31) 
were examined on their inhibiting properties towards CDK5 kinase. The 
preliminary screening of CDK5 inhibition consisted of measuring the 
percent of the activity of the enzyme under the influence of the tested 
compounds. For comparison, the reference CDK5 inhibitor, roscovitine, 
was used. Results are shown in Table 4. Despite the structural similar­
ities of the tested compounds (8, 10, 14, 18, 26-31) to the confirmed 
CDK5 inhibitors (2-5; Fig. 1) and promising results of the molecular 
modelling simulation performed (Figs. 4 and 5), none showed desirable 
CDK5 inhibiting effects (percent of enzyme activity <50%) at the 10 pM 
concentration used in the assay.

2.4.2.2. MAO-B inhibition. Additionally, the selected active 5-HT6R 
agents (8, 10, 14, 18) were also tested on their activity against the 
human recombinant monoamine oxidase B (MAO-B) in two concentra­
tions (1 pM and 10 pM) using p-tyramine as substrate (200 pM). Results

Table 4
The results from CDK5/p25 inhibition assay. Tested compounds applied at 
10 pM concentration.

Compound Percent of enzyme activity* ± SEM

Roscovitine0 14.5 ± 1.19
8 102.5 ± 4.19
10 106.2 ± 5.20
14 93.3 ± 4.05
18 92.0 ± 2.12
26 100 ± 4.97
27 103 ± 2.00
28 105 ± 8.70
29 101 ± 5.70
30 95 ± 6.76
31 106 ± 2.10

*The results were expressed as means from two experiments performed in 
duplicates.

a Roscovitine: IC50 =  143.1 nM, pIC50 =  6.84 ±  0.24. Dose-response 
curves for activity of CDK5/p25 were provided in Supplementary Mate­
rial (Fig. S1).

for the tested compounds were compared to the results for the reference 
MAO-B inhibitors (rasagiline and safinamide at 1 pM). Based on the 
results obtained, all tested triazine compounds (8, 10, 14, 18) displayed 
insignificant MAO-B inhibiting properties causing lower than 50% in­
hibition of the enzyme at both tested concentrations (details in Table S3, 
Supplementary Material).

2.5. ADM ET properties

2.5.1. Water solubility
Two of the most active compounds (8 and 31) were chosen for the 

determination of water solubility. Compounds concentration was 
established using UV spectroscopy in accordance with the method re­
ported previously [44]. Solubility results, presented in Table 5, pointed 
out that compound 8 is seven times more soluble in water than 31, 
which contains additional aromatic ring attached to the triazine.

2.5.2. Permeability
In order to control if the chemical modifications performed allowed 

to maintain very good membrane permeability of lead 6 [26], the most 
active compounds with the highest 5-HT6R affinity and varied 2,5- po­
sition substitution (8, 10 and 14) were submitted for PAMPA assay. The 
poor solubility of 31 disqualified this compound from the test. The assay 
concerns passive penetration through artificial membranes which 
imitate barriers for compound absorption from the intestines with a 
good correlation to in vivo conditions. It was performed following the 
previously referred protocol [26,40] and manufacturer’s guidelines 
[ 45]. Results are shown in Table 6.

All the examined compounds demonstrated an excellent perme­
ability, with Pe values higher than that of the high-permeable reference, 
caffeine (CFN, Pe =  15.1 x 10~6 cm/s), and much higher than the 
breakpoint for permeable compounds according to manufacturer’s 
guideline (Pe >  1.5 x 10~6 cm/s). These results demonstrate that 
compounds 8, 10 and 14 had even better permeability than that of lead 
6, which may confirm the validity of the modifications performed.

2.5.3. Metabolic stability
The most active representatives of both structural modifications (8, 

10, 14 and 31) were tested for their metabolic stability. The assay was 
performed in vitro by using rat liver microsomes (RLMs). Results were 
compared to those of lead (6) [26,27], and the unstable reference drug 
verapamil (Table 7). In the previous studies for 6, the formation of six 
metabolites was observed after the incubation with RLMs, and more 
than 90% of 6 was biotransformed [26]. The main metabolites were 
formed by demethylation, single or multiple hydroxylation and 
decomposition of the piperazine ring. In the case of verapamil which 
was biotransformed in more than 60%, three metabolites were found. 
Similarly to 6, compounds 10 and 14 were biotransformed in more than 
90%, resulting in the formation of nine metabolites of 10 and six me­
tabolites of 14. Their found metabolic pathways were alike to 6. In 
contrast, compound 8, the 2,5-difluoro- structural analogue of 6, dis­
played the great in vitro phase I metabolic stability. Only two metabolites 
in the range of 5% were observed following the incubation with mi- 
crosomes, and 95.12% of 8 remained in the reaction mixture. In 
contrast, compound 31 showed moderate metabolic stability (70.43% of 
31 remained in the reaction mixture after incubation with RLMs) and 
three metabolites have been established.

Predicted in silico metabolites are proposed in Table 7, while the 
proposed sites of metabolism are presented in Fig. 10.

Table 5
Water solubility of compounds 8 and 31.

Compound Solubility [mg/ml] Solubility [mmol/l]

8 0.079 0.2168
31 0.015 0.0317



Table 6
Permeability coefficient o f compounds 8, 10 and 14.

Compound

CFN

Pe * [ 

15.1

10

±

) 6 cm/s] ± SD 

0.4
6 18.9 ± 0.9**
8 20.6 ± 2.1
10 30.0 ± 3.5
14 19.0 ± 0.4

CFN -  caffeine. *Tested in triplicate. **Pe value revealed in 
previous studies [26,27].

The most common metabolic reaction was demethylation and hy- 
droxylation, which was observed for the lead compound 6, as well as for 
10 and 14 but neither for compound 8 nor 31 . Compounds 6, 10 and 14 
were metabolically unstable even more than the reference verapamil. 
Mass spectra of the control sample and the test sample are included in 
the Supplementary Material (Figure S3a-s).

Due to so promising behavior, the compound 8 has been intended for 
phase II metabolism studies. The assay was performed in vitro by using 
rat liver microsomes (RLMs).

After 1 h, 82,61% of the parent compound remained in the reaction 
mixture and 12,26% of glucuronidated metabolites M3 and M4 were 
observed (Supplementary Material, Figs. S4a, b, c). The phase II control 
reaction with the reference compound 7-hydroxy-4-(trifluoromethyl)

Table 7
The molecular masses and metabolic pathways o f compounds 8, 10, 14 and 31.

Substrate Molecular mass % of remaining % of metabolite in the Retention time Molecular mass of the Proposed metabolic pathway0
[m/z] compound reaction mixture [min.] metabolite [m/z]

6b 397.22 8.93 33.99 3.75 413.24 hydroxylation
27.04 4.91 413.24 hydroxylation
11.30 3.67 399.22 demethylation and hydroxylation
9.13 4.65 383.20 demethylation
7.17 3.95 429.26 double hydroxylation
2.43 3.26 429.19 double hydroxylation

8 364.40 95.12 3.48 4.26 381.29 hydroxylation
1.40 4.30 381.36

10 381.11 7.86 49.29 5.38 397.21 hydroxylation
14.86 4.69 399.34 demethylation, double 

hydroxylation
9.52 5.09 367.14 demethylation
5.59 4.48 413.24 double hydroxylation
5.04 4.18 383.18 demethylation and hydroxylation
4.09 4.28 397.14 hydroxylation
1.97 5.62 381.11 demethylation, hydroxylation and 

dehydrogenation
0.94 4.90 413.04 double hydroxylation
0.85 3.51 not identified

14 415.24 4.72 51.51 5.73 431.13 hydroxylation
18.38 5.46 401.20 demethylation
15.93 4.69 417.30 demethylation and hydroxylation
4.01 6.14 417.16 demethylation and hydroxylation
3.75 6.03 433.26 double hydroxylation and ring 

opening
1.71 5.08 375.19 fragmentation

31 473.40 70.43 16.74 7.65 489.20 hydroxylation
6.87 3.43 461.26 decomposition

verapamilb 454.60 37.27
5.96 5.67 464.32 decomposition
33.16 4.94 441.42 demethylation
15.51 3.99 291.35 decomposition
14.05 4.67 441.42 demethylation

a Estimated according to MS spectra and supported by in silico data (see Supplementary Material unit 7).
Results revealed in previous studies: 6 [32], verapamil [46] The same procedure was used for metabolism estimation o f triazine derivatives 8, 10, 14 and 31.

Fig. 10. In silico prediction o f the sites o f metabolism by MetaSite 8.0.1 for a) 8 and b) 31. Blue circle marked on the functional group structures indicates the highest 
biotransformation probability. The fading red color shows the decrease o f the metabolism probability.



coumarin was also performed (Supplementary Material, Figs. S4d, e, f, 

g) .
In summary, the results from studies on phase I and phase II meta­

bolism of compound 8 confirm its high metabolic stability.

2.5.4. Hepatotoxicity in vitro
The safety profile of three the most active 5-HT6R agents: 8, 10 and 

14 was assessed in the hepatotoxicity assay in vitro using the hepatoma 
HepG2 cell line, following a protocol described previously [26,40,41]. 
Results were compared to those of reference toxin, doxorubicin, which 
strongly inhibited the cell viability at 1 |iM (DX, Fig. 11).

The tested compounds 8 and 10 showed a statistically significant 
decrease of cell viability only in the highest concentration (100 iM ), 
while the viability lower than 50% was seen only in the case of 10. 
Compound 14, in a similarity to previously tested lead (6), showed a 
weak hepatotoxic effect also at the concentration of 50 iM  [26]. These 
results indicate very satisfactory in vitro safety for the most active 
5-HT6R agent 8.

2.5.5. Influence on platelet aggregation in vitro
As AD mainly affects the elderly, who often co-suffer from athero­

sclerotic vascular diseases (i.e. coronary artery disease, peripheral 
atherosclerosis), the drugs used in AD should have also a beneficial ef­
fect on the vascular system, e.g. anti-platelet activity, or at least, do not 
enhance platelet function. As blood platelets express serotonin 5-HT2AR, 
it is especially reasonable to investigate an influence on platelet aggre­
gation for pharmacologically active compounds with confirmed affin­
ities for 5-HT2AR. Activation of platelets 5-HT2A receptors leads to an 
increase in intracellular Ca2+ level, activation of phospholipase A2 
(PLA2) and arachidonic acid release, amplifying platelets activation [47, 
48]. In our studies, two of the most active 5-HT6R agents (8 and 31) 
showed a moderate affinity for the 5-HT2AR (8: Ki =  572 nM, 31: Ki =  
338 nM, Table 2), while the weaker affinities for 10, 14, 18 (K i =  
0.77-1.54 iM , Table 2) were found. In this context, the compounds (8, 
10, 14, 18 and 31), investigated in the extended pharmacological assays 
were also selected to test their influence on platelet aggregation in vitro. 
Rat whole blood was incubated with the tested compounds or vehicle, 
and the aggregation responses were evaluated with a whole blood 
aggregometer by measuring the change of impedance. Platelet

Fig. 12. Effects of the studied compounds 8 , 10, 14, 18 and 31 on in vitro 
whole rat blood aggregation induced by collagen (1.6 ig/mL). Results are 
expressed as mean +  A/2, where A is a width of the 95% confidence interval 
(CI); n =  3-6; ****p < 0 .0001 (statistical analysis: one-way ANOVA; post hoc 
Dunnet test). AUC: area under the curve.

aggregation was triggered by collagen. Aspirin was used as a reference. 
Results are shown in Fig. 12.

According to the results, compound 8 was able to effectively inhibit 
collagen-induced aggregation with an IC50 value equal to 75.5 ±  2.4 iM. 
At 100 iM , it decreased platelet aggregation by 85.28%, comparable to 
aspirin, which inhibited aggregation by 93% at the same concentration, 
however, the IC50 value for aspirin, a COX-1 inhibitor and a standard 
antiplatelet reference was equal to 18.4 ±  1.6 iM.

In contrast to the compound 8 inhibiting platelet aggregation 
potently, compounds 10, 14, 18 and 31 did not influence platelet ag­
gregation even at the high concentration of 100 iM. Thus, the com­
pounds can be expected safe as they do not interfere with platelet 
function and probably will possess a negligible risk to cause undesirable 
effects associated with prolongation of bleeding time.

Summing up, all the tested compounds (8, 10, 14, 18 and 31) 
showed favorable “drug-like” properties in this assay, as none enhanced 
platelet aggregation in vitro in the rat blood. Especially meaningful 
seems to be the action of compound 8 that decreased platelet aggrega­
tion. Hence compound 8, as the most promising derivative, was chosen 
for the behavioral studies in vivo.

Fig. 11. The hepatotoxicity test of compounds 8 , 10 and 14 with the use of 
HepG2 cell line. 1 iM of cytostatic drug doxorubicin (DX) was used as positive 
whereas 1% of DMSO in growth media as a negative control, respectively. 
GraphPad Prism 8.0.1 was used to calculate the statistical significances by one­
way ANOVA, followed by Bonferroni’s comparison test ( ****p < 0.0001).

2.6. Behavioral studies in vivo fo r  compound 8

To assess the potential ability of compound 8 to impact cognitive 
deficits connected with aging or diseases [49], the novel object recog­
nition (NOR) test in rats was performed, allowing to assess episodic 
memory. Moreover, various previously tested 5-HT6R antagonists were 
confirmed effective in that test as well as were able to reverse memory 
impairments induced by dizocilpine (MK-801), scopolamine or keta- 
mine and other compounds, disturbing memory in rodents [50]. We 
decided to assess the ability of the potent 5-HT6R antagonist, compound 
8, to reverse MK-801-induced memory impairment taking into account 
that this NMDA receptor antagonist induces in rodents memory deficits 
related to human cognitive disturbances observed in both dementia [51] 
and schizophrenia [52]. The preference of rats to explore the novel than 
the familiar object in the T2 session denotes the ability of compound, 
given jointly with 0.1 mg/kg of MK-801, to reverse MK-801-induced 
memory impairment in the NOR test. To give thought to rats’ prefer­
ence of novel object exploration, the discrimination index (DI) was used. 
Its negative value pictures MK-801-induced memory deficit in rats. The 
selected compound 8, given at the doses as low as 0.3 and 1 mg/kg, was 
able to reverse MK-801-induced memory impairments in a statistically 
significant manner (Fig. 13).

Using the equations proposed by Nair and Jacob (2016) [53] for 
converting doses between humans and animals based on the body sur­
face area, a minimum active dose of compound 8, i.e. 0.3 mg/kg,



Fig. 13. The ability of compound 8  to reverse MK-801-induced memory dis­
turbances in NOR test. Compound MK-801 was given i.p. 30 min while 8  was 
administered 60 min, before the T1 session. The observation of rats was carried 
out for 3 min. The data are shown as the mean ±  SEM of 6 -8  rats, and statis­
tically evaluated by one-way ANOVA followed by Bonferroni’s post-hoc test, *p 
< 0.05 vs. vehicle-treated group, while and #p < 0.05, ####p  < 0.0001 vs. 
MK-801-treated group, (one-way ANOVA for discrimination index for com­
pound 8 in NOR test: F(5,34) =  8.1709, p < 0.0001).

Table 8

The influence of compound 8  on the exploration activity of rats in the NOR test.

Treatment Dose [mg/kg] Total exploratory time in T2 session [s]

Vehicle 0 31.86 ± 2.15
8 0.1 38.29 ± 4.13

0.3 34.63 ± 4.05
1 39.38 ± 3.73
3 31.63 ± 2.10 

F(4,33) = 0.9593; NS

vehicle 0 + 0 30.00 ± 2.44
MK-801 + vehicle 0.1 + 0 39.29 ± 3.44

8 + MK-801 0.1 + 0.1 33.25 ± 4.00
0.3 + 0.1 31.00 ± 5.07
1 + 0.1 32.57 ± 4.26
3 + 0.1 27.75 ± 3.81 

F(5,34) = 1.3506; NS

Compound MK-801 was given i.p. 30 min while 8 was administered 60 min, 
before the T1 session. The observation of rats was carried out for 3 min. Values 
represent the mean ±  SEM of the total exploratory time of both objects during 
the 3-min test session (T2) compared to the respective vehicle group (one-way 
ANOVA followed by Bonferroni’s post-hoc test); NS =  non-significant. N =  6-7.

corresponds to a dose of 3.4 mg in a person weighing 70 kg (standard in 
Phase I clinical trials).

On the other hand, the compound 8 had no effect on rats’ memory 
when given alone (Fig. 14).

In the next step, the total exploratory time of objects in the recog­
nition phase (T2) was measured after i.p. administration of compound 8 
to avoid false-positive results in the NOR test connected with its effect on 
behavioral parameters. The obtained procognitive results for compound 
8, injected at the dose range 0.1-3 mg/kg alone or jointly with MK-801, 
in the NOR test seem to be specific, hence the total exploratory time 
measured during the T2 trial, did not change the total exploratory ac­
tivity (Table 8).

Among patients with dementia, some neuropsychiatric symptoms 
such as mood disturbances, anxiety or psychosis are frequently 
observed. Considering the above, we decided to assess the potential 
antidepressant- and anxiolytic-like properties of compound 8 using the 
forced swim test (FST) and elevated plus maze (EPM) test in rats, 
respectively. Compound 8, administered at the dose range of 0.3-3 mg/ 
kg, did not show antidepressant-like activity, by decreasing in immo­
bility time, as compared to the control group in the FST (Fig. 15).

In the EPM test, compound 8 given i.p. at the highest investigated 
dose (3 mg/kg) demonstrated strong anxiolytic-like properties by 
significantly increasing: the time spent in the open arms (Fig. 16a, by 
180%; ANOVA: F(3,25) =  4.9433, p <  0.01), percentage of time spent in

Fig. 14. Effect of compound 8  in rats’ NOR test. Compound 8 was administered 
i.p. 60 min. before the T1 session. The rats were observed for 3 min. The data 
are presented as the mean ±  SEM of 6 -8  rats. The data were statistically 
evaluated by one-way ANOVA followed by Bonferroni’ s post-hoc test (one-way 
ANOVA for discrimination index for compound 8 in NOR test: F(4,33) =  
0.9593, NS). NS =  not significant.

Fig. 15. Effect of compound 8 in rats’ FST. Compound 8  was administered i.p. 
60 min. before the FST. The rats were observed for 5 min. The data are pre­
sented as the mean ±  SEM of 6 -8  rats. The data were statistically evaluated by 
one-way ANOVA followed by Bonferroni’s post-hoc test (one-way ANOVA for 
immobility time for compound 8  in FST: F(3,26) =  0.8823, NS). NS =  
not significant.

the open arms (Fig. 16b, by 188%; ANOVA: F(3,25) =  4.9699, p <  0.01), 
the number of open arm entries (Fig. 16c, by 140%; ANOVA: F(3,25) =  
4.0364, p <  0.05) and the percentage of entries into open arms (Fig. 16d, 
by 130%; ANOVA: F(3,25) =  4.3375, p <  0.05). Distance travelled in the 
open arms was also increased; however, the results did not reach a 
significant level (Fig. 16e, ANOVA: F(3,25) =  1.4842, NS). The lower 
doses of compound 8 (0.3 and 1 mg/kg) did not cause anxiolytic-like 
activity in the EPM test (Fig. 16a-e) and had no significant effects on 
the locomotion (Table S1, Supplementary Material). Hence, the 
anxiolytic-like activity of compound 8, measured after its dose of 3 mg/ 
kg in the EPM test (Fig. 16a-e), is likely to reflect a specificity of an 
action that cannot be explained by competing behaviors.

3. Discussion

Chemical modifications of lead structure 6 were carried out in order 
to improve both pharmacological profile and ADMET properties of the 
lead in the search for new drugs useful in the therapy of AD. Multi­
targeted action, in which 5-HT6R would have been the first player 
possibly strengthened by inhibition of CDK5 (or MAO-B), was supposed 
to be an additional value. The rationally planned modifications con­
sisted of the replacement of one or two chlorine atoms of the lead 6 with



Fig. 16. Anxiolytic-like effects of compound 8  in the EPM test. Increased open-arm exploration denotes reduced anxiety. Compound 8  was given i.p. 60 min, before 
the test. Values represent the mean ±  SEM of the time (a) and percentage of time (b) spent in the open arms and of entries (c) and percentage of entries (d) into the 
open arms (e) the travelled distance on the open arms during 5-min test session compared to the respective vehicle group *p < 0.05, **p < 0.01 (ANOVA is followed 
by the Bonferroni’s post-hoc test); N =  6- 8 .

-F, -CF3, and -OMe, respectively, at the phenyl ring, as well as an 
introduction of additional aromatic ring on the amine group.

In the case of the group of compounds 26-31, the modification of 
lead 6 consisted of the introduction of an additional aromatic ring on the 
amino group at the 1,3,5-triazine to increase the lipophilicity of the 
compounds, as well as to capture an auxiliary protein target (CDK5) 
according to the computer-aided prediction. Although the latter goal 
was not achieved, the introduction of the additional phenyl ring allowed 
to maintain the strong affinities towards 5-HT6R. In contrast, the 
introduction of the 4-pyridinyl group reduced this affinity without 
bringing the expected actions for additional targets (CDK5). Among this 
series, compound 31 proved to be the most active (Ki =  6 nM, Table 2). 
However, the druglikeness profile of this compound, in particular the 
water solubility, occurred less beneficial than that evaluated for its NH2-

unsubstituted analogues (6 and 8).
Indisputably, the presence of two fluorines in the 2,5-position 

occurred as the most beneficial for the 5-HT6R affinity. The best re­
ceptor profile was observed for 2,5-difluorophenoxy-1,3,5-triazine de­
rivative with a branched ethyl linker, compound 8 (K i =  5 nM). The 
compound had a higher affinity for 5-HT6R than olanzapine as well as 
strong nanomolar antagonistic activity (pKb =  8.16, Table 3). Its 
antagonistic action was at the same level as that for compounds 10 and 
14 containing also fluorine at position 2. A slightly weaker interaction 
can be observed for the 2-CF3 substitution (compound 18, pKb =  7.69), 
which may be due to the excessive group size. In the case of the mixed 
substitution, i.e. one chlorine and one fluorine, or fluorine and -CF3 
group, the best arrangement was fluorine in the 2-position, and chlo- 
rine/-CF3 in the 5-position of the aromatic ring. The double introduction



of the -CF3 group resulted in a decrease in affinity for 5-HT6R (17, 18).
The introduction of two fluorine substituents at the phenyl ring in the 

place of two chlorine ones turned out highly beneficial for the drug-like 
properties of the tested 1,3,5-triazines due to the increase in lipophilicity 
and decrease of molecular weight. Higher lipophilicity seems to be 
desirable in term to penetrate across membrane barriers, including the 
blood-brain barrier, which is particularly important for compounds 
intended to act on the CNS. The 2,5-dichlorophenyl derivative 6 showed 
high permeability (Pe ca. 18 *10“6 cm/s) in in vitro studies, but unfor­
tunately had a risk of hepatotoxicity and was metabolically unstable. 
The 2,5-difluoro-analogue of the lead 6 found in this study, i.e. com­
pound 8, showed excellent metabolic stability and negligible hepato- 
toxicity risk, compared to 6 and its analogue with additional aromatic 
ring (31). Among the 1,3,5-triazine 5-HT6R agents investigated so far, it 
was only one, the phenyl-unsubstituted analogue of 6 and 8, which 
showed the comparably high metabolic stability with compound 8, but a 
distinctly less potent affinity for 5-HT6R [27].

Moreover, a significant ability to reverse MK-801-induced memory 
impairments of 2,5-difluorophenyl derivative 8 was observed in the 
NOR test in rats. The compound 8 was active even while administered in 
such a low dose as 0.3 mg/kg, and the active dose of 8 was significantly 
lower than that of the 2,5-dichlorosubstituted lead 6 [26] and the most 
of 5-HT6R agents described to date [2]. Additionally, anxiolytic-like 
properties were demonstrated in the EPM test for compound 8. In this 
test, strong pharmacological activity was observed only for the highest 
dose (3 mg/kg), but its effectivenes was much higher than that obtained 
for the previously investigated 1,3,5-triazine derivatives [27]. The 
observed impact on the memory processes and the anxiolytic-like effect 
of compound 8 in vivo appear to be due to a combination of factors, such 
as: ( i )  the highly potent 5-HT6R antagonistic action, (ii) the very good 
membrane penetration (high permeability confirmed by the PAMPA 
assay), and (i i i ) the beneficial metabolic stability. Furthermore, the 2,
5-difluorophenyloxy derivative 8 exerted a promising additional anti­
platelet effect, giving an optimistic perspective of dual therapeutic ef­
fects that not only improve cognitive abilities but also prevents 
atherosclerotic lesions in elderly patient with AD.

4. Conclusions

The series of 1,3,5-triazine derivatives outlined herein extended the 
original family of potent 5-HT6R antagonists, structurally distinct from 
the widely explored sulfone and indole-like compounds. The conducted 
studies allowed to identify a series of twenty-five new highly active 5- 
HT6R agents, in particular, to find out a new “hit”, 4-[1-(2,5-difluor- 
ophenoxy)propyl]-6-(4-methylpiperazin-1-yl)-1,3,5-triazin-2-amine (8),
which showed potent 5-HT6R antagonistic activity in functional tests, 
significant in vivo procognitive/anxiolytic-like effects in rats, very good 
permeability in the PAMPA model and satisfactory safety in preliminary 
in vitro studies. All compounds obtained showed a very strong affinity 
towards the 5-HT6R and significant selectivity for off-targets. SAR 
studies along the whole series, supported by crystallographic studies and 
molecular modelling, confirmed the beneficial effect of fluorine substi­
tution for strong interaction with the 5-HT6R target. Although the not- 
yet considered modification of the triazine at position 2 with an addi­
tional aromatic ring did not bring actions on desirable additional targets, 
it is worth noting that activity on 5-HT6R was retained to open a ‘new 
door’ for further modifications at this triazine fragment in a search for 
interactions with other targets pertinent to AD therapy. Additionally, it 
is worth emphasizing the antiplatelet effect of compound 8 that was 
confirmed in this work. This offers a possibility of innovative 
cardiovascular-friendly therapy for older AD patients, in which com­
pound 8 may be a starting point for further pharmacomodulation in a 
search of such dual actions.

Summing up, these comprehensive studies allowed to elect the most 
promising structure, compound 8, among the series of novel and highly 
active serotonin receptor ligands, which will serve as a new leader useful

in further search for 5-HT6R agents with potential application in the 
treatment of cognitive disorders, particularly those associated with AD.

5. Experimental

5.1. Chemistry

Reagents were manufactured by Alfa Aesar (Karlsruhe, Germany) or 
Sigma Aldrich (Darmstadt, Germany). Dry solvents (stored under argon) 
were used. Reaction progress was monitored using thin-layer chroma­
tography (TLC), which was performed on pre-coated Merck silica gel 60 
F254 aluminum plates (Hex/EtOAc 4:1 for the formation of ester in­
termediates, DCM/MeOH 95:5 for the final step). Spots were visualized 
by UV light or treatment with Dragendorff reagent. Magnetic stirrer with 
a contact thermometer Heidolph MR 2001 was used to provide reactions 
at a fixed temperature. Intermediates (33-51) were obtained according 
to previously reported methods [26], and used as a crude form (purity 
90-100%) for the final step (compounds 7-25). More detailed de­
scriptions of the finals and intermediates (33-51) are included in the 
Supplementary Material (see unit 1-2).

Melting points (mp) for final compounds were determined using 
MEL-TEMP II apparatus and are uncorrected. 1H NMR, 19F NMR and 13C 
NMR spectra were recorded on a Varian Mercury-VX 500 MHz PFG in­
strument (Varian Inc, Palo Alto, CA) in DMSO-d6 for all final compounds 
at ambient temperature. Chemical shifts values are expressed as S values 
in (ppm) and the coupling constants (J) in Hz. Data are presented as 
follows: chemical shift, multiplicity (s, singlet; br. s, broad singlet; d, 
doublet; t, triplet; dd, doublet of doublet, q, quartet, qu, quintet, m, 
multiplet), coupling constant J, number of protons. Mass spectra ob­
tained using UPLC-MS/MS system consisted of a Waters ACQUITY® 
UPLC® (Waters Corporation, Milford, MA, USA) combined with a W a­
ters TQD mass spectrometer (electrospray ionization mode ESI-tandem 
quadrupole). The purity of all finals was established by UPLC/MS to 
be above 95%. Retention time values (tR) are reported in minutes. HRMS 
mass spectra obtained by using the UPLC-QTof system consisted of a 
Waters Acquity I-Class Plus (Waters Corporation, Milford, MA, USA) 
coupled to a Waters Synapt XS mass spectrometer (electrospray ioni­
zation mode ESI). Data acquisition software was MassLynx V 4.2 
(Waters).

5.1.1. General synthetic pathway fo r  fina l compounds 7-25
Dissolution of sodium (10 mmol) in 10 ml of absolute methanol was

followed by adding 4-methylpiperazine-1-yl biguanide hydrochloride 
(32) (5 mmol) and an appropriate ester (33-51, 5 mmol). The reaction 
mixture was carried out in reflux for 16 h. After cooling down, water (10 
ml) was added and the reaction mixture was stirred for 30 min at room 
temperature. The precipitated product was filtered and crystallized from 
methanol to give a solid (method A ) or was converted into hydrochloric 
salt form by addition of solution of HCl in diethyl ether (method B).

5.1.1.1. (RS)-4-(1-(2,5-difluorophenoxy)ethyl)-6-(4-methylpiperazin-1- 
yl)-1,3,5-triazin-2-amine (7 ). Ester 33, reaction time: 16 h. Method A. 
White solid. Yield 58%, LC/MS+ purity: 100%, tR =  3.36, LC-HRMS/MS 
[M +H ]+  351.1750, mp =  105-107 °C, C16H20F2N6O (MW =  350.37). 1H 
NMR (500 MHz, DMSO-d6) S [ppm]: 7.25-7.19 (m, 1H, Ar-4-H), 7.07 
(br. s, 1H, Ar-NH), 6.91 (br. s, 1H, Ar-NH), 6.90-6.85 (m, 1H, Ar-3-H), 
6.74-6.68 (m, 1H, Ar-6-H), 5.03 (q, J  =  7.0 Hz, 1H, CH), 3.70-3.60 (m, 
4H, Pp-2,6-H), 2.30-2.19 (m, 4H, Pp-3,5-H), 2.16 (s, 3H, N-CH3), 1.55 
(d, J  =  3.8 Hz, 3H, CH3). 13C NMR (126 MHz, DMSO-d6) S [ppm]:
176.04, 167.49, 164.87, 159.40, 157.50, 147.25, 117.02, 107.00,
104.13, 77.45, 54.73, 46.25, 42.82, 20.39. 19F NMR (471 MHz, 
DMSO-d6) S [ppm]: -116.37, -138.92.

5.1.1.2. (RS)-4-(1-(2,5-difluorophenoxy)propyl)-6-(4-methylpiperazin-1- 
yl)-1,3,5-triazin-2-amine (8 ). Ester 34, reaction time: 16 h. Method A.



White solid. Yield 50%, LC/MS+ purity: 100%, tR =  3.85, LC-HRMS/MS 
[M +H ]+  365.1917, mp =  130-132 °C, C17H22F2N6O (M W  =  364.40). 1H 
NMR (500 MHz, DMSO-d6) S [ppm]: 7.25-7.19 (m, 1H, Ar-4-H), 7.06 
(br. s, 1H, Ar-NH), 6.91 (br. s, 1H, Ar-NH), 6.88-6.83 (m, 1H, Ar-3-H), 
6.74-6.69 (m, 1H, Ar-6-H), 4.78 (t, J  =  8.3 Hz, 1H, CH), 3.70-3.61 (m, 
4H, Pp-2,6-H), 2.29-2.20 (m, 4H, Pp-3,5-H), 2.16 (s, 3H, N-CH3), 1.95 
(qu, J  =  7.3 Hz, 2H, CH2), 0.97 (t, J  =  7.5 Hz, 3H, CH3). 13C NMR (126 
MHz, DMSO-d6) S [ppm]: 175.31, 167.42, 164.83, 159.38, 157.48, 
147.56, 116.95, 107.12, 104.36, 82.49, 54.73, 46.26, 42.81, 27.51,
10.27. 19F NMR (471 MHz, DMSO-d6) S [ppm]: -116.35, -139.14.

5.1.1.3. (RS)-4-(1-(5-chloro-2-fluorophenoxy)ethyl)-6-(4-methylpiper- 
azin-1-yl)-1,3,5-triazin-2-amine (9 ). Ester 35, reaction time: 16 h. 
Method A. White solid. Yield 38%, LC/MS+ purity: 100%, tR =  3.82, LC- 
HRMS/MS [M +H ]+  367.1438, mp =  142-143 °C, C16H20ClFN6O (MW  
=  366.83). 1H NMR (500 MHz, DMSO-d6) S [ppm]: 7.26-7.21 (m, 1H, 
Ar-4-H), 7.13-7.05 (m, 2H, Ar-3-H, NH), 6.98-6.89 (m, 2H, Ar-6-H, 
NH), 5.06 (q, J  =  6.5 Hz, 1H, CH), 3.65 (s, 4H, Pp-2,6-H), 2.25 (s, 4H, 
Pp-3,5-H), 2.16 (s, 3H, N-CH3), 1.55 (d, J  =  6.1 Hz, 3H, CH3). 13C NMR 
(126 MHz, DMSO-d6) S [ppm]: 175.97, 167.50, 164.84, 152.15, 150.21, 
147.23, 128.41, 121.14, 117.88, 116.74, 77.50, 54.75, 46.27, 20.42. 19F 
NMR (471 MHz, DMSO-d6) S [ppm]: -135.39.

5.1.1.4. (RS)-4-(1-(5-chloro-2-fluorophenoxy)propyl)-6-(4-methylpiper- 
azin-1-yl)-1,3,5-triazin-2-amine (10 ). Ester 36, reaction time: 16 h. 
Method A. White solid. Yield 36%, LC/MS+ purity: 100%, tR =  4.30, LC- 
HRMS/MS [M +H ]+  381.1597, mp =  104-105 °C, C17H22ClFN6O (MW  
=  380.85). 1H NMR (500 MHz, DMSO-d6) S [ppm]: 7.22-7.17 (m, 1H, 
Ar-4-H), 7.07-7.00 (m, 2H, Ar-3-H, NH), 6.93-6.85 (m, 2H, Ar-6-H, 
NH), 4.77 (t, J  =  5.5 Hz, 1H, CH), 3.61 (s, 4H, Pp-2,6-H), 2.22 (s, 4H, 
Pp-3,5-H), 2.12 (s, 3H, N-CH3), 1.91 (qu, J  =  7.2 Hz, 2H, CH2), 0.92 (t, J  
=  4.6 Hz, 3H, CH3). 13C NMR (126 MHz, DMSO-d6) S [ppm]: 175.25,
167.44, 164.79, 152.20, 150.26, 147.53, 128.40, 121.12, 117.89, 
116.76, 82.55, 54.75, 46.27, 27.51, 10.26. 19F NMR (471 MHz, 
DMSO-d6) S [ppm]: -135.56.

5.1.1.5. (RS)-4-(1-(2-chloro-5-fluorophenoxy)ethyl)-6-(4-methylpiper- 
azin-1-yl)-1,3,5-triazin-2-amine hydrochloride (11 ). Ester 37, reaction 
time: 16 h. Method B. White solid. Yield 45%, LC/MS +  purity: 98.8%, 
tR =  3.98, LC-HRMS/MS [M +H ]+  367.1438, mp =  132-134 °C, 
C16H21Cl2FN6O (M W  =  366.83). 1H NMR (500 MHz, DMSO-d6) S [ppm]:
11.69 (s, 1H, H+), 7.83 (br. s, 1H, Ar-NH), 7.64 (br. s, 1H, Ar-NH),
7.49-7.43 (m, 1H, Ar-3-H), 7.06-7.00 (m, 1H, Ar-6-H), 6.86-6.80 (m, 
1H, Ar-4-H), 5.34-5.23 (m, 2H, Pp-6-H), 5.22-5.17 (m, 1H, CH),
4.67-4.48 (m, 2H, Pp-2-H), 3.48-3.41 (m, 2H, Pp-5-H), 3.11-2.95 (m, 
2H, Pp-3-H), 2.71 (s, 3H, N-CH3), 1.62 (d, J  =  6.8 Hz, 3H, CH3). 13C NMR 
(126 MHz, DMSO-d6) S [ppm]: 163.70, 162.66, 160.72, 154.68, 131.32,
118.00, 109.35, 104.35, 76.38, 52.87, 51.80, 42.44, 19.99. 19F NMR 
(471 MHz, DMSO-d6) S [ppm]: -111.91.

5.1.1.6. (RS)-4-(1-(2-chloro-5-fluorophenoxy)propyl)-6-(4-methylpiper- 
azin-1-yl)-1,3,5-triazin-2-amine (12 ). Ester 38, reaction time: 16 h. 
Method A. White solid. Yield 35%, LC/MS +  purity: 100%, tR =  4.49, LC- 
HRMS/MS [M +H ]+  381.1597, mp =  146-148 °C, C17H22 ClFN6O (MW  
=  380.85). 1H NMR (500 MHz, DMSO-d6) S [ppm]: 7.65-7.61 (m, 1H, 
Ar-3-H), 7.46-7.42 (m, 1H, Ar-6-H), 7.33-7.26 (m, 1H, Ar-4-H), 6.99 
(br. s, 1H, Ar-NH), 6.88 (br. s, 1H, Ar-NH), 4.01 (dd, J1 =  8.6, J2 =  6.0 
Hz, 1H, CH), 3.62 (br. s, 4H, Pp-2,6-H), 2.26 (br. s, 4H, Pp-3,5-H), 2.17 
(s, 3H, N-CH3), 2.09-1.99 (m, 1H, CH), 1.92-1.83 (m, 1H, CH), 0.93 (t, J  
=  7.4 Hz, 3H, CH3). 13C NMR (126 MHz, DMSO-d6) S [ppm]: 176.31, 
167.46, 164.73, 153.59, 138.72, 132.56, 129.94, 128.77, 127.84,
115.84, 108.88, 54.24, 46.29, 26.62, 12.30. 19F NMR (471 MHz, 
DMSO-d6) S [ppm]: -112.28.

5.1.1.7. (RS)-4-(1-(2-fluoro-5-(trifluoromethyl)phenoxy)ethyl)-6-(4- 
methylpiperazin-1-yl)-1,3,5-triazin-2-amine (13 ). Ester 39, reaction time: 
16 h. Method A. White solid. Yield 45%, LC/MS +  purity: 95.3%, tR =  
4.22, LC-HRMS/MS [M +H ]+  401.1713, mp =  118-120 °C,
C17H20F4N6O (M W  =  400.48). 1H NMR (500 MHz, DMSO-d6) S [ppm]:
7.51-7.39 (m, 2H, Ar-3,4-H), 7.32-7.26 (m, 1H, Ar-6-H), 7.09 (br. s, 1H, 
Ar-NH), 6.92 (br. s, 1H, Ar-NH), 5.20-5.12 (m, 1H, CH), 3.77-3.51 (m, 
4H, Pp-2,6-H), 2.31-2.17 (m, 4H, Pp-3,5-H), 2.15 (s, 3H, N-CH3), 1.59 
(d, J  =  6.8 Hz, 3H, CH3). 13C NMR (126 MHz, DMSO-d6) S [ppm]:
175.84, 167.52, 164.77, 155.31, 153.34, 146.94, 125.28, 123.12,
117.44, 113.68, 77.72, 54.70, 46.24, 42.89, 20.26. 19F NMR (471 MHz, 
DMSO-d6) S [ppm ]:- 60.49, -127.60.

5.1.1.8. (RS)-4-(1-(2-fluoro-5-(trifluoromethyl)phenoxy)propyl)-6-(4- 
methylpiperazin-1-yl)-1,3,5-triazin-2-amine (14 ). Ester 40, reaction time: 
16 h. Method A. White solid. Yield 48%, LC/MS+ purity: 100%, tR =
4.57, LC-HRMS/MS [M +H ]+  415.1870, mp =  132-134 °C,
C18H22F4N6O (M W  =  414.41). 1H NMR (500 MHz, DMSO-d6) S [ppm]:
7.49-7.37 (m, 2H, Ar-3,4-H), 7.33-7.27 (m, 1H, Ar-6-H), 7.07 (br. s, 1H, 
Ar-NH), 6.91 (br. s, 1H, Ar-NH), 4.90 (t, 1H, CH), 3.78-3.53 (m, 4H, Pp- 
2,6-H), 2.22 (s, 4H, Pp-3,5-H), 2.15 (s, 3H, N-CH3), 1.99 (qu, J  =  7.3 Hz, 
2H, CH2), 0.98 (t, J  =  7.3 Hz, 3H, CH3). 13C NMR (126 MHz, DMSO-d6) S 
[ppm]: 175.14, 167.49, 164.74, 147.23, 142.31, 125.28, 123.12,
118.95, 117.62, 113.67, 82.78, 54.71, 46.25, 27.37, 10.20. 19F NMR 
(471 MHz, DMSO-d6) S [ppm]: -60.50, -127.77.

5.1.1.9. (RS)-4-(1-(5-fluoro-2-(trifluoromethyl)phenoxy)ethyl)-6-(4- 
methylpiperazin-1-yl)-1,3,5-triazin-2-amine (15 ). Ester 41, reaction time: 
16 h. Method A. White solid. Yield 21%, LC/MS +  purity: 100%, tR =
4.44, LC-HRMS/MS [M +H ]+  401.1713, mp =  152-154 °C,
C1 7 H20F4N 6O (M W  =  400.38). 1H NMR (500 MHz, DMSO-d6) S [ppm]:
7.51-7.39 (m, 2H, Ar-3,6-H), 7.32-7.26 (m, 1H, Ar-4-H), 7.09 (br. s, 1H, 
Ar-NH), 6.92 (br. s, 1H, Ar-NH), 5.20-5.12 (m, 1H, CH), 3.77-3.51 (m, 
4H, Pp-2,6-H), 2.32-2.17 (m, 4H, Ar-3,5-H), 2.15 (s, 3H, N-CH3), 1.59 
(d, J  =  6.6 Hz, 3H, CH3). 13C NMR (126 MHz, DMSO-d6) S [ppm]:
176.35, 175.66, 167.49, 164.95, 164.82, 163.74, 105.30, 103.35, 
103,12, 101.71, 77.30, 55.98, 54.67, 46.22, 20.22.19F NMR (471 MHz, 
DMSO-d6) S [ppm]: -59.74, -104.78.

5.1.1.10. (RS)-4-(1-(5-fluoro-2-(trifluoromethyl)phenoxy)propyl)-6-(4- 
methylpiperazin-1-yl)-1,3,5-triazin-2-amine (16 ). Ester 42, reaction time: 
16 h. Method A. White solid. Yield 48%, LC/MS+ purity: 99.4%, tR =  
4.83, LC-HRMS/MS [M +H ]+  415.1870, mp =  144-146 °C,
C18H22F4N6O (M W  =  414.41). 1H NMR (500 MHz, DMSO-d6) S [ppm]:
7.68-7.64 (m, 1H, Ar-3-H), 7.05-6.91 (m, 2H, Ar-NH2), 6.91-6.84 (m, 
2H, Ar-4,6-H), 4.93 (t, J  =  6.8 Hz, 1H, CH), 3.68-3.53 (m, 4H, Pp-2,6- 
H), 2.30-2.06 (m, 4H, Pp-3,5-H), 2.14 (s, 3H. N-CH3), 2.00-1.91 (m, 
2H, CH2), 0.97 (t, J  =  7.5 Hz, 3H, CH3). 13C NMR (126 MHz, DMSO-d6) S 
[ppm]: 175.72, 174.96, 167.41, 164.75, 158.72, 129.43, 125.11,
122.95, 107.32, 103.06, 81.83, 55.96, 54.66, 46.22, 27.41, 9.97. 19F 
NMR (471 MHz, DMSO-d6) S [ppm]: -60.23, -104.77.

5.1.1.11. (RS)-4-(1-(2,5-bis(trifluoromethyl)phenoxy)ethyl)-6-(4-methyl- 
piperazin-1-yl)-1,3,5-triazin-2-amine (17 ). Ester 43, reaction time: 16 h. 
Method A. White solid. Yield 45%, LC/MS+ purity: 99.4%, tR =  4.93, LC- 
HRMS/MS [M +H ]+  451.1670, mp =  125-127 °C, C18H20F6N6O (M W  =
450.39). 1H NMR (500 MHz, DMSO-d6) S [ppm]: 7.88-7.79 (m, 1H, Ar-
6-H), 7.49 (s, 1H, Ar-3-H), 7.44-7.37 (m, 1H, Ar-4-H), 6.99 (d, J  =  9.0 
Hz, 2H, Ar-NH2), 5.35-5.24 (m, 1H, CH), 3.59 (br. s, 4H, Pp-2,6-H), 
2.33-1.99 (m, 7H, Pp-3,5-H, N-CH3), 1.64-1.53 (m, 3H, CH3). 13C 
NMR (126 MHz, DMSO-d6) S [ppm]: 175.46, 167.52, 164.74, 157.11, 
134.34, 128.63, 124.85, 122.68, 117.36, 112.26, 77.66, 54.65, 49.12, 
46.21, 42.91, 19.94. 19F NMR (471 MHz, DMSO-d6) S [ppm]: -61.51, 
-  61.92.



5.1.1.12. (RS)-4-(1-(2,5-bis(trifluoromethyl)phenoxy)propyl)-6-(4-meth- 
ylpiperazin-1-yl)-1,3,5-triazin-2-amine (18 ). Ester 44, reaction time: 16 
h. Method A. White solid. Yield 42%, LC/MS+ purity: 100%, tR =  5.44, 
LC-HRMS/MS [M +H ]+  465.1882, mp =  105-107 °C, C19H22F6N 6O 
(MW =  464.42). 1H NMR (500 MHz, DMSO-d6) S [ppm]: 7.87-7.82 (m, 
1H, Ar-6-H), 7.43-7.38 (m, 2H, Ar-3,4-H), 7.03-6.98 (d, J  =  9.1 Hz, 2H, 
Ar-NH2), 5.06 (t, J  =  6.3 Hz, 1H, CH), 3.69-3.49 (m, 4H, Pp-2,6-H), 
2.36-2.05 (m, 4H, Pp-3,5-H), 2.16 (s, 3H, N-CH3), 2.03-1.97 (m, 2H, 
CH2), 0.99 (t, J  =  6.7 Hz, 3H, CH3). 13C NMR (126 MHz, DMSO-d6) S 
[ppm]: 174.81, 171.93, 167.46, 164.67, 157.30, 128.76, 124.85, 
122.68, 117.25, 111.92, 100.00, 82.13, 54.50, 46.02, 27.25, 9.94. 19F 
NMR (471 MHz, DMSO-d6) S [ppm]: -61.51, -61.92.

5.1.1.13. (RS)-4-(1-(5-fluoro-2-methoxyphenoxy)ethyl)-6-(4-methyl- 
piperazin-1-yl)-1,3,5-triazin-2-amine (19 ). Ester 45, reaction time: 16 h. 
Method A. White solid. Yield 48%, LC/MS+ purity: 100%, tR =  3.17, LC- 
HRMS/MS [M +H ]+  363.1927, mp =  140-142 °C, C17H23FN6O2 (M W  =  
362.41). 1H NMR (500 MHz, DMSO-d6) S [ppm]: 7.05 (br. s, 1H, Ar-NH),
6.93-6.89 (m, 1H, Ar-4-H), 6.88 (br. s, 1H, Ar-NH), 6.71-6.62 (m, 2H, 
Ar-3,6-H), 4.88 (q, J  =  6.4 Hz, 1H, CH), 3.74 (s, 3H, 0-CH3), 3.66 (s, 4H, 
Pp-2,6-H), 2.26 (s, 4H, Pp-3,5-H), 2.17 (s, 3H, N-CH3), 1.52 (d, J  =  6.5 
Hz, 3H, CH3). 13C NMR (126 MHz, DMSO-d6) S [ppm]: 176.67, 167.53,
164.96, 157.55, 155.68, 148.79, 146.14, 113.29, 106.44, 103.14, 77.25, 
56.59, 54.78, 46.28, 20.62. 19F NMR (471 MHz, DMSO-d6) S [ppm]: 
-121.37.

5.1.1.14. (RS)-4-(1-(5-fluoro-2-methoxyphenoxy)propyl)-6-(4-methyl- 
piperazin-1-yl)-1,3,5-triazin-2-amine (20 ). Ester 46, reaction time: 16 h. 
Method A. White solid. Yield 38%, LC/MS+ purity: 100%, tR =  3.62, LC- 
HRMS/MS [M +H ]+  377.2097, mp =  138-140 °C, C18H25FN6O2 (M W  =  
376.44). 1H NMR (500 MHz, DMSO-d6) S [ppm]: 7.04 (br. s, 1H, Ar-NH),
6.93-6.89 (m, 1H, Ar-4-H), 6.87 (br. s, 1H, Ar-NH), 6.71-6.61 (m, 2H, 
Ar-3,6-H), 4.63 (t, J  =  9.4 Hz, 1H, CH), 3.74 (s, 3H, 0-CH3), 3.66 (s, 4H, 
Pp-2,6-H), 2.26 (s, 4H, Pp-3,5-H), 2.17 (s, 3H, N-CH3), 1.93-1.89 (m, 
2H, CH2), 0.96 (t, J  =  6.3 Hz, 3H, CH3). 13C NMR (126 MHz, DMSO-d6) S 
[ppm]: 175.95, 167.45, 164.91, 157.58, 155.71, 149.25, 146.19, 
113.51, 106.23, 103.16, 82.44, 56.75, 54.75, 46.28, 27.70, 10.47. 19F 
NMR (471 MHz, DMSO-d6) S [ppm]: -121.27.

5.1.1.15. (RS)-4-(1-(2,3-difluorophenoxy)ethyl)-6-(4-methylpiperazin-1- 
yl)-1,3,5-triazin-2-amine (21 ). Ester 47, reaction time: 16 h. Method A. 
White solid. Yield 45%, LC/MS+ purity: 100%, tR =  3.46, LC-HRMS/MS 
[M +H ]+  351.1750, mp =  175-177 °C, C16H20F2N6O (M W  =  350.37). 1H 
NMR (500 MHz, DMSO-d6) S [ppm]: 7.06-6.99 (m, 2H, Ar-5-H, NH), 
6.97-6.85 (m, 2H, Ar-4-H, NH), 6.82-6.77 (m, 1H, Ar-6-H), 5.02 (q, J  =
6.6 Hz, 1H, CH), 3.64 (br. s, 4H, Pp-2,6-H), 2.26 (br. s, 4H, Pp-3,5-H), 
2.16 (s, 3H. N-CH3), 1.56 (d, J  =  6.6 Hz, 3H, CH3). 13C NMR (126 
MHz, DMSO-d6) S [ppm]: 176.26, 167.45, 164.89, 148.10, 141.69,
139.85, 124.32, 111.95, 109.20, 77.55, 54.71, 46.26, 43.03, 20.66. 19F 
NMR (471 MHz, DMSO-d6) S [ppm]: -138.47, -159.75.

5.1.1.16. (RS)-4-(1-(2,3-difluorophenoxy)propyl)-6-(4-methylpiperazin- 
1-yl)-1,3,5-triazin-2-amine (22 ). Ester 48, reaction time: 16 h. Method 
A. White solid. Yield 34%, LC/MS+ purity: 100%, tR =  3.97, LC-HRMS/ 
MS [M +H ]+  365.1917, mp =  132-134 °C, C17H22F2N6O (M W  =
364.40). 1H NMR (500 MHz, DMSO-d6) S [ppm]: 7.06-6.99 (m, 2H, Ar- 
5-H, NH), 6.96-6.84 (m, 2H, Ar-4-H, NH), 6.81-6.75 (m, 1H, Ar-6-H), 
4.80-4.75 (m, 1H, CH), 3.64 (br. s, 4H, Pp-2,6-H), 2.25 (br. s, 4H, Pp-
3,5-H), 2.16 (s, 3H, N-CH3), 1.98-1.90 (m, 2H, CH2), 1.01-0.96 (t, J  
=  6.8 Hz, 3H, CH3). 13C NMR (126 MHz, DMSO-d6) S [ppm]: 175.52,
167.38, 164.84, 150.05, 148.38, 139.80, 124.39, 111.97, 109.33, 82.60,
54.71, 46.26, 42.93, 27.77, 10.35. 19F NMR (471 MHz, DMSO-d6) S 
[ppm]: -138.38, -159.94.

5.1.1.17. (RS)-4-(1-(3-chloro-2-fluorophenoxy)ethyl)-6-(4-methylpiper- 
azin-1-yl)-1,3,5-triazin-2-amine (23 ). Ester 49, reaction time: 16 h. 
Method A. White solid. Yield 34%, LC/MS+ purity: 100%, tR =  3.94, LC- 
HRMS/MS [M +H ]+  367.1438, mp =  178-180 °C, C16H20ClFN6O (MW  
=  366.83). 1H NMR (500 MHz, DMSO-d6) S [ppm]: 7.09-7.00 (m, 3H, 
Ar-4,5-H, NH), 6.98-6.92 (m, 1H, Ar-6-H), 6.89 (br. s, 1H, Ar-NH), 5.04 
(q, J  =  7.9 Hz, 1H, CH), 3.64 (br. s, 4H, Pp-2,6-H), 2.26 (br. s, 4H, Pp-
3.5-H), 2.16 (s, 3H, N-CH3), 1.56 (d, J  =  7.1 Hz, 3H, CH3). 13C NMR 
(126 MHz, DMSO-d6) S [ppm]: 176.24, 167.46, 164.89, 149.22, 147.78, 
125.31, 121.95, 120.86, 115.34, 100.00, 77.46, 54.73, 46.26, 20.66. 19F 
NMR (471 MHz, DMSO-d6) S [ppm]: -136.10.

5.1.1.18. (RS)-4-(1-(3-chloro-2-fluorophenoxy)propyl)-6-(4-methylpiper- 
azin-1-yl)-1,3,5-triazin-2-amine (24 ). Ester 50, reaction time: 16 h. 
Method A. White solid. Yield 35%, LC/MS+ purity: 99.4%, tR =  4.27, LC- 
HRMS/MS [M +H ]+  381.1597, mp =  170-172 °C, C17H22ClFN6O (MW  
=  380.85). 1H NMR (500 MHz, DMSO-d6) S [ppm]: 7.09-7.00 (m, 3H, 
Ar-4,5-H, NH), 6.96-6.91 (m, 1H, Ar-6-H), 6.88 (br. s, 1H, Ar-NH), 4.79 
(t, J  =  6.3 Hz, 1H, CH), 3.64 (br. s, 4H, Pp-2,6-H), 2.26 (br. s, 4H, Pp-3,5- 
H), 2.16 (s, 3H, N-CH3), 1.95 (qu, J  =  7.3 Hz, 2H, CH2), 0.98 (t, J  =  7.0 
Hz, 3H, CH3). 13C NMR (126 MHz, DMSO-d6) S [ppm]: 175.48, 167.38,
164.84, 149.26, 148.00, 147.31, 125.32, 121.94, 120.85, 115.36, 82.50,
54.72, 46.27, 27.76, 10.36. 19F NMR (471 MHz, DMSO-d6) S [ppm]: 
-136.28.

5.1.1.19. (RS)-4-(1-(2-chloro-3-fluorophenoxy)propyl)-6-(4-methylpiper- 
azin-1-yl)-1,3,5-triazin-2-amine (25 ). Ester 51, reaction time: 16 h. 
Method A. White solid. Yield 48%, LC/MS+ purity: 100%, tR =  4.35, LC- 
HRMS/MS [M +H ]+  381.1597, mp =  123-125 °C, C17H22ClFN6O (MW  
=  380.85). 1H NMR (500 MHz, DMSO-d6) S [ppm]: 7.25-7.19 (m, 1H, 
Ar-5-H), 7.07-6.99 (m, 1H, Ar-NH), 6.96-6.91 (m, 1H, Ar-4-H), 6.88 (br. 
s, 1H, Ar-NH), 6.76-6.73 (m, 1H, Ar-6-H), 4.78 (t, J  =  8.7 Hz, 1H, CH), 
3.64 (br. s, 4H, Pp-2,6-H), 2.32-2.20 (m, 4H, Pp-3,5-H), 2.16 (s, 3H, N- 
CH3), 2.00-1.93 (m, 2H, CH2), 1.02 (t, J  =  7.4 Hz, 3H, CH3). 13C NMR 
(126 MHz, DMSO-d6) S [ppm]: 175.58, 167.41, 164.84, 157.83, 155.97,
128.57, 110.88, 109.39, 108.86, 82.64, 54.73, 52.75, 46.26, 27.91,
10.38. 19F NMR (471 MHz, DMSO-d6) S [ppm]: -114.64.

5.1.2. General procedure fo r  fina l compounds 26-31
Compounds 26-31 were obtained in Buchwald_Hartwig reaction via 

reaction of the earlier synthesized dichlorophenoxy-1,3,5-triazine de­
rivatives (6, 52-54) [32] with bromobenzene or 4-bromopyridine, in 
the presence of sodium tert-butoxide and RuPhos Pd G3. An appropriate
1.3.5-triazine (0.25 mmol) and bromide (bromobenzene/4-bromopyr- 
idine 0.25 mmol) were dissolved in anhydrous 1,4-dioxane (5 ml) and 
sodium tert-butoxide (0.50 mmol) was added to the reaction mixture. 
Reaction mixture was purged with argon and followed by adding a 
catalyst (0.03 mmol). Reaction was carried out at 100 °C for 3h. Reac­
tion mixture was filtered through Cellite and washed with ethyl acetate 
(20 ml). Filtrate was concentrated in vacuo and purified on flash chro­
matography (DCM/MeOH 9:1). Residue after flash was lyophilized.

5.1.2.1. 4-(1-(3,5-dichlorophenoxy)propyl)-6-(4-methylpiperazin-1-yl)-N- 
phenyl-1,3,5-triazin-2-amine (26 ). Starting material: 4-(1-(3,5-dichlor- 
ophenoxy)propyl)-6-(4-methylpiperazin-1-yl)-1,3,5-triazin-2-amine (52), 
bromobenzene CAS: 108-86-1, reaction time: 3h. White solid. Yield: 
41%, LC/MS+ purity: 98%, tR =  1.39, LC-HRMS/MS [M +H ]+  473.1630, 
mp =  133-135 °C, C23H26Cl2N6O (MW =  473.40). 1H NMR (400 MHz, 
DMSO-d6) S [ppm]: 9.74 (s, 1H, Ar-NH), 7.63 (s, 2H, Ph-2,6-H), 
7.30-7.22 (m, 2H, Ph-3,5-H), 7.13 (t, J  =  1.8 Hz, 1H, Ph-4-H), 7.04 
(d, J  =  1.8 Hz, 2H, Ar-2,6-H), 6.98 (t, J  =  7.4 Hz, 1H, Ar-4-H), 4.95 (s, 
1H, CH), 3.75 (s, 4H, Pp-2,6-H), 2.39-2.27 (m, 4H, Pp-3,5-H), 2.20 (s, 
3H, N-CH3), 2.07-1.91 (m, 2H, CH2), 1.00 (t, J  =  7.4 Hz, 3H, CH3). 13C 
NMR (126 MHz, DMSO-d6) S [ppm]: 175.55, 164.36, 160.30, 156.67,
139.86, 134.91, 128.99, 122.90, 120.44, 115.18, 70.96, 54.70, 46.22,



43.27, 27.55, 10.30.

5.1.2.2. 4-(1-(3,5-dichlorophenoxy)propyl)-6-(4-methylpiperazin-1-yl)-N- 
(pyridin-4-yl)-1,3,5-triazin-2-amine (27 ). Starting material: 4 -(1-(3 ,5- 
dichlorophenoxy)propyl)-6-(4-methylpiperazin-1-yl)-1,3,5-triazin-2-amine
(52), 4-bromopyridine CAS: 1120-87-2, reaction time: 3h. White solid. 
Yield: 32%, LC/MS+ purity: 94%, tR =  1.14, LC-HRMS/MS [M +H ]+  
474.1583, mp =  129-131 °C, C22H25Cl2N7O (M W  =  474.39). 1H NMR 
(400 MHz, DMSO-d6) S [ppm]: 10.13 (s, 1H, Ar-NH), 8.38-8.32 (m, 2H, 
Ph-3,5-H), 7.67-7.61 (m, 2H, Ph-2,6-H), 7.13 (t, J  =  1.8 Hz, 1H, Ar-4-H),
7.06 (d, J  =  1.8 Hz, 2H, Ar-2,6-H), 5.04 (s, 1H, CH), 3.81-3.77 (m, 4H, 
Pp-2,6-H), 2.40-2.29 (m, 4H, Pp-3,5-H), 2.21 (s, 3H, N-CH3), 2.10-1.93 
(m, 2H, CH2), 1.01 (t, J  =  7.4 Hz, 3H, CH3).

5.1.2.3. 4-(1-(3,5-dichlorophenoxy)pentyl)-6-(4-methylpiperazin-1-yl)-N- 
phenyl-1,3,5-triazin-2-amine (28 ). Starting material: 4-(1-(3,5-dichlor- 
ophenoxy)pentyl)-6-(4-methylpiperazin-1-yl)-1,3,5-triazin-2-amine (53), 
bromobenzene CAS: 108-86-1, reaction time: 3h. White solid. Yield: 
27%, LC/MS+ purity: 96%, tR =  1.46, LC-HRMS/MS [M +H ]+  501.1973, 
mp =  135-137 °C, C25H30Cl2N6O (M W  =  501.46). 1H NMR (400 MHz, 
DMSO-d6) S [ppm]: 9.74 (s, 1H, Ar-NH), 7.63 (s, 2H, Ph-2,6-H), 
7.30-7.22 (m, 2H, Ph-3,5-H), 7.12 (t, J  =  1.8 Hz, 1H, Ph-4-H), 7.03 
(d, J  =  1.8 Hz, 2H, Ar-2,6-H), 6.98 (t, J  =  7.4 Hz, 1H, Ar-4-H), 4.99 (s, 
1H, CH), 3.75 (s, 4H, Pp-2,6-H), 2.38-2.27 (m, 4H, Pp-3,5-H), 2.20 (s, 
3H, N-CH3), 2.00-1.92 (m, 2H, CH2), 1.53-1.40 (m, 2H, CH2), 1.39-1.31 
(m, 2H, CH2), 0.89 (t, J  =  7.1 Hz, 3H, CH3). 13C NMR (126 MHz, 
DMSO-d6) S [ppm]: 186.09, 175.74, 164.36, 139.86, 134.92, 128.98, 
122.90, 120.44, 115.15, 87.13, 66.57, 54.74, 46.22, 27.58, 22.43,
14.39.

5.1.2.4. 4-(1-(3,5-dichlorophenoxy)pentyl)-6-(4-methylpiperazin-1-yl)-N- 
(pyridin-4-yl)-1,3,5-triazin-2-amine (29 ). Starting material: 4-(1-(3 ,5- 
dichlorophenoxy)pentyl)-6-(4-methylpiperazin-1-yl)-1,3,5-triazin-2-amine
(53), 4-bromopyridine CAS: 1120-87-2, reaction time: 3h. White solid. 
Yield: 37%, LC/MS+ purity: 96%, tR =  1.46, mp =  133-135 °C, 
C24H29Cl2N7O (M W  =  502.44). 1H NMR (400 MHz, DMSO-d6) S [ppm]: 
10.12 (s, 1H, Ar-NH), 8.34 (d, J  =  5.5 Hz, 2H, Ph-3,5-H), 7.63 (d, J  =  6.1 
Hz, 2H, Ph-2,6-H), 7.12 (t, J  =  1.8 Hz, 1H, Ar-4-H), 7.04 (d, J  =  1.8 Hz, 
2H, Ar-2,6-H), 5.07 (s, 1H, CH), 3.77 (s, 4H, Pp-2,6-H), 2.39-2.34 (m, 
4H, Pp-3,5-H), 2.20 (s, 3H, N-CH3), 2.01-1.94 (m, 2H, CH2), 1.52-1.39 
(m, 2H, CH2), 1.38-1.30 (m, 2H, CH2), 0.88 (t, J  =  7.1 Hz, 3H, CH3).

5.1.2.5. 4-(1-(2,3-dichlorophenoxy)propyl)-6-(4-methylpiperazin-1-yl)-N- 
phenyl-1,3,5-triazin-2-amine (30 ). Starting material: 4-(1-(2,3-dichlor- 
ophenoxy)propyl)-6-(4-methylpiperazin-1-yl)-1,3,5-triazin-2-amine (54), 
bromobenzene CAS: 108-86-1, reaction time: 3h. White solid. Yield: 
30%, LC/MS+ purity: 94%, tR =  7.48, LC-HRMS/MS [M +H ]+  473.1630, 
mp =  130-132 °C, C23H26Cl2N6O (M W  =  473.40). 1H NMR (500 MHz, 
DMSO-d6) S [ppm]: 9.91-9.58 (m, 1H, Ar-NH), 7.63 (s, 2H, Ph-2,6-H), 
7.46 (d, J  =  8.5 Hz, 1H, Ar-4-H), 7.23 (d, J  =  13.0 Hz, 2H, Ph-3,5-H), 
7.11 (d, J  =  2.3 Hz, 1H, Ph-4-H), 7.01-6.94 (m, 2H, Ar-5,6-H), 
5.10-4.91 (m, 1H, CH), 3.82-3.66 (m, 4H, Pp-2,6-H), 2.38-2.25 (m, 
4H, Pp-3,5-H), 2.19 (s, 3H, N-CH3), 2.09-1.99 (m, 2H, CH2), 1.03 (t, J  =  
7.4 Hz, 3H, CH3). 13C NMR (126 MHz, DMSO-d6) S [ppm]: 175.71, 
170.42, 164.32, 155.79, 139.92, 132.84, 128.92, 122.81, 120.93, 
120.36, 113.71, 108.66, 103.71, 89.99, 54.65, 46.19, 43.32, 27.97,
10.35.

5.1.2.6. 4-(1-(2,5-dichlorophenoxy)propyl)-6-(4-methylpiperazin-1-yl)-N- 
phenyl-1,3,5-triazin-2-amine (31 ). Starting material: 4-(1-(2,5-dichlor- 
ophenoxy)propyl)-6-(4-methylpiperazin-1-yl)-1,3,5-triazin-2-amine (6), 
bromobenzene CAS: 108-86-1, reaction time: 3h. White solid. Yield: 
30%, LC/MS+ purity: 94%, tR =  7.45, LC-HRMS/MS [M +H ]+  473.1630, 
mp =  127-129 °C, C23H26Cl2N6O (M W  =  473.40). 1H NMR (500 MHz, 
DMSO-d6) S [ppm]: 9.77 (s, 1H, Ar-NH), 7.63 (s, 2H, Ph-2,6-H), 7.45 (d,

J  =  8.5 Hz, 1H, Ar-4-H), 7.30-7.18 (m, 2H, Ph-3,5-H), 7.10 (d, J  =  2.3 
Hz, 1H, Ar-3-H), 6.98 (dd, J1 =  8.5, J2 =  2.3 Hz, 1H, Ar-6-H), 6.95 (d, J  
=  8.1 Hz, 1H, Ph-4-H), 4.99 (s, 1H, CH), 3.81-3.65 (m, 4H, Pp-2,6-H), 
2.37-2.24 (m, 4H, Pp-3,5-H), 2.18 (s, 3H, N-CH3), 2.08-1.99 (m, 2H, 
CH2), 1.02 (t, J  =  7.4 Hz, 3H, CH3). 13C NMR (126 MHz, DMSO-d6) S 
[ppm]: 175.41, 164.40, 154.92, 139.91, 132.43, 131.49, 128.97,
122.84, 121.76, 121.14, 120.38, 115.62, 70.96, 54.63, 46.19, 43.38, 
27.62, 22.48, 10.22.

5.2. Crystallographic analysis

Crystals of 22 were obtained from methanol by slow evaporation of 
the solvent under ambient conditions.

Intensity for a single crystal was collected using the XtaLAB Synergy- 
S diffractometer, with a mirror monochromator and microfocus CuKa 
radiation source (1.54184 A). The phase problem was solved by direct 
methods using SHELXTL [54]. The parameters of the obtained model 
were refined by full-matrix least-squares on F2 using SHELXL [55]. All 
nonhydrogen atoms were refined anisotropically. Hydrogen atoms 
attached to nitrogen atoms were located on the difference Fourier map 
and refined without any restraints. All hydrogen atoms bonded to car­
bon atoms were included in the structure at idealized positions and were 
refined using a riding model. The molecular graphics were generated 
with the MERCURY program [56].

Crystallographic data for 22: C17H22F2N6O, Mr =  364.40, wave­
length 1.54184 A, crystal size =  0.12 x 0.21 x 0.32 mm3, monoclinic, 
space group C2/c, a =  33.4685(2) A, b =  6.86826(3) A, c =  15.74179(8) 
A, ß =  90.3227(5)°, V  =  3618.52(3) A3, Z =  8, T =  100(2) K, 60244 
reflections collected, 3926 unique reflections (Rint =  0.0359), R1 =  
0.0364, wR2 =  0.0941 [I >  2g(I)], R1 =  0.0368, wR2 =  0.0943 [all 
data].

CCDC 2124761 contains the supplementary crystallographic data. 
These data can be obtained free of charge from The Cambridge Crys- 
tallographic Data Centre via www.ccdc.cam.ac.uk/data_request/cif.

5.3. Molecular modelling

In this study, the crystal structures of considered target proteins 
retrieved from the Protein Data Bank [67] were used: structure of 5- 
HT6R in the complex with agonist serotonin (PDB ID: 7XTB) and CDK5 
structure (PDB ID: 3O0G). 3D structures of the compounds 7-31, as well 
as two reference compounds used in the CDK5-based modeling, were 
prepared using LigPrep, which performed an appropriate ionization 
states assignment at pH 7.4 ±  1.0 using Epik (Schrödinger, New York, 
NY, USA). On the other hand, the proteins were prepared using Protein 
Preparation Wizard (to assign the bond orders, check for steric clashes 
and assign appropriate amino acid ionization states). Standard Glide 
docking was used in the CDK5 modeling and induced fit docking (IFD) 
was applied in the 5-HT6R study. In each case, the grid box with a size of 
10 A was centered on the co-crystallized ligand and extended confor­
mation searching was performed.

5.4. GPCR binding profile

5.4.1. Radioligand binding assays
The assays were carried out according to previously described 

methods by our research group [23,26,57]. Details are presented in 
Supplementary Material.

5.4.2. Functional assays towards 5-HTęR
The study was performed in the same way as that in the previous 

work [26,27]. More details are presented in Supplementary Material.

http://www.ccdc.cam.ac.uk/data_request/cif


5.5. Enzyme inhibitory profile

5.5.1. CDK5/p25 activity measurement
The inhibition of CDK5/p25 enzyme was measured using CDK5/p25 

Kinase Enzyme System (Promega) and ADP-Glo Kinase Assay kit 
(Promega) according to the manufacturer’s recommendations [58]. The 
principle of the method works based on the CDK5/p25 reaction, which 
utilizes ATP and generates ADP. Then the ADP- Glo Reagent is added to 
simultaneously terminate the kinase reaction and deplete the remaining 
ATP. Finally, the Kinase Detection Reagent is added to convert ADP to 
ATP and the newly synthesized ATP is converted to light using the 
luciferase/luciferin reaction. ATP was involved in the kinase reaction of 
CDK5/p25 phosphorylating its substrate, histone H1. The amount of 
ADP formed in this reaction reflects the activity of CDK5/p25.

Tested and reference compounds were dissolved in dimethyl sulf­
oxide (DMSO) at a concentration of 10 mM. Serial dilutions of tested 
compounds and standard were prepared in a 96-well microplate in assay 
buffer (200 mM Tris-HCl, pH 7.5, 100 mM MgCl2 and 0.5 |ig/|il BSA) and 
4 to 7 concentrations were tested.

The CDK5/p25 (human, recombinant full-length) enzyme was 
incubated with tested and reference compounds, ATP and histone H1 at 
30 °C for 15 min. In the reaction, the concentration of ATP, CDK5/p25, 
and histone H1 in the mix reaction were 50 iM, 15 ng, and 0.1 ig/il, 
respectively. After the end of incubation, ADP-Glo Reagent was added 
and incubated 40 min at 22 °C. Next, Kinase Detection Reagent was 
added. After 30 min of incubation at 22 °C, the luminescence was 
measured by using a multifunction plate reader (POLARstar Omega, 
BMG Labtech, Germany). All reactions were carried out in white-walled, 
384-well plates which were obtained from PerkinElmer. The percentage 
of inhibition was calculated and IC50 was determined by nonlinear 
regression analysis using GraphPad Prism 6.0 software.

5.5.2. M A0-B  inhibition screening
Inhibitor’ s activity was measured in the fluorometric method 

described before [8,34] using human recombinant MAO-B 0.05 U per 
well (Sigma Aldrich M7441, Darmstadt, Germany), substrate p-tyramine 
200 iM  (Alfa Aesar A12220, Ward Hill, Massachusetts, USA), with 
reference to inhibitors at 1 iM: reversible safinamide (Cayman Chemi­
cal, Ann Arbor, Michigan, USA) and irreversible rasagiline (Sigma 
Aldrich, Darmstadt, Germany). Compounds were tested in two concen­
trations (1 iM  and 10 iM ) and the results were normalized to solvent 
control (DMSO, no inhibition, 0%) and rasagiline 1 iM  (fully inhibited 
enzyme, 100%). If compounds exceeded 50% of maximal inhibition they 
would be chosen for testing in a dose-dependent manner and ICso would 
be calculated.

5.6. Safety in vitro

5.6.1. Reference compounds
The references applied in ADMETox studies in vitro: doxorubicin 

(DX), caffeine (CFN) and verapamil (VER) were purchased from Sigma- 
Aldrich (St. Louis, MO, USA).

5.6.2. Permeability
Compounds’ passive transport through cell membranes was esti­

mated using Pre-coated PAMPA Plate System Gentest™ provided by 
Corning (Tewksbury, MA, USA). The assay was carried out according to 
the manufacturer’s instruction and was already described by our 
research group [26,27,40,41,45]. The permeability coefficient Pe was 
counted based on the equation provided by the supplier [45] after 
measurement of the concentrations in apical and basolateral wells using 
the LC/MS analysis with an internal standard. The results were 
compared to the high permeable reference CFN.

5.6.3. Hepatotoxicity
Hepatoma HepG2 (ATCC® HB-8065™) cells were used in the test to

assess hepatotoxicity. Both the details of the assay and the conditions for 
cell growth have already been reported earlier [27,40,41]. Examined 
compounds were added to the cells and incubated for 72 h in the four 
concentrations: 1, 10, 50 and 100 iM. Results were compared to the 
reference toxin DX which was implemented at 1 iM. The cells’ viability 
was defined by standard MTS Assay administered by Promega (Madison, 
WI, USA). Multifunctional reader EnSpire (PerkinElmer, Waltham, MA 
USA) was used to measure the absorbance at 490 nm.

5.6.4. Metabolic stability
Metabolic stability I phase assay consisted of incubation of com­

pounds with rat liver microsomes (RLMs) for 120 min at 37 °C according 
to the previously revealed protocol [40,41].. The procedure for the 
Phase II metabolism test was as follows: 200 i l of reaction mixture in 
Eppendorf was prepared using 87 i l 100 mM Tris-HCl, 5 i l 100 mM 
MgCl2 (2.5 mM in the essay), 10 il 1 mM of compound 8 (50 iM  in 
essay) and 8 i l microsomes (RLMs). Reaction mixture was subjected to 
preincubation at 37 ° C for 5 min. Then added 40 i l of 10 mM UDPGA (2 
mM in essay) and 50 i l of NAPDH. The control sample was 50 iM  of
7-Hydroxycoumarin. Duration of reaction: 1h at 37 °C. After the reac­
tion 200 il of cold ACN was added and centrifuged on vortex. The su­
pernatant solution was collected, diluted with ACN and logged for 
LC/MS analysis.

RLMs were purchased from (Sigma-Aldrich, St. Louis, MO, USA). The 
LC/MS analysis was used as a tool for potential metabolites determi­
nation. The procedure was supported by the in silico prediction of 
possible metabolic pathways by using MetaSite 8.0.1. Software (Mo­
lecular Discovery Ltd., Hertfordshire, UK).

5.7. In vitro aggregation test

In vitro aggregation tests were conducted using freshly drawn whole 
rat blood with a Multiplate platelet function analyzer (Roche Diagnostic, 
Mannheim, Germany) based on the measurements of electric imped­
ance. Blood was drawn from rats’ carotid arteries with hirudin blood 
tube (Roche Diagnostic, Mannheim, Germany). Anticoagulated blood 
(300 iL) was mixed with 300 iL  of the prewarmed isotonic saline so­
lution containing studied compound or vehicle (DMSO 0.1%) and pre­
incubated for 3 min at 37 °C with continuous stirring. Aspirin (Tocris, 
Abingdon, UK) was used as a reference compound. Aggregation was 
induced by adding collagen (Hyphen-Biomed, France) at the final con­
centration of 1.6 ig/mL. Activated platelet function aggregation process 
was recorded for 6 min. The Multiplate software analyzed the area under 
the curve (AUC) of the clotting process for each measurement and 
calculated the mean values. Each concentration of studied compounds 
was tested at least three times. Concentration-inhibition curves were 
constructed and analyzed by non-linear curve fitting using GraphPad 
Prism 6.0 (GraphPad Software Inc., San Diego, CA, USA).

The results are expressed as mean ±A/2, where A is a width of the 
95% confidence interval (CI). Statistically significant differences be­
tween groups were calculated using one-way analysis of variance 
(ANOVA) and the post-hoc Dunnett’s test. The criterion for significance 
was set at p <  0.05.

5.8. In vivo studies

5.8.1. Animals
Eight-week-old male Wistar rats were obtained from an accredited 

animal facility at the Jagiellonian University Medical College, Poland. 
Approvals for the study was obtained from the I Local Ethics Commis­
sion in Cracow (no 309/2019, 17.07.2019). All applicable international, 
national and institutional guidelines for the care and use of animals were 
followed (the detailed information is included in Supplementary Mate­
rial). A  total of 152 rats weighing 200-260g were housed in a group of 
four in a controlled environment (the detailed information is included in 
Supplementary Material) and after 5 days acclimatization period were



divided into experimental groups (n =  6-8/group): (1) control rats 
injected with vehicle (1% Tween 80 (Sigma Aldrich, PL)), (2) 0.1 mg/kg 
of MK-801 injected rats (water solution of MK-801 maleate (Bio-Techne, 
PL)), (3) groups injected with selected doses of compound 8 jointly with 
MK-801 (0.1 mg/kg). All compounds were injected intraperitoneally (i  
p .) in a volume of 2 mL/kg.

5.8.2. Novel object recognition (N O R ) test
The protocol was adapted from the original work [59,60] and the test 

and the administration of compounds were done according to the pre­
viously described protocol (compound 8 and MK-801 were adminis­
tered, 60 and 30 min, respectively, before the T1 phase (the 
familiarization phase)) [27]. The discrimination index (DI) was calcu­
lated according to the formula:

D [ (EB -  EA)
(EA +  EB)

EB -  the exploration time of novel object during the T2 session
EA -  the exploration time of familiar object during the T2 session

MK-801 was chosen as the memory disturbance-induced compound 
based on the literature data which indicates that selective 5-HT6R an­
tagonists may prevent memory disturbances in rats induced by MK-801 
[27,61]. To assess the impact of the injected compounds on the rats’ 
exploratory activity the total exploration time in the T2 phase was 
measured.

5.8.3. Forced swim test (FST)
The experiment was carried out according to the method of Porsolt 

[62] the procedure and administration of compounds was done ac­
cording to the previously described protocol [27]. The immobility was 
assigned when no additional activity was observed other than that 
necessary to keep the rat’ s head above the water. Fresh water was used 
for each animal.

5.8.4. Elevated plus-maze test (E PM  test)
The testing procedure was based on a method described by Pellow 

and File [63]. The procedure and administration of compounds were 
performed according to the protocol described previously [27] (details 
see in the Supplementary Material). The EPM test is an ‘unconditional’ 
anxiety test based on the natural aversion of rodents to heights and open 
space. The increase in open-arm exploration, observed in the EPM test 
after administration of investigated compounds, denotes reduced anxi­
ety behavior in that model vs vehicle-treated animals.

5.8.5. Exploratory activity measured in the EPM  test
The experiment was performed using an EPM apparatus (details see 

in the Supplementary Material) to discern drug effects on general ac­
tivity from those on open-arm exploration, during a 5-min test period (i  
e. the time equal to the observation period in the EPM test).

5.8.6. Statistical analysis
Results of in vivo studies are presented as mean ±  standard error of 

the mean (SEM). The obtained data were evaluated by one-way ANOVA  
followed by Bonferroni’s Comparison Test. Statistical analysis was per­
formed using the Statistica 13 software (Statsoft, Inc., USA).
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