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A B S T R A C T

The 4,6-substituted-1,3,5-triazin-2(1H)-ones are promising inhibitors of human DNA topoisomerase IIα. To
further develop this chemical class targeting the enzymés ATP binding site, the triazin-2(1H)-one substitution
position 6 was optimized. Inspired by binding of preclinical substituted 9H-purine derivative, bicyclic sub-
stituents were incorporated at position 6 and the utility of this modification was validated by a combination of
molecular simulations, dynamic pharmacophores, and free energy calculations. Considering also predictions of
Deepfrag, a software developed for structure-based lead optimization based on deep learning, compounds with
both bicyclic and monocyclic substitutions were synthesized and investigated for their inhibitory activity. The
SAR data showed that the bicyclic substituted compounds exhibited good inhibition of topo IIα, comparable to
their mono-substituted counterparts. Further evaluation on a panel of human protein kinases showed selectivity
for the inhibition of topo IIα. Mechanistic studies indicated that the compounds acted predominantly as catalytic
inhibitors, with some exhibiting topo IIα poison effects at higher concentrations. Integration of STD NMR ex-
periments and molecular simulations, provided insights into the binding model and highlighted the importance
of the Asn120 interaction and hydrophobic interactions with substituents at positions 4 and 6. In addition, NCI-
60 screening demonstrated cytotoxicity of the compounds with bicyclic substituents and identified sensitive
human cancer cell lines, underlining the translational relevance of our findings for further preclinical develop-
ment of this class of compounds. The study highlights the synergy between simulation and AI-based approaches
in efficiently guiding molecular design for drug optimization, which has implications for further preclinical
development of this class of compounds.

1. Introduction

Alongside cardiovascular diseases, cancer is one of the most common
causes of death worldwide. Of the approximately 60 million deaths re-
ported each year, around 10 million are directly attributable to cancer
[1,2]. Cancer is the result of a multistep transformation of normal cells
into tumor cells through a series of acquired functional abilities that
allow cancer cells to survive, proliferate and spread, also known as the
"Hallmarks of Cancer" [3,4,8]. The development of cancer can be caused
by external influences such as ionizing radiation, various chemicals and
biological carcinogens. In addition, the incidence of cancer increases
dramatically with age due to a less efficient cell repair machinery [4].

One of the hallmarks of cancer cells is rapid and uncontrolled cell
division. This process is highly dependent on the proper function of a

large family of enzymes, the DNA topoisomerases, which catalyze to-
pological changes of the DNA molecule [5,6]. In addition, these mo-
lecular motors are also involved in the transcription and chromosome
division and thus represent a crucial molecular motor for cell survival
[7,8]. A well-known subdivision into type I and type II topoisomerases is
based on whether they can form transient single-strand or double-strand
breaks in the DNA molecule [7,9]. In most cases, topoisomerases enable
the simplification of the DNA topology [7]. Like its other isoform, topo
IIβ, human DNA topoisomerase IIα (topo IIα) (Fig. 1 A) belongs to the
type II class. Both isoforms show high sequence similarity, however the
topo IIβ isoform is expressed in quiescent and proliferating cells,
whereas topo IIα is predominantly expressed in the latter, making it an
attractive drug target that is commonly used in chemotherapy [10–12].

The topo II inhibitors used in clinical practice mainly belong to the
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group of anthracyclines such as daunorubicin and doxorubicin and the
epipodophyllotoxins such as etoposide and teniposide. These com-
pounds mostly act as stabilizers of the short-lived covalent complex
between the enzyme and the cleaved DNA, leading to permanent breaks
in the DNA and the induction of apoptosis [13]. This approach is
frequently used in clinical practice with chemotherapeutic agents to
treat various types of cancer such as colorectal cancer, small cell lung
cancer, ovarian cancer and hematologic cancer [13,14]. However, their
clinical use is often associated with secondary malignancies and car-
diotoxicity due to DNA damage and the accumulation of DNA
double-strand breaks (DSBs) [15,16]. To overcome this drawback, a
diverse group of catalytic inhibitors are currently being developed that
utilize different inhibitory mechanisms compared to topo II poisons [9,
13]. Within this group, compounds that inhibit ATP binding at the
ATPase domain of topo IIα are one of the most attractive and widely
explored options. Currently, no compounds that act via this mechanism
are used in chemotherapy [9].

One of the projects to develop an ATP-competitive catalytic inhibitor
that led to a preclinical drug candidate started with the 9H-purine
fragment, which was identified in the first screening and further opti-
mized [17]. The addition of quinoline and isopropyl substitutions at the
corresponding positions of the purine core significantly improved the
overall inhibitory properties. In the final step, a morpholino-ethoxy
moiety was added to the resulting lead compound to improve solubil-
ity. The result was the preclinical candidateQAP 1, for which enzymatic
and cellular assays showed very favorable properties for cancer therapy
(Fig. 1B) [17].

The 9H-purine-based catalytic inhibitors inspired one of our research
directions for the development of catalytic inhibitors. The main goal of
the molecular design was to find substitutes for the bicyclic core, which
in many ways resembles the architecture of human protein kinase in-
hibitors that also target their corresponding ATP binding sites. Using a
pharmacophore-based molecular design, we first discovered 4,6-disub-
stituted-1,3,5-tiazines that possessed topo IIα inhibitory and cytotoxic
properties [19]. Subsequent optimization of the triazine scaffold led to
closely related 4,6-substituted-1,3,5-triazin-2(1H)-ones with a different

monocyclic core designed to mimic the functionality of the adenine
moiety. For this class, we confirmed that it binds to the isolated ATPase
domain of topo IIα and acts as a catalytic inhibitor [20]. Further
structure-guided optimization of the 1,3,5-triazin-2(1H)-one substitu-
tion position 4 (R2) resulted in active compounds with some cytotoxicity
against the human cancer cell lines HepG2 and MCF-7, which did not
induce DNA double-strand breaks (DSB) and thus acted via a mechanism
distinct from topo II poisons at the cellular level (Fig. 1 C) [21].

Here the molecular design of the 4,6-substituted 1,3,5-triazin-2(1H)-
ones was further addressed by focusing on the R1 substitution pattern
located at position 6 of the monocyclic scaffold (Fig. 1 C). In one di-
rection, we took inspiration from the catalytic inhibitor of topo IIα QAP
1 and incorporated bicyclic substituents at position 6 of the triazin-2
(1H)-one ring, while retaining the most favorable substituents at posi-
tion 4 from our previous study [21]. Molecular simulations of the
modeled substituted triazin-2(1H)-ones were used to evaluate their
suitability for binding. To additionally explore the possible R2 sub-
stitutions, we also utilized DeepFrag [22,23], a software based on deep
convolutional neural networks specifically designed for structure-based
lead optimization. The results of simulation and AI-based optimization
guided the selection of new 4,6-substituted-1,3,5-triazin-2(1H)-ones for
synthesis. The analogs obtained were then investigated in various
biochemical and biophysical assays to evaluate their mechanism of in-
hibition. Binding to the ATPase domain was studied by STD NMR to
better support the computationally determined binding models and to
reveal the details of molecular recognition. Finally, the cytotoxic profile
of the class was investigated in a panel of 60 human cancer cell lines
(NCI-60) to fully characterize the current potential of this class of cat-
alytic inhibitors for the development of chemotherapeutic regimens.

2. Results and discussion

2.1. Molecular simulations and deep learning for the optimization of 4,6-
substituted-1,3,5-triazin-2(1H)-ones

In the search for ideas to further optimize the 4,6-substituted-1,3,5-

Fig. 1. (A) Cryo-EM structure of the fully catalytic human DNA topoisomerase IIα (PDB: 6ZY8) with labelled gates and the ATP binding site [18]. (B) Development of
bicyclic catalytic inhibitors of human topoisomerase IIα containing a 9H-purine scaffold targeting the ATP binding site, leading to the preclinical candidate QAP 1.
(C) Development of the 4,6-substituted-1,3,5-triazin-2(1H)-ones as monocyclic catalytic inhibitors inspired by 9H-purines.
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triazin-2(1H)-ones, we again resorted to the 9H-purine series and
docked the preclinicalQAP 1 in the ATP binding site of topo IIα [24] and
compared its conformation with that of the 4,6-substituted-1,3,5-tri-
azin-2(1H)-one with a 3-chlorophenyl substituent at R1 (position 6) and
3-trifluoromethyl-5-fluorobenzyl at R2 (position 4), a derivative result-
ing from the optimization of R2 (Fig. 2A) [21]. Our QAP 1 docking
binding model was consistent with the binding model reported for the
9H-purine compounds without the 2-morpholinoethoxy moiety [25].
The experimental data showed competitive ATP inhibition ofQAP 1 and
provided further support for the generated poses. In the case of the tri-
azinone class, microscale thermophoresis (MST) experiments provided
evidence that the compounds bind to the isolated topo IIα ATPase
domain [20].

The triazin-2(1H)-one and 9H-purine scaffolds overlapped, and both
interact with the Asn120, mimicking the interaction with the adenine of
ATP. The substituted quinolin-6-yl moiety bound to the 9H-purine core
of QAP 1 is aligned with the 3-chlorophenyl substituent at the R1 po-
sition of the triazinone. Both form hydrophobic interactions with Ile125
and Pro126, which are located in a region bellow of the adenine portion
of the ATP binding site. The 2-morpholinoethoxy moiety of QAP 1,
which was incorporated to improve solubility, was located in the bulk,
as expected. The optimized R2 substituent interacted with Ser148,
Ser149, Asn150 of the ribose sub-pocket, and Asn91, as well as residues
Arg162-Lys168, which interact with the ATP phosphate moiety [24]. In
addition, the isopropyl substituent of QAP 1 interacted with a vacant
hydrophobic pocket above the ATP adenine moiety, which is currently

Fig. 2. Simulation-based optimization of 4,6-substituted-1,3,5-triazin-2(1H)-ones. (A) Outline of the design of the novel model (31) compound incorporating the
structural data of the 4,6-substituted 1,3,5-triazin-2(1H)-one from our previous study and 9H-purine-based catalytic topo IIα inhibitor QAP 1. (B) Docking con-
formations of QAP 1 (grey) and 4,6-substituted 1,3,5-triazin-2(1H)-one from our previous study (green) compounds in the ATP binding site. (C) MD snapshot of the
QAP 1 compound in the ATP binding site. (D) 3D dynophore model and (E) 2D scheme of the dynophore model. (F) MD snapshot of themodel (31) compound in the
ATP binding site. (G) 3D dynophore model and (H) 2D scheme of the dynophore model. Hydrophobic features are yellow, hydrogen bond donors are green, and
hydrogen bond acceptors are red.
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not targeted by our compounds. The docking comparison clearly showed
that similar bicyclic substituents can also be incorporated at position 6
of the triazinones (Fig. 2). Therefore, we decided to keep the already
optimized 3-trifluoromethyl-5-fluorobenzyl moiety at position 4, and
introduce a 2-morpholinoetoxy-substituted quinolin-6-yl moiety at po-
sition 6 of the 1,3,5-triazinone which resulted in a model compound
(31) (Fig. 2A).

Unfortunately, no crystal structures with bound 4,6-substituted-
1,3,5-triazin-2(1H)-one or any inhibitor at all other than the non-
hydrolyzable ATP analogue ANP-PNP and ADP at the ATP binding site
of topo IIα are available so far. To explore the dynamic component of
molecular recognition between the ligands and the ATP binding site of
topo IIα and to overcome the limitations of conventional static methods
of molecular design such as molecular docking and pharmacophore
modelling [26–28], molecular dynamics (MD) simulations with a
duration of 0.5 μs were performed for docking poses of compounds QAP
1 and model (31) (Fig. 2B). The root-mean square deviation (RMSD)
with average values of 2.4 ± 0.7 Å and 2.2 ± 0.3 Å for the QAP 1 and
model compounds, respectively, indicates similar pose stability.

To analyze the dynamic and energetic components of molecular
recognition of both ligands, dynamic pharmacophore models (i.e.,
dynophores) and Molecular Mechanics/Generalized Born Surface Area
(MM/GBSA) free energy calculations were employed (Table 1). Dyno-
phores are an integration of the structure-based pharmacophore models
derived for the bound ligand in each frame of the trajectory. They
represent an efficient geometry-based technique to model the dynamics
of ligand-receptor molecular recognition. However, as this approach
does not provide information about the energetics of the binding pro-
cess, MM/GBSA calculations can nicely supplement these results using
the same MD trajectory. The MM/GBSA method estimates the free en-
ergy of binding of ligands to biomolecules by combining molecular
mechanics (MM) energies with solvation effects modeled by the
Generalized Born (GB) implicit solvent model and Surface Area (SA)
contributions to account for non-polar solvation effects, along with en-
tropy contributions typically derived from normal mode analysis or
quasi-harmonic approximations. Rooted in a thermodynamic cycle,
MM/GBSA also enables energy decomposition that can yield insights
into the contributions of individual residues to the overall binding af-
finity. As methods are based on a different premise they can yield
complementary results (e.g. identifying a residue with an important
contribution overlooked by pharmacophores) thereby enhancing the
understanding of the receptor-ligand binding process.

In the QAP 1 molecule, 9H-purine scafold can form stable hydrogen
bonds with both Asn120 and Asn95, which are present throughout the
trajectory, with the Asn120 interaction being the most favorable from an
energetic point of view. The dynophore model showed three clusters of
hydrophobic interactions between the ethyl, isopropyl, and quinolin-6-
yl elements bound to the core scaffold and residues such as Ile88,

Asn91, Ile125, Ile141, and Phe142. These residues were also energeti-
cally favorable for the interaction, especially Ile125 and Ile141. The
MM/GBSA calculation also revealed a favorable interaction with
Pro126, the residue in the hydrophobic sub-pocket below the adenine
moiety, and Tyr151. The 2-morpholinoethoxy moiety remained outside
the binding site and showed no interactions with the ATP binding site,
which is consistent with its function to improve physicochemical prop-
erties, particularly solubility (Fig. 2C-E and Table 1).

As in the model (31) compound, the amide nitrogen on the tri-
azinone ring and a connecting sulfur atom provide stable hydrogen
bonds with Asn120. However, according to MM/GBSA, their contribu-
tion is 1.5 kcal/mol lower than in the case of QAP 1. In addition, the 3-
trifluoromethyl moiety at the phenyl at position 4, forms multiple
hydrogen bonds as its three fluorine atoms oscillate between residues
Asn91, Ser149, Asn150, Gly166, and Ala167. Hydrophobic interactions
between the quinolin-6-yl (at position 6 of the 1,3,5-triazinone) and 3-
trifluoromethyl-5-fluorobenzyl substituents and the residues Ala92,
Ile125, Ile141, Phe142, Tyr151, and Ala167 were detected with the
dynophore. Interactions with Ile125 and Ile141 were particularly
favorable from the energy standpoint. MM/GBSA again determined a
favorable energetic contribution of Pro126 to the binding of the R1

bicyclic pattern. Residues, such as Ile88, Thr215, and Ile217, which
interact predominately with the triazinone core, also exhibited a
noticeable contribution. In contrast to the dynophore, no significant
binding contribution of residues Ser149 and Asn150 was observed in
MM/GBSA calculations (Fig. 2F-H and Table 1).

Overall, both dynophore and MM/GBSA calculations indicate that
the introduction of bicyclic substituents at R1 (position 6) leads to stable
and productive binding in the ATP binding site of the topo IIα. The total
energy of QAP 1 was generally more favorable compared to the model
(31) compound, suggesting that the designed triazinones would still not
lead to higher IC50 values than those determined for 9H-purines. How-
ever, the triazinones synthesized so far contain substituted phenyls that
are poorly soluble, which compromises their utility for further devel-
opment. Therefore, the introduction of substituents which could
improve this aspect is central. Considering the results of the simulation-
based molecular design, we decided to synthesize the model (31)
compound together with compounds 24–33 to investigate the effect of
introducing bicyclic-type R1 substituents more comprehensively. The R2

substituents that were incorporated into these target molecules were 3-
trifluoromethyl-5-fluorobenzyl, 4-isopropylbenzyl, and 4-trifluoro-
methyl, all of which showed favorable properties for this substitution
position in our optimization study [21].

Artificial intelligence (AI) tools, especially deep learning, are
currently gaining popularity in all branches of science, with medicinal
chemistry and drug development being no exception [29]. Among the
tools that can enable effective lead optimization is the recently devel-
oped DeepFrag software, which was developed specifically for this
purpose and is based on a deep learning architecture. It defines a specific
atom on a ligand site that serves as a ’growth point of interest‘ and then
uses a deep learning architecture to append its possible fragments,
which are ranked based on the most suitable interactions [22,23,30].

The use of Deepfrag was also initiated from the docking pose of 4,6-
substituted-1,3,5-triazin-2(1H)-one with 3-chlorobenzyl substituent at
position 6 and optimized 3-trifluoromethyl-5-fluorobenzyl at position 4
(Fig. 3A, S1). The defined ’growth point of interest‘ was the carbon atom
at position 6 next to the linker sulfur atom (Fig. 3A, S1). In the list of the
most favorable fragments provided by Deepfrag were substituted phe-
nyls, some of which were already integrated into our molecules
(Table S1). In this respect, Deepfrag already provided leverage for such
substituents. As mentioned earlier, the compounds synthesized with
such R1 substituents had suboptimal physical chemical properties and
their SAR was already quite substantially explored. For this reason, we
primarily focused on the introduction of bicyclic substituents at R1.
However, as we also wanted to make a comparison in this study, a new
derivative (compound 34) was synthesized with a benzyl-based

Table 1
Per-residue decomposition of the free energy of binding of QAP 1 and model
(31) compounds with listed residues that compounds interact most favorably.

Residue Energy contribution
[kcal/mol]
QAP 1

Energy contribution
[kcal/mol]

Model compound

Ile88 -1.3 ± 0.3 -1.3 ± 0.5
Asn91 -1.6 ± 0.6 -1.3 ± 0.8
Ala92 -0.9 ± 0.3 -1.2 ± 0.3
Asn95 -1.9 ± 0.9 -0.9 ± 0.5
Asn120 -4.5 ± 0.5 -3.0 ± 0.5
Ile125 -3.8 ± 0.4 -2.1 ± 0.6
Pro126 -2.3 ± 0.5 -1.1 ± 0.5
Ile141 -0.5 ± 0.3 -2.6 ± 0.7
Phe142 -1.6 ± 0.5 -1.2 ± 0.2
Tyr151 -1.1 ± 1.0 -1.1 ± 1.1
Thr215 -1.5 ± 0.4 -1.2 ± 0.3
Ile217 -1.2 ± 0.3 -0.9 ± 0.2
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substituent at position 6. We chose to incorporate the CF3 group at po-
sition 3 of the phenyl ring, a moiety that is favorable in terms of meta-
bolism, and in Deepfrag’s predictions. Since no heterocyclic monocyclic
substituents had been identified as favorable by Deepfrag, we decided to
test this by inserting a five-membered thiazole heterocycle at position 6,
thereby providing a reasonable phenyl isostere with improved solubil-
ity. All three of the aforementioned R2 substituents were utilized at the
position 4, resulting in the synthesis of target compounds 34–37. The
topo IIα inhibition properties of these three compounds would ulti-
mately serve to some crude extent validate the Deepfrag predictions
prospectively, as lower inhibition activity is expected.

2.2. Synthesis of targeted compounds

The synthetic route to the proposed 4,6-disubstituted-1,3,5-triazin-2
(1H)-ones was already described and thoroughly elaborated [31].
Nevertheless, to further explore the chemical space at positions 6 of the
core triazinone, a greater diversity of S-substituted thiourea analogs was
required. To achieve this, we either used commercially available halo-
genated heterocycles (see Scheme 2) or synthesized them (compounds
1–3, 7) from methylated precursors by employing different bromination

procedures (Scheme 1).
The subsequent reaction of halogenated derivatives with thiourea in

MeCN at 80 ◦C afforded readily S-substituted thiourea analogs 8–15 in
good yields (Scheme 2), with the exception of 3-(bromomethyl)− 5-
chlorobenzo[b]thiophene. In this case, two distinct products 13a and
13b were observed in the proton NMR after completion of the reaction,
and the molar ratio of 13a/13b was 0.26. We did not separate the two
products at this stage and proceeded to the next reaction steps using a
mixture of 13a and 13b.

The 6-substituted 4-mercapto-1,3,5-triazin-2(1H)-ones 16–23 were
then synthesized by cyclization of thiourea derivatives 8–15 with
ethoxycarbonyl isothiocyanate in the presence of 2 M NaOH in toluene
at room temperature (Scheme 3).

It is noteworthy that for the preparation of compound 18 different
conditions were used to obtain the triazinone ring, i.e. KOtBu as base
and THF as solvent. In the final reaction step, the substituent at position
4 was introduced by alkylation with various benzyl bromides in a basic
EtOH solution at room temperature (Scheme 4), leading to the final
compounds 24–37 (Table 1). The morpholinoethoxy side chain (in
compound 31) was introduced by a nucleophilic aromatic substitution
at the 2-chloroquinoline moiety of 30.

Fig. 3. Optimization of 4,6-substituted-1,3,5-triazin-2(1H)-ones using Deepfrag based on AI. Definition of the ‘growth point of interest’ from the docking pose of the
starting triazinone compound with monocyclic R2 substituent in the ATP binding site and selection of compounds with monocyclic R2 substituent for synthesis
considering the Deepfrag results.

Scheme 1. Preparation of brominated building blocks 1, 2, 3, and 7. Reagents and conditions: (a) NBS, DBPO, CCl4, 80 ◦C, 2 h (for 1) or CCl4, rt, 4 h (for 2) or
benzene, 80 ◦C, 1 h (for 7); (b) CuBr, TBHP, MeCN, 70 ◦C, overnight; (c) step 1: SOCl2, toluene, 80 ◦C, 2 h; step 2: p-toluidine, NaHCO3, DMAP, THF, rt, 24 h; (d)
AlCl3, 100 ◦C, 1 h; (e) POCl3, 110 ◦C, 1 h.
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Scheme 2. Synthesis of S-substituted thiourea derivatives. Reagents and conditions: (a) thiourea, MeCN, 80 ◦C, 1 h, then rt, 1 h.

Scheme 3. Synthesis of 6-substituted 4-mercapto-1,3,5-triazin-2(1H)-ones. Reagents and conditions: (a) ethoxycarbonyl isothiocyanate, 2 M NaOH, toluene, H2O, rt,
24 h; (b) ethoxycarbonyl isothiocyanate, KOtBu, THF, 70 ◦C, 24 h (for compound 18).

Scheme 4. Synthesis of 4,6-disubstituted-1,3,5-triazin-2(1H)-ones. Reagents and conditions: (a) 2 M NaOH, EtOH, rt, 2–24 h; (b) 2-morpholinoethan-1-ol, NaH,
DMF, 0 ◦C to rt, 24 h.
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2.3. Structure-activity relationship (SAR) and selectivity profiling against
human protein kinases

The synthesized 4,6-substituted-1,3,5-triazin-2(1H)-ones 24–37
with novel 4,6-substituted-1,3,5-triazin-2(1H)-one with a 3-chloro-
phenyl substituent at R1 at position 6 and etoposide as a positive con-
trol were screened for their topo IIα inhibitory activity. The results of the
topo IIα-mediated decatenation assay of the tested compounds showed
that all compounds exhibit favorable inhibitory properties in the same
range as the previously developed compounds of this class and are su-
perior to the clinical topo II poison etoposide (Table 2, S2-S5, Figs. S2-
S4) [20,21]. Detailed data on all assays performed can be found in
Sections 2, and 4 to 8 of the Supplementary material.

Model compound 31 with quinoline-based R1 has an IC50 value of
18.5 ± 5.9 μM, which is as potent as our previously reported compounds
that contained substituted benzyls at this position. It was encouraging to
observe that compound 30, which lacks the 2-morpholinoethoxy moi-
ety, exhibits inhibition (IC50 = 12.0 ± 4.8 μM) in the same range,
providing some indirect support for the in silico binding model where
this moiety does not interact with the protein but serves to enhance
solubility. Importantly, both compounds were more soluble compared to
the previous series, representing an important step forward in the
development of this class of compounds.

The two most active compounds of the synthesized series of com-
pounds were 32 and 33, both containing 5-chlorobenzo[b]thiophene at
position 6, with IC50 values in the single-digit micromolar range. Ac-
cording to the in silico binding model (Fig. 2), the introduced chloro
substituent on the benzo[b]thiophene ring can form additional favorable
interactions with an empty hydrophobic pocket. The selection of sub-
stituents incorporated at position 4 of the 1,3,5-triazinone from the
previous optimization study did not seem to be crucial, as molecules
24–26, which all contain a benzo[b]thiophene substituent and either 3-
trifluoromethyl-5-fluorobenzyl, 4-isopropylbenzyl, or 4-trifluorome-
thylbenzyl, all led to very similar topo IIα inhibition. The introduction
of benzotiazole (27) and benzoimidazole (28) as bicyclic moieties was
less favorable as approximately threefold lower IC50 values were ob-
tained. Changing the substitution position where the quinoline was
bound to the triazinone core in compound 29 had little effect on inhi-
bition compared to compound 30 with the alternative quinoline
position.

The inhibition of the compound with substituted benzyl at position 6
(compound 34) was comparable to the compounds in which the bicyclic-
type substitution pattern was installed at this position. However, this
compound was less soluble and therefore less interesting for further
development. Indeed, for the compounds, where a monocyclic hetero-
cyclic thiazole was intentionally inserted to test Deepfrag’s predictions,
approximately three to fivefold weaker topo IIα inhibition was observed
for all three resulting compounds 35–37 in comparison to compound 34.
Similarly, as for R1 bicyclic compounds 24–26, the choice of substitution
at position 4 had little effect on the inhibitory potencies.

Next, a set of active compounds 24, 30, 32, and 37 were selected to
investigate whether they could inhibit the other isoform of human topo
II, the β-isoform, by performing a topo IIβ-mediated decatenation assay
(Table S6, Fig. S5). All compounds showed comparable inhibition to that
observed for topo IIα. The average IC50 values were 9.9 ± 0.4 µM
(compound 24), 10.6 ± 28.8 µM (compound 30), 8.3 ± 2.5 µM (com-
pound 32) and 16.0 ± 39.0 µM (compound 37). These compounds do
not appear to act selectively on topo IIα, which could be beneficial in the
treatment of cancer if catalytic inhibition is involved, as the topo IIβ
isoform can compensate for topo IIα depletion in certain cell lines [17,
32,33].

The crystal structures of the human topo IIβ ATPase domain with
bound AMP-PNP or ADP allowed a structure-based comparison of the
binding sites. After structural alignment with topo IIα, it is noticeable
that the positions of the crucial residues are located at the same position
in both isoforms, showing a structural similarity of the ATP binding site

and suggesting that selective inhibition between topo IIα and topo IIβ
would be challenging when targeting this binding site. The latter is also
reflected in the obtained dockingmodes of compounds 24 and 37, which
have the same overall orientation in both structures. In topo IIβ, Asn136
corresponds to Asn120 in topo IIα and forms hydrogen bonds with both
ligands. The monocyclic and the bicyclic substituent pattern at position
6 occupy the vacant hydrophobic pocket below the ATP-adenine sub-
pocket and interact there with Ile125 and Pro126 in topo IIα and
correspondingly Ile141 and Pro142 in topo IIβ. The substituted phenyls
at position 4 of the 1,3,5-triazinone are located in the ribose/phosphate
part of the ATP-binding subpocket and interact with residues Ile157,
Phe158, and Ala183 in topo IIβ. The same can be observed for the two
compounds in topo IIα, where the corresponding residues Ile141,
Phe142, and Ala167 take over this task (Fig. 4).

Finally, compounds 24, 30, 32, 33 and 37 were tested to determine
whether they could inhibit the topo IIα-mediated relaxation of DNA
catalyzed by topo IIα. In the respective assays, overall inhibition was
found to be comparable to that observed in the topo IIα-mediated dec-
atenation assay. The IC50 values were 7.6 ± 2.0 µM (compound 24),
18.1 ± 1.4. µM (compound 30), 8.7 ± 7.3 µM (compound 32), 7.7±
8.5µM (compound 33) and 107.7 ± 3.8 µM (compound 37) (Table S7,
Fig. S6).

As mentioned, the physicochemical properties, particularly solubil-
ity, were generally improved in these compounds compared to the
previous series. To further assess this property quantitatively, clogP
values of all obtained compounds were calculated and compared to the
4,6-substituted-1,3,5-triazin-2(1H)-one with a 3-chlorophenyl substitu-
ent at R1, which served as the starting point for this study (Table S29).
Notably, the R1-bicyclic compounds 27-29 and R1-monocyclic com-
pounds 35-37 showed lower clogP values compared to the starting
compound. Interestingly, some the R1-bicyclic compounds (e.g. 24, 30,
and 31 with included 2-morpholinoethoxy substituent) exhibited com-
parable clogP values to the initial compound, although they dissolved
more easily during the preparation for experimental assays. This high-
lights the complexity of predicting solubility and indicates that often a
more detailed investigation is required to fully evaluate this aspect.

Another important aspect of targeting the ATP binding site in topo
IIα is the extent to which such a compound would affect human protein
kinases, which are involved in the regulation of numerous processes in
the cell and all contain the ATP binding site. To gain insight into the
selectivity of 4,6-disubstituted 1,3,5-triazin-2(1H)-ones, compound 24
was tested on a panel of 20 human protein kinases (Table 3). In the
group of kinases used, 9 members, CDK1/CyclinB, IGF-1R, JAK2, Flt-3,
Src, PKA, PKB, Ret and FGFR3, were selected on the basis of reports on
the evaluation ofQAP 1, while the remaining 11 members were selected
on the basis of studies investigating the simultaneous inhibition of topo
IIα and human protein kinase(s), mainly to assess a potentially beneficial
dual effect [34]. Apart from a very modest inhibition of a few kinases, no
significant inhibitory effect was observed at 10 µM of the compound
tested (Table 3). These results indicate that 4,6-substituted-1,3,5-tri-
azin-2(1H)-ones can selectively inhibit topo IIα compared to several
relevant human protein kinases.

2.4. Examining the mechanism of topo IIα inhibition

Optimization studies on 4,6-substituted-1,3,5-triazin-2(1H)-ones
with monocyclic-based substitution at position 6 showed that they act as
catalytic inhibitors. Unfortunately, sufficient quantities of the most
active compounds 32 and 33 could not be obtained to perform all assays
to fully investigate their mechanism of action. Therefore, a compre-
hensive functional evaluation of the active compounds 24 and 30 was
performed. They showed comparable topo IIα inhibition and were more
soluble compared to the benzyl-substituted analogues. Some of the as-
says were also performed for other compounds in the series such as
compounds 31, 32, and 37.

The topo IIα-mediated cleavage assay was carried out for compounds
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24, 30, 31, 32, and 37. The model compound 31 showed no linear
plasmid up to the measured concentration of 125 μM (Table S9, Fig. S7).
For compounds 30 (Fig. 5B) and 37, there was only a very weak increase
in the linear plasmid at the highest concentration of 125 μM (Fig. S7,
Table S9, S11). Based on the IC50 of the compounds, it can be speculated
that this effect, i.e. stabilization of the cleavage complex, occurs at
concentrations at which topo IIα is in principle already inhibited by
binding in the ATP site. For compound 24, a low level of linear plasmid
was detected at 15.6 μM and above (Fig. 5A, S7, Table S8), whereas the
amount of linear plasmid for compound 32 was higher even at lower
concentrations (Fig. S7, Table S10). Thus, it appears that some members
of the triazinone class may also act via another inhibitory mechanism in
addition to binding to the ATP binding site at higher concentrations.
This behavior varied depending on the type of substituent at position 6.
This is not the first time that such behavior was observed, as chemical
classes such as 2,5-disubstituted 1,3,4-thiadiazoles and α-terpyridine
analogues were shown to inhibit topo II by different mechanisms, acting

either as catalytic inhibitors, or as a topo II poisons, depending on very
subtle changes in their substitution pattern [35–37].

The mechanism of inhibition was further investigated by performing
a competitive cleavage assay for compounds 24 and 30 (Fig. 5C, S8,
Table S12). The assays showed that compound 24 appeared to reduce
the linear product of the etoposide-topoIIα cleavage complex at lower
concentrations. However, at higher concentrations, an increase in
nicked and linear DNA was observed, suggesting a DNA cleavage sta-
bilizer (poison) effect at these concentrations. This observation is
consistent with the observation in the cleavage experiment. On the other
hand, compound 30 decreased the amount of linear product of the
etoposide-topo IIα complex, especially at concentrations of 31.25 μM
and higher, which is also consistent with the absence of a DNA cleavage
stabilization (poison) effect. Further studies are needed to elucidate the
additional inhibitory mechanism at higher concentrations. Studies with
oligonucleotides containing the non-standard nucleobase 2-amino-
imidazo[1,2-a]− 1,3,5-triazin-4(8H)-one, which showed productive

Table 2
Structures of synthesized 4,6-disubstituted-1,3,5-triazin-2(1H)-ones and the determination of IC50 values by the topo IIα-mediated decatenation assay.

* Measurements are the average of two replicates.
* * This compound is also referred to as the model compound, which we used in our design strategy.
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binding of its moiety, similar to the triazinone core present in our
compounds, to the second strand of DNA, could provide some initial
clues [38].

The unwinding assay was employed to assess whether compounds
24, 30, and 37 act as intercalators (Fig. 5D, S9). Both etoposide and the
mAMSA controls behaved as expected. Etoposide is not an intercalator
and therefore showed no signs of unfolding, whereas mAMSA showed
intercalator-mediated effects at all 4 concentrations with both sub-
strates. An initial test performed with supercoiled DNA as substrate
indicated that the two compounds could act as intercalators. However,
when the assay was performed for the compounds with the relaxed DNA
as substrate, none of the compounds showed unwinding, suggesting that
they may be inhibitors of wheat germ topo I. Therefore, the assay was
performed with the excess wheat germ enzyme, which showed that the
compounds are indeed inhibitors rather than intercalators, with com-
pound 24 being the most potent. These observations are consistent with
the earlier assays.

The mode of action of 24 and 30 was also investigated using the
competitive ATPase assay to discern how 4,6-disubstituted-1,3,5-tri-
azin-2(1H)-ones influence ATP hydrolysis at varying concentrations of
the ATP molecule. The results are presented in the form of graphs of ATP

hydrolysis rates as a function of increasing ATP concentrations (Fig. 6,
S10, Tables S13, S14). For both inhibitors, the ATP hydrolysis rate was
significantly faster at lower concentrations and then slowed down with
increasing concentration of the compounds, showing a significant
concentration-dependent effect on ATP hydrolysis rate. Since the inhi-
bition of ATP hydrolysis with 24was very strong at high concentrations,
the assay was adjusted to lower concentrations of the compound. In
addition, the IC50 values of 24 and 30 were calculated with respect to
ATP (Table S15). For compound 30, a general trend of decreasing IC50
values with decreasing ATP concentration (up to 0.1 mM ATP) was
observed, which indicates ATP-competitive inhibition. For compound
24, there was no noticeable decrease in IC50 values, so no conclusions
could be drawn: however, this suggests a possible additional inhibitory
mechanism, consistent with the other assays.

2.5. Binding model of triazinones to the ATP binding site: Integrating in
silico insights with STD NMR experiments

The only experimental data on the binding of 4,6-substituted-1,3,5-
triazin-2(1H)-ones to the ATP binding site of topo IIα was a microscale
thermophoresis (MST) experiment, which showed that these compounds
bind to this domain. In this study, the in silico binding model derived for
this class [20,21], was further indirectly supported by the results of the
topo IIα inhibition data for compounds 30 and (model) 31. The results
demonstrated that the introduction of a large 2-morpholinoethoxy
group to the R1 quinolin-6-yl substituent with the aim of improving
solubility in 31 had little effect on the overall inhibitory potency. To
further explore the binding of this class of compounds and corroborate
the model, the interaction between several triazinones and the isolated
ATPase domain of topo IIα was investigated with 1H saturation transfer
difference (STD) NMR experiments [39], which confirmed the interac-
tion of compounds 30 and (model) 31 with the ATPase domain of topo
IIα.

To determine the ligand-enzyme contacts more precisely, 1D 1H STD
epitope mapping revealed the involvement of the protons of the 2-
substituted quinolin-6-yl ring (position 6) as well as the 3-fluoro-5-(tri-
fluoromethyl)benzyl (position 4) of 30 in the interaction with the
ATPase domain. In our in silico binding model, this was reflected in the
hydrophobic interactions observed when these moieties interacted with
residues such as Ile142, Phe142 and Ile125, Pro126 (Fig. 7A, S12). A
similar result was observed in the epitope mapping ofmodel compound
31. For this molecule, where the chlorine of 30 was replaced by mor-
pholinoethoxy, a slight decrease in STD effects was observed for protons
of the 2-substituted quinolin-6-yl ring compared to 3-fluoro-5-

Fig. 4. Molecular docking of 4,6-disubstituted 1,3,5-triazin-2(1H)-ones with (A) bicyclic-based derivative 24 and (B) monocyclic-based compound 37 in the ATP
binding sites of human DNA topoisomerase IIα (light) and topoisomerase IIβ (dark). The first residues belong to topo IIα, the second to topo IIβ.

Table 3
Inhibitory activity of compound 24 on a panel of human
protein kinases.

Human
Protein kinase

Compound 24
[% activity]

B-Raf 93
CDK1/cyclinB 124
cKit 99
c-RAF 110
EGFR 100
FGFR1 90
FGFR3 92
Flt1 93
Flt3 93
Fms 77
IGF-1R 92
JAK2 107
MEKK3 87
PDGFRα 106
PKA 86
PKBα 105
Ret 91
Src(1-530) 127
ATM 86
DNA-PK 83
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Fig. 5. Functional assays of the selective 4,6-substituted-1,3,5-triazin-2(1H)-ones 24 and 30. (A) Topo IIα-mediated cleavage assay for 24 and etoposide as positive
control. (B) Topo IIα-mediated cleavage assay for 30 and etoposide as positive control. (C) Human topo IIα competitive cleavage assay was performed with 4 different
concentrations of compounds 24 and 30 in the presence of 50 μM etoposide. (D) Unwinding assay for 24 and 30 and intercalator m-AMSA as positive control.

Fig. 6. Results of the competitive ATPase assay shown as plots of the ATP hydrolysis rates versus the ATP concentrations used together with different concentrations
of 4,6-substituted 1,3,5-triazin-2(1H)-ones, (A) compound 24 and (B) compound 30.
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(trifluoromethyl)-benzyl (Fig. 7B, S13). It should be noted that the
strength of the interactions with the protein under study can only be
compared between atoms within a given molecule, as the magnitude of
the STD amplification factor also depends on the exchange kinetics of
the ligand. Overall, the STD NMR data provided a further rationalization
of the binding mode of 4,6-substituted-1,3,5-triazin-2(1H)-ones sug-
gested by in silico experiments.

To further investigate the binding dynamics of optimized 4,6-
disubstituted-1,3,5-triazin-2(1H)-one, STD NMR experiments with
compound 24 bearing benzo[b]thiophen-5-yl ring at position 6 were
performed, which had been investigated extensively in functional topo
IIα assays. STD NMR confirmed the interaction of compound 24with the
ATPase domain and showed a slight increase in STD effects observed for
protons of the benzo[b]thiophen-5-yl ring compared to the 3-fluoro-5-
(trifluoromethyl)-benzyl moiety, suggesting that this ring binds more
favorably compared to the 2-substituted quinolin-6-yl in compounds 30

and 31 (Figs. 8B, 8E, S14).
The docking binding mode of compound 24 was also subjected to

computational evaluation in a 0.5 μs MD simulation. The average RMSD
of the ligand was 3.1 ± 0.4 Å, which is in the same range as compounds
31 and QAP 1 (Fig. 8A). The dynophore model shows favorable hy-
drophobic interactions between the R1 benzo[b]thiophene moiety and
residues Ile125 and Thr159, which are part of the vacant hydrophobic
pocket below the adenine moiety, and with Thr215. The 3-fluoro-5-(tri-
fluoromethyl)-benzyl interacted with residues Ile141, Tyr151, and
Ala167 in the phosphate sub-pocket. The simulation results were in
general agreement with the STD NMR results and were also comparable
with the observations of model compound 31. As expected, 24 formed
hydrogen bonds with Asn120, in this case mainly with the sulfur atom at
substitution position 6 of the 1,3,5-triazin-2(1H)-one scaffold, stably
placed near this residue. The remaining hydrogen bonds were mainly
formed between the trifluoromethyl substituent at position 4 and

Fig. 7. (A, C) In silico binding modes of compounds 30 and 31 in the ATP binding site of topo IIα. (B) 1D 1H STD NMR spectra for compound 30 recorded at a topo IIα
ATPase domain: compound 30 ratio of 1:100 and 600 MHz. The molecular structure illustrates the proton nomenclature and the color-coded relative degrees of
saturation of the individual non-overlapping protons. The STD amplification factors were normalized to the intensity of the signal with the largest STD effect. The
reference STD spectrum (top) with proton assignment and the difference STD spectrum (bottom) are shown. The signal for H9 is missing in the spectra due to
interference from water suppression. The spectra are not to scale. (D) 1D 1H STD NMR spectra for compound 31 recorded at a topo IIα ATPase domain: compound 31
ratio of 1:100 and 600 MHz. The molecular structure illustrates the proton nomenclature and the color-coded relative degrees of saturation of the individual non-
overlapping protons. The STD amplification factors were normalized to the intensity of the signal with the largest STD effect. The reference STD spectrum (top) with
proton assignment and difference STD spectrum (bottom) are shown. The signal for H9 is missing in the spectra due to interference from water suppression. Since the
signals for H4′’, H6′’ and H8′’ overlap with signals belonging to the protein buffer with glycerol, their STD amplification factors could not be determined. The in-
tensities of H1, H7, H7′, H1′’, H3′’ and H7′’ are under detection limit in the difference STD spectrum. The spectra are not to scale.
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residues Ser148, Ser149, and Asn150 (Fig. 8C-D). The free energy
decomposition (per residue) again revealed that Asn120 has the stron-
gest interaction, which is again weaker than in the case of QAP 1. MM/
GBSA identified that Ile125 and Thr215 contribute favorably to the
binding of benzo[b]thiophene. As with the R2 substituent, the interac-
tion with Ile141 proved to be particularly important from an energetic
point of view. In addition, several other residues such as Ile88, Asn91,
Ala92, Asn95, Pro126, Phe142, and Ile217 also proved to be important

and were not included in the dynophore (Fig. 8F). This necessitates the
integration of dynophore and MM/GBSA approaches when attempting
to comprehensively understand the binding of a compound. Subsequent
integration of these in silico results with STD NMR experiments was
critical in confirming the catalytic inhibition mode of 24 by inhibiting
topo IIα via binding to the ATP site. However, the cleavage and
competitive cleavage experiments performed indicated that 24 can
stabilize the cleavage complex at higher concentration. Further studies

Fig. 8. (A) RMSD of compound 24. (B) MD snapshot of compound 24 (dark red) in the ATP binding site (grey). (C) 2D scheme of the dynophore model and (D) 3D
dynophore model. (E) 1D 1H STD NMR spectra for the compound 24 recorded at a topo IIα ATPase domain: compound 24 ratio of 1:100 and 600 MHz. The molecular
structure illustrates the proton nomenclature and the color-coded relative degrees of saturation of the individual non-overlapping protons. The STD amplification
factors were normalized to the intensity of the signal with the largest STD effect. The reference STD spectrum (top) with proton assignment and the difference STD
spectrum (bottom) are shown. The signal for H8 is missing in the reference spectrum due to interference from water suppression. The spectra are not to scale. (F) Per-
residue decomposition of the binding free energy of compound 24 with residues with which the compound interacts most favorably.
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are therefore required to decipher this inhibitory mechanism, which is
more or less pronounced depending on the substitution pattern of the
member of this chemical class.

Compound 37 with the monocyclic R1 substituent 2-methylthiazole
was also of interest for investigation, and STD NMR experiments
confirmed its interaction with the ATPase domain. Compound 37
exhibited uneven degrees of saturation of the individual protons, with
the STD effect of the methylene and methyl groups being much lower
compared to the aromatic rings, suggesting that these groups have
weaker interactions with the binding site than the rest of the molecule.
The highest degree of saturation was interestingly observed for the
proton H1 of the thiazole ring. The replacement of 2-methylthiazole and
4-isopropylbenzyl in compound 37 with 3-fluoro-5-(trifluoromethyl)
benzyl and 2-substituted quinolin-6-yl or benzo[b]thiophen-5-yl rings
in compounds 24, 30, and 31 unified the STD effects of the aromatic
moieties in these molecules, indicating a stronger interaction of all three
compounds with the binding site compared to compound 37, which is
consistent with the observed difference in topo IIα inhibition (Fig. S11,
S15). Additional information regarding the 1H chemical shifts of
assigned protons and STD amplification factors can be found in the
Supplementary Information in Section 9.

The binding mode of compound 37 was also investigated in molec-
ular simulations. The average RMSD of the ligand was 2.6 ± 0.5 Å,
which shows that it is stably bound (Fig. S18A). The hydrogen bond
interactions between Asn120 with 1,3,5-triazin-2(1H)-one and the
linker sulfur atom at substitution site 6 were again energetically the
strongest. In addition to the interactions between the substituents at
positions 4 and 6 and the hydrophobic residues already identified and
described for previous compounds, an additional aromatic interaction

with the residue Arg98 was discovered using dynophore analysis, which
could explain the strong STD effect observed for the proton H1 of the
thiazole ring. Upon visualization of the trajectory, Arg98 was positioned
orthogonal to the aromatic ring, but its guanidine moiety was positioned
parallel to the thiazole ring, forming a cation-π interaction (Fig. S18B -
D). Overall, integration of dynophore and MM/GBSA data was again
central for a comprehensive analysis of triazinone binding properties
(Table S24).

2.6. Optimizing cancer targeting through NCI-60 screening: Identifying
sensitive human cancer cell lines for future compound class development

The 4,6-substituted-1,3,5-triazin-2(1H)-ones with bicyclic- (24, 25,
and 26) and monocyclic-based (34 and 37) substituents at position 6
were submitted to the National Cancer Institute (USA), where they were
approved for NCI-60 screening. This comprehensive assay was per-
formed on a set of 60 human cancer cell lines ranging from leukemia,
lung, colon and central nervous system cancer, melanoma, ovarian,
kidney, prostate and breast cancer, providing a good insight into their
overall potential for development as anticancer agents. A closer look at
the growth inhibition levels allows the identification of human cancer
cell lines in which these compounds were cytotoxic. This data may
provide a good starting point for further steps in the anticancer drug
discovery pipeline using this class of compounds.

In general, the compounds with R1 bicyclic substituents performed
better in NCI-60 than the monocyclic-based triazinones. Compounds 34
and 37 with monocyclic-based substitution pattern at position 6 did not
exhibit cytotoxic activity (Fig. 9C and Fig. S20). Compound 24 showed
marginal cytotoxicity in several leukemia cell lines as well as in some

Fig. 9. Cytotoxicity of compounds (A) 24, (B) 25, and (C) 37 were tested using a 10 μM concentration on a panel of NCI-60 human cancer cell lines.
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colon cancer, melanoma and prostate cancer cell lines (Fig. 9A). Inter-
estingly, the structurally closely related compound 25 with para-
substituted CF3-benzyl moiety showed more diverse and potent cyto-
toxic effects on a broader spectrum of cancer cell lines. While it also
showed cytotoxicity on leukemia cell lines, the most sensitive cell lines
were the malignant glioblastoma cell line U251 (80 % inhibition of cell
growth) and the malignant melanoma cell line SK-MEL-5 (89.5 % inhi-
bition of cell growth). In addition, several cancer cell lines were
observed in which cell growth was reduced by 50 % or more. These cell
lines belong to colon (colorectal adenocarcinoma, colorectal carcinoma
and colon adenocarcinoma) and breast cancer (breast adenocarcinoma)
(Fig. 9B). Admittedly, compound 25 has not been studied as extensively
as compound 24, but based on the close structural similarity, we can
infer its mode of action on topo IIα and molecular recognition from the
behavior observed for 24. For compound 26 (Fig. S19), the cytotoxic
activity was much lower compared to 24 and 25. This could indicate the
importance of the CF3 group, as compound 26 contains an isopropyl
substituent. As the NCI is currently not accepting submissions of com-
pounds outside of US for the NCI-60 screening, a later submission of
compounds 30 and 31 was not possible. The results collected on the
human cell lines indicate that leukemia, glioblastoma, and breast cancer
are the most promising cancer types to focus on for future development.
Topo IIα is widely expressed in skin, bone marrow, lymphoid tissue,
lymph nodes, tonsils, and male and female tissues [40–44]. The sensi-
tivity observed in the NCI-60 screening therefore corresponded well
with the desired preclinical development for agents targeting topo IIα.

3. Conclusion

In our efforts to develop 4,6-substituted-1,3,5-triazin-2(1H)-one de-
rivatives as inhibitors of human DNA topo IIα targeting the ATP binding
site, we focused on optimizing the R1 substitution pattern at position 6.
Inspired by the binding of preclinical 9H-purine derivative QAP 1, we
incorporated bicyclic substituents at this position and used molecular
simulations to validate the advantages of this modification. Since
Deepfrag, a specialized deep learning software tailored for structure-
based lead optimization, suggested a preference for monocyclic-based
substituents, we pursued a dual approach. We synthesized both bicy-
clic and monocyclic substituents at position 6 of the 1,3,5-triazin-2(1H)-
one scaffold, the latter specifically to validate the Deepfrag predictions.

The SAR of the triazinones showed that the bicyclic-substituted tri-
azinones exhibited comparable inhibition of topo IIα to their monocyclic
counterparts, accompanied by an overall improved solubility. The
introduction of the additional morpholino group to improve solubility
did not have a detrimental effect on inhibition, indirectly confirming the
in silico binding model. The comparatively lower inhibitory activity of
the compounds with heteromonocyclic substituents at position 6 served
as initial crude positive validation of the Deepfrag predictions. The
compounds inhibited the topo IIβ isoform equally strongly, which is
favorable since the compounds mainly act as catalytic inhibitors. Eval-
uation on a panel of 20 human protein kinases showed selectivity to-
wards inhibition of topo IIα.

Mechanistic studies showed that compounds are predominantly
catalytic inhibitors, although some of them can act as topo II poisons at
higher concentrations. The extent of this effect depended on subtle
structural changes that were already observed with other topo IIα in-
hibitors. STD NMR experiments confirmed the interaction of the com-
pounds with the isolated ATPase domain and provided additional
evidence for catalytic inhibition by ATP binding. However, further
studies are required to elucidate the additional inhibitory mechanism at
higher concentrations. Integration of STD NMR epitope mapping with
molecular simulations, dynamic pharmacophore modeling, and MM/
GBSA free energy calculations provided further evidence for the derived
triazinone binding model, with the Asn120 interaction being the
strongest contributor to binding, in addition to engagement of sub-
stituents at positions 4 and 6 via hydrophobic interactions with the

binding site. Since the substituent at position 6 occupies a vacant hy-
drophobic region outside the ATP-binding pocket, this could be a
potentially crucial factor for selective binding.

The NCI-60 screening showed a higher cytotoxicity of compounds
with the bicyclic substitution at position 6, which further supports the
development in this direction. The identification of sensitive human
cancer cell lines, in particular glioblastoma, breast cancer and leukemia,
underlines the translational relevance of our results for further pre-
clinical development of this class of compounds. Finally, this study is
also an example of the synergy between simulation and AI-based ap-
proaches to efficiently guide molecular design in drug optimization.

4. Experimental section

4.1. General chemistry information

Reagents and solvents were used as received from commercial sup-
pliers (Acros Organics, Aldrich, TCI Europe, Merck, Alfa Aesar, Fluo-
rochem). For reactions involving air or moisture sensitive reagents,
solvents were distilled before use (e.g. THF) and these reactions were
carried out under argon atmosphere. Reactions were monitored using
analytical thin-layer chromatography on Silica gel 60 F254 Al plates
(20 × 20 cm, Merck, Germany). Developed plates were inspected under
UV light and visualized with ninhydrin, FeCl3, or bromocresol green
stains. Normal phase flash column chromatography was performed on
Silica gel 60 (particle size: 0.035–0.070 mm, Merck).

Nuclear magnetic resonance (NMR) spectra were recorded on a
Bruker Avance III 400 MHz spectrometer at 400 MHz for 1H, 101 MHz
for 13C, respectively, using DMSO-d6, CDCl3, acetone-d6, and CD3OD as
solvents. Chemical shifts are reported in parts per million (ppm), and are
referenced to the deuterated solvent used, i.e., for CDCl3 at 7.26 ppm for
1H and 77.16 ppm for 13C, for DMSO-d6 at 2.50 ppm for 1H and
39.52 ppm for 13C, for acetone-d6 at 2.05 ppm for 1H and 29.84 ppm for
13C, and for CD3OD at 3.31 ppm for 1H and 49.00 ppm for 13C. The
multiplicities are reported as s (singlet), d (doublet), t (triplet), q
(quartet), p (pentet), m (multiplet), dd (doublet of doublets), ddd
(doublet doublet of doublets), td (triplet of doublets), qd (quartet of
doublets), and br (broad), and coupling constants (J) in Hertz (Hz).

Mass spectra and high-resolution mass measurements were recorded
on a Thermo Scientific Q Exactive Plus mass spectrometer (Thermo
Fisher Scientific, Waltham, MA, USA). LC-MS measurements were per-
formed on an Agilent Infinity 1260 (Santa Clara, CA, USA). A C18 col-
umn was used (Waters xBridge BEH; 4.6 mm × 150 mm, 3.5 µm) at
40 ◦C. The flow rate was of the mobile phase was 1.5 mL/min, the in-
jection volume was 10 μl, and the products were detected at 254 nm.
Solvent A comprised 1 % MeCN and 0.1 % HCOOH in double-distilled
H2O; Solvent B comprised MeCN. The following elution gradient was
used: 0→1 min, 25 % B; 1→6 min, 25 %→98 % B; 6→6.5 min, 98 % B;
6.5→7 min, 98 %→25 % B; 7→10 min, 25 % B. UHPLC analyses were
performed on a Thermo Scientific Dionex UltiMate 3000 modular sys-
tem (Thermo Fisher Scientific), equipped with a photodiode array de-
tector set to 254 nm. A Waters Acquity UPLC® HSS C18 SB column
(1.8 µm, 2.1 mm × 50 mm) was used, thermostated at 40 ◦C. The mo-
bile phase consisted of 0.1 % TFA in H2O (A) and MeCN (B), employing
the following gradient: 95 % A to 5 % A in 10 min, then 95 % B for
4 min, with flow rate of 0.3 mL/min and injection volume of 5 μl. The
purities of the final compounds used for the biological evaluations were
≥ 95 %, unless stated otherwise.

4.1.1. General procedure for bromination
To a solution of a methylated heterocycle (1.0 equiv.) in CCl4 (5 mL

for 1.0 mmol of the starting compound) or benzene (8 mL for 1.0 mmol
of the starting compound), NBS (from 0.95 to 2.0 equiv.) and DBPO
(0.05 equiv.) were added. The reaction mixtures were stirred at different
temperatures and the reaction time was also varied (see details next to
each compound). After the reaction was complete, the volatiles were
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removed under reduced pressure and the crude residues were either
used in the next step or purified by column chromatography.

4.1.2. General procedure for the preparation of thiourea derivatives
To a solution of the appropriate alkyl halide (1.0 equiv.) in MeCN

(5 mL for 1.0 mmol of the starting compound), thiourea (1.3 equiv.) was
added and the mixture first stirred at 80 ◦C for 1 h, followed by stirring
at rt for additional 2 h. The resulting suspension was filtered off, washed
with cold (0 ◦C) MeCN, and dried. This process yielded pure compounds
8–16.

4.1.3. General procedure for the synthesis of 6-substituted 4-mercapto-
1,3,5-triazin-2(1 H)-ones

To a solution of the appropriate thiourea derivative (l.0 equiv.) in
H2O (4 mL for 1.0 mmol of the thiourea analog), toluene (4 mL for
1.0 mmol of thiourea analog) was added and the mixture stirred
vigorously for 5 min. Then, ethoxycarbonyl isothiocyanate (1.4 equiv.)
in toluene (2 mL for 1.0 mmol of ethoxycarbonyl isothiocyanate) and
NaOH (2 M, 1 mL for 1.0 mmol of thiourea analog) were simultaneously
added over a period of 5 min. Additional NaOH (2 M, 2 mL for 1.0 mmol
of thiourea analog) was added after 15 min and the reactionmixture was
stirred at rt for 24 h. After the reaction was complete, toluene (30 mL)
and NaOH (2 M, 30 mL) were added to the mixture. The phases were
then separated and the alkaline phases were acidified to pH 1 with
H2SO4 (2 M). The precipitate was formed, which was then filtered off,
washed with n-hexanes, and purified (see details next to each
compound).

4.1.4. General procedure for the synthesis of 4,6-disubstituted-1,3,5-
triazin-2(1H)-ones

To a solution of the appropriate 6-substituted 4-mercapto-1,3,5-tri-
azin-2(1H)-one (1.0 equiv.) in EtOH (4 mL for 1.0 mmol of the starting
compound) and NaOH (2 M, 2 mL for 1.0 mmol of the starting com-
pound), the corresponding benzyl halide (l.1 equiv.) was slowly added.
The reaction mixture was stirred at rt for 2 h. After the reaction was
complete, H2O (4 mL for 1.0 mmol of the starting compound) was
added, followed by the addition of H2SO4 (2 M, until pH value reached
1). The precipitate was formed, which was then filtered off, and purified
additionally if needed (see details next to each compound).

4.1.5. Synthesis of brominated compounds

4.1.5.1. 5-(Bromomethyl)benzo[b]thiophene (1) [45]. The reaction was
carried out according to the General procedure for bromination, starting
from 5-methylbenzo[b]thiophene (148 mg, 1.00 mmol), NBS (169 mg,
0.95 mmol), and dibenzoyl peroxide (12 mg, 0.05 mmol) in CCl4. The
mixture was first heated at 80 ◦C for 2 h, followed by stirring at rt for
16 h. After evaporation, compound 1 (159 mg, 70 % yield) was isolated
as a brown solid, which was used in the next step without further
chromatographic purification. Spectroscopic data were identical to
those reported previously [45]. Rf: 0.44 (EtOAc/n-hexanes 1/9); 1H
NMR (400 MHz, CDCl3) δ 4.65 (s, 2 H, CH2), 7.32 (dd, J1 = 4.4 Hz, J2 =
0,5 Hz, 1 H, Ar-H), 7.38 (dd, J1 = 8.4 Hz, J2 = 1.7 Hz, 1 H, Ar-H), 7.48
(d, J = 5.5 Hz, 1 H, Ar-H), 7.83–7.87 (m, 2 H, Ar-H); HRMS (ESI) m/z
calcd for C9H8BrS [M+H]+ 226.9457, found 226.9455.

4.1.5.2. 6-(Bromomethyl)benzo[d]thiazole (2) [46]. The reaction was
carried out according to the General procedure for bromination, starting
from 6-methylbenzo[d]thiazole (900 mg, 6.03 mmol), NBS (2.15 g,
12.1 mmol), and dibenzoyl peroxide (146 mg, 0.60 mmol) in CCl4. The
mixture was stirred at rt for 4 h. Compound was purified by column
chromatography using acetone/n-hexanes (1/5) as an eluent system to
give 2 (591 mg, 43 % yield) as a brown solid. Spectroscopic data were
identical to those reported previously [46]. Rf: 0.23 (acetone/n-hexanes
1/5); 1H NMR (400 MHz, DMSO-d6) δ 4.87 (s, 2 H, CH2), 7.62 (dd, J1 =

8.4 Hz, J2 = 1.8 Hz, 1 H, Ar-H), 7.82 (dd, J1 = 8.6 Hz, J2 = 1.9 Hz, 1 H,
Ar-H), 8.28 (d, J = 1.6 Hz, 1 H, Ar-H), 9.43 (s, 1 H, Ar-H); HRMS (ESI)
m/z calcd for C8H7BrNS [M+H]+ 227.9408, found 227.9411.

4.1.5.3. 2-(Bromomethyl)quinoline (3) [47]. To a solution of 2-methyl-
quinoline (1.43 g, 10 mmol, 1.0 equiv.) in MeCN (20 mL), CuBr
(2.15 g, 15 mmol, 1.5 equiv.) and TBHP (70 %, 11.0 mL, 80 mmol, 8.0
equiv.) were added. The reaction mixture was stirred at 70 ◦C overnight.
Then, H2O (100 mL) was added and the mixture washed with CH2Cl2
(3 × 100 mL). The combined organic phases were washed with Na2S2O3
(40 mL) and NH4Cl (160 mL), dried with Na2SO4, filtered, and the sol-
vent evaporated to give the crude product. Compound 3 was purified by
column chromatography using EtOAc/n-hexanes (1/15) as an eluent
system. Spectroscopic data were identical to those reported previously
[47]. Brown solid; yield, 14 % (308 mg); Rf: 0.40 (EtOAc/n-hexanes
1/7); 1H NMR (400 MHz, DMSO-d6) δ 4.86 (s, 2 H, CH2), 7.63 (ddd, J1=
8.7 Hz, J2 = 7.0 Hz, J3 = 1.2 Hz, 1 H, Ar-H), 7.68 (d, J = 8.4 Hz, 1 H,
Ar-H), 7.79 (ddd, J1 = 8.7 Hz, J2 = 6.9 Hz, J3 = 1.5 Hz, 1 H, Ar-H),
7.96–8.02 (m, 2 H, Ar-H), 8.41 (d, J = 8.4 Hz, 1 H, Ar-H); HRMS (ESI)
m/z calcd for C10H9BrN [M+H]+ 221.9839, found 221.9834.

4.1.5.4. Procedure for the preparation of compound 6. To a solution of
cinnamic acid (1.4 g, 10.0 mmol, 1.0 equiv.) in toluene (10 mL), SOCl2
(7.3 mL, 11.9 g, 100 mmol, 10.0 equiv.) was added slowly. The reaction
mixture was stirred at 80 ◦C for 2 h, followed by evaporation of volatiles
under reduced pressure. The residue was dissolved in dry THF (90 mL),
followed by the addition of NaHCO3 (2.0 g, 23.8 mmol, 2.4 equiv.).
After 5 min, DMAP (50 mg, 0.40 mmol, 0.04 equiv.) and p-toluidine
(1.67 g, 15.6 mmol, 1.6 equiv.) were added consecutively. The mixture
was then stirred at rt for 24 h. THF was evaporated, the residue dis-
solved in CH2Cl2 (50 mL), and extracted first with HCl (1 M, 2 × 50 mL)
and then with NaOH (1 M, 2 × 50 mL). The organic phase was dried
with Na2SO4, filtered, and the solvent evaporated under reduced pres-
sure to yield compound 4 (1.92 g, 81 % yield) as an off-white solid.
Spectroscopic data were in accordance to those reported previously
[48].

4.1.5.5. N-(p-tolyl)cinnamamide (4) [48]. Rf: 0.60 (EtOAc/n-hexanes
1/1); 1H NMR (400 MHz, CDCl3) δ 2.33 (s, 3 H, Ar-CH3), 6.54 (d, J =

15.4, 1 H, CH), 7.13–7.18 (m, 2 H, Ar-H), 7.32 (br s, 1 H, CONH),
7.36–7.42 (m, 3 H, Ar-H), 7.46–7.60 (m, 4 H, Ar-H), 7.75 (d, J =

15.4 Hz, 1 H, CH); HRMS (ESI) m/z calcd for C16H16NO [M+H]+

238.1226, found 238.1223.
To compound 4 (964 mg, 4.0 mmol, 1.0 equiv.), AlCl3 (1.6 g,

12.0 mmol, 3.0 equiv.) was added and heated until it melted. The dark
brown oil was then stirred at 100 ◦C for 1 h. After mixture achieved rt,
cooled (0 ◦C) H2O (20 mL) was added. The resulting precipitate was
filtered off, dissolved in EtOAc (50 mL), and extracted with H2O
(50 mL). The aqueous phase was further washed with EtOAc (2 ×

30 mL) and the combined organic phases were extracted with brine
(100 mL), dried with Na2SO4, filtered, and evaporated under reduced
pressure to give compound 5 (557 mg, 87 % yield) as a red solid.
Spectroscopic data were in accordance to those reported previously
[48].

4.1.5.6. 6-Methylquinolin-2(1H)-one (5) [48]. Rf: 0.14 (EtOAc/n-hex-
anes 1/1); 1H NMR (400 MHz, CDCl3) δ 2.42 (s, 3 H, Ar-CH3), 6.69 (d, J
= 9.5 Hz, 1 H, Ar-H), 7.29–7.37 (m, 3 H, Ar-H), 7.75 (d, J= 9.5 Hz, 1 H,
Ar-H), 11.97 (br s, 1 H, NH); HRMS (ESI) m/z calcd for C10H10NO
[M+H]+ 160.0757, found 160.0756.

Compound 5 (557 mg, 3.5 mmol, 1.0 equiv.) was dissolved in POCl3
(5.2 mL, 8.6 g, 56 mmol, 16.0 equiv.) and the mixture stirred at reflux
(110 ◦C) for 1 h. After cooling to rt, the reaction mixture was poured
onto ice and the resulting suspension neutralized with NaOH. This was
followed by washing with EtOAc (4 × 100 mL) and the combined
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organic phases were extracted with brine (100 mL), dried with Na2SO4,
filtered, and evaporated under reduced pressure to give the crude
product. Compound 6 was purified by column chromatography using
EtOAc/n-hexanes (1/13) as an eluent system. Spectroscopic data were
identical to those reported previously [49].

4.1.5.7. 2-Chloro-6-methylquinoline (6) [49]. Off-white solid; yield,
75 % (446 mg); Rf: 0.71 (EtOAc/n-hexanes 1/1); 1H NMR (400 MHz,
CDCl3) δ 2.54 (s, 3 H, Ar-CH3), 7.35 (d, J= 8.7 Hz, 1 H, Ar-H), 7.55–7.59
(m, 2 H, Ar-H), 7.92 (app dd, J = 8.5, 1.4 Hz, 1 H, Ar-H), 8.02 (dd, J =
8.5, 0.8 Hz, 1 H, Ar-H); HRMS (ESI) m/z calcd for C10H9NCl [M+H]+

178.0418, found 178.0416.

4.1.5.8. 6-(Bromomethyl)-2-chloroquinoline6-(Bromomethyl)− 2-chlor-
oquinoline (7) [50]. The reaction was carried out according to the
General procedure for bromination, starting from compound 6 (216 mg,
1.21 mmol), NBS (222 mg, 1.25 mmol), and dibenzoyl peroxide (15 mg,
0.06 mmol) in benzene. The mixture was stirred at 80 ◦C for 1 h.
Compound was purified by column chromatography EtOAc/n-hexanes
(1/5) as an eluent system to give compound 7 (122 mg, 57 % yield) as a
pale-red solid. Spectroscopic data were identical to those reported pre-
viously [50]. Rf: 0.28 (EtOAc/n-hexanes 1/5); 1H NMR (400 MHz,
CDCl3) δ 4.65 (s, 2 H, CH2), 7.41 (d, J= 8.6 Hz, 1 H, Ar-H), 7.76 (dd, J=
8.7, 2.0 Hz, 1 H, Ar-H), 7.82 (d, J = 2.0 Hz, 1 H, Ar-H), 8.01 (d, J =

8.6 Hz, 1 H, Ar-H), 8.08 (d, J = 8.7 Hz, 1 H, Ar-H); HRMS (ESI) m/z
calcd for C10H8NBrCl [M+H]+ 255.9523, found 255.9519.

4.1.6. Synthesis of S-substituted thiourea derivatives

4.1.6.1. Benzo[b]thiophen-5-ylmethyl carbamimidothioate hydrobromide
salt (8). This compound was prepared according to the General pro-
cedure for the synthesis of thiourea derivatives, starting from compound
1 (983 mg, 4.33 mmol) and thiourea (428 mg, 5.63 mmol) in MeCN.
Off-white solid; yield, 60 % (789 mg); Rf: 0.0 (CH2Cl2/MeOH 9/1); 1H
NMR (400 MHz, DMSO-d6) δ 4.61 (s, 2 H, SCH2), 7.41 (dd, J1 = 8.4 Hz,
J2 = 1.6 Hz, 1 H, Ar-H), 7.47 (dd, J1 = 5.3 Hz, J2 = 0.6 Hz, 1 H, Ar-H),
7.83 (d, J = 5.3, 1 H, Ar-H), 7.92 (d, J = 1.2 Hz, 1 H, Ar-H), 8.03 (d, J =
8.4, 1 H, Ar-H) 8.97 (br s, 2 H, NH2+), 9.18 (br s, 2 H, NH2); 13C NMR
(101 MHz, DMSO-d6) δ 34.94, 123.55, 124.44, 124.29, 125.66, 129.09,
131.59, 139.20, 140.13, 169.45; HRMS (ESI) m/z calcd for C10H11N2S2
[M]+ 223.0358, found 223.0358.

4.1.6.2. Benzo[d]thiazol-6-ylmethyl carbamimidothioate hydrobromide
salt (9). This compound was prepared according to the General pro-
cedure for the synthesis of thiourea derivatives, starting from compound
2 (581 mg, 2.56 mmol) and thiourea (253 mg, 3.33 mmol) in MeCN.
Orange solid; yield, 64 % (493 mg); Rf: 0.10 (acetone/n-hexanes 1/5);
1H NMR (400 MHz, CD3OD) δ 4.66 (s, 2 H, SCH2), 7.66 (dd, J1= 8.5 Hz,
J2 = 1.8 Hz, 1 H, Ar-H), 8.10 (d, J = 8.6 Hz, 1 H, Ar-H), 8.20 (d, J =

1.8 Hz, 1 H, Ar-H), 9.31 (s, 1 H, Ar-H); 13C NMR (101 MHz, DMSO-d6) δ
34.06, 121.75, 122.16, 126.48, 131.22, 133.41, 133.37, 151.76, 156.00,
169.60; HRMS (ESI) m/z calcd for C9H10N3S2 [M]+ 224.0307, found
224.0311.

4.1.6.3. (1H-benzo[d]imidazol-2-yl)methyl carbamimidothioate hydro-
chloride salt (10). This compound was prepared according to the Gen-
eral procedure for the synthesis of thiourea derivatives, starting from 2-
(chloromethyl)− 1H-benzo[d]imidazole (1.01 g, 6.07 mmol) and thio-
urea (601 mg, 7.89 mmol) in MeCN. Light brown solid; yield, 77 %
(1.13 g); Rf: 0.15 (CH2Cl2/MeOH 9/1); 1H NMR (400 MHz, DMSO-d6) δ
4.76 (s, 2 H, SCH2), 7.24 (dt, J1 = 7.2 Hz, J2 = 3.5 Hz, 2 H, Ar-H), 7.58
(dt, J1 = 7.2 Hz, J2 = 3.5 Hz, 2 H, Ar-H), 9.34 (s, 2 H, NH2+), 10.39 (br s,
2 H, NH2); 13C NMR (101 MHz, DMSO-d6) δ 28.07, 115.52, 123.10,
138.17, 150.16, 170.24; HRMS (ESI) m/z calcd for C9H11N4S [M]+

227.0695, found 227.0699.

4.1.6.4. Quinolin-2-ylmethyl carbamimidothioate hydrobromide salt
(11). This compound was prepared according to the General procedure
for the synthesis of thiourea derivatives, starting from compound 3
(305 mg, 1.37 mmol) and thiourea (136 mg, 1.79 mmol) in MeCN. Or-
ange solid; yield, 64 % (262 mg); Rf: 0.0 (EtOAc/n-hexanes 1/2); 1H
NMR (400 MHz, DMSO-d6) δ 4.81 (s, 2 H, SCH2), 7.64 (d, J = 8.4 Hz,
1 H, Ar-H), 7.65 (ddd, J1 = 8.6 Hz, J2 = 6.8 Hz, J3 = 1.1 Hz, 1 H, Ar-H),
7.82 (ddd, J1 = 8.8 Hz, J2 = 6.9 Hz, J3 = 1.5 Hz, 1 H, Ar-H), 7.97–8,05
(m, 2 H, Ar-H), 8.47 (d, J = 8.3 Hz, 1 H, Ar-H), 9.33 (br s, 4 H, NH2 and
NH2+); 13C NMR (101 MHz, DMSO-d6) δ 36.47, 121.35, 126.99, 127.12,
128.03, 128.11, 130.47, 138.07, 146.49, 156.32, 170.16; HRMS (ESI)
m/z calcd for C11H12N3S [M]+ 218.0749, found 217.0746.

4.1.6.5. (2-Chloroquinolin-6-yl)methyl carbamimidothioate hydrobromide
salt (12). This compound was prepared according to the General pro-
cedure for the synthesis of thiourea derivatives, starting from compound
7 (58 mg, 0.22 mmol) and thiourea (23 mg, 0.30 mmol) in MeCN. Off-
white solid; yield, 84 % (122 mg); Rf: 0 (CH2Cl2/MeOH 5/1); 1H NMR
(400 MHz, DMSO-d6) δ 4.70 (s, 2 H, SCH2), 7.63 (d, J = 8.6 Hz, 1 H, Ar-
H), 7.86 (dd, J= 8.7, 2.0 Hz, 1 H, Ar-H), 7.99 (d, J= 8.7 Hz, 1 H, Ar-H),
8.06 (d, J = 2.0 Hz, 1 H, Ar-H), 8.46 (d, J = 8.6 Hz, 1 H, Ar-H), 9.02 (br
s, 2 H, NH2+), 9.25 (br s, 2 H, NH2); 13C NMR (101 MHz, DMSO-d6) δ
34.42, 123.41, 126.93, 128.43, 128.93, 132.28, 134.95, 140.37, 147.06,
150.67, 169.47; HRMS (ESI)m/z calcd for C11H11N3ClS [M]+ 252.0357,
found 252.0353.

4.1.6.6. (5-Chlorobenzo[b]thiophen-3-yl)methyl carbamimidothioate
hydrobromide salt (13a) and 3-(bromomethyl)− 5-chlorobenzo[b]thio-
phen-2-yl carbamimidothioate hydrobromide salt (13b). These compounds
were prepared according to the General procedure for the synthesis of
thiourea derivatives, starting from 3-(bromomethyl)− 5-chlorobenzo[b]
thiophene (2.39 g, 9.12 mmol) and thiourea (903 mg, 11.86 mmol) in
MeCN.

13a: Rf: 0 (CH2Cl2/MeOH 9/1); 1H NMR (400 MHz, DMSO-d6) δ 4.79
(s, 2 H, SCH2), 7.46 (dd, J1 = 8.6 Hz, J2 = 2.0 Hz, 1 H, Ar-H), 7.92 (s,
1 H, Ar-H), 8.08 (d, J = 8.6 Hz, 1 H, Ar-H), 8.16 (d, J = 2.0 Hz, 1 H, Ar-
H), 9.20 (br s, 4 H, NH2 and NH2+); HRMS (ESI) m/z calcd for
C10H10CIN2S2+ [M]+ 256.9968, found 256.9962.

13b: Rf: 0 (CH2Cl2/MeOH 9/1); 1H NMR (400 MHz, DMSO-d6) δ 4.79
(s, 2 H, CH₂), 7.51 (dd, J1 = 8.6 Hz, J2 = 2.0 Hz, 1 H, Ar-H), 8.07 (d, J =
8.6 Hz, 1 H, Ar-H), 8.19 (d, J = 2.0 Hz, 1 H, Ar-H), 9.20 (br s, 4 H, NH2
and NH2+); HRMS (ESI) m/z calcd for C10H9BrCIN2S2+ [M]+ 334.9074,
found 334.9078.

4.1.6.7. 3-(Trifluoromethyl)benzyl carbamimidothioate hydrochloride salt
(14). This compound was prepared according to the General procedure
for the synthesis of thiourea derivatives, starting from 1-
(chloromethyl)− 3-(trifluoromethyl)benzene (582 mg, 3.0 mmol) and
thiourea (297 mg, 3.9 mmol) in MeCN. White solid; yield, 55 %
(318 mg); Rf: 0 (CH2Cl2/MeOH 5/1); 1H NMR (400 MHz, DMSO-d6) δ
4.64 (s, 2 H, SCH2), 7.63 (t, J = 7.7 Hz, 1 H, Ar-H), 7.67–7.72 (m, 1 H,
Ar-H), 7.70–7.74 (m, 1 H, Ar-H), 7.83–7.86 (m, 1 H, Ar-H), 9.32 (br s,
4 H, NH2 and NH2+); 13C NMR (101 MHz, DMSO-d6) δ 33.67, 124.49 (q,
1JF,C = 272.4 Hz), 125.09 (q, 3JF,C = 3.8 Hz), 126.01 (q, 3JF,C = 3.7 Hz),
129.80 (q, 2JF,C = 31.7 Hz), 130.33, 133.56, 137.81, 169.19; HRMS
(ESI) m/z calcd for C9H10N2F3S [M]+ 235.0511, found 235.0507.

4.1.6.8. (2-Methylthiazol-4-yl)methyl carbamimidothioate hydrochloride
salt (15). This compound was prepared according to the General pro-
cedure for the synthesis of thiourea derivatives, starting from 4-
(chloromethyl)− 2-methylthiazole hydrochloride salt (2.27 g,
12.4 mmol) and thiourea (1.23 g, 16.1 mmol) in MeCN. Prior to use in
General procedure, the thiazole was dissolved in saturated aqueous so-
lution of NaHCO3 (50 mL), followed by washing of the aqueous phase
with CH2Cl2 (4 × 40 mL). The combined organic phases were dried with

B. Herlah et al.



Computational and Structural Biotechnology Journal 23 (2024) 2995–3018

3011

Na2SO4, filtered, and evaporated under reduced pressure to obtain a free
form of compound. White solid; yield, 69 % (1.78 g); Rf: 0.0 (CH2Cl2/
MeOH 1/9); 1H NMR (400 MHz, DMSO-d6) δ 2.65 (s, 3 H, CH3), 4.57 (s,
2 H, SCH2), 7.52 (s, 1 H, Ar-H), 9.41 (br s, 4 H, NH2 and NH2+); 13C NMR
(101 MHz, DMSO-d6) δ 19.18, 30.47, 118.29, 149.44, 167.33, 170.13;
HRMS (ESI) m/z calcd for C6H10N3S2 [M]+ 188.0310, found 188.0309.

4.1.7. Synthesis of 6-substituted 4-mercapto-1,3,5-triazin-2(1H)-ones

4.1.7.1. 6-((Benzo[b]thiophen-5-ylmethyl)thio)− 4-mercapto-1,3,5-tri-
azin-2(1 H)-one (16). This compound was prepared according to the
General procedure for the synthesis of 6-substituted 4-mercapto-1,3,5-
triazin-2(1H)-ones, starting from compound 8 (789 mg, 2.6 mmol) and
ethoxycarbonyl isothiocyanate (429 μl, 477 mg, 3.64 mmol). The
mixture was stirred for 24 h. Compound was purified by column chro-
matography using CH2Cl2/MeOH (15/1) as an eluent system to give 16
(264 mg, 32 % yield) as a yellow solid. Rf: 0.26 (CH2Cl2/MeOH 9/1); 1H
NMR (400 MHz, DMSO-d6) δ 4.50 (s, 2 H, SCH2), 7.42 (dd, J1 = 8.3 Hz,
J2 = 1.6 Hz, 1 H, Ar-H), 7.43 (dd, J1 = 5.2 Hz, J2 = 0.5 Hz, 1 H, Ar-H),
7.78 (d, J= 5.2 Hz, 1 H, Ar-H), 7.92 (d, J= 1.1 Hz, 1 H, Ar-H), 7.96 (d, J
= 8.3 Hz, 1 H, Ar-H), 12.38 (br s, 1 H), 13.60 (br s, 1 H); 13C NMR
(101 MHz, DMSO-d6) δ 34.20, 123.23, 124.29, 124.57, 125.99, 128.69,
132.96, 138.79, 140.09, 148.41, 150.39, 178.86 (br s); HRMS (ESI) m/z
calcd for C12H8N3OS3 [M–H]– 305.9836, found 305.9835.

4.1.7.2. 6-((Benzo[d]thiazol-6-ylmethyl)thio)− 4-mercapto-1,3,5-triazin-
2(1H)-one (17). This compound was prepared according to the General
procedure for the synthesis of 6-substituted 4-mercapto-1,3,5-triazin-2
(1H)-ones, starting from compound 9 (250 mg, 0.83 mmol) and ethox-
ycarbonyl isothiocyanate (137 μl, 131 mg, 1.16 mmol). The mixture
was stirred for 24 h. Compound was purified by column chromatog-
raphy using CH2Cl2/MeOH (30/1 to 5/1) as an eluent system to give 17
(22 mg, 9 % yield) as a yellow solid. Rf: 0.47 (CH2Cl2/MeOH 4/1); 1H
NMR (400 MHz, DMSO-d6) δ 4.43 (s, 2 H, SCH2), 7.58 (dd, J1 = 8.4 Hz,
J2 = 1.7 Hz, 1 H, Ar-H), 8.02 (d, J = 8.4 Hz, 1 H, Ar-H), 8.18 (d, J =

1.7 Hz, 1 H, Ar-H), 9.36 (s, 1 H, Ar-H), 11.33 (br s, 1 H); 13C NMR
(101 MHz, DMSO-d6) δ 33.37, 122.50, 122.84, 127.52, 133.65, 139.27,
152.15, 156.10, 161.99 (br s), 176.58 (br s); Purity by UHPLC: 99.4 %;
HRMS (ESI) m/z calcd for C11H9N4OS3 [M+H]+ 308.9933, found
308.9933.

4.1.7.3. 6-(((1H-benzo[d]imidazol-2-yl)methyl)thio)− 4-mercapto-1,3,5-
triazin-2(1 H)-one (18). To a cooled (0 ◦C) suspension of compound 10
(301 mg, 1.24 mmol, 1.0 equiv.) in dry THF (15 mL), ethoxycarbonyl
isothiocyanate (176 μl, 195 mg, 1.16 mmol, 1.2 equiv.) and KOtBu
(419 mg, 3.73 mmol, 3.0 equiv.) were added under argon atmosphere.
The reactionmixture was stirred at 70 ◦C for 24 h. After cooling to rt, the
volatiles were evaporated under reduced pressure and the product was
purified by column chromatography using CH2Cl2/MeOH (9/1 to 5/1)
as an eluent system to give 18 (85 mg, 24 % yield) as a yellow solid. Rf:
0.24 (CH2Cl2/MeOH 4/1); 1H NMR (400 MHz, DMSO-d6) δ 4.45 (s, 2 H,
SCH2), 7.11–7.16 (m, 2 H, Ar-H), 7.44–7.51 (m, 2 H, Ar-H), 11.07 (br s,
1 H), 12.41 (br s, 1 H); HRMS (ESI)m/z calcd for C11H10N5OS2 [M+H]+

292.0245, found 292.0248.

4.1.7.4. 4-Mercapto-6-((quinolin-2-ylmethyl)thio)− 1,3,5-triazin-2(1H)-
one (19). This compound was prepared according to the General pro-
cedure for the synthesis of 6-substituted 4-mercapto-1,3,5-triazin-2(1H)-
ones, starting from compound 11 (262 mg, 0.88 mmol) and ethox-
ycarbonyl isothiocyanate (145 μl, 162 mg, 1.23 mmol). The mixture
was stirred for 24 h. Compound was purified by column chromatog-
raphy using CH2Cl2/MeOH (15/1) as an eluent system to give 19
(20 mg, 8 % yield) as an off-white solid. Rf: 0.32 (CH2Cl2/MeOH 9/1);
1H NMR (400 MHz, DMSO-d6) δ 4.71 (s, 2 H, SCH2), 7.61 (ddd, J1 =

8.4 Hz, J2= 7.0 Hz, J3= 1.1 Hz, 1 H, Ar-H), 7.67 (d, J= 8.4 Hz, 1 H, Ar-

H), 7.78 (ddd, J1 = 8.7 Hz, J2 = 6.8 Hz, J3 = 1.2 Hz, 1 H, Ar-H)
7.96–8.02 (m, 2 H, Ar-H), 8.37 (d, J = 8.6 Hz, 1 H, Ar-H), 12.52 (br s,
1 H), 13.83 (br s, 1 H); 13C NMR (101 MHz, DMSO-d6) δ 31.13, 121.23,
128.50, 129.19, 129.33, 129.76, 131.31, 138.65, 148.43, 150.41,
150.91 (br s), 166.59, 178.91 (br s); HRMS (ESI) m/z calcd for
C13H11N4OS2 [M+H]+ 303.3702, found 303.3701.

4.1.7.5. 6-(((2-Chloroquinolin-6-yl)methyl)thio)− 4-mercapto-1,3,5-tri-
azin-2(1H)-one (20). This compound was prepared according to the
General procedure for the synthesis of 6-substituted 4-mercapto-1,3,5-
triazin-2(1H)-ones, starting from compound 12 (122 mg, 0.42 mmol)
and ethoxycarbonyl isothiocyanate (70 μl, 78 mg, 0.60 mmol). The
mixture was stirred for 24 h. Compound was purified by column chro-
matography using CH2Cl2/MeOH (9/1) as an eluent system to give 20
(75 mg, 52 % yield) as a yellow solid. Rf: 0.16 (CH2Cl2/MeOH, 9/1); 1H
NMR (400 MHz, DMSO-d6) δ 4.50 (s, 2 H, SCH2), 7.58 (d, J = 8.7 Hz,
1 H, Ar-H), 7.86 (dd, J = 8.7, 2.0 Hz, 1 H, Ar-H), 7.91 (d, J = 8.7 Hz,
1 H, Ar-H), 8.05 (d, J = 2.0 Hz, 1 H, Ar-H), 8.40 (d, J = 8.7 Hz, 1 H, Ar-
H), 11.72 (br s, 1 H, NH), 13.66 (br s, 1 H); 13C NMR (101 MHz, DMSO-
d6) δ 33.24, 122.21, 126.30, 126.50, 128.15, 128.25, 134.47, 137.06,
146.56, 147.99, 150.13 (br s), 167.91, 178.42 (br s); HRMS (ESI) m/z
calcd for C13H10N4OClS2 [M+H]+ 336.9979, found 336.9974.

4.1.7.6. 6-(((5-Chlorobenzo[b]thiophen-3-yl)methyl)thio)− 4-mercapto-
1,3,5-triazin-2(1H)-one (21a) and 6-((3-(bromomethyl)− 5-chlorobenzo
[b]thiophen-2-yl)thio)− 4-mercapto-1,3,5-triazin-2(1H)-one (21b). These
compounds were prepared according to the General procedure for the
synthesis of 6-substituted 4-mercapto-1,3,5-triazin-2(1H)-ones, starting
from compound a mixture of compounds 13a and 13b (1.4 g, 4.1 mmol
[calc. for Mw of 13a]) and ethoxycarbonyl isothiocyanate (677 μl,
755 mg, 5.75 mmol). The mixture was stirred for 24 h. After washing
the resulting solid with n-hexanes and drying, 329 mg of an off-white
solid was obtained. The 1H NMR analysis revealed that the 21a/21b
molar ratio was 0.26 (it remained the same during the cyclization step).

21a: Rf: 0.16 (CH2Cl2/MeOH 9/1); 1H NMR (400 MHz, DMSO-d6) δ
4.60 (s, 2 H, SCH2), 7.43 (dd, J1 = 8.6 Hz, J2 = 2.1 Hz, 1 H, Ar-H), 7.87
(s, 1 H, Ar-H), 8.05 (d, J = 8.6 Hz, 1 H, Ar-H), 8.06 (d, J = 2.0 Hz, 1 H,
Ar-H), 11.93 (br s, 1 H), 13.61 (br s, 1 H); HRMS (ESI) m/z calcd for
C12H7CIN3OS3 [M–H]– 339.9445, found 339.9446.

21b: Rf: 0.16 (CH2Cl2/MeOH 9/1); 1H NMR (400 MHz, DMSO-d6) δ
4.61 (s, 2 H, CH₂), 7.46 (dd, J1= 8.6 Hz, J2= 2.1 Hz, 1 H, Ar-H), 8.03 (d,
J= 8.6 Hz, 1 H, Ar-H), 8.09 (d, J = 2.0 Hz, 1 H, Ar-H), 12.04 (br s, 1 H),
13.60 (br s, 1 H); HRMS (ESI) m/z calcd for C12H6CIN3OBrS3 [M–H]–

417.8550, found 417.8554.

4.1.7.7. 4-Mercapto-6-((3-(trifluoromethyl)benzyl)thio)− 1,3,5-triazin-2
(1H)-one (22). This compound was prepared according to the General
procedure for the synthesis of 6-substituted 4-mercapto-1,3,5-triazin-2
(1H)-ones, starting from compound 14 (194 mg, 1.0 mmol) and ethox-
ycarbonyl isothiocyanate (165 μl, 184 mg, 1.4 mmol). The mixture was
stirred for 24 h. Compound 22was sufficiently pure after washing of the
precipitate with n-hexanes. Yellow solid; yield, 41 % (130 mg); Rf: 0.11
(EtOAc/n-hexanes 1/1); 1H NMR (400 MHz, DMSO-d6) δ 4.46 (s, 2 H,
SCH2), 7.57 (t, J = 7.8 Hz, 1 H, Ar-H), 7.62–7.67 (m, 1 H, Ar-H),
7.73–7.78 (m, 1 H, Ar-H), 7.81–7.85 (m, 1 H, Ar-H), 12.54 (br s, 1 H),
13.68 (br s, 1 H); 13C NMR (101 MHz, DMSO-d6) δ 33.24, 124.56 (q, 1JF,
C= 272.2 Hz, CF3), 124.68 (q, 3JF,C= 4.0 Hz), 126.33 q, 3JF,C= 3.9 Hz),
129.60 (q, 2JF,C = 31.5 Hz), 130.04, 133.87, 138.82, 150.35 (br s),
168.29, 178.14 (br s); HRMS (ESI)m/z calcd for C11H9N3OF3S2 [M+H]+

320.0134, found 320.0131.

4.1.7.8. 4-Mercapto-6-(((2-methylthiazol-4-yl)methyl)thio)− 1,3,5-tri-
azin-2(1H)-one (23). This compound was prepared according to the
General procedure for the synthesis of 6-substituted 4-mercapto-1,3,5-
triazin-2(1H)-ones, starting from compound 15 (1.78 g, 8.0 mmol) and
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ethoxycarbonyl isothiocyanate (1.32 mL, 1.47 g, 11.2 mmol). The
mixture was stirred for 24 h. Compound 23 was sufficiently pure after
washing of the precipitate with n-hexanes. Off-white solid; yield, 21 %
(448 mg); Rf: 0.10 (CH2Cl2/MeOH 9/1); 1H NMR (400 MHz, DMSO-d6) δ
2.63 (s, 3 H, CH3), 4.42 (s, 2 H, SCH2), 7.43 (s, 1 H, Ar-H), 12.49 (br s,
1 H), 13.63 (br s, 1 H); 13C NMR (101 MHz, DMSO-d6) δ 18.72, 29.56,
117.23, 145.98, 149.57, 150.18 (br s), 166.85, 168.95, 178.40 (br s);
Purity by LC-MS: 98.9 %; HRMS (ESI)m/z calcd for C8H8ON4S3 [M+H]+

272.9933, found 272.9932.

4.1.8. Synthesis of 4,6-disubstituted-1,3,5-triazin-2(1H)-ones

4.1.8.1. 6-((Benzo[b]thiophen-5-ylmethyl)thio)− 4-((3-fluoro-5-(tri-
fluoromethyl)benzyl)thio)− 1,3,5-triazin-2(1H)-one (24). This compound
was prepared according to the General procedure for the synthesis of
4,6-disubstituted 1,3,5-triazin-2(1H)-ones, starting from compound 16
(264 mg, 0.86 mmol) and 1-(bromomethyl)− 3-fluoro-5-(tri-
fluoromethyl)benzene (243 mg, 0.95 mmol). Compound 24 was suffi-
ciently pure after precipitate formation. White solid; yield, 78 %
(324 mg); Rf: 0.70 (CH2Cl2/MeOH, 9/1); 1H NMR (400 MHz, DMSO-d6)
δ 4.45 (s, 2 H, SCH₂), 4.49 (s, 2 H, SCH₂), 7.38 (dd, J1 = 8.3 Hz, J2 =

1.6 Hz, 1 H, Ar-H), 7.41 (dd, J1 = 5.5 Hz, J2 = 0.5 Hz, 1 H, Ar-H),
7.54–7.63 (m, 2 H, Ar-H), 7.68 (s, 1 H, Ar-H), 7.77 (d, J = 5.4 Hz, 1 H,
Ar-H), 7.89 (d, J = 1.2 Hz, 1 H, Ar-H), 7.95 (d, J = 8.3 Hz, 1 H, Ar-H),
13.05 (bs, 1 H, NH); 13C NMR (101 MHz, DMSO-d6) δ 33.05, 34.25,
112.17 (dq, 2JF,C= 25.2 Hz, 3JF,C= 3.4 Hz), 120.65 (d, 2JF,C= 21.9 Hz),
122.53 (q, 3JF,C = 3.7 Hz), 123.17, 123.69 (dd, 1JF,C = 270.4 Hz, 4JF,C =
3.1 Hz), 124.22, 124.39, 125.84, 128.65, 131.32 (qd, 2JF,C = 32.5 Hz,
3JF,C = 8.4 Hz), 133.15, 138.69, 140.06, 142.67 (d, 3JF,C = 8.1 Hz),
150.40, 162.23 (d, 1JF,C = 246.7 Hz), 176.42 (br s); Purity by UHPLC:
97.3 %; HRMS (ESI) m/z calcd for C20H12N3OF4S3 [M–H]– 482.0084,
found 482.0085.

4.1.8.2. 6-((Benzo[b]thiophen-5-ylmethyl)thio)− 4-((4-(trifluoromethyl)
benzyl)thio)− 1,3,5-triazin-2(1H)-one (25). This compound was pre-
pared according to the General procedure for the synthesis of 4,6-disub-
stituted 1,3,5-triazin-2(1H)-ones, starting from compound 16 (264 mg,
0.86 mmol) and 1-(bromomethyl)− 4-(trifluoromethyl)benzene
(227 mg, 0.95 mmol). Compound 25 was sufficiently pure after pre-
cipitate formation. White solid; yield, 76 % (304 mg); Rf: 0.68 (CH2Cl2/
MeOH, 9/1); 1H NMR (400 MHz, DMSO-d6) δ 4.43 (s, 2 H, SCH₂), 4.47
(s, 2 H, SCH₂), 7.38 (dd, J1= 8.3 Hz, J2= 1.6 Hz, 1 H, Ar-H), 7.41 (dd, J1
= 5.4 Hz, J2 = 0.5 Hz, 1 H, Ar-H), 7.58–7.62 (m, 2 H, Ar-H), 7.63–7.68
(m, 2 H, Ar-H), 7.77 (d, J = 5.4 Hz, 1 H, Ar-H), 7.88 (d, J = 1.1 Hz, 1 H,
Ar-H), 7.94 (d, J = 8.3 Hz, 1 H, Ar-H), 12.97 (br s, 1 H, NH); 13C NMR
(101 MHz, DMSO-d6) δ 33.38, 34.19, 123.18, 124.25, 124.35, 125.76 (q,
3JF,C = 3.9 Hz), 125.85, 127.02 (q, 1JF,C = 272.3 Hz), 128.30 (d, 2JF,C =

31.9 Hz), 128.64, 130.19, 133.28, 138.67, 140.08, 142.74, 150.40,
154.37 (br s), 175.74 (br s); Purity by LC-MS: 95.3 %; HRMS (ESI) m/z
calcd for C20H13N3OF3S3 [M+H]+ 464.0178, found 464.0178.

4.1.8.3. 6-((Benzo[b]thiophen-5-ylmethyl)thio)− 4-((4-isopropylbenzyl)
thio)− 1,3,5-triazin-2(1H)-one (26). This compound was prepared ac-
cording to the General procedure for the synthesis of 4,6-disubstituted
1,3,5-triazin-2(1H)-ones, starting from compound 16 (264 mg,
0.86 mmol) and 1-(bromomethyl)− 4-isopropylbenzene (202 mg,
0.95 mmol). Compound 26 was sufficiently pure after precipitate for-
mation. White solid; yield, 55 % (208 mg); Rf: 0.62 (CH2Cl2/MeOH, 9/
1); 1H NMR (400 MHz, DMSO-d6) δ 1.16 (d, J = 6.9 Hz, 6 H, Ar-CH
(CH3)2), 2.84 (sept, J = 6.9 Hz, 1 H, Ar-CH(CH3)2), 4.33 (s, 2 H, SCH2),
4.51 (s, 2 H, SCH2), 7.14–7.19 (m, 2 H, Ar-H), 7.27–7.31 (m, 2 H, Ar-H),
7.40 (dd, J1= 8.3 Hz, J2= 1.5 Hz, 1 H, Ar-H), 7.42 (dd, J1= 5.5 Hz, J2=
0.6 Hz, 1 H, Ar-H), 7.78 (d, J = 5.5 Hz, 1 H, Ar-H), 7.90 (d, J = 1.2 Hz,
1 H, Ar-H), 7.95 (d, J = 8.4 Hz, 1 H, Ar-H), 12.99 (br s, 1 H, NH); 13C
NMR (101 MHz, DMSO-d6) δ 24.28, 33.57, 33.91, 34.26, 123.21,

124.29, 124.37, 125.88, 126.94, 128.66, 129.46, 133.33, 134.38,
138.69, 140.11, 148.11, 150.41, 165.71 (br s), 176.74 (br s); Purity by
LC-MS: 95.8 %; HRMS (ESI) m/z calcd for C22H22N3OS3 [M+H]+

440.0920, found 440.0918.

4.1.8.4. 6-((Benzo[d]thiazol-6-ylmethyl)thio)− 4-((3-fluoro-5-(tri-
fluoromethyl)benzyl)thio)− 1,3,5-triazin-2(1H)-one (27). This compound
was prepared according to the General procedure for the synthesis of
4,6-disubstituted 1,3,5-triazin-2(1H)-ones, starting from compound 17
(20 mg, 0.06 mmol) and 1-(bromomethyl)− 3-fluoro-5-(tri-
fluoromethyl)benzene (18 mg, 0.07 mmol). Compound 27 was suffi-
ciently pure after precipitate formation. Off-white solid; yield, 38 %
(11 mg); Rf: 0.35 (CH2Cl2/MeOH 9/1); 1H NMR (400 MHz, DMSO-d6) δ
4.45 (s, 2 H, SCH2), 4.52 (s, 2 H, SCH2), 7.53–7.62 (m, 3 H, Ar-H),
7.67–7.69 (m, 1 H, Ar-H), 8.02 (d, J = 8.4 Hz, 1 H, Ar-H), 8.17 (d, J =

1.3 Hz, 1 H, Ar-H), 9.37 (s, 1 H, Ar-H), 11.17 (br s, 1 H, NH); 13C NMR
(101 MHz, DMSO-d6) δ 32.57, 33.54, 111.90 (dq, 2JF,C = 24.4 Hz, 3JF,C
= 3.4 Hz), 120.22 (d, 2JF,C = 21.4 Hz), 122.09 (q, 3JF,C = 3.7 Hz),
122.71, 122.95, 123.20 (dd, 1JF,C = 272.8 Hz, 4JF,C = 3.1 Hz), 127.44,
131.03 (qd, 2JF,C = 32.5 Hz, 3JF,C = 8.6 Hz), 133.76, 134.36 (br s),
142.17 (d, 3JF,C = 7.8 Hz), 149.95 (br s), 152.35, 156.46, 156.79 (br s),
161.79 (d, 1JF,C = 246.5 Hz), 172.30 (br s); Purity by UHPLC: 100.0 %;
HRMS (ESI) m/z calcd for C19H12ON4F4S3 [M+H]+ 485.0182, found
485.0185.

4.1.8.5. 6-(((1 H-benzo[d]imidazol-2-yl)methyl)thio)− 4-((3-fluoro-5-
(trifluoromethyl)benzyl)thio)− 1,3,5-triazin-2(1H)-one (28). This com-
pound was prepared according to the General procedure for the syn-
thesis of 4,6-disubstituted 1,3,5-triazin-2(1H)-ones, starting from
compound 18 (53 mg, 0.18 mmol) and 1-(bromomethyl)− 3-fluoro-5-
(trifluoromethyl)benzene (51 mg, 0.20 mmol). Compound was purified
additionally by column chromatography using CH2Cl2/MeOH (9/1) as
an eluent system to give 28 (23 mg, 27 % yield) as a yellow solid. Rf:
0.32 (CH2Cl2/MeOH 9/1); 1H NMR (400 MHz, DMSO-d6) δ 4.41 (s, 2 H,
SCH2), 4.54 (s, 2 H, SCH2), 7.12–7.17 (m, 2 H, Ar-H), 7.45–7.50 (m, 2 H,
Ar-H), 7.52–7.56 (m, 1 H, Ar-H), 7.60 (app d, J = 9.2 Hz, 1 H, Ar-H),
7.65–7.69 (m, 1 H, Ar-H); 13C NMR (101 MHz, DMSO-d6) δ 27.23,
32.23, 111.58 (dq, 2JF,C= 24.7 Hz, 3JF,C= 3.8 Hz), 114.90 (br s), 120.14
(d, 2JF,C= 21.9 Hz), 121.79, 122.01 (q, 3JF,C= 3.7 Hz), 123.04 (dd, 1JF,C
= 272.3 Hz, 4JF,C = 3.3 Hz), 123.39 (br s), 130.84 (qd, 2JF,C = 32.5 Hz,
3JF,C= 8.6 Hz), 138.74 (br s), 142.92 (d, 3JF,C= 7.8 Hz), 150.41, 157.03
(br s), 161.78 (d, 1JF,C = 246.0 Hz), 175.94 (br s); Purity by UHPLC:
95.2 %; HRMS (ESI) m/z calcd for C19H13ON5F4S2 [M+H]+ 468.0570,
found 468.0571.

4.1.8.6. 4-((3-Fluoro-5-(trifluoromethyl)benzyl)thio)− 6-((quinolin-2-
ylmethyl)thio)− 1,3,5-triazin-2(1H)-one (29). This compound was pre-
pared according to the General procedure for the synthesis of 4,6-disub-
stituted 1,3,5-triazin-2(1H)-ones, starting from compound 19 (21 mg,
0.07 mmol) and 1-(bromomethyl)− 3-fluoro-5-(trifluoromethyl)benzene
(21 mg, 0.08 mmol). Compound 29 was sufficiently pure after precipi-
tate formation. Off-white solid; yield, 18 % (6 mg); Rf: 0.58 (CH2Cl2/
MeOH, 9/1); 1H NMR (400 MHz, DMSO-d6) δ 4.44 (s, 2 H, SCH₂), 4.65
(s, 2 H, SCH₂), 7.52–7.61 (m, 3 H, Ar-H), 7.62 (d, J= 8.4 Hz, 1 H, Ar-H),
7.65–7.68 (m, 1 H, Ar-H), 7.75 (ddd, J1 = 8.4 Hz, J2 = 7.0 Hz, J3 =

1.5 Hz, 1 H, Ar-H) 7.91–7.98 (m, 2 H, Ar-H), 8.33 (d, J = 8.4 Hz, 1 H,
Ar-H), 13.09 (br s, 1 H, NH); Purity by UHPLC: 95.1 %; HRMS (ESI) m/z
calcd for C21H15N4OF4S2 [M+H]+ 479.0618, found 479.0615.

4.1.8.7. 6-(((2-Chloroquinolin-6-yl)methyl)thio)− 4-((3-fluoro-5-(tri-
fluoromethyl)benzyl)thio)− 1,3,5-triazin-2(1H)-one (30). This compound
was prepared according to the General procedure for the synthesis of
4,6-disubstituted 1,3,5-triazin-2(1H)-ones, starting from compound 20
(397 mg, 1.18 mmol) and 1-(bromomethyl)− 3-fluoro-5-(tri-
fluoromethyl)benzene (334 mg, 1.30 mmol). Compound was purified
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additionally by column chromatography using CH2Cl2/MeOH (9/1) as
an eluent system to give 30 (230 mg, 38 % yield) as an off-white solid.
Note: the reaction was performed twice before the next step. Rf: 0.49
(CH2Cl2/MeOH 9/1); 1H NMR (400 MHz, CDCl3) δ 4.37 (s, 2 H, SCH2),
4.53 (s, 2 H, SCH2), 7.18–7.25 (m, 1 H, Ar-H), 7.25–7.32 (m, 1 H, Ar-H),
7.37 (d, J = 8.7 Hz, 1 H, Ar-H), 7.40–7.46 (m, 1 H, Ar-H), 7.69 (d, J =

7.6 Hz, 1 H, Ar-H), 7.76–7.85 (m, 1 H, Ar-H), 7.96 (d, J = 8.6 Hz, 1 H,
Ar-H), 8.03 (d, J = 7.6 Hz, 1 H, Ar-H), 12.64 (br s, 1 H, NH); 13C NMR
(101 MHz, DMSO-d6) δ 32.29, 33.08, 111.50 (dq, 2JF,C = 24.2 Hz, 3JF,C
= 3.7 Hz), 120.00 (d, 2JF,C = 22.0 Hz), 121.88 (q, 3JF,C = 3.7 Hz),
122.56, 123.10 (dd, 1JF,C = 272.9 Hz, 4JF,C = 3.7 Hz), 126.36, 127.55,
127.95, 130.69 (qd, 2JF,C = 32.3 Hz, 3JF,C = 8.8 Hz), 131.92, 136.34,
139.61, 142.41 (d, 3JF,C= 8.1 Hz), 146.34, 149.69, 155.07 (br s), 161.55
(d, 1JF,C = 246.5 Hz), 175.39 (br s); Purity by UHPLC: 95.2 %; HRMS
(ESI) m/z calcd for C21H14N4OClF4S2 [M+H]+ 513.0228, found
513.0225.

4.1.8.8. 4-((3-Fluoro-5-(trifluoromethyl)benzyl)thio)− 6-(((2-(2-morpho-
linoethoxy)quinolin-6-yl)methyl)thio)− 1,3,5-triazin-2(1H)-one (31). To a
cooled (0 ◦C) solution of 2-morpholinoethan-1-ol (216 mg, 1.66 mmol,
2.0 equiv.) in dry DMF (15 mL), NaH (60 %, 424 mg, 1.83 mmol, 1.1
equiv.) was added. After 30 min, a solution of 30 (424 mg, 0.83 mmol,
1.0 equiv.) in dry DMF (5 mL) was added dropwise at 0 ◦C. The reaction
mixture was stirred at rt for 24 h, followed by the addition of H2O
(100 mL) to the mixture, which was subsequently extracted with EtOAc
(3 × 30 mL). The combined organic phases were dried with Na2SO4,
filtered, and the solvent evaporated to give the crude product. Com-
pound 31was purified by column chromatography using CH2Cl2/MeOH
(15/1) as an eluent system. Off-white solid; yield, 5 % (26 mg); Rf: 0.41
(CH2Cl2/MeOH 9/1); 1H NMR (400 MHz, DMSO-d6) δ 2.51–2.60 (m,
4 H, morpholine-CH2), 2.76 (t, J = 5.9 Hz, 2 H, NCH2), 3.57 (t, J =

4.8 Hz, 4 H, morpholine-CH2), 4.38 (s, 2 H, SCH2), 4.45 (s, 2 H, SCH2),
4.52 (t, J = 5.9 Hz, 2 H, CH2O), 6.98 (d, J = 8.8 Hz, 1 H, Ar-H),
7.51–7.60 (m, 2 H, Ar-H), 7.62–7.70 (m, 3 H, Ar-H), 7.84 (d, J= 1.5 Hz,
1 H, Ar-H), 8.14 (d, J = 8.8 Hz, 1 H, Ar-H), 12.78 (br s, 1 H, NH); 13C
NMR (100 MHz, CDCl3) δ 33.62, 34.54, 53.59, 57.24, 62.21, 66.23,
111.86 (dq, 2JF,C = 24.2 Hz, 3JF,C = 3.4 Hz), 113.40, 119.47 (d, 2JF,C =

20.5 Hz), 121.59 (app q, 3JF,C = 3.4 Hz), 124.84, 126.10 (dd, 1JF,C =

272.9 Hz, 4JF,C = 3.1 Hz), 127.51, 127.64, 130.45, 132.46 (d, 2JF,C =

32.3), 131.68, 138.46, 140.81 (d, 3JF,C = 7.1 Hz), 145.73, 159.37 (br s),
161.70, 162.35 (d, 1JF,C = 248.7 Hz), 177.73 (br s); Purity by LC-MS:
95.3 %; HRMS (ESI) m/z calcd for C27H26N5O3F4S2 [M+H]+

608.1408, found 608.1395.

4.1.8.9. 6-(((5-Chlorobenzo[b]thiophen-3-yl)methyl)thio)− 4-((3-fluoro-
5-(trifluoromethyl)benzyl)thio)− 1,3,5-triazin-2(1H)-one (32). This com-
pound was prepared according to the General procedure for the syn-
thesis of 4,6-disubstituted 1,3,5-triazin-2(1H)-ones, starting from
compound a mixture of compounds 21a and 21b (150 mg, 0.44 mmol
[calc. for Mw of 21a]) and 1-(bromomethyl)− 3-fluoro-5-(tri-
fluoromethyl)benzene (124 mg, 0.48 mmol). Compound was separated
from 32b and purified by column chromatography using EtOAc/n-
hexanes/CH3COOH (1/2/0.01) as an eluent system to give 32a (11 mg,
4 % yield) as a white solid. Rf: 0.10 (EtOAc/n-hexanes/CH3COOH 1/2/
0.01); 1H NMR (400 MHz, CDCl3) δ 4.40 (s, 2 H, SCH2), 4.61 (s, 2 H,
SCH2), 7.24 (app d, J = 8.4 Hz, 1 H, Ar-H), 7.28–7.31 (m, 1 H, Ar-H),
7.34 (dd, J1= 8.7 Hz, J2= 1.8 Hz, 1 H, Ar-H), 7.42–7.47 (m, 1 H, Ar-H),
7.56 (s, 1 H, Ar-H), 7.76 (d, J = 4.2 Hz, 1 H, Ar-H), 7.77 (d, J = 2.2 Hz,
1 H, Ar-H), 12.37 (br s, 1 H, NH); 13C NMR (101 MHz, CDCl3) δ 28.19,
34.08, 112.48 (dq, 2JF,C = 24.1 Hz, 3JF,C = 3.9 Hz), 119.87 (d, 2JF,C =

22.0 Hz), 121.49, 121.97 (q, 3JF,C = 3.3 Hz), 123.08 (dd, 1JF,C =

272.9 Hz, 4JF,C = 3.3 Hz), 124.17, 125.43, 128.40, 128.41, 128.89,
131.11, 138.61, 139.01, 140.07 (d, 3JF,C = 8.0 Hz), 155.48, 162.57 (d,

1JF,C = 250.0 Hz), 175.32 (br s); Purity by LC-MS: 95.1 %; HRMS (ESI)
m/z calcd for C20H11N3OClF4S3 [M–H]– 515.9694, found 515.9695.

4.1.8.10. 6-((3-(Bromomethyl)− 5-chlorobenzo[b]thiophen-2-yl)thio)− 4-
((3-fluoro-5-(trifluoromethyl)benzyl)thio)− 1,3,5-triazin-2(1H)-one
(32b). This compound was prepared according to the General proced-
ure for the synthesis of 4,6-disubstituted 1,3,5-triazin-2(1H)-ones,
starting from compound a mixture of compounds 21a and 21b (150 mg,
0.44 mmol [calc. for Mw of 21a]) and 1-(bromomethyl)− 3-fluoro-5-
(trifluoromethyl)benzene (124 mg, 0.48 mmol). Compound was sepa-
rated from 32 and purified by column chromatography using EtOAc/n-
hexanes/CH3COOH (1/2/0.01) as an eluent system to give 32b (29 mg,
11 % yield) as a white solid. Note: this compound was not evaluated in
biochemical assays due to the high reactivity of the bromomethyl moiety. Rf:
0.15 (EtOAc/n-hexanes/CH3COOH 1/2/0.01); 1H NMR (400 MHz,
CDCl3) δ 4.42 (s, 2 H, CH2), 4.65 (s, 2 H, CH2), 7.24 (app d, J = 8.3 Hz,
1 H, Ar-H), 7.30–7.36 (m, 2 H, Ar-H), 7.40–7.47 (m, 1 H, Ar-H), 7.64 (d,
J = 8.6 Hz, 1 H, Ar-H), 7.84 (d, J = 2.0 Hz, 1 H, Ar-H), 11.94 (br s, 1 H,
NH); 1H NMR (400 MHz, DMSO-d6) δ 4.47 (s, 2 H, CH2), 4.62 (s, 2 H,
CH2), 7.46 (dd, J1 = 8.6 Hz, J2 = 2.1 Hz, 1 H, Ar-H), 7.57 (app d, J =

8.7 Hz, 1 H, Ar-H), 7.63 (app d, J = 9.5 Hz, 1 H, Ar-H), 7.66–7.70 (m,
1 H, Ar-H), 7.98–8.06 (m, 2 H, Ar-H), 13.13 (br s, 1 H, NH); 13C NMR
(101 MHz, DMSO-d6) δ 26.48, 32.62, 112.48 (dq, 2JF,C = 24.5 Hz, 3JF,C
= 3.0 Hz), 118.74, 120.23 (d, 2JF,C = 22.0 Hz), 121.76, 122.13 (q, 3JF,C
= 3.4 Hz), 123.08 (dd, 1JF,C= 272.3 Hz, 4JF,C= 3.3 Hz), 124.22, 125.37,
129.56, 130.49, 130.84 (dd, 2JF,C = 32.8 Hz, 3JF,C = 8.6 Hz), 137.40,
138.30, 142.23 (d, 3JF,C = 8.0 Hz), 153.30 (br s), 161.78 (d, 1JF,C =

246.5 Hz), 174.44 (br s); Purity by UHPLC: 98.2 %; HRMS (ESI) m/z
calcd for C20H12N3OClBrF4S3 [M+H]+ 595.8945, found 595.8942.

4.1.8.11. 6-(((5-Chlorobenzo[b]thiophen-3-yl)methyl)thio)− 4-((4-(tri-
fluoromethyl)benzyl)thio)− 1,3,5-triazin-2(1H)-one (33). This compound
was prepared according to the General procedure for the synthesis of
4,6-disubstituted 1,3,5-triazin-2(1H)-ones, starting from compound a
mixture of compounds 21a and 21b (96 mg, 0.28 mmol [calc. for Mw of
21a]) and 1-(bromomethyl)− 4-(trifluoromethyl)benzene (74 mg,
0.31 mmol). Compound was separated from 33b and purified by column
chromatography using EtOAc/n-hexanes/CH3COOH (1/2/0.01) as an
eluent system to give 33 (7 mg, 5 % yield) as a white solid. Rf: 0.10
(EtOAc/n-hexanes/CH3COOH 1/2/0.01); 1H NMR (400 MHz, CDCl3) δ
4.42 (s, 2 H, SCH2), 4.60 (s, 2 H, SCH2), 7.34 (dd, J1 = 8.6 Hz, J2 =

2.0 Hz, 1 H, Ar-H), 7.47–7.52 (m, 2 H, Ar-H), 7.54–7.59 (m, 3 H, Ar-H),
7.76 (d, J= 2.6 Hz, 1 H, Ar-H), 7.77 (d, J= 3.8 Hz, 1 H, Ar-H), 12.40 (br
s, 1 H, NH); 1H NMR (400 MHz, acetone-d6) δ 4.51 (s, 2 H, SCH2), 4.72
(s, 2 H, SCH2), 7.41 (dd, J1 = 8.6 Hz, J2 = 2.1 Hz, 1 H, Ar-H), 7.63–7.71
(m, 4 H, Ar-H), 7.84 (s, 1 H, Ar-H), 7.99 (d, J = 8.6 Hz, 1 H, Ar-H), 8.03
(d, J = 2.0 Hz, 1 H, Ar-H); 13C NMR (101 MHz, acetone-d6) δ 28.08,
34.22, 122.49, 125.25 (q, 1JF,C = 271.3 Hz), 125.32, 125.76, 126.65 (q,
3JF,C = 3.7 Hz), 129.34, 129.80 (q, 2JF,C = 32.2 Hz), 130.76, 131.22,
131.34, 139.63, 140.28, 143.12, 153.97 (br s), 176.97 (br s); Purity by
LC-MS: 96.2 %; HRMS (ESI) m/z calcd for C20H14N3OClF3S3 [M+H]+

499.9934, found 499.9931.

4.1.8.12. 6-((3-(Bromomethyl)− 5-chlorobenzo[b]thiophen-2-yl)thio)− 4-
((4-(trifluoromethyl)benzyl)thio)− 1,3,5-triazin-2(1H)-one (33b). This
compound was prepared according to the General procedure for the
synthesis of 4,6-disubstituted 1,3,5-triazin-2(1H)-ones, starting from
compound a mixture of compounds 21a and 21b (96 mg, 0.28 mmol
[calc. for Mw of 21a]) and 1-(bromomethyl)− 4-(trifluoromethyl)ben-
zene (74 mg, 0.31 mmol). Compound was separated from 33 and puri-
fied by column chromatography using EtOAc/n-hexanes/CH3COOH (1/
2/0.01) as an eluent system to give 33b (39 mg, 24 % yield) as a white
solid. Note: this compound was not evaluated in biochemical assays due to
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the high reactivity of the bromomethyl moiety. Rf: 0.14 (EtOAc/n-hexanes/
CH3COOH 1/2/0.01); 1H NMR (400 MHz, CDCl3) δ 4.44 (s, 2 H, CH2),
4.65 (s, 2 H, CH2), 7.33 (dd, J1 = 8.6 Hz, J2 = 2.0 Hz, 1 H, Ar-H),
7.49–7.53 (m, 2 H, Ar-H), 7.56–7.60 (m, 2 H, Ar-H), 7.64 (d, J= 8.6 Hz,
1 H, Ar-H), 7.84 (d, J = 2.0 Hz, 1 H, Ar-H), 12.10 (br s, 1 H, NH); 1H
NMR (400 MHz, DMSO-d6) δ 4.47 (s, 2 H, CH2), 4.63 (s, 2 H, CH2), 7.47
(dd, J1= 8.6 Hz, J2= 2.1 Hz, 1 H, Ar-H), 7.62–7.70 (m, 4 H, Ar-H), 8.03
(d, J = 8.7 Hz, 1 H, Ar-H), 8.05 (d, J = 2.1 Hz, 1 H, Ar-H), 13.12 (br s,
1 H, NH); 13C NMR (101 MHz, DMSO-d6) δ 26.51, 30.02, 118.73,
121.76, 124.04 (q, 1JF,C= 271.3 Hz), 124.23, 125.33 (q, 3JF,C= 3.7 Hz),
125.38, 127.88 (q, 2JF,C = 32.2 Hz), 129.54, 129.81, 130.50, 137.42,
138.31, 142.19, 153.33 (br s), 174.74 (br s); Purity by UHPLC: 97.9 %;
HRMS (ESI) m/z calcd for C20H11N3OClBrF3S3 [M–H]– 575.8894, found
575.8894.

4.1.8.13. 4-((3-Fluoro-5-(trifluoromethyl)benzyl)thio)− 6-((3-(tri-
fluoromethyl)benzyl)thio)− 1,3,5-triazin-2(1 H)-one (34). This com-
pound was prepared according to the General procedure for the
synthesis of 4,6-disubstituted 1,3,5-triazin-2(1H)-ones, starting from
compound 22 (65 mg, 0.20 mmol) and 1-(bromomethyl)− 3-fluoro-5-
(trifluoromethyl)benzene (57 mg, 0.22 mmol). Compound 34 was suf-
ficiently pure after washing of the precipitate with n-hexanes. Off-white
solid; yield, 72 % (71 mg); Rf: 0.26 (EtOAc/n-hexanes 1/1); 1H NMR
(400 MHz, DMSO-d6) δ 4.43 (s, 4 H, 2 × SCH2), 7.51–7.64 (m, 4 H, Ar-
H), 7.65–7.68 (m, 1 H, Ar-H), 7.70 (d, J = 7.7 Hz, 1 H, Ar-H), 7.75–7.79
(m, 1 H, Ar-H), 13.05 (br s, 1 H, NH); 13C NMR (101 MHz, DMSO-d6) δ
32.99, 33.36, 112.17 (dq, 2JF,C= 23.4 Hz, 3JF,C= 3.5 Hz), 120.62 (d, 2JF,
C = 22.3 Hz), 122.53 (q, 3JF,C = 3.7 Hz), 123.59 (qd,1JF,C = 272.5 Hz,
4JF,C = 3.8 Hz), 124.50 (q, 1JF,C = 272.5 Hz), 124.51 (q, 3JF,C = 4.0 Hz),
126.13 (q, 3JF,C = 4.1 Hz), 129.55 (d, 2JF,C = 31.4 Hz), 129.98, 131.30
(qd, 2JF,C = 32.7 Hz, 3JF,C = 8.7 Hz), 133.60, 139.16, 142.62 (d, 3JF,C =

7.9 Hz), 150.39, 153.68 (br s), 162.21 (d, 1JF,C = 246.7 Hz), 179.33 (br
s); Purity by UHPLC: 97.1 %; HRMS (ESI) m/z calcd for C19H13N3OF7S2
[M+H]+ 496.0383, found 496.0378.

4.1.8.14. 4-((3-Fluoro-5-(trifluoromethyl)benzyl)thio)− 6-(((2-methyl-
thiazol-4-yl)methyl)thio)− 1,3,5-triazin-2(1H)-one (35). This compound
was prepared according to the General procedure for the synthesis of
4,6-disubstituted 1,3,5-triazin-2(1H)-ones, starting from compound 23
(140 mg, 0.51 mmol) and 1-(bromomethyl)− 3-fluoro-5-(tri-
fluoromethyl)benzene (145 mg, 0.57 mmol). Compound 35 was suffi-
ciently pure after washing of the precipitate with n-hexanes. White solid;
yield, 59 % (135 mg); Rf: 0.22 (CH2Cl2/MeOH 20/1); 1H NMR
(400 MHz, DMSO-d6) δ 2.61 (s, 3 H, CH3), 4.41 (s, 2 H, SCH2), 4.46 (s,
2 H, SCH2), 7.36 (s, 1 H, Ar-H), 7.57–7.64 (m, 2 H, Ar-H), 7.68–7.71 (m,
1 H, Ar-H); 13C NMR (101 MHz, DMSO-d6) δ 18.69, 29.56, 32.56,
111.74 (dq, 2JF,C = 24.8 Hz, 3JF,C = 3.5 Hz), 116.91, 120.21 (d, 2JF,C =

22.0 Hz), 122.02 (q, 3JF,C = 3.9 Hz), 123.09 (qd, 1JF,C = 271.6 Hz, 4JF,C
= 3.8 Hz), 130.87 (qd, 2JF,C = 32.7 Hz, 3JF,C = 8.6 Hz), 142.20 (d, 3JF,C
= 8.0 Hz), 149.84, 149.94, 153.34 (br s), 161.80 (d, 1JF,C = 246.5 Hz),
165.82, 175.40 (br s); Purity by LC-MS: 95.8 %; HRMS (ESI) m/z calcd
for C16H12ON4F4S3 [M+H]+ 449.0182, found 449.0183.

4.1.8.15. 6-(((2-Methylthiazol-4-yl)methyl)thio)− 4-((4-(trifluoromethyl)
benzyl)thio)− 1,3,5-triazin-2(1H)-one (36). This compound was pre-
pared according to the General procedure for the synthesis of 4,6-disub-
stituted 1,3,5-triazin-2(1H)-ones, starting from compound 23 (140 mg,
0.51 mmol) and 1-(bromomethyl)− 4-(trifluoromethyl)benzene
(136 mg, 0.57 mmol). Compound 36was sufficiently pure after washing
of the precipitate with n-hexanes. White solid; yield, 56 % (123 mg); Rf:
0.42 (CH2Cl2/MeOH 9/1); 1H NMR (400 MHz, DMSO-d6) δ 2.61 (s, 3 H,
CH3), 4.41 (s, 2 H, SCH2), 4.46 (s, 2 H, SCH2), 7.36 (s, 1 H, Ar-H), 7.63
(app d, J= 8.2 Hz, 2 H, Ar-H), 7.69 (app d, J= 8.2 Hz, 2 H, Ar-H), 12.91

(br s, 1 H, NH); 13C NMR (101 MHz, DMSO-d6) δ 18.72, 20.60, 32.95,
116.92, 124.22 (q, 1JF,C = 271.7 Hz), 125.37 (q, 3JF,C = 3.7 Hz), 127.88
(q, 2JF,C = 31.6 Hz), 129.79, 142.22, 149.92, 149.96, 153.43 (br s),
165.85, 174.83 (br s); Purity by UHPLC: 96.5 %; HRMS (ESI) m/z calcd
for C16H13ON4F3S3 [M+H]+ 431.0276, found 431.0278.

4.1.8.16. 4-((4-Isopropylbenzyl)thio)− 6-(((2-methylthiazol-4-yl)methyl)
thio)− 1,3,5-triazin-2(1H)-one (37). This compound was prepared ac-
cording to the General procedure for the synthesis of 4,6-disubstituted
1,3,5-triazin-2(1H)-ones, starting from compound 23 (140 mg,
0.51 mmol) and 1-(bromomethyl)− 4-isopropylbenzene (121 mg,
0.57 mmol). Compound 37 was sufficiently pure after washing of the
precipitate with n-hexanes. White solid; yield, 83 % (172 mg); Rf: 0.37
(CH2Cl2/MeOH 9/1); 1H NMR (400 MHz, DMSO-d6) δ 1.18 (d, J =

6.8 Hz, 6 H, Ar-CH(CH3)2), 2.62 (s, 3 H, CH3), 2.85 (sept, J = 6.9 Hz,
1 H, Ar-CH(CH3)2), 4.34 (s, 2 H, SCH2), 4.42 (s, 2 H, SCH2), 7.17–7.22
(m, 2 H, Ar-H), 7.28–7.33 (m, 2 H, Ar-H), 7.36 (s, 1 H, Ar-H), 12.66 (br s,
1 H, NH); 13C NMR (101 MHz, DMSO-d6) δ 18.75, 23.86, 29.66, 33.15,
33.44, 116.89, 126.53, 129.05, 139.95, 147.72, 149.97, 150.04, 153.32
(br s), 165.86, 172.42 (br s); Purity by LC-MS: 96.2 %; HRMS (ESI) m/z
calcd for C18H20ON4S3 [M+H]+ 405.0872, found 405.0873.

4.2. Human topo IIα-mediated decatenation assay

Assays described in Section 4.2. to 4.7. were performed in collabo-
ration with Inspiralis (Norwich, UK) with methodologies and procedures
already applied in our past studies of catalytic topo IIα inhibitors [51,
52]. All assays were performed in duplicates. More assay details are
provided in Section 2 of the Supplementary material.

Topo IIα-mediated decatenation assay was performed for all com-
pounds at concentrations 7.8, 15.6, 31.25, 125 μM and, additionally at
0.78, 1.95, 7.8, 15.6, and 31.25 μM for compound 37, as well as 0.12,
0.49, 1.95, and 7.8 for compounds 32 and 33with etoposide as a control
compound at concentrations 7.8, 15.6, 31.25, 125 μM. IC50 values were
calculated with GraphPad Prism 9.5.0 [53].

4.3. Human topo IIβ-mediated decatenation assay

This assay was performed in duplicates for compounds 24, 30, 32
and 37 at concentrations 7.8, 15.6, 31.25, 125 μM and at concentrations
1.95, 7.8, 15.6, 31.25, 125 μM of compound 32 along with etoposide as
a control compound. More assay details are provided in Section 3 of the
Supplementary material.

4.4. Human topoisomerase IIα-mediated relaxation assay

Topo IIα-mediated relaxation assay was performed at four different
concentrations of compounds 32, 33 (1.95, 7.8, 15.6 and 31.25 μM),
compounds 24, 30 (7.8, 15.6, 31.25, and 62.5 μM), compound 37
(31.25, 62.5, 125 and 500 μM) and of etoposide as positive control (10
and 100 μM). More assay details are provided in Section 4 of the Sup-
plementary material.

4.5. Human topoisomerase IIα-mediated cleavage and competitive
cleavage assay

The cleavage assay was performed for compounds 24, 30, 31, 32,
and 37 at concentrations 7.8, 15.6, 31.25, 125 μM and etoposide as a
control compound. The competitive cleavage assay used the same four
concentrations of compounds 24 and 30, with the main difference that a
constant etoposide concentration of 50 μM of etoposide was present.
Total DMSO in the assay was 2 % (cumulative effect of adding 2
different compounds). More assay details are provided in Sections 5 and

B. Herlah et al.



Computational and Structural Biotechnology Journal 23 (2024) 2995–3018

3015

6 of the Supplementary material.

4.6. Wheatgerm topo I unwinding assay

An unwinding assay was performed for compounds 24, 30 and 37 at
concentrations of 7.8, 15.6, 31.25, and 125 μM and mAMSA as a control
compound. More assay details are provided in Section 7 of the Supple-
mentary material.

4.7. Competitive ATPase assay

This assay was performed at 9 different concentrations of the ATP
(0.025, 0.05, 0.075, 0.1, 0.25, 0.5, 0.75, 1, and 2 mM) and at concen-
tration 1.95, 3.9, 7.8, 15.6 µM for compound 24, and at 7.8, 15.6, 31.25,
and 125 µM for compounds 30. The final DMSO concentration in all the
reactions was 5 % (v/v).

Compounds 24 and 30 were dissolved and diluted in DMSO and
added to the reaction before the addition of the enzyme. Compounds
were analyzed using a linked ATPase assay in which the ADP produced
by the hydrolysis of ATP leads to the conversion of NADH to NAD by a
pyruvate kinase/lactate dehydrogenase mix. The disappearance of
NADH was monitored at 340 nm. Assay was performed in duplicates
[54].

A mix of assay buffer (5 μl of 10X buffer per assay: final conc. 20 mM
Tris-HCl, 5 mM magnesium acetate, 125 mM potassium acetate, 2 mM
DTT, pH 7.9), linear pBR322 (1.5 μl of 1 mg/mL per assay), phosphoe-
nol pyruvate (0.5 μl of 80 mM per assay), pyruvate kinase/lactate de-
hydrogenase mix (0.75 μl per assay), NADH (1 μl of 20 mM per assay)
and water (32.35 μl per assay) was made. 39.1 μl was aliquoted into the
wells of a 384-well microtitre plate. 2.5 μl of DMSO or the appropriate
compound were added to the wells and mixed. 5 μl of the dilution buffer
or human topo II (140 nM stock giving 14 nM final concentration) were
then added and mixed. The change in OD340 was then measured in a
plate reader over a period of about 10–15 min (called the pre-run).
3.4 μl of 30 mM ATP was then added and the OD340 monitored for up
to 30 min. Assays were performed at 37 ◦C. More assay details are
provided in Section 8 of the Supplementary material.

4.8. STD NMR spectroscopy experiments

High-resolution NMR spectra were recorded on Bruker Avance Neo
600 MHz Spectrometer, using cryoprobes, at 25 ◦C. Data were collected
using the pulse sequences provided by the Bruker library of pulse pro-
grams and analyzed with Bruker Topspin 4.2.0. The residual water
signal was suppressed using excitation sculpting [55] with 2 ms selec-
tive pulse (or 5 ms selective pulse for STD and reference spectra of
compound 37). T1ρ filter of 100 ms was used to eliminate the back-
ground protein resonances. ATPase domain of topo IIα protein was
purchased from Inspiralis, UK. The 1H spectral widths were 6250 Hz
(compounds 30, 31, and 24) or 5882 Hz (compound 37) (Section 9 of
Supplementary Information). NMR samples were prepared in a buffer
20 mM Na-phosphate (pD 7.7), 150 mM KCl, 5 mM MgCl2 in D2O,
complemented with 10 % DMSO-d6 and 0.02 % NaN3. The complete
assignment of protons was achieved using a combination of COSY,
TOCSY and HSQC spectra (Tables S16 – S23). The 1H STD and trNOESY
spectra were recorded at a protein:ligand ratio of 1:100, where the
protein concentration was 1 μM, and the ligand concentration was
0.1 mM.

The 1H STD ligand epitope mapping experiments [39] were per-
formed with 16 384 (compound 30, 31, 24) or 65 536 (compound 37)
data points, a relaxation delay of 4 s (compounds 30, 31, 24) or 1.5 s
(compound 37), and 5440 (compound 30, 31, 24) or 5040 (compound
37) scans. In the case of compounds 30, 31 and 24 the short protein
saturation time of 0.5 s was used to avoid the influence of relaxation on
STD amplification factors [56]. In the case of 37, the saturation time of
1 s was used to increase signal-to-noise ratio and consequently to

decrease errors of STD amplification factors for individual protons
below 10 %. The on-resonance selective saturation of topo II was applied
at − 0.727 ppm at transmitter offset referenced to 4.70 ppm. The
off-resonance irradiation was applied at 30 ppm for the reference
spectrum. Spectra were zero-filled and apodized by an exponential
line-broadening function of 3 Hz. Errors in the STD amplification factor
were estimated according to the formula [57]:

STD amplification factor absolute error

= STD amplification factor× [(
NSTD

ISTD
)
2
+(

NREF

IREF
)
2
)]
1
2

NSTD and NREF are noise levels in STD and reference spectra. ISTD and
IREF are signal intensities in STD and reference spectra. Relative errors of
amplification factors for all protons are under 1 % (compound 30), 3 %
(compounds 31, 24) and 5 % (37).

4.9. Inhibition of human protein kinases

Inhibition effect of compound 24 on a selected set of human protein
kinases was performed with KinaseProfilerTM (Eurofins Cerep SA, Celle-
L′Evescault, France) which are kinase activity radiometric assays.
Compound was prepared to 50x final assay concentration in 100 %
DMSO. The tested compound concentration was 10 μM. The working
stock of each compound was added to the assay well as the first
component in the reaction, followed by the remaining components as
detailed in the general assay protocols (Table 4).

In the KinaseProfilerTM there is no pre-incubation step between the
compound and the human protein kinase prior to start of the reaction.
The positive control wells contain all components of the reaction, except
the compound of interest; however, DMSO at a final concentration of
2 % is included in these wells to control for solvent effects. The blank
wells contain all reaction components and a reference kinase inhibitor
replacing the compound of interest which completely abolishes the ki-
nase activity and establishes the baseline corresponding to 0 % kinase
activity. The used known inhibitors used to generate the blank signal for
each tested protein kinase are listed in Table 5. Complete descriptions of
protocols used to evaluate inhibition activity of each selected human
protein kinase are available in Section 13 of Supplementary material.

Table 5
Selection of reference kinase inhibitors and their targeted human protein
kinases.

Reference kinase
Inhibitor

Protein Kinase (s)

PI-103 DNA-PK
KU55933 ATM
Staurosporine B-Raf, CDK1/cyclinB, cKit, c-Raf, EGFR, FGFR1, FGFR3,

Flt1, Flt3, Fms, IGF-1R, JAK2, MEKK3, PDGFRα, PKA,
PKBα, Ret, Src(1-530)

Table 4
Buffer compositions for the preparation of human protein kinases before their
addition to the reaction mix.

Buffer Composition Protein Kinase (s)

20 mM MOPS, 1 mM EDTA, 0.01 % Brij-35,
5 % Glycerol, 0.1 % β- mercaptoethanol,
1 mg/mL BSA

CDK1/cyclinB, c-Kit, EGFR, FGFR1,
FGFR3, Flt1, Flt3, Fms, JAK2,
PDGFRα, PKA, PKBα, Ret, Src (1-
530)

45 mM TRIS, 0.4 mM EGTA, 18 mM DTT,
0.02 % Triton X-100, 1 mM sodium
orthovandate, 1 mM β-glycerophosphate,
2 % glycerol

B-Raf, c-Raf

50 mM TRIS, 0.1 mM EGTA, 0.1 mM
Na3VO4, 0.1 % β- mercaptoethanol, 1 mg/
mL BSA

IGF-1R

50 mM HEPES, 1 mM EDTA, 10 mM DTT,
0.01 % Brij-35

MEKK3
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4.10. Molecular docking calculations

Molecular docking was performed with GOLD software [58] and
protomer (chain A) of the human topo IIα ATPase domain (PDB: 1ZXM)
and protomer (chain A) of the human topo IIβ ATPase domain (PDB:
7QFO) (Fig. S16) [24]. With the docking settings described below which
are largely based on our previous studies [51,59] we first redocked the
AMP-PNP native ligand in both topo IIα and topo IIβ ATP binding sites
(Fig. S17). The actives sites were defined as a 6 Å radius around the
bound ANP-PNP ligands. Crystal waters W924 and W931 present in
topoi IIα were included in docking as they play an important role in
binding of the native molecule. The same was done for topo IIβ with
inclusion of crystal W644 and W670. For included waters different spin
states were allowed during docking calculations [21]. GOLD genetic
algorithm (GA) was used as a search algorithm with the default settings
and the GoldScore scoring function ranked the compounds. To ensure
similar interaction pattern of the 1,3,5-triazin-2(1H)-one’s scaffold with
ATP site, an H-bond constraint was added to Asn120 (topo IIα) [21] and
Asn136 (topo IIβ). Docking calculations were visualized and geometri-
cally analyzed in LigandScout [60].

4.11. Structure-based lead optimization with Deepfrag

The DeepFrag software enables structure-based optimization of
compounds and is based on deep learning architecture and is accessible
via an on-line interface [22,23]. Here, we loaded separately a protomer
(chain A) of ATPase domain of human topo IIα (PDB: 1ZXM) and docked
conformation of triazinone, with 3-chlorophenyl substituent at position
6 and optimized substituent 3-trifluoromethyl-5-fluorobenzyl at posi-
tion 4. We removed the substituent at the 6 position and chose the
carbon atom adjacent to sulfur as the growth point and used default
settings for the search (Fig. S1). DeepFrag displayed the list of most
favorable fragments that could be introduced based on the favorability
of the interactions and topological constraints of the ATP pocket. The
fragments were ranked according to the favorability of interactions
assessed by an internal scoring function and the more favorable are
listed in Table S1.

4.12. Molecular dynamics simulations

The starting complexes for molecular simulations were derived from
molecular docking in the monomer A of the topo IIα ATP binding site.
Together four complexes were simulated, the first complex with 9H-
purine preclinical compound QAP 1 and three designed 4,6-substituted-
1,3,5-triazin-2(1H)-ones: compound 31 (model) compound, and R1

monocylclic and bicyclic compounds 24 and 37. More details on MD
simulation results of compound 37 are provided in Section 11 of the
Supplementary material.

For ligands QAP 1, 24 and 31 and 37 force field parameters were
determined. Partial charges were determined with a standard Merz-
Kollman scheme on the geometry optimized structures at the Har-
tree–Fock level using the 6–31 G* basis set. Gaussian 16 was employed
for the QM optimization [61] and RESP charges generation was per-
formed with Amber20 [62]. Ligand force field parameters were obtained
in Antechamber module, using input bond lengths and bond angles
obtained from the QM optimized geometries. General Amber Force Field
of second generation (GAFF2) was used for the description of ligands
(Section 14 of the Supplementary Information, Tables S25 – S28) [63].
The systems were solvated with TIP3P water molecules and three Cl-
couterions were added to make the system electroneutral [64]. The final
systems comprised around 33,000 atoms and Amber14SB force field for
the protein [65] and GAFF2 for ligands description [63].

On these systems we conducted a 10,000-step steepest descent en-
ergy minimization, followed by a 20,000-step conjugate gradient opti-
mization. The NVT equilibration involved four runs, each with 10,000
steps and a 2 fs time step, gradually releasing constraints on the protein.

The force constant for the first run was 100 kcal/mol Å− 2, second
60 kcal/mol Å− 2, third 30 kcal/mol Å− 2 and fourth was without re-
straint. Heating to 300 K was achieved during NVT equilibration,
controlled by the Langevin thermostat [66]. The NPT equilibration
consisted of two runs with 100,000 steps and a 2 fs time step, with the
first run constraining the topo II ATPase domain with the force constant
of 20 kcal/mol Å− 2and the second run without constraints while NPT
equilibration maintained a pressure of 1 bar using the Berendsen baro-
stat [67]. Long-range electrostatics were treated with Particle Mesh
Ewald [68], and periodic boundary conditions were applied. The SHAKE
algorithm [69] constrained hydrogen bond lengths, achieving a 2 fs time
step. Each system underwent 0.5 microseconds of MD simulation using
Amber20 program [62]. MD simulation trajectories were analyzed with
approaches outlined below. For visualizations we used VMD [70],
PyMOL [71] and UCSF Chimera [72] software.

The Cpptraj module [73] calculated RMSD across the entire trajec-
tories of all simulated compounds. RMSD values were computed with
reference to the initial structures of the protein and ligand, respectively.
To offer a more comprehensive understanding of the dynamic interac-
tion pattern between the ligands in the ATP binding site the dynophore
calculations were performed using DynophoreApp [74]. 2000 equidis-
tant frames from the MD simulation were analyzed and the resulting
dynophore model underwent further analysis. These calculations were
carried out on computers at the Molecular Design Lab in Germany and
later visualized in LigandScout [60]. The protein-ligand complexes’
binding free energy was assessed through calculations using the
MM/GBSA free energy calculations incorporated in Amber 22 [73,75]
with MMPBSA.py [76] on equidistant 350 snapshots extracted from the
final 450 ns of the MD simulations of the trajectories of each ligand,
representing a fully equilibrated simulated system. The Generalized
Born IGB method 5 and a 0.10 M salt concentration were employed.
Additionally, per-residue decomposition was performed to assess the
energy contributions of individual residues to the binding process.

4.13. NCI-60 screening of human tumor cell lines

The National Cancer Institute (NCI) evaluated the compounds on a
set of 60 human cancer cell lines. The full list of used human cell lines
can be found on the NCI website [77]. The testing procedure involved
fixing cells with trichloroacetic acid, followed by staining with sulfo-
rhodamine B (SRB) and measuring absorbance. Additional details on
methodology in [78]. Compounds were assessed at a concentration of
10 µM and the NCS codes for the assays are 832727 (compound 24),
832729 (compound 25), and 832728 (compound 26), 842916 (com-
pound 34), 842915 (compound 37). Results are presented as growth
values relative to the control without the compound and in relation to
the cell count at the start, and this allowed the determination of no in-
hibition of growth (values between 0 and 100) and lethality (values
between − 100 and 0) [78]. More details on NCI-60 screening results
performed on compounds 26 and 34 is available in Section 12 of the
Supplementary material.
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