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Abstract: GSK-3f3, IKK-3, and ROCK-1 kinases are implicated in the pathomechanism of Alzheimer’s
disease due to their involvement in the misfolding and accumulation of amyloid 3 (Af) and tau
proteins, as well as inflammatory processes. Among these kinases, GSK-3f3 plays the most crucial role.
In this study, we present compound 62, a novel, remarkably potent, competitive GSK-33 inhibitor
(ICs0 = 8 nM, K; = 2 nM) that also exhibits additional ROCK-1 inhibitory activity (ICsp = 2.3 uM) and
demonstrates anti-inflammatory and neuroprotective properties. Compound 62 effectively suppresses
the production of nitric oxide (NO) and pro-inflammatory cytokines in the lipopolysaccharide-
induced model of inflammation in the microglial BV-2 cell line. Furthermore, it shows neuroprotective
effects in an okadaic-acid-induced tau hyperphosphorylation cell model of neurodegeneration. The
compound also demonstrates the potential for further development, characterized by its chemical
and metabolic stability in mouse microsomes and fair solubility.

Keywords: GSK-3(3; IKK-B; ROCK-1; anti-inflammatory activity; neuroprotective properties
Alzheimer’s disease

1. Introduction

Dementia is a pathological condition marked by a gradual decline in cognitive func-
tions and accompanied by significant personality changes that hinder daily functioning.
Approximately 70% of dementia cases in the elderly can be attributed to Alzheimer’s dis-
ease (AD) [1]. The disease ranks among the leading causes of death and poses a substantial
challenge to the global economy, primarily due to population ageing [2]. In AD, cognitive
deterioration is associated with extensive neurodegenerative changes leading to neuronal
loss, particularly in the cerebral cortex and hippocampus [3]. The exact sequence of events
leading to these changes is unknown, but misfolding and accumulation of amyloid 3
(ApP) and tau proteins and inflammatory processes undoubtedly play a key role in the
pathogenesis of the disease [4-8].

Based on years of human and animal neuropathological, genetic, and biomarker
studies, AP is considered an upstream event in the pathomechanism of AD [9]. The
Ap peptide is produced from amyloid precursor protein (APP) in a process dependent
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on (3-secretase (BACE1) and y-secretase [10]. Once formed, AP aggregates into higher-
order protein assemblies in the form of highly toxic oligomers, protofibrils, and senile
plaques. Their appearance precedes and triggers tau-mediated toxicity that leads to cortical
neurodegeneration [11]. An enzyme that is a molecular link between A pathophysiology
and tauopathy is Glycogen Synthase Kinase 33 (GSK-3[3) [12]. A3 enhances the activity of
GSK-33, leading to enhanced phosphorylation of tau and resulting in its aggregation into
neurofibrillary tangles (NFTs) [13]. Tau is a microtubule-associated protein, and its defect
leads to the disturbance of axonal trafficking and eventually to neuron degeneration and
death [14]. It was demonstrated both in vitro and in vivo that inhibition of GSK-3f3 reduces
tau hyperphosphorylation and, consequently, restores cognitive deficits [15,16]. At the same
time, GSK-33 has a role in the processing of Af3. One of the mechanisms involved in this
process is the upregulation of BACE1 expression via elements of the Nuclear Factor kappa
B (NF-«B) pathway [17]. Specific inhibition of GSK signaling attenuates APP cleavage by
BACE], ameliorating memory deficits in animal models [18-20]. GSK-3f is a key regulator
of processes that underlie the development of Alzheimer’s disease; therefore, the search for
its inhibitors has been widely studied [21-26]. These efforts led to the discovery of various
selective and potent inhibitors, among which several exhibited activity in animal models of
AD [27]; however, only one has reached clinical trials in humans to date. Despite excellent
research outcomes in animal models, such as significant reductions in tau phosphorylation
and A formation, as well as the amelioration of spatial memory deficits, tideglusib was
disqualified in phase II due to lack of efficacy in mild-moderate AD patients [28-30].

Studies have shown that A3 also increases the activity of ROCK-1 (Rho-associated
coiled-coil protein kinase 1) in neurons [31] and that ROCK-1 enhances the BACE1 cleav-
age of APP, increasing the production of Ap [32]. Conversely, both in vitro and in vivo
depletion of ROCK-1 diminishes the level of Ap due to reduced APP processing [32] and
enhanced lysosomal degradation of APP [33]. ROCK-1 is also implicated in tau protein
processing. ROCK-1 inhibitors decrease the phosphorylation of tau in vitro and in vivo
as a result of the inactivation of adequate kinases (GSK-33 and Cdk-5) and activation of
phosphatases (PPA2A) [34]. Additionally, they upregulate autophagy and proteasomal
degradation systems, thus reducing the total amount of tau [34], which was reflected in
learning and memory improvements in APP/PS1 mice [32]. The clinically approved ROCK
inhibitor, fasudil, suppresses A production in neurons [33,35] and reduces the levels of
phosphorylated tau and tau oligomers [34], making ROCK an interesting target in the
search for AD treatment.

Ap also plays a significant role in activating inflammatory processes within the
brain [6]. It triggers the release of pro-inflammatory mediators such as interleukin-1f3
(IL-1B), interleukin-6 (IL-6), tumor necrosis factor-« (TNF-x), nitric oxide (NO), and reac-
tive oxygen species (ROS) by engaging microglial receptors, including CD36, RAGE, and
Toll-like receptors (TLRs) [7,36]. The activation of these receptors triggers NF-kB-induced
upregulation of NLRP3 and its assembly into the inflammasome, which is essential for the
maturation of pro-inflammatory cytokines. NF-«kB, a transcription factor protein complex,
regulates the expression of genes responsible for the organism’s immune response, thereby
playing a crucial role in the neuroinflammatory processes observed in AD [37,38]. Physi-
ologically, NF-kB complexes exist as dimers of various subunits bound by the inhibitory
protein IkB. The activation of NF-«kB is controlled by the IkB kinase complex (IKK-c, -3),
which phosphorylates IkB, leading to the release of the dimer. Subsequently, the released
dimer translocates to the nucleus, where it regulates the gene expression of multiple in-
flammatory pathways [39]. The inhibition of IKKf{ (also known as IKK2), with the aim
of disrupting the activation of NF-kB, has garnered significant attention in the pursuit of
therapies for inflammatory, autoimmune, respiratory, and oncological conditions [40—43].
In an AD APP-transgenic murine model, IKKf inhibition proved to be effective in reducing
inflammatory microglial activation and decreasing TNF-«, I1-13, and iNOS inflammatory
gene transcription caused by A3 deposits, thereby improving cognitive functions [44,45].
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Currently available small-molecule, anti-AD drugs remain ineffective in terminating
disease progression [46]; therefore, the exploration of novel, innovative therapeutic areas is
still a major priority. The recently FDA-approved monoclonal antibodies are undoubtedly
a breakthrough, but they also have limitations—severe side effects and high treatment
costs [47,48]. Here, we combined structural elements found in inhibitors of three kinases—
GSK-3p3, IKK-f3, and ROCK-1—to develop multifunctional ligands targeting processes
involved in the progression of Alzheimer’s disease. We evaluated their potential in both
in vitro and in cellulo settings.

2. Design

We designed new multifunctional ligands based on the structural features of inhibitors
targeting three kinases: ROCK-1 (I) [49], GSK-3 (II) [50], and IKK-{ (III) [51] (Figure 1).
Each compound incorporates two characteristic structural elements crucial for biological ac-
tivity: a six-membered aromatic ring (either pyridine or 4-fluorobenzene) and a sulfur-based
heterocycle containing a carboxamide fragment. To maintain GSK-3§ inhibitory activity in
all ligands, we utilized the N-(pyridin-2-yl)cyclopropanecarboxamide scaffold, which was
combined with one of two thiophene ligands, depending on the targeted kinase. For ROCK
kinase, we selected the thiophene ring fused with tetrahydropyrimidone, while for IKK-f3
kinase, we opted for thiophene-urea. To explore the chemical space of the ligands, we
varied the substituents attached to the amino group of the 2-aminopyridine ring, resulting
in different amides or sulfonamides. Additionally, we replaced the pyridine ring with 4-
fluorobenzene or benzene rings. Our attention was also directed towards the cyclic aminal,
where we substituted the dimethyl group with cyclopentyl or tetrahydrofuryl moieties.
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Figure 1. Design of novel ligands targeting ROCK-1, GSK-3f3, and IKK-f3 kinases (* substituent).

3. Chemistry

Thiophene derivatives with urea and tetrahydropyrimidone moieties were obtained
in a multistep synthesis, starting from the commercially available methyl 3-amino-5-
bromothiophene-2-carboxylate (Scheme 1). The initial step involved the protection of
the primary amine group using Boc anhydride, followed by the hydrolysis of an ester
group in compound 1 with aqueous KOH, resulting in the formation of compound 2.
Subsequently, the carboxylic group was transformed to primary amide 3 via condensation
with NH4HCO3; using HATU and DIEA. The deprotection of the amino group with TFA
resulted in compound 4, which underwent distinct reactions based on the specific moiety
intended for introduction into the thiophene ring. The urea group was introduced in
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reaction with trichloroacetyl isocyanate, followed by treatment with 4 M ammonia solu-
tion in MeOH, yielding compound 5. Cyclic aminals 6, 7, 8, and 9 were obtained via the
condensation of compound 4 with appropriate ketones or lactones. In parallel, pinacol
esters 24-36 were synthesized starting from sulphonylation, acylation, or alkylation of
4-bromo-2-aminopyridine followed by cross-coupling with bis(pinacolato)diboron in the
Miyaura borylation reaction catalyzed by Pd(dppf)Cl,. Pinacol ester 37 was prepared in
the reaction of piperidine with 3-bromobenzenesulfonyl chloride followed by Miyaura
borylation. Final compounds 38-62 were obtained in the Suzuki-Miyaura cross-coupling
between pinacol esters and thiophene-based bromides under anhydrous conditions with
potassium carbonate and Pd(dppf)Cl, catalyst.
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Scheme 1. Reagents and conditions: (i) (Boc),O, DMAP, pyridinenp ), 0 °C-rt, overnight; (ii) 10%
KOH(aq), MeOH, reflux, 1 h; (iii) NH4HCO3, HATU, DIEA, DME, rt, overnight; (iv) TFA, DCM, rt, 1
h; (v) trichloroacetyl isocyanate, THF (ann), tt, 1.5 h and 4 M NHj; sol. in MeOH, rt, 1.5 h; (vi) p-TSA,
acetone, CH3COOH, 80 °C, overnight or p-TSA, appropriate ketone/lactone, toluene ), reflux,
overnight; (vii) appropriate acid chloride, pyridine or TEA, DCM, 0 °C-rt, overnight/appropriate
sulfonyl chloride, pyridinegnn ), rt, 3 h/appropriate cycloalkyl acid, pyridine(pp.), 50% T3P sol. in
EtOAc, DCMgnp ), 1, 1 h/NaH (60% in oil), DMF pp ), 50 °C, 1 h, (bromomethyl)cyclopropane,
100 °C, overnight; (viii) bis(pinacolato)diboron, CH3COOK, Pd(dppf)Cl,, dioxane(nh) or DMF(4u1.),
80 °C or 100 °C, overnight; (ix) KoCO3, Pd(dppf)Cly, DMF(anp ), 80 °C, overnight; * substituent.

4. Biological Evaluation
4.1. Inhibitory Activity against GSK-3p, IKK-B, and ROCK-1 Kinases

We evaluated the inhibitory activity of the final compounds against GSK-3f3, IKK-
3, and ROCK-1 kinases using the commercially available ADP-Glo™ kinase assay [52].
The method was based on the measurement of luminescence that correlates with kinase
activity. During the initial screening, the compounds were examined at a concentration
of 10 pM, and subsequent ICs5y determination was performed for those exhibiting over
50% inhibition. The results are shown in Tables 1-3. As references in the study, we used
a commercially available kinase inhibitor—staurosporine—along with compounds I [50],
IT [51], and III [52]. The latter are inhibitors of the kinases of interest and were integral to
the design of our studies.

SAR analysis of series I and II included modifications within the carboxamide moi-
ety with the introduction of a variety of alkyl (38, 39, 47, and 48), cycloalkyl (4042 and



Molecules 2024, 29, 2616

5o0f 32

49-51), and phenyl (43 and 52) substituents, as well as the replacement of carboxamide
with a sulfonamide (44 or 45) or alkylamine (46) group (Table 1). All but one (47) carbox-
amide derivatives displayed GSK-3f3 inhibitory activity, with ICsy values ranging from
10 to 1314 nM. The most potent compounds are those containing isopropyl- (44 and 48),
cyclopropyl- (40 and 49), and cyclobutyl- (41 and 50) substituents. Both smaller substituents
such as methyl (38 and 47) and larger substituents like cyclohexyl (42 and 51) and phenyl
(43 and 52) led to a decrease in activity. The loss of activity was caused by the reduction of
an amide to amine (46) and the replacement of amide by sulphonamide (44 or 45).

Table 1. Inhibitory activity of compounds 38-52 against GSK-3f3, IKK-3, and ROCK-1 kinases.

Series | Series I1
NH»>
o=
HN
NH
A\ NH
/ I A\ NH,
X S
I ° X S b
N2 I
N~
HN.
R HN .
R
IC50 [nM] 2 IC50 [nM] 2
Cmpd. or % inh. at 10 uM P R Cmpd. or % inh. at 10 uM P
GSK-3p3 IKK-3 ROCK-1 GSK-3p3 IKK-f3 ROCK-1
38 1130 £ 43 6524 + 281 50% 4+ 0 -CO-CH3 47 34% £+ 9 17% + 8 nd
39 1240 33% + 6 32% £+ 3 —CO-CH(CHj3), 48 2240 <10% <10%
40 1040 4380 + 544 1760 + 109 -co—<] 49 2040 16% +3 14%9+3
41 32+1 32% + 4 48% + 3 —CO‘<> 50 34+0 <10% <10% d
42 830 £+ 30 18% £+ 3 30% £ 2 —CO—<:> 51 614 £+ 26 <10% 11% 9 +0
43 1314 £ 42 38% + 5 3742 + 217 *CO@ 52 398 + 12 30% £ 2 15% + 7
44 32% + 1 <10% <10% -S0,—CHj4 -
45 40% £+ 9 <10% <10% -S0;—CH,CH; -
46 39% + 2 41% £+ 2 1729 £ 78 -CHg—Q -
H
2Wa
I 161 +2 46% 119+ 6 N s | NH
o)
N z
x ‘ s, P
II 540 2% + 7 nd HN \ ﬂ
Yfgo N NH,
O—
o
S NH,
111 47% + 9 405+ 9 nd F L
O™ “NH,
Ive« 80 +£2 894 + 42 nd Staurosporine

2 Half maximal inhibitory concentration of the tested compound for selected kinase, mean value + standard error
of the mean (SEM) of triplicates; b mean value =+ standard deviation (SD) of triplicates; © reference, Biokom, Janki,
Poland; 9 tested at inhibitor screening concentration of 1 M.
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Table 2. Inhibitory activity of compounds 53-59 against GSK-3f3, IKK-3, and ROCK-1 kinases.

Series III Series IV
NH,
H N*% OZ/\N y
NH
B N N2
S o}
S 0
R
R
ICsp [nM] ? ICsp [nM] 2
Cmpd. or % inh. at 10 uM ® R Ry Cmpd. or % inh. at 10 uM P
GSK-33 IKK-B ROCK-1 GSK-38 IKK-B ROCK-1
53 47% + 4 <10% <10% -N HCO—Q - 58 36% + 8 422 +12 16% € +£2
54 453 +£13  10% +7 nd —NHCO—Q F 59 1847 + 38 7621 + 695 <10%
55 11% + 3 16% 4 0 <10% -NHSO,~CH,CHj3 . -

56 <10% <10% 33% + 2 *NH8024C> - -
57 <10% 17% £ 7 <10% -80,—N ) - -

2 Half maximal inhibitory concentration of the tested compound for selected kinase, mean value + standard

error of the mean (SEM) of triplicates; b mean value = standard deviation (SD) of triplicates; © tested at inhibitor
screening concentration of 1 uM.

Table 3. Inhibitory activity of compounds 40 and 60-62 against GSK-3f3, IKK-f3, and ROCK-1 kinases.

Series V
HN—{
NH
[N\

ICsp [nM] 2 or % inh. at 10 uM P

Cmpd. : GSK-3pB IKK-B ROCK-1
40 < 10+0 4380 + 544 1760 + 109
60 O 10+ 0 7351 1361 + 79
61 *(Oj 1240 <10% 40% + 3
62 *@ 8+0 39% £ 9 2310 + 131

2 Half maximal inhibitory concentration of the tested compound for selected kinase, mean value + standard error
of the mean (SEM) of triplicates; b mean value + standard deviation (SD) of triplicates; * substituent.

The efficacy of the compounds is indicative of their binding mode within GSK-
33, as illustrated by 40 and 49 (Figure 2). Their structure is based on a N-(piridyn-2-
yl)cyclopropanecarboxamide core, inspired by compound II [51], which provides elements
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crucial for the interactions with the amino acids of the hinge region of the kinase. To support
SAR analysis, we employed molecular modelling tools based on the crystal structure of
the GSK-33 with the reference compound II (PDBID: 4PTC). Crystal structures underwent
refinement and energy minimization and served as a model for further docking studies
with the Glide procedure (Schrodinger Suite, 2023). The pyridine nitrogen atom in the
presented series of ligands serves as a hydrogen bond acceptor (HBA) and the amide NH
group as a hydrogen bond donor (HBD), forming hydrogen bonds (HB) with the main chain
of Val135. This fragment of the ligands is additionally stabilized by the HB between Asp133
and the C(2) hydrogen atom of the pyridine ring. All three ligands also share a binding
pattern with the catalytic Lys85, forming H-bonds with carbonyl oxygen atoms. The ligands
exhibit interactions unique to each individual: compound II demonstrates stabilization of
the methoxy-thiazole spacer group by Cys199, 49 forms hydrogen bonds between the urea
fragment and Asn186, and dimethyl substituents of 40 introduce interactions of dispersion
character with Phe67 and Cys199. Higher activity of 40 when compared to 49 might be
explained by the higher contribution of lipophilic interactions and its more rigid structure,
suggesting a lower conformational entropy penalty due to a decreased number of available

conformers for the molecule.
\

vrmsﬁ ¢ 4\7—;‘ ( cy .
v Cy 5199 ‘u 1“ , /
Weei 0 f/\* A

Figure 2. (A) Visualization of the II/GSK-3(3 complex of refined crystal structure (PDB ID: 4PTC),
gscore function value —9.81. (B) Visualization of the docking pose of the 49/GSK-3f compleXx, gscore

,/

function value —9.87. (C) Visualization of the docking pose of the 40/GSK-3f3 complex, gscore
function value —8.16. All poses were obtained using Glide (Schrodinger Suite, 2023). Residues 52-65
are hidden for clarity. Hydrogen bonds are shown as yellow dashed lines. Favorable contacts (van
der Waals overlap > —0.3 A) are shown as cyan-colored dashed lines.

Within series I and II, compounds 38, 40, 43, and 46 displayed inhibitory activity
against IKK- and/or ROCK-1 kinases. Further modifications included the substitution of
the pyridine moiety with a phenyl ring (Table 2, series III and IV). This alteration proved to
be advantageous for inhibitory activity against IKK-f3, yielding compound 58 with an ICsg
value of 422 nM, comparable to the reference compound III (ICsq = 405 nM). On the other
hand, the absence of a hydrogen bond acceptor (HBA) in the form of a pyridine nitrogen
atom led to a loss of activity towards GSK-33. This observation confirms the pivotal role of
HBA in this fragment. The replacement of the pyridine nitrogen atom with the fluorine
atom, as in compounds 54 and 59, restores the possibility of forming hydrogen bonds with
Val135, resulting in GSK-3 inhibition (ICsy = 0.453 pM and 1.847 uM, respectively).

Compound 40 was identified in this work as the most potent GSK-33 inhibitor, with
an ICsp of 10 nM, and had inhibitory potency against IKK-3 and ROCK-1 with ICsj values
of 4.38 pM and 1.76 uM, respectively. Three spirocyclic analogues of compound 40: 60, 61,
and 62 were synthesized, as outlined in Table 3. All three analogues retained comparable
inhibitory potency against GSK-33. Notably, compound 60 also preserved its activity
against IKK-f3 and ROCK-1 kinases.

4.2. Kinetic Studies of GSK-3B Inhibition by Compound 62

As compound 62 was the most potent GSK-33 inhibitor, we selected it for kinetic
studies. Non-linear regression analysis of the Michaelis-Menten equation was conducted
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on ATP-velocity curves to calculate the Vipax and K, parameters. The analysis revealed
increasing Ky, values alongside preserved Viax values with increasing inhibitor concentra-
tions, confirming the ATP-competitive nature of enzyme inhibition by 62. Lineweaver—Burk
and Cornish-Bowden plots, included in the Supporting Information (Figure S1A,B), further
illustrate this observation. Kinetic analysis was also employed to determine the K; value
of 62, obtained through a replot of Lineweaver-Burk plot data as K, versus [I] (refer to
Supporting Information, Figure S2). The negative K; value was directly derived from the
plot at the x-axis intersection. The K; determined through kinetic analysis was marginally
lower than the biochemical ICsq (2 versus 8 nM).

4.3. Kinase Selectivity

Compound 62 is an ATP-competitive inhibitor of GSK-3f3, raising concerns about
selectivity. Therefore, we performed a selectivity screening at Eurofins Discovery on the
CMGC group of kinases, which included the CDK, DYRK, MAPK, and GSK families
(Figure 3 and Table S1 in the SI). The compound was tested at a concentration of 1 uM,
at which we confirmed its activity on the GSK family (99% inhibition). It also displayed
similar potency on DYRK kinases (DYRK1A and DYRK1B), which is particularly interesting
as this might have a beneficial effect in Alzheimer’s disease, given the role of DYRK in tau
and Ap formation [53,54].

CMGC kinases

-@-CDK1/cyclinB
-@-CDK2/cyclinA
CDK4/cyclinD3
CDK6/cyclinD3
CDK7/cyclinH/ MAT1
-@-CDK9/cyclin T1
-@-DYRK1A
DYRK1B
-0-GSK-3a
GSK-3B
-@-JNK2a2
-@-JNK3
--MAPK1
-@-MAPK2
SAPK2a(T106M)
-@-SAPK2b
-@-SAPK3

Figure 3. Selectivity of compound 62 against a panel of selected CMGC kinases (CDK1, CDK2,
CDK4, CDK6, CDK?7, CDK9, DYRK1A, DYRK1B, GSK-3¢, GSK-33, INK22, JNK3, MAPK1, MAPK2,

SAPK2a, SAPK2b, and SAPK3). The data are presented as the percentage of kinase inhibition at a
concentration of 1 uM of inhibitor 62.

4.4. Cytotoxicity in HT-22 and BV-2 Cells

In further studies, we chose the most potent inhibitors selectively targeting GSK-33
(39, 41, 48-50) and IKK-{ (58), as well as GSK-3f inhibitors with additional ROCK-1 (62)
and IKK-3 /ROCK-1 (40, 60) inhibitory potencies. We assessed their cytotoxic effects at five
concentrations (0.1, 1, 10, 50, and 100 pM) in HT-22 (mouse hippocampal neuronal cells)
and BV-2 (mouse microglial cells) cell lines using a fluorometric assay with PrestoBlue™ cell
viability reagent (Table 4, Table S2 in the SI). Compounds 49 and 50 showed no significant
decrease in cell viability in the whole range of the concentrations. Compounds 11, 39, 40,
41, 48, 58, 60, and 62 decreased cells’ viability, although the IC5( values in both cell lines
ranged from at least 20-fold times to over 1000-fold times higher than the effective kinases’
inhibitory concentrations. An exception was observed for compounds 40 and 60 with
cytotoxic concentrations comparable to effective ROCK-1 and/or IKK-{ kinase inhibitory
concentrations. In further studies, we only selected compounds that did not decrease the
viability of the cells at concentrations up to 10 uM: 49, 50, 58, and 62 (see Table S2 in the SI).
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Table 4. Cytotoxicity of compounds 39-41, 48-50, 58, 60, 62 and II in HT-22 and BV-2 cells.

Cytotoxicity in HT-22 Cells

Cytotoxicity in BV-2 Cells

Compound (ICsp % + SEM pM) (ICso % + SEM M)
39 84+53 45419
40 19.9 + 4.1 3.6+ 0.7
41 >100 6.1+3.1
48 36.6 + 4.3 218+ 38
49 >100 >100
50 >100 >100
58 67.1 + 145 514+ 0.8
60 97458 3.0 £ 0.0
62 583 + 10.0 548 £ 1.9
1 >100 154 + 0.6

Data expressed as the means = SEM; N > 6.

4.5. Evaluation of Inhibitory Activity towards Okadaic-Acid-Induced Hyperphosphorylation

We evaluated the neuroprotective properties of the selected compounds in an okadaic-
acid-induced tau hyperphosphorylation cell model. Okadaic acid, acting as a phosphatase
inhibitor, induces hyperphosphorylation and accumulation of neurofilaments in the cells,
thereby mirroring the hyperphosphorylated, tau-induced neurodegeneration observed in
AD brain [55,56]. Compounds demonstrating efficacy in the assay enhanced cell viability,
likely attributed to the reduction in tau phosphorylation resulting from GSK-3 inhibition.
The most significant effect in the assay was displayed by compound 49, which increased
cell viability at 1 and 10 uM, and compound 62, at 10 uM, as illustrated in Figure 4A.
Compounds 50 and 58 were not active.
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Figure 4. (A) Results of the okadaic-acid-induced hyperphosphorylation assay. The HT-22 cells were
pretreated for 3 h with okadaic acid (400 nM), and the tested compounds, at the increasing non-
cytotoxic concentrations, were determined using a viability assay (or with the vehicle, 10 ptM DMSO in
the control sample). Cell viability was measured using the PrestoBlue™ cell viability reagent. (B-D)
Results of anti-inflammatory assays in LPS-treated (100 ng/mL) BV-2 cell line. The final compounds
and references were tested at increasing non-cytotoxic concentrations and with DMSO as a control
sample. NO release was measured using a fluorometric assay with 2,3-diaminonaphthalene (DAN).
The IL-6 and TNF-« levels were measured using an LANCE Ultra TR-FRET Detection Kit (Perkin
Elmer). Statistical analysis was performed using GraphPad Prism 9.0.0. All values are expressed as
mean with SD. Differences among groups were evaluated using one-way ANOVA followed by post
hoc analysis (Dunnett’s multiple comparison tests) and were considered statistically significant if p <
0.05 (* p < 0.05, ** p < 0.01, and **** p < 0.0001).
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4.6. Evaluation of Anti-Inflammatory Activity in BV-2 Microglial Cells

Lipopolysaccharide (LPS) is a potent pro-inflammatory stimulus triggering the exten-
sive production of inflammatory mediators, including cytokines and chemokines. Conse-
quently, it finds widespread application in inducing in vitro and in vivo models of sepsis
and inflammation, including neuroinflammation. In this study, we employed LPS in the
BV-2 cell line and assessed the impact of the selected compounds on the levels of NO, IL-6,
and TNF-« production (Figure 4B-D). At a concentration of 10 uM, compounds 49, 50, and
62 significantly decreased NO and IL-6 levels. Notably, at 1 pM, compounds 50 and 62
reduced NO levels, while compound 49 reduced IL-6 levels. Moreover, all compounds
surpassed the reference compound in these assays. Similar to II, none of the compounds
exhibited a decrease in TNF-« levels in the assay.

5. Preliminary In Vitro ADME

Based on the promising in vitro and in cellulo activity profile, we selected compound
62 for preliminary in vitro ADMET studies, including thermodynamic solubility and chem-
ical and metabolic stability (Table 5). We used compound II as a reference in these studies.

Table 5. Solubility and metabolic stability data for compounds 62 and II.

Compd. Solubility (ug/mL) 2 + SD MLM Stability (%) ® + SD
62 31+1 100 + 1
11 5+1 100 + 0

2 Result expressed as a concentration of the compound in Dulbecco’s phosphate-buffered saline (DPBS) after
24 h shaking at room temperature. ® The results expressed are as the percentage of the compound that remains
after 15 min of incubation with mouse liver microsomes (MLMSs). Verapamil was used as a positive control (35%
compound remaining after 15 min). Values are means of at least two experiments + SD.

5.1. Thermodynamic Solubility

To address potential challenges related to poorly soluble compounds, such as vari-
able and limited intestinal absorption, we conducted thermodynamic solubility studies.
Compound 62 exhibited a sixfold increase in solubility when compared to the reference
compound II (31 pg/mL vs. 5 ug/mL) in Dulbecco’s phosphate-buffered saline (DPBS,
Table 5).

5.2. Metabolic Stability in Mouse Liver Microsomes

Before conducting the metabolic stability studies, we assessed the chemical stability
of 62 and II in phosphate buffer at pH 7.4. Following a 120 min incubation at 37 °C, the
compounds exhibited 100% stability when compared to the 0 min time point. Subsequently,
we evaluated the metabolic stability in mouse liver microsomes (MLM) in the presence of
NADPH, with a focus on CYP450-dependent metabolism, utilizing verapamil as a positive
control. Notably, the tested compounds demonstrated negligible metabolic degradation
after a 15 min incubation, as opposed to verapamil (35% compound remaining after 15 min,
Table 5).

6. Experimental Section
6.1. General Chemistry Information

All reagents were purchased from commercial suppliers and were used without fur-
ther purification. Tetrahydrofuran (THF) and dichloromethane (DCM) were distilled under
argon immediately before use. The drying agent used for THF was sodium/benzophenone
ketyl and the drying agent for DCM was calcium hydride. Reactions were monitored
using thin-layer chromatography carried out on aluminum sheets precoated with silica
gel 60 F254 (Merck, Darmstadt, Germany). Compounds were visualized using UV light
and suitable visualization reagents (solution of ninhydrin). Compounds were purified
using flash chromatography on Isolera™ Spectra (Biotage, Uppsala, Sweden) with silica
gel 60 (63-200 pm; Merck) as a stationary phase or using reverse-phase HPLC performed
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on LC-4000 Jasco with a Phenomenex Luna C8 (5 um, 15 x 21.2 mm) column and wa-
ter/acetonitrile gradient with 0.1% solution of formic acid (v/v) as a mobile phase. Melting
points (mp) were determined in open capillaries on a Biichi B-540 melting point appara-
tus (Btichi Labortechnik, Flawil, Switzerland). The UPLC-MS analyses were conducted
on a UPLC-MS/MS system, comprising a Waters ACQUITY UPLC (Waters Corporation,
Milford, MA, USA) coupled with a Waters TQD mass spectrometer (electrospray ioniza-
tion mode ESI with tandem quadrupole). Chromatographic separations were carried out
using the ACQUITY UPLC BEH (bridged ethyl hybrid) C18 column: 2.1 x 100 mm and
1.7 um particle size. The column was maintained at 40 °C and eluted under gradient
conditions using 95%-0% of eluent A over 10 min, at a flow rate of 0.3 mL/min. Eluent
A: 0.1% solution of formic acid in water (v/v). Eluent B: 0.1% solution of formic acid
in acetonitrile (v/v). A total of 10 puL of each sample was injected and chromatograms
were recorded using a Waters eA PDA detector. The UPLC analyses and high-resolution
mass spectra (LC-HRMS) were obtained on a Waters ACQUITY I-Class PLUS SYNAPT
XS High-Resolution Mass Spectrometer (Waters, Milford, CT, USA) with an MS-Q-TOF
detector and a UV—vis-DAD eA detector. Chromatographic separations were carried out
using the same column as for UPLC-MS analyses and with the same applied conditions
as mentioned above. The spectra were analyzed in the range of 200-700 nm with 1.2 nm
resolution and at a sampling rate of 20 points/s. The UPLC/MS purity of all the test
compounds was determined to be > 95% and is given for each compound in the following
description. 'H NMR and 3C NMR spectra were recorded on Varian Mercury 300 MHz
(Varian, Inc., Palo Alto, CA, USA) or Jeol 500 MHz (Jeol Inc., Peabody, MA, USA). The
chemical shifts are reported in ppm and were referenced to the residual solvent signals
(CHLOROFORM-d—!'H: 7.26 ppm, 13C: 77.06 ppm; METHANOL-d;—!'H: 3.31 ppm, 13C:
49.03 ppm; ACETONE-dg—!H: 2.05 ppm, 13C: 29.82 ppm, 206.03 ppm; and DMSO-d¢—'H:
2.50 ppm, 13C: 39.52 ppm); coupling constants are reported in hertz (Hz). HRMS analyses
were performed on a MALDI-TOF/TOF mass spectrometer UltrafleXtreme from Bruker
Daltonics (Bremen, Germany) with a-cyano-4-hydroxycinnamic acid (CHCA) MALDI
matrix after standard dried droplet preparation on a ground steel target plate.

6.2. Previously Reported Compounds

N-(4-Bromopyridin-2-yl)acetamide (10), N-(4-bromopyridin-2-yl)cyclopropanecar box-
amide (12), N-(4-bromopyridin-2-yl)cyclobutanecarboxamide (15), N-(4-bromopyridin-2-
yl)cyclohexanecarboxamide (16), N-(4-bromopyridin-2-yl)benzamide (17), N-(4-(4,4,5,5-
tetramethyl-1,3,2-dioxaborolan-2-yl)pyridin-2-yl)acetamide (24), N-(4-(4,4,5,5-tetramethyl-
1,3,2-dioxaborolan-2-yl)pyridin-2-yl)cyclopropanecarboxamide (26), N-(4-(4,4,5,5-tetrameth
yl-1,3,2-dioxaborolan-2-yl)pyridin-2-yl)cyclobutanecarboxamide (29), N-(4-(4,4,5,5-tetrame
thyl-1,3,2-dioxaborolan-2-yl)pyridin-2-yl)cyclohexanecarboxamide (30), N-(4-(4,4,5,5-tetram
ethyl-1,3,2-dioxaborolan-2-yl)pyridin-2-yl)benzamide (31) [57]; N-(4-bromopyridin-2-yl)iso
butyramide (11), N-(4-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)pyridin-2-yl)isobutyrami
de (25) [58,59]; N-(3-bromophenyl)cyclopropanecarboxamide (13), N-(3-bromophenyl)ethan
esulfonamide (20), N-(3-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)phenyl)cyclopropanec
arboxamide (27), N-(3-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)phenyl)ethanesulfonami
de (34) [60]; N-(4-bromopyridin-2-yl)methanesulfonamide (18) [61]; 1-((3-bromophenyl)sulf
onyl)piperidine (23), 1-((3-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)phenyl)sulfonyl)pip
eridine (37) [62]; 4-bromo-N-(cyclopropylmethyl)pyridin-2-amine (21), N-(cyclopropylmeth
y1)-4-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)pyridin-2-amine (35) [63]; N-(4-(4,4,5,5-
tetramethyl-1,3,2-dioxaborolan-2-yl)pyridin-2-yl)methanesulfonamide (32) [64,65]; N-(3-
(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)phenyl)cyclohexanesulfonamide (36) [66]; 6-
bromo-2,2-dimethyl-2,3-dihydrothieno [3,2-d]pyrimidin-4(1H)-one (6) [50]; 5-Bromo-3-
ureidothiophene-2-carboxamide (5) [67]; and 6'-bromo-1'H-spiro[cyclopentane-1,2’-thieno
[3,2-d]pyrimidin]-4'(3'H)-one (7) [68].
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6.3. Chemical Synthesis
6.3.1. Methyl 5-Bromo-3-((tert-butoxycarbonyl)amino)thiophene-2-carboxylate (1)

At rt, 25 mL of anhydrous pyridine DMAP (104 mg, 0.85 mmol, 0.1 equiv.) was added to
a stirred solution of methyl 3-amino-5-bromothiophene-2-carboxylate (2.00 g, 8.47 mmol,
1.0 equiv.). Then, the mixture was cooled to 0 °C and, under Ar, di-tert-butyl dicarbonate
(2.03 g, 9.32 mmol, 1.1 equiv.) was added portion-wise over 20 min. The reaction mixture
was warmed up to rt and stirred overnight. After that time, pyridine was evaporated under
reduced pressure. The residue was then purified via flash chromatography (PE/EtOAc
95:5). Yield: 2.29 g (80%). 'H NMR (500 MHz, CHLOROFORM-d) § ppm: 1.52 (s, 9H), 3.86
(s, 3H), 7.97 (br s, 1H), and 9.33 (br s, 1H). Formula: C1oH12BrNO,S.

6.3.2. 5-Bromo-3-((tert-butoxycarbonyl)amino)thiophene-2-carboxylic Acid (2)

To a stirred solution of 1 (785 mg, 2.33 mmol), 18 mL of MeOH 10% KOH solution (7 mL)
was added and the mixture was heated under reflux for 1 h. Then, the reaction mixture was
cooled to rt, the pH was adjusted to 2-3 by adding 6 M of HCl, and the mixture concentrated
under vacuum to remove MeOH. The residue was extracted using EtOAc. Then, the
combined organic layer was dried over anhydrous NaySOy, filtered, and concentrated
under vacuum. Yield: 726 mg (97%). 'H NMR (500 MHz, DMSO-dg) § ppm: 1.44 (s, 6H),
7.78 (s, 1H), 9.37 (s, 1H), and 13.72 (br s, 1H). Formula: C1oH1,BrNO,S.

6.3.3. Tert-Butyl (5-Bromo-2-carbamoylthiophen-3-yl)carbamate (3)

To a solution of 2 (726 mg, 2.25 mmol, 1.0 equiv.) in 18 mL of DMF HATU (1.11 g, 2.93 mmol,
1.3 equiv.), DIPEA (1.18 mL, 6.75 mmol, 3.0 equiv.) and NH4;HCOj3 (543 mg, 6.75 mmol,
3.0 equiv.) were added and the mixture was stirred at rt overnight. After that time, DMF
was evaporated under reduced pressure and the residue was extracted using DCM. The
combined organic layer was dried over anhydrous NaySOy, filtered, and concentrated
under vacuum. The residue was then purified via flash chromatography (DCM/PE/EtOAc
6:3:1). Yield: 621 mg (86%). 'H NMR (500 MHz, DMSO-dg) & ppm: 1.46 (s, 9H), 7.68 (br s,
2H), 7.81 (s, 1H), and 10.43 (s, 1H). Formula: C1yH13BrN,Os3S.

6.3.4. 3-Amino-5-bromothiophene-2-carboxamide (4)

To a solution of 3 (620 mg, 1.93 mmol) in 25 mL DCM TFA (4.5 mL) was added and the
mixture was stirred at rt for 1 h. When all of the starting material was consumed, the pH
was adjusted to 8 by the addition of saturated aqueous NaHCOj3 solution and extracted
first to DCM and then to EtOAc. The residue was purified by flash chromatography
(DCM/PE/EtOAc 5:2:3). Yield: 407 mg (95%). 'H NMR (500 MHz, DMSO-ds) § ppm 6.56
(s, 2H), 6.70 (s, 1H), 6.92 (br s, 2H). Formula: C5H5BrN,OS.

6.3.5. 5-Bromo-3-ureidothiophene-2-carboxamide (5)

A stirred solution of 4 (315 mg, 1.42 mmol) in 13 mL anhydrous THF was cooled to 0 °C on
an ice bath and then trichloroacetyl isocyanate (186 uL) was added dropwise. The reaction
mixture was warmed up to rt and stirred for 1.5 h. After that time, 4 M of ammonia solution
in methanol (20 mL) was added and stirred for another 1.5 h. Then, the solvents were
evaporated under reduced pressure and the solid residue was washed with Et;O. Yield:
129 mg (34%). H NMR (500 MHz, DMSO-dq) & ppm: 6.64 (br s, 2H), 7.43 (br s, 2H), 7.96 (s,
1H), and 10.01 (s, 1H). Formula: C¢HgBrN3O,S.

6.3.6. 6-Bromo-2,2-dimethyl-2,3-dihydrothieno [3,2-d]pyrimidin-4(1H)-one (6)

To a stirred solution of 4 (200 mg, 0.91 mmol, 1.0 equiv.) in 6 mL acetone, CH3COOH (3 mL)
and p-TSA (17 mg) were added; then, the mixture was heated to 80 °C overnight. After
that time, the reaction mixture was cooled to rt, solvents were evaporated under reduced
pressure, and the residue was extracted using DCM. The combined organic layer was dried
over anhydrous Na;SQOy, filtered, and concentrated under vacuum. Yield: 217 mg (92%).
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'H NMR (500 MHz, CHLOROFORM-d) & ppm: 1.47 (s, 6H), 6.48 (s, 1H), 6.57 (s, 1H), and
7.24 (s, 1H). Formula: CgHgBrN,OS.

6.3.7. 6’-Bromo-1"H-spiro[cyclopentane-1,2'-thieno [3,2-d]pyrimidin]-4’(3'H)-one (7)

A stirred solution of cyclopentanone (3.3 mL) and p-TSA (16 mg) in 6 mL of anhydrous
toluene was heated to 80 °C. After 5 min, 4 (50 mg, 0.23 mmol) was added, and the mixture
was heated to 110 °C for 5 h. Then, the reaction mixture was cooled to rt, the solvent was
evaporated under reduced pressure, and the solid residue was washed with MeCN/MeOH
2:1. Yield: 24 mg (37%). 'H NMR (500 MHz, DMSO-dg) 5 ppm: 1.58-1.70 (m, 4H), 1.77-1.87
(m, 4H), 6.70 (s, 1H), 7.30 (br s, 1H), and 7.71 (br s, 1H). Formula: C;oH1;BrN,OS.

6.3.8. 6/-Bromo-4,5-dihydro-1"H,3H-spiro[furan-2,2'-thieno [3,2-d]pyrimidin]-4’(3'H)-one (8)
A stirred solution of 'y-butyrolactone (6.6 mL) and p-TSA (40 mg) in 8 mL of anhydrous
toluene was heated to 80 °C. After 5 min, 4 (150 mg, 0.68 mmol) was added, and the
mixture was heated to 110 °C overnight. Then, the reaction mixture was cooled to rt and
the solvent was evaporated under reduced pressure. The residue was purified via flash
chromatography (DCM/MeOH 91:9). Yield: 104 mg (53%). 'H NMR (500 MHz, DMSO-d,)
b ppm: 1.83 (quin, | = 6.9 Hz, 2H), 2.66 (t, ] = 7.6 Hz, 2H), 3.44 (t, | = 6.3 Hz, 2H), 4.57 (br s,
1H), 7.56 (s, 1H), and 12.26 (br s, 1H). Formula: C9HyBrN,O,S.

6.3.9. 6/-Bromo-4,5-dihydro-1"H,2H-spiro[furan-3,2'-thieno [3,2-d]pyrimidin]-4’(3'H)-one (9)
To the tube filled with the solution of 4 (25 mg, 0.11 mmol) in 400 pL anhydrous toluene
dihydro-3(2H)-furanone (100 pL) was added, sealed and placed in a microwave reactor
for 2 h in 120 °C. Then reaction mixture was cooled to rt, solvent was evaporated under
reduced pressure. The residue was purified by flash chromatography (DCM/MeOH 93:7).
Yield: 30 mg (92%). 'H NMR (500 MHz, DMSO-dg) § ppm 2.10-2.18 (m, 2H), 3.56 (d, ] = 8.9
Hz, 1H), 3.73 (d, ] = 8.9 Hz, 1H), 3.80-3.89 (m, 2H), 6.75 (s, 1H), 7.67 (br s, 1H), 7.97 (br s,
1H). Formula: C9HgBrN,O,S.

6.4. General Procedure for the Synthesis of Compounds 10-14, and 17 (GP1)

An appropriate aromatic amine (1.0 equiv.) was dissolved in DCM, the solution was cooled
to 0 °C on an ice bath, and then a base (2.0 equiv.) and an appropriate acid chloride
(1.2 equiv.) were added dropwise. The reaction mixture was then warmed up to rt and
stirred overnight. After that time, the mixture was extracted using DCM, and the combined
organic layer was dried over anhydrous NaySOy, filtered, and concentrated under vacuum.
The product did not require further purification.

6.4.1. N-(4-Bromopyridin-2-yl)acetamide (10)

Following GP1, compound 10 was prepared using 2-amino-4-bromopyridine (750 mg,
4.33 mmol), acetyl chloride (354 uL, 4.98 mmol), and pyridine (698 uL, 8.66 mmol) in 15 mL
of DCM. Yield: 744 mg (79%). 'H NMR (500 MHz, CHLOROFORM-d) § ppm: 2.19 (s, 3H),
6.77-6.82 (m, 1H), 7.19 (dd, ] = 5.4, 1.7 Hz, 1H), 8.05 (d, ] = 5.4 Hz, 1H), and 8.45 (s, 1H).
Formula: C;H7BrN,O.

6.4.2. N-(4-Bromopyridin-2-yl)isobutyramide (11)

Following GP1, compound 11 was prepared using 2-amino-4-bromopyridine (500 mg,
2.89 mmol), isobutyryl chloride (350 uL, 3.32 mmol), and pyridine (466 uL, 5.78 mmol) in
10 mL of DCM. Yield: 430 mg (61%). 'H NMR (500 MHz, CHLOROFORM-d) § ppm: 1.24
(d,J=69Hz, 6H),2.54 (dt, ] =13.7,6.9 Hz, 1H), 7.18 (dd, ] =5.2, 1.7 Hz, 1H), 8.05 (d, ] = 5.4
Hz, 1H), 8.13 (br s, 1H), and 8.50 (d, | = 1.4 Hz, 1H). Formula: CoH11BrN,O.

6.4.3. N-(4-Bromopyridin-2-yl)cyclopropanecarboxamide (12)

Following GP1, compound 12 was prepared using 2-amino-4-bromopyridine (2.00 g,
11.56 mmol), cyclopropanecarbonyl chloride (1.21 mL, 13.29 mmol), and pyridine (1.87 mL,
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23.12 mmol) in 40 mL of DCM. Yield: 2.54 g (91%). 'H NMR (500 MHz, CHLOROFORM-d)
6 ppm: 0.91-0.96 (m, 2H), 1.08-1.14 (m, 2H), 1.63-1.70 (m, 1H), 7.23 (dd, | = 5.7, 1.7 Hz, 1H),
8.02 (d, ] =5.7 Hz, 1H), 8.58 (d, ] = 1.7 Hz, 1H), and 9.61 (br s, 1H). Formula: C9HyBrN,O.

6.4.4. N-(3-Bromophenyl)cyclopropanecarboxamide (13)

Following GP1, compound 13 was prepared using 3-bromoaniline (544 pL, 5.00 mmol),
cyclopropanecarbonyl chloride (544 uL, 6.00 mmol), and triethylamine (832 pL, 6.00 mmol)
in 5 mL of DCM. Yield: 1100 mg (92%). 'H NMR (500 MHz, CHLOROFORM-d) § ppm: 7.80
(brs, 1H), 7.54 (br s, 1H), 7.38-7.43 (m, 1H), 7.20-7.24 (m, 1H), 7.14-7.19 (m, 1H), 1.47-1.54
(m, 1H), 1.06-1.12 (m, 2H), and 0.84-0.90 (m, 2H). Formula: C;yH19BrNO.

6.4.5. N-(5-Bromo-2-fluorophenyl)cyclopropanecarboxamide (14)

Following GP1, compound 14 was prepared using 5-bromo-2-fluoroaniline (1.00 g, 5.26 mmol),
cyclopropanecarbonyl chloride (549 pL, 6.05 mmol), and pyridine (847 puL, 10.52 mmol)
in 10 mL of DCM. Yield: 1.32 g (97%). 'H NMR (500 MHz, CHLOROFORM-d) § ppm:
0.86-0.91 (m, 2H), 1.07-1.12 (m, 2H), 1.55 (tt, ] = 7.8, 4.5 Hz, 1H), 6.95 (dd, | = 10.7, 8.7
Hz, 1H), 7.12 (ddd, | = 8.7, 4.6, 2.4 Hz, 1H), 7.56 (br s, 1H), and 8.55 (br d, ] = 5.7 Hz, 1H).
Formula: C;oHg9BrFNO.

6.4.6. N-(4-Bromopyridin-2-yl)benzamide (17)

Following GP1, compound 17 was prepared using 2-amino-4-bromopyridine (500 mg,
2.89 mmol), benzoyl chloride (383 pL, 3.32 mmol), and pyridine (466 pL, 5.78 mmol) in
10 mL of DCM. Yield: 272 mg (34%). 'H NMR (500 MHz, DMSO-dg) & ppm: 7.41 (dd, ] =
5.4,1.7 Hz, 1H), 7.45-7.51 (m, 2H), 7.54-7.60 (m, 1H), 7.94-8.01 (m, 2H), 8.27 (d, ] = 5.4 Hz,
1H), 8.43 (d, ] = 1.7 Hz, 1H), and 11.01 (s, 1H). Formula: C;,HgBrN,O.

6.5. General Procedure for the Synthesis of Compounds 15, 16 (GP2)

An appropriate cycloalkyl acid (1.0 equiv.) was dissolved in anhydrous DCM, and then
2-amino-4-bromopyridine (1.1 equiv.), anhydrous pyridine (2.0 equiv.), and 50% T3P sol. in
ethyl acetate (2.2 equiv.) were added under Ar. The reaction mixture was stirred for 1 h at
rt. After that time, the residue was extracted using DCM. The crude product was purified
via flash chromatography.

6.5.1. N-(4-Bromopyridin-2-yl)cyclobutanecarboxamide (15)

Following GP2, compound 15 was prepared using cyclobutanecarboxylic acid (101 uL,
1.06 mmol), 2-amino-4-bromopyridine (200 mg, 1.16 mmol), pyridine (171 puL, 2.12 mmol),
and T3P (1.37 mL, 2.33 mmol) in 12 mL of DCM. Purification: flash chromatography
(DCM/MeOH 98:2). Yield: 268 mg (91%). 'H NMR (500 MHz, CHLOROFORM-d) § ppm:
1.86-1.95 (m, 1H), 1.97-2.07 (m, 1H), 2.18-2.29 (m, 2H), 2.31-2.43 (m, 2H), 3.19-3.29 (m, 1H),
722 (dd, ] =5.4,1.7 Hz, 1H), 8.04 (d, ] = 5.4 Hz, 1H), 8.61 (d, ] = 1.4 Hz, 1H), and 8.82 (br s,
1H) Formula: ClOHnBerO.

6.5.2. N-(4-Bromopyridin-2-yl)cyclohexanecarboxamide (16)

Following GP2, compound 16 was prepared using cyclohexanecarboxylic acid (506 mg,
3.95 mmol), 2-amino-4-bromopyridine (750 mg, 4.34 mmol), pyridine (636 uL, 7.90 mmol),
and T3P (5.12 mL, 8.69 mmol) in 30 mL of DCM. Purification: flash chromatography
(DCM/MeOH 98:2). Yield: 833 mg (68%). 'H NMR (500 MHz, CHLOROFORM-d) § ppm:
1.22-1.37 (m, 3H), 1.53 (qd, J = 12.2, 3.2 Hz, 2H), 1.67-1.74 (m, 1H), 1.79-1.87 (m, 2H), 1.96
(br dd, ] =13.5,2.0 Hz, 2H), 2.27 (tt, ] = 11.7, 3.7 Hz, 1H), 7.20 (dd, ] = 5.3, 1.9 Hz, 1H), 8.06
(d, ] =5.4Hz, 1H), 8.31 (br s, 1H), and 8.54 (d, ] = 1.4 Hz, 1H). Formula: C;,H;5BrN,O.

6.6. General Procedure for the Synthesis of Compounds 18-23 (GP3)

An appropriate amine (1.0-1.2 equiv.) was dissolved in anhydrous pyridine or DCM, the
solution was cooled to 0 °C on an ice bath, and then sulfonyl chloride (1.0-2.0 equiv.) and
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base (optional; 1.2-1.5 equiv.) were added dropwise. The reaction mixture was stirred at rt
overnight. After that time, pyridine was evaporated under reduced pressure. The crude
product was purified using different methods, as described below.

6.6.1. N-(4-Bromopyridin-2-yl)methanesulfonamide (18)

Following GP3, compound 18 was prepared using 2-amino-4-bromopyridine (600 mg,
3.47 mmol) and mesyl chloride (537 pL, 6.94 mmol) in 11 mL of pyridine. Water was added
directly to the residue and the solid was filtered. Then, the solid product was washed
with Et,0O. Yield: 530 mg (61%). 'H NMR (500 MHz, DMSO-dg) § ppm: 3.25 (s, 3H), 7.12
(s, 1H),7.23 (brd, ] =4.6 Hz, 1H), 8.11 (d, ] = 5.4 Hz, 1H), and 10.91 (br s, 1H). Formula:
C6H7BI‘N207_S.

6.6.2. N-(4-Bromopyridin-2-yl)ethanesulfonamide (19)

Following GP3, compound 19 was prepared using 2-amino-4-bromopyridine (500 mg,
2.89 mmol) and ethanesulfonyl chloride (546 uL, 5.78 mmol) in 9 mL of pyridine. The
residue was extracted using DCM. The combined organic layer was dried over anhydrous
NaySQOy, filtered, and concentrated under vacuum. The crude product was then purified
via flash chromatography (DCM/MeOH 98:2). Yield: 216 mg (28%). 'H NMR (500 MHz,
CHLOROFORM-d) 6 ppm: 1.34-1.40 (m, 3H), 3.21-3.28 (m, 2H), 7.11-7.17 (m, 1H), 7.66 (d,
J=1.7Hz, 1H), and 8.17 (d, ] = 5.7 Hz, 1H). The proton of the -NH- group was not detected.
Formula: C;Hy9BrN,O,S.

6.6.3. N-(3-Bromophenyl)ethanesulfonamide (20)

Following GP3, compound 20 was prepared using 3-bromoaniline (435 pL, 4.00 mmol),
ethanesulfonyl chloride (492 puL, 5.20 mmol), and pyridine (484 puL, 6.00 mmol) in 20 mL of
DCM. The mixture was transferred to a separatory funnel and washed sequentially with
saturated NHyCl,q) and saturated NaCl(,q). The organic layer was dried over anhydrous
NaySQy, filtered, and concentrated under vacuum. The residue was purified using flash
chromatography (DCM/MeOH 98:2 then 96:4). Yield: 940 mg (89%). 'H NMR (500 MHz,
CHLOROFORM-d) § ppm: 7.41-7.43 (m, 1H), 7.32 (s, 1H), 7.27-7.30 (m, 1H), 7.18-7.22 (m,
2H), 3.18 (q, ] = 7.3 Hz, 2H), and 1.39 (t, | = 7.4 Hz, 3H). Formula: CgH;oBrNO;S.

6.6.4. 4-Bromo-N-(cyclopropylmethyl)pyridin-2-amine (21)

To a suspension of NaH (60% suspension in mineral oil, 240 mg, 6.00 mmol, 2.0 equiv.) in
DMF (8 mL), 4-bromopyridin-2-amine (519 mg, 3.00 mmol, 1.0 equiv.) was added, the mix-
ture was stirred for 1 h at 50 °C, and then cyclopropylmethyl bromide (405 mg, 3.00 mmol,
1.0 equiv.) was added. The reaction mixture was stirred overnight at 100 °C. After that time,
the mixture was concentrated under vacuum, diluted with water, and extracted using DCM.
The combined organic layer was dried over anhydrous Na;SOy, filtered, and concentrated
under vacuum. The residue was purified via flash chromatography (PE/EtOAc 8:2). Yield:
192 mg (28%). 'H NMR (500 MHz, CHLOROFORM-d) § ppm: 7.88 (d, ] = 5.4 Hz, 1 H), 6.71
(dd,J=54,17Hz,1H),656(d,]=14Hz,1H),4.89 (brs, 1 H),3.10 (dd, ] =7.0,5.3 Hz, 2
H), 1.02-1.14 (m, 1 H), 0.51-0.60 (m, 2 H), and 0.21-0.29 (m, 2 H). Formula: C9H;1BrNp.

6.6.5. N-(3-Bromophenyl)cyclohexanesulfonamide (22)

Following GP3, compound 22 was prepared using 3-bromoaniline (163 mL, 1.50 mmol),
cyclohexylsulfonyl chloride (283 mL, 1.95 mmol), and pyridine (182 mL, 2.25 mmol) in
7.5 mL of DCM. The mixture was transferred to a separatory funnel and washed sequen-
tially with saturated NH4Cl(5q) and saturated NaCl(,q). The organic layer was dried over
anhydrous NaySOy, filtered, and concentrated under vacuum. The residue was purified
using flash chromatography (0—4% MeOH in DCM). Yield: 425 mg (98%). IH NMR (500
MHz, CHLOROFORM-d) & ppm: 7.38 (t, ] = 2.0 Hz, 1H), 7.23-7.27 (m, 1H), 7.12-7.20 (m,
2H), 6.78 (s, 1H), 3.01 (tt, ] = 12.2, 3.4 Hz, 1H), 2.10-2.19 (m, 2H), 1.82-1.92 (m, 2H), 1.63-1.72
(m, 1H), 1.46-1.62 (m, 2H), and 1.10-1.30 (m, 3H). Formula: C1,H14BrNO,S.
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6.6.6. 1-((3-Bromophenyl)sulfonyl)piperidine (23)

Following GP3, compound 23 was prepared using piperidine (475 uL, 4.80 mmol), 3-
bromobenzene-1-sulfonyl chloride (577 puL, 4.00 mmol), and triethylamine (665 pL, 4.80
mmol) in 4.5 mL of DCM. The mixture was transferred to a separatory funnel and washed
sequentially with saturated NH4Cl(,q ) and saturated NaCl,q ). The organic layer was dried
over anhydrous NaySQOy, filtered, and concentrated under vacuum. Yield: 1.08 g (88%). H
NMR (500 MHz, CHLOROFORM-d) 6 ppm: 7.91 (t, | = 1.9 Hz, 1H), 7.67-7.75 (m, 2H), 7.42
(t, ] =7.9 Hz, 1H), 2.96-3.06 (m, 4H), 1.63-1.71 (m, 4H), and 1.41-1.49 (m, 2H). Formula:
C11H14BI‘NOZS.

6.7. General Procedure for the Synthesis of Compounds 24-37 (GP4)

An appropriate aryl bromide (1.0 equiv.) and bis(pinacolato)diboron (1.0-1.5 equiv.) were
dissolved in anhydrous dioxane. Then, potassium acetate (2.0 equiv.) was added and,
under Ar, Pd(dppf)Cl, (0.1-0.4 equiv.) was added. The reaction was stirred under reflux
overnight. After that time, the reaction mixture was diluted with DCM, filtered through
Celite, and evaporated under reduced pressure. The residue was dissolved in EtOAc. Then,
activated charcoal (5-10 g) was added and the mixture was stirred under reflux for 1 h. The
mixture was then filtered again through Celite and evaporated under reduced pressure.
The crude product was purified using different methods, as described below.

6.7.1. N-(4-(4,4,5,5-Tetramethyl-1,3,2-dioxaborolan-2-yl)pyridin-2-yl)acetamide (24)
Following GP4, compound 24 was prepared using N-(4-bromopyridin-2-yl)acetamide
(10) (744 mg, 3.46 mmol), bis(pinacolato)diboron (879 mg, 3.46 mmol), potassium acetate
(679 mg, 6.92 mmol), Pd(dppf)Cl, (255 mg, 0.35 mmol) in 10 mL dioxane. Purification: crys-
tallization from EtOAc/PE 1:2. Yield: 520 mg (57%). 'H NMR (500 MHz, CHLOROFORM-d)
5 ppm 1.35 (s, 12H), 2.22 (s, 3H), 7.40 (d, ] = 4.6 Hz, 1H), 8.26 (br d, ] = 4.6 Hz, 1H), 8.55 (br
s, 1H), 8.79 (br s, 1H). Formula: C;3H;9BN,O3.

6.7.2. N-(4-(4,4,5,5-Tetramethyl-1,3,2-dioxaborolan-2-yl)pyridin-2-yl)isobutyramide (25)
Following GP4, compound 25 was prepared using N-(4-bromopyridin-2-yl)isobutyramide
(11) (430 mg, 1.77 mmol), bis(pinacolato)diboron (450 mg, 1.77 mmol), potassium acetate
(348 mg, 3.54 mmol), and Pd(dppf)Cl; (130 mg, 0.18 mmol) in 5 mL of dioxane. Purifi-
cation: crystallization from EtOAc/PE 1:2. Yield: 200 mg (39%). 'H NMR (500 MHz,
CHLOROFORM-d) b ppm: 1.24 (d, ] = 6.9 Hz, 6H), 1.31 (s, 12H), 2.47-2.58 (m, 1H), 7.34
(d, ] =4.6 Hz, 1H), 8.19 (br s, 1H), 8.25 (br d, | = 4.6 Hz, 1H), and 8.57 (s, 1H). Formula:
C15H23BN2O3.

6.7.3. N-(4-(4,4,5,5-Tetramethyl-1,3,2-dioxaborolan-2-yl)pyridin-2-yl)cyclopropanecarboxa
mide (26)

Following GP4, compound 26 was prepared using N-(4-bromopyridin-2-yl)cyclopropaneca
rboxamide (12) (2.54 g, 8.82 mmol), bis(pinacolato)diboron (2.54 g, 8.82 mmol), potassium
acetate (1.73 g, 17.64 mmol), and Pd(dppf)Cl, (650 mg, 0.89 mmol) in 21 mL of dioxane.
Purification: crystallization from EtOAc/PE 1:2. Yield: 1.03 g (40%). 'H NMR (500 MHz,
CHLOROFORM-d) § ppm: 0.83-0.90 (m, 2H), 1.07-1.12 (m, 2H), 1.30 (s, 12H), 1.55-1.64
(m, 1H), 7.34 (d, ] = 4.6 Hz, 1H), 8.24 (d, | = 4.6 Hz, 1H), 8.55 (s, 1H), and 8.95 (br s, 1H).
Formula: C;5H,;BN,Os3.

6.7.4. N-(3-(4,4,5,5-Tetramethyl-1,3,2-dioxaborolan-2-yl)phenyl)cyclopropanecarboxamide (27)

Following GP4, compound 27 was prepared using N-(3-bromophenyl)cyclopropaneca
rboxamide (13) (600 mg, 2.50 mmol), bis(pinacolato)diboron (635 mg, 2.50 mmol), potassium
acetate (491 mg, 5.00 mmol), and Pd(dppf)Cl, (180 mg, 0.25 mmol) in 7 mL of dioxane.
Purification: crystallization from EtOAc/PE 1:2. Yield: 475 mg (66%). 'H NMR (500 MHz,
CHLOROFORM-d) 6 ppm: 0.82 (dq, | = 7.6, 3.7 Hz, 2H), 1.03-1.10 (m, 2H), 1.32 (s, 12H),
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1.44 (m, ] =2.3 Hz, 1H), 7.28-7.34 (m, 1H), 7.37 (br s, 1H), 7.51 (br d, | = 7.2 Hz, 1H), 7.69 (s,
1H), and 7.83 (br d, | = 7.4 Hz, 1H). Formula: C;H»,BNO3.

6.7.5. N-(2-Fluoro-5-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)phenyl)cyclopropanecarb
oxamide (28)

Following GP4, compound 28 was prepared using N-(5-bromo-2-fluorophenyl)cyclopropan
ecarboxamide (14) (660 mg, 2.56 mmol), bis(pinacolato)diboron (975 mg, 3.84 mmol),
potassium acetate (754 mg, 7.68 mmol), and Pd(dppf)Cl, (180 mg, 0.25 mmol) in 7 mL of
dioxane. Purification: crystallization from EtOAc/PE 1:2. Yield: 291 mg (37%). 'H NMR
(500 MHz, CHLOROFORM-d) 6 ppm: 0.83-0.88 (m, 2H), 1.06-1.13 (m, 2H), 1.29 (s, 12H),
1.50-1.58 (m, 1H), 7.06 (dd, ] =11.2, 8.3 Hz, 1H), 7.47 (br t, | = 6.4 Hz, 1H), 7.52 (br s, 1H),
and 8.67 (br d, | = 7.7 Hz, 1H). Formula: C14H>BENO;.

6.7.6. N-(4-(4,4,5,5-Tetramethyl-1,3,2-dioxaborolan-2-yl)pyridin-2-yl)cyclobutanecarboxamide (29)

Following GP4, compound 29 was prepared using N-(4-bromopyridin-2-yl)cyclobutanecarb
oxamide (15) (405 mg, 1.59 mmol), bis(pinacolato)diboron (404 mg, 1.59 mmol), potassium
acetate (312 mg, 3.18 mmol), and Pd(dppf)Cl, (120 mg, 0.16 mmol) in 5 mL of dioxane.
Purification: crystallization from EtOAc/PE 1:2. Yield: 120 mg (25%). 'H NMR (500 MHz,
CHLOROFORM-d) 6 ppm 1.31 (s, 12H), 1.87-1.96 (m, 1H), 1.97-2.04 (m, 1H), 2.19-2.28 (m,
2H), 2.34-2.44 (m, 2H), 3.21 (quin, ] = 8.4 Hz, 1H), 7.37 (d, ] =4.9 Hz, 1H), 8.22 (d, ] =4.9
Hz, 1H), 8.38 (br s, 1H), and 8.63 (s, 1H). Formula: C14H>3BN»Os5.

6.7.7. N-(4-(4,4,5,5-Tetramethyl-1,3,2-dioxaborolan-2-yl)pyridin-2-yl)cyclohexanecarboxamide (30)

Following GP4, compound 30 was prepared using N-(4-bromopyridin-2-yl)cyclohexanecarb
oxamide (16) (831 mg, 2.93 mmol), bis(pinacolato)diboron (744 mg, 2.93 mmol), potassium
acetate (575 mg, 5.86 mmol), and Pd(dppf)Cl, (215 mg, 0.29 mmol) in 8.5 mL of dioxane.
Purification: crystallization from EtOAc/PE 1:2. Yield: 602 mg (62%). 'H NMR (500 MHz,
CHLOROFORM-d) 6 ppm: 1.22-1.29 (m, 2H), 1.32 (s, 12H), 1.34 (s, 1H), 1.48-1.61 (m, 2H),
1.69 (br d, ] = 12.0 Hz, 1H), 1.77-1.87 (m, 2H), 1.97 (br d, | = 12.6 Hz, 2H), 2.32 (br t, ] = 11.0
Hz, 1H),7.39 (d, ] = 4.6 Hz, 1H), 8.21 (d, | = 4.9 Hz, 1H), 8.67 (s, 1H), and 8.78 (br s, 1H).
Formula: C15H,7BN5,O3.

6.7.8. N-(4-(4,4,5,5-Tetramethyl-1,3,2-dioxaborolan-2-yl)pyridin-2-yl)benzamide (31)

Following GP4, compound 31 was prepared using N-(4-bromopyridin-2-yl)benzamide
(17) (398 mg, 1.44 mmol), bis(pinacolato)diboron (366 mg, 1.44 mmol), potassium acetate
(283 mg, 2.88 mmol), and Pd(dppf)Cl; (110 mg, 0.15 mmol) in 4 mL of dioxane. Purifi-
cation: crystallization from EtOAc/PE 1:2. Yield: 195 mg (42%). 'H NMR (500 MHz,
CHLOROFORM-d) 6 ppm: 1.35 (s, 12H), 7.44 (d, ] = 4.0 Hz, 1H), 7.47-7.53 (m, 2H), 7.55-
7.60 (m, 1H), 7.99 (d, | = 7.4 Hz, 2H), 8.27 (br d, ] = 4.3 Hz, 1H), 8.81 (s, 1H), and 9.22 (br s,
1H). Formula: C18H21BN203.

6.7.9. N-(4-(4,4,5,5-Tetramethyl-1,3,2-dioxaborolan-2-yl)pyridin-2-yl)methanesulfonamide (32)

Following GP4, compound 32 was prepared using N-(4-bromopyridin-2-yl)methanesulfona
mide (18) (518 mg, 2.06 mmol), bis(pinacolato)diboron (680 mg, 2.68 mmol), potassium
acetate (404 mg, 4.12 mmol), and Pd(dppf)Cl, (240 mg, 0.33 mmol) in 6 mL of dioxane.
The solid product was used further without purification. Formula: C1oH19BN,O4S. MW:
298.16. LC-MS: m/z 217 [M + H]* of (2-(methylsulfonamido)pyridin-4-yl)boronic acid, MW:
216.02.

6.7.10. N-(4-(4,4,5,5-Tetramethyl-1,3,2-dioxaborolan-2-yl)pyridin-2-yl)ethanesulfonamide
(33)

Following GP4, compound 33 was prepared using N-(4-bromopyridin-2-yl)ethanesulfonami
de (19) (360 mg, 1.36 mmol), bis(pinacolato)diboron (518 mg, 2.04 mmol), potassium acetate
(267 mg, 2.72 mmol), and Pd(dppf)Cl, (200 mg, 0.27 mmol) in 5 mL of dioxane. Purifi-
cation: crystallization from EtOAc/PE 1:2. Yield: 241 mg (57%). 'H NMR (500 MHz,
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CHLOROFORM-d) é ppm: 1.32 (s, 12H), 1.34-1.38 (m, 3H), 3.26 (q, ] = 7.4 Hz, 2H), 7.25
(s, 1H), 7.69 (s, 1H), and 8.25 (d, ] = 5.2 Hz, 1H). The proton of the -NH- group was not
detected. Formula: C13H1 BN>O4S.

6.7.11. N-(3-(4,4,5,5-Tetramethyl-1,3,2-dioxaborolan-2-yl)phenyl)ethanesulfonamide (34)

Following GP4, compound 34 was prepared using N-(3-bromophenyl)ethanesulfonamide
(20) (528 mg, 2.00 mmol), bis(pinacolato)diboron (762 mg, 3.00 mmol), potassium acetate
(393 mg, 4.00 mmol), and Pd(dppf)Cl, (294 mg, 0.40 mmol) in 7.5 mL of dioxane. Purifica-
tion: crystallization from the mixture of Et,O and EtOAc. Yield: 433 mg (70%). IH NMR
(500 MHz, CHLOROFORM-d) & ppm: 7.62 (dt, | = 7.3, 1.1 Hz, 1H), 7.49-7.51 (m, 1H),
7.43-7.47 (m, 1H), 7.34-7.39 (m, 1H), 6.41 (s, 1H), 3.13 (q, ] = 7.4 Hz, 2H), 1.36-1.40 (m, 3H),
and 1.35 (s, 12H). Formula: C14H»,BNO4S.

(6.7i12. N-(Cyclopropylmethyl)-4-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)pyridin-2-amine
35

Following GP4, compound 35 was prepared using 4-bromo-N-(cyclopropylmethyl)pyridin-
2-amine (21) (242 mg, 1.07 mmol), bis(pinacolato)diboron (259 mg, 1.07 mmol), potassium
acetate (210 mg, 2.14 mmol), and Pd(dppf)Cl; (79 mg, 0.11 mmol) in 4 mL of dioxane.
Purification: crystallization from the mixture of PE and EtOAc. Yield: 260 mg (89%).
Formula: C15H23BN202. MW: 274.17.

(6.7.) 13. N-(3-(4,4,5,5-Tetramethyl-1,3,2-dioxaborolan-2-yl)phenyl)cyclohexanesulfonamide
36

Following GP4, compound 36 was prepared using N-(3-bromophenyl)cyclohexanesulfonam
ide (22) (416 mg, 1.31 mmol), bis(pinacolato)diboron (500 mg, 1.97 mmol), potassium acetate
(257 mg, 2.62 mmol), and Pd(dppf)Cl, (200 mg, 0.27 mmol) in 5 mL of dioxane. Purification:
flash chromatography (0-3% MeOH gradient in DCM). Yield: 415 mg (87%). 'H NMR (500
MHz, CHLOROFORM-d) é ppm: 7.59 (d, | = 7.2 Hz, 1 H), 7.42-7.52 (m, 2 H), 7.32-7.39 (m,
1H), 6.25 (s, 1H), 3.00 (tt, ] = 12.0, 3.4 Hz, 1H), 2.17 (dd, ] = 13.2, 1.4 Hz, 2H), 1.83-1.91 (m,
2H), 1.51-1.72 (m, 4H), 1.35 (s, 12H), and 1.18-1.22 (m, 2H). Formula: C;gH;§BNO,S.

6.7.14. 1-((3-(4,4,5,5-Tetramethyl-1,3,2-dioxaborolan-2-yl)phenyl)sulfonyl)piperidine (37)

Following GP4, compound 27 was prepared using 1-((3-bromophenyl)sulfonyl)piperidine
(23) (650 mg, 2.14 mmol), bis(pinacolato)diboron (760 mg, 2.99 mmol), potassium acetate
(420 mg, 4.28 mmol), and Pd(dppf)Cl; (260 mg, 0.36 mmol) in 7 mL of dioxane. Purification:
preparative HPLC (20-100% MeCN gradient). Yield: 306 mg (41%). H NMR (500 MHz,
DMSO-dg) 6 ppm: 1.28 (s, 12H), 1.30-1.34 (m, 2H), 1.50 (quin, | = 5.6 Hz, 4H), 7.63 (t, ] = 7.6
Hz, 1H),7.81 (ddd, ] =7.8,1.9,1.1 Hz, 1H), 7.86-7.89 (m, 1H), and 7.92 (dt, ] = 7.2, 1.1 Hz,
1H). Formula: C17Hy¢BNO4S.

6.8. General Procedure for the Synthesis of Compounds 38—62 (GP5)

An appropriate pinacol ester of 4-arylboronic acid (1.0 equiv.) and thiophene-based building
block with urea 5 or cyclic moiety 6-9 (1.0 equiv.) were dissolved in anhydrous DMEF. Then,
K,COj3 (3.00 equiv.) was added and, under Ar, [1,1"-bis(diphenylphosphino)ferrocene]dichlo
ropalladium(Il) (Pd(dppf)Cl,) (0.4-0.5 equiv.) was added. The reaction was stirred
overnight at 80 °C. After that time, the reaction mixture was diluted with DCM, filtered
through Celite®, and evaporated under reduced pressure. The crude product was purified
using different methods, as described below.

6.8.1. N-(4-(2,2-Dimethyl-4-oxo0-1,2,3,4-tetrahydrothieno [3,2-d]pyrimidin-6-yl)pyridin-2
-yl)acetamide (38)

Following GP5, compound 38 was prepared using N-(4-(4,4,5,5-tetramethyl-1,3,2-dioxaboro
lan-2-yl)pyridin-2-yl)acetamide (24) (100 mg, 0.38 mmol), 6 (99 mg, 0.38 mmol), K,CO3
(158 mg, 1.14 mmol), and Pd(dppf)Cl; (125 mg, 0.17 mmol) in 4 mL of DMF. Purification:
column chromatography (DCM/MeOH/NHjz(,q) 95:5:0.05), and then the solid residue
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was washed with MeCN. Yield: 39 mg (33%), yellow solid, mp 284-285 °C. Purity: 97%
(UPLC/MS). 'H NMR (500 MHz, DMSO-dg) & ppm: 1.42 (s, 6H), 2.11 (s, 3H), 7.05 (d, ]
=2.6 Hz, 1H), 7.13 (s, 1H), 7.35 (dd, ] = 5.2, 2.0 Hz, 1H), 7.66 (s, 1H), 8.30-8.37 (m, 2H),
and 10.62 (s, 1H). 13C NMR (126 MHz, DMSO-de) § ppm: 23.99, 28.23 (2C), 69.10, 105.91,
108.61, 115.30, 116.00, 141.82, 145.13, 148.92, 151.70, 153.05, 160.73, and 169.67. Formula:
C15H16N4OZS. MW: 316.38. MS: m/z 317 (M + H+).

6.8.2. N-(4-(2,2-Dimethyl-4-oxo0-1,2,3,4-tetrahydrothieno [3,2-d]pyrimidin-6-yl)pyridin-2
-yl)isobutyramide (39)

Following GP5, compound 39 was prepared using N-(4-(4,4,5,5-tetramethyl-1,3,2-dioxaboro
lan-2-yl)pyridin-2-yl)isobutyramide (25) (100 mg, 0.34 mmol), 6 (90 mg, 0.34 mmol), K,CO3
(141 mg, 1.02 mmol), Pd(dppf)Cl; (112 mg, 0.15 mmol), and DMF (3.5 mL). Purification:
column chromatography (5% MeOH in DCM). Yield: 44 mg (38%), yellow solid, mp 226—
227 °C. Purity: 100% (UPLC/MS). 'H NMR (500 MHz, DMSO-dg) & ppm: 10.53 (s, 1 H),
834(d,J=11Hz 1H),829(d,J=57Hz 1H),7.63(s,1H),7.32(dd, ] =5.3,1.9 Hz, 1 H),
7.08(d, ] =09Hz,1H),7.02(s,1H),2.73 (quin, ] = 6.8 Hz, 1 H), and 1.38 (s, 6 H), 1.06 (d, |
=6.9 Hz, 6 H). 13C NMR (DMSO-dg, 126 MHz) § ppm: 176.6, 160.7, 153.2, 151.7, 148.9, 145.2,
141.8,116.0, 115.3, 108.7, 105.9, 69.1, 34.5, 28.2 (2C), and 19.4 (2C). Formula: C17H,oN,4O,S.
MW: 344.43. MS: m/z 344 (M + H*).

6.8.3. N-(4-(2,2-Dimethyl-4-oxo-1,2,3,4-tetrahydrothieno [3,2-d]pyrimidin-6-yl)pyridin-2
-yl)-cyclopropanecarboxamide (40)

Following GP5, compound 40 was prepared using N-(4-(4,4,5,5-tetramethyl-1,3,2-dioxaboro
lan-2-yl)pyridin-2-yl)cyclopropanecarboxamide (26) (110 mg, 0.38 mmol), 6 (100 mg, 0.38 mmol),
KyCOs3 (158 mg, 1.14 mmol), and Pd(dppf)Cl, (125 mg, 0.17 mmol) in 4 mL of DMF.
Purification: flash chromatography (DCM/MeOH/NHj(,q) 9:1:0.1). Yield: 54 mg (41%),
brown solid, mp 257-258 °C. Purity: 95% (UPLC/MS). 'H NMR (500 MHz, METHANOL-
ds) 6 ppm: 0.89-0.94 (m, 2H), 0.99-1.03 (m, 2H), 1.54 (s, 6H), 1.86-1.96 (m, 1H), 3.35 (s, 1H),
7.04 (s, 1H),7.31 (dd, J =5.2, 1.1 Hz, 1H), 7.59 (br s, 2H), 8.30 (d, ] = 5.2 Hz, 1H), and 8.38
(s, 1H). 3C NMR (126 MHz, DMSO-dg) § ppm: 7.85 (2C), 14.27, 28.21 (2C), 69.14, 105.96,
108.66, 115.25, 116.07, 141.90, 145.20, 148.97, 151.74, 153.05, 160.77, and 173.05. Formula:
C17H18N4025. MW: 342.42. MS: m/z 343 (M + H+).

6.8.4. N-(4-(2,2-Dimethyl-4-oxo-1,2,3,4-tetrahydrothieno [3,2-d]pyrimidin-6-yl)pyridin-2-
yl)-cyclobutanecarboxamide (41)

Following GP5, compound 41 was prepared using N-(4-(4,4,5,5-tetramethyl-1,3,2-dioxaboro
lan-2-yl)pyridin-2-yl)cyclobutanecarboxamid (29) (62 mg, 0.21 mmol), 6 (55 mg, 0.21 mmol),
K>COs3 (87 mg, 0.63 mmol), and Pd(dppf)Cl; (65 mg, 0.09 mmol) in 2.5 mL of DMFE. Pu-
rification: preparative HPLC (10-60% MeCN gradient). Yield: 16 mg (22%), yellow solid,
mp 252-253 °C. Purity: 98% (UPLC/MS). 'H NMR (500 MHz, DMSO-dg) § ppm: 1.42 (s,
6H), 1.76-1.85 (m, 1H), 1.87-1.98 (m, 1H), 2.06-2.15 (m, 2H), 2.19-2.29 (m, 2H), 7.07 (s, 1H),
7.13 (s, 1H), 7.35(dd, ] =5.4,1.7 Hz, 1H), 7.67 (s, 1H), 8.30-8.34 (m, 1H), 8.39 (s, 1H), and
10.45 (s, TH). '3C NMR (126 MHz, DMSO-dg) § ppm: 17.70, 24.46 (2C), 28.24 (2C), 40.10,
69.12, 105.95, 108.75, 115.26, 116.06, 141.84, 145.18, 148.92, 151.72, 153.14, 160.75, and 174.12.
Formula: C1gH9N4O,S. MW: 356.44. MS: m/z 257 (M + H*).

6.8.5. N-(4-(2,2-Dimethyl-4-oxo-1,2,3,4-tetrahydrothieno [3,2-d]pyrimidin-6-yl)pyridin-2-
yl)-cyclohexanecarboxamide (42)

Following GP5, compound 42 was prepared using N-(4-(4,4,5,5-tetramethyl-1,3,2-dioxaboro
lan-2-yl)pyridin-2-yl)cyclohexanecarboxamide (30) (112 mg, 0.34 mmol), 6 (90 mg, 0.34
mmol), KoCOj3 (141 mg, 1.02 mmol), and Pd(dppf)Cl, (110 mg, 0.15 mmol) in 3.5 mL of
DME. Purification: column chromatography (DCM/MeOH 97:3), and then the solid residue
was washed with MeCN. Yield: 19 mg (15%), yellow solid, mp 268-269 °C. Purity: 100%
(UPLC/MS). 'H NMR (500 MHz, DMSO-dg) § ppm: 1.12-1.32 (m, 4H), 1.39 (br s, 1H),
1.40-1.44 (m, 7H), 1.64 (br d, ] = 11.5 Hz, 1H), 1.74 (br d, ] = 12.3 Hz, 2H), 1.80 (br d, ] =
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12.3 Hz, 2H), 7.06 (s, 1H), 7.11 (s, 1H), 7.35 (dd, | = 5.2, 1.7 Hz, 1H), 7.66 (s, 1H), 8.32 (d, ] =
5.2 Hz, 1H), 8.36 (s, 1H), and 10.50 (s, 1H). 3C NMR (126 MHz, DMSO-d¢) 5 ppm: 25.17
(20), 25.39, 28.24 (2C), 29.02 (2C), 44.29, 69.10, 105.91, 108.72, 115.22, 116.03, 141.79, 145.17,
148.90, 151.70, 153.21, 160.72, and 175.64. Formula: CooHy4N4O,S. MW: 384.50. MS: m/z 385
(M + HY).

6.8.6. N-(4-(2,2-Dimethyl-4-oxo0-1,2,3,4-tetrahydrothieno [3,2-d]pyrimidin-6-yl)pyridin-2-
yl)benzamide (43)

Following GP5, compound 43 was prepared using N-(4-(4,4,5,5-tetramethyl-1,3,2-dioxaboro
lan-2-yl)pyridin-2-yl)benzamide (31) (94 mg, 0.29 mmol), 6 (75 mg, 0.29 mmol), K,CO3
(120 mg, 0.87 mmol), and Pd(dppf)Cl, (95 mg, 0.13 mmol) in 3 mL of DMF. Purification:
column chromatography (DCM/MeOH 98:2), and then the solid residue was washed with
MeCN. Yield: 30 mg (28%), yellow solid, mp 242-243 °C. Purity: 100% (UPLC/MS). H
NMR (500 MHz, DMSO-dg) & ppm: 1.43 (s, 6H), 7.12 (s, 1H), 7.15 (s, 1H), 7.45 (dd, ] = 5.3,
1.6 Hz, 1H), 7.51-7.55 (m, 2H), 7.59-7.63 (m, 1H), 7.68 (s, 1H), 8.04 (d, ] = 1.4 Hz, 1H), 8.05
(s, 1H), 8.43 (d, ] = 5.2 Hz, 1H), 8.47 (d, ] = 1.1 Hz, 1H), and 10.95 (s, 1H). '3C NMR (126
MHz, DMSO-dg) 6 ppm: 28.25 (2C), 69.13, 106.04, 110.03, 115.91, 116.19, 128.08 (2C), 128.41
(20), 132.08, 133.96, 141.90, 145.06, 148.96, 151.75, 153.17, 160.74, and 166.33. Formula:
C20H18N4OZS. MW: 378.45. MS: Wl/Z 379 (M + H+).

6.8.7. N-(4-(2,2-Dimethyl-4-oxo0-1,2,3,4-tetrahydrothieno [3,2-d]pyrimidin-6-yl)pyridin-2-
yl)-methanesulfonamide (44)

Following GP5, compound 44 was prepared using N-(4-(4,4,5,5-tetramethyl-1,3,2-dioxaboro
lan-2-yl)pyridin-2-yl)methanesulfonamide (32) (146 mg, 0.49 mmol), 6 (127 mg, 0.49 mmol),
K>COs3 (203 mg, 1.47 mmol), and Pd(dppf)Cl, (160 mg, 0.22 mmol) in 5 mL of DMF.
Purification: column chromatography (DCM/MeOH/NHjs,q) 9:1:0.01), and then the solid
residue was washed with MeCN. Yield: 12 mg (7%), dark yellow solid, mp 303-304 °C.
Purity: 100% (UPLC/MS). '"H NMR (500 MHz, DMSO-dg) § ppm: 1.42 (s, 6H), 3.30 (s, 3H),
7.05 (s, 1H), 7.14 (br s, 1H), 7.16 (s, 1H), 7.27 (br s, 1H), 7.50 (br s, 1H), 7.69 (s, 1H), and 8.26
(br s, 1H). Due to the low solubility of the compound, no signals were detected in the 1>C
NMR. Formula: C14H;6N4O3S,. MW: 352.43. MS: m/z 353 (M + H).

6.8.8. N-(4-(2,2-Dimethyl-4-oxo-1,2,3,4-tetrahydrothieno [3,2-d]pyrimidin-6-yl)pyridin-2-
yl)-ethanesulfonamide (45)

Following GP5, compound 45 was prepared using N-(4-(4,4,5,5-tetramethyl-1,3,2-dioxaboro
lan-2-yl)pyridin-2-yl)ethanesulfonamide (33) (106 mg, 0.34 mmol), 6 (90 mg, 0.34 mmol),
KyCOs3 (141 mg, 1.02 mmol), and Pd(dppf)Cl, (115 mg, 0.16 mmol) in 3.5 mL of DMF.
Purification: preparative HPLC (10-60% MeCN gradient). Yield: 14 mg (11%), yellow solid,
mp 284-285 °C. Purity: 96% (UPLC/MS). 'H NMR (500 MHz, DMSO-dg) § ppm: 1.23 (t, ] =
7.3 Hz, 3H), 1.42 (s, 6H), 3.45 (br d, ] = 7.4 Hz, 2H), 7.05 (s, 1H), 7.16 (s, 2H), 7.26 (br d, |
=4.0 Hz, 1H), 7.68 (s, 1H), 8.24 (br d, ] = 2.3 Hz, 1H), and 10.79 (br s, 1H). 13C NMR (126
MHz, DMSO-dg) 6 ppm: 8.06, 28.23 (2C), 47.33, 69.12, 106.22, 107.56, 107.59, 116.42, 142.52,
144.34, 151.68, 153.33, 153.41, and 160.69. Formula: C15H1§N403S,. MW: 366.45. MS: m/z
367 (M + HY).

6.8.9. 6-(2-((Cyclopropylmethyl)amino)pyridin-4-yl)-2,2-dimethyl-2,3-dihydrothieno [3,2-d]
pyrimidin-4(1H)-one (46)

Following GP5, compound 46 was prepared using N-(cyclopropylme thyl)-4-(4,4,5,5-
tetramethyl-1,3,2-dioxaborolan-2-yl)pyridin-2-amine (35) (93 mg, 0.34 mmol), 6 (90 mg, 0.34
mmol), K,COj3 (141 mg, 1.02 mmol), and Pd(dppf)Cl; (110 mg, 0.15 mmol) in 3 mL of DME
Purification: flash chromatography (DCM/MeOH 95:5). Yield: 45 mg (40%), yellow solid,
mp 232-233 °C. Purity: 95% (UPLC/MS). 'H NMR (DMSO-dg, 500 MHz) § ppm: 7.97 (d,
1H, ] =5.4 Hz), 7.59 (s, 1H), 7.08 (s, 1H), 6.93 (s, 1H), 6.77 (t, 1H, ] = 5.6 Hz), 6.6-6.7 (m, 2H),
3.14 (t, 2H, ] = 6.2 Hz), 1.41 (s, 6H), 1.0-1.1 (m, 1H), 0.4-0.5 (m, 2H), and 0.2-0.2 (m, 2H).
13C NMR (DMSO-dg, 126 MHz) § ppm: 160.8, 159.5, 151.6, 148.6, 146.4, 140.4, 115.1, 107.8,
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104.9, 103.6, 69.0, 45.2, 28.2 (2C), 10.9, and 3.4 (2C). Formula: C17HN»40S. MW: 328.43.
MS: m/z 329 (M + H*).

6.8.10. 5-(2-Acetamidopyridin-4-yl)-3-ureidothiophene-2-carboxamide (47)

Following GP5, compound 47 was prepared using N-(4-(4,4,5,5-tetramethyl-1,3,2-dioxaboro
lan-2-yl)pyridin-2-yl)acetamide (24) (81 mg, 0.31 mmol), 5 (82 mg, 0.31 mmol), K,CO3 (129
mg, 0.93 mmol), and Pd(dppf)Cl, (102 mg, 0.14 mmol) in 3 mL of DMF. Purification: column
chromatography (10% MeOH in DCM). Yield: 8 mg (8%), brownish solid, mp degradation
over 365 °C. 'TH NMR (500 MHz, DMSO-dg) & ppm: 10.61 (s, 1H), 10.00 (s, 1H), 8.38 (s, 1H),
8.27-8.36 (m, 2H), 7.41-7.70 (m, 2H), 7.28 (dd, | = 5.2, 1.4 Hz, 1H), 6.65 (br s, 2H), and 2.08
(s, 3H). 13C NMR (DMSO-dg, 126 MHz) § ppm: 170.2, 165.7, 155.4, 153.6, 149.6, 145.7, 142.2,
141.1,120.7, 115.7, 110.8, 109.1, and 24.5. Formula: C13H13N503S. MW: 319.34. MS: m/z 320
(M + HY).

6.8.11. 5-(2-Isobutyramidopyridin-4-yl)-3-ureidothiophene-2-carboxamide (48)

Following GP5, compound 48 was prepared using N-(4-(4,4,5,5-tetramethyl-1,3,2-dioxaboro
lan-2-yl)pyridin-2-yl)isobutyramide (25) (92 mg, 0.32 mmol), 5 (85 mg, 0.32 mmol), K,CO3
(133 mg, 0.96 mmol), and Pd(dppf)Cl, (100 mg, 0.14 mmol) in 3 mL of DMF. Purification:
preparative HPLC (5-50% MeCN gradient). Yield: 7 mg (6%), yellow solid, mp degradation
over 308 °C. Purity: 96% (UPLC/MS). 'H NMR (500 MHz, DMSO-de) § ppm: 1.10 (d, ]
= 6.9 Hz, 6H), 2.72-2.83 (m, 1H), 6.69 (br s, 1H), 7.33 (dd, ] = 5.2, 1.7 Hz, 1H), 7.56 (br s,
2H), 8.35(d, ] = 5.4 Hz, 1H), 8.42 (s, 1H), 8.45 (d, ] = 1.1 Hz, 1H), 10.04 (s, 1H), and 10.60 (s,
1H). 13C NMR (126 MHz, DMSO-dg) & ppm: 19.36 (2C), 34.50, 108.79, 110.26, 115.10, 120.13,
140.62, 141.67, 145.25, 149.06, 153.27, 154.90, 165.22, and 176.60. Formula: C5H;7N503S.
MW: 347.39. MS: m/z 348 (M + H*).

6.8.12. 5-(2-(Cyclopropanecarboxamido)pyridin-4-yl)-3-ureidothiophene-2-carboxamide (49)

Following GP5, compound 49 was prepared using N-(4-(4,4,5,5-tetramethyl-1,3,2-dioxaboro
lan-2-yl)pyridin-2-yl)cyclopropanecarboxamide (26) (98 mg, 0.34 mmol), 5 (90 mg, 0.34
mmol), K,CO3 (141 mg, 1.02 mmol), and Pd(dppf)Cl, (120 mg, 0.16 mmol) in 3.5 mL
of DME. Purification: column chromatography (DCM/MeOH/TEA 90:10:0.1). Yield: 48
mg (41%), brown solid, mp degradation over 290 °C. Purity: 100% (UPLC/MS). HRMS
(ESI-QTOF): m/z caled. for 346.0929; found 346.0958. 'H NMR (500 MHz, DMSO-dg) 5 ppm:
0.76-0.94 (m, 4H), 1.97-2.08 (m, 1H), 6.69 (br s, 1H), 7.32 (s, 1H), 7.57 (br s, 3H), 8.37 (s, 1H),
8.42 (s, 2H), 10.04 (br s, 1H), and 10.97 (br s, 1H). 3C NMR (126 MHz, DMSO-ds) § ppm:
7.89 (2C), 14.23,99.49, 108.69, 110.24, 120.12, 140.60, 141.71, 145.25, 149.10, 153.11, 154.89,
165.22, and 173.03. Formula: C15H15N503S. MW: 345.38. MS: m/z 346 (M + H*).

6.8.13. 5-(2-(Cyclobutanecarboxamido)pyridin-4-yl)-3-ureidothiophene-2-carboxamide (50)

Following GP5, compound 50 was prepared using N-(4-(4,4,5,5-tetramethyl-1,3,2-dioxaboro
lan-2-yl)pyridin-2-yl)cyclobutanecarboxamide (29) (60 mg, 0.20 mmol), 5 (53 mg, 0.20
mmol), K,CO3 (101 mg, 0.60 mmol), and Pd(dppf)ClL, (65 mg, 0.09 mmol) in 2 mL of DMF.
Purification: preparative HPLC (10-60% MeCN gradient). Yield: 16 mg (22%), cream solid,
mp degradation over 346 °C. Purity: 100% (UPLC/MS). 'H NMR (500 MHz, DMSO-dg) &
ppm: 1.77-1.86 (m, 1H), 1.88-1.99 (m, 1H), 2.07-2.15 (m, 2H), 2.17-2.29 (m, 2H), 2.51-2.52
(m, 1H), 6.69 (br s, 1H), 7.32 (dd, ] = 5.2, 1.7 Hz, 1H), 7.59 (br s, 1H), 8.34 (dd, ] = 5.4, 0.6
Hz, 1H), 8.43 (s, 1H), 8.46 (s, 1H), 10.04 (s, 1H), and 10.49 (s, 1H). 1*C NMR (126 MHz,
DMSO-dg) & ppm: 17.73, 24.45 (2C), 40.10, 108.74, 110.26, 115.07, 120.14, 140.61, 141.67,
145.24, 149.06, 153.22, 154.89, 165.22, and 174.16. Formula: C14H17,N503S. MW: 359.40. MS:
m/z 360 (M + HY).

6.8.14. 5-(2-(Cyclohexanecarboxamido)pyridin-4-yl)-3-ureidothiophene-2-carboxamide (51)

Following GP5, compound 51 was prepared using N-(4-(4,4,5,5-tetramethyl-1,3,2-dioxaboro
lan-2-yl)pyridin-2-yl)cyclohexanecarboxamide (30) (112 mg, 0.34 mmol), 5 (90 mg, 0.34
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mmol), K,CO3 (141 mg, 1.02 mmol), Pd(dppf)Cl, (112 mg, 0.15 mmol), and DMF (3.5
mL). Purification: column chromatography (5% MeOH in DCM). Yield: 15 mg (11%),
greyish solid, mp degradation over 315 °C. Purity: 100% (UPLC/MS). 'H NMR (500 MHz,
DMSO-dg) 6 ppm: 10.54 (s, 1 H), 10.04 (s, 1 H), 8.40-8.45 (m, 2 H), 8.35 (d, ] =5.4 Hz, 1 H),
7.39-7.78 (m, 2 H), 7.32 (dd, ] =5.2,1.7 Hz, 1 H), 6.69 (br s, 2 H), 2.08 (s, 1 H), 1.70-1.86 (m,
4 H), 1.60-1.68 (m, 1 H), 1.34-1.47 (m, 2 H), and 1.16-1.32 (m, 3 H). 13C NMR (DMSO-d,
126 MHz) § ppm: 175.7, 165.2, 154.9, 153.3, 149.1, 145.2, 141.6, 140.6, 120.1, 115.1, 110.2,
108.8, 44.2, 29.0 (2C), 25.4, and 25.2 (2C). Formula: C1gH»1N5035. MW: 387.46. MS: m/z 388
(M + H").

6.8.15. 5-(2-Benzamidopyridin-4-yl)-3-ureidothiophene-2-carboxamide (52)

Following GP5, compound 52 was prepared using N-(4-(4,4,5,5-tetramethyl-1,3,2-dioxaboro
lan-2-yl)pyridin-2-yl)benzamide (31) (100 mg, 0.31 mmol), 5 (82 mg, 0.31 mmol), K,CO3
(129 mg, 0.93 mmol), Pd(dppf)Cl, (102 mg, 0.14 mmol), and DMF (3 mL). Purification:
column chromatography (5% MeOH in DCM). Yield: 13 mg (11%), brown solid, mp
degradation over 300 °C. Purity: 100% (UPLC/MS). 'H NMR (500 MHz, DMSO-dg) & ppm:
10.97 (s, 1 H), 10.06 (s, 1 H), 8.55 (d, ] = 1.1 Hz, 1 H), 8.42-8.51 (m, 2 H), 8.02-8.10 (m, 2 H),
7.58-7.65 (m, 2 H), 7.49-7.57 (m, 3 H), 7.42 (dd, ] = 5.3, 1.6 Hz, 1 H), and 6.64-6.80 (m, 1 H).
13C NMR (DMSO-dg, 126 MHz) § ppm:166.8, 165.7, 155.4, 153.8, 149.6, 145.8, 142.3, 141.0,
134.4,132.6,128.9 (2C), 128.6 (2C), 120.8, 116.3, 110.9, and 110.4. Formula: C1gH;5N503S.
MW: 381.41. MS: m/z 382 (M + H*).

6.8.16. N-(3-(2,2-Dimethyl-4-oxo0-1,2,3 4-tetrahydrothieno [3,2-d]pyrimidin-6-
yl)phenyl)cyclopropanecarboxamide (53)

Following GP5, compound 53 was prepared using N-(3-(4,4,5,5-tetramethyl-1,3,2-dioxaboro
lan-2-yl)phenyl)cyclopropanecarboxamide (27) (98 mg, 0.34 mmol), 6 (90 mg, 0.34 mmol),
K,COj3 (141 mg, 1.02 mmol), Pd(dppf)Cl; (112 mg, 0.15 mmol), and DMF (3.5 mL). Purifica-
tion: column chromatography (5-10% MeOH in DCM). Yield: 38 mg (33%), brown-green
solid, mp 157-158 °C. Purity: 100% (UPLC/MS). 'H NMR (500 MHz, DMSO-dg) § ppm:
10.30 (s, 1 H), 7.88 (t, ] = 1.6 Hz, 1 H), 7.50-7.56 (m, 1 H), 7.48 (s, 1 H), 7.24-7.34 (m, 2 H),
7.01(d,J =09 Hz 1H), 6.78 (s, 1 H), 1.70-1.79 (m, 1 H), 1.38 (s, 6 H), AND 0.74-0.81 (m,
4 H). 3C NMR (DMSO-dg, 126 MHz) § ppm: 172.4, 161.5, 152.4, 148.8, 140.6, 134.1, 130.2,
120.6,119.7,116.2, 114.3, 104.6, 69.5, 28.7 (2C), 15.2, and 7.9 (2C). Formula: C15H19N30,S.
MW: 341.43. MS: m/z 342 (M + HY).

6.8.17. N-(5-(2,2-Dimethyl-4-oxo0-1,2,3,4-tetrahydrothieno [3,2-d]pyrimidin-6-yl)-2-
fluorophenyl)-cyclopropanecarboxamide (54)

Following GP5, compound 54 was prepared using N-(2-fluoro-5-(4,4,5,5-tetramethyl-1,3,2-
dioxaborolan-2-yl)phenyl)cyclopropanecarboxamide (28) (70 mg, 0.23 mmol), 6 (60 mg,
0.23 mmol), K,COj3 (95 mg, 0.69 mmol), and Pd(dppf)Cl, (80 mg, 0.11 mmol) in 3 mL of
DME. Purification: flash chromatography (DCM/MeOH/NHj(,q) 9.5:0.5:0.05), and then
the solid residue was crystallized from MeCN. Yield: 31 mg (37%), beige solid, mp 199-200
°C. Purity: 95% (UPLC/MS). '"H NMR (500 MHz, ACETONE-d4) & ppm: 0.81-0.86 (m, 2H),
0.92-0.97 (m, 2H), 1.57 (s, 6H), 2.00-2.04 (m, 1H), 6.29 (br s, 1H), 6.66 (br s, 1H), 6.85 (s, 1H),
7.22 (dd, ] = 10.9, 8.6 Hz, 1H), 7.35 (ddd, ] = 8.5, 4.7, 2.3 Hz, 1H), 8.66 (dd, ] = 7.3, 1.9 Hz,
1H), and 9.32 (br s, 1H). 3C NMR (126 MHz, ACETONE-d) & ppm: 7.66 (2C), 14.74, 28.28
(2C), 69.81, 106.20, 114.47, 115.96 (d, ] = 20.5 Hz), 120.03, 121.56 (br d, ] = 7.2 Hz) 128.17 (d, |
=11.5 Hz) 130.66 (d, ] = 3.6 Hz) 148.57, 153.10 (d, ] = 252.3 Hz) 152.22, 161.30, and 172.76.
Formula: C1gH1gFN30,S. MW: 359.42. MS: m/z 360 (M + H*).

6.8.18. N-(3-(2,2-Dimethyl-4-oxo0-1,2,3,4-tetrahydrothieno [3,2-d]pyrimidin-6-
yl)phenyl)ethanesulfonamide (55)

Following GP5, compound 55 was prepared using N-(3-(4,4,5,5-tetramethyl-1,3,2-dioxaboro
lan-2-yl)phenyl)ethanesulfonamide (34) (106 mg, 0.34 mmol), 6 (90 mg, 0.34 mmol), K,CO3
(141 mg, 1.02 mmol), and Pd(dppf)Cl, (115 mg, 0.16 mmol) in 3.5 mL of DMF. Purifica-
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tion: preparative HPLC (10-60% MeCN gradient). Yield: 78 mg (62%), brown solid, mp
119-200 °C. Purity: 96% (UPLC/MS). 'H NMR (500 MHz, DMSO-dg) & ppm: 1.20 (t, ] = 7.3
Hz, 3H), 1.41 (s, 6H), 3.12-3.17 (m, 2H), 6.83 (s, 1H), 7.07 (s, 1H), 7.22 (dt, ] = 7.7, 1.8 Hz,
1H), 7.34-7.40 (m, 2H), 7.44-7.46 (m, 1H), 7.54 (s, 1H), and 9.96 (br s, 1H). 13C NMR (126
MHz, DMSO-dg) 6 ppm: 8.05, 28.20 (2C), 45.27, 69.00, 104.29, 114.13, 115.77, 119.28, 120.73,
130.29, 134.20, 139.26, 147.68, 151.87, and 160.94. Formula: C14H19N3035;. MW: 365.47.
MS: m/z 366 (M + H™).

6.8.19. N-(3-(2,2-Dimethyl-4-oxo0-1,2,3,4-tetrahydrothieno [3,2-d]pyrimidin-6-
yl)phenyl)cyclohexanesulfonamide (56)

Following GP5, compound 56 was prepared using N-(3-(4,4,5,5-tetramethyl-1,3,2-dioxaboro
lan-2-yl)phenyl)cyclohexanesulfonamide (36) (84 mg, 0.23 mmol), 6 (60 mg, 0.23 mmol),
K»CO3 (95 mg, 0.69 mmol), Pd(dppf)Cl, (76 mg, 0.10 mmol), and DMF (2 mL). Purification:
column chromatography (2% MeOH in DCM). Yield: 28 mg (29%), yellow solid, mp 275-
276 °C. Purity: 100% (UPLC/MS). 'H NMR (500 MHz, DMSO-dg) § ppm: 9.90 (br s, 1 H),
7.50 (s, 1 H), 7.41-7.44 (m, 1 H), 7.27-7.35 (m, 2 H), 7.16-7.20 (m, 1 H), 7.04 (d, ] = 0.9 Hz,
1 H), 6.79 (s, 1 H), 2.99 (tt, ] = 11.8, 3.4 Hz, 1 H), 1.95-2.03 (m, 2 H), 1.65-1.77 (m, 2 H),
1.47-1.57 (m, 1 H), 1.33-1.42 (m, 8 H), 1.12-1.23 (m, 2 H), and 1.03-1.11 (m, 1 H). 13C NMR
(DMSO-dg, 126 MHz) & ppm: 160.9, 151.9, 147.7,139.5, 134.1, 130.2, 120.5, 119.1, 115.5, 114.1,
104.2, 69.0, 59.3, 28.2 (2C), 26.0, 24.7, and 24.3 (2C). Formula: CyoH»5N303S,. MW: 419.56.
MS: m/z 420 (M + H™).

6.8.20. 2,2-Dimethyl-6-(3-(piperidin-1-ylsulfonyl)phenyl)-2,3-dihydrothieno
[3,2-d]pyrimidin-4(1H)-one (57)

Following GP5, compound 57 was prepared using 1-((3-(4,4,5,5-tetramethyl-1,3,2-dioxaboro
lan-2-yl)phenyl)sulfonyl)piperidine (37) (97 mg, 0.28 mmol), 6 (73 mg, 0.28 mmol), K,CO3
(116 mg, 0.84 mmol), and Pd(dppf)Cl, (95 mg, 0.13 mmol) in 3 mL of DMF. Purification:
column chromatography (DCM/MeOH 97:3), and then the solid residue was washed with
MeCN. Yield: 24 mg (21%), beige solid, mp 202-203 °C. Purity: 97% (UPLC/MS). TH NMR
(500 MHz, DMSO-d;) & ppm: 1.34-1.39 (m, 2H), 1.42 (s, 6H), 1.51-1.57 (m, 4H), 2.92 (br
t, ] =5.3 Hz, 4H), 7.04 (s, 1H), 7.10 (s, 1H), 7.61 (s, 1H), 7.68-7.73 (m, 2H), 7.83 (d, ] = 0.9
Hz, 1H), and 7.98 (ddd, ] = 5.4, 3.4, 2.0 Hz, 1H). 1*C NMR (126 MHz, DMSO-d¢) & ppm:
22.79,24.70 (2C), 28.20 (2C), 46.62 (2C), 69.08, 105.17, 115.47, 123.54, 127.34, 129.95, 130.53,
134.27,136.62, 145.91, 151.92, and 160.83. Formula: C19Hy3N303S,. MW: 405.53. MS: m/z
406 (M + H*).

6.8.21. 5-(3-(Cyclopropanecarboxamido)phenyl)-3-ureidothiophene-2-carboxamide (58)

Following GP5, compound 58 was prepared using N-(3-(4,4,5,5-tetramethyl-1,3,2-dioxaboro
lan-2-yl)phenyl)cyclopropanecarboxamide (27) (98 mg, 0.34 mmol), 5 (90 mg, 0.34 mmol),
K>COs3 (141 mg, 1.02 mmol), and Pd(dppf)Cl, (110 mg, 0.15 mmol) in 3.5 mL of DMF.
Purification: column chromatography (DCM/MeOH 9:1), and then the solid residue
was washed with MeCN. Yield: 24 mg (21%), beige solid, mp 240-241 °C. Purity: 100%
(UPLC/MS). 'H NMR (500 MHz, DMSO-dg) & ppm: 0.79-0.84 (m, 4H), 1.75-1.82 (m, 1H),
6.65 (br s, 2H), 7.26-7.29 (m, 1H), 7.38 (t, ] = 7.9 Hz, 1H), 7.45 (br d, ] = 3.4 Hz, 1H), 7.56
(dd, ] = 8.2, 1.0 Hz, 1H), 8.05 (s, 1H), 8.23 (s, 1H), 10.07 (s, 1H), and 10.39 (s, 1H). *C NMR
(126 MHz, DMSO-dg) 6 ppm: 7.36 (2C), 14.64, 108.40, 115.60, 118.03, 119.09, 119.87, 129.81,
133.37, 140.22, 143.64, 145.37, 154.93, 165.53, and 171.96. Formula: C14H14N4O35. MW:
344.39. MS: m/z 345 (M + H").

6.8.22. 5-(3-(Cyclopropanecarboxamido)-4-fluorophenyl)-3-ureidothiophene-2-carboxamide

(59)

Following GP5, compound 59 was prepared using N-(2-fluoro-5-(4,4,5,5-tetramethyl-1,3,2-
dioxaborolan-2-yl)phenyl)cyclopropanecarboxamide (28) (80 mg, 0.26 mmol), 5 (68 mg, 0.26
mmol), K,CO3 (108 mg, 0.78 mmol), and Pd(dppf)Cl, (95 mg, 0.13 mmol) in 3 mL of DMFE.
Purification: column chromatography (DCM/MeOH/NHj,q) 9.5:0.5:0.05), and then the
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solid residue was washed with MeCN. Yield: 50 mg (53%), brown solid, mp degradation
over 305 °C. Purity: 95% (UPLC/MS). 'H NMR (500 MHz, DMSO-dg) § ppm: 0.72-0.87 (m,
4H), 1.95-2.08 (m, 1H), 6.61 (br s, 1H), 7.31 (br s, 2H), 7.47 (br s, 3H), 8.13 (s, 1H), 8.32 (br d,
J =6.3 Hz, 1H), 10.02 (s, 1H), and 10.11 (s, 1H). 13C NMR (126 MHz, DMSO-d¢) § ppm: 7.69
(2C), 14.08, 108.46, 116.40 (d, ] = 20.5 Hz), 118.18, 120.19, 121.54 (d, ] = 6.6 Hz), 127.24 (d, ] =
12.1 Hz), 129.39 (d, ] = 6.0 Hz), 142.65, 145.39, 153.03 (d, ] = 238.4 Hz), 154.90, 165.46, and
172.52. Formula: C14H15FN4O3S. MW: 362.38 MS: m/z 363 (M + H™).

6.8.23. N-(4-(4’-Ox0-3’ 4’-dihydro-1"H-spiro[cyclopentane-1,2’-thieno
[3,2-d]pyrimidin]-6’-yl)pyridin-2-yl)cyclopropanecarboxamide (60)

Following GP5, compound 60 was prepared using N-(4-(4,4,5,5-tetramethyl-1,3,2-dioxaboro
lan-2-yl)pyridin-2-yl)cyclopropanecarboxamide (26) (92 mg, 0.32 mmol), 7 (92 mg, 0.32
mmol), K,COj3 (133 mg, 0.96 mmol), and Pd(dppf)Cl, (55 mg, 0.08 mmol) in 3 mL of DME.
Purification: preparative HPLC (10-60% MeCN gradient). Yield: 60 mg (51%), yellow solid,
mp 225-226 °C. Purity: 99% (UPLC/MS). 'H NMR (500 MHz, DMSO-dg) & ppm: 0.79-0.89
(m, 4H), 1.60-1.73 (m, 4H), 1.78-1.91 (m, 4H), 1.98-2.06 (m, 1H), 7.07 (s, 1H), 7.22 (s, 1H),
7.34(dd, ] = 5.3, 1.6 Hz, 1H), 7.82 (s, 1H), 8.31-8.37 (m, 2H), and 10.93 (s, 1H). 1*C NMR (126
MHz, DMSO-dg) 5 ppm: 7.83 (2C), 14.27, 21.87 (2C), 38.65 (2C), 79.01, 106.99, 108.73, 115.20,
116.11, 141.86, 145.11, 148.94, 152.23, 153.02, 161.14, and 173.01. Formula: C19HyyN4O;S.
MW: 368.46. MS: m/z 369 (M + H*).

6.8.24. N-(4-(4'-Ox0-3' 4,4’ 5-tetrahydro-1"H,3H-spiro[furan-2,2’-thieno
[3,2-d]pyrimidin]-6-yl)pyridin-2-yl)cyclopropanecarboxamide (61)

Following GP5, compound 61 was prepared using N-(4-(4,4,5,5-tetramethyl-1,3,2-dioxabo
rolan-2-yl)pyridin-2-yl)cyclopropanecarboxamide (26) (104 mg, 0.36 mmol), 8 (102 mg, 0.36
mmol), KoCO3 (149 mg, 1.08 mmol), and Pd(dppf)Cl, (60 mg, 0.08 mmol) in 3.5 mL of DMFE.
Purification: flash chromatography (DCM/MeOH/NHj(,q) 9:1:0.01). Yield: 12 mg (9%),
white solid, mp 314-315 °C. Purity: 100% (UPLC/MS). 'H NMR (500 MHz, DMSO-de)
5 ppm: 0.81-0.91 (m, 4H), 1.83-1.91 (m, 2H), 2.01-2.07 (m, 1H), 2.69 (t, ] = 7.4 Hz, 2H),
3.43-3.50 (m, 2H), 4.56 (t, | =4.9 Hz, 1H), 7.59 (dd, ] = 5.2, 1.7 Hz, 1H), 7.95 (s, 1H), 8.41 (dd,
] =5.3,0.7 Hz, 1H), 8.47 (d, ] = 1.1 Hz, 1H), 11.01 (s, 1H), and 12.51 (s, 1H). '*C NMR (126
MHz, DMSO-dg) 6 ppm: 7.87 (2C), 14.28, 29.97, 30.91, 59.97, 109.32, 115.75, 121.08, 123.60,
141.38, 147.46, 149.07, 153.14, 157.87, 158.35, 160.11, and 173.10. Formula: C1gH13N4O5S.
MW: 370.43. MS: m/z 371 (M + H*).

6.8.25. N-(4-(4'-Ox0-3' 4,4’ 5-tetrahydro-1"H,2H-spiro[furan-3,2’-thieno
[3,2-d]pyrimidin]-6’-yl)pyridin-2-yl)cyclopropanecarboxamide (62)

Following GP5, compound 62 was prepared using N-(4-(4,4,5,5-tetramethyl-1,3,2-dioxaboro
lan-2-yl)pyridin-2-yl)cyclopropanecarboxamide (26) (81 mg, 0.28 mmol), 9 (81 mg, 0.28
mmol), K;COs3 (116 mg, 0.84 mmol), and Pd(dppf)Cl, (50 mg, 0.07 mmol) in 2.5 mL of
DME. Purification: preparative HPLC (5-50% MeCN gradient). Yield: 18 mg (18%), yellow
solid, mp 249-250 °C. Purity: 98% (UPLC/MS). HRMS (ESI-QTOF): m/z calcd. for 371.1133;
found 371.1161. 'H NMR (500 MHz, DMSO-ds) § ppm: 0.78-0.89 (m, 4H), 1.99-2.07 (m,
1H), 2.10-2.24 (m, 2H), 3.60 (d, ] = 8.9 Hz, 1H), 3.76 (d, ] = 8.9 Hz, 1H), 3.80-3.95 (m, 2H),
7.11 (s, 1H), 7.36 (dd, ] = 5.2, 1.7 Hz, 1H), 7.59 (s, 1H), 8.07 (s, 1H), 8.31-8.39 (m, 2H), and
10.95 (s, 1H). 13C NMR (126 MHz, DMSO-dg) & ppm: 7.85 (2C), 14.28, 38.77, 65.98, 76.48,
77.68,107.07, 108.79, 115.28, 116.06, 141.73, 145.71, 148.99, 152.08, 153.03, 160.94, and 173.04.
Formula: C1gH1gN4O3S. MW: 370.43. MS: m/z 371 (M + H").

6.9. Evaluation of In Vitro Inhibitory Potencies towards Kinases GSK-3p, IKK-B, and ROCK-1

Promega’s Kinase Enzyme Systems (Promega; Madison, WI, USA) were used to
determine the activities of the tested compounds against the human recombinant kinases
GSK-3p3, IKK- 3, and ROCK-1. The assays were performed according to the provided
manufacturer’s instruction, based on the optimized conditions of the enzymatic reactions,
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using the low-volume, white polystyrene, 384-well plates. The ADP-Glo™ Assay (Promega;
Madison, WI, USA) was used for bioluminescent detection of the kinase activity. Stock
solutions of the tested compounds in DMSO (1ImM) were diluted with the Kinase Assay
Buffer before use (40 mM Tris, pH 7.5, enriched with 50 uM dithiothreitol; DTT), giving the
final desired concentrations. The kinase enzymes, substrates, and ATP solutions were also
diluted with the assay buffer prior to use. The GSK-343, IKK-f3, and ROCK-1 substrates were
derived from human muscle glycogen synthase 1, human IkBA, and human 40S ribosomal
protein S6, respectively. The assay procedure was as follows: At first, the appropriate kinase
enzyme (GSK-33: 10 ng per well; IKK-{3: 45 ng per well; ROCK-1: 24 ng per well) was
incubated with the tested sample (10 uM in well) for 5 min. The DMSO solution (1% in well)
was used in the blank samples instead of the tested inhibitors. After the incubation period,
ATP (25 pM per well in the case of GSK-3$3 and IKK-f3 kinases; 5 uM per well in the case of
ROCK-1 kinase) and an appropriate enzyme substrate (0.2 ug/pL in well) were added to
start the enzymatic reaction. The reaction mixture was kept at room temperature for 1 h;
then, the ADP-Glo™ reagent was added, to terminate the kinase reaction and deplete any
remaining ATP. After 40 min, a second reagent (Kinase Detection Reagent) was applied to
convert the obtained ADP to ATP and to generate light from the newly synthesized ATP
using a luciferase/luciferin reaction. The mixture was incubated for another 30 min at
room temperature before the luminescence was measured. The calculations of the percent
of kinases’ inhibition by tested compounds were based on the equation 100 — (S/B) x 100;
S and B are the enzyme activities with and without the tested sample, respectively. For
compounds with enzyme inhibitory activities better than 50% at 10 uM, their ICs; values
were determined based on the kinase’s inhibitory activities in the six or seven different
concentrations of each compound, resulting in enzyme inhibition between 5% and 95%. ICsq
results were obtained using nonlinear regression (GraphPad Prism 9; GraphPad Software,
San Diego, CA, USA) by plotting the residual enzyme activities against the applied inhibitor
concentration. Each compound was evaluated in two independent experiments, with every
data point collected in duplicate. Staurosporine (Biokom, Janki, Poland) and published
research compounds (I, II, and III) [50-52] were used as the reference compounds for
enzymatic reactions.

6.10. Computational Analysis and Visualizations

The structural model used for the visualizations was GSK-3f3 co-crystallized with
compound II; this was used as a reference in the study (PDB: 4PTC) [51]. The structure was
protonated with Epik and propka and then minimized using the OPLS4 force field [69].
Missing residues were added using Prime. The deposited crystal structure was missing
a methyl group in the ligand compound, thus the re-docking with induced fit procedure
was employed. The RMSD value between the preprocessed 4PTC (added hydrogens and
missing residues) and the structural model equaled 1.283 A. Compounds 40 and 49 were
docked to the 4PTC model prepared using the Glide SP procedure. All simulations were per-
formed with Maestro Schrodinger (Schrodinger Release 2023-2, LLC, New York, NY, USA,
2023). Molecular graphics and analyses were performed with UCSF ChimeraX (version
1.7.1) [70,71], developed by the Resource for Biocomputing, Visualization, and Informatics
at the University of California, San Francisco, with support from the National Institutes of
Health R01-GM129325 and the Office of Cyber Infrastructure and Computational Biology,
National Institute of Allergy and Infectious Diseases.

6.11. Kinetics Studies of GSK-3p Inhibition by 62

Kinetic studies were performed using the GSK-33 Kinase Enzyme System (Promega;
Madison, WI, USA) and ADP-Glo™ bioluminescent assay (Promega; Madison, WI, USA),
following the manufacturer’s instructions. The general workflow is described in Section 6.9.
Evaluation of In Vitro Inhibitory Potencies towards Kinases GSK-3§3, IKK-3, and ROCK-1.
Kinetic experiments were performed by varying the concentrations of both ATP (from 10 to
100 uM) and inhibitor 62 (from 0 to 100 nM), giving enzyme inhibition of between 10% and
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90%. The substrate concentration was kept constant. The luminescence was measured using
the EnSpire multimode microplate reader (PerkinElmer, Waltham, MA, USA). Each data
point was collected in triplicate. Vimax and K, values of the Michaelis-Menten kinetics were
calculated using nonlinear regression from ATP-velocity curves. Lineweaver-Burk and
Cornish-Bowden plots were obtained via linear regression in GraphPad Prism (GraphPad
Prism 9; GraphPad Software, San Diego, CA, USA). The K| value of inhibitor 62 was
determined by replotting the Lineweaver-Burk plots data (K, versus [I]).

7. In Cellulo Studies
7.1. Cells Preparation

Mouse microglial cells (BV-2) were a generous gift from Professor Bozena Kaminska-
Kaczmarek of the Laboratory of Molecular Neurobiology, Neurobiology Center, Nencki
Institute of Experimental Biology, Polish Academy of Sciences, Warsaw, Poland. Cells
were cultured in Dulbecco’s modified Eagle’s Medium-high glucose (DMEM, Glutamx
Thermo Fisher, Waltham, MA, USA) supplemented with 10% inactivated fetal bovine serum
(Thermo Fisher), 100 IU/mL penicillin (Merck), and 100 pug/mL streptomycin (Merck).
Cells were cultured in flasks (area 175 cm?, Nunc) and incubated at 37 °C, 5% CO,. To
evaluate the level of NO, IL-6, and TNF-« and the effectiveness of the compounds tested,
BV-2 microglia cells were cultured in 96-well culture plates (5 x 10* cells per well, Falcon).
For the measurement of cell viability and cell membrane damage, cells were placed in
96-well culture plates (2 x 10* cells per well, Falcon). Before the tests, cells were grown for
24 h in the incubator (37 °C, 5% CO,). Mouse Hippocampal Neuronal Cell Line (HT-22)
was a generous gift from Dr Bartosz Pomierny of the Department of Biochemical Toxicology,
Jagiellonian University Medical College, Krakow, Poland. Cells were cultured in Dulbecco’s
modified Eagle’s Medium-high glucose (DMEM, Glutamx Thermo Fisher) supplemented
with 10% inactivated fetal bovine serum (Thermo Fisher), 100 IU/mL penicillin (Merck),
and 100 pg/mL streptomycin (Merck). Cells were cultured in flasks (area 175 cm?, Nunc)
and incubated at 37 °C, 5% CO,. For the measurement of cell viability and neuroprotective
effects against okadaic acid, cells were placed in 96-well culture plates (2 x 10* cells per
well, Falcon). Before the tests, cells were grown for 24 h in the incubator (37 °C, 5% CO3).

7.2. Preparation of Test Compound Solutions

Stock solutions were prepared at the concentration of 10 mM for test and reference
compounds. A minimum of 1 mg of each tested compound was weighed and dissolved in
the appropriate volume of dimethyl sulfoxide. Serial dilutions were prepared in DMSO and
then the diluted compounds were transferred to PBS. Before assays, eventual precipitation
or opalescence was checked.

7.3. Cell Viability Assay

Cell viability was evaluated using the PrestoBlue reagent (Thermo Fisher), according to
the manufacturer’s procedures [72]. Following 24 h of incubation with the tested molecule,
PrestoBlue reagent was added to a microplate well in an amount equal to one-tenth of
the remaining medium volume. The resulting mixture was incubated for 15 min at 37 °C,
and the fluorescence intensity (EX 530; EM 580 nm) was measured using the plate reader
POLARstar Omega, (BMG Labtech, Ortenberg, Germany). The results (viability values) are
provided as a percentage of live cells with respect to DMSO (control sample).

7.4. Okadaic Acid Treated HT-22 Cells

HT-22 cells were seeded into 96-well plates at a density of 2 x 10* cells per well.
Okadaic acid (Merck) was added at a concentration of 400 nM and incubated for 3 h. After
this time, 10, 1, and 0.1 uM of tested compounds were added and incubated in the aseptic
conditions (37 °C, 5% CO,). Cell viability was determined using Presto Blue assay after
24 h. All data were normalized to the percentage survival of vehicle control. Data are
represented as mean SD versus vehicle control.
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7.5. LPS-Treated BV-2 Cells

The cells were pretreated with tested compounds for 1 h. After this time, lipopolysac-
charide (100 ng/mL) was added and the resulting mixture was incubated for 18 h. Next,
the culture supernatant was acquired to measure the levels of nitric oxide (NO), IL-6, and
TNF-a, according to the following procedures.

7.6. NO Release Measurement

The NO level in the culture supernatants was measured using 2,3-diaminonaphthalene
(DAN) reagent, according to the method of Nussler et al. [73]. After 15 min of incubation at
room temperature, the fluorescence intensity (EX 360; EM 440 nm) was measured using
a microplate reader POLARstar Omega, (BMG Labtech). The values of nitric oxide were
calculated as a percentage of control (maximal response of LPS).

7.7. Measurement of Cytokine Levels

IL-6 and TNF-a levels in the culture supernatants were measured using the LANCE
Ultra TR-FRET Detection Kit (Perkin Elmer, Waltham, MA, USA), according to the manu-
facturer’s protocol. Each cytokine detection was performed separately in a 384-well plate,
following the kit instructions. Samples were added at 15 uL/well to a 384-well plate and
then premixed antibody solution was added at 5 uL./well. After 1 h of incubation of IL-6
and 3 h of incubation of TNF-« in the dark at 22 °C, the plates were read using an EnVision
plate reader (Perkin Elmer) with the excitation wavelength at 320 nm, the donor emission
were read at 615 nm, and the acceptor emission were read at 660 nm. The values of IL-6
and TNF-« levels were calculated as a percentage of control (maximal response of LPS).

7.8. Statistical Analysis

All experiments were performed in duplicates, in three independent experiments.
Statistical analysis was performed using GraphPad Prism 8.0. All values are expressed as
mean with SD. Differences among groups were evaluated via One-Way ANOVA followed
by post hoc analysis (Dunnett’s multiple comparison tests) and were considered statistically
significant if p < 0.05 (* p < 0.05, ** p < 0.01, *** p < 0.001, and **** p < 0.0001).

7.9. Thermodynamic Solubility Assay

Quantitative HPLC analyses were performed similarly to the chemical stability studies.
A standard solution of the tested compound was prepared in methanol at a concentration
of 2 mg/mL. The standard solution was diluted with methanol to obtain five solutions
with different concentrations ranging from 0.06 to 0.1 mg/mL or 0.035 to 0.05 mg/mL (for
II), and they were quantified via HPLC. The calibration curve was plotted using AUC
against the concentration (mg/mL). Next, 2 mg of the tested compound was dissolved
in 1 mL of Dulbecco’s phosphate-buffered saline (DPBS), and the mixture was constantly
agitated at 20 °C for 24 h in a thermoshaker. After that time, the mixture was filtered
through a cellulose acetate syringe filter (pore size 0.22 um) and the solution was analyzed
via HPLC. The solubility of the tested compounds was calculated using the calibration
curves (mg/mL).

7.10. Chemical Stability Assay

Quantitative HPLC analyses were acquired using Waters Alliance 2695 separations
module (Waters, Milford, CT, USA), containing 2998 photodiode array (PDA), a detector
(Waters, Milford, CT, USA), and a SpeedROD RP-18e 50—4.6 mm column (Merck, KGaA,
Darmstadt, Germany). The temperature of the column was preserved at 30 °C. The experi-
ment was conducted under the following conditions: a flow rate of 5 mL/min, eluent A
(water/0.1% HCOOH), eluent B (MeCN/0.1% HCOOH), and a gradient starting from 0%
of B to 100% of B for 3 min. Each sample was injected at a volume of 10 uL in triplicate, and
the spectra were analyzed at the maximum wavelength. Potassium phosphate buffer (100
mM, pH 7.4, + 2 mM MgCl,) was incubated with the test compounds (1 uM, 0.2% DMSO)
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at 37 °C for 120 min (N = 2). The area under the curve (AUC) was used to quantify the
percentage of compound that remained after 120 min, relative to the 0 min time point.

7.11. Metabolic Stability Assay

Metabolic stability was assessed using pooled microsomes from the liver of male
mice (CD-1) from Sigma-Aldrich (St. Louis, MO, USA). Incubations were carried out in
96-well plates. Potassium phosphate buffer (100 mM, pH 7.4, + 2 mM MgCl,) containing
murine liver microsomes (0.5 mg protein/mL) was pre-incubated with test compounds or
positive control (1 pM, 0.2% DMSO) at 37 °C for 15 min (N = 2). Reactions were initiated
by adding NADPH (1 mM). The reactions were also incubated without NADPH to exclude
non-NADPH metabolism. The reactions were terminated after 15 min via the addition
of an acetonitrile quenching solution containing an internal standard (labetalol, 0.5 mM).
The plates were centrifuged at 4000 rpm for 30 min at 4 °C, and an aliquot of supernatant
was diluted with water before analysis via UPLC-MS/MS. The UPLC-MS/MS system
consisted of a Waters Acquity Premier (Waters Corporation, Milford, MA, USA) coupled
with a Waters Xevo TQ-S Cronos mass spectrometer (electrospray ionization mode ESI).
Chromatographic separations were carried out using the Acquity UPLC BEH (bridged
ethylene hybrid) C18 column (2.1 x 100 mm, and 1.7 um particle size) equipped with
Acquity UPLC BEH C18 VanGuard pre-column (2.1 X 5 mm, and 1.7 um particle size).
The column was maintained at 40 °C and eluted under gradient conditions using from
95% to 0% of eluent A over 10 min; afterwards, 100% of eluent B was added over 2.5
min, at a flow rate of 0.3 mL min~1. Eluent A: water/formic acid (0.1%, v/v). Eluent B:
acetonitrile/formic acid (0.1%, v/v). Chromatograms were recorded using a Waters eA
PDA detector. Spectra were analyzed in the 200-700 nm range with 1.2 nm resolution and
a sampling rate of 20 points/s. The MS detection settings of the Waters Xevo TQ-S Cronos
mass spectrometer were as follows: source temperature, 150 °C; desolvation temperature,
250 °C; desolvation gas flow rate, 600 L h~!; cone gas flow, 100 L h~; capillary potential,
3.00 kV; and cone potential, 30 V. Nitrogen was used as both nebulizing and drying gas. The
data were obtained in a scan mode ranging from 50 to 1000 m/z, in 0.5 s intervals. The data
acquisition software was MassLynx V 4.2 (Waters). The peak area ratios of analyte versus
internal standard were used to calculate the percentage remaining of the test compound (%).

8. Conclusions

In the pursuit of novel and effective anti-Alzheimer’s therapy, the development of
multifunctional ligands has emerged as a promising approach. These compounds, targeting
multiple biological pathways implicated in the disease’s pathomechanism, are believed to
offer enhanced therapeutic benefits. Following this strategy, we have designed new GSK-
3B inhibitors with additional inhibitory activity against IKK-3 and/or ROCK-1 kinases.
Among the synthesized ligands, compound 62 has emerged as a remarkably potent, com-
petitive inhibitor of GSK-3f3 (IC5p = 8 nM, K; = 2 nM), demonstrating additional inhibitory
activity against ROCK-1 (IC5p = 2.3 uM). This compound displayed anti-inflammatory
activity, decreasing the levels of NO and IL-6 in an LPS model in the BV-2 cell line, and
it exhibited a neuroprotective effect in an okadaic-acid-induced tau hyperphosphoryla-
tion cell model. We also confirmed its high chemical and metabolic stability in mouse
liver microsomes, as well as fair solubility, thereby confirming its potential in terms of
developability.

Supplementary Materials: The following supporting information can be downloaded at: https:
/ /www.mdpi.com/article/10.3390 /molecules29112616/s1, Figure S1. Lineweaver-Burk (A) and
Cornish-Bowden (B) plots revealing ATP-competitive type of GSK-3§3 inhibition by compound 62;
V = initial velocity rate, S = ATP concentration, I = inhibitor concentration. Figure S2. Determination
of K value for ATP-competitive inhibitor 62. Data replot from Lineweaver-Burk plots. Determined
K; =222 x 1077, pKj = 8.65; I = inhibitor concentration, K, = Michaelis-Menten constant. Table S1.
Inhibitory activity of compound 62 against panel of selected CMGC kinases. Table S2. Cytotoxic
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effects of selected inhibitors in HT-22 mouse hippocampal neuronal cells and BV-2 mouse microglial
cells.
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