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Abstract

Schistosomiasis is a parasitic disease that affects approximately 200 million people in developing
countries. Current treatment relies on just one partially effective drug and new drugs are needed.
Tubulin and microtubules (MTSs) are essential constituents of the cytoskeleton in all eukaryotic
cells and considered potential drug targets to treat parasitic infections. The a.- and p-tubulin of
Schistosoma mansoni have ~96% and ~91% sequence identity to their respective human tubulins
suggesting that compounds which bind mammalian tubulin may interfere with MT-mediated
functions in the parasite. To explore the potential of different classes of tubulin-binding molecules
as anti-schistosomal leads, we completed a series of /n vitro whole-organism screens of a
target-based compound library against S. mansoni adults and somules (post-infective larvae),

and identified multiple biologically active compounds, among which phenylpyrimidines were the
most promising. Further structure-activity relationship studies of these hits identified a series of
novel thiophen-2-yl-pyrimidine congeners, which induce a potent and long-lasting paralysis of the
parasite. Moreover, compared to the originating compounds, which showed cytotoxicity values in
the low nanomolar range, these new derivatives were 1 — 4 orders of magnitude less cytotoxic

and exhibited weak or undetectable activity against mammalian MTs in a cell-based assay of

MT stabilization. Given their selective anti-schistosomal activity and relatively simple drug-like
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structures, these molecules hold promise as candidates for the development of new treatments for
schistosomiasis.
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Introduction:

Schistosomiasis, also known as snail fever or bilharzia, is a chronic and morbid parasitic
disease caused by trematode flatworms of the genus, Schistosoma. The major medically
important species are S. haematobium, S. mansoniand S. japonicum.: 2 The disease

is found in parts of the Middle East, South America, Southeast Asia and, particularly,
sub-Saharan Africa. With approximately 200 million people infected and as many as 770
million at risk, 34 the disease is found among populations with inadequate sanitation and
access to clean water.> 6 In spite of several efforts to develop vaccines for schistosomiasis,
current therapy relies on a single drug, the pyrazinoisoquinoline derivative, praziquantel
(PZQ).*7 Although PZQ is reasonably safe and effective,’- the drug has notable sub-
optimal features. For example, it is rarely curative at the single dose offered, suffers from a
rapid metabolism into inactive metabolites,”- 10 11 and has limited efficacy against immature
parasites, which prevents the use of the drug for chemoprophylaxis.”- 12: 13 Moreover,

the risk of possible emergence of resistance to PZQ remains a concern.”: 91415 The
development of alternative treatments is clearly desirable. In this context, a potentially
attractive, alternative drug target in schistosomes may be tubulin. Tubulin and microtubules
(MTSs) are essential constituents of the cytoskeleton in all eukaryotic cells and considered
potential drug targets to treat parasitic diseases,® including schistosome infections.17. 18
Tubulin is a highly conserved protein, and tubulin-containing structures (/.e., MTs) are
involved in many important cellular functions in all eukaryaotic cells. In schistosomes, MTs
play an essential role during membrane maturation, transport mechanisms, and secretory
activities that support the survival of the parasites in vitroand in vivo.l7-19 Interestingly,
a- and B-tubulin of S. mansoni exhibit significant amino acid sequence identity with
eukaryotic tubulin orthologues, including those from humans (~96% and ~91% identity,
respectively; Figure 1) suggesting that compounds which bind mammalian tubulin may
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interfere with MT-mediated functions in the parasite. Based on their mode of action, MT-
targeting compounds are typically divided in MT-stabilizing and -destabilizing agents, and
form a remarkably broad and structurally diverse group of molecules that include different
classes of natural products and non-naturally occurring small molecules.2® A comprehensive
evaluation of MT-active compounds from different classes as anti-schistosomal agents has
not been conducted before.

To investigate the potential of tubulin/MT-binding agents as possible anti-schistosomal
leads, we conducted an /n vitro phenotypic screen of several representatives of a
target-based library of MT-active compounds that interact with mammalian tubulin

either at the colchicine,?! vinblastine?2 23 (vinca) or taxol24 binding sites. This

effort led to the identification of members of MT-active triazolopyrimidines and
phenylpyrimidines that exhibit marked anti-schistosomal activity. Moreover, characterization
of the structure-activity relationship (SAR) and further derivatization of the most promising
phenylpyrimidine hits led to the discovery of novel thiophen-2-yl-pyrimidine congeners that
produce a pronounced and long-lasting paralysis of the parasite /n vitro at concentrations
that are not toxic to rapidly dividing HeLa and HEK?293 cells. Given their selective
anti-schistosomal activity, combined with their relatively simple drug-like structures,

these compounds offer novel starting points for the development of new treatments for
schistosomiasis.

The compound collection tested in our initial screening (20 entries, Table 1) comprised
molecules known to interact with mammalian tubulin either at the vinblastine (vinca),
taxol and colchicine binding sites. In addition to representative examples of MT-stabilizing
(7.e., paclitaxel, 1, and epothilone D, 2), and -depolymerizing (/.e., vinblastine, 3 and
colchicine, 4) natural products, several examples from non-naturally occurring classes of
tubulin-interacting small molecules, such as the pyridopyrazine?® (5 and 6), pyridazine3°
(7 and 8), imidazole3! (9 and 10), triazolopyrimidine32 (11-14) and phenylpyrimidine33
(15-20) classes, were also included.

Test compounds were evaluated using whole-organism screens of two developmental

stages of S. mansoni that infect humans, namely, adults (>42-days-old), which are
responsible for disease pathology by the eggs they produce, and post-infective larvae
(schistosomula or somules), which were freshly derived from infectious larvae (cercariae).
The parasite’s complex phenotypic responses to compound treatment, incorporating one or
more changes relating to shape, density and motility were observed as a function of time and
recorded using a constrained nomenclature of simple, and where possible, self-explanatory,
descriptors, as previously described (Table 1 and see Experimental Section).34-37 Descriptors
and their associated severity scores were assessed at 1 and 10 UM compound concentrations
for somules after 24 and 48 h, and at 5 uM for adults after 5, 24 and 48 h.

Compounds 1-4 exhibited relatively modest anti-schistosomal activity. Of these, the MT-
stabilizing compounds 1 and 2 were comparatively more active (caused degeneracy) than the
MT-depolymerizing agents, 3 and 4, against somules at 10 uM. However, all four natural
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products exhibited little or no activity when tested at 1 pM against somules and at 5 pM
against adults (Table 1).

Among the non-naturally occurring small molecules, examples of the pyridazines (7 and

8) and imidazoles (9 and 10) demonstrated significant activity against both developmental
stages. For example, these compounds produced degeneracy with severity scores as high

as 4 when tested at 10 pM against somules. Also, compounds 7-10 induced uncoordinated
movements and an inability of the adult parasite to adhere to the surface of the well

floor that contributed to severity scores of 2 or 3. In contrast, the pyridopyrazines 5 and

6 were essentially devoid of anti-schistosomal activity (severity scores of <1; Table 1).

The triazolopyrimidines (11-14) and phenylpyrimidines (15-20) generally produced high
severity scores of up to 4 at both 10 and 1 pM against somules, whereas adults were more
variably responsive with scores ranging from 0 to 4 (Figure 2A and B; Supplementary Video
2 for example responses of somules and adults, respectively, and Supplementary Video 1 for
adult DMSO controls). Taken together, these screening data indicate that schistosomes are
sensitive to MT-active compounds but that bioactivity depends on the class of molecules.
This suggests that the anti-schistosomal SAR may be different or not fully overlapping with
the anti-mitotic SAR in cancer cell lines.

Among the classes of MT-active compounds screened, the phenylpyrimidines were the
most promising due to their relatively potent activity against both developmental stages
of S. mansoni. Therefore, further SAR studies were focused on this class of compounds.
Phenylpyrimidines are well studied as MT-stabilizing agents with promising anti-cancer
activity both /n vitroand in vivo.3: 33 Several elements of the SAR that are necessary

for their anti-mitotic activity are understood, including the critical importance of a
nitrogen-containing heteroaromatic fragment linked at the C2 position of the pyrimidine
scaffold.33 Accordingly, to evaluate whether the observed anti-schistosomal activities of
the phenylpyrimidines could be separated from MT-stabilizing and anti-mitotic activity in
mammalian cells, a series of derivatives (21-32, Scheme 2 and Table 2) were synthesized
and tested, including examples bearing structural modifications expected to attenuate MT-
binding in mammalian cells.

The synthesis of the phenylpyrimidine derivatives was performed following established
procedures33 as highlighted in Scheme 2. The pyrimidine ring was accessed via
condensation reactions between the appropriately substituted diethylmalonate (33 or 34) and
heteroaryl amidine (35-39). The resulting 4,6-dihydroxypyrimidines were then converted

to the corresponding 4,6-dichlorides (40-45) upon treatment with phosphorus oxychloride.
Finally, reaction with appropriate amines led to the final products 21-25 and 27-31 while
the dehalogenated derivative, 26, was obtained via hydrogenation from 25. The deaminated
derivative, 32, was accessed by partial hydrogenolysis of the dichloride 44. Compound 25
was a crystalline material that enabled X-ray diffraction analysis (Scheme 2).
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Structure-activity relationships:

After synthesis, each of the test compounds was evaluated in the phenotypic assay for anti-
schistosomal activity (Table 2). For these compounds, we also employed a camera-based
assay called WormAssay38: 39 that measures average adult worm motility per well. Finally,
compounds were assessed in a previously described cell-based (HEK293) ELISA of MT-
stabilization (Table 2).40 Specifically, this assay measures compound-induced changes in the
levels of acetylated a-tubulin (AcTub) in cell-lysates. Because AcTub is a known marker of
stable MTs,*1 42 the assay provides a convenient measure of MT-stabilizing activity of test
compounds in the cellular milieu.*?

As shown in Table 2, the phenylpyrimidine congeners equipped with A-containing
heterocycles at C2, such as quinolin-2-yl (21), pyrazin-2-yl (22), and thiazol-2-yl (23),
generally increased the AcTub levels in HEK293 cells by ~2-4-fold at 1 uM. This
observation, which is in agreement with the anti-mitotic SAR,33 confirms that 21-23

act as relatively potent MT-stabilizers of mammalian tubulin. Against the parasite, these
phenylpyrimidines caused similar darker and uncoordinated changes in adult worms and/or
degeneracy in somules as previously noted for the other potent MT-active congeners,
15-20. In contrast, analogues bearing non-A-containing heteroaromatics at C2, such as
furan-2-yl (24) and thiophen-2-yl (25), were less potent in the AcTub assay as indicated

by the ~10-fold higher compound concentration, /.e., 10 uM, required to obtain comparable
elevations in AcTub levels (Table 2). Interestingly, although for 24, the attenuation in
MT-stabilizing activity in HEK293 cells appeared to correlate with a modest reduction in
anti-schistosomal activity of the type already noted for 15-22, in the case of thiophen-2-yI
derivative, 25, a strikingly different phenotype of paralysis (immobility) was recorded for
both developmental stages at most of the time points and concentrations tested (Table 2;
also, Figure 2C and Supplementary Video 3 for example responses of somules and adults,
respectively).

Because of the striking combination of the worm paralysis phenotype and the attenuation
of MT-stabilizing activity in mammalian cells, 25 was selected for further analogue design
and testing. Thus, 26-32 (Scheme 2 and Table 2) included replacement (28, 29 and 30),
removal (32) and inversion of the chiral configuration (27) of the amine fragment linked
at C4, as well as dehalogenation at C6 (26) and removal of the fluorinated phenyl ring at
C5 (31). Each of these modifications resulted in compounds that were unable to produce
statistically significant elevations in AcTub levels in HEK293 cells at either 1 or 10 uM
(Table 2). However, with the exception of the truncated analogues, 26, 31 and 32, parasite
paralysis of the type noted for 25 was observed for thiophen-2-yl congeners, 26-30.

For adult parasites, the paralysis induced by 25, 28 and 29 was concentration-dependent
with ECsgq values of ~1 uM after 5 h as measured by WormAssay (Table 2 and Figure
3A). In addition, after extensive washing (6X exchange of the incubation volume),
parasite motility was only partially recoverable depending on the compound and time

of measurement after washing (Figure 3B and Supplementary Figure 1). Observationally,
these worms had a severely decreased ability to flex and an inability to grasp the

well floor with their suckers (Supplementary Video 4 for 28) relative to age-matched
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controls (Supplementary Video 5). These results suggest that the thiophen-2-yl analogues,
exemplified by 25, induce long-lasting and, possibly, irreversible damage to the parasite.

Finally, because of the weak or undetectable activity of the thiophene-2-yl derivatives

in the HEK293 MT-stabilization assay, we reasoned that these phenylpyrimidines may

be significantly less cytotoxic to rapidly dividing mammalian cells compared to closely
related MT-active congeners. Indeed, the thiophene compounds 25-30 were 1-4 orders of
magnitude less cytotoxic than the MT-active pyrazole (22) and thiazole (23) congeners in
HEK?293 and HeLa cell cytotoxicity assays (Table 3).

Discussion:

MT-targeting compounds have been widely investigated in cancer chemotherapy.*3 In
addition, they are recognized as possible therapeutic agents to treat parasitic diseases,
including schistosomiasis, as tubulin/MTs play essential roles during trematode growth and
differentiation.16: 4446 The high level of identity observed between human and schistosomal
tubulin sequences provides the basis for assessing the anti-schistosomal activity of different
classes of compounds that are known to interact with mammalian tubulin/MTs.

To investigate the potential of tubulin-interacting compounds as anti-schistosomal leads,

we evaluated in phenotypic screens of S. mansonia collection of MT-active molecules

from different compound classes. For two developmental stages of the parasite, the
phenotypic screens identified several synthetic MT-active heterocycles that induced a variety
of phenotypic responses (Table 1). In particular, the triazolopyrimidines (e.g., 12) and
phenylpyrimidines (e.g., 19 and 20), which interact with mammalian tubulin at the vinca
domain (/.e., vinblastine binding site)23 and possess potent anti-mitotic effects against
mammalian cells,32 33 were among the most effective anti-schistosomals.

Although the data demonstrate that S. mansoni is sensitive to MT-targeting agents, any
clinical application of these potent anti-mitotic compounds for the treatment of infection
would be faced with the possibility of host toxicity that might ultimately result in dose-
limiting side-effects. This aspect is of particular importance in the case of schistosomiasis
for which the current drug, PZQ, is employed in communities with minimal medical
supervision. Interestingly, although the amino acid residues comprising the vinblastine site
are all conserved in schistosome tubulin (Figure 1), our screening data showed that different
vinca domain binders (Z.e., 3, 5-20) can in fact be variously active and/or produce drastically
different phenotypic responses. Moreover, our results revealed that the anti-mitotic activity
of these compounds in mammalian cells does not always correlate with anti-schistosomal
activity suggesting that differences may exist between mammalian cells and the parasite that
could be exploited to identify selective anti-schistosomal agents.

To investigate whether the anti-schistosomal activity of these compounds could be separated
from the anti-mitotic effects against mammalian cells, a focused set of phenylpyrimidine
analogues was synthesized. The set included examples that featured specific structural
changes that were expected to attenuate MT-stabilizing activity in mammalian cells. This
effort identified phenylpyrimidines bearing a thiophen-2-yl fragment at C2, 7.e., 25-32,

ACS Infect Dis. Author manuscript; available in PMC 2022 May 14.
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that (i) showed either a weak or undetectable ability to alter markers of stable MTs in
HEK?293 cells, (ii) were 1 — 4 orders of magnitude less toxic to HeLa and HEK293 cells,
and (iii) yet rapidly and potently paralyzed both developmental stages of S. mansoni with
ECsq values in the low uM range. Moreover, the paralysis induced was only partially
reversible suggesting a long-lasting and, perhaps, permanent duration of action, which,
under the dynamic of the host-parasite relationship /n vivo, might impair the parasite’s
ability to maintain position in the blood system and prove ultimately detrimental to parasite
survival. These results demonstrate that even minor modifications, as small as a single
atom replacement, in the structure of phenylpyrimidine MT-targeting agents (cf,, 23 and
25) result in derivatives that exhibit selective anti-schistosomal activity. Although the
phenotypic screen data do not provide a detailed insight into the mechanism of action of
thiophen-2-yl-pyrimidines and their interaction with parasite tubulin/MTs has not yet been
investigated, our findings suggest that, compared to their originating MT-binder congeners,
the thiophen-2-yl-pyrimidine derivatives may either interact selectively with parasite tubulin
and/or potentially engage one or more targets other than tubulin/MTs.

Conclusions:

Phenotypic screening of a series of compounds known to target mammalian tubulin/MTs
with the schistosome parasite identified different members of MT-active triazolopyrimidines
and phenylpyrimidines with marked anti-schistosomal activity. An assessment of the anti-
schistosomal SAR of phenylpyrimidines was conducted and compared with the previously
established MT-stabilizing and anti-mitotic SAR. This effort led to the synthesis, testing and
identification of structurally related thiophen-2-yl congeners that produce a rapid, potent
and sustained paralysis of the parasite at concentrations that do not cause significant MT-
stabilization or cytotoxicity in mammalian cells. Compounds of this type could form the
basis for the development of novel anti-schistosomal therapeutics.

Experimental section:

Sequence retrieval, alignment and phylogenetic analysis.

Sequence data were obtained from the NCBI refseq database (accession numbers provided
in parentheses). Homo sapiens alpha (AAA91576.1) and beta (AAC52035.1) tubulin
sequences were used to query the NCBI refseq database using BLASTP.4” MUSCLEZ25: 26
was used to build a multiple sequence alignment of a- and B-tubulin amino acid sequences
from Schistosoma mansoni (XP_018652548.1, XP_018652475.1), S. haematobium
(KAF1333866.1, XP_012794904.1), S. japonicum (CAX72946.1, TNN06284.1),
Drosophila pseudoobscura (XP_001359737.1, XP_001357842.1), Caenorhabditis elegans
(BAA22203.1, NP_509585.1), and Homo sapiens (AAA91576.1, AAC52035.1). A
maximum likelihood tree was inferred from a multiple sequence alignment of full-length
tubulin sequences using 1Q-TREE22 (v 2.0.6) and was midpoint-rooted. The phylogenetic
tree and alignment were then visualised using the interactive tree of life program (iTOL;
https://itol.embl.de).28
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All solvents were reagent grade. All reagents were purchased from Aldrich or Acros and
used as received. Thin layer chromatography (TLC) was performed with 0.25 mm E. Merck
precoated silica gel plates. Silica gel column chromatography was performed with silica gel
60 (particle size 0.040-0.062 mm) supplied by Silicycle and Sorbent Technologies. TLC
spots were detected by viewing under a UV light. Melting points (mp) were acquired on

a Mel-Temp Il (model: 1001) and are uncorrected. Infrared (IR) spectra were recorded on

a Bruker, model Alpha spectrometer (part number 1003271/03). Proton (*H) and Carbon
(13C) NMR spectra were recorded on a 500 MHz Bruker AMX-500 spectrometer or 600
MHz Bruker Avance 111 spectrometer. Chemical shifts were reported relative to solvents.
High-resolution mass spectra were measured using an Agilent 6230 time-of-flight mass
spectrometer (TOFMS) with Jet stream electrospray ionisation source (ESI). Single-crystal
X-ray structure determinations were performed Bruker MicroStar with an APEX Il detector,
double-bounce micro-focus optics and a Cu rotating anode source. Analytical reverse-phase
(Sunfire C18; 4.6 mm x 50 mm, 5 mL) high-performance liquid chromatography (HPLC)
was performed with a Gilson HPLC equipped with UV and mass detector. All samples were
analysed employing a linear gradient from 10% to 90% of CH3CN in water over 8 min and
flow rate of 1 mL/min, and unless otherwise stated, the purity level was >95%. Preparative
reverse-phase HPLC purifications were performed on a Gilson instrument employing Waters
SunFire preparative C1g OBD columns (5 pm 19 mm p 50 mm or 19 mm — 100 mm).
Purifications were carried out employing a linear gradient from 10% to 90% of CH3CN

in water with 0.1% formic acid for 15 min with a flow rate of 20 mL/min. Compounds

1, 3, 4 were commercially available, whereas 3, 5-20, had been synthesized previously

in our laboratories as part of a drug discovery program for Alzheimer’s disease.40 48, 49
Unless otherwise stated, all final compounds were found to be >95% pure as determined by
HPLC/MS and NMR.

(S)-6-chloro-2-(quinolin-2-yl)-5-(2,4,6-trifluorophenyl)-N-(1,1,1-
trifluoropropan-2-yl)pyrimidin-4-amine (21).—To a solution

of 2-(4,6-dichloro-5-(2,4,6-trifluorophenyl)pyrimidin-2-yl)quinoline (40)

(0.122 g, 0.30 mmol, 1 equiv) in DMF (2.6

mL) were added (5)-1,1,1-trifluoropropan-2-amine hydrochloride (0.179 g, 1.20 mmol, 4
equiv) and N, N-diisopropylethylamine (0.155 g, 1.20 mmol, 4 equiv). The reaction mixture
was stirred at 90 °C for 40 h, then partitioned between EtOAc and brine. The aqueous

phase was extracted with EtOAc (x3), and the combined organic layers were washed

with brine (x2), dried over MgSOQy, filtered and concentrated. Purification by reverse-

phase HPLC afforded the title compound as a white solid (0.022 g, 0.046 mmol, 15%).

1H NMR (500 MHz; CDCl3) 68.48 (d, /= 8.5 Hz, 1H), 8.37 (d, J= 8.5 Hz, 1H), 8.32 (d,
J=8.6 Hz, 1H), 7.89 (d, /= 8.1 Hz, 1H), 7.77 (td, J= 7.7, 1.3 Hz, 1H), 7.63-7.60 (m, 1H),
6.88 (dtt, J= 7.6, 5.1, 2.6 Hz, 2H), 5.45-5.38 (m, 1H), 4.65 (d, /= 9.2 Hz, 1H), 1.44 (d, J

= 7.0 Hz, 3H) ppm; 13C NMR (126 MHz; CDCl3) &164.25 (dt, J= 253.8, 15.0 Hz), 163.78,
161.62, 161.21, 160.94 (dddd, J= 252.7, 14.5, 9.1, 2.0 Hz), 153.79, 148.25, 137.07 , 131.08,
129.92, 128.88, 127.93, 127.56, 126.64, 124.40, 120.99, 105.20 (td, /= 21.0, 4.8 Hz),
104.24, 101.74 (tdd, J= 25.3, 20.3, 4.6 Hz), 48.31 (q, J= 31.5 Hz), 14.63 ppm; IR (KBr)

ACS Infect Dis. Author manuscript; available in PMC 2022 May 14.
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v 3432, 3265, 3121, 3004, 2953, 2924, 1637, 1575, 1557, 1402, 1275, 1180, 1141, 1122
cm~1; HRMS (ES™) calculated for CooH14CIFgN4 [M + H]* 483.0811, found 483.0814.

6-chloro-N-((3-methyl-3H-diazirin-3-yl)methyl)-2-(pyrazin-2-yl)-5-(2,4,6-
trifluorophenyl)-pyrimidin-4-amine (22).—To a solution of 4,6-
dichloro-2-(pyrazin-2-yl)-5-(2,4,6-trifluorophenyl)pyrimidine (41) (0.030 g,

0.084 mmol, 1 equiv) in anhydrous DMF (1.8 mL) (3-methyl-3H-diazirin-3-yl)methanamine
hydrochloride®® (0.011 g, 0.092 mmol, 1.1 equiv) and N, N-diisopropylethylamine

(0.032 g, 0.252 mmol, 3 equiv) were added and the reaction mixture was stirred

at RT for 3h. Then water was added and extracted with EtOAc (x2). The combined organic
layers were washed with brine (x3), dried over MgSOy, filtered and concentrated in vacuo.
Purification by flash chromatography (hexanes/EtOAc 100:0 to 60:40) afforded the title
compound as a light brown solid (0.026 g, 0.064 mmol, 76%). 1H NMR (600 MHz, CDCl3)
59.76 (d, J= 0.6 Hz, 1H), 8.77 (d, /= 1.5 Hz, 1H), 8.70 (d, J= 2.4 Hz, 1H), 6.75 (t, J= 7.8
Hz, 2H), 5.31 (t, J= 5.9 Hz, 1H), 3.61 (d, J= 6.2 Hz, 2H), 1.12 (s, 3H) ppm; 13C NMR (151
MHz, CDCl3) §164.00 (dt, /= 253.5, 15.1 Hz), 161.63, 161.58, 160.87 (ddd, /= 252.9,
15.0, 9.1 Hz), 160.77, 149.25, 145.99, 145.68, 144.44, 105.33 (td, /= 20.9, 4.6 Hz), 101.90-
100.98 (m), 44.83, 25.68, 18.13 ppm; IR v 3275, 1547, 1512, 1395, 1190, 1107, 820,

694 cm~1; HRMS (ES*) calculated for C17H11CIF3N7 [M + H]* 406.0789, found 406.0791.

(S)-6-chloro-2-(thiazol-2-yl)-5-(2,4,6-trifluorophenyl)-N-(1,1,1-trifluoropropan-2-
yl)pyrimidin-4-amine (23).—Synthesized as 21, starting from 2-(4,6-dichloro-5-(2,4,6-
trifluorophenyl)pyrimidin-2-yl)thiazole (42) (0.179 g, 0.494 mmol), (5)-1,1,1-
trifluoropropan-2-amine hydrochloride (0.296 g, 1.98 mmol) and N, A=
diisopropylethylamine (0.256 g, 1.98 mmol). Reaction mixture was stirred at 90 °C for

18 h. Purification by silica gel column chromatography (hexanes/EtOAc 80:20) afforded the
title compound as a white solid (0.065 g, 0.148 mmol, 30%). 1H NMR (600MHz, CDCl5)
68.00 (d, J= 3.2 Hz, 1H), 7.54 (d, /= 3.2 Hz, 1H), 6.78-6.70 (m, 2H), 5.35-5.28 (m,

1H), 5.28-5.23 (m, 1H), 1.39 (d, J= 6.8 Hz, 3H) ppm; 13C NMR (151 MHz, CDCl3) &
165.71, 164.06 (dt, J=254.1, 15.5 Hz), 161.13, 160.90, 161.98-159.67 (m), 158.55, 145.22,
125.45 (q, J=283.2, 280.1 Hz), 123.74, 105.02 (td, J= 20.5, 5.2 Hz), 104.35, 102.47-99.18
(m), 48.24 (q, /= 31.4 Hz), 14.22 ppm; IR (KBr) v 1578, 1554, 1544, 1439, 1272, 1148,
1121, 1032, 796 cm™L; HRMS (ES*) calculated for C1gH1oCIFgN,S [M + H]* 439.0213,
found 439.0207.

(S)-6-chloro-2-(furan-2-yl)-5-(2,4,6-trifluorophenyl)-N-(1,1,1-trifluoropropan-2-
yh)pyrimidin-4-amine (24).—Synthesized as 21, starting from 4,6-dichloro-2-
(furan-2-yl)-5-(2,4,6-trifluorophenyl)pyrimidine (43) (0.076 g, 0.22 mmol),
(5)-1,1,1-trifluoropropan-2-amine hydrochloride (0.132 g, 0.88 mmol) and N,A-
diisopropylethylamine (0.114 g, 0.88 mmol). Reaction mixture was stirred at 90

°C for 40 h. Purification by reverse-phase HPLC afforded the title compound

as a beige solid (0.021 g, 0.050 mmol, 23%). 1H NMR (500 MHz; CDCl5)

67.63-7.63 (m, 1H), 7.35 (dd, J= 3.4, 0.7 Hz, 1H), 6.89-6.83 (m, 2H), 6.56 (dd, J=

3.5, 1.7 Hz, 1H), 5.32-5.22 (m, 1H), 4.50 (d, J= 9.4 Hz, 1H), 1.38 (d, /= 7.0 Hz, 3H) ppm;
13C NMR (126 MHz; CDCl3) 6164.15 (dt, /= 253.5, 15.0 Hz), 161.06 (ddd, J= 252.1,
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9.3, 4.1 Hz), 160.95 (ddd, J= 252.6, 9.1, 3.7 Hz), 160.76, 160.49, 157.04, 151.15, 145.80,
125.47 (q, J= 281.6 Hz), 115.18, 112.39, 105.30 (td, J= 21.0, 4.8 Hz), 102.14, 101.64 (tdd,
J=25.7, 21.3, 4.3 Hz), 90.49, 56.76, 50.42, 48.05 (q, J= 31.6 Hz), 14.61 (d, J= 1.5 Hz)
ppm: IR (KBr) v3320, 2999, 2962, 2919, 2857, 1636, 1594, 1550, 1490, 1183, 1144, 1123
cm™L; HRMS (ES*) calculated for C17H1CIFgN3O [M + H]* 422.0495, found 422.0499.

(S)-6-chloro-2-(thiophen-2-yl)-5-(2,4,6-trifluorophenyl)-N-(1,1,1-
trifluoropropan-2-yl)pyrimidin-4-amine (25).—Synthesized as

21, starting from 4,6-dichloro-2-(thiophen-2-yl)-5-(2,4,6-trifluorophenyl)pyrimidine

(44) (0.067 g, 0.18 mmol), (5)-1,1,1-trifluoropropan-2-amine

hydrochloride (0.110 g, 0.74 mmol) and N, A-diisopropylethylamine (0.096 g, 0.74 mmol).
Reaction mixture was stirred at 90 °C for 72 h. Purification by reverse-phase HPLC afforded
the title compound as a white solid (0.024 g, 0.055 mmol, 30%). X-ray quality crystals

were obtained by slow evaporation from a diethyl ether/pentane solution (see Supporting
Information): mp (diethyl ether/pentane) 121-123 °C. CCDC 1946855. IH NMR (600 MHz,
CDCl3) 68.02 (d, /= 3.7 Hz, 1H), 7.51 (d, /=5.0 Hz, 1H), 7.14 (t, J= 4.4 Hz, 1H), 6.92—
6.84 (m, 2H), 5.31-5.19 (m, 1H), 4.44 (d, J= 9.4 Hz, 1H), 1.39 (d, J= 7.0 Hz, 3H) ppm;
13C NMR (151 MHz, CDCl3) 6 164.07 (dt, J= 253.4, 15.2 Hz), 160.99 (ddd, J= 252.8,

9.7, 5.5 Hz), 160.88 (ddd, J= 246.8, 8.3, 5.9 Hz), 160.87, 160.46, 160.30, 142.02, 131.04,
130.39, 128.37, 125.44 (q, J=281.6 Hz), 105.28 (td, /=21.1, 4.2 Hz), 101.66 (qd, J=

25.8, 4.2 Hz), 48.02 (q, J= 31.7 Hz), 14.61 ppm; IR (KBr) v 3353, 2923, 1637, 1556, 1527
cm™1; HRMS (ES*) calculated for C17H11CIFgN3S [M + H]* 438.0261, found 438.0262.

(S)-2-(thiophen-2-yl)-5-(2,4,6-trifluorophenyl)-N-(1,1,1-trifluoropropan-2-
yhpyrimidin-4-amine (26).—To a solution of (S)-6-chloro-2-(thiophen-2-
y)-5-(2,4,6-trifluorophenyl)- A-(1,1,1-trifluoropropan-2-yl)pyrimidin-4-amine (25) (0.020
g, 0.046 mmol, 1 equiv) in degassed MeOH (1 mL) was added sodium

acetate (0.0075 g, 0.091 mmol, 2 equiv) and Palladium on carbon 10 wt.% (0.030 g, 0.028
mmol, 0.6 equiv). Hydrogen was bubbled in the solution and reaction mixture was stirred
under hydrogen atmosphere at room temperature for 48 hours. Then, mixture was filtered,
concentrated and the crude was purified by silica gel column chromatography (hexanes/
EtOAc 97:3) to obtain the title compound as a white solid (0.004 g, 0.001 mmol, 22%). 1H
NMR (600 MHz, CDCl3) 6§8.16 (s, 1H), 7.99 (d, /= 3.6 Hz, 1H), 7.48 (d, /= 5.0 Hz, 1H),
7.14 (t, J= 4.4 Hz, 1H), 6.90-6.84 (m, 2H), 5.39-5.28 (m, 1H), 4.46 (d, /= 9.3 Hz, 1H),
1.41 (d, J= 7.0 Hz, 3H). 13C NMR (151 MHz, CDCls3) §160.98, 158.67, 157.55, 143.38,
130.07, 129.23, 128.37 (d, /= 26.0 Hz), 128.76-121.25 (m), 104.04, 101.61 (qd, J= 26.1,
4.2 Hz), 47.30 (q, J= 31.3 Hz), 14.68 ppm; IR (KBr) v 1572, 1562, 1439, 1376, 1137, 1120,
1032 cm™1; HRMS (ES™) calculated for C17H12FgN3S [M + H]* 404.0651, found 404.0648.

(R)-6-chloro-2-(thiophen-2-yl)-5-(2,4,6-trifluorophenyl)-N-(1,1,1-
trifluoropropan-2-yl)pyrimidin-4-amine (27).—Synthesized as

21, starting from 4,6-dichloro-2-(thiophen-2-yl)-5-(2,4,6-trifluorophenyl)pyrimidine

(44) (0.077 g, 0.213 mmol), (A)-1,1,1-trifluoropropan-2-

amine (0.127 g, 0.853 mmol) and N, A-diisopropylethylamine (0.110 g, 0.853

mmol). Purification by silica gel column chromatography (hexanes/EtOAc 100:0 to 90:10)
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afforded the title compound as a white solid (0.013 g, 0.030 mmol, 14%). 1H NMR (600
MHz, CDCl3) 68.02 (dd, J= 3.7, 1.3 Hz, 1H), 7.51 (dd, /= 5.0, 1.2 Hz, 1H), 7.14 (dd, J=
5.0, 3.7 Hz, 1H), 6.92-6.84 (m, 2H), 5.31-5.19 (m, 1H), 4.44 (d, J= 9.3 Hz, 1H), 1.39 (d, J
= 7.0 Hz, 3H) ppm; 13C NMR (151 MHz, CDCls) §164.07 (dt, J= 253.2, 15.1 Hz), 161.97—
161.58 (m), 160.88, 160.46, 160.31, 160.11 (ddd, J= 14.9, 8.8, 5.7 Hz), 142.03, 131.03,
130.39, 128.36, 125.43 (g, J= 281.6 Hz), 105.51-104.95 (m), 102.00-101.25 (m), 48.03 (q,
J=31.5 Hz), 14.61 ppm; IR (KBr) v 1674, 1593, 1579, 1554, 1440, 1395, 1140, 1121, 1035
cm™L; HRMS (ES*) calculated for C17H11CIFgN3S [M + H]* 438.0261, found 438.0261.

(R)-6-chloro-N-(3-methylbutan-2-yl)-2-(thiophen-2-yl)-5-(2,4,6-
trifluorophenyl)pyrimidin-4-amine (28).—To a solution

of 4,6-dichloro-2-(thiophen-2-yl)-5-(2,4,6-trifluorophenyl)pyrimidine (44) (0.100

g, 0.277 mmol) in anhydrous DMF (2.0 mL) was added (/)-3-methylbutan-2-amine (0.051
g, 0.581 mmol) and the reaction mixture was stirred at room temperature for 1 h. Then water
was added and the mixture was extracted with EtOAc (x2). The organic layers were washed
with brine (x3), dried over MgSOQy, filtered and concentrated. Purification by silica gel
column chromatography (hexanes/EtOAc 98:2) afforded the title compound as a white solid
(0.123 g, 0.026 mmol, 89%). 1H NMR (600 MHz, CDCl3) §7.99 (dd, J= 3.8, 1.5 Hz, 1H),
7.47 (dd, /=5.1, 1.5 Hz, 1H), 7.12 (dd, /= 5.0, 3.6 Hz, 1H), 6.86 (t, /= 8.1 Hz, 2H), 4.31
(d, J= 8.6 Hz, 1H), 4.30-4.22 (m, 1H), 1.87-1.78 (m, 1H), 1.12 (d, /= 6.5 Hz, 3H), 0.88
(dd, /= 6.9, 3.7 Hz, 6H) ppm; 13C NMR (151 MHz, CDCl3) §163.69 (dt, J= 252.4, 15.0
Hz), 160.95 (dddd, J= 251.5, 29.8, 15.0, 9.2 Hz), 160.87, 160.84, 159.12, 142.84, 130.30,
129.65, 128.12, 106.09 (td, J=21.2, 4.9 Hz), 101.37 (tdd, /= 25.9, 21.5, 4.0 Hz), 100.74,
52.01, 32.83, 18.51, 18.27, 17.16 ppm; IR (KBr) v 1568, 1554, 1432, 1395, 1121, 1001, 842
cm™1; HRMS (ES*) calculated for C1gH1gCIF3N3S [M + H]* 412.0857, found 412.0852.

(S)-6-chloro-N-(3-methylbutan-2-yl)-2-(thiophen-2-yl)-5-(2,4,6-
trifluorophenyl)pyrimidin-4-amine (29).—Synthesized as

28, starting from 4,6-dichloro-2-(thiophen-2-yl)-5-(2,4,6-trifluorophenyl)pyrimidine (44)
(0.100 g, 0.277 mmol) and (S)-3-methylbutan-2-amine (0.051 g, 0.581 mmol). Purification
by silica gel column chromatography (hexanes/EtOAc 98:2) afforded the title compound

as a white solid (0.092 g, 0.022 mmol, 71%). 1H NMR (600 MHz, CDCl3) 68.00 (d, /=
3.7 Hz, 1H), 7.47 (d, J=5.0 Hz, 1H), 7.12 (t, /= 4.3 Hz, 1H), 6.85 (t, /= 8.2 Hz, 2H), 4.33
(d, /=8.4 Hz, 1H), 4.31-4.24 (m, 1H), 1.87-1.79 (m, J= 6.8 Hz, 1H), 1.13 (d, /= 6.8 Hz,
3H), 0.91-0.86 (m, 6H) ppm; 13C NMR (151 MHz, CDCl3) §163.73 (dt, /= 252.5, 15.0
Hz), 161.00 (dddd, /= 251.7, 29.0, 14.9, 9.0 Hz), 160.91, 160.89, 159.17, 142.88, 130.35,
129.70, 128.17, 106.13 (td, /= 21.0, 4.6 Hz), 101.43 (tdd, /= 26.0, 22.0, 4.2 Hz), 100.78,
52.02, 32.87, 18.55, 18.31, 17.22 ppm; IR (KBr) v 1569, 1553, 1432, 1394, 1120, 1031, 842
cm~1; HRMS (ES*) calculated for C1gH1gCIF3N3S [M + H]* 412.0857, found 412.0857.

6-chloro-N-((3-methyl-3H-diazirin-3-yl)methyl)-2-(thiophen-2-yl)-5-(2,4,6-
trifluorophenyl)-pyrimidin-4-amine (30).—Synthesized as 22, starting

from 4,6-dichloro-2-(thiophen-2-yl1)-5-(2,4,6-trifluorophenyl)pyrimidine (44) (0.059
g, 0.16 mmol), (3-methyl-3H-diazirin-3-yl)methanamine hydrochloride>®

(0.040 g, 0.33 mmol) and triethylamine (0.067 g, 0.66 mmol,
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4 equiv). Purification by reverse-phase HPLC afforded the title compound as a white

solid (0.019 g, 0.046 mmol, 28%). 1H NMR (600 MHz, CDCls3) §8.08 (dd, /= 3.7, 0.9 Hz,
1H), 7.51 (dd, J= 5.0, 0.9 Hz, 1H), 7.15 (dd, J= 4.8, 3.9 Hz, 1H), 6.86 (dd, /= 8.5, 7.0 Hz,
2H), 4.50 (s, 1H), 3.50 (d, J= 6.2 Hz, 2H), 1.12 (s, 3H) ppm; 13C NMR (151 MHz, CDCl5)
5163.94 (dt, /= 253.1, 16.6 Hz), 161.06, 161.00 (ddd, /= 252.1, 15.0, 9.1 Hz), 160.97,
159.74, 142.41, 130.82, 130.29, 128.36, 105.67 (td, /= 21.1, 4.7 Hz), 101.96-100.98

(m), 45.01, 25.79, 18.13 ppm; IR v3275, 1540, 1512, 1395, 1190, 1042, 820, 772, 689
cm™L; HRMS (ES*) calculated for C17H11CIF3NsS [M + H]* 410.0449, found 410.0444.

(S)-6-chloro-2-(thiophen-2-yl)-N-(1,1,1-trifluoropropan-2-yl)pyrimidin-4-amine
(31).—Synthesized as 21, starting from 4,6-dichloro-2-(thiophen-2-yl)pyrimidine (45)
(0.116 g, 0.502 mmol), (5)-1,1,1-trifluoropropan-2-amine (0.227 g, 2.01 mmol) and N,N-
diisopropylethylamine (0.260 g, 2.01 mmol). Reaction mixture was stirred at 90 °C for 18

h. Purification by silica gel column chromatography (hexanes/EtOAc 98:2) afforded the title
compound as a white solid (0.024 g, 0.078 mmol, 15%). 1H NMR (600 MHz, CDCl3) §7.96
(d, J=3.8 Hz, 1H), 7.46 (d, J=5.1 Hz, 1H), 7.11 (t, J= 4.5 Hz, 1H), 6.28 (s, 1H), 5.06-4.99
(m, 2H), 1.43 (d, J= 7.1 Hz, 3H) ppm; 13C NMR (151 MHz, CDCl3) §162.27, 161.11,
160.14, 142.24, 130.52, 129.88, 128.23, 125.54 (q, J= 282.0 Hz), 101.48-100.60 (m),
48.62-47.39 (m), 14.65 ppm; IR (KBr) v 1586, 1562, 1442, 1379, 1136, 1102, 1019, 714
cm~1; HRMS (ES™) calculated for C11H1oCIF3N3S [M + H]* 308.0231, found 308.0229.

4-chloro-2-(thiophen-2-yl)-5-(2,4,6-trifluorophenyl)pyrimidine (32).—To a solution
of 4,6-dichloro-2-(thiophen-2-yl)-5-(2,4,6-trifluorophenyl)pyrimidine (44) (0.050 g, 0.138
mmol, 1 equiv) in degassed methanol (0.9 mL) was added sodium acetate (0.023 g, 0.277
mmol, 2 equiv) and Palladium on carbon 10% (0.015 g, 0.0138 mmol, 0.1 equiv). Hydrogen
was bubbled into the mixture and then reaction was stirred under hydrogen atmosphere for
20 h. The reaction mixture was filtered, concentrated, and the crude material was purified by
silica gel column chromatography (hexanes/EtOAc 97:3) to obtain the title compound as a
white solid (0.022 g, 0.067 mmol, 49%). 1H NMR (600 MHz, CDCl3) 68.54 (s, 1H), 8.10
(dd, /=3.7, 1.4 Hz, 1H), 7.56 (dd, /=5.0, 1.4 Hz, 1H), 7.17 (dd, J=5.1, 3.7 Hz, 1H), 6.86—
6.80 (m, 2H) ppm; 13C NMR (151 MHz, CDCl3) §163.60 (dt, /= 253.3, 15.3 Hz), 161.93,
161.11, 160.59 (ddd, J= 252.0, 15.0, 8.8 Hz), 159.63, 141.29, 131.76, 131.03, 128.73,
119.49, 108.69-106.20 (m), 100.98 (td, /= 25.3, 5.5 Hz) ppm; IR (KBr) v 1594, 1573,
1535, 1439, 1403, 1121, 1034 cm™1; HRMS (ES*) calculated for C14H7CIF3N,S [M + H]*
326.9965, found 326.9963. Diethyl 2-(2,4,6-trifluorophenyl)malonate (33). To a suspension
of NaH (60 % in mineral oil, 1 equiv) in anhydrous 1,4-dioxane (previously degassed with
N>) (1.75 mol/L from aryl bromide derivate) at 60 °C under N, was slowly added diethyl
malonate (9.13 g, 57 mmol, 3 equiv) and 2-bromo-1,3,5-trifluorobenzene (4.00 g, 19 mmol,
1 equiv). Purification by silica gel column chromatography (hexanes/EtOAc 70:30) afforded
the title compound as a colourless oil (3.668 g, 12.64 mmol, 66%). *H NMR (500 MHz,
CDCl3) 66.71 (t, J= 8.8 Hz, 2H), 4.90 (s, 1H), 4.26 (q, J= 7.1 Hz, 4H), 1.28 (t, /= 7.2 Hz,
6H) ppm.

2-(4,6-dichloro-5-(2,4,6-trifluorophenyl)pyrimidin-2-yl)quinoline (40).—A mixture
of diethyl 2-(2,4,6-trifluorophenyl)malonate (33) (0.250 g, 0.86 mmol, 1 equiv), quinoline-2-
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carboximidamide hydrochloride (35) (0.187 g, 0.903 mmol, 1.05 equiv) and tributylamine
(0.172 g, 0.929 mmol, 1.08 equiv) was stirred in a sealed tube at 180 °C for 1 h. After
cooling at 110 °C, phosphorus oxychloride (0.396 g, 2.58 mmol, 3 equiv) was added
dropwise and the mixture was stirred at 100 °C for 16 h. Then, the reaction was cooled

to RT and slowly diluted with a mixture of water and toluene (8.6 ml, 6:5). The aqueous
phase was extracted with EtOAc (x3), and the combined organic layers were washed with
brine (x2), dried over MgSO4, filtered, and concentrated. Purification by silica gel column
chromatography (hexanes/EtOAc 100:0 to 80:20) afforded the title compound as a white
solid (0.135 g, 0.332 mmol, 35%). IH NMR (500 MHz; CDCl3) 68.55 (d, /= 8.6 Hz,
1H), 8.35 (d, /= 8.5 Hz, 1H), 8.31 (d, J= 8.6 Hz, 1H), 7.84 (d, J= 8.1 Hz, 1H), 7.75 (td,
J=17.7,1.3Hz, 1H), 7.59 (t, J= 7.5 Hz, 1H), 6.84 (dd, J= 8.5, 7.3 Hz, 2H) ppm; 13C
NMR (126 MHz; CDCl3) 6164.15 (dt, J= 253.4, 15.0 Hz), 164.14, 163.49, 160.22 (ddd,
J=252.4,15.2,9.0 Hz), 151.78, 148.25, 137.42, 131.02, 130.16, 129.02, 128.42, 127.54,
121.56, 120.98, 107.01 (td, J= 20.5, 4.7 Hz), 101.28-100.84 (m) ppm; MS (ES*) calculated
for C1gHgCIoF3N3 [M + H]* 406.01, found 406.17.

4,6-dichloro-2-(pyrazin-2-yl)-5-(2,4,6-trifluorophenyl)pyrimidine33 (41).—A
mixture of diethyl 2-(2,4,6-trifluorophenyl)malonate (33) (0.679 g, 2.34 mmol) and
pyrazine-2-carboximidamide hydrochloride (36) (0.390 g, 2.46 mmol) and tributylamine
(0.468 g, 2.53 mmol, 1.08 equiv) was stirred in a sealed tube at 180 °C for 1 h. After cooling
at 110 °C, phosphorus oxychloride (1.08 g, 7.02 mmol, 3 equiv) was added dropwise and
the mixture was stirred at 100 °C for 16 h. Then, the reaction was cooled to RT and

slowly diluted with a cold mixture of water and dichloromethane (10 ml, 1:1). The agueous
phase was extracted with EtOAc (x3), and the combined organic layers were washed with
brine (x2), dried over MgSOy, filtered, and concentrated. Purification by silica gel column
chromatography (hexanes/EtOAc 100:0 to 70:30) afforded the title compound as a brown
solid (0.252 g, 0.706 mmol, 30%). 1H NMR (600 MHz, CDCl3) §9.74 (d, J= 1.3 Hz, 1H),
8.84 (dd, J= 2.5, 1.5 Hz, 1H), 8.77 (d, J= 2.4 Hz, 1H), 6.91-6.83 (m, 2H) ppm; 13C NMR
(151 MHz, CDCl3) §164.31 (dt, J=254.0, 15.1 Hz), 163.71, 162.40, 160.24 (ddd, J=
252.7,15.2, 8.9 Hz), 147.44, 146.98, 146.05, 144.95, 122.30, 106.76 (td, /= 20.6, 4.9 Hz),
101.47-100.97 (m) ppm.

2-(4,6-dichloro-5-(2,4,6-trifluorophenyl)pyrimidin-2-yl)thiazole (42).—A mixture
of diethyl 2-(2,4,6-trifluorophenyl)malonate (33) (0.600 g, 2.07 mmol, 1 equiv),
isothiazole-5-carboximidamide hydrochloride (37) (0.355 g, 2.17 mmol, 4 equiv), and
tributylamine (0.172 g, 0.929 mmol, 1.08 equiv) was stirred in a sealed tube at 180 °C for 1
h. After cooling at 110 °C, phosphorus oxychloride (0.952 g, 6.21 mmol, 3 equiv) was added
dropwise and the mixture was stirred at 100 °C for 16 h. Then, the reaction was cooled to
RT and slowly diluted with a mixture of CH,Cl, and water (1:1). The aqueous phase was
extracted with CH,Cl, (x1), the combined organic layers were washed with brine (x3), dried
over MgSOQy, filtered and concentrated. Purification by silica gel column chromatography
(hexanes/EtOAc 90:10) afforded the title compound as a brown solid (0.196 g, 0.541 mmol,
26%). 1H NMR (600 MHz, CDCl3) §8.12 (d, /= 3.1 Hz, 1H), 7.67 (d, /= 3.1 Hz, 1H),
6.90-6.82 (m, 2H) ppm; 13C NMR (151 MHz, CDCls) §163.40, 163.11 (dt, /= 610.2,
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15.6 Hz), 159.57-159.36 (m), 159.35, 146.09, 125.24, 121.66, 106.82 (td, J= 20.1, 4.5 Hz),
101.78-99.98 (m) ppm.

4,6-dichloro-2-(furan-2-yl)-5-(2,4,6-trifluorophenyl)pyrimidine33 (43).—
Synthesized as 40, starting from diethyl 2-(2,4,6-trifluorophenyl)malonate (33) (0.250 g,
0.86 mmol) and furan-2-carboximidamide hydrochloride (38) (0.132 g, 0.903 mmol).
Purification by silica gel column chromatography (hexanes/EtOAc 100:0 to 90:10) afforded
the title compound as a white solid (0.076 g, 0.220 mmol, 26%). 1H NMR (500 MHz;
CDCl3) §7.68 (s, 1H), 7.48 (d, J= 3.5 Hz, 1H), 6.85-6.79 (m, 2H), 6.60 (dd, /= 3.5, 1.7
Hz, 1H) ppm; 13C NMR (126 MHz; CDCls3) 6§ 164.07 (dt, J= 253.2, 15.2 Hz), 162.74,
160.37 (ddd, J=252.1, 15.0, 8.9 Hz), 157.27, 149.69, 147.08, 118.70, 117.42, 113.00,
107.18 (td, /= 20.9, 4.7 Hz), 100.99 (td, /= 26.3, 3.3 Hz) ppm; MS (ES*) calculated for
C14HgCIoF3NLo0 [M + H]+ 344.98, found 345.09.

4,6-Dichloro-2-(thiophen-2-yl)-5-(2,4,6-trifluorophenyl)pyrimidine (44).—
Synthesized as 40, starting from diethyl 2-(2,4,6-trifluorophenyl)malonate (33) (0.250 g,
0.86 mmol) and thiophene-2-carboximidamide hydrochloride (39) (147 mg, 0.903 mmol).
Purification by silica gel column chromatography (hexanes/EtOAc 100:0 to 90:10) afforded
the title compound as a white solid (0.097 g, 0.269 mmol, 31%). 1H NMR (500 MHz;
CDCl3) 68.13 (dd, /= 3.7, 1.0 Hz, 1H), 7.61 (dd, J=5.0, 1.0 Hz, 1H), 7.18 (dd, /= 4.8, 3.9
Hz, 1H), 6.87-6.81 (m, 2H) ppm; 13C NMR (126 MHz; CDCl5) & 162.50, 161.66, 140.15,
132.90, 132.17, 128.87, 118.46, 101.04 (td, J= 26.3, 3.3 Hz) ppm; MS (ES™) calculated for
C14H6C|2F3N28 [M + H]+ 360.96, found 361.02.

4,6-dichloro-2-(thiophen-2-yl)pyrimidine (45).—Synthesized as 42, starting from
diethyl malonate (0.281 g, 1.76 mmol) and thiophene-2-carboximidamide hydrochloride
(39) (0.300 g, 1.84 mmol), purification by silica gel column chromatography (hexanes/
EtOAC 99:1 to 97:3) afforded the title compound as a white solid (0.114 g, 0.493 mmol,
28%). IH NMR (600 MHz, CDCl3) 68.06 (d, /= 3.7 Hz, 1H), 7.56 (d, /= 5.0 Hz, 1H),
7.17-7.12 (m, 2H) ppm; 13C NMR (151 MHz, CDCls) §162.08, 161.85, 140.42, 132.38,
131.65, 128.68, 118.04 ppm.

Maintenance of the S. mansoni life cycle.

The parasite (NMRI isolate) was maintained by passage though Biomphalaria glabrata
(NMRI isolate) snails and female LVG Golden Syrian hamsters (infected at 4-6 weeks of
age) as intermediate and definitive hosts, respectively.34 51 The preparation and maintenance
of somules (schistosomula; post-infective larvae)3# 5253 and adults34 54 have been
described. Use of hamsters was in accordance with a protocol approved by the Institutional
Animal Care and Use Committee (IACUC) at the University of California, San Diego.

In vitro phenotypic screening of S. mansoni somules and adults.

Somule screens were performed as described in 200 ul Basch medium (Basch, 1981)
supplemented with 4% heat-inactivated FBS, 100 U/ml penicillin and 100 pg/ml
streptomycin in 96-well round-bottomed plates (Corning Inc., cat. # 3799).34 35 Adult
screens (approximately five males and 2 females /well) were performed in 2 ml of the same
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medium in 24-well plates (Corning Inc., cat. # 3526), as described.34 35 Compounds were
added in a volume of up 1.0 ul DMSO for somule screens and from 0.5 to 2 ul DMSO for
adult screens with extensive mixing. Incubations were maintained for up to 48 h at 37 °C
and 5% CO,. Parasite responses to compound were observed at the indicated time-points in
Tables 2 and 3 using a Zeiss Axio Vert Al inverted microscope. Images and movies were
recorded using a Zeiss AxioCam MRc digital camera controlled by Zen 2 (blue edition)
software.

The parasite’s complex phenotypic responses to compound treatment, incorporating one or
more changes in shape, density and motility were observed over time and recorded using

a nomenclature of simple descriptors (Table 1).34-37 To allow for the partially quantitative
comparisons of compound effects on the parasite, each descriptor was typically given a
value of 1 and these were added up to yield a “severity score’ with a score of 4 (Scheme
1).35.37. 55 Descriptors recording severe phenotypes, /.., death, degeneracy, or for adult
parasites specifically, damage to the surface tegument, were automatically awarded the
highest score of 4. Paralysis (here meaning immobility) was awarded a score of 2. For adult

parasites, WormAssay was also employed to quantify the average motility of worms per
well,38. 39

Maintenance of HeLa and HEK?293 cells.

The HelLa and HEK 293T cell lines (American Type Culture Collection, ATCC) were
cultured in DMEM (Invitrogen) supplemented with 10% FBS (Gibco, Carlsbad, CA) and
penicillin-streptomycin (1%) at 37 °C and 5% CO,.

In vitro HeLa and HEK 293T cytotoxicity screenings.

The inhibition of cancer cell proliferation was determined using the Promega CellTiter-Glo®
reagent (G7572) according to the manufacturer’s recommendation. Compounds in 100%
DMSO were diluted in 50 uL. DMEM medium in 96-well plates (Corning 3903); a further 50
uL of cells in DMEM were added such that the final DMSO concentration was 1%. Eight-
point concentration-response assays (depending on the initial ECsq value, ranging from 50
UM to 0.39 uM or from 4 uM to 0.8 nM) were set up. HeLa or HEK 293T cells were then
diluted to 1x10° cells/mL in DMEM and dispensed into the previously prepared 96-well
plates at 50 puL per well. After 48 h at 37 °C and 5% CO,, cells were lysed by the addition of
100 pL/well of Cell-titer Glo®. Luminescence was measured in a 2104 EnVision® multilabel
plate reader (PerkinElmer). The activity of test compounds was normalized to controls from
the same plate. CCsgq values, /.e., the concentration of compound required to inhibit cell
growth by 50%, were calculated using GraphPad Prism software, version 8.3.0 for macOS.
Unless otherwise indicated with an asterisk, each assay was performed as singletons in three
experimental replicates and means + SD values are shown.

HEK?293 MT-stabilization assay.

Test compounds were assessed for MT-stabilizing activity using the established HEK293
cellular assay in which of acetyl-tubulin levels were measured in cell lysates by ELISA 4 h
after compound addition, as previously described.40: 48
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Figure 1. Phylogenetic comparison of a- and p-tubulins from key eukaryotic species.
(A) Full-length alignment of a- and B-tubulin amino acid sequences from S. mansoni, S.

haematobium, S. japonicum, Drosophila pseudoobscura, Caenorhabditis elegans and Homo
sapiens. (B) a- and B-tubulin amino acid residues in the proximity of the vinblastine
binding site, which is at the interface between the B1 and a.2-tubulin subunits. Amino acid
residues in contact with a triazolopyrimidine (compound 1 in Ref. 23) in the 5NJH crystal
structure23 are highlighted in blue. The alignment of full-length tubulin sequences was built
using MUSCLE?5: 26 and served as the input for the construction of a maximum likelihood
phylogenetic tree using 1Q-TREE2.27 The interactive tree of life program (iTOL)28 was
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used to visualise the phylogenetic tree and sequence alignment. The scale bar represents an
approximate value for the amino acid substitution rate.
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Figure 2. Schistosoma mansoni somules 24 h after incubation with example phenylpyrimidines at
10 uM.

(A) DMSO control (0.5% final concentration), (B) 15, which causes degeneracy, and (C) 25,
which causes rounding and immobility such that the parasites pack closely together in the
round-bottomed well.
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Figure 3.

(A) Concentration-dependent paralysis of adult S. mansoni after a 5 h exposure to
phenylpyrimidine compounds 25, 28 and 29 at concentrations ranging from 0.31 to 10 uM.
Aggregate worm motility was measured using WormAssay’s Consensus Voting Luminance
Difference algorithm that detects changes in the occupation and vacancy of pixels between
a group of video frames.38 Assays were performed at least three times, each as a singleton,
and data are expressed as means = SD values relative to the 0.5% DMSO control: * <0.05,
**1p<0.01 and ***p <0.001 by the unpaired Student’s #test. (B) S. mansoniadult worm
motility remains suppressed even after removal of 25, 28 or 29. Parasites were preincubated
with 0.5% DMSO or 2 uM of test compound for 5 h. Just prior to exchanging the incubation
volume six times (Time 0), worm motility was measured by WormAssay and then again at
24 and 48 h after the exchange. Assays were performed twice, each in duplicate, and data
are expressed as means + SD values relative to the DMSO controls: *p <0.05, **p <0.01,
*** 1 <0.001 and ****p <0.0001 by the unpaired Student’s #test.
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1 ;I

Scheme 1: Severity scores and associated color scheme used in Tables 1 and 2.
The descriptors that contribute to the severity score are presented in Tables 1 and 2 with a

glossary of the terms used in the footnote to Table 1.
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(@) () tributylamine, 180 °C, 1 h; (/i) phosphorus oxychloride, 110 °C, 16 h, 26-44% over
two steps; (b) appropriate amine, DMF, rt to 90 °C, 1-72 h, 15-100%; (c) 26 or 32, sodium
acetate, Pd/C, Hy, MeOH, 20-48 h, 22-49%.
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Phenotypic alterations expressed as descriptors and their associated severity score color for S. mansoni

somules and adults upon exposure to MT-active agents.

Somules Somules Adults
a a a
(1 uM) (10 pM) (5 uM)

Cpd# Structure 24 h 48 h 24 h 48 h 5h 24 h 48 h
1 N N Dark N Unc N
2 N N Unc N N N
3 N N N R, dark N N N
4 N N N N S N N
5 N N N N N Unc Unc

of F
/N =
6 E L ¢ N N N N N N Unc
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Somules Somules Adults
a a a
(1 uM) (10 pM) (5 uM)
Cpd# Structure 24 h 48 h 24 h 24 h 48 h
7 N Dark
a
8 N Dark ITE, G Unc, on sides
sides !
cl
9 cl A N N
]
s >_§:?
N /
a F o—
cl
10 Cl § N N I, B Unc, on sides | Unc, on sides
5 sides ' '
N
F F
CF 3
i F
11 Ny~ Unc, on sides
€ f* = F
NT N7
CF, H
NHT O~ Ny
12 Mgy 3
<.
NJ\N af
CF, |
NHT O~ N
13 N~y
<.
NZ P F
CF, o
NHF OWN\)
14 My =S Dark Unc Dark, unc Dark, unc, on
¢ i sides
NT P
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Somules Somules Adults
a a a
(1 uM) (10 pM) (5 uM)
Cpd# Structure 5h 24 h 48 h
CF
NHF F
=
15 N N| _ ; Dark, unc Dark, unc
= N7l
¢y
N
CF,
kNHr F
= .
16 N N| _ ; S, on sides
[‘j)‘n cl
N/
CF,
e F
17 NS Slight shrunk
N ! = F
| = N Cl
=
CF, |
NHF O\/\VN'\.
S .
18 v U s SSugt | sight shrunk
NT
€
N
CF 4 |
kMHF O\/"\\/N\.
NS S, slight S, slight
19 Ng ! o F N shrunk shrunk
|
o
CF, H
NHF O‘\/‘\/N‘\.
N7
2 N l = F
| = ] Cl
=
PZQ
DMSO

aThe descriptors and their respective abbreviations are: normal (N); round (R); on sides (adult male worms unable to use oral and/or ventral sucker
to adhere to the floor of the well); uncoordinated movements (unc); shrunk (adult worms are not flexing and are smaller than usual); dark; slow (S);
immobile (1); degenerate (deg); damage to the surface tegument (teg dam); dead (D). Each descriptor is given a value of 1, except for deg and teg

dam which are given the maximum value of 4 and | which is given a value of 2. Data are from a minimum of two experiments each in duplicate and
representative data are shown.
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Table 3.

Cytotoxicity of phenylpyrimidine analogues against HeLa and HEK293 cells.

HeLa HEK?293
CCsg (uM)a + SD values | CCs (uM)a + SD values
Cpd# 48h 48h
12 0.011 £ 0.379 0.028 + 0.165
22 0.04 £0.012 0.050 £ 0.010
23 0.006 + 0.001 0.008 + 0.002
25 1.66 +0.612 1.27 £ 0.106
26 > 100 >50*
27 27.7+10.4 29.4*
28 17.4 +2.00 26.8*
29 8.78 +1.39 29.1*
30 3.89+1.86 1.27 £ 0.035

a . . . . . . .
Half maximal cytotoxicity concentrations (CCs() were determined from eight-point dose-response curves. Assays were conducted as singletons
in three experimental replicates and the means + SD values are reported except for those marked with an asterisk (*) which are the means of two

experimental replicates. Compound 12 (cevipabulinaz) was used as a positive control.
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