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Anti-Schistosomal activity and ADMET properties
of 1,2,5-oxadiazinane-containing compound
synthesized by visible-light photoredox catalysis+t
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The incorporation of saturated nitrogen-containing heterocycle 1,2,5-oxadiazinane into small molecules
represents a compelling avenue in drug discovery due to its unexplored behavior within biological systems
and incomplete protocols for synthesis. In this study, we present 1,2,5-oxadiazinane, an innovative
heterocyclic bioisostere of piperizin-2-one and novel chemotype of the anti-schistosomal drug
praziquantel (PZQ), which has been the only clinical drug available for three decades. PZQ is associated
with significant drawbacks, including poor solubility, a bitter taste, and low metabolic stability. Therefore,
the discovery of a new class of anti-schistosomal agents is imperative. To address this challenge, we
introduce a pioneering method for the synthesis of 1,2,5-oxadiazinane derivatives through the
cycloaddition of nitrones with N,N,N',N'-tetraalkyldiaminomethane in the presence of an Ir'"" complex
photosensitizer. This transformative reaction offers a streamlined route to various kinds of 1,2,5-
oxadiazinanes that is characterized by mild reaction conditions and broad substrate scope. Mechanistic
investigations suggest that the photoredox pathway underlies the [3 + 3] photocycloaddition process. Thus,
based on bioisosteric replacement, we identified a remarkable molecule as a new chemotype of a potent
anti-schistosomal compound that not only exhibits superior solubility, but also retains the potent biological

rsc.li/medchem activity inherent to PZQ.
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Introduction

As vital scaffolds for designing and developing novel drugs,
saturated nitrogen-containing heterocycles have immense
potential for the field of drug development.” Their sp* hybridized
atoms, providing three-dimensional shapes in drug candidates
and facilitating multiple interactions with biological systems, are
key to the effectiveness of these molecules.”” Moreover, they can
significantly improve the pharmacokinetic/pharmacodynamic
(PK/PD) properties of drug candidates, thereby increasing their
clinical success rates.* Given these promising attributes, the
proposition of novel synthetic methodologies for saturated
nitrogen-containing heterocycles is not just fascinating, but a
compelling avenue of investigation.>

Our research has been focused on the prospect of
integrating a saturated nitrogen-containing heterocycle, 1,2,5-
oxadiazinane, instead of the incumbent moiety piperazin-2-
one, which is present in FDA-approved drugs. Notable
examples include the anti-schistosomal agent praziquantel
(PZQ),"*** along with the antiretroviral drugs dolutegravir,
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bictegravir, and cabotegravir,'® which are renowned for their
efficacy against human immunodeficiency virus (HIV)
(Scheme 1a). This approach, which can be advocated as a
bioisosteric replacement strategy, revolutionizes drug design
by ingeniously replacing an atom or functional group with
another. This method not only improves the physicochemical
and ADMET (absorption, distribution, metabolism, excretion,
and toxicity) properties of molecules, but maintains their
biological efficacy.'”'® The pharmaceutical agents referenced
above belong to biopharmaceutics classification system (BCS)
class II, which is characterized by high permeability and low
solubility.’® Consequently, their gastrointestinal dissociation
rates are sluggish, leading to limited bioavailability. In such
instances, bioisosteric replacement has proven effective in
enhancing the intrinsic properties of these drugs.

Of particular interest is PZQ, which has been exclusively
employed as a therapeutic agent for schistosomiasis—one of the
neglected tropical diseases—for over three decades, with no other
agent surpassing it to this day.’* However, despite its long-
standing clinical use, PZQ is plagued by unresolved issues,
including low solubility,*"** poor metabolic stability,”® and a
bitter taste.®® In 2012, the Global Health Innovative Technology
Fund (GHIT), along with Merck & Co., Inc., the Bill and Melinda
Gates Foundation, and the European & Developing Countries
Clinical Trials Partnership (EDCTP), established the Pediatric
Praziquantel Consortium to address this challenge.*® Through
their dedicated efforts, they successfully developed arPraziquantel
(L-praziquantel), a chiral switch for PZQ, as well as orodispersible
tablets. In 2023, they received a positive scientific opinion on
arPraziquantel from the European Medicines Agency (EMA).>**’
Very recently, in 2024, Sprague, Marchant, and colleagues merely
discovered a new chemotype of anti-schistosomal agent.*®
Regarding the low solubility of PZQ in aqueous media, the
carbonyl group of the piperazin-2-one ring does not appear to
increase the solubility of PZQ, as the molecule contains rings that
lack polarity or are weakly polarized. However, crystallographic
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analyses indicate that the carbonyl oxygen of piperazin-2-one
plays a pivotal role in mediating intermolecular hydrogen
bonding, thereby contributing to the overall aggregation and
reduced solubility.”® Although replacing the piperazine ring with
the piperazin-2-one ring of PZQ presents a viable strategy for
disrupting these hydrogen-bonding interactions, it unfortunately
results in a complete loss of biological activity in the resulting
piperazine derivative.**>*®  This underscores the critical
importance of the carbonyl oxygen within the piperazin-2-one
ring of PZQ for exerting its anti-schistosomal effects.
Consequently, the prospect of bioisosteric replacement within
PZQ by substituting the piperazin-2-one ring with a 1,2,5-
oxadiazinane ring presents a significant challenge. However, it
remains feasible due to the non-classical isosteric relationship
between divalent ether oxygen and the carbonyl group.*® The
embedded oxygen atom can compensate for the role of the
carbonyl oxygen, maintaining essential interactions with the
Schistosoma target molecule while ameliorating the solubility
provided by the weakened intermolecular hydrogen bonding
attributed to the carbonyl oxygen of the piperazin-2-one ring in
PZQ.

In this study, we present a pioneering approach to bioisosteric
replacement wherein the piperazin-2-one ring is replaced with
the 1,2,5-oxadiazinane ring to yield a new chemotype of potent
anti-schistosomal molecule, an unprecedented achievement
(Scheme 1b). To build a 1,2,5-oxadiazinane ring, we developed
efficient cycloaddition reactions between a diverse array of
nitrones and N,N,N',N-tetraalkyldiaminomethanes in the
presence of iridium(m) complex photosensitizer (Ir'" complex)
(Scheme 1c). This methodology facilitated the synthesis of a wide
range of 1,2,5-oxadiazinane derivatives. In contrast, thermal
reactions®* and an ultraviolet-induced process* are challenging.
Furthermore, we elucidated the plausible mechanism underlying
the photocycloaddition reaction and demonstrated the scalability
of our approach by performing gram-scale synthesis of a
1,2,5-oxadiazinane derivative utilizing a custom-designed
photochemical flow reactor. The present integrated study not only
expands the chemical diversity accessible through bioisosteric
replacement, but offers practical insights into the synthesis and
mechanistic understanding of 1,2,5-oxadiazinane derivatives.

Results and discussion
Reaction optimization

Initially, we screened Ir'™ complexes I-XI to evaluate their abilities
to promote the cycloaddition reactions of nitrone 1a (50 mM)
with N,N,N',N-tetramethyldiaminomethane (2a) (500 mM) under
high-intensity light irradiation (12 W white LEDs), leading to the
formation of 1,2,5-oxadiazinane 3aa (Table 1). Notably, in the
absence of an I complex, no reaction was observed, and 1a was
recovered (entry 1). Ir'™ complexes I and II yielded only trace
amounts of 3aa (entries 2 and 3), whereas I complexes III, IV,
V, and VI exhibited limited promotion of the cycloaddition
reactions, resulting in low yields of 3aa (entries 4-7) and the
formation of dimethylamine as a byproduct. Ir'™ complex VII
facilitated the desired reaction to afford a moderate yield of 3aa

This journal is © The Royal Society of Chemistry 2024
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Table 1 Screening of photosensitizers®
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hv (12 W white LEDs)

°~,Q p Me  Me I or Ru'' complex I-XI (2.5 mM) Ph" N 'Oj Me
PhJ T e N MNwe CHyCly, 1t, 6 h ph)\/N«Me TR
1a 2a 3aa
(50 mM) (500 mM)
RS PFe I:R'= R?= R%= R*= H, R°= CF3 2 2PFg
RT A R* II: R'= F, R?= R%= H, R*= CF;, R%= CF; \J )]

» LR IlI: R'= R?= R%= R*= R%= H Z‘&\N V2| xzecn
R, [ N IV: R'= R?= R%= R*= H, R%= t-Bu ’ :RU:N xi- Zon
R g V:R'= R2= R%= Ré= H, R%= OMe [P :

N SAgs VI:R'= F, R?= H, R%= H, R*= CF3, R%= H /\[ )

% " VII: R'= F, R%= H, R®= H, R*= CF3, R%= t-Bu z

R3 R VIIl: R'= F, R?= H, R3= H, R%= CF3, R%= OMe X-XI

IX: R'=F, R?= H, R®= CF3, R*= H, R OMe

Entry M Yield (%) Ex4 (MM /MY Eyp® (MM
1°¢ None 0 None None
2 I Trace +1.22 -0.88
3 II Trace +1.65 -0.79
4 m 21 +0.81 -1.31
5 v 19 +0.66 -1.51
6 A 17 +1.03 -1.44
7 VI 16 +0.97 -1.23
38 il 67 +1.21 -1.37
9 VIII 86 +1.41 -1.26
10° VIII 82 +1.41 -1.26
11/ VIII 46 +1.41 -1.26
12 IX 65 +1.37 -1.26
13% X 0 +0.77 -1.33
148 XI 0 +1.45 -0.80

“ Experiments were conducted using nitrone 1a and N,N,N’,N'-tetramethyldiaminomethane (2a) in deaerated CH,Cl, employing an Ir'"" complex
and irradiated with a 1-m LED strip (1 = 400-780 nm, 12 W, 60 white LEDs per m). b'M = 1Ir or Ru.  Isolated yield. 4 Electrical potentials are
provided in ref. 34, 35, and the ESL;} with units in volts. © 0.5 mM of VIII was used, and the reaction time was 94 h. 100 mM of 2a was used.

¢ The reaction time was 24 h.

(entry 8), whereas I'" complex VI emerged as the optimal
mediator, resulting in a good yield of 3aa (entry 9). Reducing the
amount of VI slowed the reaction, which was complete in 94
hours, yielding 3aa in a comparable yield to entry 9 (entry 10).
Decreasing the concentration of 2a (100 mM) led to a decrease in
the yield of 3aa (entry 11). Compared with VIII, which features a
CF; group at position 5, the newly prepared I complex IX, with
a CF; group at position 4 of the pyridine ring in the ppy ligand,
decelerates the desired reaction, resulting in a lower yield of 3aa
(entry 12). Conversely, ruthenium(n) (Ru") complexes X and XI
were not suitable as photochemical mediators (entries 13 and
14). Considering the redox potential of the excited states [E*
(r"™#/1r"™) and E* (Ru™/Ru")] and ground states [Ey, (I'"™/1r") and
Eyj, (Ru"/Ru")] of the Ir'™ complexes and Ru" complexes,®" the
ideal complex should function as a potent oxidizing reagent for
2a and a powerful one-electron-reducing reagent for the reaction
intermediate. Ultimately, Ir'™" complex VII emerged as the
optimal photosensitizer, distinguished by its remarkable
oxidizing ability [F* (Ir'"™*/Ir") = +1.41 V] and one-electron-
reducing ability [Ey, (Ir'"/Ir'") = -1.26 V] (Fig. S3, Tables S2 and
S$31). The presence of fluorine groups in the ppy ligands of Ir'™
complexes VI-IX likely reduces the phosphorescence radiative
rate constant and spin-orbit coupling strength of the
photoexcited species.®® The above-mentioned photophysical
phenomena would lead to an increased triplet lifetime of the Ir'™
complexes, ultimately improve the reaction efficiency.
Additionally, the screening results suggest that I complexes

This journal is © The Royal Society of Chemistry 2024

play a crucial role in facilitating a reductive quenching process
that promotes photocycloaddition.”” Furthermore, 1a was
recovered in the absence of 2a, indicating the absence of
photodecomposition and the stability of 1a in the presence of the
photoexcited I'™™ complex. This accentuates the indispensable
role of 2a in inducing the desired reaction. Employing CH,Cl, as
the solvent yielded the best results compared to other solvents
(MeCN: 8 h, 65% yield; MeOH: 25 h, 29%).

Scope

Having established the optimized reaction conditions, our
investigation focused on exploring the scope of nitrones 1b-1u
and N,N,N,N'-tetraalkyldiaminomethanes 2b-2d (Scheme 2).
Reactions involving 1b-1l, featuring aryl, heteroaryl, and
cyclohexyl groups as R', and 2a gave 3ba-3la, with low to
moderate yield. Notably, N-tert-butyl nitrone 1m and n-extended
derivatives 1n-1s, which are susceptible to decomposition
under UV irradiation,® underwent successful cyclization to
afford 3ma-3sa in this visible-light-driven reaction. Reactions
employing cyclic nitrones 1t and 1u proceeded smoothly,
yielding tricyclic 3ta and tetracyclic 3ua products. N,N,N',N-
tetraalkyldiaminomethanes 2b-2e in reactions with 1a, 1t, and
1u yielded 3ab, 3tb, 3ub, 3uc, 3ud, and 3ue in low to reasonable
yields. We successfully conducted single-crystal X-ray diffraction
analysis of 3ab and determined the relative stereochemistry of
3ue as trans in NMR.

RSC Med. Chem., 2024, 15, 4001-4010 | 4003
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ﬂ or 1\ ﬂ + A R! R‘ | H
R! R! R3\/N\/N\/R3 CHCly, rt R3 H,NvRs
1a-1s 1t, 1u 2a-2e
(50 mM) (500 mM) 3aa-32d
E .0 E £ £ =) E .0
N N NTTY
Neye ~ Nevie ~ N-Me
\_s \_o
3ba 3ga
6 h, 86% (Table 1) 1h,75% 2 h, 84% 6h, 76% 15 h, 52%
Me
E .0 E §o) E o) o ©\ o)
NN NN NON >kN NN
N. N. N. N.
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F. cl Me
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Me Me Me OO Me O Me
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Diaminomethane Scope
@ ' o o
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.0 N
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' O "
3ab CCDC 2224678 3tb 3ub 3uc 3ud 3ue
8h, 59% 8h, 59% 6h, 52% 6h,61% 6h, 25% 3 h, 38% (only trans)
Scheme 2 Scope of nitrones and N,N,N',N'-tetraalkyldiaminomethanes. Reaction conditions: nitrone 1 (50 mM), N,N,N'N'-

tetraalkyldiaminomethane 2 (500 mM), and Ir'"" complex VIII (2.5 mM)
LEDs per m). All products were isolated.

Mechanistic study

To elucidate the reaction mechanism of the formal [3 + 3]
photocyclization, we conducted quenching experiments on Ir'™
complex VII The emission of VIII was attenuated upon
addition of 1a and 2a, yielding Stern-Volmer plots (Scheme 3a)

in CH,Cl,, irradiated using the LED strip (1 = 400-780 nm, 12 W, 60 white

and uncovering Stern-Volmer constants (Ksy) of 1.01 x 10* M™*
for 1a and 2.86 x 10° M' for 2a. Notably, the molar
concentration of 2a (500 mM) was 10-times higher than that of
1a (50 mM), resulting in a quenching efficiency ratio of 1:2.8
for Ksy [1a]: Ksy [2a]. This finding suggests that the quenching
biases 2a rather than 1a. Deaerated CH,Cl, was essential,

a (3
@ 35 ©) H Rl“ RS Proton transfer
3 y = 1.01E+04x + 1.00E+00 ’{‘ R Elimination R
25 R2=9.81E-01 Cyclization 3
o
- R1J\/ R4
ey 2 RERE Y R1)\( R ‘_\‘ )
= B 1 | 3 ) ’
R3_N.__N_R? S ’
1 y = 2.86E+03x + 1.00E+00 Mg
05 R = 1.00E+00 h K —N\/R“
0 |l e | H o
0 000005 0.0001 0.00015 0.0002 0.00025
[Q1 (M) SET SET
(b) Proton transfer Proton transfer
"
5.00E-06 ks
y = 1.05E-08x i
_ [4.00=:06 R = 9.98E-01 R2
£ 3.00E-06 N+ R R
= 10 2. 23 2 y 3
S 2.00E-06 ) OORCORE D R 10 RAN© vaR R% -0 rN\/R
‘RI_N._N_R? N. - N.
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Irradiation time / s

Scheme 3 (a) Quenching Ir'"" complex VIII (4.00 x 10 M in CH,Cl,) emission by adding quencher (Q) 1a (®) and 2a (a). (b) The rate of formation
of product (3aa) in the reaction of 1a (50 mM) with 2a (500 mM) in the presence of VIl (2.5 mM) in CH,Cl,. (c) A plausible mechanism for the

photocycloaddition.
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indicating that the reaction requires the triplet excited state of
VIII. Subsequently, the quantum yield for the formation of 3aa
(P3aa) Was determined by dividing the rate of 3aa formation
(1.05 x 107® mol s™) by the rate of Fe(u) production (4.63 x 107®
Einsteins s ') during the photolysis of Ks[Fe(C,0,):],°%*
resulting in a value of 0.23 (Scheme 3b). As the quantum yield
was less than 1.00, we excluded the non-photochemical radical
chain mechanism. We updated the data for the photophysical
properties of VI due to an unclear E;, (Ir'/Ir") value in our
previous study.’® Therefore, we further scrutinized the cyclic
voltammetry conditions in analyzing VIII and determined the
electrochemical potentials for the ground state of Ir'™ complex
vl [E€ ('"/1r'") = -1.26 V versus Fe/Fe' in CH;CN; B2 (Ir'™/1r™) =
+1.30 V versus Fc/Fe¢' in CH;CN]. The 0-0 transition frequency
of VIII was reported previously to be 2.67 V.*° Thus, the excited
state potential of Ir' complex VII* can be calculated as E*
(r+™/1r") = +1.41 V versus Fe/Fe'" in CH;CN and E* (Ir*"/1r"Y) =
~1.37 V versus Fe/Fc¢' in CH,CN. The potential of 2a [E, (2a/
2a™) = +0.52 V versus Fc/F¢' in CHZ;CN] was reported
previously.”” We observed that the electrochemical potential of
1a ranged from -1.60 V to +1.70 V versus Fc/F¢' in CH;CN,
consistent with the reported potentials of (Z)-N-
(phenylmethylene)methanamine N-oxide.*' The triplet energies
of VIII and 1a are within a narrow range, noted at 2.67 eV (ref.
40) and 2.0 eV,** respectively. This suggests the feasibility of
energy transfer between the photoexcited VIII and the ground
state 1a, and potentially leads to the decomposition of 1a under
suitable conditions. However, in the absence of 2a, no
decomposition of 1a occurred in the presence of VII under
visible-light irradiation (4 = 400-780 nm), indicating that energy
transfer did not occur. Considering the electron transfer
between 1a and the Ir species,"**” it is conceivable that this
process is reversible in our investigation, consistent with the
findings of those who developed and elucidated the [3 + 3]
dipolar cycloaddition of nitrones with aryl cyclopropanes via
visible-light acridinium-based organophotoredox catalysis.**”
Based on these findings, we propose a plausible reaction
mechanism in Scheme 3c. The ground state Ir'™ complex
(1r"™) absorbs light to generate the photoexcited Ir"" complex
(1r*"), which oxidizes 2 via SET, followed by proton transfer
to generate the a-aminoalkyl radical A and the ground state
It complex (Ir'"). a-Aminoalkyl radical A is generated in a
regioselective manner based on a stereoelectronic rule.***
Nitrone 1 traps A to form the resonance-stabilized radical B.
Subsequently, B receives an electron from the ground state
I'"" and a proton, yielding N-benzylhydroxylamine C and
regenerating the ground state Ir'™". N-Benzylhydroxylamine C
then cyclizes, accompanied by proton transfer to one of the
tertiary amine nitrogens, releasing the secondary amine D.

111

Flow synthesis and derivatization

To achieve multi-gram-scale synthesis of a target molecule
in drug discovery, we developed the photochemical flow
reactor and applied it to the reaction of 1t (11.6 mmol) with
2b (Scheme 4). The reaction proceeded smoothly, yielding

This journal is © The Royal Society of Chemistry 2024
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I Phj (Ph Ir complex VIII (2.5 mM) N ¢ Ph
+ N N _— N_Ph + N
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1t 2b 3tb

(50 mM) (500 mM) 58% (6.70 mmol, 1.88 g)

&r@

60%

OH)Z/C (0.2 eq.), Hy (1 atm)

Sahel

THF (0.05 M), 50 °C, over night

Scheme 4 Gram-scale photoflow synthesis of 3tb and preparation of
4. LED tape length, 4 m (60 LEDs per m); PTFE tube O.D. 1.59 mm, I.D.
0.8 mm, 3.75 m; average flow rate 0.0420 mL min™*; total amount of
liquid fed, 231 mL; residence time, 45 min.

1.88 g (6.70 mmol) of 3tb in a single photochemical flow
operation (Fig. S27). Subsequently, we employed 518 mg (1.85
mmol) of 3tb for acylative debenzylation in the presence of
cyclohexanecarboxylic anhydride, Pd(OH),/C, under a
hydrogen atmosphere, thereby completing the synthesis of 4.

Biological activity

Our ongoing investigation focused on evaluating and
comparing the anti-schistosomal activities of 4 and PZQ against
Schistosoma mansoni (Table 2; see ESIf for videos of the worm
movement). Remarkably, 4 exhibited comparable activity and a
rapid onset of action against adult worms. Marchant and
colleagues have conducted meticulous research to elucidate the
interaction of PZQ with the transient receptor potential ion
channel of the melastatin subfamily of S. mansoni, Sm.
TRPMp,0.*® According to their recent findings, the piperazin-2-
one carbonyl of PZQ forms a crucial hydrogen bond with Sm.
TRPMpq, contributing to binding energy."®” Therefore, the
remarkable biological activity of 4 is particularly surprising, as it
lacks this essential functional group.

ADMET property

Next, we comprehensively assessed the melting point, solubility,
membrane permeability, stability under acidic pH, and
metabolic stability of 4 to evaluate its potential as a lead
compound in the discovery of a new chemotype demonstrating
an anti-schistosomal effect (Table 3). Comparing the melting
points of PZQ" and 4, we noted that 4 exhibited a significantly
lower melting point, indicating weaker molecular packing.>*%
£4748 The log D value of PZQ could not be estimated due to its
limited solubility in phosphate-buffered saline (PBS) at pH 7.4.
In contrast, 4, a new chemotype, demonstrated sufficient
solubility in PBS, yielding a favorable value of 4.1, which is
suitable for oral administration.* Consequently, 4 is expected
to have enhanced solubility in PBS at pH 7.4. Conversely, due to
its significantly low solubility, PZQ was not detected in high-
performance  liquid chromatography with  ultraviolet
detection.”®?' To elucidate the notable solubility of 4, we
assessed its molecular polarity by calculating the dipole
moments of both PZQ and 4 (Fig. S67).>° These computational
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Table 2 Comparison of the biological efficacy of 4 and PZQ against S. mansoni®

Motility and survival of the worms®®*

Compound” Adult (&) Adult (Q)

1h 24 h 120 h 1h 24 h 120 h
PZQ 3.7 3.7 3.3 3.7 3.3 3.3
4 3.0 3.0 3.0 2.0 2.0 2.3
None/ 0 0 0 0 0 0

¢ Mice were inoculated with approximately 250 cercariac and underwent a 6-week incubation period. Subsequently, the mice were euthanized
to harvest the adult schistosomes from the mesenteric veins using tweezers or by perfusion. All procedures were performed in compliance with
the ethical guidelines of the Kitasato University Animal Experiment Ethics Committee (approval no. 2022-074, 2023-123).  The molar
concentration of compounds was 10 uM. © The motility and survival of the worms were evaluated based on a 0 to 4 viability scale: 0 indicated
full motility with worms adherent to the well bottom; 1 indicated partial detachment with weak movement; 2 represented full detachment with
weak movement; 3 was characterized by no pairing and varied movement intensity, or no movement but still alive; 4 denoted deceased worms.
A treatment was deemed lethal if no worm movement was observed for 1 minute. Data are presented as the mean of three independent
experiments. ¢ The health status of the adult worms, including their motility and mortality, was assessed using an inverted microscope. ¢ Post-

treatment, the parasites were monitored daily for 5 days (120 hours).” DMSO served as the vehicle control.

studies were performed using the B3LYP hybrid functional and
a 6-31G** basis set within Gaussian16.’" The solvent effects of
water were considered using the polarizable continuum model
with the integral equation formalism variant (IEFPCM). The
computations yielded dipole moment values of 1.97 debye for
PZQ and 3.96 debye for 4. The dipole moment value of 4 was
significantly larger than that of PZQ, corroborating its
substantially greater solubility in polar solvents compared to
PZQ. In permeability studies employing the Caco-2 cell assay, 4
demonstrated adequate permeability through human epithelial
cells.***>>%3 Evaluation of its stability under acidic pH revealed
resilience despite the presence of the N,0O-acetal structure. We
then investigated the metabolic stability of both PZQ and 4 in
liver microsomes. Although PZQ underwent faster metabolism
than expected,”*® 4 exhibited even greater attenuation than
PZQ, in contrast to our initial expectations.

We also performed a cell viability assay in HeLa cells and
found no detrimental effects when comparing 4 and PZQ
(Fig. 1a). Furthermore, we performed a cardiac safety assay
using human induced pluripotent stem cell (iPSC)-derived
cardiomyocytes, iCell® Cardiomyocytes®,> to compare the
cardiotoxic effects of 4 with those of PZQ. PZQ and 4 were
added to cardiomyocytes, and the resulting calcium ion influx
was monitored using a fluorescent indicator. This process
generated calcium (Ca”") oscillation profiles (Fig. 1b). The Ca**
flux signal in each well provided a view of the beating profiles

of the cardiac cells over 20 seconds for both untreated cells and
cells treated with PZQ or 4. The peak height (amplitude)
represents the maximum change in calcium flux during a
cardiac cycle; a higher peak amplitude suggests stronger
contraction of the cardiac cells, whereas a lower peak amplitude
indicates weaker contraction. The peak width represents the
duration of the calcium transient. A broader peak indicates
longer duration of calcium presence, suggesting prolonged
contraction or slower relaxation of the cardiomyocytes.
Conversely, a narrower peak indicates a shorter contraction
time or quicker relaxation. These metrics provide valuable
insights into the timing of the cardiac cycle and are crucial for
evaluating the potential of compounds to prolong the QT-
interval, which is associated with the onset of arrhythmias. We
evaluated the impact of E-4031, a known human ether-a-go-go-
related gene (hERG) channel blocker, as a positive control,
which induced significant cardiac toxicity (Fig. $81).>>*® Upon
addition of PZQ at various concentrations (0.2 uM, 2 uM, 20
M), no changes in the pulse waveforms or beat intervals were
observed within the 60 minutes before and after addition. In
contrast, the addition of 20 pM of 4 did not alter the pulse
waveforms, but resulted in shortened beat intervals for 60
minutes. At 2 puM of 4, the pulse waveforms remained
unchanged, but a slight shortening of beat intervals was
observed for up to 30 minutes post-addition, eventually
reverting to the pre-addition state within 60 minutes (Fig. S97).

Table 3 Comparing log D, melting point, solubility, membrane permeability, stability under acidic pH, and metabolic stability of 4 versus PZQ

Caco-2 cell Remaining ratio (%) in
permeability” acidic and neutral media“ Remaining ratio (%) in liver microsomes
pH 1.2 pH 7.4 Human Mouse
Comp. M.p. (°C) log D* Sol.“ Papp Class 1h 5h 1h 5h 10 min 60 min 10 min 60 min
PZQ 136-1387  N.E. N.D¢ 373 High 931 950 1032 1001  87.5 49.8 11.5 0.1
4 106-107 4.1 Z95 30.5 High 95.1 94.9 95.2 93.3 47.3 5.9 2.7 0.2

“ PBS (pH 7.4) was used as the buffer. ” Employing a well-established method demonstrated in ref. 53 that measured the rate of flux of
compounds across polarized Caco-2 cell monolayers (Papp: x 10™® cm s). © A disintegration testing instrument and conditions were utilized for
the evaluation. ¢ Reported value in ref. 13. ¢ N.E. stands for “not estimated”.” N.D. stands for “not detected”. ¢ Insoluble in water.
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Pre-addition Post-addition (60 minutes after adding PZQ)
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Fig. 1
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>
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(a) The cell viability assay was performed by treating Hela cells with solutions of PZQ and 4 in DMSO, followed by addition of WST-8 [2-(2-

methoxy-4-nitrophenyl)-3-(4-nitrophenyl)-5-(2,4-disulfophenyl)-2H-tetrazolium, monosodium salt] after 48 hours and measuring absorbance at
450 nm. Error bars are indicated for each result. (b) In the cardiac safety assay, each peak corresponds to the contraction of cardiomyocytes
detected through the influx of calcium ions into the cardiomyocytes using the fluorescent indicator (EarlyTox™ Cardiotoxicity kit) and depicted
based on its fluorescence intensity. Solutions of PZQ and 4 in DMSO were tested with three samples for each concentration (n = 3): wells 1, 2, and
3 for 20 uM PZQ; wells 4, 5, and 6 for 2 uM PZQ; wells 7, 8, and 9 for 0.2 uM PZQ; wells 10, 11, and 12 for 20 uM 4; wells 13, 14, and 15 for 2 uM

4; wells 16, 17, and 18 for 0.2 uM 4; wells 19, 20, and 21 for DMSO.

The addition of 0.2 uM of 4 did not affect the pulse waveforms
and beat intervals for 60 minutes. Notably, there were no signs
of QT-interval prolongation, early after-depolarization, or
cardiomyocyte cell cycle arrest. Thus, we concluded that both
compounds exhibit potential liabilities to cardiovascular safety.

Conclusions

Our investigation into replacing the piperazin-2-one ring of PZQ
with a 1,2,5-oxadiazinane ring successfully identified a novel
chemotype with highly potent anti-schistosomal activity. This
derivative demonstrates significant efficacy against S. mansoni
while largely preserving the potent biological activity of the
parent compound. Notable attributes include excellent
solubility, resilience to acid exposure, and potential liabilities to
cardiovascular safety and cell viability. These results advocate
for the 1,2,5-oxadiazinane moiety as a bioisostere of piperazin-2-
one. Our ongoing efforts are focused on enhancing the
metabolic stability of this molecule and conducting further
structure-activity relationship studies to surpass the efficacy of
PZQ. Our exploration of bioisosteric replacement and the
discovery of this anti-schistosomal molecule were facilitated by
our pivotal synthetic methodology involving the formal [3 + 3]
photocycloaddition reaction between nitrones and N,N,N',N'-
tetraalkyldiaminomethanes, yielding a diverse array of 1,2,5-
oxadiazinane structures. Utilizing a photochemical flow reactor,
we achieved multi-gram-scale synthesis of an intermediate for
the target molecule, which is crucial for drug discovery. The
proposed mechanism for the photocycloaddition is convincing
and opens new avenues for synthesizing novel saturated

This journal is © The Royal Society of Chemistry 2024

nitrogen-containing heterocycles that are potentially useful in
bioisosteric replacement.

Data availability

The data supporting this study's findings are available in the
ESIt of this article. Videos for the worm movement assay are
also included.
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